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序文 

 

本報告書は平成 26 年に採択された私立大学戦略的研究基盤形成支援事業により 5 年

間にわたり遂行された研究成果の最終報告書です。研究プロジェクト名は「自己免疫疾

患の制御をめざす研究拠点形成」とし、全身性あるいは臓器特異的な自己免疫疾患につ

いて、(1) T 細胞をはじめとする免疫応答異常の発生機構を解析する、(2) 診断・病勢把

握に役立つバイオマーカーを探索する、(3) 病態を抑制するための新規治療を開発する、

そして(4) プロバイオティクスをはじめとする疾患予防法を確立することを目標に掲

げました。関節リウマチをはじめとする膠原病疾患、水疱性疾患に代表される皮膚疾患、

炎症性腸疾患などの臨床医学並びに免疫学、病理学などの基礎医学から、将来の最先端

研究を担う若手研究者を含めた数多くの研究者に参画を呼びかけ、自己免疫疾患の病態

を様々な角度から解析出来る研究組織として「自己免疫疾患先端医療技術センター」を

立ち上げました。 

この 5 年間で基礎医学領域ではシェーグレン症候群や強皮症、血管炎などの疾患モデ

ルにおける免疫応答異常メカニズムの解明が大きく進みました。一方、臨床領域では、

関節リウマチ、水疱性皮膚疾患、血管炎においてバイオマーカー検索、病態解析の面で

進展が認められました。私が担当した系統的血管炎モデルの血管炎発症機序の解析にお

いては、自然免疫にかかわるパターン認識受容体を介したシグナル伝達が血管炎発生に

極めて重要な役目を担っており、その結果産生される TNF-α をはじめとする炎症性サ

イトカインが血管炎を引き起こすことが明らかになりました。 

本プロジェクトにおける研究成果は年度末に開催された事業報告会にて報告されま

した。この報告会には外部評価委員をお招きし、学内外の研究者が参加して研究内容、

研究成果の妥当性と本プロジェクトにおける研究の方向性について活発な討論がなさ

れ軌道修正が図られました。こうした成果の多くは既に学術論文となって刊行されてい

ますが、その一方で、本プロジェクト期間内に果たせなかった課題や反省点もあります。

免疫異常機構解析、バイオマーカー探索、新規治療戦略確立においては一定の成果を挙

げることが出来たものの、4 つめの目標として掲げた疾患発症予防法確立についてはプ

ロジェクト期間内に辿り着くことが出来ませんでした。また、基礎研究で得られた知見

を臨床の場で検証するということも充分に果たせなかった様に思います。今後も研究者

間の連携を密にして本プロジェクトで得られた知見を基に共同研究を発展させること

で、さらに実りある成果が得られるものと信じています。 



5年間にわたる事業を無事終了させることができましたのは研究を担当された皆様の

御協力の賜物であり心より御礼申し上げます。また、長期にわたる大規模な事業を行う

ためには東邦大学の全面的な御支援なしには実現不可能でした。特に、高松 研前医学

部長(現東邦大学学長)、渡邉善則現医学部長、宮崎修一東邦大学名誉教授、赤坂喜清先

端医科学研究センター教授にはプロジェクト検討委員として申請時から本日に至るま

で終始一貫して親身に相談に載って戴き、適切なアドバイスを頂戴しました。ここに深

謝申し上げます。また、事務部学事支援課、学事統括部の皆様からも多大な御協力を戴

きましたことに心より感謝致します。 
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平成 26 年度～平成 30 年度「私立大学戦略的研究基盤形成支援事業」 

研究成果報告書概要 
 

１ 学校法人名    東邦大学       ２ 大学名    東邦大学      

 

３ 研究組織名   自己免疫疾患先端医療技術センター            

 

４ プロジェクト所在地   東京都大田区大森西 5-21-16            

 

５ 研究プロジェクト名   自己免疫疾患の制御をめざす研究拠点形成     

 

６ 研究観点    研究拠点を形成する研究                      

 

７ 研究代表者 

研究代表者名 所属部局名 職名 

髙橋 啓 
医学部 

病院病理学講座（大橋） 
教授 

 

８ プロジェクト参加研究者数  43 名 

 

９ 該当審査区分    理工・情報     生物・医歯     人文・社会  

 

１０ 研究プロジェクトに参加する主な研究者 

研究者名 所属・職名 プロジェクトでの研究課題 プロジェクトでの役割 

髙橋 啓 

（代表者） 

東邦大学医学部医学

科（病院病理学講座）・

教授 

難治性血管炎発症機序解明と

新規治療法の開発 

共生真菌由来血管炎にお

ける発症機序解明と制御

法創製 

宮崎 修一 

東邦大学医学部医学

科（先端医科学研究セ

ンター）・教授 

自己免疫疾患における好中球

機能解析と制御機構解析 

小児由来好中球機能解析

と制御技術の開発 

近藤 元就 
東邦大学医学部医学

科（免疫学講座）・教授 

自己免疫疾患における SATB1

遺伝子の T 細胞制御機構解析 

SATB1 遺伝子標的による

T 細胞制御機構の解析 

川合 眞一 

東邦大学医学部医学

科（内科学講座膠原病

科）・教授 

膠原病の炎症病態にかかわる

新規液性因子とその制御法の

開発 

自己免疫応答におけるア

ディポカイン、ミッドカイン

関与解析と治療薬創製 

武城 英明 

東邦大学医学医学科

（臨床検査医学研究

室）・教授 

炎症性腸疾患における腸管粘

膜免疫機能解析とその制御法

解明 

疾患特異的蛋白および病

態を反映する新規マーカ

ーの検出と治療法創製 

石河 晃 

東邦大学医学部医学

科（皮膚科学講座）・教

授 

自己免疫性水疱症の病因解明

と制御技術の開発 

自己反応性 B 細胞機能解

析と制御法の創製 
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＜研究者の変更状況（研究代表者を含む）＞ 

旧 

ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

自己免疫疾患における

好中球機能解析と制御

機構解析 

東邦大学医学部医

学科（先端医科学研

究センター）・教授 

宮崎 修一 
小児由来好中球機能解析

と制御技術の開発 

（変更の時期：平成 28 年 4 月 1 日） 

 

 

新 

変更前の所属・職名 変更（就任）後の所

属・職名 

研究者氏名 プロジェクトでの役割 

東邦大学医学部医学科

（先端医科学研究センタ

ー）・教授 

東邦大学医学部医

学科（先端医科学研

究センター）・教授 

赤坂 喜清 
自己免疫疾患の臓器線

維化の抑制技術の開発 

 

旧 

ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

膠原病の炎症病態にか

かわる新規液性因子と

その制御法の開発 

東邦大学医学部医

学科（内科学講座膠

原病科）・教授 

川合 眞一 

自己免疫応答におけるア

ディポカイン、ミッドカイン

関与解析と治療薬創製 

（変更の時期：平成 29 年 4 月 1 日） 

 

 

新 

変更前の所属・職名 変更（就任）後の所

属・職名 

研究者氏名 プロジェクトでの役割 

東邦大学医学部医学科

（内科学講座膠原病

科）・教授 

東邦大学医学部医

学科（内科学講座膠

原病科）・教授 

南木 敏宏 

自己免疫疾患におけるア

ディポカイン、ミッドカイ

ン、ケモカインの病態関与

とその阻害による新規治

療開発 

 

１１ 研究の概要（※ 項目全体を１０枚以内で作成） 

（１）研究プロジェクトの目的・意義及び計画の概要 

 目的・意義： 免疫応答異常により生じる様々な疾患には環境要因の変容を含む多種多様

な因子が関与しているが、T 細胞はじめ免疫担当細胞の過剰活性化が病態基盤を形成して

いることが示唆されている。しかし、いかなる物質が免疫担当細胞の過剰活性化を惹起し、い

かなる経路を経て発症に至るのか、病因・病態の詳細についてはいまだ明らかでない。 
本研究プロジェクトでは全身性・臓器特異性免疫疾患を多角的に解析し、疾患特異的蛋白

や T 細胞をはじめとする免疫担当細胞の過剰活性化を引き起こす因子を同定することを目指

す。具体的には、①臨床研究班にて、アレルギー・リウマチ性疾患、皮膚水疱症、炎症性腸疾

患、血管炎において疾患特異的に発現する蛋白を探索する。②基礎研究班にて、リンパ球や

好中球に対する同物質の免疫応答異常誘発を in vivo と in vitro の両面から解析する。 
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研究計画： 平成 26 年度から平成 28 年度まで、臨床班では「自己免疫疾患患者検体から

検出されるサイトカインをはじめとする種々のバイオマーカー」を探索し、疾患特異性について

検討する。基礎研究班では「遺伝子発現を包括的に調節する SATB1 とアレルギー・自己免疫

疾患患者由来好中球の機能解析」を行う。 平成 29 年度、平成 30 年度は、臨床検討で得ら

れた自己免疫疾患に関与する候補蛋白について、基礎的検討系を応用してその機能を確認

し、この特定蛋白を基に新規治療法・効率的予防法の創製を目指す。 

（２）研究組織 

本プロジェクトの 4 つの目標を達成するため、従来の垣根を越えた「自己免疫疾患先端医

療技術センター」を組織し、臨床検討を主とする「自己免疫疾患病態解析グループ」と、基礎

的検討を加える「自己免疫疾患に関わる細胞機能解析グループ」とを結成した。基礎班では

「免疫担当細胞の初期・成熟応答」を、臨床班では「自己免疫疾患患者検体中に存在する蛋

白同定」を検討するため、以下の役割分担からなる研究組織を構築した。 
1．免疫疾患にかかわる細胞制御機構の解析・制御を実施する基礎的検討班 

  
2．疾患病態解析・制御へ向けた臨床研究班 

 

本プロジェクトは、上記研究者に加え国際的な最先端研究を目指す若手研究者を積極

的に登用し、総勢 40 名以上が研究に参加し、戦略性に長けた若手研究者育成のための

研究拠点の確立を目指した。研究代表者（高橋 啓）は、系統的血管炎、特にいまだに

原因の明らかでない川崎病について日本川崎病学会会長として最新の研究情報を収集

すると共に、病院病理学講座教授として人体、動物モデル両面の検索により血管炎疾患

の病因・病態解析を行った。一方、自己免疫疾患の先進的知見を収集し研究成果を有機

的に結合させ、自己免疫疾患を制御する研究拠点の形成に専心してきた。年 1 回プロジ

ェクト報告会を公開で開催し、各グループの進捗状況の点検を行うと共に、外部評価委

1) 共生真菌由来血管炎発生における T 細胞分化解析・制御 (高橋班) 
2) バイオマーカーによる自己免疫疾患の細胞病態の解明 (武城班) 
3) リウマチ膠原病におけるケモカイン、アディポカイン解析・制御(川合班, 南木班：川

合班に代わり平成 29 年度から参画) 
4) 自己免疫性水疱症における自己反応性 B 細胞機能解析・制御 (石河班) 

 

1) SATB1 遺伝子の T 細胞制御機構解析 (近藤班) 
2) アレルギー・自己免疫疾患小児の好中球機能解析・制御 (宮崎班) 
3) 自己免疫性疾患における臓器線維化抑制技術の開発 (赤坂班：宮崎班に代わり平

成 28 年度から参画) 
 
 

最終的に、 
① 自己免疫疾患発症にかかわる T 細胞過剰活性化因子の同定 
② 疾患の病態を反映するバイオマーカーの同定 
③ 病態改善を目的とした新薬創製 
④ プロバイオティクスを含めた疾患予防法の確立、 

を目指す。 
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員の評価を受け、今後の方針を是正することに努めてきた。さらに、基礎班と臨床班と

の間で定期的な意見交換の場を設けると共に、年度毎に報告書の提出を求めその内容を

グループ間で公開し進捗状況の把握と情報共有を諮ってきた。また、プロジェクト検討

委員会(高橋 啓、高松研医学部長、赤坂喜清先端医科学腺管医科学研究センター教授、

事務・会計担当藤居英明/大菅徹)を開催し、討議事項を研究担当者に配信し各班の研究

計画や共同研究調整に努力した。研究班は平成 28 年度まではそれぞれの研究課題解析

に専心したが、平成 29 年度からそれぞれの研究成績を有機的に結合させ、目標達成に

向けてチーム間連携を諮った。研究支援体制として研究基盤センターや実験動物センタ

ーを中核とする研究施設や研究装置設備を常時稼働させ、研究成果の着実な蓄積を諮っ

てきた。設定された共同研究機関はないが、これまでに UC San Diego 小児免疫学教室、

国立成育医療研究センター、Cedars-Sinai 研究センターなどと意見交換、討議を行い、

研究の方向性の確認と多面的な知見収集に努力している。 
 

 

 

 

（３）研究施設・設備等 

【研究施設】 
研究基盤センター： 450 ㎡、利用者数：100 人/週 
実験動物センター： 1,510 ㎡、利用者数：200 人/週 
総合研究部実験センター：614 ㎡、利用者数：200 人/週 
免疫学講座：272 ㎡、利用者数：28 人/週  病理学講座 586 ㎡、利用者数：20 人/週 
大橋・総合研究部：20m2、利用者数:30 人/週 
佐倉・総合研究部館：56m2、利用者数 30 人/週 

【主な研究装置、設備】 
実験動物飼育用特殊空調装置、利用時間 168 時間/週 
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実験動物飼育用清浄空気調和装置、稼働時間 168 時間/週  
MesoQuickPlex マルチイムノアッセイシステム、稼働時間 10 時間/週 
ImageQuant LAS 4010 システム、稼働時間 10 時間/週 
島津質量分析システム LCMS-8040、稼働時間 10 時間/週 
カールツァイス:共焦点レーザースキャン顕微鏡 LSM700、稼働時間 10 時間/週 
凍結超薄切片作成システム EM-UC7+EMFC、稼働時間 10 時間/週 

 

（４）研究成果の概要 ※下記、１３及び１４に対応する成果には下線及び＊を付すこと。 

≪研究成果≫ 
本研究プロジェクトの 4 つの目標：①自己免疫疾患発症にかかわる T 細胞過剰活性化因子の

同定、②疾患の病態を反映するバイオマーカーの同定、③新薬創製、④プロバイオティクスを

含めた疾患予防法の確立のうち、特に①、②、③の領域で解明が進み、複数の自己免疫疾

患についての疾患活動性把握や新規治療法確立に向けての標的分子が明らかになりつつあ

る。さらに、関節リウマチにおいては抗ケモカイン抗体が臨床試験されるに至った。 
1．免疫疾患にかかわる細胞制御機構の解析・制御を行う基礎的検討 

1) SATB1 遺伝子の T 細胞制御機構解析 
 SATB1 遺伝子欠損マウス（SATB1cKO）は中心性免疫寛容の破綻、生後直後には末梢性

免疫寛容機構不全がみられ、SATB1 は免疫寛容の成立に必須である*1,*2 ことが明らかにさ

れた。さらに、本マウスで観察されるシェーグレン症候群(Sjögren's syndrome, SS)様症状の発

症には Treg 細胞異常が重要な役目をなしており、B 細胞の関与は低い*3,4 ことを明らかにし

た。 
2) アレルギー・自己免疫疾患および小児由来好中球機能解析・制御 

 小児のアレルギー誘発要因となる感染症について、好中球の TLR2 および TLR4 発現と血

清サイトカイン濃度を検討し、小児期においても感染後早期に好中球は活性化のピークを迎

え、さらに、病原体の種類によってサイトカイン応答が異なるなど免疫応答のバランス調節が

行われていることが確認された。 
3) 自己免疫疾患の臓器線維化の制御技術の開発 

bFGF 添加により誘導される線維化抑制性 microRNA を探索して得た miR-146b-5p は、

PDGFRα を標的として線維化促進作用を有する PDGF シグナルを受容体レベルで抑制する

ために線維化抑制に働く*1,*2 ことを明らかにした。全身性強皮症の臓器線維化抑制に有効

となる可能性が示唆された。 
2．疾患病態解析・制御へ向けた臨床研究 
1) 共生真菌由来血管炎における発症機序解明と制御法創製 
ヒトに常在する Candida albicans の細胞壁由来糖タンパクで誘発される川崎病類似マウス

系統的血管炎モデルは TNF-α に加え IL-6、KC/GRO が血管炎と密接に関連し、抗 TNF-α
製剤投与により血管炎発生は強力に抑制される*1,*2 ことを明らかにした。さらに、細胞壁を構

成する α-マンナンの受容体である dectin-2 の KO マウスで血管炎は完全に抑制される*3 こと

を明らかにし、自然免疫認識機構が血管炎発症に大きく関与していることを示した。 
2) バイオマーカーによる自己免疫疾患の細胞病態の解明 
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平滑筋細胞フェノタイプレギュレーター、可溶性受容体 LR11（sLR11）は川崎病の冠動脈

合併症で高値*1 となる他、動脈硬化症*2、炎症性腸疾患、自己免疫性胆道疾患*3 において

も上昇し、自己免疫疾患細胞の病態をあらわすバイオマーカーになる可能性を示した。 
3) リウマチ・膠原病におけるアディポカイン、ミッドカイン、ケモカイン解析・制御 
細胞増殖・遊走、血管新生に関わる分子であるミッドカイン（MK）は、関節リウマチ（RA）患

者で有意に高値で、疾患活動性や身体障害度、リウマトイド因子と相関する*1, *2。MK はヒト

滑膜組織で発現し、滑膜細胞の IL-6 や IL-8 の産生を誘導することから RA の病態形成に関

与する新規バイオマーカーになりうる*4 ことを示した。一方、ケモカインの一つであるフラクタ

ルカイン（FKN）が RA の病態に密接に関与していることを解明*3,*5 し、抗 FKN 抗体による臨

床試験が開始されている。 
4) 自己免疫性水疱症における自己反応性 B 細胞機能解析・制御 
器官培養観察系において、単独で水疱形成を起こさない非病原性抗 Dsg1 モノクローナル

抗体は、単独で水疱形成を引き起こす病原性 Dsg1 モノクローナル抗体と混合することにより

表皮細胞内の Dsg1 の凝集を p38MAPK 依存性に誘導し細胞接着阻害活性を相乗的に増加

させる*1, *2 ことを見いだした。 
＜優れた成果が上がった点＞ 
1. 免疫疾患にかかわる細胞防御機構の解析・制御を行う基礎的検討 

1) SATB1遺伝子のT細胞制御機構解析： SATB1cKOマウスにおける免疫寛容破綻機構

を明らかにし、自己免疫疾患（SS）発症メカニズムを解明する手掛かりを得た。 
2) アレルギー・自己免疫疾患小児由来好中球機能解析・制御： 小児においてもアレルギ

ーや感染症による好中球活性化や免疫応答は成人のそれと同様に機能することを明らかにし

た。 
3) 自己免疫疾患の臓器線維化の抑制技術の開発： 臓器機能障害を惹起する線維化に

対し、bFGF による線維化抑制機構を明らかにし、臓器線維化予防戦略における microRNA
の有用性を初めて示した。 
2. 疾患病態解析・制御へ向けた臨床研究 

1) 共生真菌由来血管炎における発症機序解明と制御法創製： Candida菌体成分由来血

管炎誘発モデルの血管炎発生にはパターン認識受容体である C 型レクチン受容体(dectin-2)
を介した自然免疫機構が大きく関与し、マクロファージ活性化、TNF-α 産生が血管傷害に密

接に関連していることを示した。 
2) バイオマーカーによる自己免疫疾患の細胞病態の解明： 血管細胞形質制御因子であ

る sLR11 は川崎病や自己免疫疾患、炎症性腸疾患の病勢・病態をあらわすバイオマーカーと

なる可能性を示した。 
3) リウマチ・膠原病におけるアディポカイン、ミッドカイン、ケモカイン解析・制御： 膠原病

の中でも RA の病態にかかわる分子（MK）を新たなバイオマーカー候補として提唱した。さら

に、ケモカインである FKN の RA 病態への関与を詳細に検討し、その結果、抗 FKN 抗体は

臨床試験に施行されるに至った。 
4) 自己免疫性水疱症における自己反応性 B 細胞機能解析・制御：細胞接着阻害にかか

わる抗 Dsg1 抗体を検討し病原性抗体と混合、共存することで細胞接着阻害活性を相乗的に

増加させ水疱を形成する機序を初めて報告した。 
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＜課題となった点＞ 
本研究プロジェクト4目標のうち、これまでに①免疫疾患発症にかかわるT細胞過剰活性化

因子の同定、②疾患の病態を反映するバイオマーカーの同定について一定の成果を得た。

基礎・臨床班で得られたこれらの知見はいずれも自己免疫疾患の病因、病態を考えるうえで

示唆に富むものであり、分子標的薬、シグナル伝達阻害薬などの新規治戦略を考えるうえで

貴重な基礎的データとなった。さらに、本プロジェクト期間中に関節リウマチにおける新規抗体

療法が臨床試験されるに至った（目標③新薬創製）。今後、基礎研究成果についてはヒトとの

関連性を検討する必要が、そして臨床班においてはより多くの対象材料、他疾患試料を用い

バイオマーカー、治療の可能性について検討を続ける必要がある。さらには、自己免疫疾患

発症における微生物叢の関与に注目し、炎症性腸疾患や血管炎における微生物叢変容と炎

症マーカーの誘導・発現を検討し疾患予防を探る必要がある。 
1) SATB1 遺伝子の T細胞制御機構解析： 中間報告時に課題となった SATB1cKO マウス

の自己免疫疾患病態形成における末梢性免疫寛容の関与を解明するため細胞移入や Treg
細胞に注目した解析が研究期間終了までに実施され成果を得た。一方、ヒト疾患との相同性

について研究を進める必要性が指摘された。 
2) アレルギー・自己免疫疾患および小児由来好中球機能解析・制御： アレルギー・自己

免疫疾患患者におけるTLR2,４の蛋白発現、mRNA発現を感染症におけるそれらと比較検討

する必要がある。 
3) 自己免疫疾患の臓器線維化の制御技術の開発： 線維化抑制性 microRNA の発現を

誘導する bFGF 投与の至適条件、bFGF 以外の線維化抑制誘導因子の検討を行う必要があ

る。また、in vivo における線維化抑制作用について検証の必要性が指摘された。 
4) 共生真菌由来血管炎における発症機序解明と制御法創製： より詳細なシグナル伝達

経路の検討と自然免疫受容体阻害、シグナル伝達阻害による血管炎発生への影響を検証す

る必要がある。 
5) リウマチ・膠原病におけるアディポカイン、ミッドカイン、ケモカイン解析・制御： MK産生

の制御機構を検討するとともに、膠原病の治療薬として広く使用されているステロイド投与が

MK 発現に与える影響を検討し治療効果判定のバイオマーカーとなりうるかを検討する必要

がある。また、抗 FRK 抗体の臨床試験の結果を基に新薬創製への過程を推し進める。 
6) バイオマーカーによる自己免疫疾患の細胞病態の解明： より多くの自己免疫疾患患者に

対して sLR11の病勢、病態を反映するバイオマーカーとしての有用性を検討する必要がある。 
7) 自己免疫性水疱症における自己反応性B細胞機能解析・制御： バイオマーカーとしての

ビーズ凝集法の意義についてより多くの臨床試料を用いた検討が必要である。 
＜自己評価の実施結果と対応状況＞ 
①�所属教室の研究報告会を3ヶ月ごとに実施し、研究の進捗状況から問題点を検討し、効

果的・効率的な研究計画の策定・改善を続けた。 
②�事業報告会を毎年度末に実施し、研究の軌道修正や共同研究の立案など次年度へ向け

た研究計画を策定し、研究の最適化を図った。 
＜外部（第三者）評価の実施結果と対応状況＞ 
① 研究担当者は国内外の専門領域の学術集会にて研究成果を発表し、研究内容について
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評価を受けた。 
② 本事業においては、毎年度末に開催される事業報告会で外部評価委員 ［本橋新一郎教

授（千葉大学大学院医学研究院免疫発生）、斧 康雄教授（帝京大学医学部微生物学）]の評

価を受けた。この評価をもとに、プロジェクト運営委員会（高橋 啓、高松 研医学部長、赤坂 

先端 センター長、事務・会計担当の藤居英明）は1．評価者4人の評価、2．論文Impact 
factor、3．研究の進捗状況・発展性について総合的に評価し費用対効果を査定し、各グルー

プの維持・研究資金配分等を決定した。 
＜研究期間終了後の展望＞ 
1) SATB1 遺伝子の T 細胞制御機構解析：マウスで同定した炎症関連因子について①ヒトシ

ェーグレン症候群患者における同因子の動態を明らかにする。②SATB1 のターゲット遺伝子

を同定し、T 細胞に関与する遺伝子群を明らかにする。 
2) 自己免疫疾患の臓器線維化の制御技術の開発：①細胞・組織レベルで判明した

miR146b-5p の臓器線維化抑制能について in vivo で検証するため、miR146b-5p 欠失した遺

伝子改変ラットを作成し同 miR による線維化抑制能を臓器・個体レベルで検討する。 
3) 共生真菌由来血管炎における発症機序解明と制御法創製：①dectin-2 発現細胞、特に

マクロファージ、樹状細胞の役割について明らかにする。②dectin-2 シグナル伝達にかかわる

諸分子の活性化について検討することで血管炎発症への分子メカニズムを明らかにし、③シ

グナル伝達阻害、活性化分子を標的とする治療法を確立する。 
4) バイオマーカーによる自己免疫疾患の細胞病態の解明：様々な自己免疫疾患における

sLR11 のバイオマーカーとしての有用性を検討する。 
5) 自己免疫性水疱症における自己反応性 B 細胞機能解析・制御：ビーズ凝集法が天疱瘡

病勢測定法として臨床的に使用可能か、より多くの天疱瘡血清を使用して検討する。 
6) リウマチ・膠原病におけるアディポカイン、ミッドカイン、ケモカイン解析・制御：関節リウマ

チ以外の膠原病疾患において同様に病態解析を行い、新規治療法の開発につなげる。 
＜研究成果の副次的効果＞ 
1) SATB1遺伝子異常はマウスにおいて自然発生的に諸臓器にヒトSS様の慢性炎症を引き起

こすことが本研究で明らかになった。疾患発症後に上昇する炎症因子が同定されたことでヒト

SS 患者の発症メカニズム解明が期待できる。 
2) 線維化抑制に関与する特異的な細胞間制御分子miRNAの同定は、修復機構の進展メカ

ニズム解明につながり、核酸創薬による自己免疫性疾患の臓器線維化の治療薬開発が可能

となる。 
3) 川崎病類似マウス血管炎の発生機序が明らかになることにより、シグナル伝達阻害、受容

体阻害などの治療開発への展開が期待出来る。 
4） 膠原病、特に RA の病勢を反映するバイオマーカーとしてのミッドカイン、炎症病態を反映

する sLR11 の測定系樹立により特許出願し得る。 
5）本プロジェクトで RA に対して創製された分子標的薬が、RA に比して治療選択の少ない他

の膠原病についても応用できる可能性がある。 
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１２ キーワード（当該研究内容をよく表していると思われるものを８項目以内で記載してくださ

い。） 

（１）  自己免疫性疾患       （２）  免疫寛容           （３）  バイオマーカー     

（４）  サイトカイン・ケモカイン   （５）  自己抗体           （６）  系統的血管炎     

（７）  水疱性皮膚疾患      （８）  膠原病              

 

１３ 研究発表の状況（研究論文等公表状況。印刷中も含む。） 

上記、１１(４)に記載した研究成果に対応するものには＊を付すこと。 
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1.2) アレルギー・自己免疫疾患および小児由来好中球機能解析・制御 

1. Hirota N, Ito T, Miyazaki S, Ebina M, Homma S. Gene expression profiling of lungs myofibroblasts reveals 
the anti-fibrotic effects of cyclosporine. Tohoku J Exp Med 233:283-93, 2014 

2. Mitsui K, Yusa T, Miyazaki S, Ohara A, Saji T：Increased TLR2 and TLR4 expression in peripheral 
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3. Miyazaki Y, Yusa T, Matsuo S, Terauchi Y, Miyazaki S. Zyxin modulates the transmigration of Haemophilus 
influenza to the central nervous system. Virulence 5:665-72, 2014 

 

1.3) 自己免疫疾患の臓器線維化の制御技術の開発 
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Sci Rep.  2016, 211(7), 10.1038/srep24279.  
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Feasible induction of coronary artery vasospasm occurred during cardiac catheterization in a microminipig. 
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concentration.  Journal of Global Antimicrobial Resistance  11 ：40 -44 , 2017 
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MRSA USA300 clones in mice. Immun Inflamm Dis. 2018; 6: 402-412. 
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2．疾患病態解析・制御へ向けた臨床研究 

2.1) 共生真菌由来血管炎における発症機序解明と制御法創製 

1. 高橋 啓：  新しい血管炎分類 Chapel Hill Consensus Conference 2012.  Visual Dermatology 13 
(7) ：758 -761 , 2014 

2. 高橋 啓：  血管炎の新たな分類と名称.  モダンフィジシャン  34 (9) ：997 -1001 , 2014 

3. 高橋 啓、横内 幸、大原関利章、榎本泰典：  成人期における川崎病後遺症の病理学的特徴. 血管

医学 15 (4) ：94 -99 , 2014 

4. 大原関利章、横内 幸、榎本泰典、勝碕譲児、山田仁美、高橋 啓： 川崎病動物モデルをめぐる話

題.小児内科  46 (6) ：717 -721 , 2014 

5. 横内 幸、大原関利章、勝碕譲児、榎本泰典、高橋 啓：  川崎病冠動脈病変の病理. 日本臨牀, 72 
(9) ：1518 -1521 , 2014 

6. Takahashi K, Oharaseki T, Yokouchi Y. Update on etio and immunopathogenesis of Kawasaki disease. Curr 
Opin Rheumatol. 2014; 26(1): 31-6. 

7. *1 Oharaseki T, Yokouchi Y, Yamada H, Mamada H, Muto S, Sadamoto K, Miura N, Ohno N, Saji T, Naoe S, 
Takahashi K. The role of TNF-α in a murine model of Kawasaki disease arteritis induced with a Candida 
albicans cell wall polysaccharide. Mod Rheumatol. 2014; 24(1): 120-8. 

8. 高橋 啓：  新しい血管炎の分類.  皮膚病診療  37 (7) ：628 -633 , 2015 

9. Shimizu C, Sood A, Lau HD, Oharaseki T ,Takahashi K, Krous HF, Campman S5,Burns JC：Cardiovascular 
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Gordon JB, Burns JC, Daniels LB：  Galectin-3 is a marker of myocardial and vascular fibrosis in Kawasaki 
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-469 , 2017 
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管炎は冠動脈に集中するのか～. アレルギー・免疫  25 (11) ：34 -39 , 2018 

16. 髙橋 啓, 大原関利章, 横内幸, 佐藤若菜, 榎本泰典：  膠原病の病理－今日的視点から－  
【各論：膠原病の臓器病変と鑑別疾患】 血管病変.  病理と臨床  36 (6) ：528 -534 , 2018 
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encapsulated in endothelial microparticles contribute to the progression of vasculitis in acute Kawasaki 
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19. Yokouchi Y, Oharaseki T, Enomoto Y, Sato W, Imanaka-Yoshida K, Takahashi K：  Expression of tenascin 
C in cardiovascular lesions of Kawasaki disease.  Cardiovascular pathology : the official journal of the 
Society for Cardiovascular Pathology  2019 Jan - Feb (38) ：25-30 , 2019 
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Candida albicans cell-wall polysaccharide. Mod Rheumatol. 2019 29:1-8. doi: 
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2.2) バイオマーカーによる自己免疫疾患の細胞病態の解明 
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＜研究成果の公開状況＞（上記以外） 

シンポジウム・学会等の実施状況、インターネットでの公開状況等 
＜既に実施しているもの＞ 
【事業報告会】 
1．第 1 回 私立大学戦略的研究基盤形成支援事業『自己免疫疾患の制御をめざす研究拠点形成』

平成 26 年度事業報告会（平成 27 年 3 月 25 日、東京）

(https://www.toho-u.ac.jp/med/lab/sentan_lab_index/srfpu/20150128.html) 
2．第 2 回 私立大学戦略的研究基盤形成支援事業『自己免疫疾患の制御をめざす研究拠点形成』

平成 27 年度事業報告会（平成 28 年 3 月 25 日、東京）

(https://www.toho-u.ac.jp/med/lab/sentan_lab_index/srfpu/20160325.html) 
3．第 3 回 私立大学戦略的研究基盤形成支援事業『自己免疫疾患の制御をめざす研究拠点形成』

平成 28 年度事業報告会（平成 29 年 3 月 23 日、東京） 
4．第 4 回 私立大学戦略的研究基盤形成支援事業『自己免疫疾患の制御をめざす研究拠点形成』

平成 29 年度事業報告会（平成 30 年 3 月 22 日、東京） 
5．第 5 回 私立大学戦略的研究基盤形成支援事業『自己免疫疾患の制御をめざす研究拠点形成』

平成 30 年度事業報告会（平成 31 年 3 月 20 日、東京） 
 
＜これから実施する予定のもの＞ 
 
 本事業に関連した報告会の今後の実施予定はない 
 

 

１４ その他の研究成果等 

 

特記事項なし 

 

 

１５ 「選定時」及び「中間評価時」に付された留意事項及び対応 

＜「選定時」に付された留意事項＞ 

 

特記事項なし 

 

＜「選定時」に付された留意事項への対応＞ 

 

特記事項なし 

 

＜「中間評価時」に付された留意事項＞ 

 

特記事項なし 

 

＜「中間評価時」に付された留意事項への対応＞ 

 

特記事項なし 

 



（様式2）

１７　施設・装置・設備・研究費の支出状況（実績概要） （千円）
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１８　施設・装置・設備の整備状況  （私学助成を受けたものはすべて記載してください。）
（千円）

㎡ 14
㎡ 43
㎡ 15
㎡ 8

大橋・総合研究部 20 ㎡ 1
佐倉・総合研究部 56 ㎡ 1
※　私学助成による補助事業として行った新増築により、整備前と比較して増加した面積

㎡

（千円）

ｈ
ｈ
ｈ
ｈ
ｈ
ｈ
ｈ

ｈ

ｈ
ｈ
ｈ
h
ｈ

ｈ

１９　研究費の支出状況 （千円）
  平成 年度

（研究設備）

H26. LCMS-8040 1台 250

１台

15,279
5,530250 8,964

73,000 31,706

14,668 9,050

実験動物飼育用清浄
空気調和装置

H27. 102,000 44,581 私学助成
4台 8760

LH-13（新晃工業）

３０人/週 - -
H26 ３０人/週 - -

免疫学講座 S47 272 28 人/週 34,000 -
総合研究部実験センター H16 614 200 人/週 52,866 -
実験動物センター S57 1,510 200 人/週 - -
研究基盤センター H21 450 100 人/週 147,000 73,500

日本環境感染学会
英文校正、和英翻訳
備品修理、諸会費、雑費　他

補助主体

私学助成

私学助成

私学助成

私学助成

補助主体

私学助成

私学助成

800 800

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

実人数　２人

0

設 備 関 係 支 出（１個又は１組の価格が５００万円未満のもの）
超低温槽、インキュベーター、高純水装置、冷凍庫

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

ポスト・ドクター

計

計

9,677

9,677

800

9,677

時給　1,300円，年間時間数約300時間
時給　1,200円，年間時間数約300時間

9,536

その他諸経費 240

59
委託費用他198

試薬送料他 100

研究者学会出張費
198

51
59

主　　な　　内　　容

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出
液体窒素、炭酸ガス、マウス、リロードチップ、細胞株、文具類

支　出　額

研究用試薬他

積　　算　　内　　訳

150 18,848 11,628

レーザースキャン顕微鏡

LSM700 1台 150 26,352

（情報処理関係設備）
凍結超薄切片作成システム H26. EM-UC7+EMFC 1台

H26.
16,259

Amersham Imager 600 H26. 1台
24,764

アッセイシステム
H26.

CLF-3-№2-RS-B（ﾃﾗﾙ） 2台 8760

1台 250MesoQuickPlexマルチイムノ

CMF-3-№4-SOB-B（ﾃﾗﾙ）

8760
8760
8760
8760１台

実験動物飼育用特殊空調装置 H26.
6台

１台
１台

LH-13（新晃工業）

LH-9（新晃工業）

H3

LH-8（新晃工業）

《施　　設》  （私学助成を受けていないものも含め、使用している施設をすべて記載してください。）

補助金額整備年度

8760

《装置・設備》　（私学助成を受けていないものは、主なもののみを記載してください。）

研究施設面積 使用者数

稼働時間数装置・設備の名称 台　　数型　　番 事業経費 補助金額

事業経費施　設　の　名　称 研究室等数

計

島津質量分析システム

図　　　　書

リサーチ・アシスタント

（雑費他）
報酬・委託料

240

研究支援推進経費

カールツァイス 共焦点 H26.

別刷代

小  科  目
主　な　使　途

消　耗　品　費

別刷代
100 標本配送料、マウス搬送費

金　　額

8,888

教育研究用機器備品

人件費支出
（兼務職員）

教育研究経費支出

印刷製本費
旅費交通費

26

整備年度

計

通信運搬費

8,888

光　熱　水　費

51

UWXY1180D（ﾀﾞｲｷﾝ工業）

年　　　度

（研究装置）
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  平成 年度

  平成 年度

計 0

ポスト・ドクター

研究支援推進経費

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

リサーチ・アシスタント

図　　　　書
計 4,793

設 備 関 係 支 出（１個又は１組の価格が５００万円未満のもの）

教育研究用機器備品 4,793 4,793 生物顕微鏡、薬用冷蔵庫、中央実験台

教育研究経費支出
計 3,635

人件費支出 時給　1,300円，年間時間数約2790時間
（兼務職員） 3,635 3,635 実人数　２人

計 11,601

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

報酬・委託料 493 委託費用他 493 委託検査、翻訳料

（雑費他） 1,853 備品修理、その他諸経費 1,853 備品修理、雑費

印刷製本費 6 公開講座ポスター他 6 ポスター、チラシ

旅費交通費

光　熱　水　費
通信運搬費 89 試薬送料他 89 標本配送料、マウス搬送費

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費 9,160 研究用試薬他 9,160 消毒用エタノール、細胞培養ディッシュ、炭酸ガス、実験動物、細胞株、文具類

小  科  目 支　出　額
積　　算　　内　　訳

主　な　使　途 金　　額 主　　な　　内　　容

計 0

年　　　度 28

ポスト・ドクター

研究支援推進経費

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

リサーチ・アシスタント

図　　　　書
計 6,234

設 備 関 係 支 出（１個又は１組の価格が５００万円未満のもの）

教育研究用機器備品 6,234 6,234 POLAR-B、プラズマイオンボンバーダー

教育研究経費支出 実人数　２人
計 2,929

人件費支出 時給　1,300円，年間時間数約1120時間
（兼務職員） 2,929 2,929 時給　1,200円，年間時間数約1220時間

計 10,843

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

報酬・委託料 441 委託費用他 441 委託検査

（雑費他） 60 その他諸経費 60 備品修理、雑費

印刷製本費
旅費交通費 82 研究者学会出張費 82 日本感染症学会

通信運搬費 37 試薬送料他 37 標本配送料、マウス搬送費

年　　　度 27

小  科  目

光　熱　水　費

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費 10,223 研究用試薬他 10,223 プレート、細胞培養ディッシュ、遠心管、ピペット、実験動物、細胞株、文具類

支　出　額
積　　算　　内　　訳

主　な　使　途 金　　額 主　　な　　内　　容
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  平成 年度

  平成 年度

計 0

ポスト・ドクター

研究支援推進経費

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

リサーチ・アシスタント

図　　　　書
計 2,294

設 備 関 係 支 出（１個又は１組の価格が５００万円未満のもの）

教育研究用機器備品 2,294 2,294 コールター固定角ロータ、顕微鏡用デジタルカメラ

教育研究経費支出 2,387 2,387 派遣単価2,450円，年間時間数約902時間
計 4,704 実人数　２人

人件費支出
（兼務職員） 2,317 2,317 時給　1,400円，年間時間数約1585時間

計 13,075

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

報酬・委託料 625 委託費用他 625 委託検査、翻訳料

（雑費他） 12 備品修理、その他諸経費 12 雑費

印刷製本費 公開講座ポスター他

旅費交通費

光　熱　水　費
通信運搬費 試薬送料他

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費 12,438 研究用試薬他 12,438 消毒用エタノール、細胞培養ディッシュ、炭酸ガス、実験動物、文具類

小  科  目 支　出　額
積　　算　　内　　訳

主　な　使　途 金　　額 主　　な　　内　　容

計 0

年　　　度 30

ポスト・ドクター

研究支援推進経費

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

リサーチ・アシスタント

図　　　　書
計 4,627

設 備 関 係 支 出（１個又は１組の価格が５００万円未満のもの）

教育研究用機器備品 4,627 4,627 冷却高速遠心機、バイオハザード用キャビネット等

教育研究経費支出 実人数　２人
計 4,140

人件費支出 時給　1,400円，年間時間数約1520時間
（兼務職員） 4,140 4,140 時給　1,400円，年間時間数約1228時間

計 11,531

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

報酬・委託料 78 謝礼費用他 78 報告会審査評価他

（雑費他） 11 その他諸経費 11 雑費

印刷製本費 5 公開講座ポスター他 5 ポスター、チラシ

旅費交通費

光　熱　水　費
通信運搬費 1 送料 1 配送料

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費 11,436 研究用試薬他 11,436 プレート、細胞培養ディッシュ、遠心管、ピペット、実験動物、細胞株、文具類

小  科  目 支　出　額
積　　算　　内　　訳

主　な　使　途 金　　額 主　　な　　内　　容

年　　　度 29
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SATB1(special AT-rich binding protein-1)遺伝子欠損による 
臓器特異的自己免疫疾患発症機構の解明 

研究分担者 近藤 元就  
東邦大学医学部免疫学講座 

 

 
A．研究目的 
 我々はこれまで、リンパ球分化、特にT細胞分化

について検討を行ってきた。その過程で、T細胞の

染色体構造調節因子として遺伝子発現調節を行う

核蛋白質SATB1に着目した。SATB1はT 細胞分化に

重要なインターロイキン7（IL-7） レセプターα鎖

の発現調節因子でもある。近年、我々はT細胞分化

にSATB1が与える影響を詳細に調べるために

Cre/loxP系による条件付きSATB1遺伝子欠損マウス

（SATB1 conditional ckockout mice : SATB1cKO mice）
を作製し解析を行っている。これまでの検討から、

血球系細胞特異的にSATB1遺伝子を欠損する

SATB1cKOマウスは、autoimmune proneであること

が示唆されていたが、その原因や詳しい病態につい

ては明らかではなかった。そこで本研究では、

SATB1cKOマウスにおける自己免疫疾患発症の分

子機構を解明することを目的とした。 
B．研究方法 
１）マウス 
 我々が用いたSATB1fl/fl（SATB1 floxed）マウスは、

SATB1遺伝子にloxP配列が挿入してあるので、Cre
存在下でSATB1遺伝子を欠失することができる。本

研究では、SATB1fl/flマウスをVav-creマウスと交配し、

血球系細胞特異的にSATB1遺伝子を欠損する

SATB1cKOマウスを作製し解析に用いた。また、タ

モキシフェン存在下にSATB1遺伝子欠損を誘導で

きるER-Cre遺伝子を持つ、SATB1 floxedマウス

（ER-SATB1cKOマウス）も作製し解析に用いた。

SS発症におけるB細胞の関与についての解析には、

生まれつき B 細胞を欠損するMtマウスを

SATB1cKOマウスと交配し解析に用いた。胸腺細胞

分化の解析のためには、HY-T cell receptor (TCR)ト
ランスジェニックマウス、OT-I-TCR、OT-II-TCRト

研究要旨 

核内転写制御因子の一つである SATB1(Special AT-rich sequence binding protein-1)は、染色体構造

調節因子として遺伝子発現制御をグローバルに行う。本研究で我々は、血球系細胞特異的 SATB1 遺

伝子欠損マウス（SATB1cKO）には、中心性免疫寛容の破綻、さらに生後直後には末梢性免疫寛容機

構不全が見られ、SATB1 は免疫寛容の成立に必須であることを明らかにした。SATB1cKO マウスは、

免疫寛容不全により、生後 3−4週齢より、唾液腺への炎症性細胞浸潤と唾液分泌機能障害等、ヒトシ

ェーグレン症候群(Sjögren's syndrome : SS)様症状を呈した。さらに、SATB1cKO マウスは、生後 16

週齢以降には SLE 様症状を続発し、24週齢以降に腎不全により死に至ることがわかった。SATB1cKO

マウスの T 細胞を移入した RAG2 欠損マウスは SS 様症状を呈すること、B 細胞を欠損する

SATB1cKO マウスでも、生後 4週齢から唾液腺機能障害がみられることから、SATB1cKO マウスの

SS 様症状発症には、細胞性免疫が重要であることが明らかとなった。 
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ランスジェニックマウスをSATB1cKOマウスと交

配し解析に用いた。 
２）SATB1cKOマウス胸腺細胞､または末梢リンパ

球の解析 
 SATB1cKOマウス胸腺細胞は、細胞表面抗原の染

色により、各分化段階に分けフローサイトメトリー

により解析した。各分化段階の胸腺細胞は、セルソ

ーターで分収し、SATB1 mRNA発現解析をリアルタ

イムPCR法で解析した。末梢リンパ球は、脾臓と末

梢リンパ節を用いて、T細胞、B細胞、単球系細胞に

ついて、細胞数、活性化状態、局在等について、フ

ローサイトメトリーにより解析した。制御性

T(Regulatory T : Treg)細胞については、Treg細胞特異

的な転写因子であるFoxp3を細胞内染色し解析した。 
３）SATB1cKOマウス臓器の病理組織学的解析 
 SATB1cKOマウスの肺、胃、腸管、肝臓、腎臓等

の各臓器は、HE染色、または蛍光抗体を用いた免

疫蛍光染色により解析した。 
４）自己抗体価の測定 
 SATB1cKOマウス血清中の自己抗体価は、ELISA
法により解析した。 
５）Treg細胞の機能解析 
 末梢Treg細胞(CD4+CD25+)をセルソーターで分収

し、in vitroで抗CD3、抗CD28抗体刺激下のT細胞（あ

らかじめ生体蛍光染色したもの）と一緒に培養した。

Treg細胞の機能は、T細胞の細胞増殖抑制能として、

フローサイトメトリーにより解析した。In vivoでの

抑制機能については、生後3日目までの新生児マウ

ス腹腔内に、成熟ドナーマウス末梢由来のTreg細胞

を移入し、レシピエントマウスが成熟後、唾液腺機

能を検査し、機能障害の有無で判定した。 
６）組織浸潤細胞の解析 
 SATB1cKOマウスより取り出した各臓器をコラ

ゲナーゼ処理後、比重遠心分離法を用いて組織内に

浸潤しているリンパ球を分離した。分離した細胞は

フローサイトメトリーにより解析した。 
７）唾液分泌機能検査 
 麻酔下のSATB1cKOマウスに、ムスカリン受容体

刺激剤ピロカルピンを腹腔内投与した後、15分間継

続的に唾液を採取した。採取した全唾液量は各マウ

スの体重で割り、標準化した。 
８）Pathogenic細胞の解析 
 自己免疫性の炎症を発症したSATB1cKOマウス

末梢リンパ節、脾臓よりT細胞、またはB細胞をセル

ソーターで分収し、Rag2-/-マウスに静注した。継時

的に唾液分泌機能検査を行い、唾液腺機能障害の有

無で判定した。 
(倫理面への配慮) 

マウスを用いた実験は、日本動物学会が定めた、

苦痛の軽減、安楽死等に配慮した指針に従った。

実験動物の使用に関しては、東邦大学実験動物委

員会の承認を得た（動承14-55-118, 15-55-118, 
16−55−118, 17-53-311, 18-54-311）。ノックアウト

マウス、トランスジェニックマウスの使用に関し

ては、東邦大学遺伝子組換え実験安全委員会の承

認を得た（遺承14-55-117, 15-55-117, 16−55−117, 
17-53-303, 18-54-303）。 

 
C．研究結果 

 平成26、27年度には、主としてSATB1cKOマウス

の表現型の解析を行った。その結果、SATB1cKOマ

ウス末梢T細胞数は、野生型マウスに比べて有意に

減少していることが明らかとなった (Kondo J. 
Immunol. 2016)。さらに、 SATB1cKOマウスと

OT-I-TCR、OT-II-TCRトランスジェニックマウス、

またはHY-TCRトランスジェニックマウスとの交配

により得られたF1マウスの解析（HY-TCR F1マウス

については♀マウスのみ）から、SATB1cKOマウス

胸腺でのポジティブセレクションに障害が起きて

いることが明らかとなった。この結果は、

SATB1cKOマウス末梢T細胞数が減少することの一

因であることを示唆していた。また、SATB1cKOマ

ウスは、生後12週齢を過ぎた頃から、血清中自己抗

体価の上昇や、臓器への炎症性細胞浸潤といった自

己免疫疾患様の病態を呈した。HY-TCR F1マウス

（♂）の胸腺の解析結果から、SATB1遺伝子欠損に



より、胸腺でのネガティブセレクションが障害され

ることが明らかとなった(Kondo J. Immunol. 2016) 。
従って、自己反応性T細胞が、胸腺内で、正常に排

除されず、末梢に移行してしまうために、自己免疫

疾患様の病態形成に至ったことが示唆された。以上

の結果より、SATB1は中心性免疫寛容において、重

要な役割を担っていることが明らかとなった。次に、

自己反応性T細胞の不活化を担う末梢性免疫寛容に

ついて、主要な役割を担うTreg細胞の機能を調べた。

SATB1cKOマウス末梢Treg細胞には、細胞数、抑制

機能ともに野生型マウスと比べて有意な違いは認

められなかった。従って、SATB1cKOマウスでは、

中心性免疫寛容の破綻により、自己免疫疾患症状を

呈するものと結論した (Kondo J. Immunol. 2016)。 

 平成28、29年度は、自己免疫疾患様病態を呈した

SATB1cKOマウスにおける具体的な臓器障害の実

態を検討した。SATB1cKOマウスでは、生後約4週
齢から唾液腺、涙腺への炎症性細胞浸潤と、唾液ま

たは涙液分泌量の低下が認められた。特に生後4−6
週齢では、雌マウスの唾液分泌量が雄マウスに比べ

て有意に低下していた。しかしこの週齢では、成熟

SATB1cKOマウス（生後8-9週齢以降）で見られる他

の臓器への炎症性細胞浸潤や血清中自己抗体価の

上昇は認められなかった。ヒトのSSでは唾液腺や涙

腺等の外分泌腺のみの機能障害から、それ以外の臓

器に自己免疫性の組織障害が進み、全身性エリテマ

トーデス(SLE)で認められる、イムノグロブリン複

合体や補体成分の沈着による糸球体腎炎を呈する

ものが知られている。SATB1cKOマウスにおけるSS
の病態を調べたところ、15週齢のSATB1cKOマウス

腎糸球体には、イムノグロブリン複合体やC3の沈着

が認められた。さらに、15週齢以降のSATB1cKOマ

ウスでは、尿蛋白が陽性になるマウスの割合が増加

した。これらの結果から、SATB1cKOマウスは、唾

液腺、涙腺での症状が発症した後、週齢と共に、全

身性の自己免疫疾患へと進行するSSの病態を呈す

ることが示唆された(Tanaka, J.Immunol. 2017)。 

 次に、唾液腺の機能障害を誘導するトリガーとな

る細胞は何かを調べるために、生後4週齢から経時

的に唾液腺を採取し、組織内に浸潤する細胞を蛍光

免疫染色により解析した。その結果、唾液腺機能障

害の発症初期には、T細胞が多く浸潤しており、加

齢と共にB細胞浸潤が増加していくことが明らかと

なった。そこで、実際に生体内では、どの細胞が唾

液腺に対して病原性を持っているのかを以下の方

法で調べた。唾液腺機能障害を発症したSATB1cKO
マウスの、脾臓、または頸部リンパ節からT細胞、B
細胞を分収し、生まれつきリンパ球を持たない

Rag2-/-マウスに移入した。その結果、頸部リンパ節

由来のT細胞を移入した場合は、移入後4週目、8週
目と唾液分泌機能の低下が亢進していた。しかし、

リンパ節由来のB細胞を移入したRag2-/-マウス、脾

臓由来のT細胞、B細胞を各々移入したRag2-/-マウス

では、唾液分泌機能低下は認められなかった。従っ

て、SATB1cKOマウスにおけるシェーグレン症候群

様の病態形成には、T細胞が重要な役割を担ってい

ることが示唆された(Tanaka, J.Immunol. 2017)。実際

に、B細胞のみを欠損するMtマウスとSATB1cKO
マウスを交配し、得られたSATB1cKO Mtマウスを

用いて唾液腺機能を調べたところ、生後4週齢では

既に唾液分泌機能がコントロールマウスの40%程

度まで低下していた。5週齢ではさらなる機能低下

が認められ、最低値のレベルにまで達した。したが

って、SATB1cKOマウスにおけるSSは、B細胞の関

与が無くても、発症することが示唆され、SS発症の

誘導には液性免疫より、細胞性免疫が重要であるこ

とが示唆された (未発表データ)。 

 前述した通り、Treg細胞による末梢性免疫寛容が

正常に働いていれば、自己免疫疾患の発症は抑制さ

れると考えられる。マウスの場合、自己免疫疾患の

制御には、特に新生仔期のTreg細胞の機能が重要で

あるという報告がある。そこで、若週齢の

SATB1cKOマウスでの末梢Treg細胞について検討

を行った。その結果、生後1週齢までのSATB1cKO
マウスは、末梢Treg細胞数が、野生型マウスと比べ

て有意に減少していた。この結果を元に、



SATB1cKOマウスにおけるシェーグレン症候群様

の病態形成に新生仔期の末梢Treg細胞の減少が関

与するのかを、生後3日のSATB1cKOマウスにTreg
細胞を移入し検討した。Treg細胞移入後15週目に唾

液腺分泌機能検査を行ったところ、成熟野生型マウ

ス由来Treg細胞を移入したSATB1cKOマウスでは、

無処置のマウスに比べて、唾液分泌機能が有意に回

復していた。さらに興味深いことに、成熟

SATB1cKOマウス由来のTreg細胞を移入した場合

も、野生型Treg細胞と同様に唾液分泌機能が回復し

ていた。これらの結果より、SATB1cKOマウスにお

けるシェーグレン症候群様の病態形成には、生後初

期の末梢Treg細胞による末梢免疫寛容の不全と、唾

液腺近傍のリンパ節に局在するT細胞が重要な役割

を担っていることが示唆された（Tanaka, J.Immunol. 
2017）。 

平成30年度は以下の解析を行った。SATB1cKOマウ

スにおけるシェーグレン症候群様症状は4週齢から

みられ、8週齢までに唾液分泌能は最下値に達する。

他方、シェーグレン症候群に特徴的な血中抗

SSA,SSB抗体の上昇はそれ以降に観察されること

から、より早期に検出可能な自己免疫反応を反映す

る因子の探索を行うことにした。その結果、血中の

代謝を反映する因子の変化が 4 週齢以降の

SATB1cKOマウスに見られた。このことはシェーグ

レン症候群の診断のために有用な新たなマーカー

の存在を示唆している (未発表データ)。 

 最後にautoimmune proneであるSATB1cKOマウス

で は experimental autoimmune encephalomyelitis 
(EAE)の症状が増悪すると想定し、その検証を行っ

た。その結果、予想に反し、SATB1cKOマウスでは

EAEは発症しなかった （Akiba, Microbiol. Immunol. 
2018）。そこで、ER-SATB1cKOマウスにEAEを誘

導し、recall responseをタモキシフェン存在(SATB1 
deletion誘導)、非存在下で調べたところ、タモキシ

フェンによりSATB1欠損を誘導したT細胞では、細

胞増殖、サイトカインの産生、ともに著減していた。

以上の結果は、SATB1が正常なT細胞反応に必須な

遺伝子であることを示している。SATB1遺伝子欠損

による自己免疫疾患発症とT細胞機能低下は相反す

る事象である。今後、さらなる解析によりもたらさ

れる、SATB1機能の解明により、T細胞分化に関わ

る遺伝子ネットワークの解明が期待される。 
 
D．健康危険情報 
 なし。 
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アレルギー誘発要因の１つである微生物に対する自然免疫応答 

―ウイルスまたは細菌による感染症における解析― 

研究分担者 宮崎 修一 

東邦大学大学院医学研究科 先端医科学研究センター 

 

研究要旨 

小児患者 118 例（細菌感染症 37 例、ウイルス感染症 34例、コントロールとして 47例）の TLR2，

TLR4やサイトカイン量測定から、IL-4，IL-8，IL-10，IL-12 及び TNF-αは細菌とウイルス感染症

の特異的マーカーとして、IL-2，IL-8 及び IL-10 は感染後早期の細菌感染症とウイルス感染症の鑑別

に有用であることが示された。 

 
 

 

A. 目的： 

細菌感染症とウイルス感染症の鑑別および病

原体の耐性化や感染症の重症化を予測する検

査方法開発のため、好中球に発現し病原体成

分のレセプターとして作用する TLR2，TLR4

の発現量やサイトカイン量を測定し、特異度

が高いバイオマーカーを探索した。 

 

B. 研究方法： 

小児患者118例（細菌感染症37例、ウイルス感

染症34例、コントロールとして47例）の発熱 

1日後、3日後、5日後血液から好中球を精製 

し、TLR2，TLR4の平均蛍光強度（MFI）、 

血漿中のIL-1α，IL-1β，IL-2，IL-4，IL-5，

IL-6，IL-8，IL-10，IL-12，IL-17，TNF-α濃度

を測定した。 

 

C. 結果： 

細菌感染症群の TLR2 及び TLR4 発現量は感 

染後 5 日目まで有意に増加していた。ウイル

ス感染症群では徐々に増加していく傾向にあ

った。細菌感染症群の 3 日目の TLR2 発現量

はウイルス感染症群よりも有意に高かった。 

IL-1α は細菌感染症群でコントロール群より

も 5 日目まで有意に高い値であった。 

ウイルス感染症群の IL-1α，IL-1β 及び IL-2 は

1 日目でコントロール群よりも有意に高く、

IL-1βはさらに 3日目においても有意に高い値

であった。IL-4，IL-8，IL-10，IL-12 及び TNF-α

は両感染症群で 5 日目まで有意に高い値であ

った。IL-17 はウイルス感染症群の 5 日目を除

いて有意に高い値であった。ウイルス感染症

群の IL-2，IL-8 及び IL-10 は感染後 1 日目で

細菌感染症群よりも有意に高かった。 

IL-8 のウイルス感染症群で 1 日目が 3 日目、5

日目よりも有意に高い値であった。 
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よって IL-4，IL-8，IL-10，IL-12 及び TNF-α

は細菌感染症とウイルス感染症のバイオマー 

カー、IL-2，IL-8 及び IL-10 は、感染後早期の

細菌感染症とウイルス感染症の鑑別に有用で

あることが示唆された。 
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東邦大学医学部倫理委員会にて承認済み 

（承認課題番号：24003 ） 

 
E. 研究発表： 

1. 刊行論文 

1) Yusa T, Tateda K, Ohara A, Miyazaki T. New 

passible biomarkers for diagnosis of infections 

and diagnostic distinction between bacterial and 

viral infections in children. Journal of Infection 

and Chemotherapy DOI:10.1016/j.jiac. 

2016.11.002 

    2. 学会発表 

1) 遊佐貴司,松岡正樹. 小児期の末梢血好中

球TLR2およびTLR4を指標とした川崎病の原

因解析. 第 145 回東邦医学会例会 2015.2 

 

2) 遊佐貴司. 細菌感染とウイルス感染鑑別の

ための新規バイオマーカーの検討. 第 148 回

東邦医学会例会 2016.6 

 

F. 知的財産権の出願・登録状況 

1. 特許出願 なし 

2. 実用新案登録 なし 

3. その他 なし 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



臓器線維化を抑制する microRNA の探索と機能解析｣に関する研究 
研究分担者 赤坂喜清  

東邦大学大学院 医学研究科 組織修復・病態制御学研究室 
 

研究要旨 
自己免疫性疾患における臓器線維化では予後不良の非可逆的な機能不全を惹起する。この予後改善に

は線維化抑制法の開発が必須である。そこで Basic fibroblast growth factor (bFGF)による線維化抑制に

おける microRNA(miRNA)の関与を想定し、Array 解析から miR146b-5p を選定し、その標的分子とし

て Platelet-derived growth factor receptorα (PDGFRα)を検討した。二重染色による miRNA と標的分子

の可視化解析から、また Luciferase reporter assay から PDGFRαが miR-146b-5p の標的分子であること

が示された。よって miR-146b-5p は PDGFRαを標的にして、線維化を促進する PDGF のシグナルを受

容体レベルで抑制して線維化抑制に寄与することが示唆された。bFGF投与創部ではMesenchymal stem 
cell (MSC)を含む PDGFRα+/Sca-1+細胞が有意に減少したが、miR146b-5p+/Sca-1+細胞は逆に増加して

いた。よって miR146b-5p は PDGFRα+/Sca-1+ MSC の PDGFRα を標的化してその発現抑制から線維化

抑制に寄与することが示唆された。 

 

A. 目的： 
自己免疫性疾患において慢性に進行する間質

線維化は実質臓器の機能細胞の脱落から非可

逆的な機能不全を惹起する。この機能改善には

間質線維化の予防改善法の開発が必要である。

これまで我々は実験動物やヒトにおいて Basic 
fibroblast growth factor (bFGF)による瘢痕線維

化抑制効果を報告してきた。本研究の目的は侵

襲後の修復組織から単離された線維芽細胞を

用いて bFGF 誘導性の microRNA(miRNA)を探

索する。そして探索された miRNA による瘢痕

抑制効果を in vitro と in vivo で多角的に検証し、

自己免疫性疾患である全身性強皮症の臓器線

維化抑制法開発の基礎的実験系を確立する。 
 
B, C. 方法と成果： 

ラット皮膚潰瘍組織由来の線維芽細胞(GF)の
Array 解析から、bFGF 投与 48 時間と 96 時間

目で増加する miR-146b-5p を選定した。

miR-146b-5p は皮膚潰瘍部の線維芽細胞に発

現し、miR-146b-5p Inhibitor と Mimi の遺伝子

導入実験から線維芽細胞の Collagen type I と
Ⅲの発現抑制能が明らかになり miR-146b-5p
の線維化抑制能が in vitro で確認された。さら

に同 Inhibitor と Mimic の遺伝子導入実験と

luciferase reporter assay から miR-146b-5p の標

的が Platelet-derived growth factor receptorα 
(PDGFRα)であることを証明した。さらに

microRNA と標的分子の可視化解析を実施し、

線維芽細胞には両分子の共発現がないことを

確認し、PDGFRαが miR-146b-5p の in vivo で

の標的であることを確認した。Mesenchymal 
stem cells (MSCs)の増殖分化におけるPDGFRα
発現の重要性が報告されている。よって MSCs
が含まれる PDGFRα+/Sca-1+細胞の発現性を

in vivo で検討すると、潰瘍部では bFGF 投与

により PDGFRα+/Sca-1+細胞が減少し、逆に

研究分担者 赤坂喜清 

東邦大学大学院医科学研究科 

先端医科学研究センター  

推進研究部門 

組織修復・病態制御学研究室 教授 



miR146b-5p+/Sca-1+細胞は増加していた。両細

胞の相反する増減から、 miR146b-5p は

PDGFRα+/Sca-1+細胞における PDGFRα を標

的化し、MSCs レベルで線維化抑制に寄与して

いることが示唆された。 
 

(倫理面の配慮) 
東邦大学実験動物委員会の承認を受けている。 
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カンジダ細胞壁多糖誘導マウス系統的血管炎モデルにおける血管炎発症機序と治療戦略 
研究分担者 髙橋 啓 

東邦大学医学部病院病理学講座 (大橋) 
 

研究要旨 
川崎病は血管炎症候群に含まれる小児の代表的な急性熱性疾患である。何らかの感染性微生物が病因

と考えられており、近年では自然免疫系の異常活性化が病態の中心と考えられているが、病因・病態

共に不明な点が多い。我々は川崎病血管炎の病態解明や有効性のより高い治療法の確立を目指し、カ

ンジダ細胞壁多糖を用いた川崎病類似マウス系統的血管炎の病態解析を行っている。カンジダ感染防

御に重要な自然免疫受容体として知られるデクチン 1 とデクチン 2 の遺伝子欠損マウスを用いて血管

炎誘導実験を行ったところ、デクチン 1 遺伝子欠損マウスは野生型と同様の血管炎を高率に生じるの

に対して、デクチン 2 遺伝子欠損マウスでは内膜炎のような微小な血管病変すら生じないことを明ら

かにした。デクチン 2 はカンジダ細胞壁多糖中の α マンナンの受容体として知られており、デクチン

2 による α マンナンの認識が血管炎発症に重要な役割を果たしていると考えられる。血清サイトカイ

ン値について検討してみると、TNF-α, KC/GRO, IL-6 といった炎症性サイトカインは高値を示すが、

Th1, Th2, Th17 型サイトカインは検出感度未満かきわめて低値であり、獲得免疫系が血管炎発症に及

ぼす影響は低いと推測された。また、我々は TNF-α 受容体拮抗薬であるエタネルセプト(ETA)が本モ

デルの血管炎を強力に抑制することから TNF-α が有力な治療表的分子のひとつであることを報告し

ている。本事業では、ETA が特に血管炎成立過程の初期に生じる内膜炎を強力に抑制することを明ら

かにでき、TNF-α が血管炎成立の早期に密接に関与している可能性が推測された。 

 

A. 目的： 
カンジダ細胞壁多糖の投与によって誘導され

るマウス系統的血管炎は病変分布や組織像が

川崎病血管炎と類似し、川崎病血管炎モデルと

して知られている。本事業では、この川崎病血

管炎モデルを用いて、 
1. 血管炎発症に及ぼす自然免疫受容体の関与

について明らかにする。 
2. 血清サイトカインの網羅的解析を行い各種

サイトカインと血管炎との関連について明ら

かにする。 
3. 代表的な炎症性サイトカインである TNF-α
の拮抗薬による血管炎抑制効果について明ら

かにする。 
以上を目的として解析を行った。 

 
B. 研究方法： 
1. 自然免疫受容体の関与についての解析. 
本モデルで使用している血管炎誘発物質の主

成分は、カンジダ細胞壁を構成する β グルカ

ン、マンナンおよび少量の蛋白からなる複合

体である。β グルカン、α マンナンに対する自

然免疫受容体としてデクチン 1 (D1)、デクチ

ン 2 (D2)が知られている。そこで、D1 遺伝子

欠損マウス (D1-/-)および D2 遺伝子欠損マウ

ス(D2-/-)を用いて血管炎誘発実験を行い血管

炎発症におよぼすD1、D2の影響を検討した。 
常法に従い、D1-/-, D2-/-および野生型マウス 
(WT，C57/BL6)の腹腔内に血管炎誘発物質を

研究分担者 髙橋 啓 

東邦大学医学部 

病院病理学講座 (大橋) 教授 



連続 5 日間投与し、連続投与終了後 28 日でマ

ウスを犠牲死させた。諸臓器の組織標本を作

製し、血管炎発症率と血管炎重症とについて

組織学的に比較検討した。また、マウス屠殺

時に心臓採血を行い、後述する 2. (1)のサイト

カイン測定に供した。 
 
2. 血清サイトカインの網羅的解析 
(1) マウス屠殺時の血清サイトカインの検討. 
前述の 1.で得た血清中の各種サイトカインを

用いて検討した。本事業で導入された多項目

同 時 測 定 シ ス テ ム  (MESO SCALE 
DISCOVERY, Proinflammatory panel 1)を用い

て、IL-1β, IL-2, IL-4, IL-5, IL-6, KC/GRO, IL-10, 
IL-12p70, TNF-α, INF-γ を測定した。また、

ELISA kit (R＆Dsystems)を用いて IL-17 を測定

した。 
(2) 血清サイトカインの経時的変動の検討. 
野生型マウスに血管炎誘発物質を連続 5 日間

腹腔内投与し、投与終了後 1, 7, 14, 21 日に頬

部採血を行った。28 日にマウスを安楽死させ

心臓採血を行った。上述の 2. (1)と同一のサイ

トカイン測定キットを使って各種サイトカイ

ンを測定した。 
3. 抗 TNF-α 製剤による血管炎抑制効果の解

析. 
我々はこれまでに TNF-α 受容体拮抗薬である

エタネルセプト (ETA)が血管炎発症を強力に

抑制することを報告している。本事業では、

血管炎成立過程に及ぼす ETA の影響と ETA
投与時期が血管炎抑制効果に及ぼす影響につ

いて組織学的解析を行った。 
(1) 血管炎成立過程におよぼす ETA の影響． 
野生型マウスに血管炎誘発物質を連続 5 日間

腹腔内投与し、投与終了後 6,12 時間，

1,2,5,8,11,14,28 日にマウスを犠牲死させ、汎血

管炎成立に至る組織学的変化を解析した。実

験中 2－3 日毎に ETA を投与する群を併設し、

無治療群と比較することで血管炎成立過程に

およぼす ETA の影響を検討した。 
(2) ETA 投与時期の差異が血管炎抑制効果に 
及ぼす影響. 
上述の 3.(1)で明らかとなった血管炎成立過程

をもとに、内膜炎の発生時期に集中的に ETA
投与を行う早期投与群、汎血管炎発生時期か

ら ETA 投与を行う後期投与群を設定した。ま

た、既報の治療プロトコールを治療対象群と

した。血管炎発生率について組織学的に比較

検討した。 
 

(倫理面の配慮) 
東邦大学実験動物委員会の承認を受け、動物

愛護の精神のもと実験を行った。 
 
C. 結果： 
1. 自然免疫受容体の関与についての検討． 
WT と D1-/-では、冠状動脈分岐部や心基部大

動脈をはじめとする諸臓器の動脈に好中球や

組織球を主体とする汎血管炎が観察された。

一方、D2-/-では内膜炎のような微小な病変す

ら認められなかった。 

 



各実験群の汎血管炎発生率は、WT:100% 
(18/18), D1-/-:100% (18/18)，D2-/-:0% (0/18)であ

り、D2-/-で汎血管炎発生率の有意な低下が見

られた。 

 
組織学的に病変範囲と炎症の重症度について

半定量的評価を行ったところ、WT およびD1-/-

と比較して D2-/-では病変範囲と炎症の重症度

が有意に低下していた。 
以上の結果より、D2 は本モデルの血管炎発症

にきわめて重要な役割を果たしていると考え

られた。 
 
2. 血清サイトカインの網羅的解析． 
(1) マウス屠殺時の血清サイトカインの検討. 
前述の 1.で得た血清を用いて各種サイトカイ

ンを測定したところ、TNF-α, KC/GRO, IL-6 は

血管炎誘発物質の投与あるいは血管炎発症に

よって高値を示したが、Th1 型サイトカイン 

(IL2, IL-12p70, INF-γ)、Th2 型サイトカイン 
(IL-4, IL-5, IL-10)および Th17 型サイトカイン 
(IL-17)は検出感度未満か極めて低値であり、

獲得免疫系 (Th1/Th2)が血管炎発症に及ぼす

影響は低いと推測された。 
（2）血清サイトカインの経時的変動の検討． 
TNF-α, KC/GRO, IL-6 は血管炎誘発物質の投

与によって変動するが、変動のパターンを明

らかにすることが困難であった。また、血管

炎との関連については検討中である。 
一方、Th1 型サイトカイン、Th2 型サイトカイ

ンおよび Th17 型サイトカインは検出感度未

満か極めて低値であった。経時的にみても Th1

型および Th2 型サイトカインが血管炎発症に

及ぼす影響は低いと推測された。 
 
3. 抗 TNF-α 製剤による血管炎抑制効果の解

析. 
(1) 血管炎成立過程におよぼす ETA の影響． 
ETA 非投与群では、血管炎誘発物質投与後 6
時間から微小な内膜炎が生じ、内膜炎は 8 日

まで時間の経過と共に拡大した。5 日には内膜

炎に加えて外膜の炎症細胞浸潤も見られるよ

うになった。11 日には血管壁の全層に亘る汎

血管炎が観察され、汎血管炎は時間の経過と

共に拡大していた。 
一方、ETA 投与群では 28 日には汎血管炎や内

膜炎にとどまる病変が一部のマウスに見られ

るものの、6 時間から 11 日までは内膜炎のよ

うな微小な血管病変すら認められず、ETA は

病初期に生じる内膜炎を強力に抑制すること

で汎血管炎への進展を抑制すると推測された。 

 
 
(2) ETA 投与時期の差異が血管炎抑制効果に 
及ぼす影響. 
各群の汎血管炎発生率は、無治療群 :50% 
(5/10), 治療対象群:0% (0/9)、早期投与群:0% 
(0/10), 後期投与群:20% (2/10)であり、無治療

群と比較して治療対象群、早期投与群では汎

血管炎発生率の有意な低下が認められた。病

初期からのETA投与が血管炎抑制に有効であ



ることが確認でき、TNF-α は内膜炎の発生に

密接に関連している可能性が推測された。 

 
 
D. まとめ： 
カンジダ細胞壁多糖で誘導される川崎病血管

炎モデルの血管炎発症に自然免疫系の活性化

が密接に関連していることが明らかとなった。

TNF-α が治療表的分子のひとつであることが

再確認できたが、デクチン 2 シグナル伝達経

路を構成する各種分子に対する拮抗薬が如何

なる血管炎抑制効果を有するのかを検討し、

より有効性の高い治療法を確立する必要があ

る。 
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病的細胞バイオマーカーによる自己免疫疾細胞病態の解明 
研究分担者 武城英明 

東邦大学医学部臨床検査医学研究室 
 
研究要旨 
病気にともなう血管障害の状態を検出することは合併症の予防に重要である。われわれは、

動脈硬化の進展過程で収縮型から合成型へフェノタイプ変換し、中膜から内膜に遊走し、

内膜でさまざまな細胞の機能を調節し動脈硬化巣の性質を制御する働きを有する平滑筋細

胞に着目し、病的内膜平滑筋細胞に特異的に発現する遺伝子 LR11 を同定した。LR11 は LDL
受容体ファミリーの一つであり、通常の中膜平滑筋細胞には発現していないが、硬化巣で

フェノタイプ変換した内膜平滑筋細胞で発現誘導され、その細胞は遊走能を獲得する。欠

損マウスでは血管カフ傷害後の内膜肥厚が著しく減弱する。LR11 は細胞膜表面でプロテア

ーゼにより分断し可溶型となり、近年、血中濃度を測定することが可能となった。そこで、

本研究では、自己免疫疾患にともなう血管障害における血中可溶性 LR11 の検査学的意義と

病態における役割を明らかにすることを目的とした。川崎病の病歴のある小児の血中濃度

を測定したところ、冠動脈病変のある患者の血中濃度は健常者や冠動脈病変のない患者に

比べて有意に高値だった。そこで、成人頸動脈血管狭窄患者の血中可溶性 LR11 と超音波画

像との関連を検討したところ、血中濃度の数値は超音波プラーク指数および１年後の狭窄

度の進展と関連した。マウス血中 LR11 値は血管障害後、平滑筋細胞の内膜への遊走が亢進

する時期に増加し、冠動脈疾患患者の冠動脈形成術後で高値だった。LR11-/-マウスに高脂

肪食負荷すると皮下脂肪で褐色脂肪細胞へのフェノタイプ変換が出現し糖脂質代謝が改善

した。そこで、脂肪細胞変容が起き全身の血管障害を引き起こす病態として知られる糖尿

病で検討したところ、血中可溶性 LR11 は血糖値と並び超音波血管壁肥厚に関連し、血糖値

は可溶性 LR11 濃度の独立した規定因子だった。以上の結果から、血管内膜平滑筋細胞に特

異的に発現する血中可溶性 LR11 の血中濃度は、川崎病の血管障害の病態を表すバイオマー

カーとなり、血管障害に伴うプラーク形成の状態を反映することが明らかになった。平滑

筋細胞のみならず脂肪細胞のフェノタイプ変換にも関わることから、今後、さまざまな自

己免疫疾患に合併した血管障害での血中濃度の測定と病態との詳細な検討が必要である。 
 
 

 
Ａ．研究目的 
自己免疫疾患はさまざまな臓器で機能障害

を引き起こし、生活の質に関わる重篤な合 

併症を発症する。これらの臓器障害の病態

を早期に診断し効果的な治療を行なうこと

は自己免疫疾患の予防と治療に貢献する。

われわれは、多様な自己免疫疾患の臓器合

併症を細胞変容として早期診断するバイオ

マーカーを開発し、その分子機序を解明す

ることで細胞病態を修復し機能障害を回復

研究分担者 武城 英明 

東邦大学医学部 

臨床検査医学研究室 (佐倉) 教授 



することを目的として、血管細胞フェノタイプ制御

因子LR11に注目し自己免疫疾患におけるバイオマ

ーカーとして臨床検査学的、ならびに細胞フェノタ

イプ制御因子として病態における細胞生物学的役

割を検討した。 
 
Ｂ．研究方法 
バイオマーカーとして臨床検査学的検討は、共同

研究施設である新潟大学小児科に通院している

川崎病、順天堂大学循環器内科に通院している冠

動脈疾患、及び延辺大学糖尿病内分泌内科に通院

中の糖尿病患者、当院脳神経外科に通院中の頸動

脈狭窄省患者の血液検体の血中 LR11 を測定し病

態との関連を検討した。細胞フェノタイプ制御因

子として細胞生物学的検討は、LR11 ノックアウ

トマウスおよび正常マウスをもちい生理学的解

析、ならびに、遺伝子発現と細胞機能解析を行な

った。 
（倫理面への配慮） 
臨床研究は、ヘルシンキ宣言に基づく倫理的原則な

らびにわが国の「人を対象とする医学系研究に関す

る倫理指針」に基づき、東邦大学または実施する施

設の倫理委員会で研究計画の承認をうけ、その指導

のもとで対象者に研究概要を説明し同意を得て実

施した。遺伝子解析実験および動物実験は、実施施

設の規定、国で定められている組換え DNA 実験指

針、動物実験等の実施に関する基本指針等に沿って

各委員会で実験許可を受け動物愛護に配慮して実

施した。 
 
Ｃ 研究結果 
１. 川崎病患者における検査学的解析 
血管内膜平滑筋は、川崎病において急性期血管炎か

ら遠隔期の狭窄病変に至るまで、その進展に重要な

役割を果たす。LR11 は動脈硬化巣における内膜平

滑筋を反映する活性物質であることから、川崎病

125 症例における血中可溶型 LR11(sLR11)のバイオ

マーカーとしての有用性を検討した。川崎病急性期

において、γグロブリン治療 (IVIG)不応群の IVIG

治療前 sLR11 は、対照、奏効群に比べて高値だっ

た。IVIG 不応群では回復期にも高値が持続した。

川崎病遠隔期の石灰化病変（CAL）群の sLR11 は、

対照群、no CAL 群、退縮群と比べ有意に高値だっ

た。sLR11 は川崎病急性期の重症度を反映し、γグ

ロブリン不応や冠動脈瘤形成の予測、また川崎病遠

隔期の血管障害を反映するバイオマーカーとなる

可能性が示された。 
２. 頸動脈狭窄症患者における検査学的解析 
次に、成人頸動脈血管狭窄患者 46 名の血中可溶性

LR11 と超音波法により評価した頸動脈狭窄画像と

の関連を検討した。患者血中可溶性 LR11 濃度は健

常人の数値に比べて明らかに高値だった。血中濃度

は、超音波プラーク指数と正の相関を示し、狭窄度

と相関する傾向があった。一方、内膜中膜肥厚度と

は関連を認めなかった。超音波プラーク指数は、可

溶性 LR11 値に加えて、内膜中膜肥厚度と正の相関

を、HDL-コレステロールと負の相関を示し、それ

ぞれが独立した規定因子だった。血中可溶性 LR11
値と１年後の超音波画像指標との関連を検討した

ところ、その濃度は１年後の狭窄度の進展と有意な

正の相関を示した。以上の結果から、血中可溶性

LR11 濃度は血管傷害と密接に関連し、とくにプラ

ークの状態を反映する可能性がある。 
３. 血管傷害モデルと冠動脈疾患患者における検

査学的解析 
マウス大腿動脈カフモデルを用いて血管傷害後の

血中 LR11 濃度の推移を検討した。血管傷害に反応

して中膜平滑筋細胞の内膜への遊走が亢進する血

管障害２週間後に血中 LR11 濃度が最も増加し、そ

の後低下するものの、対照マウスに比べて一ヶ月間

高値が継続した。冠動脈疾患患者の冠動脈形成術後

の値は 14 日後に有意に高値となり、60 日後も高値

が継続し、240 日後に術前値に回復し、その値は内

腔損失指数と正相関した。実際に、冠動脈疾患患者

の初期可溶性 LR11 値は、その治療予後と密接に関

連した。このように、血管平滑筋細胞で同定された

細胞マーカーLR11 は血管傷害後の血管病態をあら



わす可能性がある。 
４．細胞フェノタイプ変換への作用 
LR11-/-マウス（生後８週令雄）に８週間高脂肪食

を負荷すると皮下脂肪に多数の褐色脂肪細胞が出

現した。野生型マウスに比べ体重、脂肪量が少なく、

肝内脂肪蓄積も見られなかった。LR11-/-マウスの

エネルギー消費量、血糖、血中トリグリセライド値

は野生型マウスに比べ有意に低かった。組織並びに

生化学解析結果から、通常状態では可溶性 LR11 は

皮下脂肪に強く発現し脂肪組織で白色脂肪から褐

色脂肪細胞への変換を抑制する役割を担うことが

明らかになった。 
５．糖尿病における検査学的解析 
脂肪細胞変容が病因となり全身の血管障害を引き

起こす病態として知られる糖尿病 165 名で検討し

たところ、健常者に比べて血中可溶性 LR11 は高値

であり、年齢、性別、血圧、LDL-コレステロール、

血糖値など様々な動脈硬化リスクと関連したが、血

糖値は可溶性LR11濃度の独立した規定因子だった。

血中可溶性LR11は年齢や血糖値と並び糖尿病患者

の超音波血管壁肥厚に関連し、ロジスティック解析

から、血糖値が、内膜中膜肥厚度 0.80mm をカット

オフ値とした時に最もよく関連するのに対し、可溶

性 LR11 値は 0.90mm だった。以上の結果から、糖

尿病の血管障害において可溶性 LR11 は、血糖とは

異なる血管障害の状態を反映するバイオマーカー

となる可能性がある。 
 
以上より、血管平滑筋細胞から同定されたフェノタ

イプレギュレーターが自己免疫疾患である川崎病

の血管合併症病態と関わること、血管狭窄や糖尿病

の血管病変であるプラークの性状や平滑筋細胞の

機能状態を反映すること、細胞機能変化のマーカー

のみならず制御因子であることが示唆された。今後、

自己免疫疾細胞病態のバイオマーカーとして樹立

するために、さまざまな自己免疫疾患の病態で検討

し、新規の合併症予防の検査学的意義ならびに治療

学的可能性についてさらに詳細に解析する必要が

ある。 
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天疱瘡自己抗体解析による水疱形成機序の解明 
研究分担者 石河 晃  

東邦大学医学部皮膚科学講座 
 

 
 

 
Ａ．研究目的 
天疱瘡は、IgG 型の自己抗体を介する自己免疫

性水疱性疾患であり、尋常性天疱瘡（PV）と落葉

状天疱瘡（PF）の２型に大別される。その自己抗

原は、デスモゾームに存在するカドヘリン型の細

胞接着因子であるデスモグレイン３（desmoglein 3, 
Dsg3）と Dsg1 である。血清中の抗 Dsｇ1・IgG ま

たは抗 Dsg3・IgG 自己抗体が表皮細胞間接着阻害

を誘導し、水疱形成すると理解されている。現在

の天疱瘡の治療は、他の自己免疫性疾患と同様に

副腎皮質ホルモン剤や免疫抑制剤など免疫を非

特異的に抑制する治療法が中心であり、副作用の

面から疾患特異的治療が望まれている。 
Dsg はデスモコリン（Dsc）と共にカドヘリン

型の細胞接着因子であり、細胞接着装置の一つで

あるデスモゾームを構成する膜蛋白である。

Dsg1-4、Dsc1-3 のアイソフォームがあり、細胞外

領域には、カドヘリンリピート領域が４つ連なっ

た分子構造をしている（EC1-4）。向かい合う Dsg
分子同士が先端に位置する EC1 領域でカルシウ

ム依存性にホモフィリック結合し、もしくは Dsg
と Dsc がヘテロフィリック結合し、ジッパー様に

連なっている構造をしていると考えられている。

最近になり Dsg、Dsc の分子構造解析が明らかに

なりヘテロフィリック結合がデスモゾームにお

ける細胞間接着に重要であると考えられている。 

研究要旨 

天疱瘡は、デスモゾームに局在するカドヘリン型細胞接着因子であるデスモグレイン（Dsg）に対する

IgG 型自己抗体により皮膚、口腔粘膜に水疱、びらんを生じる自己免疫性水疱症である。落葉状天疱瘡

患者から抗 Dsg1 モノクローナル抗体（monoclonal antibody：mAb）が複数単離され、血清中の抗

Dsg 1 抗体は病的抗体と非病的抗体から構成されていることが判明している。この単離された天疱瘡モ

ノクローナル抗体と患者血清を用いて、天疱瘡の水疱形成機序の解析を行った。１．抗 Dsg1 mAb 単独

または複数の抗 Dsg1 mAb 混合物（ポリクローナル抗体）をヒト皮膚に注射した後に器官培養し、水疱

形成機序を比較検討した。病的抗体と非病的抗体の混合によるポリクローナル抗体では、p38 MAPK 依

存性に Dsg1 の凝集が起こり、デスモソーム構造変化を促進することで病的抗体単独よりも細胞間接着

阻害活性を増強した。非病原性抗体は病原性抗体と協同して水疱形成に関与していることが明らかにな

った。２．Dsg と Dsc の組換え蛋白を固相化したビーズ凝集法で検討したところ、抗 Dsg1 モノクロー

ナル抗体、患者血清は、Dsg/Dsc のヘテロ結合を細胞内シグナルを介さず直接阻害していることが明ら

かになった。 
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天疱瘡の水疱形成機序としては、自己抗体が

Dsg 分子接着面に結合することによる直接阻害、

細胞内シグナル伝達による酵素の活性化、エンド

サイトーシスなどによるデスモゾームからの Dsg
分子の減少などが提唱されている。しかしながら

培養細胞、モデルマウスなどの実験系毎に異なる

機序が推察されており、天疱瘡の水疱形成機序は

未解決である。 
落葉状天疱瘡の抗 Dsg1 抗体は Dsg１細胞外領

域EC1-5の様々なエピトープを認識する IgG抗体

で構成されたポリクローナル抗体であることが

わかっている。天疱瘡の病態解明を目的として、

我々はファージディスプレイ技術を用いて落葉

状天疱瘡患者から抗 Dsg1 モノクローナル抗体を

複数単離するのに成功しており、Dsg1 抗体は病原

性に多様性があり、水疱形成を誘導する病原性の

あるモノクローナル抗 Dsg１抗体と水疱形成を引

き起こさない非病原性抗 Dsg１抗体から構成され

ていること明らかにした。 
本基盤形成事業では、この単離された天疱瘡モ

ノクローナル抗体と患者血清を用いて、下記の２

点に着目し天疱瘡の水疱形成機序の解析を行っ

た。 
 
研究課題 １．非病原性抗体は、水疱形成に関与

しているのか？ 
個々の抗 Dsg1 抗体がポリクローナルな状況下

で水疱形成にどのような役割を果たしているの

か、非病原性抗体は in vivo の状況下で水疱形成に

全く関与しないのかはまだ解明されていない。本

研究では、モノクローナル抗体とポリクローナル

抗体による水疱形成機序の違いに着目し、その相

違点を明確にすることで落葉状天疱瘡の水疱形

成機序の解析を行った。 
 
研究課題 ２．病的活性抗 Dsg1 抗体は、細胞内シ

グナルを介さず Dｓｇ１と Dsc1 のヘテロフィリ

ックなトランス結合を直接阻害するのか？ 

Dsg、Dsc の分子構造解析が明らかになり Dsg
とDscのヘテロフィリックなトランス結合がデス

モゾームにおける細胞間接着に重要であると考

えられている。天疱瘡自己抗体が、Dsg 分子に結

合することにより直接阻害により、水疱形成を生

じるのかを検討するため、組み換え Dsg とデスモ

コリン(Dsc)をビーズに固相化したビーズ凝集法

を用いて検討した。 
 
Ｂ．研究方法 
一本鎖抗Dsg１モノクローナル抗体とIgG型の抗

Dsg1モノクローナル抗体の精製 
ファージディスプレイ法を用いてPF患者末血

単球から複数のモノクローナル抗体を単離して

いる。病原性を有する抗Dsg１抗体（PF1-8-15）と

非病原性抗Dsg1抗体（PF1-2-6, PF1-2-22）が複数

単離されている。これらのモノクローナル抗体は、

重鎖、軽鎖の可変領域をリンカーで結合した一本

鎖抗体の形で単離されている。患者血清中の抗

Dsg1抗体はIgG型の抗体であるので、一本鎖抗

Dsg1モノクローナル抗体をIgG型に変換する必要

がある。ヒトIgG１型の発現ベクターに重鎖、軽

鎖の可変領域を組み込み、発現プラスミドを作成

する。精製した抗Dsg1モノクローナル抗体プラス

ミドを293FT細胞にトランスフェクションし、回

収した細胞培養液からprotein Aカラムを用いてモ

ノクローナル抗体を精製した。 
 
抗Dsg１モノクローナル抗体単独と抗Dsg1モノク

ローナル抗体の混合物によるDsg1分子の変化と

その他デスモゾーム関連分子の変化の差異の解

析 
精製したIgG型抗Dsg1モノクローナル抗体によ

る水疱形成機序をヒト器官培養皮膚（ex vivo）を

用いて解析する。具体的には、正常ヒト皮膚を採

取し、至適濃度の抗体を真皮側から50μl皮内注射

する。その後、培養液を入れたトランスウェル上

で37℃で器官培養を行う。注射から22時間後に回

収し、HE染色、蛍光抗体法、電子顕微鏡用固定、



包埋後免疫電顕法の検体としてブロック作成を

行う。注射するパターンは、コントロール（PBS）、
病原性モノクローナル抗体単独、非病原性モノク

ローナル抗体単独、病原性モノクローナル抗体と

非病原性モノクローナル抗体の混合の4種類を用

いる。 
HE染色では棘融解の有無を確認する。蛍光抗体

法では表皮細胞間のIgG抗体の沈着の変化を、

Dsg1の細胞内分布、デスモゾーム関連分子（デス

モプラキン、プラコグロビン、デスモコリン）を

２重染色で観察する。電子顕微鏡ではデスモソー

ムの数、大きさの変化、ケラチン線維の変化、細

胞間離解の微細構造の変化を観察する。 
次に、抗Dsg1ポリクローナル抗体と抗Dsg1モノ

クローナル抗体単独の水疱形成機序の相違を生

じさせる因子を検討する。具体的には、エピトー

プの異なる複数のモノクローナル抗体の混合物

を投与する他、IgG型モノクローナル抗体と一本

鎖抗体の混合物をヒト器官培養皮膚に投与し、前

述と同様の手法を用いて棘融解、Dsg1の凝集、デ

スモゾーム関連分子の局在の変化を検討する。 
 
In vitro病的活性測定法を用いて抗Dsg1モノクロ

ーナル抗体の複数混合物刺激により細胞接着阻

害活性が増強するかを確認する。 
Dispase based dissociation assayを用いて細胞接

着阻害活性の強度を確認する。具体的にはヒトケ

ラチノサイトを12ウェルの培養プレートで培養

し細胞シートを作成する。至適濃度の抗体を添加

しインキュベーションし、その後ディスパーゼで

細胞シートを剥離し、ピペッテングによる機械的

ストレスにより細胞シートが断片化するのかを

確認する。 
組換え Dsg と Dsc を用いたビーズ凝集法 
 落葉状天疱瘡の自己抗原である Dsg1 の細胞外

領域と IgGの定常領域とヒスチジンタグを結合し

た組換え蛋白を作成する。それらのプラスミドを

293 細胞に導入し組換え蛋白を作成し、Talon ア

フィニティカラムを用いて精製した。これらの精

製した組換え蛋白をプロテイン G ビーズに固相

化し、ビーズ凝集反応で接着機能を解析する系を

作成した。Dsg1 のみを固相化したビーズ、Dsc1
のみを固相化したビーズでは凝集はなかったが、

両者を混合するとビーズの凝集が認められ、

Dsg1/Dsc1 のヘテロ結合がより強いことが確認さ

れた。その系に落葉状天疱瘡患者から単離してき

た抗 Dsg1 モノクローナル抗体を添加し、凝集抑

制が生じるか検討した。 
 
（倫理面への配慮） 
患者血清の利用は、東邦大学医療センター大森病

院の倫理委員会の承認を得ている。（審査番号 
27-235）。具体的には、文書で説明し同意を得た

後、通常の採血の際に、追加で血液は 5mL 採取す

る。個人情報は連結可能匿名化を行い、個人情報

管理者が管理し、被験者のプライバシー保護に十

分配慮する。ヒト皮膚器官培養で用いる検体は、

東邦大学倫理委員会の承認の上使用されている。

（承認番号 25079） 
 
Ｃ. 研究結果 
研究課題１ 
 
病原性抗体に非病原性抗体を加えると表皮下層

において IgG 及び Dsg1 の染色パターンが変化す

る。 
ヒト皮膚器官培養系を用いて病原性抗体、非病

原性抗体、その両者の混合物を注射し 22 時間後

に、IgG の沈着パターン、Dsg1 の細胞内分布を共

焦点顕鏡で観察し、水疱形成の有無を HE 染色で

確認した。病原性抗 Dsg１モノクローナル抗体単

独の場合、表皮浅層において裂隙形成が観察され、

IgG と Dsg1 の分布は表皮細胞膜上に見られた。

非病原性抗体単独の場合、水疱形成は認めず、IgG
とDsg1の分布が表皮細胞膜上に見られた。一方、

病原性モノクローナル抗体と非病原モノクロー

ナル抗体を混合した場合、表皮浅層において裂隙



形成が観察され、IgG と Dsg1 の染色パターンが

異なり表皮下層に凝集している像が観察された

（図１）。 
また、電顕で表皮構造を観察すると、コントロー

ルと比較して抗体を注射した検体では表皮細胞

間の離解があり、デスモソームの長さが短くなっ

ていた。特に、モノクローナル抗体を混合した場

合は、Dsg１の凝集によってデスモソーム長がよ

り短くなっており、デスモゾームの分解促進して

いることが推察された。 
 

 
 

 
 
ポリクローナル抗体による Dsg1 の凝集は、p38 
MAPK 依存性である。 

PV 血清、抗 Dsg３抗体を用いた実験系において

p38MAPK は Dsg3 の凝集、エンドサイトーシスを

介して水疱形成に重要な役割を果たしていると

の報告がある。そこで我々は、ヒト皮膚器官培養

系の実験においてp38 MAPK阻害剤で前処置した

皮膚を用いて水疱形成実験を行った。P38 MAPK
阻害剤により Dsg1 の凝集は抑制されたが水疱形

成は抑制できなかった。したがって、Dsg1 凝集は

p38MAPK 依存性であるが、水疱形成にとっては

必須な因子ではないと考えられた。 
 
病原性抗体に非病原性抗体を加えると細胞接着

阻害活性が増強される。 
培養ケラチノサイトを用いて水疱形成能を半

定量的に解析した。非病原性抗体単独の場合、水

疱形成能はない。病原性抗体単独の場合、コント

ロールに比して３倍の細胞接着阻害活性があっ

た。病的抗体と非病的抗体の混合物は、病的抗体

単独のものより細胞接着阻害活性を増強してい

た。（図２） 
 

 
 

 
 
研究課題２ 
Dsg1 のみを固相化したビーズ、Dsc1 のみを固相

化したビーズでは凝集はなかったが、両者を混合

するとビーズの凝集が認められた Dsg1/Dsc1 のヘ

テロ結合がより強いことが確認された。次に、抗

体による凝集抑制活性を測定するため、既に単離

してある Dsg1 モノクローナル抗体を用いて測定

系を検証した。病的活性のある抗 Dsg１抗体

（PF1-8-15）と非病原性抗 Dsg1 抗体が複数単離さ

れている。これらの抗体は重鎖と軽鎖の可変領域

をリンカーで結合した一本鎖抗体の形で単離さ

れている。これらの抗体を Dsg と Dsc を固相化し

たビーズに添加し凝集抑制が生じるか検討した。

PF1-8-15 を添加すると Dsg1/Dsc1 ビーズ凝集が抑

制されることが観察され、天疱瘡抗体は、Dsg1・

図１．器官培養ヒト皮膚において病原性抗

体と非病原性抗体の混合物の投与により

Dsg1 の凝集が誘導された。 

図２. 病原性抗体と非病原性抗体の混合物

は、病原性抗体単独よりも細胞接着阻害活

性を増強させる。 



Dsc1 のヘテロ結合を抑制されていることが明ら

かになった。（図３）また、患者血清８例で検討

した結果、全例でビーズの凝集抑制が認められた。

このことから、天疱瘡抗体は細胞内シグナルを介

さずに直接 Dsg1/Dsc1 のヘテロ結合を抑制し水疱

形成を誘導していることが示唆された。 
 

 
 

 
 
まとめ 
Dsg1/Dsc1 のビーズ凝集法を用いた解析により、

天疱瘡抗体の一部は、Dsg1 と Dsc1 のヘテロフィ

リック接着を細胞内シグナルを介さずに阻害す

ることができることが明らかになった。また、モ

ノクローナル抗 Dsg1 抗体と複数のモノクローナ

ル抗体の混合物による水疱形成能を器官培養皮

膚を用いて比較検討することにより、ポリクロー

ナル抗体であることも水疱形成能に関与してい

ることが判明した。単独では水疱形成能のない非

病原性抗体が単独で水疱形成能を持つ病原性抗

体と一緒になると水疱形成能を増強させた。本研

究から推察される水疱形成機序は、自己抗体は、

Dsg1/Dsc1 のトランス結合を細胞内シグナルを介

さず阻害し、さらに、病原性抗体による trans 結

合阻害に加えて、非病原性抗体が病原性抗体と共

同して p38MAPK 依存性 Dsg1 clustering を誘導す

ることでデスモソーム構造変化を促進し、細胞間

接着阻害を増強すると考えられる。 
今後、このビーズアッセイは病的活性のある抗

体のみを測定できることから、既存の検査法に比

して、より病勢を反映した検査法であるかを調べ

ていく。さらに、病的抗体をブロックする治療法

の開発を目指す。 
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自己免疫疾患及びそのステロイド治療時の炎症関連分子の解析 
研究分担者 南木 敏宏  

東邦大学医学部内科学講座膠原病学分野 
 
研究要旨： 
本研究事業において、自己免疫疾患である膠原病の病態に関わる分子の解析、また治療開発につな

がる研究を行ってきた。 
 炎症細胞遊走等に関わる midkine は、関節リウマチ（RA）患者の血清中で濃度上昇し、RA の疾患

活動性と関連がみられた。midkine は RA 滑膜組織で発現上昇していた。線維芽細胞様滑膜細胞（FLS）
には midkine 受容体の発現がみられ、midkine 刺激により炎症性サイトカイン、ケモカインの産生亢

進がみられた。また、アディポカインの一つであるレジスチン、およびその受容体である CAP-1 が

RA 滑膜組織に発現していること、レジスチン刺激により FLS よりいくつかのケモカイン発現が上昇

することを見出した。 
 ケモカインは炎症細胞の遊走などにより RA 含めた炎症性疾患に関与していると考えられている。

我々はケモカインの一つであるフラクタルカイン（FKN）が RA の病態に関与し、その阻害によりモ

デル動物の関節炎が抑制されることを見出し、現在抗 FKN 抗体による臨床試験が行われている。RA
の骨破壊に着目し、FKN による破骨細胞分化への影響を解析したところ、末梢血単球から破骨細胞分

化時に FKN の共刺激により破骨細胞分化が促進されることを見出した。 
 膠原病治療にステロイドがよく用いられる。ステロイド投与により下垂体-副腎機能が抑制される

ことが知られているが、低用量のステロイドでは、下垂体、副腎ホルモンの基礎値は低下するが、下

垂体ホルモンへの反応性は持たれている事も見出した。ステロイドの副作用の一つに骨粗鬆症があ

る。骨新生に関わる Wnt シグナルへの影響を解析したところ、ステロイド投与により Wnt シグナル

阻害分子である sclerostin、Dkk-1 は一過性に上昇し、その後低下することが見出された。ステロイド

投与早期の骨粗鬆症に Wnt シグナル抑制が関与することが推測された。 
 このように、RA 病態に関わる分子の解析を行ってきた。新規治療開発につながることが期待され

る。またステロイドの副作用における知見も見出した。 
 

 
 
 
 

 
A. 研究目的： 
 本研究は膠原病の炎症病態にかかわる分子学

的機序を明らかにし、その知見を臨床応用するこ

とが目的である。また膠原病に広く用いられるス

テロイドの影響の解析も行った。平成 26 年度か

ら 30 年度にかけて以下の 5 つのテーマの研究を

実施した。 

 ①膠原病の炎症病態にはさまざまな因子が関

与している。ミッドカイン（midkine: MK）は胎

生期に発現する蛋白として発見され、その後、細

胞の増殖・遊走および血管新生などに関わる分子

として注目されてきた。関節リウマチ（rheumatoid 
arthritis: RA）は関節滑膜の異常増殖を特徴として

いることから、RA のバイオマーカーとしての MK
の臨床的意義を明らかにすることを目的とした。 
 
 ②アディポカインは脂肪細胞が発現する分子

であるが、炎症にも関わることが知られている。

研究分担者 南木 敏宏 

東邦大学医学部内科学講座 

膠原病学分野 教授 



アディポカインの一つであるレジスチンの RA 滑

膜組織での発現、及びその RA 病態への関与を解

析した。 
 ③ケモカインは炎症細胞遊走に関与すること

より、炎症性疾患の病態に関わり、その阻害によ

る治療薬開発が期待されている。ケモカインの一

つであるフラクタルカイン（fractalkine: FKN）は

RA 滑膜組織で発現し、その阻害によりモデル動

物の関節炎を抑制することを我々は見出した。現

在、抗 FKN 抗体による RA に対する治験が行われ

ている。RA における FKN の作用をさらに解析す

る事を目的に、破骨細胞分化への影響を解析した。 
 ④膠原病では現在でもステロイドは欠かせな

い治療薬であるが、一方で多くの重篤な副作用が

問題となっている。中でも下垂体-副腎系の抑制に

よる副腎不全や離脱症候群は、ステロイド減量の

大きな妨げになることがある。今回、ステロイド

療法後の下垂体-副腎軸の抑制過程に関わる液性

因子を明らかにし、安全な減量法を検討すること

を目的とした。 
 ⑤ステロイドの副作用の一つに骨粗鬆症があ

る。骨新生に関わる Wnt シグナル系に対するステ

ロイドの影響を解析し、ステロイド性骨粗鬆症に

おける Wnt シグナルの重要性を明らかにする。 
 
B. 研究方法： 

①東邦大学医療センター大森病院膠原病科を

受診した RA 患者を対象とし、血清の MK 濃度を

ELISA で測定した。また、種々の臨床所見を診療

録から後ろ向きに調査し解析した。加えて、RA
患者より手術時に得た滑膜組織および滑膜細胞

を用い、滑膜組織における MK の発現、および

MK の作用を検討した。 
②当院整形外科で施行された人工関節置換術の

際に採取された関節滑膜組織を用い、免疫染色、

蛍光二重染色にてレジスチンとその受容体であ

る CAP1 の発現および発現細胞を解析し、変形性

関節症（OA）滑膜組織と比較した。RA 滑膜組織

から樹立した線維芽細胞様滑膜細胞（FLS）から

の CAP1 発現を RT-PCR、ウエスタンブロットに

て解析した。また、FLS をレジスチンで 18 時間

刺激し、RNA シークエンシングにより網羅的に分

子発現を解析した。培養上清中のケモカイン濃度

は ELISA にて測定した。リポフェクタミンを用い

て、CAP1 siRNA を FLS に導入した。 
 ③末梢血単球を M-CSF + RANKL で刺激し、破

骨細胞に分化する際に、FKN で共刺激し、破骨細

胞への分化を TRAP 染色、Ca コートプレートの

Ca 融解により解析した。また、単球は GM-CSF + 
IL-4 刺激で樹状細胞に分化するが、その後 M-CSF 
+ RANKL 刺激することにより破骨細胞に分化す

る。その際に FKN 刺激し、樹状細胞から破骨細

胞分化への影響も観察した。 
④当科に入院し、初めてステロイド治療を受け

た膠原病患者 48 例を対象と、ステロイド治療開

始直前、2 週目、4 週目の血漿副腎皮質刺激ホル

モン（ACTH）濃度と血清コルチゾール（Cortisol）
濃度の基礎値を測定した。また、それぞれ副腎皮

質刺激ホルモン放出ホルモン（CRH）刺激下での

ACTH および Cortisol 分泌能（各々Δ泌能（各お

よびΔCortisol）を検討した。さらに 10 種類の炎

症性サイトカイン濃度を MESO QuickPlex SQ 120
により同時測定した。 
⑤新規にステロイドを開始する膠原病患者 91

名において、Wnt シグナルの一つである Wnt3a、
及び Wnt の受容体に結合して Wnt シグナルを阻

害する sclerostin、Dkk-1 の血清中の濃度を経時的

（ステロイド投与開始前、開始 1、2、3，4 週後）

に測定した。 
（倫理面への配慮） 

本研究は東邦大学医学倫理審査委員会、および

東邦大学医療センター大森病院倫理審査委員会

にて承認されている 
 
C. 研究結果： 
①MK による RA 病態への関与 



当科外来通院中のRA患者 146名（女性 121名）

と健常人 85 名を本研究の対象とし。背景因子の

詳細を表 1 に示した。 
 

 
 
血清 MK 濃度を解析したところ、図 1 に示すよ

うに、RA 患者では健常人に比べて血清 MK 濃度

が有意に上昇していた。 

 
 
RA 患者と OA 患者から得られた滑膜組織にお

けるMK発現を免疫組織染色にて検討したところ、

図 2 のように RA 患者で強い発現が認められた。 
 

 
 
次に、RA 滑膜組織より樹立した FLS に MK を

添加し、インターロイキン（IL）-6、IL-8、chemokine 
(C-C motif) ligand 2 (CCL2)、およびプロスタグラ

ンジン（PG）E2 の産生を調べた。図 3 のように

IL-6、IL-8、CCL2 の発現は用量依存性に増加し、

PGE2 も増加傾向が認められた。 
 

 
 
図 3.ヒト滑膜細胞に対する MK の作用 
 
②RA におけるレジスチンの作用 
 RA 滑膜組織におけるレジスチンと CAP1 の発

現を免疫染色にて解析した。レジスチンは RA 滑

膜の lining cell、sub-lining cell に強く発現を認め、

OA 滑膜組織では非常に弱い発現であった。その



一方で CAP1 は RA 滑膜組織では同様に lining cell、
sub-lining cell で強く発現を認め、OA 滑膜組織で

は lining cell に発現を認めた（図 4）。二重染色を

行ったところ、レジスチンは CD68 陽性マクロフ

ァージに発現していた。CAP1 は CD68 陽性マク

ロファージ、vWF 陽性血管内皮細胞、Cadherin-11
陽性 FLS において発現を認めた（図 5）。 

 
 
図 4．RA 滑膜組織におけるレジスチン、CAP1 の

発現（免疫染色） 
 

 
 

図 5．RA 滑膜組織におけるレジスチン、CAP1 の

発現細胞の同定（二重染色） 
 
RA 滑膜組織より樹立した、培養 FLS において、

RT-PCR、ウエスタンブロットにより CAP1 の発現

を認めた。 
 レジスチンで FLS を刺激し、RNA シークエン

シング法により分子発現の変化を比較したとこ

ろ、2倍以上に発現増強した分子が18種見出され、

そこに 7 つのケモカインが含まれていた（CCL2、
CXCL1、CXCL2、CXCL3、CXCL5、CXCL6、
CXCL8）。培養上清中の CXCL8、CCL2 を測定し

たところ、レジスチン刺激により、それらの産生

亢進が認められた（図 6）。さらに、RA の炎症病

態と強く関連する IL-6 も産生が亢進していた。 
 

 
 
図 6．レジスチン刺激による FLS からのケモカイ

ン産生亢進 
 
 そのケモカイン産生亢進作用が CAP1 を介した

ものであることを検討するため、FLS に CAP1 
siRNA の導入を行った。CAP1 siRNA により、

CAP1 の発現は低下した（図 7）。CAP1 siRNA を

導入した FLS では、control siRNA を導入した FLS
と比較して、レジスチンによる CXCL8 産生亢進



作用が有意に抑制された（図 7）。 
 

 
 
図 7．CAP1 siRNA 導入によるレジスチンの

CXCL8 産生亢進作用の抑制 
 
③FKN による破骨細胞分化亢進作用 
 末梢血から CD14 陽性単球を単離し、さらに

CD16 陰性、陽性に分離した。M-CSF + RANKL
で刺激することにより、図 8 に示すように CD16
陰性単球はTRAP陽性多核の破骨細胞に分化する。

その際に FKN で共刺激すると、破骨細胞数は増

加した（図 8）。一方 CD16 陽性単球は破骨細胞分

化は認めず、FKN 刺激時にも同様であった。 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
図 8. 末梢血 CD16 陰性、陽性単球からの破骨細胞

分化能と FKN 刺激の影響 
 
 CD16 陰性単球から分化した破骨細胞による Ca
吸収能を Ca コートしたプレートを用いて、解析

した。FKN 刺激により、Ca 吸収は亢進した（図 9）。 
 

 
 
図 9. CD16 陰性単球から分化した破骨細胞による

Ca 吸収 
 
 



 末梢血単球はGM-CSF + IL-4で刺激することに

より樹状細胞に分化する。その後、M-CSF + 
RANKL 刺激により樹状細胞は破骨細胞に分化す

る。その際に FKN で共刺激を行うと、破骨細胞

分化は亢進した（図 10）。 
 

 
 
図 10. 樹状細胞からの破骨細胞分化 
 
④ステロイド療法における下垂体-副腎抑制と炎

症性サイトカイン 
 ステロイド治療をプレドニゾロン（PSL）30mg/
日以上の高用量群と、20mg/日以下の低用量群と

に分けて、同治療開始前後の血漿 ACTH 濃度と血

清 Cortisol 濃度の推移を検討した。ステロイド治

療開始後の 2 週目および 4 週目の ACTH および

Cortisol の基礎値はいずれも有意に抑制されてい

た（図 11）。 
 

 
 
図 11. ステロイド療法後の ACTH、コルチゾール

基礎値の推移 

 
次に、各観察日に CRH 負荷試験を行い、下垂

体-副腎系の機能（ACTH と Cortisol の分泌能）を

検討した。図 12 に示すように、高用量ステロイ

ド治療群ではΔ示すようとΔ示すように、高用は

共に抑制されていたのに対し、低用量群では有意

な抑制はみられなかった。 
 

 
 
図 12. ステロイド療法前後の ACTH、Cortisol 分
泌能の推移 
 
対象患者において、ステロイド療法後の 10 種

類の炎症性サイトカイン濃度の推移を検討した

ところ、血清 IL-6 濃度のみが高用量群と低用量群

共に著明に抑制されていた（図 13）。 
 

 
 
図13. ステロイド療法による患者毎の血清 IL-6濃
度の推移 
 
また、ステロイド療法開始前の血清 IL-6 濃度と

Cortisol 濃度には、図 14 のような有意な正相関が

認められた。 
 



 
 
図 14. ステロイド療法前の血清 IL-6 とコルチゾ−
ル濃度の相関 
 
⑤ステロイドによる Wnt シグナルへの影響 
 骨新生に関わる Wnt シグナルに対するステロ

イドの影響を検討するため、新規にステロイド投

与を開始する患者において、Wnt3a、及び Wnt の
受容体に結合して Wnt シグナルを阻害する

sclerostin, Dkk-1 の血中濃度の推移を観察した。図

15 に示すように、ステロイド投与 1 週後に

sclerostin、 Dkk-1 は上昇し、その後徐々に低下し

た。Wnt3a は減少傾向であった。ステロイド開始

早期は、Wnt シグナル阻害分子が増加することに

より、Wnt シグナルが抑制され骨新生が低下する

ことが示唆された。 
 
 

 
 
図 15. ステロイド開始後の血中 sclerostin, Dkk-1、
Wnt3a の濃度の推移 
 
D. 考察 
本研究で RA の病態形成に関わる分子として、

MK、レジスチン、FKN の解析を行った。MK は

RA 患者において血清濃度が健常人に比べて有意

に増加していることが明らかとなった。加えて、

ヒト滑膜組織では MK の発現を確認し、MK の添

加により滑膜細胞からの炎症性サイトカインお

よびケモカイン産生の誘導を認めた。MK は RA
の炎症病態形成に何らかの関わりがある可能性

が示唆された。即ち、MK は RA の重症度などを

示すバイオマーカーになり得るものと考えられ、

また MK は RA の治療標的分子となり得る可能性

も示唆された。 
レジスチンはアディポカインの一つであるが、

RA 滑膜組織でマクロファージより産生がみられ

た。その受容体はマクロファージ、血管内皮細胞、

FLS に発現を認めた。さらに、レジスチン刺激に

より FLS からのケモカイン産生が増加した。ケモ

カインは炎症細胞の滑膜への浸潤に寄与するこ

とにより RA の病態に関与するが、レジスチンは

ケモカイン産生を促すことにより RA に関わるこ

とが示唆された。慢性炎症疾患である RA とアデ

ィポカインの関連が見出された。レジスチンも

RA 治療標的となり得る可能性がある。 
FKN はケモカインの一つであるが、これまで

我々は、RA 滑膜組織において FKN が血管内皮細

胞、FLS から発現していること、その受容体であ

る CX3CR1 が滑膜細胞に発現していることを報

告してきた。さらに、関節炎のモデルマウスにお

いて、FKN 阻害により滑膜組織への炎症細胞浸潤

が低下し、マウスモデルの関節炎が抑制されるこ

とを見出した。それらの結果を元に、現在抗 FKN
抗体による RA に対する治験が進められている。

本研究では、FKN の RA における作用をさらに解

析するため、破骨細胞分化に対する FKN の作用

を解析した。RA では破骨細胞の活性化による骨

破壊が見られる。その結果、単球からの破骨細胞

への分化とともに、単球由来の樹状細胞から破骨

細胞分化においても FKN 刺激により破骨細胞の

分化が亢進することが見出された。FKN は RA に

おいて炎症細胞浸潤に関わるのみならず、破骨細

胞分化にも寄与すると考えられた。 
膠原病患者に対して広くステロイドが用いら

れており、その副作用に注意が必要となる。ステ



ロイド投与に伴う下垂体-副腎系の抑制機序につ

き検討した。一般に、ステロイド療法による下垂

体-副腎抑制を調べるスクリーニング検査として

は、早朝空腹時の血漿 ACTH および血清 Cortisol
濃度の測定が利用されている。今回の研究では低

用量ステロイド療法群でも明らかな ACTH と

Cortisol の基礎値の抑制が認められた。一方、CRH
負荷試験による ACTH と Cortisol の分泌能は低用

量群では障害されていなかった。加えて、これら

の変化は血清 IL-6 濃度の変動と密接に関連して

いた。従来より、炎症性サイトカインの一部は副

腎からの Cortisol 産生を誘導することが報告され

ていたが、今回の検討により、低用量ステロイド

療法による下垂体-副腎系の抑制は IL-6 濃度の低

下に伴う見かけの抑制であることが示唆された。

即ち、プレドニゾロン換算で 20 mg/日以下の低用

量ステロイド療法では、短期に減量・中止するこ

とには大きな懸念は無用であると考えられた。 
ステロイドの副作用に骨粗鬆症がみられるが

その機序は不明な点が多い。骨新生に関わる Wnt
シグナル系が近年注目されているが、ステロイド

投与における影響は解明されていない。本研究で

は、ステロイド投与早期において、Wnt シグナル

を阻害する分子が増加することが示された。従っ

て、ステロイド投与早期の骨粗鬆症には Wnt シグ

ナル阻害が寄与することが示唆された。後期以降

に関しては別な機序が関与すると考えられた。 
本研究によりいくつかの膠原病の病態に寄与

する分子が解析でき、治療標的としての可能性を

示すことが出来た。また、治療に広く用いられる

ステロイド投与による副作用に関する分子学的

機序を一部解析することが出来た。今後の治療開

発や日常診療に役立つことが期待される。 
なお、MK に関する研究成果の詳細は Mod 

Rheumatol. 2017; 27(1): 54-59（F 研究発表の原著論

文 11）に、レジスチンに関する研究結果は Arthritis 
Res Ther. 2017; 19(1): 263（原著論文 13）に、下垂

体-副腎抑制と IL-6 の関連については、PLoS One. 

2016; 11(12): e0167854（原著論文 9）に、ステロイ

ド性骨粗鬆症におけるWntシグナルの関与はClin 
Rheumatol 37(8): 2018; 2169-2178.（原著論文 15）
に、各々掲載された。 
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a  b  s  t  r  a  c  t

CD5+TCR��+ cells  in  CD4−CD8− double  negative  (DN)  thymocytes  are  generally  regarded  as the  thymic
precursors  of TCR��+CD8��+ intestinal  intraepithelial  lymphocytes  (IELs).  However,  this  population  is
not  homogenous  and  can  be  subdivided  based  on the  expression  of  cell  surface  markers  such  as  CD103.  In
this  study,  we  aimed  to define  a cell population  that  is enriched  in  thymic  IEL  precursors.  Here  we report
that  only  CD103− but  not  CD103+cells  in  the  CD5+TCR��+ DN  thymocyte  population  can  give  rise  to
TCR��+CD8��+ IELs  or IEL-like  cells in  in  vivo  injections  and  in  vitro cultures,  respectively.  In addition,  we

− + +

ntraepithelial lymphocyte
D103
D8��

nterleukin  15
hymic  T cell development

demonstrate  that  IL-15  stimulation  alone  is sufficient  for upregulation  of CD8��  in  CD103 CD5 TCR��
DN  thymocytes.  We  also  found  that  the CD103−CD5+TCR��+ DN  population  can  be  further  separated
into  two  fractions:  CD69−/lo and CD69+. Of these  two  fractions,  only  CD69−/lo cells  can  give rise to CD8��
IEL-like  cells  in  the presence  of  IL-15  in in  vitro  cultures.  Based  on  these  results,  we conclude  that  a
CD69−/loCD103−CD5+TCR��+ DN  population  is  highly  enriched  in thymic  IEL precursors.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Intestinal epithelium separates the sterile internal environ-
ent from the outside. This epithelium absorbs nutrients from

ood, harbors commensal bacteria flora and defends against inva-
ion of pathogens. Therefore, the balance between intestinal
mmune response and tolerance, and the maintenance of the barrier
ntegrity at the intestinal epithelium are vital processes [1–4].

Intestinal  intraepithelial lymphocytes (IELs) reside between
ntestinal epithelial cells, and play an essential role in maintain-
ng intestinal immune homeostasis [5]. IELs are exclusively T cells

hose numbers are estimated to be comparable to the total num-
er of all conventional T cells in peripheral lymphoid organs [6,7].
here are three distinct IEL populations that are characterized by
D4 and CD8 expression [5]. IELs with CD4 or CD8�� co-receptors
re both conventional TCR�� T cell populations that are activated

n the periphery and defend against exogenous antigens in the gut
8]. The third IEL population consists of TCR�� or �� T cells that
xpress unique CD8�� homodimers [5,9]. CD8�� molecules on

Abbreviations: IEL, intraepithelial lymphocytes; DN, CD4CD8 double negative;
P,  CD4CD8 double positive; IL-15, interleukin 15; TCR, T cell receptor.
∗ Corresponding  author at: 5-21-16 Omori-Nishi, Ota-ku, Tokyo 143-8540, Japan.
el.: +81 3 5763 6692.

E-mail  address: motonari.kondo@med.toho-u.ac.jp (M.  Kondo).

ttp://dx.doi.org/10.1016/j.imlet.2014.11.007
165-2478/© 2014 Elsevier B.V. All rights reserved.
these cells are believed to serve as TCR repressors rather than as
TCR co-receptors [10].

TCR��+CD8��+ IELs recognize autoantigens and possess reg-
ulatory functions, which are distinct from other IELs [11–13]. For
example, colitis induced in immune compromised mice after trans-
fer of CD4+CD45RBhigh T cells can be inhibited by TCR��+CD8��+

IELs, but not by other IELs [13]. This suppressive function might
be due to the production of immunoregulatory molecules such as
transforming growth factor � (TGF�), lymphocyte activation gene
3 (LAG3), and fibrinogen like 2 (FGL2), which are highly expressed
by TCR��+CD8��+ IELs [12]. Although the developmental pathway
of TCR��+CD8��+ IELs is not fully understood, it is almost certain
that TCR��+CD8��+ IELs (or their precursors) arise in the thymus
via agonist selection [14–16], in which CD4+CD8+ double positive
(DP) thymocytes are selected by their high affinity interaction with
major histocompatibility complex (MHC) -self peptide complexes
[17,18]. This notion is supported by the evidence that DP  thymo-
cytes from T cell receptor (TCR) transgenic mice can differentiate
into TCR��+CD8��+ IEL-like cells when the DP cells are exposed
to a high dose of their cognate antigen [14,16]. Unlike develop-
ment of conventional T cells, in which DP cells become CD4 or CD8
single positive (SP) cells after positive selection, DP cells after ago-

nist selection downregulate the expression of both CD4 and CD8
and become CD4−CD8− double negative (DN) thymocytes with CD5
and TCR�� expression [15,16]. These CD5+TCR��+ DN cells leave
the thymus, migrate into the gut, and develop a mature phenotype

dx.doi.org/10.1016/j.imlet.2014.11.007
http://www.sciencedirect.com/science/journal/01652478
http://www.elsevier.com/locate/immlet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.imlet.2014.11.007&domain=pdf
mailto:motonari.kondo@med.toho-u.ac.jp
dx.doi.org/10.1016/j.imlet.2014.11.007
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ith upregulation of CD8�� and downregulation of CD5 and Thy1
19].

Cytokines play an important role in lymphocyte development
20]. IL-15 and TGF� are two known factors that serve fundamen-
al roles in the development and maturation of TCR��+CD8��+

ELs. In the absence of IL-15 function, mice show a severe reduction
n the number of TCR��+CD8��+ cells [21,22]. TGF� plays a crit-
cal role in the differentiation of DP to CD5+TCR��+ DN cells after
gonist selection in the thymus since the number of CD5+TCR��+

N cells is severely reduced in the absence of TGF� partly due to
n increase in cell death [23]. In addition, involvement of TGF�
timulation in upregulation of CD103 in thymic IEL precursors is
trongly suggested because there is a lack of CD103 expression in
D5+TCR��+ DN thymocytes in TGF� deficient mice while both
D103+ and CD103− cells are observed in the CD5+TCR��+ DN
opulation in the thymus of wild type (WT) mice [23]. CD103 is
lso referred to as �E integrin and is widely expressed on IELs [24].
E and �7 integrin form a heterodimeric complex, �E�7, which

nteracts with E-cadherin on intestinal epithelial cells [25,26]. �E�7
lays an important role in the homing of T cells to the intestine [27]
nd in their subsequent retention [28]. TGF� can induce not only
D103 expression but also CD8�� expression in T cells [29–33].
herefore, although there is no direct evidence to prove this point,
t is reasonable to propose that CD103+ cells in the CD5+TCR��+

N population might be true IEL precursors in the thymus.
In  this study, we demonstrate that, in contrast to the hypoth-

sis described above, a CD103 negative subset but not a CD103
ositive subset could differentiate into TCR��+CD8��+ IELs
nd IEL-like cells in in vivo injections and in vitro cultures,
espectively. We  further found that the CD69−/lo subfraction
f the CD103−CD5+TCR��+DN population is highly enriched in
CR��+CD8��+ IEL potential. This narrowed definition of thymic
EL precursors may  provide the knowledge base that will contribute
o a better understanding of IEL differentiation at the molecular and
ellular level.

.  Materials and methods

.1.  Mice

C57BL/6 mice were purchased from CLEA Japan (Tokyo, Japan).
ag2−/− mice on a C57BL/6 background were bred and maintained

n the animal care facility at Toho University School of Medicine.
he age of the mice used in this study was between 4 and 8 weeks
ld. All experimental procedures related to laboratory mice were
erformed according to guidelines specified by Toho University,
okyo, Japan (approval number, 14-55-118).

.2. Cell sorting and flow cytometric analysis

The antibodies used in this study were as follows: anti-CD8�
53-6.7) and anti-Thy1.2 (30-H12), which were purchased from BD
harmingen (San Diego, USA); anti-CD4 (L3T4 and GK1.5), anti-
CR� (H57-597), anti-CD8� (eBioH35-17.2), anti-CD103 (2E7),
nti-NK1.1 (PK136), anti-CD122 (TM-�1), anti-B220 (RA3-6B2),
nti-PD-1 (J43), anti-CD25 (PC61), anti-CD69 (H1.2F3), anti-CD44
IM7) and anti-HSA (ML/69), which were obtained from eBioscience
San Diego, USA) and anti-CD5 (53-7.3), anti-CCR9 (CW-1.2),
nti-�4�7 (DATK32) and anti-CD127 (A7R34), which were pur-
hased from Biolegend (San Diego, USA). All antibodies were
iotinylated or were labeled with fluorescent dyes. Streptavidin
abeled with PE, PE/Cy7, or APC was used as the secondary
eagent when biotinylated antibodies were used. The preparation
f single cell suspensions and antibody staining of cells were per-
ormed as described previously [34]. To purify DN thymocytes,
ters 163 (2015) 40–48 41

the  total thymocyte population was  first incubated with MACS
beads conjugated with anti-CD4 and anti-CD8� (Miltenyi Biotec,
Bergisch Gladbach, Germany). The CD4+ and CD8+ cells were
then depleted using an autoMACS machine (Miltenyi Biotec).
Enriched DN thymocytes were subsequently stained with the
various antibodies listed above. Cell sorting and cell surface phe-
notyping were performed using a FACSAria III (BD Biosciences,
San Jose, USA). Dead cells were excluded with 7-AAD staining.
Data were analyzed using FlowJo software (Treestar, Ashland,
USA).

2.3. Preparation of IELs

The  procedure of Das et al. [35] was followed for IEL prepara-
tion. Briefly, mouse small intestines were removed and thoroughly
flushed with PBS. After cutting into 2–3 cm long sections, the inner
face of the small intestines was  turned out and agitated in Hanks’
Balanced Salt Solution (Invitrogen, Carlsbad, USA), containing 2%
FCS, 1 mM dithiothreitol, 12.5 mM HEPES and 20 mM  EDTA, at 37 ◦C
for 45 min. After the cell suspension was passed through a 70 �m
nylon cell strainer, the cells were centrifuged through a 40%/70%
Percoll (GE Healthcare Life Sciences, Pittsburgh, USA) gradient. IELs
were harvested at the interface, stained with the appropriate anti-
bodies and analyzed by flow cytometry.

2.4. Analysis of in vitro and in vivo IEL potentials

To examine CD8�� expression potential in vitro, 1 × 104 cells
in subfractions of the CD5+TCR��+ DN population in the thymus
were purified by FACS sorting, cultured for 4 days in RPMI1640
with 10% FCS, 5 × 10−5 M 2-ME, antibiotics and IL-15 (100 ng/ml,
R&D Systems, McKinley Place, USA), harvested and subjected to
FACS analysis. Cell viability shown in Fig. 3B was determined by
7-AAD staining on FACS after 2 day-culture of cells in the pres-
ence of IL-15. For analysis of in vivo differentiation potentials of
the CD103− and CD103+ fractions of the CD5+TCR��+ DN popula-
tion, each FACS purified fraction (4 × 105 cells) was intravenously
injected into RAG2−/− mice. Four weeks after transfer of the cells,
IELs were isolated from the recipient intestine and their cell surface
phenotype was  examined by FACS.

2.5. Quantitative PCR analysis

FACS sorted CD103− or CD103+ CD5+TCR��+ DN thymo-
cytes were cultured with or without 100 ng/ml IL-15 for 2 h.
Total RNA was  extracted from the cells using TRIzol reagent
(Invitrogen). Quantitative PCR was performed according to the
protocol of Taqman gene expression assay kits (Applied Biosys-
tems) using the following primers: Hprt, Mm00446968 ml;  and
Cis1, Mm01230623 g1. Results were normalized to the expression
of Hprt mRNA.

2.6. Statistical analysis

Student’s  t-test was  used for statistical analysis. A P value of 0.05
or less was  considered significant.

3. Results

3.1. The CD103− fraction of CD5+TCR˛ˇ+ DN thymocytes is
highly  enriched in TCR˛ˇ+CD8˛˛+ IEL potential
We  first examined the expression of various cell surface
molecules on CD5+TCR��+ DN cells (thymic IEL precursors) derived
from C57BL/6 mice in order to clarify the homogeneity of the thymic
IEL precursor population. This IEL precursor population is distinct
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rom DN3 cells that have completed rearrangement of the TCR�
ene (supplemental Fig. 1). Consistent with previous results, we
ound that this population can be divided into two subpopulations
ased on the expression of CD103 (Fig. 1A), which is an adhesion
olecule expressed by mature IELs [23,25,26]. We  confirmed that

hese CD103+ and CD103− fractions are indeed two distinct cell
opulations by purification of the CD103+ and CD103− fractions in
he thymic IEL precursor population by FACS sorting and reanalysis
f expression of the cell surface markers (Fig. 1B).

Supplementary material related to this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.imlet.
014.11.007.

We  next wished to analyze these CD103 populations regarding
heir TCR��+CD8��+ IEL potential, including their potential to
xpress markers that are known to be downregulated on, or absent
rom, mature IELs in the gut. It is known that CD5 expression
n IEL precursors is downregulated when they differentiate into
ature IELs in the gut [15]. It has also been suggested that mature

ELs are negative for Thy1.2 [36,37]. Based on these previous data,
nd for comparative purposes, we first examined CD5 and Thy1.2
xpression on TCR��+CD8��+ IELs derived from C57BL/6 mice.
pproximately 60% of TCR��+ cells in the gut of C57BL/6 mice

ere CD8��+ IELs (Fig. 2A, left). These TCR��+CD8��+ IELs were

ubdivided into three populations: CD5+Thy1.2+, CD5−Thy1.2+

nd CD5−Thy1.2− fractions (Fig. 2B). CD5+Thy1.2+ CD8��+ IELs
xpressed CD4, whereas much less CD5−Thy1.2+ IELs and virtually

ig. 1. Subfractionation of thymic IEL precursors by CD103 expression. (A) The whole th
D8�,  B220 and NK1.1 and for other cell surface markers including TCR�, CD5 and CD1
CR��+CD5+ DN cells (left and center panels), were divided into CD103− and CD103+ frac
or B220 and NK1.1 according to Konkel et al. [23]. (B) FACS analysis of CD103, CD5 and
CR��+CD5+ DN thymocytes after purification by FACS sorting. Negative staining of each
tters 163 (2015) 40–48

no  CD5−Thy1.2− IELs expressed CD4 (Fig. 2B), suggesting that CD4
and CD5 expression is correlated in TCR��+CD8��+ IELs.

We then examined the TCR��+CD8 ��+ IEL potential of the
CD103+ and CD103− fractions in the thymic IEL precursor popu-
lation. We  injected each purified IEL precursor type from C57BL/6
mice into RAG2−/− mice that have no lymphocytes including IELs.
Four weeks after transfer, cells in the CD103− fraction had given
rise to TCR��+CD8��+ IELs (Fig. 2A, right). Although more than
half of these TCR��+CD8��+ IELs expressed CD5 (Fig. 2C), all three
subpopulations of TCR��+CD8��+ IELs that were seen in C57BL/6
mice (Fig. 2B), were also observed in RAG2−/− mice injected with
the CD103− thymic IEL precursors (Fig. 2C). In contrast, very few
CD8��+ IELs were differentiated from the CD103+ subfraction of
the thymic IEL precursor population (Fig. 2A, center). These results
suggest that TCR��+ CD8��+ IEL potential is present in the CD103−,
but not in the CD103+ fraction of the CD5+TCR��+ DN thymic IEL
precursor population.

3.2.  Differentiation of CD8˛˛+ T cells from CD103− thymic IEL
precursors in vitro in the presence of IL-15

IL-15 that is produced in the intestinal microenvironment

plays  an important role in the development of TCR��+CD8��+

IELs [15,36,37]. The lack of TCR��+ CD8��+ IEL potential in the
CD103+ subfraction of the CD5+TCR��+ DN thymic IEL precursor
population could potentially be due to the absence of proper IL-15

ymocyte population was  stained with antibodies for lineage markers such as CD4,
03 and was then analyzed by FACS. Thymic IEL precursors, which are defined as

tions (right panel). We excluded not only CD4+ or CD8�+ cells but also cells positive
 TCR� expression on the CD103− (solid line) and CD103+ (dotted line) fractions of

 marker falls into the shaded area in each panel.

http://dx.doi.org/10.1016/j.imlet.2014.11.007
http://dx.doi.org/10.1016/j.imlet.2014.11.007
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Fig. 2. CD103− but not CD103+ cells in the TCR��+CD5+ DN thymocyte population could give rise to TCR��+CD8��+ IELs in vivo. (A) CD8� and CD8� expression on
TCR��+ IELs purified from C57BL/6 mice (left) and from RAG2−/− mice that had been injected with CD103+TCR��+CD5+ DN thymocytes (center) or CD103−TCR��+CD5+

DN thymocytes (right) from C57BL/6 mice. CD8�+CD8�− cells in the FACS plots correspond to TCR��+CD8��+ IELs. These TCR��+CD8��+ IELs in C57BL/6 mice (B) or in
R divide
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AG2−/− mice injected with CD103−TCR��+CD5+ DN thymocytes (C) could be sub
ells in each subfraction is also shown. Representative results from 2 independent e

eceptor function. To clarify this issue, we examined the mRNA
xpression of the Cis1 gene before and after IL-15 stimulation in
he CD103−, and CD103+ fractions of CD5+TCR��+ DN thymocytes.
s shown in Fig. 3A, upregulation of Cis1 mRNA was observed in
oth CD103− and CD103+ cells in the CD5+TCR��+ DN thymic
EL population at 2 h after IL-15 stimulation, suggesting that the
L-15 receptor and its immediate downstream signaling cascade
re functional even in the CD103+ subpopulation of the thymic
EL precursor population. Next, we determined if IL-15 might have
ifferent effects on the CD103− and CD103+ subpopulations. We

herefore cultured each fraction of CD5+TCR��+ DN thymocytes
n the presence of IL-15 and found that, after 2 days of culture, a
reater number of cells in the CD103− fraction had survived than in
he CD103+ fraction (Fig. 3B). Analysis of CD8�� expression of the
d into 3 subfractions based on CD5 and Thy1.2 expression. CD4 expression on the
ments (in vivo injections) are shown.

cells  after 4 days of IL-15 culture indicated that the live cells that
were derived from CD103− cells expressed CD8�� (Fig. 3C, center
panel), whereas none of the CD103+ cells gave rise to CD8��+ cells
(Fig. 3C, left panel). Half of the CD103− fraction-derived CD8��+

cells downregulated CD5 expression (Fig. 3C, right panel). These
results suggest that IL-15 alone is sufficient for maturation of
CD5+TCR��+ DN thymic IEL precursors in terms of upregulation of
CD8��. They also imply that the CD103+ fraction of CD5+TCR��+

DN thymocytes has no TCR��+CD8��+ IEL potential even in the
presence of an excess amount of IL-15.
We then further analyzed the change in expression of other cell
surface molecules on CD103−CD5+TCR��+ DN thymocytes before
and after culture in the presence of IL-15 for 4 days. CD103 was
upregulated in CD103− thymic IEL precursors after the culture
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Fig. 3. IL-15 was  sufficient for induction of CD8�� expression in thymic IEL precursors. (A) Expression of Cis1 was  examined in CD103+ and CD103− cells in the TCR��+CD5+ DN
population before (blank bar) and after IL-15 stimulation (2 h, filled bar) by quantitative RT-PCR analysis. (B) Percentage of live cells after 2 day-culture of CD103+ and CD103−
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ells in the presence of IL-15 is shown. Live cells and dead cells were distinguished
ells in the TCR��+CD5+ DN population after 4 day-culture in the presence of IL-15
N thymocytes is also shown. Representative results from more than 3 independen

Fig. 4A). Similarly, expression of another adhesion molecule com-
lex �4�7, which plays a critical role in T cell homing to the gut
38–40], was upregulated in most CD103− thymic IEL precursors
Fig. 4B). Although the chemokine receptor, CCR9 has been sug-
ested to be important for IEL precursor homing to the gut [38,41],
nly few (or virtually no) CD103−CD5+TCR��+ DN thymocytes
xpressed CCR9 before or even after culture with IL-15 (Fig. 4C).
herefore, other stimulation might be necessary for upregulation
f CCR9 during the maturation process of IEL precursors.

We  also investigated the expression of activation markers (CD25
nd CD69) and of heat stable antigen (HSA), which is commonly
sed to monitor the maturation status of T cells [42,43]. Although
D25 was not detected on the CD103− thymic IEL precursors prior
o culture, CD25 expression was significantly upregulated after cul-
ure with IL-15 (Fig. 4D). This result might be due to activation of the

ignaling molecule Stat5 by stimulation with IL-15 [44–46]. Half of
he CD103− thymic IEL precursors prior to IL-15 culture expressed
he activation marker, CD69, which is normally upregulated upon
CR stimulation [47]. Although not much change in the percentage
 7-AAD staining and FACS analysis. (C) CD8�� expression on CD103+ and CD103−

and Thy1.2 expression on CD8��+ IEL-like cells derived from CD103−TCR��+CD5+

eriments are shown.

of  cells in the CD69 positive gate was  observed after culture with
IL-15, the mean fluorescence intensity did increase from 222 to 423
(Fig. 4E), suggesting that the cells are in an activated state follow-
ing IL-15 stimulation. Finally, most CD103− thymic IEL precursors
were positive for HSA prior to culture with IL-15, whereas after
IL-15 culture HSA expression was downregulated (Fig. 4F). Since
downregulation of HSA is similarly observed at the DP to SP stage
transition during conventional T cell development in the thymus
[42], HSA expression may  also be a good indicator of the maturation
status of TCR��+CD8��+ IELs.

3.3. TCR˛ˇ+CD8˛˛+ IEL potential was  further enriched in
CD69−/lo cells in the CD103− thymic IEL precursor population

As  shown in Fig. 4, CD103− thymic IEL precursors were still het-

erogeneous in terms of �4�7 and CD69 expression (Fig. 4B and
E). We  purified fractions that were positive or negative for each
marker and examined their CD8�� IEL potential by in vitro culture
in the presence of IL-15 for 4 days. Similar numbers of CD8��+ cells
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Fig. 4. Cell surface phenotype of CD103−TCR��+CD5+ DN thymocytes induced or reduced by IL-15. Expression of CD103 (A), �4�7 (B), CCR9 (C), CD25 (D), CD69 (E) and
H − + + anels)
b ntativ

(
s
T
p

SA (F) on CD103 TCR�� CD5 DN thymocytes (open histogram) before (upper p
y FACS analysis. The dotted histogram represents isotype control staining. Represe
∼30%) were obtained from �4�7
+ and �4�7

− fractions (Fig. 5A),
uggesting that �4�7 expression may  not be correlated with
CR��+CD8��+ IEL potential in the CD103− thymic IEL precursor
opulation. On the other hand, more CD8��+ cells were obtained
 and after (lower panels) culture for 4 days in the presence of IL-15 was  examined
e results from three independent experiments are shown.
from  the CD69−/lo fraction than from the CD69+ fraction (Fig. 5B).
Thus, the above data clearly demonstrate that TCR��+CD8��+ IEL
potential is highly enriched in the CD69−/loCD103−CD5+ TCR��+

DN population in the thymus.
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Fig. 5. Thymic IEL precursors were enriched in the CD69−/lo fraction of the CD103−TCR��+CD5+ DN population. The CD103−TCR��+CD5+ DN thymocyte population was
subdivided based on either �4�7 (A) or CD69 (B) expression. Cell fractions that were positive or negative (including low positive) for each marker were cultured in the
p d by F
r

4

p
s
c
T
v
s
C
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o
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resence of IL-15 for 4 days. The cell surface phenotype of cultured cells was analyze
esults from three independent experiments are shown.

. Discussion

TCR��+CD8��+ IELs are a unique intestinal population that
lays a fundamental role in maintaining intestinal immune homeo-
tasis [13]. TCR��+CD8��+ IELs and other types of conventional T
ells are derived from common thymic progenitors such as early

 cell progenitors (ETPs) [48,49]. Developmental pathways of con-
entional TCR��+ T cells and TCR��+CD8��+ IELs branch at the DP
tage [14–16]. In conventional T cell development, either CD4 or
D8 expression is downregulated after positive selection whereas

oth CD4 and CD8 are downregulated after agonist selection in
CR��+CD8��+ IEL development [15,16]. It appears that the fate
f DP cells that end up as TCR��+CD8��+ IELs is determined before
gonist selection since CD4+CD8��+CD8��+ triple positive (TP)
ACS. The gated population in the FACS plots indicates CD8��+ cells. Representative

cells  are present in the DP fraction and preferentially give rise to
TCR��+CD8��+ IELs [15]. Although post-selected cells are recog-
nized as CD5+TCR��+ DN thymocytes, as shown in this report the
CD69−/loCD103−CD5+TCR��+ DN population, which forms a part of
the CD5+TCR��+ DN thymocyte population, is highly enriched in
TCR��+CD8��+ IEL potential. Low levels of CD69 expression sug-
gest that it takes time for DP (or TP) cells to transit to the thymic
IEL precursors.

The adhesion molecule, integrin CD103 is highly expressed on
mucosal lymphocytes including IELs [50]. Since CD103 deficient

mice have reduced intestinal IEL number [51], it is clear that CD103
is necessary for IEL maturation or homing to the gut, although hom-
ing of CD8+ recent thymic emigrants to the gut is not inhibited by
administration of anti-CD103 antibody [38]. TGF� is suggested to
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nduce CD103 on CD5+TCR��+ DN thymocytes since TGF� deficient
ice have only CD103− but not CD103+CD5+TCR��+ DN cells [23].
s we have shown in this paper, CD103+CD5+TCR��+ DN thymo-
ytes have no TCR��+CD8��+ IEL potential. Therefore, the central
ole of TGF� in the process of IEL differentiation in the thymus
ight be protection of IEL precursors from apoptotic cell death as

reviously indicated [23], rather than stimulation of maturation of
he cells. At this moment, the nature of the CD103+CD5+TCR��+

N thymocytes has not been clarified. However, our preliminary
bservations suggest that some CD103+CD5+TCR��+ DN cells may
ave NKT cell potential (data not shown). We  should note that het-
rogeneity of CD103 expression is observed in conventional DN and
P cells (supplemental Fig. 2), although identity of DN or DP cells
ositive for CD103 is not clear as well.

Supplementary material related to this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.imlet.
014.11.007.

It has been demonstrated that �4�7 expression is important for
 cell homing to the gut [52]. Since CD103−CD5+TCR��+ DN thymo-
ytes express �4�7, these IEL precursors may  be able to efficiently
ome to the gut via this integrin. CCR9 is another molecule that
as been suggested to play a role in lymphocyte homing to the gut
38,41]. However, only low (or no) CCR9 expression is observed in
D103−CD5+TCR��+ DN thymocytes (Fig. 4c). Therefore, require-
ent of CCR9 on these precursors for homing to the gut may  need

o be carefully addressed.
In  addition to TGF�, IL-15 is another important cytokine for the

ifferentiation of IELs. The major functions of IL-15 appear to be to
upport maturation, expansion and maintenance of CD8��+ IELs in
he gut [21,36,37]. Furthermore, IL-15 alone is sufficient for induc-
ion of CD8��+ IEL-like cells from thymic IEL precursors as shown in
his and other papers [15]. It was shown that CD8� expression can
e induced in CD4+ T cells by TGF� stimulation [23,31]. However,
lthough TGF� is necessary for proper IEL differentiation, whether
GF� has a role in upregulation of CD8�� in thymic IEL precur-
ors is not clear. In preliminary experiments, we cultured CD103−

hymic IEL precursors in the presence of both IL-15 and TGF� and
ound no synergistic effect of TGF� in induction of CD8�� expres-
ion (data not shown). Therefore, TGF� and IL-15 may  have distinct
unctions and be necessary at different maturation stages during IEL
ifferentiation.

CD5 and Thy1.2 expression are commonly used to sep-
rate immature (CD5+ or Thy1.2+) and mature (CD5− or
hy1.2−) TCR��+CD8��+ IELs [19]; however, characterization of
CR��+CD8��+ IELs with regard to the combined expression of
D5 and Thy1.2 has not been performed. It is a well-known fact
hat some TCR��+CD8��+ IELs also express CD4 [35]. As shown
n Fig. 2B, all CD5+Thy1.2+ cells in the TCR��+ CD8��+ IEL popu-
ation express CD4, suggesting that CD5+Thy1.2+ IELs are distinct
rom the other IELs in this population. Conventional CD4+ T cells
an differentiate into CD8��+ IELs in in vivo injections or in vitro
ultures in the presence of TGF� as mentioned above [29,31]. It is
herefore possible that the CD8��+ IELs in the CD5+Thy1.2+ frac-
ion were converted from CD4+ T cells. It should be noted that
D5+Thy1.2+ IELs are also derived from CD103− thymic IEL pre-
ursors after injection into RAG2−/− mice (Fig. 2C). Therefore, cells
f multiple origins might differentiate into CD5+Thy1.2+ IELs. We
id not observe downregulation of Thy1.2 after 4 day-culture of
D103− thymic IEL precursors in the presence of IL-15 (Fig. 3C).
ence, additional factors in the gut must be necessary for genera-

ion of CD5−Thy1.2− IELs from thymic IEL precursors.
In summary, we demonstrate in this paper that thymic IEL pre-
ursors after agonist selection are CD69−/loCD103−CD5+TCR��+

N thymocytes. These cells can upregulate CD8�� and become IEL-
ike cells in in vitro cultures in the presence of IL-15. These results
stablish a knowledge base that may  help in clarification of precise

[

ters 163 (2015) 40–48 47

differentiation  pathways as well as molecular regulatory networks
in the process of TCR��+CD8��+ IEL generation.
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The diverse antigen receptor repertoires of  
T and B lymphocytes are generated by a site-
specific DNA recombination process that as-
sembles antigen receptor variable (V), diversity 
(D), and joining (J) gene segments in developing 
lymphocytes. This process, known as V(D)J re-
combination, is initiated by a protein complex 
composed of recombination activating genes  
1 and 2 (RAG1 and RAG2), which can recognize 
and cleave at recombination signal sequences 
(RSSs) that flank TCR and immunoglobulin V, 
D, and J gene segments (Schatz and Swanson, 
2011). The Rag1 and Rag2 genes display a dis-
tinctive, tightly linked genomic organization 
with stringently and coordinately regulated ex-
pression during T and B lymphocyte develop-
ment (Kuo and Schlissel, 2009).

There are two developmental windows  
of Rag1 and Rag2 (hereafter, Rag) gene expres-
sion during T and B lymphocyte development  
(Kuo and Schlissel, 2009). In developing thy-
mocytes, the Rag genes are first expressed at the 
CD4CD8 double-negative (DN) stage to pro-
mote recombination of the Tcrb, Tcrg, and Tcrd 
genes. Productive Tcrb recombination causes 
Rag gene down-regulation, cellular prolifer-
ation, and differentiation to the CD4+CD8+ 
double-positive (DP) stage. Rag genes are then 
reexpressed in DP thymocytes to promote  
recombination of Tcra genes. After productive  
Tcra gene assembly and positive selection of  
TCR-expressing DP thymocytes, Rag genes are  
silenced during differentiation to the CD4+CD8 
or CD4CD8+ single-positive (SP) stage. In simi-
lar fashion, an initial phase of Rag gene expression 
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An anti-silencer– and SATB1-dependent 
chromatin hub regulates Rag1 and Rag2 gene 
expression during thymocyte development
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Rag1 and Rag2 gene expression in CD4+CD8+ double-positive (DP) thymocytes depends on 
the activity of a distant anti-silencer element (ASE) that counteracts the activity of an 
intergenic silencer. However, the mechanistic basis for ASE activity is unknown. Here, we 
show that the ASE physically interacts with the distant Rag1 and Rag2 gene promoters  
in DP thymocytes, bringing the two promoters together to form an active chromatin hub. 
Moreover, we show that the ASE functions as a classical enhancer that can potently activate 
these promoters in the absence of the silencer or other locus elements. In thymocytes lack-
ing the chromatin organizer SATB1, we identified a partial defect in Tcra gene rearrange-
ment that was associated with reduced expression of Rag1 and Rag2 at the DP stage. 
SATB1 binds to the ASE and Rag promoters, facilitating inclusion of Rag2 in the chromatin 
hub and the loading of RNA polymerase II to both the Rag1 and Rag2 promoters. Our results 
provide a novel framework for understanding ASE function and demonstrate a novel role 
for SATB1 as a regulator of Rag locus organization and gene expression in DP thymocytes.

© 2015 Hao et al. This article is distributed under the terms of an Attribution–
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after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommercial– 
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licenses/by-nc-sa/3.0/).
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self-renewal (Will et al., 2013). In hematopoietic progenitor 
cells, SATB1 supports the expression of genes critical for lym-
phocyte development and plays an important role in lympho-
poiesis (Satoh et al., 2013). SATB1 is expressed at unusually 
high levels in the thymus (Dickinson et al., 1992), and Satb1-
null mice display inefficient T cell development with the 
major block at the DP stage, resulting in dramatically reduced 
numbers of SP thymocytes and peripheral T cells (Alvarez et al., 
2000; Satoh et al., 2013). SATB1 is also regulated in the con-
text of peripheral T cell activation and differentiation (Cai  
et al., 2006; Lund et al., 2005), with increased expression  
required for Th2 differentiation and cytokine gene expression 
(Cai et al., 2006; Ahlfors et al., 2010; Notani et al., 2010). 
Conversely, reductions in SATB1 expression are critical for 
regulatory T cell function (Beyer et al., 2011).

Given the well-established role of chromosome architec-
ture in regulating gene expression and assembly of antigen 
receptor loci (Jhunjhunwala et al., 2009; Shih and Krangel, 
2013), we investigated whether SATB1 functions to regulate 
V(D)J recombination in DP thymocytes. We found that Tcra 
gene rearrangement is partially impaired in SATB1-deficient 
thymocytes, a defect that was associated with substantially  
reduced expression of Rag1 and Rag2 at the DP stage. Our 
analysis of this expression defect revealed that the ASE and 
Rag promoters interact over long-distances in DP thymocytes 
and that SATB1 is important to bring Rag2 into this complex 
and to load RNA polymerase II (RNA pol II) to the Rag1 
and Rag2 promoters. Our results provide a novel framework 
for understanding ASE function and the mechanistic basis for 
Rag gene expression in DP thymocytes.

RESULTS
Impaired Tcra rearrangement  
in SATB1-deficient DP thymocytes
To investigate its role in V(D)J recombination, we disrupted the 
gene encoding SATB1 in long-term hematopoietic stem cells 
of Satb1f/f mice (unpublished data) using a Vav-Cre transgene. 
Unlike Satb1-null mice (Alvarez et al., 2000), Satb1f/fVav-Cre 
mice displayed normal growth and survival. Total thymocyte 
numbers were reduced 60% in Satb1f/fVav-Cre as compared 
with Satb1f/f (also referred to as WT) mice, with similar reduc-
tions in the numbers of DN and DP thymocytes (Table 1 and 
Fig. S1). However, there were 85–90% reductions in SP thy-
mocytes. Thus, Satb1-deficient thymocytes undergo a normal 
DN to DP transition, but an impaired transition from DP to SP. 
Satb1 mRNA expression was reduced by 95% in DN3 thy-
mocytes from Satb1f/fVav-Cre mice and its expression was es-
sentially undetectable in DP thymocytes (Table 2).

We tested for V(D)J recombination defects using PCR  
to quantify Tcra locus V-to-J rearrangement in genomic 
DNA from WT and Satb1f/fVav-Cre thymocytes. The murine 
Tcra/Tcrd locus contains 100 V and 61 J gene segments 
which can undergo several rounds of recombination in DP 
thymocytes (Krangel, 2009). Newly generated DP thymo-
cytes preferentially rearrange V segments to the most 5 J 

in prepro– and pro–B cells mediates recombination of Igh 
genes, whereas a subsequent phase of Rag gene expression in 
small pre–B cells mediates recombination of Igk and Igl genes.

Transcriptional regulation of the Rag genes is complex, 
involving distinct sets of lineage- and stage-specific cis- 
elements that cooperate with the Rag1 and Rag2 promoters 
(Kuo and Schlissel, 2009). Rag expression in developing B cells 
depends on sequences upstream of the Rag2 promoter, in-
cluding a proximal enhancer at 2.6 kb, a distal enhancer at 
8 kb, and the well-studied Erag enhancer at 23 kb (Hsu 
et al., 2003; Kuo and Schlissel, 2009). Sequences within 10 kb 
of Rag2 appear capable of supporting Rag gene expression in 
DN thymocytes (Monroe et al., 1999; Yu et al., 1999); how-
ever, in DP cells, Rag gene expression is critically dependent 
on a more distant element located between 71 and 79 kb  
upstream of Rag2 (Yannoutsos et al., 2004). Elimination of this 
so-called anti-silencer element (ASE) by gene targeting re-
duced Rag1 and Rag2 expression by two orders of magnitude 
in DP thymocytes and prevented differentiation into SP cells, 
but had only modest effects on Rag gene expression in DN 
thymocytes (Yannoutsos et al., 2004). Studies with transgenic 
mice also revealed the presence of a silencer element between 
the Rag1 and Rag2 genes, which can extinguish Rag expres-
sion in DP thymocytes and partially suppress expression in 
DN thymocytes. Importantly, ASE activity was shown to be 
essential to counteract the suppressive effects of the intergenic 
silencer in DP thymocytes (Yannoutsos et al., 2004). Silencer 
activity depends on a binding site for Runx transcription 
factors, but further mechanistic information about ASE or  
silencer function has been lacking.

Gene regulation by distal elements generally depends on 
long range interactions that are facilitated by chromatin archi-
tectural proteins (Gibcus and Dekker, 2013; Merkenschlager 
and Odom, 2013). Special AT-rich binding protein 1 (SATB1)  
is a nuclear matrix/scaffold-associated DNA-binding protein 
that participates in the maintenance of chromatin architec-
ture and regulates the expression of a large number of genes 
(Alvarez et al., 2000; Kumar et al., 2007; Han et al., 2008; 
Ahlfors et al., 2010). SATB1 binds ATC-rich DNA sequences 
(also referred to as base unpairing regions) and anchors these 
sequences to the nuclear matrix to form loops (Cai et al., 2003, 
2006; Kumar et al., 2007). In addition, SATB1 can tether 
genes to the nuclear matrix by protein–protein interactions 
(Skowronska-Krawczyk et al., 2014). SATB1 can also recruit 
chromatin remodeling complexes that either promote or in-
hibit gene expression (Kumar et al., 2006). Given these activi-
ties, it is not surprising that SATB1 regulates gene expression 
programs in a wide variety of cells, including embryonal stem 
cells (Savarese et al., 2009), neuronal cells (Balamotis et al., 
2012), epithelial progenitor cells (Fessing et al., 2011), pitu-
itary cells (Skowronska-Krawczyk et al., 2014), and many tumors 
(Kohwi-Shigematsu et al., 2013). Within the hematopoietic 
compartment, SATB1 is expressed in stem cells and is then up-
regulated during their commitment to lymphoid lineages (Satoh 
et al., 2013; Will et al., 2013). In hematopoietic stem cells, 
SATB1 maintains quiescence and the potential for long-term 

http://dx.doi.org/10.1016/j.immuni.2013.05.014
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from cell death those thymocytes that had exhausted the en-
tire J array but failed to be positively selected. Although the 
Bcl2 transgene partially ameliorated the strong bias toward 5 J 
usage in Satb1f/fVav-Cre thymocytes, the 5 bias nevertheless 
persisted and J usage in Satb1f/fVav-Cre Bcl2 tg and Satb1f/f 
Bcl2 tg thymocytes remained distinct. Thus, differential life-
span of DP thymocytes cannot account for differential J usage 
in SATB1-deficient and WT thymocytes. We also detected no 
change in germline transcription across the J-C region, 
suggesting that differential J usage does not reflect a change 
in J locus accessibility (Fig. 1 E).

Reduced Rag1 and Rag2 gene expression  
in SATB1-deficient DP thymocytes
Previous work had shown that impaired 3 J usage can re-
sult from defective Rag gene expression in DP thymocytes 
(Yannoutsos et al., 2001). We therefore assessed Rag1 and 
Rag2 mRNA expression in DN and DP thymocytes from 
Satb1f/fVav-Cre and WT mice using real-time PCR (Fig. 2 A). 
Consistent with previous results (Yannoutsos et al., 2004) 
Rag1 and Rag2 expression were higher in DP thymocytes 
than in DN3 thymocytes from WT mice. SATB1-deficient 
thymocytes displayed normal Rag1 and Rag2 expression at 
the DN stage but displayed 70 and 80% reductions in 
Rag1 and Rag2 expression, respectively, in DP thymocytes. 
Similar reductions in Rag1 and Rag2 transcripts were ob-
served in DP thymocytes from Satb1f/fLck-Cre mice; thus, 

segments, whereas more mature DP thymocytes may re-
place these initial rearrangements by joining upstream V to 
more 3 J segments. In Satb1f/fVav-Cre thymocytes, quanti-
tative PCR revealed relatively normal V rearrangement to  
5 J segments, but impaired rearrangement to 3 J segments  
(Fig. 1 A). This represented a deficiency in RAG-mediated 
cleavage at 3 J gene segments rather than a deficiency in 
double-strand break repair, because similar reductions in sig-
nal end recombination intermediates at 3 J gene segments 
were detected by ligation-mediated PCR (Fig. 1 B).

Defective 3 J usage can result from impaired thymocyte 
survival (Guo et al., 2002). However, the survival of purified 
Satb1f/fVav-Cre DP thymocytes in culture was reduced only 
slightly as compared with WT thymocytes (Fig. 1 C). To fur-
ther investigate a role for DP thymocyte viability in the J 
rearrangement defect, we introduced a Bcl2 transgene into 
the Satb1f/fVav-Cre and WT backgrounds to extend thymo-
cyte lifespan (Fig. 1 D). We then analyzed equal amounts of 
Tcra cDNA for 5 and 3 J segment usage. Consistent with 
the rearrangement defect noted above (Fig. 1, A and B), we 
observed a strong bias toward 5 J usage in Satb1f/fVav-Cre 
as compared with WT thymocytes (Fig. 1 D; note that 5 J 
usage in Satb1f/fVav-Cre thymocytes appears to be elevated 
over WT because J signals were normalized to total Tcra 
transcripts in this assay). The Bcl2 transgene had minimal ef-
fect on the pattern of J usage in WT thymocytes; the notable 
exception was J2, where Bcl2 expression appeared to protect 

Table 1. Quantification of thymocyte subsets in WT (Satb1fl/fl) and Satb1/ (Satb1f/fVav-Cre) micea

Cell population WT (×105) Satb1/ (×105)

Total thymocytes (n = 6-7) 1,730 ± 610 670 ± 300b

DN1 (n = 3-4) 0.45 ± 0.30 0.20 ± 0.17
DN2 (n = 3-4) 0.89 ± 0.10 0.11 ± 0.10c

DN3 (n = 3-4) 17.9 ± 10.3 5.1 ± 3.4
CD8 ISP (n = 5-6) 22.0 ± 11.3 12.4 ± 9.1
DP (n = 6-7) 1,460 ± 500 570 ± 250b

CD4 SP (n = 6-7) 109 ± 49 17 ± 7c

CD8 SP (n = 6-7) 28.2 ± 11.6 2.7 ± 2.1c

aVav-Cre transgenic mice have no intrinsic thymic phenotype (de Boer et al., 2003).
bP < 0.01 when compared with WT counterparts (Student’s t test).
cP < 0.001 when compared with WT counterparts (Student’s t test).

Table 2. Satb1 mRNA expression (relative to B2m) in thymocyte subsets of WT (Satb1fl/fl) and Satb1/ (Satb1f/fVav-Cre) micea

SATB1/2-microglobulin WT (×102) Satb1/ (×102)

DN3 (n = 2) 3.28 ± 0.31 0.19 ± 0.02
DN4 (n = 2) 36.5 ± 2.68 0.13 ± 0.05
CD8 ISP (n = 2) 90.9 ± 40.8 NDb

DP (n = 2) 241 ± 51.5 0.0046 ± 0.0008
CD4 SP (n = 2) 26.4 ± 3.49 0.093 ± 0.041
CD8 SP (n = 2) 5.15 ± 0.30 0.0049 ± 0.0029

aRNA and cDNA were prepared from 30,000 cells.
bND, not detected.
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4 trimethylation (H3K4me3) at the Rag1 and Rag2 pro-
moters and gene bodies in Satb1f/fVav-Cre DP thymocytes  
(sites L, M, O and P, Fig. 2 C). We conclude that biased  
5 J usage in Satb1f/fVav-Cre thymocytes reflects inefficient  

the Rag expression defect is T cell intrinsic (Fig. 2 B). Con-
sistent with the reduced expression phenotype, chromatin 
immunoprecipitation (ChIP) revealed substantial reductions 
in the transcription-associated modification histone H3 lysine  

Figure 1. Defective Tcra rearrangement in SATB1-deficient 
thymocytes. (A) Tcra coding joints. Thymocyte genomic  
DNA samples were amplified by quantitative PCR using primers 
specific for the V8 (TRAV12), V2 (TRAV14), or V10 (TRAV13) 
families in conjunction with different J primers. The data are 
plotted as mean ± SEM of two experiments, each with one 
mouse per genotype, with values for SATB1-deficient thymo-
cytes (Satb1/, Satb1f/fVav-Cre) normalized to those for WT 
littermates (Satb1f/f). *, P ≤ 0.05 by two-way ANOVA with  
Sidak’s multiple comparisons test. (B) J signal ends. Three-fold 
serial dilutions of linker-ligated thymocyte genomic DNA sam-
ples were analyzed by PCR using J-specific and linker-primers. 
PCR products were visualized on Southern blots using radiola-
beled J-specific oligonucleotide probes. The data are repre-
sentative of two experiments, each with one mouse per 
genotype. , no DNA. (C) DP thymocyte survival. WT and 
SATB1-deficient thymocytes were cultured in vitro for the indi-
cated times and the percentage of Annexin V DP thymocytes 
was determined. The data represent the mean ± SEM of two 
experiments, each with one mouse per genotype. *, P ≤ 0.05 by 
two-tailed Student’s t test. (D) Relative J usage as a function 
of DP thymocyte lifespan. V8-C RT-PCR products were ana-
lyzed by Southern blot using radiolabeled J- and C-specific 
oligonucleotide probes. Relative J usage was evaluated by 
Phosphorimager as (J signal for [genotype]/C signal for 
[genotype])/(J signal for WT/C signal for WT). The data rep-
resent the mean ± SEM of two experiments, each with one 
mouse per genotype. *, P ≤ 0.05 by two-way ANOVA with 
Tukey’s multiple comparisons test, comparing Satb1/ Bcl2 tg 
to WT Bcl2 tg and Satb1/. (E) Tcra germline transcription in 
SATB1-deficient thymocytes. WT (Rag2/Satb1f/f) and 
Satb1/ (Rag2/Satb1f/fVav-Cre) mice were injected with 
anti-CD3 and total thymocytes were harvested 10 d later. 
Germline Tcra transcription was evaluated by quantitative  
RT-PCR. The data represent mean ± SEM of three experiments 
with WT and four experiments with Satb1/ (one mouse per 
experiment), with normalization to values for hprt.
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Figure 2. Defective Rag1 and Rag2 gene expression in SATB1-deficient and ASE-deleted DP thymocytes. (A) The abundance of Rag1 (left) and 
Rag2 (right) transcripts in CD25+ (DN2+3) and DP thymocytes was evaluated by quantitative RT-PCR. The data represent the mean ± SEM of four experi-
ments for DN2+3 and five experiments for DP (WT, Satb1f/f; Satb1/, Satb1f/fVav-Cre; one mouse per genotype per experiment) with normalization to 
values for Actb. *, P ≤ 0.05 by two-tailed Student’s t test. (B) A T cell–intrinsic effect of SATB1 was evaluated by measuring transcript abundance in DP 
thymocytes of WT (Satb1f/f) and Satb1f/fLck-Cre mice by quantitative RT-PCR. The data represent mean ± SEM of three experiments for WT and four ex-
periments for Satb1f/fLck-Cre cDNA (one mouse per experiment), with normalization to values for hprt. *, P ≤ 0.05 by two-tailed Student’s t test. (C) ChIP 
analysis of Rag locus histone H3K4me3. A map of the Rag locus depicts the convergently transcribed Rag1 and Rag2 genes and known cis-regulatory 
elements ASE, Erag (enhancer of Rag), D3 (distal enhancer), Ep (enhancer proximal), and Sil (silencer; Kuo and Schlissel, 2009). Sorted DP thymocytes of 
WT and SATB1-deficient mice were analyzed by ChIP followed by quantitative PCR. Sites A–R in the Rag locus were analyzed by ChIP. The MageA2 pro-
moter (Mg) served as a negative control. The data represent the mean ± SEM of three experiments for each genotype (one mouse per experiment), with 
values of bound/input expressed relative to those for the B2m promoter (normalized to 1) in each sample. *, P ≤ 0.05 by two-way ANOVA with Sidak’s 
multiple comparisons test. (D) Tcra coding joints in thymocytes of ASE-deleted mice. Thymocyte genomic DNA samples were amplified by quantitative 
PCR using a V8 family primer in conjunction with different J primers, with values for ASE/ thymocytes normalized to those for WT littermates. The 
data represent the mean ± SEM of 2–3 independent preparations for each genotype. *, P ≤ 0.05 by two-tailed Student’s t test. nd, not detected. (E) ChIP 
analysis of Rag locus histone H3K4me3 in DP thymocytes of ASE/ mice. The data represent the mean ± SEM of four experiments for WT (ASE+/+; one 
mouse per experiment) and five experiments for ASE/ (one mouse per experiment). P ≤ 0.05 by two-way ANOVA with Sidak’s multiple comparisons test.

rearrangement due to reduced Rag gene expression, and that 
this 5 bias may be partially ameliorated by the Bcl2 tg (Fig. 1 D) 
because thymocytes have additional time for rearrange-
ments to occur.

Stage-specific and SATB1-dependent  
conformations of the Rag locus
Because Satb1f/fVav-Cre mice displayed a DP stage-specific 
defect in Rag gene expression, we hypothesized that SATB1 
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Satb1f/fVav-Cre mice. In accord with this, we found that 
ASE/ DP thymocytes displayed more dramatic reductions 
in V-to-J recombination (Fig. 2 D) and in histone H3  
lysine 4 trimethylation (H3K4me3) (Fig. 2 E) than in 
Satb1f/fVav-Cre mice. On this basis, we predicted that ASE 
functions and interactions might be partially diminished in 

might play a role in ASE function, perhaps by facilitating  
interactions between the ASE, 71-kb upstream of Rag2,  
and more proximal cis-acting elements. Prior analysis of 
ASE/ mice revealed Rag1 and Rag2 gene expression to be <1%  
of the level in WT DP thymocytes (Yannoutsos et al.,  
2004), suggesting a more dramatic expression defect than in 

Figure 3. Developmentally regulated and SATB1-dependent interactions between the ASE and Rag promoters. (A) SATB1 ChIP-seq. Sequencing 
reads for SATB1 ChIP and input DNA are plotted. The ASE region marked corresponds to fragment AB (see Fig. 6). Long-distance interactions of the ASE-
containing HindIII (B) or BglII (C) fragments were analyzed by 3C, followed by quantitative PCR. ASE viewpoint restriction fragments are shaded dark blue 
and target restriction fragments are shaded light blue. Primers were all reverse orientation and were positioned at the left end of each restriction frag-
ment. Relative cross-linking data for each restriction fragment were plotted in the center of the fragment. Data in B represent mean ± SEM of two ex-
periments with lymph node T cells (LN-T) cells (one mouse per experiment), three experiments with DN (Lat/) thymocytes (one litter of five to eight 
mice per experiment), four experiments with WT (Satb1f/f) DP thymocytes (one mouse per experiment), and four experiments with Satb1/ (Satb1f/fVav-Cre) 
DP thymocytes (one mouse per experiment), all normalized to results for a nearest neighbor fragment (=1). *, P ≤ 0.05 by two-tailed Student’s t test  
comparing WT to Satb1/ DP. Data in C represent mean ± SEM of two experiments with LN-T cells (one mouse per experiment), eight experiments with 
WT DP thymocytes (one mouse per experiment), and six experiments with Satb1/ DP thymocytes (one mouse per experiment), normalized as in B.  
*, P ≤ 0.05 by two-tailed Student’s t test comparing WT to Satb1/ DP.
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(Zhang et al., 1999). Interaction frequencies were only slightly 
higher than in LN T cells (Fig. 3 B), consistent with a lim-
ited role for the ASE in Rag gene expression in DN thymo-
cytes (Yannoutsos et al., 2004).

Notably, ASE interactions with the Rag2 promoter were 
significantly attenuated in Satb1f/fVav-Cre DP thymocytes (Fig. 3, 
B and C). However, ASE-Rag1 promoter contacts were either 
maintained (Fig. 3 B) or marginally reduced in a manner that 
did not reach statistical significance (Fig. 3 C). To address this 
point further, we analyzed an independent set of BglII-digested 
3C samples and confirmed reduced ASE–Rag2 promoter  
interaction but normal ASE–Rag1 promoter interaction in 
Satb1f/fVav-Cre DP thymocytes (Fig. 4, A and B). Moreover, 
the requirement for SATB1 to facilitate ASE-Rag2 promoter 
interaction was highly specific, because Rag2 promoter con-
tacts with the Traf6 promoter were maintained in SATB1-
deficient mice (Fig. 4, A and C). Although the Rag2–Traf6 
interaction serves as a useful control, it is of unknown bio-
logical significance.

Our 3C data indicated that, in addition to the Rag pro-
moters, the ASE interacts broadly across the Rag locus (above 
the background in LN T cells), including sites between the 
ASE and Rag2, and within the Rag2 and Rag1 gene bodies 
(Fig. 3, B and C). Although the ASE contacts the region that 
includes the intergenic Rag silencer, these interactions were 
not elevated above the general levels observed across the Rag 
locus. Collectively, these data support a model in which the 
ASE indirectly counteracts silencer activity via direct inter-
actions with the Rag1 and Rag2 promoters.

Satb1f/fVav-Cre mice. Consistent with such a role, ChIP-
sequencing (ChIP-seq) analysis revealed prominent SATB1 
binding to the ASE, as well as to the Rag1 and Rag2 pro-
moter regions in DP thymocytes (Fig. 3 A).

Previous studies showed that the ASE is required to 
counteract functions of the Rag silencer; however, the mech-
anistic basis for this process remained uncertain (Yannoutsos 
et al., 2004). In this regard, the ASE could be envisioned to 
promote Rag gene expression as a consequence of direct physi-
cal interaction with the silencer in DP thymocytes. Alterna-
tively, the ASE might counteract the influence of the silencer 
by interacting directly with the Rag gene promoters.

To investigate Rag locus architecture, we explored inter-
actions between the ASE and Rag genes using chromo-
some conformation capture (3C; Dekker et al., 2002). In 
this approach, long-distance interactions in nuclei are ini-
tially captured by formaldehyde cross-linking; after restric-
tion enzyme digestion, dilution, and intermolecular ligation, 
interacting DNA fragments are detected by real-time PCR. 
Using the ASE-containing HindIII fragment as a view-
point, in WT DP thymocytes we detected interactions with  
HindIII fragments carrying the Rag1 and Rag2 promoters 
70–100 kb away (Fig. 3 B). Similar ASE-Rag promoter inter-
actions were detected between the relevant BglII fragments 
as well (Fig. 3 C). These interactions were specific, because 
they were not detected in LN T cells, which do not express 
the Rag genes. We evaluated chromatin interactions in the 
DN compartment by analyzing thymocytes from LAT-deficient 
mice, which are blocked at the DN stage of development 

Figure 4. SATB1 specifically influences the ASE-Rag2 promoter interaction. (A) Rag locus map including flanking regions, with numbering con-
cordant with Fig. 3. -104, ASE (+33.6), +68.8, Rag2 (+100), Rag1 (+121.2), and Traf6 (+151) identify the midpoints of BglII fragments (solid bars) chosen 
for 3C. Long-distance interactions of the ASE (B) or Traf6 promoter (C) fragments were analyzed by 3C followed by quantitative PCR. Data represent  
mean ± SEM of four experiments with WT (Satb1f/f) DP thymocytes (one mouse per experiment) and five experiments with Satb1/ (Satb1f/fVav-Cre) DP 
thymocytes (one mouse per experiment), all normalized to results for the Traf6 nearest neighbor fragment (=1). *, P ≤ 0.0001 by two-way ANOVA with 
Sidak’s multiple comparisons test.
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Figure 5. ASE- and SATB1-dependent interactions between the Rag1 and Rag2 promoters. Long-distance interactions of Rag1 promoter- 
containing (A) or Rag2 promoter-containing (B) HindIII fragments were analyzed by 3C followed by quantitative PCR. The Rag1 promoter viewpoint (A) and 
Rag2 promoter viewpoint (B) restrictions fragments are shaded dark blue and target restriction fragments are shaded light blue. Primers for (A) were all 
reverse orientation and were positioned at the left end of each restriction fragment. Those for B were all forward orientation and were positioned at the 
right end of each restriction fragment. Relative cross-linking data for each restriction fragment were plotted in the center of the fragment. Data repre-
sent mean ± SEM of four experiments each for WT, Satb1/ (Satb1f/f Vav-Cre), and ASE/ DP thymocytes (one mouse per genotype per experiment),  
all normalized to results for a nearest neighbor fragment (=1). *, P ≤ 0.05 by two-tailed Student’s t test comparing WT to Satb1/ DP.

The ASE organizes the Rag locus
To further explore the role of the ASE in Rag locus confor-
mation, we used 3C to assess long distance interactions in DP 
thymocytes from ASE/ mice. Using the Rag1 promoter 
fragment as a viewpoint, we detected an interaction between 
the Rag1 and Rag2 promoters in WT DP thymocytes and 
found this interaction to be substantially diminished in ASE/ 
DP thymocytes (Fig. 5 A). Similar results were obtained using a 
Rag2 promoter-containing fragment as the viewpoint (Fig. 5 B). 
Moreover, Rag1–Rag2 promoter interactions were reduced 
partially in Satb1f/fVav-Cre DP thymocytes (Fig. 5, A and B). 
Using these new viewpoints, we also confirmed reduced in-
teractions of the Rag2 but not the Rag1 promoter with the 
ASE in Satb1f/fVav-Cre DP thymocytes (Fig. 5, A and B), a 
finding consistent with 3C analyses from the ASE viewpoint 
(Figs. 3 and 4). We conclude that the ASE organizes the Rag 
locus by tethering the Rag1 and Rag2 promoters in DP thy-
mocytes, and that efficient tethering of the Rag2 promoter 
depends on SATB1.

The ASE is required for RNA pol II  
occupancy at the Rag promoters
To explore the functional significance of the DP-specific chro-
matin conformation of the Rag locus, we analyzed the RNA 
pol II distribution using ChIP. As anticipated, RNA pol II  
occupancy was high at the Rag1 and Rag2 promoters in WT  
DP thymocytes (sites L and Q, Fig. 6 A). However, RNA pol II  
was prominent at the ASE and silencer as well (sites C and N, 
Fig. 6 A). In DN thymocytes from Lat/ mice, lower levels of 
RNA pol II were present at the Rag promoters and silencer, 
but at the ASE, RNA pol II was as abundant as in DP thymo-
cytes. In contrast, RNA pol II was minimal at all sites in LN  
T cells (Fig. 6 A) and in ASE/ DP thymocytes (Fig. 6 B). 
Thus, RNA pol II occupancy at the Rag promoters and silencer  
is developmentally regulated in a manner that correlates with 
transcription and depends on the ASE. A previous study also 
identified substantial RNA pol Il binding to the Rag promoters, 
ASE, and silencer in DP thymocytes, although other stages of  
T cell development were not examined (Koch et al., 2011).
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with assembly of an intact complex containing the ASE and 
the Rag1 and Rag2 promoters. Similarly, DN thymocytes  
display RNA pol II at the ASE but, in the absence of ASE–
promoter interactions, only low levels at the Rag genes them-
selves (Fig. 6 A). We suggest that the Rag1 and Rag2 promoters 
acquire high levels of RNA pol II when they are tethered to 

Notably, RNA pol II occupancy at the Rag promoters  
and silencer was partially reduced in DP thymocytes from  
Satb1f/fVav-Cre mice, whereas occupancy at the ASE was unaf-
fected (Fig. 6 C). Thus, RNA pol II occupancy at the ASE 
occurs independent of ASE–promoter interactions, whereas  
RNA pol II occupancy at the promoters and silencer correlates 

Figure 6. Locus conformation-dependent RNA pol II occupancy of the Rag1 and Rag2 promoters. RNA pol II occupancy was assessed by ChIP and 
quantitative PCR at sites spanning the Rag locus. Values of bound/input were expressed relative to those for B2m (normalized to 1) in each sample. MageA2 
served as a negative control. (A) Data represent mean ± SEM of three experiments each for DN (Lat/) thymocytes (one litter of five to eight mice per experi-
ment), WT DP (Satb1f/f) thymocytes (one mouse per experiment), and lymph node T cells (LN-T; one mouse per experiment). Data for these three genotypes 
and Satb1/ (Satb1f/fVav-Cre) DP thymocytes (three experiments, one mouse per experiment) were analyzed together by two way ANOVA with Tukey’s mul-
tiple comparisons test, with the data for WT DP and Satb1/ DP plotted separately in C. *, P ≤ 0.05. (B) Data represent the mean ± SEM of three experiments 
for WT (ASE+/+) DP thymocytes (one mouse per experiment) and two experiments for ASE/ DP thymocytes (one mouse per experiment). *, P ≤ 0.05 by two-
tailed Student’s t test. (C) Data represent the mean ± SEM of three experiments each for WT (Satb1f/f; identical to A) DP thymocytes (one mouse per experi-
ment) and Satb1/ (Satb1f/fVav-Cre) DP thymocytes (one mouse per experiment). *, P ≤ 0.05 by two-way ANOVA with Tukey’s multiple comparisons test, as 
noted above. Samples in A and C were all analyzed in the same series of experiments; samples in B were analyzed separately.
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fragments A’ and B’, truncated versions of A and B lacking  
the 140-bp overlap region, displayed no detectable enhancer 
activity, whereas the 140-bp overlap region exhibited en-
hancer function comparable to that of E. We conclude that 
the 140-bp ASE fragment, which contains evolutionarily con-
served binding sites for E2A-, Runx-, GATA-, and Ikaros-family 
transcription factors (Fig. 7 D), is a core enhancer element 
that augments the function of the Rag promoters. However, 
because activity of the 140-bp fragment was substantially reduced  
relative to larger ASE fragments, flanking sequences are likely 
to boost enhancer activity even further.

DISCUSSION
The Rag silencer and ASE were previously shown to coor-
dinate Rag gene expression in DP thymocytes (Yannoutsos  
et al., 2004). The silencer was defined using bacterial artificial 
chromosome (BAC) reporter transgenes lacking the ASE. In 
such constructs, silencer deletion caused increases in Rag gene 
expression in DN and DP thymocytes but not in developing 
B cells. Moreover, the silencer could suppress the expression 
of a heterologous reporter transgene in pre–B cells, DN and 
DP thymocytes, and splenic T cells. Thus, the silencer ap-
peared to be capable of broadly suppressing the activities of 
linked promoters in lymphoid cells. In BAC constructs con-
taining the intergenic silencer, the ASE was shown to be re-
quired for Rag expression in DP thymocytes and to increase 
Rag expression in DN3 thymocytes. However, it had no  
apparent effect on Rag expression in constructs lacking the 
silencer. Consistent with these observations, gene-targeted 
deletion of the ASE reduced Rag expression in DN thymo-
cytes, abrogated Rag expression in DP thymocytes, and caused  
a developmental block at the DP stage that was likely second-
ary to impaired Tcra gene recombination. Thus, ASE activity 
was strongest in DP thymocytes, but the ASE was judged to 
be distinct from a classical enhancer because it appeared to func-
tion by counteracting the activity of an intergenic silencer 
(Yannoutsos et al., 2004).

These foundational studies left the mechanistic basis for 
ASE activity unclear. As one possibility, the ASE could func-
tionally interact with the silencer to neutralize its ability to 
suppress the Rag promoters. Alternatively, the ASE could 
functionally interact with the Rag promoters to overcome 
the suppressive effects of the silencer. Our data strongly sup-
port the latter scenario and argue that the ASE functions as a 
classical enhancer: it displays a chromatin signature typical of 
active enhancers, it interacts physically with the distant Rag1 
and Rag2 promoters and brings these promoters together to 
form a chromatin hub in DP thymocytes (Fig. 8), and it can 
directly and potently activate the Rag1 and Rag2 promoters 
in the absence of the silencer or any other locus elements.

Our data yield a picture that diverges in two respects from 
the initial description of ASE activity. First, the chromosomal 
BAC reporter studies identified no ASE activity in constructs 
lacking the silencer (Yannoutsos et al., 2004), whereas we 
show that the ASE can function as a direct activator of the 
Rag1 and Rag2 promoters in extrachromosomal luciferase  

each other and to the ASE. Whether this reflects delivery of 
RNA pol II previously bound to the ASE or newly recruited 
RNA pol II remains an open question.

The ASE directly activates the Rag1 and Rag2 promoters
The above data imply that the ASE stimulates Rag gene tran-
scription through direct long distance interactions with the 
Rag1 and Rag2 promoters, perhaps functioning as a classical 
enhancer. To test this possibility, we sought to define an ASE 
fragment that activates Rag1 and Rag2 promoter-driven lucif-
erase reporter constructs in transiently transfected cells. Be-
cause previous work had only ascribed ASE activity to a broad 
8-kb region (Yannoutsos et al., 2004), we asked whether a 
smaller core ASE possessed functional activity. Initially, we 
leveraged chromatin data from the mouse ENCODE data-
base (Stamatoyannopoulos et al., 2012; Rosenbloom et al., 
2013) to narrow our search. DNase-Seq data from unsorted 
thymocytes reveals a tightly linked pair of strong DNase I hy-
persensitive sites that span 2-kb and correspond to a previ-
ously identified region notable for substantial interspecies 
sequence conservation (Fig. 7 A; Yannoutsos et al., 2004). We 
further mapped open chromatin in the Rag locus in purified 
DP thymocytes using formaldehyde-assisted isolation of reg-
ulatory elements (FAIRE; Giresi et al., 2007), which similarly 
detected a 2-kb open chromatin region (Fig. 7 B). ENCODE 
data show that the same region harbors the characteristic chro-
matin signature of active enhancers in thymus but not in spleen: 
high histone H3 lysine 4 monomethylation (H3K4me1) and 
histone H3 lysine 27 acetylation (H3K27ac) coupled with low 
H3K4me3 and histone H3 lysine 27 trimethylation (Fig. 7 A; 
Bulger and Groudine, 2011; Natoli and Andrau, 2012; Calo 
and Wysocka, 2013). Moreover, our ChIP-seq data mapped 
SATB1 binding to the same region and, consistent with our 
ChIP data (Fig. 6 A), the region displayed high RNA pol II 
occupancy as well (Fig. 7 A).

We tested enhancer activity of the 2.0-kb ASE fragment 
that corresponded to the region of DNase I hypersensitivity 
and sequence conservation, as well as a 1.3-kb subfragment 
(AB) corresponding to the region of highest H3K4me1, 
H3K27ac, and RNA pol II. These test fragments were intro-
duced into promoter-driven luciferase reporters that were tran-
siently transfected into the murine DP thymocyte cell line 
VL3-3M2 (Fig. 7 C). By themselves, the Rag1 and Rag2 pro-
moters drove minimal luciferase expression compared with 
positive control plasmids containing the promoters plus the 
Tcra enhancer (E), a potent enhancer in DP thymocytes. 
Notably, the 2-kb ASE fragment and subfragment AB were 
more potent than E as activators of both promoters. To de-
termine the minimal region responsible for enhancer activity, 
we tested two partially overlapping subfragments of AB (frag-
ments A and B). Both displayed enhancer activity, with the 
activity of the 2-kb ASE or fragment AB only marginally bet-
ter than either A or B. This suggested that the 140-bp region 
shared by fragments A and B, which is centered within the 
strong peaks of H3K4me1, H3K27ac, RNA pol II, and 
SATB1, might play a dominant role in enhancer activity. Indeed, 
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Figure 7.  The ASE directly activates the Rag1 and Rag2 promoters. (A) ENCODE data tracks in the Mouse July 2007 (NCBI37/mm9) assem-
bly are shown. (top) DNase-seq data for the Rag locus in unfractionated thymocytes. (bottom) ChIP-Seq data and sequence conservation for the 
DNase hypersensitive region in unfractionated thymocytes and splenocytes. Note that primer sets B and D (Fig. 6) map upstream and downstream, 
respectively, of the 2-kb open chromatin region whereas primer set C maps within the 140-bp minimal enhancer region. (B) FAIRE samples were 
prepared to evaluate open chromatin at the ASE in WT DP thymocytes. Quantitative PCR was used to evaluate enrichment of sequences in DNA 
purified from formaldehyde-cross-linked as compared with uncrosslinked samples. The Tcra enhancer (E) and MageA2 (Mg) served as positive 
and negative controls, respectively. Positions of test amplicons relative to the 8-kb ASE region are indicated above the graph. The data are pre-
sented as mean ± SEM of values of cross-linked/uncrosslinked in three experiments (one mouse per experiment). *, P ≤ 0.05 by two-tailed Stu-
dent’s t test comparing E and test amplicons to MageA2. (C) ASE activation of the Rag1 and Rag2 promoters. Test ASE fragments were cloned 
downstream of either a Rag1 promoter-driven or a Rag2 promoter-driven luciferase gene and were assayed by transient transfection into VL3-
3M2 DP thymocytes. The data represent the mean ± SEM of two to four independent experiments. *, P ≤ 0.05 by two-tailed Student’s t test com-
paring results for test ASE fragments to promoter-only controls (). (D) Nucleotide sequence of the 140-bp minimal enhancer with predicted 
binding sites for transcription factors marked.
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be delivered to the Rag promoters as a consequence of ASE–
promoter interactions. Alternatively, ASE–promoter inter-
actions could stabilize the binding of newly recruited RNA 
pol II at the Rag promoters. Viewed in another way, the ASE 
may frequently localize to a transcription factor (Cisse et al., 
2013; Cook, 1999; Ghamari et al., 2013) in DN and DP thy-
mocytes, and ASE–promoter interactions and elevated pro-
moter RNA pol II occupancy may reflect high frequency 
recruitment of the Rag promoters into the same transcription 
factory in DP thymocytes. The substantially reduced Rag 
transcription that occurs in DN thymocytes may then be in-
terpreted as a reduced frequency of promoter recruitment to 
ASE-containing transcription factories in these cells.

RNA pol II was also detected in the Rag silencer region. 
This binding had a profile similar to that of the Rag promot-
ers, in that it was elevated in DP thymocytes in an ASE- and 
SATB1-dependent manner, thereby correlating with long-
distance looping and high levels of Rag gene transcription.  
Of note, RNA pol II occupancy maps to the very 3 end  
of the Rag1 transcription unit (Rosenbloom et al., 2013;  
Stamatoyannopoulos et al., 2012), 700 bp away from the 
Runx binding-site that was shown to be essential for silencer 
activity (Yannoutsos et al., 2004). Moreover, this RNA pol II 
is primarily in the serine 2 phosphorylated form (Koch et al., 
2011). Based on this, we suspect that the accumulation of 
RNA pol II at this site is related to the termination of Rag1 
transcription and not to silencer function.

Finally, our data suggest important roles for chromatin 
organizer SATB1 in Rag gene expression and Tcra recombi-
nation in DP thymocytes. SATB1 expression is dramatically 
up-regulated in DP thymocytes (Table 2), correlating with 
the substantial increases in Rag gene expression in this com-
partment. Further, SATB1 binds to multiple sites across the 
Rag locus, most prominently at the ASE and Rag1 and Rag2 
promoters. We suspect that SATB1 binding to the Rag locus 
is up-regulated in parallel with its increased expression in DP 
thymocytes, although our experiments do not directly ad-
dress this point. However, loss of SATB1 led to significant 
reductions in Rag gene expression, in Rag2 promoter inter-
actions with the ASE and Rag1 promoter, and in RNA pol II 
occupancy at the Rag promoters and silencer in DP thymocytes 

reporters that lack the silencer. One explanation for this dif-
ference could be that the analysis of a small number of BAC 
integrants did not provide an accurate picture of ASE activity. 
However, we favor an alternate possibility: in the environ-
ment of a chromosomally integrated locus, the silencer may 
be essential to create a repressive environment at the promot-
ers that would enforce the need for ASE activity, whereas ex-
trachromosomal reporters may be intrinsically suppressed at 
the promoters even in the absence of the silencer. A second 
point of divergence is that the BAC reporter studies showed 
the ASE to be active but not essential for Rag gene expression 
in DN thymocytes, whereas we see no clear evidence for 
long-distance interaction between the ASE and the Rag pro-
moters in that compartment. This difference may simply  
reflect insensitivity of our 3C analysis to low frequency ASE–
promoter interactions that may occur in DN thymocytes. 
Nevertheless, the BAC transgene and our current work are 
concordant in many regards, especially the greater reliance on 
ASE activity and long-distance interactions in DP compared 
with DN thymocytes.

The intriguing distribution of RNA pol II at the Rag 
locus suggests potential mechanisms by which the ASE might 
regulate Rag gene expression. At the ASE, we found RNA  
pol II to be present at high levels in DN and DP thymocytes 
and in SATB1-deficient DP thymocytes, but not in LN T cells.  
However, high level RNA pol II occupancy at the Rag1 and 
Rag2 promoters was only detected in SATB1-sufficient DP 
thymocytes, thereby correlating with looping between the 
ASE and the two Rag promoters. This suggests that an impor-
tant function of these regulatory loops is to promote RNA 
pol II loading to the promoters (Fig. 8). RNA pol II binding 
is a shared property of many enhancers and is often associated 
with the transcription of enhancer RNAs (Kim et al., 2010; 
Koch et al., 2011; Natoli and Andrau, 2012). Recent data sug-
gest that enhancer RNAs may play a direct role in enhancer-
promoter looping and promoter activation via a mechanism 
that may involve cohesin (Li et al., 2013). Consistent with 
these possibilities, the ASE binds TATA-binding protein and 
general transcription factors in addition to RNA pol II (Koch  
et al., 2011), and there is low-level ASE transcription in DP 
thymocytes. RNA pol II initially recruited to the ASE could 

Figure 8.  Model depicting ASE- and SATB1-
dependent Rag1 and Rag2 gene expression in DP 
thymocytes. The Rag1 and Rag2 promoters have mini-
mal contact with the RNA polII-loaded ASE in DN thy-
mocytes and are transcribed at modest levels. SATB1 is 
up-regulated in DP thymocytes, binds to the ASE and 
Rag promoters, and facilitates formation of a chroma-
tin hub that promotes RNA Pol II recruitment and 
trans-activation of the promoters. In the absence of 
SATB1, the Rag2 promoter is preferentially excluded 
from the chromatin hub, leading to reduced RNA Pol II 
recruitment and trans-activation of both promoters.
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(BioLegend). Sorting was performed on a FACSVantage (BD) and the purity 
of cells after double sorting was >95%. Lymph node T cells were isolated as 
previously described (Jackson and Krangel, 2005).

In vitro survival assay. Sorted DP thymocytes (105) were cultured in 200 µl 
RPMI 1640 medium containing 10% FBS, 55 µM 2-mercaptoethanol, 2 mM  
l-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin for varying times 
in the presence of 10 ng/ml mouse recombinant IL-7 (R&D Systems). Apoptosis 
was measured by Annexin V and 7-aminoactinomycin D staining using the  
Annexin V-PE kit (BD) according to the manufacturer’s instructions.

ChIP. For immunoprecipitation using anti-trimethylated H3K4 (Millipore 
04–745) or control rabbit IgG (ab-105-c; R&D Systems), chromatin was pre-
pared without formaldehyde cross-linking and was immunoprecipitated ex-
actly as previously described (Hao and Krangel, 2011). Immunoprecipitated 
and input samples were quantified by real-time PCR using a Roche Light-
Cycler and a FastStart DNA Master Syber Green I kit (Roche). PCR condi-
tions were as follows: 5 min at 95°C followed by 45 cycles of 1 s at 95°C, 5 s 
at 62°C, 7 s at 72°C. Analysis of B2m was used to normalize ratios of bound/
input in different samples. Primers sequences are provided in Table S1.

For immunoprecipitation using anti-RNA pol II (Millipore; 05–623) or 
control rabbit IgG (R&D Systems; ab-105-c), 1 × 107 cells were subjected 
to cross-linking by incubation for 10 min on ice in 10 ml of RPMI 1640 
containing 10% FBS and 1% formaldehyde. The reaction was stopped by 
addition of glycine to 0.125 M and incubation for 5 min at 23°C. Cells were 
then washed in PBS and lysed by incubation for 10 min on ice in 1 ml of  
5 mM PIPES, pH 8.0, 85 mM KCl, 0.5% NP-40, 0.1 mM PMSF, and  
0.1 mM benzamidine. Nuclei were pelleted and lysed by resuspension in  
0.3 ml 50 mM Tris-HCl, pH 8.0, 10 mM EDTA, and 1% SDS. Chromatin was 
then pelleted through 8 M urea by centrifugation at 30,000 rpm for 16 h at 
10°C in a Beckman SW 40Ti rotor. After centrifugation, pelleted chromatin 
was resuspended in 10 mM Tris, pH 8.0, 1 mM EDTA, 5% glycerol, was di-
alyzed overnight at 4°C against the same buffer. The volume was then ad-
justed to 1 ml and the suspension was sonicated using a Model 550 Sonic 
Dismembrator (Thermo Fisher Scientific), alternating 15 s on and 20 s off for 
10 cycles with the sample immersed in an ice/water bath. Chromosomal 
DNA was reduced to an average size of 300–500 bp, as determined by aga-
rose gel electrophoresis. Sonicated chromatin was precleared with Protein 
A-Sepharose/salmon sperm DNA slurry (Millipore), incubated overnight at 
4°C with anti-RNA pol II or control rabbit IgG, and was subsequently  
incubated for 1 h with Protein A–Sepharose/salmon sperm DNA slurry. 
Immunoprecipitated DNA was then purified after vigorous washing of  
immunoprecipitates and reversal of cross-links by overnight incubation at 
60°C. Immunoprecipitated and input samples were quantified by real-time 
PCR using a Roche LightCycler 480 and a QuantiFast SYBRgreen kit 
(QIAGEN). PCR conditions were as follows: 5 min at 95°C followed by 
45 cycles of 10 s at 95°C, 30 s at 62°C.

ChIP-seq. For ChIP-seq using anti-SATB1 (Abcam; ab109122), 4 × 107 
C57BL/6 thymocytes were freshly prepared and washed with PBS contain-
ing 0.5 mM PMSF and were subjected to cross-linking by incubation for  
10 min in 5 mM Hepes, pH 7.5, 10 mM NaCl, 0.1 mM EDTA, 0.05 mM 
EGTA, 1% formaldehyde at 23°C. The reaction was stopped by addition of 
glycine to 0.125 M. Cells were then immediately washed in ice-cold PBS 
containing 0.5 mM PMSF and lysed by incubation for 10 min on ice in 1 ml 
of 50 mM Hepes, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% Glycerol, 
0.5% NP-40, 0.25% TritonX-100 containing protease inhibitor (Roche). 
Nuclei were pelleted and lysed by resuspending in 10 mM Tris-HCl, pH 8.0, 
200 mM NaCl, 1 mM EDTA, and 0.5 mM EGTA containing protease in-
hibitor (Roche). Pelleted chromatin was resuspended in 400 µl of 10 mM 
Tris, pH 8.0, 300 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% TritonX-
100, 0.1% sodium deoxycholate and 0.5% N-laurylsarcosine, and was soni-
cated using a model XL2000 ultrasonic cell disruptor (MICROSON) so that 
relatively large fragments (1–10 kbp) were included. Sonicated chromatin was 
incubated overnight at 4°C with anti-SATB1 antibody that was preconjugated 

(Fig. 8). Thus, our results for the Rag locus are fully consis-
tent with prior examples in which SATB1 was shown to reg-
ulate genomic loci by tethering the bases of chromatin loops 
and recruiting critical chromatin remodeling complexes and 
RNA Pol II (Cai et al., 2003, 2006; Kumar et al., 2007). Our 
results indicate that ASE–Rag1 promoter interactions can  
be assembled in a SATB1-independent fashion, but that the 
Rag2 promoter depends on SATB1 to effectively join this 
complex (Fig. 8). Reduced RNA pol II loading and tran-
scription of Rag2 in the absence of SATB1 may be a straight-
forward consequence of exclusion of this promoter from  
the ASE-Rag1 complex. However, RNA pol II loading and 
transcription of Rag1 are also reduced in the absence of 
SATB1 even though the Rag1 promoter maintains contact with 
the ASE. This suggests that Rag1 promoter activity may de-
pend on the formation of a holocomplex containing the ASE 
and both promoters. Alternatively, SATB1 could play a more 
direct role in ASE or promoter activity in addition to mediating 
their long-distance interactions. Consistent with this possibil-
ity, SATB1 binding is centered within the 140-bp enhancer 
core of the ASE.

In summary, we demonstrate that Rag gene expression in 
DP thymocytes depends on the assembly of a multi-component 
chromatin complex, or hub, containing the ASE and both 
Rag gene promoters. We show, too, that chromatin orga-
nizer SATB1 plays an important role in the assembly of this 
complex and in Rag gene transcription, functioning at least  
in part by stimulating RNA pol II loading to the Rag promoters. 
Whether SATB1 serves purely in an architectural capacity to 
facilitate long-distance looping, or also functions in a more 
direct manner to effect promoter activation, will be an impor-
tant issue for future studies.

MATERIALS AND METHODS
Mice. ASE/ mice (Yannoutsos et al., 2004) and Vav-Cre mice (de Boer 
et al., 2003) were obtained from The Jackson Laboratory. Bcl2 transgenic 
mice (Domen et al., 1998) and Lat/ mice (Zhang et al., 1999) were pro-
vided by J. Domen (Duke University, Durham, NC) and W. Zhang (Duke 
University, Durham, NC), respectively. Mice were maintained on a C57BL/6 
background and were housed in specific pathogen-free conditions. All mice 
were used in accordance with protocols approved by the Duke University 
Institutional Animal Care and Use Committee.

Flow cytometry and cell sorting. For surface staining, erythrocyte-lysed 
single-cell suspensions were prepared in staining medium (DMEM + 2% FCS) 
with 1 mg/ml normal rat IgG (Sigma-Aldrich) and were stained on ice for  
20 min using the following antibodies: FITC-CD8 (53–6.7), PE-CD3 
(145-2C11), PE/Cy5-B220 (RA3-6B2), Mac-1 (M1/70), Gr-1 (RB6-8C5), 
TER119 (TER-119), PE/Cy7-CD4 (GK1.5), APC-CD44 (IM7), TCR 
(H57-597), and APC/Cy7-CD25 (PC61.5) from eBioscience, as well as PE/
Cy5-CD11c (HL3) from BD. FACS analyses were performed on a FACS-
Canto II (BD) and data were analyzed with FlowJo software (Tree Star).

For cell sorting, single-cell suspensions were prepared following erythro-
cyte lysis. DN3 thymocytes (CD4CD8CD25+CD44/lo) and a combined 
DN2/3 thymocyte population (CD4CD8CD25+) were obtained after ini-
tial depletion of CD4+ and CD8+ cells using biotinylated-CD4 and CD8 anti-
bodies (GK1.5 and 53–6.7, respectively [eBioscience] and streptavidin MACS 
beads (Miltenyi Biotec). DP thymocytes (CD4+CD8+) were obtained by sorting 
of whole thymocytes using FITC-CD8 (53–6.7) and PE/Cy7-CD4 (GK1.5) 
antibodies (eBioscience) or PE-CD4 (GK1.5) and FITC-CD8 (53–6.7) antibodies 
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Tris, pH 7.4, 10 mM MgCl2, diluted to 7 ml in 30 mM Tris, pH 7.4, 10 mM 
MgCl2, 1 mM DTT, and 0.1 mM ATP, and was ligated by addition of 4,000 U 
T4 DNA ligase for overnight incubation at 16°C. Ligated chromatin was incu-
bated overnight at 60°C to reverse cross-links and DNA was purified by extrac-
tion with phenol/chloroform and ethanol precipitation.

Ligation products were quantified by TaqMan quantitative real-time PCR 
(Roche) using a Roche LightCycler 480 and PCR conditions as follows: 5 min 
at 95°C followed by 45 cycles of 10 s at 95°C and 30 s at 62°C. To generate li-
gation product standards, 10 µg of BAC RP23-325I3 was digested at 37°C 
overnight with 50 U HindIII or BglII, after which DNA was purified by phe-
nol/chloroform extraction and ethanol precipitation, and then ligated over-
night at 16°C in a 200 µl reaction containing 40 U T4 DNA ligase. Purified, 
ligated DNA was serially diluted in 10-fold increments from a 2 ng/µl stock to 
generate the standard curve.

Digestion efficiencies of different experimental samples were 90–94% as 
determined by quantitative real-time PCR in which yields of several amplicons 
that span HindIII or BglII sites were compared with yields of neighboring am-
plicons that were not disrupted by digestion. Normalization of 3C PCR signals 
from different samples was accomplished by setting the nonspecific interaction 
of the bait fragment with one of its nearest neighbor fragments equal to one in 
each sample. Primer and probe sequences are provided in Table S1.

FAIRE. FAIRE was performed essentially as previously described (Giresi et al., 
2007) except that quantitative real-time PCR was used to evaluate enrichment 
of sequences in DNA purified from formaldehyde-cross-linked as compared 
with uncrosslinked samples. Primer sequences are provided in Table S1.

Luciferase. VL3-3M2 cells were provided by S. Sarafova (Davidson College, 
Davidson, NC) and were cultured in RPMI-1640 supplemented with 10% 
fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin, 55 µM  
2-mercaptoethanol, 2 mM l-glutamine, and 25 mM Hepes, pH 7.0. Approxi-
mately 3 × 105 cells were transfected with versions of the pXPG firefly  
luciferase reporter plasmid (Bert et al., 2000) containing the Rag1 or Rag2 
promoter and different anti-silencer region or control DNA fragments. In brief, 
1 µg of each construct was cotransfected with 100 ng of plasmid expressing  
Renilla luciferase using the Superfect transfection reagent (QIAGEN). Cells 
were cultured for 48 h in 0.5 ml of medium in a 24-well plate and were then 
harvested to assay for luciferase activity using an Infinite F200 Tecan plate  
luminometer and a Dual-Luciferase Reporter Assay kit (Promega) according 
to the manufacturer’s instructions.

Online supplemental material. Fig. S1 shows normal DN-to-DP transition 
in SATB1-deficient thymocytes. Table S1 lists oligonucleotides used as PCR 
primers and probes. Online supplemental material is available at http://www 
.jem.org/cgi/content/full/jem.20142207/DC1.
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  Figure S1. Normal DN-to-DP transition in SATB1-defi cient thymocytes.  Thymocytes isolated from WT ( Satb1  f/f ) and  Satb1   � / �   ( Satb1  f/f  Vav- Cre) 

littermates were examined by fl ow cytometry using antibodies specifi c for CD4, CD8, CD44, and CD25. CD44 and CD25 staining is shown for gated 

CD4  �  CD8  �   thymocytes. The percentage of thymocytes in each quadrant or gate is indicated.   
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  Table S1.  List of oligonucleotides used as PCR primers and probes 

Primer Sequence Use/Figure/Table

Tcra coding joints

TRAV12 (Va8) 5’-GCAGCAGCTCCTTCCATC-3’ F1A, 2D

TRAV13 (Va10) 5’-AAGAACGTCGCAGCTCTTTG-3’ F1A

TRAV14 (Va2) 5’-TGGAGACTCAGCCACCTACT-3’ F1A

Ja61R 5’-ATGAGTCTTCCAGTCATGGC-3’ F1A, 2D

Ja57R 5’-AGCTCACTGTCAGCTTTGTCC-3’ F1A, 2D

Ja53R 5’-GGAGTCACAGTTAAGAGAGTTCC-3’ F1A

Ja49R 5’-GGAATGACAGTCAAACTTGTTCC-3’ F1A

Ja40R 5’-TGGTACCTGCTCCAAAGACG-3’ F1A

Ja37R 5’-AAATGAGCATAAGCGACAG-3’ F1A, 2D

Ja31R 5’-GCGTCCCATCACCAAAGAAG-3’ F1A

Ja17R 5’-TGATGGCTAGGCTCCTTTTC-3’ F1A, 2D

Ja2R 5’-TACCGGGTTGCAAATGGTG-3’ F1A

RT-PCR

Rag1S 5’-TGGAGCAAGGTAGCTTAGCCAACA-3’ F2A, 2B

Rag1AS 5’-TGGGTGTTGAATTTCATCGGGTGC-3’ F2A, 2B

Rag2S 5’-TGCCGAGTTTAATTCCTGGCTTGG-3’ F2A, 2B

Rag2AS 5’-CACTGTTACCATCTGCAGGGACAT-3’ F2A, 2B

Satb1S 5’-CCTGGATGAGCCCTTTGG-3’ T2

Satb1AS 5’-CTGCGTGGTGGAACATTATG-3’ T2

TEA-F 5’-GCACCTTCCTTCCAAGATTCCT-3’ F1E

TEA-R 5’-GTGCTGGTCCTTGTCTTTCGTT-3’ F1E

Ja56 F 5’-CCCTTGGAACCCTGATATGC-3’ F1E

Ja56R 5’-CAGCCATTGTTTGGATTGGA-3’ F1E

Ja31 F 5’-GCAGCCTGCCAGCTATCTTT-3’ F1E

Ja31R 5’-CAAAAGCAGCAACCCAACAA-3’ F1E

Ja23 F 5’-AGAGGAGGCCGAAAGTCTCC-3’ F1E

Ja23R 5’-TGCACAAATCCAGGCCTATG-3’ F1E

TRAC-F 5’-TGATGCCACGTTGACGTTTGAGA-3’ F1E

TRAC-R 5’-TCCATAGCTTTCATGTCCAGC-3’ F1E

Actb-F 5’-ACACCCGCCACCAGTTC-3’ F2A

Actb-R 5’-TACAGCCCGGGGAGCAT -3’ F2A

Hprt-S 5’-TCAGTCAACGGGGGACATAAA-3’ F1E, 2B

Hprt-AS 5’-GGGGCTGTACTGCTTAACCAG-3’ F1E, 2B

ChIP

AF (17F) 5’-AGGCTGGGAGTCCAGAGCTTA-3’ F2C

AR (17R) 5’-GCTTGATGCATTTGGGAGAGA-3’ F2C

BF (ASE3F) 5’-CACTGCCTTGCTGGTTGTGA-3’ F2C, 6A, 6B, 6C

BR (ASE3R) 5’-GATGATGTGGGGAGGCTCAG-3’ F2C, 6A, 6B, 6C

CF (ASE2F) 5’-GGGAGTGAGTGCTGGGAATG-3’ F2C, 6A, 6B, 6C

CR (ASE2R) 5’-TCAAAAGCGAAGGCACCCTA-3’ F2C, 6A, 6B, 6C

DF (ASE1F) 5’-TTACAGGCATGTGCCACCAC-3’ F2C, 6A, 6B, 6C

DR (ASE1R) 5’-TCTGGCTGGTTCCACTTTGG-3’ F2C, 6A, 6B, 6C

EF (40F) 5’-CCAACTGAGAGGAGCTTCATCC-3’ F2C

ER (40R) 5’-TCCTCCCCATCTTGCACATAGT-3’ F2C

FF (50F) 5’-ATGGCCACAACTAGCCAAGAA-3’ F2C

FR (50R) 5’-CCGCTTTCCAATATGCTGTTT-3’ F2C

GF (60F) 5’-TGGAGAGGTTTAGGAGGCAAGG-3’ F2C

GR (60R) 5’-AATCCTCATCCACAAGCAGGAA-3’ F2C

HF (70F) 5’-TGCAGCGATGTCATGCTATACAC-3’ F2C
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ChIP

HR (70R) 5’-GAAATACTCCGAATGCCCATCA-3’ F2C

IF (EragF) 5’-AATGCTAAGCCCTCGGGTTCT-3’ F2C, 2E, 6A, 6B, 6C

IR (EragR) 5’-AGCTGGCCCTCTTACCCATTT-3’ F2C, 2E, 6A, 6B, 6C

JF (DistalEnF) 5’-TCTGTCCGAGAGATGGGAGAA-3’ F2C, 2E, 6A, 6B, 6C

JR (DistalEnR) 5’-GCTCCACAGGCATTGTCGTAT-3’ F2C, 2E, 6A, 6B, 6C

KF (ProxEnF) 5’-CGCATCCTTTTCTACTTCCGTTT-3’ F2C, 2E, 6A, 6B, 6C

KR (ProxEnR) 5’-TGACTCGGGTAGTGGGAGCTAA-3’ F2C, 2E, 6A, 6B, 6C

LF (R2ProF) 5’-AGGGATAAGCAGCCCCTCTG-3’ F2C, 2E, 6A, 6B,6

LR (R2ProR) 5’-TGCTCTGCCCTCTTGTAGCC-3’ F2C, 2E, 6A, 6B, 6C

MF (NWCProF) 5’-TTCGCACGTTTGGAGTCCTTAT-3’ F2C, 2E, 6A, 6B, 6C

MR (NWCProR) 5’-ATCCGTGTTCTATGGGCTGTGT-3’ F2C, 2E, 6A, 6B, 6C

NF (SilF) 5’-TCACAAAGATGAGCTAGACGGAGT-3’ F2C, 2E, 6A, 6B, 6C

NR (SilR) 5’-TTGCCACATCCTATCCTTTTGA-3’ F2C, 2E, 6A, 6B, 6C

OF 5’-CAGATGCGGCAGAAGTGTCTAA-3’ F2C, 2E, 6A, 6B, 6C

OR 5’-AACGAGCACTGAAACTCCATCC-3’ F2C, 2E, 6A, 6B, 6C

PF 5’-AGGGTGTTCATGGGGACTTTCT-3’ F2C, 2E, 6A, 6B, 6C

PR 5’-TTGGAGCGATTACAAGGACTCA-3’ F2C, 2E, 6A, 6B, 6C

QF (R1ProF) 5’-TGCTAGAATGTCTGCAGCTTGG-3’ F2C, 2E, 6A, 6B, 6C

QR (R1ProR) 5’-GGAAGGGCAGTGAGAGCTGATA-3’ F2C, 2E, 6A, 6B, 6C

RF (140F) 5’-TACCCAGCTGTGAATCCAGTGA-3’ F2C, 2E

RR (140R) 5’-TCTCCCTGTAGAGCAGGTCTCAA-3’ F2C, 2E

MgF (MageA2cF) 5’-AACGTTTTGTGAACGTCCTGAG-3’ F2C, 2E, 6A, 6B, 6C

MgR (MageA2b-R) 5’-GACGCTCCAGAACAAAATGGC-3’ F2C, 2E, 6A, 6B, 6C

B2MF 5’-CTGCTACTCGGCGCTTCAGT-3’ F2C, 2E, 6A, 6B, 6C

B2MR 5’-GAGAGGGGAAAGAGGCACTCA-3’ F2C, 2E, 6A, 6B, 6C

3C using HindIII

H23.6R ASE bait 5’-GCAGTGGTCTCTCATGTTCATTTAC-3’ F3B, 5A

H23.5 ASE probe 5’-TGAAGTCAGCCAATCACACTACAGCACT-3’ F3B

H119.3 Rag1 bait 5’-GGACTCAAGAGGAAGAGACATCAG-3’ F5A

H119.2 Rag1 probe 5’-AGCCTGAGTTCTCTTGCGACGGTCC-3’ F5A

H13.2R 5’-TCAGGCTCTGTACCCCCATT-3’ F5A

H22.5R 5’-CATTGGACAGTGCCCTAGCA-3’ F3B

H30.4R 5’-CCTGAGGAAGGGGGTAGGAA-3’ F3B

H38.6R 5’-GTAGTAGCAGCGTGTGGCATTT-3’ F3B

H46.0R 5’-GCTACATTGGTGGTCAGTGGAG-3’ F3B

H81.6R 5’-GCATTATGTTGTTGACACTGTGGA-3’ F3B, 5A

H99.7R 5’-AAGTCCCGAGATACCAGTCATTTG-3’ F3B, 5A

H102.5R 5’-CTGCCTGTTATATAGGGCTGGTCT-3’ F3B

H103.4R 5’-CCTCCTTTCATACTGCTGTCAGAT-3’ F3B

H109.4R 5’-TTGACAGTAACAGACTGGACGTTG-3’ F3B

H110.0R 5’-GCAATAGTTTCTGTCTGCTGCAA-3’ F3B, 5A

H112.6R 5’-CAAAACCAAATCCAAACCAGATAGT-3’ F3B

H114.0R 5’-ACAGTTAGGAGGCAGGATTGGA-3’ F5A

H117.5R 5’-CCACGCTGGACAAACATCTC-3’ F3B

H117.8R 5’-CGGGAAGTAGAAGGCTTGGA-3’ F5A

H119.2R 5’-AGGCTAGGGTCAGCAGCAAG-3’ F3B

H133.4R 5’-GCCAAACTTGCAGACACAGC-3’ F3B, 5A

H102.3F Rag2 bait 5’-TCAAAAGTTTAGCACTTACACCATC-3’ F5B
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3C using HindIII

H102.4F Rag2 probe 5’-AACATCTTCCAGGTCCCTCCATTCT-3’ F5B

H22.3F 5’-AAAGAGCTTCACCACAGAACT F5B

H30.3F 5’-CTGCTTCAGACAGCTTATTGC-3 F5B

H73.0F 5’-GGCGTCTTTGCTTTTAAATTATGTG-3’ F5B

H89.0F 5’-ATATGGGGTCGCCTTACAATATG-3’ F5B

H99.5F 5’-GAGACATTCTGATCTCTGCTTCAG-3’ F5B

H103.3F 5’-CACAAGCAGGAAGTACACTTCA-3’ F5B

H109.2F 5’-TCATATCCTCAAACTCCAACATGG-3’ F5B

H112.5F 5’-CACTTTACTTGACACCACGGAAAA-3’ F5B

H119.0F 5’-GAGATGGATTTCACAAAGTGTGCT-3’ F5B

H133.3F 5’-CTTGTGAGTTTCCCTAAGAAGC-3’ F5B

H141.9F 5’-GGTGGACAGAGTCACCCAAAG-3’ F5B

3C using BglII

B27.0R ASE bait 5’-GTCAAACTCCCACTATGGTTC-3’ F3C, 4B,4C

B27.0 ASE probe 5’-AGACACCTTGCCTGGCTGCCTT-3’ F3C, 4B

B26.3R 5’-TCCAATACGAGATAGTTGGCTC-3’ F3C

B41.9R 5’-GAGACTTCTGAGGTTCATGCT-3’ F3C

B48.9R 5’-TGTGTATTTCCCCCTTTGAGA-3’ F3C

B77.4R 5’-CCTTTCGGATAGTGCTAGATGG-3’ F3C

B96.5R 5’-GAATGCCAAGTGAAAAGGTCA-3’ F3C

B99.3R 5’-AGGACCTTTTCTGCTTTGTCATTC-3’ F3C, 4B

B101.1R 5’-TTGGTTTATGGGCTGGAATCG-3’ F3C

B108.6R 5’-ATGGACATACACAGAGGAACA-3’ F3C

B119.2R 5’-AGGCTAGGGTCAGCAGCAAG-3’ F3C, 4B

B123.9R 5’-GCACAGAAGTGTGATTGG-3’ F3C

B135.2R 5’-AGACGGAACTCCCATGTC-3’ F3C

B146.6R Traf6 bait 5’- TCCCTTGAAGCGAGACTGTC-3’ F4B, 4C

B146.6 Traf6 probe 5’-ACTCCAGACGTGCCCTGCTGCTTGCC-3’ F4C

B155.4R 5’-CCAACCTCTCTCAACGACAC-3’ F4C

B64.3F 5’- GGTGTGGAACAGGGTTCAAGAC-3’ F4C

B-106.8R 5’- CAGGAGGCAATAGTTCTGACTGG-3’ F4C

3C HindIII digest controls

ASE control1 F 5’-GCACTTGTGTGGGCTTGTATG-3’ Unpublished data

ASE control1 R 5’-GTATGTGCTTGGTGTGTGTGTG-3’ Unpublished data

ASE HindIII F 5’-AAAGCACCCTGCTTCAGACA-3 Unpublished data

ASE HindIII R 5’-CCTGAGGAAGGGGGTAGGAA-3’ Unpublished data

Rag2 control F 5’-AGGGATAAGCAGCCCCTCTG-3’ Unpublished data

Rag2 control R 5’-TGCTCTGCCCTCTTGTAGCC-3’ Unpublished data

Rag2 5’ HindIII F 5’-GAGACATTCTGATCTCTGCTTCAG-3’ Unpublished data

Rag2 5’ HindIII R 5’-AAGTCCCGAGATACCAGTCATTTG-3’ Unpublished data

Rag2 3’ HindIII F 5’-ACCTGGAAGATGTTAAGAGCCAGA-3’ Unpublished data

Rag2 3’ HindIII R 5’-CTGCCTGTTATATAGGGCTGGTCT-3’ Unpublished data

Sil control F 5’-TCACAAAGATGAGCTAGACGGAGT-3’ Unpublished data

Sil control R 5’-TTGCCACATCCTATCCTTTTGA-3’ Unpublished data

Sil HindIII F 5’-CACTTTACTTGACACCACGGAAAA-3’ Unpublished data
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3C HindIII digest controls

Sil HindIII R 5’-CAAAACCAAATCCAAACCAGATAGT-3’ Unpublished data

3C BglII digest controls

ASE control2 F 5’-GGGAGTGAGTGCTGGGAATG-3’ Unpublished data

ASE control2 F 5’-TCAAAAGCGAAGGCACCCTA-3’ Unpublished data

ASE BglII F 5’-CTTTCCTCTGCACTTTAGCTC-3’ Unpublished data

ASE BglII R 5’-GTCAAACTCCCACTATGGTTC-3’ Unpublished data

Rag2 control F 5’-AGGGATAAGCAGCCCCTCTG-3’ Unpublished data

Rag2 control R 5’-TGCTCTGCCCTCTTGTAGCC-3’ Unpublished data

Rag2 BglII F 5’-GATGGAAGAAAAAGCCCTACCA-3’ Unpublished data

Rag2 BglII R 5’-AGGACCTTTTCTGCTTTGTCATTC-3’ Unpublished data

Sil control2 F 5’-TCATATCCTCAAACTCCAACATGG-3’ Unpublished data

Sil control2 R 5’-TTGACAGTAACAGACTGGACGTTG-3’ Unpublished data

Sil BglII F 5’-TGTAGAGATGGACCAGTTCAC-3’ Unpublished data

Sil Bgl II R 5’-ATGGACATACACAGAGGAACA-3’ Unpublished data

Rag1 control F 5’-TGCTAGAATGTCTGCAGCTTGG-3’ Unpublished data

Rag1 control R 5’-GGAAGGGCAGTGAGAGCTGATA-3’ Unpublished data

Rag1 BglII F 5’-GGATCTTCATGCTGTGAGCAC-3’ Unpublished data

Rag1 BglII R 5’-AAGAGGGGTCACACTTGG-3’ Unpublished data

FAIRE

1 F 5’-CACTGCCTTGCTGGTTGTGA-3’ F7B

1 R 5’-GATGATGTGGGGAGGCTCAG-3’ F7B

2 F 5’-GGGAGTGAGTGCTGGGAATG-3’ F7B

2 R 5’-TCAAAAGCGAAGGCACCCTA-3’ F7B

3 F 5’-CTGTGGTGCAATCATTTGTTCA-3’ F7B

3 R 5’-GGTGGCACAATCACAACATT-3’ F7B

4 F 5’-AAGCTGGTTCTACAGGCAAAGG-3’ F7B

4 R 5’-CGGGGAAAAACACAAAGCAT-3’ F7B

5 F 5’-TTACAGGCATGTGCCACCAC-3’ F7B

5 R 5’-TCTGGCTGGTTCCACTTTGG-3’ F7B

MgF (MageA2cF) 5’-AACGTTTTGTGAACGTCCTGAG-3’ F7B

MgR (MageA2b-R) 5’-GACGCTCCAGAACAAAATGGC-3’ F7B

Luciferase constructs

Rag1p F 5’-AAACAACCCTGAATGTTTCTGC-3’ F7C

Rag1p R 5’-GGCCAGAGTGCTAGAATGTC-3’ F7C

Rag2p F 5’-TTAAGACAGTCATTTTTTGTGGGT-3’ F7C

Rag2p R 5’-CCTCTCTGAATCCTTTCGGCC-3’ F7C

AB F 5’-CCAGGAGTCTTTACTTGGTTGC-3’ F7C

AB R 5’-GGTGGCACAATCACAACATT-3’ F7C

A R 5’-AGAAACCTATCTTTGCAGCCCA-3’ F7C

A’ R 5’-CCTTTGAAGGTTGGCTGTTGGA-3’ F7C

B F 5’-ATGGGTAGTGCCCTACACC-3’ F7C

B’ F 5’-AGGGTGCCTTCGCTTTTGATG-3’ F7C
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SATB1 Plays a Critical Role in Establishment of Immune
Tolerance

Motonari Kondo,*,† Yuriko Tanaka,*,1 Taku Kuwabara,* Taku Naito,*

Terumi Kohwi-Shigematsu,‡ and Akiko Watanabe†,1

Special AT-rich sequence binding protein 1 (SATB1) is a genome organizer that is expressed by T cells. T cell development is severely

impaired in SATB1 null mice; however, because SATB1 null mice die by 3 wk of age, the roles of SATB1 in T cell development have

not been well clarified. In this study, we generated and analyzed SATB1 conditional knockout (cKO) mice, in which the SATB1 gene

was deleted from all hematopoietic cells. T cell numbers were reduced in these mice, mainly because of a deficiency in positive

selection at the CD4+CD8+ double-positive stage during T cell development in the thymus. We also found that SATB1 cKO mice

developed autoimmune diseases within 16 wk after birth. In SATB1 cKO mice, the numbers of Foxp3+ regulatory T (Treg) cells

were significantly reduced at 2 wk of age compared with wild-type littermates. Although the numbers gradually increased upon

aging, Treg cells in SATB1 cKO mice were still less than those in wild-type littermates at adulthood. Suppressive functions of Treg

cells, which play a major role in establishment of peripheral tolerance, were also affected in the absence of SATB1. In addition,

negative selection during T cell development in the thymus was severely impaired in SATB1 deficient mice. These results suggest

that SATB1 plays an essential role in establishment of immune tolerance. The Journal of Immunology, 2016, 196: 563–572.

I
dentity of T cells is established by T cell–specific gene
regulatory networks, which are composed of multiple tran-
scription factors (1). T cell development starts in the thymus

when multipotent progenitors or common lymphoid progenitors in
the bone marrow (BM) transit to the thymus through blood flow
and are recognized as CD42CD82 double-negative (DN) thy-
mocytes (2–4). The most immature thymocytes, called early T cell
progenitors (ETPs), in the DN thymocyte fraction have not only
T cell potential but also B cell and myeloid potential (5, 6). In the
thymic microenvironment, Notch signaling is activated in these

ETPs, which initiates T cell differentiation and shuts off devel-
opmental potential to other lineages (7–9). T lineage commitment
is established during the DN2 stage, more specifically at the
transition from the DN2a to the DN2b stage (10, 11). Recombi-
nation of the TCRb genes is completed in the DN3 stage. Only
DN3 cells with productive TCRb-chains can transit to the CD4+

CD8+ double-positive (DP) stage after b-selection (12). DP cells
rearrange the TCRa-chain gene, and their fate is determined by
two subsequent selection events, positive and negative selection
(2, 13). DP cells that successfully express TCRab-chains and that
recognize MHC–peptide complexes with moderate affinity are
positively selected and can advance to the next stage, either the
CD4+ or CD8+ single-positive (SP) stage (14–16). If the TCR on
the DP cells binds to MHC–peptide complexes with high affinity,
these cells are autoreactive T cells and die by apoptosis (17–19).
This elimination process is termed negative selection and is in-
dispensable for establishment of central tolerance (13, 20, 21).
Protection of DP cells from apoptosis after positive selection,
which is supported at least in part by the IL-7/IL-7R system, is
important in the transition from DP to SP cells (22). Because
intrathymic T cell development is a multiple-step and complicated
process, elucidation of gene expression patterns and their regu-
lation by a network of multiple transcription factors is necessary
to fully understand how T cell development and immune tolerance
is regulated at the molecular level.
Transcription factors bind to cis-elements in the promoters of

target genes and activate transcription of these genes (1). Because
not only individual transcription factors but also a set of tran-
scription factors that form transcriptional networks govern the
identity of developing T cells at the various maturational stages in
the thymus, it is important to understand how global epigenetic
regulation of genes is ensured (1, 23). Several nuclear proteins
are known to possess functions that regulate chromatin structure.
One such protein family is the SWI/SNF–chromatin remodeling
complex, which moves or removes nucleosomes and regulates
nucleosome positioning and density at the proper genomic location
(24). When the functions of SWI/SNF complexes are inhibited, the
expression of CD4 and CD8 molecules in developing T cells in the
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thymus are misregulated (25), which demonstrates that the regu-
lation of chromatin structures by SWI/SNF complexes plays a role
in proper gene expression in T cells. However, the action of SWI/
SNF complexes is necessary for a broad range of cell types
including pluripotent stem cells (26). Therefore, the existence
of another factor that regulates epigenetic gene expression in a
T-lineage–specific manner has been postulated.
Special AT-rich binding protein 1 (SATB1) is an NF that binds

AT-rich sequences (also known as base unpairing regions) and can
function as a genome organizer (27, 28). SATB1 forms complexes
with SWI/SNF factors and positively and negatively regulates
the expression of a vast number of genes (28–30). SATB1 ex-
pression is observed in hematopoietic stem cells (HSCs), and its
expression is abundant in thymocytes (31, 32). Accordingly,
SATB1 and its target genes are involved in various cellular
functions in different types of blood cells. For example, it has
been demonstrated that SATB1 is necessary for the self-renewal
of HSC (32). SATB1 also plays a role in lymphoid lineage
specification and/or commitment (31). In SATB1 null mice,
however, a dramatic change in cell phenotype is observed in the
thymus, where T cell development is mostly stagnated at the DP
stage (30). In addition, it has been reported that downregulation
of SATB1 is necessary for exhibition of proper inhibitory ac-
tions by regulatory T (Treg) cells, which negatively regulate
immune responses and are major players in establishment of pe-
ripheral tolerance (33). However, because SATB1 is expressed not
only by hematopoietic cells but also by other types of cells such as
neuronal cells, and because SATB1 null mice die by 3 wk after
birth, it is difficult to investigate the precise role of SATB1 in
T cell development and function (30).
In this study, we demonstrated that T cell development is

severely impaired in the absence of SATB1 by using a mouse
model in which the SATB1 gene was conditionally deleted in
hematopoietic cells. These SATB1 conditional knockout (cKO)
mice were created by crossing SATB1 floxed mice with Vav-Cre
transgenic (TG) mice (34, 35). We showed that the T cell de-
velopmental defect in SATB1cKO mice is mainly due to dys-
functional positive selection, resulting in stagnation at the
transition stage from the DP to the CD4+ or CD8+ SP stage.
Notably, the mortality rate of SATB1cKO mice was higher than
that of wild-type (WT) littermates. One cause of death of
SATB1cKO mice may be autoimmune manifestation because the
concentration of autoantibodies in the serum was increased in
SATB1cKO mice after 16 wk of age. In addition, inflammatory
lesions or lymphocyte infiltrates were observed in multiple or-
gans in SATB1cKO mice. We also found that negative selection
and a regulatory function of Treg cells were impaired in
SATB1cKO mice, suggesting that SATB1 plays an important
role in regulation of the gene expression that is critical for es-
tablishment of immune tolerance.

Materials and Methods
Mice

SATB1fl/fl mice were generated as described (34). Vav-Cre mice (35), OT-I
and OT-II TCR TG mice (36, 37), and RIPmOVA mice (38) were pur-
chased from The Jackson Laboratory. Lck-Cre mice (39) were obtained
from the Laboratory Animal Resource Bank at Nibiohn. HY-TCR TG mice
were provided by W. Zhang at Duke University. C57BL/6 mice were
purchased from CLEA Japan. RAG22/2 and C57BL/6 (CD45.1) mice
were maintained at the animal facility in Toho University. All mice were
maintained on a C57BL/6 background and under specific pathogen-free
conditions at the Toho University School of Medicine animal facility. All
experiments using mice received approval from the Toho University Ad-
ministrative Panel for Animal Care (15-55-262) and Recombinant DNA
(15-52-260). Mice were used at 5–10 wk of age unless otherwise specified
in the text.

Real-time quantitative RT-PCR

Total RNA from various cell populations was extracted using the TRIzol
reagent (Invitrogen). The High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) was used for first-strand synthesis. Quantitative RT-
PCR was performed according to the protocol of TaqMan gene expression
assay kits (Applied Biosystems) with an ABI 7500 Fast system (Applied
Biosystems) using the following primers: Hprt, Mm00446968_m1, and
SATB1, Mmoo485920_m1. Results were normalized to the expression of
Hprt mRNA.

Flow cytometry

Abs used for cell-surface and intracellular staining were as follows: anti–
CD4-PE–Cy7 (GK1.5), anti-CD5–FITC (53-7.3), anti-CD8–Pacific Blue
(53-6.7), anti-CD24–PE (M1/69), anti-CD25–PE (PC61), anti-CD44–PE (IM7),
anti-CD45.2–allophycocyanin (104), anti-CD62L–FITC (MEL-14), anti-
TCRb–APC (H57-597), anti-Va2–PE (B20.1), anti-Vb5.1 5.2–FITC (PE-
MR9-4), and anti-B220–FITC (RA3-6B2) were obtained from BioLegend.
Anti-CD45.1–FITC (A20), anti-CD69–FITC (H1.2F3), anti-HY–APC
(T3.70), anti–c-Kit–APC (2B8), anti-Thy1.2–PE (53-2.1), and anti-Foxp3–
FITC (FJK-16a) were purchased from eBioscience. Anti-TCRb–APC Abs
(H57-597) were obtained from Tonbo Biosciences.

For staining, erythrocytes were depleted from a single-cell suspension
derived from the various organs specified in the figure legends. After
the cells were washed with FACS buffer (2% FBS in 13 PBS with
0.05% NaN3), they were incubated with a mixture of fluorescence-
conjugated Abs on ice for 20 min and then washed twice with FACS
buffer. A Cytofix/Cytoperm kit (BD Biosciences) was used for intracellular
staining by following the instructions of the kit. Flow cytometric analysis
was performed using FACSCanto II (BD Biosciences) and FACSAria III
(BD Biosciences). Cell sorting was done using FACSAria III (BD Bio-
sciences). Dead cells were excluded as 7-aminoactinomycin D–positive
(BD Biosciences) cells. Data were analyzed using FlowJo software
(Tree Star).

BM chimeras

BM cells isolated from SATB1cKO (CD45.2) mice, their WT littermates
(CD45.2), and congenic C57BL/6 (CD45.1) mice were stained with anti-
B220–FITC, anti-Thy1.2–PE, and anti–c-Kit–APC Abs. Subsequently,
c-Kit+Thy1.22/loB2202 hematopoietic progenitor cells (HPCs) with HSCs
were purified using cell sorting on an FACSAria III (BD Biosciences).
HPCs (1 3 106 cells) from SATB1cKO mice or a mixture of HPCs from
SATB1cKO mice and congenic C57BL/6 (CD45.1) mice at a ratio of 1:1
were i.v. injected into lethal dose–irradiated (900 rad) C57BL/6 (CD45.1)
mice. Splenocytes from these mice were analyzed on FACS machines at
8 wk after injection of the HPCs.

Histopathology and immunohistochemistry

Mouse tissues were fixed in 10% formalin solution (Wako) and embedded
in paraffin. Sections (6 mm) were stained with H&E and observed using
a BX61 microscope (Olympus).

Autoantibody detection

Anti-dsDNA Abs in the serum were measured using a Mouse Anti-dsDNA
ELISA kit (Shibayagi).

In vitro Treg cell suppression assay

CD252CD4+ conventional T (Tconv) cells and CD25+CD4+ Treg cells
from spleen and peripheral lymph nodes were purified by cell sorting.
Responder Tconv cells (CD45.1, 2 3 105 cells) were labeled with CFSE
according to the manufacturer’s instructions (Invitrogen) and cultured for
4 d with irradiated splenocytes (1 3 105 cells; CD45.2) and anti-CD3ε Ab
(5 mg/ml; 145-2C11; eBioscience) in the presence or absence of CD25+

CD4+ Treg cells (CD45.2) either from SATB1cKO mice or their WT lit-
termates. CFSE levels on Tconv cells were then measured by gating on
CD45.1+ cells in FACS analysis.

In vivo Treg cell suppression assay (T cell–mediated colitis
model)

Rag22/2 mice were injected i.v. with CD252CD4+CD45RBhi T cells (2 3
105) in the presence or absence of CD25+CD4+ Treg cells (2 3 105). The
mice were weighed weekly, assessed for clinical signs of colitis for 5 wk,
and then killed to determine the presence of colitis in colon sections.
Colons were fixed in 10% formalin solution and embedded in paraffin.
Sections (6-mm thick) were stained with H&E.
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In vivo injection of anti-CD3 Abs

WT and SATB1 cKO mice were i.p. injected with 25 mg anti-CD3ε Abs in
100 ml PBS. After 48 h, thymocytes were isolated, and the expression of
CD4 and CD8 was analyzed using FACS.

Statistical testing

Statistical analysis was performed with the mean difference hypothesis of
Student t test or the Mann–Whitney U test with assumption of different
variances and a confidence level of 95%.

Results
The effects of SATB1 deficiency on thymocyte development

SATB1 expression is observed in hematopoietic cells as early as
the HSC stage (32). In this study, real-time quantitative RT-PCR
analysis of thymus tissue indicated that, although all thymocytes
of WT mice expressed SATB1 mRNA, the expression level was
the highest at the DP stage and decreased thereafter along with
maturation (Fig. 1A). This result implies that SATB1 expression is
important at the DP stage during intrathymic T cell development.
To investigate the effect of SATB1 deficiency on T cell devel-

opment, we generated SATB1cKO mice by crossing mice with an
SATB1 floxed allele (SATB1fl/fl mice) with Vav-Cre TG mice (34,
35, 40). As in the case of SATB1 null mice (30), T cell devel-
opment was severely impaired in the SATB1cKO mice (Fig. 1B,
1C). Thymocyte numbers in SATB1cKO mice (0.55 6 0.18 3 108;
p, 0.05) were ∼40% of those in WT littermates (1.36 0.143 108).
Reduction in the number of thymocytes in SATB1cKO mice was
significant in the SP population (Fig. 1B, 1C), suggesting that
transition from the DP to the SP stage, in which positive selec-
tion is required, is impaired (13).
The decrease in the number of thymocytes in SATB1cKO mice

was observed even for the most immature population of thymo-
cytes, the ETPs (Fig. 1D). A significant reduction was observed
in the number of common lymphoid progenitor cells but not in
HSCs in BM of SATB1cKO mice compared with WT mice
(Supplemental Fig. 1A). These findings are consistent with our
previous report that SATB1 deficiency might affect specification
and/or commitment of the lymphoid lineage (32). Indeed, no
significant difference was observed in the number of ETPs be-
tween WT mice and SATB1 floxed mice with Cre transgenes

under the control of the Lck proximal promoter (Lck-Cre), which
are active in thymocytes after the DN2 stage (41), although the
number of ETPs in Lck-Cre-SATB1fl/fl mice was lower than that in
WT mice (Supplemental Fig. 2A).

Peripheral T cells are activated in the absence of SATB1

We next analyzed peripheral T cells in SATB1cKO mice and their
WT littermates. Reflecting the observed reduction in the number
of SP thymocytes, both CD4+ and CD8+ T cells were significantly
decreased in the spleen of SATB1cKO mice (Fig. 2A). As in the
case of SATB1 null mice (30), CD4+CD8+ DP cells were observed
in the spleen of SATB1cKO mice (Fig. 2A), suggesting that
SATB1 is involved in the downregulation of CD4 and/or CD8
molecules in peripheral T cells. In contrast to the T cell defect in
SATB1cKO mice, the B cell number was not significantly dif-
ferent between SATB1cKO and WT littermates (Fig. 2B).
T lymphopenia may lead to activation of T cells as the result of

cell expansion by homeostatic proliferation (42). This also appears
to be the case for SATB1cKO mice because the number of
CD62LhighCD442/lo naive T cells was drastically reduced and that
of CD62L2CD44high effector/memory T cells was significantly
increased in both CD4+ and CD8+ populations in the spleen of
SATB1cKO mice (Fig. 2C, 2D). The mechanism that underlies
this phenomenon is unclear; however, whereas naive T cells in
WT mice showed from low to negative expression of CD44, naive
T cells in the SATB1cKO mice were mostly negative for CD44
(Fig. 2C). Activated T cells in SATB1cKO mice seem to enhance
humoral immunity because germinal center B cells, which are
positive for GL7, were detected in the spleen and lymph nodes of
SATB1cKO mice (data not shown).
To address whether T cell activation in SATB1cKO mice

was truly due to homeostatic proliferation under a lymphopenic
condition, we generated chimeric mice by injecting BM cells from
SATB1cKO (CD45.2) andWTC57BL/6 (CD45.1) mice into lethally
irradiatedWTmice (CD45.1). At 6 wk after BM reconstitution in the
mice injected with SATB1cKO BM alone, ∼10% of the CD4+ cells
derived from SATB1cKO BM were naive cells (Fig. 3A, left panel,
Fig. 3B). When SATB1cKO BM cells were injected with WT BM
cells, the percentage of naive CD4+ T cells was increased to ∼20%
(Fig. 3A, right panel), which is comparable to the number of CD4+

FIGURE 1. Defective thymocyte development in

SATB1 cKO mice. (A) Expression of SATB1 mRNA in

thymocytes and splenic T cells derived from WT mice

as analyzed using quantitative RT-PCR. The level of

SATB1 mRNA was normalized relative to that of hprt

expression (n = 3). (B) CD4 and CD8 expression on

thymocytes in WT and SATB1cKO mice. Representa-

tive FACS plots from more than five independent ex-

periments are shown. Numbers of cells in various

thymocyte populations (C) and subfractions of the DN

population (D) in WT (open bars, n = 5) and SATB1

cKO mice (closed bars, n = 5). Student t tests were

performed for statistical analysis. *p , 0.05.
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naive T cells from WT BM (Fig. 3B). This result demonstrates
that the activated phenotype of T cells in SATB1cKO mice is a
result of homeostatic proliferation in a T lymphopenic condition.

SATB1 is required for positive selection

We observed a marked decrease in the number of CD4+ and
CD8+ SP cells in the thymus of SATB1cKO mice (Fig. 1B). To
determine if this decrease in the number of SP thymocytes was a
result of a defect in positive selection, we examined the devel-
opmental fate of thymocytes expressing fixed TCRs. We crossed
SATB1cKO mice with OT-I (36) and OT-II (37) TCR TG mice.
These TCRs recognize OVA peptides presented by MHC class I
and II, respectively, and therefore, OT-I+ and OT-II+ DP cells give
rise to CD8+ and CD4+ T cells, respectively, upon positive

selection in the TCR TG mice (Fig. 4A, 4B, left panels). However,
OT-I+ DP thymocytes in a SATB1cKO background did not dif-
ferentiate into CD8+ SP cells (Fig. 4A, middle and right panels).
Similarly, fewer OT-II+CD4+ SP cells were observed in the
SATB1cKO background than in the SATB1 sufficient OT-II+ mice
(Fig. 4B), although the developmental block from the DP to the SP
stage was less severe in OT-II+ SATB1cKO mice than in OT-I+

SATB1cKO mice. These results clearly demonstrate that positive
selection is severely impaired in the absence of SATB1.
In accordance with this defect in positive selection, upregula-

tion of CD69 and TCRb, which normally occurs after successful
positive selection at the DP stage, was impaired in SATB1cKO
mice (Fig. 4C). Finally, we analyzed the CD5 expression level on
thymocytes from SATB1cKO mice and their WT littermates. The

FIGURE 2. T cells in the periphery are activated in

SATB1 cKO mice. (A) CD4 and CD8 expression on

splenocytes from WT and SATB1cKO mice. Repre-

sentative FACS plots from more than five independent

analyses are shown. (B) Cell numbers of the indicated

populations in the spleen derived from WT (open bars,

n = 5) and SATB1 cKO mice (closed bars, n = 5). (C)

Representative FACS analysis of the expression of

CD62L and CD44 on CD4+ (top panel) or CD8+

(bottom panel) splenic T cells from WT (left panel) or

SATB1 cKO mice (right panel). (D) The percentage of

CD62LhiCD44lo (naive) and CD62LloCD44hi (effector/

memory) subfractions of CD4+ (top panel) or CD8+

(bottom panel) T cells from WT (open circles) and

SATB1 cKO (closed circles) mice. Each symbol rep-

resents an individual mouse, and horizontal lines indi-

cate the mean value. Student t tests were used for

statistical analyses. *p , 0.05.

FIGURE 3. T cells in SATB1 cKO mice were activated due to homeostatic proliferation under the T lymphopenic condition. (A) c-Kit+ BM cells from

SATB1 cKO mice (CD45.2) with (right panel) or without (left panel) c-Kit+ BM cells from WT mice (CD45.1) were i.v. injected into lethally irradiated

congenic mice (CD45.1). At 8 wk after BM reconstitution, CD4+ T cells from SATB1 cKO mice were analyzed by FACS for expression of CD62L and

CD44. (B) The frequency of CD62LhiCD44lo naive CD4+ T cells from the indicated donors in mice injected with SATB1cKO c-Kit+ BM cells alone or with

both SATB1cKO and WT c-Kit+ BM cells (n = 3). Data are representative of two independent experiments. *p , 0.05.
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expression of CD5 was obviously impaired in SATB1cKO mice,
especially in DP thymocytes (Fig. 4D). This decrease in CD5
expression persisted at the CD4+CD8int stage in SATB1cKO mice
(Fig. 4D). The CD5 expression level on thymocytes, especially on
CD4+CD8int cells, is known to reflect the avidity of the interaction
of the TCR with self-peptide/MHC complexes (43). Therefore,
impairment of positive selection might be due, at least in part, to
insufficient TCR engagement of DP thymocytes in SATB1cKO mice.

SATB1cKO mice develop autoimmune disease

During the breeding andmaintenance of SATB1cKOmice and their
littermates, we noticed that the SATB1cKO mice died earlier than
their WT littermates (Fig. 5A). We found that levels of autoanti-
bodies, such as anti-dsDNA Abs, in the serum of SATB1cKO mice
were higher than those of WT mice (Fig. 5B), suggesting that
SATB1cKO mice are prone to autoimmunity. In addition to the
presence of autoantibodies, apparent inflammatory cell infiltration
was observed in various organs of the SATB1cKO mice (Fig. 5C).
It seems that this autoimmune disorder is caused by T cells in the
absence of SATB1 because autoimmune phenotypes were ob-
served in Lck-Cre-SATB1fl/fl mice, in which SATB1 is deleted
only in T cells (Supplemental Fig. 2B, 2C).
Immune tolerance is the key for blocking autoimmune mani-

festation in healthy conditions. Once immune tolerance is dis-
turbed, the bodies’ immune system may attack itself and various
organs may get damaged, resulting in autoimmune diseases (44).
Treg cells, which are CD4+ T cells that express the transcription
factor Foxp3, play a central role in establishment of peripheral
tolerance and immune homeostasis (45). Treg cell deficiency and
dysfunction may cause a T cell–mediated autoimmune disorder
(45). Therefore, to determine the involvement of Tregs in the au-
toimmunity of the SATB1cKO mice, we first compared the fre-
quency and the cell number of splenic Treg cells in SATB1cKO
mice with those of WT littermates. In SATB1cKO mice at 5–10 wk

of age, the frequency of Treg cells was higher than that in WT mice
(Fig. 6A); however, the absolute number of splenic Treg cells in
SATB1cKO mice was less than that of WT mice (Fig. 6B). A re-
duction in the number of Treg cells was also observed in inguinal
and mesenteric lymph nodes of SATB1cKO mice compared with
WT mice (Fig. 6B). Similarly, slightly fewer Treg cells were pre-
sent in older (24-wk-old) SATB1cKO mice than in WT mice
(Supplemental Fig. 1B). Also, no significant difference in the
number of Treg cells was observed between healthy and sick
SATB1cKO mice (data not shown). However, Treg cell numbers
were significantly different between SATB1cKO and WT mice at
2 wk after birth (Supplemental Fig. 1B), suggesting that the loss of
SATB1 may affect Treg cell development.
We next analyzed the suppressive ability of SATB1-deficient

Treg cells in vitro. To determine whether SATB1-deficient Treg
cells can suppress the proliferation of CD4+CD252 Tconv cells,
we cultured activated Tconv cells from WT congenic mice
(CD45.1) with or without CD4+CD25+ Treg cells, all of which
expressed Foxp3, from either WT or SATB1cKO mice (CD45.2)
for 4 d. After culture, we analyzed the proliferation of the Tconv
cells by CFSE dilution on a FACS machine and found that the
suppressive ability of SATB1-deficient Treg cells was slightly
reduced compared with that of WT Treg cells (Fig. 6C, 6D). We
also examined suppressive abilities of Treg cells derived from
SATB1cKO mice in in vivo settings by using a T cell–induced
colitis model. Upon transfer of naive CD4+CD45RBhigh cells into
RAG22/2 mice, the mice became wasted and developed colitis,
whereas cotransfer of either WT or SATB1-deficient CD4+CD25+

Treg cells prevented development of T cell–induced colitis
(Fig. 6E, 6F). These results suggest that although the suppressive
ability of SATB1-deficient Treg cells was not clearly observed in
in vivo assays, Treg function is impaired in SATB1cKO mice in
terms of reduction in the number and impairment of in vitro
suppressive ability of Treg cells in SATB1cKO mice.

FIGURE 4. Defect of positive se-

lection in SATB1 cKO mice. (A)

FACS analysis of thymocytes from

WT (left panel) or SATB1 cKO mice

(middle panel) expressing OT-I TCR

transgenes (Va2+). The results shown

are pregated on a Va2+ population.

The ratio of CD8+ SP cells to DP

cells is shown in the right panel. (B)

FACS analysis of thymocytes from

WT (left panel) or SATB1 cKO mice

(middle panel) expressing OT-II TCR

transgenes (Va2+). The ratio of CD4+

SP cells to DP cells is shown (right

panel). (C) FACS analysis of expres-

sion of the TCRb-chain and CD69 on

thymocytes in WT (left panel) and

SATB1 cKO mice (right panel). (D)

FACS analysis of CD5 expression

on DP and CD4+CD8int thymocytes

from WT (solid line) or SATB1 cKO

mice (dotted line). A representative

result of more than three independent

experiments is shown. *p , 0.05.
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Negative selection is impaired in the absence of SATB1

Because SATB1cKO mice displayed a modest defect in a function
of Treg cells, we next examined whether negative selection, which
is required for establishment of central tolerance, is defective in
these mice. For this purpose, we crossed SATB1cKO mice with
HY-TCRTG mice (14). Because female mice do not have HYAgs,
HY-TCR+ DP cells on the WT background were positively se-
lected and gave rise to CD8+ T cells (Supplemental Fig. 3, left
panel). Because positive selection is perturbed in the absence of
SATB1, fewer CD8+ SP cells were observed in the HY-TCR+

SATB1cKO female mice versus the HY-TCR+ WT mice
(Supplemental Fig. 3, right panel). In the male mice, most of
the HY-TCR+ thymocytes were deleted because of the presence of
HY Ags, resulting in very few CD8+ SP cells in the thymus (Fig.
7A, left panel). On a SATB1cKO background, however, more
HY-TCR+ CD8+ SP cells were observed in the thymus than on the
WT background (Fig. 7A, 7B). These results suggested that neg-
ative selection was impaired in SATB1cKO mice. It should be
noted that there were two different CD4/CD8 staining patterns in
HY-TCR+ SATB1cKO mice; one pattern was similar to that of the
HY-TCR+ WT mice (Fig. 7A, pattern 1), and in the other pattern,
the CD8+ SP population was more prominent (pattern 2). The
cause of these different thymocyte staining patterns in HY-TCR+

SATB1cKO mice is unclear; we did not observe a significant
difference in the peripheral phenotype of these mice compared
with WT mice (data not shown). Whatever the cause of these
different staining patterns, the results shown in Fig. 7A and 7B
suggest that negative selection is impaired in the absence of
SATB1 and that more HY-TCR+ thymocytes have escaped from
clonal deletion in male mice.
We also examined whether negative selection of CD4+ T cells

was impaired in SATB1cKO mice. For this purpose, we crossed
SATB1cKO mice to OT-II 3 RIP-mOVA double TG mice ac-
cording to the method used by Anderson et al. (46). RIP-mOVA
TG mice express a membrane-bound form of OVA under the
control of the insulin promoter (38). In addition to expression in
the pancreatic islet, this transgene is also expressed by medullary
thymic epithelial cells in the thymus under the control of a nuclear

protein, AIRE. Large-scale deletion of OT-II TCR+ thymocytes is
seen when both the OT-II TCR transgene and RIP-mOVA trans-
gene are present (46). Indeed, we observed significant but partial
deletion of CD4+ SP cells in the OT-II TG mice in the presence of
RIP-mOVA (from 87.6 to 54%; Fig. 7C). As shown above, fewer
CD4+ SP cells were observed in OT-II TG-SATB1cKO mice than
in OT-II TG mice on the WT background due to a defect in
positive selection (Fig. 7C). In the presence of RIP-mOVA,
however, the number of CD4+ SP cells was increased in the OT-
II SATB1cKO mice (Fig. 7D). These results demonstrate that
SATB1 is necessary for establishment of central tolerance. Al-
though self-reactive T cells should be in the periphery of
SATB1cKO mice, we could not reproduce autoimmune phenotype
in the naive mice by transferring SATB1-deficient T cells, maybe
because of low activation potential of T cells in SATB1cKO mice
due to weak TCR signal strength as shown in Supplemental Fig. 4.
Because T cells in patients with systemic lupus erythematosus
have some abnormalities, such as T cells’ reduced ability to produce
cytokines (47), T cells in SATB1cKO mice might share some char-
acteristics with T cells in human autoimmune patients.
Finally, we examined the sensitivity of the DP thymocytes in

SATB1cKOmice to clonal deletion induced by strong TCR signals.
We i.p. injected anti-CD3 Abs into SATB1cKO andWT littermates
and analyzed thymocytes from each mouse 4 d later. Although
almost all DP thymocytes were depleted in WT mice by this
treatment, DP cells in SATB1cKO mice were resistant to apoptosis
induced by anti-CD3 Ab treatment (Fig. 8). Therefore, dysregu-
lation of negative selection as well as reduction in the suppressive
function of Treg cells in the absence of SATB1 might be causes of
autoimmune disorder in the SATB1cKO mice. Overall, the results
in this study demonstrate that SATB1 plays a role in the estab-
lishment of immune tolerance in T cells.

Discussion
In this study, we demonstrated that SATB1 is required for both
positive and negative selection events during intrathymic T cell
development. As previously reported by Alvarez et al. (30) for
SATB1 null mice, T cell development was severely impaired at

FIGURE 5. SATB1cKO mice develop autoimmune

diseases. (A) Survival rates of SATB1 cKO mice (solid

line, n = 17) and WT littermates (dotted line, n = 12) at

the indicated periods. (B) Concentration of anti-dsDNA

Abs in the serum of WT or SATB1 cKO mice at dif-

ferent ages. Each symbol represents an individual

mouse, and horizontal lines indicate the mean. (C)

H&E staining of sections of various organs from WT

and SATB1 cKO mice. Scale bars, 200 nm. Log-rank

tests (A) and the Mann–Whitney U test (B) were used

for statistical analyses. *p , 0.05.
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the DP stage in the absence of SATB1. Although no obvious T cell
developmental defect at the DN stage is seen in SATB1 null mice,
we showed that, in SATB1cKO mice, T cell development was
obstructed even at the stage of the earliest thymocyte population,
the ETP population (Fig. 1D). SATB1 plays a role in the main-
tenance of self-renewal potential in HSC (32) and in specification/
commitment of HSC/multipotent progenitors to the lymphoid
lineage as we previously reported (31), T cell development might
be affected at a time point as early as the HSC stage in
SATB1cKO mice. However, we did not observe a significant
difference in the number of HSCs in the BM between SATB1cKO
mice and their WT littermates, which may not be consistent with a
previous report by Will et al. (32). Because SATB1 null mice die
by 3 wk after birth, HPCs from fetal liver or BM in infants were
used in the experiments in the previous report, whereas we ana-
lyzed adult mice in this study. Therefore, the difference between
the previous studies and our present report might stem from the
ages of the mice used in the investigations. More detailed analysis
is necessary for clarification of the precise requirement of SATB1
at the various maturational stages of hematopoietic cells.
Because T cell development of the SATB1 null mice is severely

blocked at the DP stage in the thymus, it was hypothesized that
SATB1 deficiency might lead to impairment of positive selection
(48). In this study, we demonstrate that positive selection is indeed
dysfunctional in the absence of SATB1 (Fig. 4). It should be noted
that this developmental arrest is more severe for CD8+ T cells than
for CD4+ T cells. Signal cascades via the TCR are triggered by a
cytoplasmic tyrosine kinase, Lck, which associates more effi-
ciently with CD4 than with CD8 (49). Therefore, different usage

of Lck between MHC class I– and class II–restricted positive
selection events might affect the cell fate of DP thymocytes in the
absence of SATB1. Expression patterns of various cytokine re-
ceptor subunits in thymocytes are changed in SATB1 null mice
compared with WT mice (30). Because intrathymic cytokines,
such as IL-7, affect the specification of CD4 and CD8 lineage
choice at the DP stage (50), it is also possible that this dysregu-
lation of cytokine receptor expression might result in different
severity in the phenotype of CD4+ T and CD8+ T cells in
SATB1cKO mice. Further investigation is necessary for identifi-
cation of the reason why SATB1 is required for the process of
proper positive selection events.
A significant finding of this study was that SATB1 plays a role in

establishment of immune tolerance. SATB1cKO mice died earlier
than WT mice (Fig. 5A) and displayed multiple characteristics of
autoimmune prone mice, such as increased levels of autoanti-
bodies and infiltration of immune cells into various organs (51,
52). Thus, impairment of negative selection might be one of the
causative reasons of development of autoimmune disorders in the
absence of SATB1. Hwang et al. (53) have demonstrated that a
weak TCR signal in mice with a mutated ITAM in the TCRz
chains leads to impairment of both positive and negative selection.
Therefore, it is possible that dysregulation of both positive and
negative selection in SATB1cKO mice is also caused by weak
TCR signal strength at the DP stage. However, it has been reported
that symptoms of autoimmune diseases are not observed in TCRz
mutant mice because of increased numbers of Foxp3+ Treg cells
(53). SATB1cKO mice have impairment of Treg functions com-
pared with WT mice at adulthood (Fig. 6B). Therefore, Treg cell

FIGURE 6. Generation and function of Treg cells in

SATB1cKO mice. (A) Foxp3 expression in the CD4+ spleen T

cell population from WT (left panel) and SATB1 cKO mice

(right panel). The FACS plots shown were pregated on the

CD4+ fraction. (B) Absolute numbers of Treg (Foxp3+CD4+)

cells in the spleen, inguinal lymph node, and mesenteric

lymph node of WT (open bars) and SATB1 cKO (closed bars)

mice. (C and D) In vitro suppression assay with CFSE-labeled

Tconv cells (CD4+CD252) as responders and Treg cells de-

rived from WT (open circles) or SATB1 cKO (closed circles)

mice as suppressors (D). Representative results without Treg

cells (left panel), or with WT Treg (middle panel) or SATB1

cKO Treg (right panel) cells at a 1:4 Tconv/Treg ratio are

shown in (C). (E) CD4+CD45RBhi T cells were i.v. injected

into Rag22/2 mice with or without WT or SATB1 cKO Treg

cells. The body weight of each mouse was measured at the

indicated period after cell injection. Three mice were used in

each experimental group. The mean value + SD is indicated.

(F) H&E staining of colon sections from the mice from each

group in (E) at 5 wk after T cell transfer (original magnifi-

cation 3100).
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numbers and functions might be critical for prevention of auto-
immune diseases, when autoreactive T cells are increased in the
periphery.
Reduction in the number of Treg cells was significantly different

from WT in SATB1cKO mice at 2 wk after birth (Supplemental
Fig. 1B). Because it has been recently demonstrated that there are
distinct Treg populations that are generated in an age-dependent
manner and have different TCR repertoires (54), it might be
possible that SATB1-dependent and SATB1-independent Treg
cells are present. In addition to the decreased number, the sup-
pressive functions of Treg cells were slightly impaired in the ab-
sence of SATB1 (Fig. 6C, 6D). However, our preliminary results
suggest that Treg cells in SATB1cKO mice express higher levels
of GITR than the Treg cells of WT mice. GITR is observed in
preactivated Treg cells that have higher suppressive functions than

resting Treg cells (55–57). It is therefore not clear why the sup-
pressive function of SATB1-deficient Treg cells is impaired.
Further investigation is necessary for clarification of the roles of
SATB1 in development and in the functions of Treg cells.
We demonstrated in this study that SATB1 deficiency in he-

matopoietic cells results not only in T cell deficiency but also in
autoimmune manifestations. It has been shown that homeostatic
proliferation of T cells is an important event for development
of autoimmune diseases due to an increase in the number of
autoreactive T cells and the activation of such T cells (58, 59).
Therefore, the T lymphopenia that was observed in the SATB1cKO
mice might accelerate the onset of autoimmune disorder even as
early as 16 wk of age in these mice under the condition in which
Treg cell development is also affected in the absence of SATB1.
Because SATB1 globally regulates the expression of numerous

FIGURE 7. Negative selection is

impaired in SATB1 cKO mice. (A)

FACS analysis of male HY-TCR+

thymocytes on a WT or SATB1 cKO

background. The results shown were

pregated on the T3.70+ fraction. (B)

Numbers of HY-TCR+ CD8+ SP

cells in WT (open circles) or SATB1

cKO mice (closed circles). (C) Ex-

pression of CD4 and CD8 in thy-

mocytes from OT-II TCR+ mice on a

WT or SATB1 cKO background in

the presence or absence of RIP-

mOVA transgenes. (D) Numbers of

OT-II+ (Va2+) CD4+ SP cells in each

line of mice shown in (C). *p , 0.05.

FIGURE 8. DP thymocytes in

SATB1 cKO mice are resistant to

TCR-mediated deletion. (A) WT and

SATB1 cKO mice were i.p. injected

with anti-CD3 Abs. At 48 h after

injection, the thymocytes were har-

vested, stained for CD4 and CD8,

and analyzed using FACS. (B) The

percentage of DP thymocytes in WT

and SATB1 cKO mice before (open

bars) or after (filled bars) injection

of anti-CD3 Abs. *p , 0.05.
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genes by modification of chromosomal structure (28, 29), clarifi-
cation of the gene regulatory network modulated by SATB1 in
developing and mature T cells should provide new insights into
understanding the establishment of immune tolerance, which may
lead to the development of a new treatment of autoimmune diseases.
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Supplemental Figure 1.  (A) T cell development was arrested at the CLP stage in BM 

in the absence of SATB1.  The number of HSC (Flt3-c-KithiLin-Sca-I+ cells), MPP 

(Flt3+c-KithiLin-Sca-I+ cells) and CLP (IL-7Rα+c-KitloLin-Sca-Ilo cells) cells in the bone 

marrow from one femur of a WT (open bars, n=3) or a SATB1cKO (closed bars, n=3) 

mouse is shown.  Student’s t-test was used for statistical analysis (*p<0.05).  (B) Treg 

cell numbers in the spleen of WT (open bars, n=5) and SATB1cKO mice (closed bars) 

at different ages (*p<0.05). 
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Supplemental Figure 2.  Autoimmune disorders occur in Lck-Cre SATB1fl/fl mice.  (A) The 

number of ETP (c-Kit+CD25-CD44+ DN) or the DN2 (c-Kit+CD25+CD44+ DN) fraction of 

thymocytes in WT mice (open bars, n=5) and in SATB1fl/fl mice with Lck-Cre transgenes (closed 

bars, n=5) is shown (*p<0.05).  (B) H&E staining of sections of various organs from WT and Lck-

Cre SATB1fl/fl mice.  (C) Concentration of anti-dsDNA antibodies in the serum of WT, Vav-Cre 

SATB1fl/fl and Lck-Cre SATB1fl/fl mice. 
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Supplemental Figure 3.  Transition from a DP to a CD8+ SP population is 

perturbed in female HY-TCR+ mice on a SATB1 cKO background.  

Expression of CD4 and CD8 on HY-TCR-expressing T3.70+ thymocytes from 

female HY-TCR TG mice on a WT (left) or a SATB1cKO background (right) 

was analyzed on FACS.  Representative results from more than 5 analyses 

are shown.  



 

Supplemental Figure 4.  Signal strength via TCR is weak in T cells from 

SATB1cKO mice.  Naïve CD4+ T cells were purified from the spleen of WT 

and SATB1cKO mice and stimulated with anti-CD3 and anti-CD28 antibodies 

for indicated periods.  Whole cell lysates were subjected to SDS-page.  

Separated proteins were transferred to PVDF membrane, which was blotted 

with antibodies indicated in the figure.   
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The Journal of Immunology

Acetylation Modulates IL-2 Receptor Signaling in T Cells

Taku Kuwabara,* Hirotake Kasai,†,1 and Motonari Kondo*

Ligand binding to the cognate cytokine receptors activates intracellular signaling by recruiting protein tyrosine kinases and other

protein modification enzymes. However, the roles of protein modifications other than phosphorylation remain unclear. In this study,

we examine a novel regulatory mechanism of Stat5, based on its acetylation. As for phosphorylation, IL-2 induces the acetylation of

signalingmolecules, including Stat5, in themurine T cell line CTLL-2. Stat5 is acetylated in the cytoplasm byCREB-binding protein

(CBP). Acetylated Lys696 and Lys700 on Stat5 are critical indicators for limited proteolysis, which leads to the generation of a

truncated form of Stat5. In turn, the truncated form of Stat5 prevents transcription of the full-length form of Stat5. We also

demonstrate that CBP physically associates with the IL-2 receptor b-chain. CBP, found in the nucleus in resting CTLL-2 cells,

relocates to the cytoplasm after IL-2 stimulation in an MEK/ERK pathway–dependent manner. Thus, IL-2–mediated acetylation

plays an important role in the modulation of cytokine signaling and T cell fate. The Journal of Immunology, 2016, 197: 4334–4343.

I
nterleukin-2 and its receptor, IL-2R, constitute the prototypic
cytokine/cytokine receptor system and have been extensively
investigated during several decades (1). IL-2 is a 15-kDa

glycoprotein that is mainly produced by activated T cells (2).
Although IL-2 was initially identified as a T cell growth factor, it
is now known that IL-2 is a cytokine with diverse actions. For
example, IL-2 is an essential factor for the development, main-
tenance, and proper suppressive function of regulatory T cells (3).
The cognate receptor for IL-2, IL-2R, is a heterotrimeric complex
consisting of IL-2Ra (CD25), IL-2Rb (CD122), and common
g-chains (gc; CD132) (4, 5). Interaction of the IL-2Rb and gc
cytoplasmic domains upon IL-2 binding leads to the activation of
the Janus family kinases, Jak1 and Jak3, which are associated with
IL-2Rb and gc, respectively (6). In turn, the activated Jak kinases
phosphorylate the cytoplasmic tails of the IL-2Rb-chain and gc
and generate docking sites for various signal molecules, which are
also phosphorylated by Jak1, Jak3, and other kinases, including an
Src tyrosine kinase, Lck (7–9).
The cytoplasmic regions of IL-2Rb-chain and gc contain unique

subdomains that are composed of stretches of specific amino acid
residues. For example, the cytoplasmic tail of IL-2Rb is divided

into three subregions: the serine-rich (S) region (aa 267–322), the
acidic (A) region (aa 313–382), and the proline-rich (P) region (aa
378–525) (10). Among these three IL-2Rb-chain subdomains, the
S region is indispensable for activating signal cascades via IL-2R
upon IL-2 binding, mainly because this region contains a Jak1-
binding site (7).
The cytoplasmic tails of IL-2Rb-chains contain six tyrosine

residues that are immediately phosphorylated upon IL-2 binding
to IL-2R (11–14). Of these, Y392 and Y510 are located in the P
region; both can be included in Stat5 docking sites and are nec-
essary for IL-2–mediated Stat5 activation (15). Of the four tyro-
sine residues in the A region, three (i.e., Y355, Y358, and Y361)
are dispensable for growth signal transduction (4). Phosphoryla-
tion of the fourth, Y338, allows association of the Shc adaptor
protein (15, 16), which provides a platform for activation of the
Ras-Raf-MEK-ERK kinase pathway (noted as the MEK/ERK
pathway in this study) and promotes cell growth (4). Addition-
ally, Lck binds to the A region and activates the PI3K pathway,
leading to the induction of expression of antiapoptotic proteins
and maintenance of cell survival (17, 18). Although each of these
cascades is strictly regulated to maintain the balance of IL-2R
signaling, the intensity of Stat5 signaling might influence the bi-
ological function of IL-2, as a constitutively active form of Stat5
has been shown to mimic the IL-2 effect by sustaining tran-
scription of its target genes (19). Therefore, Stat5 plays an im-
portant role in IL-2R signaling. However, the molecular basis
underlying Stat5 regulation remains to be elucidated.
The Stat family proteins—Stat1, Stat2, Stat3, Stat4, Stat5a,

Stat5b, and Stat6—are structurally and functionally related. All
Stat proteins contain N-terminal (NH2), coiled-coil, DNA-binding,
Src homology 2 (SH2), conserved tyrosine, and transactivation
domains (TAD) (20). Stats are latent cytoplasmic factors that can
be activated by dimerization upon phosphorylation of the tyrosine
on the SH2 domain by the members of the Jak family (21). Homo-
or heterodimers of Stat proteins translocate to the nucleus,
resulting in the transcriptional activation of target genes. Two
highly related Stat5 proteins, Stat5a and Stat5b, share 96% iden-
tity at the protein level and are encoded by two different genes.
Stat5 is activated in response to a variety of cytokines such as IL-2
and IL-3 family cytokines, growth hormone, and prolactin (22).
Deletion of the Stat5a and Stat5b genes in mice revealed that Stat5
plays important roles in erythropoiesis and lymphopoiesis (23).
Therefore, Stat5 activity needs to be strictly controlled. It has been
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reported that Stat5a is cleaved between aa 719 (tyrosine) and 720
(methionine) through the action of Stat proteases in myeloid
cells (24). The truncated form of Stat5 (tStat5) lacks the TAD
and functions as the dominant negative form of Stat5 (24–26).
Accordingly, tStat5 can dimerize with Stat5 to reduce its activ-
ities. However, it is not clear whether tStat5 is generated
in lymphocytes in which IL-2 family cytokines such as IL-4 and
IL-7 play a critical role in the development and function of T and
B lymphocytes.
Although protein phosphorylation has a major regulatory role in

signal transduction via cell surface receptors, other posttransla-
tional modifications of signaling proteins such as ubiquitination
and SUMOylation also mediate protein signal transduction, sub-
cellular localization, or commitment to degradation (27–31). Most
recently, a growing number of nonhistone protein acetylations has
been reported, which play critical roles in cellular processes
alongside those mediated by the phosphorylation and/or ubiq-
uitination of affected proteins (32, 33). Acetylation changes the
electrostatic state of lysine from positive to neutral and increases
the size of the amino acid side chain. Therefore, the acetylation of
signal molecules can modulate their enzymatic activities and
create new docking sites for other signal molecules (34). In par-
ticular, roles of acetylation in signal transduction via type I IFN,
oncostatin M, and prolactin have been demonstrated (35–38);
however, IL-2–mediated acetylation and its roles in IL-2R sig-
naling have not been documented.
To address these issues, in this study, we demonstrate that the

IL-2–mediated acetylation of Jak1, Jak3, and Stat5 occurs in the
IL-2–dependent mouse T cell line, CTLL-2, within 10 min after IL-2
stimulation. Acetylated Stat5 is a target of limited proteolysis,
resulting in the generation of tStat5, which negatively regulates
IL-2–mediated cell proliferation. We also found that CREB-
binding protein (CBP) in the nucleus is promptly exported to
the cytoplasm and is physically associated with the IL-2Rb-chain.
We further demonstrate that activation of the MEK/ERK pathway
is critically involved in this nuclear-to-cytoplasmic CBP translo-
cation. These findings suggest that the IL-2–mediated acetylation
of signaling molecules might play a regulatory role in signal
transduction cascades via IL-2R.

Materials and Methods
Reagents

Recombinant human IL-2 was purchased from PeproTech. Anti-Jak1, anti-
Jak3, anti-Stat5, anti–p-Jak1, anti–p-Jak3, anti–p-Stat5, and anti-CBP Abs
were from Cell Signaling Technology. Trichostatin A and PP-2 were ob-
tained from Sigma-Aldrich. PD98059 was purchased fromWako. The anti-
mouse IL-2Rb subunit Ab TM-b1 was from BioLegend. To detect the
human IL-2Rb subunit we used TU11 as described previously (39).

Cell lines and cell culture

The mouse T cell line CTLL-2 (40) was maintained in complete RPMI
1640 medium (Life Technologies) supplemented with 10% FBS and 100
U/ml recombinant human IL-2 at 37˚C under a 5% CO2 atmosphere (41).
Mouse IL-3–dependent BAF-B03 cells (provided by Dr. T. Taniguchi of
the University of Tokyo) were cultured in RPMI 1640, 10% FBS, and IL-3.
F7 is a BAF-B03–derived stable transformant clone expressing the wild-
type human IL-2Rb-chain. A15, S25, H4, and St7 are also BAF-B03–
derived stable transformant clones expressing human IL-2Rb mutants
lacking the cytoplasmic A region, the S region, the P region, and the cy-
toplasmic region, respectively (10).

For the analyses of IL-2 responses, cells were stimulated with
recombinant human IL-2 after being synchronized in G1 phase by depriving
them of cytokines and serum for 8 h. The viability after cytokine depri-
vation was .90%.

Splenic T cells from BALB/c mice were isolated on a nylon wool column
and cultured for 3 d in the presence of 5 mg/ml Con A; the resulting
population was examined as primary T blasts (42).

Construction of expression vectors and site-directed
mutagenesis

Mouse T cell cDNAwas used as a template for PCR to amplify sequences
encoding Stat5A. PCR was performed with ExTaq DNA polymerase
(Takara Bio). The PCR products were ligated into the expression vector
pCMV3 (Agilent Technologies). Site-directed mutagenesis was performed
using the QuickChange kit method (Stratagene). The following Stat5A
residues were individually substituted with arginine: K582, K583, K600,
K610, K632, K644, K675, K681, K696, and K700. All expression con-
structs and mutations were verified by DNA sequencing.

Lysine acetyltransferase activity assay

Cultured CTLL-2 cells were harvested at the indicated time points and the
IL-2Rb-chain fraction was prepared. Lysine acetyltransferase (KAT) ac-
tivity in the IL-2Rb fraction was measured using the EpiQuik HAT
activity/inhibition assay kit according to the manufacturer’s instruction
(EpigenTech). The KAT enzymatic activities were detected using a
microplate reader (iMark; Bio-Rad Laboratories) at 450 nm.

Luciferase assay

Cells were grown in RPMI 1640 medium supplemented with 10% FBS. The
cultures were maintained at 37˚C in a humidified atmosphere of 5% CO2/
95% air.

BAF-B03 cells were deprived of IL-3 for 10–12 h and transfected by
electroporation with the indicated doses of expression plasmids, 2 mg of cis
promoter–luciferase construct, and the pRL-TK luciferase reporter plasmid
control. For this, 1 3 107 cells suspended in 0.3 ml of Opti-MEM (Life
Technologies) were mixed with DNA and pulsed by a Gene Pulser II (Bio-
Rad Laboratories) at 200 Vand 975 mF. The cells were resuspended in 10 ml
of RPMI 1640 medium supplemented with 0.5% BSA and were divided
into two flasks. Subsequently, the cells were stimulated with 100 U of
human IL-2 and then harvested and assayed for luciferase activity using
the Dual-Luciferase assay system according to the manufacturer’s protocol
(Promega); reporter luciferase activity was normalized to that of Renilla
luciferase.

Expression vectors and transfection

The expression vectors containing the human IL-2Rb mutants have been
previously described (43). BAF-B03 cells expressing the different IL-2Rb
mutants were transduced by electroporation (Gene Pulser; Bio-Rad Lab-
oratories). At 48–72 h after transfection, the cells were deprived of serum
for 8 h prior to treatment with IL-2 for the indicated times and analyzed by
Western blot. Primary T blasts prepared from BALB/c mice were trans-
fected with pMIG encoding Stat5 or Stat5-2KR, using the Amaxa
Nucleofector system (Lonza) according to the manufacturer’s instructions.
After culturing for 18 h, we harvested GFP+ cells as a target cell, using a
FACSAria III system (BD Biosciences), and analyzed cytokine-inducible
SH2-containing protein (CIS) expression by quantitative PCR.

For small interfering RNA (siRNA) experiments, BAF-B03 F7 cells were
transfected with HiPerFect transfection reagent (Qiagen) with CBP (Qia-
gen, catalog no. GS12914) or AllStars negative control siRNA (Qiagen,
catalog no. 1027281). Efficiency of siRNA and pmaxGFP delivery into
primary T blasts was assayed using the Amaxa Nucleofector system
(Lonza). GFP+ cells as knocked down cells were sorted using FACSAria
III. Cells were stimulated with IL-2 at 48 h after transfection, and whole-
cell extracts were prepared for Western blot analysis.

Quantitative RT-PCR

Total RNA was isolated from cells, using EASYPrep RNA (Takara Bio),
according to the manufacturer’s instructions. RNAwas reverse transcribed
using a high-capacity cDNA synthesis kit (Thermo Fisher). For quantita-
tive analysis of gene expression, real-time PCR was conducted using a
TaqMan gene expression assay kit (Thermo Fisher); in particular,
Mm01230623_g1 was used for CIS analysis with an ABI 7500 Fast system
(Thermo Fisher). Hprt, Mm00446968_m1, was used as an endogenous
reference for normalization. Quantitative real-time PCR experiments were
repeated three times in triplicate.

Immunoprecipitation

Cells were lysed in Nonidet P-40 cell extraction buffer (1% Nonidet P-40,
25 mM Tris-HCl [pH 7.5], 140 mM NaCl, 2 mM EDTA, 1 mM PMSF,
20 mg/ml aprotinin, 10 mM NaF, and 1 mM Na3VO4). Lysates were cen-
trifuged at 12,000 3 g for 10 min following preclearing with protein G
beads (GE Healthcare) for 30 min at 4˚C. The immunoprecipitation matrix
was prepared using 5–10 mg of the appropriate Abs. Precleared lysates
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were rocked in immunoprecipitation matrix overnight. Following 10-min
washes with lysis buffer, the matrix was subjected to immunoblotting.

Immunoblotting

Immunoblotting was performed as described previously (44). Briefly, cell
extracts were generated from cultured cells using extraction buffer (50 mM
Tris-HCl [pH 7.4], 1% Triton X-100, 450 mM NaCl, 1 mM EDTA, and
1 mM DTT) and proteinase inhibitors. The lysates were centrifuged at
12,000 3 g for 10 min. Protein concentrations in the supernatants were
determined using the BCA protein assay (Thermo Scientific). Samples
were suspended in 23 sample buffer (75 mM Tris-HCl [pH 6.8], 10%
glycerol, 2% SDS, 0.05% bromophenol blue, and 2.5% 2-ME) prior to
loading on 7.5 or 10% SDS-PAGE gels and then transferred to polyvi-
nylidene difluoride filters in transfer buffer (25 mM Tris, 0.192 M glycine,
and 20% methanol). After blocking with 1% BSA in Tris buffered saline
containing 0.05% Tween 20 at room temperature for 2 h, the filters were
incubated with the indicated Abs followed by incubation with anti-mouse
IgG or anti-rabbit IgG coupled with HRP and visualized using an ECL
detection system (GE Healthcare). Quantitation was performed using
ImageJ version 1.49 (National Institutes of Health).

Stat5 cleavage assay

Stat5 protein from murine Stat5 expression vector–transfected 293 cells
was incubated with cell extracts from 32D cells and the CBP acetyl-
transferase domain at 37˚C for 10 min. Pre-equilibrated Myc-agarose
and the Stat5 reaction were added to an assay buffer (20 mM Tris-HCl
[pH 7.5], 120 mM NaCl, 0.5% Nonidet P-40). This solution was incubated
at 4˚C for 1 h followed by centrifugation. The pellet was washed several
times with extraction buffer, resuspended, and boiled for 5 min in Laemmli
buffer. The reaction was separated by 10% SDS-PAGE and subjected to
immunoblotting as described above.

Sample preparation and tandem mass spectrometry spectra
acquisition

For tandem mass spectrometry (MS/MS), the sample was digested with
1 mg of trypsin (Promega) and purified using ZipTip SCX (Millipore)
followed by a ZipTip C18 (Millipore) desalination. MS/MS spectral data
were acquired using the TripleTOF 5600+ system (AB Sciex) equipped
with a nano-LC ultra 1D plus system (Eksigent).

Protein identification and quantification

Proteins were identified and quantified using ProteinPilot (version 4.0; AB
Sciex). The Paragon algorithm in the ProteinPilot software was used as a
search program with the following settings—trypsin digestion, no modi-
fication of cysteines, instrument 5600, urea denaturant of special factors,
bias correction, background correction, biological modifications, amino
acid substitutions, and thorough ID parameters–and the UniProt database
released in June 2010 was selected.

Cell imaging

For confocal imaging, cells were washed with ice-cold PBS and fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature. The cells were then
incubated with 50 mM NH4Cl in PBS for 10 min and then permeabilized with
0.2% (v/v) Triton X-100 in PBS for 5 min. After blocking for 30 min with 1%
(w/v) BSA in PBS, the cells were labeled by rabbit anti-CBP Ab (Santa Cruz
Biotechnology) followed by FITC-conjugated goat anti-rabbit IgGs (TAGO).
The nuclei were stained with 1 mMTO-PRO-3 for 20 min at room temperature.
The cells were observed using a confocal laser scanning microscope (LSM510;
Carl Zeiss). Fluorescence images were processed using Photosphop (Adobe).

Statistical analysis

The data are presented as the means 6 SD. Statistical analyses were
performed using a paired Student test. A p value ,0.05 was considered
statistically significant. One representative experiment is presented for
experiments performed in duplicate or triplicate.

Results
IL-2 stimulates Jak1, Jak3, and Stat5 acetylation via CBP in
the mouse T cell line CTLL-2

To examine whether IL-2–mediated acetylation might be induced
in CTLL-2 cells, we analyzed cell extracts of CTLL-2 cells before
and after IL-2 stimulation by SDS-PAGE and immunoblot anal-

ysis. Phosphorylation of Jak/Stat pathway molecules in IL-2R–
mediated signaling, such as Jak1, Jak3, and Stat5, was detected
within 5 min after stimulation with IL-2 (Fig. 1A). Furthermore,
all three of these molecules were acetylated as well (Fig. 1B).
Notably, this acetylation was not detected prior to IL-2 stimulation
but was detected at 5 min after stimulation, the earliest time point
in our experiment (Fig. 1B), suggesting that the acetylation of
Jak1, Jak3, and Stat5 is an IL-2–dependent event. Treatment of
CTLL-2 cells with trichostatin A, a histone deacetylase inhibitor,
slightly but reproducibly elevated Stat5 acetylation (Fig. 1C).
Phosphorylation levels of these molecules reached a maximum at
10 min after IL-2 stimulation (Fig. 1A, 1D), whereas the acety-
lation of Jak1, Jak3, and Stat5 was only weakly detected during
the first 5–10 min but was clearly observed during the next 20 min
(Fig. 1B, 1D). The level of acetylation reached a peak at 30 min
after IL-2 stimulation and gradually declined after that time point
(Fig. 1B, 1D). Therefore, acetylation occurred subsequent to
phosphorylation with a delay of ∼20 min in the IL-2/IL-2R system
upon IL-2 binding to IL-2R.
In addition to the acetylation or phosphorylation of Stat5, we also

observed the generation of smaller Stat5 bands (Fig. 1A, 1B).
Previous studies demonstrated that proteases, which can be detected

FIGURE 1. IL-2 induces the acetylation of IL-2R–associated molecules.

(A) Tyrosine phosphorylation was examined in CTLL-2 cells. The cells were

depleted of IL-2 for 8 h, stimulated with 100 U/ml IL-2 for the indicated time

periods, and then lysed and analyzed by SDS-PAGE followed by immuno-

blotting with Abs against p-Jak1, Jak1, p-Jak3, Jak3, p-Stat5, or Stat5. (B)

Lysine acetylation was examined after treatment with IL-2. The cell lysates

were immunoprecipitated with the anti-Jak1, anti-Jak3, or anti-Stat5 Abs and

blotted with anti–acetyl-lysine. The relative positions of intact Stat5 and its

cleaved product are shown. Phosphorylated or acetylated proteins are indi-

cated as p-Jak1, p-Jak3, p-Stat5, Ac-Jak1, Ac-Jak3, and Ac-Stat5, respec-

tively. (C) CTLL-2 cells were stimulated with IL-2 for the indicated times in

the presence or absence of trichostatin A. Cells were lysed and immuno-

precipitated with an anti-Stat5 Ab and blotted with anti–acetyl-lysine. Filled

arrowheads indicate the relative position of intact Stat5; open arrowheads

indicate the positions of the cleaved product of Stat5. One representative

experiment of three independent experiments is shown. (D) Time course

protein modification analysis of Jak1, Jak3, and Stat5. The modification level

of the proteins was measured using National Institutes of Health ImageJ

software. Values represent the means 6 SD of three experiments.
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in some myeloid cells (25), can convert Stat5 to a short form, tStat5
(26, 45, 46). Our result suggests that tStat5 is generated in
T lymphocytes in an IL-2–dependent manner.
The acetylation of Jaks and Stat5 immediately after IL-2

stimulation implied the close proximity of the acetyltransferase
to the IL-2R complexes. Consistent with this, acetyltransferase
activity was detected using an anti–IL-2Rb Ab in immunopre-
cipitates that were prepared from cell lysates of IL-2–stimulated
CTLL-2 cells (Fig. 2A). We subjected the immunoprecipitates to
MS/MS analysis and found one molecule, CBP, that exhibited
acetyltransferase activity (Supplemental Fig. 1) and whose in-
volvement in the acetylation of signal molecules has previously
been demonstrated with type I IFN, oncostatin M, and prolactin
(35–38). In accordance with the results shown in Fig. 2A and
Supplemental Fig. 1, CBP was identified in anti–IL-2Rb immu-
noprecipitates from CTLL-2 cells after, but not prior to, stimula-
tion with IL-2 (Fig. 2B, left panel). It was important to determine
whether CBP association with IL-2Rb occurs in a more physio-
logical condition. To do this, primary T blasts were stimulated
with IL-2. We found that the CBP/IL-2Rb complex also formed in
murine primary T cells (Fig. 2B, right panel). The CBP protein
shares some structural characteristics with p300 such as the bromo
domain, cysteine-histidine region, and acetyltransferase domain
(47). However, we did not identify p300 in the MS/MS spectra
mentioned above. Additionally, when we knocked down endoge-
nous CBP with an siRNA specific for Cbp mRNA, the IL-2–
induced acetylation, but not phosphorylation, of Stat5 was dra-
matically reduced in BAF-B03 F7 cells and primary T blasts
(Fig. 2C, 2D). Therefore, although we could not solely rule out the
possibility that p300 might be involved in IL-2–mediated acety-
lation in some context, CBP appears to have a primary role in the
acetylation of Jaks and Stat5 in response to IL-2 in T cells.

Generation of tStat5 is dependent on Stat5 acetylation

The appearance of tStat5 was coincident with the time course of
accumulation of Stat5 acetylation (Fig. 1B). Treatment of CTLL-2
cells with trichostatin A further augmented tStat5 in response to
IL-2–induced acetylation (Fig. 1C). Additionally, knockdown of
CBP expression led to a large reduction of not only acetylated Stat5
but also of tStat5 generation (Fig. 2D). Therefore, it appeared that
the acetylation of Stat5 and the generation of tStat5 might be linked.
To determine the correlation between these processes, we developed
an in vitro Stat5 cleavage assay using the KAT domain of CBP
(aa 1106–1718) (35) with recombinant Stat5 as a substrate. As
expected, Stat5 was acetylated after incubation with a CBP-KAT
domain in acetylation buffer (Fig. 3A, lane 2). Additionally, tStat5
was generated from acetylated recombinant Stat5 in the presence of
cell extracts from the mouse myeloid cell line, 32D, as a source of
Stat5 proteases (Fig. 3A, 3B) (25). However, truncation of Stat5 did
not occur in the absence of a CBP-KAT domain even with 32D cell
lysate (Fig. 3B, lane 7), suggesting that the acetylation of Stat5 is
necessary for its limited digestion to yield tStat5.
Next, to determine the acetyl-lysine residues that are critical for

the generation of tStat5, we performed site-directed mutagenesis of
Stat5 and converted several lysine residues to arginine. Then, a
series of Stat5 K/R substitution mutants (Fig. 3C) was subjected to
the cleavage assay to examine whether truncation of Stat5 would
occur. As shown in Fig. 3D, Stat5 containing K696R and K700R
substitutions impaired the generation of tStat5, whereas other K/R
mutants showed no effect on Stat5 cleavage. Conversion of both
K696 and K700 to arginines (2KR mutant) almost completely
attenuated Stat5 digestion (Fig. 3E). Acetylation at lysine residues
neutralizes the positive charge, which decreases the conforma-
tional stability of proteins and induces relaxed structures (48).

Taken together, these results suggest that acetylation of the C-terminal
of Stat5, especially K696 and K700, might contribute to changing the
structure of the C terminus region of Stat5 containing the TAD. Stat5

FIGURE 2. CBP binds to the IL-2R complex. (A) Starved CTLL-2 cells were

stimulated with IL-2 for 20 min. CTLL-2 cell lysates were immunoprecipitated

using the anti–IL-2Rb subunit or control Abs. Acetyltransferase activity was

measured using a colorimetric-based ELISA assay. Values represent the means 6
SD of three experiments. (B) Whole-cell lysate and anti–IL-2Rb subunit Ab

fractions derived from CTLL-2 cells (left panel) or primary T cells (right panel)

stimulated with IL-2 for the indicated times were probed using an anti-CBPAb. (C)

Knockdown efficiency in BAF-B03 F7 cells (reconstitution of functional IL-2R; left

panel) or primary T cells (right panel) was assessed at the protein level after siRNA

transfection by immunoblotting using Abs against CBP and Stat5. (D) BAF-B03 F7

cells (upper panel) and primary T cells (lower panel) were transfected with an

siRNA targeting CBP followed by IL-2 stimulation for 20 min. Immunoblots (IB)

of siRNA transfected cell lysates were probed using Abs against p-Stat5. Lysates

were immunoprecipitated (IP) using an anti-Stat5 Ab. Immunoblots were per-

formed using an anti–acetyl-lysine Ab. Filled arrowheads indicate the relative po-

sition of intact Stat5; open arrowheads show the positions of cleaved product of

Stat5. One representative experiment of three independent experiments is shown.

The Journal of Immunology 4337

 by guest on M
arch 26, 2019

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1601174/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1601174/-/DCSupplemental
http://www.jimmunol.org/


protease distinguishes the marked structure indicated by acetyl-K696
and acetyl-K700 from the nonacetylated form of Stat5, specifically
digesting the acetylated but not the native Stat5 protein.

Negative regulatory roles of tStat5 in IL-2R signaling

It has been demonstrated that the Stat5 protease cleaves Stat5
between Y719 and M720 (Fig. 3C), resulting in the generation
of tStat5 that lacks the TAD (24–26). Because the C-terminal–
deficient form of Stat has been shown to be involved in the
transduction of distinct signaling or the downregulation of Stat-
mediated signaling in some situations (26, 49), acetylation-dependent
tStat5 might therefore regulate the activity of Stat5 upon IL-2 stim-
ulation. To investigate this issue, we prepared recombinant tStat5,
which contains aa 1–719 of the full-length Stat5, and examined the
transcriptional activity. Because CIS promoter activity is upregulated
in the presence of active Stat5 (50, 51), we measured Stat5 tran-
scription activity using a CIS promoter–luciferase (CIS-luc) con-
struct in BAF-B03–derived F7 IL-2Rb transfectants (10). Because
BAF-B03 cells, a mouse IL-3–dependent pro–B cell line, express
the IL-2Ra-chain and gc, a functional IL-2R complex can be

reconstituted by introducing IL-2Rb subunits. As shown in Fig. 4A,
endogenous Stat5 transcription activity was induced in response to
IL-2. In contrast, endogenous Stat5 transcription activity was pre-
vented by the expression of tStat5 in a dose-dependent manner
(Fig. 4A). These results suggest that tStat5 can function as a
dominant-negative regulator of Stat5-dependent transcription in
mouse lymphocytes. We next examined whether the transcriptional
activity suppressed by tStat5 can be rescued in the presence of
ectopic expression of full-length Stat5. Reporter analysis by CIS-luc
revealed that the reduced luciferase activity was partially restored
by cotransfection with the full-length form of wild-type Stat5
(Fig. 4B). The functional recovery of the IL-2 signaling system
from tStat5-mediated downregulation was significantly enhanced in
the presence of the cleavage-resistant 2KR Stat5 mutant (2KRmt)
(Fig. 4B). To determine whether 2KRmt potentiates the expression
of the endogenous target gene of Stat5, we assessed CIS expression
in T blasts under the same conditions as those in Fig. 4B. The CIS
gene is a known target of the Stat5 pathway activated by IL-2 in
T cells (50, 51). IL-2–induced CIS transcription was suppressed in
the presence of tStat5 (Fig. 4C). Similar to the CIS-luc reporter
assay, 2KRmt potently induced expression of CIS mRNA as com-
pared with wild-type Stat5 (Fig. 4C). Taken together, these results
strongly suggest that acetylation-dependent proteolysis modulates
the intensity of Stat5 signaling.

Signaling triggered via the IL-2Rb-chain A region is necessary
for the induction of CBP translocation from the nucleus to the
cytoplasm

Our results (Fig. 2A, 2B) suggest that IL-2R signaling induces
CBP translocation from the nucleus. To delineate the cytoplasmic
region(s) of IL-2Rb critical for signal transduction, a series of
mutant IL-2Rb-chains with cytoplasmic deletions were generated
and expressed in BAF-B03 cells (10) (Fig. 5A). We then examined
which subregion of the IL-2Rb cytoplasmic tail was required for
signaling CBP translocation within BAF-B03 transfectants. CBP
in F7 cells localized to the nuclei prior to stimulation with IL-2
(Fig. 5B). Similarly, CTLL-2 cells also exhibited nuclear CBP
without IL-2 stimulation (Fig. 5B). IL-2–mediated CBP export
from nuclei was observed in F7 cells but not in parental BAF-B03
cells (Fig. 5C), as well as in all BAF-B03 lines upon IL-3 stim-
ulation, suggesting that stimulation with either IL-2 or IL-3 can
initiate CBP translocation. S25 and St7 cells lacking the S and
SAP regions, respectively, and thus without the Jak1 binding site
(7), do not respond to stimulation with IL-2 (10). Similar to the
previous report, in this study CBP remained in the nucleus of S25
and St7 cells after IL-2 stimulation. CBP arrest in the nucleus was
also observed in A15 cells with IL-2Rb mutants that lacked the A
region. In contrast, H4 cells exhibited translocation of CBP in
response to IL-2 stimulation. These results demonstrate that sig-
naling via the A region of the IL-2Rb-chain is necessary for the
export of CBP from the nucleus.

The P region is dispensable for CBP association with the
IL-2Rb-chain

Next, we sought to identify a CBP binding site in IL-2Rb. In an
immunoprecipitation assay, the wild-type IL-2Rb subunit was
able to associate with cytoplasmic CBP (Fig. 5D, top panel).
However, although IL-2–mediated export of CBP was observed,
the b-chain lacking the P region did not form a complex with CBP
(Fig. 5D, top panel), suggesting that CBP is associated with the
IL-2Rb subunit at the P region. To confirm this, we induced cy-
toplasmic CBP by stimulation with IL-3 in each transfectant
and examined its association with the various IL-2Rb mutants.
As shown in Fig. 5D, association of CBP was observed with the

FIGURE 3. Acetylated Stat5 is a target for proteases. (A and B)

Recombinant FLAG-Stat5a was prepared from transfected 293 cells incubated

with the cellular extract of 32D cells and with the CBP KAT domain (aa 1196–

1718). Reactions were subjected to immunoprecipitation (IP) using an anti-

FLAG Ab. Immunoprecipitates were resolved by SDS-PAGE and analyzed by

immunoblot (IB) using anti–acetyl-lysine or anti-Stat5 Abs. (C) Schematic

illustration of the lysine substitution mutants. (D and E) Wild-type Stat5 or

substitution mutants of Stat5 were transfected into 293 cells. These Stat5s

were immunoprecipitated and assayed as described in (A) and (B). The full-

length or the truncated forms of Stat5 were blotted with an anti-Stat5 Ab. One

representative experiment of three independent experiments is shown.
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wild-type IL-2Rb subunit and with the S and A region mutants.
In contrast, CBP was not pulled down with the mutants lacking
the P region of the IL-2Rb subunit, such as the P or SAP region
mutants (Fig. 5D, middle panel). These results demonstrate that
the P region, but not the A or S regions, is indispensable for the
association of CBP with the IL-2Rb-chain.

Activation of the MEK/ERK pathway is necessary for
IL-2–mediated translocation of CBP from the nucleus
to the cytoplasm

Lastly, we attempted to delineate the CBP-exporting signaling
cascade derived from the IL-2R complex. The results shown above

suggest that the A region of the IL-2Rb cytoplasmic tail, which
activates two distinct signal pathways (Shc and Lck) (9, 15, 16,
52), is necessary for IL-2–induced CBP export. To investigate
whether activation via the A region triggers CBP export, we ex-
amined the involvement of phosphotyrosines in the A region in
CBP translocation using point mutants (Fig. 6A) in which the
tyrosine residues of the IL-2Rb subunit (Y338, Y335, Y358, and
Y361) were changed to phenylalanine. As shown in Fig. 6B,
translocation of CBP was not observed in BAF-B03 cells with any
of the IL-2Rb Fall mutants after IL-2 stimulation. As it is known
that phosphorylation of tyrosine residues on the A region is dis-
pensable for IL-2–mediated activation of Lck (53), this result

FIGURE 4. Truncated form of Stat5 functions as a dominant-negative inhibitor. IL-2 activity was analyzed in BAF-B03 F7 cells transfected with a Stat5-

responsive reporter construct and truncated (aa 1–719) (A), cleavage-resistant (2KRmt; K696R/K700R Stat5), or wild-type Stat5 (B). At 48 h after

transfection, the cells were starved for 10 h and stimulated with IL-2 for 6 h; luciferase activity was measured using the Dual-Luciferase reporter system.

(C) Primary T cells expressing the exogenous ectopic form of Stat5 proteins were sorted using FACSAria III and stimulated with IL-2. Expression of CIS

mRNA was analyzed by quantitative PCR. All error bars indicate SD. *p , 0.01 compared with responsive counterpart, calculated by t test.

FIGURE 5. The P region and IL-2Rb subunit associate with CBP. (A) Schematic illustration of domain deletion mutants of the IL-2Rb subunit. Shown are

wild-type F7, containing full-length IL-2Rb wild-type (WT), and the IL-2Rb deletion mutants S25, lacking aa 267–322 (S region; DS); A15, lacking aa 313–382

(A region; DA); H4, lacking aa 381–525 (P region; DP); and St7, lacking aa 267–525 (intracellular region; DSAP). These mutants are expressed in BAF-B03

cells. (B) Confocal images of steady-state CTLL-2 or F7 cells. Cells were probed with an anti-CBPAb followed by FITC-conjugated anti-rabbit IgG (green) and

TO-PRO-3 (blue; nuclei). Scale bars, 10 mm. (C) Confocal images of a series of BAF-B03 transfectants treated with IL-2 or IL-3 probed with an anti-CBPAb and

stained with TO-PRO-3 (nuclei) as indicated. Scale bar, 10 mm. (D) IL-2Rb subunit mutant-expressing BAF-B03 cells were starved of IL-3 for 10 h and then

stimulated with IL-2 (top) or IL-3 (middle) for 20 min. Immunoprecipitates using the anti–IL-2Rb subunit were probed with an anti-CBP Ab.
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suggests that the Shc pathway rather than the Lck pathway might
be critical for initiating CBP export from the nucleus after IL-2

stimulation. In this case, the Y338 to F substitution should abolish

the ability of IL-2Rb to induce IL-2–mediated CBP export, as

Y338 phosphorylation is required for Shc binding to IL-2Rb via

the A region (15, 16, 52). Consistent with this model, the IL-2Rb

FY3 mutant lacking Y338 did not trigger CBP export after stim-

ulation with IL-2 (Fig. 6B).
We further explored the involvement of Shc in IL-2–mediated

CBP export signaling using the IL-2Rb–d325–Shc construct, in

which Shc is directly fused to the C-terminal end of the S region

of the IL-2Rb-chain (43, 54). In BAF-B03 cells with the IL-2Rb–

d325–Shc construct, IL-2–mediated CBP translocation from nu-

clei to cytoplasm was clearly observed (Fig. 6B). Additionally, the

MEK inhibitor PD98059, but not the Lck inhibitor PP2, blocked

IL-2–mediated translocation of CBP in CTLL-2 (Fig. 6C) and F7

cells (Supplemental Fig. 2). Taken together, these results suggest

that activation of the MEK/ERK pathway by pY338 on the IL-

2Rb A region might be necessary to transport CBP from the nu-

cleus to the cytoplasm (Fig. 7).

Discussion
Based on the findings reported in this study, we propose a model for
the role of acetylation in the regulation of Stat5 activity (Fig. 7).

Upon binding of IL-2 to functional IL-2R complexes, the activa-

tion of various signal pathways is initiated by Jak1 and Jak3,

which phosphorylate the cytoplasmic tails of IL-2Rb and gc.

pY338 on the IL-2Rb-chain provides a Shc binding site and

triggers the activation of the MEK/ERK pathway, initiating

translocation of CBP from the nucleus to the cytoplasm. Cyto-

plasmic CBP binds to the P region of the IL-2Rb-chain and then

acetylates Jak1, Jak3, and Stat5. Acetylated, but not non-

acetylated, Stat5 is specifically converted to the tStat5 form

lacking the TAD by limited proteolysis with Stat5 protease and/or

other proteases. Then, tStat5 competitively forms dimers with full-

length Stat5 and prevents its homodimerization and activation,

thus acting as a negative regulator of Stat5. Therefore, CBP-

mediated protein acetylation contributes to negative regulation

in IL-2R signal transduction.
We demonstrated cross-talk between protein phosphorylation and

acetylation in the Jak1, Jak3, and Stat5 cascades in lymphocyte cell

lines. Association of CBP with the IL-2Rb-chain, CBP-dependent

Stat5 acetylation, and augmented activity of the 2KR mutant form

of Stat5 were also revealed in primary T cells in response to IL-2

stimulation. Therefore, protein acetylation by cytoplasmic CBP

might control signaling cascades in the physiological condition.
Additionally, Stat5 activity is also regulated by mechanisms other

than acetylation, as demonstrated in this study. For example, acti-

vated Stat5 is inactivated by dephosphorylation by SH2 domain–

containing phosphatase 1, SH2 domain–containing phosphatase,

and protein tyrosine phosphatase 1B (55). Inactivation of Stat5 is

also achieved by a negative feedback loop mediated by CIS/SOCS

family proteins (56). Moreover, Wang et al. (57) demonstrated that

phosphorylated Stat5 is degraded in a proteasome-dependent man-

ner. According to their report, the proteasome targets the phos-

phorylated form of active Stat5 but not the nonphosphorylated form.

This causes loss of the Stat5 dimerization that is dependent on its

pY694 and selectively reduces the level of available Stat5 from the

nucleus. In comparison, we demonstrate in the present study that

acetylation leads to the generation of a truncated form of Stat5 by

limited proteolysis. Because the Abs we used react with N-terminal

Stat5 and are produced by immunizing animals with a synthetic

peptide corresponding to the N-terminal portion of Stat5, and with

pY694 on Stat5 (Fig. 3C), our results suggest that the N-terminal
region of tStat5 is intact. Although tStat5 lacks the TAD and thus
exhibits reduced transcriptional activity, it is able to dimerize be-
cause it still contains the pY694 in the SH2 domain (58). The tStat5–
tStat5 homodimer and the tStat5–full-length Stat5 heterodimer also

FIGURE 6. The A region of the IL-2Rb subunit induces CBP export.

(A) Schematic depiction of IL-2Rb subunit mutants. (B) After IL-2 stim-

ulation (20 min), the subcellular localization of CBP in BAF-B03 trans-

fectants was analyzed by confocal laser microscopy. Cells were probed

with an anti-CBPAb followed by FITC-conjugated anti-rabbit IgG (green)

and TO-PRO-3 (blue; nuclei). Scale bar, 10 mm. (C) CTLL-2 cells were

cultured in the presence of MEK/ERK or Src inhibitors (micromolar) as

described. Immunoprecipitates and whole-cell lysates were resolved by

SDS-PAGE and transferred to membranes. The membranes were probed

with an anti-CBP Ab.
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demonstrate no transcriptional activity, indicating that the tStat5
might produce a more aggressive inhibitory effect by working as a
dominant negative of residual full-length Stat5. Furthermore, unlike
the negative impact on Stat5 function by proteasome degradation,
tStat5 exhibits DNA-binding capacity; therefore, both its homo- and
heterodimers are able to occupy the target sequence element. This
suggests that tStat5 might be able to form a complex on chromo-
somal DNA. Because tStat5 has no TAD, the tStat5 complex
might be distinct from complexes containing the full-length Stat5
homodimer.
Additionally, the tStat5 complex on the chromosome might

indirectly modulate epigenetic modification. The bromodomain
shared by p300 and CBP is known to bind to acetylated lysine (34).
Therefore, the tStat5 complex lacking transcriptional activity
might serve as a new scaffold for p300 or CBP. The KATs bound
to tStat5 might then acetylate histones in the vicinity; in turn,
histone acetylation causes alteration of the chromatin structure
such that it becomes accessible for other transcription factors,
which is generally considered to facilitate transcription. Ezh2, a
histone methyltransferase, has a modulatory function generally
contrary to that of p300 or CBP (59). Ezh2 is involved in tran-
scriptional repression through trimethylation of histone H3 at
lysine 27 (H3K27m3) (60, 61). Notably, Stat5 leads to the re-
cruitment of Ezh2 after binding to the Ig-k L chain locus (62);
Ezh2 modification then suppresses the target locus. tStat5 might
provide a more potent suppressive activity of Ezh2 owing to the
lack of tStat5 transactivation activity. These events might there-

fore result in epigenetic reorganization by using tStat5 as a molec-
ular scaffold, subsequently leading to changes in the transcriptional
network. Our study partially demonstrated one mechanism regulated
by protein acetylation; however, many others likely exist, requiring
further studies to define the full involvement of KAT-mediated pro-
tein acetylation in lymphocyte fate.
All substances trafficked into or out of the nucleus must traverse

structures embedded in the nuclear envelope called nuclear pore
complexes (NPCs) (63). The transport of small molecules, proteins,
and salts occurs by diffusion through the NPC; however, proteins
.40–65 kDa cannot passively move through the NPC. Such larger
proteins must be transported through the NPC with the assistance of
soluble nuclear-cytoplasmic transport receptors and the small
GTPase Ran (64). To date, eight RanGTP-driven transport receptors
have been identified (65). Although each transport receptor can vary
widely in the number of different substrates it can handle, it is well
known that chromosome region maintenance 1 (CRM1) represents a
transport receptor that handles a very large number of structurally
unrelated cargoes (65). This broad specificity of CRM1 is possible
not only because of a markedly versatile cargo binding site, but also
because CRM1 recognizes short peptide sequences, so-called
leucine-rich nuclear export signals, that are readily accommodated
into many proteins. Additionally, adaptor molecules recruit CRM1 to
those cargoes that the transport receptors cannot bind directly (66).
Thus, for the nuclear export of a substrate protein as a cargo, CRM1/
RanGTP/cargo complexes are formed (66). Ran-binding protein 3
(RanBP3) chaperones the formation of these export complexes.
Therefore, the export machinery requires RanBP3 activity (67).
Furthermore, Yoon et al. (68) provide evidence for the activation of
nucleocytoplasmic transport via the MEK/ERK signaling pathway
through the phosphorylation of RanBP3. As in the present study we
demonstrate that the IL-2R–mediated MEK/ERK pathway, but not
the Lck pathway, facilitates CBP transport to the cytoplasm from the
nucleus, these observations suggest that ERK might activate the
CRM1 machinery and thereby regulate the nucleocytoplasmic
transport of CBP. It is possible that the CBP translocation in response
to IL-2 might result in such ERK-dependent activation of the CRM1
machinery. Our findings raise the possibility that CBP might shuttle
between the nucleus and the cytoplasm and might be capable of
catalyzing signaling molecules in the cytoplasm and histone proteins
in the nucleus equally well. Further investigation is necessary to
identify ERK target molecules that enhance signaling to direct nu-
clear transport.
Several groups have previously reported the functional modu-

lation of Stat activity by acetylation. Stat1 and Stat2 undergo
acetylation upon stimulation by type I IFN, whereas Stat3 and Stat5
are modified by stimulation with oncostatin M and prolactin, re-
spectively (35–38). This acetylation contributes to the stable for-
mation of Stat transcription complexes (35–38). Tang et al. (36)
identified that the acetylation of Stat1, Stat2, and IFN regulatory
factor 9 is induced by type I IFN. The ISGF3 complex formed by
these three factors is stabilized by acetylation, leading to its ac-
tivation. Similarly, Krämer et al. (38) reported acetylation of Stat1
induced by type I IFN; however, the acetylation of the Stat mol-
ecule attenuated the transcriptional activity of Stat1 in their sys-
tem. They demonstrate that Stat activity is reduced through the
function of the acetyl groups on Stat1 to work as a target of
phosphatase, causing dephosphorylation of the phosphorylated
tyrosine in the SH2 domain, which leads to a lack of Stat1 di-
merization. In our present study, we identified the IL-2–induced
acetylation of Stat5. Ma et al. (35) previously reported that Stat5b
is acetylated in the breast cancer cell line T47D upon prolactin
stimulation. Prolactin- and IL-2–induced acetylation share com-
mon features: 1) two lysine residues (K694 and K701 on Stat5b or

FIGURE 7. Model for a CBP-mediated acetylation cascade in the IL-

2R/Stat5 pathway. IL-2 binding stimulates IL-2 receptor complex cas-

cades. Autoactivated Jak kinases phosphorylate Y338 of the IL-2Rb

subunit. Phospho-Y338 is required for Shc-mediated activation of the

MEK/ERK kinase pathway, which induces the nuclear export of CBP.

Cytoplasmic CBP assembles on the P region of the IL-2Rb subunit and

acetylates lysine residues on the C terminus of Stat5. Stat5 protease se-

lectively digests Stat5 acetylated with K696 and/or K700, marking it as a

proteolytic target. The truncated form of Stat5 therefore loses the TAD and

inhibits the transcriptional activity of the full-length form of Stat5. In

contrast, the dimer composed of full-length Stat5 transcribes the target

genes into mRNA.
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K696 and K700 on Stat5a) are located in close proximity to the
tyrosine residue in the SH2 domain; 2) knockdown of CBP with
siRNA largely abolished Stat5 acetylation; and 3) CBP binds to
the cytoplasmic region of both prolactin and IL-2 receptors. In
contrast to our results, however, prolactin-induced Stat5b acety-
lation enhanced its transcriptional activity, as the acetylation of
K694 on Stat5b stabilized SH2-dependent dimerization (35). It is
not known why Stat5 leads to enhanced activity following pro-
lactin stimulation but attenuated activity when stimulated with
IL-2. This might be due to the difference in ligand and/or cell type;
however, these contrasting findings likely indicate that the func-
tional modulation of Stat5 by acetylation regulates complex bio-
logical phenomena. Further study is necessary to obtain a full
understanding of cytoplasmic protein acetylation.
In conclusion, our findings establish a specific role of cyto-

plasmic CBP in the modulation of Stat5 activity. Furthermore, the
results of this study raise the possibility that cytokine receptors and
other receptors transmit signals through the MEK/ERK pathway to
shuttle CBP and/or p300 between the nucleus and the cytoplasm.
As the significance of the conversion of protein function by
acetylation remains to be fully defined, this conclusion must be
confirmed by further studies analyzing the role of acetyl groups on
nonhistone proteins.
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18. González-Garcı́a, A., I. Mérida, C. Martinez-A, and A. C. Carrera. 1997. In-
termediate affinity interleukin-2 receptor mediates survival via a phosphatidy-
linositol 3-kinase-dependent pathway. J. Biol. Chem. 272: 10220–10226.

19. Verdeil, G., D. Puthier, C. Nguyen, A. M. Schmitt-Verhulst, and N. Auphan-
Anezin. 2006. STAT5-mediated signals sustain a TCR-initiated gene expression
program toward differentiation of CD8 T cell effectors. J. Immunol. 176: 4834–
4842.

20. Hennighausen, L., and G. W. Robinson. 2008. Interpretation of cytokine sig-
naling through the transcription factors STAT5A and STAT5B. Genes Dev. 22:
711–721.

21. Darnell Jr., J. E. 1997. STATs and gene regulation. Science 277: 1630–1635.
22. Ihle, J. N. 2001. The Stat family in cytokine signaling. Curr. Opin. Cell Biol. 13:

211–217.
23. Yao, Z., Y. Cui, W. T. Watford, J. H. Bream, K. Yamaoka, B. D. Hissong, D. Li,

S. K. Durum, Q. Jiang, A. Bhandoola, et al. 2006. Stat5a/b are essential for
normal lymphoid development and differentiation. Proc. Natl. Acad. Sci. USA
103: 1000–1005.

24. Lee, C., F. Piazza, S. Brutsaert, J. Valens, I. Strehlow, M. Jarosinski, C. Saris, and
C. Schindler. 1999. Characterization of the Stat5 protease. J. Biol. Chem. 274:
26767–26775.

25. Schuster, B., L. Hendry, H. Byers, S. F. Lynham, M. A. Ward, and S. John. 2007.
Purification and identification of the STAT5 protease in myeloid cells. Biochem.
J. 404: 81–87.

26. Azam, M., C. Lee, I. Strehlow, and C. Schindler. 1997. Functionally distinct
isoforms of STAT5 are generated by protein processing. Immunity 6: 691–701.

27. Stark, G. R., and J. E. Darnell, Jr. 2012. The JAK-STAT pathway at twenty.
Immunity 36: 503–514.

28. Loo, Y. M., and M. Gale, Jr. 2011. Immune signaling by RIG-I-like receptors.
Immunity 34: 680–692.

29. Hundt, M., H. Tabata, M. S. Jeon, K. Hayashi, Y. Tanaka, R. Krishna, L. De
Giorgio, Y. C. Liu, M. Fukata, and A. Altman. 2006. Impaired activation and
localization of LAT in anergic T cells as a consequence of a selective palmi-
toylation defect. Immunity 24: 513–522.

30. Sherman, E., V. Barr, S. Manley, G. Patterson, L. Balagopalan, I. Akpan,
C. K. Regan, R. K. Merrill, C. L. Sommers, J. Lippincott-Schwartz, and
L. E. Samelson. 2011. Functional nanoscale organization of signaling molecules
downstream of the T cell antigen receptor. Immunity 35: 705–720.

31. Ben-Neriah, Y. 2002. Regulatory functions of ubiquitination in the immune
system. Nat. Immunol. 3: 20–26.

32. Yang, X. J., and E. Seto. 2007. HATs and HDACs: from structure, function and
regulation to novel strategies for therapy and prevention. Oncogene 26: 5310–
5318.

33. Jensen, O. N. 2006. Interpreting the protein language using proteomics. Nat. Rev.
Mol. Cell Biol. 7: 391–403.

34. Spange, S., T. Wagner, T. Heinzel, and O. H. Krämer. 2009. Acetylation of non-
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The majority of Treg cells are produced in the thymus as a functionally 
distinct and mature T cell subpopulation that is actively involved in 
the maintenance of immunological self-tolerance and homeostasis1. 
They specifically express the transcription factor Foxp3, which has 
crucial roles in Treg cell development and function2–4. In addition, 
Treg cells acquire specific DNA hypomethylation patterns that are 
enriched at Treg cell signature genes including Foxp3, Il2ra, Ctla4 and 
Ikzf2. Acquisition of this epigenetic feature is independent of Foxp3 
and associated with stable Treg-specific gene expression required for 
Treg cell lineage commitment and maintenance5,6. It is not clear, how-
ever, how Treg-specific gene transcription and epigenetic changes are 
coordinately controlled in developing Treg cells in the thymus.

Thymus-derived Treg (tTreg) cells develop mainly from immature 
CD24hiCD4+CD8− (CD4 single-positive (CD4SP)) thymocytes, 
with a minor fraction arising from CD4+CD8+ double-positive 
(DP) thymocytes7. Relatively strong agonistic T cell antigen recep-
tor (TCR) stimulation and CD28 costimulation appear to generate 
CD25+GITR+Foxp3−CD4SP tTreg precursor cells8. TCR and IL-2 
stimulation drive CD25+GITR+Foxp3−CD4SP tTreg precursor cells 
to differentiate into Foxp3+ tTreg cells that show the Treg cell–type 
DNA hypomethylation pattern8,9, but such stimulation does not 
generate Treg cells from CD25−Foxp3−CD4SP thymocytes. These 
observations indicate that whether thymocytes will differentiate 
into Treg cells is already determined at the tTreg precursor stage, 
before Foxp3 expression, posing the question of how tTreg precursor 

cells are primed to differentiate into tTreg cells at the transcriptional  
and epigenetic levels.

Cell differentiation is generally determined by the formation of the 
cell type–specific epigenetic landscape and the network of transcription 
factors10,11. Given that binding of most transcription factors depends 
on chromatin status, it is thought that the cell type–specific epigenetic 
landscape needs to be established before or concurrently with the expres-
sion of lineage-specifying transcription factors. In forming an epigenetic 
landscape, enhancer activation precedes promoter activation and associ-
ated gene expression12. Moreover, a number of studies have identified 
cell type–specific super-enhancers (SEs), which are defined as genomic 
regions with dense clustering of highly active enhancers, and demon-
strated their association with the genes that define cell identity and 
determine cell lineage specification13–16. These findings suggest that the 
formation of a Treg cell–specific enhancer landscape may be a key deter-
minant of priming tTreg precursor cells for tTreg cell differentiation.

Here we address how Treg cell lineage specification occurs before the 
expression of Foxp3 and other Treg signature genes. We show that Treg-SEs, 
which are associated with Treg signature genes, are gradually established 
and activated in early stages of tTreg cell development. Furthermore, we 
found that developmental stage–specific deletion of the genome organ-
izer Satb1 impairs Treg-SE activation and fails to induce Treg cell signature 
genes, thereby causing autoimmune diseases and IgE hyperproduction 
via tTreg cell deficiency. Our results suggest that Satb1-dependent Treg-SE 
activation is a crucial epigenetic event guiding tTreg cell development.
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Guidance of regulatory T cell development by  
Satb1-dependent super-enhancer establishment
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Most Foxp3+ regulatory T (Treg) cells develop in the thymus as a functionally mature T cell subpopulation specialized for immune 
suppression. Their cell fate appears to be determined before Foxp3 expression; yet molecular events that prime Foxp3− Treg 
precursor cells are largely obscure. We found that Treg cell–specific super-enhancers (Treg-SEs), which were associated with 
Foxp3 and other Treg cell signature genes, began to be activated in Treg precursor cells. T cell–specific deficiency of the genome 
organizer Satb1 impaired Treg-SE activation and the subsequent expression of Treg signature genes, causing severe autoimmunity 
due to Treg cell deficiency. These results suggest that Satb1-dependent Treg-SE activation is crucial for Treg cell lineage 
specification in the thymus and that its perturbation is causative of autoimmune and other immunological diseases. 
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RESULTS
Association of Treg-SEs with Treg signature genes
We first searched for SEs in the genomes of mouse CD4+CD25+Foxp3+ 
Treg and CD4+CD25−Foxp3− ‘conventional’ T (Tconv) cells by chromatin  

immunoprecipitation sequencing (ChIP-seq) of histone H3 acetylated 
at Lys27 (H3K27ac), an indicator of active enhancers. We used the 
algorithm ROSE13,14 to stitch peaks within 12.5 kb and rank them 
by signal intensity. We plotted the H3K27ac signal against stitched 
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Figure 1 Identification of Treg-specific SEs. (a) Distribution of H3K27ac signals across the genome in peripheral Tconv and Treg cells. Cumulative 
H3K27ac signals at stitched enhancers are plotted against enhancer rank. Dotted lines show the boundary between TEs and SEs. (b) Scatter plot 
showing normalized H3K27ac ChIP-seq tag counts at stitched enhancer regions in Tconv and Treg cells. Numbers of regions in each category are shown 
in parentheses. (c) H3K27ac, H3K4me1, H3K27me3 and H3K4me3; ATAC-seq and MBD-seq signals; RNA transcription start sites assessed by cap 
analysis gene expression (CAGE) method; and binding of various transcription factors at the Foxp3 Treg-SE. Positive (+) and negative (−) strands are 
indicated for CAGE analysis. Peak heights are normalized at the Gapdh locus (right). Scale bars, 5 kb. (d) H3K27ac, H3K4me1 and H3K27me3; 
ATAC-seq; and MBD-seq signal at global Treg-SE regions and H3K4me3 signal around transcription start sites (TSS) of Treg-SE-associated genes in 
Treg and Tconv cells. Average normalized ChIP-seq density of 66 Treg-SEs is plotted for merged Treg-SE regions ± 20 kb or TSS ± 5 kb. Merged ends of 
Treg-SEs are marked as S (start) and E (end). (e) Relative expression of bidirectional RNA produced from indicated regions in Treg and Tconv cells. Box 
plots show median (center line), interquartile range (box) and tenth and ninetieth percentiles (whiskers). ns, P > 0.05; *P ≤ 0.05; ****P ≤ 0.0001 
(Kruskal–Wallis test followed by Dunn’s multiple comparisons test). (f) Frequency of Treg-specific DNA hypomethylated regions (TSDRs). (g) Expression 
of genes associated with Treg-SEs (61 genes) and Treg-TEs (287 genes) in Tconv and Treg cells. Average fragments per kilobase of transcript per million 
reads mapped (FPKM) of 2 independent RNA-seq experiments. Box plots show median (center line), interquartile range (box) and tenth and ninetieth 
percentiles (whiskers). ns, P > 0.05 and ****P ≤ 0.0001 (Kruskal–Wallis test followed by Dunn’s multiple comparisons test). (h) H3K27ac signals at 
merged Treg-SE ± 20 kb (as in d) in Tconv and Treg cells, before and after in vitro TCR stimulation with IL-2. Data are from 1 experiment (transcription 
factor ChIP-seq, ATAC-seq, H3K4me1 and H3K27me3 ChIP-seq), are representative of 2 independent experiments (H3K27ac ChIP-seq, H3K4me3 
ChIP-seq and MBD-seq, a,c,d–f,h) or are the average of 2 independent experiments (RNA-seq, b,g).
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enhancer rank and used the tangent of the resulting curve to distin-
guish between SEs and typical enhancers (TEs) (Fig. 1a) (details of SE 
definitions are given in Online Methods). Among 384 SEs thus defined 
in Treg cells, 66 showed significantly (false discovery rate (FDR) < 0.05)  
higher H3K27ac signal intensity in Treg cells (Treg-SEs) and 318 were 
common to Treg and Tconv cells (common-SEs); 37 among 355 SEs 
found in Tconv cells were specific to these cells (Tconv-SEs) (Fig. 1b). 
TEs were similarly grouped as Treg-specific (Treg-TEs), common  
(common-TEs) or Tconv-specific (Tconv-TEs).

When we compared the Treg-SE region at the Foxp3 locus in Treg 
and Tconv cells, the former showed stronger H3K27ac and monomethy-
lation of H3K4 (H3K4me1, an active enhancer mark when combined 
with H3K27ac)17, greater chromatin accessibility (as determined 
by assay for transposase-accessible chromatin using sequencing  
(ATAC-seq)) and weaker H3K27me3 (an inactive enhancer mark) 
and DNA methylation (as indicated by methyl-CpG binding  
domain protein-enriched genome sequencing (MBD-seq)) (Fig. 1c).  

Average intensities of these signals at the 66 Treg-SEs showed the  
same trends (Fig. 1d). Bidirectional enhancer RNAs, which are 
produced by active enhancers18, showed significantly higher tran-
scription at Treg-SEs than at Treg-TEs or the corresponding regions 
in Tconv cells (Fig. 1c,e). Multiple transcription factors, including 
Foxp3, Runx1, Bcl11b, Ets1 and CREB, which contribute to Treg cell 
function in various ways19, bound densely to Treg-SEs (Fig. 1c and 
Supplementary Fig. 1a). Med1 and Smc1a, components of media-
tor and cohesin complexes, respectively, frequently co-occupied 
Treg-SEs, indicating possible occurrences of promoter–enhancer 
looping within Treg-SEs20 (Fig. 1c and Supplementary Fig. 1a,b). 
Treg-SEs were also enriched for Treg-specific DNA demethylated 
regions, including hallmarks of Treg cell identity at the Foxp3, Ctla4 
and Ikzf2 loci6 (Fig. 1f). Similarly to these findings with Treg-SEs, 
H3K27ac density correlated with that of other ‘permissive’ epige-
netic modifications at common-SEs, Tconv-SEs and TEs (Fig. 1e,f 
and Supplementary Fig. 1a–c).

DP ImCD4SP Pre-tTregThyTreg Treg

150

100

50

0
–20 kb S E 20 kb

H
3K

27
ac

70

35

0
–20 kb S E 20 kb

H
3K

4m
e1

60

30

0
–20 kb S E 20 kb

–20 kb S E 20 kb

12

8

4

0

A
T

A
C

-s
eq

H
3K

27
m

e3

M
B

D
-s

eq

–20 kb S E 20 kb

12

8

4

0

160

80

0
–5 kb TSS 5 kb

H
3K

4m
e3

N
or

m
al

iz
ed

C
hl

P
-s

eq
 d

en
si

ty

Ppp1r3f Foxp3 Gapdh

Treg-SE

DP

ImCD4SP
Pre-tTreg

ThyTreg

Treg

DP

ImCD4SP

DP

Treg

ThyTreg

Pre-tTreg

ImCD4SP

Pre-tTreg

ThyTreg

Treg

DP

ImCD4SP

H
3K

27
ac

H
3K

4m
e1

A
T

A
C

-s
eq

H
3K

27
m

e3
M

B
D

-s
eq

H
3K

4m
e3

R
N

A
-s

eq

Pre-tTreg

ThyTreg

Treg

DP

ImCD4SP

Pre-tTreg

ThyTreg

Treg

DP

ImCD4SP

Pre-tTreg

ThyTreg

Treg

DP

ImCD4SP

Pre-tTreg

ThyTreg

Treg

150

100

50

0

DP

Im
CD4S

P

Pre
-tT

re
g

Thy
T re

g
T re

g

N
or

m
al

iz
ed

 ta
g

co
un

ts
/k

b

H3K27ac
H3K4me1
H3K27me3
mRNA expression
ATAC-seq
MBD-seq
H3K4me3

DP

ImCD4SP

Pre-tTreg

ThyTreg

Treg

Relative H3K27ac

R
el

at
iv

e 
H

3K
27

m
e3

5

–5 5

–5

5

–5 5

–5

5

–5 5

–5

5

–5 5

–5

5

–5 5

–5

DP

Im
CD4S

P

Pre
-tT

re
g

Thy
T re

g
T re

g

–1 1
Row z-score

T
re

g-
S

E
s

Ctla4 ll2ra lKzf2

DP

ImCD4SP

Pre-tTreg

Thy-tTreg

Treg

Treg-SE

a b

c

d

e

f

Figure 2 Establishment of Treg-specific SEs in developing Treg cells. (a) H3K27ac, H3K4me1 and H3K27me3 and ATAC-seq and MBD-seq signals 
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is plotted for merged Treg-SE regions ± 20 kb or TSS ± 5 kb. Merged ends of Treg-SEs are marked as S (start) and E (end). (b) Chromatin configuration 
changes of the Treg-SE as in a and mRNA expression at the Foxp3 locus during Treg cell development. Peak heights are normalized at the Gapdh locus 
(right). Scale bars, 5 kb. (c) Changes in H3K27ac, H3K27me3, H3K4me1, ATAC-seq and MBD-seq signals at Treg-SE regions, in H3K4me3 signal at 
TSS ± 5 kb of Treg-SE-associated genes and in mRNA transcription of these genes during Treg cell development. Mean normalized tag counts per kb ± 
s.e.m. of 66 Treg-SE regions are plotted. (d) Scatter plots showing changes in H3K27ac (x axis) and H3K27me3 (y axis) signals at each Treg-SE during 
Treg cell development relative to those at the DP stage. Each dot indicates a Treg-SE region. (e) Heat map of H3K27ac intensity of each Treg-SE (rows) 
in indicated cell types (columns). Row z-score is shown in color gradient. (f) Changes in H3K27ac modifications in Treg-SEs at Treg signature gene loci 
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Many Treg-SEs were found in close proximity to Treg signature genes, 
such as Foxp3, Ctla4, Il2ra and Ikzf2 (Fig. 1a and Supplementary 
Data). Such Treg-SE-associated genes showed higher expression in  
Treg cells than in Tconv cells and higher expression than Treg-TE-associated  
genes (Fig. 1g). Most of them also showed higher specificity for 
thymic and peripheral Treg cells than for various immune cell  
types (Supplementary Fig. 1d). In addition, promoters of Treg-SE-
associated genes showed higher intensity of H3K4me3 (a promoter 
activation mark) in Treg cells than in Tconv cells (Fig. 1c,d). In contrast, 
common-SEs were associated with genes expressed similarly in Treg 
and Tconv cells; further, the genes associated with Tconv-SEs included 
those downregulated in Treg cells (Supplementary Fig. 1e).

Notably, the corresponding Treg-SE regions in Tconv cells possessed 
H3K4me1 and H3K27me3 marks, with chromatin accessibility and bind-
ing of transcription factors, indicating their poised states17 (Fig. 1c,d).  
However, TCR and IL-2 stimulation did not activate Treg-SEs in Tconv 
cells or alter them in Treg cells (Fig. 1h). These results, taken together, 
demonstrate highly specific and robust establishment of Treg-SEs in 
Treg cells and a strong correlation between Treg-SE activity and associ-
ated gene expression, which suggests important roles of Treg-SEs in 
Treg-specific gene transcription.

Treg-SE activation before Foxp3 expression
We next examined the timing of Treg-SE establishment in the  
course of in vivo tTreg cell development. In DP and immature  
CD4SP thymocytes, Treg-SE regions were marked with permissive 
H3K4me1 and repressive H3K27me3 modifications, which together 
indicated their poised state17, as shown at the merged Treg-SEs  
(Fig. 2a) and at the representative Foxp3 gene locus (Fig. 2b). In 
tTreg precursor cells, Treg-SEs showed increased H3K27ac, decreased 
H3K27me3 and no changes in H3K4me1, indicating that they  
had begun to be activated (Fig. 2a–d and Supplementary Figs. 2a 
and 3a). These changes were intensified at the thymic Treg cell stage. 
More detailed analyses revealed that approximately half of the Treg-
SEs showed significant (FDR < 0.05) increases in H3K27ac signal in 
tTreg precursor cells before Foxp3 expression, whereas others were 
activated at the thymic Treg cell stage (Fig. 2d,e). The former included 
Treg-SEs at Foxp3 and other Treg cell signature gene loci (Fig. 2b,f).  
These changes at Treg-SE regions preceded chromatin loosen-
ing, DNA demethylation, activation of associated promoters and  

transcription of associated genes (Fig. 2a–c and Supplementary Figs. 2a  
and 3a). Furthermore, from early stages of tTreg cell development,  
enhancer activity was stronger at Treg-SEs than at Treg-TEs, which 
probably facilitates robust induction of Treg-SE-associated genes 
(Supplementary Fig. 2b). In contrast with Treg-SEs, common-SEs 
were active in all tTreg differentiation stages, whereas most Tconv-
SEs were activated only in peripheral Tconv cells and maintained 
at a poised state in developing tTreg cells, as shown for merged 
SEs (Supplementary Fig. 2c) and for each representative SE 
(Supplementary Fig. 3b,c). Thus, a series of chromatin configura-
tion changes occurred specifically at Treg-SEs in the course of tTreg 
cell development, before the expression of Foxp3.

Potential of Satb1 as a pioneer factor
Next, to investigate the roles of Treg-SEs during tTreg cell differentiation 
in vivo, we searched for potential regulators of Treg-SEs by expression 
analysis of epigenetic modifiers (GO terms chromatin organization 
(QuickGO GO:0006325) and epigenetic regulation of gene expression 
(QuickGO GO:0040029)). On the basis of the assumption that pio-
neer factors able to open up condensed chromatin would be required 
for an initial phase of cell differentiation21,22, we selected epigenetic 
modifiers that showed significantly higher mRNA expression in tTreg 
precursor cells than in peripheral Treg cells (Fig. 3a). The most dif-
ferentially expressed epigenetic modifier was Satb1, which encodes a 
genome organizer that regulates both transcriptional and epigenetic 
changes in T cells by forming long-range chromatin loops, bringing 
distal genes together and recruiting epigenetic modifying enzymes and 
transcriptional machineries to target gene loci23,24. Satb1 was also one 
of the few candidate genes that were upregulated toward the CD4SP 
stage, where most Treg cells developed (Fig. 3b). It was expressed from 
the DP stage, further upregulated in immature CD4SP thymocytes and 
downregulated as Treg cells differentiated (Fig. 3c). This pattern of 
Satb1 expression, which precedes Foxp3 expression, suggests a poten-
tial role of Satb1 in priming Treg-SEs for Treg cell differentiation.

We then examined the potential of Satb1 (or a Satb1-containing 
complex) as a pioneer factor for establishing Treg-SEs. Satb1 ChIP-
seq revealed that Satb1 bound to most Treg-SEs, common-SEs and 
Tconv-SEs in DP, CD4SP and developing tTreg cells (tTreg precursor 
and thymic Treg cells combined) but not in mature Treg cells (Fig. 4a  
and Supplementary Fig. 4a). Moreover, 27% of Satb1-binding sites 

104

103

102

101

100

P
re

-t
T

re
g 

ce
ll 

ex
pr

es
si

on

Upregulated in pre-tTreg

Downregulated in  pre-tTreg

Satb1
Skp1a

Tcf3
Kdm6b

Dnmt3a
Hdac2
Ezh2 Gpx1

Klf2
Cbx7
Kat2b

Hopx

Gata1

100 101 102 103 104

Treg cell expression

ETP

ETP-D
N2a

DN2a
DN2b

DN3a
DN3b

DN3-
DN4

DN4
lS

P
DPbl

DPsm

CD69
+ DP

CD4
+ CD8

int

CD69
+ CD4S

P

CD24
int CD4S

P

CD24
– CD4S

P

CD4
+ Tna

iveTre
g

CD8
+ Tna

ive γδTNKT NK B DC

M
on

oc
yte

M
ac

ro
ph

ag
e

Gra
nu

loc
yte

Row z-score

–2 0 2

PeripheryThymus

Kdm6b
Kdm5b
Satb1
Tet1
Hdac2
Skp1a
Tdrkh
Cdk1
Aurka
Aurkb
Hmgb3
Ezh2
Uhrf1

1.0

0.5

0.0R
el

at
iv

e 
ex

pr
es

si
on

Satb1
Foxp3

a b c

H
S

C

M
P

P

C
LP D
N

D
P

Im
C

D
4S

P

T
re

g

T
hy

T
re

g

P
re

-t
T

re
g

Figure 3 Satb1 expression in Treg precursor cells and binding to Treg-SEs. (a) Differential expression of genes encoding epigenetic modifiers in  
tTreg precursor (pre-tTreg) and peripheral Treg cells. Epigenetic modification–associated genes that are upregulated and downregulated in pre-tTreg  
cells are highlighted in red and blue, respectively, and those that show similar expression are shown in black. (b) Relative expression of epigenetic 
modifiers upregulated in pre-tTreg cells throughout thymocyte development and in various immune cells. Those with uniform gene expression  
patterns (variance < 0.5) were excluded, and row z-score is shown in heat map. (c) Relative mRNA expression of Satb1 and Foxp3 during Treg  
cell development. ETP, early T cell lineage progenitor; ISP, immature SP; DPbl, DP blasts; DPsm, small DP; HSC, hematopoietic stem cell;  
MPP, multipotent progenitor; CLP, common lymphoid progenitor. Average normalized values from 2 independent RNA-seq experiments  
(a,c) and averages of 3 independent microarray experiments for each cell type (b) are shown.

https://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0006325
https://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0040029


©
 2

01
7 

N
at

u
re

 A
m

er
ic

a,
 In

c.
, p

ar
t 

o
f 

S
p

ri
n

g
er

 N
at

u
re

. A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

nature immunology  VOLUME 18 NUMBER 2 FEBRUARY 2017 177

A rt i c l e s

within Treg-SEs at the DP stage were present in closed chroma-
tin regions where ATAC-seq signal was low, indicating that Satb1, 
unlike typical transcription factors, can bind to closed chroma-
tin. The Satb1-binding sites in open chromatin regions at the DP 
stage accompanied H3K27ac modification at flanking nucleosomes  
(Fig. 4b–d). In contrast, those in closed chromatin regions, notably present 
in Treg-SEs at most Treg cell signature gene loci, were not yet H3K27ac-
modified and scarcely bound by transcription factors at the DP stage,  
showing gradual chromatin opening and H3K27ac modification from 
the tTreg cell precursor stage. The former Satb1-bindng sites, which were 
enriched for Ets family binding motifs, were indeed bound by Ets1 and 
other transcription factors from the DP stage, whereas the latter was not 
enriched for any of ~2,000 motifs examined (Supplementary Fig. 4b).  
At the Foxp3 locus, for example, Satb1 binding to closed chromatin 
first occurred at a newly identified conserved noncoding sequence 
(CNS), denoted as CNS0, in DP thymocytes. Satb1 subsequently bound 
to CNS3, an enhancer required for efficient Foxp3 transcription25, in 
CD4SP thymocytes, and to the TSS and CNS2, an enhancer specifi-
cally demethylated in Treg cells and stabilizing Foxp3 expression5, in 
tTreg precursor and thymic Treg cells. This sequential binding of Satb1 

along tTreg cell development suggested that Satb1 might be involved in 
chromatin looping among regulatory regions initiated at CNS0.

These results demonstrate that Satb1 binds to Treg-SEs and other 
SEs from the DP stage and suggest that a Satb1-containing complex 
could serve as a pioneer factor that initiates chromatin configuration 
changes of key Treg-SE regions and regulates subsequent transcrip-
tional and epigenetic changes of Treg signature genes.

Defective tTreg cell development by Satb1 deletion
To further elucidate the role of Satb1 in Treg-SE establishment and tTreg 
cell development, we ablated Satb1 protein expression from the DP stage 
onwards by crossing mice bearing a loxP-flanked Satb1 (Satb1fl/fl) with 
mice expressing Cre recombinase from the Cd4 promoter (Cd4-Cre+)26 
(Fig. 5a). Notably, CD25+Foxp3+ Treg cells were almost completely absent 
in both the thymus and the spleen of neonatal Satb1fl/flCd4-Cre+ mice 
(Fig. 5b). Satb1 deletion reduced the efficiency of thymocyte differen-
tiation into CD4SP thymocytes by approximately 50% (data not shown), 
but it particularly affected tTreg cell development, as indicated by a sig-
nificant reduction in the number and percentage of Foxp3+ cells among 
CD4SP thymocytes (Fig. 5c). The deficiencies of CD25+Foxp3+CD4SP 
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Figure 4 Potential roles of Satb1 in activating Treg-SEs. (a) Percentage of Treg-SEs bound by Satb1 in DP, imCD4SP, a mixture of tTreg precursor  
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Figure 5 Indispensable roles of Satb1 in tTreg cell development. (a) Satb1 and GAPDH protein expression assessed by immunoblotting in DP 
thymocytes, CD4SP thymocytes and peripheral Tconv and Treg cells from 4-week-old wild-type (WT) and Satb1fl/flCd4-Cre+ mice. (b) Flow cytometry  
of CD4SP thymocytes and CD4+ splenocytes from 4-d-old and 4-week-old Satb1fl/flCd4-Cre+ mice and littermate controls for identification of  
Treg cells by the expression of Foxp3 and CD25. (c) Numbers and percentages of CD25+Foxp3+ Treg cells in the thymus and spleen of 4-d-old  
Satb1fl/flCd4-Cre+ and littermate controls (mean ± s.e.m., n = 14, 10, 15 and 10). ****P ≤ 0.0001 (two-tailed unpaired t-test). (d) Kinetics  
of Treg cell accumulation in the thymus and spleen of Satb1fl/flCd4-Cre+ mice and littermate controls. Percentage of CD25+Foxp3+ Treg cells among 
CD4SP thymocytes (left) and CD4+ splenocytes (right) are plotted (mean ± s.e.m., n = 6 per group). *P ≤ 0.05; ***P ≤ 0.001; ****P ≤ 0.0001  
(two-way ANOVA followed by Holm–Šídák multiple comparison test). (e) Flow cytometry of CD4SP thymocytes from 4-week-old Satb1fl/flCd4-Cre+  
mice and littermate controls for identification of CD24+Foxp3+ immature Treg cells. (f) Flow cytometry of CD45.1+ or CD45.2+ CD4SP thymocytes  
and CD4+ splenocytes from bone marrow chimeras generated with T cell–depleted bone marrow cells from WT (CD45.1+) and Satb1fl/flCd4-Cre+ 
(CD45.2+) mice for identification of Treg cells by Foxp3 and CD25 expression. (g) DNA methylation status of six CpG residues within Foxp3  
CNS2 in WT and Satb1-deficient CD4SP thymocytes from mixed bone marrow chimeras as in f, assessed by amplicon sequencing. CpGs are  
numbered 1–6 from the 5′ end (columns) and amplicons are ordered according to degree of demethylation (rows). Demethylated or methylated  
status is indicated by color code; waved lines (top) indicate the 0–50% of fully methylated amplicons omitted for presentation. The top 3.75%  
of total reads, when ordered from most to least demethylated clones, are magnified (bottom). (h) Flow cytometry of CD25+Foxp3+ Treg cells  
from bone marrow chimeras as in f for the expression of Nrp1 and Helios (top) and percentages of Nrp1+CD25+Foxp3+ tTreg and Nrp1−CD25+Foxp3+ 
pTreg cells among CD45.1+ and CD45.2+ CD4+ T cells (mean ± s.e.m., n = 4) (bottom). ****P ≤ 0.0001 (two-way ANOVA followed by  
Holm–Šídák multiple comparison test). (i) Flow cytometry of CD4SP thymocytes and CD4+ splenocytes from 4-week-old Satb1fl/+Thpok-Cre+  
and Satb1fl/flThpok-Cre+ mice for identification of Treg cells by the expression of Foxp3 and CD25. (j) Flow cytometry of CD4SP thymocytes and 
CD4+ splenocytes from 4-week-old Satb1fl/+Foxp3-Cre+ and Satb1fl/flFoxp3-Cre+ mice for identification of Treg cells by the expression of Foxp3 and 
CD25. Data are representative or the summary of 3 independent experiments with 3 or more mice (a–f,h–j) or are representative of 2 independent 
experiments with 2 mice (g). Quadrant numbers indicate the percentages of gated cells (b,e,f,h–j).
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thymocytes and splenic CD25+Foxp3+CD4+ T cells persisted for 14 d and 
7 d, respectively, then recovered (Fig. 5d). Despite the age-dependent  
recovery of Treg cell percentages, CD25+Foxp3+ T cells in the thymus 
of adult Satb1fl/flCd4-Cre+ mice were confined to the CD24− mature 
fraction (i.e., lacking CD24+ immature Treg cells found in wild-type 
thymus) and highly activated (Fig. 5e and Supplementary Fig. 5a,b). 
Mixed bone marrow chimeras prepared by reconstituting irradiated 
Rag2−/− mice with T cell–depleted bone marrow cells from CD45.1+ 
wild-type mice and CD45.2+ Satb1fl/flCd4-Cre+ mice also showed that 
Satb1 deletion severely reduced thymic production of Foxp3+ T cells 
(Fig. 5f). The production remained impaired 12 weeks after bone mar-
row reconstitution, indicating that both early and late waves of thymic 
Treg cell development27 were defective in Satb1fl/flCd4-Cre+ mice (data 
not shown). In addition, amplicon sequencing of bisulfite-treated DNA 
from wild-type or Satb1-deficient thymocytes in the chimeras revealed 
that Satb1 deletion not only impaired Foxp3 induction but also Treg 
cell–specific DNA demethylation (Fig. 5g).

The presence of mature peripheral Foxp3+ cells despite impaired 
thymic Treg cell production prompted us to examine their functional 
and phenotypic properties. Peripheral Foxp3+ cells in Satb1fl/flCd4-Cre+  

mice consisted of CD25+ and CD25− populations (Fig. 5b). Satb1-
deficient CD25+Foxp3+ cells, when compared with wild-type Treg 
cells, showed similar in vitro suppressive activity, expression of Treg 
cell signature genes, Treg cell–specific DNA hypomethylation pat-
terns and stability of Foxp3 expression after in vitro TCR stimu-
lation (Supplementary Fig. 5b–e). In contrast, Satb1-deficient 
CD25−Foxp3+ cells did not show these properties, which suggests 
that they might be Tconv cells with de-repressed Foxp3 expression. In 
addition, CD25+Foxp3+ cells from Satb1fl/flCd4-Cre+ mice contained 
Nrp1−Helios− cells at an increased frequency (Supplementary Fig. 5f).  
As the low expression of Nrp1 and Helios marks peripherally induced 
Treg (pTreg) cells under a noninflammatory condition28–30, we exam-
ined the mixed bone marrow chimeras and found that Satb1-defi-
cient CD25+Foxp3+ cells were mostly Nrp1−Helios− (Fig. 5h). These 
results suggest that, although Satb1 deletion severely impaired tTreg 
cell development, it allowed and even enhanced the development of 
pTreg cells, and that some of them had recirculated to the thymus as 
CD24−Foxp3+ T cells31 (Fig. 5e).

To further elucidate the differential effects of Satb1 on tTreg and pTreg 
cell development and the possible role of Satb1 for Foxp3 repression  
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in Tconv cells, we ablated Satb1 specifically in mature CD4+ T cells after 
tTreg cell development but before pTreg cell differentiation by prepar-
ing Satb1fl/flThpok-Cre+ mice32 (Supplementary Fig. 6a). This Satb1 
deletion did not affect tTreg cell development (Fig. 5i) but de-repressed 
Foxp3 expression in Tconv cells without evoking expression of other Treg 
cell signature molecules or inducing Treg cell–specific DNA demethyla-
tion (Supplementary Fig. 6b–d). Notably, despite no Satb1 binding 
at the Foxp3 locus in wild-type Tconv cells, H3K27ac in the Treg-SE 
of Foxp3 was enhanced in both CD25−Foxp3− and CD25−Foxp3+ 
cells from Satb1fl/flThpok-Cre+ mice, which suggests that Satb1 defi-
ciency indirectly activated Treg-SE to de-repress Foxp3 expression 
(Supplementary Fig. 6e). Satb1fl/flThpok-Cre+ mice also showed an 
increased proportion of Nrp1−Helios−CD25+Foxp3+ pTreg cells, which 
possessed Treg cell–specific DNA hypomethylation at the Foxp3 CNS2 
region to a similar extent as in wild-type pTreg cells (Supplementary 
Fig. 6d,f). Moreover, when colitis was induced in Rag2−/− mice by cell 
transfer of wild-type and Satb1-deficient naive T cells, a significantly 
higher percentage (P < 0.0001) of Treg cells with both Foxp3 expres-
sion and Treg cell–specific DNA hypomethylation was generated from 
the Satb1-deficient fraction (Supplementary Fig. 6g,h). These results 
confirm that Satb1 deletion de-represses Foxp3 expression in mature 
Tconv cells and facilitates pTreg cell differentiation.

Next, to address whether Satb1 is also required for Treg cell main-
tenance, we deleted Satb1 in differentiated Treg cells from the Foxp3+ 
thymic Treg cell stage onwards by generating Satb1fl/flFoxp3-Cre+ 
mice. Those mice did not show any significant changes in Treg cell 
ratio or phenotype, which indicates that Satb1 is not required for the 
maintenance of Treg cells (Fig. 5j and Supplementary Fig. 6i–k).

Notably, Satb1fl/flCd4-Cre+ but not Satb1fl/flThpok-Cre+ or Satb1fl/fl 
Foxp3-Cre+ mice spontaneously developed histologically and serologi-
cally evident autoimmune or inflammatory disease in various organs 

including the ovaries, Langerhans islets, the salivary glands, the lung 
and the stomach (Fig. 6a,b). The tissue lesions could be adoptively 
transferred by splenocytes into syngenic Rag2−/− mice (Fig. 6c). They 
also showed significant elevation of serum IgE and increase of inter-
feron-γ (IFN-γ)-producing CD4+ T cells (Fig. 6d,e). We observed severe 
reductions in total Treg cells, especially during the neonatal period as 
shown above, whereas wild-type and Satb1fl/flCd4-Cre+ mice showed 
no substantial difference in the efficiency of negative selection of self-
reactive Tconv cells (Supplementary Fig. 5g). Moreover, transfer of wild-
type Foxp3+ Treg cells into 4-d-old Satb1fl/flCd4-Cre+ mice at a marginal 
dose (1 × 106 cells) significantly prevented histological development of 
autoimmune disease and IgE hyper-production (Fig. 6a,b,d,e).

Taken together, these results indicate that the timing of Satb1  
deletion determines its effect on Treg cell development. Its ablation 
in thymocytes before Foxp3 expression predominantly impairs tTreg 
cell development, whereas its deficiency in mature Tconv cells seems to 
promote pTreg cell differentiation. In addition, impairment of tTreg cell  
differentiation via Satb1 deletion results in the development of 
autoimmune and other immunological diseases, despite enhanced 
generation of pTreg cells.

Treg-SE activation for Treg cell development
Next, to determine how Satb1 deletion would impair tTreg cell devel-
opment, we assessed the potential of Satb1-deficient tTreg precursor 
cells to differentiate into thymic Treg cells. Despite tTreg cell defi-
ciency, the tTreg precursor cell fraction was higher in percentage in 
Satb1fl/flCd4-Cre+ mice than in Satb1fl/+Cd4-Cre+ littermates and 
had a similar cell surface phenotype (Fig. 7a,b and Supplementary 
Fig. 7a). Upon in vitro stimulation with IL-2 for 24 h (ref. 8), ~30% 
of tTreg precursor cells from Satb1fl/+Cd4-Cre+ mice were Foxp3+; 
however, a significantly lower percentage of the Satb1-deficient 
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counterparts became Foxp3+ (Fig. 7c,d). After IL-2 and TCR stimu-
lation for 5 d (refs. 8,9), tTreg precursor cells from Satb1fl/+Cd4-
Cre+ mice differentiated into Foxp3+ T cells with Treg cell–specific 
DNA hypomethylation, whereas those from Satb1fl/flCd4-Cre+ mice 
did not (Fig. 7e,f). In addition, CD25−Foxp3+CD4SP thymocytes, 
another Treg precursor population33, were substantially reduced 
in Satb1fl/flCd4-Cre+ mice (Fig. 7a and Supplementary Fig. 7b). 
Moreover, Satb1-deficient CD25−Foxp3+CD4SP cells showed unsta-
ble Foxp3 expression after in vitro TCR stimulation, unlike their 
wild-type counterparts (Supplementary Fig. 7c).

To determine then whether the loss of Treg cell differentiation 
potential in Satb1-deficient tTreg precursor cells could be attributed 
to impaired Treg-SE activation, we assessed the activation status of 
Treg-SEs, which are normally active at the tTreg precursor cell stage. 

Wild-type and Satb1-deficient DP cells and immature CD4SP cells 
showed similar intensities of H3K4me1, whereas Satb1-deficient 
tTreg precursor cells showed much lower H3K27ac intensity than 
their wild-type counterparts (Fig. 8a,b and Supplementary Fig. 7d). 
The reduction occurred ‘preferentially’ at Treg-SE regions to which 
Satb1 bound before chromatin opening (Fig. 8c and Supplementary  
Fig. 7e,f). For example, activation of Treg-SE at the Foxp3 locus did not 
increase beyond the level observed at the DP stage in Satb1-deficient 
thymocytes, most notably around CNS0, where Satb1 initially bound 
when chromatin was closed. In contrast, the effects of Satb1 deletion 
on common-SEs and Tconv-SEs were less pronounced, making Satb1-
deficient tTreg precursor cells closer to immature CD4SP thymocytes 
in the principal component analysis of global H3K27ac pattern  
(Fig. 8d and Supplementary Fig. 7g,h). These results collectively 
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indicate that stage-specific Satb1 deletion ‘preferentially’ impairs  
activation of Treg-SEs at the tTreg precursor stage.

To examine the effects of this defective Treg-SE activation on gene 
transcription, we compared the Treg-SE activity in tTreg precursor 
cells and CD24+CD25+CD4SP thymocyte gene expression (includ-
ing tTreg precursor and immature tTreg cells) between wild-type  
and Satb1-deficient mice. Notably, among Treg-SEs to which  
associated genes were assigned (59 out of 66 regions), there was 
a significant correlation between reduced Treg-SE activity and 
impaired induction or upregulation of associated genes (P < 0.00005 
in Fisher’s exact test). Moreover, the genes associated with Treg-
SEs whose activity was downregulated by Satb1 deletion showed  
significantly reduced expression when compared to the genes asso-
ciated with other Treg-SEs (Fig. 8e,f and Supplementary Fig. 8a,b).  
These genes included Foxp3, Tnfrsf4 (encoding OX40), Il2ra 
(encoding CD25) and Lrrc32 (encoding glycoprotein A repetitions 
predominant (GARP)).

Collectively, these data demonstrate a strong association between 
Treg-SE establishment and subsequent Treg cell–specific transcrip-
tional changes during tTreg cell development, which suggests a 
role for Treg-SE activation in guiding Treg cell lineage specification 
(Supplementary Fig. 8c).

DISCUSSION
The main findings of this report are that Treg-SEs, associated with key 
Treg cell signature genes, begin to be established in parallel before the 
expression of Foxp3 in the course of tTreg cell development and that 
Satb1 deficiency before, but not after, the Foxp3+ thymic Treg stage 
impairs Treg-SE activation and, consequently, the expression of Treg 
cell signature genes, causing severe autoimmunity.

SEs have been suggested to control the expression of the asso-
ciated lineage-specifying genes in a number of cell types13–16. We 
found that Treg-SEs were associated with the genes defining Treg cell  
identity, such as Foxp3, Ctla4 and Il2ra. In addition to the enriched 
transcription factor binding, we observed high transcription of 
enhancer RNAs from Treg-SEs. Their contribution to increasing 
chromatin accessibility and promoting associated gene transcrip-
tion34 is one explanation for the enhanced transcription of associated 
genes. Moreover, frequent co-binding of Med1 and Smc1a, which 
indicates enhancer–promoter chromatin looping, suggests that mul-
tiple enhancers located within SEs regulate associated gene transcrip-
tion via chromatin loop formation. These findings support the role of 
Treg-SEs in inducing high expression of Treg cell signature genes.

In the course of thymic Treg cell development, Treg-SE activation 
was initiated in parallel at most Treg signature gene loci before their 
expression or Treg-specific DNA demethylation9. This finding sup-
ports the contribution of Treg-SEs in the induction of Treg signature 
genes, and is in accord with findings that Foxp3 is not required for the 
induction of most Treg signature genes but augments a pre-established 
pattern of gene expression in addition to its role as a repressor6,35,36. 
Moreover, Treg-SEs were poised for activation in DP, immature CD4SP 
and peripheral Tconv cells, reflecting the potential of these cells to dif-
ferentiate into Treg cells with additional signals. These findings also 
suggest that certain molecules involved in Treg-SE activation may be 
the true lineage specifying factors.

The pioneering effect of a Satb1-containing complex in Treg-SE 
activation was corroborated by several observations. First, Satb1 was 
required for de novo activation of Treg-SEs but not for the maintenance 
of established common-SEs. Second, the molecule could bind to closed 
chromatin at the DP stage, and the bound sites later became accessible 
and occupied by transcription factors in Treg cells. Third, it was required 

for early stages of Treg cell development but dispensable in differentiated 
Treg cells. Given that Satb1 is highly expressed and bound to the Treg-SEs 
from the DP stage23,24, it is likely that Satb1 binding is a prerequisite for 
subsequent Treg-SE activation upon appropriate signal transduction in 
developing thymic Treg cells. In contrast, in differentiated Treg cells, the 
repression of Satb1 appears to be necessary to prevent Treg cells from 
acquiring helper T cell characteristics, presumably because Satb1 might 
cause unwanted chromatin reorganization when unduly expressed37.

Our studies in T cell–specific Satb1-deficient mice revealed a cor-
relation between impaired Treg-SE activation and defective induction 
of Treg signature genes, including Foxp3. Within the Treg-SE at the 
Foxp3 locus, Satb1 strongly bound to CNS0 before chromatin open-
ing, and various transcription factors occupied this site along with 
Satb1-dependent enhancer activation. These properties of CNS0 
suggest a role in initiating Treg-SE activation to induce Foxp3 expres-
sion. Indeed, deletion of this genomic region substantially impaired 
Foxp3 induction ((Y. Kitagawa, K.H., H. Watanabe, G. Kondoh and 
S.S., unpublished data). Other Treg signature gene loci at which Treg-
SE activation and gene transcription were impaired by Satb1 deletion 
included Tnfrsf4, which was shown to promote Foxp3 induction38. 
Although CD25 expression was similar between wild-type and Satb1-
deficient tTreg precursor cells, Treg-SE activity and gene transcription 
at the Il2ra locus were substantially reduced by Satb1 deletion, poten-
tially destabilizing CD25 expression in vivo and interfering with tTreg 
cell differentiation, survival and proliferation39. These findings alto-
gether suggest that Satb1-dependent Treg-SE activation is required 
for priming tTreg precursor cells to respond to cytokine and other 
signals and guiding relevant downstream transcription factors to the 
Treg signature gene loci.

Satb1 deficiency in mature CD4SP thymocytes and Tconv cells de-
repressed Foxp3 expression. Stage-specific Satb1 deletion elicited Treg-SE  
activation at the Foxp3 locus, particularly around CNS0, before 
Foxp3 de-repression. In addition, Satb1-deficient Tconv cells with de-
repressed Foxp3 expression were converted more efficiently in vivo 
into stable pTreg cells than were wild-type Tconv cells. Thus, despite 
the distinct functions of Satb1 in tTreg and pTreg cell differentiation, 
Treg-SE activation is a common mechanism triggering Foxp3 expres-
sion. This finding can be exploited in a clinical setting to generate Treg 
cells from Tconv cells via targeting Satb1.

Last, our findings indicate that defects in Treg-SE formation 
could be a potential cause of autoimmune and other immunological  
diseases. Satb1fl/flCd4-Cre+ mice developed multi-organ autoimmunity 
similar to that observed with neonatal tTreg cell deficiencies induced by 
other means27,40. The reduction of disease severity by neonatal transfer 
of Treg cells suggests that tTreg cell deficiency and consequent reduction 
in total Treg cell percentage in neonatal period was a major cause of the 
disease. Furthermore, the human SATB1 locus contains single nucle-
otide polymorphisms (SNPs) associated with autoimmune diseases 
such as inflammatory bowel disease, psoriasis and multiple sclerosis41 
(GWAS Central, http://www.gwascentral.org, accessed 23 September 
2015). Given that disease-associated SNPs are also enriched at  
cell type–specific SEs in various human cell types14,16, these findings  
suggest that altered establishment of Treg-SEs might contribute to 
genetic susceptibility to various immunological diseases via affect-
ing Treg cell differentiation.

In conclusion, the present study strongly suggests that Satb1-
dependent establishment of Treg-SEs controls the expression of Treg 
cell signature molecules, including Foxp3, during tTreg cell develop-
ment. Impairment of this epigenetic event in developing Treg cells is 
associated with autoimmunity similar to that induced by tTreg cell 
depletion. Further study of how Treg-SEs are primed and activated 
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would aid understanding of the molecular basis of Treg cell differen-
tiation and of autoimmune and other immunological diseases.

METhODS
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.

AcKNOwleDgMeNTS
We thank Y. Nakamura for DNA sequencing support and assistance with RNA-
seq experiments, S. Kojo for providing technical advice regarding ChIP-seq 
experiments, and K. Chen for reading the manuscript. Bioinformatics analyses 
were conducted using the computer system at the Genome Information Research 
Center of the Research Institute for Microbial Diseases at Osaka University. This 
work was supported by Grants-in-Aid for Japanese Society for the Promotion 
of Science (JSPS) Fellows 261560 from the JSPS to Y.K. and Core Research for 
Evolutional Science and Technology from the Japan Science and Technology 
Agency to S.S. and JSPS Grants-in-Aid for Scientific Research  
B 15H04744 to N.O.

AUTHOR cONTRIBUTIONS
Y. Kitagawa designed, performed and analyzed most experiments, including 
flow cytometric analyses, in vivo and in vitro experiments, ChIP-seq, library 
preparation for sequencing and bioinformatics analyses. N.O. performed ATAC-
seq and MBD-seq, Y. Kidani assisted with bioinformatical analyses and performed 
immunoblotting. A.V. and K.H. provided crucial advice. R.K. performed H3K4me3 
ChIP-seq. K.Y. assisted with histological analysis. D.M. and S.N. performed 
amplicon sequencing. I.T. and T.K.-S. provided helpful suggestions. T.K.-S. and 
M.K. provided Satb1 conditional knockout mouse. I.T. provided Thpok-Cre mouse. 
Y. Kitagawa and S.S. wrote the manuscript, and all authors reviewed it. T.K.-S. and 
N.O. critically read the manuscript and provided advice. S.S. supervised the project. 

COMPETING FINANCIAL INTERESTS
The authors declare no competing financial interests.

reprints and permissions information is available online at http://www.nature.com/
reprints/index.html.

1. Sakaguchi, S. Naturally arising CD4+ regulatory T cells for immunologic self-
tolerance and negative control of immune responses. Annu. Rev. Immunol. 22, 
531–562 (2004).

2. Hori, S., Nomura, T. & Sakaguchi, S. Control of regulatory T cell development by 
the transcription factor Foxp3. Science 299, 1057–1061 (2003).

3. Fontenot, J.D., Gavin, M.A. & Rudensky, A.Y. Foxp3 programs the development and 
function of CD4+CD25+ regulatory T cells. Nat. Immunol. 4, 330–336 (2003).

4. Khattri, R., Cox, T., Yasayko, S.A. & Ramsdell, F. An essential role for Scurfin in 
CD4+CD25+ T regulatory cells. Nat. Immunol. 4, 337–342 (2003).

5. Floess, S. et al. Epigenetic control of the Foxp3 locus in regulatory T cells. PLoS 
Biol. 5, e38 (2007).

6. Ohkura, N. et al. T cell receptor stimulation-induced epigenetic changes and Foxp3 
expression are independent and complementary events required for Treg cell 
development. Immunity 37, 785–799 (2012).

7. Lee, H.M. & Hsieh, C.S. Rare development of Foxp3+ thymocytes in the CD4+CD8+ 
subset. J. Immunol. 183, 2261–2266 (2009).

8. Lio, C.W. & Hsieh, C.S. A two-step process for thymic regulatory T cell development. 
Immunity 28, 100–111 (2008).

9. Toker, A. et al. Active demethylation of the Foxp3 locus leads to the generation of 
stable regulatory T cells within the thymus. J. Immunol. 190, 3180–3188 (2013).

10. Waddington, C.H. The Strategy of the Genes: A Discussion of Some Aspects of 
Theoretical Biology (Allen and Unwin, 1957).

11. Davidson, E.H. Emerging properties of animal gene regulatory networks. Nature 
468, 911–920 (2010).

12. Arner, E. et al. Transcribed enhancers lead waves of coordinated transcription in 
transitioning mammalian cells. Science 347, 1010–1014 (2015).

13. Whyte, W.A. et al. Master transcription factors and mediator establish super-
enhancers at key cell identity genes. Cell 153, 307–319 (2013).

14. Hnisz, D. et al. Super-enhancers in the control of cell identity and disease. Cell 
155, 934–947 (2013).

15. Adam, R.C. et al. Pioneer factors govern super-enhancer dynamics in stem cell 
plasticity and lineage choice. Nature 521, 366–370 (2015).

16. Vahedi, G. et al. Super-enhancers delineate disease-associated regulatory nodes in 
T cells. Nature 520, 558–562 (2015).

17. Rada-Iglesias, A. et al. A unique chromatin signature uncovers early developmental 
enhancers in humans. Nature 470, 279–283 (2011).

18. Andersson, R. et al. An atlas of active enhancers across human cell types and 
tissues. Nature 507, 455–461 (2014).

19. Huehn, J. & Beyer, M. Epigenetic and transcriptional control of Foxp3+ regulatory 
T cells. Semin. Immunol. 27, 10–18 (2015).

20. Kagey, M.H. et al. Mediator and cohesin connect gene expression and chromatin 
architecture. Nature 467, 430–435 (2010).

21. Magnani, L., Eeckhoute, J. & Lupien, M. Pioneer factors: directing transcriptional 
regulators within the chromatin environment. Trends Genet. 27, 465–474 
(2011).

22. Zaret, K.S. & Carroll, J.S. Pioneer transcription factors: establishing competence 
for gene expression. Genes Dev. 25, 2227–2241 (2011).

23. Yasui, D., Miyano, M., Cai, S., Varga-Weisz, P. & Kohwi-Shigematsu, T. SATB1 
targets chromatin remodelling to regulate genes over long distances. Nature 419, 
641–645 (2002).

24. Cai, S., Lee, C.C. & Kohwi-Shigematsu, T. SATB1 packages densely looped, 
transcriptionally active chromatin for coordinated expression of cytokine genes.  
Nat. Genet. 38, 1278–1288 (2006).

25. Feng, Y. et al. A mechanism for expansion of regulatory T-cell repertoire and its 
role in self-tolerance. Nature 528, 132–136 (2015).

26. Hao, B. et al. An anti-silencer- and SATB1-dependent chromatin hub regulates 
Rag1 and Rag2 gene expression during thymocyte development. J. Exp. Med. 212, 
809–824 (2015).

27. Yang, S., Fujikado, N., Kolodin, D., Benoist, C. & Mathis, D. Immune tolerance. 
Regulatory T cells generated early in life play a distinct role in maintaining self-
tolerance. Science 348, 589–594 (2015).

28. Yadav, M. et al. Neuropilin-1 distinguishes natural and inducible regulatory  
T cells among regulatory T cell subsets in vivo. J. Exp. Med. 209, 1713–1722 
(2012).

29. Weiss, J.M. et al. Neuropilin 1 is expressed on thymus-derived natural regulatory 
T cells, but not mucosa-generated induced Foxp3+ T reg cells. J. Exp. Med. 209, 
1723–1742 (2012).

30. Singh, K., Hjort, M., Thorvaldson, L. & Sandler, S. Concomitant analysis of Helios 
and neuropilin-1 as a marker to detect thymic derived regulatory T cells in naïve 
mice. Sci. Rep. 5, 7767 (2015).

31. Thiault, N. et al. Peripheral regulatory T lymphocytes recirculating to the thymus 
suppress the development of their precursors. Nat. Immunol. 16, 628–634 (2015).

32. Mucida, D. et al. Transcriptional reprogramming of mature CD4+ helper T cells 
generates distinct MHC class II–restricted cytotoxic T lymphocytes. Nat. Immunol. 
14, 281–289 (2013).

33. Tai, X. et al. Foxp3 transcription factor is proapoptotic and lethal to developing 
regulatory T cells unless counterbalanced by cytokine survival signals. Immunity 
38, 1116–1128 (2013).

34. Mousavi, K. et al. eRNAs promote transcription by establishing chromatin 
accessibility at defined genomic loci. Mol. Cell 51, 606–617 (2013).

35. Gavin, M.A. et al. Foxp3-dependent programme of regulatory T-cell differentiation. 
Nature 445, 771–775 (2007).

36. Morikawa, H. et al. Differential roles of epigenetic changes and Foxp3 expression 
in regulatory T cell–specific transcriptional regulation. Proc. Natl. Acad. Sci. USA 
111, 5289–5294 (2014).

37. Beyer, M. et al. Repression of the genome organizer SATB1 in regulatory T cells is 
required for suppressive function and inhibition of effector differentiation. Nat. 
Immunol. 12, 898–907 (2011).

38. Mahmud, S.A. et al. Costimulation via the tumor-necrosis factor receptor superfamily 
couples TCR signal strength to the thymic differentiation of regulatory T cells.  
Nat. Immunol. 15, 473–481 (2014).

39. Cheng, G., Yu, A., Dee, M.J. & Malek, T.R. IL-2R signaling is essential for functional 
maturation of regulatory T cells during thymic development. J. Immunol. 190, 
1567–1575 (2013).

40. Asano, M., Toda, M., Sakaguchi, N. & Sakaguchi, S. Autoimmune disease as a 
consequence of developmental abnormality of a T cell subpopulation. J. Exp. Med. 
184, 387–396 (1996).

41. Beecham, A.H. et al. Analysis of immune-related loci identifies 48 new susceptibility 
variants for multiple sclerosis. Nat. Genet. 45, 1353–1360 (2013).

http://dx.doi.org/10.1038/ni.3646
http://dx.doi.org/10.1038/ni.3646
http://dx.doi.org/10.1038/ni.3646
http://www.nature.com/reprints/index.html
http://www.nature.com/reprints/index.html


©
 2

01
7 

N
at

u
re

 A
m

er
ic

a,
 In

c.
, p

ar
t 

o
f 

S
p

ri
n

g
er

 N
at

u
re

. A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

nature immunology doi:10.1038/ni.3646

ONLINE METhODS
Mice. Male, 4-week-old C57BL/6J mice (CLEA Japan) were used for preparing 
thymocyte subpopulations, and peripheral Tconv and Treg cells for transcrip-
tion factor chromatin immunoprecipitation sequencing (ChIP-seq). Male,  
4-week-old Foxp3-IRES-DTR/GFP knock-in (Foxp3GFP) mice (C57BL/6J), which 
express GFP under the endogenous Foxp3 promoter without disrupting Foxp3 
expression42, were used to purify subpopulations of thymocytes and periph-
eral T cells for histone ChIP-seq, MBD-seq, ATAC-seq and RNA-seq. Satb1 
conditional knockout mice were prepared by crossing previously described 
Satb1fl/fl mice26 with Cd4-Cre+ mice43, Foxp3-Cre+ mice44 or Thpok-Cre+ mice32 
(C57BL/6J). Satb1fl/flCd4-Cre+ and Satb1fl/flThpok-Cre+ mice were crossed with 
Foxp3GFP mice to isolate thymocyte or peripheral T cell subpopulations. For 
the Foxp3 induction assay using tTreg precursor cells, Satb1fl/flCd4-Cre+ mice 
were backcrossed to BALB/c background 10 times and further crossed with 
previously described Foxp3-eGFP fusion knock-in mice45 to create a system 
where Foxp3 induction is perfectly mirrored by GFP expression. OT-II and 
RIP-OVA mice were previously described46,47. All mice used were maintained 
under specific pathogen-free conditions and all experiments were performed in 
accordance with guidelines for animal welfare set by Osaka University.

Cell preparation. For the preparation of double-positive (DP) thymocytes, 
CD4+CD8+ cells were sorted from total thymocytes using FACSAria II  
(BD Biosciences). For sorting immature CD4 single-positive (imCD4SP; CD3ε
+CD4+CD8−CD24+CD25−GFP−), tTreg precursor (pre-tTreg; CD3ε+CD4+CD8− 
CD24+CD25+GITR+GFP−), thymic Treg (thyTreg; CD3ε+CD4+CD8−CD25+ 
GFP+) cells from the thymus of Foxp3-DTR/GFP knock-in mice, CD8− thy-
mocytes were first enriched by ‘panning’—i.e., thymocytes stained with rat 
anti-CD8α antibody (BD Biosciences, clone 53-6.7) were incubated on a dish 
coated with goat anti-rat IgG antibody (MP Biomedicals). Nonadherent cells 
were stained with relevant antibodies and sorted by FACSAria II. Peripheral 
conventional T (Tconv; CD4+CD25−GFP−) and Treg (CD4+CD25+GFP+) cells 
were sorted similarly, with prior removal of CD8+ and B220+ cells from lym-
phocytes and splenocytes. For the preparation of thymocyte subpopulations for 
Satb1 ChIP-seq, thymocytes were enriched and FACS-sorted from wild-type 
mice, and CD25−CD4SP thymocytes and CD25+CD4SP thymocytes (mixture 
of pre-tTreg and thymic Treg cells) were treated as immature CD4SP thymocytes 
and developing tTreg cells, respectively. The following antibodies were used 
for FACS sorting: anti-CD4-APC (1:200, BD Biosciences), anti-CD8α-PerCP 
(1:200, BD Biosciences), anti-CD3ε-V500 (1:200, BD Biosciences), anti-
CD24-BV421 (1:200, BioLegend), anti-CD25-PE (1:100, BD Biosciences) and 
anti-GITR-PE-Cy7 (1:200, BD Biosciences). Clone numbers were as follows: 
anti-CD4-APC (clone RM4-5), anti-CD8-PerCP (clone 53-6.7), anti-CD3e-
V500 (clone 500A2), anti-CD24-BV421 (clone M1/69), anti-CD25-PE (clone 
PC61), anti-GITR-PE-Cy7 (clone DTA-1).

For the separation of peripheral Tconv and Treg cells from pooled lymphocytes 
and splenocytes for transcription factor ChIP-seq, CD4+CD25+ Regulatory T 
Cell Isolation Kit (Miltenyi Biotec) and CD4 (L3T4) Microbeads (Miltenyi 
Biotec) were used according to the manufacturer’s instructions.

Activated Tconv and Treg cells (Fig. 1h) were prepared by stimulating FACS-
sorted Tconv and Treg cells with Dynabeads Mouse T-Activator CD3/CD28 
(Thermo Fisher) in RPMI 1640 supplemented with 10% FBS, penicillin–strep-
tomycin, 2-mercaptoethanol and 30 or 100 U/ml IL-2, respectively, for 72 h.

ChIP-seq. For histone ChIP-seq and transcription factor ChIP-seq, 0.5–3 ×  
105 and 2–10 × 106 cells were used, respectively. Antibodies used were anti-
H3K27ac (GeneTex, GEX60815), anti-H3K4me1 (ActiveMotif, 39297), 
anti-H3K27me3 (Millipore, 07-449), anti-H3K4me3 (Abcam, ab1012), anti-
Satb1 (Abcam, ab70004), anti-Foxp3 (Abcam, 150743), anti-Runx1 (Abcam, 
ab23980), anti-CREB (Abcam, ab31387), anti-Ets1 (Santa Cruz, sc-350X), anti-
Bcl11b (Bethyl Laboratories, A300-383A), anti-MED1 (Bethyl Laboratories, 
A300-793A), and anti-Smc1a (Bethyl Laboratories, A300-055A). Sorted cells 
were cross-linked in 1% (wt/vol) formaldehyde solution for 5 min (histone 
ChIP-seq) or 30 min (transcription factor ChIP-seq) and lysed. Cross-linked 
DNA was then fragmented by sonication using Digital Sonifier (Branson). 
The lysate was incubated overnight at 4 °C with 50–100 µl DynaBeads IgG 
magnetic beads (Thermo Fisher) that had been preincubated with 2.5–5 µg 
appropriate antibodies. Samples were washed, eluted, reverse cross-linked at 

65 °C overnight, and purified using MinElute PCR Purification Kit (Qiagen). 
For transcription factor ChIP-seq, purified ChIP DNA was fragmented using 
Covaris Focused-ultrasonicator S220 (Covaris) before library preparation. 
Library was prepared using KAPA Library Preparation Kit Ion Torrent (KAPA 
Biosystems) according to the manufacturer’s instructions and sequenced using 
Ion Proton (Thermo Fisher).

ChIP-seq reads were mapped to the mouse genome mm9 illumina iGenomes 
(http://support.illumina.com/sequencing/sequencing_software/igenome.
html) using Bowtie2 (version 2.2.1). For visualization of ChIP peaks, MACS2.0 
(version 10)48 was used for peak calling, with input reads as control. ChIP-seq 
tracks were presented in GenomeJACK Browser (version 3.1, Mitsubishi Space 
Software). Owing to the variable signal-to-noise ratio among cell types (for 
example, tTreg precursor cells are more apoptotic, and this tends to reduce 
signal-to-noise ratio), histone ChIP-seq peaks were normalized on the basis 
of the peak heights at the Gapdh locus when applicable, whereas other ChIP-
seq peaks were normalized by total mapped read counts. For global analyses 
of histone ChIP-seq, raw tag counts were normalized using DESeq2 package 
(version 1.6.3) in R (version 3.1.2) (details are given below).

Identification of SEs and associated genes. H3K27ac ChIP-seq peaks were 
identified using FindPeaks in Homer package (version 4.7.2) with -region 
option, FDR set at 0.0001 and 40-fold enrichment over input. After removing 
peaks at promoter regions (within 2 kb of transcription start sites), H3K27ac 
peak density and clustering was assessed using ROSE13,14. Briefly, H3K27ac 
peaks within 12.5 kb of each other were stitched. Cumulative H3K27ac signal 
was determined for stitched enhancers and ranked by H3K27ac signal strength 
in ascending order. When stitched enhancer rank and H3K27ac signal strength 
were plotted in a lined scatter plot and both axes were scaled to 0 to 1, the point 
where the tangent of the curve = 1 was used to distinguish between SEs and 
TEs. Regions with enhancer rank higher and lower than this point were cat-
egorized as SEs and TEs, respectively. This process was carried out in duplicate, 
and regions intersecting in duplicates were defined as SEs for each cell type.

To identify SEs with statistically significant differences in H3K27ac intensity 
between Tconv and Treg cells, we first normalized ChIP-seq tag counts in these 
enhancers as follows. On the basis of the assumption that the global H3K27ac 
signal is similar among cell types (as similarly assumed in quantitative ChIP-
seq data analysis programs such as MAnorm)49, mapped tags with MAPQ 
quality > 10 were counted for global H3K27ac peak regions and normalized 
using DESeq2 package in R. Tag counts at combined stitched enhancers in 
the two cell types were normalized using the same normalization ratio as 
estimated by DESeq2 on the global peak regions. Using the resulting nor-
malized tag counts, the data set was then analyzed for differential intensi-
ties of H3K27ac between the two populations, prepared in duplicate, using 
DESeq2. Differentially regulated SEs or TEs with FDR < 0.05 were defined as 
cell type–specific regions, and the rest were categorized as common regions. 
Treg-SEs active in tTreg precursor cells (Fig. 8a,b) were defined as those that 
showed a statistically significant increase in H3K27ac level in tTreg precursor 
cells compared to DP thymocytes.

Enhancer-associated genes were defined as those located within 5 kb from 
both ends of the enhancer, on the basis of the calculation that median dis-
tance between genes in the mouse genome (mm9) is 13,726 bp and setting 
the limit at value smaller than half of median should theoretically determine 
which of the two neighboring genes an enhancer is assigned to. FPKM values 
<5 in all examined T cell populations (DP, imCD4SP, pre-tTreg, thyTreg, Treg 
and Tconv cells) were filtered out, and this cutoff value was determined by 
distribution of FPKM values of global genes and the relative size of s.d. in 
duplicated samples.

Metagene representation. Similarly to the described method14, average ChIP-
seq density at merged SEs was presented by dividing SEs into 20 bins regard-
less of size, obtaining normalized tag counts for each bin and calculating the 
average for a group of SEs. Flanking 20-kb regions were also divided into 20 
bins and average of normalized tag counts were calculated.

RNA-seq. For RNA-seq of DP, immature CD4SP, tTreg precursor, thymic Treg, 
Tconv and peripheral Treg cells, 1 × 105 cells were sorted from Foxp3GFP mice 
by FACSAria II and prepared for RNA-seq in duplicate. CD4+CD25− cells 

http://support.illumina.com/sequencing/sequencing_software/igenome.html
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from Foxp3GFP and Satb1fl/flThpok-Cre+ Foxp3GFP mice were also sorted by 
FACSAria II, and 1 × 105 cells were used for RNA-seq. RNA was extracted 
using TRIzol Reagent (Thermo Fisher) and column purified using miRNeasy 
Micro Kit (Qiagen). RNA was subjected to library preparation with Ion Total 
RNA-Seq Kit v2 (Thermo Fisher) and sequenced by Ion Proton. Sequences 
were mapped to mm9 with TopHat2 (version 2.0.11). Normalized FPKM was 
generated with Cuffnorm (version 2.2.0) and differentially expressed genes 
(FDR < 0.05) were selected using Cuffdiff (version 2.2.0). Treg up and down 
signature genes were defined as those that (i) are differentially expressed in 
peripheral Tconv and Treg cells with FDR less than 0.05, (ii) have FPKM greater 
than 5 in either population, and (iii) have greater than threefold change in 
average FPKM of duplicates between Tconv and Treg cells. For the selection 
of differentially expressed genes between tTreg precursor and peripheral Treg 
cells (Fig. 3a), FDR <0.05 was used. A list of genes associated with epigenetic 
modification was obtained from QuickGO GO:0006325 and GO:0040029.

For the comparison of Treg-SE-associated gene expression (Supplementary 
Fig. 1g), RNA-seq data of various immune cell types were obtained from 
the NCBI database (GEO GSE60103)50 and analyzed using the procedure 
described above.

RNA-seq of CD24+CD25+GITR+CD4SP thymocytes (developing Treg cells, 
which include tTreg precursor and immature thymic Treg cells) and peripheral 
CD4+CD25+GFP+ cells from Satb1fl/+Cd4-Cre+Foxp3GFP and Satb1fl/flCd4-
Cre+Foxp3GFP mice was performed in duplicate with 103 cells. Cells were lysed 
in RLT buffer (Qiagen) and reverse transcribed using SMART-seq v4 Ultra 
Low Input RNA Kit for Sequencing (Clontech). cDNA was then fragmented 
by Covaris Focused-ultrasonicator S220, subjected to library preparation 
with KAPA Library Preparation Kit and sequenced by Ion Proton. Sequences 
were mapped to mm9 using Tophat2. Normalized FPKM was generated with 
Cuffnorm. For differential gene expression analyses, tag counts obtained by HT-
seq (version 0.6.1) were analyzed using DESeq2 package in R (version 3.1.2).

Assay for transposase-accessible chromatin (ATAC)-seq. ATAC-seq 
was performed as described51, with modifications to sequence using Ion 
Proton sequencing platform. Native chromatin transposed with sequencing  
adaptors using Nextera DNA Library Prep Kit (Illumina) was purified using a 
MinElute PCR Purification Kit (Qiagen). Purified DNA was amplified using 
NEBNext High-Fidelity PCR Master Mix (New England BioLabs) with the  
following primers: forward 5′-TCGTCGGCAGCGTCAGATGTG-3′ and 
reverse 5′-GTCTCGTGGGCTCGGAGATGT-3′. PCR fragments were size-
selected (150–500 bp) with Agencourt AMPure XP (Beckman Coulter), 
sonicated by Covaris Focused-ultrasonicator S220, subjected to library  
preparation with KAPA Library Preparation Kit, and sequenced by Ion 
Proton. Sequence reads were mapped to mm9 using Bowtie2 after removal of  
PCR primer sequences by Cutadapt. ATAC-seq peaks were detected by 
MACS2.0 and visualized using GenomeJACK Browser, with peak height  
normalized at the Gapdh locus. Similarly to histone ChIP-seq, raw tag  
counts were normalized using DESeq2 package in R for global analyses.

Methyl-CpG binding domain protein (MBD)-seq. Genomic DNA, extracted 
from 106 FACS-sorted cells, was fragmented by Covaris focused-ultrasoni-
cator S220, and fragments with methylated CpG were immunoprecipitated 
using MethylMiner Methylated DNA Enrichment Kit (Thermo Fisher). After 
purification with MinElute PCR Purification Kit, fragments were subjected 
to library preparation with KAPA Library Preparation Kit and sequenced by 
Ion Proton. Sequences were mapped to mm9, and peaks detected by MACS2.0 
were visualized using GenomeJack Brower, with peak height normalized at the 
Gapdh locus. Global analyses were conducted based on normalized tag counts 
obtained using DESeq2 package in R. Treg-specific DNA demethylated regions 
in Figure 1f were defined by comparing duplicated MBD-seq results in Tconv 
and Treg cells using DiffBind package (version 1.12.3) in R. Regions with FDR < 
0.005 and fold change > 3 were selected as differentially methylated regions.

Comparison between SEs and TEs. For the comparison of enhancer activ-
ity between Treg-SEs and Treg-TEs (Supplementary Fig. 2b), normalized tag 
counts at their constituents (unstitched H3K27ac peak regions) were used so 
that the sizes of included enhancer regions are normalized (median of Treg-SE 
constituent size = 230 bp; median of Treg-TE constituent size = 229 bp).

Detection of transcription factor-binding sites. Transcription factor ChIP-
seq peaks were identified using FindPeaks, with their sizes fixed at 500 bp, 
minimum distance between peaks being 500 bp, and FDR set at 0.001. The 
overlap of SEs with ChIP-seq peaks or among transcription factor ChIP-seq 
peaks was defined by ≥ 1 bp overlap.

Categorization of Satb1-binding sites by the status of chromatin accessibility 
was based on the intersection between ATAC-seq peak sites (identified using 
FindPeaks, with -region option, minimum distance between peaks 100 bp, and 
FDR set at 0.00001) and Satb1-binding sites (Fig. 4b).

Binding of transcription factors at Satb1-binding sites was examined by 
calculating average tag counts per 10 million reads at ± 2 kb from the center 
of Satb1-binding sites, using annotatePeaks in Homer package (Fig. 4e).

Effects of Satb1 deletion on Treg-SE activation. H3K27ac ChIP-seq data of 
wild-type and Satb1fl/flCd4-Cre+ tTreg precursor cells, prepared in duplicates, 
were analyzed for differential enhancer activity. Normalized tag counts at 
stitched enhancers, calculated following the procedure described above, were 
subjected to differential regulation test in DESeq2 package. Regions differen-
tially regulated with FDR < 0.1 and fold change > 1.5 were defined as regions 
upregulated or downregulated by Satb1 deletion.

Bidirectional enhancer RNA identification. Processed cap analysis gene 
expression (CAGE) data were obtained from FANTOM5 database (http://
fantom.gsc.riken.jp/data/). Expression of bidirectional enhancer RNA was 
determined using the algorithm previously described18, with tags mapped to 
exons and transcription start sites (TSS) excluded. Expression of bidirectional 
enhancer RNA was normalized by total read counts (Fig. 1c,e).

Microarray analysis. For analysis of gene expression in thymocyte fractions 
and other immune cells shown in Figure 3b, raw data from the NCBI database 
(GEO GSE15907) were analyzed52.

Motif analysis. Satb1-binding sites (±100 bp) were subjected to known motif 
analysis, using findMotifsGenome in Homer package. Those with P > 10−5 
were considered as unreliable results (Supplementary Fig. 4b).

Flow cytometric analysis. Lymphocytes, splenocytes or thymocytes were 
subjected to Fc receptor blocking using purified anti-CD16/32 antibody 
(BioLegend), surface molecule staining with appropriate antibodies, and fixa-
tion and permeabilization using Foxp3/Transcription Factor Staining Buffer 
Set (Affymetrix eBioscience), followed by intracellular staining. Cytokine 
staining was carried out after stimulation with 20 ng/ml phorbol myristate ace-
tate (PMA), 709 ng/ml ionomycin and 0.67 µl/ml GolgiStop (BD Bioscience) 
for 4 h. Stained cells were analyzed using LSRFortessa (BD Bioscience). The 
following antibodies were used in addition to those mentioned above: anti-
CD25-APC (1:100, eBioscience), anti-CD45.1-PE-Cy7 (1:200, BD Bioscience), 
anti-Foxp3-eFluor450 (1:100, eBioscience), anti-CTLA4-PE (1:100, BD 
Bioscience), anti-Helios-PE (1:100, BioLegend), anti-Nrp1-biotin (1:100, R&D 
Systems), and anti-IFN-γ-APC (1:200, Affymetrix eBioscience). Clone and 
catalog numbers were as follows: anti-CD25-APC (clone PC61.5) anti-CD45.1-
PE-Cy7 (clone A20), anti-Foxp3-eFluor 450 (clone FJK-16s), anti-CTLA4-PE 
(clone UC10-4F10-11), anti-Helios-PE (clone 22F6), anti-Nrp1-biotin (catalog 
BAF566), anti-IFN-γ (clone XMG1.2). Dead cells were excluded from analyses 
by using Live/Dead Cell Viability Kit (Thermo Fisher).

Cell culture. The method for in vitro suppression assay (Supplementary Fig. 5a)  
was described6. Briefly, 5 × 104 peripheral Tconv cells, labeled with CellTrace 
Violet Proliferation Kit (Thermo Fisher) were incubated with 1 µg/ml anti-
CD3ε antibody (BD Biosciences, 553057), 1 × 105 irradiated splenocytes and 
various ratios of CD4+CD25+GFP+ Treg cells from Foxp3GFP or Satb1fl/flCd4-
Cre+Foxp3GFP mice in RPMI 1640 (Gibco) supplemented with 10% FBS, 0.05 
mM 2-mercaptoethanol (Sigma-Aldrich), 100 U/ml penicillin and 100 µg/ml 
streptomycin (Gibco). Percentages of proliferated Tconv (responder) cells were 
analyzed using LSRFortessa after 4 d.

For the Foxp3 induction assay from tTreg precursor cells, two protocols were 
used— one with IL-2 stimulation (Fig. 7c,d) and the other with IL-2 and TCR 
stimulation (Fig. 7e,f). For the former, similarly to the method described8, 

https://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0006325
https://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0040029
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60103
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CD3ε+CD24+CD25+GITR+GFP−CD4SP thymocytes from Satb1fl/+Cd4-
Cre+Foxp3-eGFP and Satb1fl/flCd4-Cre+Foxp3-eGFP mice were incubated 
with 100 U/ml IL-2 for 24 h. For the latter, these cells were incubated with 
Dynabeads Mouse T-Activator CD3/CD28 (Thermo Fisher) in RPMI 1640 
supplemented with 10% FBS, penicillin–streptomycin, 2-mercaptoethanol 
and 100 U/ml IL-2 for 5 d as described9. Percentages of Foxp3+ cells were 
examined, and GFP+ and GFP− cells were sorted by FACSAria II for DNA 
demethylation assay.

The Foxp3 stability assay (Supplementary Figs. 5c and 7c) was performed 
by incubating target cells with Dynabeads Mouse T-Activator CD3/CD28 
(Thermo Fisher) in RPMI 1640 supplemented with 10% FBS, penicillin–strep-
tomycin and 2-mercaptoethanol, with or without 100 U/ml IL-2. Percentages 
of Foxp3+ cells were analyzed after 6 d.

Immunoblotting. FACS-sorted cells were lysed and sonicated using Bioruptor 
UCD-200 (CosmoBio). Extracted protein was reduced, subjected to SDS-
PAGE and transferred onto a PVDF membrane using iBlot2 (Thermo Fisher). 
Satb1 and GAPDH proteins were detected using anti-SATB1 antibody (BD 
Biosciences, 611182), HRP-conjugated anti-GAPDH antibody (Cell Signaling 
Technologies, 3683), HRP-conjugated anti-mouse IgG (GE Healthcare, 
NA931VS), ECL Prime Western Blotting Detection Reagent (GE Healthcare) 
and LAS-4000 mini (GE Healthcare).

ELISA. Serum samples from 16-week-old mice were collected by cardiac punc-
ture and assessed for the level of serum immunoglobulin subtypes. Serum 
immunoglobulin was captured by anti-mouse Ig (Southern Biotech) and 
measured using HRP-conjugated anti-IgM, anti-IgG1, anti-IgG2c or anti-IgE 
(Southern Biotech) and TMB Substrate Reagent Set (BD Bioscience).

Generation of mixed bone marrow chimeric mice. T cell–depleted bone 
marrow cells from CD45.1+ and CD45.2+ Satb1fl/flCd4-Cre+ mice were mixed 
at a ratio of 2:1 (owing to the ‘preferential’ expansion of Satb1-deficient cells 
when mixed at 1:1 ratio) and injected intravenously in Rag2−/− mice, which 
had been irradiated at 3.5 Gy less than 24 h before transplantation.

Adoptive transfer of Treg cells. FACS-sorted 1 × 106 peripheral CD4+CD25+ 
Treg cells from 4- to 6-week-old wild-type mice (C57BL/6J) were adoptively 
transferred into 4-d-old Satb1fl/flCd4-Cre+ mice by intraperitoneal injection.

Histological analysis. Organs were harvested from 16-week-old mice and 
fixed in 10% formaldehyde for 1 week. They were embedded in paraffin, sec-
tioned and stained with hematoxylin and eosin (H&E). Stained sections were 
subjected to scoring of disease severity, in a double-blinded manner, based 
on the following criteria.

Insulitis: 0, no insulitis; 1, peri-islet inflammation; 2, mild intra-islet insu-
litis; 3, severe intra-islet insulitis; 4, complete destruction of islets.

Oophoritis: 0, no oophoritis; 1, inflammatory cell infiltration; 2, tissue 
destruction with reduced oocytes; 3, tissue destruction with no oocytes or 
corpus luteum.

Sialdenitis: 0, no sialdenitis; 1, mild inflammation; 2, intermediate inflam-
mation with up to 50% of area infiltrated; 3, severe inflammation with more 
than 50% of area infiltrated.

Gastritis: 0, no gastritis; 1, submucosal inflammation; 2, mild mucosal 
inflammation; 3, intermediate mucosal inflammation with destruction of 
gastric glands; 4, severe mucosal inflammation with loss of parietal cells.

Pneumonitis: 0, no pneumonitis; 1, mild inflammation; 2, intermediate 
inflammation; 3, severe inflammation and tissue destruction.

DNA methylation analysis by Sanger sequencing. Methods and prim-
ers for DNA methylation analysis for hypomethylated regions (Fig. 7e and 
Supplementary Figs. 5d and 6f) were described6. Briefly, genomic DNA 
extracted from 104–105 FACS-sorted cells was subjected to bisulfite treatment 
using MethylEasy Xceed (Human Genetic Signatures), followed by PCR ampli-
fication of target regions and subcloning into pTAC-1 plasmid in DynaExpress 
TA PCR Cloning Kit (BioDynamics Laboratory Inc). Amplicon sequence 
in plasmids were directly amplified from colonies using Illustra TempliPhi 
Amplification Kit (GE Healthcare) and sequenced. 16 colonies per region 

were examined and average percentage of demethylated clones for each CpG 
residues in the amplicon sequence are shown in color code. Representative 
data of at least two independent experiments are shown.

DNA methylation analysis by deep sequencing. Genomic DNA was 
extracted from 1–5 × 105 FACS-sorted cells. Following bisulfite treatment with 
MethylEasy Xceed, Foxp3 CNS2 region was amplified by PCR using KAPA 
HiFi HotStart Uracil+ ReadyMix (KAPA Biosystems) and the following PCR 
primers: forward 5′-TTTTGGGTTTTTTTGGTATTTAAGA-3′ and reverse 5′-
ACAAAT AATCTACCCCACAAATTTC-3′. PCR products were gel purified 
using MinElute Gel Extraction Kit (Qiagen). Approximately 500 ng purified 
amplicons was used for library construction with KAPA Library Preparation 
Kit according to the manufacturer’s instructions (KAPA Biosystems) and 
sequenced using MiSeq (Illumina). To maximize the accuracy of sequenc-
ing, amplicons were mixed with random sequences so that the final amplicon 
percentage within a run was <5%. After quality trimming, sequence reads were 
mapped to mm9 using Bismark (version 0.13.1). Methylation status of 6 CpG 
residues contained in the amplicon sequence was visualized in color code using 
Methplot package (version 1.0) in R. Representative data of two independent 
experiments are shown (Fig. 5g and Supplementary Fig. 6h).

Colitis induction. CD4+CD25−CD45RBhi T cells were FACS-sorted from 
CD45.1+ wild-type or CD45.2+ Satb1fl/flThpok-Cre+ lymphocytes. 2.5 × 105 
cells of each population were mixed and intravenously transferred into Rag2−/− 
mice. After 17 d, cells from mesenteric lymph nodes were isolated for FACS 
analysis, and CD45.1+ or CD45.2+ CD4+ T cells were purified for DNA meth-
ylation analysis by amplicon sequencing.

Statistical analysis. Investigators estimated sample sizes on the basis of prior 
experience. Animals were selected randomly except for genotype and sex and 
were analyzed in a blinded manner. Experiments were independently replicated 
at least twice, and representative and/or summary data are shown. Flow cyto-
metric analyses and DNA methylation analyses were independently repeated 
three or more times with three or more mice. All H3K27ac ChIP-seq and 
RNA-seq were prepared independently in two replicates, whereas other ChIP-
seq experiments were performed once owing to the cost of sequencing. The 
number of experiments for representative images is stated in each figure legend. 
Variation in sample distribution was examined by Kolmogorov–Smirnov test. 
Statistical differences were determined by statistical tests stated in each Figure 
legend. P < 0.05 level of confidence was accepted for statistical significance.

Data availability. ChIP-seq, RNA-seq, MBD-seq and ATAC-seq data sets were 
deposited in DNA Data Bank of Japan under accession numbers DRA003955, 
DRA004738 and DRA005202.
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Erratum: Guidance of regulatory T cell development by Satb1-dependent 
super-enhancer establishment
Yohko Kitagawa, Naganari Ohkura, Yujiro Kidani, Alexis Vandenbon, Keiji Hirota, Ryoji Kawakami, Keiko Yasuda, Daisuke Motooka, 
Shota Nakamura, Motonari Kondo, Ichiro Taniuchi, Terumi Kohwi-Shigematsu & Shimon Sakaguchi
Nat. Immunol. 18, 173–183 (2017); published online 19 December 2016; corrected after print 23 January 2017

In the version of this article initially published, the labels above the plots in Figure 4b were incorrect (with ‘Open chromatin’ above the first two  
columns and ‘Closed chromatin’ above the second two columns). The correct labeling is ‘Open chromatin’ above the first column, ‘Closed chromatin’ 
above the second column, ‘Open chromatin’ above the third column and ‘Closed chromatin’ above the fourth column. The error has been corrected 
in the HTML and PDF versions of the article.
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Interleukin-17 (IL-17) induces the production of granulocyte colony-stimulating factor (G-CSF) and chemokines such asCXCL1 and
CXCL2 and is a cytokine that acts as an inflammationmediator. During infection, IL-17 is needed to eliminate extracellular bacteria
and fungi, by inducing antimicrobial peptides such as defensin.This cytokine also plays an important role in chronic inflammation
that occurs during the pathogenesis of autoimmune diseases and allergies such as human rheumatoid arthritis (RA) for which a
mouse model of collagen-induced arthritis (CIA) is available. In autoimmune diseases such as RA and multiple sclerosis (MS),
IL-17 is produced by helper T (Th) cells that are stimulated by IL-1𝛽 and IL-6 derived from phagocytes such as macrophages and
from tissue cells. IL-17 contributes to various lesions that are produced byTh17 cells, one subset of helper T cells, and by 𝛾𝛿 T cells
and innate lymphoid cells. It strongly contributes to autoimmune diseases that are accompanied by chronic inflammation. Thus, a
functional understanding of Th17 cells is extremely important. In this review, we highlight the roles of cytokines that promote the
development and maintenance of pathogenic Th17 cells in autoimmune diseases.

1. Introduction

The immune system is a defense mechanism in the body
that involves various types of blood cells derived from the
bone marrow such as T cells and B cells, macrophages, and
dendritic cells (DCs). The function of the immune system is
to eliminate infectiousmicroorganisms that have invaded the
body and cancer cells that have been produced by mutations.
The immune reaction leads to cell death under certain cir-
cumstances. Thus, excessive elimination of targets in chronic
inflammatory reactions is harmful and is the cause of autoim-
mune diseases.Therefore, strict regulation is crucial to main-
tain immunological homeostasis. CD4-positive T cells, one
type of T cell, are called helper T cells because they regulate
the function of other immune cells.These helper T cells play a
central role in the elimination of foreignmicroorganisms and
in self-tolerance. Helper T cells produce cytokines that help
activate immune cells in the microenvironment. IL-17 is an
important cytokine not only for protective immunity against
extracellular pathogens [1, 2], but also for the clearance of
intracellular pathogens [3, 4]. In addition to its important
role in protective immunity, IL-17 plays a critical role in the
pathogenesis of various autoimmune inflammatory diseases.

IL-17-producing cells, including 𝛾𝛿T cells, natural killer T
cells, and innate lymphoid cells, are characterized by the
expression of the transcription factor, retinoic acid receptor-
related orphan receptor-𝛾t (ROR𝛾t) [5–7]. Dysregulation of
protective immune responses causes autoimmune diseases.
Self-reactive T cells are usually suppressed.When the balance
of the self-reactive T cells and regulatory T cells is dis-
turbed, the risk for autoimmune disease onset increases. High
amount of production of IL-17 accompanied by excessive
generation of Th17 cells may lead to autoimmune diseases.
Although several types of cells produce IL-17, accumulated
evidence has implicated an important role for Th17 cells in
autoimmune diseases. This review summarizes the current
knowledge on cytokines that control Th17 cell differentiation
and cytokines that regulateTh17 cell functions by focusing on
multiple sclerosis (MS), an autoimmune disease of the central
nervous system (CNS), and the corresponding mouse model
of experimental autoimmune encephalomyelitis (EAE).

2. IL-17-Producing Helper T Cells

2.1. Helper T Cells. Various hematopoietic and lymphoid
progenitors are mobilized from the bone marrow and initiate
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T cell development in the thymus. During this process, they
express an antigen receptor (the T cell receptor, TCR), and
most cells differentiate into CD4-positive T cells or CD8-
positive T cells. After completion of the maturation process,
CD8-positive T cells circulate throughout the body, acquir-
ing cytotoxic functions. They contribute to immunological
homeostasis by killing cells that have been infected by viruses
as well as cancer cells. On the other hand, CD4-positive
T cells are helper T cells. They exhibit an immunological
regulatory function. Helper T cells have previously been
divided into mainly two subsets (Figure 1) [8]. Th1 cells
differentiate under the influence of IL-12 andmainly produce
interferon-𝛾 (IFN-𝛾). IFN-𝛾 strongly activates macrophages,
promoting the elimination of intracellular pathogens. In
other words, it supports cellular immunity in the acquired
immune system. On the other hand, Th2 cells differentiate
under the influence of IL-4.Th2 cells support B cells through
IL-4 production. As a result, the antibodies produced by B
cells switch their class from IgM to IgG or IgE. By inducing
the production of IgG or IgE, elimination of extracellular
parasites (such as nematodes) is promoted. While cellular
immunity is performed by Th1 cells, Th2 cells support
humoral immunity. Thus, although derived from the same
precursor cells, when activated by antigen stimuli, helper
T cells differentiate into subsets with different properties
due to the surrounding environmental factors (in particular,
cytokines). The mechanism of differentiation has been pre-
viously analyzed in detail to clarify their mutually exclusive
properties. Namely, IFN-𝛾 suppresses the differentiation of
Th2 cells, while IL-4 inhibits Th1 differentiation. Therefore,
the functional imbalance betweenTh1 andTh2 is at the origin
of various immunological diseases. For example, when there
is a bias toward Th1, autoimmune diseases such as MS and
RA are more likely to occur, while if Th2 is dominant then
allergic reactions represented by pollinosis are provoked.
However, energetic research in recent years identified subsets
other than Th1 and Th2 cells [9]. Among these, the Th17
cell subset, which produces IL-17, contributes to autoimmune
diseases accompanied by chronic immune and inflammatory
reactions, working together withTh1 cells.

2.2. Interleukin-17. IL-17 is a cytokine whose gene was iso-
lated from a rat-mouse T cell hybridoma in 1993. Since it
displayed a high degree of homology with the HVS13 Herpes
virus gene, it was thought to be a subtype of the cytotoxic
T-lymphocyte-associated protein (CTLA) family of proteins
and called CTLA-8 [10]. In 1995, it was recognized as a
new cytokine and named IL-17, and, today, six homologous
molecules are known (IL-17A through IL-17F). To date, most
studies focused on IL-17A, IL-17E, and IL-17F. IL-17A and
IL-17F are highly homologous and share receptors. Thus,
they have extremely similar functions. IL-17E is also known
as IL-25, and because it presents low homology with other
molecules of the family and contributes to the induction of
allergies, it is thought to have functions different from those
of IL-17A [11]. This review focuses on IL-17A. Several types
of immune cells produce IL-17A, and Th17 cells, the newly
established subset of helper T cells, have received particular
attention [12–14]. Through the analysis of the function of
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Figure 1: Regulation of Th cell differentiation. Näıve CD4 T cells
differentiate into four distinct T cell subsets such as Th1, Th2, Th17,
and induced T regulatory (Treg) cells dependent on the cytokine
milieu.

Th17 cells in autoimmune diseases, there has been significant
progress in the understanding of the biological significance
of IL-17.

2.3. IL-17 Receptors andTheir Signaling. IL-17 receptor A (IL-
17RA) was identified as a new cytokine receptor for IL-17A
andwas found to be amember of the cytokine receptor family
[15]. The IL-17 receptor family now consists of five members
(IL-17RA, IL-17RB, IL-17RC, IL-17RD, and IL-17RE), all of
which share sequence homology. All these receptors contain
a fibronectin III-like domain in their extracellular region and
a SEF/IL-17R (SEFIR) domain in their intracellular region
[16]. IL-17RA had been long considered as the receptor of
IL-17. However, newly emerged evidence suggests that IL-
17RA is likely a common receptor used by the IL-17 family
cytokines. Other receptors including IL-17RB, IL-17RC, and
IL-17RE have been identified as specific receptors for IL-
17E, IL-17A, and IL-17F and IL-17C, respectively. IL-17RD,
originally identified as a negative regulator in fibroblast
growth factor signaling, has recently been found to regulate
IL-17A signaling [17, 18]. Recent studies have shown that IL-
17A and IL-17F, believed to be predominantly expressed in
Th17 cells, signal through a heteromeric receptor complex.
This complex consists of IL-17RA and IL-17RC, which are
single transmembrane proteins and ubiquitously expressed
in various cell types, including epithelial cells, fibroblasts,
and astrocytes [19–22]. It has been well documented that IL-
17A and IL-17F can induce proinflammatory gene expression
both alone and in synergy with TNF𝛼, IL-6, G-CSF, IL-1,
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CXCL1, CCL20, and matrix metalloproteases [23–25]. IL-
17 upregulates these proinflammatory genes through the
activation of NF-𝜅B,MAPK, and C/EBP cascades [26]. Other
studies demonstrated that IL-17 also activates the Jak-Stat
and Jak-PI3 K pathways [27, 28]. In addition to altering gene
expression, IL-17 stimulation can stabilizemRNAs. Normally,
mRNA splicing factor (SF) is bound to mRNA to mediate its
degradation. Upon IL-17 stimulation, mRNA is dissociated
and stabilized [29, 30].

Adaptor protein Act1 and tumor necrosis factor receptor-
associated factor (TRAF) regulate these molecular mecha-
nisms after activation of IL-17R. Act1 was originally discov-
ered as an NF-𝜅B activator [31, 32]. Several studies demon-
strated that Act1 is recruited to the IL-17 receptor complex
through the homotypic interactions of the SEFIR domains
upon IL-17 stimulation [33, 34]. Act1 deficiency results in loss
of IL-17-dependent NF-𝜅B activation and proinflammatory
cytokine production. Following Act1 binding to the receptor
complex, TRAF6 is recruited through interaction with the
Act1 TRAF binding motif [35]. TRAF6 further activates
downstream TRAF6-dependent TAK1 for NF-𝜅B activation.

IL-17-mediated mRNA stability of CXCL1 requires Act1
but not TRAF6, suggesting that Act1 mediates both TRAF6-
dependent and TRAF6-independent pathways in IL-17R sig-
naling [29]. In the TRAF6-independent pathway, TRAF2 and
TRAF5 are required for IL-17-induced mRNA stabilization
of CXCL1 [30]. Act1-TRAF5-TRAF2-SF complex formation
induced by IL-17 prevents SF binding to CXCL1 mRNA
for degradation. Phosphorylation of Act1 at Ser-311 was
shown to be required for its association with TRAF2-TRAF5
complex. By mass spectrometry analysis, Act1 was found
to be phosphorylated directly by the kinase IKK𝜀 at Ser-
311 upon exposure to IL-17. Consistently, IKK𝜀 deficiency
also prevented the formation ofAct1-TRAF2-TRAF5 complex
without disrupting interaction between TRAF6 and Act1,
suggesting that phosphorylation of Act1 is necessary for
the formation of the mRNA stabilization cascade. Thus,
Act1 serves as a receptor proximal anchor platform for the
initiation of two independent pathways activated by IL-17: (1)
the TRAF6-dependent cascade for signaling and (2) TRAF2-
TRAF5-dependent cascade for stabilization of mRNA.

Regulation of IL-17R pathways is important in the
control of IL-17-mediated inflammation. As in intracellular
mechanisms, fundamental features of inflammation have
been revealed using mice lacking IL-17R subunits. IL-17RA-
deficient fibroblasts failed to respond to IL-17A or IL-17F
stimulation [36]. Subsequent studies showed that IL-17RC
interacts with IL-17RA and it can bind to IL-17A or IL-17F. IL-
17RC-deficient mice also failed to induce downstream gene
expression in response to IL-17A and IL-17F and develop
much milder disease than wild-type mice in experimen-
tal autoimmune encephalomyelitis [37–39]. These results
suggest that the IL-17 receptor complex has a significant
role in biological and pathological functions [39] and is
a candidate therapeutic target. Therefore, identification of
new compounds to block the activation of IL-17R is a
powerful approach to prevent IL-17-mediated pathology. A
monoclonal antibody targeting IL-17R would be a potential
treatment to investigate this therapeutic tool for autoimmune

diseases. Brodalumab, previously known as AMG827, is a
human monoclonal antibody that binds to the human IL-
17RA and blocks the biological activities of IL-17A and IL-
17F. This antibody is a broad spectrum inhibitor of IL-
17-mediated signaling pathways compared to other IL-17-
targeted therapy. Brodalumab is currently being investigated
in different phases of clinical trials for psoriasis (phase II)
and for RA (phase I/II) [40, 41]. In a phase II study, bro-
dalumab showed significant improvement in severe psoriasis
compared to placebo [40]. In these preclinical studies, IL-
17R targeted therapy did not show any major safety concern.
However, further trials are warranted to confirm the safety
profile of this therapy. IL-17 expresses protective properties
against extracellular pathogens [42, 43]. Future trials with a
large number of patients will provide more insight into the
safety profile. Other therapeutic strategies against IL-17 are
discussed below.

3. IL-17 and Autoimmune Diseases

Central immune tolerance is the thymic mechanism that
eliminates self-reactive T cell receptor-producing cells. How-
ever, the elimination is not perfect. Thus, self-reactive T cells
exist in peripheral tissues. Peripheral immune tolerance refers
to the suppression of self-reactive T cells by regulatory T cells.
Failure of both types of tolerancemay result in autoimmunity
and autoimmune diseases. In autoimmune diseases, the
helper T cells that support the acquired immunity system
attack tissues in an antigen-specific manner. Tissue dysfunc-
tion accompanied by localized organ damage induced by self-
reactive T cells leads to diseases. In human diseases, it is
difficult to identify antigens and the causes of disease. Thus,
methods using mouse models of these diseases, in which the
disease can be induced by the identified antigens, are often
used as a strategy for studying autoimmune diseases. For
example, the CIA model is often used as a model for human
RA, and the EAE mouse model is often used as a model
for human MS. Currently, Th17 cells have been established
as having a close relationship with chronic inflammatory
autoimmune diseases. In this section, the first half introduces
the current knowledge on inflammatory cytokines related to
Th17 cells in autoimmune diseases based on results obtained
using the EAE mouse model, and the second half briefly
explains the role of Th17 cells and IL-17 in RA and psoriasis.

3.1. Th17 Cells in EAE. MS is an autoimmune disease accom-
panied by chronic neuroinflammation that causes demyelina-
tion in the CNS. Accumulation of helper T cells is observed
in the cerebrospinal fluid of patients. The EAE mouse model
that recapitulates MS is an experimental system in which
pathogenic helper T cells can be induced by administering
antigens in the CNS tissue, resulting in limb paralysis. The
pathophysiological analysis of EAE is useful for understand-
ing MS. MS-related genes have been proposed by estab-
lishing and screening the disease-related genome analysis
(genome-wide association studies, GWAS) database [44].The
results suggest that specificmajor histocompatibility complex
(MHC) class II genes are associated with a significantly high
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risk for the onset of MS. Moreover, although somewhat
less important than the MHC, a group of genes related to
differentiation and activation of helper T cells also showed a
significant relationship with MS. Thus, it is believed that this
disease of the CNS is a T cell-mediated disease.

3.1.1. Pathogenic T Cells: A Paradigm Shift from Th1 to Th17.
Since Th1 cells strengthen cellular immunity and are present
in chronic CNS inflammation [45], they and IFN-𝛾 produced
by them were thought to be important pathogenic factors in
MS and EAE. IL-12 is a cytokine composed of p40 and p35
[46]. Since mice lacking p40 show resistance to EAE [47],
the idea that Th1 cells are necessary for self-pathology in
neuroinflammation has been supported. However, it is also
known that mice lacking p35 and mice lacking the 𝛽 chain
of the IL-12 receptor as well as mice lacking IFN-𝛾 and mice
lacking the IFN-𝛾 receptor show strong symptoms of EAE
compared to wild-type mice [48–53].Thus, the identification
of helper T cells as the causative factor remained unclear. IL-
23 is a cytokine composed of p19 and IL-12p40. Studies using
mice lacking p19 shed light on the role of helper T cells in
EAE [13, 54]. Incomplete induction of IL-17 producing helper
T cells (Th17) was observed in mice lacking p19, without
inhibition of Th1 cell differentiation. This mutation failed
to induce EAE in mice, due to the lack of Th17 cells. EAE
resistance inp40-deficient mice suggested that IL-23, but not
IL-12, was necessary for the induction of neuropathogenic T
cells. As a result, it is now believed that helper T cells that
produce IL-17 are the cause of inflammatory autoimmune
diseases such as EAE and MS.

3.1.2. Cytokines Promoting Th17 Cell Development. After the
discovery of the IL-23-Th17 axis, the properties of helper T
cells were analyzed in detail. Th17 cells express RAR related
orphan receptor 𝛾t (ROR 𝛾t) (encoded by Rorc), a mas-
ter transcription factor [55]. IL-17, IL-22, and granulocyte-
macrophage colony-stimulating factor (GM-CSF), effector
cytokines produced by these cells, strongly contribute to
tissue inflammation [13, 56–58]. The Th17 differentiation
process was also gradually clarified and divided into two
stages, a priming stage and a maturation stage.

Mice lacking p19 display resistance to autoimmune dis-
eases and a reduction in Th17 cells, so the importance of IL-
23 as a differentiation factor is established. However, IL-23
cannot induce näıve T cells into mature Th17 cells. Addi-
tionally, näıve T cells do not express IL-23R. These results
suggested that the priming stage of Th17 cell differentiation
was regulated by other factors. Multiple groups showed that,
in mice, the induction of Th17 cells is possible through
simultaneous stimulation with transforming growth factor
(TGF) 𝛽 and IL-6 [59–61]. In the presence of IL-6 at the
priming stage, a naı̈ve T cell is stimulated by cognate antigen
to differentiate into an effector cell; then ROR 𝛾t, IL-17, and
IL-23R are expressed, and the direction toward a Th17 cell
is decided. IL-6 also induces the expression of IL-1R. IL-1 𝛽,
an inflammatory cytokine, promotes the expression of ROR
𝛾t through IRF4 pathway [62]. Therefore, mice lacking IL-
1R cannot sufficiently induce Th17 cells and do not contract

EAE [63]. Moreover, IL-1 𝛽 stimulation activates mammalian
target of rapamycin (mTOR), promoting clonal expansion
in an inflammatory environment [64]. TGF 𝛽, similarly to
IL-6, is also a necessary factor for the early differentiation
of Th17 cells, and this cytokine induces the expression of
the master transcription factor, Foxp3, that is needed for
the differentiation of regulatory T cells (Treg). Thus, it was
unclear whether TGF𝛽 contributed to the differentiation into
Th17 cells, sinceTh17 and Treg cells have different properties.
Since IL-6 cannot induce Th17 cells on its own, it must
occur together with TGF 𝛽. The contribution of TGF 𝛽 was
investigated. It was found that TGF 𝛽, working together
with IL-6, induced the expression of both Foxp3 and ROR𝛾t
[65]. The coexisting IL-6 suppresses Foxp3 expression by
activating STAT3, thereby blocking Treg cell differentiation.
However, based on recent research, it has been shown that
it is possible to sufficiently induce Th17 cells with IL-6,
IL-1𝛽, and IL-23, and it became clear that TGF𝛽 is not
required [66]. Th17 cells that have been induced by TGF𝛽
and IL-6 gradually decrease their IL-17 production until
there are only unstable Th17 cells [67, 68]. It was shown by
three independent research groups that IL-21 is necessary
for continuous IL-17 production [67–69]. IL-21 is produced
by Th17 cells while they are undergoing IL-6 stimulation-
dependent differentiation, inducing the production of IL-17
and the expression of IL-23 receptors by autocrine action. IL-
21 also contributes to the suppression of Foxp3 expression
that is induced by TGF 𝛽, thereby promoting the differen-
tiation of Th17 cells. This suppression of Foxp3 expression
is also observed in mice lacking IL-6. Thus, IL-21 and IL-
6 regulate Foxp3 expression by independent mechanisms.
Recent studies reported thatTh17 cells induced mainly by IL-
6 and TGF 𝛽 are effective at sites of extracellular parasitic
bacteria and mucosa immunity but do not appear to cause
autoimmune diseases accompanied by chronic inflammation.
This shows that autoimmune diseases present Th17 cells that
underwent a maturation process in order to acquire high
pathogenicity.

Helper T cells that induce major tissue damage are
closely related to severe autoimmune diseases. Thus, the
types of factors necessary for the maturation stages after
the initial priming processes were investigated. IL-23, said
to be necessary for Th17 cell induction, and its contribution
to the production of inflammatory cytokines that are found
in autoimmune diseases such as EAE (MS) and CIA (RA)
garnered the attention again. Studies using mice lacking IL-
23 indicated that helper T cells, whose IL-23 signals are
blocked, undergo an early differentiation process ofTh17 cells
producing ROR𝛾t and IL-17 [70]. This process depends on
TGF𝛽 and IL-6, not on IL-23. On the other hand, Th17 cells
induced in a manner independent of IL-23 are not capable
of sufficient clonal expansion, thus the pathogenicity of Th17
cells is weak, resulting in mild to no tissue damage. Self-
reactive helper T cells are suppressed by immunosuppressive
cells such as Treg cells. Recent studies clarified that, after
IL-23 stimulation, Th17 cells avoid immunosuppressive cells
[71, 72]. IL-27 is a suppression mediator. Stimulation by IL-
27 activates the transcription factor STAT1. STAT1 activation
inhibits the activity of STAT3, which is needed for Th17 cell
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differentiation [71]. IL-23 stimulatesTh17 cells to suppress the
expression of the IL-27 receptor [71, 73]. Therefore, IL-23-
mediated Th17 cells are resistant to IL-27. GWAS results also
show that IL-23 is genetically linked to chronic inflammatory
autoimmune diseases [74].The results of this genome analysis
support the importance of IL-23.

As described above, from many analyses, TGF𝛽 and IL-
6 are necessary factors for the early stage of Th17 cell differ-
entiation, while IL-23 plays a central role in the functional
maturation and maintenance of autopathologic Th17 cells.

3.1.3. Mechanisms Underlying the Infiltration ofTh17 Cells into
the CNS. Blood cells in the CNS, including cells responsible
for immunity as well as many blood proteins cannot pass
through the blood-brain barrier (BBB) that strictly limits
the flow of substances like proteins and cells from the
bloodstream into the CNS. Cell migration and the transfer
of the necessary proteins (nutrients) from the blood into the
CNS are performed in an active way.Thismachinery requires
energy.The structure of theBBB includes vascular endothelial
cells that are strongly joined by tight junctions and various
types of underlying cells such as pericytes, astrocytes, and
microglia [75, 76]. The role of the BBB is to separate the CNS
from the permanent changes in peripheral tissues caused by
infection by external microorganisms, thereby maintaining
a safe microenvironment for neurons. Pathogenic T cells
must cross the BBB by some mechanisms that weaken the
BBB’s defenses. In such a disease, for autoreactive helper T
cells to infiltrate the CNS, they destroy the tight junctions
of the BBB in an IL-17-dependent manner [77]. Studies
using whole-mount-section analysis of EAE mice showed
that self-reactive helper T cells locally accumulate behind
the fifth lumbar vertebra (L5) [78]. An inflammatory cycle
due to IL-17, produced by Th17 cells, and IL-6, produced
by vascular endothelial cells, is formed locally at the L5
vertebra, and the vascular endothelial cells respond to this
in a cyclic way to express the chemokine CCL20. As a
result, Th17 cells that express the chemokine receptor CCR6
locally accumulate and pass through the tight junctions that
are damaged by the inflammatory cycle [79]. Through such
processes, encephalitogenic Th17 cells pass through the BBB
and arrive at the CNS, which is the target. After onset, at L5,
various chemokines other than CCL20 are produced. Thus,
once the inflammatory cycle has occurred, many more cells
will infiltrate.

3.1.4. The CCR7 Ligand Is Necessary for the Induction of
Pathogenic Th17 Cells. The chemokines that are produced at
L5, the entry site of immune cells, include CCL21. Alt et
al. presented a model in which pathogenic T cells infiltrate
the CNS in a manner dependent on CCR7, the receptor
for CCL21. They reported that the CCL21-CCR7 signal is
necessary for EAE [80]. Since EAE does not occur in mice
lacking CCL21 or in CCR7 knockout mice, this model was
initially considered valid [81]. However, when pathogenic
Th17 cells are adoptively transferred into mice lacking CCL21
or into wild-type mice, both groups show similar symptoms
and rates of onset. Thus, there is no direct relationship

between CNS migration of TH17 cells and CCL21. It is
thought that the CCR7 ligand has an indispensable role in
the disease at a step other than the infiltration into the CNS.
When CCR7 knockout mice and mice lacking CCL21 were
studied in detail, it was found that CCL21 stimulates DCs to
strongly induce IL-23 production [81]. It was clarified that, in
mice lacking CCL21, there is a reduction in IL-23 production
and blocking of the induction of Th17 cells. Since the
differentiation into Th2 cells was similar to that of wild-type
mice, it is thought that CCL21-CCR7 stimulation is specific
to a Th subset. DCs migrate into lymph nodes in a manner
dependent on CCL21. This migration is dependent on ERK.
However, the production of IL-23 is dependent on the Akt
pathway [82]. CCR7 ligands direct DC functions between
cellular migration and IL-23 production.These DC functions
are switched by this chemokine and microenvironment.

3.2. Th17 in RA and Psoriasis. As for MS and EAE, Th17
cells strongly contribute to RA. Since Th17 cells cannot be
separated from RA and MS disease conditions, the role and
function of IL-17 have been analyzed in detail.The important
clinical issue for RA is bone and joint destruction. Since
bone destruction is directly related to changes in the joint
structure, treatment for prevention of joint destruction is
very important. Osteoclasts are the only cells that break
down the bone, and they are a specially differentiated type of
macrophage. Osteoclasts differentiate from monocytes, and
receptor activator of nuclear factor kappa-B ligand (RANKL)
promotes this process [83, 84]. Studies focused on how helper
T cells that infiltrate the joints induce osteoclastogenesis
frommonocytes. Helper T cells that produce IL-17 have been
found in the synovial tissue of patients with RA [85]. IL-
17 stimulates the osteoblasts in the joints, inducing RANKL
expression. Then, through the interaction with osteoblasts,
monocytes respond to RANKL and mature into osteoclasts.
After this mechanism was reported, interest in IL-17 for
RA and its animal models grew [86, 87]. The identity of
the helper T cells that regulate IL-17 production in the
synovium remained unclear, but, after the discovery of
Th17 cells as a new subset in 2006, the RANKL-dependent
induction mechanism of osteoclasts via Th17 cells in RA
became clear [88]. In RA and CIA, continuing inflamma-
tion is an important disease condition, similar to bone
destruction. IL-22 produced by Th17 cells certainly regulates
chronic inflammation. IL-22 stimulates synovial fibroblasts to
induce cell proliferation and the production of inflammatory
chemokines [89]. Studies using a mouse model also showed
that IL-22 induces osteoclastogenesis [90]. Moreover, IL-6
produced by fibroblasts responding to IL-17 derived from
Th17 cells amplifies inflammation [79]. IL-6 stimulates syn-
ovial tissue in an autocrine manner, worsening the condition
by amplification cycle that releases inflammatory mediators.
Thus, IL-17maintains the inflammatory cycle via downstream
cytokines. It has recently been reported that IL-17 in the
synovial tissue is not derived fromTh17 cells, but rather from
mast cells [91]. That does not change the importance of IL-17
for the disease condition, but the possibility remains that the
role of Th17 cells in this disease will be revised.
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Psoriasis is a chronic inflammatory skin disease charac-
terized by hyperproliferation and abnormal differentiation
of epidermal cells. Pronounced acanthosis and inflammatory
infiltration such as of neutrophils and lymphocytes are
observed in lesions. As cyclosporin, a calcineurin inhibitor,
shows therapeutic effectiveness, it is thought that T cells
contribute to psoriasis pathology. Recent studies clarified
that Th17 cells contribute to the onset of psoriasis [92, 93].
Th17 cells that have infiltrated the skin produce not just
IL-17, but also IL-22. IL-22 stimulates keratocytes in the
skin, leading to the activation of STAT3, followed by the
proliferation of keratinocytes and acanthosis [94]. IL-17 and
IL-22 induce keratinocytes to express CXCL1 and CXCL8,
inducing further cell infiltration [94–98]. Thus, a positive
psoriasis feedback loop is formed. A contribution of IL-36
to the detailed mechanism of this positive feedback loop has
been suggested [99]. IL-36 is produced by keratinocytes and
stimulates resident DCs that are normally present in the skin.
In response to IL-36, DCs express IL-23, which appears to
increase the pathogenicity of Th17 cells [100]. In the normal
skin, an IL-36R antagonist is expressed, to compete with
IL-36 stimulation [101]. However, it is thought that, as the
disease condition progresses, the suppression by the IL-36R
antagonist is abrogated.

3.3. Plasticity of Pathogenic Helper T Cells. In chronic inflam-
mation, IL-23 stimulation confers higher pathogenicity on
Th17 cells, and, in this process, not just IL-17, but also IFN𝛾,
IL-22, and GM-CSF are produced. In a recent study, based
on the way functional cytokines are produced, helper T cells
have been divided into multiple subsets such as Th9 cells
and Th22 cells [2]. Th1 cells and Th2 cells stably maintain
their properties. In contrast, it seems thatTh17 cells infiltrated
into CNS lesions produce various cytokines and differentiate
fromTh17 cells into other subsets [102]. Studies using an IL-
17 reporter mouse indicated that, during EAE onset, cells
that produced IL-17 were converted into cells that produced
IFN𝛾 [103]. Based on this result, a model was proposed in
which Th17 cells redifferentiated either into Th17/Th1 hybrid
cells, or into a type of Th1 cells that stopped producing
IL-17 (ex-Th17). This model may explain the presence of
Th1/Th17 hybrid cells in the CNS from patients with MS.
Moreover, these cells producing IFN𝛾, which may be ex-
Th17 cells, are more pathogenic than Th17 cells. IFN𝛾 can
be produced by conventional Th1 cells and ex-Th17 cells.
However, conventionalTh1 cells are not exposed to IL-23 and,
therefore, do not express IL-1R, while ex-Th17 cells exposed to
IL-23 in the past can express IL-1R.Therefore, the expression
of IL-1R helps distinguishing between IFN𝛾-producing ex-
Th17 cells and conventional Th1 cells. Since GM-CSF is
encephalitogenic, a new subset of cells has been named
ThGM-CSF [56, 57]. According to this model, it is highly
possible that GM-CSF-producing helper T cells acquire the
ability to produce GM-CSF after Th17 cells stop producing
IL-17. In fact, helper T cells that produce both IL-17 and GM-
CSF have been observed [104]. Additionally, there are cases
where other subsets turn into Th17 cells. TGF𝛽, which is
necessary for the differentiation of Th17 cells, is a cytokine
that induces the differentiation of Treg cells. Komatsu et
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Figure 2: Tools for targeting the Il-23-Th17 axis. Various therapeutic
tools are available to target the interlukin-23-Th17 pathway. Ustek-
inumab and briakinumab are twomonoclonal antibodies that target
p40, and tildrakizumab and guselkumab are monoclonal antibodies
that target p19. Inhibitors of Th17 cell generation target RORgt.
Ixekizumab and secukinumab aremonoclonal antibodies that target
IL-17, and brodalumab is a monoclonal antibody that targets IL-17
receptor A.

al. using a CIA mouse model showed that Foxp3-positive
Treg cells in the joint synovia redifferentiated into Th17 cells
(IL-17-producing ex-Treg cells) [105]. IL-17-producing ex-
Treg cells express RANKL and cause strong osteoclast differ-
entiation compared to the normal type of Th17 cells. These
monocytes interact directly with IL-17-producing ex-Treg
cells, not via synovial fibroblasts.

4. Autoimmune Disease
Treatment Targeting Th17 Cells

Based on research results using GWAS and animal models,
clinical trials have begun, targeting either IL-23, which con-
tributes to the final differentiation and function acquisition of
pathogenicTh17 cells, or ROR𝛾t, which is a master transcrip-
tion factor forTh17 cells, or IL-17, which is an effector cytokine
[74, 106] (Figure 2). With regard to autoimmune diseases
such as RA, ankylosing spondylitis, chronic inflammatory
intestinal diseases, psoriasis, and MS, clinical research is
progressing on humanized anti-IL-23 antibodies, humanized
anti-IL-17 antibodies, and humanized IL-17R antibodies,
and some extremely hopeful results have been obtained.
Among these, a high improvement rate has been observed
in the clinical symptoms of psoriasis compared to existing
treatment methods [107–110].

Screening tests are being performed to identify small
molecules regulating the functions of Th17 cells. Among
molecules that contribute to the maturation and function of
Th17 cells, ROR𝛾t has DNA binding sites and ligand binding
regions, and therefore it is thought to be easy to focus on the
targeted sites. ROR𝛾t is also different from other transcrip-
tion factors in that it shows hemocyte-specific expression.
Thus, side effects might be minimized in biological applica-
tions. The cardiac glycoside, digoxin, which has been used
to treat heart disease, has been screened as a ROR𝛾t-specific
inhibitor [111]. Digoxin inhibits the differentiation of Th17
cells without inhibiting the differentiation into other subsets.
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Digoxin derivatives that are derived from this cardiac gly-
coside specifically inhibit the production of IL-17 in human
and mouse Th17 cells. The small molecule, SR100, which is a
ligand of the liver X receptor LXR, one of the endonuclear
receptors expressed in the liver, specifically binds to the
ligand binding domain of ROR𝛾t [112]. As a result, there is
a change in ROR𝛾t structure suppressing its interaction with
a coactivator that increases its transcription activity, thereby
inhibiting Th17 cell differentiation. Ursolic acid, a natural
compound, selectively binds to ROR𝛾t, suppressing not only
theTh17 cell differentiation process, but also the functions of
Th17 cells after differentiation. Administration to EAE mice
reduced limb paralysis [113]. Although these results were
obtained in an animal model, ursolic acid shows promise,
and one expects such development for all compounds that
similarly bind specifically to ROR𝛾t.

5. Conclusions

In this review, we discussed IL-17 and related cytokines in
chronic autoimmune diseases. Since the discovery of IL-17,
there have been many reports thatTh17 cells are important in
human andmouse chronic autoimmune diseases.WhileTh17
cells and IL-17 directly lead to the worsening of RA disease
conditions, they are important factors that can be targeted
to alleviate diseases. There is hope that molecular therapy
targeting IL-23 or the master transcription factor ROR𝛾t,
which are necessary for autoimmune pathology, although
they are unnecessary for the differentiation process of Th17
cells, will improve symptoms at the biological level. It is also
predicted that multiple approaches will expand the range of
application to other diseases in the future. If the molecular
therapy strategies that have succeeded with helper T cells
that produce IL-17 can also be applied to other helper T cells
then they may be applied to not only diseases that are due
to excessive immune response such as allergies, but also to
immunodeficiency recovery and cancer immunity. In this
review, we provided an overview of the role of IL-17 and
Th17 cells in autoimmune diseases and hope that we have
stimulated the reader’s scientific sensitivity.
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BBB: Blood-brain barrier
CD: Cluster of differentiation
CIA: Collagen-induced arthritis
CNS: Central nervous system
CTLA: Cytotoxic T-lymphocyte-associated
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EAE: Experimental autoimmune
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G-CSF: Granulocyte colony-stimulating factor
GM-CSF: Granulocyte-macrophage

colony-stimulating factor
GWAS: Genome-wide association studies
IFN: Interferon
Ig: Immunoglobulin
IL: Interleukin

MHC: Major histocompatibility complex
MS: Multiple sclerosis
mTOR: Mammalian target of rapamycin

(mechanistic target of rapamycin)
RA: Rheumatoid arthritis
RANKL: Receptor activator of nuclear factor
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ROR𝛾t: RAR related orphan receptor 𝛾t
STAT: Signal transducers and activators of
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TGF: Transforming growth factor
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The Journal of Immunology

SATB1 Conditional Knockout Results in Sjögren’s
Syndrome in Mice

Yuriko Tanaka,* Takehiko Sotome,† Akiko Inoue,‡,x Takanori Mukozu,{ Taku Kuwabara,*

Tetuo Mikami,‖ Terumi Kowhi-Shigematsu,# and Motonari Kondo*

Sjögren’s syndrome (SS) is an autoimmune disease in which exocrine tissues are affected by cellular and humoral immunity. As a

result, the salivary and lacrimal glands of patients with SS are damaged, leading to xerostomia (dry mouth) and keratoconjunc-

tivitis sicca (dry eyes). Because experimental approaches to investigate SS pathogenesis in human patients are limited, develop-

ment of a mouse model is indispensable for understanding the disease. In this study, we show that special AT-rich sequence binding

protein-1 conditional knockout (SATB1cKO) mice, in which the SATB1 gene is specifically deleted from hematopoietic cells,

develop SS by 4 wk of age, soon after weaning. Female mice presented an earlier onset of the disease than males, suggesting that

female SATB1cKO mice are more susceptible to SS. T cell–dominant immune cell infiltration was observed in the salivary glands

of 4 wk old SATB1cKO mice, and the frequency of B cells gradually increased as the mice aged. Consistently, levels of anti-SSA

and anti-SSB Abs were increased around 8 wk of age, after salivary production reached its lowest level in SATB1cKO mice. These

results suggest that SATB1cKO mice can be a novel SS model, in which the progression and characteristics of the disease resemble

those of human SS. The Journal of Immunology, 2017, 199: 000–000.

A
utoimmune diseases occur when immune tolerance is
broken and the immune system attacks the organism’s
own cells and tissues (1). In healthy conditions, auto-

reactive T cells are eliminated by negative selection during T cell
ontogeny in the thymus (2). However, because some developing
T cells escape from negative selection, autoreactive T cells are
present in the periphery even in healthy individuals (3). Therefore,
peripheral tolerance, a mechanism suppressing the activation of
autoreactive T cells, is important for the maintenance of immune
tolerance together with central tolerance.

Various humoral and cellular factors are involved in the es-
tablishment of peripheral tolerance. Among them, regulatory T

(Treg) cells play an important role in the suppression of autore-

active T cells because Treg deficiency causes aggressive and fatal

systemic autoimmune manifestations in both humans and mice (4).

This loss of immune tolerance results in various autoimmune

diseases (3). One such systemic autoimmune disorder is Sjögren’s

syndrome (SS), with clinical hallmarks of keratoconjunctivitis

sicca (dry eyes) and xerostomia (dry mouth) (5).
The etiology of SS in humans remains unclear, although several

different pathophysiological models have been proposed (6). SS

pathogenesis appears to strongly depend on humoral immunity

because autoantibodies such as anti-SSA/Ro and anti-SSB/La are

observed in patients with SS (5, 7). However, T cells might play a

role in SS onset because mice with T cell–specific knockout of Id3

or PI3K develop SS-like diseases (8, 9). Although SS model mice

share some characteristics with human SS patients, not all diag-

nostic criteria are fulfilled in any known mouse model of SS, even

if keratoconjunctivitis sicca or xerostomia are observed (6, 10).

Therefore, an SS mouse model that better recapitulates the course

of human SS progression and presents all SS diagnostic criteria

would facilitate the understanding of SS pathogenesis in humans.
Special AT-rich sequence binding protein-1 (SATB1) is a ge-

nome organizer that has been identified in a human Jurkat T cell

line and binds AT-rich sequences (also known as base-unpairing

regions) (11, 12). SATB1 forms complexes with SWI/SNF fac-

tors and regulates the expression of numerous genes (12–14).

SATB1 expression is abundant in thymocytes among hematopoi-

etic cells, although it is even observed in hematopoietic stem cells

(15, 16). SATB1 is also expressed in nonhematopoietic cells,

resulting in the death of SATB1-null mice by 3 wk of age (14).

Therefore, to determine the role of SATB1 in hematopoietic cells,

we generated SATB1 floxed mice and crossed them with Vav-Cre

mice (SATB1fl/fl Vav-Cre+ mice) (17). In these SATB1 conditional

knockout (cKO) mice, T cell numbers are severely reduced be-

cause positive selection is impaired. Negative selection is also

impaired in SATB1cKO mice, in which levels of anti-dsDNA Abs
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are increased at adulthood (17). Therefore, SATB1cKO mice are
autoimmune-prone. However, the details of autoimmune mani-
festations in SATB1cKO mice remain unclear.
In this study, we demonstrated that SATB1cKO mice develop an

SS-like disease that fulfills almost all criteria necessary for diag-
nosis of SS in humans. Infiltration of T and B lymphocytes was
observed in the salivary glands of SATB1cKOmice as early as 4 wk
of age. Treg cells were absent in SATB1cKO mice for a week after
birth, although the number increased to near normal levels with age.
Dramatic improvement of saliva production was observed when
Treg cells from adult wild-type (WT) mice or SATB1cKO mice
were injected into 3 d old SATB1cKO mice. Therefore, the lack of
Treg cells in the first week after birth as well as defective negative
selection in the thymus might cause SS in SATB1cKO mice. In
addition, SATB1cKO mice would be a useful mouse model for
clarification of SS etiology.

Materials and Methods
Mice

SATB1fl/fl Vav-Cre+ mice were generated as previously described (17), and
used in this study as SATB1cKO mice. Vav-Cre mice (18) were purchased
from the Jackson Laboratory (Bar Harbor, ME). RAG22/2 mice were
maintained in our laboratory. C57BL/6 mice were obtained from CLEA
Japan (Tokyo, Japan). All mice presented the C57BL/6 background and
were maintained under specific pathogen-free conditions at the animal
facility of Toho University School of Medicine. We used both male and
female mice with no distinction in this study except for the examination
shown in Fig. 1, as stated in the figure legends. All experiments using mice
received approval from the Toho University Administrative Panel for
Animal Care (16-55-118) and Recombinant DNA (16-52-117).

Flow cytometry

The following Abs were used for cell-surface and intracellular staining:
B220 (RA3-6B2) Pacific Blue and CD25 (PC61) PE were purchased from
BioLegend (San Diego, CA). CD4 (GK1.5) PE-Cy7 and CD8 (53-6.7)
Pacific Blue were purchased from TONBO Biosciences (San Diego, CA).
Thy1.2 (30-H12) PE and Foxp3 (FJK-16a) FITC were purchased from
eBioscience (San Diego, CA). Cells from the thymus, spleen, or lymph
nodes were depleted of erythrocytes by hypotonic lysis and stained with
fluorophore-conjugated Abs. Intracellular staining for Foxp3 was per-
formed after fixation and permeabilization according to the manufacturer’s
protocol (eBioscience). Samples were analyzed or sorted with FACSCanto
II or FACSAria III flow cytometers (BD Biosciences), and the data were
analyzed with FlowJo software (Tree Star, Ashland, OR).

Saliva secretion test

Mice were anesthetized by i.p. injection of 0.75 mg/kg medetomidine
(Nippon Zenyaku Kogyo, Koriyama, Japan), 4 mg/kg midazolam (Sandoz,
Yamagata, Japan), and 5 mg/kg butorphanol tartrate (Meiji Seika Pharma,
Tokyo, Japan), and then injected i.p. with 0.5 mg/kg pilocarpine hydro-
chloride (Sigma-Aldrich, St. Louis, MO) to stimulate saliva production.
Saliva was collected with a 20 ml micropipette after pilocarpine injection
for 15 min. The volume of saliva was normalized relative to body weight.

Histopathology and immunohistochemistry

Mouse tissues were fixed in 10% formalin solution (Wako, Osaka, Japan)
and embedded in paraffin. Sections were stained with H&E and observed
using a BX63 microscope (Olympus, Tokyo, Japan). Immunofluorescence
microscopic analysis was performed with fluorophore-conjugated Abs on
frozen tissue sections. Salivary glands were frozen in OCT compound
(Sakura Finetek, Tokyo, Japan) and fixed after cryostat sectioning with 4%
PFA for 10 min at room temperature (RT). Fixed sections were washed
twice with PBS and blocked with 5% BSA and 5% rat serum in PBS for
1 h at RT. The sections were then incubated with CD4 (GK1.5) Alexa
Fluor 594, CD8 (53-6.7) Alexa Fluor 647, and B220 (RA3-6B2) Alexa
Fluor 488 (all from BioLegend) overnight at 4˚C. Kidneys were frozen in
OCT compound and fixed after cryostat sectioning with230˚C acetone for
30 s. Fixed sections were washed three times with PBS and blocked with
10% goat serum and 5% rat serum in PBS for 1 h at RT. The sections were
then stained with goat-anti mouse IgG (H+L) Fab-Alexa Fluor 488
(Jackson ImmunoResearch Laboratories, West Grove, PA), goat-anti

mouse IgM, human ads-TXRD (SouthernBiotech, Birmingham, AL), and
rat anti-mouse C3 (11H9; Abcam, Cambridge, U.K.) overnight at 4˚C. The
slides were then blocked using an avidin/biotin blocking kit according to
the manufacturer’s protocol (Vector Laboratories, Burlingame, CA). Anti-
rat IgG-biotin was then added and incubated for 30 min at RT. Following a
PBS wash, Alexa Fluor 647–streptavidin (Molecular Probes, Eugene, OR)
was added for 30 min at RT. After staining, slides were mounted with Dako
fluorescence mounting medium (Dako, Santa Clara, CA). Images were
observed with an A1R confocal laser-scanning microscope (Nikon, Tokyo,
Japan).

Histological scoring

The extent of inflammatory lesions in the salivary glands was scored by
counting the number of lymphocyte aggregates composed of .50 lym-
phocytes per 4 mm2 of tissue (19, 20). Focus score 1 indicates a single
focus composed of .50 lymphocytes per 4 mm2. Whole salivary gland
section images were generated by stitching together multiple images using
a BX63 microscope and cellSens software (Olympus), and all scoring was
performed using cellSens software.

ELISA assay

ELISA using mouse serum anti–SS-A, anti–SS-B, and antinuclear Abs
(ANA) was performed using Mouse Anti-SSA, Anti-SSB, and ANA Total
Ig ELISA kits, respectively (a Diagnostic, San Antonio, TX).

Isolation of salivary gland–infiltrating cells

Salivary glands were cut into small pieces and digested using 0.5 mg/ml
collagenase A (Roche, Basel, Switzerland) in the presence of 0.2 mg/ml
DNAse I (Sigma-Aldrich) for 35 min at 37˚C. After incubation, EDTA
(final concentration: 20 mM) was added to stop the enzyme reaction. These
cells were passed through a 70 mm filter (BD Biosciences) and washed.
Then the cell pellet was resuspended in 10 ml of 40% (v/v) Percoll (GE
Healthcare Bioscience, Uppsala, Sweden), overlaid with 2 ml of 80% (v/v)
Percoll, and centrifuged at 2400 rpm for 20 min at RT without accelerator
and brake. Salivary gland infiltrated cells were collected from the inter-
phase and washed with PBS.

Urine protein test

Urinary proteins were measured using Pretest 3aII (Wako Pure Chemical,
Osaka, Japan).

Adoptive transfer of T cells

Thy1.2+ B2202 cells were sorted from cervical lymph nodes or spleens of
SATB1cKO donor mice (12–15 wk old) using a FACSAria III cell sorter.
Purified donor cells (5 3 106) were transferred into Rag22/2 recipient
mice (8–12 wk old) by i.v. injection. Saliva secretion tests were performed
at 8 wk post-transfer.

Adoptive transfer of Treg cells

CD4+CD25+ Treg cells were sorted from the spleen and lymph nodes of
WT or SATB1cKO donor mice using a FACSAria III cell sorter. Donor
Treg cells (3 3 105) were adoptively transferred into 3 d old SATB1cKO
mice by i.p. injection. Saliva secretion tests were performed at 15 wk post-
transfer.

Statistical analysis

Statistical analysis was performed using the Student t test to compare
means or the Mann–Whitney U test with assumption of differing variance
and a confidence level of 95%.

Results
SATB1cKO mice develop SS

We previously reported that SATB1cKO mice are autoimmune-
prone, as levels of autoantibodies such as anti-dsDNA in the se-
rum increase with age (17). The presence of anti-dsDNA Abs is
highly correlated with systemic lupus erythematosus (SLE) in
humans (21), suggesting that systemic autoimmune disorders oc-
cur in SATB1cKO mice. However, because SATB1cKO mice start
to die at ∼24 wk of age, it is possible that some other autoimmune
diseases might occur earlier. To uncover the pathogenicity asso-
ciated with the lack of immune tolerance in the absence of
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SATB1, we first identified organs functionally affected by auto-
immune manifestation in young SATB1cKO mice.
Saliva production was significantly decreased in SATB1cKO

mice, but not in WT littermates, by 4 wk of age (Fig. 1A). At this
age, the saliva production of female SATB1cKO mice but not male
SATB1cKO mice was reduced (Fig. 1B), implying that female mice
are more susceptible to SS as observed in human SS cases (22). No
difference in saliva production levels between male and female
SATB1cKO mice was observed after 8 wk of age. Impairment of
saliva production in SATB1cKO mice was accompanied by immune
cell infiltration and the destruction of the gland structure (Fig. 1C,
1D). Saliva production reached the lowest level in SATB1cKO mice
at ∼8 wk of age (Fig. 1A), whereas destruction of salivary gland
structures continued even after 8 wk of age (Fig. 1C), suggesting
that the loss of gland function may occur prior to the progression of
gland destruction. The magnitude of immune cell infiltration also
progressively increased as the mice aged (Fig. 1D). Therefore, the
symptom severity may not reflect the degree of organ destruction in
autoimmune diseases. Consistently, although immune cell infiltra-
tion was observed in various organs of SATB1-deficient mice such
as the pancreas (17, 23), impairment of glucose tolerance was not
observed in SATB1cKO mice (data not shown).
Next, we examined the types of lymphocytes that infiltrated the

salivary glands in SATB1cKO mice. In 4 wk old SATB1cKO mice,
half of the infiltrated cells were CD4+ T cells (Fig. 2A, 2B). CD8+

T cells were clearly observed as well. Of note, because the ex-
pression of CD4 and CD8 is deregulated in T cells in the absence
of SATB1, CD4+CD8+ T cells, which are not normally observed in
the periphery, were also present in the salivary glands of
SATB1cKO mice (Fig. 2B). The number of B cells gradually in-
creased in SATB1cKO mice and these cells dominated in older
mice (Fig. 2). This B cell–dominant infiltration is also observed in
patients with SS (24), suggesting that the course of SS in
SATB1cKO mice resembles that observed in human SS cases.
SATB1cKO mice fulfilled another criterion for SS diagnosis: the
presence of anti-SSA and anti-SSB Abs (5). However, the levels of
anti-SSA and anti-SSB Abs in SATB1cKO mice were significantly
higher than those in WT littermates at 10 wk and 7 wk of age,
respectively (Fig. 3), suggesting that levels of anti-SSA and anti-
SSB Abs might increase not when gland functions are impaired,

but at the chronic phase of SS after damage progression in salivary
tissues.

Lupus nephritis occurs in SATB1cKO mice after failure of
salivary gland function

SATB1cKO mice start to die at ∼24 wk of age as we previously
reported (17). Increased levels of anti-dsDNA Abs imply that SLE
occurs in aged SATB1cKO mice as the presence of anti-dsDNA
Abs is one of the factors for diagnosis of SLE (25). Other SLE-
associated autoantibodies, such as ANA, were also detected at high
levels in SATB1cKO mice after 15 wk of age (Fig. 4A). Because
lupus nephritis is one of the phenotypes of SLE, we tested urine
from SATB1cKO mice at various ages. We found that some of these
SATB1cKO mice, but none of the age-matched WT littermates,
clearly had proteinuria after 15 wk of age (Fig. 4B). Additionally,
IgM and IgG deposition, most likely a part of immune complexes,
was observed around the glomerulus in the kidneys of SATB1cKO
mice at 15 wk of age (Fig. 4C). A component of complement C3
was also present in association with Ig deposition (Fig. 4C), sug-
gesting that kidney lesions resembling lupus nephritis developed in
aged SATB1cKO mice. In contrast, no kidney lesions were ob-
served in SATB1cKO mice at 4–5 wk of age (Fig. 4B, 4C), in which
saliva production was already decreased (Fig. 1A). These data in-
dicate that renal failure due to kidney lesions is a cause of death of
SATB1cKO mice. In humans, primary SS is an exocrine-tissue
specific autoimmune disease and is not associated with other au-
toimmune disorders such as SLE, whereas secondary SS occurs in
addition to other autoimmune diseases (5). Therefore, SS in
SATB1cKO mice can be considered as secondary.

T cells play a primary role in SS pathogenicity in
SATB1cKO mice

SATB1 is expressed specifically in T cells in mature hematopoietic
cells, although it has been recently reported that dendritic cells also
express SATB1 (26). Therefore, we examined whether SS path-
ogenicity in SATB1cKO mice would be solely present in T cells.
To this end, we purified T cells from cervical lymph nodes or
spleens of WT and SATB1cKO mice at 12–15 wk of age and
injected the cells into RAG22/2 mice (8–12 wk of age). Although
too few T cells were isolated from cervical lymph nodes of WT

FIGURE 1. SS occurs in SATB1cKO mice by 4

wk of age. (A) Saliva production in WT (open bar,

n = 5–20) and SATB1cKO (filled bar, n = 5–20)

male and female mice at different ages as indicated

in the graph. (B) Reduction of saliva production

was observed in female, but not male, SATB1cKO

mice at 4 wk after birth. The horizontal solid lines

indicate the mean values of the experimental

groups. The dotted line indicates the averaged sa-

liva production in WT mice. Each symbol repre-

sents an individual mouse. (C) H&E staining of

salivary gland sections from female WT and

SATB1cKO mice at various ages as indicated.

Original magnification340. (D) Histological focus

scores of inflammatory lesions in salivary glands of

female WT and SATB1cKO mice. Three mice were

analyzed per group. Mann–Whitney U test was

used for statistical analysis (*p , 0.05).
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mice to be applied to this assay, the cervical lymph nodes of
SATB1cKO mice bulged, and sufficient T cells for this experiment
could be collected. We measured saliva production after 8 wk of
injection and found that the saliva volume from RAG22/2 mice
receiving SATB1-deficient T cells from cervical lymph nodes was
significantly lower than that from RAG22/2 mice without any
treatment (Fig. 5A). In contrast, no change in saliva production
was observed in RAG22/2 mice when splenic T cells from either
WT or SATB1cKO mice were injected (Fig. 5A). Acinar cell
destruction was observed in the salivary glands of RAG22/2 mice
receiving T cells from cervical lymph nodes of SATB1cKO mice
(Fig. 5B). These results demonstrate that T cells play a significant
role in the pathogenesis of SS in SATB1cKO mice, at least during
the early phase of the disease.
If peripheral tolerance is perfectly established, autoimmune dis-

eases should not occur even if autoreactive T cells are present in the
periphery. The importance of Treg cells in neonates has been em-
phasized for suppression of autoimmune diseases in mice (4). Be-
cause the number of Treg cells in the periphery is not significantly
different between SATB1cKO and WT mice at adulthood (above 5
wk of age) (17), we next examined Treg cell numbers in younger
SATB1cKO mice and compared them to Treg cell numbers of age-
matched WT mice. Foxp3+CD25+ Treg cells were observed as early
as 3 d after birth in the spleen of WT littermates (Fig. 6A) as
previously reported (27). In contrast, splenic Treg cells were absent
in SATB1cKO mice from birth until 1 wk of age (Fig. 6A). No
significant difference in the number of Treg cells was observed after
2 wk of age between SATB1cKO and WT littermates (Fig. 6B).
To investigate the relationship between the lack of Treg cells in

the first week after birth and the development of SS in SATB1cKO
mice, we transferred Treg cells derived from the spleen of matured
WT mice into 3 d old SATB1cKO mice and examined the ap-
pearance of SS symptoms by measuring saliva production. Al-
though saliva production was still reduced in SATB1cKO mice

injected with WT Treg cells, xerostomia was significantly im-
proved in SATB1cKO mice by WT Treg cell transfer (Fig. 6C). In
accordance with this observation, infiltration of lymphocytes in
salivary glands was detected in SATB1cKO mice with WT Treg
cell transfer, but at a much lesser degree compared with control
SATB1cKO mice without cell transfer (Fig. 6D). In addition, Treg
cells from adult SATB1cKO mice protected against the develop-
ment of SS at a similar or higher better level compared with WT
Treg cells (Fig. 6C). These results strongly imply that the absence
of Treg cells in the first week after birth is one of the etiologic
factors for SS occurrence in SATB1cKO mice.

Discussion
SS is an autoimmune disease, in which external glands are targets
of autoreactive lymphocytes, leading to impaired production of

FIGURE 2. Infiltration of T and B lymphocytes in salivary glands of SATB1cKO mice. (A) Sections from female SATB1cKO mice at different ages were

stained with fluorescein-labeled anti-CD4 (red), anti-CD8 (blue), and anti-B220 (green) Abs. Scale bar, 100 mm. (B) FACS analysis of immune cells

isolated from salivary glands of female SATB1cKO mice. The numbers indicate the percentage of the gated cell population in each FACS plot. (C) Numbers

of lymphocyte subsets in bilateral salivary glands from female SATB1cKO mice (4, 8, and 15 wk old, n = 5) and WT mice (15 wk old, n = 5).

FIGURE 3. The amount of anti-SSA and anti-SSB Abs increases in the

serum of SATB1cKO mice. Serum from WT (open bar, n = 3) and

SATB1cKO (filled bar, n = 3) mice at various ages was collected and

subjected to ELISA assays for anti-SSA (A) and anti-SSB (B) Abs. Mann–

Whitney U test was used for statistical analysis (*p , 0.05).
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saliva and tears (28). One factor in the diagnosis of SS is the
high level of autoantibodies such as anti-SSA and anti-SSB Abs,
which is uniquely observed in patients with SS (5). These anti-
SSA and anti-SSB Abs and other autoantibodies are suggested
to play a role in SS progression (7, 29). In addition, accumu-
lation of B cells that produce autoantibodies reacting to external
glands is observed in patients with SS (30). There are various
mouse models of SS with different etiologies and disease phe-
notypes. For example, in NZB/W F1 mice, infiltration of im-
mune cells, most of which are T cells, is observed in the salivary
and lacrimal glands by 4 mo of age when symptoms of lupus
nephritis are observed (31, 32). Therefore, SS-like symptoms in
NZB/W F1 mice resemble secondary SS as in the case of
SATB1cKO mice. In another model, BAFF transgenic mice
develop SS after 1 y of age with infiltration of B cells in salivary
glands without an increase of anti-SSA or anti-SSB Abs (33,
34), which is different from the typical SS phenotype observed
in humans. Therefore, damage to exocrine glands by autoim-
munity can be induced by various causes, although the impor-
tance of IFN-g in the etiology of human SS has been
emphasized recently (6).
In SATB1cKO mice, CD4+ T cells were the major cell infil-

trates around 4 wk after birth and are presumably responsible
for the onset of the disease and the destruction of salivary and
lacrimal glands before the levels of anti-SSA and anti-SSB Abs
increase. Although we cannot rule out the possibility that au-
toantibodies other than anti-SSA and anti-SSB Abs are involved
in the destruction of exocrine glands in SATB1cKO mice at the
early phase (younger than 5 wk of age), it is possible that tissue
damage is first caused by cellular immunity, followed by hu-
moral immunity, because transfer of T cells from SATB1cKO
mice is sufficient to induce the development of SS in RAG22/2

mice (Fig. 5). We should note that transfer of SATB1cKO
T cells from the cervical lymph nodes, but not from the spleen,
caused SS in RAG22/2 mice, suggesting that pathogenic T cells
may be enriched in regional lymph nodes of exocrine glands. In
addition, although B cell malignancy is occasionally accom-
panied by SS in humans (7), we have not observed development
of B cell leukemia or lymphoma in SATB1cKO mice thus far
(data not shown). Further investigation is necessary to clarify
the pathophysiology of SS in SATB1cKO mice.

FIGURE 4. Lupus nephritis–like kidney lesion develops in aged SATB1cKO mice. (A) The amount of ANA in the serum of SATB1cKO mice (n = 3–5).

The basal level of ANAwas detected in WT mice at all ages examined. Mann–Whitney U test was used for statistical analysis (*p, 0.05). (B) Frequency of

SATB1cKO mice (n = 14) with proteinuria at various ages. The percentage of mice with different levels of albumin (+, 30–100; ++, 300; and +++, 1000 mg/dl)

in the urine is indicated. (C) Sections of kidneys from WTand SATB1cKO mice were stained with fluorescein-labeled anti-mouse IgG (H+L) Fab (green), anti-

mouse IgM (red), and anti-mouse C3 (blue) Abs. Scale bar, 20 mm.

FIGURE 5. Transfer of T cells from SATB1cKO mice reproduces SS in

RAG22/2mice. (A) Thy1.2+ T cells from the spleen ofWTor SATB1cKOmice,

or the cervical lymph nodes of SATB1cKO mice, were purified by FACS sorting

and transferred intravenously into RAG22/2mice (n = 5). Saliva production was

measured in RAG22/2 mice with or without T cell transfer at 8 wk after in-

jection. Mann–Whitney U test was used for statistical analysis (*p , 0.05).

(B) H&E staining of salivary gland sections from RAG22/2 mice used in (A).

Acinar cell destruction was observed in the tissue (arrow). Scale bar, 10 mm.
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In the current study, Treg cell deficiency was observed in
SATB1cKO mice until 1 wk after birth. Similar results have been
obtained with a different SATB1cKO mouse line (SATB1fl/fl

CD4Cre+ mice), although Treg cells are present at 1 wk of age in
this line (23). Treg cells play an important role in the establish-
ment of peripheral tolerance. Because autoreactive T cells are
present in the periphery, the lack of Treg cells results in the de-
velopment of autoimmune diseases (4). In particular, the presence
of Treg cells soon after birth is critical for prevention of auto-
immune diseases thereafter in mice (27). Accordingly, if Treg
cells are transferred into SATB1cKO mice at 3 d after birth, the SS
phenotype becomes less severe (Fig. 6C). Therefore, the presence
of Treg cells in the 1 wk window after birth, at least in the case of
SATB1cKO mice, is critical for suppression of autoreactive T cells
and the development of autoimmune diseases. Interestingly, al-
though the suppression of SS by injection of Treg cells at day 3
after birth in SATB1cKO mice is partial (Fig. 6C, 6D), the pro-
duction of anti-dsDNA Abs is almost completely blocked (data
not shown), suggesting that distinct pathogenic T cells might be
responsible for SS and lupus nephritis development in SATB1cKO
mice. This also suggests that pathogenic T cells in SS are already
activated before or on day 3 after birth in SATB1cKO mice.
We recently demonstrated that SATB1 is indispensable for the

development of thymic Treg cells, but not for the differentiation of
peripheral Treg (pTreg) cells (23). Therefore, the Treg cells in the
periphery of SATB1cKO mice are mostly pTreg cells. Because

Treg cells derived from SATB1cKO mice suppressed the devel-
opment of SS in SATB1cKO mice to a degree similar to that of
Treg cells from WT mice (Fig. 6C), it is highly possible that both
thymic Treg and pTreg cells present a similar suppressive function
against activation of T cells involved in the pathogenesis of au-
toimmune diseases. We should note that SS symptoms can be
transferred in RAG22/2 mice by injecting SATB1-deficient
T cells that contain Treg cells (Fig. 5). Therefore, once patho-
genic T cells are activated, the Treg cells may not be able to
suppress activity of such T cells.
In conclusion, we found in this study that SS develops in

SATB1cKOmice because of the lack of pTreg cells for a week after
birth in addition to defective negative selection. These results
indicate that SATB1cKO mice provide an ideal SS model to in-
vestigate the etiology of SS and for the development of new
treatments for SS. Further studies with SATB1cKO mice will help
to elucidate the molecular mechanisms underlying the establish-
ment of immune tolerance as well.
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FIGURE 6. Lack of Treg cells in the first week after birth leads to the development of SS in SATB1cKO mice. (A) Surface CD25 and intracellular Foxp3

staining in CD4+ splenocytes from WT (upper panels) and SATB1cKO (bottom panels) mice at various ages as indicated in the figure. The number in the

FACS plots indicates the percentage of CD4+CD25+Foxp3+ Treg cells. (B) The mean value of the Treg cell numbers in the spleen of WT (open bar, n = 5)

and SATB1cKO (filled bar, n = 5) mice at different ages is indicated. Student t test was used for statistical analysis (*p, 0.05). (C) Improvement of salivary

gland dysfunction in SATB1cKO mice by injection of Treg cells at day 3 after birth. Saliva volume from SATB1cKO mice with or without injection of Treg

cells from either WT or SATB1cKO mice was measured at 15 wk after injection. Mann–Whitney U test was used for statistical analysis (*p , 0.05). (D)

Sections from SATB1cKO mice with or without WT Treg cell injection were stained with fluorescein-labeled anti-CD4 (red), anti-CD8 (blue), and

anti-B220 (green) Abs. Scale bar, 100 mm.
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52: 671–685.

32. Harbeck, R. J., T. Launder, and C. Staszak. 1986. Mononuclear cell pulmonary
vasculitis in NZB/W mice. II. Immunohistochemical characterization of the
infiltrating cells. Am. J. Pathol. 123: 204–211.

33. Groom, J., S. L. Kalled, A. H. Cutler, C. Olson, S. A. Woodcock, P. Schneider,
J. Tschopp, T. G. Cachero, M. Batten, J. Wheway, et al. 2002. Association of
BAFF/BLyS overexpression and altered B cell differentiation with Sjögren’s
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A B S T R A C T

T cell functions are regulated by multiple signaling cascades, including the MKK4-JNK (c-Jun NH2 terminal
kinase) pathway. However, the mechanism regulating the MKK4-JNK axis in T cells remains unclear. Herein, we
demonstrated that protein acetylation modulates JNK activity induced by T cell receptor (TCR) activation. The
acetyltransferase, CREB-binding protein (CBP), is transported from the nucleus to the cytoplasm in response to
TCR cross-linking. To investigate the role of CBP in TCR signaling, we overexpressed CBP in the cytoplasm of
Jurkat cells, a human T lymphocyte line. Enforced expression of cytoplasmic CBP led to MKK4 acetylation and
interfered with MKK4-mediated JNK phosphorylation. Insufficient JNK activity decreased the activity of the
transcription factor, AP-1. In contrast, other transcription factors, NF-κB and NFAT, stimulated with anti-CD3
and anti-CD28 antibodies were activated normally in the presence of cytoplasmic-CBP. These results provide
valuable insights into the role of acetylation in MKK4-JNK signaling in T cells.

1. Introduction

Lymphocyte activation is a key step in the adaptive immune re-
sponse. Activated T cells undergo clonal expansion and acquire the
capacity to kill target cells infected with pathogens or produce cyto-
kines essential for regulating the immune response. T cell activation
and proliferation are initiated by the interaction of the T cell receptor
(TCR) with antigen peptides presented in the context of a major his-
tocompatibility complex (MHC) molecule by antigen presenting cells
(APCs). In addition to the antigen signal, a co-stimulatory signal is
generated through the interaction between the B7/B7-2 molecule on
APCs and CD28 on T cells [1]. TCR engagement activates several sig-
naling pathways, resulting in the transcriptional activation of numerous
genes. Within minutes of antigenic stimulation, a complex network of
signal transducers enhances the transient transcription of early acti-
vating genes, which in turn regulates nuclear events essential for T cell
survival, proliferation, differentiation, effector function, and cytokine
release [2,3]. Among these early genes, c-Jun [4–6], a component of the
transcription factor complex, activator protein 1 (AP-1), plays a critical
role in diverse physiological processes in T cells, such as regulating IL-2
expression [7,8], stabilizing the interaction of nuclear factor of acti-
vation T cells (NFAT) with DNA [9], and regulating the induction of
anergy [10,11]. In particular, the binding of Jun and Fos proteins to the

AP-1 site in promoters is essential for the transcription of several cy-
tokines and other gene products that regulate the immune response
[12].

In response to extracellular stimulators such as growth factors, cy-
tokines, or stress signals, c-jun is phosphorylated by c-Jun NH2-terminal
kinase (JNK) [13,14]. MKK4 (also termed SEK1 or JNKK) is the first
kinase to specifically and directly phosphorylate JNK, resulting in JNK
activation [15]. A second JNK activator, MKK7, has been identified in
mammalian cells [16–18] and is considered to be redundant with
MKK4. MKK4 and MKK7 share similar molecular characteristics, as well
as sharing several upstream activators and scaffold proteins. While both
MKKs synergistically phosphorylate JNK, MKK4-deficient cells are de-
fective in both JNK activation and transcriptional induction of the AP-1
complex [19,20]. MKK4 is known to be involved in a variety of phy-
siological processes. For example, in mice mkk4 mRNA is exclusively
expressed in the central nervous system up until embryonic day 10
(E10) [21] and mice lacking mkk4 (mkk4−/−)) die between E11.5 and
E13.5, as a result of anemia and abnormal hepatogenesis [19,20].
MKK4 is also important in the immune system, since it has been shown
that mkk4−/− mice have smaller thymi, along with decreased numbers
of peripheral T cells [22].

The function of the JNK pathway in T cells has been studied ex-
tensively. These studies have demonstrated that MKK4 plays an
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important role in T cell development in the thymus [22,23]. In mature
T cells, the MKK4-JNK pathway has been shown to play a role in the
signal integration that occurs following stimulation by antigen and co-
stimulatory receptors, leading to the activation of AP-1-directed tran-
scription [24,25]. In addition, MKK4 is required for maintaining T cell
homeostasis [26]. Thus, MKK4 plays an important role in both the
development of T cells in the thymus, as well as in the function of
mature T cells in the periphery. In addition to T cell activation, acti-
vation of the MKK4-JNK pathway can also lead to apoptotic cell death,
a process which is necessary to avoid excessive T-cell activity and tissue
damage which can occur upon prolonged JNK activation [27]. It is
known that the ubiquitin ligase, ITCH, plays an important role in reg-
ulating MKK4 signaling [28]. Following MKK4 activation, ITCH binds
to MKK4 and ubiquitinates it at specific lysine residues. This ubiquiti-
nation promotes MKK4 degradation, and thus prevent long-term MKK4
activation.

The molecular mechanisms responsible for modulating the MKK4-
JNK axis and down-regulating AP-1 activity, remain a critical missing
link in understanding the control of T cell function. IL-2-activated Stat5
undergoes dynamic post-translational modifications, including both
phosphorylation and acetylation. Recently, we showed that CREB-
binding protein (CBP)-mediated acetylation can regulate Stat5 activity
in T cells [29]. These results suggest that CBP might function as a cy-
toplasmic regulator of T cell signaling. It is therefore possible that CBP
is also an important regulator of TCR-mediated MKK4 activity. Based on
this, we hypothesized that CBP recruitment to the cytoplasm modifies
the JNK signaling cascade after TCR activation. In this study, we found
that CBP was transported to the cytoplasm following TCR activation,
and that ectopic expression of CBP in the cytoplasm attenuated JNK
activity and led to the acetylation of MKK4. Cytoplasmic CBP-expres-
sing Jurkat cells exhibited a defect in AP-1 activity, suggesting that CBP
recruitment to the cytoplasm may be therefore be important in reg-
ulating T cell function.

2. Materials and methods

2.1. Cell culture

Human leukemia Jurkat cells were maintained in RPMI-1640
medium supplemented with 10% (v/v) fetal calf serum, 2mM L-glu-
tamine, 100 U/mL penicillin G, and 200 μg/mL streptomycin at 37 °C
under a humidified atmosphere of 5% (v/v) CO2 as previously de-
scribed [30]. For transient gene expression, 3.0× 106 cells were added
to electroporation cuvettes (0.4 cm gap, Bio-Rad, Hercules, CA, USA)
together with 10 μg of reporter plasmids encoding either NFAT-luc, NF-
κB-luc, or AP-1-Luc [31]. The plasmid/cell mixture was incubated for
5min on ice and the Jurkat cells were then electroporated at 300mV
and 950 μF using a Gene Pulser electroporation system (Bio-Rad). Cells
were incubated for 5min on ice prior to resuspension in 2mL of RPMI-
1640 medium supplemented with 10% FCS, transferred to 6-well cul-
ture plates, and cultured at 37 °C and 5% CO2 for 48 h.

2.2. Plasmids

The cDNA encoding CBP was cloned into the expression plasmid
pcDNA3. A modified estrogen receptor (ER), prepared from pMXs by
PCR, was constructed with a FLAG tag and fused to the amino terminus
of CBP (ERCBP). Site-directed mutagenesis (QuikChange, Stratagene,
San Diego, CA, USA) was used to generate a catalytically dead CBP
mutant [32] and a CBP lacking the putative nuclear localization signal
[33]. MKK4 and JNK1, amplified from Jurkat cells by RT-PCR, were
cloned into the expression vectors pCMV tag 3B and pCMV tag 2B,
respectively. These plasmids were also electroporated into Jurkat cells
using a Gene Pulser. All experiments were performed according to the
guidelines approved by the Toho University Safety Committee for Re-
combinant DNA Experiments (16-51-307).

2.3. Immunoprecipitation and immunoblot analysis

Jurkat cells were lysed in Nonidet P-40 cell extraction buffer (1%
Nonidet P-40, 25mM Tris-HCl pH 7.5, 140mM NaCl, 2 mM EDTA 1mM
phenylmethylsulfonyl fluoride, 20 μg/mL aprotinin, 10mM NaF, and
1mM Na3VO4). Following removal of nuclei and other cellular debris
by centrifugation (12,000g for 30min at 4 °C), the lysates were pre-
cleared with control IgG and protein G-Sepharose (Sigma, St Louis, MO,
USA) (30 μL/sample of a 1:1 slurry). After pre-clearing, the lysates were
incubated overnight with either an anti-MKK4 antibody, an anti-c-Jun
antibody, or an anti-acetyl lysine antibody. Specific im-
munoprecipitates were recovered by the addition of protein G-
Sepharose beads for 2 h, and were washed three times in lysis buffer.

Immunoblot analysis was performed as described previously [34].
Briefly, cell extracts were generated from cultured cells using extraction
buffer (50mM Tris-HCl (pH7.4), 1% Triton X-100, 450mM NaCl, 1 mM
ethylenediaminetetraacetic acid, and 1mM dithiothreitol) and protei-
nase inhibitors. The lysates were centrifuged at 12,000g for 10min.
Protein concentrations in the supernatants were determined using the
BCA protein assay (ThermoFisher Scientific, Waltham, MA, USA).
Samples were suspended in 2x sample buffer (75mM Tris-HCl (pH 6.8),
10% glycerol, 2% SDS, 0.05% bromophenol blue, and 2.5% beta-mer-
captoethanol). Immunoprecipitates and SDS-PAGE samples were then
separated by standard SDS-polyacrylamide electrophoresis gel, and
proteins transferred to a polyvinylidene difluoride membrane (Im-
mobilon-P, Millipore, Billerica, MA, USA). After blocking with 1% bo-
vine serum albumin in Tris buffered saline containing 0.05% Tween 20
at room temperature for 2 h, the membranes were incubated with the
indicated antibodies, followed by incubation with anti-mouse IgG or
anti-rabbit IgG coupled with horseradish peroxidase and visualized
using an enhanced chemiluminescence detection system (GE Health-
care, Chicago, IL, USA).

2.4. Reporter assays

Cells were grown in RPMI-1640 medium supplemented with 10%
fetal bovine serum. The cultures were maintained at 37 °C in a humi-
dified atmosphere of 5% CO2/95% air. Jurkat T cells were transfected
with a pcDNA3-CBP expression plasmid using a Gene Pulser. Following
electroporation, cells were further cultured in fresh medium for 48 h.

Jurkat cells expressing reporter constructs were deprived of serum
for 6–8 h. Subsequently, the cells were stimulated with anti-CD3 and
anti-CD28 antibodies, harvested, and assayed for luciferase activity
using the Dual Luciferase Assay System according to the manufacturer’s
protocol (Promega, Madison, WI, USA). The reporter luciferase activity
was normalized to that of Renilla luciferase.

2.5. ELISA assays

Human IL-2 and IL-8 ELISA assays were purchased from BioLegend
(San Diego, CA, USA) and used according to the manufacturer’s pro-
tocol. Data were statistically analyzed with the two-tailed unpaired t-
test with Welch’s correction (*, p < 0.05, **, p < 0.01, ***,
p < 0.001).

2.6. Cell imaging

For confocal imaging, ERCBP-expressing Jurkat cells were washed
with ice-cold PBS and fixed with 4% paraformaldehyde in PBS for
20min at room temperature. The cells were then incubated with 50mM
NH4Cl in PBS for 10min and then permeabilized with 0.2% (v/v) Triton
X-100 in PBS for 5min. After blocking for 30min with 1% (w/v) BSA in
PBS, the cells were labeled with an anti-FLAG antibody (Sigma) fol-
lowed by a FITC-conjugated rat anti-mouse IgG (TAGO Inc., Camarillo,
CA, USA). The cells were observed using a confocal laser scanning
microscope (Carl Zeiss LSM510, Jena, Germany). Fluorescence images
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were processed using Photoshop (Adobe, San Jose, CA, USA).

2.7. Quantitative RT-PCR

Total RNA was isolated from cells, using ISOGEN (Nippon Gene,
Toyama, Japan), according to the manufacturer’s instructions. RNA was
reverse-transcribed using a high-capacity cDNA synthesis kit (Applied
Biosystems, Foster City, CA, USA). For quantitative analysis of gene
expression, real-time PCR was conducted using a TaqMan gene ex-
pression assay kit (Applied Biosystems); in particular, Hs00174103_m1
and Hs00174114_m1 and an ABI 7500 Fast system were used to assess
the expression of IL-8 and IL-2 (Applied Biosystems). Actin b,
Hs01060665_g1, was used as an endogenous reference gene for nor-
malization. Quantitative real-time PCR experiments were repeated
three times in triplicate.

2.8. Statistical analysis

The data are presented as the means ± S.D. Statistical analyses
were performed using a paired Student’s test. A P < 0.05 was con-
sidered statistically significant. One representative experiment is pre-
sented for experiments performed, either in duplicate or triplicate.

3. Results

3.1. CBP is translocated from the nucleus to the cytoplasm in response to
TCR stimulation

To investigate whether TCR cross-linking induces the translocation
of CBP from the nucleus, we examined the subcellular localization of
this enzyme before and after treatment of Jurkat cells with anti-CD3
and anti-CD28 antibodies (Abs). Before stimulation, CBP was detectable
in the cytoplasmic fraction prepared from Jurkat cells, albeit at rela-
tively low levels. Upon TCR cross-linking, the cytoplasmic CBP level
was significantly increased (Fig. 1A, B, and D). CBP cytoplasmic levels
started to increase by 15min after TCR activation. These data are si-
milar to previous reports [29,33,35] that showed that CBP accumulated
in the cytosol in cells following TCR cross-linking. These data suggest
that cytoplasmic CBP may play a role in regulating T cell function. We
next examined whether cytoplasmic CBP modulates TCR signaling
cascades. To this end, we prepared a mutant CBP, lacking the putative
nuclear localization signal (amino acids 10–18 in CBP; PNPKRAKLS)
[33], combined with a modified estrogen receptor (ERCBP) to ensure
cytoplasmic localization. Ectopic expression of FLAG-tagged ERCBP
was detected at levels comparable to those of endogenous CBP
(Fig. 2C). Confocal microscopy analysis revealed that ectopically ex-
pressed ERCBP was localized in the cytoplasm (Fig. 1C), suggesting that
this enzyme would be capable of acetylating cytoplasmic substrates.

3.2. CBP regulates AP-1 activity through MAP kinase pathways

To further investigate the regulation of signaling cascades by acet-
ylation, the ERCBP expression construct was transfected into Jurkat
cells, and the levels of NFAT, NF-κB, and AP-1 transcriptional activities
were measured using the appropriate luciferase reporter gene assay. As
shown in Fig. 2A, in control cells (empty vector), TCR ligation with
anti-CD3 and anti-CD28 Abs resulted in elevated activation of the
pathways leading to the activation of the three distinct transcription
factors. In contrast, TCR-ligated Jurkat cells expressing ERCBP showed
a loss of AP-1 activity compared with control cells. An enzymatically
deficient CBP mutant did not cause a loss of AP-1 activity (Fig. 2B). In
contrast, NFAT and NF-κB activities were not affected by the presence
of ERCBP.

The attenuated AP-1 activity induced by enforced expression of
ERCBP suggests that TCR stimulation failed to activate the MAP kinase
cascades in the presence of ERCBP. Therefore, we examined whether

activation of these kinases is prevented by acetylation. Fig. 3A shows a
time course analysis of MAP kinase activation after stimulation of the
TCR induced by cross-linking. Jurkat cells transfected with a control
vector contained the phosphorylated forms of the MAP kinases, ERK,
JNK, and p38 MAP kinase. Stimulation of ERCBP-expressing Jurkat
cells with anti-CD3 and anti-CD28 Abs also led to phosphorylation of
p38 MAP kinase (Fig. 3A). However, the phosphorylated levels of ERK
and JNK were decreased compared to control cells. In parallel, we de-
tected no difference in ERK and JNK expression levels between ERCBP-
expressing or parental Jurkat cells. We observed no significant differ-
ence in the efficiency of TCR-induced activation of ZAP70 and NFκB
p65 over a similar time course (Fig. 3B). We also evaluated whether the
c-Jun level was altered in the ERCBP-expressing cells. Similar to the
JNK levels, the basal levels of c-Jun were not different between ERCBP-
expressing and control Jurkat cells. Analysis of c-Jun phosphorylation,
using an antibody specific for c-Jun phosphorylated at Ser73, revealed
that TCR-stimulated Jurkat cells expressed phosphorylated c-Jun,
which was barely detectable in ERCBP-expressing Jurkat cells (Fig. 3C).
These findings suggest that ERCBP selectively regulates the signaling
pathways that mediate c-Jun activation after stimulation of the TCR.

3.3. Acetylation of MKK4 prevents the MKK4:JNK interaction

To determine whether ERCBP acetylates MAPKK to down-regulate
the activity of MAP kinases, we assessed MKK4 and MKK7 acetylation.
To this end, either ERCBP-expressing cells or control cells were stimu-
lated by TCR cross-linking and cell lysates were immunoprecipitated
with an anti-acetyl-lysine antibody, after which acetylation of MKK4
and MKK7 was assessed by immunoblotting. MKK4, but not MKK7, was
detected in the anti-acetyl-lysine immunoprecipitate (Fig. 4A and B).
Although MKK4 was slightly acetylated in the absence of ERCBP, its
acetylation levels were clearly increased after expression of ERCBP.
Similar data were obtained when MKK4 was precipitated with an anti-
MKK4 antibody and assessed for acetylation using an antibody against
acetyl-lysine (Fig. 4A). It was also important to determine whether CBP
acetylates MKK4 under physiological conditions. To assess this, Jurkat
cells were stimulated with anti-CD3 and anti-CD28 antibodies to induce
the translocation of CBP from the nucleus to cytoplasm. Similar to what
was observed in the presence of exogenous ERCBP, endogenous CBP
acetylated MKK4 after CBP translocation from the nucleus (Fig. 4C).
Consistent with a previous study [36], our results suggest that MKK4 is
acetylated in the cytoplasm.

The association of MKK4 with JNK is important for JNK activation
[37,38], suggesting that acetyl-MKK4 fails to form a complex with JNK.
To test this hypothesis, we overexpressed both Myc-tagged MKK4 and
FLAG-tagged JNK1 and performed an immunoprecipitation with an
anti-Myc antibody to detect JNK in the MKK4 immunoprecipitate by
immunoblotting. In normal Jurkat cells, after TCR cross-linking JNK
was able to form a complex with MKK4 (Fig. 4D). In contrast, when we
overexpressed the ERCBP construct, we were unable to detect the in-
teraction between JNK and MKK4, suggesting that, acetylated MKK4
has an impaired interaction with JNK.

3.4. CBP-mediated acetylation of MKK4 plays a critical role in IL-2
production

Based on the above data, we hypothesized that CBP contributes to T
cell function, at least partly. Since AP-1 induces IL-2 and IL-8 expression
in Jurkat T cells [39,40], we assessed whether the CBP-mediated
acetylation of signaling molecules also affects cytokine production. IL-2
was not detected in the medium from unstimulated Jurkat cells, but
following TCR stimulation the cells secreted IL-2 (Fig. 5A). Following
TCR stimulation in ERCBP expressing Jurkat cells, IL-2 secretion was
ablated similar to the effects on c-jun activation (Fig. 5A). We then
assessed the effect of cytoplasmic CBP on IL-2 mRNA transcription in
Jurkat cells. Increased IL-2 mRNA transcription was observed following
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cross linking of the TCR. The levels of IL-2 transcription reached a peak
at 6 h after TCR stimulation and gradually declined thereafter (Fig. 5B).
In contrast, transcription of the IL-2 gene was suppressed in ERCBP
expressing Jurkat cells. These results suggest that cytoplasmic CBP can
inhibit IL-2 level expression. Similar to IL-2, the expression of IL-8 was
also suppressed in the presence of cytoplasmic CBP (Fig. 5A and B).
These results support our conclusion that cytoplasmic CBP, exported
from the nucleus, regulates T cell function via MKK4 acetylation. This is
therefore a novel regulatory mechanism in TCR signaling.

4. Discussion

In this study, we have shown that in Jurkat cells TCR stimulation
induces translocation of the acetyltransferase CBP from the nucleus to
the cytosol. TCR ligation also activates several phosphorylation induced
signal transduction cascades. We, and others, have previously reported
that nuclear acetyltransferases can be transported into the cytoplasm,
where they acetylate signaling molecules such as kinases [29,33,35]. In
the current study, we have shown that the MKK4-JNK pathway was
inhibited by lysine acetylation. This inhibition of the MKK4-JNK cas-
cade suppressed the production of IL-2. These data suggest that, in
general, cytoplasmic acetylation can control the function of proteins. As
the true significance of this alteration in protein function by acetylation
has not been fully evaluated, the present conclusion must be confirmed
by further studies analyzing the role of acetylation in the control of non-
histone proteins.

Several other reports have demonstrated that cytoplasmic proteins
are acetylated by CBP, thereby modulating their function [29,33,35].

Although CBP is mainly expressed in the nucleus, several extracellular
stimuli induce the translocation of CBP from the nucleus to cytoplasm.
For example, we recently reported that IL-2 induces CBP transport from
the nucleus to the cytoplasm in murine T cells [29]. Cytosolic CBP then
acetylates Stat5 and down-regulates IL-2 receptor signaling. In this
study, we demonstrated that TCR signaling also induces CBP translo-
cation from the nucleus to the cytoplasm and that cytosolic CBP re-
duced the levels of JNK phosphorylation. Mechanistically, we demon-
strated that the upstream kinase MKK4 was acetylated by CBP, which
led to an attenuation of JNK activation. Since T cells play an important
role in acquired immunity, it is necessary to strictly regulate their
functions. Although the regulation of protein function by cytoplasmic
CBP is not a well-known mechanism, compared to other mechanisms
such as phosphorylation, acetylation of signaling molecules might be an
essential modification required for the fine-tuning of T cell activity. We
also demonstrated that the levels of phosphorylated ERK were reduced
by the presence of cytoplasmic CBP, suggesting that several molecules
involved in the ERK pathway could also be targeted by CBP. However,
we failed to identify any acetylated proteins in the known ERK cascade.
Future studies are therefore warranted to identify other cytoplasmic
CBP targets, and to reveal the pathways and processes regulated by
acetylation.

TCR stimulation activates the MKK4-JNK pathway, and furthermore
MKK4 is required for the maintenance of a normal peripheral T cell
population [26]. For example, MKK4-deficient T cells show impaired
TCR-mediated proliferation and IL-2 production [22]. Therefore, acti-
vation of MKK4 appears to be important for optimizing the cellular
function of peripheral T cells. MKK4 itself is activated by most

Fig. 1. TCR stimulation induces the transport of CBP
from the nucleus to the cytoplasm. (A) Cytoplasmic
and nuclear fractions derived from Jurkat cells sti-
mulated with anti-CD3 and anti-CD28 antibodies
(Abs) for the indicated periods were probed using an
anti-CBP Ab. (B and C) Confocal images of basal or
TCR-stimulated Jurkat cells (B), or ERCBP-expres-
sing Jurkat cells (C). Cells were probed with an anti-
CBP Ab followed by FITC-conjugated anti-rabbit IgG
(green, B), or an anti-FLAG Ab followed by FITC-
conjugated anti-mouse IgG (green, C) and TO-PRO-3
(blue, nuclei). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.) (D) Percentage of
cells displaying cytoplasmic CBP.
One experiment, representative of three independent
experiments, is shown.
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MAPKKKs such as ASK, MEKK, MLK, and TAK [41]. The kinase domain
of MKK4 contains two phosphorylation sites which have a serine-iso-
leucine-alanine-lysine-threonine motif. These serine/threonine residues
are phosphorylated after association with MAPKKKs. Thus, phosphor-
ylation is considered to be the main regulator of MKK4 function. In this
study, we showed that MKK4 is also acetylated by cytoplasmic CBP,

which attenuated its ability to activate JNK. These results suggest that
the MKK4-JNK pathway is modulated not only by phosphorylation, but
also by acetylation in the cytoplasm. As mentioned earlier, previous
studies have demonstrated that receptor signaling triggered by cyto-
kines, or other related growth factors, induces the transport of the
nuclear acetyltransferases, CBP and/or p300, to the cytoplasm
[29,33,35]. In the case of the type I interferon (IFN) receptor (IFNR),
cytoplasmic CBP acetylates a lysine residue on the IFNR transcription
factors, STAT1, STAT2, and IRF9 [35]. This acetyltransferase therefore
positively regulates IFNR signaling through its acetylase activity. In our
case, CBP also acetylates a cytoplasmic substrate, MKK4, but negatively

Fig. 2. TCR-induced AP-1 activity is attenuated in the presence of cytoplasmic CBP. TCR-
mediated signaling was analyzed in Jurkat cells transfected with different reporter con-
structs and cytoplasmic CBP (ERCBP). Forty-eight hours after transfection of cytoplasmic
CBP (A and B) or cytoplasmic CBPmut (a catalytically dead mutant) (B), the cells were
starved for 8 h and stimulated with anti-CD3 and anti-CD28 antibodies for 6 h. The
transcriptional activity of NF-κB, NFAT, and AP-1 were analyzed by luciferase assay in (A)
and for AP-1 activity only in (B). All error bars indicate SD. *P < 0.05 compared with the
responsive counterpart, calculated by t-test. (C) Expression plasmids encoding CBP and
the CBP catalytically-dead mutant were transfected into Jurkat cells by electroporation.
The expression levels of these proteins were determined by immunoblot analysis using
anti-CBP or anti-FLAG antibodies. One experiment, representative of three independent
experiments, is shown.

Fig. 3. JNK activity induced by TCR stimulation is selectively reduced in cells expressing
cytoplasmic CBP. (A) MAP kinase activity was examined in Jurkat cells transfected with
an empty vector (CTRL) or the ERCBP vector. Following transfection, cells were stimu-
lated with anti-CD3 and anti-CD28 antibodies for the indicated periods, lysed, and ana-
lyzed by SDS-PAGE followed by immunoblotting with antibodies against pJNK, JNK,
pERK, ERK, pp38 MAP kinase, or p38 MAP kinase. (B) TCR induced activation of ZAP70
and NFκB p65 in Jurkat cells transfected with an empty vector (CTRL) or the ERCBP
vector. (C) To confirm JNK activity, Jurkat cells expressing cytoplasmic CBP were sti-
mulated with anti-CD3 and anti-CD28 antibodies and cell lysates were analyzed by im-
munoblotting with antibodies against c-Jun or phospho-c-Jun. One experiment, re-
presentative of three independent experiments, is shown.
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regulates the MKK4-mediated cascade. Therefore, our data indicate that
CBP can function as a both as a positive and as a negative cytoplasmic
regulator for cellular signaling, suggesting that acetylation might be an
important modification, similar to protein phosphorylation. However,
further studies are warranted to determine whether cytoplasmic CBP
positively or negatively regulates other cellular cascades.

Our data raise the question of how CBP specifically acetylates
MKK4. MKK4 and MKK7 both contain a DVD domain, a catalytic do-
main, and a D-loop domain [42,43]. The D-loop of these MKKs as-
sociates with JNK which supports their catalytic domain, leading to
JNK phosphorylation, indicating that the D-loop domain is important
for JNK regulation. The D-loop domain of MKK4 contains several lysine
residues, which could be acetylated by CBP. In contrast, although MKK7
also contains a basic amino acid in its D-loop domain, this residue is
arginine, which cannot be acetylated. Therefore, specific regulation of
the JNK pathway is likely mediated by CBP acetylation of the D-loop in
MKK4, but not in MKK7. Further investigation is however necessary to
identify the residues in MKK4 acetylated by CBP.

The mechanisms by which MKK4 and MKK7 regulate JNK activation
are well-known. MKK4 and MKK7 directly activate JNK by phosphor-
ylation, but they differ in their preference for the phosphorylation site
in the threonine-proline-tyrosine (T-P-Y) motif [44]. Phosphorylation of
both residues is required for JNK activation and MKK4 phosphorylates
the tyrosine residue, whereas MKK7 phosphorylates the threonine re-
sidue [45,46]. A sequential phosphorylation mechanism has been

revealed through disruption of MKK4- and MKK7-gene expression
[46,47]. A reduction in JNK activation was observed under MKK7-de-
ficient conditions and was accompanied by a loss of JNK threonine
phosphorylation level without a reduction in its tyrosine phosphoryla-
tion level. In contrast, in MKK4-deficient cells threonine-phosphoryla-
tion of JNK was attenuated, in addition to there being a decreased level
of tyrosine-phosphorylation. These data suggest that primary phos-
phorylation of the tyrosine residue on JNK is necessary for secondary
phosphorylation of the threonine residue, and that sequential phos-
phorylation is required for optimal activation of JNK. Consistently, we
found that inactivation of MKK4 by acetylation was sufficient to inhibit
the JNK cascade. On the other hand, MKK7 remained at a steady state,
suggesting that this MAPKK could not phosphorylate the JNK threonine
residue since the tyrosine residue was not phosphorylated. However, in
the case of other stimuli, like pro-inflammatory cytokines, MKK7 can
phosphorylate the threonine residue of JNK and is sufficient to trigger
JNK activity. Further studies are therefore required to clarify the sig-
nificance of MKK4 acetylation in the JNK pathway.

JNK modulates cellular activity and function through the phos-
phorylation of substrate proteins. mRNA turnover is an important me-
chanism for the regulation of gene expression. mRNA levels can fluc-
tuate many-fold following a change in mRNA half-life without altering

Fig. 4. Acetylation attenuates the binding of MKK4 to JNK. (A, B, and C) Cytoplasmic
CBP-expressing Jurkat cells (A and B) or Jurkat cells (C) were stimulated with anti-CD3
and anti-CD28 Abs for 30min. Cell lysates were immunoprecipitated using anti-acetyl-
lysine (A, B and C), anti-MKK4 (A and C), or anti-MKK7 antibodies (B). Whole cell lysates
and immunoprecipitates were probed with anti-MKK4 (A and C), anti-MKK7 (B), or anti-
acetyl-lysine (A and B) antibodies. (D) TCR activation-mediated MKK4/JNK complex
formation was examined after treatment of cells with anti-CD3 and anti-CD28 antibodies.
Control or ERCBP expressing Jurkat cells were co-transfected with FLAG tagged JNK1 and
Myc-tagged MKK4, after which they were stimulated with anti-CD3 and anti-CD28 Abs
for 30min. Cell lysates were immunoprecipitated with an anti-Myc antibody and blotted
with an anti-FLAG antibody. One experiment, representative of three independent ex-
periments, is shown.

Fig. 5. Low levels of cytokines are detected in cytoplasmic CBP-expressing Jurkat cells.
(A) The culture media from TCR-stimulated control (CTRL) Jurkat cells, or Jurkat cells
expressing ERCBP, was collected at the indicated times and the levels of IL-2 and IL-8
were determined by ELISA. (B) Control Jurkat cells (CTRL), or Jurkat cells expressing
ERCBP were stimulated with anti-CD3 and anti-CD28 antibodies for the indicated times.
The mRNA expression of IL-2 and IL-8 in these cells was analyzed using real-time PCR and
levels normalized to that of β-actin. All error bars indicate SD. *P < 0.05 compared with
the responsive counterpart, calculated by t test. Similar results were obtained in three
independent experiments.
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the transcription rate [48,49]. Regulation of mRNA half-life can
therefore influence cellular activities and functions. The mechanism
underlying mRNA stability has been investigated in a mast cell model,
which produce IL-3 and other cytokines following activation by extra-
cellular signals [50]. The IL-3 mRNA transcript is short-lived, with a
half-life of 30min, but can be stabilized by treatment with Ca2+ io-
nophores [51,52]. Inhibition of JNK antagonizes ionomycin-induced IL-
3 mRNA stabilization in mast cells in the presence of actinomycin D
[50]. A dominant-negative mutant of JNK can counteract the mRNA
stabilization caused by ionomycin treatment. Similar to IL-3, the JNK
signaling pathway stabilizes IL-2 mRNA in activated T cells. IL-2 mRNA
contains a cis element that mediates its stabilization in response to JNK
[53]. This response is mediated through a cis element surrounding the
5′-untranslated region and the beginning of the coding region. Our
results suggest that JNK activity supports the production of IL-2.
Therefore, it is possible that reduced JNK activity failed to stabilize IL-2
mRNA, even though acetylated-MKK4 only weakly activated AP-1.
Further studies are warranted to determine how CBP-mediated protein
acetylation regulates JNK function, and to identify the mechanisms
controlling the half-life of mRNA.

5. Conclusion

In this study, we demonstrated that in Jurkat cells, CBP was trans-
ported to the cytoplasm after TCR stimulation. Cytoplasmic CBP then
acetylated MKK4 and attenuated MKK4-mediated JNK activation. These
cytoplasmic CBP-expressing Jurkat cells thus exhibited a defect in AP-1
activity. These results suggest that protein acetylation by CBP may be
important in T cell function.
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A B S T R A C T

Tri-methylation of lysine 27 on histone H3 (H3K27me3) is a repressive epigenetic modification catalyzed by
polycomb repressive complex 2 (PRC2) that is required for proper cell fate determination as well as cellular
function. Numerous studies have been performed to elucidate the role of PRC2 in T-cell differentiation and
function; however, its role in the regulation of T-helper (Th) subset differentiation and identity has not been fully
explored. Here, we report that Eed, an essential subunit of PRC2, is crucial to maintain the identity of CD4+ T
cells under TGFβ-induced regulatory T cell (Treg)-polarizing conditions. Mouse CD4+ T cells lacking Eed ex-
hibited unstable CD4 expression upon TCR stimulation in vitro. Helper lineage instability was further augmented
by Treg-polarizing conditions, leading to the immense up-regulation of CD8α as well as other molecules, re-
sembling CD4+ CD8αα+ intraepithelial lymphocyte (DP-IEL) differentiation. Genetic studies suggested that the
altered balance between transcription factors T-bet, Runx3, and Th-POK underlies the induction of the DP-IEL-
like phenotype in Eed-deficient CD4+ cells. Furthermore, comparison to Th1- and Th17-polarizing conditions
indicated that cooperation between Smad3 and the T-bet-Runx3 axis facilitated by the loss of H3K27me3 is
crucial for phenotype induction. Collectively, our results provide insight into the molecular mechanism that
maintains and regulates the proper cellular response upon TGFβ signaling in CD4+ T cells.

1. Introduction

Gene expression patterns determine the identity of cells in multi-
cellular organisms; thus, their regulation has constituted one of the
most important subjects in biology. In particular, the regulatory me-
chanisms of gene expression programs in T cells have been intensively
studied, both because of the relative simplicity in finely dissecting and
isolating cells at different developmental stages and for their im-
portance in host defense, which has resulted in identification of the
major transcription factors involved in these processes (Naito et al.,
2011). T cells expressing αβ T-cell receptors (hereafter simply “T
cells”), comprising majority of circulating T lymphocytes, can be clas-
sified into many subgroups. The first major classification comprises
CD4+ and CD8+ T cells, which exert helper and cytotoxic functions,
respectively, upon activation. Both of these lineages arise from a
common pool of progenitors, namely double-positive thymocytes, al-
though they subsequently diverge into each lineage depending on their
ability to recognize different classes of the MHC:peptide complex by
their T-cell receptors (TCRs) (Singer et al., 2008). During lineage

specification, the transcription factor Th-POK (also named c-Krox or
Zfp67, encoded by Zbtb7b) plays an essential role for CD4+ T cells
whereas another transcription factor, Runx3, is crucial for CD8+ T cells.
Both transcription factors are important for inducing lineage-specific
genes as well as suppressing the other lineage by antagonizing the
other’s expression to ensure lineage stability (Egawa and Taniuchi,
2009; Naito and Taniuchi, 2010). The second layer of classification is T-
helper (Th) subsets, which subdivides effector CD4+ T cells by their
function and cytokine secretion. Several well-characterized Th subsets
exist such as Th1, Th2, Th17, Treg, and Tfh, for which the so-called
“master transcription factors” required for their differentiation have
been identified (Fang and Zhu, 2017). Although the central roles of
these transcription factors are well established, their activity synergizes
with other transcription factors to form a network and fine-tune their
function.

In the past, the lineage-specifying gene expression programs of T
cells were regarded as being robust; however, accumulating evidence
indicates that this conventional view requires revision. In particular,
the master transcription factors characterizing each Th subset are often
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co-expressed, and CD4+ subset conversion accompanied by changes in
the expression of these factors has been documented to occur in vivo
(Fang and Zhu, 2017). One such example comprises CD4+ in-
traepithelial lymphocytes (IELs) localized in gut epithelium. IELs con-
tain T cells expressing both CD4 and CD8α, which are expressed mu-
tually exclusively in other peripheral organs. CD4+ CD8αα+ IELs (DP-
IELs) arise from conventional CD4+ T cells through dynamic re-
organization of the transcriptional network by the induction of Runx3
and subsequent down-regulation of Th-POK (Mucida et al., 2013; Reis
et al., 2013). DP-IEL induction can be mimicked in vitro by activating
naïve CD4+ T cells in the presence of TGFβ, enhanced by additional
factors such as retinoic acid (RA), IL-7, IFNγ, and IL-27 (Konkel et al.,
2011; Reis et al., 2013, 2014; Van Kaer et al., 2013).

Chromatin structure plays important roles in maintaining the sta-
bility as well as plasticity of the transcriptional network. The structure
of chromatin is partly regulated by covalent modifications of DNA and
histone octamers, and the roles of these epigenetic modifications in T
cell differentiation and function have been widely studied (Naito,
2014). Dysfunction of the epigenetic machinery can cause instability of
gene expression patterns; e.g., compromised CD4+ identity (Boucheron
et al., 2014) or Th1/Th2 dichotomy (Allan et al., 2012; Tumes et al.,
2013); however, whether and how each modification affects individual
aspects of Th subset differentiation, stability, and function have not
been fully explored. Among covalent chromatin modifications,
H3K27me3 is linked to gene repression. H3K27me3 is catalyzed by the
PRC2 complex comprised of three core subunits, Ezh1 or Ezh2, Suz12,
and Eed (Simon and Kingston, 2009). Ezh1 and Ezh2 constitute the
catalytic subunit, whereas Eed and Suz12 are required for chromatin
binding and activation of Ezh1/2. T cell-specific Ezh2 knockout has
revealed that Ezh2 is involved in multiple aspect of T cells such as Th1
and Th2 lineage decision and stability, TCR signaling, cell survival, NKT
cell differentiation, and terminal differentiation of cytotoxic T cells, the
consequences of which include attenuation of graft-versus-host-disease
and exacerbation of asthma (Dobenecker et al., 2015; Gray et al., 2017;
Karantanos et al., 2016; Vasanthakumar et al., 2017). Ezh2 is also
crucial for immune homeostasis through regulating differentiation and
function of Tregs (Karantanos et al., 2016; Sarmento et al., 2017). Al-
though Ezh2 forms complex with Eed and Suz12, the phenotypic out-
comes of their knockout are not necessarily the same. NKT cell differ-
entiation is enhanced in Ezh2 knockout whereas greatly inhibited in
Eed or Suz12 knockout (Vasanthakumar et al., 2017). To clarify the
potential ambiguity derived from the functional differences between
PRC2 subunits as well as to further explore the role of PRC2 in the
lineage diversification of T cells, in the present study we examined the
role of Eed in T cell lineage commitment and Th subset differentiation.

2. Materials and methods

2.1. Mice

Mice harboring a floxed allele of Eed (herein EedF), in which the
promoter and the first exon of Eed were flanked by LoxP sites, were
generated in RIKEN IMS (see Supplemental Fig. 1 for the detail of the
construct). Ezh2ΔSET was described previously (Hirabayashi et al.,
2009). Cd4-Cre, ERT2-Cre, and Rosa26-STOP-tdTomato were purchased
from the Jackson Laboratory (Bar Harbor, ME). Mice were kept in a
specific-pathogen-free facility and handled according to the in-
stitutionally approved protocol (Animal Protocol of Toho University
#17-51-347).

2.2. Cell preparation

Mice were euthanized by cervical dislocation after anesthesia.
Thymus, spleens and mesenteric lymph nodes were recovered, minced
separately using scissors, followed by grinding through 70-μm mesh in
phosphate buffered saline (PBS)/2% fetal calf serum (FCS; Cell Culture

Sciences, Japan). After red blood cells lysis, cells were washed once in
PBS/2% FCS, pelleted by centrifugation at 550g for 5min at 4 °C, then
resuspended in PBS/2% FCS and cell number of each organ was de-
termined.

2.3. Flow cytometry

The antibodies used in the experiments are listed in Supplemental
Table 1. For intracellular staining of Foxp3, Foxp3/Transcription Factor
Staining Buffer Set (eBiosciences) was used according to the manu-
facturer’s protocol. Stained cells were analyzed using a FACSCanto II or
FACSAria III (Beckton Dickinson). FSC-H/FSC-W and SSC-H/SSC-W
gates were further applied to FSC-A/SSC-A gate to exclude dead cells
and doublets. Data of 1− 10× 105 live cells were collected in each
sample for further analyses. Collected data were analyzed using FlowJo
software (FLOWJO, LLC). The number in each gate indicate the fre-
quency (%) of the population in the respective plot unless otherwise
noted.

2.4. Cell culture

Cells from spleens and mesenteric lymph nodes were pooled for
each genotype. The cells were first labeled with purified anti-B220
antibody, and labeled cells were depleted using BioMag anti-Rat IgG
beads (QIAGEN) to enrich T cells. Undepleted cells were recovered,
pelleted, resuspended in PBS/2% FCS, and stained for cell surface
markers. Cells were washed once with PBS/2% FCS, and naïve CD4+ T
cells (CD4+ CD8α− CD25− CD62Lhi CD44lo) were sorted using a
FACSAria III. Sorted cells were resuspended in RPMI (Gibco) supple-
mented with 10% FCS, penicillin/streptomycin (Gibco), 55 μM 2-mer-
captoethanol (Gibco), 10 ng/mL rmIL-2 (Peprotech), and 2 μg/mL anti-
CD28, then plated in 96-well plates coated with 10 μg/mL anti-CD3ε at
2− 5× 105 cells/well. For Th polarizing conditions, we followed
previous publications with some modifications (Li et al., 2014; Wei
et al., 2009; Yamashita et al., 2008): 10 ng/mL rmIL-12 (Peprotech) and
10 μg/mL anti-IL-4 for Th1, 10 ng/mL rmIL-4 (Peprotech), 10 μg/mL
anti-IL-12, and 10 μg/mL anti-IFNγ for Th2, IL-2 was omitted and 2 ng/
mL rhTGFβ1 (Peprotech), 10 ng/mL rmIL-6 (Peprotech), 10 ng/mL
rmIL-23 (Peprotech), anti-IL-4, and anti-IFNγ for Th17, and 10 ng/mL
rmTGFβ and anti-IL-4 with or without anti-IFNγ antibody for Treg. At
2 days after activation, cells were withdrawn from anti-CD3/CD28 sti-
mulation and cultured further for 3–4 days. To check Th polarization,
cells were re-stimulated with 10 ng/mL PMA and 1 μM ionomycin in the
presence of GolgiStop (BD Biosciences) for 6 h, then fixed, permeabi-
lized, and stained for cytokines using Fixation/Permeabilization Solu-
tion Kit (BD Biosciences), and analyzed.

2.5. Tamoxifen treatment

EedF/F:ERT2-Cre:Rosa26-STOP-tdTomato mice were injected in-
traperitoneally with 1mg tamoxifen in 100 μL corn oil for two con-
secutive days. Mice were sacrificed seven days after the first injection
and naïve CD4+ cells expressing tdTomato were sorted out. For in vitro
induction of Eed deletion, 4-hydroxytamoxifen (4-OHT, Sigma Aldrich;
final 1 μM) was added to a Treg-inducing culture of naïve tdTomato-

CD4+ cells isolated from EedF/F:ERT2-Cre:Rosa26-STOP-tdTomato mice
at the time of activation.

2.6. Retroviral vectors, production, and transduction

DN-T-bet was constructed following a previous report (Mullen et al.,
2002). In brief, the repression domain of Drosophila Engrailed was fused
to the N-terminus of T-bet by polymerase chain reaction (PCR), and the
resulting fusion cDNA was inserted into the pMXs-IRES-GFP vector
(Kitamura et al., 2003). The recombinant DNA experiments were per-
formed according to the institutionally approved protocol
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(Recombinant DNA Protocol of Toho University #17-51-358).
Retrovirus were produced using the Plat-E cell line (Morita et al.,

2000). One day before transfection, 6× 105 Plat-E cells were plated in
a 6-well plate containing 2mL of DMEM/10% FCS supplemented with
penicillin/streptomycin. The next day, the medium was changed to
1mL of OPTI-MEM. Six to eight μg of retroviral vector DNA was used
for transfection using FuGene HD (Promega) following manufacturer’s
protocol. DNA/FuGene mix was added to Plat-E culture dropwise, then
mixed gently by swirling and incubated for further 6 h. Then, 1mL of
DMEM/20% FCS/penicillin/streptomycin was added, and further in-
cubated for overnight. The medium was changed to 2mL of RPMI/10%
FCS/penicillin/streptomycin on the following day, and incubation was
continued. The Culture supernatant was collected 2 days after retro-
vector transfection, then the retrovirus was enriched by centrifugation
as described previously (Kanbe and Zhang, 2004). The retrovirus pellet
was then resuspended in 200 μL of RPMI/10% FCS/55 μM 2-me-
captoethanol+ penicillin/streptomycin supplemented with 5 μg/mL
polybrene (Sigma Aldrich). T cells activated for overnight were re-
suspended in retrovirus/polybrene medium and then centrifuged at
2400 rpm at room temperature for 2 h. After spin infection, T cells were
resuspended in fresh RPMI/10% FCS/55 μM 2-mercaptoethanol+ pe-
nicillin/streptomycin supplemented with appropriate antibodies and
cytokines, and cultured further.

2.7. Quantitative reverse transcription PCR (RT-qPCR)

Total RNA was recovered from sorted live cells using TRIzol (Life
Technologies). Complementary DNA was synthesized using SuperScript
II (TaKaRa) with an oligo-dT primer, then quantitative PCR (qPCR) was
performed using SYBR ExTaqII reagent (TaKaRa) or TaqMan probes and
the TaqMan Fast Universal PCR Master Mix (ABI) with a 7500Fast (ABI)
or QuantStudio3 (Life Technologies) system following the manu-
facturer’s protocols. Expression in each sample was quantified in tri-
plicate by the standard-curve method, and normalized by the expres-
sion of β-actin gene (Actb). The sequences of primers are listed in
Supplemental Table 2.

2.8. Chromatin immunoprecipitation (ChIP)-qPCR

ChIP was performed as described previously (Zhang et al., 2011)
and followed by qPCR analyses. Fold-enrichment was calculated as
described (Harker et al., 2002) using an irrelevant, gene sparse region
on chromosome 5 as an internal control. The antibodies and primers are
listed in Supplemental Tables 1 and 2.

2.9. Statistical analysis

Analyses were performed using the two-tailed unpaired Student’s t
test, or one-way analysis of variance (ANOVA) with post hoc Tukey’s
HSD (honestly significant difference) test.

3. Results

3.1. T cell differentiation in the absence of Eed

Given its importance in establishing and maintaining cell identity,
we examined the effect of Eed deletion on T-cell differentiation. The
first exon of Eed was flanked by two LoxP sites (EedF; Supplemental
Fig. 1), and T-cell specific Eed deletion was induced by a CD4-Cre
transgene, which functions at the DP stage of thymocytes (Lee et al.,
2001). Hereafter, we denote EedF/F as wild-type (WT) and EedF/F:Cd4-
Cre as ΔEed unless otherwise noted. The overall CD4/CD8 profile of the
ΔEed thymus was largely unaltered, although there was a slight but
significant reduction of thymic cellularity (Fig. 1A). The number of
TCRβhi cells was also significantly reduced both in the thymus and
spleen (Fig. 1A and B). Within the splenic TCRβ+ population, the CD4/

CD8 ratio was not significantly altered. Thus, Eed deletion at the DP
stage affected T cell production and/or survival, but not the CD4+

versus CD8+ lineage decision.
We next examined whether loss of Eed alters Th subset differentia-

tion. Loss of Eed resulted in increased IFNγ production under Th1-po-
larizing conditions as had been reported for the Ezh2-deficient T cells
(Tumes et al., 2013; Yang et al., 2015; Zhang et al., 2014) (Fig. 1C).
IFNγ production was not limited to Th1 conditions but was also ob-
served under other polarizing conditions in ΔEed. IL-4 production under
Th2 was comparable between WT and ΔEed cells, whereas IL-17A
production under Th17 conditions was slightly higher in ΔEed, although
not significantly so. In contrast, Foxp3 induction under Treg-polarizing
conditions was significantly reduced. Retinoic acid (RA) promotes Treg
differentiation (Mucida et al., 2007) whereas IFNγ inhibits it (Chang
et al., 2009; Wei et al., 2007). Given the derepression of IFNγ in ΔEed,
we also cultured ΔEed cells under Treg conditions in the presence of RA,
a neutralizing α-IFNγ antibody, or both. Addition of RA or α-IFNγ an-
tibody increased the Foxp3+ fraction, although ΔEed cells failed to
reach%Foxp3+ observed for WT cells even with both factors (Fig. 1 in
Naito et al., 2018), suggesting a cell intrinsic defect of induced-Treg
differentiation in the absence of Eed. Furthermore, we observed lower
CD4 expression in activated ΔEed cells regardless of the polarizing
condition (see below).

3.2. CD8α derepression by TGFβ in ΔEed

While examining the Treg polarizing condition, we noticed that
CD8α was massively up-regulated whereas CD4 expression became
lower in the absence of Eed (Fig. 2A). Expression of both CD8αα and
CD8αβ was increased although CD8αβ up-regulation was dominant
over CD8αα (Fig. 2A, graphs). This CD8α derepression was observed
over wide range of TGFβ concentration (Fig. 2A in Naito et al., 2018).
Interestingly, when the different duration of TGFβ treatment was tested
by adding or withdrawing TGFβ at various time points, there was a
certain time window that enables the high level of CD8α derepression
(Fig. 2B in Naito et al., 2018).

Notably, TGFβ is involved in DP-IEL differentiation as well, which
also accompanies CD8α up-regulation (Konkel et al., 2011; Van Kaer
et al., 2013), raising the possibility that the excessive CD8α up-reg-
ulation observed in TGFβ-treated ΔEed cells is due to derepression of
the DP-IEL differentiation program. Consistent with this idea, CD8α
expression was accompanied with increased CD103 expression
(Fig. 2A). We also found that Gzmb expression, which is higher in DP-
IELs compared to Foxp3+ Tregs (Reis et al., 2013), was also induced
much stronger in TGFβ-treated ΔEed CD4+ cells than WT under the
same condition (Fig. 2B). Furthermore, 2B4, an NK cell marker ex-
pressed in DP-IELs, was also up-regulated in Treg-polarized ΔEed but
not in WT (Fig. 2C). Collectively, these results support the idea that the
gene expression program associated with DP-IELs is inappropriately
induced under Treg-polarizing conditions in the absence of Eed. As RA
enhances DP-IEL differentiation in vitro and in vivo (Reis et al., 2013),
we also examined the effect of additional RA on CD8α induction.
However, we did not observe significant increase of CD8αα or CD8αβ
expression, although the mean fluorescence intensity of CD8α was de-
creased (Fig. 2A and data not shown).

IFNγ enhances the up-regulation of CD8α in TGFβ-treated CD4+ T
cells (Reis et al., 2014; Van Kaer et al., 2013). Given the increased IFNγ
production in ΔEed cells even under Treg-inducing conditions, we ex-
amined the contribution of IFNγ to the CD8α up-regulation. An exo-
genous supply of IFNγ enhanced CD8α up-regulation and CD4 down-
regulation (Fig. 2D), whereas neutralization of IFNγ only partially
suppressed CD8α up-regulation (Fig. 2E). This indicates that IFNγ
overproduction is not primarily responsible for the CD8α up-regulation
observed in ΔEed.
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3.3. Cell cycle progression is dispensable for CD8α induction

We next checked the time course of CD8α induction during Treg-
polarizing culture. There was a detectable CD8α induction at day 2
post-activation, which further increased at day 6 (Fig. 3A).

Cell proliferation dramatically alters chromatin structure and affects
chromatin accessibility. To figure out the relationship between cell
division and CD8α up-regulation, we followed cell division and cell
surface marker expression simultaneously using the fluorescent dye
CFSE (Molecular Probes). CD8α expression was increased with cell di-
vision up to certain point and slightly decreased as cell division pro-
gressed. Notably, there was small but reproducible CD8α expression in
cells that remained undevided (Fig. 3B). To further test whether cell
cycle progression is required for CD8α induction by TGFβ, we cultured

ΔEed CD4+ cells with IL-7 and TGFβ without TCR stimulation. After
6 days, ΔEed cells cultured in the presence of IL-7 remained undivided
(Fig. 3C). Under this condition, small but reproducible CD8α induction
was observed by adding TGFβ. These results indicate that chromatin
reorganization associated with cell cycle progression is not necessary
for TGFβ—dependent CD8α induction in ΔEed CD4+ cells.

3.4. Unbalanced expression of key transcription factors in TGFβ—treated
ΔEed cells

Given the importance of transcription factors Th-POK and Runx3 in
determining the helper- versus cytotoxic-gene program as well as DP-IEL
differentiation, we next examined their gene expression after cell acti-
vation in the presence or absence of TGFβ. The expression level of

Fig. 1. In vivo and in vitro differentiation profiles of ΔEed T cells. (A) CD4/CD8α profiles (left panels), Mean ± S.E.M. of total cell number (upper right) and number of TCRβhi cells (lower
right) of young (6–8-weeks old) WT and ΔEed thymuses are shown (n= 13). *P < 0.05 (Student’s t test). (B) CD4/CD8α profiles (left panels), Mean ± S.E.M. of total cell number (upper
middle), number of TCRβhi cells (lower middle), and CD4+/CD8α+ ratio (upper right) of young (6–8-weeks old) WT and ΔEed spleens are shown. **P < 0.01 (Student’s t test (n= 13)).
(C) Representative intracellular staining profiles of Th-skewed WT and ΔEed CD4+ T cells are shown (upper row). Lower graphs show% expression of hallmark cytokines or transcription
factors in WT or ΔEed cells under each Th-skewing condition. Each square represents a single, independent experimental result. *P < 0.05 (Student’s t test (n= 4 or 5)). Representatives
of four or five independent experiments are shown.
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Zbtb7b (encoding Th-POK) in bulk culture did not change considerably
regardless of TGFβ presence in WT (Fig. 4A). In ΔEed, the expression
level was moderately decreased in the presence of TGFβ, as well as at
later time points without TGFβ. In sharp contrast, dRunx3 expression
was markedly different betweenWT and ΔEed. Specifically, dRunx3 was
induced one day after α-CD3/α-CD28+TGFβ activation and continued
to increase in ΔEed (Fig. 4B). Substantial dRunx3 induction was also
observed at later time point in WT, although to a much smaller degree.
These data suggest that the imbalance of Th-POK and dRunx3 activity
constitutes the underlying cause of the enhanced CD8α expression ob-
served in TGFβ-treated ΔEed CD4+ cells. We also examined the ex-
pression of Tbx21, which encodes T-bet and plays a critical role in the
differentiation of CD8αα+ IELs including DP-IELs through induction of
dRunx3 (Klose et al., 2014; Reis et al., 2014). Upon activation, naïve
CD4+ T cells slightly up-regulated Tbx21, although this did not occur in
the presence of TGFβ (Fig. 4C). The up-regulation was exacerbated in
ΔEed without TGFβ, which was reminiscent of the observation in ΔEzh2
(Tumes et al., 2013) and was consistent with enhanced IFNγ production
(Fig. 1C). In the presence of TGFβ, Tbx21 up-regulation in ΔEed was
also suppressed, although significant up-regulation was still observed

(Fig. 4A).
Mutually antagonistic interaction between Th-POK and Runx3 pre-

dicts that over-expression of Th-POK suppresses the CD8α up-regula-
tion in TGFβ-treated ΔEed cells. To test whether the changes in relative
activities of the above-mentioned transcription factors are causing the
phenotype, we first overexpressed wild-type Th-POK (Th-POKWT) by
retroviral transduction. As a control, we transduced a mutant version of
Th-POK (Th-POKHD), which does not possess DNA binding activity (He
et al., 2005). Overexpression of Th-POKHD did not affect the CD8α up-
regulation or CD4 down-regulation (Fig. 4D and data not shown). In
contrast, overexpression of Th-POKWT partially suppressed CD4 down-
regulation as well as the up-regulation of CD8α and CD103.

Next, we examined the role of Runx in the enhanced DP-IEL dif-
ferentiation. All Runx complexes are composed of a DNA binding sub-
unit, Runx1, Runx2, or Runx3, and an essential but non-DNA binding
subunit, Cbfβ (Wheeler et al., 2000). The Runx complex directly reg-
ulates the Cd8 locus as well as CD103 expression (Grueter et al., 2005;
Sato et al., 2005). Thus, we introduced the CbfbFlox/Flox mutation (Naoe
et al., 2007) onto the ΔEed background, creating a T-cell-specific ΔCbfb
ΔEed double knockout (DKO) to assess the involvement of the Runx

Fig. 2. Increased expression CD8α and other DP-IEL markers in TGFβ-treated ΔEed CD4+ cells. (A) Expression of CD4, CD8α, CD8β, and CD103 six days after α-CD3/α-CD28 stimulation
in the absence or presence of TGFβ. Representative FACS profiles of five or more experiments are shown on the left. Percentages of CD8αα-expressing cells (upper right) and CD8αα+/
CD8αβ+ ratio (lower right) in TGFβ-treated CD4+ cells are also shown. Gray bars indicate the averages. •P < 0.05; ••P < 0.01 (one-way ANOVA followed by Tukey’s HSD test). N.D.,
not determined. (B) Gzmb expression relative to Actb inWT or ΔEed CD4+ cells stimulated with α-CD3/α-CD28 in the presence of TGFβ. Results of qPCR analysis at day 3 post-stimulation
are shown. Bar graph indicates mean ± S.E.M. from a representative of five independent experiments. **P < 0.01 (Student’s t test). (C) Expression of 2B4 on TGFβ-treated WT (gray
shadow) or ΔEed cells (solid line). Representative data of two independent experiments are shown. (D) Effect of exogenous IFNγ on CD8α de-repression induced by TGFβ. (E) Effect of
neutralizing α-IFNγ antibody on CD8α de-repression. Representatives of four (D) or five (E) independent experiments are shown.
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complex. When DKO CD4+ T cells were activated in the presence of
TGFβ, they up-regulated CD8α and CD103 to a far lesser degree com-
pared to the ΔEed single mutant (Fig. 4E). This clearly demonstrated the
critical role of the Runx complex in CD8α up-regulation in TGFβ-
treated ΔEed. Finally, to examine the possible involvement of T-bet, we

constructed and retrovirally introduced a dominant-negative form of T-
bet (DN-T-bet). Expression of DN-T-bet efficiently suppressed Th1 po-
larization as reported (Mullen et al., 2002) (data not shown). When
TGFβ− treated ΔEed cells were transduced with DN-T-bet, up-regula-
tion of CD8α and CD103 as well as down-regulation of CD4 was

Fig. 3. Cell proliferation and CD8α induction are separable events. (A) CD4/CD8α profiles of WT and ΔEed CD4+ cells 2 days (upper panels) and 6 days (lower panels) after activation
under Th0- or Treg-polarizing conditions. CD8α induction was detected as early as day 2 post-activation. (B) Cell division and expression of CD4 (left), CD8α (middle), and CD103 (right)
of ΔEed CD4+ cells examined after 6 days in Treg-polarizing culture. (C) Cell division and expression of CD8α ΔEed CD4+ cells in control (left), IL-7-treated (middle), and IL–7+TGFβ-
treated (right) cultures for 6 days. CD8α is induced by adding TGFβ without cell division.
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partially suppressed (Fig. 4F). Collectively, these observations indicate
that the altered balance between Th-POK and T-bet/dRunx3 axis ac-
tivities constitutes the underlying cause of the enhanced induction of
DP-IEL-associated molecules in ΔEed CD4+ T cells.

3.5. Th1 or Th17 polarizing condition does not induce a DP-IEL-like
phenotype

TGFβ induced CD8α in ΔEed CD4+ T cells in T-bet-dRunx3-depen-
dent manner. However, TGFβ and T-bet-dRunx3 pathways are also
active during Th17- and Th1-polarization, respectively (Djuretic et al.,
2007; Mangan et al., 2006; Veldhoen et al., 2006). Thus, we checked

whether CD8α and other DP-IEL associated markers were also up-
regulated in Th1- or Th17-polarized ΔEed cells. Under both conditions,
only very minor up-regulation of CD8α was observed (Fig. 5A and B).

Next, we compared the expression of Tbx21 and dRunx3 between
Th1-, Treg-, or Th17-polarized WT and ΔEed cells. The induction of
Tbx21 in ΔEed cells was higher than in WT under every polarizing
condition, consistent with the increased IFNγ production in ΔEed
(Fig. 5C). The expression in ΔEed was highest in Th1, then Treg, and
lowest in Th0 and Th17. In the case of dRunx3, the expression was
higher in ΔEed than in WT in all conditions as was the case for Tbx21.
However, the expression in Th1 and Treg of ΔEed was comparable, and
was much lower in Th0 and Th17. Collectively, these data suggest that

Fig. 4. Roles of Th-POK, Runx, and T-bet in CD4 instability. (A-C) Expression of Zbtb7b (A), dRunx3 (B), and Tbx21 (C) after α-CD3/α-CD28 stimulation in the presence or absence of
TGFβ, measured by qPCR. Expression was normalized by Actb expression. Mean ± S.E.M are shown. *P < 0.05; **P < 0.01 (Student’s t test). #: Not detected. Representative data of
five independent experiments are shown. (D) CD4/CD8α profiles (left panels) of ΔEed CD4+ cells transduced with retroviruses expressing either functional (Th-POKWT) or non-functional
(Th-POKHD) Zbtb7b gene in the presence of TGFβ. The expression levels of CD4 (upper right) and CD103 (lower right) in the GFP+ population of Th-POKWT transduced (solid line) and Th-
POKHD transduced cells (gray shadow) are also shown. Representative data of three independent experiments are shown. (E) CD4/CD8α profiles (left panels) of ΔEed or ΔEed ΔCbfb CD4+
cells stimulated in the presence of TGFβ for 6 days (left panels). The expression levels of CD4 (upper right) and CD103 (lower right) on ΔEed ΔCbfb (solid line) and ΔEed cells (gray
shadow) are also shown. Data are representatives of three independent experiments. (F) CD4/CD8α profiles (left panels) of ΔEed CD4+ cells transduced with either empty or DN-T-bet-
expressing retrovirus in the presence of TGFβ. The expression levels of CD4 (upper right) and CD103 (lower right) on GFP+ population of DN-T-bet expressing (solid line) or empty vector
transduced (gray shadow) cells are also shown. Representative data of three to four independent experiments are shown (D–F).
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the combination of high dRunx3 expression and the presence of TGFβ-
signaling are both required for efficient induction of a DP-IEL-like
phenotype.

3.6. Initial chromatin status correlates with CD8α de-repression

Eed is reported to interact with the cytoplasmic region of β7 as well
as other β integrins (Rietzler et al., 1998), suggesting a potential role of
Eed outside PRC2. To clarify whether the induction of the DP-IEL-like
phenotype in ΔEed CD4+ cells is due to the lack of Eed-specific func-
tion, we also examined Ezh2-deficient (ΔEzh2) CD4+ T cells. We found
that ΔEzh2 cells also up-regulate more CD8α compared to WT, sug-
gesting that the phenotype observed with ΔEed cells was caused by
impaired PRC2 function (Fig. 6A). However, the degree of up-regula-
tion was consistently lower compared to ΔEed (Fig. 6B). Whereas Eed is
a unique subunit of PRC2; i.e., has no homolog within the mouse
genome, Ezh2 has the homolog Ezh1, which can partly compensate for
the lack of Ezh2. When we checked the amount of H3K27me3, it was
lower in naïve ΔEed and ΔEzh2 CD4+ cells than WT (Fig. 6C). Fur-
thermore, ΔEed showed severer reduction of H3K27me3 compared to
ΔEzh2. This suggests that the initial amount of repressive H3K27me3 is

crucial for the induction of CD8α and other DP-IEL-associated mole-
cules. We tested this idea further by deleting Eed at different timing
using ERT2-Cre, with which the Cre recombinase can be activated by
tamoxifen. When Eed deletion was induced at the time of α-CD3/α-
CD28/TGFβ stimulation by adding 4-OHT to naïve EedF/F:ERT2-Cre
CD4+ cells, there was no substantial difference between WT and EedF/
F:ERT2-Cre cells (Fig. 6D). However, when the EedF/F:ERT2-Cre mouse
was treated with tamoxifen 7 days prior to cell isolation and activation,
substantial CD8α up-regulation was observed (Fig. 6E). These results
support that the chromatin status, in particular H3K27me3 level, at the
time of TGFβ stimulation is critical for CD8α up-regulation.

We also checked whether the expression of genes encoding subunits
of PRC2 is regulated by TGFβ. Anti-CD3/α-CD28 treatment augmented
the expression of Eed by approximately 2-fold. However, the expression
was restored to the initial level in the presence of TGFβ after 2 days of
activation (Fig. 3A in Naito et al., 2018). Expression of Ezh2 and Suz12,
genes encoding other two essential subunits of PRC2, showed a similar
trend, although the degrees of change were smaller compared to that of
Eed (Fig. 3B in Naito et al., 2018, and unpublished data). These results
suggest that regulation of PRC2 activity, in part by changing gene ex-
pression, plays a role in regulating the TGFβ-induced gene expression

Fig. 5. Comparison of phenotypes and gene expression between Th1, Th17, and Treg. (A and B) CD4/CD8α profiles under Th1- (A) or Th17- (B) polarizing conditions 2- and 6-days post-
activation. (C and D) Expression of Tbx21 (C) and dRunx3 (D) 2 days after activation under the indicated Th-polarizing conditions, measured by qPCR and normalized by Actb expression.
Mean ± S.E.M. are presented. **P < 0.01 (Student’s t test); ••P < 0.01 (one-way ANOVA followed by Tukey’s HSD test). Representatives of three or four independent experiments are
shown.

T. Naito et al. 0ROHFXODU�,PPXQRORJ\��������������²���

���



program.
Since the importance of initial chromatin structure was suggested,

we compared the chromatin status of resting WT and ΔEed cells.

Specifically, acetylated or Lysine 4 tri-methylated Histone H3 (AcH3 or
H3K4me3, respectively), both of which associate with gene activation,
and H3K27me3, which is repressive and catalyzed by PRC2, were

(caption on next page)
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examined at several DP-IEL-relevant loci by ChIP-qPCR. The promoter
of Tbx21 was in a bivalent state; i.e., enriched for both H3K4me3 and
H3K27me3 (Bernstein et al., 2006), indicating a transcriptionally
poised state in WT cells (Fig. 6G, H). In ΔEed, we observed significant
reduction of H3K27me3 accompanied by substantial and reproducible
increase of H3K4me3. This indicates that deletion of Eed changes the
chromatin structure at the Tbx21 promoter from poised to highly per-
missive one. CD8αα expression in IEL is regulated by the E8I enhancer
(Ellmeier et al., 1998). E8I was decorated with a high level of
H3K27me3 and low level of H3K4me3 in WT CD4+ T cells (Fig. 6G,H).
In ΔEed, H3K27me3 was greatly reduced whereas H3K4me3 levels were
moderately increased, indicating that the E8I enhancer was adopting a
more permissive chromatin structure in the absence of Eed. A similar
trend was observed around the transcriptional start sites as well as
upstream enhancer regions of dRunx3 (Fig. 6G,H). In addition, the E8II
enhancer, which is usually active in DP and CD8+ T cells (Ellmeier
et al., 1998), also showed diminished H3K27me3 and concomitant in-
crease of AcH3 and H3K4me3 (Fig. 6F–H). These results indicate that
loss of Eed changes the chromatin landscape of the DP-IEL-relevant loci
as well as ectopically activated sites to accessible states, facilitating
their up-regulation.

3.7. Accessible chromatin structure enables Smad targeting to key loci

T-bet induces Runx3 expression under Th1-polarizing conditions
(Djuretic et al., 2007) although Th1 differentiation does not accompany
the DP-IEL-like phenotype. Similarly, Th1-polarized ΔEed cells did not
show substantial CD8α up-regulation despite increased expression of
Tbx21 and dRunx3 (Fig. 5). In addition, the expression of Runx3, the
target of T-bet, was substantially induced in Treg-skewed ΔEed com-
parable to WT although Tbx21 expression was much higher under Th1
conditions compared to Treg, consistent with the previous reports that
TGFβ can suppress Tbx21 expression (Gorelik et al., 2002; Lin et al.,
2005) (Fig. 5). These observations indicate that accessible chromatin
structure and expression of T-bet and dRunx3 are insufficient, and
suggest that a functional cooperation of the T-bet/Runx3 axis with
TGFβ signaling is required to induce the DP-IEL program.

Smad3, an effector transcription factor of the TGFβ pathway
(Gaarenstroom and Hill, 2014; Massagué, 2012), is essential for in vitro
induction of DP-IEL (Konkel et al., 2011). Thus, we examined the
binding of Smad3 to the genome by ChIP-qPCR. We first examined the
Runx3 locus because of the enhancement of its expression by the ad-
dition of TGFβ. It has been reported that there are enhancers 39 kb and
17 kb upstream of the dRunx3 transcriptional start site (TSS) (Reis et al.,
2014). We detected increased Smad3 binding to the −39 kb region in
ΔEed. In addition, we detected Smad3 enrichment to an evolutionally
conserved Smad binding site located 12 kb upstream of the TSS, iden-
tified by the ECR browser (Ovcharenko et al., 2004; https://ecrbrowser.
dcode.org), which is bound by T-bet in Th1 cells (Gökmen et al., 2013)
(Fig. 7A and Supplemental Fig. 2A). We also examined the Cd8 en-
hancers because of the Cd8 gene regulation by the Runx complex (Sato
et al., 2005) and the Smad-Runx interaction (Hanai et al., 1999). Smad3
enrichment at the E8II enhancer was detected, consistent with strong
CD8αβ up-regulation in ΔEed (Fig. 7B and Supplemental Fig. 2B),
whereas there was no substantial Smad3 enrichment at the E8I en-
hancer. Smad3 binding to these loci were not observed at an earlier
time point (4 h post-stimulation) when binding to the Foxp3 CNS1

region was detected (Fig. 7C), indicating that activated Smad3 alone is
not sufficient to bind to DP-IEL target genes.

Given that Th17-polarizing conditions also require TGFβ, we
checked Smad3 enrichment at some of the targets described above
under Th17 condition. Notably, enrichment at the −39 kb region and
promoter was detected within the Runx3 locus despite the much lower
expression of dRunx3 in ΔEed Th17 compared to ΔEed Treg. The en-
richment observed at the −12 kb region of dRunx3 and the E8II en-
hancer was not detected under Th17 conditions. Also, Smad3 enrich-
ment was not observed at the E8II enhancer, consistent with the lack of
CD8 expression in Th17.

These observations support the idea that Smad3 binding is critical to
induce or enhance the expression of DP-IEL-associated genes. They also
indicate that Smad3 binding and activity are differentially regulated in
Th17-polarizing conditions versus Treg conditions.

4. Discussion

The integrity of a gene expression program is ensured by proper
maintenance of the epigenetic status, perturbation of which leads to
compromised cell integrity. Ezh2, the catalytic subunit of PRC2, has
been reported to be crucial to suppress as well as maintain Th subset
identity (Karantanos et al., 2016). In the present study, we showed that
the deficiency of Eed, another subunit of PRC2, greatly affects the TGFβ
response of CD4+ T cells in vitro, leading to attenuated Foxp3 induction
and altered CD4+ T cell identity manifested by the up-regulation of
CD8α, CD103, and other molecules, resembling DP-IEL induction. In
this deviation from the normal course of Treg differentiation, the loss of
H3K27me3 plays a major part, which is supported by the similar phe-
notype shown by ΔEzh2 as well as the inverse correlation between the
severity of the phenotype and the amount of H3K27me3 at the time of
stimulation. It is possible that the aberrant TGFβ-response is the con-
sequence of abnormal differentiation and/or selection in thymus.
However, Eed deletion in the periphery using inducible Cre re-
combinase also causes robust upregulation of CD8α, strongly arguing
against this possibility. In general, dynamic chromatin remodeling ac-
companying T-cell activation and cell division is considered as an in-
tegral part of gene expression changes. Thus, it was notable that not
only CD3/CD28 signaling but also cell division was dispensable for the
CD8α induction by TGFβ in ΔEed cells, although the magnitude of in-
duction was much smaller. The turnover of H3K27me3 is slower than
that of other histone modifications such as acetylation (Zee et al.,
2010). Thus, the residual H3K27me3 in ΔEed cells may have to be re-
moved either through chromatin remodeling upon TCR signaling (Zhao
et al., 1998) or dilution by DNA replication to efficiently induce CD8α
upon TGFβ signaling.

Our results demonstrated that the unbalanced activities of the key
transcription factors Th-POK, T-bet, and Runx3 leads to compromised
Treg/CD4+ T cell differentiation and derepression of the DP-IEL-like
phenotype. Differentiation of DP-IELs from CD4+ T cells requires se-
quential up- and down-regulation of T-bet, Runx3, and Th-POK:
Induced T-bet activates dRunx3 transcription, and dRunx3 suppresses
Zbtb7b while inducing CD8 and CD103 expression (see the model in
Supplemental Fig. 3, (Mucida et al., 2013; Reis et al., 2014, 2013)). We
found that loss of H3K27me3 led to more accessible chromatin struc-
tures at the Tbx21 and Runx3 loci, and facilitated their up-regulation
upon CD4+ T cell activation in every Th-polarizing condition

Fig. 6. H3K27me3 level at the time of activation is critical for CD8α induction. (A and B) Expression of CD4, CD8α, CD8β, CD103, and Foxp3 in ΔEzh2 CD4+ cells, and (B) percentage of
CD8α-expressing cells in ΔEed or ΔEzh2 after 6 days in Treg-polarizing culture. Gray bars in (B) indicate the averages. *P < 0.05 by the Student’s t-test. Representatives of four
independent experiments are shown. (C) Amount of total histone H3 (upper panels) and H3K27me3 (lower panels) in naïve CD4+ cells from WT, ΔEed, and ΔEzh2 were examined by
western blotting, followed by quantification using ImageJ software (NIH). The numbers at the bottom indicate the amount of H3K27me3 relative toWT cells normalized by the amount of
total histone H3. (D, E) Eed was deleted at the time of activation (D) or 7 days prior to the activation (E) using EedF/F:ERT2-Cre, and CD4/CD8α profiles were examined 6 days after Treg-
polarizing culture. (F-H) CD4+ were prepared from WT or ΔEed spleens using α-mouse CD4 microbeads (Miltenyi), and ChIP was performed using α-AcH3 (F), α-H3K4me3 (G), and α-
H3K27me3 (H). Histone modifications at the Tbx21 promoter, regulatory regions within the Runx3 locus, and the Cd8 enhancers were quantified using qPCR. Mean ± S.E.M. are
presented. *P < 0.05 and **P < 0.01 (Student’s t-test). Representatives of two independent experiments are shown.
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examined. In addition, it is likely that the loss of H3K27me3 facilitated
the binding of their gene products to their target loci. However, the T-
bet-Runx3 axis alone is not sufficient to explain the induction of CD8
and CD103 despite both being direct targets of the Runx complex, be-
cause the expression of T-bet and dRunx3 is comparable between Th1
and Treg-polarizing conditions, yet upregulation of those dRunx3 tar-
gets was observed only under Treg condition. Thus, cooperation be-
tween TGFβ signaling and the T-bet-Runx3 axis, either physically or
functionally, appears to play an important role in the induction of DP-
IEL targets. Binding of the Smad complex to the genome is largely de-
termined by the co-expressing transcription factors (Mullen et al.,
2011). We found that there is a time window for TGFβ to induce CD8α,
i.e., too early or too late addition of TGFβ leads to inefficient CD8α
upregulation in ΔEed T cells (Naito et al., 2018). The presence of TGFβ
at day 2 post-activation seemed to be critical, which coincides with the
timing of Tbx21 and dRunx3 up-regulation, consistent with our hy-
pothesis. In this regard, it is notable that Smad3 binding is detected
near the strong T-bet-enriched sites of Th1 both at the Runx3 and Cd8
loci. In addition, the expression of dRunx3 is comparable between Th1-
and Treg-polarized ΔEed cells, despite the lower expression of Tbx21.
Generally TGFβ and T-bet act antagonistically (Gorelik et al., 2002; Yu
et al., 2006). In contrast, although we did not detect physical interac-
tion between T-bet and Smad3 (unpublished observation), our data
suggest that, once expressed, T-bet cooperates with Smad3 to activate
dRunx3 expression in a certain context. In turn, dRunx3 induces Cd8a
and Cd8b1, possibly through its binding to the E8II enhancer, which
activates these genes in CD8αβ-expressing populations. It is highly

likely that Smad3-Runx3 interaction and cooperation are crucial to
activate the Cd8 enhancers in ΔEed DP-IEL-like cells. In the endogenous
DP-IELs, CD8αα but not CD8αβ is expressed. In contrast, DP-IEL-like
cells induced in vitro expressed more CD8αβ than CD8αα and this trend
was highly aggravated in ΔEed. Thus, our results suggest that
H3K27me3 is also crucial to ensure proper DP-IEL differentiation by
preventing the activation of the E8II enhancer through the inhibition of
Smad3 binding. We did not detect the Smad3 enrichment at the E8I
enhancer that is required for CD8αα expression in DP-IELs, yet the
expression of CD8αα was also increased in ΔEed cells compared to WT
cells. It is possible that Smad3 binds to the E8I enhancer only in
CD8αα+ cells, hence the binding was undetectable in our culture
condition, in which CD8αα+ cells comprised a minor fraction of the
total cells. Alternatively, Smad3 may activate the E8I enhancer through
an indirect mechanism. Further investigations will be needed to clarify
this point.

It is paradoxical that Smad needs to wait for the expression of the
cooperating factor(s) to activate the DP-IEL program, whereas
H3K27me3 inhibits efficient up-regulation of the cooperating factors,
especially dRunx3, which requires Smad3 for induction. Given that
Smad3 can recruit histone demethylase JMJD3 (Gaarenstroom and Hill,
2014), and change chromatin to a more accessible state, one potential
scenario is that weak Smad3 binding to the target partially removes
H3K27me3 and enables induction of the cooperating factor. Once ex-
pressed even at a low amount, it forms complex with Smad3 and sta-
bilizes Smad3/JMJD3 binding, leading to complete H3K27me3 erasure
and increased expression of the cooperating factor. This feed-forward

Fig. 7. Increased Smad3 binding to the DP-IEL-associated key loci. (A–C) Smad3 enrichment at the regulatory regions (−39 kb and −17 kb from TSS), the evolutionary conserved region
(−12 kb), and the promoter within the Runx3 locus (A), the enhancers within the Cd8 locus (B), and the CNS1 within the Foxp3 locus (C). WT or ΔEed CD4+ cells were prepared as in
Fig. 6 E–G and α-CD3/α-CD28 stimulated in the presence of TGFβ for 4 or 48 h. Cells were fixed and subjected to ChIP-qPCR analysis. (D) Smad3 enrichment at the indicated region inWT
or ΔEed cells after 48 h in Th17-polarizing culture. Mean ± S.E.M. are presented. *P < 0.05 (Student’s t test). Representatives of three (A–C) or two (D) independent experiments are
shown.
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loop may enable cells to commit to DP-IEL fate. Alternatively, a yet to
be identified instruction signal leads to erasure of H3K27me3 mark and
paves the way for Smad3 to induce cooperating factors.

Although TGFβ compromises CD4+ T cell identity in the absence of
Eed by strongly inducing CD8α and other DP-IEL markers, such identity
crisis was not prominent under Th17 conditions in which IL-6 was also
present. It has been reported that RA suppresses Th17 fate by enhancing
Smad3 signaling and inhibiting IL-6 signaling (Xiao et al., 2008).
Conversely, STAT3, the downstream signal transducer of IL-6, interacts
and inhibits Smad complex formation and function (Wang et al., 2016).
In Th17 conditions, we still observed Smad3 binding to some of the
Runx3 regulatory regions, although dRunx3 induction was not en-
hanced. It is possible that some factor, potentially STAT3, may not in-
hibit Smad3 binding per se, but abrogate its function as an activator in a
context-dependent manner.

It has been shown that Tregs and DP-IELs have similar differentia-
tion requirements; i.e., TGFβ and RA (Mucida et al., 2007; Reis et al.,
2013). However, Treg differentiation is dominant over DP-IEL differ-
entiation in the in vitro system, and the molecular mechanism sup-
pressing DP-IEL differentiation remains elusive. Our results imply that
H3K27me3 is crucial to suppress the DP-IEL-associated gene expression
program upon TGFβ signaling. Given the potential role of DP-IELs in
host defense as well as immune regulation, whether Eed/PRC2 also
affects TGFβ-dependent Treg-versus-DP-IEL choice in vivo is of great
interest. Within the current mouse colony of the ΔEed line, we found
very few DP-IELs regardless of Eed sufficiency (unpublished data).
Furthermore, analysis of Eed deletion efficiency revealed that approxi-
mately half of the CD4+ IELs in ΔEed mice are Eed-sufficient (un-
published data), suggesting that ΔEed CD4+ cells have a deficiency in
homing to and/or survival within the IEL compartment and further
complicate the interpretation of IEL analyses in the ΔEed mouse. Thus,
the role of Eed/PRC2 in DP-IEL differentiation in vivo should be care-
fully addressed in a future study.

In summary, this study uncovered a part of the mechanisms that
regulate DP-IEL gene program. Our findings may be applicable to the in
vitro production of antigen-specific DP-IELs for therapeutic use.
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Special AT-rich sequence binding protein 1 is required
for maintenance of T cell receptor responsiveness and
development of experimental autoimmune
encephalomyelitis
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ABSTRACT
The genome organizer special AT-rich sequence binding protein 1 (SATB1) regulates specific functions
through chromatin remodeling in T helper cells. It was recently reported by our team that T cells from
SATB1 conditional knockout (SATB1cKO)mice, inwhich the Satb1 gene is deleted fromhematopoietic
cells, impair phosphorylation of signaling molecules in response to T cell receptor (TCR) crosslinking.
However, in vivoT cell responses upon antigen presentation in the absence of SATB1 remain unclear. In
the current study, it was shown that SATB1modulates T cell antigen responses during the induction and
effector phases. Expression of SATB1 was upregulated in response to TCR stimulation, suggesting that
SATB1 is important for this antigen response. The role of SATB1 in TCR responses and induced
experimental autoimmune encephalomyelitis (EAE) was therefore examined using the myelin
oligodendrocyte glycoprotein peptide 35-55 (MOG35-55) and pertussis toxin. SATB1cKO mice were
found to be resistant to EAE and had defects in IL-17- and IFN-g-producing pathogenic T cells. Thus,
SATB1 expression appears necessary for T cell function in the induction phase. To examine SATB1
function during the effector phase, a tamoxifen-inducible SATB1 deletion system, SATB1cKO-ER-Cre
mice, was used. Encephalitogenic T cells from MOG35-55-immunized SATB1cKO-ER-Cre mice were
transferred intohealthymice.Mice that received tamoxifenbefore the onset of paralysiswere resistant to
EAE. Furthermore, no disease progression occurred in recipient mice treated with tamoxifen after the
onset of EAE. Thus, SATB1 is essential for maintaining TCR responsiveness during the induction and
effector phases and may provide a novel therapeutic target for T cell-mediated autoimmune diseases.

Key words autoimmune disease, experimental autoimmune encephalomyelitis model, special AT-rich sequence binding
protein 1, T cell receptor response.

Chromatin structure modulates accessibility to target
genes and is important for regulation of gene expression
and cellular functions. Chromosomal organizers

regulate chromatin topology, forming transcription-
regulatory compartments (1, 2). MARs or scaffold-
associated regions in DNA sequences are thought to
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mediate chromatin loop formation, which is important
for compaction of genomic DNA and organization of
chromatin into units of genomic function (3, 4). MARs
frequently colocalize with enhancer regions and the
findings of several studies have suggested that MARs
mediate positive or negative regulation of gene
expression (5–7). Special AT-rich sequence binding
protein 1 (SATB1), a MAR-binding protein (8), is
predominantly expressed in the thymus. SATB1 recruits
adenosine triphosphate-utilizing chromatin assembly
and remodeling factor and nucleosome-remodeling
factor complex to specific DNA sites and functions as
an epigenetic regulator that facilitates the functioning of
several chromatin-remodeling factors (9). A subsequent
study demonstrated that SATB1 expression is highly
associated with thymocyte differentiation (10). In
addition, SATB1 regulates expression of multiple T
helper cells genes and modulates effector T cell function
by holding promoter regions of cytokine genes in close
proximity (11). Thus, chromatin remodeling by SATB1
maintains the function of peripheral T cells.
Signals from TCRs are critical for activation of T cells

and, together with those from cytokine receptors,
activate diverse signaling pathways that control both
the fate and functions of activated T cells (12). Na€ıve
CD4 T cells begin a process of differentiation into
effector T cells upon stimulation via cell surface
receptors. Na€ıve CD4 T cells can also differentiate into
distinct T helper subsets, such as Th1, Th2, Th17 and Tfh
cells, as defined by the different cytokines present in the
microenvironment (13). In addition to the appropriate
cytokines, antigen recognition by TCRs is the most
critical mediator of functional differentiation of Th
subsets (14). These processes are transcriptionally
regulated and involve induction of specific transcription
factors (15). Chromatin remodeling, which controls the
accessibility of transcription factors to their target genes,
represents the next most critical regulatory mechanism
in Th cell differentiation (16). We recently reported
that T cells from SATB1-deficient mice severely
impaired proximal signaling following TCR engagement
in vitro (17), suggesting that SATB1 supports T cell
differentiation into Th subsets and/or maintenance of
Th subsets. However, the contribution of SATB1 to
supporting T cell function after antigen stimulation
remains unknown.
In this study, we examined in vivo T cell responses in

conditional knockout mice lacking SATB1 in hemato-
poietic cells (SATB1cKOV) or in T cells (SATB1cKOL).
To this end, we used EAE. SATB1cKOV mice and
SATB1cKOL mice are resistant to EAE induced with
MOG35-55. We demonstrated that T cells derived from
both lines of SATB1cKO mice failed to proliferate and

produce cytokines in response to protein antigens. In the
transfer EAE model, induction of Satb1-deletion after
the onset of paralysis prevented disease progression. Our
results suggest that SATB1 plays an important role in the
priming and maintenance of T cell responses in vivo.

MATERIALS AND METHODS

Mice

SATB1-floxed mice were generated as described previ-
ously (17). Vav-Cre mice, ER-Cre mice and OT-II TCR
transgenic mice were purchased from Jackson Labora-
tories (Bar Harbor, ME, USA). Lck-Cre mice were
obtained from the laboratory animal resource bank at
Nibiohn (Osaka, Japan). SATB1 conditional knockout
mice were generated by crossing Satb1-floxed with
Vav-Cre mice, Lck-Cre mice and ER-Cre mice to
generate SATB1cKOV mice, SATB1cKOL mice and
SATB1cKOe mice, respectively. The ER ligand-binding
domain was fused to the Cre recombinase (ER-Cre) in
Cre expressing mice to generate tamoxifen-inducible
conditional knockout mice. Given that administration of
tamoxifen can induce nuclear translocation of ER-Cre
and subsequent inactivation of target genes containing
the loxP sequence, SATB1cKOe mice were generated
and used to induce deletion of Satb1 in CD4 T cells
during the effector phase. OTII mice express transgenic
TCRs specific for chicken OVA 323-339 peptide. Given
that these mice are useful for analyzing antigen (OVA)
specific T cell responses, SATB1cKOe mice were
generated and proliferation of T cells in the absence or
presence of SATB1 assayed. C57BL/6 mice were
purchased from Charles River Laboratories (Kanagawa,
Japan). C57BL/6 CD45.1 mice and RAG2�/� mice were
bred at the TohoUniversity animal facility under specific
pathogen-free conditions in accordance with the
institutional guidelines (18). All experiments using
mice were approved by the Toho University Adminis-
trative Panel for Animal Care (17-53-311) and Recom-
binant DNA (17-53-303). The mice used were aged
8�12 weeks.

Real-time PCR

Real-time PCR was performed as described previ-
ously (19). Total RNA was isolated from cells using
Isogen (Nippon Gene, Toyama, Japan). RNA (500 ng/
reaction) was reverse transcribed using a High-
Capacity cDNA Archive kit (Applied Biosystems,
Foster City, CA, USA). For quantitative analysis,
RT-PCR was conducted using a TaqMan Gene
Expression Assay kit (Applied Biosystems). Mm00
487425_01 for Fos, Mm01268940_m1 for Satb1,
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Mm00519943_m1 for Il23r, Mm01168134_m1 for Ifng,
Mm00475162_m1 for Foxp3, Mm01261022_m1 for
Rorc and Mm02619580_g1 for actin were used as
primers on an Applied Biosystems 7500 Fast system.
b-actin was used as an endogenous reference for
normalization. Quantitative real-time PCR experi-
ments were repeated twice in triplicate.

EAE induction

Mice were immunized s.c. in the flank on Day 0 with
150mg of MOG35-55 peptide in CFA containing
5mg/mL H37RA (Difco Laboratories, Detroit, MI,
USA), as previously described (20). Pertussis toxin
(200 ng; List Laboratories, Campbell, CA, USA) was
injected intraperitoneally on Days 0 and 2. For passive
transfer EAE, donor mice were immunized as describe
above. Ten days later, DLN cells were cultured at
4� 106 cells/mL with 10mM MOG35-55 peptide for
3 days in RPMI1640 culture medium with IL-23, anti-
IL-4 and anti-IFN-g antibodies, as previously de-
scribed (20). Next, 107 CD4 T cells were purified using
negative selection kinetics on a MACS system (Miltenyi
Biotec, Bergisch Gladbach, Germany) and transferred
i.v. into na€ıve and 500-rad X-irradiated mice. Mice
were graded for EAE on a clinical scale of 0–6 as
follows: 0, no disease; 1, complete loss of tail tone; 2,
hindlimb weakness; 3, hindlimb paralysis; 4, complete
hind and partial forelimb paralysis; 5, hind and
forelimb paralysis; and 6, death.

Recall responses

DLN cells were prepared from immunized mice and
cultured for 72 hr with MOG35-55 peptide or OVA.
They were then pulsed for 6 hr with 3H-thymidine
(Amersham Biosciences, Little Chalfont, UK) and
assayed for incorporation of 3H-thymidine using
Topcount (Perkin Elmer, Waltham, MA, USA), as
previously described (21). Supernatants were collected
at 24 hr and assayed for IL-2, or at 72 hr for IL-17 and
IFN-g, with OptEIA ELISA kits (BD Biosciences,
Franklin Lakes, NJ, USA). Cells were stained with anti-
mouse CD4 and CD8 antibodies, then washed with
washing buffer (1% FCS, 0.1% sodium azide in PBS)
and fixed with Cytofix/Cytoperm kit (BD Biosciences)
for 20min. Intracellular staining was performed using
anti-mouse IL-17-PE, IFN-g-PE and Foxp3-FITC
antibodies for 30min. In some experiments, isotype
control antibodies used under similar conditions
indicated the specific binding of test antibodies. Cells
were acquired on a BD LSRFortessa X-20 instrument
using DIVA software. Data were analyzed using FlowJo
software.

Tamoxifen treatment

Tamoxifen (Sigma–Aldrich, St. Louis, MO, USA) was
resuspended in ethanol, diluted in corn oil to a final
concentration of 10mg/mL and heated at 37°C until
dissolved. 4-hydroxytamoxifen (Sigma) was dissolved in
ethanol. To delete Satb1 in donor CD4 T cells, 100mL of
tamoxifen solution or oil were injected intraperitoneally
into recipient mice adoptively transferred with CD4
T cells from SATB1cKOe mice once a day for three
consecutive days, 3 days after cell transfer or 1 day after
disease onset.

For the in vivo T cell proliferation assay, na€ıve CD4
T cells derived from SATB1cKOe-OTII mice were
labeled with the Cell Proliferation Dye eFluor 670
(eBioscience, San Diego, CA, USA). The labeled CD4
T cells were adoptively transferred into Rag2�/� mice
i.v.. Recipient mice were treated with tamoxifen or oil for
three consecutive days after cell transfer and injected i.v.
with OVA on Day 1 after the transfer. Proliferation of
donor T cells was quantitated by flow cytometry using a
Cell Proliferation Dye. For in vitro deletion of Satb1,
0.2mM of 4-hydroxytamoxifen was administered into
the culture medium to induce Cre-mediated deletions.

Apoptosis assay

CD4 T cells prepared from WT or SATB1cKOL mice
were stimulated with plate-bound anti-CD3 (1mg/mL)
and anti-CD28 (1mg/mL) antibodies for the indicated
times to induce TCR-mediated apoptosis. Apoptosis was
determined using a MEBSTAIN apoptosis TUNEL kit
(MBL, Nagoya, Japan).

Statistical analysis

Data are presented as means� SEM. Statistical analysis
was performed using GraphPad Prism 6.0 (GraphPad
Software, San Diego, CA, USA). A P value < 0.05 was
considered to denote significance. Statistical significance
was assessed using the unpaired Student's t-test or
Mann–Whitney U test.

RESULTS

TCR stimuli induce SATB1 expression

T cells express numerous genes to gain effector function
after antigen stimulation. If SATB1 plays an essential
role in T cell function, SATB1 expression should be
upregulated in response to TCR stimulation. We
therefore assessed transcription of Satb1 in na€ıve CD4
T cells from WT mice. In response to TCR crosslinking
with anti-CD3 and anti-CD28 antibodies, Satb1 mRNA
expression gradually increased over 60min, peaked at
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120min, and was substantially diminished at 12 hr
(Fig. 1a). Given that transcription had been induced, we
quantitated SATB1 protein by immunoblotting. As
shown in Figure 1c, TCR crosslinking also led to
increases in amounts of SATB1 and c-Fos protein.
Although the changes in SATB1 expression occurred
slightly later than those in the immediate early gene c-Fos
(Fig. 1b), these results suggest that SATB1 plays a role in
regulation of T cell function.

SATB1 conditional knockout mice are
resistant to EAE induction

We bred SATB1f/f mice with Vav-Cre or Lck-Cre mice
to generate mice with SATB1cKOV or SATB1cKOL cKO
of Satb1. To examine the role of SATB1 in T cell
responses, we generated C57BL/6WT, SATB1cKOV and
SATB1cKOL T cell-mediated autoimmune disease
mouse models of EAE. These mice were immunized s.c.
with MOG35-55 peptide in CFA on Day 0 and i.v.
injected with pertussis toxin on Days 0 and 2. As shown
in Figure 2, all WT mice developed EAE that became
evident on Day 12, whereas SATB1cKOV and
SATB1cKOL mice failed to develop EAE during the
35 days following immunization. Histological examina-
tion of lumbar spinal cords from WT mice 20 days after
immunization clearly demonstrated cellular infiltration
in the spinal parenchyma (Fig. 2b). No such infiltration
was observed in the spinal cords of SATB1cKOV mice,
consistent with the observed lack of EAE development
(Fig. 2b).

We recently reported that thymic development is
impaired in SATB1cKOV mice. We propose that
peripheral T cells may have been activated due to
homeostatic expansion, and were thus susceptible to
apoptosis induced following TCR stimulation; which, in
turn, may have led to EAE resistance. Moreover, SATB1-
deficient T cells may be susceptible to cell death induced
following TCR activation. To examine this possibility,
we stimulated CD4 T cells with plate-bound anti-CD3
(1mg/mL) and anti-CD28 (1mg/mL) antibodies to
induce TCR-mediated apoptosis (activation-induced
cell death). We demonstrated that the percentage of
CD4 T cells exhibiting TUNEL-positive staining in-
creased from 1% to 18.8% in a time-dependent manner,
indicating that WT T cells undergo activation-induced
cell death following TCR crosslinking (Fig. 2c). In
contrast, SATB1-deficient T cells from SATB1cKOL

mice were resistant to TCR-mediated cell death,
suggesting that hyperactivation of T cells does not
occur, even in the absence of SATB1.

SATB1 conditional knockout mice fail to
generate IL-17 and IFN-g-producing T cells

To examine whether pathogenic T cells are generated
in SATB1 conditional knockout mice, we compared the
in vitro recall responses of DLN cells from WT,
SATB1cKOV and SATB1cKOL mice. DLN cells were
prepared 10 days after immunization, before there was
evidence of EAE in WT mice. Although we observed
proliferative recall responses to various doses of the
MOG35-55 peptide in DLN cells fromWT mice, we did
not detect cellular proliferation in DLN cells from either

Fig. 1. Expression of SATB1 in T cells. Na€ıve CD4 T cells prepared
from WT mice were stimulated with anti-CD3 and anti-CD28
antibodies for the indicated times. mRNA expression of (a) SATB1 and
(b) c-Fos in these cells was analyzed using real-time PCR.
Transcription of these genes was quantitated relative to b-actin.
�values differ significantly from those in control cells (0min) under
the same conditions (P< 0.05). These results are representative of
three independent experiments. (c) Protein expression for SATB1 and
c-Fos, determined by immunoblotting using anti-SATB1 and anti-c-
Fos antibodies. Results of one experiment, representative of three
independent experiments, is shown.
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Fig. 2. Failure of SATB1 conditional knockout mice to develop EAE. (a) Mice were immunized s.c. with MOG peptide in CFA, injected i.v.
with pertussis toxin on Days 0 and 2, and assessed by clinical scores for 35 days after immunization. � P < 0.05. (b) Photomicrographs of
spinal sections stained with hematoxylin and eosin (Day 20) after immunization � 250. Experiments were conducted three times, with
essentially similar results. (c) Apoptotic T cell induction by TCR crosslinking was detected by TUNEL staining. Representative flow cytometry
plots are shown.
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of the SATB1 conditional knockout mice (Fig. 3a). Next,
we analyzed cytokine production in response to
treatment with the MOG35-55 peptide. There was
much greater IL-2 production in T cells from DLN cells
in WT mice than in those from SATB1cKOV and
SATB1cKOL mice, indicating that proliferation of
SATB1-deficient T cells was defective (Fig. 3a). We
detected dose-dependent production of IFN-g and IL-17
in cultures of DLN cells from WT mice and SATB1
conditional knockout mice; however, production of
each of these cytokines was severely diminished in
SATB1cKOV and SATB1cKOL mice (Fig. 3a). Given that
SATB1 regulates thymic development of T cells (17), our
failure to induce a T cell response can be attributed to the
fact that SATB1 knockout mice possess very few
peripheral T cells. However, the number of CD4 T cells
prepared from SATB1cKOL mice represented 18% to
20% of all lymph node cells (Fig. 3b). The CD4-positive T
cell population was slightly smaller in SATB1cKOL than
WTmice (where the number of CD4 T cells represented
approximately 25% of all lymph node cells), suggesting
that the absence of a CD4 T cell population is not the
conclusive underlying explanation for the failure to
induce T cell responses and the presence of EAE
resistance in SATB1 conditional knockout mice. The
reduced in vitro IL-17 and IFN-g production by DLN
cells derived from SATB1cKOV and SATB1cKOL mice
suggests a defect in Th17 and Th1 generations. To
examine this possibility, we prepared DLN cells 10 days
after immunization, incubated them with the MOG
peptide, and assessed them for intracellular IL-17 and
IFN-g staining. As shown in Figure 3b, we found much
lower percentages of CD4þ IL17þ Th17 cells in DLN
cells from SATB1cKOL mice than in those from WT
mice (0.26% vs. 2.1% of total cells and 1.3% vs. 8.3% of
CD4 T cells, respectively). Moreover, there were far
fewer CD4þ IFN-gþ Th1 cells in SATB1cKOLmice than
in WT mice (0.17% vs. 2.2% of total cells and 0.09% vs.
9.1% of CD4 T cells, respectively).
To examine whether the abortive production of these

cytokines by DLN cells from both lines of SATB1cKO
mice might represent a specific response to the MOG
peptide, we analyzed recall responses after immunization
with OVA emulsified in CFA (Fig. 4). We prepared DLN
cells 10 or 28 days after immunization, incubated
them with OVA, and assessed proliferation of T cells
and cytokine production. Similar to T cell responses
against the MOG peptide, we observed a reduction in
cytokine production, cell proliferation and generation of
Th17/Th1 cells in cells from SATB1-deficient mice
(Fig. 4). Thesediminished recall responses inSATB1cKOV

and SATB1cKOL mice were maintained for at least four
weeks, suggesting that T cell priming requires SATB1 for

induction of antigen responses and that SATB1 generally
modulates T cell function in response to TCR signaling.

Mice lacking SATB1 displayed EAE resistance and
defective induction of pathogenic T cells. These results
led us to hypothesize that an immune regulatory
microenvironment could be established in SATB1-
deficient mice. To evaluate this possibility, we generated
EAE pathogenic Th17 cells from WT mice and
transferred them into SATB1cKOV and SATB1cKOL

mice. As shown in Figure 5, WT, SATB1cKOV, and
SATB1cKOL mice receiving MOG-reactive CD4 T cells
developed EAE of similar severity. These data suggest
that the attenuated EAE phenotype in SATB1-deficient
mice is T cell-mediated. Taken together, these findings
suggest that T cells derived from SATB1-deficient mice
fail to differentiate into pathogenic T cells during the
priming or induction phases.

SATB1 maintains antigen responsiveness
after T cell priming

Our findings suggest that pathogenic T cells are
generated by a SATB1-dependent mechanism. In
addition to its regulatory function during the priming
phase, SATB1 may also regulate T cell function during
the effector phase of EAE. To investigate whether SATB1
is necessary for maintaining the self-reactivity of T cells
after establishment of pathogenic responses, we gener-
ated SATB1cKOe mice by crossing SATB1-floxed mice
with ER-Cre mice to inducibly delete Satb1. Ten days
after s.c. immunization, we incubated DLN cells from
SATB1cKOe mice for 3 days with MOG35-55 peptide
and IL-23; after which, we adoptively transferred CD4
T cells i.v. into WT mice. All recipient control mice
developed EAE with similar clinical scores and time
courses (Fig. 6a). These results suggest that SATB1cKOe
mice normally generate neuroreactive T cells. Three days
after the transfer, we injected recipient mice intraperito-
neally with tamoxifen every other day for a total of
three injections (Days 3, 5 and 7) to delete Satb1 in donor
T cells. In contrast to control conditions, SATB1-
deficient T cells did not induce paralysis (Fig. 6a).

To examine the role of SATB1 in cytokine production
by T cells, we immunized SATB1cKOe mice with MOG
peptide or OVA in CFA and induced deletion of Satb1 in
these mice in the presence or absence of tamoxifen on
Days 11 and 13 after immunization. On Day 14, we
prepared CD4 T cells from DLN cells from these mice
and stimulated them with antigen-loaded irradiated
splenocytes from CD45.1 mice as antigen-presenting
cells. Recall cytokine production and intracellular
staining assays showed dose-dependent production of
IFN-g and IL-17 by cultures of SATB1-sufficient CD4
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Fig. 3. In vitro recall response to the MOG peptide for DLN cells from WT, SATB1cKOV, and SATB1cKOL mice. (a) Mice were
immunized with MOG in CFA. DLN cells were prepared 10 or 28 days after immunization and incubated with MOG peptide at the
indicated doses; proliferation was assessed on Day 3. Production of IL-2 (Day 1), IL-17 (Day 3), and IFN-g (Day 3) was determined by ELISA.
(b) DLN cells were prepared from na€ıve WT and SATB1cKOL mice or from mice on Day 10 after immunization, as described in the legend
of Figure 3(a). DLN cells were incubated with MOG peptide, after which intracellular expression of IL-17 and IFN-g was assessed. The
numbers in the light quadrants represent the percentages of all cells. � P< 0.05. One representative result of three independent
experiments is shown.
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Fig. 4. In vitro recall response to OVA for DLN cells from WT, SATB1cKOV and SATB1cKOL mice. (a) Mice were immunized with OVA in
CFA. DLN cells were prepared 10 or 28 days after immunization and incubated with OVA at the indicated doses; proliferation was assessed on
Day 3. Production of IL-2 (Day 1), IL-17 (Day 3), and IFN-g (Day 3) was determined by ELISA. (b) DLN cells were prepared from na€ıve WT and
SATB1cKOL mice or from mice on Day 10 after immunization, as described in the legend of Figure 4(a). DLN cells were incubated with OVA,
after which intracellular expression of IL-17 and IFN-g was assessed. The numbers in the light quadrants represent the percentages of all cells.
� P< 0.05. One representative result of three independent experiments is shown.
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T cells (Fig. 6b). In contrast, we barely detected cytokine
production in response to MOG peptide or OVA in
cultures of SATB1-deficient CD4 T cells (Fig. 6b). We
confirmed the defect in cytokine production by
intracellular staining (Fig. 6c), which suggests that
pathogenic CD4 T cells cannot produce cytokines in the
absence of SATB1 expression. These results suggest that
the lack of SATB1 in CD4 T cells after priming
suppresses production of effector cytokines for EAE
induction.
We also assessed whether proliferation of CD4 T

cells depends on Satb1 expression. Similar to cytokine
production, proliferative recall responses were dimin-
ished in cultures of SATB1-deficient CD4 T cells
(Fig. 6b). To investigate the role of SATB1 in antigen-
specific T cell responses in vivo, we used OTII mice
and OVA 323-339 tetramer. OTII mice express T cell
receptors specific for OVA 323-339 peptide and the
OVA tetramer is able to detect antigen-specific CD4 T
cell responses. We transferred OVA-specific CD4 T
cells prepared from SATB1cKOe-OTII mice into
RAG2�/� mice. We then labeled donor CD4 T cells
with the eFluor 670 cell proliferation-specific dye and
transferred them into recipient mice, after which we
treated some of these mice with tamoxifen and
administered OVA to all of them to stimulate donor
OTII cells. Three days after immunization, we assessed
dye-division proliferation by flow cytometry. As
shown in Figure 6d, most tetramer-positive donor
CD4 T cells (>80%) from mice that had not received
tamoxifen showed a divided profile. In contrast,
SATB1-deficient donor CD4 T cells failed to prolifer-
ate in response to OVA. These results using

SATB1cKOe mice suggest that: (i) SATB1 in CD4 T
cells is an essential factor for maintaining antigen
receptor responses; and (ii) SATB1 plays an important
role in T cell responses that is independent of its roles
in thymic development (17).

Encephalitogenic T cells lacking SATB1
partially retain the properties of Th17 cells

Th17 cells play an essential role in induction of
EAE (22, 23). There were enough Th17 cells for
induction of adoptive transfer of EAE under SATB1-
sufficient conditions (Fig. 6a). The same number of
tamoxifen-mediated SATB1-deficient CD4 T cells did
not induce EAE paralysis. Moreover, encephalitogenic
activity in T cells was almost abolished following
treatment with tamoxifen (Fig. 6). We suspect that
deletion of Satb1 induces Th17 cells to change from
being pathogenic to being suppressive. Furthermore,
given that SATB1 negatively regulates expression of
Foxp3 transcription factor (24), which regulates the
generation and function of Treg cells, loss of SATB1
may induce maturation of Treg cells. To investigate
this possibility, 10 days after s.c. immunization, we
incubated DLN cells prepared from SATB1cKOe mice
with MOG35-55 peptide and IL-23 (Th17 skew
condition) for 3 days, after which we adoptively
transferred CD4 T cells i.v. into CD45.1 WT mice. We
treated some of the recipient mice with tamoxifen on
Day 2 after the transfer. Next, we FACS-sorted CD45.2
donor CD4 T cells and assessed expression of Th17
cell-related genes. As shown in Figure 7a, there was
significantly less Satb1 in the presence of tamoxifen.
The Rorc and Il23r genes were similarly expressed in
SATB1-sufficient and SATB1-deficient CD45.2 CD4
T cells, suggesting that CD4 T cells lacking SATB1
partially maintain encephalitogenic properties. In
contrast, transcription of Il17a and Ifng pathogenic
cytokines was reduced in SATB1-deficient CD4 T
cells. Flow cytometry also showed that SATB1-
deficient cells had smaller intracellular IL-17 and
IFN-g-positive populations (Fig. 7b). We next
assessed whether CD4 T cells upregulate Foxp3
expression in the absence of SATB1. In contrast
to na€ıve CD4 T cells, SATB1-sufficient Th17 cells
showed weaker Foxp3 expression (Fig. 7a,b). More-
over, there was less rather than more Foxp3 mRNA
and protein in SATB1-deficient Th17 cells than in
SATB1-sufficient Th17 cells (Fig. 7a,b). These results
suggest that, even in the absence of SATB1 expression,
Th17 cells induced following treatment with MOG
peptide and IL-23 partially retain Th17 properties,
without undergoing reprogramming to suppressive Th

Fig. 5. Transfer of encephalitogenic T cells induces EAE in
SATB1-deficient mice. DLN cells were prepared from WT mice
10 days after immunization and incubated with MOG peptide and
IL-23 for 3 days. CD4 T cells were transferred i.v. into na€ıve WT,
SATB1cKOV or SATB1cKOL mice (n¼ 10). Representative results of
three independent experiments are shown as mean EAE
scores� SD.
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Fig. 6. SATB1 is an essential factor for T cell responses during the effector phase of EAE. (a) Encephalitogenic Th17 cells were prepared
from DLN cells derived from SATB1cKOe mice after immunization and stimulated with MOG peptide and IL-23. CD4 T cells were transferred into
na€ıve WT mice and Satb1 deleted by tamoxifen injection. Clinical status was monitored for 35 days. (b) SATB1cKOe mice were immunized with
MOG peptide or OVA in CFA and administered tamoxifen on Days 11 and 13 to delete Satb1. CD4 T cells were prepared from these mice on
Day 14 and restimulated with the MOG peptide or OVA presented by irradiated splenocytes from CD45.1 mice. Cytokine production and T cell
proliferation were assessed. �, Values differ significantly from those in control cells (SATB1-sufficient cells) under the same conditions (P< 0.05).
(c) IL-17þ and IFNgþ CD4 T cells in (b) were analyzed by intracellular staining for cytokines and flow cytometry. (d) CD4 T cells from SATB1cKOe-
OTII mice were labeled with Cell Proliferation Dye eFluor 670 and transferred into RAG2�/� mice. Recipient mice were treated with tamoxifen
and then injected with OVA. T cell proliferation was assessed via eFluor 670 dilution in treated (right) versus untreated (left) mice. Plot areas
gated on OVA 323-339 tetramerþ CD4þ.
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lineages. Combined with the results shown in Figure 5,
these data indicate that SATB1 contributes to the
antigen responses of CD4 T cells during the effector
phase.

Induction of Satb1 deletion in CD4 T cells
after the onset of EAE prevents disease
progression

Finally, to examine whether controlling SATB1 function
in T cells has any therapeutic potential for suppressing
progression of EAE, we immunized SATB1cKOe mice
with MOG35-55 peptide in CFA. Ten days after
immunization, we incubated DLN cells for 3 days with
MOG peptide and IL-23, after which we adoptively
transferred CD4 T cells into WT mice to induce transfer
EAE. After detecting the onset of the limp tail phenotype
(score 1 for EAE), we treated diseased mice with
tamoxifen to induce Satb1 deletion. The disease
progressed and became more severe in control mice
treated with tamoxifen-free oil. In contrast, signs of EAE
improved significantly in mice injected with tamoxifen
and the disease did not progress or become more severe
(Fig. 8). These results suggest that T cells lacking SATB1
attenuate antigen responsiveness during the effector
phase and that controlling SATB1 activity in T cells
allows the host to survive in the presence of autoimmune
disease.

DISCUSSION

Expression of SATB1 in thymocytes is highest at the
double-positive stage and decreases as the maturation
stage progresses (17). We first attempted to clarify
expression of SATB1 in T cells after crosslinking of
antigen receptors. A quantitative analysis in CD4 T cells
indicated that SATB1 is clearly expressed in response to
TCR stimulation. This increase in SATB1 expression is
considered to induce changes in the structure of
chromosomes, leading to increased expression of factors
involved in the effector function of the T helper cell

Fig. 7. Continued.

3
Fig. 7. Encephalitogenic gene expression in Th17 cells not
expressing SATB1. To prepare Th17 cells, DLN cells (CD45.2) from
MOG immunized SATB1cKOe mice were skewed using MOG peptide
and IL-23 and then transferred into recipient mice (CD45.1). Some of
these mice were treated with tamoxifen on Days 1, 3, and 5 after the
transfer. On Day 7, CD4þ CD45.2þ transferred donor T cells were
sorted from the spleen and lymph nodes of recipient mice using a
FACS Aria III cell sorter. (a) Quantitative PCR was used to measure
mRNA expression of Il17A, Ifng, Rorc, Il23r, Satb1 and Foxp3 in
donor CD4 T cells. �Values differ significantly from those in control
cells (SATB1-sufficient Th17 cells) under the same conditions
(P< 0.05). Experiments were conducted three times, with essentially
similar results. (b) CD45.2þ CD4þ Th17 cells from SATB1-deficient
mice (with tamoxifen) or SATB1-sufficient mice (without tamoxifen),
or control CD4 T cells from na€ıve C57BL/6 mice were assessed for
intracellular IL-17 or Foxp3 expression. The numbers in the squares
are the percentages of CD45.2þ CD4þ cells.
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subset. These data suggest that SATB1 is induced by TCR
signaling and that it plays important roles in peripheral
na€ıve T cells in regulating generation of antigen-specific
T cells andmaintaining the function of effector T cells. In
general, CD4 T cells differentiate into T helper cells after
stimulation of TCRs and cytokine receptors. SATB1
plays an important role in Th2 cells by controlling
chromosomal structure (11). Differentiation of na€ıve T
cells into Th2 cells (priming stage) is controlled by
nuclear events such as epigenetic modifications and
transcription. The transcription machinery prevents
spontaneous differentiation of na€ıve T cells into Th2
cells. Upon TCR stimulation, na€ıve T cells are stimulated
with a polarizing signal through the IL-4 receptor
pathway to upregulate expression of GATA-3. GATA-3
drives Th2 differentiation in a cell-autonomous
fashion. During the priming stage, the Th2-related
cytokine gene locus undergoes chromatin remodeling
and epigenetic modifications, which contribute to Th2
cell-related gene expression. SATB1 modulates forma-
tion of these chromosomal hubs (11). After differenti-
ation, Th2 cells produce Th2-related cytokines upon
TCR stimulation and GATA-3 upregulation. Similar to
that in Th2 cells, chromatin remodeling may contrib-
ute to regulation of encephalitogenic T cells (25). SWI/
SNF is an adenosine triphosphate-dependent chroma-
tin-remodeling complex. SRG3 (a SWI3-related gene)
enhances the function of the SWI/SNF complex by
stabilizing it (25, 26). SRG3-SWI/SNF-mediated chro-
matin remodeling in CD4 T cells facilitates EAE via
induction of Th17 cells (25). In addition, epigenetic
modification of histones following chromatin remod-
eling occurs during generation of Th17 cells from na€ıve

T cells. A cis element, conserved non-coding sequence
2, interacts with the promoters of Il17 and Il17f (27,
28). Conserved non-coding sequence 2 is bound by
p300 and JMJD3 (JmjC domain-containing protein 3)
histone remodeling enzymes, which modify the
acetylation status of histone H3 and inhibit the
suppressive histone marker H3K27me3, respectively,
increasing accessibility of RORgt to the Il17 and Il17f
gene promoters (28). These findings suggest that
SATB1 activity manipulates chromatin structure and
leads to development of Th17 cells. In this study, we
demonstrated that SATB1-deficient mice have severe
impairment of production of EAE-related cytokines
such as IFN-g and IL-17. This indicates that SATB1 is
necessary for generation of encephalitogenic Th17
cells. However, we did not determine how modulation
of chromatin structure in pathogenic T cells mediated
by SATB1 regulates T cell responses. While it is still
necessary to identify the molecular mechanism
underlying the SATB1-mediated differentiation of T
cells, the results of this study suggest that SATB1 is an
essential factor in formation of the chromatin hub
during the priming stage of Th cells.

In this study, we showed that SATB1cKOV and
SATB1cKOL mice are completely resistant to active
induction of EAE, which suggests that SATB1 is
required for generation of pathogenic Th cells. We also
found that pathogenic T cells lacking SATB1 expres-
sion, which we induced by tamoxifen treatment on
Day 2 after transfer into WT mice, failed to induce
EAE. We therefore investigated the possibility that
controlling SATB1 activity after the onset of symptoms
leads to inhibition of disease progression. We prepared
MOG-reactive Th17 cells from SATB1cKOe mice and
transferred them into healthy recipient mice. These
Th17 cells induced paralysis and resulted in progres-
sively severe disease; we used cells in which Satb1
deletion had not been induced as a control. In contrast,
mice injected with tamoxifen to induce deletion of
SATB1 did not exhibit palsied tails and legs or disease
progression. These results suggest that SATB1 is
necessary not only for induction of pathogenic gene
expression during the priming phase, but also for
retaining the pathogenic activity of T cells during the
effector phase. We have previously reported that
peripheral T cells from SATB1-deficient mice show
weak TCR signaling (17). Given that TCR signaling is a
common essential factor during the priming and
effector phases of EAE, SATB1 and its related
molecules may regulate antigen responses. Our results
suggest that donor encephalitogenic T cells barely
respond to CNS-antigens and are not sufficiently
pathogenic to induce autoimmune disease. Although

Fig. 8. Satb1 deletion in Th17 cells after the onset of
EAE alleviates clinical evidence of disease in EAE mice.
Encephalitogenic Th17 cells were prepared from DLN cells derived
from SATB1cKOe mice after immunization and stimulated with MOG
peptide and IL-23. CD4 T cells were transferred into na€ıve WT mice,
and Satb1 deleted by tamoxifen injection after the onset of EAE.
Clinical status was monitored for 30 days.

12 © 2018 The Authors. Microbiology and Immunology published by The Societies and John Wiley & Sons Australia, Ltd

Y. Akiba et al.



further studies are required to determine the molecular
mechanism underlying SATB1-mediated T cell re-
sponses, our findings have important implications for
regulation of SATB1 activity in the treatment of EAE
and/or Th17-mediated diseases.
We and others investigators have reported that

SATB1 is required for development of hematopoietic
cells and T cells (17, 29). In the thymic stage, T cell
progenitors develop into both conventional T cells and
thymic Treg cells. SATB1 binds Treg cell-specific
super-enhancers and upregulates expression of Treg-
related genes such as Foxp3 (24). Thus, SATB1-
dependent Treg super-enhancer activation is crucial
for Treg cell development. In addition, SATB1
regulates Foxp3 expression in conventional T cells (24).
Deletion of Satb1 in mature CD4 T cells derepresses
Foxp3 expression; SATB1-deficient conventional T
cells express Foxp3. A proportion of these Foxp3-
positive T cells convert from conventional T cells on
expressed CD25 on the cell surface and their activity is
suppressed (24). Treatment of donor T cells with
tamoxifen reduced SATB1 expression and EAE
pathogenicity in our transfer EAE model. In contrast
with the findings of a previous study, Foxp3 expression
is decreased in SATB-deficient T cells. On the basis of
these results, we reasoned that the loss of pathogenicity
in donor T cells in the absence of SATB1 expression is
independently regulated via SATB1-mediated dere-
pression of Foxp3 expression.
In summary, this is the first report on the role of

SATB1 expression in induction of autoimmune diseases
during in vivo pathogenic T cell responses. Our work
demonstrates that SATB1 regulates pathogenic Th17 cell
generation and effector function. Finally, we found that
deletion of Satb1 suppresses the self-reactive T cell-
mediated autoimmune disease, EAE, suggesting that
SATB1may be a promising target for treatment of T cell-
mediated autoimmune diseases.
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The role of fibrocytes in wound angiogenesis remains unclear. We therefore demonstrated the specific
changes in fibrocyte accumulation for angiogesis in basic fibroblast growth factor (bFGF)etreated
wounds. bFGF-treated wounds exhibited marked formation of arterioles and inhibition of
podoplaninþ lymph vessels that were lacking in vascular endothelial growth factor-Aetreated wounds.
Real-time PCR in bFGF-treated wounds manifested enhanced expression of CD34, CD31, and bFGF mRNA
and reduced expression of podoplanin and collagen type I, III, and IV mRNA. Double immunofluo-
rescence staining focusing on fibrocyte detection in bFGF-treated wounds showed increased formation
of capillary-like structures composed of CD34þ/procollagen Iþ fibrocytes, with a lack of capillary-like
structures formed by CD45þ/procollagen Iþ or CD11bþ/procollagen Iþ fibrocytes. However, vascular
endothelial growth factor-Aetreated wounds lacked capillary-like structures composed of CD34þ/pro-
collagen Iþ fibrocytes, with increased numbers of CD34þ/fetal liver kinase-1þ endothelial progenitor
cells. Furthermore, fibroblast growth factor receptor 1 siRNA injection into wounds, followed by bFGF,
inhibited the formation of capillary-like structures composed of CD34þ/procollagen Iþ fibrocytes,
together with inhibited mRNA expression of CD34 and CD31 and enhanced mRNA expression of collagen
type I, indicating the requirements of bFGF/fibroblast growth factor receptor 1 system for capillary
structure formation. This study highlights the angiogenic properties of CD34þ/procollagen Iþ fibrocytes
specifically induced by bFGF, providing new insight into the active contribution of fibrocytes for
vascular formation during wound healing. (Am J Pathol 2016, 186: 3203e3216; http://dx.doi.org/
10.1016/j.ajpath.2016.08.015)
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Wound healing is a complex process, and the mechanisms
underlying granulation tissue formation remain obscure.
Among the types of granulation tissue cells, fibroblasts have
distinctive functions and have been postulated to partly
originate from peripheral blood cells. Numerous studies
have explored the pathways by which peripheral mono-
nuclear cells undergo differentiation into fibroblasts.

A distinct population of bone marrowederived cells with
fibroblast-like properties was described by Bucala et al1 that
were termed fibrocytes and account for 0.1% to 0.5% of
circulating leukocytes in the peripheral blood. Cultured
fibrocytes display coexpression of a hematopoietic stem cell
marker (CD34), leukocyte common antigen (CD45),
monocyte lineage markers, such as CD11b, CD13, and
stigative Pathology. Published by Elsevier Inc
major histocompatibility complex class II, and fibroblastic
markers, such as collagens I, III, and IV, procollagen I, and
fibronectin.1e5 These cells also secrete proinflammatory
cytokines, such as tumor necrosis factor, matrix
metalloproteinase-9, IL-6, IL-8, and IL-10,1e5 and express
various chemokine receptors, such as CCR7 and chemokine
receptor type 4, that regulate recruitment of inflammatory
. All rights reserved.
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Figure 1 Full-thickness wounds in the dorsal skin of Sprague-Dawley
rats. A: Four full-thickness wounds, a diameter of 10 mm, were gener-
ated in the dorsal skin of Sprague-Dawley rats using a biopsy punch. Two
wounds on the right side were treated with the artificial dermis that had
been immersed in basic fibroblast growth factor (bFGF) or vascular endo-
thelial growth factor (VEGF)-A. B and C: Histology of transverse sections of
bFGF-treated [bFGF(þ)] wounds on days 4 (B) and 6 (C) after operation.
Hematoxylin and eosin staining was used. Scale bars Z 500 mm (B and C).
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cells.6e9 Based on these findings, fibrocytes have been
assumed to play a pivotal role in both wound healing10e12

and the development of tissue fibrosis in certain fibrotic
diseases.9,13e17 During the process of tissue fibrosis, fibro-
cytes have been speculated to infiltrate the extravascular
tissues and differentiate into myofibroblasts, leading to
collagen production and subsequent fibrosis.2,18 However,
the mechanisms underlying granulation tissue formation
mediated by fibrocytes in wounds, especially those under-
lying the role of fibrocytes in angiogenesis, remain obscure.

Recent accumulating evidence suggested that fibrocytes
could play an important role in angiogenesis, because
in vitro evidence indicated that fibrocytes express high
levels of angiogenetic growth factors, such as vascular
endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF), and platelet-derived growth factor.5 Further
investigations provided supporting evidence for an angio-
genic role of fibrocytes, by demonstrating that the culture
medium of fibrocytes promoted angiogenesis in vitro and
in vivo.19,20 These combined findings indicate that fibro-
cytes can act as a positive regulator of angiogenesis.
However, a recent investigation demonstrated that fibro-
cytes can also play a role as a negative regulator of angio-
genesis, because certain types of fibrocytes secrete
angiogenesis inhibitors.21 Therefore, the angiogenetic
properties of fibrocytes and the role of specific subtypes of
fibrocytes in angiogenesis during wound healing need to be
clarified.

The growth factor bFGF plays a role as a potent inducer
of angiogenesis because it can enhance mitogenesis of
endothelial cells. bFGF is also a positive regulator of
angiogenesis by recruitment of inflammatory cells, such as
monocytes, macrophages, and neutrophils, as a result of its
up-regulation of the expression of various chemokines, such
as chemokine (C-C motif) ligands 2 and 7 and CXCL1.22

VEGF-A is an important growth factor for promotion of
the early events of angiogenesis, particularly for the
promotion of endothelial cell migration.23 Therefore, the
contribution of bFGF to fibrocyte recruitment during
the process of angiogenesis needs to be investigated. Our
aim was to examine the role of fibrocytes in angiogenesis in
wound healing and then to clarify the mechanisms by which
bFGF promotes angiogenesis in wounds and how such
mechanisms might involve angiogenic properties of
fibrocytes.

Materials and Methods

Animals

All experimental studies were approved by Toho University
Laboratory Animal Research Committee (authorization
number 15-33-239), complied with the Guidelines on Ani-
mal Experiments of Toho University in accordance with the
Japanese Government Animal Protection and Management
Law (number 105), and conformed to the European Union
3204
Directive 2010/63/EU for Animal Experiments. Male
Sprague-Dawley rats were purchased from CLEA Japan,
Inc. (Tokyo, Japan) and were acclimatized in our laboratory
for �7 days before use.
Skin Wounding

Sprague-Dawley rats were anesthetized with isoflurane
(WAKO Pure Chemical Industries, Ltd, Osaka, Japan) at a
concentration of 3% in oxygen, using a precision vaporizer
(TK-7; Bio Machinery Co Ltd, Chiba, Japan). The
following four treatment groups were established: a control
group and a bFGF group in which phosphate-buffered saline
(PBS) and 10 ng of bFGF (100 ng/mL; Kaken Pharma-
ceutical Co Ltd, Tokyo, Japan), respectively, were applied
onto full-thickness wounds. The last two groups were a
control group and a VEGF-A (Peprotech, Rocky Hill, NJ)
group, in which PBS and 1 mg of VEGF-A, respectively,
were applied onto full-thickness wounds. A total of 20 male
Sprague-Dawley rats (body weight, 390 to 400 g) were used
for this study. The rats were randomly assigned to one of the
four groups before surgery, and the groups were evaluated
on days 2, 4, 6, 7, and 14 postoperatively. Before incision,
the back was clipped and disinfected with Hibitane (5%
chlorhexidine gluconate; AstraZeneca Pharmaceutical Co,
Osaka, Japan) containing alcohol. For each rat, four full-
thickness wounds (10 mm in diameter) composed of
two bFGF-treated wounds and two PBS-treated wounds or
two VEGF-Aetreated wounds and two PBS-treated wounds
were generated on the dorsal skin using a biopsy punch (Kai
Industries Co, Ltd, Gifu, Japan). After the generation of full-
thickness wounds at 2-cm intervals, a bFGF- or VEGF-
Aetreated artificial dermis (Pelnac; Gunze Corp., Osaka,
Japan) was prepared by dropping 0.1 mL of PBS containing
bFGF or VEGF-A onto the artificial dermis (Figure 1A).
The full-thickness wounds were then treated with the arti-
ficial dermis that had been immersed in bFGF or VEGF-A.
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Fibrocytes in Angiogenesis
To protect against dehydration and infection, wounds were
covered with occlusive polyurethane foam dressings
(Hydrosite plus; Smith & Nephew Wound Management
KK, Tokyo, Japan) that were fixed using nylon sutures
(A18-40N3; Natsume Seisakusho, Tokyo, Japan). Each
treatment was assigned to a different position on the dorsal
skin to eliminate any effect of wound placement. Groups of
rats received in the animal-euthanizing chambers were
euthanized by using carbon dioxide fed from a gas feeder
(KN-750-2-A; Natsume Seisakusho) on days 2, 4, 6, 7, and
14 postoperatively, with a total of 16 wounds (four bFGF-
treated wounds and four PBS-treated wounds or four
VEGF-treated wounds and four PBS-treated wounds)
obtained on each day. For the following examination, the
wound and surrounding tissue, including the entire wound
bed, were excised. Excised tissue samples were then cut into
two pieces. One piece was fixed in buffered 4% para-
formaldehyde for histologic examination and embedded
in paraffin, according to standard protocols (Figure 1, B
and C). Another piece was excised for RNA extraction and
was stored at �20�C in a deep freezer.

Histologic Analysis

Histologic analysis was performed according to methods
described previously.24 Briefly, for identification of four
different histologic types of vessels (capillaries, arterioles,
arteries, and lymph vessels), horizontal sections of the
wound granulation tissue stained by the triple immunohis-
tochemical staining method described below were scanned
using ImageJ software version 1.41 (NIH, Bethesda, MD;
http://imagej.nih.gov/ij), and the digital images were
analyzed. Three unbiased observers (Y.A.-F., T.M., and
K.O.) randomly selected 10 fields in granulation tissues per
tissue section. In each field, they counted the number of four
types of vessels (capillaries, arterioles, arteries, and lymph
vessels) at �80 magnification, and the average number of
each type of vessel per field was finally calculated as the
density of each type of vessel.

For counting of fibrocytes, the three observers also
assessed the number of double-positive fibrocytes. Ten to
twelve randomly selected fields in granulation tissues per
tissue section were examined, and the numbers of double-
positive fibrocytes were counted and calculated as the mean
number of positively stained cells per total number of
DAPI-positive granulation tissue cells at �80 magnification.

We conducted immunohistochemical staining for count-
ing the numbers of vessels using von Willebrand factor
(vWF) antibody, as described previously.25,26 The primary
antibody was a rabbit anti-vWF antibody at a dilution of
1:100 that had been purchased from Abcam, Inc. (ab6994;
Cambridge, MA). The secondary antibody/reagent was
Envisionþ mouse peroxidase detection system that had been
purchased from Dako (K4001; Glostrup, Denmark).

We conducted triple immunohistochemical staining for
identification of four different types of vessels (capillaries,
The American Journal of Pathology - ajp.amjpathol.org
arterioles, arteries, and lymph vessels) using anti-CD34,
antiea-smooth muscle actin (a-SMA), and anti-podoplanin
antibodies. Sections were heated to 95�C for 5 minutes in a
jar with an antigen activation solution at pH 9 (Nichirei
Corp., Tokyo, Japan) and were then incubated with rabbit
anti-CD34 (ab150060; Abcam, Inc.) and mouse anti-
podoplanin antibodies (D2-40) (NB120-11842; Novus
Biologicals, Littleton, CO) at dilutions both of 1:100. The
sections were washed with Tris-buffered saline containing
0.05% Tween 20, incubated with anti-rabbit alkaline phos-
phataseeconjugated secondary antibodies (Nichirei Corp.)
at a dilution of 1:100, and further incubated with the New
Fuchsin substrate solution (Nichirei Corp.). After washing
with Tris-buffered saline containing 0.05% Tween 20, the
sections were incubated with biotin-conjugated secondary
antibodies directed against mouse (BA2000; Vector Labo-
ratories, Burlingame, CA) and with streptavidin conjugated
to horseradish peroxidase (Nichirei Corp.) at dilutions both
of 1:100 and were further incubated with the Deep Space
Black Chromogen Kit (Biocare Medical, Concord, CA).
After washing with Tris-buffered saline containing 0.05%
Tween 20, the sections were incubated with a mouse
antiea-SMA antibody, followed by a streptavidin-biotin-
peroxidase complex (U7033; Dako) at dilutions both of
1:100 and staining with 3,30-diaminobenzidine (Dako).

We conducted double immunofluorescence (IF) staining
for identification of fibrocytes, as described previously.10,20

The primary antibodies were as follows: a rabbit anti-CD34
antibody (ab150060) at a dilution of 1:100, a rabbit anti-
CD45 antibody (ab10558) at a dilution of 1:100, a rabbit
anti-CD11b antibody (ab75476) at a dilution of 1:200, and a
mouse anti-fibroblast growth factor receptor 1 (FGFR1)
antibody (ab829) at a dilution of 1:100, which were all
purchased from Abcam, Inc. A goat anti-procollagen I
antibody (sc25973) at a dilution of 1:100 was purchased
from Santa Cruz Biotechnology, Inc. (Dallas, TX). The
secondary antibodies used were as follows: biotin-
conjugated secondary antibodies directed against goat
(BA9500), biotin-conjugated secondary antibodies directed
against mouse (BA2000), Texas Red avidin D (A2006),
Texas Red anti-goat IgG antibody (TI-5000), and
fluorescein avidin D (A2001), which had been all
purchased from Vector Laboratories. Fluorescein
isothiocyanateeconjugated anti-rabbit immunoglobulins
(F0205) were purchased from Dako. Negative controls were
generated by incubating tissue sections (bFGF-treated
wounds on day 6) with Ig from the same species [goat Ig
(I-5000; Vector Laboratories) and rabbit Ig (I-1000; Vector
Laboratories)] at the same final concentration, but with no
primary antibody. Unstained controls were generated by
incubating tissue sections (bFGF-treated wounds on day 6)
with PBS, but with no primary antibody.

For identification of endothelial progenitor cells, double
IF staining was performed as described previously.27 The
primary antibodies were as follows: a rabbit anti-CD34
antibody (ab150060; Abcam, Inc.) at a dilution of 1:100
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and a mouse anti-fetal liver kinase (Flk)-1 antibody
(sc393163; Santa Cruz Biotechnology, Inc.) at a dilution of
1:100. The secondary antibodies used were as follows:
biotin-conjugated secondary antibodies directed against
mouse (BA2000) were purchased from Vector Laboratories.
Fluorescein isothiocyanateeconjugated swine anti-rabbit
immunoglobulins (F0205) and Texas Red avidin D
(A2006) were purchased from Dako and Vector Labora-
tories, respectively.

Cellular colocalization was evaluated using Graphic
Converter Universal Binary software version 6.1.2J (Lemke
Software GmbH, Peine, Germany).
RNA Interference

siRNA targeting the human and rat FGFR1 mRNA (http://
www.ncbi.nlm.nih.gov/nuccore/D12498.1; accession num-
ber D12498.1) was designed and synthesized by Nippon
Gene Co, Ltd (Toyama, Japan). The siRNA sense strand
sequence was as follows: CCAAUGAGCUGUACAU-
GAUdTdT. As a negative control, control siRNA (scram-
bled siRNA; sc37007) was purchased from Santa Cruz
Biotechnology, Inc. The synthesized siRNAs were
dissolved in TransIT-QR hydrodynamic delivery solution
(Mirus Bio LCC, Madison, WI), which also served as
control, and were injected into rat skin. The rats were dosed
with a single intradermal injection of 20 mg of siRNA
(siFGFR1 group) or control siRNA (siCON group) per rat,
three times at intervals of 2 days, with two rats in each
group. bFGF treatment after siRNA injection was performed
as follows. At 24 hours after the last injection, full-thickness
wounds 10 mm in diameter were generated on the siRNA-
injected sites using a biopsy punch (Kai Industries Co,
Ltd). After the generation of full-thickness wounds that had
been injected with siRNA (siFGFR1 group) or control
siRNA (siCON group), the full-thickness wounds were
treated with the bFGF-treated artificial dermis (Pelnac), as
described above. At 2, 4, 6, 7, and 14 days after bFGF
treatment, skin tissue samples were excised from the
wounds and were cut into two pieces, one for immunohis-
tochemistry and one for PCR analysis.
RNA Isolation and Quantitative RT-PCR

Tissue samples excised from wounds were homogenized in
FastPrep-24 (MPBiomedicals, Solon, OH), and the RNAwas
isolated using NucleoSpin RNA (Macherey-Nagel, Düren,
Germany) and then reverse transcribed using the PrimeScript
RT Reagent Kit (Takara Bio Inc., Kyoto, Japan). Target gene
expression was estimated using TaqMan gene expression as-
says specific for CD34 (Rn03416140), CD31 (Rn01467262),
podoplanin (Rn01637526), bFGF (Rn00570809), FGFR1
(Rn01478647), and b-actin (Rn01759928) (Applied
Biosystems, Foster, CA).28 Relative quantification and
statistics were estimated as the mean of three replicate assays
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calculated by the 7500 FAST sequence detection software
version 2.3 (Applied Biosystems).

Statistical Analysis

Results are presented asmeans�SEM.Statistical significance
for two-group comparisons in quantitative RT-PCR analysis
was determined using unpaired t-tests using GraphPad
QuickCalcs (GraphPad Software, Inc., La Jolla, CA; http://
www.graphpad.com/quickcalcs/ttest2). Comparisons of the
numbers of immunohistochemical-positive vessels and IF-
positive fibrocytes between two groups (bFGF versus con-
trol or VEGF versus control) were statistically analyzed using
one-way analysis of variance, followed by Bonferroni’s post
hoc test. Differences with P < 0.05 were considered statisti-
cally significant.

Results

bFGF Treatment Promotes Angiogenesis and Inhibits
Collagen mRNA Expression

We first assessed the number of vWF-positive (vWFþ)
vessels, including capillaries, arterioles, arteries, and lymph
vessels, in bFGF-treated or control wounds on days 2, 4, 6, 7,
and 14 after operation. The average number of vWFþ vessels
per field was significantly greater in the bFGF-treated
wounds than in the control wounds on day 6 (P < 0.05)
(Figure 2A). In addition, the average number of vWFþ

vessels per field was significantly greater in the VEGF-
Aetreated wounds than in the control wounds observed on
days 2 and 4 (P < 0.05) (Figure 2B). We further confirmed
the positive effects of bFGF on angiogenesis by assessing the
mRNA expression levels of the two endothelial cell markers,
CD34 and CD31, using quantitative RT-PCR (real-time
PCR). Compared to the control, bFGF-treated wounds
showed a significant increase in CD34 mRNA expression on
days 4, 6, and 14 (P < 0.0001) (Figure 2C). CD31 mRNA
expression was also significantly higher in bFGF-treated
wounds than in control wounds on days 4 and 14
(P Z 0.0011 and P Z 0.0001, respectively) (Figure 2D).
These combined data further confirmed a positive effect of
bFGF on angiogenesis. Regarding collagen expression in
wounds, bFGF treatment for 6 days significantly decreased
expression of collagen type I, III, and IV mRNA compared to
control wounds (P < 0.0001) (Figure 2, EeG). bFGF
treatment for 14 days also significantly decreased expression
of collagen type I, III, and IV mRNA expression compared to
control wounds (P < 0.0001, P Z 0.0002, and P < 0.0001,
respectively) (Figure 2, EeG). No significant difference in
the three types of collagen mRNA expression was evident
between bFGF-treated and control wounds on day 4
(Figure 2, EeG). On the other hand, bFGF mRNA expres-
sion in bFGF-treated wounds was significantly higher than
that in control wounds on all three days (P < 0.0001)
(Figure 2H). This suggests that the persistent induction of
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Positive effects of basic fibroblast
growth factor (bFGF) on vascular formation in
wounds. A and B: Wounds were treated with (þ) or
without (�) bFGF (A) or vascular endothelial
growth factor (VEGF; B). Ten to twelve randomly
selected fields in wounds per tissue section were
then examined, and the number of von Willebrand
factor (vWF)þ vessels per field were counted on
days 2, 4, 6, 7, and 14 after wounding and aver-
aged. CeG: Enhanced expression of CD34, CD31,
collagen type I, III, and IV, and bFGF mRNA in
bFGF-treated [bFGF(þ)] wounds. Real-time PCR
analysis of CD34 (C), CD31 (D), collagen type I (E),
III (F), and IV (G), and bFGF (H) mRNA expression
in wounds on days 4, 6, and 14 after wounding. All
values are presented as the means � SEM (AeH).
*P < 0.05 versus bFGF(�) or versus VEGF(�);
**P < 0.01, ***P < 0.001 versus nonebFGF-
treated [bFGF(�)], as determined by t-test.

Fibrocytes in Angiogenesis
bFGF mRNA after bFGF treatment contributes to enhanced
angiogenesis and inhibited collagen mRNA expression in
bFGF-treated wounds.

Specific Changes in Vascular Components in
bFGF-Treated Wounds

We next assessed the vessel densities in four different
types of vessels in bFGF- or VEGF-Aetreated wounds on
days 2, 4, 6, 7, and 14 after operation. We considered
immunohistochemically stained CD34þ/a-SMAe vessels
as capillaries, CD34þ/a-SMAþ vessels in the thin smooth
The American Journal of Pathology - ajp.amjpathol.org
muscle layer as arterioles, CD34þ/a-SMAþ vessels in the
thick smooth muscle layer as arteries, and
podoplaninþ vessels as lymph vessels (Figure 3A). Data
from bFGF-treated wounds demonstrated significantly
greater values of capillary density on day 6 and of arte-
riole density on days 4 and 6 compared with control
wounds (P < 0.05). VEGF-Aetreated wounds showed
significantly higher values of capillary density on day 4
and of lymph vessel density on days 4 and 6, whereas
VEGF-A treatment did not affect the values of arteriole
density compared to control at all time points. The values
of podoplaninþ lymph vessel density were significantly
3207

http://ajp.amjpathol.org


Figure 3 Specific changes in vascular components in basic fibroblast growth factor (bFGF)etreated
wounds during healing. A: Triple immunohistochemistry for CD34 (red), podoplanin (black), and
a-smooth muscle actin (a-SMA; brown) in wound granulation tissues on day 6 after operation. Red
arrowheads, black arrowheads, and the black arrow highlight CD34þ vessels, podoplaninþ lymph
vessels, and an a-SMAþ vessel, respectively. B: Changes in the values of vessel densities in capillaries,
arterioles, arteries, and lymph vessels in bFGF- and vascular endothelial growth factor (VEGF)-Aetreated
wounds on days 2, 4, 6, 7, and 14 after operation. Ten randomly selected fields in wounds per tissue
section were examined, and the number of these four histologic types of vessels per field was counted
in each type of vessel in the bFGF- or VEGF-treated wounds and their respective controls. The average
value of vessel density was calculated in each type of vessel. C: Inhibition of podoplanin mRNA
expression in bFGF-treated wounds [bFGF(þ)] on day 6. Real-time PCR analysis of the mRNA expression
of podoplanin was performed on days 4, 6, and 14 after treatment. All values are presented as the
means � SEM (B and C). *P < 0.05 versus non-treated control, arbitrary units; **P < 0.01 versus
nonebFGF treated [bFGF(�)], as determined by t-test. Scale bar Z 10 mm (A).
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lower in bFGF-treated wounds than in control wounds on
days 6 and 7 (P < 0.05), whereas they were significantly
greater in VEGF-Aetreated wounds than in
control wounds on days 4 and 6 (P < 0.05) (Figure 3B).
We then conducted real-time PCR analysis of podoplanin
mRNA expression in bFGF-treated wounds and found
that bFGF-treated wounds showed significantly lower
levels of podoplanin mRNA when compared with control
wounds on day 6 (P Z 0.0011) (Figure 3C).
The combined data suggested that bFGF treatment
specifically up-regulated arterioles in treated wounds on
day 6.
3208
bFGF Treatment Induces Capillary-Like Structures
Composed of Fibrocytes

Double IF staining focusing on the detection of fibrocytes
demonstrated that CD34þ/procollagen Iþ fibrocyte was
almost absent from the wounds on day 2, irrespective of
bFGF treatment. However, on day 4, bFGF-treated wounds
displayed a loose cellular network that was mainly
composed of CD34þ/procollagen Iþ fibrocytes (Figure 4,
AeC). This network was almost absent from nonebFGF-
treated wounds (Figure 4D). On day 6, the CD34þ/pro-
collagen Iþ fibrocytes in the bFGF-treated wounds
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Basic fibroblast growth factor (bFGF) induces capillary-like
structures composed of CD34þ/procollagen Iþ fibrocytes in wounds.
AeK: Double-immunofluorescence staining of CD34 (green) and pro-
collagen I (red) in wounds on days 4 and 6 after operation. The merged
images show CD34þ/procollagen Iþ double-positive fibrocytes as yellow
fluorescence (arrowheads). C: A loose cellular network structure mainly
composed of double-positive fibrocytes (arrowheads) in bFGF-treated
[bFGF(þ)] wounds on day 4. Inset: High-power view of part of the
loose cellular network indicated by the arrow. G: A tubular
structure composed of double-positive fibrocytes in a bFGF-treated wound
on day 6 (arrowheads). Top right inset: High-power view of the tubular
structure indicated by the arrowhead at right. Bottom left inset: High-
power view of a single double-positive fibrocyte (arrow) infiltrating
outside of the tubular structure. K: A tubular structure composed of
double-positive fibrocytes is a blood vessel containing red blood cells
within the lumen. Red blood cells (arrowhead) are identified as
yellow because of autofluorescence. Inset: High-power view of red blood
cells within the lumen of tubular structure indicated by the arrowhead.
Nuclei were stained with DAPI (blue). L: Negative control staining.
Negative controls were generated by incubating tissue sections (bFGF-
treated wounds on day 6) with Ig from the same species (rabbit Ig and
goat Ig) at the same final concentration, but with no primary antibody. M:
Unstained control staining. Unstained controls were generated by incu-
bating tissue sections (bFGF-treated wounds on day 6) with phosphate-
buffered saline, but with no primary antibody. Nuclei were stained with
DAPI (blue). N: Number of CD34þ/procollagen Iþ fibrocytes in bFGF-
treated [bFGF(þ)] wounds on days 2, 4, 6, 7, and 14 after treatment.
Ten to twelve randomly selected fields in wounds were examined per tissue
section, and the number of CD34þ/procollagen Iþ fibrocytes in granula-
tion tissues was counted. The percentage of CD34þ/procollagen Iþ

fibrocytes was calculated as the mean number of double-positive cells
relative to the total number of DAPI-positive granulation tissue cells. All
values are presented as the means � SEM (N). *P < 0.05 versus
nonebFGF-treated wounds [bFGF(�)]. Scale bars Z 10 mm (AeM).
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Figure 5 Basic fibroblast growth factor (bFGF)etreated wounds do not show significant change in CD45þ/procollagen Iþ or CD11bþ/procollagen Iþ

fibrocytes. A and B: Double-immunofluorescence staining of CD45 (green) and procollagen I (red; A) or CD11b (green) and procollagen I (red; B) in wounds on
day 6 after bFGF treatment. Merged images show CD45/procollagen I (A) or CD11b/procollagen I (B) double-positive fibrocytes as yellow fluorescence (ar-
rows). Nuclei were stained with DAPI (blue). C and D: Comparison of the number of CD45þ/procollagen Iþ fibrocytes (C) and CD11bþ/procollagen Iþ fibrocytes
(D) between bFGF-treated [bFGF(þ)] and non-treated [bFGF(�)] control wounds. Ten to twelve randomly selected fields in wounds were examined per tissue
section. The percentage of double-positive fibrocytes in the granulation tissues was calculated as the mean number of positive cells relative to the total
number of DAPI-positive granulation tissue cells. All values are presented as the means � SEM (C and D). Scale bars Z 10 mm (A and B).
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appeared to form thin-walled, capillary-like structures
containing erythrocytes within the lumen (Figure 4, EeG,
IeM), whereas nonebFGF-treated wounds lacked these
capillary-like structures (Figure 4H). By day 14, the
capillary-like structures formed by CD34þ/procollagen Iþ

fibrocytes were almost absent from the wounds, irre-
spective of bFGF treatment, and were accompanied by a
general reduction in vascularity. As shown in Figure 4N,
the number of CD34þ/procollagen Iþ fibrocytes in bFGF-
treated wounds increased rapidly after wound generation,
peaked by day 6, and then declined toward day 14. The
average numbers of CD34þ/procollagen Iþ fibrocytes were
significantly increased compared with the control wounds
on days 4, 6, and 7 (P < 0.05), whereas no difference was
evident between bFGF-treated and nonebFGF-treated
wounds on day 14 (Figure 4N). To confirm the specific
induction of CD34þ/procollagen Iþ fibrocytes by bFGF
treatment, we monitored the effect of bFGF on the accu-
mulation of two other types of fibrocytes that were positive
for CD45/procollagen I or CD11b/procollagen I (Figure 5,
A and B). Although CD45þ/procollagen Iþ and CD11bþ/
procollagen Iþ fibrocytes also increased in number after
wound generation, no differences in the numbers of these
two types of fibrocytes were found between bFGF-treated
and nonebFGF-treated wounds (Figure 5, C and D).
Furthermore, bFGF-treated wounds lacked capillary-like
3210
structures composed of either type of fibrocyte (ie, dou-
ble positive for CD45/procollagen I or CD11b/procollagen
I), at all time points (Figure 5, A and B). The combined
data indicated that bFGF treatment specifically induces
capillary-like structures composed of CD34þ/procollagen
Iþ fibrocytes in wounds.

The bFGF/FGFR1 System Is Required for the
Accumulation of CD34þ/Procollagen Iþ Fibrocytes in
Wounds

To confirm the specific accumulation of CD34þ/pro-
collagen Iþ fibrocytes in bFGF-treated wounds, we next
immunohistochemically analyzed the effect of VEGF-A
treatment on the formation of these fibrocytes in
wounds. In VEGF-Aetreated wounds, CD34þ/procolla-
gen Iþ fibrocytes on day 7 were mainly clustered around
tubular structures in the wounds, which were clearly
distinct from the capillary-like structures composed of
CD34þ/procollagen Iþ fibrocytes in the bFGF-treated
wounds (Figure 6A). No difference in the number of
CD34þ/procollagen Iþ fibrocytes compared to control
was found in the VEGF-Aetreated wounds over the
entire course, except on day 4 (Figure 6B). In addition,
we conducted double IF staining for CD34 and the typical
endothelial progenitor cell marker Flk-1, and compared
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Vascular endothelial growth factor (VEGF)-Aetreated wounds do not show capillary-like structures composed of CD34þ/procollagen Iþ fibrocytes.
A: Double-immunofluorescence staining of CD34 (green) and procollagen I (red) in wounds on days 4 and 7 after VEGF-A treatment. Merged images showing
CD34þ (green)/procollagen Iþ (red) fibrocytes are identified as yellow fluorescence (arrows). VEGF-Aetreated wounds displayed CD34þ/procollagen Iþ

fibrocytes mainly clustered around thin-walled tubular structures. Nuclei were stained with DAPI (blue). B: The number of CD34þ/procollagen Iþ fibrocytes in
VEGF-Aetreated [VEGF(þ)] and non-treated [VEGF(�)] wounds on days 2, 4, 6, 7, and 14 after treatment. Ten to twelve randomly selected fields in wounds
were examined per tissue section. The percentage of double-positive fibrocytes in granulation tissues was calculated as the mean number of positive cells
relative to the total number of DAPI-positive granulation tissue cells. All values are presented as the means � SEM (B). *P < 0.05 versus noneVEGF-Aetreated
wounds. Scale bars Z 10 mm (A).
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the expression patterns of CD34þ/Flk-1þ cells between
VEGF-Ae and bFGF-treated wounds. In this analysis,
CD34þ/Flk-1þ cells on day 4 mainly clustered
within tubular structures in VEGF-Aetreated wounds
(Figure 7A), whereas similar structures were almost ab-
sent in bFGF-treated wounds as well as in the respective
controls for the wounds treated with either cytokine
(Figure 7, BeD). The number of CD34þ/Flk-1þ cells in
VEGF-Aetreated wounds was markedly increased on
days 2 and 4 and was significantly higher than that in the
control wounds (P < 0.05) (Figure 7E). However, in
bFGF-treated wounds, the number of double-positive
cells on day 4 was lower than that in VEGF-Aetreated
wounds and was not significantly different from that in
control wounds over the entire course (Figure 7F).

To further assess the specificity of bFGF-induced
capillary-like structures, we knocked down FGFR1 by
FGFR1 siRNA injection. Before knockdown by FGFR1
siRNA, double IF staining for FGFR1 expression in
CD34-positive cells demonstrated FGFR1 expression in
the CD34-positive cells that partially formed capillary
structures in bFGF-treated wounds (Figure 8A), indi-
cating that CD34þ/procollagen Iþ fibrocytes could ex-
press FGFR1. We next injected FGFR1 siRNA, followed
by bFGF treatment, on days 2, 4, 6, 7, and 14. The FGFR1
siRNA (siFGFR1)-treated group showed significantly
The American Journal of Pathology - ajp.amjpathol.org
decreased FGFR1 mRNA expression on days 4, 6, and 7
after bFGF treatment (P Z 0.0002, P < 0.0001, and
P Z 0.0001, respectively) (Figure 8B), confirming the
effectiveness of FGFR1 knockdown by FGFR1 siRNA
injection. Double IF staining for estimation of the effect
of FGFR1 knockdown on capillary-like structure forma-
tion showed that there were fewer capillary-like structures
with CD34þ/procollagen Iþ fibrocytes in the siFGFR1
group than in the respective siRNA control (siCON)-
treated group (Figure 8C). Accordingly, the number of
CD34þ/procollagen Iþ fibrocytes in the siFGFR1 group
was significantly decreased compared with that in the
respective siCON group on days 4, 6, and 7 (P < 0.05)
(Figure 8D). The decline in the number of capillary-like
structures in the siFGFR1 group was confirmed using
real-time PCR analysis of CD34 and CD31 mRNA
expression on day 6, which showed that the siFGFR1
group exhibited significantly decreased expression of
CD34 and CD31 mRNA compared with the respective
siCON control (CD34, P < 0.0001; CD31, P < 0.0001)
(Figure 8E). The siFGFR1 group on day 6 also showed
significantly decreased expression of collagen III and IV
mRNA (P < 0.0001), whereas the same group exhibited
increased expression of collagen type I mRNA compared
to the siCON control (Figure 8F). The expression of
CD34, CD31, and collagen type I mRNA in the siFGFR1
3211
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Figure 7 Different expression patterns of
CD34þ/fatal liver kinase-1 (Flk-1)þ cells between
vascular endothelial growth factor (VEGF)-Ae and
basic fibroblast growth factor (bFGF)etreated
wounds. AeD: Double-immunofluorescence stain-
ing of CD34 (green) and Flk-1 (red) in wounds after
VEGF-A and bFGF treatment. Arrowheads indicate
single-positive (CD34 or Flk-1) cells. CD34þ/Flk-1þ

cells in VEGF-Aetreated (A) and noneVEGF-Ae
treated [VEGF(�)] control (B) wounds, and in
bFGF-treated [FGF(þ)] (C) and non-FGF [FGF(�)]
control (D) wounds, on day 4. The merged images
show CD34 (green)/Flk-1 (red) double-positive
cells as yellow fluorescence (arrows). Nuclei were
stained with DAPI (blue). In A, the double-positive
cells are mainly located in a tubular structure close
to the lumen. E: Comparison of the number of
CD34þ/Flk-1þ cells in VEGF-Aetreated [VEGF(þ)]
and untreated [VEGF(�)] wounds on days 2, 4, 6,
7, and 14 after treatment. F: Comparison of the
number of CD34þ/Flk-1þ cells in bFGF-treated
[bFGF(þ)] and untreated [bFGF(�)] control
wounds over the course of healing. In E and F, 10
to 12 randomly selected fields in wounds were
examined per tissue section. The percentage of
double-positive cells in granulation tissues was
calculated as the mean number of positive cells
relative to the total number of DAPI-positive
granulation tissue cells. All values are presented
as the means � SEM (E and F). *P < 0.05 versus
noneVEGF-Aetreated wound. Scale bars Z
10 mm (AeD).

Nakamichi et al
group (Figure 8, E and F) was the opposite pattern to the
bFGF-treated wounds without knocking down of FGFR1
on day 6 (Figure 2, CeE). These combined data indicated
that the bFGF/FGFR1 system is required for induction of
capillary-like structures composed of CD34þ/procollagen
Iþ fibrocytes in the wounds and that the expression levels
of CD34, CD31, and collagen type I mRNA in bFGF-
treated wounds are mediated, at least in part, through
FGFR1.
Discussion

In this study, we identified capillary-like structures formed by
CD34þ/procollagen Iþ fibrocytes in bFGF-treated wounds.
This finding suggests a potential mechanism of bFGF-
induced angiogenesis that is mainly because of enhanced
formation of vessels with CD34þ/procollagen Iþ fibrocytes.
We found that bFGF treatment of wounds demonstrated the
following: i) significantly enhanced formation of arterioles on
3212
days 4 and 6; ii) markedly enhanced formation of capillary-
like structures composed of CD34þ/procollagen Iþ fibro-
cytes that were lacking in VEGF-Aetreated wounds; iii) a
lack of accumulation of CD45þ/procollagen Iþ or CD11bþ/
procollagen Iþ fibrocytes; iv) enhanced expression of CD34,
CD31, and bFGF mRNA and reduced expression of podo-
planin and collagen type I, III, and IV mRNA; and v) FGFR1
siRNA injection, followed by bFGF treatment, markedly
inhibited formation of capillary-like structures with CD34þ/
procollagen Iþ fibrocytes. FGFR1 siRNA treatment also
inhibited CD34 and CD31 mRNA expression and promoted
collagen type I mRNA expression, which was the opposite
pattern to the bFGF-treated wounds without knocking down
of FGFR1. These combined data highlight the angiogenetic
properties of CD34þ/procollagen Iþ fibrocytes that were
specifically induced by bFGF in wounds, and provide new
insight into the active contribution of fibrocytes for vascular
formation in wounds.
Previous investigation of bFGF-treated collagen gels

demonstrated that co-culture of endothelial cells and
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Figure 8 The basic fibroblast growth factor (bFGF)/fibroblast growth
factor receptor 1 (FGFR1) system is required for capillary-like structures
composed of CD34þ/procollagen Iþ fibrocytes in wounds. A: Double-
immunofluorescence staining of CD34 (green) and FGFR1 (red) in wounds
on day 6 after bFGF treatment. The merged image shows CD34 (green)/FGFR1
(red) double-positive cells as yellow fluorescence (arrowheads). Nuclei were
stained with DAPI (blue). The merged images show FGFR1 expression in the
CD34-positive cells that partially formed capillary structures. B: Reduction of
FGFR1 mRNA expression by FGFR1 siRNA injection. FGFR1 mRNA expression in
FGFR1 siRNA (siFGFR1)-treated groups on days 2, 4, 6, 7, and 14 after
treatment was analyzed using real-time PCR. C: Double-immunofluorescence
staining of CD34 (green) and procollagen I (red) in wounds on days 6.
Capillary structures composed of CD34 (green) and procollagen I (red)
double-positive fibrocytes in siRNA control (siCON)etreated wounds (left
panel) and siFGFR1-treated wounds (right panel). The merged images show
CD34þ/procollagen Iþ fibrocytes as yellow fluorescence (arrowheads).
Nuclei were stained with DAPI (blue). D: Reduction in the number of CD34þ/
procollagen Iþ fibrocytes in siFGFR1 groups on days 4, 6, and 7. Ten to
twelve randomly selected fields in the treated wounds on days 2, 4, 6, 7, and
14 after treatment were examined per tissue section, and the number of
CD34þ/procollagen Iþ fibrocytes in granulation tissues was counted. The
percentage of CD34þ/procollagen Iþ fibrocytes was calculated as the mean
number of positively stained cells relative to the total number of DAPI-
positive granulation tissue cells. E and F: Real-time PCR analysis of CD34,
CD31 mRNA expression (E), and collagen type I, III, and IV mRNA expression
(F) in siCON and siFGFR1 groups on day 6. Inhibition of CD34 and CD31
mRNA expression (E) and promotion of collagen I mRNA expression (F) in
siFGFR1 groups. All values are presented as the means � SEM (B and DeF).
*P < 0.05 versus the siCON group; ***P < 0.001 versus the siCON group, as
determined using t-test. Scale bars Z 10 mm (A and C).
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fibroblasts elicited an angiogenic response, suggesting that
bFGF markedly influences the cross talk between endothe-
lial cells and fibroblasts.29,30 Another study showed that
FGF could induce an angiogenic phenotype in endothelial
cells because of induction of matrix metalloproteinases 2
and 9, resulting in marked formation of capillary-like
structures.31 When endothelial cells were cultured with
type I collagen, bFGF promoted invasion of endothelial
cells and formation of capillary-like structures.32 Therefore,
as suggested in previous experiments,29,30 there might exist
a cross talk between endothelial cells and fibroblasts. Based
on the present findings of capillary-like structures formed by
the fibrocytes, the presumed intimate relationship between
endothelial cells and fibroblasts might represent the angio-
genic phenotype of fibrocytes positive for CD34/procolla-
gen I that are specifically induced by bFGFs. Interestingly, a
recent investigation showed that another type of fibrocyte
that expresses CD13/collagen I could inhibit angiogenesis
The American Journal of Pathology - ajp.amjpathol.org
through enhanced production of an anti-angiogenic factor
(thrombospondin 1).21 However, the present findings of
marked formation of capillary-like structures with CD34þ/
procollagen Iþ fibrocytes indicated that CD34þ/procollagen
Iþ fibrocytes have a proangiogenic role in wounds. There-
fore, various types of fibrocytes might have different roles in
wound healing, and the specific phenotypes of fibrocytes
that are required for angiogenesis need to be clarified for
elucidation of the mechanisms of angiogenesis in wounds.
The two-dimensional measurements of vessel density in
repaired tissues, which were performed in this study,
represent a standard method to evaluate vascularization.
However, recent investigation into the accuracy of two- and
three-dimensional analysis of capillary networks in
computer-generated models have shown that the three-
dimensional approach is more appropriate than the two-
dimensional approach because vessel density estimated by
two-dimensional analysis does not truly reflect the density
3213
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of vessels with complicated anatomy.33 Therefore, three-
dimensional analysis will be necessary in the future to
reduce the estimation error of the levels of vascularization
composed of CD34þ/procollagen Iþ fibrocytes in wounds.

Type I collagen has been shown to play an important role
in capillary morphogenesis and maturation.34,35 Recently,
type I collagen was shown to promote shape change in
endothelial cells that closely imitated precapillary formation,
because addition of collagen type I caused endothelial cells to
partially retract and exhibit a spindle-shaped morphology,
leading to formation of tubes with lumens.36,37 Previous
investigation in transformation of corneal endothelial cells
demonstrated that bFGF plays an important role for
endothelial-mesenchymal transformation in corneal endo-
thelial cells.38 In this process, bFGF also enhanced secretion
of collagen type I from the cells, presumably leading to
retrocorneal fibrous membrane.38e40 In the present study,
bFGF treatment in wounds induced the angiogenic pheno-
type of fibrocytes that coexpress CD34/procollagen type I.
We therefore speculate that, in the course of further differ-
entiation of CD34þ/procollagen Iþ fibrocytes, this type of
fibrocyte could increase the production and secretion of
collagen type I,1 and finally transform into fibroblasts/myo-
fibroblasts through endothelial-mesenchymal transformation
specifically induced by bFGF. It has been indicated that the
fibrocytes can differentiate into fibroblasts/myofibroblasts
both in vitro and in vivo. Therefore, during the process of
fibrocyte differentiation associated with the phenotypic
changes, endothelial-mesenchymal transformation might be a
part of the process where angiogenic phenotype of fibrocytes
(eg, CD34þ/procollagen Iþ fibrocytes) can further differen-
tiate into fibroblasts/myofibroblasts.

Previous investigation showed that treatment with a low
dose of bFGF was effective in inducing arteriogenesis in an
acute femoral artery occlusion model,41 with the bFGF-
treated group showing a markedly decreased width of
luminal dilation compared with the VEGF-treated group.
Later investigation supported this finding, showing that
anti-bFGF treatment, but not anti-VEGF treatment, inhibited
the growth of arterioles in coronary angiogenesis.42 The
findings of the present study showing that bFGF treatment
induced a markedly greater proportion of arterioles on days
4 and 6 that was lacking in VEGF-Aetreated wounds are
consistent with these previous findings.

In contrast to the induction of CD34þ/procollagen Iþ

fibrocytes by bFGF treatment, bFGF treatment also induced
a significant reduction of collagen type I mRNA, as
confirmed by real-time PCR analysis in FGFR1 siRNA
injected wounds. Previously, bFGF treatment in osteoblasts
has shown to inhibit collagen type I gene expression
through the activation of the extracellular signaleregulated
kinase pathway.43 It is not clear whether bFGF treatment in
dermal fibroblasts has an ability to inhibit collagen type
I expression. Our previous investigation showing that bFGF
treatment in cardiac fibroblasts inhibited collagen type
I mRNA28 suggests that bFGF treatment in dermal
3214
fibroblasts could also inhibit collagen type I expression,
presumably leading to a significant reduction of collagen
type I expression in the treated wounds. Further study will
be needed to clarify the mechanisms underlying collagen
type I expression in dermal fibroblasts treated by bFGF in
wounds.
Among reported markers of lymphatic endothelial cells,

such as CD31, VEGF receptor-3, Prox-1, desmoplakin,44

and podoplanin, podoplanin was first used to identify
these cells.45 Later investigation demonstrated that podo-
planin is expressed in small lymphatic vessels and
lymphatic collecting vessels in normal human tissues, but
not in large lymphatic vessels.46,47 In this study, bFGF
treatment (10 ng) inhibited the formation of podoplanin
(D2-40)epositive lymphatic vessels, as confirmed by real-
time PCR analysis. However, implantation of a high-dose
bFGF pellet (80 ng) into the mouse cornea induced lym-
phangiogenesis, as detected by double staining with CD31
and VEGF receptor-3 antibodies.44 In normal rat skin
wounds, it is unclear which type of lymphatic vessel is
detectable by podoplanin and whether the pattern of
lymphangiogenesis differs between high- and low-dose
bFGF treatments. However, based on the present findings,
treatment with a low dose of bFGF (10 ng) can effectively
inhibit the formation of certain types of lymphatic vessels,
presumably formation of small lymphatic vessels in rat skin
wound healing.
In conclusion, bFGF treatment specifically induces an

angiogenic phenotype of CD34þ/procollagen Iþ fibro-
cytes in granulation tissues, which could be a
main contributor to bFGF-induced angiogenesis in
wounds.
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Cell-permeable p38 MAP kinase 
promotes migration of adult neural 
stem/progenitor cells
Makoto Hamanoue1,2, Kazuhito Morioka3, Ikuroh Ohsawa4, Keiko Ohsawa5, 
Masaaki Kobayashi1, Kayo Tsuburaya6, Yoshikiyo Akasaka2,6, Tetsuo Mikami6, Toru Ogata7  
& Ken Takamatsu1,2

Endogenous neural stem/progenitor cells (NPCs) can migrate toward sites of injury, but the migration 
activity of NPCs is insufficient to regenerate damaged brain tissue. In this study, we showed that p38 
MAP kinase (p38) is expressed in doublecortin-positive adult NPCs. Experiments using the p38 inhibitor 
SB203580 revealed that endogenous p38 participates in NPC migration. To enhance NPC migration, we 
generated a cell-permeable wild-type p38 protein (PTD-p38WT) in which the HIV protein transduction 
domain (PTD) was fused to the N-terminus of p38. Treatment with PTD-p38WT significantly promoted 
the random migration of adult NPCs without affecting cell survival or differentiation; this effect 
depended on the cell permeability and kinase activity of the fusion protein. These findings indicate that 
PTD-p38WT is a novel and useful tool for unraveling the roles of p38, and that this protein provides a 
reasonable approach for regenerating the injured brain by enhancing NPC migration.

In the embryonic brain, neural stem/progenitor cell (NPC) migration is necessary for normal brain develop-
ment1, and a lack of NPC migration causes severe brain damage and lethality2,3. In the adult brain, NPCs are 
localized to the subventricular zone (SVZ) and the subgranular zone (SGZ) of the hippocampus, from which 
they migrate to the olfactory bulb through the rostral migratory stream (RMS) and the granular cell layer of the 
dentate gyrus of the hippocampus, respectively4. On the other hand, in the acutely injured brain, adult NPCs from 
the SVZ migrate to sites of injury through blood vessels or neuronal fibers for up to 1 year after injury5–7; however, 
the number of migrated cells is low relative to the number of residual cells in the injured site (max. 2%)6. These 
observations indicate that NPC migration after injury is an endogenous regeneration response, and suggest that 
enhancement of this NPC migration could be useful for regeneration of damaged brain.

Many factors promote NPC migration to sites of injury: stromal cell–derived factor (SDF-1)8–11, hepatocyte 
growth factor12, insulin-like growth factor-113, stem cell factor14, monocyte chemotactic protein-114, and vascular 
endothelial growth factor15. These extracellular factors converge on several intracellular signaling factors, some of 
which are considered to be intracellular candidates for enhancers of NPC migration: cyclin-dependent kinase 5 
(Cdk5)3,16, doublecortin (Dcx)17, c-Jun NH2-terminal kinase (JNK)18, extracellular signal-regulated kinases 1 and 
2 (ERK1/2)19, protein kinase C20, RhoA21, RhoC22, and Wnt/β -catenin10. Among these factors, ERK1/2 and JNK 
belongs to mitogen-activated protein (MAP) kinase family, and their expression is induced after injury of brain 
neurons23. p38 MAP kinase (p38, also known as stress-activated protein kinase 2 [SAPK2]), is another component 
of the MAP kinase family, and its expression is also elevated after injury of neurons24, astrocytes24, and microglia25 
in the brain. Chemical inhibition experiments demonstrated that sustained activation of p38 is associated with 
neuronal death and apoptosis26,27. In NPCs, expression of p38 is detectable from mouse embryonic day 1028, and 
may play regulatory roles in NPC proliferation28–31, apoptosis32,33, chemokine production34, and cell survival35. 
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p38 participates in migration of several types of cells, including cortical neurons36, HeLa cells37, and mesoderm38; 
however, the role of p38 in NPC migration remains incompletely understood.

In this study, chemical inhibition experiments revealed that endogenous p38 supports cell migration of cul-
tured NPCs obtained from adult brain. Furthermore, a cell-permeable wild-type p38 protein promoted random 
cell migration of adult NPCs. These results suggest that direct introduction of p38 into adult NPCs, resulting in 
enhanced NPC migration to sites of injury, represents an alternative approach for regenerating damaged brain.

Results
p38 MAP kinase expression in adult brain and cultured adult NPCs. Previously, we showed that 
p38 is predominantly expressed in NPCs obtained from mouse brain at embryonic day 10, and that its expression 
decreases gradually during development28. To determine whether NPCs express p38 in adult brain, we performed 
immunohistochemical analysis with an anti-p38 antibody (Fig. 1). p38 expression was observed in ventricular 
cells, subventricular cells, and choroid plexus cells in the adult brain (Fig. 1a). Especially in SVZ and RMS, most 
p38-positive cells expressed doublecortin, a marker of migrating progenitor cells39 (Fig. 1a–d). In these areas, 
p38-positive cells expressed no or very low levels of the neural stem cell / astrocyte antigens GFAP (Fig. 1e–h) and 
nestin (Fig. 1j–k). These results suggest that p38 plays regulatory roles in NPC migration.

To determine the effect of p38 on NPC migration, we prepared cultured NPCs from postnatal (8-week old) 
adult brain. The essential phenotypes of NPCs, i.e., their self-renewal capacity and multipotency, were verified in 
the previous reports40,41. Western blot analysis revealed that p38 was expressed in cultured adult NPCs (Fig. 2a). 
Immunocytochemical analysis revealed that our NPCs expressed nestin antigen, a specific marker of NPCs 
(Fig. 2b, Supplemental Fig. 1a, 89.8 ±  6.6%, n =  116). Some of these NPCs also expressed doublecortin, which 
is specific for migrating NPCs (Fig. 2c, Supplemental Fig. 1b, 31.5 ±  1.7%, n =  132). Almost no cells expressed 
Mash-1 or NeuN, both of which are specific for intermediate progenitors and neurons, respectively (data not 
shown). Both nestin-positive NPCs and Dcx-positive NPCs expressed p38 (Fig. 2b,c) and phosphorylated p38, 

Figure 1. p38 protein is expressed in doublecortin (Dcx)-positive NPCs in the adult brain. Brain slices were 
prepared from adult mice, and immunohistochemical analysis was performed with anti-p38, anti-Dcx, anti-
GFAP, and anti-nestin antibodies. p38 was expressed specifically in Dcx-positive NPCs of the subventricular 
zone (a–c) and RMS (d) rather than in GFAP- (e–h) or nestin-positive (i–k) neural stem cells. (l) Negative 
control staining using only secondary antibody. CC, corpus callosum; LV, lateral ventricle; ST, striatum; SVZ, 
subventricular zone. Scale bar =  20 μm (b–k), 100 μm (a,e,i,l).
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the activated form of p38 (Supplemental Fig. 1a,b). These results suggest that in adult NPCs, expression of p38 
plays a regulatory role in processes such as proliferation, differentiation, and migration.

Spontaneous migration activity of endogenous p38 MAP kinase. To assess the function of p38, 
which is expressed endogenously in adult NPCs, we conducted cell migration assays using Transwell appara-
tus. To identify the cells that migrated from the insert to the receiver plate of the Transwell, we removed the 
coverslips from the receiver plate 16 hr after the cells were seeded, and then subjected them to immunocyto-
chemistry (Fig. 3a). Almost all migrated cells expressed both nestin (99.5 ±  0.6%, n =  122) and doublecortin 
(Dcx, 99.4 ±  0.7%), suggesting that nestin- and doublecortin-positive adult NPCs could migrate from the insert 
to the receiver plate of the Transwell apparatus. To quantitate the migration activity of adult NPCs, cells in the 
receiver plate and the insert were counted 16 hr after seeding by measurement of intracellular ATP. Relatively few 

Figure 2. p38 is expressed in cultured NPCs obtained from adult brain. (a) Western blot analysis of  
proteins (10 μg) from adult NPCs, using an anti-p38 antibody, revealed expression of p38 in cultured NPCs.  
(b,c) Immunocytochemical analysis of dissociated NPCs was performed using anti-nestin and anti-p38 or 
anti-Dcx antibodies. Adult cultured NPCs expressed nestin (b), and some also expressed doublecortin (c). Both 
nestin- and Dcx-positive NPCs expressed p38 (b,c, arrows). Scale bar =  20 μm.

Figure 3. Endogenous p38 induces spontaneous migration of adult NPCs. (a) NPCs that migrated from the 
insert to the coverslip in the receiver plate of Transwell were stained with anti-nestin and anti-Dcx antibodies. 
Migrated NPCs expressed nestin and Dcx. Scale bar =  20 μm. (b) Adult NPCs were seeded in Transwell inserts 
and cultured in growth-promoting medium containing the specific p38 inhibitors SB203580 and PD169316, 
and the number of migrated NPCs in the receiver plate was determined by measuring intracellular ATP. Data 
are means ±  SEM from four independent experiments. SB203580 and PD169316 inhibited adult NPC migration 
relative to that in control cells and cells treated with SB202474, an inactive analog of SB203580. *P <  0.05, 
**P <  0.01, N.S.: not significant.



www.nature.com/scientificreports/

4Scientific RepoRts | 6:24279 | DOI: 10.1038/srep24279

of the seeded cells migrated to the receiver plate (2.2 ±  0.2%, n =  8). The p38-specific inhibitors SB203580 and 
PD169316 significantly reduced the number of migrating adult NPCs relative to those in control cells or cells 
treated with SB202474, an inactive analog of SB203580 (Fig. 3b, n =  4). These results suggest that endogenous p38 
could participate in spontaneous migration of adult NPCs.

Characterization of a cell-permeable p38 MAP kinase protein. In light of the observation that NPC 
migration was blocked by a p38 inhibitor, we hypothesized that increasing the intracellular concentration of p38 
protein might promote adult NPC migration. In order to introduce p38 protein into adult NPCs, we generated a 
cell-permeable p38 protein by fusing the HIV protein transduction domain (PTD), an 11–amino acid sequence42, 
to the N-terminus of p38 (Fig. 4a). Several versions of this construct were prepared: cell-permeable wild-type 
p38 (PTD-p38WT), in which the dual phosphorylation site (Thr-180/Tyr-182) required for kinase activity was 
preserved; cell-permeable kinase-dead p38 (PTD-p38KD), in which Thr-180 and Tyr-182 were mutated to ala-
nine (A) and phenylalanine (F), respectively; and cell-impermeable wild-type p38 (p38WT). These recombi-
nant p38 proteins were purified from E. coli as histidine-tagged proteins, and blotted with anti-phospho-p38 
antibody to verify their activation status. Western blot analysis revealed that purified p38WT and PTD-p38WT 
were activated by autophosphorylation (Fig. 4b, phospho-p38), and that both proteins were able to phosphoryl-
ate ATF-2 peptide, a substrate of p38 (Fig. 4b, phospho-ATF-2). By contrast, p38KD and PTD-p38KD, which 
were kinase-dead and not autophosphorylated, could not phosphorylate ATF-2 peptide. To verify the cell per-
meability of PTD-p38WT, we treated cultured adult NPCs with this protein for 24 hr, and then stained them 
with anti-His-tag antibody. Confocal microscopy revealed positive intracellular staining for the His-tag follow-
ing treatment with PTD-p38WT. No staining was observed following treatment with p38WT, which lacks the 
cell-permeable PTD domain, or in control cells (Fig. 4c). These results indicated that recombinant PTD-p38WT 
has constitutive kinase activity and can penetrate NPCs.

Cell-permeable p38 protein promotes random migration of adult NPCs. To determine whether 
direct introduction of cell-permeable p38 protein would enhance NPC migration, we conducted Transwell assays. 
Specifically, cultured adult NPCs were seeded into Transwell inserts and maintained for 16 hr in the presence of 
recombinant proteins. The migration ratio of adult NPCs treated with PTD-p38WT was calculated by dividing 
the number of migrated cells by the total cell number. PTD-p38WT significantly increased the migration ratio 
relative to that of control cells (Fig. 5a, 300 nM, n =  7), but the ratio was unchanged in NPCs treated with p38WT, 

Figure 4. Characterization of cell-permeable p38 MAP kinase protein. (a) Construction of cell-permeable 
p38 proteins. PTD-p38WT contains the PTD (protein transduction domain) and p38WT (wild-type p38). 
p38KD is a kinase-dead form of p38. (b) In vitro kinase assay revealed that both PTD-p38WT and p38WT 
were activated by autophosphorylation (phospho-p38), and that both proteins phosphorylated ATF-2, a known 
substrate of p38 (phospho-ATF-2). p38KD and PTD-p38KD did not exhibit kinase activity. (c) Cultured adult 
NPCs were treated with p38 proteins (600 nM, 24 hr), and immunocytochemical staining was performed with 
anti-His-tag antibody. Positive staining was detected in NPCs treated with PTD-p38WT (upper lane), but not 
in cells treated with p38WT, cells not treated with proteins (control), or in cells stained only with secondary 
antibody (blank). Scale bar =  20 μm.
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which is not cell-permeable. Likewise, neither PTD-p38KD, which lacks kinase activity, nor PTD-GFP (consist-
ing of the His-Tag, PTD-domain, and GFP) changed the migration ratio. Furthermore, the p38-specific inhibitor 
SB203580 blocked the migration-enhancing activity of PTD-p38WT, whereas its inactive analog SB202474 did 
not (Fig. 5b). These results suggest that both the cell permeability and kinase activity of PTD-p38WT were neces-
sary for enhancement of adult NPC migration.

Next, to determine whether the increase in the number of cells in the receiver after 16 hr cultivation was a con-
sequence of changes in NPC survival, we measured the numbers of living cells in both the Transwell insert and 
the receiver plate, and then calculated the ratio between the number of living cells in the presence of PTD-p38WT 
and the number in control samples. Treatment with recombinant proteins did not cause changes in cell number 
after 16 hr (Supplemental Fig. 2a) or after 5 days of plating (Supplemental Fig. 2b). These results indicate that 
direct introduction of p38 activity by treating cells with PTD-p38WT promotes adult NPC migration without 
affecting NPC survival.

To investigate the migration-promoting activity of PTD-p38WT in detail, we performed a time-lapse anal-
ysis of adult NPCs using a Dunn chamber. In cells treated with PTD-p38WT, migration of adult NPCs was fre-
quently observed over 8 hr (Fig. 6a). Adult NPCs treated with PTD-p38WT migrated for greater distances than 
cells treated with control or p38WT, but their migration was random rather than in unidirectional (Fig. 6b). 
PTD-p38WT increased the number of migrated cells relative to that in control cells or cells treated with p38WT 
or PTD-GFP, and the distance traveled by adult NPCs treated with PTD-p38WT was 2.7-fold higher than that 
of controls (Fig. 6c; 32.3 ±  2.5 μm, n =  31 vs. 11.9 ±  1.5 μm, n =  32, respectively). These results suggest that 
PTD-p38WT potently promotes random rather than chemotactic migration.

To determine whether cell-permeable p38 protein influenced adult NPC differentiation, we monitored dif-
ferentiation status after a 5-day treatment, using Western blot analysis to detect cell type–specific antigens40: 
brain lipid binding protein (BLBP) for NPCs, Dcx for migrating NPCs, NeuN for neurons, and GFAP for astro-
cytes (Supplemental Fig. 3). Protein levels were normalized against actin. No significant changes in expression 
levels of these cell-specific antigens were observed between cells treated with PTD-p38WT and control cells 
(Supplemental Fig. 3a–h). Only PTD-p38KD treatment reduced GFAP expression (Supplemental Fig. 3g,h). 
Together, these results demonstrate that PTD-p38WT does not disrupt adult NPC differentiation.

Discussion
The p38 MAP kinase family consists of four splice variants (α , β , γ , δ 43). Of these, we investigated the function 
of p38α , because its expression is observed in SVZ-derived NPCs from embryonic day 10 to postnatal brain28. 
Our immunochemical experiments showed that p38α  is locally expressed in doublecortin-positive adult NPCs, 

Figure 5. Cell-permeable p38 protein enhances adult cultured NPC migration. The number of NPCs 
that migrated to the receiver plate from the Transwell insert was measured by intracellular ATP. Migration 
ratio of adult NPCs was calculated by dividing the number of migrated cells by the total cell number. Data 
are means ±  SEM. (a) PTD-p38WT significantly increased adult NPC migration relative to that in control 
cells (n =  7) or cells treated with p38WT, PTD-p38KD, or PTD-GFP (n =  4). (b) Activity of PTD-p38WT was 
blocked by the specific p38 inhibitor SB203580. *P <  0.05, **P <  0.01, N.S.: not significant.
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especially at the SVZ, and specific inhibition of p38 revealed that endogenous p38 participates in spontaneous 
migration of adult NPCs. The involvement of p38 protein in NPC migration prompted us to evaluate whether 
elevated levels of p38 could enhance NPC migration. To increase the intracellular concentration of p38, we used 
a cell-penetrating peptide to efficiently deliver the protein to cells (see review44). PTD-p38WT was able to sig-
nificantly and expeditiously enhance migration of adult NPCs, whereas neither p38WT nor PTD-p38KD had 
this effect. Furthermore, the migration-enhancing activity of PTD-p38WT was blocked by specific inhibition of 
p38. These results indicate that both kinase activity and cell permeability are necessary for enhancement of NPC 
migration. Taken together with our findings that PTD-p38WT did not disturb cell survival or differentiation of 
adult NPCs, these observations show that this protein provides a safe and effective method for regenerating the 
injured brain by exploiting an endogenous regeneration response.

We also demonstrated that cell-permeable p38 protein enhances random migration, rather than chemotactic 
migration. Chemotactic migration, also known as chemotaxis, is a fundamental cell process characterized by 
both the speed and direction of migration45. SDF-1, a well-known inflammatory chemoattractant for NPCs, both 
increases migration speed and defines the direction of movement8. In addition, SDF-1 induces phosphorylation 
of p38 in NPCs8. Recently, Chen et al. showed that a specific inhibitor of p38 decreased the speed of migration, 
but not its directionality, in C17.2, a clonally multipotent neural precursor cell line derived from mouse cerebel-
lum46. This observation supports our findings that p38 contributes to the magnitude of migration, but does not 
contribute to chemotaxis. Because intrinsic SDF-1 also promotes NPC homing after brain injury8,9, a combination 
of PTD-p38WT with SDF-1 and/or growth factors47 could strongly enhance NPC homing to sites of injury.

In this report, we showed that PTD-p38WT effectively enhances NPC migration without affecting cell sur-
vival or differentiation. However, many previous studies showed that p38 protein inhibits NPC proliferation28–31 
and facilitates NPC differentiation into astrocytes48. These studies used p38-specific inhibitors such as SB203580 
and SB202190, and/or forced expression systems involving expression plasmids or shRNA constructs. A plausible 
explanation for this discrepancy is that the intracellular concentration of p38 protein differs between our system 
(using a cell-permeable protein) and forced expression systems. Because cell-permeable proteins enter cells by 
inefficient mechanisms such as direct translocation and specific forms of endocytosis, and their intracellular 
levels are consequently lower than those resulting from forced exogenous expression42, the intracellular con-
centration of cell-permeable p38 might not be high enough to influence cell proliferation or differentiation. The 
low incorporation of the cell-permeable proteins might also account for the small percentage of migrating NPCs 
(Fig. 5a, about 4% at 300 nM PTD-p38WT) and for the lack of a dominant-negative activity of the kinase-dead 
form of cell-permeable p38 (Fig. 5a, PTD-p38KD).

Another plausible explanation involves the low specificity of p38 specific inhibitors: because these “specific” 
inhibitors block many targets other than p38 at concentrations above 5 μM49, care must be taken to interpret the 

Figure 6. Cell-permeable p38 protein promotes random migration of adult cultured NPCs. (a) Time-
lapse video microscopy shows migration of adult NPCs within 8 hr. Arrow in the right photograph shows the 
migration route. The arrowhead in every photograph is cell debris, used as a fiducial marker for cell migration. 
Scale bar =  20 μm. (b) Migrational trajectories of adult NPCs. Adult NPCs treated with PTD-p38WT migrated 
more randomly than control cells or cells treated with p38WT or PTD-GFP. (c) PTD-p38WT increased the 
number of migrated cells and the migration distance relative to that in control cells or cells treated with p38WT 
or PTD-GFP. *P <  0.05, **P <  0.01.
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effects of these inhibitors on p38 function in NPCs. In light of our result demonstrating that PTD-p38KD reduced 
GFAP expression (Supplemental Fig. 3g,h), which is supported by the results of a previous study using a specific 
p38 inhibitor48, it will be necessary to evaluate p38 functions, including effects on proliferation and differentiation 
in vivo, using cell-permeable p38. Collectively, our results also suggest that cell-permeable p38 proteins represent 
a novel, useful tool for unraveling the roles of p38.

Cell-permeable p38 proteins, however, have a major drawback: low cell selectivity44. p38 plays various roles 
in brain function: neurite formation50, induction of neuronal apoptosis51; production of IL-652 or TNF-α 53 from 
astrocytes; survival of oligodendrocytes49; production of GDNF54, NO55, TNF-α 53, IL-1056 from microglia; and 
phagocytosis of microglia57. In particular, allodynia, which is induced by elevation of intracellular p38 in micro-
glia58,59, is a serious consideration in the context of therapeutic compounds. Future studies are needed to deter-
mine whether low-dose PTD-p38WT can influence the function of neurons and glial cells in vitro and in vivo. 
Furthermore, improvements in cell permeability, such as insertion of homing sequences into the PTD domain 
or replacement of the PTD with an activatable cell-permeable domain44, may be necessary for future therapeutic 
applications.

In summary, we found that endogenous p38 is an intrinsic factor that promotes adult NPC migration. 
Furthermore, we showed that PTD-p38WT can promote migration by adult NPCs. Our findings suggest that 
PTD-p38WT is a novel, useful tool for unraveling the roles of p38, and that this protein could be used to regener-
ate damaged brain by enhancing NPC migration.

Methods
Ethics Statement. All animal-based experiments were performed according to the Guiding Principles for 
the Care and Use of Animals approved by the Council of the Physiological Society of Japan. The Ethics Review 
Committee for Animal Experimentation at Toho University also approved all experimental protocols used in this 
study (No. 14-53-189).

NPC preparation. Adult mice (C57BL/6J) were purchased from Sankyo Laboratory Service (Tokyo, Japan). 
Adult NPCs were prepared from adult (8-week-old) mouse brains as described previously40,41 with slight modi-
fications. In brief, adult brains (cerebral hemispheres and striatum) were mechanically dissociated by trituration 
into single-cell suspensions in Hanks’ Balanced Salt Solution (HBSS) without Ca2+ or Mg2+. Dissociated brain 
cells were cultured for 7 days in growth-promoting medium consisting of Dulbecco’s Modified Eagle’s Medium: 
Nutrient Mixture F-12 Ham (DMEM/F-12 medium), B27 supplement (Invitrogen, Carlsbad, CA, USA), epi-
dermal growth factor (EGF; 20 ng/mL; PeproTech EC, London, UK), basic fibroblast growth factor (FGF-basic; 
20 ng/mL, PeproTech EC), and penicillin and streptomycin (100 U/mL and 100 μg/mL, respectively). Cultured 
NPCs were obtained by dissociation of secondary neurospheres40,41.

NPC phenotype, capacity for self-renewal, and multipotency were verified by neurosphere assay41 and Western 
blot analysis40. All culture materials were purchased from Nalge Nunc International (Rochester, NY, USA) unless 
otherwise noted. All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Wako Pure 
Chemicals Industries (Osaka, Japan) unless otherwise noted. All culture materials were purchased from Greiner 
Bio-One (Tokyo, Japan) unless otherwise noted.

Histochemical analysis. Immunohistochemistry was performed as described previously60 with slight mod-
ifications. In brief, 4-μm adult brain sections were prepared from paraffin-embedded tissues. The slices were 
blocked with blocking buffer (Blocking One Histo; Nacalai Tesque, Kyoto, Japan) for 20 min at room temperature 
following antigen retrieval (Antigen Retrieval Solution, pH9; Nichirei Biosciences Inc., Tokyo, Japan) and per-
meabilization (phosphate-buffered saline containing 1% Triton X-100). Sections were then incubated for 24 hr at 
4 °C with anti-p38α  (sc-535, rabbit polyclonal; Santa Cruz Biotechnology, Dallas, TX, USA), anti-doublecortin 
(sc-8066, goat polyclonal; Santa Cruz Biotechnology), anti-GFAP (glial fibrillary acidic protein, G3893, mouse 
monoclonal IgG; Sigma-Aldrich), and anti-nestin (2Q178, mouse monoclonal IgG; Abcam, Cambridge, UK) 
antibodies. After washing, the sections were incubated in buffer with biotin-conjugated anti-goat antibody 
(Vector Laboratories, Burlingame, CA, USA), DyLight 649–conjugated Streptavidin (Molecular Probes Life 
Technologies, Thermo Fisher Scientific, Waltham, MA, USA) or Alexa Fluor 488 and 555–conjugated second-
ary antibodies (Molecular Probes, Life Technologies, Thermo Fisher Scientific). The nuclei were visualized with 
13 ng/mL of 4′,6-diamidino-2-phenylindole (DAPI). Immunofluorescence images were collected with a laser 
scanning microscope (A1+; Nikon, Tokyo, Japan).

Immunocytochemical analysis. Immunohistochemistry was performed as described previously28 with 
slight modifications. Cultured NPCs on poly-L-lysine/ laminin-coated coverslip were fixed in 4% PFA for 10 min 
at room temperature, and then blocked with blocking buffer containing 1.5% normal goat serum and 0.5% Triton 
X-100 in PBS. Cells were stained for 24 hr at 4 °C with the following antibodies: anti-doublecortin, anti-nestin 
(MAB353, mouse monoclonal IgG1, Millipore, CA, USA), anti-p38α , anti-phospho-p38 MAPK (#4631, rab-
bit monoclonal IgG, Cell Signaling Technology, TX, USA). After washing, the cells were then stained with sec-
ondary antibodies conjugated with Alexa Fluor 488, Alexa Fluor 555, and Cy3 (all from Molecular Probes, Life 
Technologies, Thermo Fisher Scientific) for 1 hr at room temperature. Fluorescence images were collected using 
a laser scanning microscope (LSM510 META; Carl Zeiss, Oberkochen, Germany and A1+; Nikon). Stained cells 
were counted in five randomly selected fields.

To demonstrate incorporation of cell-permeable proteins, cells were treated with medium containing proteins 
(600 nM) for 24 hr at 37 °C. Fixed cells were blocked with Blocking One Histo (Nacalai Tesque, Fig. 4c), incubated 
for 6 hr at 4 °C with anti-His-Tag antibody (#12698, rabbit monoclonal; Cell Signaling Technology), and then 
incubated for 1 hr at room temperature with Alexa Fluor 555–conjugated secondary antibody (Molecular Probes, 
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Life Technologies, Thermo Fisher Scientific). Fluorescence, differential interference contrast, and Z-section 
images were collected using a laser scanning microscope (A1+; Nikon).

Western blot analysis. After washing cells with PBS, protein samples were prepared from cells with lysis 
buffer containing 10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% NP40, 1 mM Na3VO4, and Halt 
protease inhibitor cocktail (Thermo Fisher Scientific). The protein samples were boiled with Laemmli’s sample 
buffer, separated on 5–15% Next Page (Gellex International, Tokyo, Japan), and transferred to polyvinylidene 
difluoride (PVDF) membranes, which were then incubated in Blocking One-P (Nacalai Tesque). After wash-
ing, the membranes were incubated for 16 hr at 4 °C with the following antibodies: anti-p38α , anti-His-Tag 
(#2366, mouse monoclonal IgG1, Cell Signaling Technology), anti-phospho-p38 MAPK (Thr-180/ Tyr-182) 
(#9211, rabbit polyclonal IgG, Cell Signaling Technology), anti-phospho-ATF-2 (#9221, rabbit polyclonal, Cell 
Signaling Technology), anti-ATF-2 (#9222, rabbit polyclonal, Cell Signaling Technology), anti-BLBP (ABN-14,  
rabbit polyclonal, Millipore), anti-NeuN/FOX3 (M-377-100, mouse monoclonal IgG, Biosensis Pty, South 
Australia, Australia), anti-doublecortin (611706, mouse IgG, BD Transduction Laboratories, Becton, Dickinson 
Company, Franklin Lakes, NJ, USA), anti-GFAP, or anti-β -actin (sc-47778, mouse monoclonal IgG1, Santa 
Cruz Biotechnology). Next, the blots were incubated with peroxidase-conjugated AffiniPure F(ab′)2 frag-
ment goat anti-mouse IgG (115-036-072, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) and 
peroxidase-conjugated AffiniPure F(ab′)2 fragment goat anti-rabbit IgG (115-036-047, Jackson ImmunoResearch 
Laboratories). Chemiluminescence signals were developed by the Immunostar LD kit (Wako Pure Chemicals), 
and were visualized by the ImageCapture G3 system (Liponics, Tokyo, Japan). Relative intensities were obtained 
by densitometry using a computerized analysis system (NIH ImageJ).

Construction and preparation of PTD-p38WT. The expression plasmid pTAT-HT was con-
structed by inserting oligomeric nucleotides encoding the 6xHis tag and the 11–amino acid Tat-sequence 
(YGRKKRRQRRR)61 flanked by glycine residues into vector pET-3d (Novagen, Merck KGaA, Madison, WI, 
USA). pTAT-p38WT vectors were constructed by inserting a PCR fragment encoding the wild-type p38 open 
reading frame62 into the BamHI site of the pTAT-HT vector. The pTAT-p38KD vectors were constructed by 
inserting a PCR fragment encoding the open reading frame of a mutant p38 protein in which the dual phospho-
rylation sites required for kinase activity, threonine-180 and tyrosine-182, were replaced with alanine and phe-
nylalanine, respectively63. The plasmid construct was confirmed by DNA sequencing. PTD fusion proteins were 
expressed in Single Step (KRX) competent cells (Promega, Madison, WI, USA). PTD fusion proteins were recov-
ered by sonication of KRX cells (250 ml) in 25 ml of equilibration/wash buffer (50 mM sodium phosphate [pH 
8.0], 300 mM NaCl), and the supernatant was loaded onto TALON Metal Affinity Resins (Clontech Laboratories, 
Mountain View, CA, USA). The PTD fusion proteins were eluted from the resins using imidazole (0.5 M) under 
native conditions, and then purified using Vivaspin (5000 MWCO; Sartorius AG, Goettingen, Germany) and 
Zeba Spin desalting columns (Thermo Fisher Scientific).

In vitro kinase assay. Kinase reactions were performed by mixing PTD fusion proteins (250 ng) with 
recombinant ATF-2 protein (500 ng) in the reaction solution (200 μM ATP, 25 mM Tris buffer [pH 7.5], 5 mM 
β -glycerolphosphate, 2 mM DTT, 0.1 mM Na3VO4, 10 mM MgCl2) at 30 °C for 30 min. Kinase activity was verified 
by Western blot analysis using anti-phospho-ATF-2 and anti-ATF-2 antibodies after the reaction solution was 
boiled.

Cell viability assay. The number of viable cells was assessed by measuring intracellular ATP to identify met-
abolically active cells, using the CellTiter-Glo luminescent cell viability assay (Promega). The number of viable 
cells after 5 days was assessed by measuring intracellular WST-8 formazan using the Cell Counting Kit-8 (Dojindo 
Laboratories, Kumamoto, Japan).

Transwell assay. Cell migration capacity was investigated using Transwell permeable supports with 3.0-μm 
pore polyester membrane inserts (No. 3472, Corning Life Sciences, Tewksbury, MA, USA) according to the man-
ufacturer’s instructions with slight modifications. In brief, the cultured NPCs (4 ×  103 cells per insert) were seeded 
in Transwell inserts and incubated in growth-promoting medium containing PTD proteins for 16 hr. The number 
of non-migrating cells (i.e., cells remaining within the inserts) or the number of migrating cells (i.e., the cells on 
the receiver plate) was determined using the CellTiter-Glo luminescent cell viability assay. The migration ratio of 
adult NPCs was calculated by dividing the number of migrated cells by the total cell number. For immunocyto-
chemical assay of migrated cells, a coated coverslip was inserted into the receiver plate before the cells were plated.

Dunn chemotaxis assay. To investigate migration speed and movement direction of NPC, the Dunn 
Chemotaxis Chamber (Weber Scientific International, Teddington, UK) assay was performed as previously 
described64. In brief, cultured NPCs were seeded at a density of 40 cells per mm2 on the glass coverslip coated 
with 1 μg/ml poly-D-lysine and 10 μg/ml laminin for 16 hr in the growth-promoting medium. The coverslip was 
inverted onto the Dunn chamber, and the outer and inner wells were filled with growth-promoting medium con-
taining recombinant proteins at the indicated concentrations. Cell migration was assessed by time-lapse video 
microscopy over an 8 hr period (IX81, Olympus, Tokyo, Japan). The migration distance of individual cells was 
measured using the MetaMorph software (ver. 7.5.2.0, Molecular Devices, Sunnyvale, CA, USA). Dividing cells 
were excluded from the analysis.

Statistical analysis. Statistical evaluations were performed using Student’s t-test. P <  0.05 was considered to 
indicate a statistically significant difference.
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Abstract 

 

 

Background: Menkes disease (MNK; MIN# 309400) is an X-linked recessive lethal disorder 

of copper metabolism caused by mutations in the ATP7A gene (MIM# 300011), which 

encodes a transmembrane copper-transporting P-type ATPase. This study assessed mutations 

in the ATP7A gene in Japanese patients with MNK and their families using gene analysis.  

 

Methods: A total of 66 patients with MNK born between 1975 and 2013 in Japan were 

investigated in this study. Definite diagnosis of MNK was performed with polymerase chain 

reaction (PCR) amplification and direct sequencing of each exon. Genetic analysis was also 

performed on 39 women for carrier diagnosis, and 9 fetuses and 10 neonates for the diagnosis 

of MNK. 

 

Results: We detected 55 different mutations, among which 20 were de novo mutations. The 

mutations were located around the six copper binding sites, 1st to 3rd and 6th transmembrane 

domains, and the ATP binding site. Of 30 mothers, 23 (76.7%) were carriers. Approximately 

half of the male siblings of patients with MNK were diagnosed with MNK. 

 

Conclusion: Mutations in the ATP7A gene varied widely across patients, although 

approximately half of the mutations were located in exons 4, 9, 10, and 15. About 23% of 

patients did not inherit the mutations from their mothers, but had de novo mutations. An early 

definite diagnosis is necessary for the early treatment of MNK, and gene analysis serves as an 

effective method for detecting mutations in the ATP7A gene. 

 

Key words: Menkes disease, mutation, copper, ATP7A, diagnosis 

 

Introduction 

Menkes disease (MNK; MIN# 309400) is an X-linked recessive lethal disorder of copper 

metabolism characterized by progressive neurodegenerative symptoms, abnormal hair, and 

connective tissue abnormalities 
1-3

. The disease is caused by mutations in the ATP7A gene 

(MIM# 300011), which is located in chromosome Xq13.3 and encodes a transmembrane 

copper-transporting P-type ATPase 
2,4-7

. Most patients with the severe classic form of MNK 
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die in early childhood. The ATP7A gene has 23 exons and encodes a protein with 1500 amino 

acids. The protein has six amino-terminal copper binding sites and a catalytic transduction 

core with several functional domains. It is expressed in all tissues, except the liver 
8,9

.  

ATP7A transports copper from the cytosol to the Golgi apparatus, where copper is 

incorporated into secretory copper enzymes and excreted from cells. In MNK -affected cells, 

copper accumulates in the cytosol and cannot be excreted. Copper accumulation in the 

intestine results in a failure of copper absorption that leads to systemic copper deficiency, 

subsequently resulting in reduced copper-dependent enzyme activity. The dysfunction of 

copper-dependent enzymes, such as cytochrome c oxidase, lysyl oxidase, and dopamine 

beta-hydroxylase, explains most of the clinical features of MNK 
10,11

. Treatment must be 

initiated before two months of age in order to improve neurological outcomes, since copper 

can be transported to neurons through the immature blood-brain barrier during this period 

12-15
. Thus, early diagnosis of the disease is important. For this purpose, genetic analysis is 

particularly useful for diagnosing MNK.  

In this study, we performed a mutational analysis of the ATP7A gene in 66 Japanese 

patients with MNK. Genetic analysis was also performed on 39 women for carrier detection, 

and fetuses and neonates for early diagnosis of MNK.  

 

Methods 

A total of 66 patients with MNK born between 1975 and 2012 in Japan were targeted in this 

study. Most patients were referred to the Department of Pediatrics of Teikyo University 

School of Medicine from hospitals throughout Japan. These patients were suspected to have 

MNK by clinical examination, and/or were diagnosed by measurement of copper 

concentrations in cultured fibroblasts. Four pairs of 66 patients were siblings or cousins, and 

the remaining patients were unrelated. 
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Carrier detection was performed in 30 mothers and nine female relatives of patients 

with MNK. Prenatal/neonatal diagnosis was performed in nine fetuses and 10 

neonates/infants by gene analysis when they were identified as male and their mothers were 

carriers. Clinical data for all patients were obtained from medical records or medical record 

summaries prepared by their pediatricians. 

Prenatal diagnosis was carried out with cultured amniotic fluid cells obtained by 

amniocentesis during 11-15 weeks of gestation. Amniotic fluid cells were cultured in 

AmnioMAX™ C-100 medium (Thermo Fisher Scientific, MA, USA) or Chang’s medium 

(Irvine Scientific, CA, USA) as previously described
16

. Fibroblasts obtained by biopsy from 

patients with MNK or control subjects were cultured in Dulbecco’s Modified Eagle Medium 

supplemented with 10% fetal bovine serum and penicillin-streptomycin (Thermo Fisher 

Scientific, MA, USA). Cells were cultured under humidified air at 37ºC in 5% CO2
17

. 

Genomic DNA and/or total RNA were isolated from blood, cord blood, Epstein-Barr 

virus-transformed lymphoblasts, cultured skin fibroblasts, or amniotic fluid cells using 

standard protocols. Polymerase chain reaction-single strand conformation polymorphism 

(PCR-SSCP) analysis was performed in the 5’-upstream region, each of the 23 exons, and 

adjacent intronic sequences of the ATP7A gene. PCR products were then directly sequenced 

using a genetic analyzer (ABI PRISM 3130xl Genetic Analyzer, Applied Biosystems, CA, 

USA), as described previously 
5,6

.  

Reverse transcription PCR (RT-PCR) analysis was performed as described previously 

18
. PCR products were analyzed with electrophoresis using agarose gels, and directly 

sequenced. 

The study protocol was approved by the Institutional Review Board of Teikyo 

University School of Medicine, and a parent or guardian provided written informed consent 

(TEIRIN No.12-014). 
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Results 

Detection of mutations in the ATP7A gene 

We identified 55 different mutations in the ATP7A gene in 62 patients during the period from 

1975 to 2012. Only four patients (6%) had no detectable mutations in the ATP7A gene. 

Among the 55 mutations, 35 were the same as those previously reported (LOVD: 

http://www.lovd.nl/3.0/home). Three pairs of patients had the same mutation, and two 

patients of each pair with the same mutation were unrelated. The three pairs of patients had 

one of the following mutations: c.2324G>A (p.Gly727Arg), c.3101 C>T (p.Arg986*), and 

c.2317+5 g>c. A total of 20 novel mutations were found in our patient population (Table 1). 

The mutations were disease-causing mutations, but not polymorphisms. Based on the 

mutations in this study and mutations previously reported by us
5
, we classified the mutations 

into six subtypes, including insertions, deletions, nonsense mutations, missense mutations, 

splice site mutations, and duplications (Figure 1). We confirmed that three different splice site 

mutations skipped exons by RT-PCR analysis. The mutations with skipped exons were 

c.2091+6 (skip exon 8), c.2317+5 (skip exons 9 and 10), and c.4353-4371+1 deletion (skip 

exon 22). The most frequent mutations were nonsense mutations and missense mutations, 

each of which accounted for 24% of the mutations. Deletion mutations accounted for 22% of 

mutations. One of the 58 patients had an exon3-exon5 duplication, a previously-described 

mutation 
19

. The exon with the highest incidence of mutation was exon 4 (9/57; 16%), and 

approximately half of the mutations were located in exons 4, 9, 10, and 15. No mutations 

were found in exons 1, 2, 11, 12, 14, and 17. 

 

Location of mutations within the ATP7A protein 

Figure 2 shows the position of each mutation mapped onto the structure of the ATP7A protein. 

The mutations distribute to the six copper binding sites, 1st to 3rd and 6th transmembrane 
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domains, and the ATP binding site. One patient had a mutation in the CPC motif, which is 

involved in copper transport within the channel formed by the transmembrane domains 

(c.3143T>C). One of the mutations, c.3282C>T, is located on a phosphorylated domain 

(DKTGT). Another mutation, c.C4060G, is located on a phosphatase domain (GDGIND).  

 

Carrier and Fetal/Neonatal diagnoses 

A total of 39 women, including mothers, aunts, and sisters of patients with MNK, were 

examined for carrier status. Among these, 28 were found to be carriers with heterozygous 

mutations, which were the same as the mutations in the proband. Seven of the 30 mothers 

(23.3%) were not carriers, as they did not have a mutation in the ATP7A gene (Table 2). 

Among mothers of unrelated patients with the same mutation (c.3101C>T), one was a carrier 

and the other was not. Similar to patients with MNK, carriers had various types of mutations. 

Women whose proband showed splice site mutations were all carriers. The ratio of carriers 

was high among women whose proband had deletion mutations (88.9%).  

The diagnosis of nine fetuses and 10 neonates were performed by gene analysis. 

Approximately half of the fetuses/neonates (9/19) were diagnosed with MNK, as shown in 

Table 2. Two of the five fetuses diagnosed with MNK were born and promptly received 

treatment with copper-histidine injections (Table 2).  

 

Discussion  

MNK is caused by mutations in the ATP7A gene, such as deletions, insertions, missense 

mutations, nonsense mutations, splice site mutations, and duplications 
4,20

. Other types of 

mutations, such as gross deletions including one or several exons
21

 and exon duplications 

have also been reported 
22,23

. These mutations have been identified in many country, and 

incidence of MNK have been also discussed
24

. In the present study, we identified 55 different 
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mutations, including mutations previously reported by our group 
5,19

. Twenty mutations were 

novel and are not listed in the Leiden Open Variation Database 3.0 (LOVD: 

http://www.lovd.nl/3.0/home). We divided the identified mutations into six subtypes, as 

follows: deletions (22%), insertions (12%), missense mutations (24%), nonsense mutations 

(24%), splice site mutations (16%), and duplications (2%) (Figure 1). More than 400 different 

mutations were previously identified by the Kennedy Center, with the following breakdown: 

insertions/deletions (22%), nonsense mutations (18%), missense mutations (17%), exon 

deletions (17%), splice site mutations (16%), and duplications (4%) 
25

. Other studies have 

reported different ratios of mutation types 
9,23

. The differences in ratios of mutation types 

between our study and those from others may be attributed to countries. However, one 

consistent feature is that many studies have found deletions and insertions to be the most 

common types of mutations, and duplications to be the least common. 

ATP7A is a copper transporting P-type ATPase family with six copper binding sites at 

the N-terminus of the cytoplasmic domain, eight transmembrane domains, and three 

cytoplasmic domains, including an activation (A) domain, a phosphorylation (P) domain, and 

a nucleotide-binding (N) domain 
24,25

. The A domain includes a TGE motif, which is 

important for dephosphorylation. The P domain includes a DKTGT motif, which is 

phosphorylated during the catalytic cycle by ATP. The N domain includes a GDGIND motif 

and is important for ATP binding. The 6
th

 transmembrane segment includes a conserved CPC 

motif important for copper transport 
20

.  

Although ATP7A mutations have been reported to distribute over the entire sequence 

22
, it is clear that most mutations in Japanese patients with MNK occur around the six copper 

binding sites, 1st to 3rd and 6th transmembrane domains, and the ATP binding site. 

Approximately half of the mutations were located in exons 4, 9, 10, and 15.  
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In the present study, one patient had a mutation in the CPC motif, which could have 

impaired ATP7A function. Other patients had mutations in the P domain or N domain, both of 

which are needed for ATP7A function. These mutations were missense mutations involving a 

c.3282C>T (p.Thr1046Ile) mutation in the P domain and a c.4060C>G (p.Asp1305Glu) 

mutation in the N domain. While the patient with the P domain mutation had severe 

symptoms, the patient with the N domain mutation had only mild neurological degeneration. 

The phenotypes of patients with missense mutations have been reported to depend on the site 

affected by the mutation 
24

. Thus, the differing phenotypes might be attributed to the 

particular substituted bases, although mutations in similarly important domains have been 

previously observed.  

Three pairs of patients who had the same mutation in the ATP7A gene had differing 

symptoms. A previous study reported a patient with ac.3914A>C (p.Asp1305Ala) mutation, 

and that patient presented with the classic MNK phenotype 
26

. However, the patient in our 

study who had the same mutation did not have this phenotype, but achieved normal 

neurodevelopment and had mild neurodegeneration. The one patient in our study who had a 

c.2998T>C (p.Cys1000Arg) mutation and the classic MNK phenotype died at the age of 1 

year 5 months, but this same mutation was previously reported in a patient who presented 

with the classic MNK phenotype but lived for >6 years 
21

.  

Nine patients in this study who had splice site mutations had the classic MNK 

phenotype, but splice site mutations have been previously reported to lead to milder 

phenotypes, such as atypical MNK 
27

. With respect to duplications, having more than three 

exon duplications reportedly results in a more severe phenotype than having only two exon 

duplications 
19

. The patient in our study with the exon3-exon5 duplication also presented with 

the classic MNK phenotype and had severe neurodegeneration, but lived for >20 years. These 

findings indicate that phenotype and clinical course differ even among patients who share the 
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same mutation. These differences may depend on the extent of residual ATP7A activity and 

differences in treatment. 

The carrier diagnosis of mothers and female relatives with a family history of MNK is 

necessary for an accurate prenatal diagnosis 
23

. In the present study, 77% of the 30 mothers of 

patients with MNK were carriers, and the remaining mothers were not carriers. This suggests 

that 23% of the mutations in patients with MNK were de novo mutations, consistent with a 

previous report 
24

. Sixty-three percent (5/8) of female relatives of carrier mothers were also 

carriers. A carrier diagnosis should be performed by direct sequencing rather than simple 

multiplex PCR, because the normal allele of ATP7A will be PCR amplified and mask the 

deletion 
25

. Male siblings of patients are at risk of developing MNK due to the X-linked 

nature of the disorder. When a mother of a patient with MNK is diagnosed as a carrier, 

prenatal diagnosis can be performed for the next pregnancy. In the present study, 50% of male 

siblings of patients with MNK were diagnosed with MNK.  

In conclusion, our findings suggest that ATP7A gene analysis is useful not only for a 

definite diagnosis of MNK, but also for the diagnosis of carriers and male siblings of patients 

with MNK, although mutation was not identified by this gene analysis method in a few of the 

patients in our study diagnosed based on clinical symptoms and biochemical examination. 
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Table 1. Novel mutations in the ATP7A gene in patients with Menkes disease 

 

Patient 

No. 

Exon Type Nucleotide Codon 

1 3 deletion c.611_612AA del
†
 p.Lys156 Lysfs*5 

2 4 deletion c.818_819ATdel p.Met225Glufs*5 

3 4 deletion c.979Adel
†
 p.Thr 278 Thrfs*27 

4 4 deletion c.1168Gdel
†
 p.Gly341Gly fs*27 

9 9 insertion c.2157_2158ATins p.Met 671Ilefs*1 

14 10 insertion c.2499_2500Cins
†
 p.Pro785fs*41 

17 18 deletion c.3778Gdel p.Arg1211 Argfs*4 

18 18 deletion c.3802Tdel p.Asp1219Glufs*6 

21 4 missense c.1152A>T p.Glu336Val 

22 4 missense c.1175A>G p.Arg344Gly 

26 13 missense c.2828A>T p.Asn895Tyr 

27 15 missense c.3102G>A p.Arg986Q 

29 16 missense c.3282C>T p.Thr1046Ile 

31 20 missense c.4060C>G p.Asp1305Glu 

34 23 missense c.A4394G p.Ser1417Gly 

38 4 nonsense c.1403G>T p.Gly 420* 

40 5 nonsense c.1618C>A p.Tyr491* 

43 6 nonsense c.1793G>T
†
 p.Gly 550* 

50 IVS8+6 splice site c.2091+6t>c Skip exon 8 

54 IVS19-2 splice site c.3803a>g Not detected 

 

†
 These mutations have been reported as reviews by us

28
. 
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Table 2. Analysis of carrier mothers and prenatal/neonatal diagnosis 
 

 

 

 

 

Figure Legends 

 

Figure 1. 

A. The incidence of six subtypes of mutations: deletions, insertions, missense mutations, 

nonsense mutations, splice site mutations, and duplications.  

B. The incidence of mutations in each exon/intron of the ATP7A gene. 

 

Figure 2. Position of mutations in the ATP7A protein 

ATP7A has six copper binding sites (Cu), eight transmembrane domains, an activation 

domain (A), a phosphorylation domain (P), and a nucleotide domain (N). The types of 

mutations are indicated as follows: deletion/insertion mutations resulting in a frame shift (F), 

nonsense mutations (N), missense mutations (M), and splice site mutations (S). The number 

corresponds to the patient’s number from Table 1.  

Mutation type of proband Carrier (%) Prenatal/Neonatal (%) 

insertion 2/3 (66.7) 1/2 (50)  

deletion 6/6 (100)  4/8 (50)  

missense 6/8 (75) 1/3 (33.3)  

nonsense 4/8 (50)  2/4 (50)  

splice site 5/5 (100)  1/2 (50)  

Total 23/30 (76.7)  9/19 (50)  
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A myocardial bridge (MB) is a common congenital anatomic 
structure mostly present in the left anterior descending 

artery (LAD), where a part of LAD is covered by myocardial tis-
sue.1,2 It has been widely recognized that the LAD under an MB 
and distal to the MB remains free from atherosclerotic disease, 
whereas the LAD segment proximal to the MB is vulnerable to 
atherosclerosis.2–8 There is some evidence that the altered hemo-
dynamic force of blood flow caused by systolic compression 
of an MB leads to an altered distribution of atherosclerosis and 
potentially predisposes to myocardial infarction.2,3,9 However, 
some studies showed that the morbidity of myocardial infarction, 
prognosis, and myocardial perfusion during vasodilator stress in 
MB-present cases was equivalent to that in MB-absent cases.4,8,10–

13 Thus, the influence of an MB on coronary atherosclerosis and 
the occurrence of myocardial infarction is still controversial.

See accompanying editorial on page 1250
For identification of an MB, the combined application of mul-

tidetector computed tomography, computed tomographic angiog-
raphy, intravascular ultrasound, and coronary angiography have 
been used in most of the clinical studies.4,5,14,15 The evaluation 

parameter for atherosclerosis in clinical studies is the luminal 
stenosis ratio,4,5,14 whereas histopathologic studies use the intima–
media ratio (the area ratio of the intima to the media).3,6,9,16 In 
accordance with this, it would be helpful to simultaneously illus-
trate the histopathologic changes in the extent of intimal thicken-
ing and luminal narrowing of the LAD. In a previous study, the 
percentage stenosis in the coronary arteries was evaluated by injec-
tion of sulfate and gelatin into a coronary artery just after perfusion 
fixation.17 Fixation of a coronary artery by perfusion with formalin 
at a physiological pressure in the autopsied heart allows recogni-
tion of more clinically relevant features than conventional fixation.

Apart from such technical matters, the risk factors 
(RFs) for coronary heart disease have been established and 
include age, male sex, smoking, diabetes mellitus, hyperten-
sion, hypercholesterolemia, and a family history of coronary 
artery disease.18,19 In addition, Nicoll et al19 showed that the 
degree of coronary artery calcification was a more power-
ful predictor than traditional RFs for coronary heart disease. 
Recently, Nakaura et al5 reported that age, diabetes mel-
litus, and an MB were independent factors for ≥50% steno-
sis in the proximal LAD evaluated by cardiac multidetector 

Received on: December 5, 2017; final version accepted on: March 7, 2018.
From the Department of Pathology, Toho University School of Medicine, Tokyo, Japan (Y.A-F., Y.I., T.M., Y.A.); and Department of Pathology, Saiseikai 

Yokohamashi Tobu Hospital, Japan (T.I.).
The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.118.310933/-/DC1.
Correspondence to Yuri Akishima-Fukasawa, MD, PhD, Department of Pathology, Toho University School of Medicine, 5-21-16 Omori-Nishi, Ota-ku, 

Tokyo, Japan. E-mail yfukasawa@med.toho-u.ac.jp
© 2018 American Heart Association, Inc.

Objective—The aim of this study was to investigate the influence of a myocardial bridge (MB) on atherosclerosis development 
in the left anterior descending artery of the normal heart and the importance of traditional risk factors (RFs). An additional 
objective was to determine the correlation between intimal thickening and luminal narrowing.

Approach and Results—The left anterior descending artery from 150 autopsied hearts was treated with formalin perfusion 
fixation, and each left anterior descending artery was serially cross-sectioned. The intima–media and luminal stenosis 
ratios were examined using computer-assisted histomorphometry. The luminal stenosis ratio was closely correlated with 
the intima–media ratio (r=0.792; P<0.001). When an MB was present, the luminal stenosis ratios proximal to the MB 
in the RF (+) group were significantly greater than those in the RF (−) group (P=0.022 by a multiple comparison test), 
but there were no differences between the RF (+) and RF (−) groups when an MB was absent. In addition, the site of the 
greatest stenosis in the MB (+) RF (+) group was 2.5 cm proximal to the MB entrance. Multivariate analyses indicated that 
age was an independent factor for luminal stenosis ratios ≥50% and 60% (P=0.002 and 0.029, respectively). Furthermore, 
the presence of an MB plus RFs was an independent factor for a luminal stenosis ratio ≥70% (P=0.037).

Conclusions—An MB enhances left anterior descending artery atherosclerosis development at a site proximal to the MB 
entrance, particularly in subjects who have some RFs.

Visual Overview—An online visual overview is available for this article.   (Arterioscler Thromb Vasc Biol. 2018;38: 
1407-1414. DOI: 10.1161/ATVBAHA.118.310933.)

Key Words: atherosclerosis ◼ coronary vessels ◼ heart ◼ myocardial bridge ◼ risk factors

Settlement of Stenotic Site and Enhancement of Risk  
Factor Load for Atherosclerosis in Left Anterior  

Descending Coronary Artery by Myocardial Bridge
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computed tomography in patients with some cardiac symp-
toms. However, there have been no reports demonstrating the 
relationship between an MB, the degree of stenosis, and RFs 
in patients without overt cardiac disease.

In this study, we explored the histomorphometric changes 
in atherosclerosis of the LAD across an MB from the left 
coronary ostium to the cardiac apex in subjects without car-
diac disease. The luminal stenosis ratio in the LAD fixed with 
formalin perfusion may be considered to approximate clinical 
luminal stenosis; therefore, we analyzed in detail the relation-
ship between the luminal stenosis ratio and the RFs for major 
coronary heart disease. The histopathologic results from thor-
ough measurements should be useful in the interpretation of 
the results of various clinical investigations on MBs.

Materials and Methods
Materials
A total of 150 autopsied hearts from 104 males and 46 females, who 
were free from any clinical or morphological cardiovascular dis-
ease, were collected at Omori Hospital, Toho University Medical 
Center, Saiseikai Yokohamashi Tobu Hospital, and Omori Red Cross 
Hospital from 2010 to 2013. The information on RFs, such as hyper-
tension, hypercholesterolemia, and diabetes mellitus, was obtained 
from clinical records. Hypertension was defined as a systolic blood 
pressure >140 mm Hg, diastolic blood pressure >90 mm Hg, or the 
use of antihypertensive agents. Hypercholesterolemia was defined as 
a total serum cholesterol level >220 mg/dL or the use of antihyper-
cholesterolemic agents. Diabetes mellitus was defined from a physi-
cian-diagnosed history. We defined RF (+) as the patients with at least 
1 RF among these 3 factors based on their clinical records; however, 
data on the severity of these RFs could not be obtained. The relatives 
of the studied subjects gave written informed consent for autopsy, and 
the study was approved by the Ethics Committee of Toho University 
School of Medicine (No. 25041, A17060).

For the autopsied heart, the left coronary ostium was exposed, 
and the entire length of the left coronary artery was first rinsed with 
physiological saline. A cannula was then inserted into the lumen, 
held in place with a ligature, and 10% neutral buffered formalin was 
injected under a constant pressure of 90 mm Hg for 90 minutes (the 
bottle of formalin was placed 120 cm above the left coronary ostium). 
After perfusion fixation, the whole heart was immersed in 10% neu-
tral buffered formalin for 3 days. The length of the LAD along the 
sternocostal surface of the heart from the left coronary ostium to the 
cardiac apex was then removed together with the surrounding adi-
pose and myocardial tissue and cross-sectioned at intervals of 0.5 cm. 
The sections were embedded in paraffin and thin-sectioned for stain-
ing with hematoxylin–eosin and elastica-van Gieson stain. Detailed 
observation often revealed cases that had multiple MBs in 1 LAD. In 
such cases, only the MB in the most proximal portion of the LAD was 
evaluated. Apart from this, the segments at the left coronary ostium 
were sometimes damaged by the perfusion cannula, so no measure-
ments were performed on these segments.

Microscopically, we classified the cases into 2 groups: cases with 
an MB (MB [+]) and cases without an MB (MB [−]). In the for-
mer group, the LAD was partly covered with myocardial tissue. The 
length and thickness of each MB were determined, and the distance 
from the left coronary ostium to the first segment of the LAD cov-
ered by the MB was defined as the MB location. The number of the 
sections covered by a single MB was multiplied by 0.5 cm to define 

the MB length. The thickness of myocardial tissue bridging the LAD 
was microscopically measured, and the highest value was defined as 
the MB thickness.

To assess the extent of atherosclerosis, intimal thickening and 
luminal narrowing were defined as follows. The areas of the intima and 
media in histological sections were measured with an automated image 
analysis system (Visual Measure 32; Rise Corporation, Sendai, Japan). 
The cross-sectioned area ratio of the intima to media was defined as the 
intima–media ratio (Figure IA in the online-only Data Supplement). 
The luminal stenosis ratio was defined as follows: 100−patency rate. 
The patency rate (%) was calculated as follows: (area surrounded by an 
intima/area surrounded by an internal elastic lamina)×100. All of these 
areas were measured using the same image analysis system in Figure 
IA and IB in the online-only Data Supplement.

Statistical Analysis
Statistical analysis was performed using commercial software (IBM 
SPSS Statistics, version 24; IBM Corp, Armonk, NY).

For univariate analysis that compared the MB (+) and MB (−) 
groups, the Mann–Whitney U test and χ2 test were applied to numeric 
variables and population ratios, respectively. In the MB (+) group, 
1-way ANOVA followed by Bonferroni multiple comparison was 
applied to compare 3 independent subgroups. To evaluate the rela-
tionship between the intima–media and luminal stenosis ratios, 
Pearson correlation coefficient was calculated. The mean values of 
the intima–media ratio and luminal stenosis ratio at intervals of 0.5 
cm from the left coronary ostium at each site in the MB (+) group 
were compared with those in the MB (−) group by a Mann–Whitney 
U test because these values did not show a normal distribution.

Sixty-seven cases in the MB (+) group (34 RF [+] cases and 33 
RF [−] cases) had a luminal stenosis ratio ≥50%. For these cases, 
2-way ANOVA followed by Bonferroni multiple comparison was 
applied for analyzing the anatomic distribution of the luminal steno-
sis ratio at segments proximal to the MB. For evaluating the good-
ness-of-fit of the distributions, the Shapiro–Wilk test and χ2 test were 
applied for normality and uniformity, respectively. In the analyses 
above, we considered the luminal stenosis ratio only in segments 1.5 
to 5.0 cm from the left coronary ostium. This was done because the 
luminal stenosis ratios at 0.5 and 1.0 cm were often missing because 
of bifurcation of the left circumflex coronary artery in some cases. 
Furthermore, a distance of 5.0 cm was the average location of the 
MB entrance.

To detect RFs associated with severe luminal stenosis, multivari-
ate logistic regression analysis was performed.

In all of the above statistical tests, the significance level was set 
at 0.05.

Results
Background of the Patients
The MB (+) group consisted of 93 cases (male, 65; female, 
28) with a mean age of 71.4±11.6 years, and the MB (−) group 
consisted of 57 cases (male, 39; female, 18) with a mean age 
of 71.4±13.4 years. There was no significant difference in dis-
tribution of age and sex between the 2 groups (Table 1). The 
prevalence of hypertension, hypercholesterolemia, or diabetes 
mellitus was also not significantly different between the 2 groups 
(Table 1). The length of the removed left coronary artery was 
also not significantly different between the 2 groups (Table 1).

Correlation of the Intima–Media Ratio 
With Luminal Stenosis Ratio
On histological examination, the lumen of the LAD was com-
pletely opened by perfusion fixation. The greatest stenosis 
was usually proximal to the MB (Figure 1A), while stenosis 
was always scarce under the MB (Figure 1B).

Nonstandard Abbreviations and Acronyms

LAD left anterior descending artery

MB myocardial bridge

RF risk factor
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The luminal stenosis ratio was closely correlated with the 
intima–media ratio (r=0.792; P<0.001; Figure 2). Moreover, 
the means of the luminal stenosis ratio at each site of the LAD 
showed a similar distribution curve to that of the intima–media 
ratio (Figure 3A and 3B). Both the intima–media ratio and 
luminal stenosis ratio in the MB (−) group tended to increase 
between 1.0 and 3.0 cm from the left coronary ostium and then 
decreased gradually to the distal LAD (Figure 3A and 3B). In 
contrast, both ratios in the MB (+) group sharply decreased at 
4.0 to 6.0 cm from the ostium. Both ratios at the main sites that 
encompassed the MB (5.0–7.0 cm from the coronary ostium) 
were significantly lower than those at the corresponding sites 
in the MB (−) group. The peak of both ratios showed similar 
levels between the MB (+) and MB (−) groups.

To examine the significance of an MB on LAD atheroscle-
rosis, the intima–media and luminal stenosis ratios were statis-
tically compared in the MB (+) group among 3 portions of the 
LAD: the segments proximal to the MB, under the MB, and 
distal to the MB. The values of these 2 parameters in the seg-
ments under the MB and distal to the MB were significantly 

lower (P<0.001) than those in the segments proximal to the 
MB (Figure 4A and 4B).

Site Exhibiting the Greatest Luminal Stenosis
Limited to the cases in which at least 1 segment showed ≥50% 
stenosis, we tried to identify the site of the greatest luminal 
stenosis to examine the influence of an MB and RFs on ath-
erosclerosis. In the MB (+) RF (+) group (34 of 67 cases), the 
cumulative number of sites with the greatest luminal stenosis 
ratio showed a peak at 2.5 cm proximal to the MB (Figure 5A). 
The statistical normality of this distribution was proven by the 
Shapiro–Wilk test (P=0.649), and the homogeneity was nega-
tive by the χ2 test (P=0.041). However, the distribution at the 
MB entrance site itself was not normal. Furthermore, such a 
distinct peak was not clearly observed in the MB (+) RF (−) 
group (33 of 67 cases; Figure 5B). The statistical normality of 
the distribution was proven (P=0.384), but the assumption of 
uniformity was not rejected (P=0.219). Moreover, statistical 
normality and uniformity were rejected in the MB (−) group. 
There was no significant difference in distributions of the MB 

Table 1. Background of Patients

Parameters  MB (+), n=93 Cases MB (−), n=57 Cases P Value

Age, y Mean±SD 71.4±11.6 71.4±13.4 0.881

Sex Male 65 39 0.857

 Female 28 18  

Hypertension Yes 32 15 0.366

 No 61 42  

Hypercholesterolemia Yes 11 3 0.251

 No 82 54  

Diabetes mellitus Yes 18 5 0.103

 No 75 52  

LCA length, cm Mean±SD 11.85±1.35 (range, 
8.0–15.0)

11.64±1.26 (range, 
9.0–15.0)

0.335

MB location from the 
ostium, cm

Mean±SD 5.16±1.29 (range, 
3–11.5)

  

MB length, cm Mean±SD 1.99±1.08 (range, 
0.5–5.5)

  

MB thickness, μm Mean±SD 1217±1058 (range, 
75–5125)

  

LCA indicates left coronary artery; and MB, myocardial bridge.

Figure 1. A case with a myocardial bridge 
(MB) in the left anterior descending coro-
nary artery (LAD) in a normal heart (elas-
tica-van Gieson stain): (A) cross section 
of the LAD proximal to the MB. The intima 
is remarkably thick. B, Cross section of 
the LAD under the MB. A small amount of 
luminal stenosis is observed.
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length and depth or the MB muscle mass index (length×depth) 
between the 2 groups (2.06±1.24 versus 1.74±0.95, P=0.230; 
1113.79±997.47 versus 1123.24±1115.55, P=0.973; and 
2753.71±2807.92 versus 2438.38±3260.71, P=0.673, respec-
tively). Therefore, the potential functional impact of an MB 
was considered the same between the 2 groups. In the MB (+) 
group, the presence of RFs influenced the distribution of the 
site with the greatest luminal stenosis such that this site was 2.5 
cm proximal to the MB entrance. However, no such peak prox-
imal to the MB entrance was observed in the RF (−) patients.

Influence of an MB, RFs, and Anatomic 
Site on the Luminal Stenosis Ratio
There was a significant interaction at the site of the greatest 
luminal stenosis ratio among the 4 groups (MB [+] RF [+], 
MB [+] RF [−], MB [−] RF [+], and MB [−] RF [−] groups) 

based on 2-way repeated-measures ANOVA (P=0.022). A 
multiple comparison test showed that the luminal stenosis 
ratios at all 8 sites (from 1.5 to 5.0 cm from the left coronary 
ostium) in the MB (+) RF (+) group were significantly greater 
than those in the MB (+) RF (−) group (Figure 6). On contrary, 
there were no significant differences between the MB (−) RF 
(+) and MB (−) RF (−) groups at all 8 sites (Figure 6). In the 
MB (+) group, the luminal stenosis ratio was enhanced by the 
presence of RFs at segments proximal to the MB, whereas 
there was little influence of RFs in the cases without an MB.

Combination of an MB and RFs as a 
Determinant of Luminal Stenosis
Multivariate analysis was attempted to explore the role of an 
MB, RFs, sex, and age for cases with a luminal stenosis ratio 
≥50%, 60%, and 70%, respectively. The results indicated that 
age was an independent determinant of luminal stenosis ratio 
≥50% and 60% (Table 2). However, when the luminal stenosis 
ratio was ≥70%, MB (+) RF (+) was the only independent 
determinant (Table 2). Although age had a significant impact 
on luminal stenosis, MB (+) RF (+) was a more important fac-
tor than age for the development of a critical lesion.

Discussion
The present study illustrated the deleterious role of an MB 
on LAD atherosclerosis, when it coexists along with some 
RFs in hearts without significant cardiovascular disease. Our 
results showed that 2 histopathologic parameters for LAD 
atherosclerosis, the intima–media ratio and luminal stenosis 
ratio, were strongly correlated. Furthermore, the influence of 
an MB on stenosis was enhanced, and atherosclerotic lesions 
were concentrated at a certain site only in cases with an RF 
load. This study first demonstrated the fundamental distortion 
modes of the natural history of coronary atherosclerosis in the 

Figure 3. Intima–media ratio and luminal stenosis ratio of the left anterior descending coronary artery (LAD) at intervals of 0.5 cm from the 
left coronary ostium (0 cm) ≤10 cm distal to the ostium. Red dots indicate the myocardial bridge (MB [+]) group, and blue dots indicate 
the MB (−) group. The bold black bar indicates the average LAD region under the MB (5.0–7.0 cm). A, The intima–media ratio in the MB (−) 
group was higher at sites from 2.5 to 4.0 cm from the ostium and decreased gradually to the distal part. On the contrary, the intima–media 
ratio in the MB (+) group increased ≤2.0 cm and then decreased dramatically from 3.5 to 6.0 cm. The MB (+) group had a significantly 
lower intima–media ratio than the MB (−) group at the site where the MB was located (*P<0.05). B, The luminal stenosis ratio in the MB (−) 
group showed no significant fluctuation from 1.0 to 5.0 cm distal to the ostium and then showed a small decrease toward the distal part. 
The luminal stenosis ratio in the MB (+) group also showed no significant fluctuation from 1.0 to 3.0 cm distal to the ostium. However, it 
decreased dramatically from 3.5 to 5.0 cm distal to the ostium. The MB (+) group showed significantly lower luminal stenosis ratios at the 
sites over the MB than the MB (−) group at the corresponding sites (*P<0.05).

Figure 2. Pearson correlation coefficient showed a strong posi-
tive correlation between the intima–media ratio and luminal ste-
nosis ratio (r=0.792; P<0.001).
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LAD, so that our results should be consistent with the inter-
pretation of clinical imaging.

The influence of an MB on the development of atheroscle-
rosis in the LAD has been controversial. In this study, the peak 
site of the mean intima–media ratio and luminal stenosis ratio 
in the MB (+) group was similar to that in the MB (−) group. 
In our previous study, the peak intima–media ratio in MB (+) 
cases was the same as in MB (−) cases; however, the intima–
media ratio at 1.0 cm distal to the left coronary ostium was 
greater in hearts with infarction in the MB (+) group than in 
the MB (−) group.9 In addition, the histological intimal lesion 
grade according to the histological classification of American 
Heart Association20,21 was also the same between the MB (+) 
and MB (−) cases with myocardial infarction.22 These parame-
ters in the infarcted hearts were significantly higher than those 
in noninfarcted hearts.9,22 Indeed, the luminal stenosis ratios 
in some cases affected by old myocardial infarction (excluded 
from this study) were more severe than those in our 150 cases 
without infarction in the present study (data not shown). In the 
present study, the influence of an MB alone on luminal steno-
sis was not clear, and the luminal stenosis ratio showed only 

suppression of atherosclerosis under the MB in comparison 
with that in MB (−) patients. Nevertheless, the luminal steno-
sis ratio in cases of MB (+) RF (+) was significantly higher 
than that in cases of MB (+) RF (−) at all 8 sites proximal to 
the MB entrance, and there was no such difference between 
MB (−) RF (+) cases and MB (−) RF (−) cases. One of the rea-
sons for the controversy of the influence of an MB on coronary 
atherosclerosis in previous studies2–4,8–13 may be that there was 
a mixture of RF (+) and RF (−) cases in the MB (+) patients.

In this study, it is noteworthy that the most preferential site 
of atherosclerosis development was concentrated at a site that 
was 2.5 cm proximal to the MB entrance, particularly in cases 
with RFs. It was previously reported that the site of severe 
stenosis was 2.0 cm proximal to the MB entrance in patients 
with myocardial infarction.9 Generally, the most stenotic LAD 
lesion for myocardial infarction of the anterior wall appears 
within 2 to 3 cm distal to the origin of the LAD23—a site that 
is 3 to 4 cm away from the left coronary ostium. Our results 
showed that the most frequent site of the greatest stenosis in 
the MB (+) RF (+) group was 2.5 cm from the left coronary 
ostium because the average site of the MB entrance was 5 cm 
from the left coronary ostium. Therefore, the site of athero-
sclerotic development was shifted 0.5 to 1.5 cm proximally 
by the presence of an MB. In addition, in >50% of our MB 
(+) RF (+) cases with ≥50% luminal stenosis, the sites of the 

Figure 4. Intima–media ratio and luminal stenosis ratio in left 
anterior descending artery under myocardial bridge (MB). A, The 
intima–media ratios of segments under the MB and distal to the 
MB were significantly lower than those of the segments proximal 
to the MB (P<0.001, Bonferroni multiple comparison). B, The 
luminal stenosis ratios of segments under the MB and distal to 
the MB were also significantly lower than those of the segments 
proximal to the MB (P<0.001).

Figure 5. Histograms that show the cumulative number of sites 
exhibiting the greatest luminal stenosis ratio in myocardial bridge 
(MB [+]) with or without risk factor (RF) with ≥50% luminal stenosis 
ratio. A, In the MB (+) RF (+) group (n=34), the histogram shows 
a peak at a site that was 2.5 cm proximal to the MB entrance. In 
over half of the cases, the highest stenosis sites were included at 
sites 1.5 to 2.5 cm proximal to the MB. The statistical normality 
was proven (P=0.649; Shapiro–Wilk test) and uniformity was nega-
tive (P=0.041; χ2 test). B, In the MB (+) RF (−) group (n=33), the 
distribution of the greatest luminal stenosis ratio was not statisti-
cally significant, indicating the absence of a distinct peak.
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greatest stenosis were concentrated 1.5 to 2.5 cm proximal to 
the MB. The distribution of atherosclerosis in these patients 
seems to be determined not only by an anatomic factor but 
also by a complex pathophysiological factor, including the 
influence of an MB.24 It is thus plausible that the presence of 
an MB increases retrograde blood flow toward LAD segments 
2.0 to 3.0 cm proximal to the MB, which ultimately enhances 
the progression of atherosclerosis2 from the early phase, espe-
cially in RF (+) cases. Ge et al25 documented that the intra-
coronary pressure in the segment proximal to MB was higher 

(160/26 mm Hg) than aortic pressure (126/68 mm Hg) during 
systole. Moreover, they used intravascular ultrasound and 
intracoronary Doppler and showed that an MB reduced sys-
tolic antegrade flow, decreased the diastolic/systolic velocity 
ratio, and caused retrograde flow in the proximal segment.26 
Therefore, the LAD intima proximal to an MB is subjected to 
high blood pressure and low wall shear stress. Furthermore, 
blood flow velocity was lower in the segment proximal to 
the MB than within the MB segment.15,25–28 We speculate that 
these are the main factors that contribute to the development 
of atherosclerosis in the segment proximal to an MB. Ishikawa 
et al9 concluded that an MB was associated with a shift of 
coronary disease more proximally, and this preferential site of 
luminal stenosis in relation to the MB was reasonably attrib-
uted to hemodynamic disturbances caused by the MB.

In the present study, all segments showing ≥50% stenosis 
in the MB (+) group were categorized as fibroatheroma (late 
phase), fibrous plaque, intraplaque hemorrhage, fibrocalcific 
plaque, or nodular calcification.29 The important lesions for cor-
onary artery disease, such as thin-cap fibroatheroma or luminal 
thrombus (acute and chronic), were absent because our cases 
were free from any clinical cardiovascular disease. However, 
plaque rupture was generally associated with luminal area nar-
rowing.29 In addition, Ishikawa et al22 showed that an unstable 
plaque-related lesion was located ≥2.0 cm proximal to the MB 
entrance. Therefore, the increase of luminal stenosis ratio at a 
site proximal to the MB entrance in the MB (+) RF (+) group 
may be related to the development of coronary artery disease.

With multidetector computed tomographic examination 
for MB detection and luminal stenosis, multivariate analysis 
suggested that not only age and diabetes mellitus but also an 
MB was an independent RF for coronary stenosis in the LAD.5 
However, in our present multivariate analysis, the only inde-
pendent factor for ≥50% and 60% luminal stenosis was age. 
There are 2 possible reasons for the difference between their 
results and ours. First, Nakaura et al5 examined patients who 
complained of some cardiac symptoms and excluded cases with 
significant coronary artery stenosis (≥50%). In addition, it is 
generally difficult to detect a small MB (<1 mm) by multidetec-
tor computed tomography.30,31 The histomorphological approach 
can detect an MB of any size. In our MB (+) group, 53% of the 
MBs had a thickness of <1 mm. A long and thick MB causes 
an increase in hemodynamic forces because of MB contraction, 
and this results in an increase of retrograde blood flow toward 
LAD segments proximal to the MB, which ultimately enhances 
the progression of atherosclerosis in the proximal LAD.6,9,14,22 
Although some MBs in the present study were too small to influ-
ence lesion development, our study is useful for understanding 
the development of early atherosclerosis and the mild influence 
of an MB on the progression of atherosclerosis in the LAD.

However, when there was a luminal stenosis ratio ≥70%, 
an MB plus RF was an independent and greater factor than 
age. Wang et al10 postulated that an MB showed a negative 
association with ≥50% stenosis proximal to the MB and con-
cluded that an MB predicts a better prognosis. Their studied 
population was younger (mean age, 55 years) than ours (mean 
age, 71 years), and they ignored RFs. Age is generally the most 
important RF for coronary atherosclerosis and coronary heart 
disease.22,32 Although an MB may have a potential influence 

Table 2. Results of Multivariate Logistic Regression Analysis

Parameters OR 95% CI P Value

Analysis of Luminal Stenosis Ratios ≥50%

        MB (−) RF (+) 0.913 0.241–3.465 0.894

        MB (+) RF (−) 1.182 0.432–3.239 0.744

        MB (+) RF (+) 1.32 0.460–3.791 0.606

        Sex 2.162 0.956–4.889 0.064

        Age, y 1.054 1.020–1.090 0.002

Analysis of Luminal Stenosis Ratios ≥60%

        MB (−) RF (+) 0.633 0.198–2.022 0.440

        MB (+) RF (−) 0.68 0.284–1.627 0.386

        MB (+) RF (+) 1.533 0.620–3.791 0.355

        Sex 1.213 0.579–2.540 0.608

        Age, y 1.034 1.003–1.066 0.029

Analysis of Luminal Stenosis Ratios ≥70%

        MB (−) RF (+) 0.889 0.229–3.450 0.865

        MB (+) RF (−) 0.887 0.319–2.467 0.818

        MB (+) RF (+) 2.777 1.062–7.267 0.037

        Sex 1.014 0.455–2.257 0.974

        Age, y 1.012 0.980–1.046 0.458

CI indicates confidence interval; MB, myocardial bridge; OR, odds ratio; and 
RF, risk factor.

Figure 6. Luminal stenosis ratios along with distance from the 
left coronary ostium. A multiple comparison test showed that the 
luminal stenosis ratios at all sites in the myocardial bridge (MB 
[+]) risk factor (RF [+]) group were significantly greater than those 
in the MB (+) RF (−) group.
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on atherosclerosis, especially in a younger population, ath-
erosclerosis surely develops during a prolonged time period. 
Additionally, it was possible that hypertension and diabetes 
mellitus influenced luminal stenosis more than hypercholes-
terolemia only in the presence of an MB (Tables I and II in the 
online-only Data Supplement). In future, we hope to inves-
tigate the relationship among MB, RFs, and luminal steno-
sis with detailed clinical data and laboratory tests. We should 
keep in mind that an MB is also an important factor when 
elderly patients have some traditional atherosclerotic RFs.

Previous studies using the intima–media ratio2,3,6,9,16,22,33 
have clarified the participation of an MB in the development of 
atherosclerosis. In contrast, the rate of luminal stenosis in clini-
cal practice is commonly used to indicate the severity of athero-
sclerosis.11–13 Therefore, the results of histopathologic studies 
have been incommensurable with that of clinical studies. In 
this study, the luminal stenosis ratio was morphometrically 
measured using sections that were fixed with formalin per-
fused at a constant hydrostatic pressure (90 mm Hg). Because 
of the strong correlation between the luminal stenosis ratio and 
the intima–media ratio, it seems that the intima–media ratio 
can be replaced by the luminal stenosis ratio. This may allow 
estimation of the luminal stenosis ratio from the intima–media 
ratio in previous histopathologic studies of MBs,2,3,6,9,16,22,33 and 
this should increase the clinical value of those studies.

In conclusion, although the influence of an MB alone on 
luminal stenosis in the LAD is somewhat limited, a harmful 
influence of an MB becomes evident in cases with RFs for cor-
onary disease. It is evident that an MB over the LAD alters the 
spatial distribution of luminal stenosis with the advancement 
of atherosclerosis. In addition, such results are further appar-
ent when the subjects have some RFs for atherosclerosis. Our 
results may help to resolve the conflicting arguments over the 
effects of an MB on intimal thickening and luminal stenosis. 
Although an MB has the potential to influence atherosclerotic 
development in all patients, an MB surely promotes atheroscle-
rosis in the LAD in patients who have some RFs and thereby 
increases the risk of myocardial ischemia. Although the signifi-
cance of an MB has long been controversial, our present results 
are fundamental to further consideration of the mechanism by 
which an MB influences the occurrence of coronary ischemia.
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Highlights
• The luminal stenosis ratio was closely correlated with the intima–media ratio (r=0.792; P<0.001).
• The luminal stenosis ratios proximal to the myocardial bridge in the risk factor (+) group were significantly greater than those in the risk factor 

(−) group based on a multiple comparison test (P=0.022).
• The greatest stenosis in the myocardial bridge (+) risk factor (+) group was at a site that was 2.5 cm proximal to the myocardial bridge en-

trance.
• Multivariate analyses indicated that myocardial bridge (+) risk factor (+) was an independent factor for a luminal stenosis ratio ≥70% (P=0.037).D
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Summary 

The mechanisms by which bFGF ameliorates fibrosis are unknown. Using a microRNA 

(miRNA) array, we identified miR146b-5p as preferentially upregulated in cultured wound 

fibroblasts and wounds, following bFGF treatment. We also identified PDGFRα as a potential 

target of miR146b-5p, and found that miR146b-5p negatively regulates collagen types I and III 

in vitro. The inversely related expression of miR146b-5p and PDGFRα in wounds, and their 

lack of co-expression in wound fibroblasts, provide evidence that PDGFRα is a direct target of 

miR146b-5p in vivo. Furthermore, the numbers of PDGFRα+/stem cell antigen 1 (Sca-1)+ and 

miR146b-5p+/Sca-1+ cells were inversely related in wounds, suggesting a downregulation of 

PDGFRα in PDGFRα+/Sca-1+ mesenchymal stem cells (MSCs). These results highlight a 

critical role of miR146b-5p in the repression of PDGFRα in mesenchymal cells—including 

MSCs—and demonstrate a new mechanism of antifibrosis in which miR146b-5p downregulates 

the pro-fibrotic effects of its target PDGFRα following bFGF treatment.  

 

Keywords: microRNA, PDGFRα, bFGF, antifibrosis, fibroblast, differentiation, 

mesenchymal stem cell, wound healing 

 

Introduction 

Fibroblast growth factor (FGF) family members have discrete capabilities and can exert pro- and 
anti-fibrotic effects (Kim et al., 2017). Recently, it has become evident that basic fibroblast 
growth factor (bFGF: FGF2) exerts an antifibrotic effect; it inhibits scarring in skin wounds 
(Akasaka et al., 2004; Ono et al., 2007), reduces deposition of collagen type I and type III, and 
decreases transforming growth factor β1 signaling (Sasaki et al., 1992; Shi, et al., 2013). We have 
speculated that a possible mediator for antifibrosis is released from bFGF injected skin wounds, 
as bFGF injection performed soon after operation leads to a significant decrease in scar formation 
(Akasaka et al., 2004). A recent review has suggested mechanisms by which bFGF may 
ameliorate fibrosis, in which bFGF alters the wound healing cascade and causes a shift away from 
scar formation. In this process, bFGF might act by antagonizing pro-fibrotic TGFβ, and thereby 
promoting expression of less-fibrotic genes (Dolivo et al., 2017). However, the precise 
mechanisms by which bFGF can repress pro-fibrotic genes have not been elucidated.  



  MicroRNAs (miRNAs) have been identified as key regulators of various physiological 
processes, and mounting evidence indicates a critical role for miRNAs in the regulation of tissue 
repair (Kriegel et al., 2015). Recent investigations indicated that a single miRNA can target many 
mRNA transcripts (Hausser et al., 2014). Therefore, miRNAs can serve as master regulators in 
many aspects of the healing that are regulated by growth factors and chemokines, and miRNAs 
may contribute to antifibrotic effects through the regulation of this complex network (Bowen et 
al., 2013). A recent literature review proposed that miRNAs could serve as important mediators 
for antifibrosis induced by bFGF (Dolivo et al., 2017). We therefore focused on the detection of 
a candidate miRNA effector of bFGF-induced antifibrosis via miRNA suppression of a pro-
fibrotic gene. We conducted a miRNA array, and detected that miR146b-5p was preferentially 
upregulated in cultured wound fibroblasts (GFs) and wounds following bFGF treatment. 
Regarding miR146b, other investigators discovered that miR146b is highly upregulated during 
the course of renal fibrosis (Pasquinelli et al., 2012; Zhu et al., 2016; Xin et al., 2017); however, the 
mechanisms underlying the regulation of the renal fibrosis by miR146b-5p and its targets remain 
unclear.  

In contrast, our study has identified platelet derived growth factor receptor α (PDGFRα) as a 
direct target of miR146b-5p, and demonstrates that an inhibitor of miR146b-5p upregulates 
collagen types I and III expression in GFs, indicating that miR146b-5p downregulates collagen 
production and fibrosis in vitro. We have also identified a lack of co-localization of miR146b-5p 
and PDGFRα protein in vivo by examination of wound fibroblasts, which substantiates our claim 
that miR146b-5p directly targets PDGFRα and downregulates PDGFRα-dependent dermal 
fibrosis in vivo (Klinkhammer et al., 2017). Furthermore, we found that treatment of wounds with 
bFGF significantly decreased the numbers of PDGFRα+/stem cell antigen-1 (Sca-1)+ cells, 
including mesenchymal stem cells (MSCs) (Houlihan et al., 2012). Notably, the numbers of 
PDGFRα+/Sca-1+ cells and miR146b-5p+/Sca-1+ cells in wounds were inversely related, 
suggesting that miR146b-5p might repress PDGFRα expression in PDGFRα+/Sca-1+ MSCs and 
contribute to a downregulation of PDGFRα-dependent fibrosis in MSCs. Our results describe a 
new mechanism of antifibrosis by which miR146b-5p inhibits the pro-fibrotic effects of PDGFRα 
through the repression of PDGFRα in mesenchymal cells.  

 
STRAR methods 

 

Animals 

All animal experiments were conducted and approved by Toho University Laboratory Animal 

Research Committee (#18-43-341), followed by the Guidelines on Animal Experiments of Toho 

University in accordance with the Japanese Government Protection and Management Law (Act 



on Welfare and Management of Animals, #105), and conformed to the European Union Directive 

2010/63/EU for Animal Experiments. We used male Sprague-Dawley (SD) rats which were 

purchased from CLEA Japan, and were acclimated in our laboratory for ＞ 7 days before use.  
 

Skin surgeries 

SD rats were anesthetized with isoflurane (WAKO-Fujifilm, Tokyo, Japan, # 26675-46-7).  

Before incision, the back was disinfected with 5% chlorhexidine gluconate (WAKO-Fujifilm, # 

18472-51-0). For each rat, we generated six full-thickness wounds (10 mm in diameter) on the 

dorsal skin using a biopsy punch (Kai Industries Co, Osaka, Japan, Cat#BP-100F) and the six 

wounds were composed of three bFGF-treated wounds and three PBS-treated wounds. Before 

generation of full-thickness wounds, we prepared bFGF-treated and non-treated control artificial 

dermis (Pelnac: Gunze Co. Tokyo, Japan, Cat#PN-F40030) by dropping 1 μ g of bFGF 

(Trafermin: Kaken: Pharmaceutical Co, Tokyo, Japan) and PBS, respectively, onto the artificial 

dermis. After generation of full-thickness wounds, we then treated the full-thickness wounds with 

the artificial dermis that had been immersed in bFGF or PBS. After euthanized by using carbon 

dioxide fed from a gas feeder on days examined, the wounds were excised, and the wound tissues 

were cut and prepared for histologic examination and RNA analysis. 

 

Cell culture 

Rat skin wound granulation tissue-derived fibroblasts (GFs) have been previously described 

(Akasaka et al., 2010). GFs were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 10% fetal bovine serum (FBS)(Thermo Fisher Scientific, Cat#1047-028). For 

microRNA arrays, GFs were incubated with DMEM containing 2% FBS and bFGF (100ng/ml 

Trafermin: Kaken) for 48h and 96h. 

 

RNA Isolation and quantitative real-time PCR analysis 

Total RNA from tissue samples and GFs was isolated using a miRNeasy Mini Kit (Qiagen 

Cat#21700) and a RNeasy Mini Kit (Qiagen Cat#74104) according to manufacturer’s instructions. 

cDNA was synthesized with a miRCURY locked nucleic acid (LNA) RT kit (Qiagen Cat#339340) 

and a PrimeScript RT Kit with gDNA Eraser (Takara Bio Inc Cat#RR047A). Quantitative real-

time PCR of miRNA were performed using a miRCURY LNA SYBR Green PCR Kit (Qiagen 

Cat#339346) in an ABI 7500 system (Applied Biosystems). Quantitative real-time PCR of mRNA 



was also performed using TaqPath qPCR MasterMix (Thermo fisher scientific, Cat#A15298). 

miR146b-5p primer (rno-miR-146b-5p) (Exiqon, Cat#205107) and the miR103a (has-miR-103a-

3p)(Exiqon, Cat#204063) were purchased from Exiqon. TaqMan gene expression assays were 

performed by using FGFR1 (Rn01478647), PDGFR α (Rn01417537), collagen type Ⅰ 

(Rn01463848), collagen type Ⅲ (Rn01437681), collagen type Ⅳ (Rn01482927), MMP-2 

(Rn01538170), MMP-9 (Rn00579162), SMAD3 (Rn00565331), and β-actin (Rn01759928) 

(Thermo fisher scientific).  

 

microRNA arrays 

Real-time PCR-based miRNA expression profiling arrays were performed by Takara Bio Inc. 

using microRNA Ready-to-use PCR, Mouse & Rat panel I+ Ⅱ, V3.R (Exiqon   

which are capable of detecting 752 rat miRNAs. cDNA was synthesized by using Universal cDNA 

Synthesis Kit Ⅱ (Exiqon, Cat#23301) according to the miRCURYTM LNA Universal RT 

microRNA Instruction manual Version 5.2 (Exiqon, Cat#203301). PCR was performed by using 

the miRCURY LNA Universal RT microRNA PCR System, according to the miRCURY 

microRNA QC PCR Panel Instruction manual Version 1.0 (Exiqon, Cat#203844-203849). Arrays 

were scanned with a LightCycler 480 Instrument Ⅱ and the san images were analyzed with Data 

Analysis Guide for the miRCURY LNA Universal RT microRNA Ready-to-Use PCR panels 

using Exiqon GenEx software (http://www.exiqon.com/Is/Document/Scientific/Exiqon-data-

analysis-guide.pdf). 
 

Northern blot analysis 

Northern blot analysis was performed by using DIG Northern Stater Kit (Sigma-Aldrich, Cat. No. 

2 039 672), according to the manufacturer’s instructions. Double- digoxigenin (DIG) labeled LNA 

146b-5p probe (rno-miR-146b)(Exiqon, Cat#21415-15) and double DIG labeled LNA U6 snRNA 

probe (hsammurmo)(Exiqon, Cat#99002-15) were used. Briefly, total RNA samples (15 ug) were 

resolved on a 15% denaturing polyacrylamide gel in 1×TBE. The RNA gels were then transferred 

to Hybond-N+ (GE Healthcare Life Science, Cat#RPN82B). After UV cross-linking performed, 

membranes were hybridized overnight in DIG Easy Hyb buffer (Sigma-Aldrich, Cat. No.1 796 

895) with double DIG-labeled LNA 146b-5p probe or double DIG labeled LNAU6 snRNA probe 

at 37 °C for overnight. Probe detection was performed using CDP-Star kit (Sigma-Aldrich, Cat. 

No.2 041 677), according to the manufacturer’s instructions and photoemissions were detected 

using the image analyzer Amersham Imager 600 (GE Healthcare Life Science, Product# 



29083461). 

 
miRNA targets predictions 

Target genes transcripts (3′ UTR region of the rat PDGFRα) FASTA format sequence annotations 

were obtained from Ensemble (http://www.ensembl.org/)(21). Prediction of rno-miR-146b-5p 

targets were performed by screening the databases RNA22 

(https://cm.jefferson.edu/rna22/Interactive/)(22). rno-miR-146b-5p sequence annotation was 

obtained from the miRBase database (http://www.mirbase.org/).  

 

Luciferase reporter assay 

GFs were cultured in DMEM containing 10% FBS for 24 h. The cells were then co-

transfected with PDGFRα3’UTR miRNA target sequence clone or mismatch PDGFRα 

3’UTR miRNA target sequence clone with luciferase, miRNA146b-5p, and pmirGLO 

Dual-Luciferase miRNA Target Expression Vector (Promega, Cat# E1330) along with 

lipofectamine 3000 (Thermo Fisher Scientific, Cat#L3000001), according to the 

manufacturer's instruction. The cells were then cultured with bFGF (100 ng/ml) for 

another 48 h. Luciferase activities were measured using Dual-Glo Luciferase Assasy 

system (Promega, Cat#E1910), according to the manufacturer's instruction.  
 

Transfection of miRNA mimics or inhibitors 

miRCURY LNA microRNA mimics (Exiqon, Cat#472091-001) and inhibitors (Exiqon, 

Cat#4104724-111) for rno-miR-146b-5p and negative controls of miRCURY LNA microRNA 

mimics (Exiqon, Cat#479902-001) and inhibitors (Exiqon, Cat#199006-111) were purchased 

from Exiqon. miRNA mimics and inhibitors and respective controls were transfected into the GFs 

at the indicted concentrations for 48 h using Lipofectamine RNAiMAX (Thermo Fisher Scientific, 

Cat#13778030).  

 

Western blotting 

Total proteins were extracted form GFs with RIPA buffer (Cell Signaling Technology, #9806) 

containing phenylmethylsulfonyl fluoride (PMSF). Sample extract (10μg) was separated by 10% 

SDS-PAGE gel, transferred onto Amersham Hybond P 0.2 PVDF membrane (GE Healthcare Life 

Science, Cat#10600021). The PVDF membrane was incubated with 5% skim milk in Tris-buffer 



saline containing 0.05% Tween 20 (TBST) and then incubated with primary antibodies in TBST 

containing 1% skim milk for 1 h at room temperature. Following primary antibody incubation, 

the membrane was incubated with horseradish-peroxidase (HRP)-conjugated secondary 

antibodies and developed with enhanced chemiluminescence (ECL) Western Blotting Detection 

Reagent (GE Healthcare Life Science, Cat#RPN2109) using the image analyzer Amersham 

Imager 600 (GE Healthcare).  

 

Immunohistochmestry (IHC) and in situ hybridization (ISH) 

ISH was performed using miRCURY LNA microRNA ISH Optimization kit (Exiqon, Cat#90000), 

according to the manufacturer's instruction. Briefly, the deparaffinized tissue section was 

incubated with proteinase K (15 μg/ml) for 10 min, followed by incubated with ISH buffer 

(Qiagen, Cat# 339450) and then hybridized with double- DIG labeled LNA 146b-5p probe (25 

nM)(Exiqon) or double DIG labeled LNA scrambled microRNA control probe (25 nM) (Qiagen, 

Cat# YD00699004) for 4 h at 55 ℃. After washing w         

anti-DIG Biotin (Abcam, Cat#ab419), followed by incubated with DyLight 650 conjugated 

NeutrAvidin (Thermo Fisher Scientific, Cat#84607) for 1 h. After ISH, IHC was performed by 

incubation with goat anti-mouse PDGFRα(R&D systems, Cat#AF1062) or normal control goat 

IgG (Medical Biological Laboratories, Cat#PM094), and then incubated with Alexa 488 

conjugated anti-goat IgG (Abcam, Cat#150129). For triple staining, ISH was first performed by 

incubation with double- DIG labeled LNA 146b-5p probe (25 nM)(Exiqon), followed by 

incubated with mouse anti-DIG Biotin (Abcam), and then the slide was incubated with DyLight 

405 conjugated streptavidin (Jackson ImmunoResearch, Cat#016-470-084) for 1 h. After ISH, 

double IHC was performed by incubation with rabbit anti-mouse Sca-1 (Merck, Cat#AB4336), 

and then incubated with Alexa 647 conjugated anti-rabbit IgG (Abcam, Cat#150075). The slide 

was then incubated with goat anti-mouse PDGFRα(R&D systems), followed by incubated with 

Alexa 488 conjugated anti-goat IgG (Abcam).  

The slides were finally mounted with VECTASHIELD Mounting Medium with DAPI*(Vector 

Laboratories, Cat#H-1200).  

 

RNA interference 

siRNA targeting the rat FGFR1 mRNA (http://www. Ncbi.nih.gov/nuccore/D12498.1; accession 

# D12498.1) was designed and synthesized by Nippon Gene Co (Toyama, Japan), as described 

previously (Nakamichi et al., 2016). We used scrambled siRNA (Santa Cruz Biotechnology, 

http://www/


Cat#sc37007) as a negative control. After dissolving of the synthesized siRNA with TransIT-QR 

hydrodynamic delivery solution (Mirus Bio LCC, Cat# MIR5240), the rats were dosed with a 

single intradermal injection of 20 μg of siRNA or control siRNA per rat three times at intervals 

of 2 days. After the last injection, full-thickness wounds were generated on the siRNA-injected 

sites using a biopsy punch (Kai Industries Co) and then the full-thickness wounds were covered 

with the bFGF-treated artificial dermis, as described above. On day 7 after treatment with the 

artificial dermis, skin tissue samples were excised, followed by cut and prepared for histologic 

examination and RNA analysis. 

 

Histologic analysis 

For counting of PDGFRα+/Sca-1+ cells and miR146b+/Sca-1+ cells, horizontal sections of the 

wound granulation tissue were prepared and stained by double IHC staining or combined ISH and 

IHC staining method as described above. Three unbiased observers (Y.A.-F., T.M., and K.O.) 

randomly selected 10 fields per the stained tissue section and the selected fields were  

captured using a fluorescent microscope (BX63; Olympus, Tokyo, Japan) equipped with DP80 

digital camera (Olympus). After displaying merged images by using Graphic Converter Universal 

Binary software version 6.1.2J 

(https://www.lemkesoft.de/en/products/graphicconverter/download), the observers counted the 

number of double positive cells, followed by calculated as the mean number of positively stained 

cells per total number of DAPI-positive granulation tissue cells at ×80 magnification. 
 

Statistical analysis 

Data were presented as mean ± SEM. Statistical analyses for two-groups was performed by using 

unpaired t-test using GraphPad QuickCalcs (GraphPad Software; 

https://www.graphpad.com/quickcalcs/ttest1/?Format=SEM). Comparison of the numbers 

between two groups were analyzed by using one-way analysis of variance, followed by 

Bonferroni’s post hoc test. Difference with P < 0.05 was considered statistically significant.  

 

 

Results 

 

1. Identification of bFGF-inducible miR146b-5p in cultured wound fibroblasts 

 

https://www.lemkesoft.de/en/products/graphicconverter/download
https://www.graphpad.com/quickcalcs/ttest1/?Format=SEM


To identify candidate miRNAs that are induced by bFGF, we conducted a PCR array and 

compared miRNA expression between bFGF-treated wound granulation tissue fibroblasts (GFs) 

and non-treated GFs. By performing array, we detected the upregulation of 8 and 17 miRNAs, 48 

and 96 h after bFGF treatment respectively—with a fold change of greater than 1.0 (Figure 1A, 

B). Notably, miR146b-5p was upregulated at both time points and displayed the largest fold 

change (1.96-fold) at 48 h (Figure 1A). A previous investigation identified PDGFRα as a direct 

target of miR146b-5p in human hematopoietic cells (Zhai et al., 2014), and recently, PDGFRα 

knockout mice demonstrated a critical role for PDGFRα in connective tissue remodeling via 

PDGFRα-dependent ECM production (Horikawa et al., 2015). We therefore hypothesized that 

PDGFRα is a direct target of miR146b-5p in rat skin wounds, and that miR146b-5p promotes 

scarless healing through the repression of PDGFRα and the inhibition of ECM production.  

 

2. bFGF-inducible miR146b-5p is expressed in wound fibroblasts in vivo  

 

To confirm the upregulation of miR146b-5p by bFGF, we conducted PCR analysis of miR146b-

5p in GFs. We detected significantly increased miR146b-5p expression in GFs at 48 and 96 h 

following bFGF treatment (Figure 1C). Northern blotting analysis verified absolute quantities of 

miR146b-5p, showing an increase in miR146b-5p expression in GFs up to 96 h after bFGF 

treatment (Figure 1D). These results indicate that bFGF can markedly upregulate miR146b-5p 

expression in wound fibroblasts in vitro. 

  We next assessed the upregulation of miR146b-5p expression in wounds by bFGF. PCR 

analysis showed a significant increase in miR146b-5p expression in wounds following bFGF 

treatment after 2 and 4 days. However, on day 9 after treatment, the wounds showed significantly 

decreased expression of miR146b-5p (Figure 1E). bFGF signaling is mainly mediated via 

fibroblast growth factor receptor 1 (FGFR1) in skin wounds (Nakamichi et al., 2016; Ribatti et 

al., 1999). We thus examined whether inhibiting FGFR1 with FGFR1 siRNA (siFGFR1) would 

cause a change in miR146b-5p expression in wounds. As expected, we detected a significant 

decrease in miR146b-5p expression in siFGFR1 treated wounds after bFGF treatment for 3 

days, along with a marked inhibition of FGFR1 mRNA expression in the wounds (Figure 1F). As 

the inhibition of FGFR1 favors miR146b-5p reduction, we infer that bFGF can preferentially 

upregulate miR146b-5p expression, at least partly, through FGFR1 in vivo. 



  To identify the specific cellular localization of miR146b-5p in wounds, we combined in situ 

hybridization (ISH) of miR146b-5p with immunohistochemistry (IHC) of cell type-specific 

protein markers (Nielsen et al., 2013; Schneider et al., 2011). We detected clear and specific 

localization of miR146b-5p in prolyl 4-hydroxylase (P4H)-positive fibroblasts (Figure 1G). α-

smooth muscle actin (α-SMA)-positive myofibroblasts that expressed miR146b-5p signal were 

very few in number (Figure 1H). In contrast, cluster of differentiation 68 (CD68)-positive 

macrophages did not display miR146b-5p signals in wounds. 

 
3. PDGFRα is a direct target of miR146b-5p in wound fibroblasts in vitro 

 

To identify the binding sites of miR146b-5p (rno-miR-146b-5p) in the rat PDGFRα 3′ UTR, we 

conducted bioinformatic searches using the RNA22 target prediction program 

(https://cm.jefferson.edu/rna22/Interactive/), and the Ensembl database 

(http://www.ensembl.org/). We identified two potential binding sites for miR146b-5p in the 

PDGFRα 3′ UTR (sequence A: PDGFRα nucleotides 4822–4846, and B: PDGFRα nucleotides 

1289–1308) (Figure 2A). To test these sites, we used assays in which GFs were transfected with 

Dual-Gio luciferase reporter plasmids containing either no insert, wild type inserts (sequences A, 

B), or mutated 3′ UTR sequence of PDGFRα—along with 10 nM miR146b-5p. Co-incubation of 

miR146b-5p with the luciferase reporter plasmids that had no inserts, had no effect. In contrast, 

co-incubation of miR146b-5p with the luciferase reporter plasmids with wild type inserts 

(sequences A, B) led to significant reductions in luciferase activity (sequence A: p< 0.01; 

sequence B: p< 0.05). In contrast, the introduction of mutations to both of the predicted miR146b-

5p binding sites abrogated this observed reduction in luciferase activity. These results confirm the 

specificity of miR146b-5p binding on the sites we have identified, namely sequences A and B, in 

the PDGFRα 3′ UTR (Figure 2B). We also examined whether miR146b-5p inhibitor affects 

PDGFRα protein expression in GFs. As expected, GFs transfected with miR146b-5p inhibitor 

significantly increased PDGFRα protein expression (Figure 2C), whereas GFs transfected with 

miR146b-5p mimic significantly decreased PDGFRα protein expression (Figure 2C), compared 

with scrambled RNA-treated control GFs. These results indicate that PDGFRα is a direct target 

of miR146b-5p in wound fibroblasts in vitro. 

 

4. miR146b-5p acts as a negative regulator of collagen types I and III expression in vitro 

https://cm.jefferson.edu/rna22/Interactive/


 

We next analyzed the influence of miR146b-5p on collagen types I, III, and IV, and matrix 

metalloproteinase (MMP) -2 and -9 mRNA expression in GFs. The GFs transfected with 

miR146b-5p inhibitor followed by bFGF treatment showed an increased expression of collagen 

types I and III mRNA, along with elevated expression of PDGFRα mRNA (Figure 2D). However, 

they showed no significant change in the mRNA expression of MMP-2, MMP-9, or SMAD family 

member 3 (SMAD3) (Figure 2E). In contrast, miR146b-5p mimic-transfection showed decreased 

expression of collagen types I, III, and IV mRNA (Figure 2F), and no significant change in MMP-

2, MMP-9, or SMAD3 mRNA expression (Figure 2G). The inversely related expression of 

collagen types I and III, between GFs transfected with miR146b-5p inhibitor and mimic, indicates 

that miR146b-5p can specifically regulate collagen types I and III expression in vitro. 

Interleukin-1 receptor-associated kinase (IRAK1), TNF receptor-associated factor 6 (TRAF6), 

and SMAD family member 4 (SMAD4) have been identified as targets of miRNA146b-5p in 

human or mouse (Bhaumik et al., 2009; Geraldo et al., 2012; Taganov et al., 2006). We therefore 

examined whether IRAK1 and TRAF6 would be affected by the transfection of miR146b-5p 

inhibitors or mimic in GF cells. At 24 h post-transfection with miR146b-5p inhibitors or mimic, 

followed by bFGF treatment, GFs did not show a significant change in IRAK1 or TRAF6 protein 

expression (Figure 2H). Similarly, no significant change in SMAD4 protein expression was 

detected in GFs treated with miR146b-5p inhibitors or mimic (Figure 2I). These results indicate 

that IRAK1, TRAF6, and SMAD4 are not direct targets of miR146b-5p in rat wound fibroblasts, 

following bFGF treatment in vitro.  

 

5. PDGFRα is a potential target of miR146b-5p in vivo 

 

To verify that PDGFRα repression is a direct result of miR146b-5p activity in vivo, we 

investigated whether FGFR1 siRNA (siFGFR1) treatment could influence the expression of 

miR146b-5p and PDGFRα—via siFGFR1 repression of bFGF signaling in wounds. As expected, 

siFGFR1 treated wounds showed a significant increase in PDGFRα mRNA expression, and a 

significant decrease in miR146b-5p expression, along with decreased FGFR1 mRNA expression 

on day 3 after bFGF treatment (Figure 3A). These results indicate that miR146b-5p can repress 

PDGFRα, at least in part, through the bFGF-FGFR1 system.  

  To confirm that PDGFRα is a direct target of miR146b-5p in vivo, we combined ISH for 

miR146b-5p with IHC for PDGFRα protein in wounds. This demonstrated that miR146b-5p, 



which was predominantly detected in fibroblasts, did not co-localize with PDGFRα-positive 

fibroblasts in wounds (Figure 3B). Similarly, miR146b-5p signal detected in stromal cells 

located in muscle perimysium was not co-localized with PDGFRα (Figure 3C). In contrast, co-

localization of PDGFRα with miR31, miR98, and miR29 was manifested in the granulation 

tissue cells (Figure 3D), supporting the validity of the lack of co-expression of PDGFRα and 

miR146b-5p in wound fibroblasts. Together, these results support the inference that PDGFRα is 

a direct target of miR146b-5p and that miRNA146b-5p inhibits PDGFRα expression through 

the repression of PDGFRα in skin wounds.  

We next examined the expression of miR146b-5p and PDGFRα over the course of bFGF 

treatment in wounds. The expression of both miR146b-5p and PDGFRα peaked on day 3 after 

bFGF treatment. Along with a gradual decline in miR146b-5p expression by day 7 and 14, the 

treated wounds showed a markedly decreased expression of PDGFRα. PDGFRα expression was 

significantly lower in wounds than in controls by day 7 (Figure 3E). The upregulation of 

miR146b-5p on day 3 might lead to the decrease in PDGFRα expression by day 7—due to 

repression of PDGFRα by miR146-5p. Notably, the non-treated control wounds showed a peak 

of miR146b-5p and PDGFRα expression on day 7, that is, 4 days later than observed in the 

bFGF-treated wounds (Figure 3E).  

 

6. miR146b-5p can repress PDGFRα in PDGFRα+/Sca-1+ mesenchymal stem cells  

 

PDGFRα+/stem cell antigen 1 (Sca-1)+ cells demarcate a population of mesenchymal stem cells 

(MSCs) in the bone marrow and heart of human and mouse (Houlihan et al., 2012; Mabuchi et 

al., 2013). To examine a possible role of miR146b-5p in the repression of PDGFRα expression 

in PDGFRα+/Sca-1+ MSCs, we first examined the distribution of PDGFRα+/Sca-1+ cells in 

wounds. Histologically, substantial numbers of PDGFRα+ cells were found mainly around 

vessels, and small numbers of PDGFRα+/Sca-1+ cells were detected mainly in the perivascular 

space (Figure 4A). This is consistent with the notion that MSCs primarily reside in the 

perivascular space (Hutchison et al., 2013). We next monitored the numbers of PDGFRα+/Sca-

1+ cells in wounds following various treatments. We found that bFGF treatment markedly 

decreased the numbers of PDGFRα+/Sca-1+ cells in wounds, these being significantly lower 

than in control wounds at all time points (Figure 4B). In contrast, the numbers of 



PDGFRα+/Sca-1+ cells in wounds treated with siFGFR1 were significantly greater than those 

in siRNA control (siCON) treated wounds on days 2 and 14 (Figure 4C). To assess a possible 

role for miR146b-5p in the repression of PDGFRα expression in PDGFRα+/Sca-1+ cells, we 

next examined whether Sca-1+ cells express miR146b-5p in wounds. Combined ISH and IHC 

staining demonstrated that Sca-1+ cells expressed miR146b-5p (Figure 4D), and that the 

numbers of miR146b-5p+/Sca-1+ cells in bFGF-treated wounds were significantly greater than 

those in control wounds on days 2 and 7 (Figure 4E). In contrast, the numbers of miR146b-

5p+/Sca-1+cells in wounds following siFGFR1 treatment were significantly lower than in 

siCON-treated wounds on day 2 (Figure 4F). These opposing changes in the numbers of 

miR146b-5p+/Sca-1+ cells between bFGF-treated and siFGFR1-treated wounds suggest that 

miR146b-5p expression in Sca-1+ cells is positively regulated by bFGF in wounds. We also 

confirmed a lack of co-expression of miR146b-5p and PDGFRα in Sca-1+ cells by using triple 

staining (Figure 4G). This indicated separate and distinct expression domains of miR146b-5p 

and PDGFRα in Sca-1+ cells. Finally, the inversely related numbers of PDGFRα+/Sca-1+ cells 

and miR146b-5p+/Sca-1+ cells suggest that PDGFRα expression in PDGFRα+/Sca-1+ cells 

might be downregulated by miR146b-5p, and that miR146b-5p can suppress the profibrotic 

effects of PDGFRα in PDGFRα+/Sca-1+ MSCs by repressing PDGFRα. 

 

Discussion 

 

Recently, Dolivo et al. proposed that bFGF can exert antifibrotic effects through miRNA-

mediated target gene regulation (Dolivo et al., 2017). However, a candidate miRNA and the 

mechanisms underlying miRNA-mediated bFGF-induced antifibrosis have not been determined. 

To address this issue, we used a platform of 752 rat miRNAs to screen for miRNA expression in 

bFGF-treated skin wound fibroblasts (GFs). This led us to focus on miR146b-5p (rno-miR-

146b-5p), which was specifically upregulated after bFGF treatment. In human hematopoietic 

cells, PDGFRα has previously been identified as a target of miRNA146b-5p (has-miR-146b-5p) 

(Zhai et al., 2014). From this, we hypothesized a link between miRNA146b-5p and antifibrotic 

effects, via the negative regulation of PDGFRα. Previous investigations in human cancer cells 

have shown that miR146b-5p is induced by PDGF-BB (Hurst et al., 2009; Shao et al., 2011). 



Furthermore, miR146b-5p can be induced by cytokines that activate signal transducer and 

activation of transcription 3 (STAT3) or STAT1 (Taganov et al., 2006; Xiang et al., 2014; Perry 

et al., 2009). Our study, however, demonstrated that bFGF induces miR146b-5p expression in 

cultured skin wound fibroblasts (GFs). Therefore, the type of cytokine that induces miR146b-5p 

might differ between human and rat, as well as between tissue and cell type. Further studies will 

be needed to clarify whether such differences in miR146b-5p induction are species-specific or 

depend on cell type. 

  Previous investigations focusing on the specific binding sites for miR146-5p identified 

IRAK1 and TRAF6 as key targets of miR146b-5p in human cancer cells and T lymphocytes 

(Bhaumik, et al., 2009; Hurst et al., 2009; Taganov et al., 2006). However, in our study, we 

found no significant change in the expression of IRAK1 or TRAF6 following treatment of GFs 

with miR146b-5p inhibitor or mimic. SMAD4 has also been previously identified as a direct 

target of miR146b-5p in thyroid cancer cells (Geraldo et al., 2012). However, we found that GFs 

did not show a significant change in SMAD4 levels following treatment with miR146b-5p 

inhibitor or mimic. We here conducted combined ISH and IHC staining, since a previous study 

focusing on the detection of a miRNA and its target gene failed to recover the expected pattern 

in vivo (Takahashi et al., 2010). However, this method enabled us to identifiy no co-localization 

of miR146b-5p and PDGFRα in wound fibroblasts, supporting the notion that PDGFRα is a 

direct target of miR146b-5p in vivo. Based on these findings, previously identified miR146b-5p 

targets might not be targeted in rat skin wounds following bFGF treatment. Given that miRNAs 

have many potential targets, our findings indicate that miR146b-5p may have different targets in 

response to induction via different types of cytokine; this has also been indicated by Shao et al. 

in cancer cells (Shao et al., 2011).  

Upon tissue injury, previous investigations have demonstrated that TGFβ1 downregulates 

PDGFRα expression on the surface of myofibroblasts in lungs (Lindroos et al., 1995; Lindroos 

et al., 1997), leading to a suppression of cell growth. Here, we have demonstrated an inhibition 

of PDGFRα by miR146b-5p in GFs. Therefore, we infer that miR146b-5p is a downregulator of 

PDGFRα and plays an important role in downregulating PDGFRα in skin wounds in response to 

bFGF stimulation. Conditional knockin mice with mutations that drive PDGFRα signaling 



showed a significant increase in connective tissue growth, leading to systematically progressive 

fibrosis in multiple organs (Olson et al., 2009), while PDGFRα knockout mice demonstrated 

significantly decreased deposition of collagen and decreased expression of collagen types I and 

III in skin wounds (Horikawa et al., 2015). This is consistent with our findings that miR146b-5p 

mimic treatment leads to decreased expression of collagen types I and III in GFs, concomitant 

with a decrease in PDGFRα expression. These results indicate that PDGFRα downregulation is 

important for antifibrosis in skin wounds, via the repression of PDGFRα-dependent fibrosis 

(Horikawa et al., 2015). The mechanisms underlying bFGF-induced antifibrosis may include the 

repression of PDGFRα by miR146b-5p, stimulated by bFGF in wounds.  

A previous investigation (Pellegrini et al., 2016) has shown a high upregulation of miR146b 

expression in human acute kidney injury (AKI), with increased miR146b expression at the peak 

of fibrosis. Another study has also demonstrated an increase in miR146b expression in cisplatin-

induced AKI (Zhu et al., 2016). More recently, an increase in miR146b expression was observed 

in renal fibrosis caused by unilateral ureteral obstruction in mice (Xin et al., 2017). Although the 

definite contribution of miR146b-5p to antifibrosis in non-bFGF treated wounds remains 

unclear, our study revealed a peak of miR146b-5p expression in non-bFGF treated wounds on 

day 7 after operation (Figure 3E). Therefore, based on current findings, we infer that 

upregulated miR146b-5p expression in the kidneys helps inhibit the progression of renal fibrosis 

by repressing the pro-fibrotic effects of PDGFRα. Notably, after bFGF treatment for 3 days, we 

observed a peak of miR146b-5p and PDGFRα expression (4 days faster than observed in non-

treated controls). This may explain why bFGF injection performed soon after operation leads to 

a significant decrease in scar formation (Akasaka et al., 2004). Specifically, the upregulation of 

miR146b-5p on day 3 after bFGF injection might contribute to the effective downregulation of 

upregulated PDGFRα expression on day 7, resulting in a marked repression of PDGFRα’s 

profibrotic effects in wounds.  

Regarding markers for MSCs, a previous study demonstrated direct evidence of 

PDGFRα+/Sca-1+ cells fulfilling the basic requirements for the definition of MSCs—as they 

display definitive evidence of self-renewal and differentiation into osteoclasts, chondrocytes, 

and adipocytes in vitro (Morikawa et al., 2009). The precise markers of MSCs in rat skin 



wounds have not been elucidated. However, as we found PDGFRα+/Sca-1+ cells localized in 

perivascular spaces, we surmised that most of the PDGFRα+/Sca-1+ cells we identified in rat 

skin wounds possess properties of MSCs. Notably, we discovered that bFGF treatment 

decreased the numbers of PDGFRα+/Sca-1+ cells in wounds. This suggests that bFGF treatment 

strongly induces miR146b-5p expression, which in turn represses the expression of PDGFRα in 

PDGFRα+/Sca-1+ MSCs, and subsequently, reduces the number of PDGFRα+/Sca-1+ MSCs. 

In support of this notion, our study showed that the numbers of PDGFRα+/Sca-1+ cells were 

inversely related to the numbers of miR146b-5p+/Sca-1+ cells. This suggests that an increased 

expression of miR146b-5p in Sca-1+ cells limits their expression of PDGFRα (via miR146b-5p 

negative regulation of PDGFRα), and subsequently, PDGFRα-expressing Sca-1+ cells decrease 

in number. An initial report has shown that MSCs express abundant PDGFRα (Li Y et al., 

2013), and more recently it was reported that the potency and differentiation capacity of MSCs 

is negatively regulated by PDGF signaling (Ball et al., 2012; Li H et al., 2014). In line with this, 

increased activation of PDGFRβ (Olson et al., 2011) or PDGFRα (Olson et al., 2009) leads to 

an increased proliferation capacity in MSCs, whereas PDGFR inhibition promotes the 

commitment of MSCs into osteocytes, chondrocytes, and adipocytes (Ball et al., 2012). 

Regarding the effect of miR146b-5p on the differentiation capacity of PDGFRα+ mesenchymal 

progenitor cells, a recent study has definitively shown that miR146b-5p inhibition strongly 

suppresses osteogenic differentiation of PDGFRα+ skeletal muscle-derived progenitor cells in 

human (Oishi et al., 2013). Based on current findings, we suggest that inhibition of 

miRNA146b-5p upregulates PDGFRα expression by abrogating the negative regulation of 

PDGFRα by miRNA146b-5p. This leads to an increased proliferation capacity of the progenitor 

cells, resulting in the suppression of osteogenic differentiation. Therefore, we propose that the 

inhibition of PDGFRα expression by miR146b-5p in PDGFRα+/Sca-1+ mesenchymal 

progenitor cells or MSCs could promote differentiation capacity. In turn, this could repress the 

proliferation capacity of the cells, result in a reduction of the pro-fibrotic effects of PDGFRα, 

and promote scarless healing of wounds.  
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Figure legends 

 

Figure 1. bFGF exclusively induces miR146b-5p expression in wound fibroblasts and 

wounds. A and B: A miRNA PCR array analysis of miRNAs in granulation tissue 

fibroblasts (GFs) stimulated with bFGF for 48 h (A), or 96 h (B). C: Quantitative PCR 

analysis of miR146b-5p expression in bFGF-treated [bFGF(+)] GFs and non-treated 

GFs [bFGF(-)] after treatment for 48 and 96 h. Results are mean ± SEM (n = 4). **P < 

0.01; ***P < 0.001; Student’s t-test. D: Northern blot analysis of miR146b-5p in bFGF-

treated GFs. Representative photographs of blot analysis of miR146b-5p following 

bFGF treatment for 0, 24, 48, 72, and 96 h. E: Quantitative PCR analysis of miR146b-

5p in bFGF-treated wounds. bFGF upregulated miR146b-5p expression after bFGF 

treatment for 3 and 5 days. Results are mean ± SEM (n = 4 mice). ***P < 0.001; 

Student’s t-test. F: Real-time PCR analysis of FGFR1 mRNA and miR146b-5p in 

wounds treated with siRNA control (siCON) and FGFR1 siRNA (siFGFR1), after bFGF 

treatment for 3 days. Results are mean ± SEM (n = 4 mice). **P < 0.01; ***P < 0.001; 



Student’s t-test. G: Combined ISH and IHC staining of wounds with miR146b-5p probe 

(red) and prolyl-4-hydroxylase (P4H) antibody (green) respectively. The merged image 

shows miR146b-5p+/P4H+ fibroblasts (yellow). Bottom right inset: Higher 

magnification of the area indicated by an asterisk. H: Combined ISH and IHC with 

miR146b-5p probe (red) and α-SMA antibody (green) respectively. Bottom right inset: 

Higher magnification of the area indicated by an asterisk showing miR146b-5p+/α-

SMA + myofibroblasts (yellow). Scale bars = 20 µm. 

Figure 2. PDGFRα is a direct target of miR146b-5p in vitro. A: Computer prediction of 

binding sites for miR146b-5p (rno-miR146b-5p) within the 3′ UTR of rat PDGFRα 

mRNA. The mutated bases are underlined; numbers indicate the positions of the 

nucleotides in the reference WT sequence of rat PDGFRα. B: Relative luciferase 

activity of the PDGFRα reporter constructs indicated in (A). Error bars represent the 

standard deviation across three independent experiments. *P < 0.05; **P < 0.01; 

Student’s t-test. C: Western blot analysis of PDGFRα in GFs transfected with miR146b-

5p inhibitors or scrambled RNA (control) (left panel); and mimic or scrambled RNA 

(control) (right panel). Representative western blot image of PDGFRα (upper row) and 

β-actin (lower row) in the GFs transfected with miR146b-5p inhibitor or mimic. D, E: 

Real-time PCR analysis of PDGFRα; collagen types I, III, and IV; MMP-2 and -9; and 

SMAD3 in GFs transfected with miR146b-5p inhibitor or scrambled RNA (control). F, 

G: Treatment with miR146b-5p mimic decreases collagen types I, III, and IV 

expression in GFs. Real-time PCR analysis of PDGFRα; collagen types I, III, and IV; 

MMP-2 and -9; and SMAD3 expression in GFs transfected with miR146b-5p mimic or 

scrambled RNA (control). Results are mean ± SEM (n = 4). *P < 0.05; **P < 0.01; ***P 

< 0.001; Student’s t-test. H, I: Representative western blot image of IRAK1 (upper row 

in H), TRAF6 (middle row in H), SMAD4 (upper row in I), and β-actin (lower row in 

H and I) in GFs transfected with miR146b-5p inhibitors or scrambled RNA (control) 

(left panel); and mimic or scrambled RNA (right panel), followed by bFGF treatment 

for 72 h (inhibitor) and 96 h (mimic). 



Figure 3. PDGFRα is a potential target of miR146b-5p in vivo. A: Real-time PCR 

analysis of FGFR1, PDGFRα, and miR146b-5p in wounds treated with siRNA control 

(siCON) and FGFR1 siRNA (siFGFR1). siFGFR-treated wounds showed an increase in 

PDGFRα mRNA expression and a decrease in miR146b-5p expression, along with a 

decrease in FGFR1 expression. Results are mean ± SEM (n = 4 mice). ***P < 0.001; 

Student’s t-test. B and C: A lack of co-localization of miR146b-5p with PDGFRα in 

fibroblasts (B) and muscles in wounds (C). Higher magnifications of the areas indicated 

by the green (PDGFRα) or red (miR146b-5p) boxes are shown in the right-hand panels. 

D: Co-localization of PDGFRα protein with miR31, miR98, and miR29 in granulation 

tissues. E: Real-time PCR analysis of miR146b-5p and PDGFRα in bFGF-treated 

wounds on days 3, 7, and 14 after treatment. bFGF-treated wounds on day 3 showed 

significantly increased expression of miR146b-5p and PDGFRα; the expression of 

PDGFRα then markedly decreased on day 7. Results are mean ± SEM (n = 4 mice). *P 

< 0.05; **P < 0.01; ***P < 0.001; Student’s t-test. Scale bars = 20 µm. 

Figure 4. Inversely related numbers of PDGFRα+/Sca-1+ cells and miR146b-5p+/Sca-

1+ cells in wounds. A: PDGFRα+/Sca-1+ cells in wounds treated with siRNA control 

(siCON) and FGFR1 siRNA (siFGFR1). Merged images show PDGFRα/Sca-1 double-

positive cells around vessels (V), displaying PDGFRα-positive cell membranes (green) 

and Sca-1-positive cytoplasm (red) (Okamoto et al., 2013). Higher magnifications of the 

areas indicated by yellow boxes are shown in the right-hand panels. B: bFGF treatment 
decreased the numbers of PDGFRα+/Sca-1+ cells in wounds on days 2, 7, and 14 after 

treatment. *P < 0.05; **P < 0.01; Student’s t-test. C: siFGFR1 treatment increased the 

numbers of PDGFRα+/Sca-1+ cells in wounds on days 2 and 14. *P < 0.05; Student’s t-

test. D: miR146b-5p+/Sca-1+ cells in wounds treated with siCON and siFGFR1. E: bFGF 

treatment increased numbers of miR146b-5p+/Sca-1+ cells in wounds on days 2 and 7. 

*P < 0.05; Student’s t-test. F: siFGFR1 treatment decreased the numbers of miR146b-

5p+/Sca-1+ cells in wounds on day 2. *P < 0.05; Student’s t-test. G: Triple staining with 

PDGFRα antibody (green), Sca-1 antibody (red), and miR146b-5p probe (blue) in 

wounds treated with siCON. Higher magnifications of the areas indicated by the white 

boxes are shown in the right-hand panels. PDGFRα+/Sca-1+ cells and miR146b-5p+/Sca-



1+ cells showed a lack of co-expression of miR146b-5p and PDGFRα in Sca-1+ cells 

around vessels (V).  Scale bars = 20 µm. 
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Abstract

Purpose—Coronary artery aneurysms (CAA) may remain silent after Kawasaki disease (KD) 

until adulthood when myocardial ischemia can lead to sudden death. We postulated that there 

would be young adults with sudden, unexpected death due to CAA from KD who would have a 

state-mandated autopsy performed by the San Diego County Medical Examiner’s Office 

(SDCMEO).

Methods—We reviewed all autopsy cases <35 years of age from 1997–2012 at the SDCMEO 

with a cardiovascular cause of death (n=154).

Results—We found 2 cases meeting inclusion criteria. Case 1 was a 22-year-old Korean male 

with chronic ischemic changes due to a partially occluded and diffusely calcified 15mm aneurysm 

at the bifurcation of the left main coronary artery. Interview of the mother revealed that this 

patient had been diagnosed with KD complicated by giant aneurysms at age two years. Case 2 was 

a 30-year-old Hispanic male with myocardial infarction due to thrombosis of a calcified left 

anterior descending artery aneurysm. Histologic findings included diffuse myocardial fibrosis and 

a recanalized aneurysm in the right coronary artery. Interview of the family revealed a KD-

compatible illness in childhood. Immunohistochemical staining showed expression of 

transforming growth factor β pathway molecules in the aneurysmal arterial wall.

Conclusions—In a medical examiner’s office serving a population of approximately 3 million 

people, 2 of 154 (1.3%) cardiovascular deaths in persons <35 years were attributed to 

cardiovascular complications of KD in childhood. Antecedent KD should be considered in the 

evaluation of all cases of sudden, unexpected death in young adults.
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Introduction

Kawasaki disease (KD) is an acute vasculitis of unknown origin that occurs predominantly 

in young children. Although the acute illness resolves spontaneously over one to three 

weeks in the absence of treatment, approximately 25% of untreated children and 5% of 

children treated with intravenous immunoglobulin (IVIG) develop coronary artery 

aneurysms (CAA) [1]. Although CAA can remodel in 50–80% of cases depending on the 

age of onset, all patients with aneurysms are at risk for ischemic heart disease due to 

thrombosis or stenosis of the affected coronary arteries [2]. In addition, some degree of 

myocarditis accompanying the vascular inflammation is universal in KD and may contribute 

to myocardial fibrosis decades after the acute illness [3–5]. CAA may remain silent after KD 

until adulthood when myocardial ischemia can lead to sudden death [6–15]. In children in 

whom the disease is diagnosed and treated, the death rate is less than one per hundred and 

autopsies are rare [16]. Although suspected KD cases have been reported in the forensic 

literature, there has been no systematic study to determine the incidence of such cases [8]. In 

a study from our group, CAA attributed to antecedent KD were present in 5% of young 

adults (<40 years) evaluated for suspected myocardial ischemia by coronary angiography 

[17]. We postulated that there would be young adults with sudden, unexpected death due to 

CAA from KD who would have a state-mandated autopsy performed by the Medical 

Examiner. We performed a systematic review of young adults with sudden death attributed 

to a cardiovascular cause. Immunohistochemical studies on formalin-fixed paraffin-

embedded (FFPE) tissues from two young adults with sudden cardiac death and confirmed 

or suspected antecedent KD demonstrated expression of molecules in the transforming 

growth factor (TGF)-β pathway that play key roles in tissue remodeling.

Materials and Methods

Database search

A database of 154 cases under age 35 who had a cardiovascular cause of death from 1997–

2012 was obtained from the San Diego County Medical Examiner’s Office (SDCMEO), 

which serves an area of 4200 square miles with a population of about 3.2 million people 

(47.6% Caucasian, 32.7% Hispanic, 11.6% Asian, 5.6% African-American and 4.2% mixed 

population) living in urban (97%) and rural (3%) areas. The population <35 years of age in 

San Diego county has been consistent between 1997–2012 at about 1.5 million 

(approximately 50% of total population). In San Diego county, every unexplained death in 

individuals < 35 years of age would be autopsied at SDCMEO. To narrow our search for 

cases due to antecedent KD, we excluded cases that listed other major medical conditions as 

contributing to the cause of death including trauma, substance abuse, suicide, cancer, 

congenital heart disease, morbid obesity, diabetes, hypertension, and severe hyperlipidemia. 

Then we reviewed the SDCMEO records for demographic data, clinical history, and gross 
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and histologic autopsy findings. For the two cases classified as KD, the parents of the 

decedents were interviewed following written informed consent. This protocol was approved 

by the Institutional Review Board at UCSD.

Review of autopsy cases

To understand pathological findings unique to KD, a comprehensive review of the current 

literature in English and Japanese was performed using PubMed and the Japan Medical 

Abstracts Society with “Kawasaki Disease,” “Mucocutaneous and lymph node syndrome,” 

“aneurysm,” “pathological study,” and “autopsy” as the search terms. KD cases with an 

interval between onset and pathologic examination of at least 10 years were reviewed. Only 

cases in which KD was diagnosed during childhood or retrospectively diagnosed at autopsy 

were included. We excluded papers and abstracts without details of the pathology and 

histology at the time of autopsy.

Histology

Formalin-fixed paraffin-embedded (FFPE) cardiac tissues prepared at the time of necropsy 

were obtained from the SDCMEO with consent of the next-of-kin. Only one new tissue 

block from Case 1 was made from the left main coronary artery that had been fixed and 

stored in formalin for about three years. Coronary artery control tissue from a 20-year-old 

male with no cardiovascular history was obtained from the UCSD Pathology archives. 

Histochemical staining with hematoxylin-eosin (H&E), Verhoeff-van Gieson (VVG), and 

Masson trichrome stains were performed using standard techniques.

Immunohistochemical staining

IHC staining were performed as previously described [18].

Results

Among 154 cases with sudden cardiac death under age 35, 122 cases met exclusion criteria. 

There were no cases with CAA on the reports for the 122 excluded cases. Of the remaining 

32 cases reviewed, two (6.25%) had CAA described in the necropsy report. For those two 

cases, families were interviewed regarding a KD-compatible illness during childhood, and 

detailed histologic studies were performed.

Case 1

A 22-year-old Korean male collapsed while exercising on a treadmill and was found 

unresponsive. Aggressive resuscitative efforts were unsuccessful and the body was referred 

to the ME office for necropsy. The body was well-developed, well-nourished, and measured 

173 cm in length and weighed 93 kg. The heart weighed 430 g (heart weight for healthy 

adult men: 233 to 383 g [19]) with smooth epicardium and a ventricular wall measuring up 

to 1.6 cm in thickness (mean ± SD for left ventricle thickness for adult male (mean age 62y) 

with BMI 30–34.9: 1.57±0.3 cm [20]). At the bifurcation of the left main coronary artery 

(LMCA) into the circumflex (Cx) and left anterior descending (LAD) arteries, there was a 

calcified, nonocclusive aneurysm measuring 2.5 × 2 × 1.5 cm (Figure 1a). The adjacent 

LAD appeared to be very small and was partially occluded where it transitioned into the 
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aneurysm (Figure 1b). Associated with this coronary artery occlusion was an region of 

subendocardial pallor in the anterior left ventricular wall adjacent to and partially including 

the septum up to 4 cm in length. The Cx had a larger caliber than the LAD and was patent 

distal to the aneurysm. The proximal right coronary artery (RCA) had a normal to slightly 

dilated caliber (0.4 cm) with a small, discrete aneurysm proximally (about 0.6 cm). The 

distal RCA, proximal to the posterior descending artery, was also dilated (about 0.6 cm) 

compared to the adjacent segment (0.3 cm).

Microscopic examination of the LAD showed adventitial sparse cellular fibrosis, extensive 

dystrophic calcification (Figure 1c), and regions of chondro-ossification (Figure 1d). Within 

these regions there were small vascular channels representing apparent recanalization of 

organized thrombus (Figure 1c). There were occasional lymphocytes, but no evidence of 

active vasculitis or necrosis. Patchy, but fairly widespread fibrosis with compensatory 

hypertrophic changes in adjacent myocytes was present (Figure 1e). In addition, there were 

small clusters of darker, more intensely staining myocytes suggestive of acute ischemia. The 

papillary muscle showed striated variation in staining consistent with contraction band 

necrosis (Figure 1f). Other than the heart, no remarkable changes were seen except general 

congestion of viscera with marked pulmonary edema and congestion, and few small 

cutaneous injuries.

Sudden cardiac death was associated with chronic ischemic changes due to a partially 

occluded 15 mm aneurysm at the bifurcation of the LMCA and LAD with diffuse 

calcification. Interview of the mother revealed that this young man had been diagnosed with 

KD and had been followed by a pediatric cardiologist for his giant aneurysms. Review of his 

medical record revealed that he was diagnosed with KD at 2 years and 9 months and treated 

with IVIG twice, followed by aspirin and dipyridamole. Giant aneurysms in both the LAD 

and RCA were found. Cardiac angiography at age 14 revealed an LMCA aneurysm (1 cm) 

and complete occlusion of the LAD with calcification and extensive collateral circulation. 

Activity restriction was advised. The patient had been maintained on aspirin and 

dipyridamole under the care of a cardiologist until he left home at age 20. No information 

was available regarding traditional cardiovascular risk factors for atherosclerotic disease.

Case 2

A 30-year-old Hispanic male was found unresponsive in the locker room after a boxing 

work-out and resuscitation attempts were unsuccessful. The body was well-developed and 

well-nourished, measuring 175 cm in length and 93 kg in weight. The non-dilated heart 

weighed 410 g, (heart weight for healthy adult men: 233 to 383 g [19]) was structually 

normal with normal ventricular wall thickness, and a smooth epicardial surface. The 

coronary arteries had normal origins and were normally distributed. However, a saccular 

aneurysm in the LAD measuring 1.6 cm in length and 1.0 cm in diameter arose immediately 

distal to the origin of the LAD and Cx coronary arteries (Figure 2a). The LAD wall was thin 

and calcified and the lumen was filled with a layered occulusive thrombus (Figure 2b). The 

RCA showed a re-canalized aneurysm with multiple lumina. A soft plaque occluding 75% 

of the lumen was situated several centimeters distal to the aneurysm. The RCA branched 

into numerous smaller vessels 1.7 cm from its origin. The Cx artery measured within normal 

Shimizu et al. Page 4

Cardiovasc Pathol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



limits. The posterior apical left ventricular myocardium revealed an infarct measuring 2.0 × 

0.8 cm with patchy interstitial fibrosis and pink discoloration. Mural thrombi were not 

present. The aorta was patent with minimal atherosclerosis.

Microscopic examination of the LAD revealed asymmetric transmural fibrosis and severe 

dystrophic calcification causing eccentric narrowing of the lumen that was occuluded by 

acute thrombus (Figure 2c). The aneurysm wall showed a small focus of calcification 

(Figure 2d and e), diffuse fibrosis (blue staining, Figure 2f), and disrupted internal elastic 

lamina. The LAD artery adjacent to the aneurysm showed less than 25% stenosis by 

eccentric non-calcific plaque with amorphous debris and cholesterol clefts. The distal LAD 

showed intimal hyperplasia with an intact internal elastic lamina. RCA showed re-

canalization and multiple lumina lined with endothelial-like cells and elastic lamina (Figure 

2g). Inflammatory cell infiltrates and necrosis were not seen. Microscopic examination of 

LAD watershed region showed a broad area of fibrosis, focal interstitial fibrosis, and 

scattered thickened myocytes with enlarged nuclei (Figure 2h). Other than heart, no 

remarkable changes were seen.

Death was caused by myocardial infarction secondary to thrombosis of the LAD aneurysm. 

Interview of the parents revealed a possible KD-compatible illness in childhood at age 6 

years diagnosed as scarlet fever. There was no history of tobacco use or other cardiovascular 

risk factors.

Review of autopsy cases—We reviewed published reports of autopsies on eight 

individuals with a history of KD at least 10 years prior to their death (Table 1). Aneurysms 

were noted in all but one case. The patient who did not have aneurysms died as a result of 

myocardial infarction associated with CA stenosis. Other pathologic findings were similar to 

the cases reported here and included luminal myofibroblastic proliferation (LMP) in seven 

cases, CA wall calcification in seven cases, recanalization of a thrombosed artery in two 

cases, and atherosclerosis with lipid-laden macrophages in two cases. The paucity of 

atherosclerotic changes was noted in several of the cases and was also a feature of our cases. 

These cases highlight the characteristic features of KD vasculopathy in the young adult long 

after acute KD in childhood, which include luminal myofibroblastic proliferation, 

thrombosis with recanalization, and calcification with ossification of the arterial wall.

Immunohistochemical studies—Previously we reported that TGF-β signaling pathway 

molecules are expressed in the arterial wall from acute KD autopsies in association with 

myofibroblasts [18]. To investigate the possible role of the TGF-β pathway in vascular 

remodeling in adults with vascular damage from KD, we stained the coronary arteries from 

Case 2 with antibodies against the ligand TGFβ2, the receptor TGFβR2, and the activated 

signaling molecule pSMAD3. TGFβ2, TGFβR2, and nuclear-localized pSMAD3 were 

expressed in spindle-shaped cells within the thinned aneurysmal arterial wall (Figures 3a, e 

and i). The spindle-shaped cells were α-smooth muscle actin positive and smoothelin 

negative consistent with a myofibroblast phenotype (data not shown). TGFβ2, TGFβR2, and 

nuclear-localized pSMAD3 were not expressed in fibrotic myocardium from either case 

(data not shown).
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Discussion

This is the first study to use a review of records from a Medical Examiner’s Office to 

identify young adults dying suddenly and unexpectedly from sequelae of apparent KD in 

childhood. Notable findings were diffuse myocardial fibrosis and expression of molecules in 

the TGFβ pathway by spindle-shaped cells expressing α-SMA in the wall of the coronary 

artery aneurysms. Of the cases from the SDCMEO, which serves a population of 

approximately 3.2 million people, 2/154 (1.3%) primary cardiovascular deaths in persons 

<35 yrs over a fifteen-year period could be attributed to cardiovascular complications of KD 

in childhood.

Coronary artery aneurysms that form during the acute phase of KD can remodel, remain 

unchanged, or thrombose. In a study of 594 untreated KD patients followed over a period of 

10–21 years, 146 (25.0%) developed aneurysms [21]. Of those patients, 28 (19.2%) 

developed arterial stenosis, 11 (7.5%) suffered a myocardial infarction, and 5 (3.4%) died 

during the follow-up period. A Japanese longitudinal study of 6,576 KD patients (maximum 

age 39 years) found 46 deaths during a period of 27 years. The most frequent cause of death 

was KD-related cardiovascular sequelae (13 subjects, 0.2%) followed by malignancy (7 

subjects, 0.1%), trauma (7 subjects, 0.1%), and suicide (7 subjects, 0.1%). There were 1,003 

subjects with cardiac sequelae of KD in this cohort and seven (0.6%) died of suspected or 

confirmed cardiovascular causes over the 27-year period of the study [16]. Only the 

mortality rate among Japanese with cardiac sequelae due to KD was significantly higher 

than that of the general population. During the time period of our study, we are aware of 

only one KD autopsy performed in San Diego on one of our patients who died 15 years after 

KD of cardiovascular complications directly attributable to his KD.

A study of the medical histories and coronary angiograms of young adults (<40 years) who 

underwent coronary angiography for evaluation of suspected myocardial ischemia found 

definite or presumed coronary artery sequelae of KD in 13 of 261 (5%) cases [17]. The US 

National Registry of Sudden Death in Athletes reported that five of 1049 (0.5%) young 

athletes who had sudden cardiovascular deaths died due to complications of KD [22]. As 

more children with a history of KD reach young adulthood, the incidence of acute ischemic 

events and cardiac arrest caused by the cardiovascular sequelae of KD is likely to increase.

It remains unclear if antecendent KD is associated with the potential for accelerated 

development of atherosclerosis in the regions of vessel wall damage. Only one of our two 

cases had cholesterol crystals adjacent to the aneurysm area. Although Orenstein et al. 

reported that there were no histological features of atherosclerosis in remote KD deaths in 

their study, there were only two autopsy cases with an interval of at least 10 years between 

KD onset and death [23]. Case reports of autopsies on young adult KD patients often lack 

detailed history regarding traditional risk factors for atherosclerosis, thus making it difficult 

to assess the relative contribution of KD to the development of atherosclerosis. A larger 

sample of KD autopsies with a well-characterized medical history for atherosclerotic risk 

factors will be needed to evaluate the risk of atherosclerosis associated with coronary 

aneurysms associated with KD. Based on the current limited data, there is no evidence that 

KD vasculopathy leads to accelerated atherosclerotic changes. In KD vasculopathy, 
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atheroma or lipid-laden macrophages or SMCs (foam cells) are rare. The classic appearance 

of hyaline degeneration, thrombosis with re-canalization, and calcification with ossification 

of the vessel wall are characteristic autopsy findings in the late convalescent stage of KD.

Luminal myofibroblastic proliferation (LMP) has been reported in KD autopsies not only in 

aneurysmal lesions but also in non-aneurysmal coronary arteries and other medium-sized, 

muscular arteries [23]. In a study of seven KD patients not known to have aneurysms who 

died from non-cardiac causes 60 days to 14 years after KD onset, thickening of the intima, 

thinning of the media, and stretched or focally interrupted internal elastic laminae were 

noted in five patients [24]. However, detailed information regarding echocardiographic 

findings during the acute illness was not available. Arteries were stained for expression of 

PDGF-A, TGF-β, and VEGF and no increased expression was seen in comparison to 

controls. Immunohistochemical staining for TGF-β pathway molecules showed expression 

in spindle-shaped cells with a myofibroblast phenotype in the wall of the aneurysm (Figure 

3). It is well-established that the TGF-β pathway is important for endothelial/epithelial-to-

mesenchymal transition and the creation of myofibroblasts, which have been detected in the 

arterial wall of KD aneurysms [18]. Thus, increased expression of molecules in the TGF-β 

signaling pathway may be a unique feature of coronary artery damage in KD patients who 

develop aneurysms.

Diseases associated with coronary artery aneurysms include autoimmune disorders (e.g. 

systemic lupus erythematosus), trauma, and connective tissue diseases such as Ehlers Danlos 

Type IV, Marfan and Loeys-Dietz syndromes [25–27]. KD is clearly the leading cause of 

coronary artery aneurysms in otherwise healthy youngs adults. Therefore, we incorporated 

this term as one of our inclusion criteria. However, in reviewing published autopsy reports 

(Table 1), one case was described as having “CA stenosis/occlusion” but not aneurysms. So 

both “aneurysm” and “CA stenosis/occlusion” should perhaps be used as criteria when 

reviewing autopsy series for missed KD.

The cases reported here manifested diffuse, patchy myocardial fibrosis. In general, 

myocardial fibrosis is related to either replacement fibrosis after myocardial infarction or 

interstitial fibrosis as a sequela of myocardial inflammation, which is universally present 

during acute KD according to endomyocardial biopsy studies from Japan [4, 5, 28]. A 

systematic study of 29 KD patients who died within the first 40 days after fever onset 

demonstrated myocarditis with varying degrees of infiltration of inflammatory cells in all 

cases [29]. Whether myocarditis during the acute phase of KD is responsible for the diffuse, 

patchy fibrosis seen in our two cases is unknown.

We recognize both strengths and limitations to our study. The SDCMEO serves a large 

population with diverse ethnicities with 50% of individuals under the age of 35 years. 

However, because KD is over-represented among Asian populations and San Diego County 

has a relatively large Asian population (11.6%), this could increase the incidence of deaths 

due to KD compared to other regions. In contrast, there is a relatively small African 

American population in San Diego (5.6%), which is another group with increased 

susceptibility to KD [30].
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The limited sample size precludes any precise estimation of the prevalence of KD-related 

sudden death. The pathologic studies were limited to available archival tissues that 

precluded systematic evaluation of the coronary pathology including sections proximal and 

distal to the aneurysms as well as the transition zones.

Conclusions

Unexpected sudden cardiac death in young adults may be caused by coronary artery and 

myocardial sequelae of antecedent KD. Medical examiners should have a high index of 

suspicion of KD in young adults with coronary artery aneurysms and luminal 

myofibroblastic proliferation.
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Figure 1. Case 1: Gross and histological findings
a, Aneurysm at the bifurcation of the LMCA into the Cx and LAD (arrow). b, Section of 

LAD demonstrating stenosis with calcification. c, Section of left main coronary artery 

bifurcation aneurysm demonstrating calcifications (white arrows). There is a small vascular 

channels in aneurysm (black arrows) (H&E, 40x). d, Section of left main coronary artery 

bifurcation aneurysm demonstrating calcification with region of chondro-ossification 

(arrows) (H&E, 200x). e, Section of myocardium demonstrating widespread fibrosis 

(Masson’s trichrome, 20x). f, Section of papillary muscle demonstrating contraction band 
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necrosis (arrows) ((H&E, 400x). LMCA: left main coronary artery; Cx: circumflex artery; 

LAD: left anterior descending coronary artery; H&E: hemotoxylin and eosin
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Figure 2. Case 2: Gross and microscopic findings
a, Aneurysm just distal to the bifurcation of the LMCA (arrow). b, Section of LAD 

demonstrating calcified aneurysm and thrombus. c, Section of LAD coronary artery 

demonstrating acute thrombus (H&E, 20x). d, Three sections of LAD: section from 

aneurysmal area (right), adjacent to aneurysm (middle), and distal to aneurysm (left). Boxes 

denote areas shown in higher magnification in subsequent images. (H&E). e and f, Section 

of aneurysmal LAD with diffusely fibrotic and focally very thin media. Internal elastic 

lamina is not evident (e: H&E, d: Masson’s trichrome, 100x). g, Section of right coronary 

artery aneurysm demonstrating neovascularization with internal elastic laminae (arrows) 

(Verhoeff-Van Gieson elastic stain, 40x). h, Section of myocardium demonstrating an area 

of fibrosis (Masson’s trichrome, 20x). LMCA: left main coronary artery; LAD: left anterior 

descending coronary artery; RCA: right coronary artery lu:lumen
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Figure 3. Immunohistochemical study of left anterior descending coronary artery (LAD) from 
Case 2
Three sections of LAD (Figure 2d) and a normal control coronary artery were stained for 

TGF-β pathway molecules: TGFβ2 (a–d), TGFβRII (e–h), phosphorylated (activated) 

signaling molecule pSMAD3 (i–l), and rabbit IgG as negative control (m–p) (100x, 

representative staining of spindle-shaped cells is shown in inserted boxes at higher 

magnification (original x600)). Aneurysmal wall (a, e, i and m) Note the TGFβ2, TGFβRII, 

and nuclear localized pSMAD3 were expressed in the spindle cells within the thinned 

aneurysmal arterial wall and endothelial cells. Adjacent (b, f, j and n) and distal (c, g, k and 

o) to the aneurysm, TGFβ2, TGFβRII and nuclear localized pSMAD3 were stained in 

endothelial cells. Rabbit IgG staining was used as negative control in all samples (m–p). 

Coronary arterial wall from the control autopsy (d, h, l and p) showed constitutive 
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expression of TGFβ2. TGFβRII was only expressed in the endothelial cells, and pSMAD3 

was not expressed in endothelial cells or in cells within the thickened intima. TGFβ2: 

Transforming growth factor- β2, TGFβRII: TGFβ receptor II, pSMAD3: phospholylated 

SMAD3.
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Infliximab for the Treatment of Refractory Kawasaki Disease:
A Nationwide Survey in Japan

Hiroshi Masuda, MD1,2,*, Tohru Kobayashi, MD3,*, Akira Hachiya, MD4, Yasutaka Nakashima, MD5, Hiroyuki Shimizu, MD6,
Tomo Nozawa, MD2, Yoshihito Ogihara, MD7, Shuichi Ito, MD2,8, Shinichi Takatsuki, MD9, Nobuyuki Katsumata, MD10,

Yasuo Suzuki, MD11, Satoshi Takenaka, MD12, Keiichi Hirono, MD13, Tomio Kobayashi, MD14, Hiroshi Suzuki, MD15,
Eisuke Suganuma, MD16, Kei Takahashi, MD17, Tsutomu Saji, MD18, and Committee of Survey on Infliximab use for

Kawasaki disease19,†

Objective To assess the safety and efficacy of infliximab (IFX) for the treatment of patients with Kawasaki disease
(KD).
Study design This was a nationwide survey of 274 Japanese institutions exploring how IFX was used to treat
patients with KD. The patients’ sex, age, treatment course, pre- and post-IFX therapy blood test results, coronary
artery lesions (CALs), and adverse events (AEs) were evaluated.
Results We analyzed 434 patients with KD who received IFX between March 2005 and November 2014. The
median age at onset was 33 months (range 1-138), and 66 patients (15.2%) were under 1 year old. In all cases,
IFX was administered as additional treatment. The median days of illness at the initiation of IFX was 9 days. In
275 patients (63.4%), IFX was administered as third-line treatment, and in 106 patients (24.4%), IFX was admin-
istered as fourth-line treatment. Single dose IFX 5 mg/kg was administered to 412 patients (94.9%). After IFX, 363
patients (83.6%) became afebrile within 2 days, and the white blood cell count, percentage of neutrophils, and serum
C-reactive protein levels significantly decreased (P < .001), although 119 patients (27.4%) received additional treat-
ment. Before IFX, 132 patients (30.4%) had already developed CALs. In
patients without CALs before IFX, 31 patients (10.3%) newly developed
CAL after IFX, whereas 32 patients (24.2%) with CAL before IFX showed
increased CAL severity. Eighty AEs were observed in 69 patients (15.9%);
however, serious AEs were few and reversible.
Conclusions IFX might be an effective and tolerable treatment for re-
fractory KD. (J Pediatr 2018;195:115-20).

I nfliximab (IFX) is a chimeric anti- tumor necrosis factor (TNF)-a monoclo-
nal antibody developed by genetic recombination technology. IFX sup-
presses TNF-a by neutralizing soluble TNF-a, dissociating receptor-bound TNF-

a, and exerting a cytotoxic effect on TNF-a producing cells.1 In 2004, Weiss et al
first reported IFX administration to a 3-year-old patient with refractory Kawa-
saki disease (KD).2 Subsequently, Burns et al reported the efficacy and safety of
the IFX treatment for intravenous immunoglobulin (IVIG)-resistant patients with
KD.3 Recently, Tremoulet et al performed a randomized double blind placebo

AE Adverse event
BCG Bacillus Calmette-Guérin
CAL Coronary artery lesion
CRP C-reactive protein
IFX Infliximab
IVIG Intravenous immunoglobulin
IVMP Intravenous methylprednisolone pulse
JSKD Japanese Society of Kawasaki Disease
KD Kawasaki disease
TNF Tumor necrosis factor
WBC White blood cell
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controlled trial to assess the efficacy of IFX as an initial treat-
ment for patients with KD.4 Although the addition of IFX to
IVIG and high dose aspirin did not reduce treatment resis-
tance, it reduced fever duration, some markers of inflamma-
tion, the left anterior descending coronary artery z score, and
the IVIG reaction rate.4

In Japan, IFX has been used as a treatment for IVIG-
refractory patients with KD since the publication of the first
Japanese report by Saji et al.5 According to nationwide surveys
in Japan, IFX was given to 694 patients with refractory KD
between 2007 and 2014.6-9 However, these surveys did not assess
the efficacy or safety of IFX for patients with KD. Sonoda et al
reported a single center experience of IFX use10; however, there
has been no large-scale multicenter study evaluating the effi-
cacy or safety of IFX treatment for patients with refractory KD.
The Japanese Society of Kawasaki Disease (JSKD) had been
accumulating safety and efficacy data from 2007 using annual
nationwide surveys on IFX use for the treatment of patients
with KD. The objective of the present study was to assess the
safety and efficacy of IFX treatment for patients with KD in
Japan based on these nationwide surveys.

Methods

This was a retrospective study based on annual nationwide
surveys conducted from 2007 to 2014 on IFX use for the treat-
ment of patients with KD. First, we sent a questionnaire to 274
institutions employing JSKD-affiliated members to deter-
mine whether any patients with KD had received IFX during
the previous 12 months. Then, we sent a more precise survey
to the institutions in which IFX was used with patients with
KD to obtain anonymized data including patient back-
ground, medical treatments, and outcomes. In addition, 22 in-
stitutions with no JSKD-affiliated members on staff, which had
reported IFX use in the nationwide surveys conducted by Jichi
University, were included. This study was conducted in accor-
dance with the Declaration of Helsinki and the ethical guide-
lines for epidemiologic research of the Ministry of Education,
Culture, Sports, Science, and Technology and the Ministry of
Health, Labor, and Welfare of Japan. IFX treatment for pa-
tients with KD was approved by the institutional review board
at each institution.

Demographic data included patients’ sex, date of birth, and
the date of KD onset. KD was diagnosed based on the fifth
revised edition of the Diagnostic Manual for Kawasaki Disease
compiled by the Kawasaki Disease Research Team of the Min-
istry of Health, Labor, and Welfare.11 Laboratory data on white
blood cell (WBC) count, percentage of neutrophils, platelet
count, total bilirubin, aspartate aminotransferase, alanine ami-
notransferase, sodium, albumin, and C-reactive protein (CRP)
were collected on the day of diagnosis, day of IFX treatment,
and 1-3 days after IFX treatment. We calculated the risk score
to predict nonresponse to initial IVIG as reported by Kobayashi
et al.12 Coronary artery lesions (CALs) were assessed using
echocardiography at each institution and divided into the fol-
lowing 5 severity categories based on the maximum diam-
eter of the left or right coronary artery: (1) <3 mm, (2) from

3 mm to <4 mm, (3) from 4 mm to <6 mm, (4) from 6 mm
to <8 mm, and (5) 8 mm or greater. The severity of CAL was
assessed on the day of diagnosis, before IFX treatment, and in
terms of the maximum values obtained in the treatment course.

CAL was defined by a maximum coronary artery diameter
of 3 mm or greater in patients up to 5 years of age or 4 mm
or greater in patients 5 years or older. Regarding initial treat-
ment, we investigated the date of initial treatment, IVIG use
and dosage, combination treatment (eg, prednisolone, intra-
venous methylprednisolone pulse [IVMP], ulinastatin, etc), and
response to the initial treatment. If patients with KD experi-
enced a fever lasting >24 hours after the completion of initial
treatment or experienced a recurrence of fever associated with
other KD symptoms, additional rescue treatments were per-
formed according to the protocol at each institution. We defined
initial treatment failure as the need for any additional treat-
ment. We also investigated data on the types of additional treat-
ment including prednisolone, IVMP, IFX, cyclosporine A,
ulinastatin, and plasma exchange; the timing of the addi-
tional treatments (second line, third line, fourth line, fifth line,
or sixth line); and the number of days of illness during which
the additional therapy was administered. With respect to IFX
treatment, the number of treatments given, dosage, days of
illness until fever resolution following IFX administration, and
any AEs after IFX use including their severity and assessment
of causality were collected.

We excluded patients for whom both coronary measure-
ments and data on adverse events from the analyses were
unavailable.

Statistical Analyses
Continuous variables are expressed as the median (range) or
mean and standard deviation values, and categorical data were
expressed by a number (%). The Kaplan-Meier curve was used
to express the time until fever resolution following IFX ad-
ministration. The Wilcoxon signed-rank test was used to assess
paired continuous variables. All reported P values were 2-sided;
values <.05 were considered statistically significant. The IBM
SPSS Statistics v 22.0J (IBM Japan, Tokyo, Japan) was used for
all analyses.

Results

From 8 annual surveys conducted between 2007 and 2014, we
collected data on 443 patients treated with IFX at 57 institu-
tions. The other institutions did not answer the question-
naire. We excluded 1 patient reported by multiple institutions
and 8 patients with missing or incomplete data on impor-
tant outcomes; thus, 434 patients treated with IFX were in-
cluded in the analyses. IFX was administered to 284 male and
150 female patients between March 2005 and November 2014.
The median age in months at KD diagnosis was 33 (range:
1-138); 66 patients (15.2%) were less than 1 year old. The
median days of illness in the initial treatment was 4 (range:
1-12). All patients except one with a past history of shock after
IVIG received IVIG treatment (2 g/kg for 405 patients and 1 g/
kg for 28 patients). Of these, prednisolone, IVMP, and
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ulinastatin were additionally administered with IVIG to 20
(4.6%), 5 (1.2%), and 4 patients (1.0%), respectively.

In all patients, IFX was administered as additional therapy
(Figure 1). The median days of IFX treatment were 9, and
295 patients (68.0%) were treated within the first 10 days after
fever onset. IFX was administered as third line treatment in
275 patients (63.4%), and 106 patients (24.4%) received IFX
as 4th line treatment. Single dose IFX 5 mg/kg was adminis-
tered to 412 patients (94.9%), while 12 patients (2.8%) were
treated with repeated doses of IFX 5 mg/kg (twice 11 pa-
tients and 3 times 1 patient). Six patients (1.4%) received single
dose IFX 6-7 mg/kg. Dose information was unavailable for
the remaining 4 patients (0.9%). The Kaplan-Meier curve was
used to express the time until fever resolution after IFX ad-

ministration (Figure 2). In 363 patients (83.6%), the fever re-
solved within 48 hours after IFX administration although
additional treatment was required for 119 patients (27.4%)
following IFX treatment (IVIG: 72 patients; methylpredniso-
lone: 13 patients; prednisolone: 10 patients; IFX: 10 patients;
cyclosporine A: 18 patients; urinastatin: 11 patients; and plasma
exchange: 31 patients). There was no significant difference in
the risk score in terms of whether additional treatment fol-
lowing IFX treatment was required or not (5.6 ± 2.4 vs 5.5 ± 2.4,
P = .648). Table I shows the laboratory findings before and
after IFX treatment. Acute inflammation markers such as the
WBC count, percentage of neutrophils, and serum CRP level
significantly decreased after IFX administration (P < .001 for
each).

434 Pts with KD
who did not respond to 

initial treatment

Additional treatment after IFX
3 Pts (25.0%)

Additional treatment after IFX
75 Pts with KD (27.3%)

Additional treatment after IFX
32 Pts with KD (30.2%)

Additional treatment after IFX
9 Pts with KD (22.0%)

Treated with IFX at 2nd line
12 Pts with KD (2.8%)

Treated with IFX at 3rd line 
275 Pts with KD (63.4%) 

Treated with IFX at 4th line 
106 Pts with KD (24.4%) 

Treated IFX at 5th line or later 
41 Pts with KD (9.5%)

Figure 1. Timing of additional treatment with IFX. Pts, patients.
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Figure 2. Days until fever resolution in patients with KD treated with IFX.
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Figure 3 shows the serial changes in the coronary outcome.
At KD diagnosis, 23 patients (5.3%) showed CALs, although
no patient showed a maximum coronary artery internal di-
ameter exceeding 6 mm. Before IFX treatment, CALs had
already developed in 132 patients (30.4%) with 23 patients
showing a maximum coronary artery internal diameter en-
largement exceeding 6 mm. Among 302 patients without CALs
before IFX treatment, CALs newly developed in 31 patients
(10.3%) after IFX treatment. Among 132 patients with CALs
before IFX treatment, 32 patients (24.2%) showed increased
CAL severity after IFX treatment.

Table II shows the AEs experienced after IFX administra-
tion. In total, 80 AEs were observed in 69 patients (15.9%).
Serious AEs requiring prolongation of hospitalization oc-
curred in 7 patients: respiratory syncytial virus infection (1
case), arthritis requiring steroid administration (2 cases), rash
(2 cases), bacteremia effectively treated with antibiotics (1 case),
and pericardial tamponade requiring surgical draining (1 case).
In each case, a causal relationship with IFX treatment ap-
peared unlikely. In 434 cases, no tuberculosis, movement dis-
orders, or AEs related to live vaccines were observed.

Table I. Results of laboratory tests after IFX
administration

Pre-IFX Post-IFX P value

WBC count (×103/µL) 17.9 ± 8.3 14.3 ± 8.0 <.001
Percentage of neutrophil 68.5 ± 15.1 50.9 ± 18.1 <.001
Platelet count (×104/µL) 45.4 ± 20.4 56.2 ± 21.0 <.001
Total bilirubin (mg/dL) 0.5 ± 0.5 0.4 ± 0.4 <.001
AST (IU/L) 39 ± 54 38 ± 40 .482
ALT (IU/L) 36 ± 39 29 ± 33 <.001
Sodium (mmol/L) 134.2 ± 2.8 136.3 ± 2.5 <.001
Albumin (g/dL) 2.5 ± 0.5 2.7 ± 0.6 <.001
CRP (mg/dL) 10.3 ± 7.1 4.9 ± 4.7 <.001

ALT, alanine aminotransferase; AST, aspartate aminotransferase.

434 Pts with KD

CAL (+)
23Pts

(4-<6 mm 3 Pts)

CAL (-)
409 Pts

No data
2 Pts

At diagnosis

Before IFX

CAL (+)
132 Pts

(4-<6mm 36 Pts, 6-<8mm 14 Pts, >8 mm 9 Pts)

CAL (-)
302 Pts

1 Pt 294 Pts 16 Pts1 Pt 7 Pts

Maximum diameter
during the treatment course

<3 mm
237 Pts
(78.5%)

6-<8 mm
1 Pt

(0.3%)

4-<6 mm
11 Pts
(3.6%)

>8 mm
1 Pt

(0.3%)

3-<4 mm
56 Pts

(42.4%)

6-<8 mm
12 Pts
(9.1%)

4-<6 mm
43 Pts

(32.6%)

>8 mm
21 Pts

(15.9%)

CAL (+)
23 Pts

  (7.6%)

3-<4 mm
52 Pts

(17.2%)

CAL (-)
29 Pts

  (9.6%)

115 Pts

Figure 3. Serial changes in CALs and their diameter categories. The darkened boxes indicate that these patient groups had
CALs during the given time period.

Table II. Incidence and severity of AEs

Number (%) Severity

Total 69 (15.9%)
Skin rash 25 (5.8%) Severe 2, mild 23
Viral infection 15 (3.4%) Severe 1, mild 14
Infusion reaction 13 (3.0%) Severe 0, mild 13
Arthritis 11 (2.6%) Severe 2, mild 9
Bacterial infection 10 (2.3%) Severe 1, mild 9
Pericardial effusion 1 (0.2%) Severe 1
Neutropenia 1 (0.2%) Mild 1
Elevation of AST/ALT 1 (0.2%) Mild 1
Persistent cough 1 (0.2%) Mild 1
Frequently recurrent mild fever 1 (0.2%) Mild 1
Delay of mental development 1 (0.2%) Mild 1
Tuberculosis infection 0 (0%) -
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Discussion

In the present study, IFX therapy resulted in defervescence in
84% of cases within 48 hours. Inflammation markers such as
the WBC count, percentage of neutrophils, and CRP de-
creased significantly after IFX therapy, suggesting that IFX was
able to ameliorate KD vasculitis in refractory patients. Burns
et al, Son et al, and Sonoda et al similarly reported fever reso-
lution rates in patients with refractory KD of 81% (13/16), 85%
(17/20), and 94% (70/76), respectively. 10,13,14In other treat-
ments for patients with refractory KD, Miura et al reported
that IVMP had produced fever resolution in 100% (21/21) of
patients.15 Furthermore, Hashino et al, comparing 8 cases treated
with IVIG to 9 cases treated with IVMP, and Ogata et al, com-
paring 14 cases treated with IVIG to 13 cases treated with IVMP,
both reported a shorter febrile period and a significantly lower
post treatment CRP value for the IVMP group.16,17 Hibino et al
reported fever resolution in 80% (12/15) for prednisolone and
Suzuki et al reported fever resolution in 79% (22/28) for
cyclosporine A, along with a significant decrease in the CRP
levels 2 days after cyclosporine A treatment. 18,19 Although it
is difficult to compare the efficacy of these treatments because
of variations in the timing of the rescue treatments among the
studies, IFX therapy seems to be as effective as other rescue
treatments for patients with refractory KD.

In the present study, CALs developed in one-third of pa-
tients who received IFX and a giant coronary aneurysm oc-
curred as a complication in 5%. The latest nationwide KD
survey indicated that the frequency of refractory KD, CALs,
and giant coronary aneurysms was 19.2%, 2.3%,and 0.2%,
respectively.20 This might be explained by the fact that IFX treat-
ment was restricted to refractory patients at higher risk of CAL
development. In addition approximately 30% of cases had
already had CALs before IFX treatment. To examine the effi-
cacy of IFX treatment in the prevention of CAL formation in
such cases, we should consider not so much the prevalence of
CALs as the increase in CAL severity after IFX treatment.
Because the present study was a multicenter retrospective survey,
we were unable to collect more detailed data regarding the ab-
solute diameter or z score of each coronary artery before and
after IFX treatment. However, the incidence of CALs among
the patients with refractory KD who did not have CALs before
IFX treatment was 7.1%. Approximately 16% of all patients
with refractory KD experienced increased CAL severity. Al-
though the lack of comparison groups did not allow us to assess
the efficacy of IFX treatment for patients with refractory KD,
the present findings indicate a possible preventive effect against
CAL formation.

Safety is one of the most important concerns when admin-
istering IFX to patients with KD. In diseases other than KD,
the frequency of AEs during IFX treatment is reportedly 28%
for rheumatoid arthritis,21 32% for inflammatory bowel
diseases,22 and 22.5% for psoriasis.23 The frequency of AEs
among patients with refractory KD receiving IFX is lower than
in other diseases because patients with KD did not receive IFX
treatment repeatedly. On the other hand, there is a paucity of

data on the use of IFX in the younger than 5-year-old age group,
which is most susceptible to KD, and information about AEs
specific to this age group, therefore, remains unavailable. In
the present study, no vaccination-related AEs were observed.
Lee et al also reported that there were no vaccination-related
AEs within 90 days after live vaccination among patients with
KD treated with IFX. 24 These findings might be partly ex-
plained by the neutralizing effects of IVIG administered before
IFX treatment. However, a fatal case of disseminated bacillus
Calmette-Guérin (BCG) infection in an infant born to a mother
who had received infliximab for Crohn’s disease throughout
pregnancy has been reported.25 The infant rapidly deterio-
rated after receiving routine BCG vaccination at 3 months and
died of disseminated BCG at 4.5 months. The frequency of such
events is generally low and provides inadequate statistical power
to detect any association. We should consider potential risks
when administering IFX to patients with KD who received a
BCG vaccination shortly prior to KD onset.

The present study has several limitations. First, we were
unable to gather data on all patients with KD in Japan who
had received IFX. According to the National Kawasaki Disease
Survey 764 patients received IFX between 2007 and 2014; the
present case series covered 60% of the total. Second, our case
series did not include a comparison group treated with other
therapeutic agents; hence, we were unable to compare the ef-
ficacy of IFX with that of other additional therapies like those
using steroid or cyclosporine A. Nonetheless, we believe our
study demonstrated the clinical efficacy of IFX in suppress-
ing inflammation because of KD vasculitis. Third, it was dif-
ficult to assess a causal relationship between CAL formation
after IFX and delay in suppression of inflammation because
the present study was designed as a case series. However, the
number of patients without CALs before IFX administration
in whom CAL later developed was approximately one-half that
of patients with CALs before IFX administration in whom CAL
severity increased. Earlier IFX treatment might be effective in
improving coronary outcomes. Finally, we only enrolled Japa-
nese patients with KD; hence, it remains uncertain whether
our findings can be generalized to other ethnic groups with
different genetic backgrounds.

IFX was found to be a potentially very efficacious and tol-
erable treatment for refractory KD cases. Further large-scale,
prospective studies exploring the efficacy and safety of IFX are
needed. ■
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Appendix 1

Additional members of the Japan Society of Kawasaki Disease
Research Committee on IFX Use

Satoshi Matsuzaki, MD5; Shoko Yamazaki, MD5; Kazuyuki
Ikeda, MD6; Takuma Hara, MD7; Taichi Kanetaka, MD4;
Toshitaka Kizawa, MD4; Masako Kikuchi, MD4; Ryoki Hara,
MD4; Kentaro Fujii, MD4; Mayu Takahashi, MD4; Kaori Sonoda,
MD4; Tomokuni Yoshihashi, MD4; Tomoyuki Imagawa, MD4;
Kazuko Yamazaki, MD4; Takasuke Ebato, MD8; Shinji Oana,
MD3; Ayako Murase, MD3; Shinichiro Sakaki, MD3; Takeshi
Fujimoto, MD3; Yoshihiko Saito, MD3; Ryota Shirai, MD3; Ichiro
Takeuchi, MD3; Kazuyuki Naoi, MD10; Yasushi Kenmotsu, MD10;
Chiaki Goto10; Hiroaki Kise, MD11; Seigo Okada, MD12; Sayuri
Kishimoto, MD13; Utako Oba, MD13; Sayaka Ozawa, MD14;
Mitsuru Seki MD15; Tesshu Odagiri, MD16; Junko Shiono, MD18;
Kiyoshi Nagumo, MD19; Mitsuaki Kimura, MD20; Muneo
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Background/Objective: To examine tenascin C (TN-C) expression in coronary artery lesions (CALs) andmyocardial
lesions (MLs) in Kawasaki disease (KD).
Methods and Results: Twenty-five KD autopsy cases (post-KD-onset range of 6 days to 17 years) were examined
in this study. Time-course analysis based on the disease day was performed of the histological findings for the
CALs and MLs, as well as the localization and intensity of expression of TN-C. TN-C expression was observed to
coincide with the areas where inflammatory cell infiltration was present in both coronary arteries and myocar-
dium during the acute stage of KD, and the intensity of its expression correlatedwith the degree of inflammation.
Obvious TN-C expression persisted in the thickened intima and media of CALs even after Disease Day 27. How-
ever, in spite of the presence of inflammatory cell infiltration, TN-C expression became weaker in the adventitia
and surrounding connective tissue. After 8 months or more, TN-C was not expressed in the vasculitis scars of
most cases, but expression was observed around newly formed vessels in the thickened intima and around
recanalized vessels after thrombotic occlusion.
Conclusions: The findings suggest a correlation between the degree of inflammation and TN-C expression in the
cardiovascular lesions of acute–stage Kawasaki disease.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

Kawasaki disease (KD) is a systemic vasculitis that shows a predilec-
tion for manifesting in infants [1]. The highest incidence of involvement
is seen with medium-sized muscular-type arteries, of which the coro-
nary arteries are representative. The vasculitis leads to formation of an-
eurysms. Thrombotic occlusion occurs readily in aneurysms, and for this
reason KD is an important disease that can lead to ischemic heart dis-
ease in childhood and adolescence. Coronary arteritis and also myocar-
ditis are important complications of KD during its acute stage.
Myocarditis, when including asymptomatic cases, is said to be a compli-
cation in upwards of 50% of KD patients, and it accounts for 10-15% of
acute-stage mortality [2].
; CALs, coronary artery lesions;
unoglobulin; MMP, matrix
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Tenascin C (TN-C) is an extracellular matrix protein that regulates
inflammation, angiogenesis, tissue repair and fibrosis [3,4]. TN-C is not
expressed in the healthy coronary arteries or myocardium of adults or
infants. However, when myocarditis, myocardial infarction, dilated car-
diomyopathy and aortic aneurysms are present, the serum TN-C level is
elevated and histopathological TN-C expression is seen to coincidewith
the location of the lesions. TN-C is thus considered to be a biomarker of
acute inflammation in various cardiovascular diseases [5,6]. Recently,
Okuma et al. [7] reported that serum TN-C could be a biomarker for
predicting the risk of developing coronary artery lesions (CALs) and in-
travenous immunoglobulin (IVIG) resistance during the acute phase of
KD. TN-C levels on admission were significantly higher in patients
who later developed CAL than in patients who did not, and they were
significantly higher in IVIG-resistant patients than in IVIG-responders.
With this background, we performed a histopathological study to con-
firm whether TN-C is expressed in the coronary arteries and myocar-
dium of KD patients.

2. Materials and methods

The study materials consisted of 25 autopsy cases of KD. The cases
consisted of 18 males and 7 females, with an age range of 3 months to
20 years, and a post-KD-onset range of 6 days to 17 years. The day of
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onset of a fever is defined as Disease Day 1. The present study was ap-
proved by the Ethics Committee of TohoUniversity OhashiMedical Cen-
ter (H14-38, 27 August 2014).

2.1. Histological evaluation of myocardial lesions (MLs) and coronary ar-
tery lesions (CALs)

The heart was fixed in formalin and sliced horizontally, and the cor-
onary arteries were excised. The coronary arteries were sectioned at 4-
mm intervals in the peripheral direction from the aortic bifurcation. He-
matoxylin and eosin (HE)-stained slides of the hearts and coronary ar-
teries from each case were microscopically inspected. The myocardial
lesions (MLs) were inspected for the degree and localization of inflam-
mation and the presence of fibrosis. The degree of inflammation in the
MLswas evaluated into three grades: none, mild or severe. The localiza-
tion of inflammation was also evaluated into three grades: none, focal
(1–50% of the myocardium of each section) or diffuse (51–100% of the
myocardium of each section). For CALs, the most severe part of each le-
sion was examined by dividing it into “from the intima to the media”
and “from the adventitia to the surrounding connective tissue”. The de-
gree of inflammation in each portion of the artery was evaluated in the
same way as for the MLs. The following evaluations were also per-
formed: the presence/absence of dilation of the lumen of the coronary
arteries, the presence/absence of fibrous thickening of the intima, and
the presence/absence of recanalization after thrombotic occlusion.

2.2. Immunohistopathological study

Immunostaining of TN-C using a mouse monoclonal antibody
4F10TT, (IBL, Japan)was performed for theMLs and CALs of each KD au-
topsy case to investigate its degree of expression and localization. The
degree of TN-C expression was evaluated into 3 grades: none, mild or
severe. We identified the types of inflammatory cells by using CD3 as
a T-cell marker, CD20 as a B-cell marker, CD66 as a neutrophil marker,
and CD68 andCD163 asmacrophagemarkers.αSMAwas stained to elu-
cidate the structure of the blood vessel walls. The names and sources of
the antibodies are shown in Table 1.

2.3. Time-course study

Time-course analysis of TN-C expression in MLs and CALs was per-
formed based on the disease day after onset of KD. Patients who died
by the 40th disease day were defined as acute–stage KD cases. Patients
whodied later than thatwere defined as remote-stage cases. The reason
for that threshold is that, histologically, the inflammatory cell infiltra-
tion of coronary arteritis usually disappears almost completely by the
40th day [8].

3. Results

3.1. Histological evaluation of MLs and CALs

Myocarditis was observed in seven of 11 acute-stage cases who died
by Disease Day 33. In four of those seven cases, inflammatory cell infil-
tration was severe, with diffuse distribution in all examined myocardial
Table 1
Panel of antibodies used

Antigen Antibody clone Dilution Source

CD3 Rabbit polyclonal Prediluted Dako
CD20 Mouse monoclonal, L26 Prediluted Dako
CD66 Mouse monoclonal, kat4c 1:80 Dako
CD68 Mouse monoclonal PG-M1 Prediluted Dako
CD163 Mouse monoclonal, 10D6 Prediluted Leica Biosystems
SMA Mouse monoclonal, 1A4 Prediluted Dako
TN-C Mouse monoclonal antibody, 4F10TT Prediluted IBL Japan
walls. No necrosis of cardiomyocytes was observed. In the remaining
three cases, inflammatory cell infiltration of the myocardium was
mild, with a focal distribution. The inflammatory cells were mainly
monocytes/macrophages, but neutrophil infiltration was also promi-
nent in acute-stage cases of up to Disease Day 20 (data not shown).
Four of the 11 acute-stage cases had no cell infiltration of the myocar-
dium. Furthermore, neither inflammatory cell infiltration nor post-
inflammatory changes such as fibrosis or disarray of cardiomyocytes
was seen in remote–stage cases (Table 2).

CALs were found in 23 of the 25 cases. Inflammatory cell infiltration
was observed in the vascular wall of 13 cases between Disease Days 6
and 57, after which the inflammatory cells disappeared and fibrous
thickening of the intima was observed (Table 3). Of the 23 cases with
CALs, 20 cases showed formation of coronary aneurysms but the re-
maining three cases did not.

A Disease Day 6 casewas observed to have localized,mild inflamma-
tion of the intima and adventitia, whereas in a Disease Day 10 case this
had become panvasculitis due to inflammatory cell infiltration that in-
volved all layers of the vessel wall. Panvasculitis was observed in cases
from 10 through 38 disease days, and inflammation extended even to
the perivascular connective tissue. The inflammatory cells were mainly
macrophages, with somemixture of neutrophils and lymphocytes (data
not shown). In a Disease Day 57 case, the inflammatory cell infiltration
of all layers of the vesselwall showed a tendency to have dissipated, and
inflammatory cell infiltration was no longer seen in a Disease Day 74
case. The intima of aneurysms became thickened due to fibrosis, and
in two cases at 6 years and 17 years after KD onset therewas recanaliza-
tion of vessels.

3.2. TN-C expression

3.2.1. MLs (Table 2, Fig. 1)
The areas of TN-C expression in themyocardium coincided with the

areas of inflammatory cell infiltration, and TN-C intensity correlated
with the degree of inflammation in acute-stage cases. However, TN-C
expression was not detected in areas of the myocardium with no in-
flammatory cell infiltration in acute-stage KD. No TN-C expression was
detected in the myocardium of remote-stage cases.

3.2.2. CALs (Table 3, Figs. 2, 3)
TN-C expression was not detected in coronary arteries that had no

vasculitis. In 13 acute-stage cases (i.e., up to Disease Day 40), TN-C ex-
pression coincided closely with the scope of inflammatory cell infiltra-
tion in the intima and media, and its intensity correlated with the
degree of inflammation (Fig. 2: 1a–c, 2a–c, 3a–c, 4a–c). On the other
hand, with regard to the adventitia and surrounding connective tissue,
in four Disease Day 10–18 cases, strong TN-C expression was seen that
coincided with the area of inflammatory cell infiltration (Fig. 2: 1a–c,
2a–c). But in five Disease Day 27–38 cases, expression tended to be
weak in spite of a high degree of inflammatory cell infiltration (Figs. 2:
3a–c, 4a–c, 3a–f).

In remote-stage KD cases (i.e., Disease Day 41 and later), weak TN-C
immunostaining was observed in the luminal surface of dilated aneu-
rysms and in the thickened intima of recanalized vessels after throm-
botic occlusion. No TN-C expression was detected in the adventitia or
surrounding connective tissue (Fig. 2: 5a–c, 6a–c, 7a–c, 8a–c).

4. Discussion

TN-C is a protein that, like collagen, fibronectin, laminin, etc., is
found in the extracellular matrix. However, TN-C is not involved in the
formation of structures such as fibers and the basement membrane.
Rather, it binds to cell surface receptors, growth factors, cytokines, pro-
teinases and other matrix molecules at the boundary between the cells
and extracellular matrix, where it regulates interactions among the
cells, extracellular factors and matrix fibers [3,4].



Table 2
TN-C expression in MLs

Case Age Sex Day of disease

HE findings TN-C expression

Degree of inflammation Area of inflammation Degree of TN-C expression Area of TN-C expression

1 5y2m M 6 d + focal + focal
2 3y M 10 d ++ diffuse ++ diffuse
3 7m M 14 d - none - none
4 3m F 17 d + focal + focal
5 9m M 18 d - none - none
6 1y10m M 20 d ++ diffuse ++ diffuse
7 3m M 27 d - none - none
8 1y7m F 29 d + focal + focal
9 7m M 30 d ++ diffuse ++ diffuse
10 2m M 32d - none + focal
11 5m M 33d ++ diffuse ++ focal
12 1y M 36d - none - none
13 4m M 38 d - none - none
14 1y6m M 57 d - none - none
15 4y F 74 d - none - none
16 5m M 78 d - none - none
17 2y6m M 87 d - none - none
18 8m F 3 m - none - none
19 8m F 5 m - none - none
20 2y F 6 m - none - none
21 1y2m F 8m - none - none
22 2y2m M 1 y 2 m - none - none
23 9y M 6 y - none - none
24 17y M 13 y - none - none
25 20y M 17 y - none - none

TN-C: Tenascin C; ML: myocardial lesion
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In the heart, TN-C is transiently expressed very early in develop-
ment, i.e., during the stages of differentiation into cardiomyocytes, for-
mation of the endocardial cushion and valves, migration of coronary
artery progenitor cells, etc. [9]. However, around the time of completion
of formation of the atria and ventricles, no TN-C expression is seen, ex-
cept around the developing coronary vessels. In adults, hardly any TN-C
Table 3
TN-C expression in CALs

HE findings

Degree of inflammation

Case Age Sex
Day of
disease

Acute
inflammation of
artery wall

Dilation
/aneurysm

Intima
and
media

Adventitia an
surrounding c
tissue

1 5y2m M 6 d + - + +
2 3y M 10 d + - ++ ++
3 7m M 14 d + + ++ ++
4 3m F 17 d + + ++ ++
5 9m M 18 d + + ++ ++
6 1y10m M 20 d - - - -
7 3m M 27 d + + ++ ++
8 1y7m F 29 d + - + -
9 7m M 30 d + + ++ +
10 2m M 32 d + + ++ +
11 5m M 33 d + + ++ ++
12 1y M 36 d + + ++ +
13 4m M 38 d + + ++ +
14 1y6m M 57 d + + + +
15 4y F 74 d - - - -
16 5m M 78 d - + - -
17 2y6m M 87 d - + - -
18 8m F 3 m - + - -
19 8m F 5 m - + - -
20 2y F 6 m - + - -
21 1y2m F 8m - + - -
22 2y2m M 1 y 2 m - + - -
23 9y M 6 y - + - -
24 17y M 13 y - + - -
25 20y M 17 y - + - -

TN-C: Tenascin C; CAL: coronary artery lesion; f: focal
expression is seen, but expression is known to accompany inflamma-
tion, wound healing, tissue regeneration and cancer invasion. TN-C is
said to be produced by stromal cells, and it is also produced by vascular
endothelial cells and vascular smooth muscle cells, as well as in the
so-called fibroblasts of the stroma in diseased myocardial tissue.
TN-C is degraded by such matrix-degrading enzymes as matrix
TN-C expression

d
onnective

Fibrous
thickened
intima

Recanalized
vessels

Intima Media
Adventitia and
surrounding connective
tissue

- - + - -
- - ++ + ++
- - ++ ++ ++
- - + + ++
- - ++ ++ ++
- - - - -
- - ++ ++ +
- - ++ ++ -
- - + + +, f
- - ++ ++ +, f
- - + ++ +, f
- - ++ ++ +
- - ++ ++ +
- - + + +, f
- - - - -
+ - + + -
+ - + + -
+ - - - -
+ - ++ + -
+ - ++ + -
+ - + + -
+ - - - -
+ + + - -
+ - + - -
+ + + + -



Fig. 1. TN-C expression inmyocarditis. a–d, A Disease Day 10 case. Inflammatory cell infiltration is strong, and strong TN-C expression is seen at the same sites. e–h, Late-stage myocardial
layers. There is no inflammatory cell infiltration or TN-C expression. (b,d,f,h: TN-C)

28 Y. Yokouchi et al. / Cardiovascular Pathology 38 (2019) 25–30
metalloproteinases (MMPs), etc., that are produced by macrophages
and other cells [5]. The actions and effects of TN-C are complex, and it
regulates cell functions via a variety of biological activities.

Expression of TN-C in the heart shows no disease or etiological spec-
ificity. It is expressed when there is tissue damage or inflammation, and
also at times of active tissue remodeling. In myocarditis, expression of
TN-C is localized around damaged cardiomyocytes in the early stage of
lesion formation, expression continues as long as there are findings of
active inflammation, and it finally disappears during the healing phase
(formation of fibrotic scar foci). The level of TN–C expression correlates
strongly with the degree of inflammation [10,11].

Our present study showed that TN-C expression in the myocardium
of KD is similar to the expression that has been reported to date for
myocarditis and that it matches the localization and degree of
inflammation seen in myocarditis. The inflammatory cells in the myo-
carditis of KD were reported to consist mainly of monocytes, macro-
phages and neutrophils [12], and our present results are in agreement
with those earlier findings. The histopathological picture differs from
that of viral myocarditis, which is comprised mainly of lymphocytes.
However, the pattern of TN-C expression in KD myocarditis is similar
to that reported for viral myocarditis [11]. Those results support the
fact that TN-C expression shows no disease or etiological specificity. A
study suggested that post-myocarditis changes, such as fibrosis, thick-
ening and non-compaction, persist for a long time [13], while other re-
ports emphasized that myocarditis in acute–stage KD resolved without
sequela [13–15]. Our results support the latter because neither histolog-
ical findings nor TN-C expression was observed in the myocardium of
cases more remote than Disease Day 33.



Fig. 2. CALs and TN-C expression. 1a, 1b, 1c: On Disease Day 6, inflammatory cell infiltration is seen to be confined to the intima and adventitia of the coronary arteries. TN-C expression
coincides with that but isweak in intensity. 2a, 2b, 2c: OnDisease Day 18, a high degree of inflammatory cell infiltration is seen in all arterial wall layers and in the surrounding tissue, and
the intensity of TN-C expression shows strong agreementwith those sites. 3a, 3b, 3c: On Disease Day 33, a high degree of inflammatory cell infiltration is seen in all arterial wall layers and
in the surrounding tissue. TN-C expression is seen in the intima andmedia, but it is now attenuated in the surrounding tissue. 4a, 4b, 4c: OnDisease Day 38, inflammatory cell infiltration is
seen in the intima, but there is a tendency for inflammatory cell infiltration in the surrounding tissue to have disappeared. TN-C expression is seen in the intima andmedia, but it isweak in
intensity in the surrounding tissue. 5a, 5b, 5c: On Disease Day 57, thrombus formation is seen in the lumen. Inflammation in the surrounding tissue has disappeared. TN-C expression is
seen in the intima and media, but not in the surrounding tissue. 6a, 6b, 6c: On Disease Day 87, inflammatory cell infiltration has disappeared completely from all layers, and TN-C
expression is seen in the thickened intima and media. 7a, 7b, 7c: After 6 years, TN-C expression is seen in the thickened intima and in the intimal surface of recanalized vessels. 8a, 8b,
8c: After 13 years, TN-C expression is seen in the thickened intima. (7a: Elastica-HE. 1b, 2b, 3b, 4b, 5b, 6b, 7b, 8b: TN-C, 1c 2c, 3c, 4c, 5c, 6c, 7c, 8c: αSMA)
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As for TN-C expression in the vascular lesions, histopathological ex-
aminations were performed only for human abdominal aortic aneu-
rysms [16]. Those tissues showed two characteristic pathological
changes: inflammatory cell infiltration consisting mainly of lympho-
cytes andmacrophages, and destruction of the aneurysm’s extracellular
matrix, especially the elastic fibers.Whereas almost no TN-C expression
was seen in control aortic tissues having no dilated changes, the expres-
sion was up-regulated in aortic aneurysm tissues with pronounced in-
flammatory cell infiltration accompanied by elastic fiber destruction.

In the CALs of KD, the inflammatory cells were reported to consist
mainly of macrophages and neutrophils [17], our present results are in
agreement with those earlier findings. Interestingly, our findings
revealed that, in the CALs of KD, the TN-C expression patterns differ in
the vascular intima and media, and in the adventitia and surrounding
connective tissue, as a function of the time since onset of KD. In the in-
tima andmedia, TN-C expression coincided with the sites and degree of
inflammation in cases of KD up to Disease Day 57. In the adventitia and
surrounding connective tissue of KD cases from Disease Day 27–57, TN-
C expression was attenuated even though there was inflammatory cell
infiltration comprised mainly of macrophages. The attenuation of TN-
C expression in the adventitia and surrounding connective tissue of
the coronary arteries occurs earlier than on the intimal side, even
though HE-stained specimens showed a similar degree of inflammatory
cell infiltration at both locations. That might be due to differences in the



Fig. 3. In a Disease Day 33 case, TN-C expression is seen in the intima and medial side, but not seen in the adventitia and surrounding connective tissue. a–c: There is a high degree of
inflammatory cell infiltration in the intima and media, and TN-C expression is seen. d–f: Adventitia and surrounding connective tissue. CD163-positive macrophages are numerous, but
TN-C expression is not seen. (b, e: CD163; c, f: TN-C)
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numbers of fibroblasts and smooth muscle cells that produce TN-C and
differences in the phenotypes of the macrophages that produce MMPs
that degrade TN-C between the internal and outer sides of the coronary
arteries. Recently, a report indicated that macrophages can be classified
into several phenotypes, and the phenotypes are basically different be-
tween monocyte-derived macrophages and tissue-resident macro-
phages [18]. The phenotypes of macrophages might differ with the
vascular site. We are performing further studies to elucidate phenotype
differences among macrophages appearing in the CALs in KD.

In the remote stage of KD, inflammatory cells disappeared from all
vascular tissue layers, but TN-C expression was observed in the intimal
surface of thickened intima and around recanalized vessels. These re-
sults can be thought to reflect tissue remodeling.

In conclusion, TN-C expressionwas confirmed even in the cardiovas-
cular lesions of KD. The findings suggest a correlation between the de-
gree of inflammation and TN-C expression in the cardiovascular
lesions of acute-stage Kawasaki disease.
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SPECIAL ISSUE - KAWASAKI DISEASE

Histopathological aspects of cardiovascular lesions in
Kawasaki disease
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Abstract
Kawasaki disease (KD) is the commonest vasculitic syndrome. It affects medium-sized arteries, principally the

coronary arteries. Histologically, coronary arteritis begins at 6 to 8 days after the onset of KD and the inflamma-

tion rapidly involves all layers of the artery. This results in severe damage to the structural components of the

artery leading to arterial dilation. The inflammatory infiltrate in KD arteritis is characterized predominantly by

infiltration of monocytes and macrophages. Activated neutrophils, monocytes and macrophages are believed to

be involved in the initial stage of coronary arteritis. Inflammatory cell infiltration may continue for up to

25 days of disease following which the inflammatory cells gradually decline in number. Inflammatory lesions in

the arteries are relatively synchronous as they evolve from an acute to the chronic stage. If a giant aneurysm

remains or vessel recanalization occurs after thrombotic occlusion of an aneurysm, the remodeling of vascular

structures may continue for a much longer time.

Key words: Kawasaki disease, systemic vasculitis, coronary arteritis, aneurysm, macrophages.

Kawasaki disease (KD) is a medium vessel systemic vas-

culitis.1 Coronary arteries have the highest predilection

for involvement in KD. This condition has attracted

special interest because KD usually affects infants and

young children. Death from KD is most frequently attri-

butable to ischemic heart disease caused by thrombosis

of coronary artery aneurysms.

CARDIOVASCULAR LESIONS IN
ACUTE-STAGE OF KD

Coronary arteritis in KD begins as infiltration of cells in

the tunica adventitia and intima. A small number of

macrophages, neutrophils and lymphocytes appear in

both areas, but there is no cell infiltration in the media.

This change is seen in patients who die 6 to 8 days after

the onset of KD. On the 10th day of illness, there are

some disruptions of internal elastic lamina and

macrophages, neutrophils and lymphocyte infiltrates

into the arterial wall from the internal and external side,

leading to inflammation of all layers of the coronary

artery (Fig. 1). However, there is no dilation of the

coronary artery in this period. The inflammation gradu-

ally spreads around the artery, and the internal elastic

lamina, smooth muscle cells of the media and other

structural components of the artery are intensely dam-

aged. The coronary artery then begins to dilate. When

arterial damage is severe, the aneurysms may develop

around the 12th day of illness. The blood eddies in the

aneurysm make it easy for the thrombi to form and

thrombotic occlusion is found in the coronary artery

aneurysm of many autopsy cases of KD who die during

the acute stage (Fig. 2).2,3 In regard to macrophages

infiltrating in the vascular lesions, the majority of

CD68 + macrophages in vasculitis lesions express

CD80–CD163 + , which suggests the M2 phenotype.

We speculate that M2 macrophages are predominant

throughout the course of acute-stage Kawasaki disease.

On the other hand, a lot of CD66-positive neutrophils

are also seen in the tunica media in the early stage of
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the vasculitis.4,5 The proteinases, radical oxygen, and

many other such molecules that are produced and

released by neutrophils are strongly involved in the cau-

sation of the initial damage to the arterial walls (Fig. 3).

Recently, Tenascin-C (TN-C), which is an extracellular

matrix protein and mainly produced by vascular

endothelial cells, vascular smooth muscle cells and stro-

mal cells, is reported as a new novel biomarker for pre-

dicting the risk of developing coronary arterial lesions

and immunoglobulin resistance during the acute phase

of KD.6 By immunohistochemical examination, TN-C

expression was confirmed to coincide with the areas

where inflammatory cell infiltration was present in

coronary arteries during the acute stage of Kawasaki dis-

ease, and its intensity correlated with the degree of

inflammation. TN-C may prove to be a reliable biomar-

ker to evaluate the degree of inflammation in the acute

stage of KD. Inflammatory cell infiltration may con-

tinue for up to 25 days of disease, following which the

inflammatory cells gradually decline in number and

disappear completely by about the 40th day of disease.

However, a scar may remain for a long time thereafter.

It needs to be reiterated that the arteritis begins on

the 6th day of illness and develops into a panarteritis

during the next few days. Therefore, it has been sug-

gested that treatment of KD should be completed by

the 10th day of illness. Activated macrophages and neu-

trophils are believed to play an important role in the

inflammatory process of KD from the stage of initiation

of vascular wall damage to the stage of aneurysm for-

mation. Therefore, it has been hypothesized that neu-

trophil elastase inhibitor or biological products

targeting proinflammatory cytokines (such as tumor

necrosis factor-a, interleukin-1b) may become alterna-

tives for intravenous immunoglobulin-resistant

patients.

During the acute stage of KD, autopsy findings sug-

gest that some patients die due to myocarditis and/or

valvular disease even when there are no overt coronary

artery aneurysms (Fig. 4).7 However, in such cases there

may be panarteritis in the coronary artery, although the

extent of that inflammation is mild enough to not cause

arterial dilation. This finding indicates that although

more than 85% of patients with clinical acute-stage KD

undergo cure without arterial dilation, most of those

patients may have developed coronary arteritis.

CARDIOVASCULAR LESIONS IN LATE
STAGE OF KD

Most patients who die during the late stage of KD often

have an unexpected event.8,9 It is believed that death

Fig. 1 Disruptions of internal elastic lamina and inflamma-
tory cells infiltration into the arterial wall from the internal
and external side, 10 days after the onset of Kawasaki disease.
(Elastica van Gieson stain).

Fig. 2 Coronary artery aneurysm filled in with a fresh throm-
bus, 32 days after the onset of Kawasaki disease. (Hema-
toxylin and eosin stain).
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may occur due to cardiac ischemia or arrhythmia. His-

tologically, the coronary artery lesions in the late stage

may be classified into two types, aneurysms or mild

dilation, that are often transient. In patients with resid-

ual aneurysms, the thrombus may form easily due to

the turbulent flow. The wall of an aneurysm may have a

surrounding laminar calcification and an organized

thrombus on the inner side. Moreover, in the majority

of cases the lumen is occluded by fresh thrombus that

may be the cause of death. In addition, the arteries on

both proximal and distal sides of the aneurysm may

have concentric intimal thickening, and in some cases,

it can be surmised that death occurred because of lumi-

nal stenosis due to that intimal thickening. On the

other hand, sometimes the thrombotic occlusions in

aneurysms may get recanalized (Fig. 5).9 Usually, there

are multiple channels of recanalization within an

aneurysm and migrated smooth muscle cells surround

the recanalized vessels. In patients who die a few years

after KD, the structure of recanalized vessels may closely

resemble that of normal arteries. In a recanalized vessel,

one central artery bifurcates into multiple recanalized

vessels that join together to form a coronary artery on

the peripheral side.10 However, a recanalized vessel

may also occlude due to new intimal thickening.

Within the limitations of our studies, patients with-

out aneurysm did not develop a severe cardiac sequela

directly related to the cause of death. All such patients

died because of unrelated causes such as tumors, infec-

tions and so forth. However, in most of these patients

the coronary arteries showed a tendency for dilation

along with circumferential thickening of the intima. It

is believed that these changes may correspond to the

arteries that were dilated during the acute inflammatory

Fig. 3 Cell infiltration in the arterial wall of a patient who died on day 10 of onset of Kawasaki disease. (Upper left: hematoxylin
and eosin stain; upper right: anti-type IV collagen antibody; lower left: anti-CD66 antibody; lower right: anti-CD68 antibody.)
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stage and have now regressed during the convalescent

stage.11 Therefore, in most patients without residual

aneurysm, it can be readily surmised that coronary

arteritis had been present in the acute stage of KD.12

Conversely, it should also be emphasized that this

group includes patients who cannot be demonstrated

to show any changes that can be presumed to be scars

from arteritis.

HISTOLOGICAL COMPARISON BETWEEN
KD AND POLYARTERITIS NODOSA (PAN)

PAN also involves infiltration of the medium-sized

arteries and must be differentiated from KD.1 Whereas

most patients with KD are children, PAN manifests

mostly in a later age group. In addition, they also differ

in their clinical course, prognosis and treatment. In KD,

there is involvement of not only the coronary arteries

but also the renal, pulmonary, ovarian, testicular,

mesenteric and various other arteries.13 PAN also shows

invasion of the renal, hepatic, gastrointestinal tract,

skin, cardiac and other arteries.14 However, whereas in

KD there is involvement of arteries outside the

parenchymatous organs, in PAN there is simultaneous

involvement of both extraparenchymal and intra-

parenchymal arteries.13 Comparison of these diseases

in terms of the stages of inflammation reveals some

important differences. In KD the inflammation in all

affected arteries follows an acute course lasting about

6 weeks and exhibiting one peak. On the other hand,

in PAN the acute inflammatory lesions (Arkin’s classifi-

cation stages I and II) and granulation or scarring

lesions (Arkin’s classification stages III and IV) are seen

simultaneously in the same organs. The acute inflam-

matory stage in KD is that of a proliferative inflamma-

tion consisting of abnormal aggregations of monocytes/

macrophages, whereas PAN is characterized by fibrinoid

necrosis consisting primarily of neutrophil infiltration

(Fig. 6). There is only one pathological report that

emphasizes the existence of subacute/chronic vasculitis

which persists for months or years in KD.15 However,

to the best of our observation, persistent inflammation

has not been observed in the vessels on autopsy

patients with KD.

Fig. 4 Inflammatory cell infiltration in the myocardium on
day 9 after the onset of Kawasaki disease (Hematoxylin and
eosin stain).

Fig. 5 Recanalized vessels after thrombotic occlusion,
11 years after the onset of Kawasaki disease (Elastica – hema-
toxylin and eosin stain).

Fig. 6 Arteritis in polyarteritis nodosa. Fibrinoid necrosis
with aneurysm formation in the gallbladder (Hematoxylin
and eosin stain).
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ORIGINAL ARTICLE

Recognition of alpha-mannan by dectin 2 is essential for onset of Kawasaki
disease-like murine vasculitis induced by Candida albicans cell-wall
polysaccharide

Toshiaki Oharasekia,b, Yuki Yokouchia,b, Yasunori Enomotoa,b, Wakana Satoa,b, Kenichi Ishibashia,b,
Noriko Miuraa,b, Naohito Ohnoa,b and Kei Takahashia,b

aDepartment of Pathology, Toho University Ohashi Medical Center, Tokyo, Japan; bLaboratory for Immunology of Microbial Products, School
of Pharmacy, Tokyo University of Pharmacy and Life Science, Tokyo, Japan

ABSTRACT
Objectives: Using a murine model of systemic Kawasaki disease (KD)–like vasculitis induced by
Candida albicans cell–wall–derived mannan � b–glucan � protein complexes, the objective was to eluci-
date the relationships of b–glucan receptor dectin–1 (D1) and a–mannan receptor dectin–2 (D2) to
the onset of that vasculitis.
Methods: The incidence and histological severity of vasculitis were compared among mice lacking the
genes for D1 or D2 (i.e. D1�/� and D2�/�) and wild–type (WT) mice.
Results: The incidences of vasculitis in the three animal groups were 100% (18/18) in the WT group,
100% (18/18) in the D1�/� group, and 0% (0/18) in the D2�/� group. In the WT and D1�/� mice,
severe inflammatory cell infiltration, consisting mainly of neutrophils and macrophages, was seen
in the aortic root and the coronary arteries. On the other hand, in the D2�/� mice, not even mild
vascular lesions such as endoarteritis were seen.
Conclusion: Recognition of a–mannan by D2 played an important role in the onset of vasculitis in the
studied murine model.
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Introduction

Kawasaki disease (KD) is an acute febrile illness of children
that is included in vasculitis syndrome [1]. Coronary arteries
are frequently involved, and thrombotic occlusion based on
coronary arteritis significantly affects the prognosis of chil-
dren [2–4]. Histologically, local areas of vasculitis show
inflammatory cell infiltration, consisting mainly of neutro-
phils and macrophages, accompanied by proliferation of
endothelial cells, fibroblasts, capillaries, etc. [5]. In view of
past nationwide epidemics, regional clustering, and seasonal
variation, it has been suspected that some kind of micro-
organism is involved in the onset of KD [6]. Furthermore, a
study using mass spectrometry reported that a number of
substances derived from the microflora in the oral cavity are
associated with the onset of KD [7]. However, there is still
no consensus regarding the etiology of KD. Regarding the
pathophysiology, it was reported that in the acute phase of
KD both Th1 and Th2 are suppressed, and that cdT cells
are activated instead of abT cells [8]. These results support
the concept that innate immunity affects the onset of KD.

In 1979, Murata established a murine model of systemic
vasculitis using Candida albicans (C. albicans)–derived sub-
stances (CADS). CADS was prepared by alkali extraction of
C. albicans isolated from the stool of KD patients [9]. Later,
Ohno clarified that a C. albicans water–soluble fraction

(CAWS) eluting in the culture supernatant of C. albicans
grown in a fully synthetic medium also induced vasculitis
similar to that in Murata’s model [10]. This model is a mur-
ine model of systemic vasculitis involving moderate–to–large
arteries throughout the body. The lesion distribution and
histological images of the vasculitis are similar to those of
the vasculitis in Kawasaki Disease [11]. The sites with the
highest rates of involvement are the bifurcation of the cor-
onary artery and the aortic root. The lesions are infiltrated
by numerous macrophages and neutrophils. With regard to
lymphocytes, small numbers of T lymphocytes are seen in
the adventitia, whereas B lymphocytes are extremely few in
number. In addition to this infiltration by inflammatory
cells, fibroblasts and endothelial cells undergo proliferative
changes. Fibrinoid necrosis, such as in polyarteritis nodosa
(PAN), is extremely rare.

The coronary arteries dilate when the inflammation
causes destruction of the internal elastic lamina and/or the
medial smooth muscle, but the lumen often shows stenosis
due to fibrocellular intimal thickening. That may also lead
to myocardial infarction. Besides the coronary arteries, there
is also involvement of the bifurcations of such medium-
sized arteries as the renal arteries, common iliac artery,
intercostal arteries, etc. and the nearby aorta. The inflamma-
tion in this model follows an acute, transient course. The
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histological time-phases of the vasculitis in the various
organs are synchronous, so there is no mixing of acute
inflammation and vasculitis scars such as seen in PAN.

Both CADS and CAWS consist of mannoprotein � b–glucan
complexes derived from the Candida cell wall [10]. The cul-
ture conditions of C. albicans altered the structure of its poly-
saccharide and greatly affected its vasculitis–inducing activity
[12]. A previous study using lectin arrays suggested the possi-
bility that a-mannan possesses vasculitis–inducing activity
[13]. On the other hand, dectin–1 (D1) and dectin–2 (D2),
which are C–type lectins, play important roles in protection

against Candida infections [14,15]. D1 and D2 are b–glucan
and a–mannan receptors, respectively [14–16], and may also
be involved in the onset of vasculitis in this model. The pre-
sent study aimed to elucidate the effects of D1 and D2 on the
onset of vasculitis by using D1– and D2–deficient mice.

Materials and methods

Animals

Breeding pairs of D1–deficient mice (D1�/�) and
D2–deficient mice (D2�/�) were purchased from Tokyo
University of Science, Center for Animal Disease Models
[14,15]. Those mice were mated to obtain F2 to F4 animals,
and male mice 5–10 weeks of age were used for the experi-
ment. Wild type (WT) C57BL/6, 8–week–old males (CLEA
Japan Inc.) were used as controls. The experiments were
conducted after obtaining approval from the Toho
University Animal Care and User Committee (16-22-280)

Table 1. Experimental groups.

Group Mice Inocula n

I WT CAWS 18
II D1�/� CAWS 18
III D2�/� CAWS 18
IV D1�/� PBS 3
V D2�/� PBS 4

D1: dectin1; D2: dectin2.

Figure 1. Method for assessing the inflammatory lesions at the coronary artery and aortic root. (a) This site was anatomically divided into 5 segments, i.e. left and
right coronary arteries (LCA and RCA), left and right coronary sinus (LCS and RCS), non-coronary sinus (NCS). The degree of inflammation in each segment was
assessed using the four scores shown in Figure 1(b–e). (b) Score 0¼ no inflammation, (c) Score 1¼ endoarteritis (�), (d) Score 2¼ inflammation in intima (�) and
adventitia (�), (e) Score 3¼ inflammation in all layers of vascular wall (panvasculitis).
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and the Toho University Safety Committee for Recombinant
DNA Experiments (16-22-277).

Inflammatory substance

As reported previously, C. albicans was cultured in a com-
plete synthetic medium, and CAWS was extracted from the
culture supernatant [10].

Method for induction of vasculitis

CAWS, 4mg, was suspended in 0.2mL of phosphate buf-
fered saline (PBS), which was then injected intraperitoneally
to the mice on five consecutive days. The animals were sac-
rificed on the 28th day after the final injection.

Experimental groups

The groups of WT, D1�/� and D2�/� mice that were inocu-
lated with CAWS were named Groups I, II and III (each
n¼ 18). In addition, only PBS was injected to D1�/� mice
(Group IV; n¼ 3) and D2�/� mice (Group V; n¼ 4)
(Table 1).

Histological assessments

Histological assessments were carried out in accordance
with the previously described methods [17]. After the mice
were sacrificed, tissue sections of various organs were
stained by the hematoxylin and eosin (HE), Elastica van
Gieson, and Azan Mallory staining methods. The stained
specimens were carefully examined for inflammatory lesions
of the vessel wall under a light microscope.

In particular, we carried out detailed histological studies
of the coronary arteries and aortic root, which are frequent
target organs for vasculitis. To detect even minute and mild
inflammatory lesions that did not reach the extent of
panvasculitis, we prepared serial sections of the coronary
arteries and aortic root. The same site was anatomically
divided into 5 segments, i.e. left coronary artery, right cor-
onary artery, left coronary sinus, right coronary sinus, and
non-coronary sinus (Figure 1(a)) The degree of inflamma-
tion in each segment was assessed using four scores: 0¼ no
inflammation, 1¼ inflammation in the intima (i.e. endoar-
teritis), 2¼ inflammation in the intima and adventitia, and
3¼ inflammation in all layers of the vascular wall (i.e. pan-
vasculitis) (Figure 1(b–e)). The total number of segments
with score 1 or greater was defined as the number of
involved segments, while the total score for all 5 segments
was defined as the inflammation score for one mouse.

Panvasculitis was defined as a positive finding for vasculitis.
Comparative investigation was performed regarding the inci-
dence of vasculitis at the coronary artery and aortic root and
the incidence of vasculitis in all organs. In order to evaluate
the histological severity in the coronary arteries and aortic
root, the extent of the lesions (i.e. number of involved seg-
ments) and the total score for the 5 segments (i.e. the inflam-
mation score) were compared among the experimental groups.

Assay of serum cytokines

Cardiac blood was collected from each mouse at the time of
sacrifice. After separation of the serum, Proinflammatory
Panel 1 (mouse) Kits (MESO SCALE DISCOVERY) were
used to measure interleukin–1b (IL–1b), IL–2, IL–4, IL–5,
IL–6, keratinocyte chemoattractant/growth–related oncogene
(KC/GRO), IL–10, IL–12p70, tumor necrosis factor–a
(TNF–a) and interferon–c (INF–c). IL–17 was also meas-
ured using Quantikine ELISA, Mouse IL–17 (R&D Systems).

Statistics

The incidence of vasculitis in each group was examined using
the chi-square test. Intergroup variations in the inflammation
score, number of involved segments and values of the cyto-
kines were analyzed by the Kruskal–Wallis test. In the case
that the Kruskal–Wallis test found a significant intergroup
variation, the Steel Dwas test was used to perform multiple-
comparison between the experimental groups. However, in
regard to the cytokines, i.e. IL-1b, IL-2, IL-4, IL-5, IL-10, IL-
12p70, IL-17 and INF-c, most of the data were below the
limit of detection, and comparisons among groups were diffi-
cult. Comparisons of IL-6 among Groups III, IV and V were
difficult because the levels were below the limit of detection,
but we used the Mann–Whitney U test to compare Groups I
and II. We performed multiple-comparisons for KC/GRO

Figure 2. The incidence of panvasculitis. The incidences of panvasculitis in all
organs (upper plot) and the incidences in the coronary artery and aortic root,
which are frequent sites of vasculitis (lower plot) are shown. The incidences of
vasculitis in Groups I and II were significantly higher than those in Group III, IV,
and V.
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Figure 3. Histological findings for vascular lesions. Histological images of the coronary arteries (�) and aortic root (��) (a–f). Group I. (a) Vasculitis encom-
passes the coronary arteries and aortic root (HE, �40). (b) High–power view of coronary arteritis (HE, �400). Group II. (c) Vasculitis of the coronary arteries
and aortic root (HE, �40). (d) High–power view of coronary arteritis (HE, �400). Group III. (e) Coronary artery and aortic root (HE, �40). Vasculitis is not
observed. (f) The coronary artery is shown in e. No swelling of the intima and not even mild lesions such as endoarteritis are observed. (g) Vasculitis is
observed in the intercostal artery where it branches from the thoracic aorta (arrow) (HE, �100). (h) High–power view of intercostal arteritis. Proliferative
inflammation accompanied by histiocyte and neutrophil infiltration (arrow) (HE, �400). (i) Vasculitis of renal artery (�) and abdominal aorta (HE, �40). (j)
High–power view of the renal artery (�). Vasculitis is accompanied by intimal thickening (HE, �200). (k) Vasculitis of the bilateral common iliac artery (�)
and the abdominal aorta (HE, �40). (l) High–power view of the common iliac artery (HE, �400). Infiltration by neutrophils and histiocytes is conspicuous,
and cellular fibrous thickening of the intima is also observed.

4 T. OHARASEKI ET AL.



and TNF-a. For all tests, p< .05 was defined as representing
a significant difference.

Results

Incidence of vasculitis

The groups showed the following incidences of panvasculitis
in all organs: Group I, 100% (18/18 mice); Group II, 100%
(18/18); Group III, 0% (0/18); Group IV, 0% (0/3); and
Group V, 0% (0/4). For the coronary arteries and aortic
root, which are frequent sites of vasculitis, the incidences of
panvasculitis were as follows: Group I, 100% (18/18 mice);
Group II, 88.9% (16/18); Group III, 0% (0/18); Group IV,
0% (0/3); and Group V, 0% (0/4). The incidences in Groups
I and II were significantly higher than the incidences in
Groups III, IV, and V (Figure 2).

Histological findings for vascular lesions

Groups I and II showed high incidences of panvasculitis
in coronary arteries and aortic root. Large lesions that
encompassed the aortic root were conspicuous. Under high
magnification, a high degree of inflammatory cell infiltra-
tion, consisting mainly of neutrophils and macrophages, was
seen in all layers of the vascular wall. The internal and
external elastic lamina were destroyed by the inflammation,
and the lumen of the vessel was dilated. Fibrocellular thick-
ening was seen in the intima (Figure 3(a–d)). In Group III,
as in Groups IV and V, which were injected only with PBS,
not even minute vascular lesions such as endoarteritis were
seen (Figure 3(e,f)). In Groups I and II, similar vasculitis
also occurred in the thoracic and abdominal aorta, intercos-
tal artery, renal artery and common iliac artery
(Figure 3(g–l)).

Semi–quantitative evaluation of histological severity of
the vascular lesions

The Kruskal–Wallis test found significant intergroup varia-
tions for both the inflammation score and the number of
involved segments (p< .01). In the Steel Dwas test, the
inflammation score in Group I was significantly higher than
in Groups III, IV and V. The inflammation score in Group
II was significantly higher than in Groups III and V. The
number of involved segments in Group I was also signifi-
cantly higher than in Groups III, IV, and V, while it was
also significantly higher in Group II than in Group III
(Figure 4). Although the differences were not statistically
significant, the inflammation score and the number of
involved segments in Group I tended to be higher and
larger than those in Group II.

Analysis of serum cytokines

In many mice, the levels of each of IL-1b, IL-2, IL-4, IL-5,
IL-10, IL-12p70, IL-17 and INF-c were below the limit of
detection or extremely low, making comparisons difficult.

The level of IL-6 was also below the limit of detection in
Groups III, IV and V, in which vasculitis did not develop,
making comparisons difficult. However, the level of IL-6
was high in Groups I and II, in which vasculitis did develop,
and it was significantly higher in Group II than in Group I.
The Kruskal–Wallis test found significant group-to-group
variations in regard to KC/GRO and TNF-a (p< .01). KC/
GRO was significantly higher in Group I than in Groups II,
III and V, and it was also significantly higher in Group II
than in Group III. TNF-a was significantly higher in Group
I than in Group III, and it was also significantly higher in
Group II than in Groups III and V (Figure 5).

Discussion

A number of murine models of KD vasculitis have been
reported. Besides the models that use a C. albicans cell
wall polysaccharide to induce vasculitis [9,10], there is a
model based on the use of an extract of Lactobacillus casei
cell walls [18] and a model that employs FK565, a NOD1
ligand, to induce vascular inflammation [19]. In these
models, lesions that are histologically similar to KD vascu-
litis are induced by pathogen–associated molecular patterns

Figure 4. Histological severity of vasculitis. The inflammation score (upper plot)
showing the degree of inflammatory cell infiltration, and the number of
involved segments (lower plot) showing the size of the lesion are presented.
The inflammation score was significantly higher in Group I than in Groups III, IV
and V. The score in Group II was significantly higher than in Groups III and V.
The number of involved segments was significantly higher in Group I than in
Groups III, IV, and V, and the number in Group II was significantly higher than
in Group III. Although the differences were not significant, both the inflamma-
tion score and the number of involved segments tended to be higher in Group
I than in Group II.
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(PAMPs) derived from microorganisms or by synthetic
PAMPs. Since vasculitis was induced even in nude mice
[18–20] and B–cell–deficient mice [21], it is speculated
that the innate immune system, rather than the acquired
immune system, is involved in the development of

vasculitis. The three murine models share many similarities
with KD vasculitis, in which involvement of microorgan-
isms and the innate immune system is suspected. The
models are thus suitable for investigation of the mecha-
nisms underlying the onset of KD vasculitis.

Figure 5. Serum cytokine levels. The dotted lines show the limit of detection. IL-1b, IL-2, IL-4, IL-5, IL-10, IL-12p70, IL-17 and INF-c were each below the limit of
detection or remained extremely low in many of the mice, and comparison was difficult. The level of IL-6 was also below the limit of detection in Groups III, IV and
V, in which vasculitis did not develop, but it was high in Groups I and II, in which vasculitis did develop. IL-6 was significantly higher in Group II than in Group I.
The Kruskal-Wallis test found significant inter-group variation with regard to KC/GRO and TNF-a (p< .01). KC/GRO was significantly higher in Group I than in
Groups II, III and V, and it was also significantly higher in Group II than in Group III. TNF-a was significantly higher in Group I than in Group III, and it was signifi-
cantly higher in Group II than in Groups III and V.
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The vasculitis-inducing substance used in our present
model is a crude material composed of mannoprotein � b–
glucan complexes derived from the Candida cell wall [10].
Previous studies have suggested that a–mannan is a causa-
tive agent for the development of vasculitis, but the mouse–-
side factors involved in the onset of vasculitis remain
unclear [12,13]. Our present study revealed that D2 recogni-
tion of a–mannan is essential for vasculitis development.
Furthermore, D2–deficient mice did not develop even
minute and mild vascular inflammation such as endoarteri-
tis that is found in the early stage of vasculitis. This suggests
that the mechanism for recognition of a–mannan by D2
may be involved from the early stage of the vasculitis for-
mation process.

The mouse D2 gene is encoded as a cluster on chromo-
some 6 along with genes for other C–type lectins [22]. In
this model, the susceptibility to vasculitis differs with the
mouse strain [11,20]. That is, mouse genetic factors, as well
as inflammatory substance factors, affect the onset of vascu-
litis. We reported that chromosome mapping showed that
susceptibility loci to arteritis are present on chromosome 1,
while the locus for resistance to vasculitis is present on
chromosome 4 [23], but the study of chromosome 6 was
insufficient. A single nucleotide polymorphism of D2 was
reported to affect fungal infection [24], and there is a need
to study the influence of D2 gene polymorphism on suscep-
tibility to vasculitis.

The production levels of 11 cytokines were examined in
this study. TNF–a, IL-6 and KC/GRO were significantly
higher or tended to be higher in Groups I and II. These
cytokines are thought to be associated with vasculitis or
CAWS inoculation. Previous studies suggested that TNF–a
and IL–6 are related to vasculitis [23,25], and our present
study reconfirmed that they are important cytokines that are
closely related to vasculitis.

KC/GRO is a protein belonging to the IL–8 family, and
it is closely involved in the migration and degranulation of
neutrophils [26]. Even in KD, an association between IL–8
and coronary arteritis [27–29] and the effectiveness of a
neutrophil elastase inhibitor on vasculitis [30] have been
reported. In this study, (1) the KC/GRO value was signifi-
cantly higher in Group I than in Group II, and (2) it tended
to be higher in Group III than in Group V. These results
suggest that (1) D1 is involved in the production of KC/
GRO, and (2) KC/GRO production is induced by CAWS
inoculation even in the absence of D2. Beta–glucan recogni-
tion by D1 was reported to promote the fungicidal activity
of neutrophils [31]. Although histologically there was no
significant difference in the severity of vasculitis in this
study, it tended to be more severe in Group I than in
Group II. The severity of vasculitis may be influenced not
only by the mechanism of recognition of a–mannan by D2
but also by production of KC/GRO via b–glucan recognition
by D1.

IL–17 is an extremely important cytokine for protection
against C. albicans infection, and it is involved in the migra-
tion and degranulation of neutrophils and macrophages
[32]. Also, others used the same model reported that Treg

and Th17 imbalance in splenocytes is related to vasculitis
[33]. However, in our present study, serum IL–17 was below
the level of detection. In an additional experiment, we
examined the time–course of changes in serum IL-17, begin-
ning from immediately after CAWS inoculation, but it never
rose to a detectable level (data not shown). In this model,
vasculitis also occurs in T cell–deficient nude mice and
SCID mice. These facts suggest that T cells are not necessar-
ily required for the development of vasculitis in this model,
and a Th17 immune response and onset of vasculitis may
not be related. However, we have not performed
mRNA–level analyses or investigated the presence/absence
of IL–17 production in vasculitis lesions, and further studies
are needed.

IL–1b, IL–2, IL–4, IL–5, IL–10, IL–12p70 and INF–c
were below the level of detection or very low in the sera of
most of the tested mice at the time of sacrifice, and we were
unable to clarify any biological significance of those cyto-
kines to the vasculitis in this murine model of KD.
However, we have measured these cytokines at only one-
time point, analyses of sequential change of these cytokines
are needed.

Murata et al., who established this model, stated that sig-
nificantly more Candida is contained in the stool of KD
patients than in healthy subjects, and that the anti–Candida
antibody titer becomes significantly increased [34]. However,
there are few reports on the relationships of b–glucan and
a–mannan to KD [35]. Currently, data that Candida is the
etiology of KD are insufficient, but analyzing the involvement
of a–mannan and b–glucan in KD is considered to be
extremely important from the viewpoint of elucidating the
etiology of KD.

Acknowledgments

The authors are deeply indebted to Dr. Yoichiro Iwakura (Tokyo
University of Science) for his helpful scientific advice. We sincerely
thank Yuta Fujita and Mai Okabayashi for their skilled technical assist-
ance in tissue specimen preparation and cytokine assays. Dr. Takashi
Kajitani (Research Administrator of Toho University) kindly advised
us regarding the statistical analyses. We also thank Lawrence W. Stiver
for editing our manuscript.

Conflict of interest

None.

Funding

This study was supported by a Toho University School of Medicine.
Research Project Grant (28-38), the MEXT-Supported Program for the
Strategic Research Foundation at Private Universities and a grant from
Japan Kawasaki Disease Research Center.

References

1. Kawasaki T. Acute febrile muco-cutaneous lymph node syn-
drome in young children with unique digital desquamation
(clinical observation of 50 cases observed at our institution.
Allergy. 1967;16:178–222.

MODERN RHEUMATOLOGY 7



2. Naoe S, Takahashi K, Masuda H, Tanaka N. Kawasaki disease.
With particular emphasis on arterial lesions. Acta Pathol Jpn.
1991;41(11):785–97.

3. Fujiwara H, Hamashima Y. Pathology of the heart in Kawasaki
disease. Pediatrics. 1978;61(1):100–7.

4. Landing BH, Larson EJ. Pathological features of Kawasaki dis-
ease (mucocutaneous lymph node syndrome). Am J Cardiovasc
Pathol. 1987;1(2):218–29.

5. Takahashi K, Oharaseki T, Naoe S, Wakayama M, Yokouchi Y.
Neutrophilic involvement in the damage to coronary arteries in
acute stage of Kawasaki disease. Pediatr Int. 2005;47(3):305–10.

6. Makino N, Nakamura Y, Yashiro M, Ae R, Tsuboi S, Aoyama Y,
et al. Descriptive epidemiology of Kawasaki disease in Japan,
2011-2012: from the results of the 22nd nationwide survey.
J Epidemiol. 2015;25(3):239–45.

7. Kusuda T, Nakashima Y, Murata K, Kanno S, Nishio H, Saito
M, et al. Kawasaki disease-specific molecules in the sera are
linked to microbe-associated molecular patterns in the biofilms.
PLoS One. 2014;9(11):e113054.

8. Ikeda K, Yamaguchi K, Tanaka T, Mizuno Y, Hijikata A, Ohara
O, et al. Unique activation status of peripheral blood mono-
nuclear cells at acute phase of Kawasaki disease. Clin Exp
Immunol. 2010;160(2):246–55.

9. Murata H. Experimental Candida-induced arteritis in mice.
Relation to arteritis in the mucocutaneous lymph node syn-
drome. Microbiol Immunol. 1979;23(9):825–31.

10. Ohno N. Chemistry and biology of angiitis inducer, Candida
albicans water-soluble mannoprotein-beta-glucan complex
(CAWS). Microbiol Immunol. 2003;47(7):479–90.

11. Takahashi K, Oharaseki T, Wakayama M, Yokouchi Y, Naoe S,
Murata H. Histopathological features of murine systemic vascu-
litis caused by Candida albicans extract-an animal model of
Kawasaki disease. Inflamm Res. 2004;53(2):72–4.

12. Tada R, Nagi-Miura N, Adachi Y, Ohno N. The influence of cul-
ture conditions on vasculitis and anaphylactoid shock induced
by fungal pathogen Candida albicans cell wall extract in mice.
Microb Pathog. 2008;44(5):379–88.

13. Hirata N, Ishibashi K, Sato W, Nagi-Miura N, Adachi Y, Ohta S,
et al. b-mannosyl linkages inhibit CAWS arteritis by negatively
regulating dectin-2-dependent signaling in spleen and dendritic
cells. Immunopharmacol Immunotoxicol. 2013;35(5):594–604.

14. Saijo S, Fujikado N, Furuta T, Chung SH, Kotaki H, Seki K,
et al. Dectin-1 is required for host defense against Pneumocystis
carinii but not against Candida albicans. Nat Immunol. 2007;
8(1):39–46.

15. Saijo S, Ikeda S, Yamabe K, Kakuta S, Ishigame H, Akitsu A,
et al. Dectin-2 recognition of alpha-mannans and induction of
Th17 cell differentiation is essential for host defense against
Candida albicans. Immunity. 2010;32(5):681–91.

16. McGreal EP, Rosas M, Brown GD, Zamze S, Wong SY, Gordon
S, et al. The carbohydrate-recognition domain of Dectin-2 is a
C-type lectin with specificity for high mannose. Glycobiology.
2006;16(5):422–30.

17. Takahashi K, Oharaseki T, Yokouchi Y, Miura NN, Ohno N,
Okawara AI, et al. Administration of human immunoglobulin
suppresses development of murine systemic vasculitis induced
with Candida albicans water-soluble fraction: an animal model
of Kawasaki disease. Mod Rheumatol. 2010;20(2):160–7.

18. Lehman TJ, Walker SM, Mahnovski V, McCurdy D. Coronary
arteritis in mice following the systemic injection of group B
Lactobacillus casei cell walls in aqueous suspension. Arthritis
Rheum. 1985;28(6):652–9.

19. Nishio H, Kanno S, Onoyama S, Ikeda K, Tanaka T, Kusuhara
K, et al. Nod1 ligands induce site-specific vascular inflammation.
Arterioscler Thromb Vasc Biol. 2011;31(5):1093–9.

20. Nagi-Miura N, Adachi Y, Ohno N. Coronary arteritis induced
by CAWS (Candida albicans water-soluble fraction) in various
strains of mice (in Japanese). Nihon Ishinkin Gakkai Zasshi.
2008;49(4):287–92.

21. Schulte DJ, Yilmaz A, Shimada K, Fishbein MC, Lowe EL, Chen
S, et al. Involvement of innate and adaptive immunity in a mur-
ine model of coronary arteritis mimicking Kawasaki disease.
J Immunol. 2009;183(8):5311–8.

22. Sato K, Yang XL, Yudate T, Chung JS, Wu J, Luby-Phelps K,
et al. Dectin-2 is a pattern recognition receptor for fungi that
couples with the Fc receptor gamma chain to induce innate
immune responses. J Biol Chem. 2006;281(50):38854–66.

23. Oharaseki T, Kameoka Y, Kura F, Persad AS, Suzuki K, Naoe S.
Susceptibility loci to coronary arteritis in animal model of
Kawasaki disease induced with Candida albicans -derived sub-
stances. Microbiol Immunol. 2005;49(2):181–9.

24. Hu XP, Wang RY, Wang X, Cao YH, Chen YQ, Zhao HZ, et al.
Dectin-2 polymorphism associated with pulmonary cryptococ-
cosis in HIV-uninfected Chinese patients. Med Mycol. 2015;
53(8):810–6.

25. Oharaseki T, Yokouchi Y, Yamada H, Mamada H, Muto S,
Sadamoto K, et al. The role of TNF-a in a murine model of
Kawasaki disease arteritis induced with a Candida albicans cell
wall polysaccharide. Mod Rheumatol. 2014;24(1):120–8.

26. Watanabe K, Konishi K, Fujioka M, Kinoshita S, Nakagawa H.
The neutrophil chemoattractant produced by the rat kidney
epithelioid cell line NRK-52E is a protein related to the KC/gro
protein. J Biol Chem. 1989;264:19559–63.

27. Jibiki T, Terai M, Kohno Y. High concentrations of interleukin-
8 and monocyte chemoattractant protein-1 in urine of patients
with acute Kawasaki disease. Eur J Pediatr. 2004;163(12):749–50.

28. Asano T, Ogawa S. Expression of IL-8 in Kawasaki disease. Clin
Exp Immunol. 2000;122(3):514–9.

29. Lin CY, Lin CC, Hwang B, Chiang B. Serial changes of serum
interleukin-6, interleukin-8, and tumor necrosis factor alpha
among patients with Kawasaki disease. J Pediatr. 1992;121(6):
924–6.

30. Zaitsu M, Hamasaki Y, Tashiro K, Matsuo M, Ichimaru T,
Fujita I, et al. Ulinastatin, an elastase inhibitor, inhibits the
increased mRNA expression of prostaglandin H2 synthase-type 2
in Kawasaki disease. J Infect Dis. 2000;181(3):1101–9.

31. Kennedy AD1, Willment JA, Dorward DW, Williams DL,
Brown GD, DeLeo FR. Dectin-1 promotes fungicidal activity of
human neutrophils. Eur J Immunol. 2007;37(2):467–78.

32. Robinson MJ, Osorio F, Rosas M, Freitas RP, Schweighoffer E,
Groß O, et al. Dectin-2 is a Syk-coupled pattern recognition
receptor crucial for Th17 responses to fungal infection. J Exp
Med. 2009;206(9):2037–51.

33. Martinez HG, Quinones MP, Jimenez F, Estrada C, Clark KM,
Suzuki K, et al. Important role of CCR2 in a murine model of
coronary vasculitis. BMC Immunol. 2012;13:56.

34. Murata H, Hoshino M, Shoda H, Seki Y. Etiological agent of
mucocutaneous lymph node syndrome (MCLS) and mechanism
of pathogenesis (in Japanese). J Med Soc Toho. 1976;23:608–10.

35. Zou QM, Li XH, Song RX, Xu NP, Zhang T, Zhang MM, et al.
Early decreased plasma levels of factor B and C5a are important
biomarkers in children with Kawasaki disease. Pediatr Res. 2015;
78(2):205–11.

8 T. OHARASEKI ET AL.



は　じ　め　に

　川崎病の本態は中小動脈を優位に侵襲する系統

的血管炎である。特に冠動脈が最も高頻度に侵さ

れ，血管炎による動脈障害の結果として動脈瘤が

発生する。動脈瘤には血栓性閉塞が生じやすく，

若年者に虚血性心疾患を起こす疾患として非常に

重要である。

　これまで川崎病研究は死因に直結する冠動脈を

中心になされてきたが，本疾患では冠動脈以外の

全身血管に炎症が生じることが病理組織学的にも

明らかになっている１）。しかし，本疾患でなぜ冠

動脈が最も高頻度に侵されるのか，この繰り返し

なされる質問に対する明確な答えは現在のところ

ない。本稿では，川崎病血管炎の病理組織学的特

徴について整理した後，解剖学，血行力学，発生

学，内皮細胞機能などの観点から，冠動脈の特殊

性について言及してみたい。

英．川崎病血管炎の病理学的特徴

１．血管炎の分布と頻度

　剖検報告からみた部位別血管炎発生頻度を表１

に示す１）。川崎病血管炎は弾性型動脈である大動

脈から小型筋型動脈まで広範な分布を示すが，冠

動脈炎は剖検検索の限りではほぼ必発である。一

方，大動脈から分岐する中型動脈には冠動脈の他

に，総頸動脈，鎖骨下動脈，肋間動脈，腹腔動脈，

上腸間膜動脈，腎動脈，下腸間膜動脈，総腸骨動

脈などがあり，川崎病ではこれらの動脈にも比較

的高頻度に血管炎が発生する。臨床的にも，遠隔

期川崎病患者における全身の血管病変を検討した

ところ，上腕動脈，総腸骨動脈，内腸骨動脈，腹
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鋭．病理学的側面
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Summary
　川崎病の本態は全身性血管炎で，大動脈から小動脈まで広い範囲の血管に炎症が生じるが，大動脈から分
岐する中型筋型動脈に好発し，冠動脈が最も高頻度に侵される。川崎病において冠動脈に血管炎が好発する
理由は明らかでないが，冠動脈の解剖学的，血行力学的特殊性が関与している可能性がある。さらには冠動脈
が他の大動脈分岐動脈とは発生が異なることも，臓器特異性を考える上で重要と考えられる。
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部大動脈に生じていたことが報告されている２）。

２．急性期の動脈炎の組織像

　川崎病動脈炎の中で最も早期に生じる形態学的

変化は中膜の水腫性疎開性変性とよばれる変化で

ある（写真１）。第６病日にすでに観察され，中膜

の外膜側に生じる水腫により中膜平滑筋細胞が離

開し配列が疎になる。その後，内膜と外膜にリン

パ球やマクロファージの浸潤が始まり，第８～

10病日頃，内膜，外膜両側から内・外弾性板を

越えて中膜に達し，汎血管炎に至る（写真２）。こ

の時期の血管壁にはマクロファージと共に好中球

が相当数出現している３）。炎症は速やかに血管全

周に及び，第12病日頃には動脈の既存構築の破

壊により動脈瘤が形成される（写真３）。激しい炎

症は第25病日頃まで継続した後消退を始め，第

40病日頃にはほぼ消失する。

　このように川崎病は，血管の炎症が開始すると

速やかに極期を迎え，やがて消退するという一峰

性の経過をたどる。これら組織像は全身いずれの

動脈においても同様で（写真４），マクロファージ

主体の炎症は全身同期して推移し，急性炎症期と

瘢痕期の病変が混在することはない。

　血管炎は大動脈分岐直後の弾性型から筋型動脈

への移行部や筋型動脈分岐部に生じることが多い

が，もう１つの川崎病血管炎の病理組織学的特徴

は，血管炎は実質臓器外の血管に限られ，実質内

血管に炎症がみられることが極めて稀である点で

ある４）。すなわち，心臓であれば血管炎は筋層外

冠動脈の分岐部に観察され，筋層内小動脈に炎症

は認められない。腎臓の場合にも同様に，炎症は

腎動脈から葉間動脈に分布し，腎実質内の弓状，

小葉間動脈などに汎血管炎は観察されない。

衛．冠動脈の特殊性

１．冠動脈の解剖と血行力学的要因

　冠動脈以外の動脈と比較した際，冠動脈の解剖

生理学的特徴は２つある。第１は，冠動脈は心臓

表面を覆うように存在するために，心拍による心

筋収縮の影響を常に受けている点である。これに

より冠動脈は圧迫され循環抵抗が増す。さらに，

心拍に伴って心臓が大きく伸縮変形することによ

る冠血流に与える影響も大きいと推測される。第

２は，冠動脈はValsalva洞と呼ばれる内腔の限

鋭．病理学的側面 ～なぜ血管炎は冠動脈に集中するのか～
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表１　川崎病の血管炎の分布

Landingら濱島ら天野ら直江ら

100％95％100％95％冠状動脈

41％82％100％＋大動脈

23％75％＋総頸動脈

67％71％＋鎖骨下動脈

63％79％＋腹腔動脈

93％100％＋総腸骨動脈

32％50％71％59％肺動脈

55％64％80％73％腎動脈

27％86％79％＋腸間膜動脈

23％44％76％＋肝動脈

60％58％＋肋間動脈

50％50％11％脾動脈

18％10％消化管

36％＋気管周囲

36％31％膵臓/膵周囲

32％＋副腎/副腎周囲

41％＋精索

18％67％15％精巣

9％＋膣

5％＋子宮

27％骨格筋

5％36％1％髄膜

　剖検報告からみた部位別血管炎発生頻度．

 （文献１より一部改変）
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写真１　第６病日の冠動脈
　冠動脈の内膜にはCD163陽性のマクロファージの浸潤（矢頭）が部分的に認められる（Ａ：HE染色，

Ｂ：CD163染色）．中膜には水腫性疎開性変性が認められ，中膜の外膜側に生じる水腫により中膜平滑

筋細胞が変性，離開して疎な領域（矢頭）が出現する（Ｃ：HE染色，Ｄ：鍍銀染色）． （筆者提供）

写真２　第10病日の冠動脈
　冠動脈の内膜と外膜にCD163陽性のマクロファージを主体とする炎症細胞浸潤が認められ，血管壁

の一部では中膜にも炎症細胞浸潤が及び，全層性炎となっている．中膜には水腫性疎開性変化がみられ

る（Ａ，Ｃ：HE染色，Ｂ，Ｄ：CD163染色）． （筆者提供）
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局性拡張部から分岐している点である。内腔の膨

らみがある場合とない場合とでは流体力学的所見

が異なり，膨らみがある場合には拡張部で渦流が

生じることが生体工学的実験で証明されている。

Valsalva洞においても大動脈弁の開閉に伴って

生理的な渦流が生じていることが推測される５）。

さらに，このValsalva洞から冠動脈へ流れる血液

は心収縮期に減少し拡張期に増加することも，他

臓器動脈とは異なる冠動脈の特徴と考えられる。

　血管壁には法線応力と剪断応力（shear stress）

という２つの血行力学的応力が常にかかってい

る。前者は血管壁に対して法線方向にかかる圧力

であり，血圧により規定される。これに対し，後

者は血管内腔面接線方向にかかる力であり，血液

の粘性と血流量により規定される６）。剪断応力は

内皮細胞に作用し，その形態・機能を変化させ，

血管収縮・弛緩，血栓形成，炎症，線維化，抗酸

化，動脈硬化に関与し，血管の構造変化や成長・

新生などをもたらす。川崎病血管炎の好発部位で

ある動脈分岐部では，複雑な血液の流れ，渦流が

生じており，それに伴って剪断応力も変化してい

る。このような分岐部における血行力学的環境の

鋭．病理学的側面 ～なぜ血管炎は冠動脈に集中するのか～
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写真３　大動脈−冠動脈分岐部に生じた動脈瘤（第32病日）
　大動脈から冠動脈に分岐した部分．分岐した直後に壁全層性の血管炎が生じ，瘤を

形成する．瘤内には血栓閉塞を認める（Ａ：HE染色，Ｂ：EVG染色）．

 （筆者提供）

写真４　冠動脈以外の筋型動脈（大動脈−肋間動脈）の分岐部に生じた動脈瘤（第
28病日）

　写真３の冠動脈病変に類似した組織像を示す．大動脈から分岐した直後に壁全層性の炎
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複雑さが，血流によって運ばれた川崎病催炎因子

あるいは催炎因子により活性化された白血球によ

る内皮細胞障害を容易にし，血管炎発生を引き起

こしている可能性がある。また，川崎病罹患後に

形成された冠動脈瘤内，特に巨大冠動脈瘤内では

血流が乱流となり剪断応力が有意に低下して，血

管内皮機能も低下することが示唆されている７），８）。

２．心血管系の発生

　ヒト心臓は胎生３週頃，心原性中胚葉から発生

する９）。発生初期の心臓は筒状構造物であり，酸

素や栄養は心臓内腔からの拡散により供給されて

いるため冠動脈は存在しない。しかし心臓管がＳ

字状に屈曲し，４つの部屋を作るようになると心

臓の壁は厚くなり，心臓内腔からの栄養では供給

が不足するために，心臓に栄養を供給する冠動脈

が形成されてくる。

　大動脈および大動脈から分岐する冠動脈以外の

動脈は心臓から延長するように形成された動脈弓

から発生するのに対し，冠動脈は心外膜原基に由

来し，他の動脈とは発生が異なる10）。心外膜原基

は拍動を始めて間もない原始心臓の静脈洞付近に

カリフラワーあるいはブドウの房状の突起として

存在する。心外膜細胞の一部が心外膜と心筋との

間の心外膜下組織へ落ち込み，心筋の誘導により

上皮―間葉系形質転換を起こす。あらたに作られ

た多能性間葉系細胞は，やがて冠動脈を構成する

内皮細胞，血管平滑筋細胞，血管周皮細胞へと分

化する11）。

　このようにして発生した冠動脈は心臓の房室溝

背側に発生し，血管網を形成して心全体の心筋層

内に広がる。そして冠動脈から大動脈方向へと内

皮細胞が増殖し，最終的に大動脈と連結する。し

かし，大動脈との連結部は心外膜原基ではなく神

経堤細胞に由来し，神経堤由来細胞は冠動脈近位

部の平滑筋細胞の分化に寄与しているという10）。

　以上のように，冠動脈は他の動脈の由来である

動脈弓とは異なる心外膜原基に由来し，さらには

川崎病血管炎の最好発部位でもある冠動脈近位部

の発生には神経堤細胞が関与していることから，

冠動脈は他の動脈とは異なる構造的・機能的特性

を有している可能性がある。

　また，胎生期に多能性間葉系細胞が存在する心

外膜脂肪組織は，成人では冠動脈の慢性炎症に深

く関与し，動脈硬化症におけるプラークの進展と

不安定化に重要な役割を担っていることが近年明

らかとなった12）。冠動脈病変を有する患者では冠

動脈周囲脂肪組織内のマクロファージが増加し，

M1/M2マクロファージ比が増加しているとい

う。一方，川崎病で観察される筋層外動脈におい

ても炎症早期から冠動脈周囲の心外膜に多数のマ

クロファージが観察される。我々の検索では，こ

れらは乳幼児心外膜の在住マクロファージである

可能性が示唆されており，川崎病血管炎の発生に

は単球系マクロファージのみならず，在住マクロ

ファージの関与を考慮する必要があるかもしれな

い。

３．実験モデルからみた冠動脈の内皮細胞の特性

　In vitroの実験において，ヒト冠動脈内皮細胞と
臍静脈内皮細胞では，サイトカイン，ケモカイン

の遺伝子ならびにタンパク発現が異なることが広

く知られており，内皮細胞の反応様式には臓器特

異性が存在する13）。

　一方，川崎病疾患動物モデルとして報告されて

いるもののなかで，冠動脈特異的に炎症が誘発さ

れるモデルが存在する14），15）。それは，自然免疫受

容体であるNod-1に対するリガンド（Nod-1L）

を投与によることにより冠動脈炎が惹起されるモ

デルであり，人工的に作成されたNod-1Lを投与

すると，血球を介することなく，Nod-1Lが冠動

脈を構成する内皮細胞や平滑筋に直接作用して，

葛特集　川崎病アップデート ～病因・病態論の推移と展望～
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サイトカイン，ケモカインが放出される。これら

因子はマクロファージを冠動脈へと遊走させ，さ

らなる炎症反応を誘発し，冠動脈炎が発症すると

考えられる。そして，このサイトカイン・ケモカ

イン産生反応は遺伝子発現レベルにおいて他の動

脈よりも冠動脈で優位に高いという。このよう

に，冠動脈はある刺激に対して臓器特異的な反応

を示すと考えられる。

お　わ　り　に

　川崎病血管炎は冠動脈以外の血管においても生

じ，組織学的観察の限りにおいては冠動脈炎と冠

動脈以外の動脈炎との間に明らかな差異を見出し

がたい。しかし，解剖学，血行力学，発生などの

面で冠動脈は他の動脈とは異なる特殊性を有し，

これら特殊性が動脈を構築する血管内皮細胞や平

滑筋細胞の反応性の差をもたらし，川崎病におい

て冠動脈炎が高頻度に生じる要因となっている可

能性がある。
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Keywords:
Smooth muscle cell
Carotid artery stenosis
Ultrasound
Soluble LR11

A B S T R A C T

Background: The levels of plasma sLR11, released from intimal SMCs, are positively associated with intima-
media thickness (IMT) in asymptomatic subjects. We have evaluated the yet unknown pathological significance
of sLR11 for plaque conditions in patients with carotid artery stenosis.
Methods: The presence of LR11 in carotid plaques was investigated using autopsy specimens. A clinical ultra-
sonography study for elucidating relationships between sLR11 and plaque condition was performed in 46 pa-
tients.
Results: Immunohistochemistry showed high levels of LR11 in SMCs within thickened intima and at the media-
intima border of atherosclerotic carotid plaques. The levels of sLR11 in patients were clearly elevated compared
to healthy controls. Univariate analysis of sLR11 revealed significant positive correlation with plaque score and a
tendency to correlate with the stenotic fraction. Univariate and multiple regression analyses of plaque scores
showed that sLR11, maximum IMT, and HDL-cholesterol independently determined plaque score. Finally, uni-
variate analysis of initial sLR11 levels for changes in imaging markers after one-year follow-up showed that
initial sLR11 levels significantly correlated with stenotic fraction progression.
Conclusions: The levels of sLR11, abundantly expressed in carotid atherosclerotic plaques, are highly associated
with increased plaque score. sLR11 levels may be predictive of plaque conditions in patients with advanced
carotid atherosclerosis.

1. Introduction

Atherosclerotic plaque progression in carotid arteries is a major
cause of ischemic stroke through impaired cerebral blood flow, and also
of thromboembolic stroke caused by plaque rupture with or without
intra-plaque hemorrhage [1]. Surgical procedures such as carotid en-
darterectomy or carotid artery stenting are performed in patients with
severe stenotic lesions, and, in fact, have been shown to significantly
prevent the resultant cerebral infarction in such high-risk patients
[2,3]. Nevertheless, appropriate subsequent management of their sys-
temic atherosclerotic risks including diabetes, hypertension and dysli-
pidemia is indispensable for the improvement of prognosis regardless of

the developing surgical procedures [4].
Carotid artery stenosis results from the atherosclerotic interaction

between modified lipids, extracellular matrix, monocyte-derived mac-
rophages and vascular smooth muscle cells (SMCs) that accumulate in
the arterial wall [5]. Among them, SMCs play a regulatory role in the
process of atherosclerosis through their migration, proliferation and
release of extracellular matrices as the subsequent reactions against the
accumulated lipids and/or cytokines secreted from other activated
vascular cells. and lead to the formation of advanced and complicated
atherosclerotic plaques [1,5,6]. Furthermore, in advanced lesions,
SMCs are believed to constitute a fibrous cap covering the lipid core,
one of main regulatory factors for plaque instability [5]. Thus,
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migration of vascular smooth muscle cells (SMCs) from the medial layer
to the intimal layer is a key step in the development of advanced
atherosclerosis [7,8]. Following migration, intimal SMCs, upon con-
version in the media from a ‘contractile’ phenotype to a de-differ-
entiated ‘synthetic’ phenotype, regulate various potential functions in-
cluding matrix production, protease release, and cytokine secretion
[7–9]. Migrated intimal SMCs are believed to play important roles in
forming atherosclerotic plaques and determining their fragility upon
interaction with other vascular and inflammatory cells. Using animal
models and cultured SMCs, we have shown that disturbed interactions
of SMCs with other vascular cells or phenotype conversion of SMCs in
dyslipidemia lead to atherosclerosis progression and increased plaque
fragility [10]. However, the clinical significance in atherosclerotic
carotid stenosis of the intimal SMCs migrating under pathophysiolo-
gical conditions has not yet been elucidated.

Low-density lipoprotein (LDL) receptor relative with 11 ligand-
binding repeats (LR11, also called sorLA or SORL1), an unusually
complex and highly conserved member of the family of LDL receptor
relatives (LRs), has been discovered and molecularly characterized by
us and others [11–13]. The receptor mediates the plasma membrane
localization of urokinase type plasminogen activator receptor (uPAR),
since the constitutively shed soluble form of the receptor (sLR11) binds
to and colocalizes with uPAR on the cell surface [14]. LR11 is highly
expressed in intimal SMCs at the intima-media border in the plaque
areas of aorta from experimental models of atherosclerosis [15,16].
Furthermore, overexpression of LR11 in SMCs enhances their migration
via increased surface localization of uPAR [16,17]. With a sandwich
enzyme-linked immunosorbent assay (ELISA) for the exact quantitation
of circulating sLR11 using specific monoclonal antibodies against
human LR11 [18,19], it could be shown that the concentrations of

sLR11 were increased in atherosclerotic patients with familial hy-
percholesterolemia [20–22] or coronary artery diseases [23–25]. No-
tably, several independent studies have shown that the sLR11 con-
centrations were highly associated with the mean intima-media
thickness (IMT) of carotid arteries as a representative index indicative
of systemic or coronary atherosclerosis using ultrasound imaging
[17,26]. Thus, sLR11 levels have been suggested to reflect the condi-
tions or degrees of migrated intimal SMCs in patients with athero-
sclerotic diseases involving the development of carotid atherosclerosis.

Based on the knowledge generated by the above observations for the
potential involvement of sLR11 in carotid atherosclerosis, we have in-
vestigated the pathological significance of circulating sLR11 in patients
with carotid artery stenosis by immunostaining of carotid artery pla-
ques using autopsy specimens from two patients and by image analysis
using ultrasonography in 46 patients with carotid artery stenosis.

2. Materials and methods

2.1. Subjects

For immunohistochemical analysis, two patients (a 84-yr-old male
and a 81-yr-old female) who underwent autopsy were recruited, and
the samples of atherosclerotic arteries were obtained from common
carotid arteries. For ultrasound-imaging study, forty-six patients with
carotid artery stenosis, who had ultrasonographically proven carotid
artery stenosis, defined as stenosis of 50% or more, and treated by
conventional pharmaceutical medications [27] between August 2013
and December 2014 at the Department of Neurosurgery, Toho Uni-
versity Medical Center Sakura Hospital, were enrolled. All patients were
evaluated for carotid atherosclerosis by ultrasonography, and their

Fig. 1. Immunohistochemical analysis of LR11 in carotid artery specimens from autopsy patients with carotid atherosclerosis. Sections of tissue specimens were
subjected to immunohistochemistry using an antibody against LR11 or smooth muscle actin (SMA). Non-atherosclerotic (A) and (D) and atherosclerotic (B), (C), (E)
and (F) regions in specimens from the patients were stained with antibody against LR11 (A), (B) and (C) or SMA (D), (E) and (F). In SMCs located at intima, and also
in those in media at the border of intima, LR11 was strongly immunostained. L, lumen; TI, tunica intima; TM, tunica media.
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blood samples were collected on the same day. Follow-up ultra-
sonography was performed 6–14months afterward. The following risk
factors for atherosclerosis were evaluated: age, sex, smoking status,
body mass index (BMI), plasma lipids, glycosylated hemoglobin
(HbA1c), C-reactive protein (CRP), white blood cell counts (WBC),
histories of coronary artery diseases (CAD), cerebrovascular diseases
(CVD), hypertension, diabetes mellitus, dyslipidemia or renal dysfunc-
tion, and medications including antiplatelet agents, statins, fibrates,
hypoglycemic agents, insulin supplementation, calcium blockers and
angiotensin II receptor blockers. Smoking status was defined as current
smoking. The diagnosis of CAD was based on a history of myocardial
infarction or angina pectoris, and that of CVD was based on a history of
cerebral bleeding or infarction. Hypertension was defined as systolic
blood pressure ≧ 140mmHg and/or diastolic blood pressure ≧
90mmHg or current use of antihypertensive medication [28]. Diabetes
mellitus was defined as glycosylated hemoglobin (HbA1c) > 6.5%
[29] or current use of hypoglycemic agents. Dyslipidemia was defined
as low-density lipoprotein cholesterol (LDL-C) ≧ 140mg/dL, high-
density lipoprotein cholesterol (HDL-C) < 40mg/dL, triglyceride (TG)
≧ 150mg/dL [30] or current use of lipid-lowering agents. We defined
renal dysfunction as an estimated glomerular filtration rate (eGFR)
of< 60ml/min/1.73m2 [31] which was calculated using baseline
serum creatinine. The exclusion criteria were patients who had vascu-
litis syndrome, aortic dissection, received surgical procedure with car-
diovascular disease, received surgical procedure with carotid stenosis,
and history of malignant disease. Patients with carotid atherosclerosis,
defined as< 50% stenosis or without stenotic lesion, were also ex-
cluded. The study protocol was approved by The Ethics Committee of

Toho University Sakura Medical Center (approval number 2014-066,
S17105). Informed consent was obtained from the families of autopsy
patients and all patients for data use in clinical study in accordance
with the principles of the Declaration of Helsinki.

2.2. Immunohistochemistry

Three to four-micrometer-thick sections of paraffin-embedded spe-
cimens from the carotid arteries of autopsy samples were prepared.
After deparaffinizion and hydration, for antigen retrieval the sections
were subsequently treated with the Immunosaver (Nisshin EM, Tokyo,
Japan) for staining of LR11 or treated with Envision™ Flex Target
Retrieval Solution, High pH (Dako) for staining of smooth muscle actin
(SMA), and finally treated at 95 °C for 45min. Immunohistochemical
reactions were performed with an autostainer (the EnVision™ FLEX,
Dako, Glostrup, Denmark). Endogenous peroxidase activity was
blocked by treatment with Envision™ Flex peroxidase-blocking solution
(Dako). After washing with Envision™ Flex Wash Buffer (Dako), the
slides were incubated at room temperature in a moist chamber for
30min with 25 μg/ml mouse anti-human LR11 monoclonal antibody,
A2–2-3 [32] or mouse anti-human SMA monoclonal antibody, 1A4
(IR611, DAKO). After washing, the slides were treated with Envision™
Flex HRP (Dako) for 20min, followed by color development in Envi-
sion™ Flex DAB+ Chromogen with Substrate Buffer (Dako). Finally, the
slides were counterstained with hematoxylin.

2.3. Ultrasound imaging

High-resolution B-mode ultrasonography was performed with a
7.5 MHz linear-type probe (Hitachi, Tokyo) as previously described
[17]. In accordance with the guidelines of the Japan Society of Ultra-
sonics [27], all scanning was conducted by experienced sonographers
using the same ultrasound system and the same measuring method.
Patients were investigated in the supine position with their body
slightly turned from sonographer. The carotid arteries were carefully
examined with regard to wall changes from different longitudinal
(anterior oblique, lateral, and posterior oblique) and transverse views.
Measurements of thickness were performed on the transverse image.
The severity of carotid artery atherosclerosis was evaluated using the
following four indices: mean IMT (mm), maximum IMT (mm), stenotic
fraction (%), and plaque score [27,33–36]. To obtain each index, the
extracranial carotid artery was divided into four segments of 15mm in
length each from the flow divider [33,34], and termed ICA (S1), carotid
bulb (S2), distal CCA (S3) and proximal CCA (S4). The IMT was eval-
uated as the distance between the luminal-intimal interface and the
leading edge of the medial-adventitial interface of the far wall. After
localization of the common carotid artery, cross-sectional measure-
ments were performed 10mm proximal to the carotid bulb. Three
points on the ipsilateral common carotid arteries without plaque were
measured, and the mean IMT was defined as the average of them.
Protruding lesions with an IMT≥1.1mm were defined as atheromatous
plaques. Maximum IMT was defined as the maximal thickness of in-
tima-media including plaques. To assess the severity of atherosclerosis,
we used a “plaque score,” which was calculated by summing up all
plaque thicknesses in bilateral carotid arteries (S1-S4) (see Supple-
mentary Fig. 1) [33,34]. The term “stenotic fraction” represents the
stenotic area in % of the observed original lumen area.

2.4. Blood samples

Patients provided a blood sample for measurement of the study
variables, including TC, HDL-C, LDL-C, TG, HbA1c, CRP, WBC, and
sLR11. Blood samples were centrifuged and refrigerated at−80 °C until
processing. sLR11 was measured using a sandwich ELISA method
(Sekisui Medical, Ryugasaki, Japan), using samples frozen at −80 °C as
reported previously [17]. Briefly, 12.5 μl of each plasma were used for

Table 1
Baseline and clinical characteristics of study subjects.

Variables Mean ± SD

Age, years 72.2 ± 5.9
Male, n (%) 41 (89.1)
Current smoker, n (%) 28 (60.9)
BMI, kg/m2 23.3 ± 2.6
Mean IMT, mm 1.0 ± 0.3
Maximum IMT, mm 5.7 ± 3.0
Plaque score 15.2 ± 4.5
Stenotic fraction, % 82.2 ± 7.7
TC, mg/dl 181.2 ± 34.9
LDL-C, mg/dl 106.1 ± 29.2
HDL-C, mg/dl 48.5 ± 15.7
TG, mg/dl 151.5 ± 77.8
HbA1c, % 6.5 ± 1.0
Cr, mg/dl 0.85 ± 0.23
eGFR, ml/min/1.73m2 69.9 ± 18.6
CRP, mg/dl 0.4 ± 1.0
WBC, cells/μl 6820.2 ± 2181.5
History of CVD-no. (%) 9 (19.6)
History of CAD-no. (%) 6 (13)
History of hypertension-no. (%) 29 (63)
History of diabetes mellitus-no. (%) 16 (34.8)
History of dyslipidemia-no. (%) 29 (63)
History of renal dysfunction-no. (%) 2 (4.3)

Medication (at enrollment)
Antiplatelet agents, n (%) 41 (89.1)
Statins, n (%) 24 (52.2)
Fibrates, n (%) 3 (6.5)
Hypoglycemic oral agents, n (%) 12 (26.1)
Insulin supplementation 3 (6.5)
Ca-blockers, n (%) 12 (26.1)
ARBs, n (%) 18 (39.1)
sLR11, ng/ml 12.2 ± 3.5

Study numbers of all variables are forty-six excluding stenosis area proportion
(n=38). BMI, body-mass index; IMT, intima-media thickness; TC, total cho-
lesterol; TG, triglycerides; Cr, creatinine; eGFR, estimated glomerular filtration
rate; CRP, C-reactive protein; WBC, white blood cell; CVD, cerebrovascular
disease; CAD, coronary artery disease; ARBs, angiotensin II receptor blockers;
sLR11, soluble form of LR11.
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the measurement of sLR11 by ELISA with specific monoclonal anti-
bodies directed against human LR11. Other biochemical parameters
were measured using routine laboratory methods at our institution. To
evaluate the normal concentration range of sLR11, a group of healthy
subjects without any underlying disease were recruited for comparison.

2.5. Statistical analysis

Statistical analysis was performed with SPSS version 17 (SPSS
Japan, Inc., Tokyo). All descriptive data are expressed as means±
standard deviation or as proportions (%). The statistical significance of
differences in sLR11 between patients with carotid artery stenosis and
healthy subjects was assessed with independent t-test. Associations of
sLR11 or plaque score levels with various risk factors were examined by
Mann-Whitney's U test for categorical variables and by Pearson's cor-
relation analysis for continuous variables; based on these results, which
factors indicated or predicted the severity of carotid atherosclerosis
were determined using stepwise multiple regression analysis. In mul-
tiple regression analysis, we employed plaque score as the dependent
variable to quantitatively assess the severity of carotid lesions.
Statistical significance was defined as p < 0.05.

3. Results

3.1. LR11 is highly expressed in de-differentiated SMCs in carotid
atherosclerotic plaques

We investigated the expression of LR11 using autopsy specimens
from patients with carotid atherosclerosis by immunohistochemistry.
Staining with a specific antibody against LR11, A2-2-3 [17], or SMA
showed that the LR11 protein was barely or weakly detectable in SMCs

of arterial walls without pathological intimal hyperplasia (Fig. 1, panels
a and d). In contrast, the strong staining of LR11 protein was clearly
visible in the SMCs located at intima, and also in those in media at the
border of intima in the mild to severe stenotic areas (panels b, c, e and
f). The intracellular LR11 protein was specifically visualized as granular
immunostaining in the cytosol in larger magnifications (data not
shown), as previously reported for SMCs and other cells [17,37]. These
results suggest that LR11 is highly expressed in de-differentiated SMCs
located in atherosclerotic plaques of carotid arteries, in agreement with
previous observations in atherosclerotic plaques of aortas using animal
models [15,16]; therefore, de-differentiated SMCs in carotid plaques
potentially regulate circulating sLR11 levels by the release of the so-
luble fragment, sLR11, from the cell surface.

3.2. Circulating sLR11 levels are increased in patients with carotid artery
stenosis

We analyzed the circulating sLR11 levels in 46 patients with carotid
artery stenosis (72.2 ± 5.9 years, male 89.1%, and BMI
23.3 ± 2.6 kg/m2) (Table 1). Using ultrasonography, mean IMT,
maximum IMT, plaque score, and stenotic fraction were 1.0 ± 0.3mm,
5.7 ± 3.0mm, 15.2 ± 4.5, and 82.2 ± 7.7%, respectively. Con-
sidering the respective normal ranges observed in our institute, all in-
dices were clearly increased, and particularly the increased levels of
stenotic fraction were in agreement with advanced arterial stenosis in
the carotid arteries of the patients under study. The biochemical char-
acteristics showed that the plasma lipid, glucose and inflammatory
marker levels were almost in the normal range. The proportions of
patients with histories of cerebrovascular and coronary artery diseases
were 19.6% and 13.0%, respectively. The proportions of patients with
histories of hypertension, diabetes mellitus, dyslipidemia, and renal

Table 2
Univariate analysis of sLR11 for all other variables.

Variables r or Mean ± SD (yes/no) 95% CI Lower Upper p values

Age −0.037 −0.200 0.157 0.81
Male 12.06 ± 3.53/13.01 ± 1.44 NS
Current smoker 12.41 ± 3.55/12.77 ± 3.32 NS
BMI −0.018 −0.433 0.387 0.91
Mean IMT −0.067 −4.689 2.985 0.66
Maximum IMT 0.218 −0.161 1.051 0.15
Plaque score 0.450 0.138 0.554 0.002*
Stenotic fraction 0.315 −0.003 0.302 0.05*
TC 0.235 −0.006 0.053 0.12
LDL-C 0.271 −0.003 0.067 0.07
HDL-C −0.015 −0.071 0.064 0.92
TG 0.089 −0.010 0.018 0.56
HbA1c 0.073 −0.841 1.367 0.63
Cr 0.175 −1.884 7.178 0.25
eGFR −0.159 −0.086 0.026 0.29
CRP 0.204 −0.340 1.773 0.18
WBC 0.028 0.000 0.001 0.86
History of CVD 11.74 ± 2.93/12.25 ± 3.61 NS
History of CAD 12.09 ± 4.39/12.17 ± 3.39 NS
History of hypertension 11.92 ± 3.41/12.57 ± 3.66 NS
History of diabetes mellitus 11.84 ± 3.50/12.33 ± 3.52 NS
History of dyslipidemia 12.06 ± 3.49/12.32 ± 3.56 NS
History of renal dysfunction 9.83 ± 1.03/12.26 ± 3.52 NS

Medication
Antiplatelet agents 11.91 ± 3.33/14.21 ± 4.43 NS
Statins 12.89 ± 4.01/11.36 ± 2.67 NS
Fibrates 9.41 ± 1.14/12.35 ± 3.51 NS
Hypoglycemic oral agents 11.93 ± 4.09/12.23 ± 3.33 NS
Insulin supplementation 13.15 ± 5.12/12.09 ± 3.41 NS
Ca-blockers 11.15 ± 2.88/12.51 ± 3.64 NS
ARBs 11.24 ± 3.29/12.75 ± 3.53 NS

Study numbers of all variables are forty-six excluding stenosis area proportion (n= 38). BMI, body-mass index; IMT, intima-media thickness; TC, total cholesterol;
TG, triglycerides; Cr, creatinine; eGFR, estimated glomerular filtration rate; CRP, C-reactive protein; WBC, white blood cell; CVD, cerebrovascular disease; CAD,
coronary artery disease; ARBs, angiotensin II receptor blockers; sLR11, soluble form of LR11.
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dysfunction were 63.0%, 34.8%, 63.0% and 4.3%, respectively. Among
medications, the proportion of patients on antiplatelet agents was as
high as 89.1%. Finally, the circulating sLR11 levels were
12.2 ± 3.5 ng/ml, which was clearly increased when compared with
the levels of healthy volunteers (9.0 ± 2.6 ng/ml, n= 52, p < 0.001
by student t-test), and also considering the previously reported levels of
healthy subjects, 8.7 ± 2.1 ng/ml (n=87) [18] or 7.8 ± 1.6 ng/ml
(n=57) [19].

3.3. Circulating sLR11 levels are associated with plaque scores, together
with a tendency for stenotic fractions, but not IMTs, in patients with carotid
stenosis

We first analyzed the relationships of the increased circulating
sLR11 levels in the patients with basal, imaging, and biochemical in-
dices (Table 2). Univariate correlation analysis showed no significant
correlation of sLR11 level with age, sex, biochemical indicators, or
histories of diseases or medications. As for ultrasound-imaging indices,
the sLR11 levels were significantly correlated with levels of plaque
score, and tended to correlate with the levels of stenotic fraction, and
not with mean or maximum IMT (Table 2 and Fig. 2). These results
suggested that sLR11 is associated with the plaque and/or stenosis
condition(s) of carotid arteries, rather than with the degree of intimal
thickening, in patients with carotid stenosis.

3.4. Circulating sLR11 is an independent determinant for plaque score in
patients with carotid stenosis

Based on the tight relationship between sLR11 and plaque score
shown above, we subsequently performed univariate analysis of the
association of plaque score with all indices in order to estimate the

significance of sLR11 as a determinant for plaque score. The results
showed that plaque score levels were significantly and positively cor-
related with levels of maximum IMT and sLR11, and negatively corre-
lated with HDL-C levels (Table 3, left). Subsequent multiple regression
analysis among these three factors revealed that sLR11 and maximum
IMT, as well as HDL-C, were independent factors determining plaque
score (Table 3, right). Thus, circulating sLR11 levels were associated
with plaque scores as an independent determinant among all analyzed
factors in patients with carotid stenosis.

3.5. After one-year follow-up, patients' circulating sLR11 levels were
associated with increased stenotic fractions and showed a tendency for
correlation with increased plaque score, but not IMTs

Finally, in order to further determine the clinical significance of
circulating sLR11 levels for the prognosis of carotid atherosclerosis, we
analyzed the relationships between the above-measured sLR11 levels
and the changes in degrees of image indices one year later in those 27 of
46 patients who underwent follow-up ultrasonography. The changes of
mean IMT, maximum IMT, plaque score, and stenotic fraction were
−0.09 ± 0.38mm, −0.30 ± 0.55mm, 0.90 ± 1.99, and
−0.44 ± 3.03%, respectively, in the observation periods. Univariate
regression analysis showed that the initial sLR11 levels were sig-
nificantly correlated with the progression of stenotic fraction (r=0.47,
p=0.04), together with a tendency to correlate with those of plaque
score (r=0.47, p=0.08) after one year, but not with levels of max-
imum IMT or mean IMT (Fig. 3). Thus, sLR11, as a circulating SMC
migration regulator, is associated with the degrees of plaque conditions,
as indicated by stenotic fraction and potentially by plaque score in
patients with carotid artery stenosis in longitudinal observations.

Fig. 2. Relationships between circulating sLR11 levels and four ultrasonographical parameters; plaque score (A, n= 46), stenotic fraction (in % of the area observed)
(B, n=38), maximum IMT (C, n=46) and mean IMT (D, n=46). IMT, intima-media thickness; sLR11, soluble form of LR11.
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4. Discussion

We have investigated the pathological and clinical significance of
sLR11, a migration regulator of intimal SMCs, as an index for athero-
sclerotic plaque conditions in patients with carotid artery stenosis using
immunohistochemistry and ultrasonography for imaging carotid pla-
ques. Previous studies have suggested that circulating sLR11 con-
centrations are associated with carotid atherosclerosis using mean IMT
as a systemic atherosclerosis marker in patients with diabetes mellitus
[26] or asymptomatic healthy volunteers [17], as well as with coronary
atherosclerosis in patients with coronary artery diseases [23–25], or
with systemic atherosclerosis in those with familial hypercholester-
olemia [20–22]. Based on the consecutive observations in these in-
dependently performed studies, we hypothesized that circulating sLR11
concentrations may potentially reflect the pathological conditions of
migrated intimal SMCs in atherosclerotic plaques themselves, in addi-
tion to the patients' systemic atherosclerotic conditions. The properties
of intimal SMCs are known to likely determine the formation of fragile
plaques, subsequently leading to ischemic stroke through impaired
cerebral blood flow and/or thromboembolic stroke through plaque
rupture [1,10]. The subjects in this study were elderly, non-obese pa-
tients who with or without treatment had close to normal values for
lipids and glucose (Table 1). Most of the patients had not suffered from
vascular diseases, although the proportions of patients on medications
for hypertension or dyslipidemia were over 60%. Plasma sLR11 con-
centrations were indeed elevated in comparison to the values of healthy
subjects in the present as well as previous studies [18,19], and in fact
seem to be equivalent or higher than those in patients with advanced
atherosclerosis; acute coronary syndrome, 9.9 ± 2.8 ng/ml (n= 50)
[24]; familial hypercholesterolemia, 9.9 ± 2.6 ng/ml (n= 123) [22],

and close to the CAD patient groups (Q4) with the highest long-term
adverse cardiac events> 14.36 ng/ml (n= 109) [38].

The results of statistical analyses presented in Tables 2 and 3, and
Figs. 2 and 3, strongly suggested that in patients with carotid artery
stenosis, sLR11 was strongly associated with plaque score in combina-
tion with stenotic fraction, and less so with mean or maximum IMTs.
Finally, a one-year follow-up study revealed that initial sLR11 levels
were associated with an increase in stenotic fraction together with a
tendency to correlate with progressed plaque scores. Thus, circulating
sLR11 levels were associated with the ultrasound imaging indices for
conditions of atherosclerotic plaques in carotid arteries; moreover,
sLR11 levels appeared indicative of the subsequent progression of the
imaging indices in patients with carotid artery stenosis.

Another novel finding of sLR11 in relation to the imaged carotid
atherosclerosis was immunohistochemistry of carotid plaques using
autopsy specimens. The staining firstly uncovered the characteristic
expression of LR11 in human atheromatous lesions (see Fig. 1). Abun-
dant protein was principally located in SMCs in the intima and in the
media at the border with the intima, as previously observed in the aorta
of experimental animal models [15,16], together with the staining of
granular pattern in the cells, again as previously observed in other cells
[17,37].

Limitations of the present study are the unfortunate restrictions to
the availability of samples both for immunohistochemistry and the
clinical study. The autopsy samples were restricted because of few le-
sions of advanced carotid atherosclerosis. We need, and plan, to further
investigate the staining in atherosclerotic plaques from patients with
heterogeneous backgrounds. As for clinical analysis, subjects were
meticulously collected from a single institute; however, the patient
number may not be fully sufficient for extensive analysis using

Table 3
Univariate analysis and multiple regression analysis of plaque score with other variables.

Variables Univariate analysis Multiple regression analysis

r or Mean ± SD (yes/no) 95% CI Lower Upper p values β 95% CI Lower Upper p values

Age −0.126 −0.327 0.135 0.41
Male 15.26 ± 4.68/12.44 ± 1.90 NS
Current smoker 15.36 ± 4.68/14.31 ± 4.35 NS
BMI 0.199 −0.191 0.852 0.21
Mean IMT 0.182 −1.933 7.917 0.23
Maximum IMT 0.36 0.205 1.713 0.014* 0.24 0.013 1.265 0.045*
Stenotic fraction −0.035 −0.230 0.186 0.83
TC −0.179 −0.062 0.016 0.23
LDL-C 0.092 −0.033 0.061 0.55
HDL-C −0.457 −0.210 -0.054 0.001* −0.43 −0.191 -0.058 < 0.001*
TG 0.039 −0.015 0.020 0.80
HbA1c −0.042 −1.664 1.260 0.78
Cr 0.288 −0.055 11.424 0.052
eGFR −0.144 −0.108 0.038 0.34
CRP 0.063 −1.115 1.688 0.682
WBC 0.061 −0.001 0.001 0.687
History of CVD 16.76 ± 5.08/14.57 ± 4.39 NS
History of CAD 14.48 ± 3.05/15.02 ± 4.74 NS
History of hypertension 14.73 ± 4.79/15.33 ± 4.18 NS
History of diabetes mellitus 14.62 ± 3.92/15.13 ± 4.88 NS
History of dyslipidemia 15.17 ± 4.73/14.59 ± 4.29 NS
History of renal dysfunction 13.65 ± 3.04/15.01 ± 4.61 NS

Medication
Antiplatelet agents 14.94 ± 4.38/15.02 ± 6.26 NS
Statins 16.05 ± 5.24/13.75 ± 3.34 NS
Fibrates 13.90 ± 3.32/15.02 ± 4.63 NS
Hypoglycemic oral agents 15.44 ± 5.39/14.80 ± 4.31 NS
Insulin supplementation 15.77 ± 6.03/14.89 ± 4.50 NS
Ca-blockers 14.30 ± 4.46/15.18 ± 4.60 NS
ARBs 14.44 ± 4.47/15.28 ± 4.62 NS
sLR11 0.45 0.233 0.940 0.002* 0.39 0.002*

Study numbers of all variables are forty-six excluding stenosis area proportion (n= 38). BMI, body-mass index; IMT, intima-media thickness; TC, total cholesterol;
TG, triglycerides; Cr, creatinine; eGFR, estimated glomerular filtration rate; CRP, C-reactive protein; WBC, white blood cell; CVD, cerebrovascular disease; CAD,
coronary artery disease; ARBs, angiotensin II receptor blockers; sLR11, soluble form of LR11.
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complete multivariate regression methods. Therefore, the current study
is principally conducted in a cross-sectional research design, limiting
the possibilities to identify causal relationships among sLR11, ultra-
sound indices, and possibly other risk factors. Clearly, further studies
using subjects with different characteristics (sex, age, BMI, and treat-
ment conditions) should be helpful for the evaluation of pathological
mechanisms involving sLR11 in carotid atherosclerosis. Because the
changes in ultrasound imaging indices used in this study are the sum of
changes in intimal thickness, medial thickness, and hypertrophy of
SMCs, which can largely result from, e.g. hypertension, the influence of
medical treatment(s) may require consideration as important factors in
the patients analyzed. Based on the current results, a future prospective
larger-scale study for the comparison of patients with or without carotid
artery stenosis using cerebrovascular events as endpoints is indicated.

In conclusion, the present study demonstrates that sLR11 was
abundantly expressed in likely de-differentiated SMCs of carotid
atherosclerotic plaques, and that the circulating levels were associated
with plaque scores and size of stenotic fractions in cross-sectional and
one-year observation analyses in patients with carotid artery stenosis.
Considering the insights gained from the current study, circulating
sLR11 may be a marker reflecting the pathological conditions of intimal
SMCs in patients with carotid artery stenosis.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cca.2018.12.005.
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Background: Smooth muscle cell (SMC) migration from the media to the intima, a process affecting plaque
stability in advanced-stage atherosclerosis, is under the control of LR11. To delineate the clinical significance of
the circulating soluble form of LR11 (sLR11) in patients with type 2 diabetes (T2D), we analyzed the correlation
of sLR11 levels with intima-media thickness (IMT) of carotid arteries.
Methods: Plasma sLR11 levelsweremeasured in 165 patientswith T2D (mean age 56.2±10.4 y, 58.2%males, and
BMI 24.6± 3.6) by ELISA. Averaged IMT levels of common carotid arteries were determined by ultrasonography.
Results: Circulating sLR11 levels were 9.8± 3.5 ng/ml, and correlated positively with the classical atherosclerosis
risk factors age, sex, systolic blood pressure, low-density lipoprotein-cholesterol (LDL-C), fasting plasma-glucose
(FPG), and glycosylated hemoglobin. Multivariate linear regression analysis indicated that only FPG was
associated with sLR11; sLR11 correlated positively with IMT, together with age and FPG, but less with LDL-C.
Among the serum risk factors for IMT,multivariate linear regression analysis uncovered that sLR11was indepen-
dently associated with IMT. Subsequent logistic analysis revealed that FPG correlated best with IMT values at a
cut-off of 0.80 mm and sLR11 at a cut-off of 0.90 mm, respectively, while LDL-C showed lower discriminatory
power at any IMT cut-off values.
Conclusion: Increased sLR11 concentrations are highly associated with increased IMT as well as with FPG in
middle-aged, non-obese patients with T2D. Circulating sLR11 may be a novel marker representing the
pathophysiology of intimal SMCs in patients with T2D.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The migration of vascular smooth muscle cells (SMCs) from the
medial layer to the intimal layer is a key step in the development of
advanced atherosclerosis. The initial steps are a functional distur-
bance of endothelial cells and the infiltration of activated mono-
cytes/macrophages from the circulation [1,2]. Following migration,
intimal SMCs, upon conversion in the media from a ‘contractile’ pheno-
type to a de-differentiated ‘synthetic’ phenotype, regulate various
potential functions including matrix production, protease release and
cytokine secretion [1–3]. Thus, migrated intimal SMCs are believed to
be a player in forming atherosclerotic plaques and determining their
jo).
fragility upon interaction with other vascular and inflammatory cells.
Using animal models and cultured SMCs, we showed that disturbed in-
teractions of SMCswith other vascular cells or in phenotype conversion
of SMCs in dyslipidemia can lead to atherosclerosis progression and
raised plaque fragility [4]. However, the clinical significance in diabetes
mellitus of the intimal SMCs migrated under pathophysiological condi-
tions has not yet been elucidated for the process of atherosclerosis.

LR11 (also called sorLA), an unusually complex and highly con-
served member of the family of LDL receptor relatives (LRs), has been
discovered and molecularly characterized by us and others [5–7]. The
receptor mediates the plasma membrane localization of urokinase-
type plasminogen activator receptor (uPAR), as the shed soluble form
of the receptor (sLR11) binds to and colocalizes with uPAR on the
cell surface [8]. LR11 is highly expressed in intimal SMCs at the
intima-media border in the plaque area of experimental models of
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atherosclerosis [9,10]. Furthermore, overexpression of LR11 in SMCs
enhances their migration via elevated concentrations of uPAR [10,11].
We have developed a sandwich enzyme-linked immunosorbent assay
(ELISA) for the exact quantitation of circulating sLR11 using specific
monoclonal antibodies against human LR11 [12,13]. With this method,
it could be shown that the concentrations of sLR11 were increased in
patients with familial hypercholesterolemia [14], coronary artery
diseases [15–17], type 2 diabetes (T2D) [15,18,19], and in patients
with hematological malignancies [13,20–23]. Notably, several indepen-
dent studies have shown that the concentrations of sLR11 were
increased in relation to markers of glycemic disturbances among the
classical risk factors for atherosclerosis [11,14–16,18,19]. Thus, sLR11
has been suggested to reflect the conditions or degrees of migrated
intimal SMCs, particularly in the vascular complications observed in
diabetes.

Based on the knowledge generated by the above described broad
spectrum of studies, we have now investigated in patients with T2D
the relationship of sLR11 with the degrees of carotid IMT. Elevated
IMT has been shown to predict vascular events, myocardial infarction,
and stroke in asymptomatic adults [24].

2. Materials and methods

2.1. Subjects

We prospectively enrolled 165 patients with T2D who were treated
by conventional pharmaceutical medications at the Department of
Endocrinology, Yanbian University Hospital, China, between March
2012 and December 2013 (see Suppl. Table 1). Patients with unstable
glycemic control, malignant diseases, inflammatory diseases, or under
hemodialysis were excluded from the study. Diabetes mellitus (DM)
was defined by either a value N6.5% of glycosylated haemoglobin
(HbA1c) or being under medication with insulin or oral hypoglycemic
drugs. Among the study subjects, 99 were on insulin therapy, 46 were
on oral hypoglycemic agents, and 29 were on dietary therapy alone.
Patients with systolic blood pressure (SBP) ≧ 140 mmHg or diastolic
blood pressure (DBP) ≧ 90 mmHg, or under anti-hypertensive medica-
tion were considered hypertensive. Dyslipidemia was defined as low-
density lipoprotein cholesterol (LDL-C) ≧ 140 mg/dl, high-density
lipoprotein cholesterol (HDL-C) b 40 mg/dl, or triglyceride ≧ 150 mg/dl,
or being under treatment with statins and/or lipid-lowering agents.
We defined renal dysfunction as an estimated glomerular filtration
rate (eGFR) of b60 mL/min/1.73 m2, and calculated the eGFR
using baseline serum creatinine. Five patients were treated with
angiotensin- converting enzyme inhibitors or angiotensin receptor
blockers, and none of the patients received statins or aspirin. The
diagnosis of coronary artery diseases (CAD) was based on a history of
myocardial infarction or angina pectoris, and that of cerebrovascular
diseases (CVD)was based on a history of cerebral bleeding or infarction.
Among the study subjects, eighteen and twenty-five presented with
CAD and CVD, respectively. Obesity was defined as body mass index
(BMI) ≧ 30 kg/m2, and among the subjects, 14 displayed obesity. The
study protocol was approved by the Human Investigation Review
Committees of Yanbian University Hospital and Toho University Sakura
Medical Center, and adhered to the principles of Declaration of Helsinki.

2.2. Blood samples

Venous blood was drawn after an overnight fast of 12–14 h for all
laboratory measurements except postprandial plasma glucose (PPG).
Plasma was separated from blood cells by centrifugation and used
for the measurement of biochemical markers by routine laboratory
methods at our institutions. Low-density lipoprotein-cholesterol (LDL-
C) was estimated by the equation of Friedewald [11]. Seventeen of
165 patients were excluded for obtaining the LDL-C values, because
the plasma triglyceride (TG) concentrations were N4.5 mmol/l. Plasma
sLR11 concentrations were determined using a sandwich ELISA system
(Sekisui) using samples frozen at −80 °C after collection as described
[12,13]. Briefly, 12.5 μl of each plasma was used for the measurement
of sLR11 by ELISA with specific monoclonal antibodies directed against
human LR11.

2.3. IMT measurement

Examination of IMT was carried out with an ultrasound scanner
(HD15; Philips) equippedwith a linear 7.5-MHz transducer as previous-
ly described [11,25]. Briefly, IMT was defined as the distance from the
leading edge of the lumen intima interface to the leading edge of the
media-adventitia interface of the far wall. The measurement of IMT in
the common carotid artery was performed along a 10-mm section just
proximal to the carotid bulb, and the average IMT was calculated from
the right and left IMTs of common carotid arteries. The patients with
IMT values that differed between right and left arteries by N1.0 mm
were excluded from the study.

2.4. Statistical analysis

Statistical analysis was performed with SPSS statistics ver 23 (IBM).
Unless indicated otherwise, clinical results are shown asmeans± SD or
as proportions (%) for categorical data. Associations of sLR11 or IMT
levels with various risk factors were examined by Pearson correlation
analysis for continuous variables and byMann-Whitney's U test for cat-
egorical variables between groups. Variables with p b 0.05were consid-
ered statistically significant, and included in the subsequent
multivariable models. In Tables 4 and 5, LDL-C was also included for
the multivariate analysis for the comparison with 2 other plasma risk
factors, i.e., fasting plasma glucose (FPG) and sLR11.We developedmul-
tivariable linear or logistic regression analysis models using sLR11 or
IMT as dependent variables to assess independent relationships for clin-
ical parameters, with p b 0.05 considered statistically significant. In lo-
gistic regression analyses, the IMT values were categorized by four
different values, i.e., 0.8, 0.85, 0.9, and 0.95, for the comparison of the
3 plasma markers sLR11, FPG and LDL-C.

3. Results

3.1. Patients' characteristics

We studied 165 patients with T2D. The patients' backgrounds
showed that the study populationweremainly non-obese, T2D patients
who have not been treated to reach the control concentrations of
glucose, lipids, or blood pressure sufficient for the prevention of
atherosclerosis (see Suppl. Table 1). In the study subjects, circulating
sLR11 and carotid IMT levels were 9.79 ± 3.54 ng/ml and 0.79 ±
0.18 mm, respectively.

3.2. Relationships of sLR11 with classical risk factors for atherosclerosis

We first studied serum sLR11 concentrations in association with
classical risk factors for atherosclerosis (Table 1). Univariate analysis
showed that sLR11 positively correlated with age, SBP, LDL-C, FPG,
and glycosylated haemoglobin among the classical atherogenic risks,
and that sLR11 concentrations were significantly higher in females
than in males (Table 1). There were no significant differences in sLR11
concentrations among patients with complications or on medications.
Multivariate linear regression analysis (Table 2) indicated that sLR11
concentrations were significantly associated only with FPG, and not
with any of the other 5 risk factors suggested to be associated with
increased concentrations of sLR11 by univariate analyses. These results
indicate that sLR11 concentrationswere indeed increased in association
with known risk factor(s) for atherosclerosis, and particularly, that FPG



Table 1
Univariate analysis of the association of sLR11 with all factors.

Factors r or Mean ± SD
(yes/no)

95% CI p
values

Lower Upper

Age 0.226 0.0758 0.3661 0.003
Sex, men/women 9.07 ± 3.30/10.80 ± 3.64 0.001
Smoking 9.60 ± 3.56/9.92 ± 3.53 NS
BMI −0.151 −0.297 0.0018 NS
SBP 0.162 0.0095 0.3072 0.038
DBP 0.031 −0.122 0.1829 NS
TC 0.080 −0.074 0.23 NS
LDL-C 0.166 −0.037 0.2641 0.045
HDL-C −0.024 −0.176 0.1293 NS
TG −0.032 −0.184 0.1214 NS
FPG 0.276 0.1286 0.4114 0.000
PPG 0.116 −0.037 0.2641 NS
HbA1c 0.176 0.0239 0.3202 0.024

CAD 10.86 ± 3.79/9.66 ± 3.50 NS
CVD 11.26 ± 4.63/9.53 ± 3.26 NS
Renal dysfunction 10.94 ± 4.16/9.58 ± 3.38 NS
Diabetic retinopathy 9.99 ± 3.20/9.74 ± 3.64 NS
Medication of diabetes
excluding insulin

9.75 ± 3.62/9.81 ± 3.52 NS

Insulin supplementation 9.72 ± 3.26/9.90 ± 3.93 NS
Hypertension 10.20 ± 3.74/9.33 ± 3.25 NS
Dyslipidemia 9.81 ± 3.78/9.75 ± 2.97 NS

Abbreviations. SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total choles-
terol; FPG, fasting plasma glucose; PPG, postprandial plasma glucose; IMT, intima-media
thickness; sLR11, soluble form of LR11; CAD, coronary artery diseases; CVD, cerebrovascu-
lar diseases. n= 165 for all factors without LDL-C (n = 148) by the exclusion of patients
with TG N 4.5. P valueswere determined using Pearson correlation analysis for continuous
variables and Mann-Whitney's U test for 2-categorized variables.

Table 3
Univariate analysis of the association of IMT with all factors.

Factors r or Mean ± SD
(yes/no)

95% CI p
values

Lower Upper

Age 0.364 0.2237 0.4896 0.000
Sex, men/women 0.78 ± 0.18/0.79 ± 0.17 NS
Smoking 0.80 ± 0.18/0.78 ± 0.17 NS
BMI −0.075 −0.225 0.0787 NS
SBP 0.058 −0.096 0.2089 NS
DBP 0.035 −0.118 0.1868 NS
TC 0.035 −0.118 0.1868 NS
LDL-C 0.135 −0.018 0.282 NS
HDL-C −0.019 −0.171 0.1342 NS
TG −0.024 −0.176 0.1293 NS
FPG 0.172 0.0197 0.3165 0.027
PPG 0.024 −0.129 0.1761 NS
HbA1c 0.102 −0.052 0.2509 NS
sLR11 0.220 0.0696 0.3607 0.005
CAD 0.89 ± 0.15/0.77 ± 0.18 0.007
CVD 0.92 ± 0.14/0.76 ± 0.17 0.000
Renal dysfunction 0.85 ± 0.18/0.77 ± 0.17 0.052
Diabetic retinopathy 0.85 ± 0.18/0.77 ± 0.17 0.000
Medication of diabetes
excluding insulin

0.75 ± 0.17/0.80 ± 0.18 NS

Insulin supplementation 0.82 ± 0.17/0.73 ± 0.16 0.001
Hypertension 0.80 ± 0.18/0.77 ± 0.17 NS
Dyslipidemia 0.80 ± 0.18/0.76 ± 0.17 NS

Abbreviations. SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting
plasma glucose; PPG, postprandial plasma glucose;; IMT, intima-media thickness; sLR11,
soluble form of LR11; CAD, coronary artery diseases; CVD, cerebrovascular diseases. n =
165 for all factors without LDL-C (n = 148) by the exclusion of patients with TG N 4.5. P
values were determined using Pearson correlation analysis for continuous variables and
Mann-Whitney's U test for 2-categorized variables.
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was an independently associated risk factor related to sLR11 concentra-
tions in middle-aged, non-obese patients with T2D.
Table 4
Multivariate assessment of the effects of the univariate-asssociated factors on IMT.
3.3. Relationships of IMT with classical risk factors and sLR11

Next, we studied the significance of plasma sLR11 concentrations as
risk factor for carotid IMT, i.e., as a surrogate marker for atherosclerosis,
in T2D patients. Univariate analysis showed that IMT was positively
correlatedwith age, FPG and sLR11, and LDL-Cwith a p-value indicating
correlation (Table 3). IMT levels were significantly higher in patients
with CAD, CVD, diabetic retinopathy, and insulin supplementation,
and to a lesser degree, renal dysfunction (p = 0.052) than in patients
without these conditions. Multivariate linear regression analysis
(Table 4) among the 3 serum risk factors, FPG, sLR11, and LDL-C showed
that, in the presence of age, the best established risk factor for carotid
IMT [11,25,26], there were no other independent serum biochemical
factors for IMT, with sLR11 showing the lowest p-value (Table 4,
model 1). Among the 3 serum risk factors in the absence of age, sLR11
was correlated with IMT independently of the other 2 biochemical risk
Table 2
Multivariate assessment of the effects of the univariate-asssociated factors on sLR11.

Factors B 95% CI

Lower Upper P values

Age 0.039 −0.024 0.102 NS
Sex 0.601 −0.683 1.884 NS
SBP 0.012 −0.018 0.041 NS
LDL-C 0.324 −0.238 0.886 NS
FPG 0.175 0.024 0.326 0.023
HbA1c −0.017 −0.317 0.284 NS

Abbreviations. SBP, systolic blood pressure; B, unstandardized regression coefficient. n =
165 for all factors without LDL-C (n = 148) by the exclusion of patients with TG N 4.5. P
values were determined by multivariable linear regression analysis model using sLR11
as a dependent variable to assess independent relationships with the univariate-associat-
ed factors in Table 1.
factors, FPG and LDL-C (Table 4, model 2). Thus, sLR11 was identified
as a risk factor for IMT in the absence of age in patients with T2D.

3.4. Characteristics of sLR11 in comparison to FPG and LDL-C for IMT

Finally, we attempted to elucidate the clinical significance of sLR11, a
laboratory biomarker characterized as regulator of SMC migration
[8–11], for carotid atherosclerosis. To this end, we compared sLR11
with the glucose- and lipid-mediated atherosclerosis risk factors FPG
and LDL-C, respectively (Table 5). The IMT values were categorized by
4 different values; 0.8, 0.85, 0.9, and 0.95 mm, and the associations of
the 3 plasma risk factors for the 2 patient groups categorized by each
value were analyzed (Table 5). Multivariate logistic regression analysis
showed that sLR11, and not FPG or LDL-C,was independently associated
with IMT at the value of 0.90 mm. Furthermore, a tendency of sLR11
95% CI

Factors B Lower Upper P values

Model 1
Age 0.005 0.003 0.008 0.000
sLR11 0.006 −0.002 0.014 NS
FPG 0.003 −0.003 0.009 NS
LDL-C 0.009 −0.017 0.035 NS

Model 2
sLR11 0.008 0.000 0.017 0.044
FPG 0.004 −0.002 0.011 NS
LDL-C 0.015 −0.012 0.042 NS

Abbreviations. IMT, intima-media thickness; sLR11, soluble form of LR11; FPG, fasting
plasma glucose; B, unstandardized regression coefficient. n = 165 for all factors without
LDL-C (n = 148) by the exclusion of patients with TG N 4.5. P values were determined
bymultivariable linear regression analysismodel using IMT as a dependent variable to as-
sess independent relationships with the univariate-associated factors in Table 4. Factors
are age, sLR11, FPG, and LDL-C in model 1, and sLR11, FPG and LDL-C in model 2.
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(p=0.087), but not of FPG (p=0.982) for IMT association among the 3
factors was observed at the cut-off value 0.95 mm. FPG, but neither
sLR11 nor LDL-C, was independently associated with IMT at the cut-
off IMT value of 0.80 mm. We therefore performed a subclass analysis
to clearly identify the role of sLR11 in predicting atherosclerosis, in
addition to IMT. sLR11 concentrations among the patients in which
IMT values were N0.90 mm were sub-classified into 2 groups with
or without histories of CAD or CVD. sLR11 concentrations were
significantly increased (p b 0.05) in the patients with CAD/CVD
(12.25 ± 4.28 ng/ml, n = 19) compared with those without CAD/CVD
(10.38 ± 3.43 ng/ml, n = 35). On the other hand, among the patients
in which IMT values were b0.90 mm, the sLR11 concentrations
were not different (p = 0.123) between the patients with CAD/CVD
(10.09 ± 4.23 ng/ml, n = 15) and those without CAD/CVD
(9.05± 3.06 ng/ml, n=96). These results suggest that LR11 concentra-
tions reflect IMT and possibly atherosclerosis accompanied with T2D
at least as well as FPG in middle-aged, non-obese patients with T2D.

4. Discussion

The results of a comprehensive approach to investigate the clinical
significance of circulating sLR11 concentrations in atherosclerosis in
relation to the pathophysiology of T2D are described. Previous studies
have suggested that circulating sLR11 concentrations are associated
with biochemical markers representing disturbed glucose metabolism
[11,14–16,18,19] and tend to increase with vascular injuries, particular-
ly in patients with diabetes [15,18,19]. Based on the observations in
these independently performed diverse studies, we hypothesized that
circulating sLR11 concentrations may potentially reflect the diabetes-
induced pathological conditions of migrated intimal SMCs. These
SMCs are known to likely develop fragile plaques, subsequently causing
coronary artery diseases in patients with diabetes [3,4].

The subjects in this study were middle-aged, non-obese T2D
patients who have not reached the strict control values for glucose,
lipids, and blood pressure sufficient for the prevention of atherosclerosis
(see Suppl. Table 1). The plasma sLR11 concentrations were mostly
elevated considering the previously reported values in healthy subjects
[12,13], and in fact were close to those in patients with CAD [16,17].
Univariate analyses showed that the concentrations were positively
Table 5
Multivariate logistic regression analysis of three plasma risk factors for IMT.

95% CI

Factors Exp(B) Lower Upper P values

IMT cut-off value 0.80
sLR11 1.081 0.979 1.195 NS
FPG 1.089 1.000 1.185 0.049
LDL-C 1.212 0.866 1.697 NS

IMT cut-off value 0.85
sLR11 1.096 0.990 1.212 NS
FPG 1.077 0.991 1.172 NS
LDL-C 1.272 0.899 1.798 NS

IMT cut-off value 0.90
sLR11 1.133 1.018 1.261 0.022
FPG 1.015 0.931 1.107 NS
LDL-C 1.174 0.804 1.713 NS

IMT cut-off value 0.95
sLR11 1.101 0.986 1.230 NS
FPG 1.001 0.913 1.098 NS
LDL-C 1.272 0.855 1.891 NS

Abbreviations. IMT, intima-media thickness; sLR11, soluble form of LR11; FPG, Fasting
plasma glucose; Exp(B), standardized regression coefficient. n = 165 for all factors
without LDL-C (n = 148) by the exclusion of patients with TG N 4.5. P values were
determined by multivariable logistic regression analysis models using four different IMT
cut-off values, 0.80, 0.85, 0.90 and 0.95, as dependent variables to assess independent
relationships with sLR11, FPG and LDL-C.
correlated with age, SBP, LDL-C, FPG, and HbA1c, as expected, and
were higher in females than in males (see Table 1). Importantly,
subsequent multivariate linear regression analysis revealed that sLR11
was independently associated with FPG, and not with any of the other
risks (see Table 2), indicating that sLR11 concentrations are associated
with disturbed glucose intolerance in middle-aged, non-obese patients
with T2D.

These results prompted us to further analyze the characteristics of
sLR11, a regulator of intimal SMC migration [8–11], in relation to IMT
as an index of diabetes-associated atherosclerosis. In fact, IMT has
been identified as an indicator of high risk for development of CAD
and CVD in patients with T2D [27,28]. The IMT levels in the patients of
the current study were equivalent to those of subjects with dyslipid-
emia in a previous study (see Suppl. Table 1, and [24]). In the absence
of age, a known strong risk factor for IMT [11,25,26], sLR11 was associ-
ated with IMT, independently of the other 2 already established bio-
chemical risk factors for atherosclerosis, FPG and LDL-C (see Table 4).
Thus, sLR11 emerges as a circulating risk factor for IMT in patients
with T2D.

Since FPG and LDL-C are well-known and important risks for CAD-
and CVD- development in T2D [19,27,28], we further analyzed the
clinical significance of increased concentrations of themigration regula-
tor of intimal SMCs, sLR11 [8–11] for IMT. Multivariate logistic regres-
sion analysis using four cut-off values defining upper and lower
categories in the range from 0.80 mm to 0.95 mm indeed revealed
that sLR11 and FPG are independent factors for IMT at the value of
0.90mmand 0.80mm, respectively (see Table 5), reflecting the acceler-
ated increase of IMT in the patients. Notably, at 0.95 mm cut-off, sLR11
also showed a tendency to be a factor for IMT, while FPG was not. Since
the cut-off IMT value for sLR11was higher than that for FPG, sLR11may
be an appropriate marker particularly for the detection of advanced
atherosclerosis, although a future study concerning T2D patients with
advanced IMT is needed to test the hypothesis. Given the role of migrat-
ed intimal SMC in regulation of plaque fragility [2–4], FPG and LDL-C,
rather than sLR11, may possibly be important players for processes
taking place throughout all stages of atherogenesis [1,2].

We have recently discovered that sLR11 plays a key role in the
regulation of thermogenesis in fat tissues, inasmuch as under physiolog-
ical conditions, circulating sLR11 concentrations correlate with BMI
[29]. Here, correlation between sLR11 and BMI was not observed
(see Table 1), suggesting that the regulation of sLR11-release from
adipocytes may be disturbed in patients with T2D. The observation
may indicate an unbalance between energy expenditure and supple-
mentation in diabetic adipocytes. Further studies including a determi-
nation of the energy balance indices are required to clarify the
adipocyte pathology in diabetes.

Limitations of the present study are that subjects were collected
from a single institute, and that the cohort may not be fully sufficient
for extensive analysis using multi-separated categorized analyses. The
current study is conducted in a cross-sectional research design, limiting
thepossibilities to identify causal relationships between sLR11, IMT, and
possibly other risk factors. Clearly, further studies using subjects with
different characteristics (sex, age, BMI, and treatment conditions) will
be helpful for the evaluation of pathological mechanisms involving
sLR11 in T2D. Because the changes in IMT are the sum of changes in
intimal thickness, medial thickness, and hypertrophy of SMCs, which
can largely result from, e.g. hypertension, the influence of medical
treatment(s) may require consideration as important factors in the
patients analyzed. Based on the current results, a future prospective
larger-scale study for the comparison of patients with or without T2D
using cardiovascular events as endpoints is indicated.

In conclusion, the present study demonstrates that sLR11 is associat-
edwith FPG, andmuch lesswith any of the classical risks for atheroscle-
rosis, in patients with middle-aged, non-obese patients with T2D.
Circulating sLR11 concentrations are positively correlated with the
degree of IMT in the patients, independently of other biochemical risk



141W. Jin et al. / Clinica Chimica Acta 457 (2016) 137–141
factors for IMT such as FPG and LDL-C. Considering the insights gained
from this study, circulating sLR11 may be a novel marker reflecting
the pathological status of intimal SMCs in patients with T2D.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cca.2016.04.016.
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Abstract. The upregulation of brown or brown-like beige 
adipocytes is a potential strategy for the prevention or treat-
ment of diabetes and coronary artery diseases in obese 
patients. Epicardial adipose tissue (EAT) differs significantly 
from subcutaneous fat tissue (SAT) in metabolic properties. 
To investigate properties of EAT further, thermogenesis gene 
expression was investigated in human autopsy and murine 
samples, and adipocytes differentiated from EAT mesen-
chymal cells. Subsequently, analyzed EAT volume alterations 
were observed to be associated with weight reduction in obese 
patients by imaging. Gene expression analyses of autopsy 
samples revealed that UCP-1 mRNA levels in EAT were 
significantly increased compared with SAT, and β3‑adrenergic 
receptor (AR) levels tended to be increased; this finding was 
verified in comparing EAT with SAT in mice. Browning 
stimulation of human EAT-derived MCs increased uncou-
pling protein-1 and β3‑AR levels by 3.2 fold‑ and 12.6‑fold 
compared with SAT-derived MCs, respectively. Subsequent 
imaging for EAT volume measurement using multi-detector 
computed tomography in 10 obese patients revealed that mean 
EAT volumes did not significantly decrease following weight 
loss therapy. The EAT volume alterations were not correlated 
with weight changes, whereas positive correlations were 
observed in SAT and visceral adipose tissue. Therefore, the 
studies in man and mouse on EAT properties demonstrated 
that susceptibilities of EAT and SAT for browning-gene 

expression and diet-induced volume reduction were grossly 
different. The data suggest a potential association of EAT with 
local thermogenetic and metabolic homeostasis in cardiac 
and/or cardiovascular cells, in conjunction with systemic 
energy metabolism.

Introduction

Animal studies have revealed that increasing heat production 
in adipose tissue can offset obesogenic effects of a high-fat 
diet, whereas reducing thermogenesis exacerbates them (1). 
The existence of brown adipose tissue (BAT) in adult humans 
has been reconfirmed by using modern imaging techniques 
and tissue biopsies (2,3), increasing the importance of 
understanding the pathophysiological significance of brown 
and brown‑like ʻbeigeʼ adipocytes as players for systemic 
metabolism and also neighboring tissue thermo-regulation. 
In fact, the levels of detectable BAT negatively correlate with 
age, body mass index (BMI) and diabetes conditions (4). Thus, 
an increasing number of factors and molecules have been 
identified to increase the numbers or thermogenic activities 
of brown/beige adipocytes. In this context, we recently identi-
fied a key thermogenesis inhibitor that functions in response 
to changing environmental conditions and particularly when 
thermogenic activity is enhanced in capable tissues as a 
fine‑tuning negative regulator (5).

Epicardial adipose tissue (EAT) is a cluster of 
metabolically and thermogenetically unique fat cells 
among various fat tissues (6). Accumulated evidence 
for the gene expression patterns in human and animal 
tissues have strengthened the biochemical findings (7,8) 
that EAT is characterized by increased lipolytic property 
with β-adrenergic activities (9,10). Recent histochemical 
and cell-biological studies indeed have demonstrated that 
human adult epicardial adipocytes share features with the 
above-mentioned brown/beige adipocytes (11). Thus, how 
the unique character is associated with cardiac thermo-stasis 
and systemic metabolism is an issue to be solved, in order 
to exploit the regulation of beige/brown adipocytes towards 
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prevention and treatment of diabetes and coronary artery 
diseases (CAD) in obese patients.

In the present study, we first investigated the expression of 
genes involved in thermogenesis in human EAT, in comparison 
to subcutaneous adipose tissue (SAT), from 15 autopsy samples 
and also in mouse EAT. Furthermore, the sensitivities of the 
gene expression in human mesenchymal cells (MCs)-derived 
brown adipocytes prepared from EAT and SAT samples were 
elucidated. Third, we evaluated the susceptibilities of EAT 
volume changes against weight reduction using multi-detector 
computed tomography (MDCT) in 10 obese patients in 
comparison to those of SAT and visceral adipose tissue (VAT).

Materials and methods

Autopsy samples. The study protocol for the collection and anal-
yses of autopsy samples was approved by the Ethics Committee 
of Toho University Sakura Medical Center, in accordance with 
the Declaration of Helsinki. Each family gave informed consent 
before the study began for the study use of autopsy subject 
sample. Eighteen consecutive patients who underwent autopsy 
were originally recruited in this study (Table I), and among 
them, two cases were excluded because of treatment histories 
with thyrotoxic crisis (sample no. 18), and intensive therapy 
with long-time noradrenergic stimulation for acute myocardial 
infarction (sample no. 3), respectively. As a result, sixteen 
autopsy samples were included in this study. Samples of EAT 
and SAT were obtained from the distal left anterior descending 
artery at the apex of the heart, and upper abdominal wall, 
respectively. Fat samples were trimmed of connective tissue and 
superficial blood vessels, and stored at ‑80˚C for the subsequent 
gene expression analysis. The samples from 15 cases (sample 
nos. 1, 2, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 15, 16, and 17) were used 
for gene expression analysis, and the sample no. 14 was used 
for cell culture experiments without gene expression analysis, 
because of the volume limitation of prepared fat.

Mouse experiments. All data were from work on male 
(56 weeks of age) db/db mice, which were purchased from Clea 
(Tokyo, Japan), and housed in a temperature-controlled room 
(22˚C) with a 12‑h light/dark cycle with free access to food 
and water. Standard chow was administered ad libitum from 
weaning. EAT and SAT were obtained as described in 2.1. 
autopsy samples, and stored at ‑80˚C for the subsequent gene 
expression analysis. All animal procedures were approved by 
the local animal ethics committee of the National Center for 
Global Health and Medicine.

Cell culture. Experiments were performed with the adipose 
tissue specimens obtained from an autopsy sample (sample 
no. 14; Table I). Human primary MCs were prepared from 
the stromal vascular fraction of fat tissues, and cultured as 
described by excision of the fat pad followed by mincing with 
sterile surgical scissors and digestion at 37˚C with shaking 
for 30 min (5). Digests were filtered and left to sit on ice for 
10 min. The upper fat layer was removed and then the upper 
2/3 of the supernatant washed twice in PBS (Wako) before 
being plated. Cells were maintained at 37˚C in 5% CO2 in 
Dulbecco's modified Eagle's medium (Wako) with 10% fetal 
bovine serum (Gibco; Thermo Fisher Scientific, Tokyo, Japan), 

20 mM L-glutamine (Wako), 100 units/ml, penicillin, and 
100 µg/ml streptomycin (both from Gibco; Thermo Fisher 
Scientific). The cells were further incubated in the medium 
of the above composition with/without 0.25 µM dexametha-
sone (Wako), 0.5 mM 3‑isobutyl‑1‑methylxanthine (IBMX; 
Biovision, Milpitas, CA, USA), 125 µM indomethacin, 850 nm 
insulin (Wako), and 1 nM 3, 30, 5‑Triiodo‑thyronine (T3; 
Sigma-Aldrich, Tokyo, Japan) for 2 days, accompanied by 
subsequent incubation with 850 nM insulin and 1 nM T3 for 
5 days for browning differentiation. After 7 days, cells were 
fully differentiated (validated by morphological appearance) 
and used for gene expression experiments. The procedures 
were approved by the Ethical Committee on human study, 
Toho University Sakura Medical Center.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). RT-qPCR experiments were performed as described 
previously (12). Total RNA was prepared from tissues or cultured 
cells using the Maxwell® 16 LEV simply RNA Purification kit, 
and immediately quantified using the Quantus™ Fluorometer 
(both Promega, Tokyo, Japan). For cDNA synthesis, the reverse 
transcription reaction was performed with the Affinity Script 
QPCR cDNA Synthesis kit (Agilent Technologies Japan, 
Tokyo, Japan). The target fragments of the cDNA samples 
were amplified by Applied Biosystems® StepOnePlus™ 
using TaqMan Gene Expression Assay with TaqMan Fast 
Advanced Master Mix (both Applied Biosystems; Thermo 
Fisher, Yokohama, Japan) with the combinations of primers 
and probes for UCP1 (Hs00222453_m1 or Mm01244861_
m1), β3‑adrenergic receptor (AR) (Hs00609046_m1 or 
Mm02601819_g1), leptin (Hs00174877_m1 and Mm00434759_
m1), TNF-α (Hs00174128_m1 or Mm00443258_ml), VEGF 
(Hs00900055_m1 or Mm00437304_m1) or 18S RNA 
(Hs99999901_s1). For the experiments using MCs, samples 
obtained from cells after browning stimulation treatment were 
used as calibrator to allow comparison of relative mRNA levels 
in the assays.

Human study. We prospectively enrolled ten consecutive obese 
patients in this study, who were admitted to the Department of 
Cardiology, Toho University Sakura Medical Center (Sakura, 
Japan) due to stable angina or heart failure, and underwent a 
regular weight reduction program using low-calorie diet and 
aerobic exercise (Table II). Patients with malignant diseases, 
inflammatory diseases, or under hemodialysis, were excluded 
from the study. Diabetes mellitus was defined by either a value 
>6.5% of glycosylated hemoglobin (HbA1c) (13) or being 
under medication with oral hypoglycemic drugs. Among the 
study subjects, there were none on insulin therapy, five on 
oral hypoglycemic agents, and one on dietary therapy alone. 
Patients with systolic blood pressure (SBP) ≥140 mmHg or 
diastolic blood pressure (DBP) ≥90 mmHg (14), or under 
anti-hypertensive medication were considered hypertensive. 
Dyslipidemia was defined as low‑density lipoprotein choles-
terol (LDL-C) ≥140 mg/dl, high-density lipoprotein cholesterol 
(HDL-C) <40 mg/dl, or triglyceride ≥150 mg/dl  (15), or being 
under treatment with statins and/or lipid-lowering agents. We 
defined renal dysfunction as an estimated glomerular filtration 
rate (eGFR) of <60 ml/min/1.73 m2 (16), and calculated the 
eGFR using baseline serum creatinine. Eight patients were 
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treated with angiotensin receptor blockers, and three patients 
received statins. Smoking habits and the amount of tobacco 
consumed were examined in the questionnaire and subjects 
were classified into three categories; non‑smokers (those who 
have not smoked more than 100 cigarettes in total or more than 
6 months so far), current smokers (those who have smoked 
more than 100 cigarettes in total or more than 6 months so 
far and who smoke daily or occasionally in the past month), 
or ex-smokers (those who have smoked more than 100 ciga-
rettes in total or more than 6 months so far and who have 
not smoked in the past month). The diagnosis of CAD was 
based on a history of myocardial infarction or angina pectoris. 
Obesity was defined as BMI ≥25 kg/m2 (17). The subjects had 
low calorie diet with partial replacement of meal by Formula 
diet (Microdiet®; Sunny Health, Tokyo, Japan) once a day at 
dinner (974 kcal/day) for 3 weeks, and subsequently without 
the replacement (1,200 kcal/day) until discharge. The exercise 
therapy was continued for 20 min using an ergometer or 
a treadmill based on the Borg scale. The body weights and 
lengths before and after the program achievement for the 
periods ranging 3 weeks to 2 months were measured together 
with other biochemical parameters. Throughout the weight 
reduction program, the patients' compliance with mandated 
calorie intake and aerobic exercise was monitored. The study 

protocol was approved by the Ethics Committee of Toho 
University Sakura Medical Center. All subjects gave informed 
consent before the study began.

CT measurement. The volume of EAT with areas of SAT 
and VAT were measured before and after the performance of 
the above weight reduction program using MDCT. All scans 
were performed using a 64-slice CT scanner (Aquillion 64®; 
Toshiba, Tokyo, Japan). A non-enhanced CT was performed 
by retrospective ECG gating according to the following 
protocol; a tube voltage of 120 kV and tube current 200 mA 
using ECG-correlated tube current modulation. EAT volume 
was quantified by the sum of areas of EAT on cross‑sectional 
CT images from the root of coronary arteries to the apex using 
the volume analysis software tool of a workstation (18). In 
detail, the axial source image was traced on the pericardial 
sac manually from the left main trunk to the left ventricular 
apex. The 3‑dimentional image of the heart was constructed 
by totaling of these slices. Fat voxels were identified using 
the threshold attenuation values of -150 to -50 HU. The total 
volume was EAT as a result of the processing. The areas of 
SAT and VAT were determined by measuring a -150 to -50 HU 
areas using a modification of the method of CT scanning at the 
cross-sectional umbilical level (19).

Table II. Characteristics and biochemistry of study subjects before and after weight reduction therapy.

Variables Before  After  P-value

Age (years) 44.6±16.2  -
Male 8 (80%)  ‑
Weight loss duration (days) 44.1±27.6  -
Current smoker 5 (50%)  ‑
TC (mg/dl) 177.3±45.8 160.5±32.1 0.235
TG (mg/dl) 118.1±40.1 105.4±23.1 0.445
HDL‑C (mg/dl) 38.2±5.6 39.2±7.5 0.735
LDL‑C (mg/dl) 117.5±43.4 99.6±32.0 0.097
SBP (mmHg) 136.0±19.8 129.7±17.7 0.144
DBP (mmHg) 80.7±13.1 75.7±10.6 0.216
Heart rate (beats/min) 72.6±11.8 65.7±7.8 0.085
FPG (mg/dl) 112.5±35.4 98.4±18.4 0.234
HbA1c (JDS) (%) 6.9±1.3 6.2±0.7 0.084
Creatinine (mg/dl) 1.08±0.4 1.94±2.6 0.324
Uric acid (mg/dl) 7.6±2.4 6.5±1.5 0.100
Complications   
  CAD 2 (20%)  
  Renal dysfunction 3 (30%)  
Medications 5 (50%)  
  Diabetes excluding insulin
  Insulin supplementation 0 (0%)  
  Hypertension 9 (90%)  
  Dyslipidemia 3 (30%)  

Values are mean ± SD or n (%). The statistical differences were analyzed by the paired Student t‑test. TC, total cholesterol; TG, triglyceride; 
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic blood 
pressure; FPG, fasting plasma glucose; HbA1c, hemoglobin A1c; JDS, Japan Diabetes Society; CAD, coronary artery disease.
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Statistical analysis. Data in the text, tables, and figures 
are expressed as mean ± SD For gene expression analysis, 
differences were analyzed by unpaired Student t-test or 
Mann-Whitney U-test. For human imaging study, differences in 
continuous variables were analyzed by unpaired Student t-test. 
A t‑test with 95% confidence interval (CI) was used to calculate 
differences of EAT volume, VAT and SAT area, and weight, 
between baseline and after weight reduction. Reductions (%) 
in study parameters were presented by the proportions (%) of 
reduced values at the endpoints of program from the values 
before starting the program. Relations between the reductions 
among weights, EAT, VAT, and SAT were analyzed using 
correlation analysis with linear-regression analyses. These 
results are presented as coefficient of determination (r2), which 
indicates the percentage of variation in the dependent variable 
that can be explained by the independent variables, with the 
ranges of 95% CI. Statistical analyses were performed using 
PASW Statistics 18 (SPSS Inc., Chicago, IL, USA), and P<0.05 
was considered to indicate a statisticaly significant difference.

Results

Thermogenesis genes are increased in human autopsy EAT. 
In order to determine the expression of genes involved in 

the thermogenetic function of EAT, we first studied two 
genes essential for the thermogenic activity in brown/beige 
adipocytes, i.e., uncoupling protein (UCP)-1 and β3‑AR, and 
the expression of leptin, TNF-α and VEGF as representative 
genes involved in adipogenesis, inflammation, and angiogen-
esis, respectively, in 15 autopsy EAT and SAT samples (Fig. 1; 
Table I). The expression levels of UCP‑1 were significantly 
increased in EAT (Fig. 1A), and those of β3‑AR tended to 
be increased in EAT (Fig. 1B), compared with those of SAT, 
respectively. There were no significant differences between 
EAT and SAT in the expression of leptin (Fig. 1C) or TNF-α 
(Fig. 1D), and the expression of VEGF was significantly 
decreased in EAT, compared with that in SAT (Fig. 1E). These 
results suggested that the expression of genes essential for 
thermogenesis in brown/beige adipocytes was specifically 
induced in EAT relative to SAT.

Thermogenesis genes are reproducibly induced in mouse 
EAT. Because the heterogeneous pathological backgrounds in 
human autopsy samples may cause the increased expression of 
thermogenesis genes, we next analyzed the expression of the 
same genes in a mouse model, i.e., db/db mice (Fig. 2), because 
considerable amounts of EAT were observed under diabetic 
conditions in these animals (data not shown). Significantly, 

Figure 1. The levels of UCP-1 (A) β3‑AR (B) leptin (C) TNF‑α (D) and VEGF (E) in EAT or SAT from human autopsy samples. Each mRNA level was 
analyzed by reverse transcription-polymerase chain reaction, as described in Materials and Methods. The mRNA levels relative to 18S RNA levels were 
calculated, and expressed as the mean ± standard deviation (n=15). The statistical differences were analyzed by Mann‑Whitney U‑test. n.s., not significant; 
UCP, uncoupling protein; EAT, epicardial adipose tissue; SAT, subcutaneous adipose tissue; β3‑AR, β3‑adrenergic receptor.
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the levels of UCP-1 and β3‑AR were increased 16.6‑fold and 
15.2-fold over those in SAT, respectively (Fig.  2A and B). 
On the other hand, leptin expression levels were significantly 
decreased in EAT compared with those in SAT ((Fig.  2C). The 
TNF-α and VEGF levels were not different between EAT and 
SAT ((Fig.  2D and E). Thus, the increases of thermogenesis 

genes UCP-1 and β3‑AR, observed in the human autopsy EAT 
of various pathological backgrounds, were reproduced in an 
analogous mouse model.

Expression of thermogenesis genes is drastically induced 
in response to differentiation stimulation in MCs from 

Figure 3. The levels of mRNA for UCP‑1 (A) and β3‑AR (B) in MCs from EAT or SAT of a human autopsy sample. mRNA was prepared from the cells 
incubated with/without browning differentiation stimulation for 8 days, and each mRNA level was analyzed by reverse transcription-polymerase chain reac-
tion, as described in Materials and Methods. mRNA levels relative to 18S RNA levels were calculated and expressed as the mean ± standard deviation (n=3). 
The statistical differences were analyzed by the unpaired Student t-test. Pre EAT, MCs from EAT without differentiation stimulation; pre SAT, MCs from 
SAT without differentiation stimulation; brown EAT, MCs from EAT with browning differentiation stimulation; brown SAT, MCs from SAT with browning 
differentiation stimulation. n.s., not significant; UCP, uncoupling protein; MCs, mesenchymal cells; EAT, epicardial adipose tissue; SAT, subcutaneous adipose 
tissue; β3‑AR, β3‑adrenergic receptor.

Figure 2. The levels of UCP-1 (A) β3‑AR (B) leptin (C) TNF‑α (D) and VEGF (E) in EAT or SAT from a mouse model (db/db). Each mRNA level was analyzed 
by reverse transcription-polymerase chain reaction as described in Materials and Methods. The mRNA levels relative to 18S RNA levels were calculated and 
expressed as the mean ± standard deviation (n=5). The statistical differences were analyzed by Mann‑Whitney U‑test. n.s., not significant; UCP, uncoupling 
protein; EAT, epicardial adipose tissue; SAT, subcutaneous adipose tissue; β3‑AR, β3‑adrenergic receptor.
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human autopsy EAT. In order to reveal the mechanism by 
which the expression levels of thermogenesis genes were 
increased in the human autopsy and murine EAT samples, 
we studied the regulation of gene expression in response 
to the stimulation of differentiation to brown mature 
adipocytes in MCs prepared from human autopsy EAT and 
SAT samples (Fig. 3). The UCP-1 expression levels were 
drastically increased in MCs both from human EAT and 
SAT after differentiation stimulation when compared with 
those in undifferentiated MCs (Fig. 3A). The expression 
levels of UCP-1 in differentiated adipocytes from EAT 
were 3.2‑fold higher than those in SAT, whereas the levels 
in undifferentiated MCs were not significantly different 
between EAT and SAT. The β3‑AR expression levels were 
also increased in differentiated MCs, compared with those 
in undifferentiated MCs, both from EAT and SAT (Fig. 3B). 
Finally, the β3‑AR levels in EAT were 12.6‑fold higher than 
those in SAT, whereas the levels in undifferentiated MCs 
from EAT or SAT were not significantly different. These 
results indicate that the sensitivity change in response to the 
differentiation stimulations to mature brown adipocytes in 
MCs was much more pronounced in EAT than that in SAT, 
and thus, the different sensitivity of MCs may cause the 
differences in thermogenesis gene expression between EAT 
and SAT in humans.

The sensitivity of the reduction in accumulated EAT against 
weight reduction therapy is different from those in SAT in 
obese patients. In order to define the pathophysiological 
properties of human EAT in the clinical setting and 
considering the above characterized differential features of 
cultured cells, we performed a comparative MDCT imaging 
study in obese patients on a weight reduction program for 
the evaluation of changes in the volumes of EAT, and by CT 
in SAT and VAT. The 10 patients' (8 males and 2 females; 
44.6±16.2 years old) body weights at the beginning and at 
the end of the weight reduction (duration of therapy, 44.1 
±27.6 days) were 109.54±28.87 kg and 100.24±26.73 kg, 

respectively (Tables II and III). After completion of the 
therapy, in addition to body weight, values of SAT and 
VAT were also significantly decreased in the patients when 
compared to the values before therapy. However, the degrees 
of EAT were not significantly different before and after 
the therapy. The proportions of reductions in weights were 
clearly and positively correlated with those in SAT (r2=0.487, 
P=0.025) and VAT (r2=0.806, P<0.001), but not with those in 
EAT (r2=0.103, P=0.365) (Table IV). The reductions in EAT 
were not correlated with those in SAT (r2=0.259, P=0.133), 
nor with those in VAT (r2=0.158, P=0.256), whereas there was 
a clear positive correlation between SAT and VAT (r2=0.614, 
P=0.007) (Table V). These results, obtained from a multiple 
imaging study using CT, suggest that in obese patients the 
sensitivity of the accumulated EAT against weight reduction 
therapy by dietary calorie restriction with daily exercise is 
different from those in SAT and VAT.

Discussion

In the present study, we showed that the expression of 
thermogenesis genes is induced in human EAT, in comparison 
to those in SAT, in 15 autopsy samples, and that the specific 
changes in expression pattern was also observed in murine 
EAT. Furthermore, the enhanced expression in EAT relative 
to that in SAT was also clearly present in the human MCs 
prepared from an autopsy EAT sample after differentiation 
stimulation to brown adipocytes. Thus, human tissue and cell 
analyses revealed an increased expression of thermogenesis 
genes as a unique property of EAT. A subsequent CT-imaging 
study demonstrated that the volume changes in the EAT 
accumulation by weight reduction therapy was not related to 
the weight reduction itself, whereas those of SAT and VAT 
were clearly associated with the weight reduction in obese 
patients. These results obtained in tissues and cells, and 
by imaging, indicate that EAT is developmentally rich in 
brown/beige adipocytes in comparison to SAT, and suggest 
that these cellular characteristics may be involved in the 

Table III. Adipose tissues and weights of obese patients before and after weight reduction therapy and their reductions after 
therapy.

Variables Before (n=10) After (n=10) P-value

EAT (ml) 248.65±36.57 237.47±57.17 0.249
VAT (mm2) 190.93±74.78 153.91±72.70 0.001
SAT (mm2) 431.63±206.76 375.37±206.16 0.003
Body weight (kg) 109.54±28.87 100.24±26.73 <0.001
BMI (kg/m2) 38.75±9.36 35.45±8.65 <0.001
Reduction in weight (%) 8.43±3.19  
Reduction in BMI (%) 8.43±3.19  
Reduction in EAT (%) 5.49±12.86  
Reduction in VAT (%) 20.61±14.77  
Reduction in SAT (%) 15.58±11.48  

Values are mean ± SD The statistical differences were analyzed by the paired Student t-test. EAT, epicardial adipose tissue; VAT, visceral 
adipose tissue; SAT, subcutaneous adipose tissue; BMI, body mass index; reductions, reductions from baseline (%) which were calculated by 
the equation of (values before therapy - values after therapy)/(values before therapy) x100.



MIKAMO et al:  SUSCEPTIBILITIES OF EPICARDIAL ADIPOSE TISSUE 6549

unique sensitivity of EAT against weight reduction therapy, 
significantly different from other adipose tissues.

We have recently identified a key thermogenesis inhibitor, 
sLR11, which functions in maintaining the adequate balance 
between lipid storage and oxidation in response to changing 
environmental conditions (5). The deletion of LR11 in mice 
causes the ectopic appearance of beige/brown adipocytes 
in subcutaneous white adipose tissues associated with 
significantly enhanced expression levels of UCP-1 and 
β3‑AR. These changes were accompanied by a phenotype of 
increased cellular, and also systemic, energy expenditure in 
response to adrenergic stimulations in the ectopic beige/brown 
adipocytes (5). EAT has been reported to consist of a cluster 
of unique adipocytes among various fat tissues, the metabolic 
characteristics of which are increased lipolysis properties and 
β-adrenergic activities (7,8). Accumulating evidence using 
gene expression analyses of human tissues and animal models 
have shown enhanced expression of UCP-1 and β3‑AR in EAT, 
suggesting an increased activity of thermogenesis together with 
lipolysis in response to adrenergic stimulation (9,10). In this 
study, we have shown that the enhanced expression of UCP-1 
and β3‑AR in human‑autopsy and mouse EAT were manifest 
in MCs derived from a human autopsy EAT sample after 
stimulation of differentiation to brown adipocytes; notably, 
the enhancement after stimulation was clearly more evident in 
MCs derived from EAT than from SAT. These results from cell 
culture experiments may indicate a thermogenetic character in 
human EAT different from that of other fat tissues, at least 
from SAT. The EAT characteristics likely are based on the 
differences in the properties and/or numbers of precursor cells 
in the tissue, rather than on the cells' environmental conditions. 
Thus, the necessity for expanding these studies into analyses 
using other clones from human epicardial MCs is clearly 
indicated.

Another (patho-)physiological property which has been 
suggested by prior studies is the possibly different sensitivity 
of accumulated EAT to the weight reduction therapy in obese 
patients. However, the previous imaging studies have shown 
rather heterogeneous results concerning the associations 
of reductions in EAT with those in body weights, SAT, or 
VAT (20-23). One possible reason for these diverging results 
has been suggested to be the different imaging methodologies 

used for the measurement of EAT accumulations (20); previous 
studies have often quantitated EAT thickness before and after 
weight reduction therapy using echocardiography, and the 
volume using MDCT or magnetic resonance imaging (MRI) 
only at the beginning, and thus the associations of weight or 
other adipose tissue reduction with the EAT reduction have 
been proposed to be better determined using MDCT (20). 
Consequently, here we analyzed the volumes of EAT before 
and after weight reduction therapy using MDCT in 10 obese 
patients. The results showed that reductions in the accumula-
tion of EAT were not associated with those in weight or in 
SAT, whereas there were clear relationships between pairs 
of weight, SAT, and VAT, as previously reported (22,24,25). 
Thus, taken together, our results support the view that the 
response of EAT accumulation differs from that of those in 
SAT accumulation, possibly uncovering another unique EAT 
property in addition to the observed enhanced thermogenesis 
gene expression.

Limitations of the present study are that the 15 autopsy 
samples are principally of heterogeneous origin (Table I), 
although samples from cases treated with intensive adren-
ergic therapy were excluded (see Materials and Methods). 
Particularly, the MCs from EAT and SAT were successfully 
prepared only from an autopsy sample. In the imaging study, 
subjects were collected by a single institute, and thus the 
subject number for extensive analysis using multi-variable 
analyses was rather small. The methods for comparisons 
of factors might have to be re-evaluated, in addition to the 
evaluation using the reduction (%) in a future study, as the 
comparisons were performed between the volume of EAT 
(ml) and the areas (mm2) of SAT and VAT. Clearly, further 
studies using subjects with different characteristics (e.g., sex, 
age, BMI, and possibly, therapy program) would be helpful 
for the evaluation of the pathological significance of EAT in 
weight reduction therapy.

In conclusion, the present human tissue, cell, and imaging 
studies about EAT properties showed that the susceptibili-
ties of EAT for expression of browning-genes and diet- and 
exercise-induced volume reduction were different from those 
of SAT. Considering the insights gained from this study, 
EAT may be proposed to constitute a unique adipose tissue 
reflecting the pathological status of the metabolic homeostasis 

Table V. Correlations between pairs of reductions among EAT, 
SAT and VAT.

Variables r2 95% CI P‑value

EAT vs. VAT 0.158 ‑0.306~0.997 0.256
EAT vs. SAT 0.259 ‑0.216~1.356 0.133
VAT vs. SAT 0.614 0.356~1.659 0.007

Comparisons of reductions among adipose tissues were performed 
using correlation analysis with linear regression analysis. r2, 
coefficient of determination; CI, confidence interval; EAT, epicardial 
adipose tissue; VAT, visceral adipose tissue; SAT, subcutaneous 
adipose tissue; Reductions, Reductions from baseline (%) which 
were calculated by the equation of (values before therapy-values after 
therapy)/(values before therapy) x100.

Table IV. Comparisons of reductions in adipose tissues with 
weights after therapy.

Variables r2 95% CI P‑value

Reduction in EAT 0.103 ‑0.112~0.271 0.365
Reduction in VAT 0.806 0.116~0.272 <0.001
Reduction in SAT 0.487 0.032~0.356 0.025

Comparisons of reductions in adipose tissues with weights were 
performed using correlation analysis with linear regression analysis. r2, 
coefficient of determination; CI, confidence interval; EAT, epicardial 
adipose tissue; VAT, visceral adipose tissue; SAT, subcutaneous 
adipose tissue; reductions, reductions from baseline (%) which were 
calculated by the equation of (values before therapy-values after 
therapy)/(values before therapy) x100.



MOLECULAR MEDICINE REPORTS  17:  6542-6550,  20186550

of cardiac and/or cardiovascular cells, in addition to the 
systemic metabolism as observed in SAT and VAT.
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Objective: Restenosis after vascular intervention remains a major clinical problem. Circulating LR11 has
been shown a novel marker of intimal smooth muscle cell (SMC) proliferation in human and animal
studies. The present study was performed to clarify the clinical significance of circulating LR11 in patients
with stable angina pectoris after coronary stenting.
Methods and results: We firstly investigated the circulating sLR11 levels for 28 days after arterial injury in
mice, and then assessed time-dependent change in circulating sLR11 level after coronary stenting in a
clinical study. Mouse sLR11 levels rapidly increased to 4.0-fold of the control value without cuff place-
ment at postoperative day (POD) 14, and the levels gradually declined to 3.1-fold of the control value
until POD 28 in mice. The circulating soluble LR11 levels were measured (before and at 14, 60 and 240
days after coronary stenting in a clinical study of 102 consecutive patients with stable angina pectoris
who were treated with percutaneous coronary intervention. Circulating sLR11 levels were significantly
increased on days 14 and 60 after the procedure and positively associated with the angiographic late loss
index.
Conclusions: Our study suggested that circulating sLR11 levels may be a potential marker for angio-
graphic late loss in patients after coronary stenting. Further mechanistic studies are expected to know
the clinical significance of sLR11 as a novel marker for intimal SMC.

© 2014 Published by Elsevier Ireland Ltd.
1. Introduction

Percutaneous coronary intervention (PCI) has been widely
applied to treat coronary artery disease (CAD) and restenosis after
balloon angioplasty and stent implantation has been considered
the source of the most significant problem [1,2]. Although drug-
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eluting stents (DES) has dramatically reduced the rate of reste-
nosis and become widespread in clinical practice [3,4], restenosis
still arises after implantation with DES [5e7]. Therefore, the pre-
diction and prevention of restenosis remains a medical challenge.

Previous clinical and experimental studies have demonstrated
that restenosis mainly results from neointima formation triggered
by complex biological responses including inflammation, throm-
bosis, proliferation and extracellular matrix production [8]. Among
various factors, smoothmuscle cells (SMC) proliferation andmedia-
intima migration play central roles in neointima formation [9].
Therefore, understanding the mechanisms of SMC migration and
proliferation would help to identify novel molecular targets and
subsequently reduce restenosis.

LR11 belongs to the family of low-density lipoprotein (LDL) re-
ceptor and regulates the migration and proliferation of SMCs. We
have previously reported that LR11 is highly are expressed in
intimal SMCs in experimental animal models after arterial cuff
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injury [10,11]. LR11 is released from intimal SMC membrane by
proteolytic shedding and the soluble form of LR11 (sLR11) exerts
biological activity upon SMCmigration via complex formationwith
the urokinase-type plasminogen activator receptor (uPAR). The
binding of sLR11 activates the uPAR, a key regulator of cell migra-
tion through the integrin/focal adhesion kinase (FAK) pathways in
intimal SMCs [10,11]. sLR11 also enhances macrophage infiltration
in injured arteries through the activation of uPAR-mediated path-
ways [12].

We recently developed an ELISA system to measure circulating
levels of sLR11 using specific antibodies against LR11 [13]. Recent
clinical studies have shown that circulating sLR11 levels are asso-
ciated with carotid intima-medial thickening (IMT) or with the
atherosclerotic plaque burden of CAD [14,15]. However, time-
dependent changes in circulating sLR11 levels after vascular
injury have not been clarified, and therefore the clinical signifi-
cance of these values to the detection of neointima formation after
coronary stenting (restenosis) in patients with CAD has not yet
been elucidated.

We investigated the clinical significance of sLR11 to the detec-
tion of restenosis in patients after coronary stenting as follows.
Firstly, the time course of circulating sLR11 levels after arterial
injury was investigated in an experimental animal study. There-
after, we assessed time-dependent change of circulating sLR11
levels after coronary stenting, and clarified the relationship be-
tween circulating sLR11 level and angiographic restenosis in a
clinical study in patients with CAD.
2. Methods

2.1. Mouse cuff injury experiments

Twenty-week-old male mice underwent either cuff-placement
surgery or a sham-operation (control). The right femoral artery
was isolated from surrounding tissues, a polyethylene tube (2-mm
PE-90; BD) was opened longitudinally, placed loosely around the
artery, and then closed with sutures. These arteries were removed
from the mice 14 and 28 days later, perfused with PBS(�) followed
by 10% neutral buffered formalin at 100 mmHg. The tissues were
fixed in 10% neutral buffered formalin overnight, dehydrated and
embedded in paraffin for histological analysis. The middle
segment of the artery was cut into sub-serial, 5-mm cross-sections
at intervals of 50 mm and stained with Elastica van Gieson. The
areas of the intima and the media were measured using WinROOF
imaging analysis software (Mitani). The ratio of the intimal and
medial areas (IM ratio) was calculated to assess the degree of
intimal thickness.
2.2. Immunodetection of mouse serum sLR11

Serum (50 mL) was purified by RAP-GST affinity bead chroma-
tography (14). The upper limit of sLR11 concentration was 500 ng/
ml for the volume of affinity beads. Extracted sLR11 were all heated
at 95 �C for 5 min under reducing conditions, resolved by 10% SDS-
PAGE and blotted onto a nitrocellulose membrane. The membranes
were immersed in rabbit polyclonal antibodies against LR11 (A2-2-
3, 1:500 dilution) followed by peroxidase-conjugated anti-mouse
IgG. LR11 proteins were detected using ECL reagents (Amersham
Pharmacia) and signals were quantified by densitometric scanning
using NIH image™ software. Soluble LR11 levels in serum (50 mL)
from individual mice were determined in a blinded manner as the
averaged of three signal intensity values quantified in independent
assays and are expressed as fold increase relative to the value on
day 0.
2.3. Participants in the clinical study

We prospectively enrolled 109 patients with stable CAD that was
treated by scheduled first PCI using DES at Juntendo University Hos-
pital between August 2010 and March 2011 (mean age, 62.4 ± 12.7
years; males, 78%). Patients with acute coronary syndrome, previous
coronary revascularization,malignant disease, inflammatory disease,
and on hemodialysis were excluded from the study. Stable angina
pectoris (SAP) was defined as effort angina with a stable profile of
symptoms for at least threemonths before admission.All participants
provide written informed consent to enroll in the study which was
approved by our institutional internal review board and adhered to
the principles of Declaration of Helsinki.

2.4. Blood samples

Blood samples were withdrawn from all patients before un-
dergoing coronary angiography in the operating room (baseline)
and on days 14 (convalescent phase), 60 (hyperplasia phase), and
240 (chronic phase, at the time of follow-up angiography) there-
after. The samples were centrifuged at 1000 � g for 10 min and
serum samples were stored at �80 �C. Soluble LR11 (sLR11) was
measured using a sandwich enzyme-linked immunosorbent assay
(ELISA) with specific monoclonal antibodies directed against hu-
man LR11 that we established [13]. In brief, serum sLR11 was
immunologically identified as 250-kDa protein by SDS-PAGE, and
purified using a receptor-associated protein and monoclonal anti-
bodies that bind to intact sLR11 without prior purification. The
sLR11 immunoassay included a combination of M3 and M14 anti-
LR11 monoclonal antibodies. Other biochemical parameters were
measured using routine laboratory methods at our institution.

2.5. Angiographic measurements

Quantitative coronary angiography (QCA) was performed before
and immediately after intervention (post-procedure), and at
follow-up. Intracoronary isosorbide dinitrate was injected before
angiography. The minimum lumen diameter (MLD) and diameter
stenosis were measured within the stent and within 5 mm prox-
imal and distal to the stent. Acute gain was calculated as the dif-
ference between the MLD before and immediately after stenting.
Late lumen loss was calculated from the difference inMLD between
post-procedure and follow-up. Thereafter, we calculated the late
loss index, which is the ratio of late loss to acute gain [16,17] and
reflects the degree of late restenosis. Two investigators who were
blinded to the laboratory findings analyzed the data.

2.6. Statistical analysis

Experimental findings are shown as means and SD unless
indicated otherwise. A value of p < 0.05 was considered significant.
Serum sLR11 levels at each time point in injured and control mice
were compared using one-way analysis of variance (ANOVA).
Clinical results are expressed as means ± SD or as ratios (%) and
numbers for categorical data. The distribution of continuous vari-
ables was visually assessed from frequency histograms and from
the results of the KolmogoroveSmirnov test. Variations in circu-
lating sLR11 levels across each time point were assessed by a one-
way repeatedmeasures ANOVA and the Bonferroni test for multiple
comparisons. We developed a multivariable linear model including
the late loss index as an independent variable to assess an inde-
pendent relationship between circulating sLR11 and angiographic
restenosis. We included all the clinical and angiographic factors
shown in Tables 1 and 2 as potential independent variables. Vari-
ables with p < 0.15 in the univariable model were included in the



Table 1
Baseline patient characteristics.

Characteristics All (n ¼ 102)

Age (years) 65.5 ± 9.5
Male 82 (80.3)
BMI (kg/m2) 24.5 ± 3.3
Diabetes 50 (49.0)
Hypertension 81 (79.4)
Current smoking 31 (30.4)
TC (mg/dL) 164.9 ± 30.0
LDL-C (mg/dL) 90.2 ± 25.9
HDL-C (mg/dL) 46.1 ± 13.0
TG (mg/dL) 136.8 ± 73.0
FBG (mg/dL) 107.7 ± 29.2
HbA1c (mg/dL) 6.1 ± 1.1
eGFR 70.5 ± 18.4
hsCRP (mg/dL) 0.32 ± 0.91
Drugs
ACE inhibitors/ARBs 54 (52.9)
Statins 82 (80.4)
Calcium channel blockers 46 (45.1)
b-blockers 55 (53.9)

Data are expressed as number (percentage) unless otherwise specified.
Continuous variables were represented by mean ± SD.
Abbreviations: ACE, angiotensin converting enzyme; ARB, angiotensin
receptor blocker; BMI, body mass index; eGFR, estimated glomerular
filtration rate; FBG, fasting blood glucose; HbA1c, glycosylated hemo-
globin; HDL-C, high density lipoprotein-cholesterol; hsCRP, high-
sensitive C-reactive protein; LDL-C, low density lipoprotein-cholesterol;
TC, total cholesterol.
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multivariable model. All data were statistically analyzed using
JMP8.0 (SAS Institute Inc., Cary, NC, USA). P < 0.05 was considered
statistically significant.

3. Results

3.1. Circulating sLR11 levels after cuff injury in mice

The time course of serum sLR11 levels were analyzed in mice
after cuff injury (n¼ 5) or after a sham operation (control; n¼ 5) by
semi-quantitative assessment of densitometric measurement for
the immune-detectable signals specific for the sLR11 protein in
extracted by RAP-GST affinity chromatography using an antibody
against sLR11, A2-2-3 (14) (Fig. 1A). The averaged IM ratios of mice
Table 2
Angiographic findings.

Characteristics All (n ¼ 102)

Culprit vessel
RCA 21 (20.6)
LAD 52 (51.0)
LCX 21 (20.6)
LMT 8 (7.8)

Triple vessel disease 35 (34.3)
Type C 55 (53.9)
RLD (mm) 2.75 ± 0.42
MLD (mm) 0.46 ± 0.31
DS (%) 83.2 ± 10.7
Type of stent
EES 100 (98.0)
SES 1 (1.0)
PES 1 (1.0)

Stent diameter 2.95 ± 0.40
Length of stented segment (mm) 20.8 ± 5.7
MLD after procedure (mm) 2.62 ± 0.41
Late loss (mm) 0.29 ± 0.68
Loss index 0.12 ± 0.29

Continuous variables were represented by mean ± SD.
Abbreviations: RCA, right coronary artery; LAD, left anterior descending; LCX,
left circumflex branch; LMT, left main trunk; MLD, minimum lumen diameter;
DS, diameter stenosis; RLD, reference lumen diameter; EES, everolimus-eluting
stents; SES, sirolimus-eluting stents; PES, paclitaxel-eluting stents.
at postoperative day (POD) 14 and POD 28 were 0.28 ± 0.05 (n ¼ 5)
and 0.36 ± 0.11 (n ¼ 20), respectively. Serum sLR11 levels rapidly
increased to 4.0-fold of the control value without cuff placement at
postoperative day (POD) 14, and the levels gradually declined to
3.1-fold of the control value until 28 days in mice (Fig. 1B).

3.2. Patients’ characteristics

Among 109 patients, we enrolled 102 patients who had been
assessed by follow-up angiography in the present study. Among the
seven excluded patients, three declined to undergo follow-up
angiography, three were lost of follow-up and one moved from
the area. Table 1 shows the baseline clinical characteristics and
laboratory findings. The mean age was 65 ± 10 years, 80% of the
patients were men and 49% had diabetes. The mean low density
lipoprotein cholesterol (LDL-C) level was 90.2 ± 25.9 mg/dL Table 2
shows angiographic findings. Most patients were implanted with
Everolimus-eluting stents.

3.3. Time-dependent changes in circulating sLR11 levels and
association between circulating sLR11 and angiographic late
restenosis

A Fig. 2 shows time-dependent changes in circulating sLR11
levels. Circulating sLR11 level at day 14 and day 60 were signifi-
cantly higher than baseline (12.74 ± 3.52 ng/ml and
12.33 ± 3.60 ng/ml at day 60 vs. 10.35 ± 2.85 ng/mL, P < 0.001)
whereas at day 240 circulating sLR11 had decreased by day 240
almost to baseline (10.54 ± 2.72 ng/mL, P¼ 0.46 vs. baseline). There
was no significant correlation between baseline circulating sLR11
levels and angiographic late loss index (r ¼ 0.09, p ¼ 0.35). Circu-
lating sLR11 at day 240 along with stent diameter, type C lesions
and angiotensin-converting enzyme inhibitors/angiotensin recep-
tor blockers (ACE-I/ARB) were identified as independent variables
with P < 0.15 in the univariable model and were included in a
multivariable model. Multivariable linear regression model iden-
tified sLR11 level at day 240 as a significant independent variable
that correlated with the angiographic late loss index (P ¼ 0.0393,
Table 3).

4. Discussion

The above results analyzed in human studies together with
animal experiments suggested the clinical significance of sLR11 as a
novel marker possibly reflecting in the formation of neointima after
Fig. 1. Circulating LR11 in mice. A, Immunoblot of serum sLR11 protein in mouse at
postoperative days (POD) 4, 14, 18, 28 days after arterial injury (cuff) or sham treatment
(control). Serum sLR11 protein was immunologically detected at 250 kDa as previously
reported (14). B, Semi-quantitative circulating sLR11 levels in mice at 0POD 4, 14, 18, 28
days after arterial injury (solid circles) or sham treatment (open circles, n ¼ 5 per
group). *P < 0.05 vs. control at each time point.



Fig. 2. Time-dependent changes in circulating LR11 levels after percutaneous coronary
intervention in patients with stable coronary artery disease. Circulating sLR11 level at
day 14 and 60 were significantly higher than those at baseline (12.74 ± 3.52 and
12.33 ± 3.60 vs. 10.35 ± 2.85 ng/mL, P < 0.001) whereas those at day 240 decreased to
baseline (10.54 ± 2.72 ng/ml, P ¼ 0.46 vs. baseline).
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arterial injury. Firstly, animal experiments showed a significant
time-dependent variation in circulating sLR11 levels after arterial
injury comprising acute/subacute elevation and subsequent re-
covery toward baseline. Subsequently, clinical study showed time-
dependent changes in circulating sLR11 levels in CAD patients after
DES implantation. Notably, circulating sLR11 levels were signifi-
cantly and independently related to the late loss index at 240 days
after DES implantation. Thus, the human data together with animal
data revealed that hat circulating sLR11 levels transiently increased
after arterial injury and then returned to baseline. However, the
human study suggested that persistently high levels of circulating
sLR11 levels in the recovery (return) phase indicated enhanced
neointima formation in the arterial wall, possibly through activated
local LR11 expression after injury. Thus, the measurement of
circulating sLR11 could contribute to the evaluation of coronary
restenosis after DES implantation from the viewpoint of circulating
molecules derived from intimal SMC. Furthermore, modifying
time-dependent variations in sLR11 levels might have considerable
potential as targeting therapy.

Coronary atherosclerosis is generally treated by PCI but reste-
nosis continues to limit the long-term outcomes after PCI despite
advances in device technology. Many factors associated with
restenosis including inflammation, vascular remodeling and func-
tion have been evaluated as potential biomarkers of restenosis and
as therapeutic approaches to predict restenosis in clinical studies.
However clinical implication has not been fully elucidated and a
novel biomarker and/or molecular target are needed as predictors
and therapeutic targets [18]. Restenosis is mainly due to neointima
formation, which is primarily a result of vascular SMC proliferation
and migration. Several functional experimental studies have
demonstrated that some receptors belonging to the family of LDL
Table 3
Multivariate linear regression analysis for loss index.

Partial correlation coefficient 95% CI P Value

sLR11 at day 240 0.211 0.001 to 0.043 0.0393
Stent diameter 0.242 0.030 to 0.309 0.0178
Type C lesion 0.122 �0.046 to 0.182 0.24
ACE inhibitors/ARBs �0.177 �0.214 to 0.014 0.08

Abbreviations: ACE, angiotensin converting enzyme; ARB, angiotensin receptor
blocker; CI, confidential interval.
receptor regulate the migration and proliferation of SMCs [19,20].
In fact, we previously reported that LR11 is a potential novel
biomarker of SMCs that is abundantly expressed during intimal
formation inmousemodels of cuff-injury [10e12] Circulating sLR11
positively correlates with carotid IMT independently of classical
atherosclerotic risk factors and is significantly associated with the
severity of coronary artery disease [14,15]. In our human study,
significant time-dependent increases in circulating LR11 levels
were clearly observed after vascular injury, and notably there was a
positive correlation between circulating sLR11 and neointima
thickness in the clinical setting. The pathology of neointima for-
mation and maximal neointima lesions develop up to 28 days after
vascular injury have been evaluated in various animal experimental
models of restenosis [21e23]. Daniel et al. demonstrated that the
size of the neointima, determined as intima/media ratio, increased
over a period of four weeks after wire-induced dilatation of the
femoral artery in mice model [24]. An early peak in circulating LR11
levels (14 days after cuff injury) was observed in the course of the
drastic increase in I/M ratio after arterial injury in mice. Thus, these
experimental results suggested that time-dependent changes in
circulating LR11 levels of patients with stable CAD possibly reflect
the SMC proliferation and migration in thickened intima after PCI.
In this context, previous clinical studies have shown that angio-
graphic restenosis usually occurs within one and three months of
PCI [25,26]. We finally showed that circulating sLR11 is an inde-
pendent variable for the angiographic late loss index. Taken
together, our results suggest that variations in circulating sLR11
after arterial injury might reflect SMC proliferation in a local arte-
rial wall and consequently be a potential biomarker for restenosis
after DES implantation. However, some limitation are involved
when comparing the nature of the intima and the underlying
mechanisms involved in its formation between experimental
models and human with disease [27].

During restenosis after vascular intervention, the migration of
SMCs into sub-endothelial space is caused after the phenotypic
modulation in medial layer [28]. LR11 is important for the remod-
eling of injured arteries via angiotensin II-induced phenotypic
modulation in mice [14]. In mechanism underlying the phenotypic
modulation, LR11 particularly contributes to the acquisition of
enhanced migration activity through the activation of uPAR-
mediated downstream pathways. A pathological study of human
neointimal tissue after coronary intervention has demonstrated
phenotypic modulation of SMCs towards an immature state at early
phase and re differentiation >6 months after coronary interven-
tion; the time-dependent changes in circulating LR11 levels agree
with these findings [29]. We have also previously described the
inhibitory effect of anti-LR11 antibody on the intimal thickness of
cuff-injured arteries in mice [11]. LR11 might be a potential mo-
lecular target of restenosis to delay or prevent vascular SMC
migration. For example, stents eluting anti-LR11 antibody could
have clinical value.

Some limitations of the present study need to be acknowledged.
The quantitative measurements of serum sLR11 levels in animals
may not exactly compared with the results of human sLR11 using
established ELISA system. Second, the femoral and not the coronary
arteries were surgically injured and SMCs physiologically differ
between theses arteries. With respect to clinical study, firstly, this
was a single center investigation of a small patient cohort and thus
unknown confounding factors might have affected the results.
Further studies with a larger sample cohort are required to confirm
the results and to validate the clinical implication that LR11 could
serve as a biomarker of vascular injury after coronary intervention.
Blood sampling at the time points we specifiedmight not reflect the
natural course of a restenosis and thus requires further validation.
In addition, all patients were implanted with DES in the present
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study and the consequent inhibition of smooth muscle cell prolif-
eration might have affected circulating sLR11 levels. Several
experimental studies have found that statin and angiotensin II
type1 receptor blockers inhibit LR11 expression in SMCs [14,30] and
thus these drugs might have attenuated circulating LR11 levels.
Finally, we did not perform intravascular ultrasound (IVUS) which
might have generated more accurate information than QCA about
changes in vessel architecture after PCI.

5. Conclusions

Circulating sLR11 levels were significantly increased after injury
in mice and the levels were positively associated with angiographic
late loss in patients after coronary stenting. Further mechanistic
studies are expected to know the clinical significance of circulating
sLR11 as a novel marker for intimal SMCs.
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Objective: Coronary artery lesions (CALs) and a risk for early onset of atherosclerosis are major concerns
following Kawasaki disease (KD). Intimal smooth muscle cells (SMCs) have an important role in vascular
lesions in KD. It is known that soluble LR11 (sLR11) is a novel biomarker for vascular lesions and LR11 is
markedly expressed in intimal SMCs in atherosclerotic lesions. In this study, we hypothesized that sLR11
reflects the presence of vascular lesions late after KD.
Methods: Twenty-three age-matched controls (group 1) and 59 patients with a history of KD were
enrolled; 36 with KD had normal coronary arteries or regressed aneurysms (group 2), and 23 had CALs
(group 3).
Results: Serum sLR11 levels in group 3 (median, interquartile range (IQR): 11.1 ng/mL, 9.3e13.9 ng/mL)
were significantly higher than those in groups 1 (8.4 ng/mL, 7.1e10.2 ng/mL, p < 0.001) and 2 (9.0 ng/mL,
7.7e10.1 ng/mL, p < 0.01). Levels of sLR11 were positively correlated with levels of high-sensitivity
C-reactive protein (r ¼ 0.480, p < 0.01) and lipoprotein (a) (r ¼ 0.486, p < 0.01).
Conclusion: These findings suggest that sLR11 reflects the development of vascular lesions in patients
with serious CALs.

© 2015 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Kawasaki disease (KD) is an acute, self-limited generalized
systemic vasculitis, which develops most frequently around 1 year
of age. Over 40 years have passed since KD was first reported in
1967 [1]. The total number of patients with a history of KD is over
200,000 and almost half of the patients have reached adulthood in
Japan. Therefore, many patients are now managed by cardiovas-
cular internists. Coronary artery lesions (CALs), including aneu-
rysms, stenosis, and occlusion, are the most serious cause of
morbidity and mortality in patients with a history of KD. Coronary
aneurysms occur because of vasculitis in 20e25% of untreated
wasaki disease; hs-CRP, high-
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patients in the acute phase of KD [2,3]. Coronary artery aneurysms
sometimes progress to stenosis or occlusion because of intimal
thickening late after onset and may lead to myocardial infarction or
cardiac sudden death. Furthermore, the risk for early onset of
atherosclerosis is becoming a major concern in patients with a
history of KD. However, whether patients after KD may be at an
increased risk for atherosclerosis remains unclear.

We have previously reported that LR11, a member of the low-
density lipoprotein (LDL) receptor family, is markedly expressed
in intimal smooth muscle cells (SMCs) in atherosclerotic lesions,
and overexpression of LR11 enhances SMC migration through
activation of the urokinase-type plasminogen activator receptor
[4e6]. Recently, we showed that serum concentrations of the sol-
uble form of LR11 (sLR11) might be a useful biomarker for vascular
lesions, including atherosclerosis and coronary disease [7e9].
Intimal SMCs play an important role in development of CALs in KD,
as well as atherosclerotic lesions [2,3]. In this study, we tested the
hypothesis that sLR11 reflects late vascular lesions in patients with
KD.
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Table 1
Clinical characteristics of subgroups after kawasaki disease and control subjects

Group 1 Group 2 Group 3 P value

(n¼23) (n¼36) (n¼23)
Age at study (years) 10.2±1.2 9.3±0.9 10.9±1.2 0.527
Male/Female (%) 14/10 (58) 24/12 (67) 18/5 (78) 0.333
Age at KD (years) - 2.7±0.3 2.4±0.4 0.498
Interval (months) - 78.5±11.8 102.5±14.8 0.207
Heght (cm) 141.5±12.8 134.5±8.5 133.0±6.8 0.838
BW (kg) 36.6±8.1 34.0±5.1 34.4±4.3 0.995
BMI (kg/m2) 17.6±1.2 18.1±0.8 17.7±0.6 0.925
Medication 0 (0) 3 (8) 23 (100) <0.0001
CAG 0 (0) 12 (33) 23 (100) <0.0001
SBP (mmHg) 103.7±6.5 100.4±3.5 103.0±2.3 0.812
DBP (mmHg) 59.3±3.9 56.6±2.1 62.7±1.4 0.063
Tchol (mg/dL) 165.8±8.8 155.7±4.2 155.1±4.7 0.534
HDL-C (mg/dL) 60.5±4.6 57.2±2.2 54.2±2.4 0.426
LDL-C (mg/dL) 89.2±8.4 82.7±3.7 86.0±4.0 0.705
Tchol/HDL-C 2.7±0.2 2.8±0.1 2.9±0.1 0.714
Apo A1 (mg/dL) - 142.4±6.5 128.9±7.3 0.176
Apo A2 (mg/dL) - 30.9±1.5 27.9±1.7 0.213
Apo B (mg/dL) - 72.9±4.8 68.6±4.8 0.550
Apo B/Apo A1 - 0.53±0.04 0.54±0.04 0.867
lipoprotein(a) (mg/dL) 4.5±2.3 4.9±1.6 10.9±2.2 0.073

KD indicates Kawasaki disease; BW, body weight; BMI, body mass index; CAG,
coronary angiography; SBP, systolic blood pressure; DBP, diastolic blood pressure;
Tchol, total cholesterol; Apo, apolipoprotein. Values are mean±SEM (%).
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2. Methods

2.1. Patients

We enrolled patients who had had acute KD more than 12
months prior to the study enrollment. All of the patients fulfilled
the diagnostic criteria of KD during the acute phase. The patients
were seen at outpatient clinics in Niigata University Hospital, and
its three affiliated hospitals Saiseikai Niigata Daini Hospital, Tsur-
uoka Municipal Shonai Hospital, and Saiseikai Sanjo Hospital be-
tween April 2009 and December 2012. Fifty-nine KD patients and
23 age-matched controls were enrolled in this study. The KD pa-
tients were classified into two subgroups based on coronary
sequelae evaluated by echocardiography and/or coronary angiog-
raphy; group 1 (controls) consisted of 23 patients who had mild
arrhythmias or tiny congenital heart diseases without hemody-
namic abnormalities. Group 2 (n¼ 36) included thosewithout CALs
from the onset of KD, those with slight and transient dilatation
which subsided within 30 days from the onset of KD, and those
with regression of aneurysms. Group 3 (n¼ 23) included thosewith
CALs, including aneurysms, stenosis, and occlusion.

KD sequelae were defined as CALs persisting beyond 30 days
after onset. In all patients, echocardiograms were performed to
evaluate left ventricular function, valvular insufficiency, and prox-
imal coronary artery dimensions. Coronary artery aneurysms dur-
ing the acute phase were defined as follows on the basis of the
diagnostic criteria recommended by the Ministry of Health and
Welfare in Japan [10]: the internal diameter of the coronary artery
was 3 mm or greater in children aged < 5 years of age, the internal
diameter of the coronary arterywas 4mmor greater in children� 5
years of age, the internal diameter of a segment was 1.5 times or
greater the adjacent segment, and the lumen of the coronary artery
was clearly irregular. CALs in the long term included aneurysms,
stenosis and occlusion. This study was approved by the Institution
Ethics Review Board at Niigata University Graduate School of
Medical and Dental Sciences, and written informed consent was
obtained from all participants.

2.2. Laboratory measurements

Serum samples were obtained at an outpatient clinic or during
catheter angiography. We measured sLR11 levels and the following
markers associated with atherosclerotic risk: serum total choles-
terol (Tchol), high-density lipoprotein cholesterol (HDL-C), low-
density lipoprotein cholesterol (LDL-C), apolipoprotein (Apo) A1,
Apo A2, Apo B, lipoprotein (a), and high-sensitivity C-reactive
protein (hs-CRP) levels. Serum levels of Tchol, HDL-C, LDL-C, Apo
A1, Apo A2, and Apo B were measured in the local laboratory. Blood
samples were centrifuged after collection, and the supernatant was
frozen in polypropylene tubes and stored at �80 �C until use. Sol-
uble LR11 was measured using a sandwich enzyme-linked immu-
nosorbent assay (ELISA) [11]. Serum levels of lipoproteins were
measured using the latex agglutination method (Sekisui Medical,
Tokyo, Japan). Serum levels of hs-CRP were measured using
nephelometry (Siemens Healthcare Diagnostics, Tokyo, Japan).

2.3. Statistical analysis

Data in tables are shown as mean ± standard error of the mean
(SEM). To compare the differences in clinical characteristics be-
tween two or three groups, Student's t test or one-way analysis of
variance (ANOVA) was performed. Differences in proportions were
tested with c2 analysis. Because sLR11 and CRP levels had a skewed
distribution, data are shown as the median and interquartile range
(IQR). The KruskaleWallis test, followed by the SteeleDwass test
for multiple comparisons were used to assess the significance of
differences among three groups. Correlations were analyzed with
Pearson correlation coefficient analysis in KD patients. Differences
were considered significant when the p value was <0.05. All data
analyses were performed with JMP 9.0 for Windows software (SAS
institute Inc., Cary, NC, USA).

3. Results

3.1. Patients

Of the 59 KD patients, 52 had received various doses of intra-
venous immunoglobulin during the acute phase of the illness. In
addition, 32 of 36 patients in group 2, and 20 of 23 patients in group
3 had been treated with immunoglobulin therapy. The detailed
clinical characteristics of the study population are shown in Table 1.
There were no significant differences in age, gender, height, body
weight, and body mass index among the three groups. The mean
age at the onset of KD and the mean time from the onset were
similar between the two KD groups.

Three (8%) patients in group 2 took regular antiplatelet doses of
aspirin. All of the patients in group 3 received antiplatelet agents,
21 (91%) patients received antiplatelet dose of aspirin, one (4%)
received dipyridamole, and 14 (61%) received ticlopidine. Nine
(39%) patients in group 3 received warfarin.

Blood pressure, Tchol, HDL-C, and LDL-C levels were all within
normal limits in the two KD groups. There was a high tendency of
diastolic blood pressure in group 3 (p ¼ 0.063). Apo A1, A2, and B
levels were also all within normal limits and were not significantly
different between the two KD groups. Lipoprotein (a) levels tended
to be higher in group 3 (10.9 ± 2.2 mg/dL) than in group 1
(4.5 ± 2.3 mg/dL) and group 2 (4.9 ± 1.6 mg/dL) (p ¼ 0.073).

3.2. Levels of sLR11

Serum sLR11 levels in group 3 (median, IQR; 11.1 ng/mL,
9.3e13.9 ng/mL) were significantly higher than those in group 1
(8.4 ng/mL, 7.1e10.2 ng/mL, p < 0.001), and group 2 (9.0 ng/mL,
7.7e10.1 ng/mL, p < 0.01) (Fig. 1).



Fig. 1. The levels of soluble LR11 (sLR11) in the three groups. Serum sLR11 levels were
higher in Group 3 (median, interquartile range (IQR); 11.1 ng/mL, 9.3e13.9 ng/mL) than
in Groups 1 (8.4 ng/mL, 7.1e10.2 ng/mL, p < 0.001) and Group 2 (9.0 ng/mL,
7.7e10.1 ng/mL, p < 0.01). Group 1, controls; Group 2, Kawasaki disease (KD) patients
with normal coronary arteries and regressed aneurysms; Group 3, KD patients with
coronary artery lesions. Box plots show median, first and third quartiles, the bars show
minimum and maximum values.
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3.3. Levels of hs-CRP

Levels of hs-CRP in group 3 (median, IQR; 0.22 mg/L,
0.14e0.28 mg/L) were significantly higher than those in group 1
(0.08 mg/L, 0.05e0.14 mg/L, p ¼ 0.03), and group 2 (0.09 mg/L,
0.05e0.12 mg/L, p < 0.01).

3.4. Correlation between sLR11 and other markers

Serum sLR11 levels were positively correlated with hs-CRP
levels (r ¼ 0.480, p < 0.01, Fig. 2A) and lipoprotein (a) (r ¼ 0.486,
p < 0.01, Fig. 2B).
Fig. 2. (A) Correlation between high-sensitivity C-reactive protein (hs-CRP) and sol-
uble LR11 (sLR11) levels, (B). Correlation between lipoprotein (a) and soluble LR11
(sLR11) levels.
4. Discussion

The current study demonstrated that sLR11, a novel biomarker
for vascular lesions, is elevated in KD patients with CALs. Levels of
an inflammatory marker hs-CRP are also elevated in KD patients
with CALs, and levels of sLR11 and hs-CRP and lipoprotein (a) were
positively correlated. These results suggest that sLR11 reflects
remaining vascular lesions associated with smooth muscle cell
dysfunction and chronic inflammation and atherosclerosis in the
long-term follow-up of KD patients.

We have previously reported that LR11, a member of the LDL
receptor family, is markedly expressed in intimal SMCs in athero-
sclerotic lesions, but not medial SMCs [4]. Intimal SMCs play an
important role in the development of atherosclerosis. Medial SMCs
migrate into the intima under the influence of various stimuli from
infiltrating cells, including endothelial cells and macrophages. In
this process, SMCs change from a contractile to a synthetic
phenotype, lose vascular contractility, and are involved in the
development of atherosclerosis. In LR11 knockout mice, cuff-
induced intimal thickening of femoral arteries is decreased [8].
These studies suggest that LR11 plays an important role in medial-
to-intimal migration of SMCs in injured arteries and the develop-
ment of atherosclerotic plaques.

We recently demonstrated that serum sLR11 levels are posi-
tively correlated with intima-media thickness in patients with
dyslipidemia [8], are significantly elevated in patients with coro-
nary stenosis compared with those without stenosis [7], and are
significantly increased in those with acute coronary syndrome
compared with those with stable angina pectoris [9].

Similar to atherosclerotic lesions, intimal SMCs are involved in
vascular lesions of KD from the acute to the late phase. In the acute
phase of KD, medial SMCs migrate into the intima in response to
various cytokines, resulting in intimal thickening. Persistent CALs
and the potential risk for early onset of atherosclerosis are prob-
lems that occur late after KD. Regression of coronary aneurysms
often occurs within 1e2 years after illness onset in patients with
small- or moderate-sized aneurysms [3,12]. Pathological and
intravascular ultrasound studies of regressed coronary aneurysms
have demonstrated that this regressionmainly results frommarked
intimal thickening, but not complete normalization [13,14]. Coro-
nary artery stenosis is caused by intimal thickening, which usually
occurs in the inflow and outflow of aneurysms [2,3,15]. Further-
more, whether intimal SMCs that remain late after the onset of KD
causes vascular lesions or early onset of atherosclerosis in systemic
arteries is another concern [16].

The current study showed that serum sLR11 levels were posi-
tively correlated with hs-CRP levels. This finding is consistent with
our previous report [9] demonstrating that serum hs-CRP is the
most strongly correlated with serum sLR11 among various bio-
markers. In KD patients with CALs, endothelial dysfunction has
been demonstrated in several studies [17,18]. The relation between
sLR11 and hs-CRP and lipoprotein (a) levels in the current study
suggests that chronic inflammation and endothelial and smooth
muscle cell dysfunction may be closely related and involved in the
development of atherosclerosis late after KD.

Furthermore, LR11 is a potential novel therapeutic target. Recent
studies have demonstrated that statins, which are
hydroxymethylglutaryl-coenzyme A reductase inhibitors, prevent
cardiovascular events with or without dyslipidemia [19,20], and
reduce coronary plaque volume in patients with acute coronary
syndrome [21]. We have shown that pitavastatin, a member of the
statin family, inhibits the migratory activity of cultured intimal
SMCs, and reduces aortic plaques from hypercholesterolemic rab-
bits via suppression of LR11 expression [22,23]. Statin therapy also
improves vascular lesions late after KD [24,25]. These findings
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indicate that a portion of the effect of statin therapy in KD patients
with CALs may arise via suppression of LR11 expression. Further
studies of LR11 as a therapeutic target and application to KD pa-
tients are expected in the future.

In conclusion, our results are consistent with the hypothesis that
LR11 is associated with vascular lesions in patients late after KD.
Soluble LR11 is a marker that might be related to smooth muscle
cell and endothelial dysfunction, and chronic inflammation.
Therefore, sLR11 could serve as a useful marker reflecting the risk
for early onset of atherosclerosis in the long-term follow-up of KD
patients.
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ORIGINAL ARTICLE
Experimental Laminin 332 Mucous
Membrane Pemphigoid Critically Involves
C5aR1 and Reflects Clinical and
Immunopathological Characteristics
of the Human Disease

Eva Nina Heppe1,7, Sabrina Tofern1,7, Franziska S. Schulze1, Akira Ishiko2, Atsushi Shimizu2,
Christian Sina3, Detlef Zillikens4, Jörg Köhl5,6, Stephanie Goletz1 and Enno Schmidt1,4
Mucous membrane pemphigoid is an autoantibody-mediated disease predominantly affecting the oral cavity,
pharynx, and conjunctiva. Conjunctival lesions may lead to impaired vision and, finally, blindness. About 25%
of mucous membrane pemphigoid patients generate autoantibodies against the a3 chain of laminin 332
(LAMa3), a structural protein of epidermal/epithelial basement membranes. Here, we established a mouse
model by the passive transfer of rabbit IgG against the murine homologs of two immunodominant fragments in
adult C57BL/6 mice (mLAMa3). After repeated subcutaneous injections of anti-mLAMa3 IgG erosions and crusts
occurred predominantly around the snout, eyes, and on ears. Conjunctival and oral/pharyngeal lesions with
subepithelial splitting were found in 80% and 100% of mice, respectively. In contrast, disease development was
abrogated in FcRg chain-deficient mice and markedly reduced in C5aR1-deficient mice. Furthermore, wild-type
mice injected with anti-mLAMa3 F(ab0)2 were completely protected. Our findings suggest a crucial codominant
role of FcRg and complement activation of the anti-mLAMa3 IgG-induced mouse model of mucous membrane
pemphigoid. This model will help further discover the pathomechanisms of this devastating disease.
Furthermore, it may be of use to explore the effect of urgently needed more specific anti-inflammatory me-
diators on mucosal and skin lesions in autoantibody-mediated diseases.

Journal of Investigative Dermatology (2017) 137, 1709e1718; doi:10.1016/j.jid.2017.03.037
INTRODUCTION
Pemphigoid diseases are a heterogeneous group of proto-
typic autoantibody-mediated disorders (Schmidt and
Zillikens, 2013). Common features are the high morbidity,
the well-defined target antigens, and the lack of specific
anti-inflammatory therapies. Mucous membrane pemphi-
goid (MMP) is the second most frequent subepidermal
blistering disease, with an estimated incidence of
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about 1.3e2.0 per million per year in France and
Germany and a prevalence of 24.6 per million in 2014 in
Germany (Bernard et al., 1995; Bertram et al., 2009;
Hübner et al., 2016).
MMP has been defined as a disease with autoantibodies

against components of the dermal-epidermal junction (DEJ)
and predominant mucosal involvement (Chan et al., 2002).
In particular, conjunctival lesions are associated with an
enormous health burden since scar formation induces visual
impairment and, finally, blindness (Higgins et al., 2006).
About 75% of MMP patients generate autoantibodies against
BP180 (type XVII collagen) (Bernard et al., 1992; Oyama
et al., 2006; Schmidt et al., 2001). In 20e25% of patients,
autoantibodies target laminin 332, formerly termed laminin 5
and epiligrin (Bernard et al., 2013; Domloge-Hultsch et al.,
1992; Leverkus et al., 1999; Schmidt et al., 2001). In less than
5% of MMP patients, reactivity against a6 integrin, b4
integrin, and type VII collagen has been described (Schmidt
and Zillikens, 2013).
Anti-laminin 332 MMP may be associated with a solid

malignancy in about 30% of patients (Egan et al., 2001;
Leverkus et al., 1999), with more extensive disease
(Bernard et al., 2013), and with a higher frequency of oral
mucosa and skin involvement (Amber et al., 2016).

Laminin 332 is composed of the a3 (LAMa3), b3, and g2
chain encoded by three different genes, LAMA3, LAMB3, and
estigative Dermatology. This is an open access
-nc-nd/4.0/). www.jidonline.org 1709
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Figure 1. C57BL/6 mice injected with

anti-mLAMa3 IgG recapitulate major

clinical, histopathological, and

immunopathological findings of anti-

laminin 332 MMP. Rabbit IgG against

mLAMa3 was injected at a dose of 7.5

mg/mouse subcutaneously into the

neck of C57BL/6 mice (n ¼ 13) every

second day for 12 days. (aef) Mice

developed erosions and crusts (a)

around the eyes, (b) on the ears and

(d) snout, and on neck and feet (not

shown). Erosions and blisters were

seen on the (e) tongue, (f) oral

mucosa, and (c) pharynx. (g, j, m)

Histopathology of lesional biopsy

samples of ear skin, conjunctiva, and

buccal mucosa. Extensive

subepidermal splits and dense

infiltrate of inflammatory cells in the

upper dermis are seen (hematoxylin

and eosin staining). Arrowheads

indicate subepidermal splitting. Direct

immunofluorescence microscopy of

perilesional biopsy samples of (h, i)

ear skin, (k, l) conjunctiva, and (n, o)

buccal mucosa. Linear deposits of

(h, k, n) rabbit anti-mLAMa3 IgG and

(i, l, o) murine C3 along the basal

membrane zone are present. Scale

bars ¼ 50 mm. mLAMa3, murine a3
chain of laminin 332; MMP, mucous

membrane pemphigoid.
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LAMC2 (see Supplementary Figure S1a online). In most pa-
tients with anti-laminin 332 MMP, autoantibodies recognize
the a3 chain of laminin 332 (Kirtschig et al., 1995; Lazarova
et al., 2001). Laminin 332 is central for hemidesmosome
formation and interacts with BP180, type VII collagen, and
a6b4 integrin (Borradori and Sonnenberg, 1999; Hamill
et al., 2010). Its pivotal role in the integrity of basement
membranes is reflected by mutations in one of the three
genes resulting in junctional epidermolysis bullosa and by
autoantibody binding leading to anti-laminin 332 MMP
(Domloge-Hultsch et al., 1992; Fine et al., 2014).
Here, we describe a mouse model of anti-laminin 332

MMP that is based on the passive transfer of antibodies
against murine LAMa3 (mLAMa3) in adult C57BL/6 mice.
Journal of Investigative Dermatology (2017), Volume 137
This model reflects major clinical and immunopathological
characteristics of the human disease, that is, (i) severe oral
and pharyngeal lesions, (ii) conjunctival involvement, (iii)
linear deposits of IgG and C3 at the DEJ, (iv) subepidermal
split formation with a dense inflammatory infiltrate below the
DEJ by histopathology, and (v) splitting in the lower lamina
lucida by electron microscopy.

RESULTS AND DISCUSSION
Different animal models have been developed that reflect
major clinical and immunopathological characteristics of the
human diseases bullous pemphigoid (BP) (Liu et al., 1993;
Nishie et al., 2007; Schulze et al., 2014; Yamamoto
et al., 2002) and epidermolysis bullosa acquisita (EBA)



Figure 2. Disease activity correlates

with the amount of injected anti-

mLAMa3 IgG. (aed) The extent of (a)

skin and (c) conjunctival lesions and

(d) the cumulative disease score

analyzed during the entire experiment

are significantly higher when IgG at

doses of 6 mg/mouse (n ¼ 7) was

injected on days 0, 2, 4, 6, 8, and 10

compared with 3 mg/mouse (n ¼ 7)

and 1 mg/mouse (n ¼ 7). As control,

adult C57BL/6 mice (n ¼ 3) were

injected on the same days with IgG at

a dose of 6 mg/mouse. (b) Changes in

body weight reflecting the extent of

oral lesions were apparent but not

significant between the groups. Bars

represent the mean þ standard

deviation. One-way analysis of

variance, with Holm-Sidak posttest

when analysis of variance result was

significant. *P < 0.01, **P < 0.001,

***P < 0.0001. mLAMa3, murine a3
chain of laminin 332; n.s., not

significant.
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(Sitaru et al., 2006; Sitaru et al., 2005; Woodley et al., 2005).
However, the search of an animal model for MMP that mir-
rors major clinical features of the human disease, that is, a
variable inflammatory infiltrate in the upper dermis/mucosa
and involvement of the oral cavity, pharynx, and conjunctiva,
has intrigued researchers in the field for years.

Characterization of anti-mLAMAa3 IgG

Here, by epitope mapping of laminin 332 using sera of anti-
laminin 332 MMP patients (n ¼ 20) and various recombinant
forms covering the entire human LAMa3, we initially iden-
tified two immunodominant regions at the N- and C-terminus
of human LAMa3 (detailed in the Supplementary Materials
online, Supplementary Figure S1). LAMa3 is targeted by
most patients with anti-laminin 332 MMP, and the C-terminal
region has previously been reported as its immunodominant
target in anti-laminin 332 MMP (Kirtschig et al., 1995;
Lazarova et al., 2001).

Subsequently, we generated rabbit IgG against the recom-
binant murine homologs of the two immunodominant human
LAMa3 fragments (see Supplementary Figure S2b online).
Anti-mLAMa3 IgG recognized the recombinant mLAMa3
fragments by immunoblotting, bound along the dermal side of
murine salt-split skin by indirect immunofluorescence micro-
scopy, and labelled the interface of the lower lamina lucida
and the upper portion of the lamina densa by indirect immu-
nogold electron microscopy, as known for autoantibodies in
patients with anti-laminin 332 MMP (see Supplementary
Figure S2cee) (Domloge-Hultsch et al., 1994; Domloge-
Hultsch et al., 1992; Hsu et al., 1997; Kirtschig et al., 1995).

Transfer of anti-mLAMa3 IgG induces MMP-like clinical
lesions in adult mice

Repeated injections of anti-mLAMa3 IgG in adult C57BL/6
mice resulted in severe oral and pharyngeal blisters and
erosions as seen by endoscopy leading to considerable
weight loss (Figure 1c, 1e, 1f, and 1m). In addition, split
formation developed on the conjunctiva and esophagus
(Figure 1j, Supplementary Figure S4j) and, on the skin, lesions
appeared around the eyes and snout and on ears (Figure 1a,
1b, and 1d). Lesions around the eyes and snout are also seen
in the antibody transfer mouse models for EBA and BP;
however, they were more pronounced in our model (Schulze
et al., 2014; Sitaru et al., 2005). We speculate that the
expression of LAMa3 in these areas is particularly high. Like
in the models of EBA and BP, fur-covered body sites are less
frequently involved, most likely because of an increased
stability of the DEJ by the numerous hair follicles.
In human anti-laminin 332 MMP, oral involvement is

present in almost all patients and ocular and skin lesions in
about half of patients (Amber et al., 2016). The clinical pre-
sentation of the anti-laminin 332 mouse model established
here clearly differs from the previously described mouse
model, in which neonatal BALB/c mice developed sub-
epithelial lesions of skin and nasal and oral mucosa 24e48
hours after the injection of rabbit IgG generated against hu-
man laminin 332 (Lazarova et al., 1996). In this model, no
conjunctival lesions were reported and no inflammation was
seen by lesional histopathology, which is in sharp contrast to
the great majority of MMP patients. In contrast, subepithelial
blisters on conjunctiva and cornea, as well as eyelid changes
and periorbital hair loss, were reported after regional injec-
tion of rabbit anti-laminin 332 IgG in adult BALB/c mice
(Lazarova et al., 2007).
In addition, in previously described models of EBA and BP,

no conjunctival lesions were observed, and oral lesions were
mild or absent (Ishii et al., 2011; Liu et al., 1993; Nishie et al.,
2007; Schulze et al., 2014; Sitaru et al., 2005, 2006;
Woodley et al., 2005). The clinical differences in the latter
www.jidonline.org 1711
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Figure 3. Anti-mLAMa3 IgG-induced dermal-epidermal separation ex vivo depends on leukocytes. (aef) Rabbit serum generated against (b) mLAMa3 but not

(c) serum from a preimmune rabbit induces dermal-epidermal separation (arrowheads) when incubated with cryosections of murine skin in the presence of

leukocytes. (a) As positive control, rabbit serum raised against mBP180NC15A, the immunodominant epitope in bullous pemphigoid, was used. Without

incubation of leukocytes, dermal-epidermal separation cannot be induced by (d) anti-BP180 NC15A and (e) anti-mLAMa3 serum. (f) Preimmune rabbit serum

without leukocyte incubation was used as negative control. Hematoxylin and eosin staining. Scale bars ¼ 50 mm. mLAMa3, murine a3 chain of laminin 332.
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two models (Ishii et al., 2011; Liu et al., 1993; Nishie et al.,
2007; Schulze et al., 2014; Sitaru et al., 2005; 2006;
Woodley et al., 2005) might be explained by the different
expression of their target antigens.
We observed a dose-dependent induction of disease ac-

tivity, reflected by increasing skin and conjunctival lesions
and decreasing body weight in response to repeated in-
jections of 1 mg, 3 mg, and 6 mg anti-LAMa3 IgG
(Figure 2aed). Weight loss correlated with the extent of oral
involvement (R2 ¼ 0.679, P < 0.001) indicating that the
painful oral lesions lead to reduced food uptake (see
Supplementary Figure S3 online).

The mouse model reflects major histopathological and
immunopathological characteristics of human MMP

Immunopathologically, anti-mLAMa3, C3, and C5 were
localized along the basement membrane of murine skin and
various mucosal tissues including buccae, tongue, esophagus,
stomach, small intestine, colon, and bladder (Figure 1h, 1i, 1k,
1l, 1n, 1o, and Supplementary Figure S4 online; data for C5 not
shown). Linear deposits of C3 at the DEJ of perilesional skin
were found in 86% of patients with anti-laminin 332 MMP
(Amber et al., 2016). Electron microscopy showed splitting
within the lower lamina lucida, as in patientswith anti-laminin
332 MMP (see Supplementary Figure S5aed online).
Lesional histopathology showed subepidermal splitting

and a dense neutrophil-rich infiltrate below the basement
membrane zone in lesional skin, conjunctiva, and buccal
mucosa in nearly all anti-mLAMa3einjected mice (Figure 1g,
1j, and 1m). To a lesser extent, subepidermal split formation
was also seen in the tongue, esophagus, and bladder (see
Supplementary Figure S4a, S4d, and S4p). C3 depositions
were detected at the basal membrane zone of urothelia in 7
of 11 anti-mLAMa3etreated mice, with suburothelial split-
ting in 6 of these 7 animals (see Supplementary Figure S4p,
S4r). The lack of split formation in the stomach, small intes-
tine, and colon may be explained by the weaker depositions
Journal of Investigative Dermatology (2017), Volume 137
of IgG and/or C3 in these tissues or the different processes in
mucosal inflammation (see Supplementary Figure S4geo).

Immunohistochemistry of lesional skin biopsy samples
showed neutrophils as predominant inflammatory cells (24%
of inflammatory cells), followed by macrophages (21%) and
CD3-positive lymphocytes (13%) (see Supplementary
Figure S6 online).

In human anti-laminin 332 MMP, histopathology findings
are variable. However, most patients suffer from amoderate to
dense inflammatory infiltrate predominantly composed of
lymphocytes and neutrophils. In some patients, eosinophils
and plasma cells can also be found (Egan and Yancey, 2000;
Rose et al., 2009). Few patients with only a scant infiltrate
were also described. The only study that systematically
investigated the histopathology of anti-laminin 332 MMP pa-
tients concluded that this entity cannot be differentiated from
other pemphigoid diseases such as BP, EBA, and anti-p200
pemphigoid based on histopathology (Rose et al., 2009).

The histopathological findings in the present model are in
contrast to findings in the previously reported mouse model
of anti-laminin 332 pemphigoid (Lazarova et al., 1996,
2000a, 2000b; Lazarova et al., 1996). The subepidermal
splitting devoid of any inflammation was observed with IgG
from anti-laminin 332 MMP patients injected in human skin
grafted onto the back of SCID mice IgG antibodies and with
Fab fragments of rabbit anti-human laminin 332 IgG injected
in neonatal BALB/c mice (Lazarova et al., 2000a, 2000b).

IgG against both the middle and C-terminal regions of anti-
mLAMa3 is pathogenic

Repeated injections of IgG affinity purified against the C-
terminal and middle portions of mLAMa3, resulted in similar
disease activities (see Supplementary Figure S7 online). No
differences in the extent of skin, oral, and conjunctival le-
sions were noted (see Supplementary Figure S7aee). In line,
deposits of IgG and C3 at the DEJ were not significantly
different (Figure S7gei).These data indicate that pathogenic
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epitopes are not restricted to a specific region of mLAMa3. In
contrast, other target antigens in pemphigoid diseases such as
BP180 (type XVII collagen) in BPand type VII collagen in EBA
harbor well-defined immunodominant regions that mediate
the pathogenic effect of autoantibodies (Izumi et al., 2016;
Liu et al., 1995a; Nishie et al., 2007; Schmidt et al., 2000;
Sitaru et al., 2002b). This notion is supported by the
described finding that most anti-laminin 332 MMP patient
sera recognize multiple epitopes on LAMa3. Further studies
are needed to explore the pathogenic potential of antibodies
against mLAMa3 and mLAMa2.

The laminin 332 MMP model is FcRg dependent

The striking difference between previous models and the
model described here is also reflected by its FcRg dependence.
The effect of anti-mLAMa3 IgG to induce subepidermal split-
ting in cryosections ofmurine skin depended on the addition of
leukocytes from healthy volunteers and was abandoned when
the subsequent incubation of skin sectionswith leukocyteswas
omitted (Figure 3aef). In this model, subepidermal splitting
induced by anti-type VII collagen IgG in EBA has previously
been shown to be mediated by the release of reactive oxygen
species and matrix metalloproteinase 9 released from leuko-
cytes that had bound along the DEJ (Shimanovich et al., 2004;
Sitaru et al., 2002a).

Further, the strong correlation of the myeloperoxidase ac-
tivity in the ear skin of diseased mice with the extent of skin
lesions measured at day 12 (R2 ¼ 0.800, P < 0.001) also sug-
gests a pathogenic relevance of neutrophils in the anti-
mLAMa3 IgG-mediated tissue destruction (see Supplementary
Figure S8 online). Third, and most important, FcRg chain-
deficient mice injected with anti-mLAMa3 IgG did not
develop clinical disease, whereas strong labeling of IgG was
observed along the DEJ of skin and mucosal biopsy samples
(Figure 4). Fourth, subcutaneous injection of F(ab0)2 fragments
of anti-mLAMa3 IgG in the ears of C57BL/6mice did not result
in subepidermal splitting. An inflammatory dermal infiltrate
and skin lesions were absent, and staining at the DEJ was as
strong as after injection of anti-mLAMa3 IgG (Figure 4).

C5aR1 is critically involved in the pathophysiology of
experimental murine laminin 332 MMP

Because strong deposits of C3 and C5 were present along the
basal membrane zone of perilesional biopsy samples of skin
and various mucosal tissues (Figure 1i, 1l, 1o, and
Supplementary Figure S4; data for C5 not shown), we finally
aimed at exploring the pathophysiological relevance of
complement activation in this mouse model.
C5a is the most downstream product of the complement

cascade activated by all three complement pathways and is a
very powerful chemoattractant that guides neutrophils,
monocytes, and macrophages toward sites of complement
activation (Ricklin et al., 2010; Zhang et al., 2010). C5a can
bind to its two receptors C5aR1 and C5aR2 (previously
termed C5L2). Although C5aR1 triggers proinflammatory
signals, C5aR2 has more regulatory functions and may act as
a decoy receptor (Ricklin et al., 2010; Zhang et al., 2010).
We therefore decided to investigate the role of the key
proinflammatory C5aR1 in the pathophysiology of our anti-
laminin 332 MMP model.
C5aR1-deficient mice showed a significantly reduced dis-
ease activity (Figure 5). In C5aR1-deficient compared with
wild-type mice, the affected body surface area was 74%
lower (P < 0.001) (Figure 5b), the body weight score 96%
lower (Figure 5c), the conjunctival involvement 88% lower
(P < 0.0001) (Figure 5d), and the cumulative disease score
90% lower (P < 0.001; Figure 5e). Of note, microscopic
subepidermal blisters and a neutrophil-rich inflammatory
infiltrate, although less dense compared with those of wild-
type animals, was observed in six of eight C5aR1-deficient
mice (Figure 5g). These data are in line with the strong role
of C5aR1 in experimental models of two other pemphigoid
diseases, BP and EBA (Heimbach et al., 2011; Karsten et al.,
2012; Liu et al., 1995b).
The importance of the FcRg and, to a lesser extent, C5aR1

in the mouse model established here is in accordance with
the observed dense inflammatory infiltrate that may be
attracted via these receptors. In contrast, previous experi-
ments with neonatal C5-deficient DBA/2NCr mice subjected
to anti-human laminin 332 IgG resulted in the same disease
activity and the same extent of noninflammatory subepider-
mal blisters compared with wild-type mice (Lazarova et al.,
1996). Although the presence of conjunctival lesions and a
dense inflammatory infiltrate in the present model closely
reflect the human situation, the use of IgG against mLAMa3
and adult mice (instead of IgG against all subunits of human
laminin 332 and neonatal mice) may explain the clinical and
immunopathological differences between the two animal
models of anti-laminin 332 MMP.
In summary, anti-laminin 332 MMP is a prototypic organ-

specific autoantibody-mediated disease. The mouse model
described here mirrors major clinical and immunopatholog-
ical features of the human disease, that is, oral, pharyngeal,
esophageal, and conjunctival lesions; subepidermal blis-
tering with an inflammatory infiltrate below the basement
membrane zone; and deposits of IgG, C3, and C5 along the
basement membrane zone. The anti-laminin 332 MMP
mouse model will be helpful to further dissect the patho-
physiology of this disorder and explore the effect of more
specific anti-inflammatory mediators on mucosal and skin
lesions.

MATERIALS AND METHODS
Mice

C57BL/6, FcRge/e (B6;129P2-Fcer1gtm1Rav/J), and C5aR1e/e on

C57BL/6 background were bred and housed in a 12-hour light-dark

cycle at the animal facility of the University of Lübeck. All experi-

ments were performed on mice anesthetized by intraperitoneal

administration of a mixture of ketamine (100 mg/g) and xylazine (15

mg/g). Animal experiments were approved by the Animal Care and

Use Committee of Schleswig-Holstein (95-7/13, 40-3/15).

Epitope mapping of human LAMa3
Epitope mapping of human LAMa3 is discussed in the

Supplementary Materials (see Supplementary Figure S1,

Supplementary Table S1 online).

Expression and purification of murine LAMa3 fragments

Two fragments of the mLAMa3 (accession number NM_010680.1),

middle (1,002 base pairs, aa1656-1985) and C-terminal (1,740 base

pairs, aa2756-3330) portions, were generated and optimized for
www.jidonline.org 1713
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Figure 4. FcRg are essential in anti-mLAMa3 IgG-mediated tissue destruction. (a) Mice lacking the activating g chain of the FcR (FcRge/e) are completely

protected from the pathogenic effect of anti-mLAMa3 IgG. FcRge/e (n ¼ 8) and matched wild-type mice were injected with 5 mg mLAMa3 IgG (n ¼ 5) and
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expression in Escherichia coli (Thermo Fisher, Darmstadt Germany).

Middle and C-terminal mLAMa3 were each cloned into expression

vector pRSET_A_A185. Both fragments were expressed as His-fusion

proteins in E. coli and purified by metal affinity chromatography on

TALON superflow (Clontech, Palo Alto, CA). Protein concentrations

were measured with Coomassie Brilliant Blue stained SDS-PAGE,

using bovine serum albumin as the protein standard.

Rabbit IgG

New Zealand white rabbits were immunized with a mixture of re-

combinant His-tagged fragments middle and C-terminal mLAMa3
portions. Total rabbit IgG was purified by affinity chromatography

using protein G Sepharose (Genscript, Piscataway, NJ). Antigen-

specific IgG was purified using the recombinant fragments coupled

to NHS-activated Sepharose (GE Healthcare, Munich, Germany).

Anti-mLAMa3 F(ab0)2 fragments were generated by pepsin

digestion (Thermo Scientific, Rockford, IL) according to the manu-

facturer’s instructions and isolated by affinity chromatography using

protein G Sepharose. IgG fragments were screened by SDS-PAGE

under reduced and nonreduced conditions. F(ab’)2-fragments from

normal rabbit IgG were prepared similarly. Normal rabbit serum was

obtained from PAN-Biotech (Aidenbach, Germany). The recombi-

nant forms of mLAMa3, mid and c-term, were applied to affinity-

purify mid-specific and c-termespecific IgG from anti-mLAMa3
rabbit serum detailed in the Supplementary Materials.

Cryosection assay

The leukocyte-activating capacity of anti-mLAMa3 serum was

evaluated ex vivo on cryosections of murine skin, as reported pre-

viously (see Supplementary Materials) (Sitaru et al., 2002b).

Immunoblotting

Immunoblotting was performed as previously described (see

Supplementary Materials) (Schulze et al., 2014; Vafia et al., 2012).

Antibody transfer mouse model

Purified rabbit anti-mLAMa3 IgG or normal rabbit IgG was repeti-

tively injected subcutaneously into the neck of mice every second

day for 12 days (Figures 4a, 5a). IgG doses ranged between 1.0 and

7.5 mg/injection and are specified for each experiment in the

respective figure legends. Anti-mid and anti-c-term mLAMa3 IgG

was injected accordingly in doses with equal anti-DEJ titers of 0.5

(mid) and 1 mg/injection (c-term). On day 12, mice were killed, and

samples were taken for further analysis unless stated otherwise. The

scoring is detailed in the Supplementary Materials.
FcRge/e mice with 5 mg of NR IgG (n ¼ 3) on days 0, 2, 4, 6, 8, and 10 (arrowh

either FcRge/e mice injected with anti-mLAMa3 IgG and, as expected, FcRge/e m

(d) conjunctival involvement, and (e) the cumulative disease score during the co

seen between the FcRge/e mice and wild-type mice injected with anti-mLAMa3
FcRge/e control mice injected with NR IgG. (a) Two-way analysis of variance, bar

under the curve, bars show mean þ standard deviation, with Holm-Sidak postte

0.0001. (feh) Direct IF microscopy of perilesional skin biopsy samples taken on

junction in (g) FcRge/e mice and (f) wild-type mice injected with anti-mLAMa3
NR IgG. (i, j, l, mep) In contrast to ears of C57BL/6 mice injected with mLAMa3 I

n ¼ 3) do not show clinical and histopathological disease after 48 hours. Ears of

fragments (n ¼ 3) served as negative controls. (k, n) Direct IF microscopy of per

shows the same staining intensity in ears injected with mLAMa3 IgG F(ab0)2 fragm
of ear skin. When the disease course during the entire experiment was analyzed

with ears injected with mLAMa3 IgG F(ab0)2, NR IgG, and NR F(ab0)2 IgG, respe

with Holm-Sidak posttest when analysis of variance was significant). **P < 0.00

chain of laminin 332; NR, normal rabbit; n.s., not significant.

=

In the local antibody transfer model, 500 mg of IgG or 400 mg of

F(ab0)2-fragments (a roughly equimolar dose compared with the

intact IgG injections), were injected subcutaneously into the ear of

mice. 48 hours after injection the percentage of affected ear skin was

scored, and ear samples were taken for further analysis.

Endoscopy

High-resolution mouse endoscopy of the oral cavity was used

(HOPKINS Optik 64019BA; Karl StorzAidaVet, Tuttlingen, Germany)

to determine the extent of oral lesions.

Immunofluorescence microscopy and histopathology

Direct and indirect immunofluorescence microscopy and hema-

toxylin and eosin staining were performed according to standard

protocols described previously (see Supplementary Materials)

(Schulze et al., 2014; Vafia et al., 2012).

For immunostaining of infiltrating cells, cryosections of murine

skin biopsy samples were blocked with 3% bovine serum albumin in

Tris-buffered saline. All following washing steps were performed

three times for 5 minutes in phosphate buffered saline-Tween

(0.05% Tween). For staining of neutrophils, biotin anti-mouse Ly-6G

antibody (clone 1A8) with rat IgG 2ak (clone RTK2758) as isotype

control (1:400; Biolegend, Fell, Germany) were used. T cells were

stained with biotin anti-mouse CD3ε antibody (clone 145-2C11) and
biotin Armenian hamster IgG isotype control antibody (clone

HTK888; 1:100; Biolegend). For the visualization of macrophages/

monocytes, anti-mouse F4/80 antibody (Clone A3-1; 1:700; Bio-

Rad) and isotype IgG2b (Clone R12-3; 1:700; BD Pharmingen,

Heidelberg, Germany) were used with biotin goat anti-rat IgG

(1:800; Biolegend) as the secondary antibody. As a detection agent,

Daylight 594-conjungated streptavidin (1:200; Thermo Fisher) was

applied. Additional DAPI staining was performed for all sections.

Specimens were mounted in Fluoromount-G (Southern Biotech,

Birmingham, AL) and kept at e20 �C. Cell numbers were determined

by counting the specific cells in relation to DAPI-positive cells in

three visual fields with a field size of 115 mm2.

Electron microscopy

Indirect immunogold electron microscopy was performed to char-

acterize the exact binding site of rabbit anti-mLAMa3 serum in

normal murine skin as previously described (Ishiko et al., 1993).

Samples for transmission electron microscopy were taken from

lesional skin of mice injected with anti-mLAMa3 IgG. Fixed samples

were processed as described (Ishiko and Shimizu, 2001). Stained
eads). On all evaluated days (days 4, 8, and 11) no skin lesions were seen in

ice injected with NR IgG. (bee) When (b) skin lesions, (c) body weight score,

urse of the entire experiment were analyzed, significant differences were

IgG but not between the FcRge/e mice injected with anti-mLAMa3 IgG and

s show mean e standard deviation, (bee) one-way analysis of variance of area

st when analysis of variance was significant. *P < 0.01, **P < 0.001, ***P <

day 11 show the same extent of IgG staining along the dermal-epidermal

IgG. (h) As expected, no labeling is present in FcRge/e mice injected with

gG (500 mg, n ¼ 3), ears injected with mLAMa3 IgG F(ab0)2 fragments (400 mg,
C57BL/6 mice (n ¼ 3) injected with 500 mg of NR IgG and 400 mg NR F(ab0)2
ilesional biopsy samples of ear skin. IgG along the basal membrane zone

ents compared with ears injected with mLAMa3 IgG. (p) Clinical involvement

, ears injected with mLAMa3 IgG were significantly more affected compared

ctively (one-way analysis of variance, bars show mean þ standard deviation,

1. Scale bars ¼ 50 mm. IF, immunofluorescence; mLAMa3, murine a3
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Figure 5. C5aR1e/e mice injected

with anti-mLAMa3 IgG showed

reduced disease activity. (a) C5aR1e/e

(n ¼ 8) and wild-type mice (C57BL/6,

n ¼ 8) were injected subcutaneously

with 4 mg/mouse mLAMa3 IgG on

days 0, 2, 4, 6, 8, and 10. (a, b) In

C5aR1e/e mice, the affected body

surface area was significantly smaller

compared with wild-type mice both

(a) during the course of the disease

(two-way analysis of variance) and (b)

at the end of the experiment on day 12

(t test). (cee) When the disease course

during the entire experiment was

analyzed, C5aR1e/e mice also

showed (c) a significantly reduced

body weight score, (d) conjunctival

involvement, and (e) cumulative

disease score (all area under the

curve; all t test). Bars show (a) mean e

standard deviation and (bee) mean þ
standard deviation. **P < 0.001;

***P < 0.0001. (f, g) Hematoxylin and

eosin staining of (f) lesional ear skin of

wild-type and (g) C5aR1e/e mice.

Although subepidermal splitting

(arrowheads) was more pronounced

and the inflammatory dermal

infiltrate denser in the wild-type mice,

C5aR1e/e mice also showed clear

subepidermal splitting and infiltration

of neutrophils and macrophages in the

upper dermis. Scale bars ¼ 50 mm.

mLAMa3, murine a3 chain of laminin

332; n.s., not significant.
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sections were examined using an electron microscope (Model

JEOLJEM-1230; JEOL, Tokyo, Japan).

Neutrophil-specific myeloperoxidase activity

Neutrophil infiltration in murine skin was quantified by determina-

tion of myeloperoxidase activity in homogenized ear specimens as

described (Hammers et al., 2011). Myeloperoxidase content was
Journal of Investigative Dermatology (2017), Volume 137
expressed as units of MPO activity per milligram of protein. Protein

concentration was assessed using BCA assay (Thermo Scientific,

Rockford, IL).

Statistics

Differences in disease severity were determined by t test, one-way

analysis of variance, or two-way analysis of variance. For
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correlation analysis Pearson product moment correlation was

applied. Data are presented as mean � standard deviation. A P-

value less than 0.05 was considered statistically significant.
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CONCISE COMMUNICATION

Splice site mutation in COL7A1 resulting in aberrant in-frame
transcripts identified in a case of recessive dystrophic
epidermolysis bullosa, pretibial

Takuji MASUNAGA,1,2 Akiharu KUBO,1 Akira ISHIKO1,3

1Department of Dermatology, Keio University School of Medicine, 2Research Laboratories, KOS�E Corporation, 3Department of

Dermatology, School of Medicine, Faculty of Medicine, Toho University, Tokyo, Japan

ABSTRACT

Dystrophic epidermolysis bullosa (DEB), pretibial, a rare subtype of epidermolysis bullosa (EB), is characterized

by recurrent blisters and erosions predominantly on the pretibial region. We report the case of a 60-year-old

Japanese woman with persistent blistering eruptions and scar formation on the pretibial region and elbows.

Mutational analysis revealed a previously reported c.5797C>T mutation in exon 70 (p.R1933X) and a novel

c.6348+1G>A mutation in intron 76 of COL7A1. Reverse transcription polymerase chain reaction revealed that the

c.6348+1G>A mutation resulted in the skipping of exon 76 (69 bp) and the retention of intron 76 (75 bp), and both

transcripts were in-frame. From these results, we diagnosed the patient as having recessive DEB, pretibial. A

review of previously reported mutations in DEB, pretibial, revealed that one-third of DEB, pretibial, cases showed

a recessive inheritance pattern, and no case had a combination of premature termination codon (PTC)/PTC muta-

tions. The DEB, pretibial, case described herein is the first reported case of a compound heterozygote with PTC/

in-frame mutations. Although no special characteristic features of the mutations were identified, a high diversity

of COL7A1 mutations was shown even in DEB, pretibial.

Key words: basement membrane, blistering disease, genodermatosis, splice site mutation, type VII collagen.

INTRODUCTION

Epidermolysis bullosa (EB) is a genodermatosis characterized

by blister formation with minor mechanical stress. It is divided

into four major types, including dystrophic EB (DEB), which is

characterized by blister formation beneath the lamina densa.1

The pretibial type of DEB is a rare subtype of DEB that is char-

acterized by recurrent blisters and erosions predominantly on

the pretibial area. The causative gene of this subtype, as well

as several other subtypes of DEB, is COL7A1,1 which encodes

type VII collagen. Although the inheritance pattern of DEB,

pretibial, was first thought to be dominant, recessive DEB,

pretibial, has also been recognized.1 Herein, we report the

case of a patient with recessive DEB, pretibial, who was a

compound heterozygote with a splice site mutation and a non-

sense mutation in COL7A1, and we review the reported muta-

tions associated with this subtype.

CASE REPORT

The patient was a 60-year-old Japanese woman with persis-

tent blistering eruptions and scar formation mainly on the

pretibial regions (Fig. 1a). The calves and elbows were also

affected. The patient had noticed blister formation due to

minor mechanical stress and itchiness since the age of

approximately 20 years. There were many lichenoid papules

with small erosions and crusts on her lower legs, and depig-

mented atrophic scars with milia formation were observed on

her elbows and the lower legs. Dystrophic toenails were also

observed. No other family members, including her parents,

siblings, son, daughter or grandchildren, exhibited similar skin

lesions.

Immunofluorescence analysis using LH7.2 monoclonal anti-

body showed positive staining for type VII collagen (Fig. 1b) as

well as other basement membrane components along the epi-

dermal basement membrane (data not shown).

Direct nucleotide sequencing of DNA extracted from the

patient’s peripheral blood revealed two mutations in COL7A1:
c.5797C>T, which changed an arginine codon to a stop codon

(p.R1933X) in exon 70, and c.6348+1G>A in intron 76 (Fig. 1c,

d). We could not clarify whether the mutations derived from the

patient’s mother or father due to the unavailability of DNA sam-

ples from her parents. The c.6348+1G>A mutation occurred at

the consensus sequence of the splice donor site, which

strongly suggested that this mutation induces aberrant splicing.

Therefore, we obtained mRNA from the patient’s skin,
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constructed cDNA through reverse transcription of the mRNA,

and amplified the exons 73–81 of COL7A1 using the primers

50-GCCAGGAGAGAGGGGAGAAC-30 and 50-ATGACCACCCAC

TGGGCCAG-30. Sanger sequencing of the polymerase chain

reaction product showed three different splicing products

(Fig. 1e). Detailed analysis revealed that the c.6348+1G>A

mutation generated two aberrant transcripts due to the skip-

ping of exon 76 (69 bp) and the retention of intron 76 (75 bp),

resulting in an in-frame deletion and an in-frame insertion,

respectively (Fig. 1e,f). Sequencing of the reverse strand con-

firmed these aberrant splicing patterns.

From the clinical observations, immunofluorescent examina-

tion and mutational analysis, we diagnosed the patient as hav-

ing recessive DEB, pretibial.

DISCUSSION

Dystrophic EB, pretibial, is a rare subtype of DEB character-

ized by pretibial distribution of bullae, erosion and lichenoid

eruptions. In the present case, the eruptions were not fully

restricted to the pretibial region but were also observed on the

calves and elbows. Such distribution of extended lesions to

regions other than the pretibial have been reported in previous

cases of DEB, pretibial.2–5

Gene analysis revealed that the present patient was a com-

pound heterozygote with a premature termination codon (PTC)

mutation (p.R1933X) and a splice site mutation (c.6348+1G>A)

that generated two aberrant in-frame transcripts in COL7A1.
The p.R1933X mutation has already been reported to be a

(e)

ex73 ex74 ex75 ex76 ex77 ex78 ex79 ex80 ex81 ex82

Primer L Primer R

c.6348+1G>A 

ex75 ex76 ex77
normal

ex76 skip
(in-frame)

63 bp 69 bp 45 bp
75 bp

in76 retention
(in-frame)

198 bp

LH7.2

(d) c.6348+1G>A(c) p.R1933X

ex75 ex76

ex77 ex78

ex77

in76
ex78 ex79

(a)

(b)
(f)

ex76 in76

Figure 1. Clinical features, immunofluorescence examination and mutational analysis of the patient with dystrophic epidermolysis
bullosa, pretibial. (a) Recurrent blistering and scar formation were observed on the shins, calves and elbows. (b) Positive expression

of type VII collagen was observed at the epidermal basement membrane by immunofluorescence analysis using LH7.2 monoclonal

antibody. (c,d) Direct nucleotide sequencing of the patient’s genomic DNA revealed a c.5797C>T mutation (arrowhead) in exon 70

that was designated as p.R1933X, and a c.6348+1G>A mutation (arrowhead) in intron 76. (e) Direct nucleotide sequencing of cDNA
that was reverse transcribed from mRNA extracted from the patient’s skin. Detailed analysis of the sequence revealed that the

c.6348+1G>A mutation led to both skipping of exon 76 and retention of intron 76, shown in blue and red, respectively. (f) The con-

sequence of c.6348+1G>A occurred at the first nucleotide of intron 76. The transcript with the skipping of exon 76 (69 bp) led to an

in-frame deletion. The transcript with the retention of intron 76 (75 bp) led to an in-frame insertion. Thin arrows indicate the location
of primers. The length of each exon and intron is provided above the corresponding region on the map.
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recurrent mutation of recessive DEB, including the Hallopeau–

Siemens type, and a de novo p.R1933X mutation has also

been reported.6 In contrast, to the best of our knowledge, the

c.6348+1G>A splice site mutation has not been previously

reported, and the present study clarified that this mutation

resulted in transcripts with an in-frame insertion and deletion.

A molecular explanation of the present case is that regardless

of the PTC mutation in one allele, the other allele generated

aberrant transcripts that resulted in the production of a protein

with less than 1% change in the total amino acids; this protein

is presumed to be a somewhat hypofunctional type VII colla-

gen rather than a non-functional type VII collagen. As such, the

present case likely showed a phenotype of mild severity.

The previously reported COL7A1 mutations in DEB, pretibial,

are summarized in Figure 2.2–5,7–15 Both recessive and dominant

inheritance patterns have been observed in DEB, pretibial; one-

third of the reported cases showed a recessive inheritance pat-

tern while two-thirds showed a dominant inheritance pattern.

While c.3840delC mutation, previously identified in both Hallo-

peau–Siemens type and non-Hallopeau–Siemens type DEB, was

found in only two cases of DEB, pretibial, the COL7A1 mutations

was highly diverse in DEB, pretibial, as with other DEB subtypes.

Although no mutational characteristics that could explain the

specific phenotype of DEB, pretibial, were identified, the follow-

ing features of the mutations were noted. The mutations in

recessive cases were distributed throughout the entire type VII

collagen, from the N-terminus to the C-terminus. Although vari-

ous types of mutations were identified, including PTC, in-frame

and missense mutations, missense mutations comprised half of

the mutations, and the combination of PTC/PTC mutations was

not found. PTC mutations have been reported in four cases of

recessive DEB, pretibial, all of which were compound heterozy-

gotes with a missense mutation.2,7–10 However, our present case

was compound heterozygosity with a PTC mutation and an in-

frame mutation, and such a case has not been previously

reported in recessive DEB, pretibial. In contrast to the recessive

cases, the mutations in dominant cases were located in the C-

terminal half of COL7A1 and consisted mainly of glycine substi-

tution mutations. Some of these characteristic features of the

COL7A1 mutations that were noted for DEB, pretibial, were

already known for other subtypes of DEB. As the specific fea-

tures of COL7A1mutations in DEB, pretibial, remain unclear, fur-

ther studies on the mutations that cause DEB, pretibial, are

needed.

In conclusion, we clarified the molecular basis for the reces-

sive DEB, pretibial, in our case, and we identified some of the

characteristic features of COL7A1 mutations in DEB, pretibial.
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Non-pathogenic pemphigus foliaceus (PF) IgG acts synergistically with
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A B S T R A C T

Background: Pemphigus foliaceus (PF) is an autoimmune blistering disease caused by autoantibodies
(Abs) against desmoglein 1 (Dsg1). PF sera contain polyclonal Abs which are heterogeneous mixture of
both pathogenic and non-pathogenic Abs, as shown by isolation of monoclonal Abs (mAbs).
Objective: To investigate how pathogenic and non-pathogenic anti-Dsg1 Abs contribute to blister
formation in PF.
Methods: Using organ-cultured human skin, we compared the effect of a single pathogenic anti-Dsg1 IgG
mAb, a single non-pathogenic anti-Dsg1 IgG mAb, and their mixture on blister formation as analyzed by
histology, subcellular localization of IgG deposits and desmosomal proteins by confocal microscopy, and
desmosomal structure by electron microscopy. In addition, we measured keratinocyte adhesion by an in
vitro dissociation assay.
Results: 24 h after injection, a single pathogenic anti-Dsg1 IgG caused a subcorneal blister with IgG and
Dsg1 localized linearly on the cell surface of keratinocytes. A single non-pathogenic anti-Dsg1 IgG bound
linearly on the keratinocytes but did not induce blisters. A pathogenic and a non-pathogenic IgG mAb
injected together caused an aberrant granular pattern of IgG and Dsg1 in the lower epidermis with blister
formation in the superficial epidermis. Electron microscopy demonstrated that the mixture of mAbs
shortened desmosomal lengths more than a single mAb in the basal and spinous layers. Furthermore,
although Dsg1 clustering required both cross-linking of Dsg1 molecules by the non-pathogenic IgG plus a
pathogenic antibody, the latter could be in the form of a monovalent single chain variable fragment,
suggesting that loss of trans-interaction of Dsg1 is required for clustering. Finally, a p38MAPK inhibitor
blocked Dsg1 clustering. When pathogenic strength was measured by the dissociation assay, a mixture of
pathogenic and non-pathogenic IgG mAbs disrupted keratinocyte adhesion more than a single
pathogenic mAb. This pathogenic effect was only partially suppressed by the p38MAPK inhibitor.
Conclusion: These findings indicate that a polyclonal mixture of anti-Dsg1 IgG antibodies enhances
pathogenic activity for blister formation associated with p38MAPK-dependent Dsg1 clustering and that
not only pathogenic antibodies but also non-pathogenic antibodies coordinately contribute to blister
formation in PF.

© 2016 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights
reserved.

Abbreviations: Dsg, Desmoglein; PF, Pemphigus foliaceus; PV, Pemphigus vulgaris; Dsg1, Desmoglein 1; Dsg3, Desmoglein 3; Dsc, Desmocollin; PG, Plakoglobin;
p38MAPK, p38 mitogen-activated protein kinase; mAb, Monoclonal antibody; scFv, Single-chain variable fragment.
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1. Introduction

Pemphigus is an autoimmune blistering disease of skin and/or
mucous membranes characterized by the loss of intercellular
adhesion of keratinocytes, acantholysis, due to the binding of IgG
autoantibodies to desmogleins (Dsgs) [1]. Pemphigus consists of
two major subtypes, pemphigus foliaceus (PF) and pemphigus
vulgaris (PV), which are characterized by autoantibodies against
desmoglein 1 (Dsg1) and desmoglein 3 (Dsg3), respectively. PF
exhibits superficial blistering in the skin, while PV shows
suprabasilar blistering of the skin and mucous membranes. A
characteristic clinical finding of pemphigus is Nikolsky’s sign, in
which blisters can be induced in normal appearing skin by
applying mechanical shear force, reflecting the loss of cell adhesion
in the epidermis.

Dsgs and desmocollins (Dscs) are cadherin type adhesion
molecules located in desmosomes. Extracellularly, Dsgs comprise
four domains (EC1-4) which consist of cadherin repeats of
approximately 110 amino acids each, and juxtamembrane anchor
(EC5). Dsgs and Dscs are predicted to form homophilic (or perhaps
heterotypic with each other) trans-interactions via their EC1
domains or cis-interactions via their EC1 and EC2 domains [2].
Desmosomal cadherins are connected to keratin intermediate
filaments by cytoplasmic plaque proteins, including plakoglobin
(PG) and desmoplakin [3].

Two major mechanisms have been proposed for blister
formation in pemphigus. One is steric hindrance, in which
pathogenic autoantibodies induce the loss of cell adhesion by
directly interfering with the trans- or cis-interaction of Dsgs [4–8].
The other proposed pathologic mechanism is that autoantibodies
cause a cellular response, that includes internalization and
degradation of Dsgs, associated with intracellular signaling, such
as p38 mitogen-activated protein kinase (p38MAPK), Rho family
GTPase, protein kinase C and phospholipase C [9–13]. However, the
relative contribution of the two major mechanisms to loss of cell–
cell adhesion has not been determined. A recent study on PV
showed that polyclonal PV serum IgG induced p38MAPK-depen-
dent Dsg3 clustering on the cell surface that subsequently leads to
its endocytosis. On the other hand, a pathogenic monoclonal anti-
Dsg3 IgG, AK23, induced the loss of cell adhesion independently of
the p38MAPK pathway, possibly functioning through the steric
hindrance interfering with Dsg adhesion [14].

The mechanism for blister formation in PF is less well
understood. To better understand the pathogenesis of PF, we
previously isolated multiple anti-Dsg1 monoclonal antibodies
(mAbs) as single-chain variable fragment (scFv) from a PF patient
by phage display [15]. Out of 67 generated unique anti-Dsg1 scFv
mAbs, only two scFv mAbs showed the ability to induce blister
formation when injected into cultured skin and neonatal mice.
Therefore this data suggested that PF sera consisted of both
pathogenic and non-pathogenic antibodies against Dsg1. Analysis
of the strongly pathogenic anti-Dsg1 scFv mAb, 3–30/3 h (PF1-8-
15), revealed that it recognized the amino-terminal trans-adhesive

region of the EC1 domain of Dsg1, which defined a major
pathogenic epitope targeted by most PF sera [16] and caused
trans-interaction blocking.

However, several questions are still unsolved. It is unknown
how each anti-Dsg1 mAb contributes to blister formation under
polyclonal conditions in vivo. For example: Do non-pathogenic
anti-Dsg1 Abs have any role in blister formation? Is p38MAPK
signaling necessary for blister formation in PF? Do monoclonal and
polyclonal anti-Dsg1 Abs induce blisters by different mechanisms?

To assess these questions, we compared the effects of a single
anti-Dsg1 mAb and a mixture of anti-Dsg1 mAbs on blister
formation, subcellular localization of desmosomal molecules, and
desmosomal structural changes in a human skin organ culture and
primary keratinocyte. We found that a mixture of a pathogenic and
a non-pathogenic anti-Dsg1 IgG mAb induced Dsg1 clustering,
which enhanced the loss of cell adhesion compared to the
pathogenic antibody alone. Furthermore, a p38MAPK inhibitor
prevented Dsg1 clustering. Although the inhibitor did not prevent
blistering in the ex vivo injection assay, it did partially block the
loss of cell adhesion measured by the in vitro keratinocyte
dissociation assay. These findings indicated that a polyclonal
mixture of pathogenic and non-pathogenic anti-Dsg1 mAbs caused
p38MAPK-dependent Dsg1 clustering that was associated with
enhanced pathogenic activity beyond that of the single pathogenic
mAb.

2. Materials and methods

2.1. Preparation and purification of anti-Dsg1 scFv mAbs

We used two anti-Dsg1 scFv antibodies isolated from a PF
patient by phage display (Table 1). Soluble scFv mAbs were
produced in the Top10 F’ strain of E. coli (Invitrogen, Carlsbad, CA)
and purified by Talon metal affinity resin (Clontech, Mountain
View, CA) as previously described [15].

2.2. Generation of divalent IgG1 mAbs from cDNA encoding anti-Dsg1
scFv mAbs

Divalent IgG1 mAbs were generated from anti-Dsg1 scFv mAbs
as described previously [17]. The eukaryotic PIGG expression
vector was provided by Carlos Barbas (Scripps Research institute).
Primers used to subclone scFv mAbs into the PIGG vector are
shown in Supplemental Table 1. The variable region of the heavy
chain (VH) was amplified by PCR over PF mAbs, contained in the
scFv phagemid expression vector pComb3X. The PCR product was
subcloned into the SacI-ApaI site in the PIGG vector. The constant
region of the kappa light chain (CK) was amplified over PA-H6-HA-
TT vector which was provided by Donald Siegel (University of
Pennsylvania) as the PCR template for PF1-2-6 and PF1-2-22. The
constant region of the lambda light chain (CL) was amplified over
pIgG-E1M2 as the PCR template for PF1-8-15. The variable region
of the light chain (VL) was hybridized by overlap PCR using primers

Table 1
Epitope location, pathogenicity and antibody form of anti-Dsg1 monoclonal antibody.

Name of antibodya Epitope location of Dsg1 Antibody form

Pathogenic antibody PF1-8-15 (3-30/3h) Conformational epitope of
AA89-101 of EC1
(Putative trans-adhesive interface)

IgG and scFv

Non-pathogenic antibody PF1-2-6 (1-18/L12) Linear epitope of EC3 IgG and scFv
PF1-2-22 (1-08/O12O2) AA 1-161 of Dsg1 IgG

Abbreviations: Dsg1, desmoglein 1; PF, pemphigus foliaceus; EC, extracellular domain; AA, amino acid; scFv, single chain variable fragment.
a Antibody name in parenthesis is based on gene usage of heavy and light chain [15].
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shown in Supplemental Table 1 and subcloned in the HindIII-XbaI
site of the PIGG vector. All recombinant constructs were verified by
sequencing.

2.3. Production of IgG form of anti-Dsg1 mAbs

Transfection of generated anti-Dsg1 IgG mAb in PIGG vectors
was performed into 293FT cells (Invitrogen) using FUGENE6
transfection reagent (Promega, Madison, WI) according to the
standard protocol, using five 10 cm cell culture plates at
approximately 90% cell density and Dulbecco’s Modified Eagle’s
Medium (Wako, Osaka, Japan) plus 10% ultralow IgG fetal bovine
serum (Invitrogen) as harvest media. Expressed antibody was
harvested from the cell culture supernatant at 3 and 6 days. IgG
antibody was purified from the harvested media with protein A
agarose beads (GE Healthcare, Uppsala, Sweden). Samples were
dialyzed into phosphate buffered saline (PBS) (pH 7.4) and
concentrated to approximately 1 mg/ml using Amicon Ultra-4
(Merck Mllipore, Co.cork, Ireland). Antibody binding to Dsg1 was
confirmed by ELISA (MBL, Aichi, Japan) according to the
manufacturer’s protocols.

2.4. SDS-PAGE of anti-Dsg1 IgG mAb

Purified anti-Dsg1 IgG mAb was mixed in Laemmli sample
buffer (BIO-RAD, Alfred Nobel Drive Hercules, CA) with or without
b-mercaptoethanol (Wako, Osaka, Japan), then separated by SDS-
PAGE. Fractionated proteins were detected by coomassie brilliant
blue stain (ATTO, Tokyo, Japan). SDS-PAGE under reducing
conditions showed that purified IgG mAbs produced from the
scFvs exhibit two bands, with molecular weights corresponding to
the light and heavy chains of IgG. Under non-reduced conditions,
the purified IgG were detected as single band, with molecular
weight of the divalent IgG (Supplemental Fig. S1).

2.5. Human skin organ culture injection assay

Specimens were obtained from leftover normal skin after
excisional surgery after written informed consent. The specimens
were trimmed by removing fat tissue and cut into 5 mm diameter
pieces. Individual anti-Dsg1 IgG mAbs (50 mg) or a mixture of two
anti-Dsg1 IgG mAbs (50 mg each) or PBS as control were injected
from dermal side by using insulin syringe. In some experiments,
we used 25 mg of anti-Dsg1 scFv mAb to equalize the valency of
antigen-binding site between IgG and scFv. As molecular weight of
scFv is 37 kD and that of IgG is 146 kD, we calculated it by following
formula: Y(weight of scFv)/37 = [X(weight of IgG)/146] � 2. The
injected skin specimens were put on the insert of Transwells
(Corning, Tewksbury, MA) with defined keratinocyte-SFM medium
(Invitrogen) containing 1.2 mM CaCl2 in the outer compartment
and then cultured at 37 �C. After 22–24 h incubation, the skins were
harvested for histology after mechanical shear stress by slight
friction of epidermis and processed for immunofluorescence
staining and electron microscopy without mechanical stress. For
p38MAPK inhibition assay, we used SB202190 (Sigma-Aldrich, St.
Louis, MO), a highly selective, potent and cell permeable inhibitor
of p38MAPK. SB202190 bound to both the inactive and the active
forms of p38MAPK. Specimens were pretreated by intradermal
injection with 16.7 mg SB202190 or dimethyl sulfoxide (DMSO) as
control for 1.5 h at 37 �C. Pretreated skin specimens were injected
with a single anti-Dsg1 IgG mAb or a mixture of anti-Dsg1 IgG
mAbs together with 16.7 mg of SB202190 or PBS with DMSO as
control, then put on the insert of Transwells, and incubated with
the medium containing 1.2 mM CaCl2 and 100 mM SB202190 in the
outer compartment for 22–24 h at 37 �C. All experiments were
performed at least 3 times.

2.6. Immunofluorescence microscopy

Injected skin specimens without mechanical stress area were
frozen in OCT compound (SAKURA, Tokyo, Japan) by liquid nitrogen
and kept at �80 �C until use. Skin samples were sliced into 4 mm
sections. Skin specimens were blocked with Tris-bufferd saline
(TBS) containing 1% albumin from bovine serum and 1 mM CaCl2
for 30 min at room temperature, followed by incubation with
primary antibodies in blocking solution for 1 h at room tempera-
ture. After three time washes in TBS-Ca, the skin sections were
incubated with appropriated conjugated secondary antibodies
diluted 1:400 in the blocking solution for 1 h at room temperature.
The following mAbs were used for primary antibodies: a mouse
anti-Dsg1 mAb (27B2, 1:20 dilution, Abcam, Cambridge, UK), a
mouse anti-PG mAb (15F11, 1:1000 dilution, Sigma-Aldrich), a
mouse anti-Dsc1 mAb (U100, undiluted, PROGEN Biotechnik
GmbH, Heidelberg, Germany), and a mouse anti- Dsg3 mAb
(G194, undiluted, Acris Antibodies GmbH, Herford, Germany).
Double staining of deposited IgG and adhesion molecules was
performed with Alexa Fluor 488 anti-mouse IgG (Invitrogen) and
Alexa Fluor 594 anti-human IgG (Invitrogen) as secondary Abs.
Immunofluorescence was observed at �1000 magnification by
Nikon laser confocal microscope A1R (Nikon, Tokyo, Japan).

2.7. Cell culture and immunofluorescence studies

Primary keratinocytes (a gift from Ehime University) were
cultured on collagen-coated chamber slide (Iwaki Science prod-
ucts, Tokyo, Japan) in medium MCDB153 until 100% confluent. Cells
were changed to 0.5 mM calcium-containing medium for 24 h
before treatment with anti-Dsg1 mAbs. Individual anti-Dsg1 IgG
mAbs (50 mg/ml), individual anti-Dsg1 scFv mAbs (25 mg/ml), a
mixture of these mAbs or PBS as control were added to cell culture
medium. After 24 h incubation at 37 �C, cells were washed three
times with PBS(+), and then fixed in �20 �C methanol for 5 min and
processed for immunofluorescence indicated above. For p38MAPK
inhibition assay, cells were treated with 25 mM SB202190 or DMSO
as control 1.5 h prior to antibody addition. SB202190 remained in
the medium for the duration of the experiment. All experiments
were performed at least 3 times.

2.8. Electron microscopy

The injected skins without mechanical shear stress area were
fixed by 2.5% glutaraldehyde in 0.1 M phosphate buffer and post-
fixed in 1% osmiumtetroxide, then dehydrated and embedded in
epon resin. Ultrathin sections were cut into 80 nm and stained with
uranyl acetate and lead citrate and observed by JEL-1400C
transmission electron microscope (JEOL Ltd., Tokyo, Japan). To
analyze lengths of desmosomes, image pictures of ultrathin
sections were taken at the same magnification (�8000). About
one to two hundred of desmosomal length in the each layer was
averaged.

2.9. Modified dispase-based dissociation assay

We used a previously described in vitro dissociation assay with
some modifications [18]. Primary keratinocytes were cultured on
collagen-coated 12-well microplates (Iwaki) in medium MCDB153
until 100% confluent. Culture medium was changed to 0.5 mM
calcium-containing medium for 24 h before treatment with anti-
Dsg1 mAbs. Individual anti-Dsg1 IgG mAbs (50 mg/ml), individual
anti-Dsg1 scFv mAbs (25 mg/ml), a mixture of these mAbs or PBS as
control with AK23 (1 mg/ml) were added to each wells. After 24 h
incubation with these mAbs, the cells were rinsed with PBS (+)
twice and incubated with 300 ml dispase at 37 �C for 15 min.
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Released cell sheets were rinsed with PBS (+) three times and
pipetted five times by using a 1 ml pipette. Fragmented cell sheets
were fixed by adding 1 ml of 10% buffered formalin phosphate and
stained by crystal violet. Three pictures were taken and used for
counting the number of fragments manually. To inhibit p38MAPK
signaling, the cells were pretreated with 25 mM SB202190 or DMSO
as control for 1.5 h at 37 �C before adding anti-Dsg1 mAbs with
AK23. The inhibitor remained in the medium during the
experiment. We set the concentration of the inhibitor at which
Dsg1 clustering was not detectable by immunofluorescence
staining. Dissociation index were calculated from the number of
fragments (N) using following formula: N with anti-Dsg1 mAb +
AK23/N with PBS + AK23. All experiments were performed at least
3 times.

2.10. Statistical analysis

The data were analyzed by one-way analysis of variance
followed by Bonferroni correction (Fig. 2B) or Tukey’s method
(Figs. 5 B and 6 B) for multiple-group samples. Statistical
significance was presumed for p < 0.05.

3. Results

3.1. Production of pathogenic and non-pathogenic anti-Dsg1 IgG mAbs

We have previously cloned both pathogenic and non-patho-
genic anti-Dsg1 mAbs as scFv from lymphocytes of a PF patient by
phage display technique. ScFvs form antibody fragments that
express the monovalent antigen-binding site of the native

Fig. 1. A mixture of pathogenic and non-pathogenic IgG monoclonal antibodies (mAbs) induced clustering of desmoglein 1 (Dsg1) in the organ-cultured human skin. Each
individual mAb and a mixture of anti-Dsg1 IgG mAbs were injected into human skin specimens that were then cultured for 22–24 h. The skins were harvested for histology
after mechanical shear stress by slight friction of epidermis. Histology and direct immunofluorescence of IgG deposits and staining of Dsg1 were captured by confocal
microscopy. PF1-8-15 IgG (50 mg) caused superficial epidermal acantholysis (A), but PF1-2-6 IgG (50 mg) did not (E). Note that an individual injection of PF1-8-15 IgG or PF1-2-
6 IgG showed linear distribution of IgG and Dsg1 on the cell surface of keratinocytes (B–D, F–H), while the mixture injection of PF1-8-15 IgG (50 mg) and PF1-2-6 IgG (50 mg)
(PF1-8-15 IgG + PF1-2-6 IgG) showed aberrant granular IgG and Dsg1 distribution in the lower epidermis (J–L), in addition to superficial acantholytic blister (I). In PBS,
epidermal morphology and Dsg1 distribution were normal (M, O) with no detectable IgG deposition in the epidermis (N). Bar = 20 mm.
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immunoglobulin molecules. In order to analyze the mechanism of
blister formation in PF, the anti-Dsg1 scFvs were converted to
divalent full length IgG1 molecules using the PIGG vector [19].
Anti-Dsg1 IgG and scFv mAbs used in this study are shown in
Table 1. A pathogenic PF1-8-15 IgG mAb recognized a conforma-
tional epitope within amino acid 89–101 on the putative trans-
adhesive interface of the EC1 domain, which defines a major
pathogenic epitope targeted by most PF sera [16]. A non-
pathogenic PF1-2-6 IgG mAb recognized a linear epitope on EC3
and another non-pathogenic PF1-2-22 IgG mAb recognized amino
acid 1–161 of Dsg1 [15].

3.2. A mixture of pathogenic and non-pathogenic anti-Dsg1 IgG mAbs
induced clustering of Dsg1 in the lower epidermis

Previous several studies using PV sera or a mixture of anti-
Dsg3 mAbs reported that those Abs induced clustering and
endocytosis of Dsg3 [14,20]. In PF, several papers reported that PF
patients’ Nikolsky positive skin showed clustered deposition of
IgG and Dsg1 in the basal and spinous layers [21,22]. In this study,
we first analyzed the effects of pathogenic and non-pathogenic
anti-Dsg1 IgG mAbs on alterations of Dsg1 sublocalization and
IgG deposits. We used a human skin organ culture system to
reflect in vivo conditions. Excised human skin was injected with
three different patterns of mAbs; a pathogenic PF1-8-15 IgG
(50 mg), a non-pathogenic PF1-2-6 IgG (50 mg), a mixture of
pathogenic PF1-8-15 IgG (50 mg) and non-pathogenic PF1-2-6 IgG
(50 mg). We analyzed hematoxylin-eosin staining, direct immu-
nofluorescence (DIF) of IgG deposits and staining of Dsg1
captured by confocal microscopy. PF1-8-15 IgG injection caused
an acantholytic superficial blister (Fig. 1A). DIF showed PF1-8-15
IgG bound linearly on the cell surface of keratinocytes throughout
the epidermis (Fig. 1B) coincident with the Dsg1 distribution
(Fig. 1C, D). PF1-2-6 IgG did not cause acantholysis, as expected
(Fig. 1E). DIF of PF1-2-6 IgG and Dsg1 distribution also showed
coincident linear staining on the cell surface of keratinocytes
throughout the epidermis (Fig. 1F–H). On the other hand, the
mixture of PF1-8-15 IgG and PF1-2-6 IgG injection caused
superficial acantholysis (Fig. 1I) and revealed IgG and Dsg1
staining, mostly merged, with an aberrant granular pattern in the
lower epidermis in addition to the usual linear cell surface
staining elsewhere (Fig. 1J–L). At a longer incubation time of 36 h,
Dsg1 clustering was observed at whole layers of the skin injected
the mixture of PF1-8-15 IgG and PF1-2-6 IgG (Supplemental
Fig. 2). To exclude the possibility that the Dsg1 clustering was
resulted from excessive doses of PF IgG rather than the mixture,
we injected double doses of pathogenic PF1-8-15 IgG (100 ug) and
non-pathogenic PF1-2-6 IgG (100 ug). The single mAb injection
did not induce Dsg1 clustering (Supplemental Fig. 3). These
findings suggest that in PF, as has been shown in PV, clustering of
Dsg1 requires polyclonal anti-Dsg1 antibodies.

3.3. A mixture of pathogenic and non-pathogenic anti-Dsg1 IgG mAbs
causes more remarkable ultrastructural changes in the basal and
spinous layers than a single anti-Dsg1 IgG mAb injection

To evaluate the ultrastructure of cultured human skin injected
with anti-Dsg1 IgG mAbs, the Nikolsky positive non-blister area
was observed by electron microscopy. Each individual mAb and the
mixture of mAbs caused widening of intercellular space in the
basal and spinous layers, but not in the granular layer (Fig. 2A).
Fig. 2B shows the average desmosomal length in the different
layers of epidermis with the three different mAb conditions as well
as PBS as a control. The mixture of PF1-8-15 IgG and PF1-2-6 IgG
shortened the desmosomal length much more than PF1-8-15 IgG
or PF1-2-6 IgG alone in the basal and spinous layers. In the granular

layer, the desmosomal length in the skin injected with anti-Dsg1
mAbs was shorter than that with PBS. These findings suggested
that a mixture of anti-Dsg1 mAbs promoted ultrastractural
changes of desmosomes.

3.4. A mixture of pathogenic and non-pathogenic anti-Dsg1 IgG mAbs
injection induced clustering of Dsc1 and PG

To check the distribution of other desmosomal proteins in the
injected skin, we stained Dsc1, Dsg3 and PG (Fig. 2C). In the skin
injected with PF1-8-15 IgG or PF1-2-6 IgG alone, Dsc1, Dsg3 and PG
were distributed linearly on the cell surface of keratinocyte
throughout the epidermis. On the other hand, in the skin injected
with the mixture of PF1-8-15 IgG and PF1-2-6 IgG, Dsc1 and PG
were clustered in the lower epidermis similar to Dsg1 staining
while Dsg3 remained in the normal linear pattern. This data
showed that Dsg1 clustering was associated with alterations of the
sub-cellular localizations of Dsc1 and PG as well.

3.5. Dsg1 clustering is due to cross-linking of Dsg1 molecules by non-
pathogenic anti-Dsg1 IgG antibody only when trans-interaction of
Dsg1 molecules is blocked by a pathogenic anti-Dsg1 antibody

To test if Dsg1 clustering is due to cross-linking by IgG mAbs, we
compared the effects of the IgG (divalent) and scFv (monovalent)
forms of anti-Dsg1 mAbs. The correspondence between mAb
injections and Dsg1 clustering is shown in Table 2 and
representative microscopic findings are shown in Fig. 3 and
Supplemental Fig. 4A. The mixture of PF1-8-15 IgG and PF1-2-6 IgG
caused Dsg1 clustering (Fig. 3A). In contrast, when a mixture of
PF1-8-15 scFv and PF1-2-6 scFv was injected, Dsg1 clustering was
not observed although superficial blistering was induced (Fig. 3B).
A mixture of PF1-8-15 IgG with another non-pathogenic PF1-2-22
IgG also caused Dsg1 clustering (data not shown). Therefore,
divalent IgG was necessary to induce Dsg1 clustering, but not
blister formation. To further test which mAb was necessary for
Dsg1 clustering, we injected various combinations of IgG and scFv
forms of anti-Dsg1 mAbs. When a mixture of PF1-8-15 IgG and
PF1-2-6 scFv was injected, the Dsg1 clustering was not observed
(Fig. 3C). On the other hand, when a mixture of PF1-8-15 scFv and
PF1-2-6 IgG was injected, the Dsg1 clustering was observed
(Fig. 3D). These findings suggest that Dsg1 clustering is due to
cross-linking of Dsg1 molecules by non-pathogenic IgG mAbs.
When injected with a mixture of two different non-pathogenic
anti-Dsg1 IgG mAbs (PF1-2-6 IgG + PF1-2-22 IgG), Dsg1 clustering
was not observed (Fig. 3E). This suggests that blocking of trans-
interaction of Dsg1 molecules by a pathogenic anti-Dsg1 mAb is
also necessary for Dsg1 clustering.

3.6. Dsg1 clustering by anti-Dsg1 mAbs is p38MAPK dependent, but
not essential for blister formation in ex vivo

Several papers have demonstrated, with PV sera and PV anti-
Dsg3 mAbs, that p38MAPK signaling has a key role for blistering
through endocytosis and clustering of Dsg3 [12,14]. Moreover, it
has been reported that phosphorylation of p38MAPK was
increased in a PF patient’s skin and in PF-IgG injected mouse skin
[11,23]. Therefore, we used the p38MAPK inhibitor SB202190 to
determine if p38MAPK also plays a role in blistering associated
with clustering of Dsg1 in the human organ culture model (Fig. 4).
Treatment with SB202190 prevented Dsg1 clustering induced by
the mixture of PF1-8-15IgG and PF1-2-6 IgG. However, SB202190
did not prevent blister formation by either the mixture pattern or
PF1-8-15 IgG alone. This result suggests that Dsg1 clustering is
p38MAPK signaling dependent but not essential for blistering in ex
vivo.
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Fig. 2. A mixture of anti-desmoglein 1 (Dsg1) IgG monoclonal antibodies (mAbs) accelerated alteration of desmosomal morphology and desmosomal proteins in the lower
epidermis. A: Non-blister area of anti-Dsg1 IgG mAb injected human skin was observed by electron microscopy. Note that every mAbs injection pattern caused intercellular
space widening in the basal and spinous layers. Bar = 2.0 mm. B: Desmosomal length in the different layers of epidermis. Right and left arrow in the photo of the desmosome
represents the length of desmosome in the electron microscopy. The desmosomal lengths in every pattern injection of anti-Dsg1 IgG mAbs were shorter than those in PBS.
Especially, desmosomal length of the mixture injection (PF1-8-15 IgG + PF1-2-6 IgG) was shorter than PF1-8-15 IgG alone at the basal and spinous layers. Data are
mean � SEM. *p < 0.05, **p < 0.01. NS, not significant. C: Immunofluorescence staining of desmocollin 1 (Dsc1), desmoglein 3 (Dsg3) and plakiglobin (PG) in human skin
specimens injected with anti-Dsg1 IgG mAbs was captured by confocal microscopy. The mixture injection (PF1-8-15 IgG + PF1-2-6 IgG) induced clustering of Dsc1 and PG in
the lower epidermis, but individual anti-Dsg1 IgG mAb injection did not. Anti-Dsg1 IgG mAb injections did not affect Dsg3 distribution. Bar = 20 mm.
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3.7. A mixture of anti-Dsg1 IgG mAbs enhanced pathogenic activity for
the loss of cell adhesion in association with p38MAPK-dependent Dsg1
clustering

To further verify results of ex vivo injection assay, we analyzed
Dsg1 distribution and pathogenic strength by in vitro cultured
primary keratinocytes. Primary keratinocytes were incubated in

0.5 mM calcium-containing medium for 24 h to induce Dsg1
expression and then treated with individual anti-Dsg1 IgG mAbs,
individual anti-Dsg1 scFv mAbs or those antibody combinations.
To evaluate additional effects of non-pathogenic anti-Dsg1 mAbs,
we used same doses of PF1-8-15 IgG in both individual and mixture
patterns. As expected, the mixture of PF1-8-15 IgG (50 mg/ml) and
PF1-2-6 IgG (50 mg/ml) induced punctuated Dsg1 distribution, but
other individual anti-Dsg1 mAbs and a mixture of PF1-8-15 IgG
(50 mg/ml) and PF1-2-6 scFv (25 mg/ml) showed linear staining of
Dsg1 along cell borders (Fig. 5A). Next, we used a previously
described in vitro dissociation assay with some modifications to
compare the pathogenic strength of the anti-Dsg1 mAbs in a
quantitative manner [18]. For cell sheets to fragment in the
dissociation assay, adhesion of both Dsg3 and Dsg1 must be
blocked. Therefore, we incubated cells with anti-Dsg1 mAbs in the
presence of AK23, an anti-Dsg3 mAb which inhibits adhesion by
Dsg3, in each well. Addition of AK23 alone induced fragmentation
of the cell sheet at only minimum levels (leftmost panel in Fig. 5B).
Therefore, the number of fragments represents the pathogenic
strength of anti-Dsg1 mAbs. The average dissociation index is
shown in Fig. 5B and Supplemental Fig. 4B. The dissociation index
of IgG or scFv form of non-pathogenic PF1-2-6 was almost the

Fig. 3. Desmoglein 1 (Dsg1) clustering needed not only a pathogenic anti-Dsg1 antibody, but also cross-linking of Dsg1 molecules by a non-pathogenic anti-Dsg1 IgG
antibody. Immunofluorescence of Dsg1 staining of human skin injection assay is captured by confocal microscope. Schema show comparing the effect between IgG and single-
chain variable fragment (scFv) form of anti-Dsg1 monoclonal antibodies (mAbs). A: The mixture injection of PF1-8-15 IgG and PF1-2-6 IgG (PF1-8-15 IgG + PF1-2-6 IgG) caused
Dsg1 clustering and blistering. PF1-8-15 IgG disturbed trans-interaction of Dsg1 molecules. PF1-2-6 IgG caused cross-linking of Dsg1 molecules. B: The mixture injection of
PF1-8-15 scFv and PF1-2-6 scFv (PF1-8-15 scFv + PF1-2-6 scFv) did not cause Dsg1 clustering, but caused blistering. ScFv type antibodies could not cause cross-linking of Dsg1
molecules because they had only one antigen binding site. C: The mixture injection of PF1-8-15 IgG and PF1-2-6 scFv (PF1-8-15 IgG + PF1-2-6 scFv) did not cause Dsg1
clustering, but caused blisteing. PF1-8-15 IgG disturbed trans-interaction of Dsg1 molecules, but did not cause cross-linking of Dsg1 molecules. D: The mixture injection of
PF1-8-15 scFv and PF1-2-6 IgG (PF1-8-15 scFv + PF1-2-6 IgG) caused Dsg1 clustering and blistering. PF1-2-6 IgG caused cross-linking of Dsg1 molecules. E: The mixture
injection of two different non-pathogenic anti-Dsg1 IgG mAbs (PF1-2-6 IgG + PF1-2-22 IgG) did not cause Dsg1 clustering and blistering. Bar = 20 mm.

Table 2
Correspondence of antibody injection patterns and Dsg1 clustering.

Antibody injection patterns Dsg1 clustering

PF1-8-15 IgG �
PF1-2-6 IgG �
PF1-2-22 IgG �
PF1-8-15 IgG + PF1-2-6 IgG +
PF1-8-15 IgG + PF1-2-22 IgG +
PF1-8-15 scFv + PF1-2-6 IgG +
PF1-8-15 IgG + PF1-2-6 scFv �
PF1-8-15 scFv + PF1-2-6 scFv �
PF1-2-6 IgG + PF1-2-22 IgG �
PF1-8-15 IgG + PF1-2-6 IgG + PF1-2-22 IgG +

Abbreviations: Dsg1, desmoglein 1; PF, pemphigus foliaceus; scFv, single chain
variable fragment.
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same as that of control PBS as expected. The dissociation index of
the single PF1-8-15 IgG was almost 3 times higher than that of the
single PF1-2-6 IgG. The mixture of PF1-8-15 IgG (50 mg/ml) and
PF1-2-6 IgG (50 mg/ml) dissociated keratinocytes sheets more than
the single PF1-8-15 IgG (50 mg/ml), while the dissociation index of
the mixture of PF1-8-15 IgG (50 mg/ml) and PF1-2-6 scFv (25 mg/
ml) was almost the same as the single PF1-8-15 IgG (50 mg/ml).
This result suggests the addition of IgG form non-pathogenic anti-
Dsg1 Ab to pathogenic anti-Dsg1 Ab can accelerate the dissocia-
tion, which was correlated with the clustering of Dsg1.

To investigate to what extent p38MAPK signaling or p38MAPK-
dependent Dsg1 clustering contributes to loss of cell adhesion, we
treated the cells with the p38MAPK inhibitor SB202190. Immuno-
fluorescence staining showed SB202190 prevented Dsg1 clustering
caused by the mixture of anti-Dsg1 IgG mAbs, but did not affect
Dsg1 distribution in cells treated with the single anti-Dsg1 IgG
mAb (Fig. 6A). Next we performed the in vitro dissociation assay in
the presence or in the absence of p38MAPK inhibitor. Treatment of
SB202190 failed to prevent loss of adhesion in cells incubated with
the single PF1-8-15 IgG, indicating that PF1-8-15 IgG does not
require p38MAPK signaling to inhibit cell adhesion. On the other
hand, SB202190 partially prevented fragmentation of cell sheets
induced by the mixture of PF1-8-15 IgG and PF1-2-6 IgG (Fig. 6B).
Furthermore, dissociation index of the mixture pattern with
SB202190 was almost the same as that of the single PF1-8-15 IgG
with SB202190, suggesting that Dsg1 clustering induced additive
effect. These findings also indicated that p38MAPK-dependent
Dsg1 clustering enhanced the loss of cell adhesion, but it was not
required for blister formation.

4. Discussion

In this study, by comparing individual anti-Dsg1 IgG mAbs and a
mixture of anti-Dsg1 mAbs, mAbs, we found that a polyclonal
mixture enhances pathogenicity in PF. Importantly, non-patho-
genic mAbs, that do not induce blisters by themselves can enhance
pathogenic activity associated with clustering of Dsg1. However,
inhibition of p38MAPK-dependent Dsg1 clustering is not sufficient
to prevent blister formation, suggesting that p38MAPK- indepen-
dent mechanism, presumably trans-interaction blocking of Dsg1

molecules or other signaling pathways, may be a primary
mechanism of blister formation, and p38MAPK-dependent Dsg1
clustering has an additive effect in inducing pathology in PF.

The above studies were done in human skin organ culture, but
we confirmed in an in vitro dissociation assay, modified for
detection of pathogenicity of anti-Dsg1 Abs. Our findings are
consistent with some reports about PV autoantibody showing that
polyclonal conditions affect pathogenicity [24,25]. In trying to
determine how anti-Dsg1 mAbs interfered with cell adhesion, we
examined the major adhesion junction in keratinocytes, the
desmosome. We observed that the length of desmosomes was
predominantly shorter in the skin injected with the mixture of
anti-Dsg1 IgG mAbs than that with the single anti-Dsg1 IgG mAbs
in the basal and spinous layers of epidermis at the Nikolsky
positive non-blister area. This is consistent with the previous
finding that smaller desmosomes were seen at the basal and
spinous layer of Nikolsky positive PF patients’ skin [22]. In addition
to Dsg1 clustering, clustering of PG and Dsc1 was also observed in
the lower epidermis of the skin injected with the mixture of anti-
Dsg1 IgG mAbs. Those findings suggested that polyclonal condition
of PF IgG promotes desmosome disassembly and in turn augments
the loss of cell adhesion.

Dsg1 clustering was more clearly observed in the lower
epidermis where blisters in PF usually do not occur. The
desmosome structure change in electron microscopy and alter-
ation of sublocalization of desmosomal molecules were also more
prominent in the lower epidermis. The reason of the discrepancy is
not clear. One possible reason is that as IgG mAbs was injected at
dermis in organ-cultured human skin, the lower layers may shows
the earliest change after IgG antibodies bind Dsg1. The possibility is
supported by the finding that Dsg1 clustering was more evident in
whole layers of epidermis at incubation times more than 24 h
(Supplemental Fig. 2). It is possible that the desmosomal length in
granular layers may be shortened at these longer incubation times
as it has been reported that hypoplastic desmosomes were
observed in lesional skin in PF patients by electron microscopy
[26]. Or it may be possible that keratinocytes in lower epidermis
may be more susceptible to clustering by IgG binding as less
differentiated state compared to upper layers in epidermis.
Furthermore, the in vitro dissociation assay may reflect the

Fig. 4. The p38 mitogen-activated protein kinase (p38MAPK) inhibitor SB202190 prevented desmoglein 1 (Dsg1) clustering, but not blistering by a mixture of pathogenic and
non-pathogenic anti-Dsg1 IgG monoclonal antibodies (mAbs). Human skin specimens were pretreated with the p38MAPK inhibitor SB202190 or DMSO for 1.5 h. Pretreated
skins were injected anti-Dsg1 IgG mAbs with SB202190 or DMSO and cultured for 22 h. Histology and immunofluorescence of Dsg1 staining of confocal microscopy were
shown. SB202190 had no effect for Dsg1 distribution of individual anti-Dsg1 IgG mAb injected skin. On the other hand, SB202190 blocked the Dsg1 clustering induced by the
mixture injection (PF1-8-15 IgG + PF1-2-6 IgG), but could not block blistering caused by PF1-8-15 IgG and the mixture injection. Bar = 20 mm.
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strength of cell adhesion of whole layers because the cultured
keratinocytes contains both differentiated and undifferentiated
cells. Higher dissociation index by the mixture of anti-Dsg1 mAbs
may reflect weaker adhesion in the lower epidermis in addition to
upper epidermis.

Consistent with our results, Oktarina et al. reported that
purified IgG from PF serum but not Fab fragments induced
clustering in human organ culture skin [27]. In addition, similar
results have been reported in PV, in which a mixture of anti-Dsg3
IgG mAbs induced Dsg3 clustering in cultured keratinocytes [14].
We propose the mechanism and role of Dsg1 clustering as follows.
First, blockage of trans-interaction of Dsg1 molecules is necessary
for clustering. Second, the blocked Dsg1 molecules are cross-linked
by divalent anti-Dsg1 IgG. Finally, the clustering enhances the
pathogenic effect of antibodies.

Signaling pathways including p38MAPK have been studied in
PV pathogenesis. Studies using a p38MAPK inhibitor in PV have

suggested that p38MAPK signaling was linked to both Dsg3
endocytosis and the loss of keratinocyte adhesion in response to PV
IgG [12]. On the other hand, a recent study using PV mAbs
indicated that p38MAPK activation may not be essential for the
loss of cell adhesion in PV but may function downstream of
antibody binding to augment blistering via Dsg3 endocytosis [28].
Saito et al. showed p38MAPK signaling dependent and indepen-
dent mechanisms in PV blister formation [14].

Roles of p38MAPK in the pathogenesis for PF, as opposed to PV,
have not been well studied. In previous studies, phosphorylation of
p38MAPK was increased in a PF patient skin and PF-IgG injected
mouse skin [11,23]. Our study, for the first time, showed a
relationship between p38MAPK signaling and Dsg1 clustering.
Clustering of Dsg1 in response to the mixture of pathogenic and
non-pathogenic anti-Dsg1 IgG mAbs was prevented by treating
with SB202190. However, SB202190 was not sufficient to block
blister formation by the mixture of anti-Dsg1 IgG mAbs in the ex

Fig. 5. A mixture of pathogenic and non-pathogenic anti-desmoglein 1 (Dsg1) IgG monoclonal antibodies (mAbs) induced Dsg1 clustering which enhanced loss of cell
adhesion in primary keratinocytes. A: Immunofluorescence imaging of primary keratinocytes. Keratinocytes were incubated in 0.5 mM calcium-containing medium for 24 h
to induce Dsg1 expression and then treated anti-Dsg1 IgG mAbs for 24 h. Keratinocytes treated with the mixture of PF1-8-15 IgG and PF1-2-6 IgG (PF1-8-15 IgG + PF1-2-6 IgG)
showed Dsg1 clustering. Bar = 50 mm. B: Dissociation assay corresponding to the immunofluorescence imaging series (n = 6 per group). PF1-8-15 IgG + PF1-2-6 IgG showed
higher dissociation index than the mixture of PF1-8-15 IgG and PF1-2-6 scFv (PF1-8-15 IgG + PF1-2-6 scFv) or PF1-8-15 IgG alone. Photos show the fragments condition of each
well. Data are mean � SEM. *p < 0.05.
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vivo skin culture. In addition, SB202190 only partially reduced
fragmentation of cell sheets in the in vitro dissociation assay. These
findings indicated that p38MAPK-dependent Dsg1 clustering is not
essential for blister formation in PF. Furthermore, SB202190 could
not prevent blister formation in ex vivo skin culture or loss of cell
adhesion in vitro dissociation assay by the single pathogenic PF1-
8-15 IgG mAb. These findings indicate that the pathogenic mAb
may cause loss of cell adhesion by a p38MAPK-independent
mechanism, possibly by steric hindrance as mentioned in previous
PV studies [7,14] or other signaling pathways. Our data is
contradictory to a previous study using a passive transfer mouse
model with purified PF IgG, in which blister formation was blocked
by SB202190 [11] or a study using atomic force experiment that
purified IgG from two PF patients did not disrupt trans-adhesion of
Dsg1 [29]. The difference may be due to the source of IgG; a half-

and-half mixture of anti-Dsg1 IgG mAbs in our study and purified
PF IgG from sera in the previous studies, which should contain
pathogenic and non-pathogenic anti-Dsg1 IgG in various mixture
ratios among different PF patients. It may be possible that the
mixture ratio between pathogenic and non-pathogenic anti-Dsg1
IgG influences the pathogenicity. An alternative explanation is that
the difference of study design may affect the result.

In summary, our results suggest that, as in PV, in PF the
polyclonal nature of anti-Dsg1 antibody is a factor that influences
pathogenic activity in blister formation through p38MAPK-
dependent clustering of Dsg1. Not only pathogenic Abs but also
non-pathogenic Abs coordinately contribute to blister formation in
PF. However, at least one pathogenic antibody that directly
interferes cell adhesion may be necessary for the clustering and
blister formation.

Fig. 6. p38 mitogen-activated protein kinase (p38MAPK) inhibition prevented anti-desmoglein 1 (Dsg1) IgG monoclonal antibodies (mAbs) Dsg1 clustering, but not loss of
cell adhesion in vitro. A: Immunofluorescence imaging of primary keratinocytes with the p38MAPK inhibitor SB202190. Cells were pre-incubated with SB202190 for 1.5 h
followed by co-incubated with anit-Dsg1 IgG mAbs and SB202190 for 24 h. SB202190 prevented Dsg1 clustering induced by the mixture of PF1-8-15 IgG and PF1-2-6 IgG in
cultured primary keratinocytes. Bar = 50 mm. B: Dissociation assay with SB202190 corresponding to the immunofluorescence imaging series (n = 6 per group). SB202190 failed
to prevent loss of cell adhesion in keratinocytes incubated with the single PF1-8-15 IgG. On the other hand, SB202190 partially suppressed loss of cell adhesion in
keratinocytes incubated with the mixture of PF1-8-15 IgG and PF1-2-6 IgG. Dissociation index of the single PF1-8-15 IgG with SB202190 was almost the same as that of the
mixture of PF1-8-15 IgG and PF1-2-6 IgG with SB202190. Photos show the fragments condition of each well. Data are mean � SEM. *p < 0.05. NS, not significant.
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LETTER TO THE EDITOR

Alopecia developed in a transitional case from pemphigus
foliaceus to pemphigus vulgaris

Dear Editor,

Progressive hair loss has been repeatedly reported in pemphigus

vulgaris (PV).1–3 In contrast, only one case has been reported of

severe alopecia in pemphigus foliaceus (PF).4 We present a case

of a PF patient with hair loss due to a presence of a small amount

of anti-desmoglein (Dsg)3 antibodies.

A 62-year-old Japanese woman presented with flaccid

blisters and erosions on her trunk and upper extremities

(Fig. 1a). The oral mucous membrane surface was not

involved. A recombinant Dsg1/Dsg3 antigen-specific enzyme-

linked immunosorbent assay (ELISA) showed she possessed

anti-Dsg1 autoantibodies (index, 380; positive, >20), but not

(a)

(d) (f)

(g)

(i)

(e)

(j)

(h)

(b) (c)

Figure 1. (a) Clinical manifestation of blis-
ters on the patient’s trunk at initial visit.

(b) Histopathology of a biopsy showed

acantholysis in the superficial epidermis
(hematoxylin–eosin [HE], original magnifi-

cation 9400). (c) Direct immunofluores-

cence showed immunoglobulin (Ig)G

deposition on the cell surface of ker-
atinocytes (9400). (d) Clinical manifesta-

tion of hair loss on the patient’s head. (e)

Hairs with outer root sheath (ORS)

obtained from perilesional alopecia areas.
(f) Histopathology of a biopsy from a

lesional scalp showed superficial epider-

mal acantholysis at the epidermis and (g)

cleft in the ORS at the isthmus (arrows)
(HE, 9400). (h) The cleft was terminated

at the suprabulbar area (HE, 940). (i) Dou-

ble staining of IgG and desmoglein (Dsg)
at the isthmus of a scalp biopsy. IgG was

deposited in the outermost layer of ORS

keratinocytes where Dsg1 was not

expressed (*), but Dsg3 was distributed.
White line traces basement membrane

(9400). (j) Anti-Dsg3 antibody enzyme-

linked immunoassay (ELISA) index of this

case, a pemphigus vulgaris (PV) case and
a pemphigus foliaceus (PF) case at differ-

ent dilutions (positive, >20).
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anti-Dsg3 antibodies (index, 9; negative <7; positive, >20).

A skin biopsy showed superficial epidermis acantholysis and

immunoglobulin (Ig)G deposition on the cell surface of epider-

mal keratinocytes by direct immunofluorescence (Fig. 1b,c).

From these findings, we diagnosed this case as PF.

Treatment with 25 mg/day prednisolone improved the initial

affected area, however, hair loss with erythema, scales and

crusts had gradually spread on her head (Fig. 1d). Hairs with

outer root sheath (ORS) could be pulled out easily (Fig 1e). At

this point, the anti-Dsg1 and 3 antibody ELISA indexes were

720 and 12, respectively. Histopathology of lesional scalp skin

showed superficial epidermal acantholysis (Fig. 1f). In a hair

follicle, a cleft in the ORS was observed at the isthmus

(Fig. 1g). The suprabulbar and bulbar area remained intact

(Fig. 1h).

A previous published work reported that acantholysis was

observed in the ORS in a PV alopecia lesion.3 This PF patient

also showed acantholysis in the ORS. Therefore, we hypothe-

sized that this patient had anti-Dsg3 autoantibodies that

caused hair loss. In the human hair follicle, Dsg1 distributes

the ORS except at the outermost layer at the level of the isth-

mus. In contrast, Dsg3 is dominantly distributed in the outer-

most layer of the ORS.5 In this case, IgG was deposited

throughout the ORS layers. Notably, IgG was deposited in the

outermost layer of ORS where Dsg1 was not expressed but

Dsg3 was expressed (Fig. 1i), suggesting that this case may

have anti-Dsg3 autoantibodies. To confirm this, we performed

anti-Dsg3 antibody ELISA at different dilutions of 1:50, 1:20

and 1:10. The ELISA index of this case increased in a linear

fashion as PV serum increased (Fig. 1j). Those results sug-

gested that this patient had a small amount of anti-Dsg3 anti-

bodies which induced acantholysis in the ORS. Alternatively,

bacterial infection might have affected the lesion.

Hair loss resolved coincidentally with negative result of anti-

Dsg3 ELISA by treatment with 45 mg/day prednisolone and

50 mg/day azathioprine. Approximately 2 months later, her

scalp hair had almost completely regrown. However,

27 months later when prednisolone was tapered to 5 mg/day,

erosions were evident in the oral cavity with suprabasal acan-

tholysis in histology with elevated levels of anti-Dsg3 antibod-

ies (ELISA index, 419). Those clinical and pathological features

indicated that this patient showed transition from PF to PV. In

other words, hair loss was not the symptom of PF but that of

PV, the phenotype of which became apparent more than

2 years later.
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count should be monitored weekly (at least for 8 weeks) after

AZA administration.
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Junctional epidermolysis bullosa without pyloric atresia due
to a homozygous missense mutation in ITGB4

Dear Editor,

Loss of b4 integrin expression causes junctional epidermolysis

bullosa (JEB) with pyloric atresia (PA). Herein, we present a

JEB without PA associated with decreasing b4 integrin expres-

sion and a homozygous missense mutation in ITGB4.
A 61-year-old Japanese woman presented for assessment

of skin fragility from childhood and hair loss from infancy. Her

deceased parents were cousins, and she had no other living

siblings. Her parents, siblings and her two children had no his-

tory of blistering skin disorders or upper gastrointestinal disor-

ders. On initial visit, she had a few flaccid blisters on her face

and scalp (Fig. 1a,b). The occipital and temporal areas showed

diffuse alopecia (Fig. 1b). She had only four residual teeth in

her mouth, atrophic brown pigmented scars on the shins

(Fig. 1c) and toenail dystrophy (Fig. 1d).

Histopathology showed subepidermal blister with mild lym-

phocytic infiltration in the dermis (Fig. 1e). Immunoreactivity to

b4 integrin (3E1) was distinctly reduced in the patient (Fig. 1f),

whereas a6 integrin (GOH3), laminin-332 (Fig. 1f), type XVII col-

lagen, BP230, plectin and type VII collagen were not. Electron

microscopy (EM) revealed blister formation within the lamina

lucida (Fig. 1g). The hemidesmosomes were hypoplastic with

thin attachment plaque. The EM findings and the clinical mani-

festations were consistent with JEB. However, the patient had

unusual clinical features, such as mild blister formations and

the lack of PA, despite decreasing b4 integrin expression.

Mutation analysis identified a novel homozygous G-to-C

substitution at the nucleotide position 2339 (c.2339G>C,

p.Arg780Pro) in ITGB4 (Fig. 1h). This codon is widely

conserved among vertebrates and not identified as a variation

in the Kyoto Human Gene Variation Database (KHGVD).

LAMA3, which may responsible for JEB, had a heterozygous

missense mutation (c.6499G>A, p.Glu2167Lys). The mutation

was not identified in the KHGVD, but did not reduce

immunoreactivity to laminin-332. The other genes relating to

JEB (ITGA6, LAMB3, LAMC2 or COL17A1) had only single

nucleotide polymorphisms. Based on these findings, we diag-

nosed the patient as JEB without PA due to the homozygous

missense mutation in ITGB4.
Complete deficiency of b4 integrin induces a severe form of

JEB with PA without expression of both a6 and b4 integrins.

However, decrease in b4 integrin expression by missense muta-

tion induces a moderate form of JEB with or without PA.1 Inoue

et al.2 first reported non-Herlitz JEB without PA by a homozy-

gous missense mutation in ITGB4. Only eight JEB cases without

PA by mutation in ITGB4 were reported.1–5 Many of the reported

cases showed mild blistering on the skin and enamel hypoplasia.

The reduction in b4 integrin labeling in our case may be due to

the change of the antigenicity of the molecule caused by the

mutation. Furthermore, normally expressed a6 integrin suggests

the mutated b4 integrin retained the ability to recruit a6 integrin

to the basement membrane. The reason for the enamel hypopla-

sia and why the mutation does not induce PA is still unknown.

Mutation analysis in combination with protein expression study

using immunofluorescence may add new information in the

genotype–phenotype correlation of JEB.
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Figure 1. (a–d) Clinical features of the patient’s face, head, pretibial region and toenail at initial visit. (e) Histopathology showed

subepidermal blister (hematoxylin–eosin, original magnification 9400). (f) Immunofluorescence staining for b4 integrin was distinctly

reduced in the patient compared with control. However, immunoreactivity to a6 integrin and laminin-332 was not attenuated (9200).
(g) Electron microscopy of the blister edge revealed blistering within the lamina lucida. (h) Mutation analysis identified a homozygous

G-to-C substitution (c.2339G>C) in ITGB4, which caused a homozygous missense mutation (p.Arg780Pro).
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Urticarial vasculitis and subcutaneous nodules in the
extremities seen in a patient with mucopolysaccharidosis II
after hematopoietic stem cell therapy

Dear Editor,

Mucopolysaccharidosis II (MPSII, Hunter syndrome; Online

Mendelian Inheritance in Man #309900) is a rare X-linked

recessive lysosomal storage disorder caused by a deficiency

of the enzyme iduronate-2-sulfatase (I2S) that leads to the

accumulation of glycosaminoglycans (GAG) within lysosomes

throughout the body.1-3 Hematopoietic stem cell therapy

(HSCT) has been indicated for MPSII as a part of standard

care.4,5 We report a case of MPSII with urticarial vasculitis and

subcutaneous nodules in the extremities, in whom GAG accu-

mulation had remained after HSCT.

A 10-year-old boy was referred with urticaria. He had been

diagnosed with MPSII from a deficiency in urea I2S activity at

the age of 10 months, and enzyme-replacement therapy (ERT)

had been initiated. He had received HSCT at the age of

2 years and ERT was discontinued. However, ERT was

resumed due to progressive abnormalities of the craniofacial

bones until the age of 9 years, when no further progress of

these symptoms was observed. Six months after ERT was dis-

continued, urticarial erythema (Fig. 1a) and gonitis with lame-

ness appeared, although pebbly-appearing papules did not

appear. Histopathologically, an urticarial erythema on the upper

arm showed neutrophil infiltration with nuclear debris around

the blood vessels in the superficial and middle dermis (Fig. 1c).

We diagnosed the erythema as urticarial vasculitis. The ery-

thema improved after the p.o. administration of epinastine. The

gonitis with lameness persisted. We administrated pred-

nisolone at 10 mg/day. The gonitis improved, and we tapered

and then ceased the oral prednisolone 2 weeks later. There-

after, a subcutaneous nodule appeared on the left knee

(Fig. 1b). A skin biopsy specimen revealed that collagen fibers

were disconnected in the subcutaneous nodule and colloidal

iron-positive material was deposited between the disrupted

collagen bundles (Fig. 1d,e). Electron microscopic observa-

tions revealed vacuoles containing flocculent material and

ones containing granular or laminated dense bodies in the

cytoplasm of fibroblasts in the subcutaneous nodule (Fig. 1f)

and in the normal-appearing skin. These vacuoles were more

prominent in fibroblasts infiltrating the nodule on the knee than

in the normal-appearing skin. The nodule on the knee

regressed spontaneously, but similar nodules appeared repeat-

edly on areas subject to pressure, such as the knees and

the elbows.

To the best of our knowledge, there have been no reports

of any MPSII patients with urticarial vasculitis or electron

microscopic detection of GAG accumulation in a patient’s tis-

sue after HSCT. We ultrastructurally confirmed GAG accumula-

tion in the lysosomes of the fibroblasts in the subcutaneous

nodule and the normal-appearing skin of the patient. We spec-

ulate that insufficient enzyme activity after HSCT induced the

accumulation of GAG in the patient’s tissues, including the skin

and joints, resulting in nodules on the extremities, and that the

nodules regressed spontaneously due to the removal of GAG

deposition by residual enzyme activity. The lysosomal dysfunc-

tion in neutrophils possibly led to neutrophil activation and

resulted in urticarial erythema. The present case suggests that

electron microscopic observations of the skin may give us a

clue to know the precise timing to restart ERT in patients who

have already undergone HSCT treatment.
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Resistin upregulates chemokine production
by fibroblast-like synoviocytes from
patients with rheumatoid arthritis
Hiroshi Sato1,2, Sei Muraoka2, Natsuko Kusunoki2, Shotaro Masuoka1,2, Soichi Yamada1,2, Hideaki Ogasawara3,
Toshio Imai3, Yoshikiyo Akasaka4, Naobumi Tochigi5, Hiroshi Takahashi6, Kazuaki Tsuchiya6, Shinichi Kawai7

and Toshihiro Nanki1,2*

Abstract

Background: Adipokines are bioactive hormones secreted by adipose tissues. Resistin, an adipokine, plays
important roles in the regulation of insulin resistance and inflammation. Resistin levels are known to be increased in
the serum and synovial fluid of rheumatoid arthritis (RA) patients. However, the pathogenic role of resistin in RA has
not yet been elucidated.

Methods: The expression of resistin and adenylate cyclase-associated protein 1 (CAP1), a receptor for resistin, was
examined immunohistochemically in synovial tissue. CAP1 expression in in vitro cultured fibroblast-like synoviocytes
(FLSs) was assessed with a reverse transcription-polymerase chain reaction (PCR) and western blotting. The gene
expression of resistin-stimulated FLSs was evaluated by RNA sequencing (RNA-Seq) and quantitative real-time PCR.
Concentrations of chemokine (C-X-C motif) ligand (CXCL) 8, chemokine (C-C motif) ligand (CCL) 2, interleukin (IL)-
1β, IL-6 and IL-32 in culture supernatants were measured by enzyme-linked immunosorbent assay. Small interfering
RNA (siRNA) for CAP1 was transfected into FLSs in order to examine inhibitory effects.

Results: The expression of resistin and CAP1 in synovial tissue was stronger in RA than in osteoarthritis (OA).
Resistin was expressed by macrophages in the RA synovium, while CAP1 was expressed by macrophages, FLSs and
endothelial cells. In vitro cultured RA FLSs also expressed CAP1. RNA-Seq revealed that the expression levels of 18
molecules were more than twofold higher in resistin-stimulated FLSs than in unstimulated FLSs. Seven chemokines,
CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, and CCL2, were included among the 18 molecules. Increases induced
in the expression of CXCL1, CXCL8, and CCL2 by the resistin stimulation were confirmed by real-time PCR. The
stimulation with resistin increased the protein levels of CXCL8 and CCL2 produced by RA FLSs, and the upregulated
expression of CXCL8 was inhibited by the abrogation of CAP1 by siRNA for CAP1. Production of IL-6 by FLSs was
also increased by resistin. Expression of IL-1β and IL-32 was not detected by ELISA.

Conclusions: Resistin contributes to the pathogenesis of RA by increasing chemokine production by FLSs via CAP1
in synovial tissue.

Keywords: Resistin, Adenylate cyclase-associated protein 1, Rheumatoid arthritis, Chemokine, Fibroblast-like
synoviocytes, RNA sequencing
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Background
Adipokines are bioactive hormones secreted by adipose
tissues. More than 600 adipokines have been identified
to date (e.g. adiponectin, leptin, tumor necrosis factor α,
interleukin (IL)-1, IL-6, apelin, visfatin, and resistin) [1,
2]. Resistin was discovered as a protein secreted by dif-
ferentiated 3T3-L1 cells, and its expression was found to
be downregulated by treatment with thiazolidinedione
rosiglitazone [3]. In mice, resistin is mainly expressed by
mature adipocytes in white adipose tissue. In contrast,
resistin in humans is mainly expressed by monocytes
and macrophages and less so by adipocytes [4]. There-
fore, resistin may contribute not only to insulin resist-
ance, but also inflammation.
Rheumatoid arthritis (RA) is characterized by chronic

polyarthritis. Inflammatory mediators, such as cytokines
and chemokines, contribute to the pathogenesis of RA.
The immunomodulatory properties of adipokines in RA
have been evaluated [5]. Adiponectin enhances the pro-
duction of proinflammatory factors (IL-6 and chemokine
(C-X-C motif) ligand (CXCL) 8), vascular endothelial
growth factor, and matrix metalloproteinases (MMPs) by
fibroblast-like synoviocytes (FLSs) [6–8]. Previous meta-
analyses revealed that serum resistin levels are higher in
patients with RA than in healthy controls [9]. Further-
more, we previously demonstrated that the serum level of
resistin is positively associated with serum C-reactive pro-
tein levels in patients with RA [10], while another group
showed that the concentration of resistin is elevated in the
synovial fluid in RA [11]. However, the pathogenic role of
resistin in RA has not yet been elucidated.
In the present study, we examined the stimulatory effects

of resistin on FLSs from patients with RA using RNA se-
quencing (RNA-Seq). We found that the expression of che-
mokines was increased in resistin-stimulated FLSs.

Methods
Samples
Synovial tissues were obtained from patients with RA
and with osteoarthritis (OA) who underwent total knee
or hip replacement. FLSs were prepared from synovial
tissues as described previously [12]. FLSs from RA syn-
ovial tissues were also obtained from the Japanese Col-
lection of Research Bioresources Cell Bank. The
experimental protocol was approved in advance by the
Ethics Committees of Toho Medical Center Omori Hos-
pital (M16020) and the Ethics Committees of the Faculty
of Medicine, Toho University (27060, 2703024007).

Immunohistochemical assessment
Synovial tissues were fixed with freshly prepared 4% (v/
v) paraformaldehyde in Tris-buffered saline. Sections (3
μm) were immersed in ethanol containing 3% (v/v)
H2O2 for 30 min to block endogenous peroxidase

activity. Sections were incubated with protein block
serum-free (Agilent Technologies) for 30 min to block
non-specific binding. Sections were subsequently incu-
bated at 4 °C overnight with a rabbit anti-resistin poly-
clonal antibody (pAb) (Bioss Antibodies), rabbit anti-
adenylyl cyclase-associated protein 1 (CAP1) monoclo-
nal antibody (mAb) (EPR8339(B); Abcam), or isotype
control (Agilent Technologies) as a primary antibody.
Expression was detected using an EnVision + kit™ (Agi-
lent Technologies) and counterstained with hematoxylin.
Non-specific binding was blocked with protein block

serum-free for immunofluorescence double staining, and
sections were incubated at 4 °C overnight with rabbit
anti-resistin pAb or CAP1 mAb. Samples were subse-
quently incubated at room temperature with biotinylated
anti-rabbit IgG for 40 min followed by Fluorescein
Avidin D (Vector laboratories) for 20 min. Samples were
incubated with mouse anti-CD68 mAb (KP1; Abcam),
mouse anti-cadherin-11 mAb (16A; Acris Antibodies),
or mouse anti-von Willebrand factor (vWF) mAb (F8/
86; Agilent Technologies) and then with a Texas Red®
horse anti-mouse IgG antibody at room temperature for
20 min. A nuclear stain was performed with 4′, 6-
diamidino-2-phenylindole. Slides were examined using
the BX61 (Olympus). To determine the percentages of
CAP1-expressing cells, the number of CAP1-positive
cells in the lining layer, and in the CD68-positive or
cadherin-11-positive cells was counted under fluores-
cence microscope.

RNA extraction
FLSs were seeded in Roswell Park Memorial Institute
(RPMI) 1640 medium containing 10% fetal bovine serum
(FBS) in 10-cm dishes (1 × 106 cells/dish), and were then
incubated with 1000 ng/ml resistin (PeproTech) for 18 h.
Total RNA was isolated from FLSs using TRIzol® (Invitro-
gen) according to the manufacturer’s instructions. RNA
samples were digested with an RNase-free DNase set
(Qiagen) to remove genomic DNA and further purified
using the RNeasy kit (Qiagen). The quality of RNA sam-
ples was examined by the Agilent 2100 Bioanalyzer (Agi-
lent Technologies) using RNA 6000 NanoChips. RNA
samples with an RNA integrity number higher than 7
were used in further analyses, including a RNA-Seq and
real-time polymerase chain reaction (PCR).

RNA-Seq transcriptome analysis
The RNA-Seq library was prepared using the SureSelect
Strand-Specific RNA Library Prep Kit (Agilent Tech-
nologies) in accordance with the manufacturer’s instruc-
tions optimized to Illumina Multiplexed Sequencing.
After purification of the amplified libraries, the DNA
quality of products was assessed using the 2100 Bioana-
lyzer DNA 1000 Assay. Paired-end sequencing of the
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RNA-seq libraries was performed using an Illumina
MiSeq system (Illumina; 2 × 75 bases paired-end run).
FASTQ files were imported into CLC Genomics Work-
bench v9.01 software (CLC bio) for post-processing and
data analysis. Sequences were trimmed based on the
FASTQC report and mapped onto annotated human
genes with support from reference human genome
(hg19). Data were normalized by total reads per million
and analyzed for differential gene expression empirical
analysis of differential gene expression subroutine based
on reads per kilobase of transcript per million reads
mapped (RPKM).

Quantitative real-time PCR
Total RNA samples were reverse transcribed into cDNA
using random primers and an RNA PCR Kit (AMV)
Ver.3.0 (Takara Bio Inc.). CXCL1, CXCL8, and

chemokine (C-C motif ) ligand (CCL) 2 levels were mea-
sured using the Power SYBR Green PCR Master Mix
(Applied Biosystems). The following primers were used
for analyses: 5′-TGC AGG GAA TTC ACC CCA AG-3′
and 5′-CAG GGC CTC CTT CAG GAA CA-3′ for
CXCL1; 5′-ACT CCA AAC CTT TCC ACC CCA-3′
and 5′-TTT CCT TGG GGT CCA GAC AGA-3′ for
CXCL8; 5′-CTT CTG TGC CTG CTG CTC AT-3′ and
5′-CGG AGT TTG GGT TTG CTT GTC-3′ for CCL2;
5′-GAA GGT GAA GGT CGG AGT CA-3′ and 5′-
GAG GTC AAT GAA GGG GTC AT-3′ for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The Prism 7500 Fast Real-time PCR system (Applied
Biosystems) was used for analyses, and the mRNA levels
of the genes tested were represented as relative values to
the expression level of GAPDH.

Reverse transcription (RT)-PCR
Total RNA was extracted with an RNeasy Mini kit (Qia-
gen) from the cultured FLSs of patients with RA. RT
was performed using a SuperScript first-strand synthesis
system for RT-PCR according to the recommendations
of the manufacturer (Invitrogen) with 1 μg of total RNA
from FLSs. Equal amounts of each RT product were
amplified by PCR with HotStarTaq® DNA polymerase
(Qiagen). The primer sequences and numbers of base
pairs (bp) were as follows: for CAP1 (118 bp), 5′-AGG
CAT TTG ACT CGC TGC TTG and 5′- TCG CTC
CAA CTT CAA ACC TGT G; and for GAPDH (598
bp), 5′- CCA CCC ATG GCA AAT TCC ATG GCA
and 5′-TCT AGA CGG CAG GTC AGG TCC ACC.
After initial denaturation at 95 °C for 15 min, PCR in-
volved amplification for 32 cycles at 95 °C for 30 s, at 56
°C for 30 s, and at 72 °C for 45 s, followed by elongation
at 72 °C for 5 min. Amplified DNA fragments were re-
solved by electrophoresis on a 2% agarose gel, and were
detected under ultraviolet light using LAS-3000 (Fuji-
film) after staining the gel with ethidium bromide.

Western blot analysis
The western blotting procedure was previously de-
scribed [13]. Membranes were incubated with rabbit
anti-CAP1 mAb (EPR8339(B); Abcam) or rabbit anti-
GAPDH pAb (Santa Cruz Biotechnology), with a dilu-
tion of 1:1000 (CAP1) and 1:100 (GAPDH), the sec-
ondary antibody (horseradish peroxidase-conjugated
goat anti-rabbit antibody) was added (at a dilution of
1:2000), and an incubation was performed for 3 h
using the iBind Flex Western System (Thermo Fisher
Scientific). Protein bands were detected with the en-
hanced Novex® ECL Chemiluminescent Substrate Re-
agent Kit (Invitrogen) using LAS-3000 (Fujifilm).

Fig. 1 Expression of resistin and adenylate cyclase-associated protein
1 (CAP1) in the synovial tissue in rheumatoid arthritis (RA). Synovial
tissue from RA (a, c, e, g and i) or osteoarthritis (OA) (b, d, f, h and j)
was stained with rabbit anti-resistin polyclonal antibody (a, b, g and
h), rabbit anti-CAP1 monoclonal antibody (c and d), or control anti-
body (e, f, i and j). All sections were counterstained with
hematoxylin. The representative figures of three tissue sections from
RA and three from OA are depicted
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Enzyme-linked immunosorbent assay (ELISA)
FLSs were cultured overnight in 96-well plates (2 × 104

cells/well) and then incubated with recombinant human
resistin (0, 10, 100, or 1000 ng/ml; PeproTech) at 37 °C
for 24 h in RPMI1640 medium containing 1% FBS. Con-
centrations of CXCL8, CCL2, IL-1β, IL-6, and IL-32 in
culture supernatants were assessed using the ELISA kit
(R&D Systems), according to the instructions of the
manufacturer.

Signaling pathway of resistin via CAP1
Stealth RNAi™ small interfering RNA (siRNA) targeting
CAP1 and negative control siRNA were purchased from
Thermo Fisher Scientific. Lipofectamine® RNAiMAX re-
agent (Thermo Fisher Scientific) was used to formulate

transfecting siRNAs. FLSs were transfected with siRNA
at 37 °C for 48 h, and cells were then treated with resis-
tin (PeproTech) for another 24 h. CXCL8 concentrations
in the culture supernatant were assessed by ELISA.

Statistical analysis
Results are expressed as the mean +/- standard error
(SE). Statistical analyses were performed using StatFlex
software (ver. 6; ARTEC). The production of CXCL8,
CCL2, and IL-6 was analyzed by analysis of variance
using Dunnett’s test. The paired t test was applied to
compare CXCL8 production between control siRNA-
transfected and CAP1 siRNA-transfected cells. In all
analyses, p < 0.05 was considered to indicate significance.

Fig. 2 Resistin-expressing and adenylate cyclase-associated protein 1 (CAP1)-expressing cells in synovial tissues in rheumatoid arthritis (RA).
Sections of synovial tissue from RA were double-stained with resistin, and CD68 or von Willebrand factor (vWF) (CD68 (a); resistin (b); merge of
a with b (c); vWF (d); resistin (e); merge of d with e (f)), and CAP1, and CD68, cadherin-11 or vWF (CD68 (g); CAP1 (h); merge of g with h (i);
cadherin-11 (j); CAP1 (k); merge of j with k (l); vWF (m); CAP1 (n); merge of m with n (o)). Arrows indicate double-positive cells in the merged
image. Cdh-11, cadherin-11
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Results
Expression of resistin and CAP1 in synovial tissues of RA
We immunohistochemically investigated the expression
of resistin and CAP1 in synovial tissues harvested from
patients with RA and with OA. Resistin was strongly
expressed in the synovial lining and sub-lining cells of
synovial tissue in RA (Fig. 1a), while resistin expression
was minimal in the synovium in OA (Fig. 1b). On the
other hand, the expression of CAP1 was observed in the
lining and sub-lining cells of the synovium in RA
(Fig. 1c), while CAP1 was expressed in the lining cells of
the synovium in OA (Fig. 1d). In fat tissue around the
synovial tissue, resisitin was weakly expressed in RA and
OA (Fig. 1g and h).
We performed double immunohistochemical assess-

ment to identify resistin-expressing and CAP1-
expressing cells in the synovium in RA. As shown in
Fig. 2, resistin was expressed by CD68+ macrophages
(Fig. 2a-c). However, resistin was not expressed by vWF+

endothelial cells (Fig. 2d-f ). CAP1 was expressed by
CD68+ macrophages (Fig. 2g-i) and also by cadherin-11+

FLSs (Fig. 2j-l) and vWF+ endothelial cells (Fig. 2m-o) in
synovial tissues in RA. The percentage of CAP1-positive
cells was 94% (187/200) in the lining layer. The fre-
quency of CAP1-positive cells in CD68+ cells was 97%

Fig. 3 Expression of adenylate cyclase-associated protein 1 (CAP1), the
receptor for resistin, in in vitro cultured fibroblast-like synoviocytes (FLSs).
The expression of CAP1 mRNA was analyzed by RT-PCR in FLSs from
three patients with RA (a). The expression of the CAP1 protein in three
FLSs was examined by western blotting (b). negative, PCR without cDNA.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase

Table 1 Increased gene expression by resistin-stimulated RA FLSs

Gene Description Fold change (resistin/not
stimulated)

RPKM Ensembl gene ID

Lot 1 Lot 2 Lot 3

Lot 1 Lot 2 Lot 3 Mean Non RS Non RS Non RS

CXCL5 C-X-C motif chemokine ligand 5 3.51 31.88 3.40 12.93 0.088 0.310 0.151 4.822 0.245 0.832 ENSG00000163735

CXCL6 C-X-C motif chemokine ligand 6 7.76 20.32 3.76 10.61 0.205 1.594 0.106 2.144 0.821 3.089 ENSG00000124875

IL34 Interleukin 34 17.56 5.63 2.37 8.52 0.033 0.588 0.172 0.967 0.309 0.732 ENSG00000157368

CXCL1 C-X-C motif chemokine ligand 1 3.13 18.39 3.63 8.39 2.538 7.952 1.066 19.609 3.991 14.506 ENSG00000163739

CXCL8 C-X-C motif chemokine ligand 8 5.07 10.25 4.21 6.51 0.592 3.002 1.384 14.183 1.152 4.853 ENSG00000169429

BIRC3 Baculoviral IAP repeat containing 3 3.44 7.06 6.42 5.64 0.230 0.789 0.195 1.376 0.129 0.828 ENSG00000023445

IL1B Interleukin 1 beta 2.20 10.47 4.12 5.59 0.097 0.212 0.149 1.558 0.134 0.550 ENSG00000125538

AFP Alpha fetoprotein 4.39 6.56 2.57 4.51 0.023 0.101 0.024 0.155 0.106 0.272 ENSG00000081051

SOD2 Superoxide dismutase 2 3.27 5.33 3.63 4.08 4.587 15.002 4.327 23.048 5.692 20.663 ENSG00000112096

CCL2 C-C motif chemokine ligand 2 2.31 5.80 2.89 3.66 20.170 46.526 23.381 135.522 16.826 48.585 ENSG00000108691

ANXA8L1 Annexin A8 like 1 2.63 3.19 4.94 3.59 0.035 0.093 0.180 0.575 0.032 0.160 ENSG00000264230

SLC5A2 Solute carrier family 5 member 2 3.51 2.11 4.94 3.52 0.017 0.059 0.069 0.145 0.015 0.076 ENSG00000140675

CXCL3 C-X-C motif chemokine ligand 3 3.95 3.09 2.63 3.23 0.270 1.065 0.346 1.071 0.466 1.228 ENSG00000163734

ZNF296 Zinc finger protein 296 2.05 3.75 2.96 2.92 0.129 0.263 0.088 0.330 0.119 0.352 ENSG00000170684

ICAM1 Intercellular adhesion molecule 1 2.29 3.56 2.43 2.76 2.380 5.455 2.590 9.227 1.935 4.705 ENSG00000090339

IL32 Interleukin 32 3.25 2.33 2.39 2.66 0.690 2.245 3.020 7.042 1.061 2.539 ENSG00000008517

LY75 Lymphocyte antigen 75 2.63 2.81 2.30 2.58 0.016 0.042 0.024 0.069 0.044 0.101 ENSG00000054219

CXCL2 C-X-C motif chemokine ligand 2 2.07 2.29 2.33 2.23 0.698 1.444 0.819 1.872 1.011 2.361 ENSG00000081041

FLSs fibroblast-like synoviocytes, RA rheumatoid arthritis, RPKM reads per kilobase of transcript per million reads mapped, RS resistin-stimulated, Non non-
stimulated. FLSs from synovial tissue in RA were incubated with 1000 ng/ml resistin for 18 h. mRNA expression was analyzed by next-generation sequencing.
Genes with expression levels that were more than twofold higher in resistin-stimulated FLSs than in unstimulated FLSs are shown
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(97/100) in the lining layer and 95% (95/100) in the sub-
lining layer. The percentage of CAP1-positive cells in
cadherin-11+ cells was 95% (95/100) in the lining layer
and 81% (81/100) in the sub-lining layer.
CAP1 expression in cultured FLSs established from syn-

ovial tissue in RA was evaluated with RT-PCR and west-
ern blotting. The mRNA and protein expression of CAP1
was also observed in in vitro cultured FLSs (Fig. 3).

Stimulatory effects of resistin on FLSs in RA
We examined the stimulatory effects of resistin on FLSs
in vitro. FLSs were incubated with 1000 ng/ml resistin
for 18 h. Total RNA was extracted from the cells, and
complementary DNA (cDNA) was synthesized. The nu-
cleotide sequence of cDNA was analyzed by next-
generation sequencing and expression levels were com-
pared between unstimulated and resistin-stimulated
FLSs. As shown in Table 1, the expression levels of 18
molecules were more than twofold higher in all three
lots of resistin-stimulated FLSs than in unstimulated
FLSs. Seven chemokines, CXCL1, CXCL2, CXCL3,
CXCL5, CXCL6, CXCL8, and CCL2 were included
among the 18 molecules.

We also analyzed CXCL1, CXCL8, and CCL2 expres-
sion by quantitative real-time RT-PCR using three lots
of FLSs from patients with RA. The expression of
CXCL1, CXCL8, and CCL2 increased in all three lots of
FLSs following the resistin stimulation (Fig. 4).

Chemokine production by the resistin-CAP1 pathway
We examined the protein levels of chemokine expres-
sion by resistin-stimulated FLSs in vitro. FLSs were incu-
bated with various concentrations of resistin for 24 h.
The concentrations of CXCL8 and CCL2, which were
observed as upregulated chemokines by RNA-seq and
real-time RT-PCR, were assessed in culture supernatants
using ELISA kits. The CXCL8 level was significantly in-
creased by the stimulation with resistin (Fig. 5a). CCL2
expression was dose-dependently increased by resistin
(Fig. 5b). We also analyzed expression of IL-1β and IL-
32, which were identified as upregulated cytokines by
RNA-seq (Table 1), and IL-6, which was identified as a
slightly upregulated cytokine by RNA-seq (fold change
1.969, 3.721, and 1.997 in each lot). IL-1β and IL-32
were not detected by ELISA with or without stimulation
with resistin. The concentration of IL-6 was increased
by resistin (Fig. 5c).

Fig. 4 Increased chemokine expression by fibroblast-like synoviocytes (FLSs) from patients with rheumatoid arthritis (RA) with resistin stimulation.
FLSs were incubated with 1000 ng/ml resistin for 18 h. The mRNA expression of CXCL1 (a), CXCL8 (b), and CCL2 (c) by FLSs from three patients
with RA was measured using quantitative real-time reverse transcription PCR. GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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In order to verify the involvement of CAP1 in the
resistin stimulation, siRNA for CAP1 was transfected
into RA FLSs. The FLSs were pretreated with CAP1
siRNA or control siRNA. The transfection of CAP1
siRNA significantly decreased CAP1 expression from
that with the transfection of control siRNA (Fig. 6a).
Resistin-induced CXCL8 production by FLSs was signifi-
cantly inhibited by the abrogation of CAP1 by siRNA
(Fig. 6b). These results indicate that the resistin-CAP1
pathway contributes to chemokine production by RA FLSs.

Discussion
The purpose of the present study was to elucidate the
role of resistin in the pathogenesis of RA. We found that
the expression of resistin was increased in synovial tissue
in RA, and stimulation with resistin enhanced the pro-
duction of various chemokines by FLSs via CAP1. These
results suggest that resistin contributes to inflammatory
cell infiltration into synovial tissue in RA through che-
mokine production by FLSs.
We previously reported that serum resistin levels are

associated with C-reactive protein levels [10]. In the
present study, we showed that resistin was strongly

expressed in macrophages in synovial tissue in RA,
which is consistent with previous findings [11]. A recent
study reported that CAP1 is a functional receptor for
resistin in THP-1 cells [14]. We found that CAP1 is
more abundantly expressed in synovial tissue in RA than
in OA. CAP1 is expressed by macrophages, FLSs and
endothelial cells in synovial tissue in RA, and in in vitro
cultured FLSs. These results suggest that resistin, an adi-
pokine, stimulates CAP1-expressing macrophages, FLSs
and endothelial cells in synovial tissue in RA. CAP1 ex-
pression in HP-AEpiC cells is decreased by treatment
with matrix metalloproteinase 9 (MMP-9) [15]. On the
other hand, we examined CAP1 expression on FLSs
treated with TNF-α, IL-1β and resistin. These stimula-
tions did not alter CAP1 expression significantly (data
not shown). Regulation of CAP1 expression in the RA
synovial cells has not been elucidated.
Toll-like receptor 4 (TLR4), decorin and receptor tyro-

sine kinase like orphan receptor 1 (ROR1) were reported
as putative receptors for resistin [16–18]. Lee et al. [14]
identified CAP1 as a functional receptor for resistin on
monocytes. Abrogation of CAP1 inhibited production of
inflammatory cytokines and cellular migration by

Fig. 5 CXCL8, CCL2 and IL-6 expression by resistin-stimulated fibroblast-like synoviocytes (FLSs) from patients with rheumatoid arthritis (RA). FLSs from patients
with RA were incubated with resistin (10–1000 ng/ml) for 24 h, and the concentrations of CXCL8 (a), CCL2 (b), and IL-6 (c) in the culture supernatant were
measured by ELISA. Data are the mean +/- SE for one of three independent experiments analyzed in triplicate: *p<0.05, **p<0.01, versus no stimulation
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stimulation with resistin. However, abrogation of TLR4,
decorin and ROR1 had little effect on the resistin stimu-
lation. Based on the results, we thought that CAP1 is a
functional receptor for resistin. However, the function of
TLR4, decorin and ROR1 for resistin on FLSs has not
been clarified yet. We have found that at least TLR4 was
expressed on FLSs. Therefore, further study is needed to
show the function of the three putative receptors against
resistin stimulation on FLSs.
Using RNA-seq, we found that the stimulation with

resistin enhanced the expression of 18 genes by FLSs in
vitro. Seven chemokines, CXCL1, CXCL2, CXCL3,
CXCL5, CXCL6, CXCL8, and CCL2, were included. Fur-
thermore, six out of the seven chemokines were C-X-C
motif chemokines. Several C-X-C motif chemokines
(CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and
CXCL8) contain an ELR motif (Glu-Leu-Arg) at the
NH2 terminus [19]. These ELR+ C-X-C motif

chemokines could promote angiogenesis [20]. Chemo-
kines upregulated by resistin stimulation in the present
study were mostly ELR+ C-X-C motif chemokines.
Therefore, resistin may be involved in angiogenesis and
inflammatory cell accumulation, in the synovial tissue in
RA via ELR+ C-X-C motif chemokine production.
In the present study, we also demonstrated that

stimulation with resistin increased CXCL8 and CCL2
production by FLSs. Abrogation of CAP1 inhibited
the resistin-enhanced CXCL8 production. These re-
sults indicate that CAP1 is a functional receptor for
resistin on FLSs. CXCL8 has been reported to in-
duce angiogenesis and exerts chemotactic effects on
neutrophils and dendritic cells [21, 22]. Furthermore,
the inhibition of CXCL8 has been reported to sup-
press CD14+ monocyte-osteoclast differentiation in
anti-cyclic citrullinated peptide antibody-positive RA
[23]. CXCL8 is strongly expressed in the synovial tis-
sue of patients with RA with a high level of disease
activity [24]. Therefore, CXCL8 may be involved in
angiogenesis, inflammatory cell migration, and osteo-
clast differentiation in synovial tissue in RA. CCL2 is
also strongly expressed in the synovial tissue [25]
and synovial fluid of patients with RA [26]. CCL2
induces the migration and infiltration of monocytes
and macrophages [27]. In addition, stimulation with
CCL2 enhances the production of IL-6 and CXCL8
by FLSs [28]. CCL2 may be involved in monocyte/
macrophage migration and inflammatory molecule
production in the synovium in RA. CXCL1 is also
increased in the serum, synovial fluid, and synovial
tissue of patients with RA [29], and is produced by
synovial neutrophils, macrophages, and FLSs [29,
30]. CXCL2 is produced by FLSs in the synovium in
RA [31]. CXCL1 and CXCL2 are involved in the mi-
gration of neutrophils, proliferation of FLSs, and
angiogenesis. CXCL5 is increased in synovial fluid
and synovial tissue in RA, and is involved in neutro-
phil infiltration and angiogenesis [32]. Taken to-
gether, resistin contributes to the pathogenesis of RA
via chemokine production by FLSs, which may be in-
volved in angiogenesis, inflammatory cell migration,
production of inflammatory molecules, and
osteoclastogenesis.
In addition, stimulation with resistin upregulated

production of IL-6 by RA FLSs. IL-6 might also
contribute to chronic inflammation in RA. Increased
IL-6 may induce chemokine production by FLSs.
However, it is also possible that chemokines upregu-
lated by resistin induced IL-6 production [28].
In the present study, we examined the stimulatory

effects of resistin on FLSs. However, macrophages and
endothelial cells in the synovial tissue in RA also
expressed CAP1. Therefore, further studies are needed

Fig. 6 Inhibition of the resistin stimulation by adenylate cyclase-
associated protein 1 (CAP1) abrogation. Fibroblast-like synoviocytes (FLSs)
from patients with rheumatoid arthritis (RA) were pretreated by transfec-
tion with CAP1 siRNA or negative control siRNA. The expression of CAP1
mRNA was examined by RT-PCR (a). RA FLSs were then incubated with
resistin (1000 ng/ml) for 24 h. CXCL8 levels in the culture supernatant
were examined by ELISA (b). n = 9, *p< 0.05 versus control siRNA.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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in order to elucidate the effects of resistin on macro-
phages and endothelial cells in RA. We also need to
compare resistin and CAP1 expression between early
and late RA, and also analyze the effect of treatment
to resistin and CAP1 expression to reveal the role of
the resistin-CAP1 pathway in the pathogenesis of RA.

Conclusion
The present results suggest that resistin expressed in
synovial tissue in RA contributes to RA pathogenesis by
enhancing chemokine production by FLSs in synovial
tissue.

Abbreviations
bp: Base pairs; CAP1: Adenylate cyclase-associated protein 1; CCL: Chemokine
(C-C motif) ligand; CXCL: Chemokine (C-X-C motif) ligand; ELISA: Enzyme-
linked immunosorbent assay; FBS: Fetal bovine serum; FLSs: Fibroblast-like
synoviocytes; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase;
IL: Interleukin; mAb: Monoclonal antibody; MMP: Matrix metalloproteinase;
OA: Osteoarthritis; pAb: Polyclonal antibody; PCR: Polymerase chain reaction;
RA: Rheumatoid arthritis; RNA-Seq: RNA sequencing; ROR1: Receptor tyrosine
kinase like orphan receptor 1; RPKM: Reads per kilobase of transcript per
million reads mapped; RPMI: Roswell Park Memorial Institute; RT: Reverse
transcription; SE: Standard error; siRNA: Small interfering RNA; TLR4: Toll-like
receptor 4; TNF: Tumor necrosis factor; vWF: von Willebrand factor

Acknowledgements
We thank Sonoko Sakurai for her secretarial assistance and Kayo Tsuburaya
for her excellent assistance with immunohistochemical analysis.

Funding
This study was supported by Project Research Grants (27-17 and 28-36) from
Toho University School of Medicine to HS, a Research Promotion Grant from
Toho University Graduate School of Medicine (No. 17-01) to TN, the Program
for the Strategic Research Foundation for Private Universities (S1411015) from
the Ministry of Education, Culture, Sports, Science, and Technology, Japan to
TN, and the Private University Research Branding Project from the Ministry of
Education, Culture, Sports, Science, and Technology, Japan to TN.

Availability of data and materials
The data analyzed in the present study are available from the corresponding
author on reasonable request.

Authors’ contributions
HS participated in the design of the study, performed the experiments and
statistical analyses, and drafted the manuscript. SMu participated in the
design of the study, assisted in technical support and data interpretation,
and revised the manuscript. NK, HO, and YA performed the experiments, and
helped in the preparation of the manuscript. SMa, SY, and TI assisted in
performing the experiments, and revised the manuscript. NT, HT, and KT
provided samples, assisted in performing the experiments, and revised the
manuscript. SK conceived the study, participated in its design, and revised
the manuscript. TN conceived the study, participated in its design and
coordination, and helped to draft the manuscript. All authors read and
approved the final manuscript for publication.

Ethics approval and consent to participate
The experimental protocol was approved in advance by the Ethics
Committees of Toho Medical Center Omori Hospital (M16020) and the Ethics
Committees of Faculty of Medicine, Toho University (27060, 2703024007).
Informed consent was obtained from all patients.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Internal Medicine, Graduate School of Medicine, Toho
University, Tokyo, Japan. 2Division of Rheumatology, Department of Internal
Medicine, Toho University School of Medicine, 6-11-1 Omori-Nishi, Ota-ku,
Tokyo 143-8541, Japan. 3KAN Research Institute Inc, 6-8-2
Minatojima-minamimachi, Chuo-Ku, Kobe 650-0047, Japan. 4Unit of
Regenerative Diseases Research, Division of Research Promotion and
Development, Advanced Medical Research Center, Toho University Graduate
School of Medicine, Tokyo, Japan. 5Department of Surgical Pathology, Toho
University School of Medicine, Tokyo, Japan. 6Department of Orthopedic
Surgery, Toho University School of Medicine, Tokyo, Japan. 7Department of
Inflammation and Pain Control Research, Toho University School of Medicine,
Tokyo, Japan.

Received: 11 September 2017 Accepted: 13 November 2017

References
1. Van de Voorde J, Pauwels B, Boydens C, Decaluwe K. Adipocytokines in

relation to cardiovascular disease. Metabolism. 2013;62(11):1513–21.
2. Bluher M. Adipokines - removing road blocks to obesity and diabetes

therapy. Mol Metab. 2014;3(3):230–40.
3. Steppan CM, Bailey ST, Bhat S, Brown EJ, Banerjee RR, Wright CM, Patel HR,

Ahima RS, Lazar MA. The hormone resistin links obesity to diabetes. Nature.
2001;409(6818):307–12.

4. Filkova M, Haluzik M, Gay S, Senolt L. The role of resistin as a regulator of
inflammation: Implications for various human pathologies. Clin Immunol.
2009;133(2):157–70.

5. Neumann E, Junker S, Schett G, Frommer K, Muller-Ladner U. Adipokines in
bone disease. Nat Rev Rheumatol. 2016;12(5):296–302.

6. Tang CH, Chiu YC, Tan TW, Yang RS, Fu WM. Adiponectin enhances IL-6
production in human synovial fibroblast via an AdipoR1 receptor, AMPK,
p38, and NF-kappa B pathway. J Immunol. 2007;179(8):5483–92.

7. Choi HM, Lee YA, Lee SH, Hong SJ, Hahm DH, Choi SY, Yang HI, Yoo MC,
Kim KS. Adiponectin may contribute to synovitis and joint destruction in
rheumatoid arthritis by stimulating vascular endothelial growth factor,
matrix metalloproteinase-1, and matrix metalloproteinase-13 expression in
fibroblast-like synoviocytes more than proinflammatory mediators. Arthritis
Res Ther. 2009;11(6):R161.

8. Kitahara K, Kusunoki N, Kakiuchi T, Suguro T, Kawai S. Adiponectin stimulates
IL-8 production by rheumatoid synovial fibroblasts. Biochem Biophys Res
Commun. 2009;378(2):218–23.

9. Huang Q, Tao SS, Zhang YJ, Zhang C, Li LJ, Zhao W, Zhao MQ, Li P, Pan HF, Mao
C, et al. Serum resistin levels in patients with rheumatoid arthritis and systemic
lupus erythematosus: a meta-analysis. Clin Rheumatol. 2015;34(10):1713–20.

10. Yoshino T, Kusunoki N, Tanaka N, Kaneko K, Kusunoki Y, Endo H, Hasunuma
T, Kawai S. Elevated serum levels of resistin, leptin, and adiponectin are
associated with C-reactive protein and also other clinical conditions in
rheumatoid arthritis. Intern Med. 2011;50(4):269–75.

11. Senolt L, Housa D, Vernerova Z, Jirasek T, Svobodova R, Veigl D, Anderlova
K, Muller-Ladner U, Pavelka K, Haluzik M. Resistin in rheumatoid arthritis
synovial tissue, synovial fluid and serum. Ann Rheum Dis. 2007;66(4):458–63.

12. Kusunoki N, Yamazaki R, Kawai S. Induction of apoptosis in rheumatoid
synovial fibroblasts by celecoxib, but not by other selective cyclooxygenase
2 inhibitors. Arthritis Rheum. 2002;46(12):3159–67.

13. Shindo E, Nanki T, Kusunoki N, Shikano K, Kawazoe M, Sato H, Kaneko K, Muraoka
S, Kaburaki M, Akasaka Y, et al. The growth factor midkine may play a
pathophysiological role in rheumatoid arthritis. Mod Rheumatol. 2017;27(1):54–9.

14. Lee S, Lee HC, Kwon YW, Lee SE, Cho Y, Kim J, Lee S, Kim JY, Lee J, Yang
HM, et al. Adenylyl cyclase-associated protein 1 is a receptor for human
resistin and mediates inflammatory actions of human monocytes. Cell
Metab. 2014;19(3):484–97.

15. Xie SS, Hu F, Tan M, Duan YX, Song XL, Wang CH. Relationship between
expression of matrix metalloproteinase-9 and adenylyl cyclase-associated
protein 1 in chronic obstructive pulmonary disease. J Int Med Res. 2014;
42(6):1272–84.

Sato et al. Arthritis Research & Therapy  (2017) 19:263 Page 9 of 10



16. Tarkowski A, Bjersing J, Shestakov A, Bokarewa MI. Resistin competes with
lipopolysaccharide for binding to toll-like receptor 4. J Cell Mol Med. 2010;
14(6b):1419–31.

17. Daquinag AC, Zhang Y, Amaya-Manzanares F, Simmons PJ, Kolonin MG. An
isoform of decorin is a resistin receptor on the surface of adipose
progenitor cells. Cell Stem Cell. 2011;9(1):74–86.

18. Sanchez-Solana B, Laborda J, Baladron V. Mouse resistin modulates
adipogenesis and glucose uptake in 3T3-L1 preadipocytes through the
ROR1 receptor. Mol Endocrinol. 2012;26(1):110–27.

19. Strieter RM, Polverini PJ, Kunkel SL, Arenberg DA, Burdick MD, Kasper J,
Dzuiba J, Van Damme J, Walz A, Marriott D, et al. The functional role of the
ELR motif in CXC chemokine-mediated angiogenesis. J Biol Chem. 1995;
270(45):27348–57.

20. Strieter RM, Burdick MD, Gomperts BN, Belperio JA, Keane MP. CXC
chemokines in angiogenesis. Cytokine Growth Factor Rev. 2005;16(6):593–609.

21. Rubbert A, Combadiere C, Ostrowski M, Arthos J, Dybul M, Machado E,
Cohn MA, Hoxie JA, Murphy PM, Fauci AS, et al. Dendritic cells express
multiple chemokine receptors used as coreceptors for HIV entry. J Immunol.
1998;160(8):3933–41.

22. Ritchlin C. Fibroblast biology. Effector signals released by the synovial
fibroblast in arthritis. Arthritis Res. 2000;2(5):356–60.

23. Krishnamurthy A, Joshua V, Haj Hensvold A, Jin T, Sun M, Vivar N, Ytterberg
AJ, Engstrom M, Fernandes-Cerqueira C, Amara K, et al. Identification of a
novel chemokine-dependent molecular mechanism underlying rheumatoid
arthritis-associated autoantibody-mediated bone loss. Ann Rheum Dis. 2016;
75(4):721–9.

24. Kraan MC, Patel DD, Haringman JJ, Smith MD, Weedon H, Ahern MJ,
Breedveld FC, Tak PP. The development of clinical signs of rheumatoid
synovial inflammation is associated with increased synthesis of the
chemokine CXCL8 (interleukin-8). Arthritis Res. 2001;3(1):65–71.

25. Haringman JJ, Smeets TJ, Reinders-Blankert P, Tak PP. Chemokine and
chemokine receptor expression in paired peripheral blood mononuclear
cells and synovial tissue of patients with rheumatoid arthritis, osteoarthritis,
and reactive arthritis. Ann Rheum Dis. 2006;65(3):294–300.

26. Koch AE, Kunkel SL, Harlow LA, Johnson B, Evanoff HL, Haines GK, Burdick MD,
Pope RM, Strieter RM. Enhanced production of monocyte chemoattractant
protein-1 in rheumatoid arthritis. J Clin Invest. 1992;90(3):772–9.

27. Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte chemoattractant
protein-1 (MCP-1): an overview. J Interferon Cytokine Res. 2009;29(6):313–26.

28. Nanki T, Nagasaka K, Hayashida K, Saita Y, Miyasaka N. Chemokines regulate
IL-6 and IL-8 production by fibroblast-like synoviocytes from patients with
rheumatoid arthritis. J Immunol. 2001;167(9):5381–5.

29. Koch AE, Kunkel SL, Shah MR, Hosaka S, Halloran MM, Haines GK, Burdick
MD, Pope RM, Strieter RM. Growth-related gene product alpha. A
chemotactic cytokine for neutrophils in rheumatoid arthritis. J Immunol.
1995;155(7):3660–6.

30. Hosaka S, Akahoshi T, Wada C, Kondo H. Expression of the chemokine
superfamily in rheumatoid arthritis. Clin Exp Immunol. 1994;97(3):451–7.

31. Hogan M, Sherry B, Ritchlin C, Fabre M, Winchester R, Cerami A, Bucala R.
Differential expression of the small inducible cytokines GRO alpha and GRO
beta by synovial fibroblasts in chronic arthritis: possible role in growth
regulation. Cytokine. 1994;6(1):61–9.

32. Koch AE, Kunkel SL, Harlow LA, Mazarakis DD, Haines GK, Burdick MD, Pope RM,
Walz A, Strieter RM. Epithelial neutrophil activating peptide-78: a novel
chemotactic cytokine for neutrophils in arthritis. J Clin Invest. 1994;94(3):1012–8.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Sato et al. Arthritis Research & Therapy  (2017) 19:263 Page 10 of 10



ORIGINAL ARTICLE

Glucocorticoid therapy causes contradictory changes of serum
Wnt signaling-related molecules in systemic autoimmune diseases

Mai Kawazoe1,2 & Kaichi Kaneko2 & Kotaro Shikano2 & Natsuko Kusunoki2 &

Toshihiro Nanki1,2 & Shinichi Kawai3

Received: 14 March 2017 /Revised: 15 May 2017 /Accepted: 17 May 2017 /Published online: 27 May 2017
# International League of Associations for Rheumatology (ILAR) 2017

Abstract The objective of this study was to investigate the
clinical significance of the Wnt/β-catenin signaling pathway
in glucocorticoid-induced osteoporosis. A total of 91 patients
with systemic autoimmune diseases who received initial glu-
cocorticoid therapy with prednisolone (30–60 mg daily) were
prospectively enrolled. We measured serum levels of N-
terminal peptide of type I procollagen (P1NP), bone alkaline
phosphatase (BAP), tartrate-resistant acid phosphatase iso-
form 5b (TRACP-5b), N-telopeptide cross-linked type I col-
lagen (NTX), sclerostin, Dickkopf-1 (Dkk-1), and Wnt3a be-
fore starting glucocorticoid therapy and every week for
4 weeks after its initiation. The effects of dexamethasone on
expression of mRNA and protein of sclerostin and Dkk-1 by
cultured normal human osteoblasts (NHOst) were evaluated
by RT-PCR and ELISA, respectively. Serum levels of
sclerostin and Dkk-1 increased significantly by 1 week of
glucocorticoid therapy and then decreased from the second
week onward. Serum Wnt3a tended to decrease and serum
P1NP showed a significant decrease. However, TRACP-5b
was significantly elevated from the first week of treatment
onwards. In vitro study, dexamethasone increased Dkk-1
mRNA expression in cultured NHOst, but sclerostin mRNA
was not detected. Dexamethasone also increased Dkk-1

protein production by osteoblasts, whereas sclerostin protein
was not detected. Bone formation might be impaired at least in
the first week of the initiation of glucocorticoid therapy by
increase of the serumWnt signaling inhibitors; however, their
reductions in the subsequent weeks were contradictory to the
maintained suppression of the bone formation markers after
glucocorticoid therapy for patients with systemic autoimmune
diseases.

Keywords Dickkopf-1 . Glucocorticoid . Osteoporosis .

Sclerostin .Wnt signaling

Introduction

Glucocorticoids are widely used to treat a variety of dis-
eases, including systemic autoimmune diseases. Although
glucocorticoids can improve the outcome of patients with
these diseases, side effects of long-term treatment such as
osteoporosis are important problems [1, 2]. Fractures tend
to occur at a higher bone mineral density in glucocorticoid-
treated patients than in patients with primary osteoporosis
[3], and vertebral fracture may occur soon after exposure to
glucocorticoids [4]. It has been reported that glucocorti-
coids decrease bone density by multiple mechanisms in-
volving both inhibition of bone formation and enhancement
of bone resorption. One of the mechanisms by which glu-
cocorticoids suppress bone formation is via Wnt/β-catenin
signaling [5–7].

The Wnt/β-catenin signaling pathway is one of the three
major Wnt signaling pathways and is the best characterized of
these pathways. It plays a key role in regulating the differen-
tiation and proliferation of osteoblasts. Binding of Wnt li-
gands to a specific receptor and its co-receptors is required
for activation of the Wnt pathway, whereas this pathway is
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inactivated by binding to Wnt co-receptors of sclerostin and
Dkk-1, which are negative regulators of Wnt signaling [5,
8–13]. However, the detailed changes of Wnt signaling in
patients with glucocorticoid-induced osteoporosis have not
been clarified.

Therefore, the aim of the present study was to inves-
tigate the clinical significance of the Wnt signaling path-
way in patients receiving initial glucocorticoid therapy
for autoimmune diseases by measuring serum levels of
three Wnt signaling-related molecules (sclerostin, Dkk-
1, and Wnt3a). Bone turnover markers and bone mineral
density (BMD) were also measured in these patients.
Furthermore, we performed an in vitro study to assess
the effects of glucocorticoids on primary cultured human
osteoblasts.

Patients and methods

Patients and study protocol

A prospective observational study was conducted in 91 pa-
tients with systemic autoimmune diseases, comprising 29 pa-
tients with polymyositis/dermatomyositis (PM/DM), 28 pa-
tients with systemic lupus erythematosus (SLE), 24 patients
with vasculitis syndrome, 6 patients with adult onset Still’s
disease (AOSD), 2 patients with systemic sclerosis (SSc), 1
patient with Sjögren’s syndrome (SS), and 1 patient with
IgG4-related disease (Table 1). The subjects were recruited
at Toho University Omori Hospital. All patients who com-
menced glucocorticoid therapy with prednisolone at doses
from 30 to 60 mg daily [mean daily dose 45.9 ± 1.0 mg (the
mean ± standard error of the mean (SEM))] according to our
standard therapeutic regimens were included in this study.
Starting dose was given to all patients for 2 weeks, and the
dose was tapered by 5 mg/day every 1 or 2 weeks from an
initial dose.

In the Japanese Society for Bone and Mineral Research
guidelines on management and treatment of glucocorticoid-
induced osteoporosis, bisphosphonates are recommended as
first-line therapy for prevention of glucocorticoid-induced os-
teoporosis [14]. Accordingly, all of the patients treated with
alendronate at the regular dose of 35 mg/week (Bonaron®
35 mg; Teijin Pharma Ltd., Tokyo, Japan) or risedronate at
the regular dose of 17.5 mg/week (Actonel® 17.5 mg; Eisai
Co., Ltd., Tokyo, Japan) both approved by Japanese
Government, throughout this study.

Fasting morning blood samples were collected prospec-
tively just before initiation of glucocorticoid therapy and after
the first, second, third, and fourth weeks of treatment. Serum
samples were immediately frozen at −80 °C until measure-
ment of bone metabolism markers.

Serum biochemical markers

Serum levels of sclerostin (Biomedica, Vienna, Austria), Dkk-
1 (Biomedica), and Wnt3a (MyBioSource, San Diego, CA,
USA) were determined with enzyme-linked immunosorbent
assay (ELISA) kits according to the manufacturer’s instruc-
tions. As bone formation markers, the serum levels of N-
terminal peptide of type I procollagen (P1NP; Orion
Diagnostica, Espoo, Finland) and bone alkaline phosphatase
(BAP; Quidel, San Diego, CA, USA) were assessed by
immunoradiometric assay and ELISA, respectively. As bone
resorption markers, the serum levels of N-telopeptide cross-
linked type I collagen (NTX; Inverness, Princeton, NJ, USA)
and tartrate-resistant acid phosphatase isoform 5b (TRACP-
5b, DS Pharma Biomedical Co., Ltd., Tokyo, Japan) were
measured by ELISA. As inflammatory markers, serum level
of C-reactive protein (CRP, Sekisui Medical, Tokyo, Japan)
was measured by latex-enhanced nephelometry.

Measurement of BMD

Before starting glucocorticoid therapy, patients underwent
measurement of BMD of the lumbar spine (L2-4) by dual-
energy X-ray absorptiometry using Discovery A (Hologic,
Waltham, MA, USA), which automatically calculated BMD
from the bone area (cm2) and bone mineral content (g) and
expressed the result in grams per square centimeter. BMDwas
measured again after 15.6 ± 1.4 months (the mean ± SEM) of
glucocorticoid treatment and the change of BMD was
calculated.

Cell culture

Normal human osteoblasts (NHOst) originating from a 2-
year-old boy were obtained from Lonza Inc. (Williamsport,
PA, USA) and were maintained at 37 °C in osteoblast growth
medium (Lonza Inc.) supplemented with 10% fetal bovine
serum, 50 μg/mL gentamycin sulfate, 2.5 μg/mL
amphotericin-B, and 50 mM L-ascorbic acid under a humid-
ified atmosphere of 5% CO2 in air. Then the cells were resus-
pended in 5 mL of osteoblast growth medium supplemented
with 1% (v/v) fetal bovine serum at 1.0 × 105 cells/mL cul-
tured in 35-mm dishes. Cells between the second and third
passages were used for all experiments.

Expression of mRNA and protein of sclerostin and Dkk-1

NHOst were incubated for 6 h with or without dexamethasone
(0, 10−8, 10−7, or 10−6 M) (Wako, Osaka, Japan), and RNA
was extracted by using an RNeasy Mini kit (Qiagen GmbH,
Hilden, Germany). Then the reverse transcription polymerase
chain reaction (RT-PCR) was performed with a SuperScript
first-strand synthesis system (Invitrogen Corporation,
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Carlsbad, CA, USA) using 1 μg of total cellular RNA as the
template. Equal amounts of the reverse-transcribed products
were amplified by the polymerase chain reaction (PCR) with
HotStarTaq polymerase (Qiagen GmbH) and the following
primers: sclerostin (sense 5′-CCGGAGCTGGAGAA
CAACAAG-3′ and antisense 5′-GCACTGGCCGGAGC
ACACC-3′), Dkk-1 (sense 5′-TGATGAGTACTGCG
CTAGTC-3 ′ and antisense 5 ′-CTCCTATGCTTGGT
ACACAC-3′), and β-actin as the endogenous control (sense
5′-CCTCGCCTTTGCCGATCC-3′ and antisense 5′-GGAT
CTTCATGAGGTAGTCAGTC-3′). For amplification of

sclerostin (186 bp) and Dkk-1 cDNA (396 bp), PCRwas done
with 38 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for
30 s, while 28 cycles under the same conditions were
employed to amplify β-actin cDNA (626 bp). The amplified
cDNA fragments were resolved by electrophoresis on 2% (w/
v) agarose gel and were detected under UV light using an
LAS-3000 (Fujifilm Corp, Tokyo, Japan) after the gel was
stained with ethidium bromide.

To evaluate the effect of dexamethasone on production of
sclerostin and Dkk-1 by NHOst, the cells were cultured for
24 h under various conditions in medium containing 1% (v/v)

Table 1 Demographics and
clinical data at baseline of the
study population

Patients

(n = 91)

High Wnt3a group

(n = 22)

Low Wnt3a group

(n = 69)

Age (years) 56.9 ± 1.9 50.8 ± 4.5 59.0 ± 2.2

Male/female 37/54 10/12 27/42

Postmenopausal women (%) 32 (59.3) 7 (58) 25(60)

Body mass index (kg/m2) 21.2 ± 0.4 21.9 ± 0.7 21.0 ± 0.8

Bone mineral density (g/cm2) 0.95 ± 0.02 0.94 ± 0.05 0.94 ± 0.15

Mean daily prednisolone dose (mg) 45.8 ± 1.1 49.3 ± 2.4 45.0 ± 1.4

Diagnosis, no. (%)

Polymyositis/dermatomyositis 29/91 (31.9%) 8/22 (36.4%) 21/69 (30.4%)

Systemic lupus erythematosus 28/91 (30.8%) 5/22 (22.7%) 23/69 (33.3%)

Vasculitis syndrome 24/91 (26.4%) 5/22 (22.7%) 19/69 (27.5%)

Adult onset Still’s disease 6/91 (6.6%) 3/22 (13.6%) 3/69 (4.3%)

Others (SSc/SS/IgG4-related disease) 4(2/1/1)/91 (4.4%) 1(1/0/0)/22 (4.5%) 3(1/1/1)/69 (4.3%)

Serum markers

CRP (mg/dL) 3.7 ± 0.5

1.5 [0.4–6.25]

2.7 ± 1.1

0.8 [0.4–2.2]

3.5 ± 2.2

1.6 [0.4–6.6]

P1NP (μg/L) 41.7 ± 2.6

35.3 [25.6–52.1]

36.0 ± 3.5

31.9 [26.3–41.7]

43.8 ± 3.2

36.4 [25.3–58.9]

BAP (μg/L) 12.9 ± 0.7

12.0 [8.6–15.2]

13.7 ± 1.1

13.9 [8.6–17.2]

12.3 ± 0.7

10.8 [8.4–14.6]

NTX (nmolBCE/L) 19.6 ± 1.4

16.4 [13.7–20.9]

18.8 ± 2.9

16.3 [13.5–18.9]

20.0 ± 1.7

16.5 [13.8–21.6]

TRACP-5b (mU/dL) 185.5 ± 14.0

157.5 [103.5–223.3]

183.8 ± 31.8

145.5 [111.8–218.3]

187.9 ± 15.6

165.0 [103.0–236.0]

Sclerostin (pmol/L) 35.7 ± 2.7

28.3 [23.5–37.2]

37.0 ± 6.1

26.3 [21.7–37.1]

35.5 ± 3.0

29.5 [24.0–49.7]

Dkk-1 (pmol/L) 34.3 ± 2.2

29.8 [18.6–45.6]

24.6 ± 3.0

23.9 [13.6–33.6]*

36.8 ± 2.7

32.7 [21.0–49.7]

Wnt3a (ng/mL) 0.31 ± 0.04

0.20 [0.00–0.48]

0.83 ± 0.05

0.78 [0.66–0.97]**

0.14 ± 0.02

0.06 [0.00–0.26]

Data are expressed as the mean ± SEM and median [25th to 75th percentile range]

SSc systemic sclerosis, SS Sjögren syndrome, CRP C-reactive protein, P1NP N-terminal peptide of type I
procollagen, BAP bone alkaline phosphatase, NTX N-telopeptide cross-linked type I collagen, TRACP-5b
tartrate-resistant acid phosphatase isoform 5b, Dkk-1 Dickkopf-1

*P < 0.05 and **P < 0.01 for the high Wnt3a group (> 75th percentile) compared with the low Wnt3a group (<
75th percentile) by Mann-Whitney U test
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fetal bovine serum. Then culture supernatants were collected,
centrifuged, and stored at −80 °C until analysis. The concen-
trations of sclerostin (Biomedica) and Dkk-1 (R&D System
Inc., Minneapolis, MN, USA) in the thawed culture superna-
tants were measured in duplicate by ELISA according to the
manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed with Prism ver. 5.0 soft-
ware (Graphpad Software, San Diego, CA, USA).
Numerical data were expressed as the mean ± SEM.
Dunnett’s multiple comparison test and paired t test were used
to assess differences of continuous variables. To compare two
groups, the Mann-Whitney U test was applied for numerical
data and the Fisher test was used for categorical data. We used
the Kruskal-Wallis test to compare three groups. The level of
significance was set at P < 0.05 in all analyses.

Results

Serum levels of sclerostin, Dkk-1, and Wnt3a

The serum sclerostin level increased significantly (P < 0.05)
by 1 week after starting glucocorticoid therapy in comparison
to before therapy, but then showed a significant decrease com-
pared to before therapy in the third week and was even lower
in the fourth week (Fig. 1a). Similarly, the serum Dkk-1 level
showed a significant increase (P < 0.01) by 1 week, but was

significantly lower than before therapy from the third week
onward (Fig. 1b). As shown in Fig. 1c, the serumWnt3a level
tended to decrease from the first week onwards, but did not
change significantly throughout the study period.

It is known that serum CRP tends to be low in patients with
SLE [15] and PM/DM [16] regardless of disease activity, the
diseases of our patients could be divided into inflammatory dis-
eases (vasculitis syndrome [17, 18] and AOSD [19], n = 30) and
non-inflammatory diseases (SLE and PM/DM, n = 57). In fact,
serumCRPwas lower in non-inflammatory diseases [inflamma-
tory diseases 7.1 ± 1.0mg/dL (mean ± SEM), non-inflammatory
diseases 1.8 ± 0.3 mg/dL, respectively, P < 0.0001]. We com-
pared the changes of serum Wnt signaling-related molecules
during glucocorticoid therapy between these two groups, and
each molecules showed a similar change (Fig. 1d, e, and f,
respectively).

We divided the patients into two groups, whose serum
Wnt3a level was over the 75th percentile (0.51–1.26 ng/mL,
high Wnt3a group) and less than the 75th percentile (0–
0.49 ng/mL, low Wnt3a group) of the cohort. There were no
significant differences of baseline characteristics between the
highWnt3a group (n = 22) and the lowWnt3a group (n = 69),
including the age, sex, percentage of postmenopausal women,
mean daily dose of prednisolone, and distribution of underly-
ing diseases (Table 1). There were also no differences in base-
line serum levels of bone metabolism markers, except for
Dkk-1 and Wnt3a. As shown in Fig. 2(a, b), the mean serum
Wnt3a level was significantly decreased by glucocorticoid
therapy in the high Wnt3a group, whereas it did not change
significantly throughout the study in the lowWnt3a group. On

Fig. 1 Serum levels of sclerostin, Dkk-1, and Wnt3a in all patients
during glucocorticoid therapy. Changes of serum sclerostin (a), Dkk-1
(b), and Wnt3a (c) in all patients (closed circle) and changes of serum
sclerostin (d), Dkk-1 (e), and Wnt3a (f) in patients with inflammatory
diseases (empty circles) and non-inflammatory diseases (empty squares)

are shown. Data are expressed as the mean ± SEM. (Single asterisk),
P < 0.05 versus baseline; (Double asterisk), P < 0.01 versus baseline by
Dunnett’s multiple comparison test. (Black triangle), P < 0.05 versus
baseline by paired t test
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the other hand, there were no significant differences between
these two groups with regard to the changes of serum
sclerostin (Figs. 2c, d) and Dkk-1 (Figs. 2e, f).

Bone turnover markers

As serum bone formation markers, the P1NP level decreased
significantly in the first week and then remained low, whereas
the serum BAP level did not change throughout this study
(Fig. 3a, b). As the serum bone resorption markers, the
TRACP-5b level increased significantly in the first week and
then remained high, while the serum NTX level increased
significantly relative to baseline only in the first week
(Fig. 3c, d).

Correlations between Wnt signaling-related molecules
and bone turnover markers

We examined the correlations between serum Wnt signaling-
related molecules (sclerostin, Dkk-1, Wnt3a) and bone turn-
over markers (P1NP, BAP, TRACP-5b, NTX) before initia-
tion of glucocorticoid therapy. Univariate analysis revealed

that only serum Dkk-1 was positively correlated with serum
P1NP level (R = 0.27, p < 0.01). Neither serum sclerostin nor
Wnt3a was correlated with any serum bone turnover markers.

Changes of BMD

Seventy-nine patients underwent measurement of BMD. Nine
patients were withdrawn due to death (n = 5) or hospital trans-
fer (n = 4). Seventy-eight patients continued to receive pred-
nisolone at 15.6 months except for a patient with SS. The
mean BMD of the patients decreased from 0.96 to 0.93 g/
cm2 after they received a mean of 15.6 months of glucocorti-
coid treatment. The change of BMD in the high Wnt3a group
[median (25th to 75th percentile range): −0.03 (−0.06 to 0.01)]
was not significantly different (P = 0.11) from that in the low
Wnt3a group [0.02 (−0.01 to 0.03)].

Fracture rate

The new fracture rate was 1.0% (1/79 patients) during glucocor-
ticoid therapy for a mean of 15.6 months. The patient with a
lumbar compression fracture was a 75-year-old postmenopausal

Fig. 2 Serum levels of Wnt3a,
sclerostin, and Dkk-1 in the high
and low Wnt3a groups during
glucocorticoid therapy. Changes
of serum Wnt3a (a, b), sclerostin
(c, d), and Dkk-1 (e, f) in high
Wnt3a group (a, c, e) and low
Wnt3a group (b, d, f) are shown.
Data are expressed as the
mean ± SEM. (Single asterisk),
P < 0.05 versus baseline by
Dunnett’s multiple comparison
test. (Black triangle), P < 0.05
versus baseline by paired t test
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woman with vasculitis syndrome taking prednisolone (initial
dose 30 mg/day) and alendronate (35 mg/week).

Effect of dexamethasone on cultured NHOst

We also investigated the effect of dexamethasone on sclerostin
and Dkk-1 mRNA expression by cultured NHOst. As shown
in Fig. 4, Dkk-1 mRNA expression was increased by addition
of dexamethasone to the culture medium for 6 h, whereas
sclerostin mRNAwas undetectable.

In addition, the Dkk-1 protein level in the culture medium
was increased by addition of dexamethasone for 24 h (Fig. 5),
but sclerostin protein was not detected in the NHOst culture
medium by ELISA.

Discussion

The present study demonstrated that the serum levels of
sclerostin and Dkk-1 were increased significantly after 1 week
of glucocorticoid therapy, while serum Wnt3a tended to de-
crease. These findings suggest that the decrease of Wnt3a and
the increase of sclerostin and Dkk-1 in the early phase of
glucocorticoid therapy suppressed Wnt signaling, which
may result in impairment of bone formation. To our knowl-
edge, this is the first prospective observational investigation of
changes in the serum levels of Wnt signaling pathway antag-
onists and a ligand from before to after initiation of glucocor-
ticoid therapy.

There have been a few previous reports about the effects of
glucocorticoids on Wnt pathway antagonists, but the findings
differed from our results. Brabnikova et al. [20] reported a

significant reduction of the serum sclerostin level and an in-
crease of serum Dkk-1 after 96 h of glucocorticoid treatment
in 17 patients with chronic rheumatic diseases. On the other
hand, the serum sclerostin level was increased and serum
Dkk-1 was decreased at 12 months compared with approxi-
mately 50 days after initiating glucocorticoid therapy in 25
patients with hematologic disorders [21]. However, neither

Fig. 3 Serum levels of P1NP,
BAP, TRACP-5b, and NTX
during glucocorticoid therapy.
Changes of serum P1NP (a), BAP
(b), TRACP-5b (c), and NTX (d)
are shown. Data are expressed as
the mean ± SEM. (Single
asterisk), P < 0.01 versus baseline
byDunnett’s multiple comparison
test. (Black triangle), P < 0.05
versus baseline by paired t test

Fig. 4 Effect of dexamethasone on sclerostin and Dkk-1 mRNA expres-
sion in NHOst. After NHOst were treated with dexamethasone (0, 10−8,
10−7, or 10−6 M) for 6 h, RT-PCR was performed to detect the expression
of sclerostin, Dkk-1, and β-actin mRNA (a). Sclerostin mRNAwas un-
detectable. Dkk-1 mRNA expression was normalized by that of β-actin
mRNA (b)
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of these studies investigated sclerostin and Dkk-1 levels be-
fore glucocorticoid therapy.

We also performed an in vitro study, which demonstrated
that dexamethasone increased Dkk-1 mRNA expression in
NHOst, as previously reported by Ohnaka et al. [22]. In addi-
tion, we found an increase of the Dkk-1 protein level in the
culture medium after incubation of NHOst with dexametha-
sone. The increase of Dkk-1 mRNA and protein after incubat-
ing these cells with dexamethasone might explain why gluco-
corticoid therapy increased the serum Dkk-1 concentration
after 1 week in our clinical study. On the other hand, sclerostin
mRNA and protein were undetectable in cultured NHOst.
This finding is consistent with the reports that sclerostin is
exclusively expressed by osteocytes and differentiated osteo-
blasts [23, 24].

Serum changes of bone formation markers indicate that
suppression of Wnt signaling in the early phase of glucocorti-
coid therapy results in impairment of bone formation. The
present study showed that, among serum bone formation
markers, the serum P1NP level was significantly suppressed
in the first week. Serum P1NP was also suppressed for the
entire 4-week study period after initiation of glucocorticoid
therapy, in agreement with the results of previous studies [25,
26]. On the other hand, the serum BAP level did not change.
BAP has a longer half-life, and also no glucocorticoid-
sensitive elements have been found in the BAP gene [27,
28]. These reports may explain the difference in the changes
between P1NP and BAP.

We observed that serum levels of sclerostin and Dkk-1 were
decreased from the third week onward, but were increased after
1 week. It is not clear why sclerostin andDkk-1 decreased over
time. Another mechanism such as accelerated differentiation of

osteoblast precursors to adipocytes is likely to be involved in
the inhibition of bone formation during long-term glucocorti-
coid therapy [29]. It has also been suggested that sclerostin
[30] and Dkk-1 [31] enhance the apoptosis of osteoblasts.
While we did not examine these effects, reduction of the serum
levels of sclerostin and Dkk-1 from the third week of gluco-
corticoid therapy could possibly be explained by a decrease of
osteoblasts in response to elevation of sclerostin and Dkk-1 in
the first week.

In the present study, serum Dkk-1 level had a positive cor-
relation with serum P1NP. Dovjak et al. [32] reported a posi-
tive correlation between serum Dkk-1 and BAP levels in
young healthy controls. These results suggest that increased
Dkk-1 was associated with increased bone formation markers,
P1NP or BAP. The reasons for these contradictorily correla-
tions remain to be studied.

We stratified the subjects into two groups according to the
baseline serum Wnt3a level and found that the serum Wnt3a
level of the high Wnt3a group, but not the low Wnt3a group,
was significantly decreased by glucocorticoid therapy. The
change of BMD after initiation of glucocorticoid therapy in
the highWnt3a group has a trend to decrease in comparison to
low Wnt3a group; therefore, a decrease of the serum Wnt3a
level might lead to a trend of BMD reduction. On the other
hand, the changes in serum sclerostin and Dkk-1 of these two
groups were similar. In this study, the baseline serum Dkk-1
level of the high Wnt3a group was lower. Recent studies have
indicated that serum Dkk-1 is increased by inflammation [33],
but there were not significant differences in serum CRP and
distribution of diseases between these two groups. There were
also no statistically significant differences of the baseline and
the changes in serum Wnt signaling-related molecules during
glucocorticoid therapy between inflammatory and non-
inflammatory diseases. This implies that the grade of inflam-
mation and difference of diseases have no influence on Wnt
signaling-related molecules.

In our study, we chose Wnt3a among several Wnt mole-
cules. Wnt3a has been known as the ligand of Wnt/β-catenin
signaling pathway and shown to stimulate the proliferation of
osteoblasts [34]. Wnt10b has also been shown as the ligand of
Wnt/β-catenin signaling pathway. Studies using mice re-
vealed that Wnt10b enhances osteoblast differentiation and
promotes bone formation [35, 36]. We tried to measure
Wnt10b level in blood samples of 15 patients, but serum
Wnt10b was hardly detectable with an ELISA kit (data not
shown).

All of our patients were concomitantly treated with
bisphosphonates during glucocorticoid therapy. These drugs
generally suppress serum levels of bone resorption markers in
patients with postmenopausal osteoporosis [37, 38]. However,
we observed a significant persistent increase of serum
TRACP-5b and a significant increase of serum NTX in the
first week. This finding suggests that high-dose glucocorticoid

Fig. 5 Effect of dexamethasone on Dkk-1 protein production by NHOst.
After NHOst were treated with dexamethasone (0, 10−8, or 10−7 M) for
24 h, ELISAwas performed to detect the expression of Dkk-1 protein in
the culture supernatants. (Single asterisk), P < 0.05 by the Kruskal-Wallis
test
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therapy has a strong effect on bone turnover and can counter-
act the suppression of bone resorption by bisphosphonates. In
addition, our study showed that the mean BMD of the patients
decreased after they received a mean of 15.6 months of glu-
cocorticoid therapy. Hoes et al. [39] reported that patients with
rheumatic diseases had a higher risk of vertebral fractures in
spite of coadministration of glucocorticoids with alendronate.
Thus, bisphosphonate monotherapy may be insufficient for
the prevention and treatment of glucocorticoid-induced
osteoporosis.

In this study, we could not clarify the effects of
bisphosphonates themselves on Wnt signaling-related mole-
cules. It was reported that bisphosphonate monotherapy for
more than 1 year did not affect the serum sclerostin level in
women with postmenopausal osteoporosis [40], while another
study showed that the serum level of sclerostin increased grad-
ually and serum Dkk-1 did not change during bisphosphonate
treatment [41]. Thus, it is suggested that bisphosphonates them-
selves do not have an obvious influence on inhibitors of Wnt/β-
catenin signaling pathway.

Recent studies have shown that treatment with antibody
against sclerostin increases trabecular bone mass and cortical
bone mass in postmenopausal women [42]. Antibody against
Dkk-1 has a similar effect in various animal models and is under
development for clinical use as a bone anabolic agent [8]. The
effect of sclerostin antibody treatment in glucocorticoid-induced
osteoporosis in mice was also recently reported [43–45].
According to our findings, antibodies targeting sclerostin and
Dkk-1 might be an attractive therapeutic option for preventing
glucocorticoid-induced bone loss, as well as in human, if they
are initiated as early as possible after the start of glucocorticoid
therapy.

This study however has several limitations. First, we ob-
served serum biochemical markers only for 4 weeks’ duration
of glucocorticoid therapy and there are no subsequent data.
Second, we measured sclerostin, Dkk-1, and Wnt3a, but there
are some other Wnt signaling-related molecules. Third, our
patients were comprised of various systemic autoimmune dis-
eases. Although we analyzed the differences between inflam-
matory diseases and non-inflammatory diseases, the studies in
an individual disease remain to be examined. Furthermore, we
cannot rule out the effects of bisphosphonates on changes of
these biochemical markers, since there was no control group
because of ethical reasons.

In conclusion, the results of the present study suggest that
bone formation may be impaired by the increases of the serum
Wnt signaling inhibitors at least at the first week of the initi-
ation of glucocorticoid therapy. Although the mechanisms of
the significant reduction of the serumWnt signaling inhibitors
in the subsequent weeks remain to be studied, their changes
were contradictory to the maintained suppression of the bone
formation markers after glucocorticoid therapy for patients
with systemic autoimmune diseases.
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Abstract: Adipokines are important regulators of several processes, including inflammation and
atherosclerosis. In patients with systemic autoimmune diseases, atherosclerosis is accelerated with
higher cardiovascular morbidity and mortality. We prospectively investigated the association
of adipokines and glucocorticoid therapy with progression of premature atherosclerosis in
38 patients starting glucocorticoid therapy for systemic autoimmune diseases. To detect
premature atherosclerosis, carotid ultrasonography was performed at initiation of glucocorticoid
therapy and after a mean three-year follow-up period. The ankle-brachial pressure index and
cardio-ankle vascular index (CAVI) were measured. Serum adipokine levels were determined
with enzyme-linked immunosorbent assay kits. Twenty-three patients (60.5%) had carotid artery
plaque at baseline. The carotid artery intima-media thickness (IMT) increased significantly during
follow-up. Glucocorticoids reduced the serum resistin level, while increasing serum leptin and high
molecular weight-adiponectin. There was slower progression of atherosclerosis (carotid IMT and
CAVI) at follow-up in patients with greater reduction of serum resistin and with higher cumulative
prednisolone dose. In conclusion, progression of premature atherosclerosis occurred at an early
stage of systemic autoimmune diseases before initiation of glucocorticoid therapy. Since resistin, an
inflammation and atherosclerosis related adipokine, is reduced by glucocorticoids, glucocortidoid
therapy may not accelerate atherosclerosis in patients with systemic autoimmune diseases.

Keywords: adipokines; resistin; atherosclerosis; glucocorticoid; systemic autoimmune diseases

1. Introduction

Adipose tissue synthesizes and releases various physiologically active molecules that are known
as adipokines or adipocytokines, including resistin, leptin, and adiponectin, as well as interleukins
(IL-1, IL-1 receptor antagonist, IL-6, and IL-10) and tumor necrosis factor (TNF)-α [1]. Adipocytes have
an established important role in regulating the systemic energy balance and glucose homeostasis [2].
More recently, it has been suggested that they adipokines are important regulators of several processes
including immunity and inflammation, and may even play a role in atherosclerosis [1,3].

Patients with systemic autoimmune diseases show accelerated development of atherosclerosis
with an increased risk of cardiovascular morbidity and mortality compared to the general
population [4–11]. Traditional cardiovascular risk factors, such as hyperlipidemia, hypertension,
Ődiabetes mellitus, smoking and aging do not always explain this increased risk of cardiovascular
disease (CVD) associated with systemic autoimmune diseases [12–14]. Therefore, it has been suggested
that autoimmunity/inflammation might contribute to accelerated atherosclerosis in these patients.
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However, the underlying mechanisms of accelerated atherosclerosis remain unclear, and the impact of
medications such as glucocorticoids on atherosclerosis is still controversial.

We have previously reported that adipokines, especially resistin, may be associated with
inflammatory processes in rheumatoid arthritis (RA) [15], Kawasaki disease [16], and other systemic
autoimmune diseases [17]. Glucocorticoid therapy rapidly reduces elevated resistin levels to the normal
range over four weeks in patients with active systemic autoimmune diseases [17]. In addition, several
studies have suggested that resistin may play a role in atherosclerosis [1,3]. We hypothesized that
glucocorticoids could have an antiatherosclerotic effect in patients with systemic autoimmune diseases
by improving hyper-resistinemia. In the present study, we performed a longitudinal investigation
into the association between changes of adipokine levels and progression of premature atherosclerosis
over a three-year follow-up period in patients newly starting glucocorticoid therapy for systemic
autoimmune diseases. The influence of glucocorticoid therapy on premature atherosclerosis was
also investigated.

2. Results

2.1. Patient Profile

The baseline characteristics of the subjects are shown in Table 1. There were 38 patients with
recent-onset systemic autoimmune diseases (11 men and 27 women) and the median disease duration
was 4.4 weeks. These 38 patients underwent carotid ultrasonography at baseline and at follow-up after
receiving glucocorticoid therapy for an average of 3.3 ± 0.9 years (mean ± standard deviation (SD)).

Table 1. Profile of the 38 patients.

Sex, Male: Female (% female) 11:27 (71.1%)

Age (years) 49.3 ± 15.2
Height (m) 1.61 ± 9.46
Weight (kg) 56.3 ± 11.5

BMI (kg/m2) 21.7 ± 3.5

Systemic Autoimmune Diseases:

SLE (%) 16 (42.1%)
PM/DM (%) 14 (36.8%)
Vasculitis Syndrome (%) 6 (15.8%)
AOSD (%) 2 (5.3%)

Disease Duration (weeks) 4.4 (3.4–12.9)

Data are shown as the number (%), mean ± standard deviation, or median (interquartile range); BMI, body
mass index; SLE, systemic lupus erythematosus; PM/DM, polymyositis/dermatomyositis; AOSD, adult-onset
Still’s disease.

Clinical and laboratory data of the patients obtained at baseline and at follow-up are shown
in Table 2. All patients had recent-onset active disease with no prior immunosuppressive therapy
including glucocorticoids at baseline. The mean initial daily dose of prednisolone was 48.2 ± 9.0 mg.
At follow-up, the mean daily dose of prednisolone was 7.9 ± 9.9 mg and the mean cumulative dose of
prednisolone was 18,651 ± 8734 mg. The diastolic blood pressure, serum levels of total cholesterol
(T-chol) and high-density lipoprotein cholesterol (HDL-chol), prevalence of diabetes mellitus, and use
of antihypertensive agents, antidiabetic agents and statins were all significantly increased at follow-up,
while the prevalence of smoking and the serum level of C-reactive protein (CRP) were decreased.
No new CVD events occurred during the follow-up period.
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Table 2. Clinical and laboratory data.

Baseline (n = 38) Follow-up (n = 38) p Value

Follow-up period (years) - 3.3 ± 0.9 -

Comorbidities

Systolic blood pressure (mmHg) 122 ± 15 124 ± 20 0.399
Diastolic blood pressure (mmHg) 73 ± 10 78 ± 11 0.043
Hypertension (%) 10 (26.3%) 18 (47.4%) 0.185
Diabetes mellitus (%) 4 (10.5%) 9 (23.7%) < 0.001
Current smoking (%) 11 (28.9%) 4 (10.5%) < 0.001
Ever smoked (%) 19 (50.0%) 19 (50.0%) 0.607
History of CVD (%) 4 (10.5%) 4 (10.5%) -
Carotid artery plaque (%) 23 (60.5%) 25 (65.7%) 0.155
Maximum IMT (mm) 0.68 (0.50–0.81) 0.73 (0.59–0.96) 0.043
CAVI - 7.8 ± 1.5 -
ABI - 1.2 ± 0.1 -

Laboratory Data

Total cholesterol (mg/dL) 160 ± 43 198 ± 43 < 0.001
HDL cholesterol (mg/dL) 34 ± 12 69 ± 20 < 0.001
LDL cholesterol (mg/dL) 98 ± 38 105 ± 33 0.304
Triglycerides (mg/dL) 111 (79–186) 102 (70–148) 0.357
CRP (mg/dL) 0.9 (0.2–3.5) 0.1 (0.0–0.33) < 0.001

Medications

Daily prednisolone dose (mg) 48.2 ± 9.0 * 7.9 ± 9.9 -
Cumulative prednisolone dose (mg) 0 18651 ± 8734 -
Immunosuppressive agents (%) 0 20 (52.6%) -
Antihypertensive agents (%) 7 (18.4%) 14 (36.8%) 0.017
Antidiabetic agents (%) 3 (7.9%) 9 (23.7%) < 0.001
Statins (%) 4 (10.5%) 10 (26.3%) < 0.001

Data are shown as the number (%), mean ± standard deviation, or median (interquartile range). Significant
differences compared with baseline (p < 0.05) are underlined; * Initial daily prednisolone dose from just after the
baseline examination; IMT, intima-media thickness; CVD, cardiovascular disease; CAVI, cardio-ankle vascular
index; ABI, ankle-brachial pressure index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; CRP,
C-reactive protein.

2.2. Serum Adipokines

We examined whether glucocorticoid therapy affected serum adipokine levels in our patients
with systemic autoimmune diseases. Compared with baseline, the serum level of resistin showed a
significant decrease after three years of glucocorticoid therapy, while the serum levels of leptin and
high molecular weight (HMW)-adiponectin both increased significantly (Figure 1).

2.3. Premature Atherosclerosis

Twenty-three of the 38 patients (60.5%) had carotid artery plaque at baseline. Among the
15 patients without plaque, two patients (5.3%) developed new plaque during the follow-up period.
The median value of the maximum carotid artery intima-media thickness (IMT) increased significantly
from 0.675 (IQR: 0.500–0.813) mm at baseline to 0.725 (0.588–0.725) mm at follow-up (p = 0.04 vs.
the null hypothesis of 0.000 mm annual change). Among the 38 patients, the median IMT showed
an annual increase of 0.016 (0.026–0.067) mm. An increase of IMT was observed in 21 patients (55.3%),
while IMT was unchanged or decreased in 17 patients (44.7%). Baseline clinical and laboratory data
were similar between patients with and without progression of IMT.

The mean cardio-ankle vascular index (CAVI) was 7.8 ± 1.5 (SD) and the mean ankle brachial
index (ABI) was 1.2 ± 0.1 at follow-up. None of the patients had symptoms or signs of peripheral
arterial obstruction, except for one patient aged 75 with polymyositis and antiphospholipid syndrome
(APS) who had intermittent claudication. However, five of the 38 patients (13.2%) had an abnormal
ABI (ABI < 1.0) according to the consensus statement [18]. The mean cumulative dose of prednisolone
was significantly higher in the patients with a normal ABI than in those with an abnormal ABI
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(p = 0.038). There were no significant differences between the normal and abnormal ABI groups with
regard to the serum concentrations of adipokines at baseline and follow-up or the annual changes of
any adipokine during the follow-up period.
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Figure 1. Changes of serum adipokine levels: (a) The median serum resistin level decreased with
glucocorticoid therapy (from 7.3 to 6.1). (b) In contrast, the serum leptin level (from 2.6 to 24.6)
increased; as did (c) the serum HMW-adiponectin level (from 8.3 to 12.4). Median values (interquartile
range) are shown under the graphs. Significant differences compared with baseline (underlined) were
determined by the Wilcoxon singed-rank sum test. HMW, High Molecular Weight.

2.4. Multivariate Analysis of Factors Associated with Progression of Premature Atherosclerosis

We next examined the independent influence of prednisolone or serum adipokines (resistin, leptin,
and HMW-adiponectin) on the progression of premature atherosclerosis in our patients with systemic
autoimmune diseases by multiple regression analyses adjusted for patient characteristics (gender, age,
and BMI), traditional risk factors (hypertension, diabetes mellitus, smoking status, and serum levels of
HDL-chol, triglycerides (TG) and CRP), and a history of CVD.

Multivariate analysis showed that the median annual change of the maximum carotid artery IMT
over the follow-up period was positively associated with the annual change of the serum resistin level.
In contrast, the median annual change of the maximum carotid artery IMT was negatively associated
with cumulative prednisolone exposure. None of traditional risk factors was independently associated
with the increase of IMT (Table 3, multivariate model).

According to multiple regression analysis, the CAVI at follow-up was independently associated
with the annual change of the serum resistin level, in addition to age and diabetes mellitus (Table 4,
multivariate model). In contrast, multiple regression analysis showed that the ABI at follow-up was
only associated with a history of CVD. There was no association between the ABI and the serum levels
of any of the adipokines or the cumulative prednisolone dose.
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Table 3. Univariate and multivariate association of clinical data with change of carotid artery IMT.

∆Carotid Artery IMT/Year

Univariate Model
R2

Multivariate Model

β p value β p value

Age 0.001348 0.195 0.046 −0.000477 0.608
Female sex −0.059111 0.032 0.121 0.034276 0.413
BMI −0.000186 0.662 0.005 −0.000984 0.790
Cumulative prednisolone dose 0.000003 0.040 0.111 −0.000004 0.011
∆CRP/year 0.006042 0.233 0.039 −0.014445 0.195
∆HDL cholesterol/year 0.000069 0.647 0.006 0.000576 0.769
∆Triglycerides/year −0.000122 0.123 0.065 −0.000145 0.321
Hypertension 0.028606 0.378 0.022 0.038420 0.153
Diabetes mellitus 0.028536 0.027 0.325 0.074380 0.055
History of CVD 0.034926 0.037 0.022 0.051526 0.186
Ever smoked 0.040737 0.084 0.079 0.009914 0.743
∆LP/year −0.027277 0.063 0.093 −0.034033 0.132
∆RS/year 0.004251 0.157 0.054 0.006317 0.046
∆HMW-AD/year 0.017032 0.155 0.055 0.008543 0.609

R2 0.234

Significant correlations (p < 0.05) are underlined. β, regression coefficient; R2, coefficient of determination;
IMT, intima-media thickness; BMI, body mass index; CRP, C-reactive protein; HDL, high-density lipoprotein;
CVD, cardiovascular disease; LP, leptin; RS, resistin; HMW-AD, high molecular weight-adiponectin.

Table 4. Univariate and multivariate association of clinical data with CAVI.

CAVI (Follow up)

Univariate Model
R2 Multivariate Model

β p Value β p Value

Age 0.064309 < 0.001 0.554 0.059720 < 0.001
Female sex −0.582343 0.132 0.064 0.131749 0.733
BMI −0.015023 0.966 0.000 −0.098105 0.054
Cumulative prednisolone dose −0.000006 0.718 0.004 - -
∆CRP/year −0.172600 0.551 0.010 - -
∆HDL cholesterol/year 0.003258 0.598 0.008 - -
∆Triglycerides/year −0.002384 0.237 0.040 - -
Hypertension 0.319883 0.446 0.017 - -
Diabetes mellitus 1.156746 0.038 0.117 1.154566 0.019
History of CVD 0.363258 0.792 0.002 - -
Ever smoked 0.417251 0.147 0.059 - -
∆LP/year −0.224163 0.321 0.028 - -
∆RS/year 0.053863 0.969 0.000 0.088717 0.048
∆HMW-AD/year 0.339796 0.073 0.089 0.366996 0.122

R2 0.539

Significant correlations (p < 0.05) are underlined. β, regression coefficient; R2, coefficient of determination; CAVI,
cardio-ankle vascular index; BMI, body mass index; CRP, C-reactive protein; HDL, high-density lipoprotein;
CVD, cardiovascular disease; LP, leptin; RS, resistin; HMW-AD, high molecular weight-adiponectin.

3. Discussion

In this study, we demonstrated that premature atherosclerosis was already progressing in patients
with systemic autoimmune diseases at an early stage before initiation of glucocorticoid therapy. We
also found slower progression of premature atherosclerosis (evaluated from the carotid IMT and CAVI)
in patients with greater reduction of the serum resistin level at follow-up and patients receiving higher
cumulative dose of prednisolone. The change of the serum resistin level was positively associated
with the increase of IMT and CAVI, suggesting that resistin might play a role in the progression of
atherosclerosis associated with systemic autoimmune diseases. Since resistin, an inflammation and
atherosclerosis related adipokine, is reduced by glucocorticoids, glucocortidoid therapy may not
accelerate atherosclerosis in patients with systemic autoimmune diseases.
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Assessment of carotid artery plaque and the IMT by ultrasonography is a noninvasive and reliable
method for assessing the systemic burden of atherosclerosis [19]. Carotid atherosclerosis can be used
as a surrogate marker for coronary atherosclerosis and is a good predictor of future cardiovascular
events in the general population. Investigation of carotid artery plaque and the IMT has also been
suggested to be useful for predicting cardiovascular events in patients with RA [20] and patients with
systemic lupus erythematosus (SLE) [21].

The prevalence of carotid artery plaque was 19.3% in a large sample of relatively elderly volunteers
(mean age: 59–70 years) [22]. Our 38 patients (mean age: 49.3 years) showed a higher prevalence
of carotid artery plaque before initiation glucocorticoid therapy (60.5%) compared with that in the
older general population. These findings seem to be compatible with a previous report about a similar
prevalence of carotid artery plaque in patients with SLE (51.9%; mean age: 52 years) [23]. The median
IMT of our patients (0.68 mm; mean age: 49.3 years) was also consistent with that reported for SLE
patients (0.62 mm; mean age: 52 years) [23]. Moreover, a significant increase of the carotid IMT in
rheumatic diseases (including RA, SLE, and systemic sclerosis) has been reported compared with
healthy control subjects [24]. Most of the subjects enrolled in previous cross-sectional studies were
outpatients with long disease duration who were already on various therapies, so the impact of specific
medications such as glucocorticoids on atherosclerosis has not been clarified.

In this study, we identified the progression of premature atherosclerosis in patients with
recent-onset systemic autoimmune diseases before initiation of glucocorticoid therapy. It had been
reported that traditional risk factors (such as hyperlipidemia, hypertension, diabetes mellitus, smoking,
and age) do not always explain the increased risk of cardiovascular disease associated with systemic
autoimmune diseases [12–14]. Ross [25] described atherosclerosis as a chronic inflammatory disease
affecting large and medium-sized elastic and muscular arteries, and stated that inflammation plays a
role in all stages of atherosclerosis. Both inflammatory and immune processes are now recognized to
play a role in accelerated atherosclerosis and the occurrence of cardiovascular events in patients with
systemic autoimmune diseases [13,26]. The European League Against Rheumatism (EULAR) Task
Force for cardiovascular risk management has recommended adequate control of disease activity to
lower the cardiovascular risk in patients with RA and inflammatory arthritis [27].

As clinical manifestations of atherosclerosis, cardiovascular events are observed before or soon
after the diagnosis of SLE and RA [28,29]. Subclinical autoimmune/inflammatory processes before
the onset of overt disease may lead to the development of premature atherosclerosis [30], which was
detected by carotid ultrasonography in our patients at diagnosis.

We found that 13.2% of our patients (mean age: 49.3 years) had an abnormal ABI (ABI < 1.0),
although there were no symptoms or signs of peripheral arterial obstruction, except in one patient
with polymyositis and APS. The ABI is a well-established and reproducible method with a high
sensitivity and specificity for assessing the patency of lower limb arteries and detecting peripheral
arterial disease [18]. It has been demonstrated to be a strong predictor of cardiovascular events
in patients with peripheral arterial disease [31]. In addition, a low ABI is a marker of generalized
atherosclerosis, and even asymptomatic reduction of the ABI (< 1.0) is inversely associated with an
increased risk of atherosclerotic CVD in the general population [32,33]. In the middle-aged general
population (mean age: 53–55 years), the prevalence of an ABI ≤ 0.9 is reported as under 4% [34],
while the prevalence of an abnormal ABI increases rapidly with age in the elderly population [32,33].
Thus, the prevalence of an abnormal ABI was higher in our patients compared with the general
population of a similar age.

CAVI is a recently developed index of arterial stiffness that is calculated from the heart-ankle
pulse wave velocity (haPWV) adjusted for blood pressure by β, a stiffness parameter. Therefore,
CAVI represents the stiffness of the arterial tree from of the origin the aorta to the ankle,
and is not influenced by blood pressure changes during measurement [35]. In addition to being
a reproducible marker of early atherosclerosis, CAVI was recently reported to be a predictor of future
atherosclerotic cardiovascular events [36–38]. CAVI is also associated with coronary arteriosclerosis,
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and the cut-off point for the presence of coronary stenosis was reported to be 8.8 [39]. In this study, six of
the 38 patients with systemic autoimmune diseases (15.7%) had a CAVI > 8.8. Moreover, the mean
CAVI value in our patients (7.8; mean age: 49.3 years) was comparable to that in patients of a similar
age with metabolic syndrome (7.9; mean age: 53.8 years), which is a well-established cardiovascular
risk factor. It was also reported that patients with metabolic syndrome and higher CAVI values have a
higher frequency of cardiovascular events and myocardial infarction [36].

Resistin was originally identified as a 12.5 kDa polypeptide expressed and secreted by white
adipose tissue that was reported to induce insulin resistance in rodents [40]. In contrast to the findings
in animal models, adipocytes express resistin at very low levels or not at all in humans, whereas
there is high expression by peripheral blood mononuclear cells (PBMCs) (especially, monocytes and
T lymphocytes), macrophages, neutrophils, and bone marrow cells involved in the inflammatory
response [41–44]. Previous studies have demonstrated pro-inflammatory properties of resistin,
which stimulated the synthesis and secretion of pro-inflammatory cytokines such as TNF-α and
IL-6, and activated the transcription factor NF-κB in adipocytes and mononuclear cells. It was also
reported that resistin is up-regulated by TNF-α, IL-1 β, IL-6, and lipopolysaccharide (LPS) [45,46].

Moreover, resistin is involved in the pathological processes leading to atherosclerosis and CVD,
which are increasingly recognized as inflammatory conditions [1,3]. In vitro studies have indicated
that resistin aggravates atherosclerosis by inducing vascular inflammation through stimulation of
monocytes, endothelial cells, and vascular smooth muscle cells (VSMCs). In a clinical study, the plasma
resistin level was associated with coronary atherosclerosis independently of metabolic syndrome
and CRP [47]. Resistin has also been shown to predict the incidence of atherosclerotic CVD and
CVD-related mortality in several general population studies [48–50].

We have previously reported that resistin may be associated with the inflammatory process in
patients with systemic autoimmune diseases [17]. Serum resistin level was showed initially high in
the patients with active systemic autoimmune diseases compared with the healthy controls, and it
was decreased the normal range after glucocorticoid therapy [17]. In this study, multivariate analysis
showed that the annual change of the serum resistin level was significantly associated with the annual
change of the carotid IMT and CAVI, indicating that resistin might be associated with progression
of premature atherosclerosis in systemic autoimmune diseases. Overall, our study suggested that
resistin could represent a novel link between autoimmune-mediated inflammation and atherosclerosis
in patients with systemic autoimmune diseases.

Chronic glucocorticoid therapy promotes certain cardiovascular risk factors, such as hypertension,
insulin resistance, and hyperlipidemia [51], which could be indirectly linked to an increase of
atherosclerotic cardiovascular events. In fact, glucocorticoid therapy has generally been reported to be
associated with an increased risk of cardiovascular events in patients with RA, including myocardial
infarction, stroke, and heart failure [52].

On the other hand, most studies of patients with SLE have shown that the daily glucocorticoid
dose, cumulative dose, or administration period was not associated with the presence or progression
of indicators of premature atherosclerosis, such as coronary artery calcification [53], carotid artery
plaque, and the IMT [54–56]. Roman et al. [54] reported that patients with plaque were less likely
to have received glucocorticoids than patients without plaque, and the average glucocorticoid dose
was also lower in patients with plaque. Most of the recent cohort studies on SLE have shown
that glucocorticoid therapy did not increase the risk of cardiovascular events [57–61], with one
exception [62], although older cohort studies from 1990s found a relationship between glucocorticoid
therapy and cardiovascular risk [9,63].

Anti-atherosclerotic effects of glucocorticoids have been demonstrated in animal models.
Glucocorticoids prevent atherosclerosis in fat-fed rabbits, despite increasing hyperlipidemia [64,65].
The anti-atherosclerotic effect of glucocorticoids may depend on inhibition of inflammatory cell
proliferation and foam cell formation [64,65], inhibition of intimal vascular smooth muscle cell (VSMC)
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proliferation [66], or reduced chemotactic attraction of circulating monocytes and macrophages into
the sub-endothelial space [67].

Thus, glucocorticoids have a complex relationship with cardiovascular risk, since these drugs
are effective for inhibiting inflammation and proliferation in atherosclerosis, but conversely can
indirectly aggravate systemic cardiovascular risk factors. In addition, it is difficult to differentiate
the influence of glucocorticoids from that of the underlying inflammatory condition, especially in
patients undergoing treatment for autoimmune diseases. In large-scale general population studies,
the mean annual progression of IMT was shown to be 0.001–0.010 mm [68,69]. In the present study,
IMT increased by 0.016 mm/year during the follow-up period and progression of IMT was more
rapid in our patients compared to the general population. However, it was negatively associated
with cumulative exposure to prednisolone. The cumulative dose of prednisolone was significantly
higher in the patients with a normal ABI than that in those with an abnormal ABI at follow-up.
Regarding traditional cardiovascular risk factors, we found that the body mass index (BMI), diastolic
blood pressure, prevalence of diabetes mellitus, and T-chol and HDL-chol levels were increased at
follow-up after several years of glucocorticoid therapy for systemic autoimmune diseases. However,
the changes of these risk factors were not significantly associated with progression of IMT. Therefore,
it is suggested that aggressive glucocorticoid therapy might prevent acceleration of atherosclerosis due
to inflammatory and immune-mediated processes in patients with active autoimmune diseases.

Furthermore, slower progression of premature atherosclerosis (evaluated by CAVI and carotid
IMT) was found in patients with greater reduction of the serum resistin level after a mean follow-up
period of three years. We previously reported that resistin expression was down-regulated by
glucocorticoids both in vivo study in patients with active systemic autoimmune diseases and in vitro
study using LPS-induced PBMCs [17]. The promoter region of the human resistin gene contains
binding sites for proinflammatory transcription factors such as cRel (one of five NF-κB subunits)
and AP-1, but has no glucocorticoid response element (GRE) [70]. Accordingly, glucocorticoid
therapy might inhibit resistin expression by repressing activation of these transcription factors via the
glucocorticoid receptor [71]. In contrast, Sasayama et al. [72] reported that glucocorticoids increased
the resistin mRNA and protein expression of in patients without inflammatory conditions. Taken
together with the suppression of hyper-resistinemia, related with inflammation and atherosclerosis, in
active systemic autoimmune diseases by glucocorticoid therapy, it seems that glucocorticoids may not
accelerate atherosclerosis.

4. Materials and Methods

4.1. Patients

This study was approved by the Ethics Committee of Toho University Medical Center Omori
Hospital (approval number: 19-67, 24-77, and 24-96). The patients all gave written informed consent
and were studied at Toho University Medical Center Omori Hospital.

This was a prospective observational study of 38 patients with systemic autoimmune diseases,
including SLE (n = 16), vasculitis syndrome (n = 6), polymyositis/dermatomyositis (n = 14) and adult
onset Still’s disease (n = 2). All subjects started glucocorticoid therapy (prednisolone at ≥ 30 mg daily)
as inpatients of Toho University Omori Hospital. Patients were excluded if they had previously taken
glucocorticoids or other immunosuppressive drugs, as were patients with large vessel vasculitis, such
as Takayasu arteritis or giant cell arteritis, which often affect the carotid arteries [73].

4.2. Clinical and Laboratory Measurements

Clinical information and laboratory data were obtained from a structured interview, self-reported
questionnaires, physical examination, and blood tests. BMI was calculated from the measured
height and weight. Baseline blood pressure was determined as the average of two measurements.
After an overnight fast, blood was collected in the morning to measure the baseline serum
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level of CRP by latex nephelometry (Eiken Chemical Co., Ltd., Tokyo, Japan), T-chol by the
cholesterol dehydrogenase/ultraviolet method (Sysmex Corporation, Kobe, Japan), HDL-chol by the
homogeneous method (Sekisui Medical Co., Ltd., Tokyo, Japan), and TG by an enzymatic assay (Sekisui
Medical Co., Ltd., Tokyo, Japan). Low-density lipoprotein cholesterol (LDL-chol) was calculated by
the formula of Friedewald et al. [74]. We assessed the smoking status, the presence or absence of
hypertension (defined as a blood pressure ≥140/90 mmHg or use of antihypertensive medications),
and the presence or absence of diabetes mellitus (defined according to Japan Diabetes Society
criteria [75] or as the use of antidiabetic medications) as traditional risk factors for atherosclerosis.

4.3. Mesurement of Serum Adipokines

Fasting serum samples were collected before the start of glucocorticoid therapy (baseline)
and were stored at −80 ◦C. Serum levels of adipokines were measured with enzyme-linked
immunosorbent assay (ELISA) kits (resistin and leptin, B-Bridge International, Inc., Sunnyvale, CA,
USA; HMW-adiponectin, Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan).

4.4. Carotid Ultrasonography

To detect premature atherosclerosis, the carotid arteries were examined by ultrasonography
according to the procedure described by Kumeda et al. [76] with some modifications, either before
glucocorticoid therapy or within one month after starting therapy. Carotid ultrasonography was
also conducted in all patients after a mean follow-up period of 3 years. In brief, the bilateral
proximal common carotid artery, distal common carotid artery, carotid bulb, and internal carotid artery
were examined with a Xario (SSA-660A) ultrasound diagnostic system (Toshiba Medical Systems
Corporation, Ohtawara, Japan). Plaque was defined as a focal protrusion >1.1 mm thick in the walls of
any of the above-mentioned arteries. The IMT was measured separately in the proximal and distal
right and left common carotid arteries. Then the maximum IMT was obtained for each patient by
averaging the maximum measurements for the right and left sides.

4.5. Measument of CAVI and ABI

At follow-up, CAVI and ABI were recorded using a VaseraVS-1000 vascular screening system
(Fukuda Denshi, Tokyo, Japan) by the method of Shirai et al. [35]. The electrocardiogram,
phonocardiograph, and pressures and waveforms of the brachial and ankle arteries were measured,
and CAVI was automatically calculated by software in the apparatus. CAVI values were obtained
by substituting the stiffness parameter β, recognized as a blood pressure-independent parameter of
arterial stiffness, in the following equation for vascular elasticity and pulse wave velocity (PWV):
β = 2ρ − 1/(Ps − Pd) × ln (Ps/Pd) − PWV2 (ρ is blood density, where Ps and Pd are SBP and DBP
(in mmHg)). The right and left CAVI values were averaged for use in analysis. ABI was calculated as
the highest ankle systolic pressure divided by the highest brachial systolic pressure on both sides, and
the right and left measurements were averaged for use in subsequent analysis.

4.6. Statistical Analysis

Results are expressed as the mean ± standard deviation (SD) for normally distributed continuous
variables or as the median with interquartile range (IQR) for continuous variables with a skewed
distribution. Significant differences of background data between subgroups of patients were evaluated
by Student’s t-test for normally distributed continuous variables and by the Mann–Whitney U test
for continuous variables with a skewed distribution. Categorical variables were compared by the
chi-square test or Fisher’s exact test. The significance of changes in serum adipokine levels, IMT,
and other clinical data between baseline and follow-up was investigated by the paired-samples t-test or
Wilcoxon signed ranks test for continuous variables, and by McNemar’s test for categorical variables.
Simple linear regression was performed to assess correlations between IMT, CAVI, or ABI and patient
characteristics. Stepwise forward multiple regression analysis was employed for multivariate analysis.
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Non-numerical variables were analyzed as categorical variables in the regression model. All statistical
analyses were performed using StatFlex software (ver. 6; ARTEC Co., Ltd., Osaka, Japan). A two-sided
probability of less than 0.05 was taken to indicate statistical significance.

5. Conclusions

The progression of premature atherosclerosis occurred at an early stage of systemic autoimmune
diseases before initiation of glucocorticoid therapy. Since resistin, an inflammation and atherosclerosis
related adipokine, is reduced by glucocorticoids, glucocortidoid therapy may not accelerate
atherosclerosis in patients with systemic autoimmune diseases.
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Abstract

Fractalkine is a CX3C chemokine that exists in both membrane-bound and soluble forms.
Interaction between fractalkine and its unique receptor (CX3CR1) induces cell adhesion,
chemotaxis, crawling, ‘‘accessory cell’’ activity, and survival. The serum level of fractalkine is
elevated in patients with rheumatoid arthritis (RA) and is correlated with disease activity.
Peripheral blood CD16+ monocytes and a subset of T cells express CX3CR1, while fractalkine is
expressed on fibroblast-like synoviocytes and endothelial cells in the synovial tissue of patients
with RA. Fractalkine expression is enhanced by tumor necrosis factor-a and interferon-g, and it
promotes the migration of monocytes, T cells, and osteoclast precursors into RA synovial tissue.
Fractalkine also induces the production of inflammatory mediators by macrophages, T cells,
and fibroblast-like synoviocytes. Moreover, fractalkine promotes angiogenesis and osteoclas-
togenesis. In an animal model of RA, arthritis was improved by the abrogation of fractalkine.
Recently, a clinical trial of an anti-fractalkine monoclonal antibody for the treatment of RA
commenced in Japan. We review the multiple roles of fractalkine in the pathogenesis of RA and
its potential as a therapeutic target for this disease.
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Introduction

Rheumatoid arthritis (RA) is characterized by various pathological
changes in the affected joints, including the accumulation of
inflammatory cells, proliferation of synoviocytes, production of
inflammatory mediators, angiogenesis, and activation of osteo-
clasts. It has been reported that infiltration of inflammatory cells,
including T cells, B cells, monocytes/macrophages, and dendritic
cells, is mainly regulated by chemokines [1]. Chemokines also
induce the proliferation of T cells and B cells, as well as promoting
the production of cytokines and other chemokines [2–5], and
enhancing angiogenesis [6,7] and osteoclastogenesis in RA [8].
Therefore, chemokines may be important players in the patho-
genesis of RA, and blocking the actions of certain chemokines
could be a novel treatment approach for this disease [9]. Although
biological disease-modifying antirheumatic drugs are widely used
to treat RA, including anticytokine and anti-T-cell activation
therapies, the risk of severe infection is increased by using these
agents and some patients do not respond. On the other hand,
chemokine blockade is a novel therapeutic strategy that could
inhibit the accumulation of inflammatory cells in synovial tissue.
Fractalkine [also known as CX3C chemokine ligand 1 (CX3CL1)]
is a unique chemokine and clinical assessment of the usefulness of
an antifractalkine agent for RA recently commenced in Japan. It is
around 10 years since the role of fractalkine in RA was reviewed
[10]. In this review, we have updated information on the

pathogenic role of fractalkine in RA and its potential as a
therapeutic target molecule.

Fractalkine/CX3CL1 and CX3CR1 system

The chemokines are members of a family of chemotactic cytokines
composed of four subfamilies (C, CC, CXC, and CX3C), and they
play an important role in the recruitment and activation of immune
cells. Most chemokines are produced as small secreted proteins
(8–10 kDa) and are immobilized on proteoglycans to form solid-
phase gradients. Chemokine receptors belong to the seven
transmembrane G protein-coupled receptor family and transduce
signals that activate integrin-dependent cell adhesion after binding
with the cognate chemokine. Over 50 chemokines and 19
receptors have been identified so far, which are involved in
complex ligand–receptor relationships with a high level of
redundancy [11]. In contrast to other chemokines, fractalkine is
a membrane-bound molecule consisting of a chemokine domain, a
mucin-like stalk that extends from the cell surface to present the
chemokine domain, a transmembrane domain, and a short
cytoplasmic tail [12]. Because of its unique membrane-bound
status, fractalkine acts directly as an adhesion molecule. The
soluble form of fractalkine is released from the full-length
molecule at a membrane-proximal site by constitutive shedding
by a disintegrin and metalloproteinase domain-containing protein
(ADAM)10 and inducible shedding by ADAM17 [(also called
TNF-a converting enzyme (TACE)] under inflammatory condi-
tions [13,14]. Soluble fractalkine acts as a chemoattractant for
monocytes, natural killer (NK) cells, and T cells.

CX3C chemokine receptor 1 (CX3CR1), a unique receptor for
fractalkine, is a seven-transmembrane high-affinity receptor that
mediates both adhesive and migratory functions of fractalkine
[15]. CX3CR1 requires pertussis toxin-sensitive G protein
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signaling to induce migration, but not to support adhesion.
Adhesion mediated by the interaction between fractalkine and
CX3CR1 occurs directly without involvement of other adhesion
molecules due to the special architecture of fractalkine chemokine
domain on a mucin stalk. CX3CR1 expressed on immune cells and
membrane-bound fractalkine on endothelial cells mediate the rapid
capture, integrin-independent firm adhesion, and activation of
circulating leukocytes under flow conditions [16]. As well as its
intrinsic adhesion function, fractalkine induces firm adhesion
between monocytes and endothelial cells through activation of
integrin avidity for their ligands [17]. Thus, fractalkine and
CX3CR1 represent unusual regulators of leukocyte trafficking that
perform both adhesive and chemotactic functions.

Fractalkine is expressed on vascular endothelial cells and its
expression is strongly enhanced by pro-inflammatory cytokines,
such as tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1), and
interferon-g (IFN-g). CX3CR1 is expressed on monocytes/macro-
phages and perforin+/granzyme+ cytotoxic lymphocytes, includ-
ing NK cells and terminally differentiated cytotoxic T cells [18].
Soluble fractalkine preferentially induces the migration of cyto-
toxic effector lymphocytes, while membrane-bound fractalkine
promotes their subsequent migration to secondary chemokines,
such as macrophage inflammatory protein-1b/CC chemokine
ligand 4 (CCL4) or IL-8/CXC chemokine ligand 8 (CXCL8).
Fractalkine not only promotes adhesion of NK cells to endothelial
cells, but also increases NK cell-mediated endothelial damage
[19,20]. Thus, fractalkine functions as a vascular regulator of
cytotoxic effector lymphocytes when it is expressed on inflamed
endothelium.

Interestingly, direct in vivo examination of monocyte function
in mice by intravital imaging has shown that a CX3CR1high

monocyte subset patrols healthy tissues through long-range
crawling along the resting endothelium [21]. This unique
patrolling behavior is mediated by physical interaction with
integrin lymphocyte function-associated antigen 1 and CX3CR1,
and it facilitates rapid accumulation of monocytes at sites of
danger to initiate an early immune response. In the renal cortex,
transcription factor Nr4a1-dependent Ly6Clow CX3CR1high mono-
cytes patrol capillaries and scavenge microparticles from the
vessel lumens under normal conditions. Importantly, a local toll-
like receptor seven-dependent danger signal increases the duration
of attachment to the endothelium by CX3CR1high monocytes. The
tethered monocytes are activated and secrete cytokines/chemo-
kines, functioning as ‘‘accessory cells’’ that orchestrate the
disposal of necrotic endothelial cells by recruiting neutrophils

and promoting in situ phagocytosis of cellular debris by mono-
cytes [22].

There is accumulating evidence that fractalkine supports the
viability of multiple cell types on top of its role in leukocyte
chemotaxis and adhesion [23]. In mice, knockout of either
CX3CR1 or fractalkine results in a significant decrease in
Ly6Clow monocytes under both basal and inflammatory condi-
tions, while introduction of a Bcl2 transgene restores the wild-type
phenotype [24]. Also, the fractalkine-CX3CR1 axis has been
reported to improve the viability of microglia and smooth muscle
cells by the activation of Akt/protein kinase B in a phosphoinosi-
tide 3-kinase (PI3K)-dependent manner. Additionally, Lionakis
et al. demonstrated that CX3CR1 promotes the survival of resident
kidney macrophages by inhibiting caspase-dependent apoptosis in
a mouse model of systemic candidiasis [25]. CX3CR1 has been
shown to have a critical role in airway inflammation via its effect
on T-cell survival [26].

These results indicate that the fractalkine-CX3CR1 axis is
deeply involved in macrophages patrolling for tissue damage under
normal conditions, as well as in promoting rapid mobilization and
accumulation of effector cells at sites of danger (Figure 1).

Expression of fractalkine and CX3CR1 in RA

Circulating fractalkine

It has been reported that serum level of fractalkine is significantly
higher in patients with RA than in patients with osteoarthritis (OA)
and healthy controls [27–29]. The serum fractalkine level is
correlated with disease activity in RA [27], and it decreases in
patients showing a clinical response to treatment with abatacept or
infliximab [29,30], while serum fractalkine is further elevated in
the RA patients with extra-articular manifestation or vasculitis
[27]. These reports indicate that the serum level of fractalkine is
elevated in RA patients and is correlated with disease activity.

CX3CR1 expression by peripheral blood cells

Circulating peripheral blood monocytes can be classified into three
subsets, which are classical CD14++CD16� monocytes, intermedi-
ate CD14++CD16+ monocytes, and nonclassical CD14 + CD16++

monocytes [31]. Although classical CD14++CD16� monocytes
show low expression of CX3CR1, it is moderately expressed by
intermediate CD14++CD16+ monocytes and highly expressed by
nonclassical CD14+ CD16++ monocytes [32,33]. In patients with
RA, CD16-positive monocytes also show higher CX3CR1 expres-
sion than CD16-negative monocytes [28].

Figure 1. Multiple functions of fractalkine. Interaction between fractalkine and CX3CR1 induces cell adhesion, chemotaxis, enhancement of migration
to secondary chemokines, crawling, and ‘‘accessory cell’’ activity, and also promotes cell survival. GSK-3: glycogen synthase kinase 3.

DOI: 10.1080/14397595.2016.1213481 Pathological role of fractalkine in RA 393



Like some monocytes, a subset of peripheral blood T cells
express CX3CR1. These CX3CR1-expressing peripheral blood
CD4+ and CD8+ T cells predominantly produce IFN-g and TNF-a,
express cytotoxic molecules, such as granzyme A and perforin,
and lack CD27 and CD28 expression in both healthy subjects and
patients with RA [18,34,35]. The population of CX3CR1+

peripheral blood CD4+ and CD8+ T cells is larger in RA patients
compared with healthy persons [34]. Surface expression of
CX3CR1 by peripheral blood CD8+ T cells and expression of
CX3CR1 mRNA by peripheral blood lymphocytes are decreased
by treatment with infliximab [30], while CX3CR1 mRNA
expression by peripheral blood mononuclear cells is higher in
RA patients with active vasculitis than in patients without
vasculitis or healthy controls [27].

These data suggest that peripheral blood monocytes (especially
the CD16-positive intermediate and nonclassical subsets) may
respond to fractalkine, as may CD28-negative CD4+ and CD8+

T cells.

Fractalkine and CX3CR1 in RA joints

Expression of fractalkine has also been analyzed in the affected
joints of patients with RA. The synovial fluid concentration of
fractalkine is higher in RA compared with OA or other types of
arthritis [28,36,37].

In the synovial tissue of patients with RA, fractalkine is
expressed by macrophages and by fibroblast-like synoviocytes
(FLSs), as well as by endothelial cells and dendritic cells
[34,36,38]. In contrast, the expression of fractalkine is minimal
in the OA synovium [34]. Fractalkine is also expressed by
endothelial cells in the vasculitic arteries of RA patients with
vasculitis [27].

Cultured FLSs obtained from RA synovial tissue show
expression of fractalkine [28,35,39–41], and FLSs from patients
with RA produce more fractalkine than control FLSs [41]. TNF-a
upregulates the expression of membrane-bound fractalkine, as well
as the release of soluble fractalkine by FLSs [28,39], and TNF-a
combined with IFN-g further enhances fractalkine expression by
FLSs [35,40]. ADAM17/TACE plays a role in mediating the
proteolytic shedding of membrane-bound fractalkine and release
of soluble fractalkine by FLSs following TNF-a/IFN-g
stimulation [40].

Thus, fractalkine expression is high in RA synovial fluid and
tissue, and probably contributes to the infiltration of inflammatory
cells expressing CX3CR1 into affected joints.

About 50% of CD14+ macrophages in RA synovial fluid
express CX3CR1 [36], while it is expressed by both macrophages
and dendritic cells in RA synovial tissue [36,38]. It has been
reported that CD16-expressing macrophages localized to the
synovial lining layer show high CX3CR1 expression in RA
patients [28]. Infiltration of CD3+ CX3CR1+ T cells into RA
synovial tissue has also been reported [34,38] and cultured FLSs
express CX3CR1 [38].

Fractalkine and CX3CR1 in animal models of arthritis

In rats with adjuvant-induced arthritis, fractalkine was expressed
by macrophages, fibroblasts, endothelial cells, and dendritic cells
in the synovial tissue, but was not expressed by T cells, while
CX3CR1 expression was found in macrophages, fibroblasts, and
dendritic cells in the synovium, as well as in a small percentage of
endothelial cells [36].

In a murine model of collagen-induced arthritis, expression of
fractalkine was upregulated in the synovial tissue compared with
that in normal mice, while CX3CR1 was expressed in the synovial
tissue of mice with arthritis, but not in normal mice [42]. In this

animal model, most macrophages expressed CX3CR1, as did a
significant number of CD4+ and CD8+ T cells [42].

Involvement of fractalkine and CX3CR1 system in RA

Synovitis

Synovial fluid obtained from patients with RA induces the
migration of monocytes. However, the chemotactic activity of
synovial fluid for monocytes is weakened by the depletion of
soluble fractalkine [36], indicating that fractalkine in RA synovial
fluid acts as an important chemoattractant.

Fractalkine promotes cytoskeletal rearrangement and chemo-
taxis of FLSs in RA. Stimulation by fractalkine activates various
mitogen-activated protein (MAP) kinases, including c-jun
N-terminal kinase (JNK) and extracellular signal-related kinases
(ERK)-1/2, and also activates Akt. Fractalkine-induced migration
of FLSs is dependent on ERK-1/2, but not on JNK or Akt
signaling [39]. Stimulation with fractalkine also induces the
growth of FLSs harvested from patients with RA [43,44], an effect
that might be dependent on the nuclear factor-kB (NF-kB)
pathway [44], while incubation of FLSs with fractalkine
upregulates the production of matrix metalloproteinase-2 and
fractalkine itself [38,44].

CD4+ T cells expressing CX3CR1 show strong adherence to
FLSs from patients with RA, which is inhibited by soluble
fractalkine [35]. Fractalkine expressed on FLSs costimulates
CD4+ T cells and amplifies proliferation of the T cells along
with the production of TNF-a/IFN-g and release of cytoplasmic
granules [35]. Coculture of FLSs with CD28-CD4+ T cells (mostly
expressing CX3CR1) enhances the proliferation of FLSs, while an
anti-CX3CR1 antibody inhibits their proliferation [43]. Thus,
expression of fractalkine by FLSs enhances the proliferation of
CD4+ T cells and TNF-a/IFN-g production, while TNF-a and
IFN-g in turn stimulate the proliferation of FLSs and fractalkine
production.

Peripheral blood CD16+ monocytes show high expression of
CX3CR1 and CXCR4, but low expression of CCR2, and their
transendothelial migration can be induced by fractalkine and
stromal-derived factor-1/CXCL12, but not monocyte chemo-
attractant protein-1/CCL2 [32]. Compared with CD16- monocytes,
it has been reported that CD16+ monocytes (particularly
nonclassical CD14+ CD16++ monocytes) show more frequent
arrest on cells with surface expression of fractalkine under flow
conditions [32]. It has been demonstrated that incubation of
activated monocytes with fractalkine induces the expression of IL-
1b and IL-6 [28]. It was also reported that CD16+ monocytes show
higher expression of TNF-a and IL-6 compared with CD16-

monocytes [45].
These findings indicate that fractalkine might contribute to firm

adhesion of certain subsets of T cells and monocytes to endothelial
cells and accumulation of these cells in the synovial tissue of RA
patients. Fractalkine may also be involved in guiding the
movement of FLSs in the synovial tissue. Fractalkine enhances
the proliferation of T cells and FLSs, as well as increasing the
production of inflammatory mediators by FLSs, T cells, and
monocytes.

Angiogenesis

Fractalkine facilitates the migration of human dermal microvascu-
lar endothelial cells (HMVECs) [46]. It induces endothelial tube
formation by HMVECs cultured in Matrigel and enhances vessel
growth in the in vivo Matrigel plug assay [46]. RA synovial fluid
promotes angiogenesis, while this effect is inhibited by the
depletion of fractalkine from the synovial fliud [46]. Stimulation
by fractalkine leads to alterations in the cytoskeletal structure of
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human umbilical vein endothelial cells and HMVECs, and
fractalkine also activates JNK and ERK-1/2, with both of these
MAP kinases apparently being necessary for endothelial cell
migration [47]. These results suggest that fractalkine also
contributes to angiogenesis in the synovial tissue of patients
with RA.

Bone destruction

Although TNF-a or IFN-g alone has a negligible effect on
fractalkine secretion by osteoblasts, their combination induces a
dramatic increase in fractalkine production [48]. This synergistic
effect is greater in osteoblasts from RA patients compared with
osteoblasts from either patients with OA or normal individuals.
Expression of fractalkine is reduced by inhibitors of NF-kB or
signal transduction and activator of transcription-1 [48]. These
reports suggest that osteoblasts are a source of fractalkine in the
affected bones/joints of patients with RA. On the other hand,
osteoclast precursor cells express CX3CR1 and fractalkine induces
the migration of osteoclast precursor cells and firm adhesion to
osteoblasts. Thus, fractalkine expressed by osteoblasts plays an
important role in osteoclast differentiation, possibly through its
dual functions as a chemotactic factor and adhesion molecule for
osteoclast precursors expressing CX3CR1 [49].

Atherosclerosis

Cardiovascular disease shows an increased prevalence in patients
with RA [50], suggesting elevated susceptibility of these patients
to atherosclerosis. Since fractalkine mediates monocyte/macro-
phage infiltration into the activated vascular endothelium, it may
be involved in inflammation related to atherosclerosis [51]. It has
been reported that expansion of peripheral blood CD28-CD4+ T
cells (mainly CX3CR1+ T cells) in patients with RA is correlated
with an increase in the carotid intima-media thickness and
inversely correlated with flow-mediated vasodilation [52]. It was
also reported that CX3CR1-deficient mice show reduced

development of atherosclerosis [53,54]. Thus, the fractalkine-
CX3CR1 axis might play a role in induction and progression of
endothelial dysfunction in patients with RA.

Pain

Pain in the patients with RA might involve neuropathic mechan-
ism and nociceptive [55,56]. Dorsal horn microglia responds to
peripheral nerve injury or inflammation by surface expression of
toll-like receptors and chemokine receptors and release of
inflammatory mediators, with these processes contributing to
chronic pain. It was reported that CX3CR1 expression in dorsal
horn microglia is upregulated by neuropathic pain in rats [57].
Neuropathic pain also induces release of soluble fractalkine in the
dorsal horn and elevation of the fractalkine level in the cerebro-
spinal fluid [58]. Furthermore, intrathecal administration of an
antifractalkine antibody or anti-CX3CR1 antibody has been found
to attenuate neuropathic pain [59,60], and CX3CR1-deficient mice
demonstrate improvement of both inflammatory and neuropathic
pain [60,61].

Rats with collagen-induced arthritis develop marked mechan-
ical hypersensitivity that peaks at the time when their arthritis is
most severe, while intrathecal administration of an antifractalkine
antibody attenuates both mechanical hypersensitivity and the
spinal microglial response [62]. Therefore, fractalkine may also
have a role in chronic pain associated with arthritis as well as other
conditions and inhibition of fractalkine may reduce both pain and
synovial inflammation.

Fractalkine as a therapeutic target

It has been shown that inhibition of fractalkine by an antifractalk-
ine monoclonal antibody significantly reduces clinical arthritis
scores compared with a control antibody and also reduces
inflammatory cell infiltration into synovial tissue and bone erosion
in the joints of mice with collagen-induced arthritis [42]. However,
antifractalkine antibody treatment does not affect the production of

Figure 2. Effects of fractalkine in the synovial tissue of RA patients. Fractalkine contributes to inflammatory cell migration, activation of synovial cells,
angiogenesis, and osteoclastogenesis in RA synovium. MMPs: matrix metalloproteinases, RANK: receptor activator of NF-kB, RANKL: RANK ligand.
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either serum anti- type II collagen IgG or IFN-g by splenic T cells
stimulated with type-II collagen [42]. Interestingly, treatment with
an antifractalkine monoclonal antibody inhibits the migration of
adoptively transferred splenic macrophages into the inflamed
synovium [42]. These findings suggest that blockade of fractalkine
activity ameliorates arthritis by inhibiting the infiltration of
inflammatory cells into the synovium.

In CX3CR1-deficient mice with collagen-induced arthritis, the
clinical disease score and paw swelling are attenuated compared to
the changes seen in wild-type mice, and anti-collagen type-II
antibody production is also inhibited in CX3CR1-deficient mice
[63]. Additionally, intraarticular IL-17 expression and the number
of Th17 cells in inflamed joints are reduced in CX3CR1-
deficitnent mice [63].

A phase-I/phase-II clinical trial of antifractalkine monoclonal
antibody is currently underway in patients with RA. Interim
analysis has shown that the antibody is safe and well tolerated, and
it has demonstrated promising efficacy in patients with active RA
who were intolerant of methotrexate or TNF inhibitors [64].

Conclusion

The interaction of fractalkine with CX3CR1 might contribute to
accumulation of inflammatory cells in the RA synovium, and to
the stimulation of synovial cells resulting in proliferation and
production of inflammatory mediators, and may also promote
angiogenesis and bone destruction in the affected joints (Figure 2).
Blocking fractalkine signaling might be beneficial for patients with
RA, but the results of the current clinical trial of antifractalkine
monoclonal antibody therapy for RA are required to provide more
evidence.
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Abstract

Objectives: Midkine (MK) is involved in cell proliferation, differentiation, migration, and survival.
In this study, we measured serum MK levels in rheumatoid arthritis (RA) and investigated the
correlation of serum MK with RA disease activity. Expression and effect of MK in RA synovial
tissue were also examined.
Methods: Serum MK and production of inflammatory mediators by rheumatoid synovial
fibroblasts (RSFs) were measured by enzyme-linked immunosorbent assay. MK expression in
synovial tissue was examined by immunohistochemistry. MK receptor expression was analyzed
by RT-PCR and Western blotting.
Results: RA patients had a significantly higher serum MK level than healthy controls. In RA
patients, the MK level was correlated with DAS28-ESR, disability index of the Health Assessment
Questionnaire, and rheumatoid factor level. The serum MK level tended to be decreased by
anti-TNF therapy. MK was expressed by synovial lining cells in RA synovial tissues and it
enhanced the production of IL-6, IL-8, and CCL2 by RSFs. RSFs expressed LDL receptor-related
protein 1, candidate receptor for MK.
Conclusions: The serum MK level could be a marker of disease activity in RA and an indicator of
a poor prognosis. MK may have a role in the pathogenesis of RA via induction of inflammatory
mediators.
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Introduction

Midkine (MK) is a heparin-binding growth factor that was origin-
ally identified as the retinoic acid–response gene product [1–3]. It
has been reported that MK has a role in cell proliferation,
differentiation, migration, and survival [4–6]. In addition, the
pathological role of MK in malignant tumors has been widely
analyzed [7–9]. Several types of cancer cells express MK [1,10],
and cancer patients with high serum levels of MK are reported to
have a poor prognosis [11]. Furthermore, MK enhances tumor cell
growth and invasion [12]. Moreover, MK might modulate
inflammatory responses [13,14], since it has been reported to
induce the migration of inflammatory cells [15–17] and suppresses
the expansion of regulatory T cell by blocking the development of
tolerogenic dendritic cells [18]. Thus, MK might have a role in
inflammatory diseases as well as cancer.

Rheumatoid arthritis (RA) is characterized by chronic inflam-
mation of multiple joints. The synovial tissue of RA patients
features proliferation of synoviocytes, accumulation of inflamma-
tory cells (including lymphocytes and macrophages), production
of inflammatory mediators, and angiogenesis [19]. Several
biologic agents are effective for RA, including monoclonal

antibodies against tumor necrosis factor-a (TNF-a) and interleukin
(IL)-6 receptor. However, the risk of severe infection is increased
by these biologic agents [20,21] and some patients do not respond
to them. Therefore, novel therapies that are more effective for RA
and safer than conventional treatment are still needed.

It has been reported that MK is expressed in RA synovial tissue
[15,22] and that MK levels are elevated in the serum [22] and
synovial fluid [15] of RA patients. These reports suggest that MK
may play a role in the pathogenesis of RA. In this study, we
analyzed the relation between the serum MK level and disease
activity in RA, and we also investigated the stimulatory effect of
MK on cultured synovial fibroblasts obtained from RA patients.

Methods

Samples

Peripheral blood samples were obtained from 146 RA patients and
85 healthy subjects. All of the RA patients fulfilled the classifi-
cation criteria of the American College of Rheumatology/
European League Against Rheumatism [23]. Among the 146 RA
patients, 121 (82.8%) were women. The mean age ± standard
deviation (SD) was 60.9 ± 14.0 years, the disease duration was
125.7 ± 115.2 months, and the C-reactive protein (CRP) level was
0.57 ± 0.13 mg/dl. In addition, the disease activity score (DAS)
28-erythrocyte sedimentation rate (ESR) [24] was 2.76 ± 1.46 and
the disability index of the Health Assessment Questionnaire
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(HAQ) [25] was 0.58 ± 0.87. Of the 146 RA patients, 118 (80.8%)
were positive for rheumatoid factor (RF) and 113 (77.4%) were
positive for anti-cyclic citrullinated protein (CCP) antibodies.
Sixty-eight patients were taking prednisolone and 101 patients
were using methotrexate. Other medications were salazosulfapyr-
idine in two patients, tacrolimus in six, cyclosporin in one,
infliximab in 11, etanercept in 28, adalimumab in seven, abatacept
in three, golimumab in three, and tocilizumab in 13. Blood
samples from microscopic polyangiitis (n¼ 3), adult-onset Still’s
disease (n¼ 2), systemic lupus erythematosus (n¼ 3), and poly-
myositis (n¼ 2) were also obtained. Among the healthy subjects,
76 (89.4%) were women and their age was 63.2 ± 12.1 years. The
ages and gender ratio were not significantly different between RA
patients and healthy controls. Blood samples from healthy controls
were obtained at Kitasato University Kitasato Institute Hospital.
The subjects were healthy on the basis of their medical histories.
They did not have a present or past history of organopathy, such as
heart, lung, liver, or kidney disease. They were normal based on
physical examination and clinical laboratory tests. Synovial tissue
samples were obtained from three patients with RA and three
patients with osteoarthritis (OA) who underwent total knee or hip
replacement. The experimental protocol was approved in advance
by the Ethics Committees of Toho Medical Center Omori Hospital
(approval no. 24-207, 26-22), Toho University School of Medicine
(2703024007), and Kitasato University Kitasato Institute Hospital
(13028).

Measurement of MK

Serum was obtained from peripheral blood samples of the RA,
polyangiitis, adult-onset Still’s disease, systemic lupus erythema-
tosus, polymyositis, and healthy controls and was frozen at
�80 �C until analysis. Concentrations of MK and RF were
determined with enzyme-linked immunosorbent assay (ELISA)
kits (Cellmid, Sydney, Australia), according to the instruction of
the manufacturer. To examine whether RF interfered with the MK
assay, serum samples from three RA patients were incubated with
Immunoglobulin Inhibiting Reagent� (Bioreclamation IVT,
Baltimore, MD) for 18 h at 4�C before determination of the MK
level.

Sharp score

To evaluate radiographic changes of the hands, the Sharp score
was calculated [26]. Erosions were evaluated at 16 sites of each
hand and wrist and joint space narrowing was assessed at 15 sites
on each side. The score for erosions at each site ranged from 0 to
5, giving a total score between 0 and 160, while the score for joint
space narrowing at each site ranged from 0 to 4, give a total score
between 0 and 120. The score was independently evaluated by ES
and KS, and the mean score was calculated.

Immunohistochemistry

Synovial tissues were fixed with freshly prepared 4% (v/v)
paraformaldehyde in Tris-buffered saline (TBS). Sections (3 mm)
were immersed in ethanol containing 3% (v/v) H2O2 for 5 min to
block endogenous peroxidase activity. Then the sections were
incubated with EzBlock Chemi� (Atto, Tokyo, Japan) for 10 min
to block nonspecific binding. Sections were subsequently
incubated for 2 h with polyclonal goat anti-human MK antibody
(2 mg/ml; R&D Systems, Minneapolis, MN) or normal goat serum
as a control. Next, the sections were washed four times with TBS
and expression was detected using a Vectastain� Elite ABC kit
(Vector Laboratories, Burlingame, CA). Finally, the sections were
washed in TBS and counterstained with hematoxylin.

Cell culture

Rheumatoid synovial fibroblasts (RSFs) were prepared from
synovial tissue samples as described previously [27]. In brief,
synovial tissue was digested for 2 h with 0.2% (w/v) bacterial
collagenase (Wako Pure Chemical Industries, Osaka, Japan) and
then suspended in Roswell Park Memorial Institute (RPMI) 1640
medium with 10% (v/v) fetal bovine serum (FBS), 100 units/ml
penicillin, and 100 g/ml streptomycin. The cells were incubated for
several days at 37�C under 5% CO2, after which non-adherent cells
were removed. Fibroblast-like adherent cells from the third or
fourth passages were used as RSFs. These cells were cultured
overnight in 96-well plates (2� 104 cells/well), and then were
incubated with MK (0, 5, or 50 ng/ml; Wako Pure Chemical
Industries, Osaka, Japan) for 48 h at 37�C in RPMI 1640 medium
containing 10% FBS. Levels of IL-6, IL-8, and chemokine (C-C
motif) ligand 2 (CCL2) and chemokine (C-X3-C motif) ligand 1
(CX3CL1) in the culture supernatant were assessed by using
ELISA kits (Life Technologies, Waltham, MA, for IL-6 and
CCL2; R&D Systems for IL-8 and CX3CL1), according to the
instructions of the manufacturers. To measure prostaglandin E2

(PGE2) level, RSFs were plated in 96-well plates (2� 104 cells/
well) and cultured for 48 h at 37�C with MK (0, 5, or 50 ng/ml) in
medium containing 1% FBS. Three mM arachidonic acid (Cayman
Chemical, Ann Arbor, MI) was added to each well for last 30 min.
Then, concentration of PGE2 in the medium was measured by an
ELISA kit according to the recommendations of the manufacturer
(Cayman Chemical, Ann Arbor, MI).

Reverse transcription-polymerase chain reaction (RT-PCR)

RSFs were seeded in culture medium containing 10% FBS, and
total RNA was extracted with an RNeasy Mini kit according to the
recommendations of the manufacturer (QIAGEN GmbH, Hilden,
Germany). Reverse transcription was performed with a
SuperScript first-strand synthesis system for RT-PCR according
to the recommendations of the manufacturer (Invitrogen, Carlsbad,
CA), with 1mg of total RNA from the cells as a template. Equal
amounts of each reverse-transcribed product were amplified by
PCR with HotStar Taq polymerase (QIAGEN GmbH, Hilden,
Germany). The primer sequences and numbers of basepairs were
as follows: for anaplastic lymphoma kinase (ALK) (814 bp), sense
50-AGA TCC TCC TGA TGC CCA CT and antisense 50-AGG
ATC TTG TCC TCT CCG CT; for protein tyrosine phosphatase,
receptor type Z1 (PTPRZ1) (196 bp), sense 50-TGC TTC CAG
ACT GCA CAC TT and antisense 50-CCT GGT AAA ACT CTT
TCA GTG TCT C; for Notch2 (817 bp), sense 50-TGG CAC ATG
TGT TGA TGG GA and antisense 50-GTT GGA GAG GCA CTC
GTT GA; for LDL receptor-related protein 1 (LRP1) (419 bp),
sense 50-CTG GCG AAC AAA CAC ACT GG and antisense
50-GCA CGT CAG ACC AGT ACA CA; and for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (598 bp), sense 50-CCA
CCC ATG GCA AAT TCC ATG GCA and antisense 50-TCT
AGA CGG CAG GTC AGG TCC ACC. After initial denaturation
at 95�C for 15 min, PCR involved amplification for 28 cycles of
30 s at 94�C, 30 s at 56�C, and 30 s at 72�C, followed by
elongation for 5 min at 72�C. The amplified complementary DNA
fragments were resolved by electrophoresis on a 2% agarose gel,
and were detected under ultraviolet light using LAS-3000
(Fujifilm, Tokyo, Japan) after staining the gel with ethidium
bromide.

Western blot analysis

RSFs were lysed in M-PER� mammalian protein extraction
reagent (Thermo Fisher Scientific, Waltham, MA) with Halt�
protease inhibitor cocktail (Thermo Fisher Scientific, Waltham,
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MA) according to the recommendations of the manufacturer. The
protein content of the lysates was determined with Qubit� 3.0
Fluorometer using Qubit� protein assay (Thermo Fisher Scientific,
Waltham, MA). Then cell lysates were adjusted to 30mg of protein
and were applied to Bolt� Bis-Tris Plus gel (4–12%) (Thermo
Fisher Scientific, Waltham, MA) for eleectrophoresis in MOPS
buffer. Next, the proteins were electroblotted onto Immobilon-P
polyvinylidene difluoride membranes with iBlot� 2 Dry Blotting
System (Thermo Fisher Scientific, Waltham, MA). The mem-
branes were incubated with primary antibodies, monoclonal rabbit
anti-human Notch2 antibody (Cell Signaling Technology,
Danvers, MA), monoclonal rabbit anti-human LRP1 antibody
(Abcam Plc, Cambridge, UK), or monoclonal mouse anti-human
GAPDH antibody (Santa Cruz Biotechnology, Dallas, TX), with a
dilution of 1:200 (Notch2), 1:3000 (LRP1), and 1:100 (GAPDH),
and the secondary antibody (HRP-conjugated goat anti-rabbit
antibody or HRP-conjugated goat anti-mouse antibody) was added
(at a dilution of 1:2000) and incubation was performed for 2.5 h
using iBind Flex Western System (Thermo Fisher Scientific,
Waltham, MA). Protein bands were detected with enhanced
Novex� ECL Chemiluminescent Substrate Reagent Kit
(Invitrogen, Carlsbad, CA) using LAS-3000 (Fujifilm, Tokyo,
Japan).

Statistical analysis

Results are expressed as the mean ± SD and/or median with
interquartile range. Statistical analysis was performed with Prism
software (ver. 6; GraphPad Software, La Jolla, CA). The
significance of between-group differences of the serum MK
concentration was determined by the Mann–Whitney U-test.
Simple linear regression analysis was used to assess correlations
between the serum MK level and the DAS28-ESR, HAQ score,
Sharp score, or RF level. To compare IL-6, IL-8, CCL2, and PGE2

production by RSFs, analysis of variance was applied with
Bonferroni’s correction. In all analyses, p50.05 was considered to
indicate statistical significance.

Results

Serum MK level

As shown in Figure 1, the serum level of MK was significantly
higher in the RA patients than in the healthy controls [RA:
787.7 ± 68.8 (mean ± SD), 540.8 (391.7–781.1) median (inter-
quartile range); healthy controls: 373.6 ± 15.1, 334.4 (284.8–
426.1) pg/ml, p50.0001]. We also measured serum MK levels
of patients with microscopic polyangiitis, adult-onset Still’s
disease, systemic lupus erythematosus, and polymyositis.
Although the MK concentrations were vary in the patients;
microscopic polyangiitis (n¼ 3; 240.5, 458.1, 378.3 pg/ml),
adult-onset Still’s disease (n¼ 2; 76.7, 232.5), systemic lupus
erythematosus (n¼ 3; 146.1, 339.8, 686.6), and polymyositis
(n¼ 2; 47.0, 31.0), they were not significantly increased
compared to healthy controls. To determine whether the serum
MK level could be a useful biomarker of RA disease activity, we
examined the correlation between serum MK and DAS28-ESR.
In the RA patients, we found that the serum MK level was
significantly correlated with DAS28-ESR (r¼ 0.223, p¼ 0.0194)
(Figure 2A). Since HAQ is widely used for measuring functional
disability in daily life, the correlation between the HAQ score
and serum MK was examined, and a significant correlation of
serum MK with the HAQ score was identified (r¼ 0.329,
p¼ 0.0143) (Figure 2B). The Sharp score for radiographic bone
destruction of the finger and wrist joints was also analyzed for a
correlation with serum MK. There was little correlation between
serum MK level and Sharp score; the p value was less than 0.05,

but correlation coefficient was less than 0.1 (r¼ 0.097,
p¼ 0.0013) (Figure 2C). Furthermore, serum MK was
strongly correlated with the RF titer (r¼ 0.615, p50.00001)
(Figure 2D).

Since RF often interferes with the assay other serum proteins,
we evaluated the influence of RF on the ELISA for MK. First RF
in serum was blocked with Immunoglobulin Inhibiting Reagent�

and then we measured MK using the ELISA. After blocking RF,
the measured concentration of MK was not altered, while the
concentration of RF was significantly decreased (data not shown),
suggesting that RF did not affect the assay for MK. The anti-CCP
antibody titer was not correlated with the serum MK level (data
not shown).

Four of the RA patients started treatment with infliximab, an
anti-TNF-a monoclonal antibody, and the concentration of MK
was measured several times. The clinical courses, including serum
MK levels, are shown in Figure 3. In all the patients, CRP and
ESR were lowered after infliximab treatment, and dosage of
prednisolone could be decreased. Serum MK level tended to be
lowered although it was sometimes fluctuated.

Figure 2. Correlation of the serum MK level with the DAS28-ESR, HAQ,
Sharp score, and RF in the patients with RA. Correlations between MK
and the DAS28-ESR (A), HAQ score (B), Sharp score (C), and RF (D)
were determined in the 146 patients. Each point represents an individual
patient. p50.05 was considered to indicate statistical significance.

Figure 1. Serum MK level. The serum MK concentration was determined
by ELISA in 146 RA patients and 85 healthy controls.
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MK expression in RA synovium

Expression of MK in the synovial tissues harvested from RA and
OA patients was examined by immunohistochemistry. There was
strong expression of MK in the synovial lining cells of RA
synovial tissue (Figure 4), while MK expression was minimal in
OA synovial tissue.

Stimulatory effect of MK on RSFs

Finally, we investigated the in vitro effects of MK on RSFs. After
RSFs were incubated with MK for 48 h, the concentrations of IL-
6, IL-8, CCL2, CX3CL1, and PGE2, which are thought to be
involved in the pathogenesis of RA [28–30], in the culture
supernatant were determined with ELISA kits. It was found that
stimulation with MK significantly increased the production of IL-6
and IL-8 by RSFs in a dose-dependent manner (Figure 5A and B).
Production of CCL2 by RSFs was also enhanced after treatment
with MK (Figure 5C). Production of PGE2 was not significantly
altered by the MK stimulation (Figure 5D). Expression of
CX3CL1 was not detected by this method.

We also examined the expression of candidate MK receptors,
ALK, PTPRZ1, Notch2, and LRP1 [31], in RSFs. Notch2 and
LRP1 mRNAs were expressed, but expression of ALK and
PTPRZ1 was not detected by RT-PCR (Figure 6A). The protein
expression of LRP1, but not Notch2, was detected in RSFs by
Western blotting (Figure 6B).

Discussion

In this study, we showed that the serum MK level is elevated in
RA patients and is correlated with clinical indexes of RA.

In addition, MK expression was obvious in RA synovial tissue,
and stimulation of RSFs with MK enhanced the production of
IL-6, IL-8, and CCL2.

Previous study has shown that the serum MK level is elevated
in RA patients and is correlated with the RF titer [22]. In this
study, we found that the serum MK level was correlated with
DAS28-ESR and that MK tended to be decreased after treatment
with an anti-TNF-a antibody. These results indicate that the serum
MK level could be a useful marker of RA disease activity.
Moreover, serum MK was correlated with HAQ, indicating that

Figure 3. Clinical courses by anti-TNF-a treatment. Clinical courses of each individual, including the treatment, serum levels of MK, ESR, and CRP in
four patients who received infliximab, are shown (A–D). PSL: prednisolone; MTX: methotrexate; IFX: infliximab.

Figure 4. Expression of MK in synovial tissue. MK expression in
synovial tissue harvested from RA patients (n¼ 3) and OA patients (n¼ 3)
was analyzed by immunohistochemistry. Sections were counterstained
with hematoxylin and representative photomicrographs are shown. Bar
¼100 mm. MK was strongly expressed by synovial lining cells in RA
synovial tissue, whereas MK expression was minimal in OA synovial
tissue.

DOI: 10.1080/14397595.2016.1179860 Midkine is a disease activity marker of RA 57



MK also could be an indicator for a poor prognosis of RA. In fact,
MK was also correlated with the RF titer, which is a well-known
poor prognostic factor [32]. Therefore, it is possible that the serum
MK level could be a useful disease activity marker as well as a
prognostic factor. In this study, we retrospectively evaluated
clinical courses, including serum MK, ESR, and CRP levels, in
four patients treated with anti-TNF-a antibody. We further need to
prospectively analyze the changes of serum MK level and the
disease activities in detail by the treatment in large number of
patients to identify the characteristics of MK as a marker for
activity of RA.

We found that MK was expressed in the RA synovial lining,
which is consistent with a previous report [15,22], while there was
minimal MK expression in OA synovium. The MK level in
synovial fluid was also reported to be higher in RA compared with
OA [22]. In the present study, we found that stimulation with MK
enhanced the production of IL-6, IL-8, and CCL2 by cultured

RSFs. IL-8 is a chemokine (C-X-C motif) ligand 8 (CXCL8),
which induces blood vessel formation and angiogenesis and also
exhibits a chemoattractant activity for neutrophils and dendritic
cells [28,33,34]. CCL2 is thought to induce migration of
monocytes into inflamed RA synovial tissue [29]. Thus, our
findings suggest that MK might play a role in inflammatory cell
migration via enhancement of chemokine production by RSFs.
Moreover, it was reported that MK induces neutrophil migration
[15,17], so MK could both directly and indirectly promote
inflammatory cell accumulation in RA synovial tissue and
synovial fluid. IL-6 has a wide range of effects on immune cells
and contributes to the pathogenesis of autoimmune diseases [35],
and it has been reported that inhibition of IL-6 signaling by anti-
IL-6 or anti-IL-6 receptor monoclonal antibodies is effective for
RA [36,37]. Our findings indicated that MK may contribute to the
production of cytokines such as IL-6, which regulate immune cell
activation.

As candidate receptors for MK, ALK, PTPRZ1, Notch2, and
LRP1 are reported [31]. We found that LPR1 was expressed in
mRNA and protein levels in RSFs. LPR1 might be a responsible
receptor for MK stimulation in RSFs.

It has been reported that MK enhances endothelial cell
proliferation and vascular growth [12] and also upregulates the
differentiation of osteoclasts in vitro [22]. Therefore, MK may
contribute to angiogenesis and bone destruction in the synovial
tissues in RA, as well as stimulating RSFs. In a murine model of
antibody-induced arthritis, it was found that MK expression was
upregulated in the affected joints after arthritis developed [22]. In
addition, development of antibody-induced arthritis was signifi-
cantly inhibited in MK-deficient mice compared with wild-type
mice [22]. Thus, MK could be a potential therapeutic target in
patients with RA.

In conclusion, the serum MK level could be a marker of RA
disease activity and an indicator of a poor prognosis. It also seems
possible that MK plays a role in the pathogenesis of RA via
induction of IL-6, IL-8 and CCL2.
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Abstract

Context

Suppression of the hypothalamic-pituitary-adrenal (HPA) axis is a serious complication of

systemic glucocorticoid therapy.

Objective

To clarify the influence of proinflammatory cytokines on the HPA axis after onset of gluco-

corticoid therapy in patients with systemic autoimmune diseases.

Patients and Methods

Forty-eight glucocorticoid-naïve patients with systemic autoimmune diseases (28 women)

who were starting prednisolone therapy according to our standard regimens were prospec-

tively observed. Patients were classified into high-dose and low-dose groups depending on

the dose of prednisolone administered as indicated for their diseases. Plasma adrenocorti-

cotropic hormone (ACTH) and serum cortisol levels were measured by electrochemilumi-

nescence immunoassay. The corticotropin-releasing hormone (CRH) test was performed at

baseline and second and forth weeks after starting glucocorticoid therapy. The increased

levels of ACTH (ΔACTH) and cortisol (Δcortisol) were investigated. Serum levels of 10

proinflammatory cytokines were measured simultaneously by a multi-spot assay system.

Results

In the high-dose group, both basal and stimulated levels of ACTH and cortisol were signifi-

cantly decreased by glucocorticoid therapy. In the low-dose group, basal ACTH and cortisol

levels were also significantly decreased by glucocorticoid therapy, but ΔACTH and Δcortisol

were unchanged. Among 10 cytokines, only interleukin (IL)-6 was significantly decreased by

glucocorticoid therapy in both groups and was more closely correlated with cortisol than
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ACTH. Basal cortisol level was positively correlated with serum IL-6 level in all patients

before glucocorticoid therapy.

Conclusion

In patients with systemic autoimmune diseases, apparent suppression of cortisol during glu-

cocorticoid therapy may be partly mediated by reduced production of IL-6.

Introduction

Glucocorticoids are widely used to treat a variety of diseases, including systemic autoimmune

diseases. Although glucocorticoids generally improve the clinical outcome, various side effects

can be difficult to manage, including suppression of the hypothalamic-pituitary-adrenal

(HPA) axis [1].

Corticotropin-releasing hormone (CRH) is secreted by the hypothalamus and stimulates

secretion of adrenocorticotropic hormone (ACTH) from the anterior pituitary gland, which

then stimulates the adrenal cortex to produce cortisol in a circadian and stress-related fashion.

In addition, there are other regulators of adrenal cortisol production, such as inflammatory

molecules, that may have a particularly important influence on the HPA axis in inflammatory

disorders [2,3].

In fact, an influence of inflammation on the HPA axis has been reported in various autoim-

mune diseases. A rat model of inflammatory arthritis shows elevation of ACTH and corticoste-

rone levels at the onset of arthritis [4], as does a mouse model of colitis at disease onset [5].

There have also been several reports about the HPA axis in human systemic autoimmune and

inflammatory diseases. Demir et al. [6] reported that the cortisol level after low-dose dexa-

methasone suppression was positively correlated with acute phase reactants in patients with

polymyalgia rheumatica (PMR), suggesting that inflammation might stimulate cortisol secre-

tion. Similarly, Crofford et al. [7] reported that endogenous interleukin (IL)-6 may stimulate

the secretion of ACTH and cortisol in patients with early untreated rheumatoid arthritis.

These reports suggest that non-CRH and non-ACTH factors, such as proinflammatory cyto-

kines, may influence the HPA axis in various inflammatory conditions.

In the present study, we prospectively performed the CRH test and measured 10 proinflam-

matory cytokines in untreated patients with systemic autoimmune disorders before and after

initiation of glucocorticoid therapy. Our objective was to clarify the effect of endogenous

proinflammatory cytokines on the HPA axis during the initial phase of glucocorticoid therapy.

Patients and Methods

Patients and study protocol

A total of 48 patients with systemic autoimmune diseases were recruited at Toho University

Omori Hospital for a prospective observational study. Previously untreated patients who were

starting prednisolone therapy at daily doses from 5 mg to 70 mg [mean daily dose: 30.1 ± 2.6

mg (SEM)] according to our standard regimens were eligible for enrollment. High- and low-

dose regimens of glucocorticoid therapy in our study were defined as administration of� 30

mg daily prednisolone for the patients with life or organ threatening manifestations and� 20

mg daily prednisolone for not life or organ threatening manifestations, respectively, principally

in accordance with the algorithm of glucocorticoid therapy in Harrison’s Principles of Internal

HPA Suppression by GC Therapy via IL-6 Reduction
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Medicine [8]. The high-dose group (30–70 mg/day, 25 patients) included 5 patients with sys-

temic lupus erythematosus (SLE), 8 patients with polymyositis/dermatomyositis (PM/DM), 7

patients with vasculitis syndrome, 2 patients with adult onset Still’s disease, 1 patient with

mixed connective tissue disease, 1 patient with systemic sclerosis (SSc), and 1 patient with

IgG4 related disease. The low-dose group (5–20 mg/day, 23 patients) comprised 14 patients

with PMR, 5 patients with remitting seronegative symmetrical synovitis with edema (RS3PE)

syndrome, 3 patients with rheumatoid arthritis, and 1 patient with SLE.

Collection of fasting morning blood sample and CRH stimulation test were performed on

the previous day or the same day of initial glucocorticoid treatment and also at the second and

fourth week after glucocorticoid therapy. Serum samples were immediately frozen at −80˚C

until assays were performed.

This study was carried out in accordance with the Declaration of Helsinki and Ethical

Guidelines for Medical and Health Research Involving Human Subjects by Ministry of Educa-

tion, Culture, Sports, Science and Technology and Ministry of Health, Labour and Welfare of

the Japanese Government. This study was approved by the Ethics Committees of Toho Univer-

sity Omori Medical Center (approval number: 25–215). All patients gave written informed

consent before enrollment in the study.

CRH test

For the CRH test, a bolus intravenous injection of 100 μg of human corticorelin (hCRH, Mit-

subishi Tanabe Pharma Corporation, Osaka, Japan) was administered in the morning after an

overnight fast and before the usual morning dose of prednisolone. Blood was collected for

measurement of plasma ACTH and serum cortisol levels before administration of CRH, as

well as 30 and 60 minutes afterward.

Measurement of hormones and proinflammatory cytokines

Plasma ACTH and serum cortisol levels were determined by electrochemiluminescence

immunoassays (Roche Diagnostics, Basel, Switzerland). The basal plasma ACTH and serum

cortisol concentrations and the increase of each hormone after CRH stimulation (ΔACTH and

Δcortisol, respectively) were examined.

Serum levels of proinflammatory cytokines (interferon (IFN)-ɤ, IL-1β, IL-2, IL-4, IL-6, IL-

8, IL-10, IL-12p70, IL-13, and tumor necrosis factor –alpha (TNF-α)) were measured in dupli-

cate by an electrochemiluminescence immunoassay (Proinflammatory Panel 1 (human) Kit,

Meso Scale Diagnostics, Rockville, MD) using the MESO QuickPlex SQ 120 (Meso Scale Diag-

nostics, Rockville, MD) according to the manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed with Prism ver. 5.02 software (GraphPad Software, San

Diego, CA). Numerical data were expressed as the mean ± SD or the median with the inter-

quartile range (IQR). Assessment of changes during glucocorticoid treatment was performed

with the Friedman test followed by Dunnett’s multiple comparison test. To compare two

groups, the Mann-Whitney U test was applied for numerical data and Fisher’s exact test was

used for categorical data. Correlation analysis was conducted with the Spearman ranked corre-

lation test for nonparametric variables. Linear regression analysis was performed for bivariate

analysis. The level of significance was set at P<0.05.

HPA Suppression by GC Therapy via IL-6 Reduction
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Table 1. Demographic and clinical data of the high-dose and low-dose groups at baseline.

High-dose group Low-dose group P value

(n = 25) (n = 23)

Age (yr) 63.1 ± 16.3 76.1 ± 7.6

69 [48–76]* 77 [70–81]* P = 0.00562

Number of men/women 9/16 11/12

Body mass index (kg/m2) 21.1 ± 2.9 22.0 ± 3.5

20.8 [19.6–22.7] 22.6 [19.8–24.8] P = 0.24346

Height (cm) 157.4 ± 9.04 155.3 ± 9.2

155.0 [152.0–162.0] 152.2 [149.2–161.7] P = 0.38595

Weight (kg) 52.7 ± 10.9 54.9 ± 11.1

48.6 [46.6–59.4] 54.9 [48.4–61.0] P = 0.45744

Basal ACTH (pg/ml) 18.3 ± 12.4 19.5 ± 9.9

16.2 [9.2–21.8] 17.5 [14.0–27.5] P = 0.05895

Basal cortisol (μg/ml) 14.6 ± 6.8 18.4 ± 7.1

13.6 [8.6–19.4] 16.7 [15.5–23.1] P = 0.45744

Proinflammatory cytokines

IFN-ɤ (pg/mL) 94.5 ± 149.0 39.3 ± 47.1

34.3 [14.0–137.6] 14.3 [10.9–48.7] P = 0.10522

IL-1β (pg/mL) 0.33 ± 0.43 0.17 ± 0.22

0.18 [<0.02–0.44] 0.14 [0.07–0.19] P = 0.41726

IL-2 (pg/mL) 0.30 ± 0.32 0.22 ± 0.47

0.33 [<0.02–0.51] 0.07 [<0.02–0.19] P = 0.12821

IL-4 (pg/mL) 0.030 ± 0.034 0.021 ± 0.024

0.022 [<0.001–0.039] 0.016 [0.001–0.032] P = 0.37568

IL-6 (pg/mL) 19.51 ± 33.40 43.95 ± 64.05

6.58 [2.47–22.54]* 27.19 [10.41–51.98]* P = 0.01366

IL-8 (pg/mL) 43.7 ± 53.4 34.8 ± 20.0

21.4 [14.1–38.4] 26.7 [19.9–43.9] P = 0.39174

IL-10 (pg/mL) 1.96 ± 1.85 1.07 ± 1.59

1.26 [0.90–2.41]* 0.59 [0.40–0.91]* P = 0.01019

IL-12p70 (pg/mL) 0.48 ± 0.92 0.14 ± 0.11

0.26 [0.09–0.49]* 0.15 [0.04–0.21]* P = 0.02307

IL-13 (pg/mL) 2.44 ± 1.97 2.15 ± 2.32

2.73 [<0.12–3.80] 2.30 [<0.12–2.80] P = 0.31785

TNF-α (pg/mL) 53.4 ± 145.1 11.3 ± 11.4

12.1 [7.03–22.1] 9.81 [5.41–11.98] P = 0.14005

CRP (mg/dl) 4.68 ± 5.08 6.32 ± 4.94

2.0 [0.5–9.7] 6.1 [2.2–8.6] P = 0.11905

Initial prednisolone dose (mg/day) 46.3 ± 10.6 13.2 ± 3.6

50 [40–50]* 15 [10–15]* P = 0.00000

(30-70mg) (5-20mg)

ACTH; Adrenocorticotropic hormone, IFN; interferon, IL; interleukin, TNF; tumor necrosis factor, CRP; C-reactive protein. Data are the mean ± SD and

median [25th to 75th percentile]. The high-dose group included 5 patients with systemic lupus erythematosus, 8 patients with polymyositis/dermatomyositis,

7 patients with vasculitis syndrome, 2 patients with adult onset Still’s disease, 1 patient with mixed connective tissue disease, 1 patient with systemic

sclerosis, and 1 patients with IgG4 related disease. The low-dose group included 14 patients with polymyalgia rheumatica, 5 patients with remitting

seronegative symmetrical synovitis with edema syndrome, 3 patients with rheumatoid arthritis, and 1 patient with systemic lupus erythematosus. Lower

limits of detection range of IL-1β, IL-2, IL-4, IL-12, and IL-13 were 0.024, 0.027, 0.001, 0.034 and 0.120 pg/ml, respectively. Values under the limitation were

treated as 0 in analysis.

*, P<0.05 for high-dose group compared with low-dose group by the Mann-Whitney U test.

doi:10.1371/journal.pone.0167854.t001
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Results

Profile of the subjects

Table 1 shows the demographic and clinical data of the high-dose and low-dose groups. The

low-dose group had a significantly higher mean age compared with the high-dose group, but

there were no significant differences of the sex ratio, body mass index, height, weight, basal

ACTH level, and basal cortisol level between the two groups. There were also no significant

differences of the baseline levels of IFN-ɤ, IL-1β, IL-2, IL-4, IL-8, IL-13, and TNF-α. However,

IL-6 was significantly elevated in the low-dose group compared with the high-dose group,

while the levels of IL-10 and IL-12p70 were significantly elevated in the high-dose group rela-

tive to the low-dose group. There was no significant difference of C-reactive protein (CRP)

between the two groups. The high-dose group was predominantly composed of patients with

SLE, PM/DM, and vasculitis syndrome, while the low-dose group mainly included patients

with PMR and RS3PE syndrome.

Fig 1. Changes of basal ACTH (A, B) and basal cortisol (C, D) during glucocorticoid therapy in the morning after an overnight fast in the

high-dose group (A, C) and the low-dose group (B, D). Data are expressed as median values (25th to 75th percentiles). *, P<0.05 by Friedman’s

test, followed by Dunnett’s multiple comparison test.

doi:10.1371/journal.pone.0167854.g001
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Basal ACTH and cortisol levels

As shown in Fig 1(A) and 1(C), the basal ACTH and cortisol levels of the high-dose group

decreased significantly after commencement of glucocorticoid therapy. Similarly, the basal

ACTH and cortisol levels decreased significantly after the start of glucocorticoid therapy in the

low-dose group (Fig 1B and 1D).

CRH test

As shown in Fig 2(A) and 2(C), the ΔACTH and Δcortisol levels of the high-dose group

decreased significantly after initiation of glucocorticoid therapy. In contrast, ΔACTH and

Δcortisol did not decrease during glucocorticoid therapy in the low-dose group (Fig 2B and

2D).

Fig 2. Response of ACTH and cortisol in the CRH test (ΔACTH (A, B) andΔcortisol (C, D), respectively) during glucocorticoid therapy in the

high-dose group (A, C) and the low-dose group (B, D). Data are expressed as median values (25th to 75th percentiles). *, P<0.05 by Friedman’s

test, followed by Dunnett’s multiple comparison test.

doi:10.1371/journal.pone.0167854.g002
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Proinflammatory cytokines

Data on the proinflammatory cytokines are displayed in Table 2. In the high-dose group, the

serum levels of IFN-ɤ, IL-2, IL-4, and IL-8 were significantly decreased in the second week

after commencing glucocorticoid therapy. Among the 10 proinflammatory cytokines, only IL-

6 was significantly decreased in the second and fourth weeks of glucocorticoid therapy in both

the high-dose and low-dose groups.

Fig 3 shows individual changes of the serum IL-6 level from baseline. None of the patients

had a high serum level of IL-6 after 2 weeks of glucocorticoid therapy in both the high-dose

group (Fig 3A) and the low-dose group (Fig 3B).

To evaluate the influence of diseases on cytokine profiles, we compared changes of serum

proinflammatory cytokines between patients with SLE, PM/DM and SSc, and those with vas-

culitis syndrome in the high-dose group (Table 3). We also compared changes of serum proin-

flammatory cytokines between patients with PMR and those with other diseases in the low-

dose group (Table 4). Even after this categorization, only IL-6 among 10 proinflammatory

cytokines was significantly changed during glucocorticoid therapy, with exception of SLE,

PM/DM, and SSc patients at fourth week without a significant change, but a trend of reduction

from baseline values (Table 3).

Table 2. Changes of serum proinflammatory cytokines.

High-dose group (n = 25) Low-dose group (n = 23)

Pre-GC therapy after 2 weeks of GC

therapy

after 4 weeks of GC

therapy

Pre-GC therapy after 2 weeks of GC

therapy

after 4 weeks of GC

therapy

IFN-ɤ 94.5 ± 149.0 34.1 ± 44.0 51.7 ± 61.3 39.3 ± 47.1 111.3 ± 330.2 190.6 ± 586.9

(pg/mL) 34.3 [14.0–137.6] 10.1 [6.7–39.6]* 17.9 [6.9–87.1] 14.3 [10.9–48.7] 14.6 [8.4–40.2] 25.1 [11.3–76.4]

IL-1β 0.33 ± 0.43 0.34 ± 1.04 0.13 ± 0.18 0.17 ± 0.22 0.19 ± 0.34 0.08 ± 0.11

(pg/mL) 0.18 [<0.02–0.44] <0.02 [<0.02–0.15] 0.07 [<0.02–0.23] 0.14 [0.07–0.19] 0.04 [<0.02–0.25] 0.05 [<0.02–0.12]

IL-2 0.30 ± 0.32 0.14 ± 0.17 0.23 ± 0.32 0.22 ± 0.47 0.23 ± 0.51 2.67 ± 1.08

(pg/mL) 0.33 [<0.02–0.51] 0.05 [<0.02–0.24]* 0.15 [<0.02–0.29] 0.07 [<0.02–0.19] 0.03 [<0.02–0.17] 0.16 [<0.02–0.35]

IL-4 0.030 ± 0.034 0.012 ± 0.017 0.016 ± 0.017 0.021 ± 0.024 0.016 ± 0.026 0.009 ± 0.013

(pg/mL) 0.022 0.007 0.012 0.016 <0.001 <0.001

[<0.001–0.039] [<0.001–0.015]* [<0.001–0.0214] [0.001–0.032] [<0.001–0.025] [<0.001–0.013]

IL-6 19.51 ± 33.40 2.45 ± 2.54 3.21 ± 3.90 43.95 ± 64.05 5.48 ± 5.76 6.67 ± 7.71

(pg/mL) 6.58 [2.47–22.54] 1.35 [0.63–4.03]* 1.88 [0.83–4.03]* 27.19 [10.41–51.98] 4.01 [1.93–6.42]* 4.05 [2.31–7.43]*

IL-8 43.7 ± 53.4 26.2 ± 21.7 36.2 ± 34.5 34.8 ± 20.0 25.5 ± 15.2 31.3 ± 26.6

(pg/mL) 21.4 [14.1–38.4] 20.5 [10.6–28.7]* 24.7 [13.7–36.8] 26.7 [19.9–43.9] 22.2 [13.2–31.3] 25.8 [14.8–36.5]

IL-10 1.96 ± 1.85 2.73 ± 6.17 2.40 ± 3.86 1.07 ± 1.59 3.01 ± 9.02 5.93 ± 16.90

(pg/mL) 1.26 [0.90–2.41] 0.72 [0.38–1.93] 1.14 [0.50–2.54] 0.59 [0.40–0.91] 0.63 [0.34–0.83] 0.77 [0.43–1.23]

IL-12p70 0.48 ± 0.92 0.39 ± 0.99 0.41 ± 0.54 0.14 ± 0.11 0.14 ± 0.19 0.32 ± 0.48

(pg/mL) 0.26 [0.09–0.49] 0.17 [0.04–0.30] 0.26 [0.09–0.44] 0.15 [0.04–0.21] 0.10 [<0.03–0.19] 0.15 [0.06–0.24]

IL-13 2.44 ± 1.97 1.94 ± 2.25 2.12 ± 2.13 2.15 ± 2.32 1.57 ± 2.30 1.79 ± 2.06

(pg/mL) 2.73 [<0.12–3.80] 1.66 [<0.12–3.57] 2.18 [<0.12–3.09] 2.30 [<0.12–2.80] <0.12 [<0.12–2.47] 1.41 [<0.12–2.61]

TNF-α 53.4 ± 145.1 13.9 ± 24.0 20.5 ± 50.5 11.3 ± 11.4 11.1 ± 13.7 34.6 ± 97.4

(pg/mL) 12.1 [7.03–22.1] 5.8 [3.8–10.7] 4.7 [2.6–7.6] 9.8 [5.4–12.0] 7.9 [4.8–11.7] 10.2 [4.8–15.0]

GC; Glucocorticoid, IFN; interferon, IL; interleukin, TNF; tumor necrosis factor. Data are the mean ± SD and median [25th to 75th percentile]. Lower limits of

detection range of IL-1β, IL-2, IL-4, IL-12, and IL-13 were 0.024, 0.027, 0.001, 0.034 and 0.120 pg/ml, respectively. Values under the limitation were treated

as 0 in analysis.

*, P<0.05 vs. basal value before GC therapy by Friedman’s test, followed by Dunnett’s multiple comparison test.

doi:10.1371/journal.pone.0167854.t002
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Correlation between IL-6 and basal cortisol before glucocorticoid therapy

Fig 4 shows correlation between levels of serum IL-6 and basal cortisol before glucocorticoid

therapy. Levels of IL-6 and basal cortisol showed a significant positive correlation in all of the

patients with systemic autoimmune diseases in this study.

Relations among the changes of basal of ACTH, cortisol, and IL-6 levels

During 4 weeks of high-dose glucocorticoid therapy, the change of basal ACTH showed a neg-

ative correlation with the change of serum IL-6 (Fig 5A), but a correlation was not found dur-

ing low-dose glucocorticoid therapy (Fig 5B). The change of basal cortisol was positively

correlated with the change of serum IL-6 during both high-dose (Fig 5C) and low-dose (Fig

5D) glucocorticoid therapy. In contrast, the change of basal ACTH was not significantly corre-

lated with the change of basal cortisol during either high-dose (Fig 5E) or low-dose (Fig 5F)

glucocorticoid therapy

Discussion

In the present study, we investigated HPA axis function and proinflammatory cytokines before

and after initiation of glucocorticoid therapy in treatment-naïve patients with systemic auto-

immune diseases. Patients were classified into high-dose and low-dose glucocorticoid therapy

groups, depending on their therapeutic regimen. We found that suppression of basal HPA axis

function by glucocorticoid therapy in the low-dose group was closely related to inhibition of

IL-6 production.

Cytokines may have a regulatory influence on the HPA axis [1–3]. For instance, IL-1

increases cortisol production by human adrenocortical cells as a non-ACTH regulator [9],

but TNF-α decreases it [10]. With regard to regulation of the HPA axis by proinflammatory

cytokines in vivo, administration of lipopolysaccharide (LPS) to mice has been reported to

increase the ACTH level [11], and it was suggested that TNF-α, IL-1, and IL-6 are all involved

in LPS-induced elevation of plasma ACTH. In the present study, 10 proinflammatory

Fig 3. Individual changes of serum IL-6 from baseline after starting glucocorticoid therapy in the high-dose group (A) and the low-dose

group (B).

doi:10.1371/journal.pone.0167854.g003
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cytokines were measured over time in patients commencing glucocorticoid therapy. Among

the 10 cytokines, only IL-6 showed a significant decrease from the second week of both high-

dose and low-dose glucocorticoid therapy. We also found that basal cortisol level was posi-

tively correlated with IL-6 level before glucocorticoid treatment. Mastorakos et al. [12]

reported that a week-long administration of recombinant IL-6 caused impressively marked

and prolonged elevations of plasma ACTH and cortisol at the beginning of the study in

human subjects, while with time it took over cortisol secretion granted that ACTH responses

were diminished while cortisol responses remained strong. Thus, our finding of a decrease in

IL-6 after the initiation of glucocorticoid therapy suggests that IL-6-induced cortisol produc-

tion may be suppressed by glucocorticoids. It was also clear that IL-6 has the greatest impact

on the HPA axis among the proinflammatory cytokines that we tested.

In addition, we found that the changes of IL-6 and basal cortisol during glucocorticoid ther-

apy showed a significant positive correlation, while there was no significant correlation

between the changes of basal ACTH and basal cortisol. These findings suggested that the

reduction of basal cortisol was related to the decrease of IL-6, and was not influenced by

ACTH. There were the separated values (the far left side in each figure) in Fig 4A, 4C and 4D.

Table 3. Changes of serum proinflammatory cytokines between patients with SLE, PM/DM and SSc, and patients with vasculitis syndrome in the

high-dose group.

High-dose group

SLE, PM/DM, SSc (n = 14) Vasculitis syndrome (n = 7)

Pre-GC therapy after 2 weeks of GC

therapy

after 4 weeks of GC

therapy

Pre-GC therapy after 2 weeks of GC

therapy

after 4 weeks of GC

therapy

IFN-ɤ 115.3 ± 187.9 35.9 ± 45.8 53.9 ± 68.7 71.7 ± 88.1 33.1 ± 51.3 40.6 ± 52.1

(pg/mL) 36.9 [21.1–122.2] 11.7 [3.8–68.9] 16.2 [5.3–87.9] 32.4 [11.5–99.3] 6.9 [6.8–31.4] 17.9 [7.2–48.3]

IL-1β 0.37 ± 0.51 0.23 ± 0.47 0.14 ± 0.17 0.39 ± 0.38 0.75 ± 1.88 0.18 ± 0.23

(pg/mL) 0.14 [<0.02–0.58] <0.02 [<0.02–0.25] 0.09 [<0.02–0.23] 0.29 [0.18–0.47] <0.02 [<0.02–0.11] 0.10 [<0.02–0.26]

IL-2 0.32 ± 0.31 0.13 ± 0.15 0.18 ± 0.25 0.31 ± 0.39 0.20 ± 0.22 0.40 ± 0.47

(pg/mL) 0.34 [<0.02–0.54] 0.03 [<0.02–0.25] 0.04 [<0.02–0.27] 0.35 [<0.02–0.37] 0.17 [<0.02–0.29] 0.17 [0.08–0.62]

IL-4 0.027 ± 0.025 0.010 ± 0.012 0.022 ± 0.020 0.023 ± 0.026 0.023 ± 0.024 0.012 ± 0.009

(pg/mL) 0.027 0.007 0.018 0.015 0.014 0.015

[0.004–0.038] [<0.001–0.016] [0.001–0.037] [0.006–0.036] [0.008–0.031] [0.004–0.018]

IL-6 23.33 ± 43.42 2.70 ± 2.78 4.37 ± 4.80 21.02 ± 12.98 2.67 ± 2.75 2.02 ± 1.79

(pg/mL) 7.31 [1.95–21.63] 1.53 [0.71–4.20]* 2.71 [1.05–5.50] 21.68 [12.95–28.99] 1.84 [0.44–4.32]* 1.88 [0.69–3.21]*

IL-8 56.5 ± 68.7 26.8 ± 25.6 44.3 ± 42.7 28.2 ± 12.2 22.7 ± 13.8 24.1 ± 13.2

(pg/mL) 27.4 [12.9–77.6] 17.0 [9.5–27.0] 30.2 [14.5–54.8] 25.4 [20.7–33.1] 20.5 [15.8–25.8] 28.1 [13.3–30.4]

IL-10 1.77 ± 2.17 2.20 ± 4.66 2.24 ± 3.72 1.92 ± 1.07 4.93 ± 9.80 3.24 ± 5.10

(pg/mL) 1.06 [0.53–2.04] 0.64 [0.37–2.02] 1.25 [0.42–2.35] 1.78 [1.10–2.35] 1.53 [0.91–1.78] 1.42 [0.75–2.32]

IL-12p70 0.68 ± 1.20 0.54 ± 1.31 0.52 ± 0.67 0.22 ± 0.18 0.19 ± 0.18 0.23 ± 0.19

(pg/mL) 0.29 [0.20–0.61] 0.17 [0.09–0.28] 0.27 [0.11–0.44] 0.16 [0.08–0.22] 0.17 [0.08–0.22] 0.18 [0.10–0.40]

IL-13 2.63 ± 2.21 1.50 ± 2.05 1.63 ± 1.36 1.81 ± 1.30 2.62 ± 2.46 2.46 ± 2.18

(pg/mL) 3.06 [<0.12–4.39] <0.12 [<0.12–2.71] 1.68 [0.15–3.04] 2.39 [0.89–2.73] 1.89 [0.83–4.03] 2.26 [1.09–3.25]

TNF-α 85.2 ± 190.7 20.3 ± 30.9 32.4 ± 66.0 11.3 ± 5.7 5.7 ± 2.3 6.9 ± 5.1

(pg/mL) 14.3 [5.75–27.2] 7.1 [3.2–16.3] 5.2 [2.6–15.6] 10.2 [9.3–12.6] 6.3 [3.8–7.0] 5.5 [4.5–6.53]

GC; Glucocorticoid, IFN; interferon, IL; interleukin, TNF; tumor necrosis factor, SLE; systemic lupus erythematosus, PM/DM; polymyositis/dermatomyositis,

SSc; systemic sclerosis. Data are the mean ± SD and median [25th to 75th percentile]. Lower limits of detection range of IL-1β, IL-2, IL-4, and IL-13 were

0.024, 0.027, 0.001 and 0.120 pg/mg, respectively. Values under the limitation were treated as 0 in analysis.

*, P<0.05 vs. basal value before GC therapy by Friedman’s test, followed by Dunnett’s multiple comparison test.

doi:10.1371/journal.pone.0167854.t003
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We therefore subanalyzed these relations without a separated value in these Figs. As a result,

correlations of Fig 4A, 4C and 4D without a separate value showed a significant negative corre-

lation (r = -0.4276, P = 0.0472), a significant positively correlation (r = 0.4681, P = 0.0280), and

a trend of positive correlation (r = 0.3836, P = 0.0780), respectively. In an observational study

of patients with PMR, Straub et al. found that an increase of serum IL-6 was associated with

elevation of serum cortisol [13]. These results also suggest that IL-6 directly stimulates cortisol

production. In addition, suppression of IL-6 by glucocorticoid therapy had a greater influence

on the adrenal gland than the pituitary gland, since a positive correlation between ACTH and

IL-6 was not observed in our patients. At present, the reason for this is not clear, although it is

possible that suppression of basal ACTH production by the pituitary gland might have been

caused by glucocorticoids or factors other than IL-6.

Cutolo et al. [14] reported that basal cortisol levels were decreased one month after starting

low-dose glucocorticoid therapy in patients with PMR, which is similar to our findings. They

conducted a CRH test just before starting glucocorticoid therapy, but they did not re-examine

the CRH response after initiating therapy. Our study revealed that the response to CRH stimu-

lation is maintained during at least 4 weeks of low-dose glucocorticoid therapy for inflamma-

tory diseases, while basal cortisol levels are decreased.

Table 4. Changes of serum proinflammatory cytokines between patients with PMR and patients with other diseases in the low-dose group.

Low-dose group

PMR (n = 14) Other diseases (n = 9)

Pre-GC therapy after 2 weeks of GC

therapy

after 4 weeks of GC

therapy

Pre-GC therapy after 2 weeks of GC

therapy

after 4 weeks of GC

therapy

IFN-ɤ 38.8 ± 47.6 20.5 ± 20.1 274.3 ± 746.3 40.1 ± 49.1 252.6 ± 512.2 60.3 ± 104.1

(pg/mL) 17.8 [10.8–35.4] 12.1 [7.1–24.9] 37.9 [15.5–77.5] 14.3 [13.6–59.4] 16.1 [13.1–134.1] 17.4 [7.4–64.4]

IL-1β 0.20 ± 0.28 0.14 ± 0.29 0.07 ± 0.07 0.12 ± 0.09 0.25 ± 0.41 0.11 ± 0.16

(pg/mL) 0.13 [0.07–0.21] <0.02 [<0.02–0.15] 0.05 [<0.02–0.12] 0.14 [0.07–0.15] 0.10 [<0.02–0.27] 0.04 [<0.02–0.11]

IL-2 0.07 ± 0.08 0.08 ± 0.12 3.80 ± 13.6 0.46 ± 0.69 0.46 ± 0.76 0.61 ± 0.85

(pg/mL) 0.03 [<0.02–0.12] 0.01 [<0.02–0.12] 0.13 [<0.02–0.29] 0.11 [<0.02–0.49] 0.11 [<0.02–0.30] 0.20 [<0.02–1.07]

IL-4 0.015 ± 0.023 0.008 ± 0.024 0.006 ± 0.010 0.031 ± 0.024 0.027 ± 0.026 0.013 ± 0.016

(pg/mL) 0.008 <0.001 <0.001 0.035 0.027 0.012

[<0.001–0.018] [<0.001–<0.001] [<0.001–0.008] [0.016–0.051] [0.005–0.048] [<0.001–0.013]

IL-6 46.46 ± 77.28 5.40 ± 6.83 7.61 ± 8.88 40.05 ± 39.34 5.59 ± 3.94 5.20 ± 5.58

(pg/mL) 22.50 [9.63–48.56] 2.56 [1.52–5.84]* 4.31 [2.35–9.02]* 27.19 [12.24–52.01] 4.07 [3.72–7.56]* 4.07 [3.72–7.56]*

IL-8 32.6 ± 21.4 22.6 ± 13.7 36.1 ± 32.1 38.1 ± 18.2 30.1 ± 17.2 23.8 ± 12.9

(pg/mL) 23.4 [18.2–41.1] 19.8 [12.1–29.4] 29.1 [14.4–38.4] 36.7 [26.5–46.2] 22.7 [20.8–32.6] 25.8 [19.9–29.5]

IL-10 1.19 ± 1.93 3.54 ± 11.14 8.99 ±21.36 0.90 ± 0.91 2.19 ± 4.52 1.16 ± 1.49

(pg/mL) 0.62 [0.48–0.95] 0.61 [0.46–0.68] 0.80 [0.46–1.33] 0.51 [0.38–0.79] 0.76 [0.30–1.27] 0.77 [0.36–1.17]

IL-12p70 0.12 ± 0.12 0.07 ± 0.09 0.43 ± 0.60 0.18 ± 0.10 0.25 ± 0.24 0.15 ± 0.11

(pg/mL) 0.11 [0.10–0.21] 0.04 [<0.03–0.11] 0.13 [0.05–0.59] 0.18 [0.12–0.24] 0.20 [0.10–0.28] 0.15 [0.08–0.22]

IL-13 1.36 ± 1.38 0.50 ± 0.90 1.41 ± 1.55 3.37 ± 3.00 3.23 ± 2.84 2.38 ± 2.66

(pg/mL) 1.32 [<0.12–2.39] <0.12 [<0.12–0.59] 1.26 [<0.12–2.17] 2.52 [2.09–3.82] 2.74 [2.15–3.16] 1.58 [<0.12–2.82]

TNF-α 8.2 ± 3.7 11.2 ± 17.0 50.6 ± 123.8 16.1 ± 17.0 10.9 ± 6.8 9.7 ± 5.4

(pg/mL) 9.1 [4.6–11.1] 7.2 [4.7–8.8] 7.6 [4.6–25.6] 11.0 [8.8–14.3] 10.5 [6.2–14.8] 10.2 [7.4–13.9]

GC; glucocorticoid, IFN; interferon, IL; interleukin, TNF; tumor necrosis factor, PMR; polymyalgia rheumatic. Data are the mean ± SD and median [25th to

75th percentile]. Lower limits of detection range of IL-1β, IL-2, IL-4, IL-12, and IL-13 were 0.024, 0.027, 0.001, 0.034 and 0.120 pg/mg, respectively. Values

under the limitation were treated as 0 in analysis.

*, P<0.05 vs. basal value before GC therapy by Friedman’s test, followed by Dunnett’s multiple comparison test.

doi:10.1371/journal.pone.0167854.t004
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The mean baseline IL-6 level was significantly higher in the low-dose group than in the

high-dose group, possibly due to the different disease profiles of the two groups. PMR was the

major disease in the low-dose group, and it generally has a high incidence in elderly persons

and features marked systemic inflammation [15], while SLE [16] and PM/DM [17] were pre-

dominant in the high-dose group and are characterized by relatively less severe inflammation.

We then subanalysed changes of serum proinflammatory cytokines by categorization of dis-

eases in both high- and low-dose groups. Results in patients with PMR were almost the same

as those in patient with other diseases in the low-dose group glucocorticoid therapy. Results in

patients with SLE, PM/DM and SSc were also almost the same as those in patients with vasculi-

tis syndrome in the high-dose group. Level of IL-6 at baseline in patients with SLE, PM/DM

and SSc was lower than that of vasculitis syndrome, suggesting the different characteristics of

inflammation.

There were also differences of the mean IL-10 and IL-12p70 levels between the high-dose

and low-dose groups at baseline. Increased serum levels of IL-10 and IL-12 have been reported

in SLE and PM/DM [18–20]. Because patients with SLE or PM/DM dominated the high-dose

group, the disease profile might explain the differences of IL-10 and IL-12 between the two

groups. However, IL-10 and IL-12p70 did not change significantly during glucocorticoid

therapy.

Fig 4. Correlation between IL-6 and basal cortisol before glucocorticoid therapy in patients with systemic autoimmune diseases. *, P<0.05

by Spearman’s rank correlation coefficient analysis.

doi:10.1371/journal.pone.0167854.g004
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Schuetz et al. reported that 89% of patients showed a blunted response to the ACTH test

when it was performed after 2 weeks of prednisone therapy (40 mg daily) for acute exacerba-

tion of chronic obstructive pulmonary disease [21]. In all of our patients from the high-dose

group, stimulated serum cortisol levels were lower than 20 μg/ml after the CRH test, which

was similar to the data of Schuetz.

In conclusion, at the initial phase of glucocorticoid therapy in patients with systemic autoim-

mune diseases, HPA axis function was markedly suppressed in the high dose group, but main-

tained albeit somewhat suppressed in the low-dose group. IL-6 was the only proinflammatory

Fig 5. Correlations between the changes of IL-6 and basal ACTH (A, B), IL-6 and basal cortisol (C, D), and basal ACTH and basal cortisol (E,

F) in the high-dose group (A, C, E) and the low-dose group (B, D, F). *, P<0.05 by Spearman’s rank correlation coefficient analysis.

doi:10.1371/journal.pone.0167854.g005
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cytokine showing reduced levels during the initial phase of glucocorticoid therapy, and this

change of IL-6 might contribute to the apparent suppression of the HPA axis.
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Abstract

Objective

The objective of the present study was to investigate Epstein-Barr virus (EBV) infection as

an environmental factor for the development of rheumatoid arthritis (RA).

Methods

Synovial tissues were collected during surgery from 128 RA and 98 osteoarthritis (OA)

patients. DNA was extracted from synovial tissues. The EBV gene was assessed by nested

PCR for the amplification of EBV nuclear antigen-1 (EBNA-1). The nucleotide sequence of

the PCR product was elucidated. HLA-DRB1 genotyping was also performed.

Results

EBV DNA was more frequently detected in the synovial tissues of RA patients (32.8%) than

OA patients (15.3%) (p<0.01). The frequency of EBNA-1 variants did not significantly differ

between RA and OA (RA: 17%, OA: 13%). The population with the HLA-DRB1 shared epi-

tope (SE) was significantly higher in RA patients (70.3%) than in OA patients (44.9%)

(p<0.001). In RA patients, the presence of EBV DNA was similar among SE-positive and

-negative patients (SE-positive: 34.4%, -negative: 28.9%). The population with the EBNA-1

variant did not significantly differ between SE-positive and -negative patients (SE-positive:

12.9%, -negative: 27.3%).

Discussion

The present results indicate that EBV infection contributes to the onset of RA and chronic

inflammation in synovial tissues. The frequency of EBNA-1 gene variants was low and not

significantly different between RA and OA, suggesting that EBNA-1 gene variants are not a

risk factor for RA. HLA-DRB1 with SE is a genetic risk factor for the development of RA.
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However, neither the presence of EBV nor EBNA-1 gene variants differed between SE-posi-

tive and -negative RA patients. Therefore, these two risk factors, SE and EBV, may be

independent.

Conclusion

EBV infection may be an environmental risk factor for the development of RA, while nucleo-

tide variants of EBNA-1 do not appear to contribute to its development.

Introduction

Rheumatoid arthritis (RA) is characterized by chronic inflammation in multiple joints.

Although the pathogenesis of RA has not yet been elucidated in detail, it appears to be a multi-

factorial disease involving genetic and environmental factors [1]. Among genetic factors,

human leukocyte antigen DRB1 (HLA-DRB1) alleles have been shown to influence suscepti-

bility to and the severity of RA. HLA-DRB1 alleles containing the motifs of QKRAA, QRRAA,

and RRRAA at positions 70–74 of the third hypervariable region are strongly associated with

RA, and these alleles have been named shared epitopes (SE). Cigarette smoking is an environ-

mental risk factor for the development of RA; a meta-analysis showed that the incidence of RA

was 26% higher in smokers than in non-smokers [2]. Microbial agents, particularly periodon-

tal infections, are also suspected to be an environmental trigger for RA [3]. A relationship has

been widely shown between Epstein-Barr virus (EBV) and RA. The first indication to a rela-

tionship between EBV and RA was reported in 1978, showing that antibodies against EBV

nuclear antigen (EBNA) differ between RA patients and normal controls [4]. Tosato et al.[5]

found that EBV-specific suppressor T-cell function was defected in RA patients, suggesting

that EBV persistence with a specific regulatory T-cell deficiency may contribute to several

immune abnormalities in RA. EBV DNA load in peripheral blood lymphocytes was increased

in RA compared with healthy controls [6]. Antibodies against a glycine/alanine-rich repeat in

EBNA-1 are cross-reactive with a 62-kDa protein present in the synovial membrane of RA, but

not in that of controls [7]. Several studies have shown that latent membrane protein-1 (LMP-

1) as well as EBNA-2 and Epstein–Barr virus-encoded small RNAs (EBER) could be detected

in the synovial tissue in patients with RA [8–13]. Furthermore, Takei et al. showed that mRNA

expression of EBV-specific cytotoxic T-cell-associated molecule signaling lymphocytic-activa-

tion molecule-associated protein (SAP) was decreased in the peripheral leukocytes or T cells,

which may lead to failure of the immune system to eliminate EBV in RA patients [14]. Interest-

ingly, inoculation with EBV developed erosive arthritis in mice with humanized immune sys-

tem [15]. Moreover, a large proportion of anti-citrullinated protein/peptides antibody-

producing plasma cells surrounding synovial germinal centers were infected with EBV [16].

EBV is also considered to be a trigger for the development of several malignancies, such as

various lymphomas, nasopharyngeal carcinoma, and gastric carcinoma. Previous studies

reported several nucleotide variants of EBNA-1, and mutated EBNA-1 has frequently been

detected in nasopharyngeal carcinoma [17]. Therefore, EBNA-1 variants may contribute to

the development of malignancy. It has never been examined whether the mutation of EBNA-1

contributes to the pathology of RA.

In the present study, we analyzed the presence of EBV as well as the variants of EBNA-1 in

the synovial tissues of RA patients.

EBV in synovial tissues of RA
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Patients and methods

Patients and tissue specimens

RA and osteoarthritis (OA) tissue specimens were obtained from patients undergoing total

knee replacement surgery who fulfilled the American College of Rheumatology criteria for RA

[18]. The study protocol was approved by the Ethics Committees of Faculty of Medicine, Toho

University (approval numbers, A17016_A16007), and all patients gave consent for the use of

their tissue in the present study. One hundred and twenty-eight RA patients and 98 OA

patients have been included in the present study.

Synovial tissues were obtained under sterile conditions, frozen immediately in liquid nitro-

gen, and then stored at -80˚C until used. All tissues were unlinkable and anonymized, and,

thus, it was not possible to refer clinical data to any case.

DNA extraction

Frozen synovial tissue samples were left to stand at room temperature for 30 minutes. DNA

was extracted by the QIAamp DNA mini kit (Qiagen, GmbH, Hilden, Germany) according to

the manufacturer’s instructions.

PCR amplification and DNA sequencing

The extracted genomic DNA (100 μg) was amplified using 0.5 μl of each 50 mM primers in 50 μl

volume containing 25 mM MgCl2, 1.25 units of HotStarTaq DNA polymerase (Qiagen, GmbH),

and 10 mM of each dNTP (Qiagen, GmbH). PCR was performed with the β-globin-specific prim-

ers 5'-ACA CAA CTG TGT TCA CTA GC-3' and 5'-TGG TCT CCT TAA ACC TGT
CTT G-3' using a thermal cycler (TaKaRa Biomedicals, Ohtsu, Shiga, Japan) programmed at

95˚C for 15 minutes to activate HotStarTaq DNA polymerase followed by 30 cycles at 94˚C for 1

minute for denaturation, at 55˚C for 2 minutes for annealing, at 72˚C for 1 minute for extension,

and at 68˚C for 7 minutes for final extension [19]. To amplify the EBNA-1 gene, EBNA-1-specific

primers (5'-AGA TGG TGA GCC TGA CGT G-3' and 5'-GCA TCC TTC AAA ACC
TCA GC-3') were used with the following program: at 95˚C for 15 minutes to activate HotStar-

Taq DNA polymerase followed by 35 cycles at 94˚C for 45 seconds for denaturation, at 60˚C for

45 seconds for annealing, at 68˚C for 45 seconds for extension, and at 68˚C for 7 minutes for final

extension. The amplicon of first PCR (2 μl) was used for second nested PCR with the nested

EBNA-1-specific primers (5'-CCC GCA GAT GAC CCA GGA GA-3' and 5'-GGG TCC
AGG GGC CAT TCC AAA-3') with the same PCR program as first PCR. PCR products were

separated on 2% agarose gels in Tris acetate EDTA buffer stained with ethidium bromide and

photographed under ultraviolet light using LAS-3000 (Fujifilm Corp, Tokyo, Japan).

To evaluate the sensitivity of the PCR, first round of PCR product was purified, and DNA

copy number was calculated. One, 5, 10, 20, 50, 100 and 1000 DNA copies of the PCR product

were amplified by the above PCR protocol. After the nested PCR, PCR products were detected

from 5 DNA copies or more DNA copies.

The DNA nucleotide sequence of the amplified EBNA-1 gene was elucidated by Sigma-Aldrich

Japan (Tokyo, Japan). Data from the nucleotide sequence was analyzed using BLAST (National

Center for Biotechnology Information) and compared with the B95-8 strain [20]. Alignments

between sequences were analyzed using DNADynamo (Blue Tractor Software, North Wales, UK).

HLA-DRB1 genotyping

HLA-DRB1 genotyping was performed using extracted genomic DNA from synovial tissue by

ReproCELL (Kanagawa, Japan).

EBV in synovial tissues of RA
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Statistical analysis

Statistical analyses were performed with Prism ver. 5.0 software (Graphpad Software, San

Diego, CA). Patients with RA and OA were compared with Fisher’s exact test. A p value less

than or equal to 0.01 was considered to be significant.

Results

Synovial tissue samples were collected from 128 RA and 98 OA patients. The β-globin gene

was detected by PCR in all genomic DNA extracted from the synovial tissues of RA and OA.

Using synovial tissues, the EBNA-1 gene was amplified by PCR. The EBNA-1 gene was

detected in 42 out of 128 RA samples (32.8%) (Table 1), but in only 15 out of 98 OA samples

(15.3%). The frequency of EBNA-1 DNA detection was significantly higher in RA than in OA

samples.

Several variants of the EBNA-1 gene were previously reported, particularly at amino acid

residue 487 [21]. We analyzed nucleotide sequences across amino acid residues from 468 to

533 of EBNA-1 PCR products. In a previous study, the EBNA-1 nucleotide sequence was

examined using 8 lymphoid tissues from Japanese individuals living in Japan, and all were

found to have an identical EBNA-1 nucleotide sequence [22], which was considered to be the

Japanese prototype. We compared analyzed nucleotide sequences with the Japanese prototype

sequence. Most of the EBNA-1 gene sequences were identical to the Japanese prototype

sequence [35 out of 42 (83.3%) in RA, 13 out of 15 (86.7%) in OA] (Table 2). A variant [Vari-

ant 1: CCG (proline) to CAG (glutamine) at amino acid residue 476, GTT (valine) to ACT

Table 1. Frequency of the presence of EBNA-1 DNA in synovial tissues of RA and OA patients.

No. (%) in RA (n = 128) No. (%) in OA (n = 98) P value

EBNA-1-positive 42 (32.8) 15 (15.3) <0.01

EBNA-1, Epstein-Barr virus nuclear antigen-1; RA, rheumatoid arthritis; OA, osteoarthritis.

https://doi.org/10.1371/journal.pone.0208957.t001

Table 2. Nucleotide and amino acid sequences of EBNA-1 in synovial tissues of RA and OA patients.

No. of amino acid residues 471 476 483 487 492 499 500

No. (%) in RA (n = 42)

Japanese prototype [35 (83.3%)] CAA (Q) CCG (P) GAA (E) GTT (V) AGT (S) GAG (E) GAA (E)

Variant 1

[5 (11.9%)]

CAG (Q) ACT (T) TGT (C) GAT (D)

Variant 2

[1 (2.4%)]

CAC (H) CAG (Q) ACT (T) TGT (C) GAT (D)

Variant 3

[1 (2.4%)]

GAC (D)

No. (%) in OA (n = 15)

Japanese prototype [13 (86.7%)] CAA (Q) CCG (P) GAA (E) GTT (V) AGT (S) GAG (E) GAA (E)

Variant 1

[1 (6.7%)]

CAG (Q) ACT (T) TGT (C) GAT (D)

Variant 4

[1 (6.7%)]

GCT (A) TTA (L)

The nucleotide sequence of amplified EBNA-1 DNA in synovial tissue was analyzed. The nucleotide (amino acid) sequences of the Japanese prototype and variants

(different from the Japanese prototype) were shown. EBNA-1, Epstein-Barr virus nuclear antigen-1; RA, rheumatoid arthritis; OA, osteoarthritis; Q, glutamine; P,

proline; E, glutamic acid; V, valine; S, serine; T, threonine; C, cysteine; D, aspartic acid; H, histidine; A, alanine; L, leucine.

https://doi.org/10.1371/journal.pone.0208957.t002
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(threonine) at 487, AGT (serine) to TGT (cysteine) at 492, and GAG (glutamic acid) to GAT

(aspartic acid) at 499] was found in 5 RA (11.9%) and 1 OA (6.7%). Furthermore, other vari-

ants [Variant 2: CAA (glutamine) to CAC (histidine) at 471, CCG (proline) to CAG (gluta-

mine) at 476, GTT (valine) to ACT (threonine) at 487, AGT (serine) to TGT (cysteine) at 492,

and GAA (glutamic acid) to GAT (aspartic acid) at 500] and [Variant 3: GAA (glutamic acid)

to GAC (aspartic acid) at 483] were found in 1 RA (2.4%). A variant [Variant 4: GTT (valine)

to GCT (alanine) at 487, and GAA (glutamic acid) to TTA (leucine) at 500] was also found in

1 OA (6.7%). The population of the Japanese prototype or variants of the EBNA-1 gene was

not significantly different between RA and OA samples.

A previous study reported that a subset of HLA-DRB1 alleles called SE, a five-amino acid

sequence motif in residues 70–74 (QKRAA, RRRAA and QRRAA), including �0101, �0102,
�0401, �0404, �0405, �0408, �0410, �1001, �1402, and �1406, was associated with the develop-

ment and severity of RA [23]. We identified the HLA-DRB1 genotype in all the RA and OA

samples studied, and examined the relationship between the HLA-DRB1 allele and EBV infec-

tion or a variant of EBNA-1. The frequency of SE positivity was significantly higher in RA (90

out of 128, 70.3%) than in OA samples (44 out of 98, 44.9%) (Table 3). Moreover, 2 SE alleles

were more frequently observed in RA patients than in OA patients [RA: 22 out of 128 (17.2%),

OA: 2 out of 98 (2.0%), p<0.001].

The frequency of EBV DNA in RA synovial tissues was compared between SE-positive and

-negative patients. Thirty-one out of 90 SE-positive patients (34.4%) and 11 out of 38 SE-nega-

tive RA patients (28.9%) were positive for EBV (Table 4), with no significant differences being

observed in these frequencies. We also compared the frequency of positivity for EBNA-1

among SE with 2 alleles, SE with 1 allele, and SE negativity, and found no significant differ-

ences (Table 5).

Table 3. DRB1 allele in RA and OA patients.

HLA DRB1 No. (%) in RA (n = 128) No. (%) in OA (n = 98) P value

SE-positivea 90 (70.3) 44 (44.9) <0.001

�0101 19 (14.8) 9 (9.2) NS

�0401 8 (6.3) 4 (4.1) NS

�0404 2 (1.6) 0 (0.0) NS

�0405 63 (49.2) 22 (22.4) <0.001

�0410 6 (4.7) 6 (6.1) NS

�1001 5 (3.9) 2 (2.0) NS

�1406 6 (4.7) 3 (3.1) NS

2SE 22 (17.2) 2 (2.0) <0.001

1SE 68 (53.1) 42 (42.9) NS

aAn individual carrying at least 1 SE allele was defined as positive.

RA, rheumatoid arthritis; OA, osteoarthritis; SE, shared epitope; NS, not significant; 2SE, shared epitope with 2

alleles; 1SE, shared epitope with 1 allele.

https://doi.org/10.1371/journal.pone.0208957.t003

Table 4. Relationship between the presence of EBNA-1 and SE in RA patients.

No. (%) in SE-positive patients (n = 90) No. (%) in SE-negative patients (n = 38) P value

EBNA-1-positive 31 (34.4) 11 (28.9) NS

EBNA-1, Epstein-Barr virus nuclear antigen-1; SE, shared epitope; RA, rheumatoid arthritis; NS, not significant

https://doi.org/10.1371/journal.pone.0208957.t004
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We then examined the relationship between SE and EBNA-1 variants in RA samples. Four

out of 31 SE-positive samples (12.9%) and 3 out of 11 SE-negative samples (27.3%) had EBNA-

1 variants (Table 6). The frequencies of EBNA-1 variants did not significantly differ. Further-

more, the frequencies of EBNA-1 variants in SE with 2 alleles, SE with 1 allele, and SE negativ-

ity were not significantly different (Table 7).

Discussion

Previous studies reported the detection of EBV DNA in the synovial tissues of approximately

47% of RA patients and 17% of controls [10–12, 24]. Also, expressions of RNA level of EBER

and protein level of LMP-1 in the RA synovial tissue were reported [8–13]. In the present

study, we analyzed a large number of patients, and revealed that the population with EBV

DNA in synovial tissues was larger in RA than in OA patients, which is consistent with previ-

ous findings. These results indicate that EBV infection contributes to the onset of RA and

chronic inflammation in synovial tissues.

EBNA-1 is an EBV nuclear antigen that is consistently expressed in all infected cells. It is

essential for the maintenance of the viral episome and is the only viral protein required for the

replication of the latent form of EBV [25]. Previous studies identified a high frequency of vari-

ants at amino acid residues 466–527 in the EBNA-1 C terminus [22], and specific EBNA-1

may play a significant role in EBV-related nasopharyngeal carcinoma [17].

Therefore, we extended the present study to elucidate whether the EBNA-1 variant plays a

role in the development of RA. We elucidated the nucleotide sequence of the EBNA-1 C termi-

nus in RA synovial tissue and compared it with that in OA. The frequency of EBNA-1 variants

was low and did not significantly different between RA and OA (RA: 17%, OA: 13%). The

most frequently identified variant (variant 1) was detected in RA and OA. Collectively, these

results suggest that EBNA-1 gene variants are not a risk factor for RA. According to the infor-

mation from the manufacture, PCR error may occur 1/10,000 base pair. We found that 17%

and 13% of variants in RA and OA, respectively, in analyzed 198 base pairs of the nested PCR.

Therefore, most of the variants should not be caused by PCR errors.

As described above, SE in HLA-DRB1 is a genetic risk factor for RA, and we showed that

EBV infection may be an environmental risk for the development of RA. Therefore, we ana-

lyzed the relationship between SE and EBV infection. However, the frequencies of EBV posi-

tivity and EBNA-1 variants were similar between SE-positive and -negative RA patients.

Therefore, these two risk factors may be independent.

Table 5. Relationship between the presence of EBNA-1 and SE with 2 alleles, SE with 1 allele or SE negativity in RA patients.

No. (%) in 2SE-positive patients (n = 22) No. (%) in 1SE-positive patients (n = 68) No. (%) of SE-negative patients (n = 38) P value

EBNA-1-positive 5 (22.7) 26 (38.2) 11 (28.9) NS

EBNA-1, Epstein-Barr virus nuclear antigen-1; SE, shared epitope; RA, rheumatoid arthritis; NS, not significant; 2SE, shared epitope with 2 alleles; 1SE, shared epitope

with 1 allele.

https://doi.org/10.1371/journal.pone.0208957.t005

Table 6. Relationship between EBNA-1 variants and SE in RA patients.

No. (%) in SE-positive patients (n = 31) No. (%) in SE-negative patients (n = 11) P value

EBNA-1-variant 4 (12.9) 3 (27.3) NS

EBNA-1, Epstein-Barr virus nuclear antigen-1; SE, shared epitope; RA, rheumatoid arthritis; NS, not significant

https://doi.org/10.1371/journal.pone.0208957.t006
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EBV glycoprotein gp110 contains the QKRAA amino acid sequence [26], which is homolo-

gous or similar to the SE of HLA-DRB1 molecules. Antibodies to gp110 develop during infec-

tious mononucleosis. Therefore, B and T cells may both cross-react with the QKRAA protein

sequence in gp110 and the SE of HLA-DRB1. However, the present results did not support the

relationship between SE and EBV infection. EBV infection may also involve an SE-indepen-

dent mechanism for the development of RA.

We further need to analyze the effect of activity of RA and treatment to the relation of RA

and EBV, and also need to analyze other inflammatory arthritis, such as psoriasis, to compare

RA.

In conclusion, EBV infection may be an environmental risk factor for the development of

RA, while nucleotide variants of EBNA-1 do not appear to contribute to its development.
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Folylpolyglutamate synthase is a 
major determinant of intracellular 
methotrexate polyglutamates in 
patients with rheumatoid arthritis
Tatsuhiro Yamamoto, Kotaro Shikano, Toshihiro Nanki & Shinichi Kawai

We investigated major determinants of the intracellular concentrations of methotrexate 
polyglutamates (MTXPGs) in patients with rheumatoid arthritis (RA). In 271 RA patients on stable 
oral low dose weekly pulse MTX therapy, the concentrations of MTXPGs in red blood cells (RBCs) were 
measured by liquid chromatography-electrospray ionization-tandem mass spectrometry. Polymerase 
chain reaction-restriction fragment length polymorphism analysis was performed to determine the 
genotypes of solute carrier family 19 member 1 (SLC19A1), folylpolyglutamate synthase (FPGS), and 
gamma-glutamyl hydrolase (GGH). The mean total MTXPG concentration and the concentrations of 
individual MTXPGs increased dose-dependently, but reached a plateau at MTX doses >10 mg weekly. 
The MTXPG3-5/1-2 ratio was lower in patients with adverse events related to MTX than in patients 
without adverse events. Three polymorphisms of FPGS significantly influenced the MTXPG3-5/1-2 ratio 
in RBCs, while polymorphisms of SLC19A1 and GGH had no impact. The minor allele frequencies of 2 
FPGS genotypes were significantly increased in our patients compared with a Caucasian population. 
FPGS may have a major role in regulating intracellular polyglutamation of MTX in RA patients receiving 
low-dose weekly MTX therapy.

Methotrexate (MTX) is recommended as first-line therapy in the recent American1, European2, and Japanese3 
recommendations and/or guidelines regarding the treatment of rheumatoid arthritis (RA). MTX is the most fre-
quently used disease-modifying antirheumatic drug (DMARD), and is essential for treatment of RA as both mon-
otherapy and combined with low molecular weight or biologic DMARDs. There is substantial evidence regarding 
the efficacy of MTX for RA, but the response to this drug is known to vary among patients.

MTX binds to a folate transporter (solute carrier family 19, member 1 [SLC19A1], also known as reduced 
folate carrier 1) in order to enter target cells4. Inside the cells, folylpolyglutamate synthetase (FPGS) converts 
MTX into MTX polyglutamates (MTXPGs), which show long-term persistence in target cells. Gamma-glutamyl 
hydrolase (GGH) is involved in removing glutamates from MTXPGs. After MTXPGs are converted back to MTX 
by GGH, the drug is removed from cells by adenosine triphosphate (ATP)-binding cassette transporters.

MTXPGs have a higher binding affinity for dihydrofolate reductase (DHFR) than MTX, and binding with 
MTXPGs inhibits DHFR activity5 to suppress tetrahydrofolate production. Tetrahydrofolate is required for DNA 
synthesis and plays a vital role as an essential coenzyme in various aspects of amino acid metabolism, such as 
serine–glycine conversion and methionine synthesis. MTXPGs also inhibit aminoimidazole carboxamide ribo-
nucleotide transformylase (ATIC), causing the intracellular accumulation of aminoimidazole carboxamide rib-
onucleotide, which in turn inhibits adenosine-metabolizing enzymes. Additionally, intracellular MTXPGs are 
known to show greater binding affinity for ATIC6 compared with MTX. Therefore, intracellular MTXPGs are 
considered to have a major role in suppressing both cell-mediated immunity and humoral immunity, as well as 
exerting anti-inflammatory and immunosuppressive effects through inhibition of DNA synthesis or amino acid 
metabolism.

The treatment regimen of MTX for RA is low-dose weekly pulse administration in global guidelines1–3. Since 
the efficacy of therapy for RA is maintained during several weeks, the half-life of MTX in the blood which was 
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reported to be 4.9–7.3 hours7,8 does not directly reflect the therapeutic efficacy in RA patients8. For that reason 
and because of its known mechanism of action, attention has been directed toward the intracellular MTXPG 
concentration as a potential predictor of the response to MTX treatment.

In general, the cells that are considered to be direct targets of MTX (such as peripheral blood lymphocytes) are 
difficult to collect an adequate quantity, and therefore measurement of the MTX concentration in these cells is not 
easy in human studies9. Instead, researchers have measured the MTXPG concentration in red blood cells (RBCs) 
and have investigated its association with the clinical response to MTX9,10. In the present study, we used liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) to measure the concentrations of individual MTXPGs 
in RBCs and explored the association of each MTX derivative with clinical indicators. We also investigated pol-
ymorphism of the SLC19A1, FPGS, and GGH genes, which play a vital role in intracellular metabolism of MTX.

Results
Concentrations of MTXPGs. MTX has 1 glutamate moiety and is thus referred to as MTXPG1. Figure 1 
shows the concentrations of MTXPG1, MTXPG2, MTXPG3, MTXPG4, and MTXPG5 in RBCs harvested from 
patients with RA categorized by the weekly MTX dose. The mean total MTXPG concentration and the concentra-
tions of individual MTXPGs increased dose-dependently. However, concentrations of the MTXPGs were nearly 
constant in patients receiving MTX at doses of equal and more than 10 mg per week. MTXPG6 was not detected 
in any of the samples.

Adverse events. We used criteria of the adverse events which were defined by the Japanese Pharmaceuticals 
and Medical Devices Agency. As shown in Table 1, the average dose of MTX administered in the AE (− ) group 
was 9.5 mg/week, which was significantly higher than the average dose of the AE (+ ) group (6.9 mg/week). There 
was no significant difference of RA disease activity (Disease Activity Score of 28 joints-erythrocyte sedimenta-
tion rate (DAS28-ESR)11, Clinical Disease Activity Index (CDAI)12, Simplified Disease Activity Index (SDAI)13) 
between the AE (− ) and AE (+ ) groups. However, a significantly higher percentage of patients received other 
DMARDs and the biological agents in the AE (+ ) group than in the AE (− ) group.

The following adverse events were observed in the AE (+ ) group: elevation of liver enzymes (68 events), 
dyspepsia and/or oral aphthous ulcers (12 events), decreased white blood cell count (15 events), and others  
(5 events). None of these events were severe and they improved with reduction of the MTX dose, which was sub-
sequently maintained for at least more than 3 months before collection of blood samples.

When the RBC concentration of MTXPG was evaluated in the AE (− ) and AE (+ ) groups, there was no sig-
nificant difference between the two groups (p =  0.218, Fig. 2A). In contrast, the RBC MTXPG3-5/1-2 ratio was 
significantly lower in the AE (+ ) group than in the AE (− ) group (p =  0.036, Fig. 2B).

Correlation between MTXPG concentration and clinical parameters. Correlations between RBC 
concentrations of total MTXPGs and variable clinical parameters (sex, disease duration, age, disease progression 
category (stage), and DAS28-ESR) in patients with RA receiving MTX therapy were evaluated by univariate and 
multivariate analyses (Table 2). Associations between the total MTXPG concentrations in RBCs with clinical 
parameters in RA patients were not significant with various parameters except for dose of MTX in both analyses 
(p <  0.000).

Polymorphism of SLC19A1, FPGS, and GGH. To examine the association between the MTXPG con-
centration in RBC and polymorphism of the genes for enzymes involved in intracellular MTX metabolism, we 
investigated polymorphisms of SLC19A1, FPGS, and GGH (Table 3). The total intracellular MTX concentration 
and the levels of MTXPG1-2 and MTXPG3-5 were not significantly different among the 3 genotypes for a SNP 
of SLC19A1 or for 5 SNPs of GGH (data not shown). The MTXPG3-5/1-2 ratio also showed no significant dif-
ference among the 3 genotypes for the SNPs of SLC19A1 or GGH. Although the total intracellular MTXPG1-5 
concentration and the concentrations of MTXPG1-2 and MTXPG3-5 were not significantly different among 
the 3 genotypes for 3 SNPs of FPGS (data not shown), the MTXPG3-5/1-2 ratio showed significant differences 

Figure 1. Concentrations of methotrexate polyglutamates in red blood cells of patients with rheumatoid 
arthritis on methotrexate therapy. MTX =  methotrexate, PG =  polyglutamate, RBC =  red blood cells.
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(n = 271)

AE (−) group AE (+) group

P value(n = 188) (n = 83)

Age (years) 60.4 ±  12.6 60.0 ±  13.2 61.4 ±  13.8 P =  0.464

No. of men/women 59/212 48/140 11/72 P =  0.031

Duration (months) 107.3 ±  96.0 103.0 ±  93.9 117.0 ±  98.2 P =  0.176

Dose of MTX (mg/week) 8.7 ±  3.1 9.5 ±  3.0 6.9 ±  2.5 P <  0.001

Stage (I/II/III/IV) (90/61/46/74) (68/42/31/47) (22/19/15/27)

CRP (mg/dl) 0.22 ±  0.13 0.23 ±  0.35 0.19 ±  0.22 P =  0.942

ESR (mm/hour) 15.8 ±  13.3 15.4 ±  13.0 16.5 ±  15.6 P =  0.671

DAS28-ESR 2.29 ±  1.05 2.35 ±  1.09 2.17 ±  0.95 P =  0.227

CDAI 3.30 ±  4.26 3.80 ±  5.03 3.20 ±  4.88 P =  0.618

SDAI 5.51 ±  5.27 5.12 ±  6.74 5.14 ±  5.45 P =  0.881

BMI 22.0 ±  3.4 21.6 ±  3.6 22.6 ±  3.9 P =  0.889

BW(kg) 55.5 ±  11.2 56.4 ±  9.2 53.4 ±  10.8 P =  0.926

No. of patients using: 
Prednisolone 83(30.6%) 53(28.2%) 30(36.1%) P =  0.195

Other DMARDs 51(18.8%) 24(12.8%) 27(32.5%) P <  0.001

Biological agents 134(49.4%) 82(43.6%) 52(62.7%) P <  0.001

Table 1.  Demographic profile of the study population. Data are the mean± SD, n  =   number of patients  
P values for comparison between the AE (− ) and AE (+ ) groups were evaluated by the Mann-Whitney U test and 
Fisher’s exact test. MTX: methotrexate, stage: Steinblocker’s classification of progression, CRP: C-reactive protein, 
ESR: erythrocyte sedimentation rate, DAS: disease activity score, CDAI: clinical disease activity index, SDAI: 
simplified disease activity index, BMI: body mass index, DMARDs: disease-modifying anti-rheumatic drugs.

Figure 2. Total methotrexate concentration and MTXPG3-5/1-2 ratio in red blood cells of rheumatoid 
arthritis patients with or without adverse events during methotrexate therapy. (A) Total methotrexate 
concentration. (B) MTXPG3-5/1-2 ratio.

Total MTXPGs

Univariate model Multivariate model

β p value R2 β p value

Sex 0.019 0.761 0.019 − 0.014 0.822

Duration 0.012 0.842 0.012 0.127 0.095

Dose of methotrexate 0.399 0.000 0.156 0.421 0.000

Age 0.102 0.099 0.007 0.162 0.081

Stage 0.102 0.112 0.112 − 0.019 0.802

DAS28-ESR 0.091 0.147 0.004 0.049 0.432

R2 0.180

Table 2.  Correlations between RBC concentrations of total MTXPGs and variable clinical parameters 
in patients with RA receiving MTX therapy. β : regression coefficient; Stage; Steinblocker’s classification of 
progression; DAS28-ESR: disease activity score-erythrocyte sedimentation rate; R2: coefficient of determination.
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among these 3 genotypes for 3 different SNPs of FPGS (Table 3). These results indicate that, among the enzymes 
involved in intracellular conversion of MTX to MTXPGs, polymorphisms of the FPGS gene are determinants of 
the intracellular levels of MTXPGs.

We also examined the relations between polymorphisms of SLC19A1, FPGS, or GGH and adverse events, but 
there were no significant differences in the distribution of SLC19A1, FPGS, and GGH genotypes between the AE 
(− ) and AE (+ ) groups (Table 4).

Allele frequencies of SLC19A1, FPGS, and GGH. Table 5 shows the allele frequencies of several 
SLC19A1, FPGS, and GGH genotypes in our RA patients and in the general Japanese and Caucasian popula-
tions [cited from the International HapMap project (http://hapmap.ncbi.nlm.nih.gov/)]. There were no signif-
icant differences in the allele frequencies of a SNP of SLC19A1 (rs1051266) and 3 SNPs of GGH (rs1800909, 
rs3758149, and rs11545078) between our patients and the Japanese population (HapMap project) (data not 
shown). However, the distributions of 2 SNPs of FPGS (rs10106 and rs154410) and 2 SNPs of GGH (rs719235 and 
rs12681874) showed significant differences between Caucasians and our patients.

Discussion
Because this study was performed in the clinical practice setting experience, the weekly dose of MTX was deter-
mined by the attending physician of each patient. Therefore, the total MTXPG concentration in RBCs and the 
individual concentrations of MTXPG1-5 were analyzed after stratification by the weekly dose. This analysis 
revealed that the MTXPG concentration increased in a dose-dependent manner, but almost showed a plateau in 
patients administered equal and more than 10 mg of MTX weekly. The small changes of MTXPG concentrations 
in our patients on higher MTX doses were similar to the results reported by Stamp14, who found stable MTXPG 
levels at MTX doses more than 15 mg weekly.

Direct targets of MTX therapy are supposed as immune-related cells such as lymphocytes. In fact, lymphocyte 
counts are approximately 2,000/μ L, while RBC counts are 4 million/μ L of whole blood. We used 6 mL of whole 
blood to measure the concentration of MTXPGs in which almost all cellular components are RBCs. If we measure 
the MTXPGs in lymphocytes using our system, we need approximately 12 L of whole blood. From ethical point 
of view, we measured the MTXPGs in RBCs as a surrogate marker represented with the immune-related cells.

SNP rs No. genotype n

Intracellular MTXPG3-5/1-2 ratio

P valueMean ± SD Median [IQR]

SLC19A1 rs1051266

GG 94 0.479 ±  0.356 0.367 [0.250–0.607]

p =  0.475AG 130 0.556 ±  0.466 0.427 [0.234–0.794]

AA 47 0.445 ±  0.334 0.338 [0.157–0.707]

FPGS

rs10106

AA 130 0.457 ±  0.375 0.345 [0.201–0.567]

p =  0.006AG 115 0.503 ±  0.394 0.396 [0.235–0.656]

GG 26 0.714 ±  0.465 0.672 [0.364–0.957]

rs1054774

TT 113 0.555 ±  0.404 0.428 [0.264–0.788]

p =  0.008AT 122 0.463 ±  0.396 0.350 [0.201–0.562]

AA 36 0.417 ±  0.362 0.319 [0.161–0.568]

rs1544105

CC 128 0.454 ±  0.372 0.347 [0.202–0.565]

p =  0.003CT 120 0.506 ±  0.391 0.396 [0.235–0.700]

TT 23 0.747 ±  0.489 0.634 [0.385–1.030]

GGH

rs719235

CC 216 0.501 ±  0.389 0.385 [0.238–0.652]

p =  0.862CT 47 0.486 ±  0.378 0.385 [0.184–0.633]

TT 8 0.645 ±  0.702 0.382 [0.205–0.859]

rs1800909

CC 223 0.495 ±  0.397 0.397 [0.220–0.634]

p =  0.882CT 36 0.524 ±  0.401 0.255 [0.255–0.668]

TT 12 0.444 ±  0.229 0.375 [0.297–0.710]

rs3758149

GG 232 0.498 ±  0.401 0.383 [0.234–0.616]

p =  0.889GT 27 0.552 ±  0.422 0.381 [0.240–0.869]

TT 12 0.441 ±  0.241 0.385 [0.274–0.697]

rs11545078

TT 233 0.495 ±  0.391 0.376 [0.234–0.634]

p =  0.321CT 37 0.558 ±  0.437 0.430 [0.232–0.702]

CC 1 0.151 0.151

rs12681874

GG 81 0.452 ±  0.332 0.362 [0.235–0.604]

p =  0.070AG 134 0.600 ±  0.472 0.442 [0.254–0.812]

AA 60 0.493 ±  0.418 0.345 [0.197–0.687]

Table 3.  Relationship between Polymorphisms of SCL19A1, FPGS, or GGH and the Intracellular 
MTXPG3-5/1-2 Ratio. n  =   number of patients p values for comparisons among 3 groups were evaluated by the 
Kruskal-Wallis test. SLC19A1: reduced folate carrier 1, FPGS: folylpolyglutamyl synthase, GGH: gamma-glutamyl 
hydrolase.

http://hapmap.ncbi.nlm.nih.gov/
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The MTXPG3-5/1-2 ratio at an MTX dose of 10 mg weekly was 0.639 in our study, whereas it was more than 
1.0 according to Stamp, which is considerably higher than in the present investigation. There was no difference in 
the duration of MTX treatment (5.8 vs. 4.5 years, respectively) between the two studies. Since MTXPG3-5/1-2 is 
affected by the enzymatic potencies of glutamation (FPGS) and deglutamation (GGH) for MTX and/or MTXPGs, 
it is suspected that polymorphism of genes encoding enzymes related to metabolism of MTX might explain the 
differences of polyglutamation in these different ethnic cohorts.

In this study, we found that the MTXPG3-5/1-2 ratio was significantly influenced by 3 different SNPs of FPGS, 
but we did not find any relationship between the MTXPG3-5/1-2 ratio and SNPs of SLC19A1 or GGH. These 
results strongly suggested that FPGS enzyme activity, rather than GGH activity or SLC19A1 transport function, 
was a major determinant of intracellular conversion of MTX to MTXPG3-5.

In patients with acute leukemia, it was reported that the activity of GGH and FPGS in blast cells is a good 
predictor of the relative levels of MTXPG3-5, with lower FPGS and/or higher GGH activity leading to reduced 
MTX polyglutamation15. In addition, the mutation Cys346Phe of FPGS gene reduces enzyme activity in several 
human leukemia cell lines16.

As shown in Table 5, there were significant differences in the minor allele frequencies of 2 SNPs of FPGS 
(rs10106 and rs1544105) between our Japanese RA patients and the general Caucasian population. Since the 
MTXPG3-5/1-2 ratio was higher in our patients with 1994GG, 11694TT, 2572TT of FPGS compared to other 
genotypes, respectively (Table 3), the increased frequency of 1994GG and 2572TT of FPGS in Caucasians might 
have been associated with higher FPGS activity and possively with the elevation of the MTXPG3-5/1-2 ratio. In 

genotype AE(−) group AE (+) group P value

SLC19A1 rs1051266 80G > A

GG/AG/AA GG/AG/AA
p =  0.139

68/93/27 26/37/20

FPGS

rs10106 1994A >  G
AA/AG/GG AA/AG/GG

p =  0.952
91/78/19 39/37/7

rs1054774 11694T >  A
TT/AT/AA TT/AT/AA

p =  0.289
73/89/26 40/38/10

rs1544105 2572C >  T
CC/CT/TT CC/CT/TT

p =  0.327
93/80/15 35/40/8

GGH

rs719235 452C >  T
CC/CT/TT CC/CT/TT

p =  0.688
151/32/5 65/15/3

rs1800909 − 401C >  T
CC/CT/TT CC/CT/TT

p =  0.477
7/22/159 5/14/64

rs3758149 − 354G >  T
GG/GT/TT GG/GT/TT

p =  0.125
121/61/6 56/23/4

rs11545078 16T >  C
TT/CT/CC TT/CT/CC

p =  0.582
163/25/0 70/12/1

rs12681874 14269G >  A
GG/AG/AA GG/AG/AA

p =  0.174
61/92/39 20/42/21

Table 4.  Relationships between Polymorphisms of SLC19A1, FPGS, or GGH and adverse events stratified 
by genotype. p values for comparisons between the AE (+ ) and AE (− ) groups were evaluated by the Kruskal-
Wallis test. SLC19A1: reduced folate carrier 1, FPGS: folylpolyglutamyl synthase, GGH: gamma-glutamyl 
hydrolase.

SNPs No of rs genotype

Minor Allele Frequency

P valueOur study Japanese Caucasian

SLC19A1 rs1051266 80G >  A 0.698/0.302 0.512/0.488 0.438/0.562 p =  0.210

FPGS

rs10106 1994A >  G 0.693/0.307 0.727/0.273 0.450/0.550 p <  0.01

rs1054774 11694T >  A 0.360/0.640 0.330/0.670 0.342/0.658 p =  0.471

rs1544105 2572C >  T 0.717/0.283 0.727/0.273 0.342/0.658 p <  0.01

GGH

rs719235 452C >  T 0.892/0.108 0.895/0.105 0.677/0.323 p <  0.01

rs1800909 − 401C >  T 0.850/0.150 0.727/0.273 0.342/0.658 p =  0.478

rs3758149 − 354G >  T 0.799/0.201 0.640/0.360 0.692/0.308 p =  0.549

rs11545078 16T >  C 0.952/0.048 0.856/0.144 0.925/0.075 p =  1

rs12681874 14269G >  A 0.638/0.362 0.533/0.467 0.890/0.110 p <  0.01

Table 5.  Allele frequency in several genotypes of SLC19A1 FPGS and GGH in our patients with 
rheumatoid arthritis and in general populations of Japanese and Caucasian. *p values between our patients 
and Caucasian data were analyzed by Fisher’s test. SLC19A1: reduced folate carrier 1, FPGS: folylpolyglutamyl 
synthase, GGH: gamma-glutamyl hydrolase.
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addition, we cited the minor allele frequencies of Japanese general populations from HapMap project (Table 5). 
There was no significant difference in minor allele frequencies of SLC19A1, FPGS and GGH between our Japanese 
RA patients and Japanese general populations. Although we do not have the data of these allele frequencies in 
Caucasian RA patients, it is suggested that these genotypes might not be influenced by RA itself.

The average weekly dose of MTX was 8.7 mg in our study, while the average weekly dose of MTX was reported 
as 5.2 and 7.2 mg in other Japanese RA cohorts17, 18. However, the average weekly dose of MTX was 15 mg in 
studies from the USA19 and the Netherlands20. While part of the difference in MTX doses is probably attributable 
to differences of body weight, the differing minor allele frequencies of FPGS polymorphisms might also be a con-
tributing factor for the higher tolerability of MTX therapy in Caucasians.

It has been reported that higher MTXPG4-5 concentrations were significantly associated with adverse events 
in patients with inflammatory bowel disease receiving MTX21. In patients with juvenile idiopathic arthritis, 
MTXPG3–5 concentrations were positively correlated with elevation of liver function parameters and gastro-
intestinal adverse events22. On the contrary, other studies conducted in RA patients14, 19 showed no association 
between MTXPG concentrations and adverse events. We also found that the concentrations of MTXPGs in RBCs 
did not related with disease activities and did not differ between the AE (− ) and AE (+ ) groups. Since our present 
study is a cross-sectional examination which might be influenced by many other factors such as other therapeutic 
agents, we could not conclude whether the measurement of the intracellular MTXPGs was a proper index for 
therapeutics or not. We then focused to the detailed mechanisms of the intracellular metabolism of MTX. To 
clarify the relationship between MTXPG concentrations and efficacy or safety of MTX, a prospective study in the 
RA patients who were started with MTX therapy will be necessary.

We found that the MTXPG3-5/1-2 ratio decreased significantly in the AE (+ ) patients in whom dose of MTX 
was reduced by the attending physician due to the non-severe adverse events. Thus, it could be suggested that 
relatively high MTXPG1-2 levels might be a contributor to dose-dependent non-severe adverse events. MTXPGs 
inhibit DHFR and ATIC more strongly than MTX itself 5,6, suggesting a major role in the actions of MTX, but 
the mechanisms underlying dose-dependent adverse events have not been clarified yet. The results of the present 
study suggested that reduced polyglutamation of MTX might be associated with a higher incidence of adverse 
events.

Many previous studies have explored how polymorphisms of MTX target molecules are related to the treat-
ment response and adverse events. Polymorphisms of the methylenetetrahydrofolate reductase and ATIC genes 
have been suggested to have an important influence on the clinical response to MTX23, but our study focused on 
intracellular MTX metabolism so we did not investigate these SNPs. It is possible that combined assessment of 
the polymorphisms of target molecules and enzymes involved in MTX metabolism might provide more useful 
information for clinical management of MTX therapy.

Methods
Patients. The subjects were 271 patients with RA on stable oral MTX pulse therapy at Toho University 
Omori Medical Center Hospital (Table 1). Only patients who met the 2010 American College of Rheumatology/
European League Against Rheumatism criteria for rheumatoid arthritis were included in this study. Among them, 
188 patients had no adverse events at the MTX dose being administered at the time of blood collection and they 
were assigned to the AE (− ) group. We used criteria of the adverse events which were defined by the Japanese 
Pharmaceuticals and Medical Devices Agency for evaluation of adverse events in our study. All patients received a 
stable dose of MTX orally for at least more than 3 months before blood sample collection. They all took folic acid 
(5 mg/week) at 48 hours after MTX administration.

Demographic and clinical details were collected by using standard data collection forms. Disease activity was 
assessed from the swollen joint count, tender joint count, and physician’s global assessment of disease activity, 
and patient’s assessment of pain and global assessment of disease activity, which were measured by 100 mm visual 
analog scales (VAS). DAS28-ESR (0.56 ×  √ (tender joint count) +  0.28 ×  √ (swollen joint count) +  0.7 ×  LN(ESR) 
+  0.014 ×  (VAS))11 was calculated, as were CDAI (tender joint count +  swollen joint count +  patient’s VAS +  phy-
sician’s VAS)12 and SDAI (CDAI +  C-reactive protein)13.

The protocol of this study was approved by the Institutional Review Board for Genetic Research of Toho 
University (approval number: 24-2) and written informed consent was obtained from all of the patients prior to 
enrollment. This study was carried out in accordance with Ethical Guidelines for Human Genome/Gene Analysis 
Research by Ministries of Education, Culture, Sports, Science and Technology; Health, Labour and Welfare; and 
Economy, Trade and Industry of the Japanese Government.

Determination of MTXPG in RBCs. Whole blood sample was drawn at various timing from the day of oral 
MTX administration, however, no patient received MTX just the same day of the sampling. A sample of whole 
blood (6 ml) was collected in a tube containing EDTA. After removing 0.3 mL of whole blood for genetic testing, 
RBCs and plasma were immediately separated by centrifugation for 10 min, and then were stored at − 80 °C until 
analysis.

MTXPGs were measured in aliquots of the cell pellet with an LC-MS/MS assay system by the method of den 
Boer et al.24 with slight modifications. Briefly, analyses were performed on a LC-MS/MS system consisting of a 
UFLC/TSQ Quantum Ultra (Shimadzu, Kyoto, Japan) triple quadrupole mass spectrometer with an electros-
pray ionization source. MTXPG1-6 standards were purchased from Schircks Laboratories (Jona, Switzerland). 
LC-MS-grade methanol, ammonium bicarbonate, and perchloric acid were obtained from Wako Junyaku (Tokyo, 
Japan), while ammonium hydroxide was purchased from Sigma-Aldrich (St. Louis, MI). Chromatography was 
performed after partial-loop injection of a 10 μ L sample, using a YMC-Triart C18 column (2.0 ×  100 mm, 3.0 μ m) 
(YMC, Kyoto, Japan) at 40 °C. The mobile phase consisted of (A) 10 mM ammonium bicarbonate adjusted to pH 
10 with 25% ammonium hydroxide and (B) acetonitrile at a flow rate of 0.4 mL/min. Elution was done according 
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to the following program: isocratic hold with 2% B for 0–4.5 min, a linear gradient to 40% B from 4.5–5.1 min; 
a linear gradient to 95% B from 5.1–6.1 min; and isocratic hold with 98% B from 6.1–11.00 min. The electros-
pray ionization source was operated in the positive mode with the following fixed settings and capillary voltage, 
1.00 kV; dissolution temperature of 220 °C, nitrogen gas flow rate of 1,000 L/hour, and cone gas (nitrogen) flow 
rate of 50 L/hour. Argon was used as the collision gas at a flow rate of 0.20 mL/min. The specific settings for each 
MTXPG were as follows: dwell time was 0.1 second for all MTXPGs, while the cone voltage was 30, 30, 50, 60, 
55, and 55 V for MTXPG1 to MTXPG6, respectively. Collision energy was set at 20, 20, 40, 40, 50, and 50 eV for 
MTXPG1 to MTXPG 6, respectively.

Genetic analysis. Samples of whole blood (0.3 mL) were stored at − 80 °C until DNA was extracted with a 
Maxwell 16 DNA Purification Kit (Promega, IL). Then single nucleotide polymorphisms (SNPs) of the SLC19A1 
(rs1051266), FPGS (rs10106, rs1054774, rs1544105), and GGH (rs719235, rs1800909, rs3758149, rs11545078, 
rs12681874) genes were determined by the polymerase chain reaction-restriction fragment length polymorphism 
assay using a TaqMan kit (Applied Biosystems, Foster City, CA) according to the manufacturer’s protocol.

Statistical analysis. Stastical analysis was performed with Prism ver. 5.0 software (Graphpad Software, San 
Diego, CA). Numerical data are expressed as both the mean ±  SD and the median with interquartile range (IQR). 
The Mann-Whitney U test and the chi-square test (or Fisher’s exact test) were used to compare categorical data 
between two groups, while the Kruskal-Wallis test was applied to compare numerical data among three groups. 
Simple linear regression analysis was used to assess correlations between RBC MTXPGs concentrations and 
patient characteristics. Stepwise forward multiple regression analysis was also performed. The level of significance 
was set at P <  0.05 for all analyses.
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Efficacy of Vitamin K2 for Glucocorticoid-induced Osteoporosis
in Patients with Systemic Autoimmune Diseases

Kotaro Shikano 1, Kaichi Kaneko 1, Mai Kawazoe 1, Makoto Kaburaki 1,
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Abstract

Objective Vitamin K2 (menatetrenone) is an effective treatment for patients with postmenopausal osteoporo-

sis. We herein performed a subanalysis of patients with systemic autoimmune diseases undergoing glucocorti-

coid therapy in our previous prospective study.

Methods Sixty patients were categorized into a group with vitamin K2 treatment (n=20, Group A) and a

group without vitamin K2 treatment (n=40, Group B). All patients were treated with bisphosphonates.

Results Serum levels of osteocalcin and undercarboxylated osteocalcin decreased significantly after the start

of glucocorticoid therapy in both groups, while the serum osteocalcin level was significantly higher in Group

A than Group B during the third (p=0.0250) and fourth weeks (p=0.0155). The serum level of the N-terminal

peptide of type I procollagen, a bone formation marker, decreased during glucocorticoid therapy, but was sig-

nificantly higher in Group A than Group B during the fourth week (p=0.0400). The bone mineral density and

fracture rate showed no significant differences between the two groups.

Conclusion Although vitamin K2 improves bone turnover markers in patients with osteoporosis on gluco-

corticoid therapy, it has no significant effect on the bone mineral density and fracture rate after 1.5 years of

treatment.

Key words: vitamin K2 (menatetrenone), glucocorticoid, osteoporosis, osteocalcin

(Intern Med 55: 1997-2003, 2016)
(DOI: 10.2169/internalmedicine.55.6230)

Introduction

Glucocorticoids are widely used to treat various diseases,

including systemic autoimmune diseases. Although glucocor-

ticoid therapy can improve the outcome of patients with

these diseases, various side effects of long-term treatment

have become major problems. Osteoporosis is particularly

serious because it can impair daily activities by leading to

critical bone injuries such as vertebral or femoral neck frac-

tures (1-4). Bisphosphonates were recommended as first-line

therapy in a recently revised guideline on the management

and treatment of glucocorticoid-induced osteoporosis pub-

lished by the Japanese Society for Bone and Mineral Re-

search (5).

Osteocalcin (OC) is produced by osteoblasts and involved

in calcification of the bone. Inside the osteoblasts, OC is

metabolized to γ-carboxylated OC (GlaOC) by γ-glutamyl

carboxylase. GlaOC has a high affinity for hydroxyapatite in

bone tissue and it combines with calcium in hydroxyapatite

to contribute to the formation of the three-dimensional archi-

tecture of the bone. Vitamin K2 (menatetrenone) is required

for γ-carboxylation of glutamate residues on OC. If vitamin

K2 is lacking, then GlaOC concentrations decrease and os-

teoblasts release undercarboxylated OC (ucOC) into the

blood (6, 7). It has been reported that a high serum level of

ucOC, which suggests decreased production of GlaOC, is

positively correlated with a high incidence of fracture (8).

It has also been reported that the serum ucOC level is

negatively correlated with the bone mineral density

(BMD) (9, 10). Several studies have suggested that vitamin

K2 increases the BMD in postmenopausal osteoporosis pa-
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tients (11-16). However, there is little clinical evidence re-

garding the efficacy of vitamin K2 for glucocorticoid-

induced osteoporosis. We previously performed a prospec-

tive study that assessed changes in bone turnover markers

during glucocorticoid therapy (17). Using the database from

this study, the patients using glucocorticoids were catego-

rized into groups with and without concomitant vitamin K2

therapy. We then performed a post-hoc subanalysis that ex-

amined the efficacy of vitamin K2 for glucocorticoid-induced

osteoporosis.

Materials and Methods

Patients and study design

All patients were recruited at Toho University Omori

Medical Center. This was a prospective observational study

that enrolled 60 patients with systemic autoimmune diseases,

including 21 patients with systemic lupus erythematosus

(SLE), 15 patients with polymyositis/dermatomyositis (PM/

DM), 19 patients with vasculitis syndrome, and five patients

with adult-onset Still’s disease. All patients who commenced

treatment with prednisolone at doses from 30 to 60 mg daily

[mean daily dose: 45.2±1.9 mg (SEM)] according to our

standard regimen were eligible for this study. All patients

provided their written informed consent before enrollment

and this study was approved by the Ethics Committee of

Toho University Omori Medical Center (approval no. 21-61

and 24-78). None of the subjects had received any treatment

for their diseases at the time of enrollment.

Concomitant administration of a bisphosphonate (alendro-

nate 35 mg/week or risedronate 17.5 mg/week) was per-

formed with high-dose glucocorticoid therapy in all patients,

but none of the patients received calcium or vitamin D sup-

plements during this study. Twenty patients received vitamin

K2 at 45 mg daily from the start of glucocorticoid therapy,

while the other 40 patients did not. The vitamin K2 dosage

was not changed during the study period. Whether or not

the patient received vitamin K2 therapy was determined by

the attending physician.

Fasting morning blood samples were collected just before

the patients started treatment and after 1, 2, 3, and 4 weeks

of glucocorticoid therapy. Serum samples were collected and

immediately frozen at -80°C until the measurement of bone

metabolism markers.

Serum parameters

The serum levels of OC (Mitsubishi Kagaku Bioclinical

Laboratories, Tokyo, Japan) and N-terminal peptide of type I

procollagen (PINP; Orion Diagnostica, Espoo, Finland) were

determined by an immunoradiometric assay. The serum level

of ucOC (Sanko Junyaku, Tokyo, Japan) was measured by

an electrochemiluminescence immunoassay, while bone al-

kaline phosphatase (BAP; Quidel, San Diego, USA) was

measured by an enzyme immunoassay. The serum levels of

cross-linked N-telopeptide of type I collagen (NTX; Inver-

ness, Princeton, USA) and tartrate-resistant acid phosphatase

isoform 5b (TRACP-5b; DS Pharma Biomedical, Tokyo, Ja-

pan) were determined by enzyme immunoassays.

Measurement of the bone mineral density (BMD)

Before starting glucocorticoid therapy, the BMD of the

lumbar spine (L2-4) was measured by dual-energy X-ray ab-

sorptiometry using Discovery A (Hologic, Waltham, USA).

The BMD was automatically calculated from the bone area

(cm2) and bone mineral content (g) and expressed in g/cm2.

Measurement of the BMD was repeated after 15±4 months

of glucocorticoid therapy and the percent change from base-

line was calculated.

Statistical analysis

Statistical analysis was performed with the StatFlex soft-

ware program (ver.6; ARTEC, Osaka, Japan). Numerical

data are expressed as the mean±SEM and as the median

with the interquartile range. Assessment of the changes dur-

ing glucocorticoid therapy was performed by Dunnett’s mul-

tiple comparison test with Bonferroni’s correction. When

comparing two groups, the Mann-Whitney U test was ap-

plied for numerical data and Fisher’s exact test was used for

categorical data. The log-rank test was employed to assess

the significance of differences in fracture rates. p values of

<0.05 were considered to be statistically significant.

Results

Clinical profile

As shown in Table, 60 patients were categorized into a

group receiving vitamin K2 (n=20, Group A) and a group

without vitamin K2 supplementation (n=40, Group B). There

were no significant differences between these two groups

with respect to age, sex, or menopausal status. The BMI

was significantly larger in Group B. The percentages of pa-

tients with SLE, PM/DM, vasculitis syndrome, or adult on-

set Still’s disease were not significantly different between

the two groups. There were no significant between-group

differences in the baseline serum levels of OC, ucOC, P1NP,

BAP, or NTX. Moreover, the mean initial and cumulative

doses of prednisolone did not differ between Groups A and

B or between premenopausal and postmenopausal patients.

Bone turnover markers

Fig. 1 shows the serum level of OC at baseline and dur-

ing glucocorticoid therapy. The OC levels decreased signifi-

cantly during the first week of glucocorticoid therapy in

both groups and remained low at 4 weeks in Group B. The

serum OC level [mean±SEM] was significantly higher in

Group A than Group B during the third week (0.985±0.138

vs. 0.518±0.083 ng/mL; p=0.025) and the fourth week of

glucocorticoid therapy (1.070±0.172 vs. 0.470±0.078 ng/

mL; p=0.0155), respectively.

Fig. 2 displays the serum levels of ucOC [mean±SEM]
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Figure　1.　Serum levels of OC in patients with (Group A) or 
without (Group B) vitamin K2 supplementation during gluco-
corticoid therapy. Data are expressed as the median with 25th 
to 75th percentiles. Open columns indicate Group A and shad-
ed columns indicate Group B. †, §; p<0.01 vs. baseline by Dun-
nett’s multiple comparison test (with Bonferroni’s correction). 
*; p<0.05 between groups by the Mann-Whitney U test.

Figure　2.　Serum levels of ucOC in patients with (Group A) 
or without (Group B) vitamin K2 supplementation during glu-
cocorticoid therapy. Data are expressed as the median with 
25th to 75th percentiles. Open columns indicate Group A and 
shaded columns indicate Group B. †, §; p<0.01 vs. baseline by 
Dunnett’s multiple comparison test (with Bonferroni’s correc-
tion). *; p<0.05 between groups by the Mann-Whitney U test.

Table.　Baseline Demographic and Clinical Data of the Groups with and with-
out Vitamin K2 (Menatetrenone) Supplementation.

Vitamin K2 p value
with

(n=20, Group A)
without

(n=40, Group B)
Age (yr) 55.7±4.6 55.0±2.5 p=0.869a

Number of men/women 9/11 12/28 p=0.563b

Postmenopausal women (%) 6 (54.5) 17 (60.7) p=0.728b

BMI (kg/m2) 19.9±0.7 22.6±0.72 p=0.038a*
BMD (g/cm2) 0.938±0.034 0.938±0.024 p=0.927a

Systemic autoimmune disease
SLE (n=21) 5 (25%) 16 (40%) p=0.389b

PM/DM (n=15) 5 (25%) 10 (25%) p
Vasculitis syndrome (n=19) 9 (45%) 10 (25%) p
AOSD (n=5) 1 (5%) 4 (10%) p

=1.000b

=0.146b

=0.656b

Serum markers:

OC (ng/mL) 2.64±0.32
2.35 [1.45-3.50]

2.21±0.24
2.00 [1.00-3.30] p=0.286a

ucOC (ng/mL) 1.66±0.40
1.05 [0.45-2.25]

1.51±0.24
0.91 [0.61-2.40] p=0.925a

PINP g/L) 48.5±8.2
35.9 [29.0-58.4]

42.5±3.0
39.1 [26.9-50.8] p=0.845a

BAP (U/L) 16.9±1.4
13.8 [12.4-21.6]

15.5±1.0
14.4 [11.3-18.5] p=0.525a

NTX (nmol BCE/L) 16.6±1.2
15.7 [13.6-19.6]

14.3±0.6
14.0 [11.8-16.4] p=0.063a

Initial glucocorticoid dose /BW (mg/kg) 0.786±0.053 0.861±0.034 p=0.093a

Total glucocorticoid dose (mg) 9159±759 9453±364 p=0.262a

Data are shown as the mean ± SEM and as the median [25th to 75th percentiles]. * p<0.05 
between patients with and without vitamin K2: a Mann-Whitney U test. b Fisher’s exact test. BMI: 
body mass index, BMD: bone mineral density, SLE: systemic lupus erythematosus, PM/DM: 
polymyositis/dermatomyositis, AOSD: adult-onset Still’s disease, OC: osteocalcin, ucOC: 
undercarboxylated osteocalcin, PINP: N-terminal peptide of type I procollagen, BAP: bone 
alkaline phosphatase, NTX: cross-linked N-telopeptide of type I collagen, BW: body weight

at baseline and during glucocorticoid therapy. The serum

ucOC levels showed a significant decrease during the first

week of glucocorticoid therapy in both groups and remained

reduced during the fourth week in Group B. Only during the

first week of therapy was the serum level of ucOC signifi-

cantly lower in Group A than Group B (0.118±0.065 vs.
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Figure　3.　Serum levels of PINP in patients with (Group A) or 
without (Group B) vitamin K2 supplementation during gluco-
corticoid therapy. Data are expressed as the median with 25th 
to 75th percentiles. Open columns indicate Group A and shad-
ed columns indicate Group B. †, §; p<0.01 vs. baseline by Dun-
nett’s multiple comparison test (with Bonferroni’s correction). 
*; p<0.05 between groups by the Mann-Whitney U test.

Figure　4.　Serum levels of BAP in patients with (Group A) or 
without (Group B) vitamin K2 supplementation during gluco-
corticoid therapy. Data are expressed as the median with 25th 
to 75th percentiles. Open columns indicate Group A and shad-
ed columns indicate Group B.

Figure　5.　Serum levels of NTX in patients with (Group A) or 
without (Group B) vitamin K2 supplementation during gluco-
corticoid therapy. Data are expressed as the median with 25th 
to 75th percentiles. Open columns indicate Group A and shad-
ed columns indicate Group B.

Figure　6.　Changes in the BMD during glucocorticoid thera-
py in patients with (Group A) or without (Group B) vitamin K2 
supplementation. Data are expressed as the median with 25th 
to 75th percentiles and were analyzed by the Mann-Whitney U 
test.

0.214±0.045 ng/mL; p=0.0326).

Fig. 3 shows the changes in the serum level of PINP

[mean±SEM], a bone formation marker, during glucocorti-

coid therapy. Serum PINP levels continued to decrease from

the first week to the fourth week of therapy in both groups.

During the fourth week, the serum PINP level was signifi-

cantly higher in Group A than Group B (14.780±1.443 vs.

10.988±0.858 μg/L; p=0.0400).

Figs. 4 and 5 display the serum levels of BAP and NTX,

respectively. These markers did not change markedly during

glucocorticoid therapy in either group.

BMD

Fig. 6 reveals the changes in the BMD [mean±SEM]

during glucocorticoid therapy (mean period: 1.5 years).

There was no significant difference between the two groups

with regard to the changes in the BMD (Group A: -0.429±
1.077 vs. Group B: 0.507±2.396%; p=1.0000).

Fracture

The rate of new fractures was 0% (0/20 patients) [0/30.2=

0% per patient-year] in Group A and 5% (2/40 patients) [2/

59.8=3.3% per patient-year] in Group B during glucocorti-

coid therapy (mean duration: 1.5 years), showing no signifi-

cant difference between the two groups (p=0.5480). Fig. 7

displays a comparison of the fracture rates by the Kaplan-

Meier method, which also revealed no significant difference

between the two groups in the percentage of patients with-

out fracture (p=0.3013).

Two patients had fractures in Group B, and both were

postmenopausal women with vasculitis syndrome. One pa-

tient was an 84-year-old woman taking prednisolone (30
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Figure　7.　A Kaplan-Meier analysis of the percentage of pa-
tients without fracture during glucocorticoid therapy in Group 
A and Group B (with or without vitamin K2 supplementation, 
respectively). Group A, unbroken line; Group B, broken line.

mg/day) and alendronate (35 mg/week) who developed a

lumbar compression fracture after 15 months of glucocorti-

coid therapy. The other patient was a 65-year-old woman us-

ing prednisolone (50 mg/day) and alendronate (35 mg/week)

who developed a left rib fracture after 24 months of gluco-

corticoid therapy.

Discussion

The present study showed that the serum levels of OC

and ucOC were decreased after glucocorticoid therapy. Do-

vio et al. (18) investigated 13 patients with multiple sclero-

sis receiving glucocorticoid therapy for 10 days and detected

a significant decrease in the serum OC level from day 1.

Kuroki et al. (19) found that the serum OC levels were sig-

nificantly decreased by glucocorticoid therapy in 47 patients

with collagen, hematological, and neuroimmune diseases.

Kaji et al. (20) reported that the serum level of OC was sig-

nificantly decreased by glucocorticoid therapy in patients

with collagen, hematopoietic, and neuroimmune diseases. In

addition, Kauh et al. (21) reported that the serum OC level

was significantly decreased by glucocorticoid administration

in healthy adults. While our findings were similar to these

reported results, the serum level of ucOC was not measured

in the previous studies. We also compared changes in the se-

rum levels of bone turnover markers during glucocorticoid

therapy between patients with and without vitamin K2 sup-

plementation. We found that the serum levels of OC and

ucOC showed significant improvement with the administra-

tion of vitamin K2, but the BMD and the incidence of frac-

ture were not altered.

It has been reported that vitamin K2 influences the bone

metabolism by accelerating the transformation of OC to

GlaOC (22) and increasing GlaOC concentrations promote

calcification (23). It was also reported that vitamin K2 pro-

moted OC production by mouse bone marrow-derived mes-

enchymal stem cells (24). In addition, the differentiation of

osteoblastic cells from precursor cells is induced by vitamin

K2 (23).

Many studies have demonstrated the efficacy of vitamin

K2 supplementation for postmenopausal osteoporosis. The

serum OC level and BMD are significantly increased by the

administration of vitamin K2 (11-16), and a reduction of

fracture risk was also observed in the vitamin K2-treated

groups of three studies (12, 13, 25). On the other hand, few

studies have assessed the efficacy of vitamin K2 for

glucocorticoid-induced osteoporosis, apart from two investi-

gations in patients with chronic glomerulonephritis (26, 27).

Yonemura et al. (26) analyzed 20 patients aged 25-30 years

with chronic glomerulonephritis who were taking glucocorti-

coids with or without vitamin K2 supplementation. In the vi-

tamin K2 group, the lumbar BMD was maintained in the 10

th week, while it showed a significant decrease in the group

without vitamin K2 supplementation. The serum OC level

was significantly decreased in the group without vitamin K2

supplementation, although there was no significant differ-

ence in the OC levels between the two groups. Sasaki et

al. (27) also investigated the efficacy of vitamin K2 supple-

mentation in 20 patients aged 15-49 years receiving gluco-

corticoid therapy for chronic glomerulonephritis. In the

group without vitamin K2 supplementation, the lumbar BMD

showed a significant decrease after 6 and 12 months of glu-

cocorticoid therapy, while the reduction of the lumbar BMD

was not significant in the group receiving vitamin K2 sup-

plementation. The serum OC level decreased significantly

from the first month of glucocorticoid therapy in both

groups.

The results of these two studies suggest that vitamin K2

can prevent a glucocorticoid-induced decrement of the BMD

in patients with chronic glomerulonephritis. However,

bisphosphonates were not used in these studies, unlike our

study. In the present study, the BMD did not decrease in the

groups with or without vitamin K2 supplementation during

glucocorticoid therapy, suggesting that a decrease in the

BMD was prevented by the administration of bisphos-

phonates to all patients.

Type I collagen is a major component of bone tissue.

PINP is derived from cleaving the N-terminal of type I pro-

collagen produced in osteoblasts, with the serum PINP level

being influenced by the production of type I collagen and

thus it is a useful marker of bone formation. Ichikawa et

al. (28) reported that vitamin K2 might promote the produc-

tion of bone collagen by activating the steroid and xenobi-

otic receptor in osteoblastic cells, which suggests that an im-

provement in the PINP level in patients receiving vitamin K2

might be a direct effect of the vitamin itself.

In our study, there was no significant change in the serum

level of BAP after glucocorticoid therapy, and previous stud-

ies (18-20) have also found no significant change in the se-

rum BAP level with glucocorticoid therapy. In fact, BAP

may not be directly regulated by glucocorticoids because the

glucocorticoid response element is not present in the pro-

moter region of the BAP gene (29). In contrast, the expres-

sion of the OC and P1NP genes is directly downregulated

by glucocorticoids (30).
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NTX also showed no change with glucocorticoid therapy.

Since all of the patients in our study were taking a bisphos-

phonate, which strongly inhibits osteoclastogenesis, this may

have led to the stable NTX concentration observed during

glucocorticoid therapy.

The serum levels of OC, ucOC, and PINP were decreased

by glucocorticoid therapy, but were significantly improved

in the patients given vitamin K2. Our results suggest that vi-

tamin K2 had some effect on these bone turnover markers,

although it did not show a significant influence on the bone

mineral density and fracture rate.

Conclusion

This study revealed that vitamin K2 supplementation im-

proved bone turnover markers in patients with osteoporosis

due to glucocorticoid therapy, although its effects on the

bone mineral density and fracture rate were not significant

after 1.5 years of treatment.
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SATB1 遺伝子欠損による自己免疫疾患発症機構 

 
 

田中ゆり子、近藤元就 
免疫学講座 

 
 Special AT-rich binding protein-1 (SATB1)はクロマチンリモデリングファクターとして

遺伝子発現制御をグローバルに行う核タンパクである。SATB1 は造血系細胞以外にも

発現するが、胸腺の CD4+CD8+ダブルポジティブ細胞に特に強く発現している。我々

は、T 細胞分化における SATB1 の役割を調べる目的で、血球特異的、又は T 細胞特異

的に SATB1 遺伝子を欠損する SATB1 コンディショナルノックアウト (SATB1cKO) マ
ウスを作製し、解析を行っている。これまでに、SATB1cKO マウスでは中心性免疫寛容

の破綻がおこり、自己抗体価の上昇、末梢組織への炎症性細胞浸潤等の自己免疫疾患症

状を呈することを明らかにした。これは、SATB1 が免疫寛容の成立に必須な分子である

ことを示唆している。SATB1cKO マウスにおける自己免疫疾患発症メカニズムをさらに

追究するため、本研究では、制御性 T 細胞(Treg)とヘルパーT 細胞を中心に検討を行っ

た。SATB1cKO マウス末梢の Treg 細胞は、数と機能共に野生型マウスと比べて有意な

差は認められなかった。一方、胸腺中の Treg 細胞数は、SATB1cKO マウスで有意な減

少が認められた。特に新生児 SATB1cKO マウス胸腺中の Treg 細胞数は、野生型マウス

よりも顕著に減少していた。以上の結果より、生後初期に胸腺に存在する Treg が、中

心性免疫寛容の破綻により生じる自己反応性 T 細胞の機能制御に関与している可能性

が示唆された。 
次に、ヘルパーT 細胞の反応性を調べるために、多発性硬化症のマウス実験モデルであ

る自己免疫性脳脊髄炎(EAE)を誘導したところ、SATB1cKO マウスでは発症が認められ

なかった。自己免疫傾向にある SATB1cKO マウスでの EAE 抵抗性は我々の想定外の結

果であり、現在その原因を調査中である。 
 
 
 
 
  



アレルギー疾患小児における好中球機能解析 

 
 

遊佐貴司、宮崎修一 
先端医科学研究センター 

 
【目的】小児期に発症する気管支喘息やアトピー性皮膚炎などアレルギー疾患の増加が

問題となっている。アレルギー疾患は免疫応答の制御機構の不均衡が要因の１つとなっ

て発症する。また、感染症がアレルギー症状増悪の原因となることが明らかとなってお

り、小児期の感染症に対する免疫応答の解析がアレルギーの病態解明につながると考え

られる。本研究ではアレルギーと感染症の関連を明らかにすることを目的に、小児由来

の好中球の TLR2,4 発現と血液中サイトカイン濃度について検討した。 
【方法】東邦大学医療センター大森病院小児科で診察を受けた患者をコントロール群

(非感染症および非アレルギー)、感染症群（ウイルス感染症、細菌感染症）、アレルギー

疾患群（疾患：アトピー性皮膚炎・食物アレルギー）の 3 群（4 群）に分類した。患者

の末梢血から血漿を分離し、16 種類のサイトカイン濃度を測定した。細胞層から好中

球を分離し、TLR2,4 蛍光標識抗体を用いたフローサイトメトリー解析による膜発現量

の測定と RT-PCR 法による TLR2,4mRNA 相対量（ΔΔCT 法）の測定をした。 
【結果】好中球 TLR2，4 の発現量および mRNA 量はコントロール群とアレルギー疾患

群に差はみられなかったが、感染症群では増加していた。感染症群を発熱後経過日数で

比較するとウイルス感染症群では 0 日目、細菌感染症では 2 日目をピークにその後減少

傾向であった。また、血漿中のサイトカイン量を測定した結果、IL-2, IL-8, IL-10, IL-12, 
IL-15, IL-17, IL-23, IFNγ, TNFα はウイルス感染症群が 24 時間以内で高く、72 時間経過

で減少していた。IL-5, IL-6, IL-13 は細菌感染症群が 24 時間以内で高く、72 時間経過で

減少していた。IL-1α, IL-1β, IL-4, TNFβ はコントロール群と差はみられなかった。 
【考察】感染症では血液中の好中球は活性化しており、発熱後 24 時間以内のサイトカ

イン濃度はウイルス感染症群では Th1 サイトカイン系、細菌感染症では Th2 サイトカ

イン系が上昇傾向にあることを確認した。今後、アレルギー疾患の感染症による増悪の

影響を検討する予定である。 
 
 
 
  



カンジダ菌体由来抽出物によるマウス系統的血管炎発症における

TNF-α の関与 
 
 

大原関利章、髙橋 啓 
病院病理学講座 (大橋) 

 
【背景と目的】川崎病は、血管炎症候群に含まれる小児の急性熱性疾患である。TNF-α
をはじめとする各種の炎症性サイトカインと血管炎との関連が数多く報告されている。

近年は、免疫グロブリン大量療法不応に対する追加治療として抗 TNF-α 製剤が注目さ

れ、その有効性が報告されるようにもなってきた。一方、Candida albicans 細胞壁由来の

マンナン-β グルカン-蛋白複合体 (以下、起炎物質)で誘導されるマウス系統的血管炎は

病変分布や組織像が川崎病血管炎と類似し、川崎病血管炎モデルとして評価を受けてい

る。我々は近年、抗 TNF-α 製剤の一種であるエタネルセプト (ETA)が本モデルの血管

炎を強力に抑制することを報告したが、TNF-α がどのように血管炎発生に関わっている

のかは明らかにできていなかった。本研究では TNF-α が血管炎発生に如何なる影響を

及ぼすのかを検討する目的で２つの実験を行った。 
【材料と方法】実験１：血管炎成立過程におよぼす ETA の影響を調べる為、起炎物質

接種後マウスを経時的に屠殺。ETA の有無によって血管炎成立過程がいかなる差異が

生じるか検討した。実験 2： ETA の投与時期の違いが血管炎発生に与える影響を検討

した。 
【結果】実験 1：ETA 非投与群では起炎物質接種終了直後から微小な内膜炎が見られ、

内膜炎は時間の経過とともに拡大した。5 日には内膜炎に加えて外膜の炎症細胞浸潤が

生じていた。汎血管炎は 11 日から生じ、時間の経過とともに重症化した。ETA 投与群

では 11 日まで内膜炎が強力に抑制されていた。実験 2：内膜炎発生時期である起炎物

質接種後早期から ETA を投与した群では血管炎発生率が有意に低下したが、汎血管炎

発生時期から投与した群では有意な低下は見られなかった。 
【考察】TNF-α は血管炎発生に密接に関連している。特に病初期に生じる内膜炎の発生

に影響を及ぼしている可能性が推測された。 
 

  



病的細胞バイオマーカーによる自己免疫疾患細胞病態の解明 

 
 

武城英明 1)、鈴木康夫 2) 
1)臨床検査医学講座（佐倉）、2)内科学講座消化器内科学分野（佐倉） 

 
【目的】自己免疫疾患の合併症を克服するアプローチの一つに、その病態を細胞変化と

して捉えて細胞機能のキーレギュレータを標的に制御することがあげられる。血管平滑

筋細胞は正常な制御細胞から病的な細胞に変容することで動脈硬化を引き起こす。血管

が障害されると平滑筋細胞は収縮型から合成型へとフェノタイプを変え修復を促す。し

かしながら、そこに修飾因子が存在すると変換が不足または過剰になり適切な修復にな

らずに動脈硬化に至る。本研究は、自己免疫疾患の合併症を引きおこす細胞の病的な変

容を平滑筋細胞のレギュレーター可溶性受容体 LR11 など特異的に発現する分子をもち

いて同定し、その臨床的意義と細胞機能を制御する可能性を探索する。  
【材料と方法】 
血管傷害後の血中 LR11 変動は大腿動脈カフ障害マウスをもちいた。臨床研究は、各施

設倫理委員会で承認された研究内容のもと、冠動脈疾患、川崎病、炎症性腸疾患患者を

対象とした。 
【結果】マウス血中 LR11 値は平滑筋細胞の内膜への遊走が亢進する血管障害２週間後

に増加した。冠動脈疾患患者の冠動脈形成術後の値は 14 日後に増加、240 日後に術前

に回復し、その値は内腔損失指数と正相関した。急性冠症候群患者の血中 LR11 値は安

定狭心症に比べ有意に高値だった。川崎病患者では、血管病変のある症例は無い症例に

比べて高値であり、治療不応例は高値だった。炎症性腸疾患では腸管狭窄症例で高値を

示す一方、炎症マーカーである CRP 値とは相関がなかった。 
【考察】今年度、血管平滑筋細胞で同定された細胞マーカーLR11 が傷害後の血管病態

や、川崎病や炎症性腸疾患の合併症と関わり、自己免疫疾患の細胞病態をあらわす可能

性のあることを明らかにした。今後、病態との関わりを臨床研究により詳細に検討し、

また、LR11 発現を変化させたモデルをもちいて変容細胞を誘導し解析する予定である。 
 
 

 

 

 

  



詳細な自己抗体解析による自己免疫性水疱症の病態解明 

 
 

石井 健、吉田 憲司、石河 晃 
皮膚科学講座(大森) 

 
【背景と目的】我々の研究室では、ファージディスプレイ法を用いて患者リンパ球から

ファージ抗体ライブラリを作成し、自己抗原反応性モノクローナル抗体を単離し免疫化

学的特性、水疱形成能などを詳細に検討している。今回、落葉状天疱瘡（PF）の自己抗

体の検討を行った。PF は、カドヘリン型の表皮細胞接着因子であるデスモグレイン１

（Dsg1）に対する IgG 型の自己抗体により生じる疾患である。患者血中には、Dsg1 上

の様々なエピトープを認識する抗体が複数存在し、水疱形成を誘導する病的抗 Dsg1 抗

体と単独では水疱形成を誘導しない非病的抗 Dsg1 抗体から構成されている。本研究の

目的は、各々の抗 Dsg1 抗体がポリクローナルな状況下で水疱形成にどのような役割を

果たしているのかを検討することである。 
【方法】器官培養ヒト皮膚にモノクローナル抗 Dsg1 抗体単独と複数のモノクローナル

抗体の混合物を投与して、水疱形成の有無、IgG 抗体の沈着、Dsg1 の細胞内分布の相違

を共焦点レーザ顕微鏡を用いて検討した。 
【結果】病的抗体単独では投与後２２時間で水疱形成を誘導し、蛍光抗体法では、IgG
抗体は表皮細胞表面に結合し Dsg1 は表皮細胞表面に線状に分布しているのが認められ

た。一方、病的抗体と非病的抗体の混合物を投与した場合では、IgG の沈着と Dsg1 は

凝集している像が観察された。この凝集反応は、IgG 型抗体による架橋により生じ、ま

た、病的抗体によって Dsg1 のトランス結合が阻害された時のみに観察された。また、

病的抗体と非病的抗体の混合物を投与した場合は、単独で反応させた場合よりも表皮細

胞間接着阻害活性が増強した。 
【考案】抗 Dsg1 抗体は、複数混合することにより Dsg1 の凝集を誘導し、またデスモゾ

ームの構造の変化を誘導し、細胞接着阻害活性を相乗的に増加することが判明した。自

己抗体のポリクローナルな条件も天疱瘡の病態に関与していると考えられた。相乗効果

を抑制する因子を今後探索することにより新規の治療を開発することができる可能性

が示された。 
 
 
 

  



関節リウマチの病態とミッドカイン 

 
 

川合 眞一、進藤恵実子、楠 夏子、蓮沼智子 
内科学講座膠原病学分野(大森) 

 
【目的】ミッドカイン（midkine, MK）は多くの腫瘍細胞に発現し、その増殖および浸潤

に関わっていると考えられている。関節リウマチ（RA）の主病変は滑膜の異常増殖で

あることから、本研究は RA の病態形成における MK の役割を明らかにすることを目的

とした。 
【方法】RA 患者 146 例（平均 60.9±14.0 [SD]歳）および健常人 85 例（63.2±12.1 歳）を

対象とした。また、人工関節置換術時に採取した RA 患者と変形性関節症（OA）患者

の余剰滑膜組織を用いて MK の免疫染色を行い、分離した滑膜線維芽細胞（RSF）を用

いて MK の mRNA 発現を RT-PCR で検討した。なお、本研究は東邦大学医学部倫理委

員会（24007）および大森病院倫理委員会（24-207）の承認を得て実施した。 
【結果】①RA 患者の血清 MK 濃度は中央値 540.8 [IQR: 391.7-781.1] pg/mL で、健常人

の 334.4 [284.8-426.1] pg/mL に比べて有意（ｐ<0.0001）に高かった。RA 患者の MK 濃

度は赤沈などの臨床的活動性指標および他の臨床的な重症度のパラメータと有意な関

連が認められたが、重回帰分析ではリウマトイド因子（RF）と特に強く相関していた。

なお、一部の RA 患者血清を Immunoglobulin Inhibiting Reagent で処理して MK と RF を

測定し、MK 測定系への RF の干渉がないことを確認した。 
②免疫染色により RA 患者滑膜組織には MK の発現が認められたが、OA 患者滑膜組織

に比べてその発現は強かった。また RSF には MK mRNA の発現が認められたが、IL-
1β、TNFα、デキサメタゾンを添加してもその発現量は変動しなかった。 
【考察】血清 MK 濃度は、RA による非特異的炎症反応よりも免疫異常あるいは慢性病

態の予後など RF が関係する要因により深く関わることが示唆された。また、RA 患者

滑膜組織には OA 患者よりも強く MK が発現しており、RA 患者における血清 MK の少

なくとも一部は病変滑膜から産生されていることが示唆された。加えて、RSF の検討で

は IL-1β などによる MK mRNA の変動はみられなかったことから、in vitro の検討でも

MK は炎症病態の影響は受け難いことが示された。 
【結論】RA の病態形成には MK が関わっていることが示唆された。 
 
 



私立大学戦略的研究基盤形成支援事業 

『自己免疫疾患の制御をめざす研究拠点形成』 

平成 27 年度事業報告会プログラム 

平成 28 年 3 月 25 日 

 
15:30-15:45 
○桑原 卓、近藤 元就 (免疫学講座) 

自己免疫マウスにおけるEAE不応答性機構の解明 
 
15:45-16:00 
○遊佐 貴司、宮﨑 修一 (先端医科学研究センター) 
アレルギー誘発要因の１つである微生物に対する自然免疫応答  
－ウイルスまたは細菌による感染症における解析－ 

 
16:00-16:15 
○大原関 利章、高橋 啓 (病院病理学講座(大橋)) 
カンジダ細胞壁由来多糖誘導血管炎における血清サイトカインの検討  
－多項目同時測定システムを用いた検討－ 

 
16:15-16:30 
○武城 英明1, 鈴木康夫2 (臨床検査医学講座(佐倉)1, 内科学講座消化器内科学

分野(佐倉)2 
病的細胞バイオマーカーによる自己免疫疾患細胞病態の解明 

 
16:30-16:45 
○吉田 憲司、 石井 健、 石河 晃 (皮膚科学講座(大森)) 
抗デスモグレイン1モノクローナル抗体を用いた落葉状天疱瘡の水疱形成機

序の解析 
 
16:45-17:00 
○川添 麻衣, 鹿野 孝太郎, 金子 開知, 川合 眞一 (内科学講座膠原病学分野) 
ステロイド治療による骨形成抑制作用に関わるWnt シグナルの関与 

 

(発表 10 分、討論 5 分) 
  



自己免疫マウスにおける EAE 不応答性機構の解明 

 
 

○桑原卓 近藤元就 免疫学講座 
 

【目的】 Special AT-rich sequence Binding protein 1 （SATB1）は染色体構造の調節を通

して遺伝子発現に関わる核内タンパク質である。我々は胸腺における T 細胞成熟過程の

正常な進行に SATB1 が不可欠であることを最近報告した。胸腺で成熟した T 細胞は末

梢で T 細胞受容体（T cell receptor：TCR）を介して抗原刺激を受けとる。TCR 刺激の際

も高発現する事から、エフェクター機能を獲得する過程でも SATB1 は必須であると予

測できる。T 細胞が担う免疫学的機能の分子基盤を明らかにすることを目的に、SATB1

の視点で検討を進めた。 

【方法】 SATB1 を血球細胞で欠損する条件付きノックアウトマウス（cKO-V）やタモ

キシフェン処理により SATB1 欠損となるマウス（cKO-ER）を用いた。自己反応性 CD4 

T 細胞により再現よく誘導できるヒト多発性硬化症のマウスモデルである実験的自己免

疫性脳脊髄炎（EAE）を用い、個体レベルでの T 細胞機能における SATB1 の役割を解

析した。モデル抗原であるミエリンオリゴデンドロサイト糖タンパク質（MOG）由来

ペプチドや卵白アルブミンに対する T 細胞応答について検討した。セルソーターで集め

た SATB1 欠損マウス由来の CD4 T 細胞を野生型マウス由来のそれと比較しながら細胞

生物学的に解析した。 

【結果と考察】 MOG ペプチドの免疫により誘導した自己反応性（EAE 病原性）CD4 T

細胞を野生型マウスに養子移入すると、レシピエント個体は四肢や尾の麻痺を示した。

移入直前に SATB1 を欠損させた cKO-ER CD4 T 細胞を養子移入した場合は症状を示さな

かった。野生型マウス由来に比べると cKO-V マウス由来の CD4 T 細胞は、免疫したモデ

ル抗原に対して減弱した増殖反応やサイトカイン産生を示した。野生型 CD4 T 細胞を

TCR で刺激すると情報伝達分子である Lck や ZAP70 の活性化が認められるが、cKO-V 

CD4 T 細胞ではそれらは低活性状態だった。これらの結果は、末梢の T 細胞において、

SATB1 は TCR 刺激伝達系を正に制御することで T 細胞機能発揮に貢献する分子である

ことを物語り、その役割が EAE 誘導に必須である可能性を導き出す。SATB1 が教えてく

れた T 細胞機能獲得に関する最新の知見を併せて紹介する 

  



アレルギー誘発要因の１つである微生物に対する自然免疫応答 

－ ウイルスまたは細菌による感染症における解析 － 
 

○遊佐貴司、宮﨑修一 先端医科学研究センター感染免疫部門 

 

【目的】 アレルギー疾患の誘発要因の一つと考えられている感染症の関与を解明する

ためには、感染症に対する免疫応答の解明が必要と考え、ウイルスおよび細菌感染症患

者由来好中球の TLRs 発現と血液中のサイトカイン量を測定した。さらに、ウイルスおよ

び細菌感染マウス由来好中球機能および血中サイトカイン量も測定して解析を加えた。 

【方法】 小児科を受診した外来患者で研究目的を説明して承諾を得た細菌感染症患者

37 例とウイルス感染症患者 34 例（合計：71 例）を対象とした（承認課題番号：24003）。

基礎検討として、5 週齢の雌 C57BL/6 マウスに Klebsiella pneumoniaeATCC13883 株または

influenza virus A(H1N1)を経鼻感染させた。患者およびマウス血液を採取後直ちに遠心分

離した。分離血漿中の各種サイトカイン濃度は Q-Plex™ ELISA マルチプレックスアレイ

で測定した。細胞層からは好中球を MACS™好中球磁気分離キットで分離し、FCM 解析

による TLR2,4 膜発現量の測定と RT-PCR 法による TLR2,4mRNA 量（ΔΔCT 法）の測定

をした。 

【結果および考察】 細菌感染症患者由来の好中球数は来院までの感染後の日数の影響

はみられず、感染 1 日、3 日及び 5 日後群共に対象群に比べ有意差をもって多かった。一

方、ウイルス感染群では感染1日後に来院した群のみ有意差をもって多かった。次にTLR2

膜発現量は細菌感染群では感染後の日数に関係なく対象群に比べ多く、ウイルス感染群

では感染後の日数が経過するに伴い増加していた。mRNA 量はウイルス感染群で感染初

期に多い傾向がみられた。TLR4 発現量も TLR2 発現量と同様の結果であった。次にマウ

ス感染モデルでは、TLR2 の発現量は細菌感染群では感染 3 日後、ウイルス感染群では感

染後漸次減少する傾向がみられた。ウイルス感染マウスにおける mRNA 量は患者での結

果と同様な傾向を示した。多くの細胞がサイトカインやケモカインを産生し、産生サイ

トカイン及びケモカインが相互作用した結果が末梢血中に現れる。現在患者及び感染マ

ウスでの測定したサイトカイン量の解析をしている。 

  



カンジダ細胞壁由来多糖誘導血管炎における血清サイトカインの検討 

－ 多項目同時測定システムを用いた検討 － 

 

○大原関利章、髙橋 啓 病院病理学講座(大橋) 

 

【目的】 我々は Candida albicans 細胞壁由来のマンナン-βグルカン-蛋白複合体 (以下、

CAWS)を用いた川崎病類似マウス系統的血管炎誘発モデルの病態解析を続けている。昨年

度の本会では、抗 TNF-α製剤の一種であるエタネルセプト(ETA)の治療実験の結果から血管

炎発症早期に TNF-αが密接に関与する可能性について発表した。今回は、本事業で東邦大

学に導入された多項目同時測定システムを用いて TNF-α以外のサイトカインと血管炎の関連

について検討した。 

【材料・方法】 マウス (C57BL/6、4 週齢、雄性)の腹腔内に 1 日あたり 4mg の CAWS を連続 5

日間接種し実験 36 日で屠殺。血管炎の有無を組織学的に検索すると共に屠殺時に得た血清

の各種サイトカイン濃度を MESO QuickPlex SQ120 (MESO SCALE DISCOVERY)を用いて計

測した。実験群は以下の通りである。無治療群：CAWS 接種のみ。ETA 標準投与：実験 4-32 日

の期間中、2-3 日毎に 20mg/Kg の ETA を 9 回皮下接種。ETA 初期投与：実験 2-20 日の期間

中、2 日毎に 9 回 ETA を投与。ETA 後期投与：実験 18-35 日の期間中、2 日毎に ETA を 9 回

投与。 

【結果】 血管炎発生率は、ETA 標準投与と ETA 初期投与で有意に低値であった。血清サイト

カインは CAWS の接種により高値を示す群 (TNF-α, KC/GRO, IL-6)と検出感度~ごく低値にと

どまる群 (IL-1, IL-2,IL-4, IL-10, IL12p70, INF-γ)とに分けられ、IL-6 は血管炎(+)で有意に高

値であった。血管炎が抑制された ETA 標準投与、ETA 初期投与では無治療群あるいは ETA

後期投与と比較して KC/GRO、IL-6 が有意に低値であった。 

【考察】 TNF-α以外にも KC/GRO、IL-6 が血管炎発生に密接に関与している可能性が示唆さ

れた。 

  



病的細胞バイオマーカーによる自己免疫疾患細胞病態の解明 

 
 

○武城英明 1)、鈴木康夫 2) 臨床検査医学講座(佐倉)1)、内科学講座(佐倉)2) 

 

【目的】 自己免疫疾患の合併症に血管障害があげられる。血管が障害されると平滑筋

細胞はフェノタイプを変え増殖能と遊走能を獲得する。この一過性の変換機構が制御さ

れないと血管が修復されず動脈硬化に至る。昨年度我々は、血管平滑筋細胞のフェノタ

イプレギュレーター可溶性受容体 LR11 が、健常の平滑筋細胞では発現せず幼弱型に移

行することで発現誘導され、その血中濃度が川崎病、炎症性腸疾患の合併症と関わるこ

とを示した。可溶性 LR11 は健常で脂肪細胞に最も強く発現している。今年度、脂肪細胞

フェノタイプにおける LR11 の役割を明らかにすることを目的とした。 

【材料と方法、結果】 LR11-/-マウス（生後８週令雄）に８週間高脂肪食を負荷すると

皮下脂肪に多数の褐色脂肪細胞が出現した。野生型マウスに比べ体重、脂肪量が少なく、

肝内脂肪蓄積も見られなかった。LR11-/-マウスのエネルギー消費量、血糖、血中トリグ

リセライド値は野生型マウスに比べ有意に低かった。培養 LR11-/-脂肪細胞のノルエピネ

フリン投与後の細胞酸素消費量、熱産生遺伝子 UCP1 発現は野生型マウスに比べ有意に

高く、その増大は精製可溶性 LR11 を添加すると消失した。さらに、脂肪細胞に可溶性

LR11 で処理すると BMP7 で誘導される熱産生遺伝子の増加が抑制された。糖尿病患者の

ヒト血中濃度を測定したところ、可溶性 LR11 は BMI および脂肪量と正相関し、減量治

療にともなう脂肪量の減少とともに低下した。 

【考察】 フェノタイプレギュレーター可溶性 LR11 は皮下脂肪に強く発現し脂肪組織

で褐色脂肪細胞への変換を抑制する役割を担うことが明らかになった。今後、病態との

関わりを検討し自己免疫疾患の新規の合併症予防に向けて解析する予定である。 

  



抗デスモグレイン１モノクローナル抗体を用いた落葉状天疱瘡の 

水疱形成機序の解析 
 

○吉田憲司、石井 健、石河 晃 皮膚科学講座(大森) 

 

【目的】 落葉状天疱瘡 (pemphigus foliaceus：PF) はデスモソームを構成するカドヘリ

ン型細胞接着分子であるデスモグレイン 1 (desmoglein 1：Dsg1) に対する自己抗体 (抗

Dsg1 抗体) により生ずる自己免疫性水疱症である。天疱瘡の水疱形成機序として、①Dsg1

分子の trans-または cis-interaction 構造の直接阻害、②p38MAPK などの細胞内シグナル活

性化のよる Dsg1 分子のエンドサイトーシスや分解、が考えられている。PF の水疱形成

機序にこれらがどの程度関与しているかを検討する。 

【材料と方法】 今回、ヒト皮膚器官培養系を用いて抗 Dsg1 モノクローナル抗体 (抗

Dsg1 mAb) 単独の場合と複数混合した場合で水疱形成の有無と Dsg1 分子の分布を観察

し PF の水疱形成機序を検討した。1 種類の病原性抗 Dsg1 mAb（PF1-8-15）と 2 種類の異

なる非病原性抗 Dsg1 mAb (PF1-2-6、PF1-2-22) を使用した。p38MAPK インヒビターと抗

Dsg1 mAb 単独または複数の抗 Dsg1 mAb を混合したポリクローナル抗体を正常ヒト皮膚

に注射後 24 時間器官培養した検体を用いて、水疱形成の有無とデスモソーム関連分子の

分布を HE 染色、蛍光抗体法で観察した。さらに、個々の抗 Dsg1 mAb とそれらを混合し

たポリクローナル抗体とで病原活性に違いがあるのかを培養表皮細胞シートを用いた

dissociation assay で比較した。 

【結果と考察】 個々の抗 Dsg1 mAb を用いた場合、病原性抗体でのみ水疱形成と病原

活性が観察されたが、Dsg1 分子の分布に病原性抗体と非病原性抗体とでは差は無かった。

一方、病原性と非病原性抗 Dsg1 mAb の混合により p38MAPK 依存性に Dsg1 分子の凝集

（clustering）が誘導され、デスモコリン 1、プラコグロビン分子の分布にも変化がみられ

た。また、病原性抗体単独時よりも細胞間接着が減弱した。p38MAPK インヒビターによ

り Dsg1 clustering は抑制されたが、病原性抗体による水疱形成は抑制されなかった。以上

の結果から、病原性と非病原性抗体からなるポリクローナル抗 Dsg1 抗体は p38MAPK 依

存性に Dsg1 clustering を介して表皮細胞接着阻害に関与するものの、患者皮膚における

水疱形成には病原性抗体による Dsg1 分子の直接阻害が本質的に重要であると考えられ

た。  



ステロイド治療による骨形成抑制作用に関わる Wnt シグナルの関与 

 
 

○川添 麻衣, 鹿野 孝太郎, 金子 開知, 川合 眞一 内科学講座膠原病学分野 

 

[目的] Wnt シグナルは骨形成において重要な細胞内シグナルであるが、ステロイド治療

の影響について十分な検討はない。そこで、リガンドである Wnt3a および阻害因子であ

る sclerostin と Dickkopf1（Dkk-1）に着目し、ステロイド治療における Wnt シグナルの臨

床的意義を明らかにすることを目的とした。 

【方法】 未治療の活動期膠原病患者 91 名 (56.9 ± 17.9 歳 [平均±SD])を対象に、プレド

ニゾロン 30～70 ㎎/日による治療前、治療 1、2、3、4 週後における血清 Wnt シグナル関

連因子および各種骨代謝マーカーを測定した。また正常ヒト骨芽細胞にデキサメタゾン

（Dex）、IL-6 を添加し、1 時間後の sclerostin、Dkk-1 の mRNA 発現量を PCR 法にて検討

した。 

【結果】 ステロイド投与 1 週目から、骨形成マーカーの血清 P1NP は有意に減少し、骨

吸収マーカーの TRACP-5b は有意に増加した。血清 sclerostin、Dkk-1 は、1 週目はともに

増加したが 2 週目以降は減少した。血清 Wnt3a は 1 週目から減少傾向を示した。骨芽細

胞における sclerostin と Dkk-1 の mRNA 発現は、IL-6 刺激下で Dex を添加すると増加し

た。 

【考察】 ステロイド投与 1 週後は、血清 Wnt3a は減少し、血清 sclerostin、Dkk-1 は増

加したことから、Wnt シグナル抑制により骨形成は低下したと考えられた。2 週目以降は

血清 Wnt3a の減少に加え、血清 sclerostin、Dkk-1 も減少したことから、2 週目以降は Wnt

シグナル以外の因子の関与が示唆された。また Dex 添加により骨芽細胞における

sclerostin と Dkk-1 の mRNA 発現は増加したことから、ステロイドは in vitro でも Wnt シ

グナル抑制因子の増加を介し骨形成を低下させる可能性が示唆された。 

 

 



私立大学戦略的研究基盤形成支援事業 

『自己免疫疾患の制御をめざす研究拠点形成』 

平成 28年度事業報告会プログラム 

平成 29年 3月 23日 

14:00-14:05 開会あいさつ      医学部長 高松 研 

14:05-14:15 本研究事業が目指すところ     髙橋 啓 

14:15-14:40 

○寺井謙介１）、武城英明２）、蛭田啓之１）、鈴木康夫３）（病理学講座（佐倉）１）、臨床検

査医学講座（佐倉）２）、内科学講座消化器内科学分野（佐倉）３）） 

バイオマーカーによる細胞病態診断の可能性 

14:40-15:05 

○田中ゆり子、近藤元就(免疫学講座) 

SATB1遺伝子欠損マウスにおける一次性シェーグレン症候群発症機構の解析 

15:05-15:30 

○赤坂 喜清(先端医科学研究センター 推進研究部門 組織修復・病態制御学室) 

慢性臓器障害の間質線維化を抑制するmicroRNAの探索と機能解析 

15:30-15:55 

○大原関利章、高橋 啓(病院病理学講座 (大橋)) 

カンジダ細胞壁由来多糖誘導マウス系統的血管炎における自然免疫受容体の関与 

15:55-16:20 

○石井 健、吉田 憲司、石河 晃(皮膚科学講座(大森) 

詳細な自己抗体解析による天疱瘡の水疱形成機序の解析 

16:20-16:45 

○川合眞一・藤尾夏樹・増岡正太郎・鹿野孝太郎・楠 夏子・南木敏宏 

(内科学講座膠原病学分野) 

自己免疫疾患に対するステロイド療法と見かけの副腎抑制 

 

 

(発表 15分、討論 10分)  



バイオマーカーによる細胞病態診断の可能性 

 

 

○寺井謙介１）、武城英明２）、蛭田啓之１）、鈴木康夫３）  

病理学講座（佐倉）１）、臨床検査医学講座（佐倉）２）、 

内科学講座消化器内科学分野（佐倉）３） 

 

【目的】自己免疫疾患とその合併症の進展に細胞の機能異常が起因となる可能性がある。

昨年度我々は、健常の血管平滑筋細胞では発現せず動脈硬化巣で増殖を伴う幼若型に移

行することで発現誘導するようになる平滑筋細胞フェノタイプレギュレーター可溶性受

容体 LR11（sLR11）の血中濃度が川崎病の血管合併症の進展とともに高値になり、自己

免疫疾患細胞の病態をあらわすマーカーとなる可能性を報告した。今年度、自己免疫疾

患やその合併症における高可溶性 LR11血症解析の意義を探索するために、LR11が高発

現していた胆道系の悪性腫瘍について、胆汁中可溶性 LR11濃度を測定し検討した。 

 

【材料と方法】対象は細胞診検査に提出された胆汁 141 検体（72 症例）を対象とし、遠

心後の上清中の sLR11濃度を ELISA試薬（積水メディカル）により測定した。臨床診断、

病理組織診断から良性疾患群、悪性疾患群に分類し検討し、さらに、病理細胞診検査結

果や血液検査データと胆汁中 sLR11値の関連について解析した。 

 

【結果および考察】良性疾患群 63 検体（40 症例）および悪性疾患群 84 検体（32 症例）

の胆汁中 sLR11 値を比較すると、良性疾患群（6.18±10.6 ng/ml）に対し、癌症例（28.1

±22.3ng/ml）で有意に高値だった（P＜0.01）。解析検体のなかで、胆道癌・膵臓癌症例

で胆汁中 sLR11 値が特異的に増加していることから、細胞の病態を反映する可能性が示

唆された。今回、良性疾患群に分類した 3 症例は自己免疫と関連が示唆される疾患であ

り、それらはいずれも高値を示していたことから、sLR11 値が自己免疫性疾患細胞の病

態を表す可能性がある。 

  



 

SATB1遺伝子欠損マウスにおける一次性シェーグレン症候群発症 

機構の解析 

 

 

○田中ゆり子、近藤元就  免疫学講座 

 

 Special AT-rich binding protein-1 (SATB1)はクロマチンリモデリングファクターとして遺

伝子発現制御をグローバルに行う核タンパクである。我々は、T 細胞分化における SATB1

の役割を調べる目的で、血球系細胞特異的、又は T 細胞特異的に SATB1遺伝子を欠損す

る SATB1コンディショナルノックアウト (SATB1cKO) マウスを作製し、解析を行って

いる。これまでに、SATB1cKOマウスでは中心性免疫寛容の破綻がおこり、自己免疫疾

患症状を呈することを報告した（J. Immunol. 196: 563-572, 2016）。しかし、SATB1cKOマ

ウスにおける具体的な臓器障害の実態については、明らかではなかった。 

本研究では、SATB1cKOにおける自己免疫疾患発症についてより詳細な解析を行った。

その結果、SATB1cKOマウスでは、離乳直後（生後約 4週齢）から唾液または、涙液分

泌量の低下が認められた。しかし、この週齢では成熟した SATB1cKOマウスで認められ

る、多臓器への炎症性細胞浸潤、血清中自己抗体価の上昇は認められず、腎糸球体への

免疫複合体の沈着と腎機能障害も認められなかった。これらの結果より、未成熟な

SATB1cKOマウスは、一次性シェーグレン症候群のモデルマウスとして解析に使用でき

る可能性が示唆された。次にこのマウスにおける一次性シェーグレン症候群発症機序を

調べるために、唾液腺症状を発症した SATB1cKOマウスの頸部リンパ節より、T 細胞ま

たは、B細胞を分離し、生まれつきリンパ球を持たない Rag2ノックアウトマウスに移入

した。その結果、SATB1cKOマウスの T細胞を移入した Rag2ノックアウトマウスでの

み、唾液腺機能障害が認められた。従って、SATB1cKOマウスにおける一次性シェーグ

レン症候群発症には T 細胞が重要な役割を担っている可能性が示唆された。  



 

慢性臓器障害の間質線維化を抑制する microRNAの探索と機能解析 

 

 

○赤坂 喜清  先端医科学研究センター 推進研究部門 組織修復・病態制御学室 

 

【目的】自己免疫性疾患において慢性に進行する間質線維化は組織再改築を惹起して非可逆

的な機能不全を誘導する。これまで Basic fibroblast growth factor (bFGF)は肉芽組織を一過性

に増生させるものの、最終的に瘢痕を抑制することを報告してきた。よって慢性臓器障害の間質

線維化抑制の機序解明のため、我々は修復組織期に重要な制御分子と予想される microRNA

に着目し、bFGF誘導性の線維化抑制性の microRNAを探索した。 

 

【方法と結果】Real-time PCR array解析から bFGF投与 48時間と 96時間目でともに増加する

miR-146b-5pが同定された。In situ hybridization法による同分子の発現性は、修復組織に限局

して発現し、bFGF投与創で有意に発現増加した。標的分子候補の１つである Platelet-derived 

growth factor receptorα (PDGFRα)の有用性をmiR-146b-5p InhibitorとMimicの皮膚線維芽

細胞への遺伝子導入実験から検討した。miR-146b-5p Mimic感作実験ではWestern Blot法か

ら PDGFRα蛋白発現抑制が、Inhibitor感作実験では PDGFRα蛋白発現亢進が認められた。

Real-time PCRでもMimic感作実験における PDGFRαｍRNAの発現抑制と Inhibitor感作実

験による PDGFRαｍRNAの発現亢進が確認できた。よって線維芽細胞における miR-146b-5p

の標的分子として PDGFRαが示唆された。 

 

【結論】miR-146b-5pは増殖刺激因子である PDGFの発現性を受容体レベルで抑制して過剰な

修復反応の進行抑制に寄与していることが示唆された。  



 

カンジダ細胞壁由来多糖誘導マウス系統的血管炎における 

自然免疫受容体の関与 

 

 

○大原関利章、高橋 啓  病院病理学講座 (大橋) 

 

【背景・目的】川崎病は血管炎症候群に含まれる小児の急性熱性疾患である。病因は未

だ不明であるが、何らかの感染因子の関与が疑われている。近年、体内微生物叢内の川

崎病特異的分子に関する報告がなされ、川崎病発症におよぼす自然免疫の関与が強く推

測されるようになった。一方、Candida albicans water soluble fractions (CAWS)は、マウス

に川崎病類似の血管炎を惹起する。CAWS はカンジダ細胞壁由来のマンナン・βグルカ

ン蛋白複合体からなる。自然免疫受容体であるデクチン 1 (D1)はβグルカンの、デクチ

ン 2 (D2)は マンナンの受容体として知られ、本モデルの血管炎発生に関与している可能

性がある。今回は、遺伝子欠損マウスを用いて D1、D2 の血管炎発症との関連を検討し

た。 

 

【材料・方法】 常法に従い、1回あたり 4mgの CAWS をマウス (WT, D1-/-, D2-/-)腹腔

内に連続 5日間接種、接種終了後 4週間で屠殺。諸臓器における血管炎発生率を比較。 

[結果] WT、D1-/-では、好中球とマクロファージを主とする血管炎が見られた。血管炎発

生率は、WT：100% (18/18), D1-/-：100% (18/18), D2-/-：0% (0/18)であり、D2-/-で有意な

低下が見られた。 

 

【要約】本モデルの血管炎発症には、CAWS中の マンナンとそのリガンドである D2が

密接に関与していると考えられた。 

  



 

詳細な自己抗体解析による天疱瘡の水疱形成機序の解析 

 

 

○石井 健、吉田 憲司、石河 晃  皮膚科学講座(大森) 

 

【背景と目的】 落葉状天疱瘡（pemphigus foliaceus, PF）は、デスモゾームに局在する

カドヘリン型細胞接着因子であるデスモグレイン１（Dsg1）に対する IgG 型自己抗体に

より生じる自己免疫性水疱症である。我々は、天疱瘡患者から単離した抗 Dsg1 モノクロ

ーナル抗体を用いて水疱形成機序の解明を進めている。昨年度の報告会では、ヒト皮膚

器官培養系を用いた実験において、単独で水疱形成を起こさない非病原性抗 Dsg1 モノク

ローナル抗体は、単独で水疱形成を引き起こす病原性 Dsg1 モノクローナル抗体と混合す

ることにより表皮細胞内の Dsg1 の凝集を誘導し、細胞接着阻害活性を相乗的に増加する

ことを報告した。さらに、その相乗効果には、p38 MAPK が関与していることを報告し

た。本年度は、形態学的にデスモゾームの微細構造の変化を観察し、また、ヒト培養細

胞系を用いて検討した。さらに、天疱瘡患者皮膚で実際に Dsg1の凝集が観察されるかを

検討した。 

【方法】 ヒト皮膚器官培養に病原性 Dsg1 抗体単独、非病原性抗体単独、またその両方

のモノクローナル抗体の混合物を投与して、電子顕微鏡でデスモゾームの長さを観察し

た。さらにヒト培養表皮細胞系を用いて Dsg1 の細胞内分布を共焦点レーザ顕微鏡で観察

し、さらに細胞接着阻害活性の強さを dissociation assayで比較した。また落葉状天疱瘡患

者 9例の病変部の Dsg1 の細胞内分布を共焦点レーザ顕微鏡で検討した。 

【結果と考察】 病原性と非病原性抗体の混合物は、病原性抗 Dsg1 抗体単独よりデスモ

ゾームの長さが優位に短縮しているのが電子顕微鏡レベルで観察された。また、光顕レ

ベルでも病原性と非病原性抗体の混合物の投与によりデスモゾーム構成成分の細胞内局

在が変化しているのが観察された。更に、落葉状天疱瘡患者 9例全例の病変部でも Dsg1

の凝集が観察された。このことから、落葉状天疱瘡において非病原性抗体は病原性抗体

と共同して、p38MAPK 依存性の Dsg1凝集を介してデスモゾーム構造変化を促進し、相

乗的に水疱形成を増強させていると考えられた。  



 

自己免疫疾患に対するステロイド療法と見かけの副腎抑制 

 

○川合眞一・藤尾夏樹・増岡正太郎・鹿野孝太郎・楠 夏子・南木敏宏 

内科学講座膠原病学分野 

 

【目的】グルココルチコイド（ステロイド）は全身性免疫疾患を含めた多くの疾患の治

療に広く用いられている。しかし、全身性ステロイド療法に伴う副作用は大きな問題で

あり、中でも視床下部-下垂体－副腎（HPA）軸の抑制はときに重篤となる副作用の一つ

である。本研究は、HPA軸の抑制メカニズムを解明することを目的とした。 

【材料と方法】東邦大学医療センター大森病院膠原病科にて新規にステロイド療法を開

始した全身性自己免疫疾患患者 48名（女性 28名）を対象とした。ステロイドの用量は

それぞれの疾患の標準的治療レジメに沿って決定した。一日平均プレドニゾロン投与量

30mg以上を高用量群（30-70mg/日、25例）と 20mg以下の群を低用量群（5-20mg/日、

23 例）として検討した。ステロイド療法開始前、2週後、4 週後に CRH負荷試験と血清

中の 10 種類の炎症性サイトカイン（IFN-ɤ、IL-1β、IL-2、IL-4、IL-6、IL-8、IL-10、IL-12p70、

IL-13、TNF-α）の測定を行った。血漿 ACTH及び血清コルチゾール濃度の前値、及び前

値とピーク値の差（Δ値）を解析した。 

【結果】 

高用量群では、前値、Δ値ともに血漿 ACTH及び血清コルチゾールが有意に抑制された。

一方、低用量群では血漿 ACTHと血清コルチゾールで前値にて有意な抑制を認めたもの

のΔ値の抑制はみられなかった。10種類の炎症性サイトカインのうち血清 IL-6のみが高

用量群と低用量群でともに 2週目以降の有意な低下がみられた。また、ステロイド療法

前の血清コルチゾール基礎値と血清 IL-6濃度の間には有意な正相関が認められた。 

【考察】 

炎症性サイトカインなど、HPA軸以外にもコルチゾール分泌を促す要因が報告されてい

るが、今回の研究で IL-6の重要性が明らかとなった。また、ステロイド療法開始初期の

血清コルチゾール基礎値の減少は、IL-6由来のコルチゾール産生が減ったため引き起こ

された見かけ上の変化であると考えられた。 



 

私立大学戦略的研究基盤形成支援事業 

『自己免疫疾患の制御をめざす研究拠点形成』 

平成 29 年度事業報告会プログラム 

平成 30 年 3 月 22 日 

14:00-14:05 開会あいさつ      医学部長 高松 研 

14:05-14:15 本研究事業が目指すところ     髙橋 啓 

14:15-14:40 

○武城英明１）、美甘周史２）、姜 美子１）、野呂眞人２）、鈴木康夫２）、蛭田啓之３） 
（東邦大学医療センター佐倉病院臨床検査部１）、内科２）、病理部３）） 
ヒト脂肪細胞ブラウニング特性の検討 ー細胞マーカーの臨床応用に向けてー 

14:40-15:05 
○田中ゆり子、近藤元就 (免疫学講座) 

SATB1欠損により発症する自己免疫疾患の解析 

15:05-15:30 
○赤坂喜清、藤澤千恵（先端医科学研究センター 推進研究部門) 

慢性炎症の瘢痕線維化を制御するmicroRNA  探索と機能解析 

15:30-15:55 
○大原関利章、横内 幸、榎本泰典、佐藤若菜、髙橋 啓（病院病理学講座 (大橋) 
リコンビナント抗IL-1受容体抗体による川崎病類似マウス血管炎抑制効果の検討 

15:55-16:20 

○石井 健、吉田憲司、中川真理、石河 晃(皮膚科学講座(大森) 
天疱瘡自己抗体解析による水疱形成機序の解明 

16:20-16:45 

○南木敏宏、佐藤洋志、村岡 成、楠 夏子、増岡正太郎、山田壯一、川合眞一 
(内科学講座膠原病学分野(大森)) 
レジスチンの関節リウマチ病態形成への関与 

 

16:45-16:55 講評       外部評価委員 

16:55-17:00 開会あいさつ      髙橋 啓 

 

 



 
 

ヒト脂肪細胞ブラウニング特性の検討 

ー細胞マーカーの臨床応用に向けてー 

 
○武城英明１）、美甘周史２）、姜美子１）、野呂眞人２）、鈴木康夫２）、蛭田啓之３） 

東邦大学医療センター佐倉病院臨床検査部１）、内科２）、病理部３） 
 

 

【目的】これまでに我々は、収縮型の血管平滑筋細胞では発現していないにもかかわら

ず、動脈硬化巣で増殖を伴う幼弱型に移行することで発現誘導される可溶性受容体

LR11 の血中濃度が自己免疫疾患である川崎病の血管合併症の進展と関わることを報告

した。通常、LR11 は主に脂肪組織に発現し、LR11 ノックアウトマウスでは皮下白色脂

肪が褐色脂肪に変換（ブラウニング）する。その結果、エネルギー消費が高まり高脂肪

摂取でもインスリン抵抗性が見られない。このようにして、LR11 は脂肪細胞の特性を

調節することで自己免疫疾患における糖尿病などの代謝異常の発症に関わる可能性があ

る。そこで、今年度、ヒトにおける可溶性 LR11 の意義を明らかにするために、ブラウ

ニング特性が示唆されている心臓周囲脂肪のブラウニング機能と減量治療による反応性

を解析した。 
 
【材料と方法】遺伝子発現解析に用いるヒト脂肪は病理解剖より摘出された心臓周囲脂

肪と皮下脂肪を使用した。マウス脂肪は db/db マウスより摘出した。減量前後の脂肪蓄

積量の反応性は CT で測定した。これらは佐倉病院倫理委員会で承認されたプロトコー

ルに沿って行われた。 
 
【結果】 ヒト心臓周囲脂肪のブラウニング遺伝子 UCP-1 は皮下脂肪に比べて有意に高

値だった。マウス心臓周囲脂肪では UCP-1 に加えてブラウニング遺伝子3AR も高値だ

った。培養ヒト前脂肪細胞からブラウニング分化させた成熟細胞で検討したところ、

UCP-1、3AR 共に分化とともに増加し、心臓周囲脂肪は皮下脂肪に比べて有意に高値

だった。減量治療に伴う心臓周囲脂肪量の変化は内臓脂肪や皮下脂肪の変化量と異なり

体重変化量に関連せず、また他の脂肪量の変化とも関連しなかった。 
 

【考察】 ヒト心臓周囲脂肪は他の体脂肪と異なるブラウニング特性と減量反応性を示

した。血中可溶性 LR11 はヒト脂肪のブラウニング特性の調節にも関わりその状態を反

映する可能性がある。 

  



 

SATB1 遺伝子欠損による自己免疫疾患の解析 
 

○田中 ゆり子、 近藤 元就   

東邦大学医学部免疫学講座 

 

 

 Special AT-rich sequence binding protein-1 (SATB1)はクロマチンリモデリングファクター

として遺伝子発現制御をグローバルに行う核タンパクである。我々が作製した、血球系

細胞特異的に SATB1 遺伝子を欠損するコンディショナルノックアウトマウス 

(SATB1cKO)は、中心性免疫寛容が破綻し、自己免疫疾患症状を呈することを報告した

（J. Immunol.  2016）。昨年度までの検討により、SATB1cKO マウスは、4 週齢から唾液

分泌障害が認められ、ヒトのシェーグレン症候群(Sjögren's syndrome : SS)様の症状を呈

することが示唆された。そこで本研究では、SATB1cKO マウスにおける SS 様病態発症

分子メカニズムの解析を行った。 

 4 週齢の SATB1cKO マウス唾液腺には、すでに炎症像が認められ、CD4 陽性 T 細胞

が多く浸潤していた。唾液腺の炎症部位は週齢に伴い増大し、浸潤細胞は B 細胞の割合

が増加した。しかし同週齢の SATB1cKO マウスでは、自己抗体価の上昇、他の臓器へ

の炎症性細胞浸潤、腎糸球体への免疫複合体の沈着などは認められなかった。自己抗体

価の有意な上昇は、唾液分泌障害が重症化する 9 週齢以降で認められ、さらに腎糸球体

には IgM 抗体、 IgG 抗体、C3 抗体の免疫複合体沈着が認められた。したがって、

SATB1cKO マウスに発症する SS は、SLE を続発または、併発する二次性 SS であるこ

とが示唆された。また、SATB1cKO マウスにおける SS の初期病態形成には T 細胞の関

与が示唆されたため、SATB1cKO マウス由来の T 細胞を Rag2 ノックアウトマウスに移

入すると 唾液分泌障害が発症した。このことから、SATB1cKO マウスの SS 発症には、

液性免疫ではなく細胞性免疫が重要であることが示唆された。 

  



 

慢性炎症の瘢痕線維化を制御する microRNA 探索と機能解析 

 

○赤坂喜清、藤澤千恵  

先端医科学研究センター 推進研究部門 

 

 

【目的】自己免疫性疾患において慢性に進行する間質線維化は組織再改築を惹起して非可逆

的な機能不全を惹起する。これまで Basic fibroblast growth factor (bFGF)は侵襲を受けた修復

組織を一過性に増生させるが、最終的に瘢痕線維化を抑制することを報告してきた。今回は

bFGF で誘導される瘢痕抑制性 miRNA を想定し、bFGF による線維芽細胞から誘導される

microRNA(miRNA)を探索し、同定された miR146b-5p の機能解析を行った。 

 

【方法と結果】Real-time PCR array 解析から bFGF 投与 48 時間と 96 時間目でともに増加する

miR-146b-5p が同定された。In situ hybridization 法による miR146b-5p の発現性は、修復組織

に限局して発現し、bFGF 投与創で有意に発現増加した。miR-146b-5p の標的分子候補として

Platelet-derived growth factor receptorα (PDGFRα)の可能性を miR-146b-5p Inhibitor と

Mimic の皮膚線維芽細胞への遺伝子導入実験から検討した。miR-146b-5p Mimic 感作した線

維芽細胞では PDGFRα蛋白発現抑制が、Inhibitor 感作実験では PDGFRα蛋白発現亢進が

Western Blot 法で確認された。この過程で Mimic 感作線維芽細胞では Collagen type I ｍ

RNA 発現抑制が、Inhibitor 感作線維芽細胞では Collagen type I ｍRNA 発現亢進が Real-

time PCR で確認できた。よって bFGF で誘導される miR-146b-5p は標的分子 PDGFRαの発

現制御から瘢痕線維化に関与することが示唆された。 

 

【結論】miR-146b-5p は線維化を促進する PDGF のシグナルを受容体レベルで抑制して修復反

応の進行抑制に寄与していることが示唆された。  



 

リコンビナント抗 IL-1 受容体製剤による川崎病類似マウス血管炎 

抑制効果の検討 

 
○大原関利章、清水智佐登、横内 幸、榎本泰典、佐藤若菜、竹田幸子、三浦典子、 

大野尚仁、Jane C. Burns、高橋 啓 

  東邦大学医療センター大橋病院病理診断科、Kawasaki Disease Research Center Dept. 

of Pediatrics University of California San Diego、東京薬科大学薬学部免疫学教室 

 

背景：我々はカンジダ細胞壁由来糖蛋白(CAWS)を用いた川崎病類似マウス血管炎誘発実

験を続け血管炎発症機序の解明を目指している。川崎病血管炎モデルには本モデル以外

に乳酸菌菌体成分 (LCWE)を用いたモデルや人工 PAMPs である FK565 (NOD-1 ligand)を

用いたモデルがある。いずれも自然免疫受容体と血管炎との関連が示唆され、組織学的

に類似した血管炎を惹起する。IL-1βは主要な炎症性サイトカインであり、LCWEとFK565

のモデルでは血管炎との関連が報告されている。CAWS モデルでも IL-1 受容体欠損マウ

スでは血管炎が抑制される。今回は CAWS モデルにおける IL-1β の関与についてリコン

ビナント IL-1 受容体製剤 (アナキンラ)を用いて検討した。 

材料と方法： 4mg の CAWS をマウス腹腔内に連続 5 日間接種した。アナキンラを 120μg 

x 28 日、500μg x 8 日投与し、CAWS 接種後 28 日でマウスを屠殺した。また、CAWS 接

種後早期の変化を検討するため CAWS 接種終了後 24 時間で屠殺する無治療、アナキン

ラ 120μg x 1 日、アナキンラ 500μg x 1 日の実験群も設定した。いずれもマウスを屠殺後、

諸臓器の組織標本を作製し、血管病変の組織学的解析を行った。また、屠殺時に得た血清

中の IL-1β濃度を測定した。 

結果：CAWS 接種後 28 日の汎血管炎発生率は、無治療：50% (5/10)、アナキンラ 120μg x 

28 日：40% (4/10)、アナキンラ 500μg x 8 日：40% (4/10)であり、治療による血管炎発生率

の低下は見られなかった。また、血管炎の有無に関わらず血清 IL-1βは検出感度未満であ

った。CAWS 接種後 24 時間では低率であるが微小な内膜炎が見られた。血清 IL-1βは内

膜炎の有無に関わらず検出感度未満であった。 

考察：CAWS モデル誘導血管炎に対する抗 IL-1 受容体製剤の血管炎抑制効果を証明でき

なかった。また、血管炎と血清 IL-1βの関連についても明らかにし得なかった。今後は他

の IL-1 関連タンパクや測定タイミングを増やしたより詳細な検討が必要と考えられた。 

 
 

 



 

天疱瘡自己抗体解析による水疱形成機序の解明 
 

○石井健、吉田憲司、中川真理、石河晃 

皮膚科学講座(大森) 

 

【背景と目的】 落葉状天疱瘡（pemphigus foliaceus, PF）は、デスモゾームに局在するカ

ドヘリン型細胞接着因子であるデスモグレイン１（Dsg1）に対する IgG 型自己抗体によ

り生じる自己免疫性水疱症である。水疱形成機序は未解決で、抗体が Dsg1 の細胞接着機

能を直接阻害することにより水疱形成を生じるとされる説、また細胞内シグナルを介し

デスモゾームが脆弱になり水疱が生じるとされる説、その両者が関与するとの説がある。

一方で、最近になり Dsg とデスモコリン（Dsc）のヘテロフィリック結合がデスモゾーム

の細胞接着機能に重要であることが明らかになった。今回、我々は、天疱瘡自己抗体が

Dsg と Dsc のヘテロ結合を阻害するかどうかを検証した。 

【方法】 Dsg1 と Dsc1 の細胞外領域を含む組換え蛋白を作成、精製しビーズに固相化

した。Dsg1 のみを固相化したビーズ、Dsc1 のみを固相化したビーズでは凝集はなかった

が、両者を混合するとビーズの凝集が認められ、Dsg1/Dsc1 のヘテロ結合がより強いこと

が確認された。この系に抗体を加えることにより凝集抑制がおこるかを観察した。 

【結果と考察】 PF 抗体が Dsg/Dsc 接着を直接阻害するかどうかを検討するため、抗

Dsg1 モノクローナル抗体を使用して検討した。病的活性を持つ抗 Dsg1 モノクロ―ナル

抗体は、ビーズ凝集を抑制したのに対して、病的活性を持たない抗 Dsg1 モノクローナル

抗体は、凝集抑制はされなかった。このことは、このビーズ凝集法は抗 Dsg1 抗体の病的

活性を測定できることを示している。次に、8 例の PF 血清を測定すると全例でビーズ凝

集が抑制された。このことから、天疱瘡抗体は細胞内シグナルを介さずに直接 Dsg1/Dsc1

のヘテロ結合を抑制し水疱形成を誘導していることが示唆された。  



 

レジスチンの関節リウマチ病態形成への関与 
 

○南木敏宏 1、佐藤洋志 1、村岡成 1、楠夏子 1、増岡正太郎 1、山田壯一 1、川合眞一 2 

1東邦大学医学部内科学講座膠原病学分野、2東邦大学医学部炎症・疼痛制御学講座 

 

 

 アディポカインの一つであるレジスチンは、その血清濃度と関節リウマチ(RA)疾患活

動性が関連することを当科では報告してきたが、レジスチンの RA 病態への直接的な作

用については不明な点が多い。そこで、本研究ではレジスチンの滑膜細胞に対する作用

を解明し、RA の病態形成におけるレジスチンの関与を明らかにすることを目的とし

た。RA 及び変形性関節症(OA)の滑膜組織におけるレジスチン、及びその受容体である

CAP1 の発現を免疫染色で解析したところ、RA 滑膜組織では OA と比較して、レジスチ

ン、CAP1 の発現が増強し、レジスチンはマクロファージに、CAP1 はマクロファー

ジ、線維芽細胞様滑膜細胞(FLSs)、血管内皮細胞に発現を認めた。また in vitro で培養し

た FLSs にも CAP1 の発現が RT-PCR、Western blotting で認められた。培養 FLSs をレジ

スチン刺激後 RNA シークエンスにより遺伝子発現プロファイルを網羅的に解析したと

ころ、18 個の遺伝子発現が 2 倍以上増加し、その中には 7 個のケモカインが含まれてい

た（CXCL1、CXCL2、CXCL3、CXCL5、CXCL6、CXCL8、CCL2）。FLSs をレジスチ

ンで刺激した後の培養上清中の CXCL8、CCL2 濃度も有意に上昇していた。さらに、

CAP1 に対する siRNA を用いて CAP1 発現を低下させた FLSs では、コントロール

siRNA を用いた場合と比較して、レジスチンによる CXCL8 産生上昇が抑制された。以

上の結果より、レジスチンは FLSs からのケモカインの産生亢進を介して、RA の病態形

成に関与していると考えられた。 

 



私立大学戦略的研究基盤形成支援事業プログラム 
「自己免疫疾患の制御をめざす研究拠点形成」平成 30 年度事業報告会 

 
開会挨拶                            13:30-13:40 

 

研究報告 
1. T 細胞分化と機能における SATB1 の役割の解明                    13:40-14:05 

近藤元就 東邦大学医学部免疫学講座 
 

2. 感染症におけるサイトカイン応答と慢性炎症による                14:05-14:30 
臓器線維化の制御機構の解析 

赤坂喜清 東邦大学大学院医学研究科先端医科学研究センター 
組織修復・病態制御学研究室 

 
3. カンジダ細胞壁多糖誘導マウス系統的血管炎モデルにおける        14:30-14:55 

血管炎発症機序と治療戦略 
大原関利章、髙橋 啓 東邦大学医学部病院病理学講座(大橋) 

 
4. 病的細胞バイオマーカーによる自己免疫疾患細胞病態の解明        14:55-15:20 

武城英明 東邦大学医学部臨床検査医学研究室(佐倉) 
 

休憩                                                            15:20-15:35 
 

特別講演                                                       15:35-16:00 
ケモカイン阻害による関節リウマチ治療開発 
南木敏宏 東邦大学医学部内科学講座膠原病学分野(大森)  
 

5. 新規の天疱瘡自己抗体病的活性測定法の開発                      16:00-16:25 
石井 健、吉田憲司、石河 晃 東邦大学医学部皮膚科学講座(大森)  

 
6. 自己免疫疾患及びそのステロイド治療時の炎症関連分子の解析      16:25-16:50 

南木敏宏 東邦大学医学部内科学講座膠原病学分野(大森) 
 

講評                                                  16:50-17:10 
 

閉会挨拶 事務局連絡                                    17:10-17:20 



特別講演 

 

ケモカイン阻害による関節リウマチ治療開発 

南木敏宏 

東邦大学医学部内科学講座膠原病学分野(大森) 

 

ケモカインは細胞遊走を誘導する分子であり、これまでに 40 種類以上のケモカイン、

約 20 種類のケモカイン受容体が同定されている。ケモカインは生体の恒常性維持と共

に、炎症細胞遊走により炎症性疾患の病態へ関与している。 

関節リウマチ（RA）は慢性の多発関節炎を特徴とし、その病変の首座は関節滑膜組織

の炎症にある。滑膜組織では線維芽細胞様滑膜細胞の増殖、リンパ球、マクロファージ

などの炎症細胞の集簇、炎症に関わるサイトカインなどの発現亢進、血管新生がみられ

る。ケモカインは特に炎症細胞浸潤に関与していると考えられ、これまでに RA 滑膜組

織における多くのケモカインの発現が解析されてきた。 

ケモカインの一つであるフラクタルカイン（FKN : CX3CL1）は、RA 滑膜組織で線維

芽細胞様滑膜細胞、血管内皮細胞に発現し、またその受容体である CX3CR1 は滑膜の

マクロファージ、T 細胞に発現していることを報告した。さらに、マウスの関節炎モデ

ルにおいて抗 FKN 抗体の投与により関節炎が抑制された。このモデル動物では抗 FKN

抗体の投与がマクロファージの滑膜組織への浸潤を抑制することも見出した。これらの

研究結果から、臨床応用が進められ、現在 RA に対する抗 FKN 抗体による臨床試験が

行われている。第 Ib/IIa 相の結果では、忍容性が示され、関節炎抑制効果も期待される

結果が得られた。第 IIb 相の治験が進行している。 

FKN には炎症細胞浸潤への関与以外に、滑膜組織での炎症細胞の活性化、破骨細胞分

化への影響、血管新生亢進作用もあると考えられている。また、RA 患者では動脈硬化

による心血管イベントの発症が増加することが知られているが、FKN は動脈硬化にも

関与するため FKN 阻害は動脈硬化の抑制効果も期待できる。さらにミクログリアを介

した疼痛制御にも FKN 阻害が有用である可能性がある。 

FKN は炎症性筋疾患の炎症細胞浸潤にも関与し、抗 FKN 抗体による筋炎モデルマウ

スの抑制効果も見出している。RA のみならず、他の膠原病にも有用である事が期待で

きる。 



T 細胞分化と機能における SATB1 の役割の解明 

近藤元就 

東邦大学医学部免疫学講座 

 

Speicial AT-rich sequence binding protein-1 (SATB1)は、臓器特異的に発現し、ゲノム DNA

中の base-unpairing regions に結合する染色体構造調整因子である。SATB1 は、造血初期

の造血幹細胞から発現が認められ、胸腺内の CD4+CD8+ダブルポジティブ細胞期にその

発現量が最大となるが、その T 細胞分化における役割の詳細は不明であった。そこで本

研究では SATB1 floxed マウスと Vav-Cre マウスを掛け合わせて作製した、血球系細胞

特異的 SATB1 コンディショナルノックアウト（cKO）マウスを用いて、SATB1 の T 細

胞分化、機能における役割を解析した。 

 SATB1cKO マウス胸腺内、及び末梢の CD4+あるいは CD8+T 細胞数は、SATB1 null マ

ウスの表現型から類推されたとおり、positive selection の障害により顕著に減少してい

た。さらに、SATB1cKO マウスでは、排除されるべき自己反応性 T 細胞が、negative 

selection の障害のために成熟 T 細胞に分化していた。実際、SATB1cKO マウスでは、シ

ェーグレン症候群様の症状が生後 4 週齢から認められた。また、SLE 発症を示唆する抗

2 本鎖 DNA 抗体が血清中に 16 週齢以降から認められた。一方、自己免疫疾患発症を抑

える末梢 Treg 細胞の数と、抑制機能は共に、成熟 SATB1cKO マウスにおいて異常はな

かった。しかし、未成熟マウスの末梢 Treg 細胞を比較すると、野生型マウスでは生後

直後から末梢 Treg 細胞が認められたが、SATB1cKO マウスでは、生後 1 週間経過後か

ら末梢 Treg 細胞が出現した。そこで、成熟マウス由来の末梢 Treg 細胞を生後 3 日目の

SATB1cKO マウスに移入すると、後に発症する自己免疫疾患症状が軽減した。これらの

結果から、SATB1cKO マウスでは、生後直後の末梢 Treg 細胞の欠損が自己免疫疾患発

症に重要であることが明らかになった。 

  



感染症におけるサイトカイン応答と慢性炎症による 

臓器線維化の制御機構の解析 

赤坂喜清、藤澤千恵 

東邦大学大学院医学研究科先端医科学研究センター組織修復・病態制御学研究室 

 

【目的】血清サイトカインと好中球Toll-like receptor (TLR) 2の発現性を検討し、アレル

ギー誘発要因である微生物に対する自然免疫応答の違いを解析した。また自己免疫性

疾患で続発する臓器線維化の抑制法開発のため、Basic fibroblast growth factor (bFGF)に

よる創傷皮膚における瘢痕抑制メカニズムを解析した。特にbFGFで誘導される瘢痕抑

制因子としてmicroRNA(miRNA)に着目し、in vitro実験系から探索した。 

【方法と結果】細菌感染症37例、ウイルス感染症34例の患者血清、クレブシエラニュ

ーモニエとインフルエンザAウイルス感染マウスの血清と好中球の解析から、従来報

告以外に新たにTLR2の発現増加が確認された。細菌感染とウイルス感染との区別に

IL-6測定の有効性が示された。瘢痕抑制因子miRNAの探索では、bFGF作用時間の異な

る2群でともに増加する miR-146b-5p (miR146b) を選定した。標的分子としてPlatelet-

derived growth factor receptor (PDGFR) αの可能性をRNA22 target prediction programで検

討し、PDGFRα 3’UTR 4822-4846に結合部位を同定した。miR-146b Inhibitor導入実験で

はPDGFRα蛋白の発現増加、逆にMimic導入実験から同蛋白の発現抑制が確認された。

Mimic導入実験ではCollagen type IとⅢのm RNA発現抑制、Inhibitor導入実験では両分子

の発現亢進が確認された。またIn situ hybridization法と免疫染色の二重染色から創部線

維芽細胞にPDGFRαとmiR146bの共発現がなく、miR146bの標的PDGFRαがin vivoで確

認された。 

【結論】bFGF誘導性miR-146bは標的PDGFRαの発現制御から瘢痕線維化の抑制に寄与す

ることが示唆された。 

 
 
 
 



カンジダ細胞壁多糖誘導マウス系統的血管炎モデルにおける 

血管炎発症機序と治療戦略 

大原関利章、髙橋 啓 

東邦大学医学部病院病理学講座 (大橋) 

 

川崎病は血管炎症候群に含まれる小児の急性熱性疾患である。我々は川崎病血管炎の

病態解明や有効性のより高い治療法の確立を目指し、Candida albicans の細胞壁多糖を

用いた川崎病類似マウス系統的血管炎誘発モデルの病態解析を続けている。 

本モデルの血管炎は川崎病血管炎と類似し、冠状動脈をはじめとする中型動脈や大動

脈に好中球やマクロファージを主体とする炎症細胞浸潤が惹起される。本モデルの血管

炎誘発物質は C. albicans の細胞壁を構成する糖蛋白であり、糖鎖の主成分はマンナン、

β グルカンである。α マンナン受容体であるデクチン 2 は自然免疫受容体のひとつとし

て知られており、この遺伝子を欠損したマウスは血管炎を発症しないことを明らかにし

た (平成 28 年)。サイトカインについては、血管炎と血清 TNF-α、KC/GRO、IL-6 値と

密接に関連する可能性を指摘した (平成 26－28 年)。特に TNF-α に関しては、抗 TNF-α

製剤であるエタネルセプトが非常に強力な血管炎抑制効果を示すことを報告した (平

成 26－27 年)。KC/GRO は好中球遊走や活性化に関与するサイトカインであり、本モデ

ルの血管炎局所に多数の好中球が遊走することから血管炎と好中球の密接な関連が疑

われるが、抗 Gr-1 抗体を用いて好中球を除去しただけでは血管炎を完全に抑制するこ

とは出来なかった (平成 29 年)。他の研究グループから本モデルの血管炎と IL-1 との関

連が報告されているため、リコンビナント IL-1 受容体アンタゴニストによる治療実験

を試みたが、血管炎抑制効果は証明できなかった (平成 29 年)。今年度は、血管炎誘発

物質接種後の各種サイトカインの血清中の変動について検討を試みた。TNF-α、KC/GRO、

IL-6 については変動の傾向を明らかに出来なかったが、Th1/Th2/Th17 サイトカインの

上昇は乏しいことが確認出来た。 

本モデルの血管炎発症に自然免疫受容体が関与していること、獲得免疫系のサイトカ

インの変動が乏しいことを確認した。今後はデクチン 2 シグナル伝達経路に関与する

諸分子の解析を行って血管炎の病態解明ならびに治療標的となる分子の同定を目指し

たい。 
 
 



病的細胞バイオマーカーによる自己免疫疾患細胞病態の解明 

武城英明  

東邦大学医学部臨床検査医学研究室(佐倉) 

 

病気にともなう血管障害の状態を検出することは合併症の予防に重要である。われわれ

は、動脈硬化の進展過程で収縮型から合成型へフェノタイプ変換し、中膜から内膜に遊

走し、内膜でさまざまな細胞の機能を調節し動脈硬化巣の性質を制御する働きを有する

平滑筋細胞に着目し、病的内膜平滑筋細胞に特異的に発現する遺伝子 LR11 を同定した。

LR11 は LDL 受容体ファミリーの一つであり、通常の中膜平滑筋細胞には発現していな

いが、硬化巣でフェノタイプ変換した内膜平滑筋細胞で発現誘導され、その細胞は遊走

能を獲得する。欠損マウスでは血管カフ傷害後の内膜肥厚が著しく減弱する。LR11 は

細胞膜表面でプロテアーゼにより分断し可溶型となり、近年、血中濃度を測定すること

が可能となった。そこで、本研究では、自己免疫疾患にともなう血管障害における血中

可溶性 LR11 の検査学的意義と病態における役割を明らかにすることを目的とした。川

崎病の病歴のある小児の血中濃度を測定したところ、冠動脈病変のある患者の血中濃度

は健常者や冠動脈病変のない患者に比べて有意に高値だった。そこで、成人頸動脈血管

狭窄患者の血中可溶性 LR11 と超音波画像との関連を検討したところ、血中濃度の数値

は超音波プラーク指数および１年後の狭窄度の進展と関連した。全身の血管障害を引き

起こすリスクとして知られる糖尿病で検討したところ、血中可溶性 LR11 は血糖値と並

び超音波血管壁肥厚に関連し、血糖値は可溶性 LR11 濃度の独立した規定因子だった。

以上の結果から、血管内膜平滑筋細胞に特異的に発現する血中可溶性 LR11 の血中濃度

は、川崎病の血管障害の病態を表すバイオマーカーとなり、血管障害に伴うプラーク形

成の状態を反映することが示唆された。今後、さまざまな自己免疫疾患に合併した血管

障害での血中濃度の測定と病態との詳細な検討が必要である。 

 
 
 
 
 
 
 
 



新規の天疱瘡抗体病的活性測定法の開発 

石井健、吉田憲司、石河晃 

東邦大学医学部皮膚科学講座(大森) 

 

【背景と目的】 尋常性天疱瘡（PV）は、デスモゾームに局在するカドヘリン型細胞接

着因子であるデスモグレイン３（Dsg3）に対する IgG 型自己抗体により表皮細胞接着が

障害され皮膚、口腔粘膜に水疱を生じる。今回、天疱瘡自己抗体の細胞接着阻害活性を

直接測定する方法を開発し、病勢を評価できるかを検討した。 

【方法】 最近、Dsg とデスモコリン（Dsc）のヘテロフィリック結合がデスモゾーム

の細胞接着機能に重要であることが明らかになっている。Dsg3 と Dsc3 の細胞外領域を

含む組換え蛋白を作成、ビーズ凝集法を構築し、天疱瘡抗体を添加することによりビー

ズ凝集抑制がかかるかを観察した。 

【結果と考案】 Dsg3 のみを固相化したビーズ、Dsc3 のみを固相化したビーズでは凝

集はなかったが、両者を混合するとビーズの凝集が認められ、Dsg3/Dsc3 のヘテロ結合

がより強いことが確認された。抗 Dsg3 モノクローナル抗体を用いてビーズ凝集法が天

疱瘡抗体の病的活性を測定できるかを検討した。病的活性を持つ抗 Dsg3 モノクローナ

ル抗体はビーズ凝集を抑制したのに対して、病的活性を持たない抗 Dsg３モノクローナ

ル抗体は、凝集抑制はされなかった。次に、8 例の PV 血清を測定すると全例でビーズ

凝集が抑制された。PV 症例６例で病勢の強い時期、寛解期に血清をビーズ凝集法で測

定したところ、全例で寛解期のほうが凝集抑制は低下しており、病勢と相関していた。

このことから、ビーズ凝集法は、PV 血清の病的活性を簡便に測定することができると

考えられた。 

また、天疱瘡自己抗体による水疱形成機序において、抗体が Dsg の細胞接着機能を直

接阻害することにより水疱形成を生じるとされる説、また細胞内シグナルを介しデスモ

ゾームが脆弱になり水疱が生じるとされる説、その両者が関与するとの説がある。昨年

度は、もう一つの亜型である落葉状天疱瘡に関して解析を行ったが、今回の研究の結果

を考え合わせると、天疱瘡抗体は細胞内シグナルを介さずに直接 Dsg/Dsc のヘテロ結合

を阻害することが天疱瘡の水疱形成機序として重要であることが明らかになった。 

  



自己免疫疾患及びそのステロイド治療時の炎症関連分子の解析 

南木敏宏 

東邦大学医学部内科学講座膠原病学分野(大森)   

 

本研究事業において、自己免疫疾患である膠原病の病態に関わる分子の解析、また治

療開発につながる研究を行ってきた。 

 炎症細胞遊走等に関わる midkine は、関節リウマチ（RA）患者の血清中で濃度上昇

し、RA の疾患活動性と関連がみられた。midkine は RA 滑膜組織で発現上昇していた。

線維芽細胞様滑膜細胞には midkine 受容体の発現がみられ、midkine 刺激により炎症性

サイトカイン、ケモカインの産生亢進がみられた。またアディポカインの一つであるレ

ジスチン、およびその受容体である CAP-1 が RA 滑膜組織に発現していること、レジ

スチン刺激により線維芽細胞様滑膜細胞よりいくつかのケモカイン発現が上昇するこ

とを見出した。 

 ケモカインは炎症細胞の遊走などにより RA 含めた炎症性疾患に関与していると考

えられている。我々はケモカインの一つであるフラクタルカイン（FKN）が RA の病態

に関与し、その阻害によりモデル動物の関節炎が抑制されることを見出し、現在抗 FKN

抗体による臨床試験が行われている。RA の骨破壊に着目し、FKN による破骨細胞分化

への影響を解析したところ、末梢血単球から破骨細胞分化時に FKN の共刺激により破

骨細胞分化が促進されることを見出した。 

 膠原病治療にステロイドがよく用いられる。ステロイド投与により下垂体-副腎機能

が抑制されることが知られているが、低用量のステロイドでは、下垂体、副腎ホルモン

の基礎値は低下するが、下垂体ホルモンへの反応性は持たれている事も見出した。ステ

ロイドの副作用の一つに骨粗鬆症がある。骨新生に関わる Wnt シグナルへの影響を解

析したところ、ステロイド投与により Wnt シグナル阻害分子である sclerostin、Dkk-1 は

一過性に上昇し、その後低下することが見出された。ステロイド投与早期の骨粗鬆症に

Wnt シグナル抑制が関与することが推測された。 

 このように、RA 病態に関わる分子の解析を行ってきた。新規治療開発につながるこ

とが期待される。またステロイドの副作用における知見も見出した。今後さらに解析を

続けていく予定である。 
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