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労災疾病臨床研究事業費補助金 
総括研究報告書 

悪性胸膜中皮腫のヒト化 CD26 抗体療法確立のための 
予後・治療効果予測バイオマーカーの開発 

 
研究代表者  森本 幾夫 順天堂大学大学院医学研究科 

免疫病・がん先端治療学講座 特任教授

研究要旨 

悪性胸膜中皮腫はアスベストばく露によって起こる難治性悪性腫瘍であり、現時点で満足

できる治療法はなく、新たな治療法の確立が望まれる。研究代表者は抗腫瘍効果の強いヒト

化 CD26 抗体 YS110 の開発に成功し、フランスにて悪性中皮腫を中心とした CD26 陽性腫瘍に

対する First-in-Human 第 I 相臨床試験を施行した。2017 年 7 月から国内でも悪性中皮腫に対

する第 I/II 相臨床試験を施行し、2019 年に第 I相、第 II 相臨床試験計 40 例の投与が終了し

た。今年度は抗腫瘍効果について最終的な中央判定結果を基に、これまでのデータを再解析

(グループ分け)し、CD26 抗体の有効性予測バイオマーカー候補として SDF-1αβ, MIP-1d, 

MCP1 を見出した。また、Gro-b, CTACK, MCP2 も有効性の予測に役立つ可能性が考えられる。

血清中の可溶性 CD26 濃度/DPP4 酵素活性の変動解析については、血清検体採取のタイミング

を再度検討する必要があることが示された。末梢血リンパ球のフェノタイプ解析により、CD26

抗体有効例では特に CD8 T 細胞で細胞傷害性エフェクターT細胞(CD26 陰性・CD28 陰性・KLRG1

陽性サブセット)の割合が高く、免疫チェックポイント分子の中で PD1 と TIGIT の発現陽性率

が高い可能性を見出した。CD26 抗体の臨床応用を目指すうえでこれらのバイオマーカー候補

が有効性予測に役立つことを期待する。 

昨年、R&D 社ポリクローナル抗体による免疫染色（フランスでの治験と同一、A 法）および

新規開発されたコンパニオン診断キットによる免疫染色（B 法）の二つの染色方法により CD26

発現について検討し、B法が CD26 発現をより正確に評価することを報告した。CD26 染色の感

度が上がった B 法による検討と HE 染色標本により、中皮腫腫瘍部分へのリンパ球並びに CD26

陽性単核細胞（リンパ球と単球等）浸潤について治療効果との比較を試みた。その結果、long 

SD 5 症例中では腫瘍浸潤リンパ球 3+が 4 症例、+1 が 1 症例であり、治療効果が長い症例では

CD26+単核細胞浸潤が多い傾向があった。一方、PD16 症例では、腫瘍浸潤リンパ球が 3+は 3

症例、+2 は 5 症例、+1 は 8 症例であり、CD26+単核細胞浸潤が少ない傾向が窺われた。これ

らの結果は、中皮腫においてリンパ球浸潤および CD26 陽性単核細胞の半定量評価が治療効果

予測のバイオマーカーとなる可能性を示唆する。 

治療抵抗性の悪性中皮腫患者に対して、CD26 抗体単剤でも高い割合で Stable Disease・

Partial Response となり抗腫瘍効果は認められたが、より長期間抗腫瘍効果を発揮し、無増

悪生存期間を与えられる本抗体を用いた新たな併用療法の開発も重要な課題である。そこで、 

ヒト免疫化マウスを用いたヒト悪性中皮腫細胞株担がんモデルを確立し、ヒト化 CD26 抗体と 
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PD-1 抗体との併用効果を検討した結果、それぞれの単剤よりも強い相乗効果が認められる予

備実験データを得た。 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A．研究目的 
悪性中皮腫は効果的な治療法はなく、予後は

極めて不良で労災疾病行政上も大きな問題

となっている。 抗ヒト PD-1 抗体ニボルマブ

が 2018 年 8 月に、悪性中皮腫に対する治療

薬として日本でも認可され、約 2-3 割の患

者には有効性が認められる一方で、食欲減退、

下痢、発熱などの副作用が高い割合で見られ、

自己免疫様疾患として甲状腺機能異常、大腸

炎、下垂体異常および間質性肺疾患などの重

篤な副作用も報告されている。このことから、

悪性中皮腫に対する安全かつ有効な新規治

療法の確立は依然として重要な課題である。  

研究代表者は CD26 単クローン抗体の開発、

CD26 cDNA の単離を世界に先駆けて行い(J 

Immunol. 1989, 1992)、抗腫瘍効果の強いヒ

ト化 CD26 抗体の開発に成功した。悪性中皮

腫における CD26 発現の解析、抗体の抗腫瘍

作用機構の解明に取り組み、この抗体は抗体

医薬特有の ADCC(抗体依存性細胞傷害) 活

性に加え、腫瘍細胞膜上の CD26 タンパクに

CD26 抗体が結合することで細胞周期停止の

誘導や、CD26 分子と CD26 抗体の複合体が細

胞膜から核へ移行し、増殖抑制に働くこと、

さらに、近年では腫瘍免疫の促進にも働きう

ることを明らかにしてきた(Clin Cancer Res. 

2007, 2012, PLoS One. 2013, Br J Cancer. 

2014, Nat Immunol. 2015)。また、抗体療法

の確立に不可欠な病理組織の CD26 発現診断

用抗体、可溶性 CD26/DPPIV 値測定系を開発

し(Diagn Pathol. 2014, PLoS One. 2019, J 

Clin Lab Anal. 2015)、フランスにて治療抵

抗 性 悪 性 中 皮 腫 を 中 心 と し た

First-in-Human第I相臨床試験を施行した。

免疫チェックポイント阻害薬のような特記

すべき有害事象もなく安全性が確認される

とともに、有効性を示唆するデータも得ら

れたが(Br J Cancer. 2017)、CD26 抗体療法

が有効な患者を判別できるバイオマーカー

の開発が課題とされた。   

そこでフランスでの第 I 臨床試験患者血清

を解析し、CD26 抗体投与前後の血清中可溶

性 CD26/DPPIV 値の変動解析が Stable 

Disease(SD)・Progressive Disease(PD)の予

測バイオマーカーとなる可能性が示唆され

た( p <0.016)。この予備結果を実証するこ

と、また、CD26 抗体の治療効果を予測でき

る新たなバイオマーカーを確立することを

研究分担者 

岸本 卓巳：独立行政法人労働者健康安全

機構 アスベスト疾患研究・

研修センター 所長 

山田 健人：埼玉医科大学 病理学 教授 

研究協力者 

藤本 伸一：岡山労災病院 腫瘍内科部長 

青江 啓介：山口宇部医療センター 腫瘍

内科 内科系診療部長 

大沼  圭：順天堂大学大学院医学研究科 

免疫病・がん先端治療学講座 

准教授 

波多野 良：順天堂大学大学院医学研究科 

免疫病・がん先端治療学講座 

特任助教 

金子有太郎：ワイズ・エー・シー株式会社

CEO, 近畿大学 客員教授(元) 
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目指し、本邦で 2017 年 7 月から開始した悪

性中皮腫の第 I/II 相臨床試験検体を用いて、

(1)腫瘍病理組織での CD26 発現の定量・定性

解析の確立と、腫瘍組織 DNA・RNA profile

と治療効果との相関解析 (2)CD26 抗体の治

療効果・予後を予測しうる血清バイオマーカ

ー、及び (3)末梢血リンパ球バイオマーカー

の確立に取り組む。   

初年度(2018 年度)は、2018 年 3 月に最終患

者への投与が終了した国内第 I 相臨床試験

検体(全 9 例)、及び 2018 年 6 月から開始

した国内第 II 相臨床試験検体の一部を用

いて、(1)腫瘍病理組織での CD26 発現解析

と(3)末梢血リンパ球の解析を行った。また、

国内第I 相臨床試験検体(全9例)の(2)血清

中可溶性 CD26/DPPIV 酵素活性値の測定を

行った。2018 年度終了時点ではまだ解析検

体数が少なく、次年度以降の検体数の追加が

必要とされた。  

2 年度目(2019 年度)は、2019 年内に国内

第II相臨床試験全31 例へのCD26 抗体投与

が終了した。昨年に引き続き、国内第 II 相

臨床試験検体を用いて(1)腫瘍病理組織での

CD26 発現解析と(3)末梢血リンパ球の解析

を行った。また、国内第 I相臨床試験検体(全

9 例)の(2)血清中サイトカイン・ケモカイン

の多項目解析、ならびに国内第 II 相臨床試

験検体(全 31 例 )の (2)血清中可溶性

CD26/DPPIV 酵素活性値の測定とサイトカイ

ン・ケモカインの多項目解析を行い、CD26 抗

体の抗腫瘍効果と相関する新規バイオマー

カー候補の絞り込みを行った。  

最終年度(2020 年度)は、国内第 I/II 相臨

床試験検体の合計 40 例の中で、Partial 

Response(PR)または SD が 4 サイクル(約 6 

ヶ月)以上持続した検体を中心として、これ

までの解析で得られた(1)血清バイオマーカ

ー、及び(2)末梢血リンパ球バイオマーカー

解析（3）腫瘍周囲に浸潤する免疫細胞にお

ける発現を免疫組織染色によって解析する。

国内臨床試験 40 例中免疫チェックポイント

阻害薬 PD-1 抗体（Nivolumab）無効性が 13

例含まれておりうち評価可能性 11 例中

Partial Response(PR) が 1 例 、 Stable 

Disease （ SD ） が 7 例 、 Progressive 

Disease(PD)が 2 例で 72.7％（8/11）が PR、

SD であり、CD26 抗体が免疫チェックポイン

ト抵抗性患者に有効である可能性が示唆さ

れた。そこでヒト化 CD26 抗体単剤でも有効

性を示す結果は得られているが、さらに悪性

中皮腫患者に、より長期間抗腫瘍効果を発揮

できる現行の単剤療法を改善させるためヒ

ト化CD26抗体とPD-1抗体との併用効果を探

る目的でヒト免疫化マウスを用いて（4）悪

性中皮腫株 JMN 担癌モデルを構築してヒト

化CD26抗体とPD-1抗体との併用効果を検討

した。これにより新規バイオマーカー候補に

よって CD26 抗体療法が有効な患者を判別し

うるか明らかにし、安全かつ革新的な CD26

抗体療法の確立と抗体療法適用患者の適切

な選択を可能とする。 

 

B．研究方法 

各分担研究報告書に著述 

（倫理面への配慮） 

成人健常者ならびに岡山労災病院、山口宇部

医療センターの悪性胸膜中皮腫患者・良性石

綿胸水患者の末梢血を用いた研究について

は、森本が講座責任者である順天堂大学大学

院医学研究科、岸本・藤本が勤務する岡山労

災病院、青江が勤務する山口宇部医療センタ

ーそれぞれの施設で、本研究を行うための研
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究計画書等を倫理審査委員会へ提出し、承認

を得ている(順大医倫第 2018127 号、岡山労

災病院 115 号、山口宇部医療センター29-21

号)。また、ヒト化 CD26 抗体の国内第 I/II

相臨床試験の被験者検体を用いたバイオマ

ーカー探索研究については、キッセイ薬品工

業株式会社内の臨床試験審査委員会、各治験

実施施設内の治験審査委員会にて、試験の実

施と合わせてバイオマーカー探索用採血・腫

瘍組織検体の提供について協議され、実施承

認を取得済みである。検体の提供を受ける際

には、研究対象者に対する人的擁護上の配慮

及び研究により研究対象者が受ける不利益、

利益等の説明を行い、書面でのインフォーム

ド・コンセントを得ている。 

フランスでの第 I 相臨床試験におけるヒ

トおよびヒト由来の試料を対象とした研究

は、世界医師会によって作成された人体実験

に関する一連の倫理的原則に従って実施さ

れた。血清検体の提供を受ける際には、研究

対象者に対する人的擁護上の配慮及び研究

により研究対象者が受ける不利益、利益等の

説明を行い、書面でのインフォームド・コン

セントを得ている。 

本研究に必要な動物実験の実施について

は、「動物の愛護及び管理に関する法律」、「実

験動物の飼養及び保管並びに苦痛の軽減に

関する基準」（平成18年環境省告示第88号）、

「研究機関等における動物実験等の実施に

関する基本指針」（平成 18 年文部科学省告示

第 71 号）に基づいて制定された順天堂大学

動物実験等管理規則を遵守して行う。実験は

いわゆる 3R に基づいて計画し、順天堂大学

医学部実験動物委員会に計画書を提出し審

議の上、受理されている（承認番号：2020270）。 

 

C．研究結果  

1-a) 国内第 I/II 相臨床試験患者の血清中サ

イトカイン・ケモカインの多項目解析 
 第 I/II 相臨床試験全 40 例のうち、血清中

バイオマーカー解析の同意を得られたのは

29 例で、うち抗腫瘍効果評価可能例は 25 例

であった。今回の第 I/II 相臨床試験では PR

が 2 例、long SD が 5 例で、それぞれの症例

数が十分ではないため、両者を併せて long 

SD・PR として解析を行った。Bio-Plex シス

テムによりサイトカイン・ケモカイン 49 種

類の多項目測定を行い、抗腫瘍効果評価可能

25 症例を PR・long SD, short SD, PD に分

けて解析を行った。その結果、ケモカイン

SDF-1α,β/CXCL12 及び MIP-1d/CCL15 の血

清中濃度は、健常者よりも悪性中皮腫患者の

方が高く、特に PD 症例で高値を示した一方

で、long SD・PR 症例では低値を示す傾向が

見られた。また、MCP1/CCL2 は PD 症例及び

short SD 症例では CD26 抗体投与により血清

中濃度が大幅に上昇したのに対し、long 

SD・PR 症例では抗体投与後の上昇幅が小さ

かった。以上の結果から、SDF-1α,β・

MIP-1d・MCP1 は CD26 抗体治療が特に有効だ

った PR または long SD となる患者を選択で

きるバイオマーカー候補である可能性が考

えられる。また、ケモカイン Gro-b/CXCL2、

CTACK/ CCL27、MCP2/CCL8 の血清中濃度は、

健常者よりも悪性中皮腫患者の方が顕著に

高く、特に PD 症例で高値を示したが、short 

SD 症例と long SD・PR 症例では比較的低値

を示す傾向が見られた。しかしながら、long 

SD・PR 症例と short SD 症例との間では明白

な差は見られなかった。このことから、これ

らの因子はCD26抗体が有効ではないPD症例

と、CD26 抗体による抗腫瘍効果が少なくと
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も一定期間認められる症例(short SD を含む

SD 症例及び PR 症例)との判別には有用であ

る可能性が期待される。 

1-b) 国内第 I/II 相臨床試験患者の血清中

可溶性 CD26 値/DPP4 酵素活性値の変動解析 

フランスでの第 I 相臨床試験において、SD

症 例 で は PD 症 例 と比 較 し て 可 溶 性

CD26/DPP4 酵素活性値が有意に低く維持さ

れており(p<0.016)、CD26 抗体投与による血

清中可溶性CD26値およびDPP4酵素活性の変

動解析が、CD26 抗体の治療効果予測バイオ

マーカーとなる可能性が示された。フランス

第 I 相臨床試験では CD26 抗体初回投与直後

(day1post)に可溶性CD26値及びDPP4酵素活

性値が顕著に低下し、2 週に 1 度の頻度で

CD26 抗体を 2 回目投与する前(day15pre)の

時点では値が部分的に回復した。国内第

I/II 相臨床試験では毎週 1 回投与を行うう

えに投与量もほとんどが 6mg/kg の高容量で、

抗体 3 回目投与前(day15pre)の時点で全て

の症例が低値で維持されていた。このことか

ら、抗体投与直後に下がった血清中可溶性

CD26 値/DPP4 酵素活性値の変動(回復)を解

析するためには、抗体を毎週 1 回高容量投与

するプロトコルでは day2 から day8pre にか

けて今回の day15pre よりも早い段階での血

清採取が必要であることが予想される。 

2) 国内第 I/II 相臨床試験患者の末梢血リ

ンパ球のフェノタイプ解析 

次に、末梢血リンパ球に関して、国内第

I/II 相臨床試験患者の末梢血を用いて、フ

ローサイトメトリーによるフェノタイプの

比較を行った。末梢血リンパ球に関しては、

第 I/II 相計 40 例のうち、バイオマーカー解

析の同意を得られたのが 28 例で、うち 24

例は抗腫瘍効果の評価が可能であった。血清

は day1・day15・day29 の time point で解析

を行うことができたが、末梢血リンパ球の

解析は CD26 抗体初回投与前 1点のみ解析を

行った。まず、末梢血単核球中の CD4 T 細胞・

CD4+CD25high 制御性 T 細胞・CD8 T 細胞・NK

細胞・単球の細胞数及び割合と、long SD・

PR 症例との間に、いずれも特徴的な相関は

認められなかった。 

次に、細胞傷害性エフェクターT 細胞の割

合に着目した。CD26 は健常者の末梢血 CD4 T

細胞、CD8 T 細胞ともに、CD26 高発現

(CD26high)・CD26 低発現(CD26low/int)・CD26

陰性(CD26nega)の三相性の特徴的な発現パタ

ーンを示し、それぞれが Naive・Central 

Memory・Effector Memory・Terminal Effector

といった T 細胞の分化段階と密接に関係し

ている(Immunology. 2013)。代表的な T 細胞

共刺激分子である CD28 と組み合わせて CD8 

T細胞のCD26/CD28の発現分布を解析した結

果、意外なことに、ほとんどの悪性中皮腫患

者の末梢血 CD8 T 細胞は、Terminal Effector

を意味する CD26nega CD28nega の割合が非常に

高く、健常者と比較して末梢血中の CD8 T

細胞が異常に活性化した状態にあることが

示唆された(2018 度報告書に記載)。血清の

解析と同様に、PD、short SD、long SD・PR

に分類して解析を行った結果、健常者と比較

して悪性中皮腫患者の末梢血 CD8 T 細胞は、

細胞傷害性エフェクターT 細胞のマーカー

である CD26 陰性・CD28 陰性の割合が顕著に

高いが、特に long SD・PR 症例ではその割合

が高い傾向が見られた。また、抗原感作マー

カーである KLRG1 の陽性率においても、特に

long SD・PR 症例ではその割合が高い傾向が

見られ、細胞傷害性エフェクターT 細胞マー

カーである CD57 の陽性率においても同様の
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傾向が見られた。 

免疫系に抑制シグナルを伝達するチェッ

クポイント分子には、既に治療薬として承認

されている CTLA4, PD1 に加え、現在臨床試

験が行われているLAG3、その他TIM3, TIGIT, 

BTLA, CD160, 2B4(CD244)などがある。健常

者、悪性中皮腫患者ともに末梢血 CD4 T 細

胞・CD8 T 細胞に CTLA4, LAG3, CD160 はほ

とんど発現しておらず(陽性率 0-3%)、TIM3

とBTLAの発現陽性率も5%未満と非常に低か

った。一方、PD1, TIGIT, 2B4, CD39, CD73

は明確な発現が認められた。 

今回のCD26抗体の国内第I/II相臨床試験

には、抗ヒト PD1 抗体ニボルマブを投与して

無効だったニボルマブ無効例の患者も含ま

れている。末梢血 CD4 T 細胞・CD8 T 細胞の

PD1 陽性率を解析した結果、ニボルマブ投与

経験のあるニボルマブ無効例では CD4 T 細

胞・CD8 T 細胞ともに PD1 の陽性率が極端に

低かった。このことは、今回のフローサイト

メトリーの解析に用いた PD1 抗体(clone 

EH12.2H7)のエピトープがニボルマブのエピ

トープと重複しているために、PD1 に結合で

きなかったか、もしくはニボルマブの投与に

よって PD1 陽性細胞が減少していたかによ

るものと考えられる。そこで、PD1 の解析は

ニボルマブ投与歴のない患者に絞って行っ

た結果、long SD・PR 症例では末梢血 CD4 T

細胞・CD8 T 細胞ともに PD1 陽性率が高い傾

向が見られた。TIGIT に関しては、CD4 T 細

胞では健常者と悪性中皮腫患者との間で大

きな違いは見られなかったが、CD8 T 細胞の

TIGIT 陽性率は中皮腫患者の方が健常者よ

りも高く、特に long SD・PR 症例で高い傾向

が見られた。 

3) 腫瘍組織に浸潤する免疫細胞 

国内臨床試験の病理組織について R&D 社

ポリクローナル抗体による免疫染色（A 法）

および新規コンパニオン診断キット（B 法）

による CD26 発現検討では B 法による評価が

A 法より CD26 発現をより正確に評価できる

ことが明らかになった。今回 CD26 染色標本

と HE 染色標本により、中皮腫腫瘍部分への

リンパ球並びに CD26 陽性単核細胞（リンパ

球と単球等）浸潤について治療効果との比較

を行った。細胞浸潤の解析は、半定量的評価

（+1, +2, +3 の 3 段階評価）を行った。そ

の結果、long SD 5 症例中では腫瘍浸潤リン

パ球 3+が 4 症例、+1 が 1 症例であり、治療

効果が長い症例では CD26+単核細胞浸潤が

多い傾向があった。一方、PD16 症例では、

腫瘍浸潤リンパ球が 3+は 3 症例、+2 は 5 症

例、+1 は 8 症例であり、CD26+単核細胞浸潤

が少ない傾向が窺われた。 

4) ヒト免疫化マウスの作製 

ヒト化CD26抗体とPD-1抗体との併用効果

を検討するためには、ヒト免疫細胞が生着し

たヒト免疫化マウスを作製する必要がある。

そのためには、重度の免疫不全マウスである

NOG マウスに低線量の放射線を照射し、ヒト

の造血幹細胞を移植する必要があるが、臨床

現場で造血幹細胞移植を行う際にも解凍か

ら移植までの時間は非常に重要と考えられ

ている。ヒト臍帯血 CD34 陽性造血幹細胞を

購入している RIKEN BioResource Center が

公開しているプロトコルと、NOG マウスを開

発した実験動物中央研究所が公開している

プ ロ ト コ ル を 比 較 検 討 し て RIKEN 

BioResource Center が公開しているプロト

コルではヒト T 細胞の発生が安定して確認

され、洗浄 buffer や遠心時間を改変した

我々が樹立したプロトコルでは検討した全
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てのマウスでヒト T 細胞の発生が漏れなく

確認された。ヒト造血幹細胞を移植して 10

週間経過するまではマウスの血中のヒト免

疫細胞の約 90%が B 細胞(CD20 陽性)で、10

週以降はヒト CD4 T 細胞(CD3 陽性 CD4 陽

性)・CD8 T 細胞(CD3 陽性 CD8 陽性)の割合が

徐々に増えていき 14 週目ではヒトの血球細

胞の約 20%が T 細胞、18 週目では約 30%が T

細胞であることが確認された。このモデルで

はヒト NK 細胞(CD56 陽性)は 1-2%程度、ヒト

単球細胞(CD14 陽性)は約 1%程度であった。

悪性中皮腫細胞株 JMN は、in vivo での増殖

が非常に遅く、マウスの皮下に移入してから

腫瘤を形成するまでに 5-6 週間かかるため、

マウス体内でヒト T 細胞の細胞数が増えて

くる造血幹細胞移植 13 週目に JMN 細胞株を

皮下移入することとした。 

5) ヒト化 CD26 抗体と PD-1 抗体との併用効

果の検討 

JMN 細胞株をヒト免疫化マウスの側腹部

に皮下移入して 5 週間経過し、小さな腫瘤形

成を確認した時点から、control human IgG1, 

ヒト化 CD26 抗体単独, mouse anti-human 

PD-1 mAb (以下、PD-1 抗体)単独, ヒト化

CD26 抗体と PD-1 抗体の併用をそれぞれ

200μg/dose で週 3 回投与を続けた。腫瘍サ

イズを週に 2 回採寸した結果、control 抗体

投与群と比較して、CD26 抗体単独(YS alone)、

PD-1 抗体単独(PD1 alone)それぞれで腫瘍増

殖の抑制が見られたが、両抗体投与群

(YS+PD1)ではさらに腫瘍サイズが小さいこ

とが示された。JMN 移入 9 週間後にマウスを

解剖し、皮下の腫瘤を回収して一部は病理学

的解析を行い、残りは腫瘍内浸潤リンパ球の

精製に用いてフェノタイプの解析を行って

いる。現時点でまだ各群の n 数が少ないが、

解剖する 9 週時点での腫瘍体積および回収

した腫瘍重量の両方で、control 群と YS 

alone 群、または control 群と PD1 alone 群

で有意差は認められない一方、control 群と

YS+PD1 群で p<0.05 の有意差が認められ

(Fisher の多重比較検定)、両抗体の併用効

果が期待される。 

 

D．考察 

本年度の解析により、CD26 抗体の予後・

治療効果を予測する新規バイオマーカー候

補として、血清では SDF-1α,β/CXCL12・

MIP-1d/CCL15・MCP1/CCL2、また、PR・SD 症

例と PD 症例とを判別するマーカー候補とし

て、Gro-b/CXCL2・CTACK/CCL27・MCP2/CCL8

を見出した。ケモカインはケモカインレセプ

ターとの関係性が 1 対 1 対応しておらず、1

種類のケモカインが複数のケモカインレセ

プターに結合することや、複数種類のケモカ

インが 1 つのケモカインレセプターに結合

する関係にあり、細胞遊走活性だけでも非常

に複雑で多様な作用が考えられる。今回の解

析の結果、CD26 抗体が有効な症例では血清

中のこれらのケモカイン濃度がいずれも低

値を示しており、今後、これらのケモカイン

の機能の詳細を調べ、ヒト化 CD26 抗体の作

用機序との関係性について考察する必要が

ある。 

がん微小環境に浸潤した T 細胞は、がん細

胞自身が産生する免疫抑制性因子や PD1/ 

PDL1・PDL2、CTLA4/CD80・CD86 に代表され

る免疫チェックポイント分子シグナルによ

って、エフェクター機能が抑制されているこ

とが様々ながん種で報告されている。悪性中

皮腫患者では末梢血CD8 T細胞中の細胞傷害

性エフェクターT 細胞(CD26 陰性 CD28 陰性
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CD57陽性KLRG1陽性)の割合が健常者と比較

して明らかに高いことが示された。このよう

なperforinとgranzymeを発現する細胞傷害

性エフェクターT 細胞は本来、ウイルスに感

染した細胞やがん細胞を体内から除去する

ために働く細胞だが、悪性中皮腫患者の末梢

血中にどうして細胞傷害活性を有する T 細

胞がこれほど多く存在するのか、何の抗原に

対して活性化された T細胞なのか、アスベス

トばく露による慢性的な炎症が関係してい

るのかは興味深い疑問である。免疫チェック

ポイント分子の中で、悪性中皮腫患者の末梢

血CD8 T細胞はTIGITの発現陽性率が健常者

よりも明白に高く、long SD・PR 症例では特

にPD1とTIGITの陽性率が高い傾向が見られ

た。免疫チェックポイント分子の発現は T

細胞の活性化状態や血清中の TGF-β 濃度な

どと関係していることが予想される。このよ

うな末梢血中の T 細胞のフェノタイプと、悪

性中皮腫周囲に浸潤した腫瘍浸潤リンパ球

のフェノタイプとの関係性については是非

検討したい課題である。 

我々の研究結果から新規コンパニオン診

断キットによる免疫染色法（B 法）が中皮腫

における CD26 発現をより正確に評価するの

に適していると考えられた。 

中皮腫腫瘍部分へのリンパ球並びに CD26

陽性単核細胞（リンパ球と単球等）浸潤につ

いて治療効果との比較では、リンパ球浸潤の

程度が強い群で長期の治療効果が得られて

おり、これらの浸潤リンパ球には、CD26 発

現リンパ球が含まれており、その浸潤程度も

治療効果と相関がある可能性がある。一方、

PD16 症例では、腫瘍浸潤リンパ球が CD26+

単核細胞浸潤が少なく、CD26 陽性単核細胞

も少ない傾向が明らかであった。今回の解析

では浸潤リンパ球並びに CD26 陽性単核細胞

の分画の詳細は明らかにできなかったが、中

皮腫に浸潤しているリンパ球はこれまでの

染色結果から、CD4+あるいは CD8+の T リン

パ球が主体で、少数の CD68+単球が含まれる

ことが明らかとなっている。また今回、long 

SD 5 症例中 4 症例では、腫瘍における CD26

発現がそれぞれ 2%, 5%,5%,100%であるにも

かかわらず、抗体療法の長期間の効果が見ら

れたことと併せると、これらの腫瘍浸潤

CD26+単核細胞へ抗体が作用した可能性があ

る。本抗体の新たな作用機序の可能性も考慮

する必要があるかもしれない。 

ヒト化 CD26 抗体の副作用が少ない利点を

活かした新たな併用療法を開発するために、

ヒト免疫化マウスを用いたヒト悪性中皮腫

株担癌モデルにて、ヒト化 CD26 抗体と PD1

抗体との併用効果を検討し、相乗作用が得ら

れた。 

CD26 はヒト T 細胞に活性化シグナルを伝

達する T 細胞共刺激分子でもあり、ヒト化

CD26 抗 体は CD26 のリ ガ ン ド で あ る

caveolin-1 と CD26 との結合、つまりは T 細

胞への CD26 共刺激シグナルの伝達をブロッ

クする。一方で、マウス T 細胞の CD26 は共

刺激分子として機能しない。T 細胞以外の免

疫細胞における CD26 の発現に関しても、ヒ

トでは T 細胞以外は NKT 細胞で CD26 発現が

見られるが、B 細胞や NK 細胞では CD26 はほ

とんど発現していないのに対し、マウスでは

B 細胞でも T細胞と同等の弱陽性を示す。こ

のように、T細胞における機能や免疫細胞に

おける発現パターンなどがヒトとマウスと

では大きな違いがあるため、免疫系における

CD26 の機能解析ではヒト免疫系での解析が

不可欠である。ICI が抗腫瘍効果を発揮する
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ためには、T細胞を中心とした免疫系の存在

が不可欠であることから、ヒト化 CD26 抗体

と ICI との併用効果を検討する実験にはヒ

ト免疫化マウスを用いる必要がある。 

CD26 の 機 能 の 一 つ に dipeptidyl 

peptidase 4 (DPP4)酵素活性があり、近年、

マウス担癌モデルにおいて、DPP4 inhibitor 

(Sitagliptin)をエサと一緒にマウスに食べ

させることで、腫瘍免疫が増強し、腫瘍サイ

ズ が 縮 小 す る こ と が 報 告 さ れ た (Nat 

Immunol. 2015, 2019)。そのメカニズムとし

て、がん微小環境から産生されるケモカイン

の中で DPP4 酵素の基質の一つである

IP-10/CXCL10 と Eotaxin/CCL11 に着目し、

本来は産生されたそれらのケモカインが

DPP4 酵素による切断を受けると活性が低下

するのに対し、DPP4 inhibitor 摂取により

活性が維持されると、レセプターである

CXCR3 陽性の CD4 T 細胞、CD8 T 細胞、NK 細

胞や CCR3 陽性の好酸球ががん細胞周囲によ

り集積し、腫瘍を攻撃しやすくなる。フラン

ス及び国内のヒト化 CD26 抗体の臨床試験の

結果から、CD26 抗体を投与すると血清中の

可溶性 CD26 量が低下し、それに伴い DPP4

酵素活性も低下する(Br J Cancer. 2017, 論

文投稿中)。このことから、CD26 抗体を投与

した場合においても、がん細胞周囲に集積す

る免疫細胞数の増加が起こる可能性が考え

られる。しかしながら、ヒト化 CD26 抗体は

ヒト CD26 に対する結合親和性が非常に高い

一方で、マウス CD26 には結合しない。その

ため、今回のヒト免疫化マウスを用いた担癌

モデルにおいて、CD26 抗体はヒト T 細胞上

のCD26とヒト腫瘍細胞株上のCD26には結合

するが、マウスの血管内皮細胞や線維芽細胞

などにも発現する CD26 には反応できず、そ

れらのマウス CD26 にもヒト CD26 と同様に

DPP4 酵素活性があるため、本来のがん患者

にCD26抗体を投与した時のようなDPP4酵素

活性低下作用は期待できないと予想される。

この点に関しても今後さらなる実験モデル

の改善が必要と考えられる。 

 

E．結論 

1) 今年度は国内第 I/II 相臨床試験の最終

集計結果を基に、これまでの血清及び末梢血

リンパ球のデータの再解析を行い、ヒト化

CD26 抗体の予後・治療効果予測バイオマー

カー候補として、SDF-1・MIP-1d・MCP1 を見

出し、また補足マーカーとして Gro-b・

CTACK・MCP2 を見出した。また、末梢血リン

パ球のフェノタイプ解析により、CD26 抗体

有効例では特にCD8 T細胞で細胞傷害性エフ

ェクターT 細胞(CD26 陰性・CD28 陰性・KLRG1

陽性サブセット)の割合が高く、免疫チェッ

クポイント分子の中でPD1とTIGITの発現陽

性率が高い可能性を見出した。 

2) 臨床試験における悪性中皮腫検体にお

ける CD26 発現評価を行い、半定量的解析法

を終了し、CD26 抗体療法におけるコンパニ

オン診断キットの開発に成功した。また中皮

腫における腫瘍浸潤リンパ球および腫瘍浸

潤 CD26+単核細胞が本抗体療法の新たなバ

イオマーカーとなる可能性が示された。 

3) ヒト免疫化マウスにヒト悪性中皮腫細胞

株を皮下移入する担癌モデルにおいて、ヒト

化CD26抗体とPD-1抗体との併用効果を検討

した結果、それぞれの単剤よりも強い腫瘍増

殖抑制効果が見られることが示唆された。 

 

F. 健康危険情報 

 現時点では特記すべき健康危険情報はな

い。 
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G．今後の展望 

本研究課題の遂行により、国内第 I/II 相

臨床試験は合計 40 症例で症例数の制約があ

る中、ヒト化 CD26 抗体の有効性を予測し得

るいくつかの興味深いバイオマーカー候補

を見出した。今後、CD26 抗体の臨床応用を

目指すうえでこれらのバイオマーカー候補

が有効性予測に役立つことを期待する。 
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月8日. 出願番号: 特願2020-099449. 出

願人: ワイズ・エー・シー株式会社, 学

校法人順天堂 
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Ⅱ. 分担研究報告 

 



 

労災疾病臨床研究事業費補助金 
分担研究報告書 

ヒト化 CD26 抗体の予後・治療効果予測バイオマーカーの探索： 
国内第 I/II 相臨床試験の血清および末梢血リンパ球の解析 

 
研究代表者  森本 幾夫 順天堂大学大学院医学研究科 

免疫病・がん先端治療学講座 特任教授 
研究分担者  岸本 卓巳 独立行政法人労働者健康安全機構 

アスベスト疾患研究・研修センター 所長  
研究分担者  山田 健人 埼玉医科大学医学部 病理学 教授 
研究協力者  波多野 良 順天堂大学大学院医学研究科 

免疫病・がん先端治療学講座 特任助教 
研究協力者  金子有太郎 ワイズ・エー・シー株式会社 代表取締役 CEO 

近畿大学 客員教授(元) 
研究協力者  藤本 伸一 岡山労災病院 腫瘍内科部長 
研究協力者  青江 啓介 山口宇部医療センター 腫瘍内科 内科系診療部長 

A．研究目的 
悪性胸膜中皮腫はアスベストばく露によ

って起こる胸膜中皮由来の難治性悪性腫瘍

である。アスベストばく露から発症までの潜

研究要旨 

悪性胸膜中皮腫はアスベストばく露によって起こる難治性悪性腫瘍であり、現時点で満

足できる治療法はなく、新たな治療法の確立が望まれる。われわれは、新規治療標的分子

として悪性胸膜中皮腫に発現する CD26 に着目し、ヒト化 CD26 抗体を開発しフランス

にて第 I 相臨床試験を行った。安全性が確認され治療薬としての有効性を示唆する結果も

得られ、2017 年から国内で悪性中皮腫に対する第 I/II 相臨床試験を開始した。2019 年中

に第 I 相 9 例・第 II 相 31 例(計 40 例)への投与が終了し、結果を集計が完了した。今年度

は抗腫瘍効果について最終的な中央判定結果を基に、これまでのデータを再解析(グルー

プ分け)し、CD26 抗体の有効性予測バイオマーカー候補として SDF-1αβ, MIP-1d, MCP1
を見出した。また、Gro-b, CTACK, MCP2 も有効性の予測に役立つ可能性が考えられる。

血清中の可溶性 CD26 濃度/DPP4 酵素活性の変動解析については、血清検体採取のタイ

ミングを再度検討する必要があることが示された。末梢血リンパ球のフェノタイプ解析に

より、CD26 抗体有効例では特に CD8 T 細胞で細胞傷害性エフェクターT 細胞(CD26 陰

性・CD28 陰性・KLRG1 陽性サブセット)の割合が高く、免疫チェックポイント分子の中

で PD1 と TIGIT の発現陽性率が高い可能性を見出した。CD26 抗体の臨床応用を目指す

うえでこれらのバイオマーカー候補が有効性予測に役立つことを期待する。 
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伏期間は約 30 年とされ、日本を含め中国や

インドなどアジア・中東では患者数が今後ま

すます増加すると考えられている。予後は極

めて悪く、手術療法、化学療法、放射線療法

などが行われるが、いずれも満足できる治療

成績ではなく、新たな治療法の確立が望まれ

る。われわれは、新規治療標的分子として悪

性中皮腫細胞に発現する CD26 に着目し、

ヒト化 CD26 抗体を開発してフランスにて

悪性中皮腫を中心にFirst-in-Human第 I相
臨床試験を行った。Infusion reaction (急性

輸注反応)を除いて特記すべき副作用もなく、

安全性が確認されるとともに、抗がん剤抵抗

性の悪性中皮腫患者 19 例中 10 例が

modified RESIST 評価で Stable Disease 
(SD)となり、そのうち 5 例は 6 ヶ月以上、

最長で 399 日 SD が持続し、有効性を示唆

する結果も得られた(Br J Cancer. 2017)。 
このフランスでの結果を受け、どの患者に

CD26 抗体療法が有効なのか、治療効果や予

後を予測できるバイオマーカーの探索が課

題として挙げられた。このことは、本抗体療

法がより安全かつ効果的に行われるうえで

極めて重要であり、かつ、抗体療法適用患者

を適切に選択できれば期待していた治療効

果が得られない患者にまで高額な医療費負

担を強いることがなくなり、労災補償行政に

も貢献できる。 
我々はこれまでにヒト化 CD26 抗体の抗

腫瘍作用メカニズムとして、抗体医薬特有の

抗体依存性細胞傷害(ADCC)活性に加え、が

ん細胞の細胞膜上の CD26 に抗体が結合す

ることによる直接的な作用を明らかにして

きた。CD26 に抗体が結合すると、cyclin 
dependent kinase inhibitor である p21 や

p27 の発現が上昇し cell cycle arrest を引き

起 こ す こ と (Clin Cancer Res. 2001, 
Immunology. 2002, Clin Cancer Res. 2007)、
CD26 抗体と CD26 の複合体が細胞膜から

細胞質、さらに核内へと移行し、RNA 
polymerase II のサブユニットである

POLR2A 遺伝子の転写領域下流に結合する

ことで POLA2A の転写を抑制し増殖抑制に

働くことを明らかにした(PLoS One. 2013)。 
また、CD26 はヒト T 細胞に活性化シグ

ナルを伝達するT細胞共刺激分子でもあり、

ヒト化 CD26 抗体は CD26 のリガンドであ

る caveolin-1 と CD26 との結合、つまりは

T 細胞への CD26 共刺激シグナルの伝達を

ブロックする。また、CD26 の機能の一つに

dipeptidyl peptidase 4 (DPP4)酵素活性が

あり、N 末から 2 番目にプロリンまたはア

ラニンを有するペプチドの 2 アミノ酸を切

断する。生体内で様々な生理活性物質がその

基質となることが知られているが、いくつか

のケモカインも DPP4 による切断を受けそ

の細胞遊走活性が不活性化される。ヒト化

CD26 抗体は DPP4 酵素活性自体に直接は

影響しないが、これまでの臨床試験の結果か

ら CD26 抗体の投与により血中の可溶性

CD26 の量が顕著に低下し、それにともない

DPP4 酵素活性も同様に低下する (Br J 
Cancer. 2017)。DPP4 酵素活性が低下する

と IP-10(CXCL10)や Eotaxin (CCL11)など

のケモカインの切断と不活性化が抑えられ、

免疫細胞が腫瘍組織に遊走しやすくなる可

能性が考えられる (Nat Immunol. 2015, 
Nat Immunol. 2019)。これらの知見から、

CD26 抗体は免疫系にも影響する可能性が

強く示唆される。 
そこで、これまでに我々が解明してきた

CD26 抗体の抗腫瘍作用メカニズムに基づ
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き、本抗体の予後・治療効果予測バイオマー

カーを同定するために、2017 年 7 月から本

邦で開始した治療抵抗性 ( 標準治療で

Progressive Disease (PD))の悪性胸膜中皮

腫に対するヒト化 CD26 抗体の第 I/II 相臨

床試験患者の(1)中皮腫病理組織、(2)血清、

(3)末梢血リンパ球の解析を行う。 
本パートでは、(2)血清に関しては、フラ

ンスでの第 I 相臨床試験において、CD26 抗

体投与による血清中可溶性 CD26 値および

DPP4 酵素活性の変動解析が、CD26 抗体の

治療効果予測バイオマーカーとなる可能性

が示唆され(p<0.016)、国内臨床試験でも同

様の検証を行った。また、前述のように

CD26 抗体は腫瘍免疫にも何かしらの影響

があることが予想される。そこで、

CD26/DPP4 と関連するサイトカイン・ケモ

カインの多項目解析を行い、CD26 抗体投与

による血清中濃度の変動を解析し、CD26 抗

体の有効性との相関関係を解析した。(3)末
梢血リンパ球に関しては、末梢血中の CD4 
T 細胞・CD8 T 細胞・CD25 強陽性の制御

性 CD4 T 細胞の細胞数・割合、CD26 およ

び CXCR3(ケモカイン CXCL10 の受容体)
の発現、Perforin や Granzyme 等のがん細

胞や感染細胞を除去するための細胞傷害活

性を有するエフェクターT 細胞の細胞数・割

合、近年着目されている代表的な免疫チェッ

クポイント分子の発現を解析し、CD26 抗体

の有効性との相関関係を解析した。 
 
B．研究方法 
1) 国内第 I/II 相臨床試験プロトコル 
 第 I 相臨床試験はヒト化 CD26 抗体を

2mg/kg, 4mg/kg, 6mg/kg でそれぞれ 3 例ず

つ、初回投与日を day1 として day1, day8, 

day15, day22, day29 まで週 1 回の間隔で 5
回静脈内投与を行い、投与を開始してから 6
週間後(day42)の時点で医師による抗腫瘍効

果の判定が行われ、Partial Response (PR)
または SD と判定された患者は、上記の抗体

5 回投与、6 週間後に抗腫瘍効果判定を 1 サ

イクルとして PD になるまでサイクルを継

続した。 
 第 II 相臨床試験は全 31 例に CD26 抗体

を 6mg/kgで週 1回の間隔で 5回静脈内投与

を行い、上記と同様に抗体 5 回投与、6 週間

後に抗腫瘍効果判定を 1サイクルとしてPD
になるまでサイクルを継続した。 
 
2) Bio-Plex マルチプレックスアッセイ 
成人健常者および国内第 I/II 相臨床試験

患者の CD26 抗体初回投与前(day1pre)・投

与後(day1post)・3 回目投与前(day15pre)・
投 与 後 (day15post) ・ 5 回 目 投 与 前

(day29pre)・投与後(day29post)の 6 time 
point で血清の提供を受け、血清中サイトカ

イン・ケモカイン濃度を Bio-Plex マルチプ

レックスシステムにより測定した。Bio-Plex 
Pro Human Chemokine 40-Plex panelおよ

び Bio-Plex Pro Human Th17 Cytokine 
15-Plex panel (Bio-Rad)を用いて、付属のプ

ロトコルに従い Bio-Plex system (Bio-Rad)
で測定を行い、得られたデータを Bio-Plex 
Manager (Bio-Rad)で解析した。 

 
3) 血清中可溶性 CD26 値と DPP4 酵素活性

値の測定 
 研究代表者森本が開発した、ヒト化 CD26
抗体とはエピトープがそれぞれ異なる

mouse anti-human CD26 mAb 2 クローン 
(clone 5F8 と 9C11)を用いて、sandwich 
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ELISA による血清中可溶性 CD26 値の定量

と、DPP4 酵素活性値の測定を行った。株式

会社新日本科学にて測定した値を解析に用

いた。 
 
4) 抗体と試薬 
 Flow cytometry には下記のヒト抗原特異

抗体を用いた。PE-labeled anti-CD26 mAb 
(clone M-A261)は BD Biosciences から購入

した。PE/Cy7-labeled anti-KLRG1 mAb 
(clone 13F12F2), PE/Cy7-labeled anti- 
TIGIT mAb (clone MBSA43), APC-labeled 
anti-KLRG1 mAb (clone 13F12F2), APC- 
labeled anti-TIGIT mAb (clone MBSA43)
及び APC-labeled anti-LAG3 mAb (clone 
3DS223H)は eBioscience から購入した。

FITC-labeled anti-CD4 mAb (clone 
RPA-T4), FITC-labeled anti-CD8 mAb 
(clone HIT8a), PE/Cy7-labeled anti-CD25 
mAb (clone clone M-A251), PE/Cy7- 
labeled anti-CD28 mAb (clone clone 
CD28.2), PE/Cy7-labeled anti-CD56 mAb 
(clone 5.1H11), PE/Cy7-labeled anti-PD1 
mAb (clone EH12.2H7), APC-labeled anti- 
CD28 mAb (clone clone CD28.2), APC- 
labeled anti-CD57 mAb (clone clone 
HCD57),  APC-labeled anti-CXCR3 mAb 
(clone G025H7), APC-labeled anti-TRAIL 
mAb (clone RIK-2), APC-labeled anti- 
BTLA mAb (clone MIH26), APC-labeled 
anti-PD1 mAb (clone EH12.2H7), APC- 
labeled anti-Tim3 mAb (clone F38-2E2)及
び抗体の非特異的な結合をブロックするた

めの Human TruStain FcX は BioLegend
から購入した。 
 

5) フローサイトメトリー 
成人健常者および国内第 I/II 相臨床試験

患者から提供を受けた末梢血を、BD Pharm 
Lyse Lysing Buffer (BD Biosciences)にて

溶血処理を行い、洗浄した後、Human 
TruStain FcX を添加し、続いて蛍光色素で

標識した各種抗体を添加して細胞膜上の目

的タンパク質の染色を行った。 FACS 
Calibur (BD Biosciences)で測定を行い、得

られたデータを FlowJo (BD Biosciences)で
解析した。 
 
(倫理面への配慮) 
 成人健常者の末梢血を用いた研究につい

ては、森本が講座責任者である順天堂大学大

学院医学研究科で本研究を行うための研究

計画書等を倫理審査委員会へ提出し、承認を

得ている(順大医倫第 2018127 号)。また、

ヒト化 CD26 抗体の国内第 I/II 相臨床試験

の患者検体を用いたバイオマーカー探索研

究については、臨床試験審査委員会、各治験

実施施設内の治験審査委員会にて、試験の実

施と合わせてバイオマーカー探索用採血・腫

瘍組織検体の提供について協議され、実施承

認を取得済みである。末梢血の提供を受ける

際には、研究対象者に対する人的擁護上の配

慮及び研究により研究対象者が受ける不利

益、利益等の説明を行い、書面でのインフォ

ームド・コンセントを得ている。 
 
C．研究結果 
1-a) 国内第 I/II 相臨床試験患者の血清中サ

イトカイン・ケモカインの多項目解析 
 本研究課題の目的は、ヒト化 CD26 抗体

療法が有効な患者を選択できるバイオマー

カーを探索することである。そのために、
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CD26 抗体の投与によって PR もしくは SD
が長期間持続した症例を区別して解析を行

う必要があり、今回の解析では長期間持続の

ラインを 4 サイクル(24 週間)以上に設定し

た。つまりは、CD26 抗体投与を開始して

24 週間以上 PR または SD が持続した症例

を long SD・PR、SD の持続期間が 6 週間以

上 24 週間未満の症例を short SD、抗体投与

を開始して 6週間後の抗腫瘍効果判定でPD
だった症例は PD 症例として解析を行った。   
第 I 相臨床試験は、第 1～3 コホート各 3

例、全 9 例実施し、うち抗腫瘍効果評価可

能例は 6 例で、内訳は PR 1 例、SD 4 例、

PD 1 であった(Lung Cancer. 2019)。第 II
相臨床試験は全 31 例実施し、うち抗腫瘍効

果評価可能例は 29 例で、内訳は PR 1 例、

SD 14 例、PD 14 例であった(論文投稿中)。
国内第 I/II 相臨床試験の結果をまとめると、

評価可能 35 例中、PR 2 例、long SD 5 例、

short SD 13 例、PD 15 例で、PR・SD 率は

57.1% (20/35)であった(表 1)。フランスでの

第 I 相臨床試験と同様に、免疫チェックポイ

ント阻害薬で報告されているような自己免

疫疾患様の重篤な副作用が出ることなく安

全性が確認され、抗腫瘍効果としても有効性

を強く示唆する結果が得られた。興味深いこ

とに、国内第 I/II 相臨床試験全 40 例中、13
例は抗 PD-1 抗体ニボルマブ無効例で、その

症例に絞って解析した結果、抗腫瘍効果評価

可能例は 11 例で、PR 1 例、SD 7 例、PD 3
例、PR・SD 率は 72.7% (8/11)であった。全

40 例と比較して、抗 PD-1 抗体無効例に対

しての方が PR・long SD の割合も高く、

CD26抗体は抗PD-1抗体無効例に対しても

非常に有効であることが示された(表 1)。 

 
 
第 I/II 相臨床試験全 40 例のうち、血清中バ

イオマーカー解析の同意を得られたのは 29
例で、うち抗腫瘍効果評価可能例は 25 例で

あった(表 2)。今回の第 I/II 相臨床試験では

PR が 2 例、long SD が 5 例で、それぞれの

症例数が十分ではないため、両者を併せて

long SD・PR として解析を行った。 

 
 
Bio-Plex システムによりサイトカイン・ケ

モカイン 49 種類の多項目測定を行い、抗腫

瘍効果評価可能 25 症例を PR・long SD, 
short SD, PD に分けて解析を行った。その

結果、ケモカイン SDF-1α,β/CXCL12 及び

MIP-1d/CCL15 の血清中濃度は、健常者よ

りも悪性中皮腫患者の方が高く、特に PD 症

例で高値を示した一方で、long SD・PR 症
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例では低値を示す傾向が見られた(図 1)。図

中には各群の CD26 抗体初回投与前

(day1pre)・3 回目投与前(day15pre)・5 回目

投与前(day29pre)の 3 time point の各平均

値を示した。また、MCP1/CCL2 は PD 症

例及び short SD 症例では CD26 抗体投与に

より血清中濃度が大幅に上昇したのに対し、

long SD・PR 症例では抗体投与後の上昇幅

が小さかった。以上の結果から、SDF-1α,β・
MIP-1d・MCP1 は CD26 抗体治療が特に有

効だった PR または long SD となる患者を

選択できるバイオマーカー候補である可能

性が考えられる。 

 
また、ケモカイン Gro-b/CXCL2、CTACK/ 

CCL27、MCP2/CCL8 の血清中濃度は、健

常者よりも悪性中皮腫患者の方が顕著に高

く、特に PD 症例で高値を示したが、short 
SD 症例と long SD・PR 症例では比較的低

値を示す傾向が見られた(図 2)。しかしなが

ら、long SD・PR 症例と short SD 症例との

間では明白な差は見られなかった。このこと

から、これらの因子は CD26 抗体が有効で

はない PD 症例と、CD26 抗体による抗腫瘍

効果が少なくとも一定期間認められる症例

(short SD を含む SD 症例及び PR 症例)との

判別には有用である可能性が期待される。 

 

興味深いことに、図 1 中の MCP1 や図 2 中

の MCP2 の他にも IL-6 や IL-8 など CD26
抗体初回投与前(day1pre)と比較して 3 回目

投与前(day15pre)・5 回目投与前(day29pre)
の方が血清中の濃度が明らかに増加してい

るサイトカイン・ケモカインがあり、反対に

CD26 抗体の投与によって血清中の濃度が

顕著に減少するサイトカイン・ケモカインも

見られた(データ未掲載)。それらの因子は

CD26 抗体の抗腫瘍効果を予測できるバイ

オマーカーとしては有用ではなかったが、

CD26抗体を投与した患者の7-8割に共通し

た変化であり、CD26 抗体が免疫系に与える

影響として今後も着目する必要があると思

われる。 
 
1-b) 国内第 I/II 相臨床試験患者の血清中可

溶性 CD26 値/DPP4 酵素活性値の変動解析 
 フランスでの第 I 相臨床試験において、

SD 症例では PD 症例と比較して可溶性

CD26/DPP4 酵素活性値が有意に低く維持

されており(p<0.016)、CD26 抗体投与によ
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る血清中可溶性 CD26 値および DPP4 酵素

活性の変動解析が、CD26 抗体の治療効果予

測バイオマーカーとなる可能性が示された。

そこで、国内第 I/II 相臨床試験の血清検体で

も同様の解析を試みたが、フランスでの第 I
相臨床試験とではヒト化 CD26 抗体の投与

プロトコル(抗体投与量と投与頻度)が大き

く変わっており、フランス第 I 相臨床試験で

は CD26 抗体初回投与直後(day1post)に可

溶性 CD26 値及び DPP4 酵素活性値が顕著

に低下し、2 週に 1 度の頻度で CD26 抗体を

2 回目投与する前(day15pre)の時点では値

が部分的に回復した。国内第 I/II 相臨床試験

では毎週 1 回投与を行ううえに投与量もほ

とんどが 6mg/kg の高容量で、抗体 3 回目投

与前(day15pre)の時点で全ての症例が低値

で維持されていた(図 3)。このことから、抗

体投与直後に下がった血清中可溶性 CD26
値/DPP4 酵素活性値の変動(回復)を解析す

るためには、抗体を毎週 1 回高容量投与す

るプロトコルではday2からday8preにかけ

て今回の day15pre よりも早い段階での血

清採取が必要であることが予想される。 

 
 
2) 国内第 I/II 相臨床試験患者の末梢血リン

パ球のフェノタイプ解析 

 次に、末梢血リンパ球に関して、国内第

I/II 相臨床試験患者の末梢血を用いて、フロ

ーサイトメトリーによるフェノタイプの比

較を行った。末梢血リンパ球に関しては、第

I/II 相計 40 例のうち、バイオマーカー解析

の同意を得られたのが 28 例で、うち 24 例

は抗腫瘍効果の評価が可能であった(表 3)。 

 

 
血清は day1・day15・day29 の time point
で解析を行うことができたが、末梢血リン

パ球の解析は CD26 抗体初回投与前 1 点の

み解析を行った。まず、末梢血単核球中の

CD4 T 細胞・CD4+CD25high 制御性 T 細胞・

CD8 T 細胞・NK 細胞・単球の細胞数及び

割合と、long SD・PR 症例との間に、いず

れも特徴的な相関は認められなかった(デー

タ未掲載)。 
次に、細胞傷害性エフェクターT 細胞の割

合に着目した。CD26は健常者の末梢血CD4 
T 細胞、CD8 T 細胞ともに、CD26 高発現

(CD26high)・CD26 低発現(CD26low/int)・CD26
陰性(CD26nega)の三相性の特徴的な発現パ

ターンを示し、それぞれが Naive・Central 
Memory ・ Effector Memory ・ Terminal 
Effector といった T 細胞の分化段階と密接
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に関係している(Immunology. 2013)。代表

的な T 細胞共刺激分子である CD28 と組み

合わせて CD8 T 細胞の CD26/CD28 の発現

分布を解析した結果、意外なことに、ほとん

どの悪性中皮腫患者の末梢血 CD8 T 細胞は、

Terminal Effector を意味する CD26nega 

CD28nega の割合が非常に高く、健常者と比

較して末梢血中の CD8 T 細胞が異常に活性

化した状態にあることが示唆された(2018
度報告書に記載)。血清の解析と同様に、PD、

short SD、long SD・PR に分類して解析を

行った結果、健常者と比較して悪性中皮腫患

者の末梢血 CD8 T 細胞は、細胞傷害性エフ

ェクターT 細胞のマーカーである CD26 陰

性・CD28 陰性の割合が顕著に高いが、特に

long SD・PR 症例ではその割合が高い傾向

が見られた(図 4)。また、抗原感作マーカー

である KLRG1 の陽性率においても、特に

long SD・PR 症例ではその割合が高い傾向

が見られ(図 4)、細胞傷害性エフェクターT
細胞マーカーである CD57 の陽性率におい

ても同様の傾向が見られた(データ未掲載)。 

 

 
免疫系に抑制シグナルを伝達するチェッ

クポイント分子には、既に治療薬として承認

されている CTLA4, PD1 に加え、現在臨床

試験が行われている LAG3、その他 TIM3, 
TIGIT, BTLA, CD160, 2B4(CD244)、また、

ATP を分解してアデノシンを産生する酵素

活性を有する CD39, CD73 などがある。健

常者、悪性中皮腫患者ともに末梢血 CD4 T
細胞・CD8 T 細胞に CTLA4, LAG3, CD160
はほとんど発現しておらず(陽性率 0-3%)、
TIM3とBTLAの発現陽性率も 5%未満と非

常に低かった(データ未掲載)。一方、PD1, 
TIGIT, 2B4, CD39, CD73 は明確な発現が

認められた(データ未掲載)。 
今回の CD26 抗体の国内第 I/II 相臨床試

験には、抗ヒト PD1 抗体ニボルマブを投与

して無効だったニボルマブ無効例の患者も

含まれている。末梢血 CD4 T 細胞・CD8 T
細胞の PD1 陽性率を解析した結果、ニボル

マブ投与経験のあるニボルマブ無効例では

CD4 T 細胞・CD8 T 細胞ともに PD1 の陽性

率が極端に低かった(図 5)。このことは、今

回のフローサイトメトリーの解析に用いた

PD1 抗体(clone EH12.2H7)のエピトープが

ニボルマブのエピトープと重複しているた

めに、PD1 に結合できなかったか、もしく

はニボルマブの投与によって PD1 陽性細胞

が減少していたかによるものと考えられる。

そこで、PD1 の解析はニボルマブ無効例を

除いたニボルマブ投与歴のない患者に絞っ

て行った結果、long SD・PR 症例では末梢

血 CD4 T 細胞・CD8 T 細胞ともに PD1 陽

性率が高い傾向が見られた(図 5)。TIGIT に

関しては、CD4 T 細胞では健常者と悪性中

皮腫患者との間で大きな違いは見られなか

ったが、CD8 T 細胞の TIGIT 陽性率は中皮

腫患者の方が健常者よりも高く、特に long 
SD・PR 症例で高い傾向が見られた(図 5)。
今回の第 I/II 相臨床試験では CD26 抗体投

与前 1 点での末梢血リンパ球のフェノタイ

プ解析しか行えなかったが、今後、末梢血

CD8 T 細胞の細胞傷害性エフェクターT 細

胞の割合、CD4 T 細胞の PD1 陽性率、CD8 
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T 細胞の PD1 と TIGIT の陽性率に着目し、

CD26 抗体投与後の変動にも着目して解析

を行いたい。 

 
 
D．考察 
ヒト化 CD26 抗体の予後・治療効果予測

バイオマーカーを開発するために、抗腫瘍効

果について最終的な中央判定結果を基に、こ

れまでの血清及び末梢血リンパ球のデータ

の再解析(グループ分け)を行った。 
ヒト化 CD26 抗体の予後・治療効果を予

測可能なバイオマーカーを探索するために、

CD26 抗体の投与によって PR もしくは SD
が長期間持続した症例を区別して解析を行

う必要があり、今回の解析では長期間持続の

ラインを 4 サイクル(24 週間)以上に設定し

た。このラインに絶対的な正当性はなく、無

増悪生存期間(Progression-Free Survival: 
PFS)等の全ての臨床試験結果が公開された

後には、有効性についての総合的な評価がよ

り望ましいと考えられる。  
本年度の解析により、CD26 抗体の予後・

治療効果を予測する新規バイオマーカー候

補として、血清では SDF-1α,β/CXCL12・
MIP-1d/CCL15・MCP1/CCL2、また、PR・

SD 症例と PD 症例とを判別するマーカー候

補として、Gro-b/CXCL2・CTACK/CCL27・

MCP2/CCL8 を見出した。ケモカインはケ

モカインレセプターとの関係性が 1 対 1 対

応しておらず、1 種類のケモカインが複数の

ケモカインレセプターに結合することや、複

数種類のケモカインが 1 つのケモカインレ

セプターに結合する関係にあり、細胞遊走活

性だけでも非常に複雑で多様な作用が考え

られる。また、細胞遊走以外の機能が報告さ

れている ものも存 在する。 SDF-1α,β/ 
CXCL12 は CXCR4 と CXCR7 のリガンド

であり、リンパ球遊走の他に、白血球活性化

や癌増殖、転移促進、血管新生等の機能が報

告されている。MIP-1d/CCL15 は CCR1 と

CCR3 のリガンドであり、好中球・単球・リ

ンパ球遊走機能が報告されている。MCP1/ 
CCL2はCCR2とCCR4のリガンドであり、

単球・T 細胞・樹状細胞を炎症部位に集積さ

せ、その他に単球の活性化作用等も報告され

ている。今回の解析の結果、CD26 抗体が有

効な症例では血清中のこれらのケモカイン

濃度がいずれも低値を示しており、今後、こ

れらのケモカインの機能の詳細を調べ、ヒト

化 CD26 抗体の作用機序との関係性につい

て考察する必要がある。 
今回解析に用いた Bio-Plex システムは

sandwich ELISA とフローサイトメトリー

の技術を応用した実験手法であり、ELISA
では最終的に酵素反応により生成した基質

の発色を吸光度で測定するが、Bio-Plex は

蛍光色素 PE を用いて検量線と各サンプル

の蛍光強度から濃度を算出する。Bio-Plex
は一度に多種類の抗体を mix したアッセイ

方法であるため、sandwich ELISA で個別

に測定を行い、結果の再現性を確認する必要

があるが、酵素反応による比色定量と蛍光強

度による濃度換算の違いから、Bio-Plex シ
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ステムの方がELISAよりも測定感度が高く、

sandwich ELISA ではほとんどの血清サン

プルが検出限界未満になってしまうものも

多く、測定方法の更なる検討が必要である。 
がん微小環境に浸潤した T 細胞は、がん

細胞自身が産生する免疫抑制性因子や PD1/ 
PDL1・PDL2、CTLA4/CD80・CD86 に代

表される免疫チェックポイント分子シグナ

ルによって、エフェクター機能が抑制されて

いることが様々ながん種で報告されている。

悪性中皮腫患者では末梢血 CD8 T 細胞中の

細胞傷害性エフェクターT 細胞(CD26 陰性

CD28 陰性 CD57 陽性 KLRG1 陽性)の割合

が健常者と比較して明らかに高いことが示

された (図 4)。このような perforin と

granzyme を発現する細胞傷害性エフェク

ターT 細胞は本来、ウイルスに感染した細胞

やがん細胞を体内から除去するために働く

細胞だが、悪性中皮腫患者の末梢血中にどう

して細胞傷害活性を有する T 細胞がこれほ

ど多く存在するのか、何の抗原に対して活性

化された T 細胞なのか、アスベストばく露

による慢性的な炎症が関係しているのかは

興味深い疑問である。免疫チェックポイント

分子の中で、悪性中皮腫患者の末梢血 CD8 
T 細胞は TIGIT の発現陽性率が健常者より

も明白に高く、long SD・PR 症例では特に

PD1とTIGIT の陽性率が高い傾向が見られ

た(図 5)。免疫チェックポイント分子の発現

は T 細胞の活性化状態や血清中の TGF-β濃
度などと関係していることが予想される。こ

のような末梢血中の T 細胞のフェノタイプ

と、悪性中皮腫周囲に浸潤した腫瘍浸潤リン

パ球のフェノタイプとの関係性については

是非検討したい課題だが、今回の臨床試験で

は提供された病理組織の標本数が非常に限

られており、今後の検討課題としたい。 
 
E．結論 

今年度は国内第 I/II 相臨床試験の最終集

計結果を基に、これまでの血清及び末梢血リ

ンパ球のデータの再解析を行い、ヒト化

CD26 抗体の予後・治療効果予測バイオマー

カー候補として、SDF-1・MIP-1d・MCP1
を見出し、また補足マーカーとして Gro-b・
CTACK・MCP2 を見出した。また、末梢血

リンパ球のフェノタイプ解析により、CD26
抗体有効例では特に CD8 T 細胞で細胞傷害

性エフェクターT 細胞(CD26 陰性・CD28
陰性・KLRG1 陽性サブセット)の割合が高

く、免疫チェックポイント分子の中で PD1
と TIGIT の発現陽性率が高い可能性を見出

した。 
 
F．今後の展望 

本研究課題の遂行により、国内第 I/II 相臨

床試験は合計 40 症例で症例数の制約がある

中、ヒト化 CD26 抗体の有効性を予測し得

るいくつかの興味深いバイオマーカー候補

を見出した。今後、CD26 抗体の臨床応用を

目指すうえでこれらのバイオマーカー候補

が有効性予測に役立つことを期待する。 
 
G．研究発表 
1．論文発表 
1) Corridoni D, Antanaviciute A, Gupta T, 

Fawkner-Corbett D, Aulicino A, 

Jagielowicz M, Parikh K, Repapi E, Taylor 

S, Ishikawa D, Hatano R, Yamada T, Xin 

W, Slawinski H, Bowden R, Napolitani G, 

Brain O, Morimoto C, Koohy H, Simmons 

A. Single-cell atlas of colonic CD8+ T cells 
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2) Kaneko Y, Hatano R, Hirota N, Isambert N, 

Trillet-Lenoir V, You B, Alexandre J, 

Zalcman G, Valleix F, Podoll T, Umezawa 

Y, Takao S, Iwata S, Hosono O, Taguchi T, 

Yamada T, Dang NH, Ohnuma K, Angevin 

E, Morimoto C. Serum soluble 

CD26/DPP4 titer variation is a potential 

prognostic biomarker in cancer therapy 

with a humanized anti-CD26 antibody. 

Biomarker Research (in press) 

 

2. 著書 
なし 

 

3．学会発表 

1) Komiya E, Hatano R, Itoh T, Honda K, 
Kamata Y, Toyama S, Moniaga CS, Otsuka 

H, Takahashi N, Ohnuma K, Tominaga M, 

Morimoto C, Takamori K. Endomorphin 

preferentially induces mechanical 

alloknesis under the control of DPPIV 

enzyme. The 45th Annual Meeting of the 

Japanese Society for Investigative 

Dermatology, web 開催, 2020 年 12 月 11

日 

2) 古宮栄利子,冨永光俊,大沼圭,森本幾夫, 

髙森健二. 末梢 μ-オピオイドによるア

ロネーシス制御機構の解明. 第 29 回国

際痒みシンポジウム, web 開催, 2021 年

3 月 6 日 

 

H．知的財産権の出願・登録状況（予定を含

む） 

1. 特許取得 

発明者: 森本幾夫, 大沼圭，波多野良，

伊藤匠，金子有太郎. 発明の名称: 抗癌

剤への抵抗性改善剤. 出願日: 2020 年 6

月8日. 出願番号: 特願2020-099449. 出

願人: ワイズ・エー・シー株式会社, 学

校法人順天堂 

2. 実用新案登録 

なし 

3. その他 

なし 
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悪性胸膜中皮腫におけるCD26発現評価とヒト化CD26抗体療法における予後・治療効果予

測バイオマーカーの開発 

 

研究分担者  山田 健人 埼玉医科大学 病理学・教授 

研究分担者   岸本 卓巳 独立行政法人労働者健康安全機構 

アスベスト疾患研究・研修センター 所長 

研究協力者  藤本 伸一 岡山労災病院アスベスト疾患ブロックセンター・副センター長 

研究協力者   青江 啓介 国立病院機構山口宇部医療センター・内科系診療部長 

研究協力者  波多野 良 順天堂大学・医学研究科・免疫病・がん先端治療学講座  

特任助教 

 

A．研究目的 

フランスで施行されたヒト化 CD26 抗体

療法の第Ⅰ相臨床試験では、特記すべき有

害事象なく、26 症例中 13 症例で「安定」

(Stable Disease;SD)への導入が可能であ

り、安全性のみならず、その腫瘍効果も期

待される成果が得られた(Br J Cancer 

116:1126-1134, 2017)。本邦でも 2017 年

7 月から第 I 相臨床試験がスタートし(第

1～3 コホート各 3 例)、2018 年 3 月に終

了、9 例中 8 例が評価可能で Partial 

Response(PR) 1 例、SD 5 例と有効性も示

                研究要旨 

悪性胸膜中皮腫に対する抗CD26抗体療法の国内第I/II相臨床試験において、中皮

腫病理検体として、第I相は9例中6例、第II相では、31例全例の計37症例（組織

型は、上皮型29例、二相型5例、肉腫型3例）が収集された。昨年、R&D社ポリク

ローナル抗体による免疫染色（フランスでの治験と同一、A法）および新規開発

されたコンパニオン診断キットによる免疫染色（B法）の二つの染色方法により

CD26発現について検討し、A法よりもB法でCD26陽性率が上昇した症例が36例中23

例あり、その中で陽性率が20％以上上昇した症例が11例認められたことを報告し

た。そこで、CD26染色の感度が上がったB法による検討とHE染色標本により、中

皮腫腫瘍部分へのリンパ球並びにCD26陽性単核細胞（リンパ球と単球等）浸潤に

ついて治療効果との比較を試みた。その結果、long SD 5症例中では腫瘍浸潤リ

ンパ球3+が4症例、+1が1症例であり、治療効果が長い症例ではCD26+単核細胞浸

潤が多い傾向があった。一方、PD16症例では、腫瘍浸潤リンパ球が3+は3症例、

+2は5症例、+1は8症例であり、CD26+単核細胞浸潤が少ない傾向が窺われた。こ

れらの結果は、中皮腫においてリンパ球浸潤およびCD26陽性単核細胞の半定量評

価が治療効果予測のバイオマーカーとなる可能性を示唆する。また本抗体療法が

腫瘍浸潤しているCD26+単核細胞へも影響があるか否か検討が必要と考えられ
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唆された。6 月からスタートした第 II 相

臨床試験は、2019 年 10 月時点で 31 例が

終了している。そこで本研究においては、

まず悪性中皮腫症例における CD26 発現を

詳細に明らかにし、標的分子としてどのよ

うな発現パターンを示すのかを明らかに

し、CD26 抗体療法の治療効果との相関を

明らかにするための基礎的検討を行った。

また CD26 発現は現在用いられているアリ

ムタ、シスプラチンなど化学療法剤の治療

効果予測バイオマーカーとしても有望な

結果を得て報告(Clin Cancer Res 18:1447, 

2012)してきたが、さらに今回、CD26 発現

を細胞局在、陽性率、陽性強度など様々な

要素で解析し、各種の臨床パラメーターと

の相関を明らかにすることで、バイオマー

カーとなりうるかどうかを検討すること

を目的とした。また CD26 染色標本と HE 染

色標本により、中皮腫腫瘍部分へのリンパ

球並びに CD26 陽性単核細胞（リンパ球と

単球等）浸潤について治療効果との比較を

行った。 

 

B．研究方法 

 CD26 の発現解析には、ヒト組織として

ホルマリン固定したパラフィン切片

（CD26 陽性である正常ヒト腎、肝、前立

腺及び悪性中皮腫の組織および肺）およ

び生検や手術材料を用いた。抗原賦活化

として、オートクレーブ処置（120℃、20

分、0.01M Citrate Buffer pH8.0）を行

い、二次抗体は、Peroxidase 付加抗ラビ

ット IgG 抗体(ImmPRESS 社製)を用い、発

色は、DAB 液（Simple Stain DAB, 

Histofine）を用いた。国内第 I/II 相臨

床試験（YS1101、キッセイ薬品工業株式

会社）における悪性中皮腫 37 症例症例の

腫瘍の病理組織（生検及び手術材料、

10％ホルマリン固定、パラフィン切片）

について、CD26 の免疫染色を行った。抗

原賦活化は、オートクレーブ処置

（120℃、20 分、0.01M Citrate Buffer  

pH8.0）を行った。抗 CD26 抗体は、仏の

臨床試験で使用した R&D 社製抗 CD26 ヤ

ギ・ポリクロナール抗体（Lot.No. 

JOQ107061）を用いた。二次抗体は、

Peroxidase 付加抗ヤギ IgG 抗体

(ImmPRESS 社製)あるいは Peroxidase 付

加抗マウス IgG 抗体(ImmPRESS 社製)を用

い、発色は、DAB 液（Simple Stain DAB, 

Histofine）を用いた。いずれの染色にお

いても、陽性対照には、正常ヒト腎、

肝、前立腺及び悪性中皮腫を用い、陰性

対照には、これらの正常組織切片内の各

種組織（平滑筋、脂肪組織、結合組織な

ど）と CD26 陰性肺癌組織を用いた。 

 新規コンパニオン診断キットは、一次

抗体は仏の臨床試験で使用した R&D 社製

抗 CD26 ヤギ・ポリクロナール抗体で同一

であるが、抗原賦活化試薬や条件をキッ

ト用に開発・至適化しており、二次抗体

や発色試薬も改良を加えた(ニチレイバイ

オサイエンス株式会社との共同研究)。ス

クリーニングは FFPE 切片（CD26 陽性で

ある正常ヒト腎、肝、前立腺及び悪性中

皮腫の組織および肺）の免疫染色により

行い、至適化されたプロトコールを用い

て中皮腫検体の染色を行なった。CD26 染

色標本と HE 染色標本での腫瘍部分へのリ

ンパ球並びに CD26 陽性単核細胞（リンパ

球と単球等）浸潤について、半定量解析

（+1, +2, +3 の 3 段階評価）を行った。 

 

（倫理面への配慮） 

 患者検体などについては研究対象者に

対する人権擁護上の配慮及び研究により

研究対象者が受ける不利益、利益等の説明

を患者及び遺族に対して行い、書面でのイ

ンフォームド・コンセントを得ている。ま

た病理組織について免疫染色して CD26 発

現を解析する研究については、埼玉医科大

学の倫理審査委員会にて承認されている
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（承認番号 794, 861）。 

 

C．研究結果 

 国内第 I/II 相臨床試験（第 I 相は 9 例

中 6 例、第 II 相では 31 例全例）における

悪性中皮腫 37 症例について、病理組織像

および R&D 社ポリクローナル抗体による

免疫染色（フランスでの治験と同一の方法、

A 法）および新規コンパニオン診断キット

（B 法）による CD26 発現について検討し

た。37 症例の組織型は、上皮型 29 例、二

相型 5 例、肉腫型 3 例であった。なお 37

例中 1 例は腫瘍細胞が数個のみであった

め評価対象外とし、36 例の検体で CD26 発

現の評価を行なった。A 法での結果では、

CD26 発現は、上皮型で 5％以下 1 例、5％

〜50％3 例、50％〜70％11 例、70％〜100％

13 例であり、二相型では、2％、12％、20

＆、70％がそれぞれ1例、肉腫型では2％、

5％、50％がそれぞれ 1 例であった。これ

らの症例の中で CD26 発現と YS110 治療効

果の関係をみると、Stable disease(SD)以

上の効果が見られた上皮型の症例は陽性

率が 30％であったが、二相型と肉腫型で

は陽性率が 1％、2％の症例にも SD が認め

られた。症例数が少ないため、組織型およ

び CD26 発現と YS110 効果との統計学的な

有意な相関関係は明らかではないが、CD26

陽性率と治療効果には一定の傾向は明ら

かではなかった。これらの染色標本をデジ

タル画像とし、imageProPlus プログラム

にて詳細に半定量的に発現解析を行った。

その結果、CD26 は細胞膜および細胞質に

95％が、核内に1-2％の発現が認められた。 

 また FFPE 臨床検体における CD26 発現

評価のために新規開発したB法と上記A法

との比較を行った。その結果、A 法での

CD26 陽性率が 20％以上の症例は、37 例中

30 例、20％未満の症例が 6 例であったの

に対して、B 法では 20％以上の症例は、37

例中 32 例、20％未満の症例が 4 例であっ

た。それぞれの組織型における CD26 陽性

率 20％以上の症例は、上皮型 29 例中 A 法

B法ともに 27例、二相型 5例中 A法 2例、

B 法 3 例、肉腫型 3 例中 A 法 1 例、B 法 2

例であった。また A 法よりも B 法で CD26

陽性率が上昇した症例は 36 例中 23 例で

あり、その中で陽性率が 20％以上上昇し

た症例が 11 例認められた（図 2）。また正

常ヒト組織、特に肝臓や腎臓において、B

法において A 法よりも鮮明な染色結果が

得られる組織が確認された。 

 また CD26 染色標本と HE 染色標本に

より、中皮腫腫瘍部分へのリンパ球並びに

CD26 陽性単核細胞（リンパ球と単球等）浸

潤について治療効果との比較を行った。細

胞浸潤の解析は、半定量的評価（+1, +2, 

+3 の 3 段階評価）を行った。その結果、

long SD 5症例中では腫瘍浸潤リンパ球3+

が 4 症例（図１）、+1 が 1 症例であり、治

療効果が長い症例ではCD26+単核細胞浸潤

が多い傾向があった（図２）。 
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一方、PD16 症例では、腫瘍浸潤リンパ球が

3+は 3 症例、+2 は 5 症例、+1 は 8 症例で

あり、CD26+単核細胞浸潤が少ない傾向が

窺われた（図３）。 

 

 

 

 

 

 

 

 

 

 

 

 

D．考察 

これらの結果および正常ヒト組織での

CD26 染色性の向上から、この新規コンパ

ニオン診断キットによる免疫染色法（B 法）

が中皮腫における CD26 発現をより正確に

評価するのに適していると考えられた。 

 中皮腫腫瘍部分へのリンパ球並びに

CD26 陽性単核細胞（リンパ球と単球等）浸

潤について治療効果との比較では、リンパ

球浸潤の程度が強い群で長期の治療効果

が得られており、これらの浸潤リンパ球に

は、CD26 発現リンパ球が含まれており、そ

の浸潤程度も治療効果と相関がある可能

性がある。一方、PD16 症例では、腫瘍浸潤

リンパ球が CD26+単核細胞浸潤が少なく、

CD26 陽性単核細胞も少ない傾向が明らか

であった。今回の解析では、臨床試験へ提

供されたスライド標本に限りがあり、浸潤

リンパ球並びに CD26 陽性単核細胞の分画

の詳細は明らかにできなかったが、中皮腫

に浸潤しているリンパ球はこれまでの染

色結果から、CD4+あるいは CD8+の T リン

パ球が主体で、少数の CD68+単球が含まれ

ることが明らかとなっている。また今回、

long SD 5 症例中 4 症例では、腫瘍におけ

る CD26 発現がそれぞれ 2%, 5%,5%,100%で

あるにもかかわらず、抗体療法の長期間の

効果が見られたことと併せると、これらの

腫瘍浸潤CD26+単核細胞へ抗体が作用した

可能性がある。本抗体の新たな作用機序の

可能性も考慮する必要があるかもしれな

い。 

今後は、これらの CD26 陽性率と YS110 療

法の効果や既存の治療法や各種臨床パラ

メーターとの相関について解析し、組織型

とともに発現パターン（細胞局在、陽性率、

陽性強度などの各種パラメーター）を詳細

に定量評価することにより、抗体療法の効

果や予後などとの関連性あるいは臨床パ

ラメーターを検証する基礎を構築してい

くことが重要と考える。 

 

E．結論 

 臨床試験における悪性中皮腫検体にお

ける CD26 発現評価を行い、半定量的解析

法を終了し、CD26 抗体療法におけるコン

パニオン診断キットの開発に成功した。ま

た中皮腫における腫瘍浸潤リンパ球およ

び腫瘍浸潤CD26+単核細胞が本抗体療法の

新たなバイオマーカーとなる可能性が示

された。 

  

G．研究発表 

1．論文発表 

1) Sumiyoshi M, Kotani Y, Ikuta Y, 

Suzue K, Ozawa M, Katakai T, Yamada T, 

Abe T, Bando K, Koyasu S, Kanaho Y, 

Watanabe T, Matsuda S. Arf1 and Arf6 

Synergistically Maintain Survival of T 

Cells during Activation. J Immunol. 

206(2):366-375, 2021 

2) Corridoni  D, Antanaviciute A, 

Gupta T, Fawkner-Corbett D, Aulicino 

 

28



A, Jagielowicz M, Parikh K, Repapi E, 

Taylor S, Ishikawa D, Hatano R, Yamada 

T, Xin W, Slawinski H, Bowden R, 

Napolitani G, Brain O, Morimoto C, 

Koohy H, Simmons A. Single-cell atlas 

of colonic CD8+ T cells in ulcerative 

colitis. Nat Med. 26(9):1480-1490, 

2020 

3) Nishikawa A, Suemori T, Aoki R, 

Suzuki S, Uebayashi K, Miura E, 

Shimoda M, Yamada T. Appendiceal 

adenocarcinoma critically diagnosed by 

fine-needle aspiration cytology: A 

letter to the editor. 

Cytopathology.31: 362-363, 2020 

4) Sasaki H, Saisho Y,Inaishi J, 

Watanabe Y, Tsuchiya T, Makio M, Sato 

M, Kitago M, Yamada T, Itoh H. 

Associations of birth weight and 

history of childhood obesity with beta 

cell mass in Japanese adults. 

Diabetologia.63(6):1199-1210, 2020 

5) 山田健人 免疫染色の基礎：抗原賦活

法、増感法、ラビット抗体  病理と臨床 

38 巻臨時増刊号 免疫組織化学 pp38-42 

2020 年 4 月 1 日 文光堂 

 

2. 学会発表 

なし 

 

H．知的財産権の出願・登録状況（予定を含

む） 

1. 特許 

なし 

 

2．実用新案登録 

なし 

 

3．その他 

なし 

29



労災疾病臨床研究事業費補助金 
分担研究報告書 

 
ヒト化 CD26 抗体を用いた悪性中皮腫に対する新たな併用療法の開発 

 
研究代表者  森本 幾夫 順天堂大学大学院医学研究科 

免疫病・がん先端治療学講座 特任教授 
研究分担者  岸本 卓巳 独立行政法人労働者健康安全機構 
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研究協力者  波多野 良 順天堂大学大学院医学研究科 

免疫病・がん先端治療学講座 特任助教 
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研究協力者  金子有太郎 ワイズ・エー・シー株式会社 代表取締役 CEO 

近畿大学 客員教授(元) 

A．研究目的 
悪性胸膜中皮腫はアスベストばく露によ

って起こる胸膜中皮由来の難治性悪性腫瘍

である。アスベストばく露から発症までの潜

伏期間は約 30 年とされ、日本を含め中国や

インドなどアジア・中東では患者数が今後ま

すます増加すると考えられている。予後は極

めて悪く、手術療法、化学療法、放射線療法

研究要旨 

悪性胸膜中皮腫はアスベストばく露によって起こる難治性悪性腫瘍であり、現時点で満

足できる治療法はなく、新たな治療法の確立が望まれる。われわれは、新規治療標的分子

として悪性胸膜中皮腫に発現する CD26 に着目し、ヒト化 CD26 抗体を開発した。フラ

ンスにて悪性中皮腫を中心とした第 I 相臨床試験を実施し、国内でも悪性中皮腫に対する

第 I/II 相臨床試験を実施した。2019 年中に第 II 相臨床試験の最終患者への投与が終了し、

今年度結果の集計が完了した。安全性が確認され、フランスでの第 I 相臨床試験と同等の

有効性を示唆する結果も得られた。治療抵抗性の悪性中皮腫患者に対して、CD26 抗体単

剤でも高い割合で Stable Disease・Partial Response となり抗腫瘍効果は認められたが、

より長期間抗腫瘍効果を発揮し、無増悪生存期間を与えられる本抗体を用いた新たな併用

療法の開発も重要な課題である。そこで、ヒト免疫化マウスを用いたヒト悪性中皮腫細胞

株担がんモデルを確立し、ヒト化 CD26 抗体と PD-1 抗体との併用効果を検討した結果、

それぞれの単剤よりも強い相乗効果が認められる予備実験データを得た。今後、抗腫瘍作

用メカニズムをより詳細に解析し、併用療法に関しても臨床試験へ繋げることを目指す。 
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などが行われるが、いずれも満足できる治療

成績ではなく、新たな治療法の確立が望まれ

る。われわれは、新規治療標的分子として悪

性中皮腫細胞に発現する CD26 に着目し、

ヒト化 CD26 抗体を開発してフランスにて

悪性中皮腫を中心にFirst-in-Human第 I相
臨床試験を行った。Infusion reaction (急性

輸注反応)を除いて特記すべき副作用もなく、

安全性が確認されるとともに、抗がん剤抵抗

性の悪性中皮腫患者 19 例中 10 例が

modified RESIST 評価で Stable Disease 
(SD)となり、そのうち 5 例は 6 ヶ月以上、

最長で 399 日 SD が持続し、有効性を示唆

する結果も得られた(Br J Cancer. 2017)。 
本邦でも抗がん剤抵抗性の悪性中皮腫に

対する第 I/II 相臨床試験を実施し、第 I 相は

1～3 コホート各 3 例ずつの計 9 例、第 II 相
は 31 例に投与を行い、2019 年中に第 II 相
の最終患者への投与が終了した。第 I/II 相で

計 40 例に投与を行い、うち抗腫瘍効果を評

価可能だったのが 35 例で、内訳は Partial 
Response (PR) 2 例・SD 18 例・Progressive 
Disease (PD) 15 例で、PR・SD 率は 57.1% 
(20/35)で抗がん剤抵抗性の悪性中皮腫患者

に対して高い割合で抗腫瘍効果が認められ

るも、完全奏功(Complete Response: CR))
はなく、また、比較的短い期間で SD から

PD となった患者もいたことから、より長期

間抗腫瘍効果を発揮し、無増悪生存期間を与

えられる本抗体を用いた新たな併用療法の

開発も重要な課題である。 
我々はこれまでにヒト化 CD26 抗体の抗

腫瘍作用メカニズムとして、抗体医薬特有の

抗体依存性細胞傷害(ADCC)活性に加え、が

ん細胞の細胞膜上の CD26 に抗体が結合す

ることによる直接的な増殖抑制作用を明ら

かにしてきた (Clin Cancer Res. 2001, 
Immunology. 2002, Clin Cancer Res. 2007, 
PLoS One. 2013)。また、近年の知見から

CD26 抗体は免疫系にも影響する可能性が

強く示唆され (Nat Immunol. 2015, Nat 
Immunol. 2019)、ヒト化 CD26 抗体は多様

なメカニズムを介して抗腫瘍効果を発揮し

ていると考えられる。特記すべきは、国内第

I/II 相臨床試験 40 例の中には PD-1 抗体

Nivolumab 無効例が 13 例含まれており、そ

のうち 11 例が抗腫瘍効果を評価可能で、PR 
1 例・SD 7 例・PD 3 例で 72.7% (8/11)が
PR・SD であり、このことから CD26 抗体

は免疫チェックポイント阻害薬(ICI)抵抗性

の患者にも有効であること、ICI とは異なる

メカニズムで抗腫瘍効果を発揮することが

強く示唆された。 
そこで、副作用が非常に少ない CD26 抗

体の利点を活かした他の分子標的薬、特に

ICI との併用療法を開発すべく、ヒト化

CD26抗体とPD-1抗体との併用効果を検討

した。ICI が抗腫瘍効果を発揮するためには

T 細胞を中心とした免疫細胞が不可欠であ

り、マウスに同系のマウス腫瘍株を移入する

担癌モデルがよく用いられる。一方で、

CD26 抗体が抗腫瘍効果を発揮するために

はヒト CD26 分子上の結合部位も重要であ

り(Clin Cancer Res. 2007)、ヒトとマウスと

では免疫系における CD26 の機能も大きく

異なることから(Immunol Rev. 1998)、ヒト

化 CD26 抗体のデータ取得にはヒト腫瘍株

並びにヒト免疫系での解析が必須である。以

上の理由から、ヒト免疫化マウスを作製し、

このマウスを用いた悪性中皮腫株担がんモ

デルにおいてヒト化CD26抗体とPD-1抗体

との併用効果を検討した。 
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B．研究方法 
1) 細胞 
 ヒト悪性中皮腫細胞株 JMN は、10% FBS
を添加した RPMI1640 培地中で 37oC, 5% 
CO2 環境下で培養した。ヒト臍帯血 CD34
陽性造血幹細胞は RIKEN BioResource 
Center から購入した。 
 
2) マウス 

NOD/Shi-scid, IL-2RγKO Jic (NOD.Cg- 
Prkdcscid Il2rgtm1Sug/ShiJic)マウス(以下、

NOG マウス)は In-Vivo Science Inc.から購

入した。マウスは順天堂大学の specific 
pathogen free (SPF)施設で飼育した。 

 
3) 抗体と試薬 
 Flow cytometry には下記のヒト抗原特異

抗体を用いた。BUV395-labeled anti-CD56 
mAb (clone NCAM16.2)及び PE-labeled 
anti-CD26 mAb (clone M-A261) は BD 
Biosciences から購入した。Brilliant Violet 
421-labeled anti-CD4 mAb (clone RPA-T4), 
Brilliant Violet 510-labeled anti-CD14 
mAb (clone M5E2), FITC-labeled 
anti-CD8 mAb (clone HIT8a), 
PerCP/Cy5.5-labeled anti-CD20 mAb 
(clone 2H7), APC-labeled anti-CD45 mAb 
(clone HI30), APC/Fire 750-labeled 
anti-CD3 mAb (clone SK7)及び Brilliant 
Violet 605-labeled anti-mouse CD45 mAb 
(clone 30-F11)及び抗体の非特異的な結合を

ブロックするための Human TruStain FcX, 
TruStain FcX (anti-mouse CD16/32) は
BioLegend から購入した。また、Brilliant 
Violet 同士の非特異的な結合を抑えるため

の Brilliant Stain Buffer plus は BD 
Biosciences から購入した。 
 
4) ヒト免疫化マウスを用いた担癌モデル 

NOG マウスに低線量(100cGy)の放射線

照射を行い、翌日ヒト臍帯血 CD34 陽性造

血幹細胞 1x105 cells を尾静脈内から移入し

た。経時的にマウス尾静脈から採血を行い、

ヒト免疫細胞の生着を確認した。ヒト造血幹

細胞を移植して 13 週後に、JMN 細胞の細

胞懸濁液と Matrigel を 1:1 混合して 1 匹あ

たり 1x106 cells ずつ側腹部に皮下移入した。

JMN を皮下移入して 5 週間経過し、小さな

腫瘤形成を確認した時点から、 control 
human IgG1 (Bio X Cell), ヒト化 CD26 抗

体 (Y’s AC Co., Ltd)単独 , mouse anti- 
human PD-1 mAb (Bio X Cell; clone J116)
単独, ヒト化 CD26 抗体と PD-1 抗体の併用

をそれぞれ 200μg/dose で週 3 回投与を続け

た。腫瘍サイズは週に 2 回採寸し、JMN 移

入後 9 週間後にマウスを解剖し、皮下の腫

瘤を回収して重量を測定した。腫瘍の一部は

病理解析のために 10%ホルマリンで固定し、

残 り は Liberase TL Research Grade 
(Roche) 0.25mg/ml で酵素処理を行い、

DNase I (Roche)存在下で組織を破砕して腫

瘍組織中の細胞を得た。腫瘍内浸潤リンパ球

の 解 析 で は 、 MagniSort Human CD3 
Positive Selection Kit (invitrogen) 及び

EasySep Magnet (STEMCELL)を用いてリ

ンパ球精製を行った。また、腫瘍内浸潤リン

パ球との性質比較のために、脾臓のリンパ球

解析も行った。 
 
5) フローサイトメトリー 
マウス体内のヒト免疫細胞の生着を確認
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するために、マウスの尾静脈から採血して得

た末梢血を、Human と Mouse に対する

TruStain FcX を両方添加し、蛍光色素標識

抗体で染色した後、 BD FACS Lysing 
Solution (BD Biosciences)にて溶血と固定

処理を行い、洗浄した後、BD LSRFortessa 
(BD Biosciences)で測定を行い、得られたデ

ータを FlowJo (BD Biosciences)で解析した。 
 
(倫理面への配慮) 
 ヒト臍帯血 CD34 陽性造血幹細胞を用い

た研究については、森本が講座責任者である

順天堂大学大学院医学研究科で本研究を行

うための研究計画書等を倫理審査委員会へ

提出し、承認を得ている ( 順大医倫第

2017167 号)。動物実験の実施はいわゆる 3R
に基づいて行い、順天堂大学医学部実験動物

委員会に実験計画書を提出し審議の上、承認

されている(承認番号: 2020270)。 
 
C．研究結果 
1) ヒト免疫化マウスの作製 
 ヒト化CD26抗体とPD-1抗体との併用効

果を検討するためには、ヒト免疫細胞が生着

したヒト免疫化マウスを作製する必要があ

る。そのためには、重度の免疫不全マウスで

ある NOG マウスに低線量の放射線を照射

し、ヒトの造血幹細胞を移植する必要がある

が、臨床現場で造血幹細胞移植を行う際にも

解凍から移植までの時間は非常に重要と考

えられている。ヒト臍帯血 CD34 陽性造血

幹 細 胞 を 購 入 し て い る RIKEN 
BioResource Center が公開しているプロト

コルと、NOG マウスを開発した実験動物中

央研究所が公開しているプロトコルでは、洗

浄 buffer や洗浄(遠心)回数、遠心時間などに

違いがあり、安定してヒト免疫細胞が生着す

るプロトコルの検討を行った。その結果、実

験動物中央研究所が公開しているプロトコ

ルでは、ヒト B 細胞は安定して生着するも

ののヒトT細胞が移植後 20週経過しても発

生してこない問題があることが明らかにな

った (データ未掲載 )。一方で、RIKEN 
BioResource Center が公開しているプロト

コルではヒト T 細胞の発生が安定して確認

され、洗浄 buffer や遠心時間を改変した

我々が樹立したプロトコルでは検討した全

てのマウスでヒト T 細胞の発生が漏れなく

確認された。ヒト造血幹細胞を移植して 10
週間経過するまではマウスの血中のヒト免

疫細胞の約 90%が B 細胞(CD20 陽性)で、10
週以降はヒト CD4 T 細胞(CD3 陽性 CD4 陽

性)・CD8 T 細胞(CD3 陽性 CD8 陽性)の割

合が徐々に増えていき 14 週目ではヒトの血

球細胞の約 20%が T 細胞、18 週目では約

30%が T 細胞であることが確認された(図 1)。
このモデルではヒト NK 細胞(CD56 陽性)は
1-2%程度、ヒト単球細胞(CD14 陽性)は約

1%程度であった(データ未掲載)。 

 
 
悪性中皮腫細胞株 JMN は、in vivo での増

殖が非常に遅く、マウスの皮下に移入してか

ら腫瘤を形成するまでに 5-6 週間かかるた
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め、マウス体内でヒト T 細胞の細胞数が増

えてくる造血幹細胞移植 13 週目に JMN 細

胞株を皮下移入することとした。 
 
2) ヒト化 CD26 抗体と PD-1 抗体との併用

効果の検討 
 JMN 細胞株をヒト免疫化マウスの側腹部

に皮下移入して 5 週間経過し、小さな腫瘤

形成を確認した時点から、control human 
IgG1, ヒト化 CD26 抗体単独 , mouse 
anti-human PD-1 mAb (以下、PD-1 抗体)
単独, ヒト化 CD26 抗体と PD-1 抗体の併用

をそれぞれ 200μg/dose で週 3 回投与を続け

た。腫瘍サイズを週に 2 回採寸した結果、

control 抗体投与群と比較して、CD26 抗体

単独(YS alone)、PD-1 抗体単独(PD1 alone)
それぞれで腫瘍増殖の抑制が見られたが、両

抗体投与群(YS+PD1)ではさらに腫瘍サイ

ズが小さいことが示された(図 2)。 

 
 
JMN 移入 9 週間後にマウスを解剖し、皮下

の腫瘤を回収して一部は病理学的解析を行

い、残りは腫瘍内浸潤リンパ球の精製に用い

てフェノタイプの解析を行っている。現時点

でまだ各群の n 数が少ないが、解剖する 9
週時点での腫瘍体積および回収した腫瘍重

量の両方で、control 群と YS alone 群、ま

たは control群とPD1 alone群で有意差は認

められない一方、control 群と YS+PD1 群で

p<0.05 の有意差が認められ(Fisher の多重

比較検定)、両抗体の併用効果が期待される。 
今後、各群の n 数をさらに増やすととも

に、腫瘍内浸潤リンパ球のフェノタイプ解析、

腫瘍の病理学的解析を行い、CD26 抗体と

PD1 抗体との抗腫瘍作用メカニズムの違い

についてより詳細に解析し、併用効果の有効

性を実証する。 
 
D．考察 
ヒト化 CD26 抗体の副作用が少ない利点

を活かした新たな併用療法を開発するため

に、ヒト免疫化マウスを用いたヒト悪性中皮

腫株担癌モデルにて、ヒト化 CD26 抗体と

PD1 抗体との併用効果を検討した。 
CD26 はヒト T 細胞に活性化シグナルを

伝達する T 細胞共刺激分子でもあり、ヒト

化 CD26 抗体は CD26 のリガンドである

caveolin-1 と CD26 との結合、つまりは T
細胞への CD26 共刺激シグナルの伝達をブ

ロックする。一方で、マウス T 細胞の CD26
は共刺激分子として機能しない。また、

CD26 の発現に関しても、ヒト T 細胞では

CD26 は強陽性・弱陽性・陰性の三相性パタ

ーンを示すのに対し、マウス T 細胞は一律

に弱陽性である。T 細胞以外の免疫細胞にお

ける CD26 の発現に関しても、ヒトでは T
細胞以外はNKT細胞でCD26発現が見られ

るが、B 細胞や NK 細胞では CD26 はほと

んど発現していないのに対し、マウスでは B
細胞でも T 細胞と同等の弱陽性を示す。こ

のように、T 細胞における機能や免疫細胞に

おける発現パターンなどがヒトとマウスと

では大きな違いがあるため、免疫系における
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CD26 の機能解析ではヒト免疫系での解析

が不可欠である。ICI が抗腫瘍効果を発揮す

るためには、T 細胞を中心とした免疫系の存

在が不可欠であることから、ヒト化 CD26
抗体と ICI との併用効果を検討する実験に

はヒト免疫化マウスを用いる必要がある。 
しかしながら、ヒト免疫化マウスを用いた

担癌モデルでは、問題点も存在する。一つは、

マウスに同種同系(syngeneic)のマウス腫瘍

細胞株を移入する担癌モデルでは、免疫系と

腫瘍との MHC が合致しており、ヒトのがん

患者と同様にがん抗原特異的な免疫応答を

解析することができる。一方で、ヒト免疫化

マウスを用いた研究では、免疫細胞がヒト臍

帯血造血幹細胞由来のHLAを発現している

のに対し、ヒト腫瘍細胞株は通常その HLA
とは異なる HLA を発現しているため、同種

異系(allogeneic)の T 細胞応答を見ることに

なり、本来のがん抗原特異的な応答とは異な

ることが考えられる。また、ヒト免疫細胞の

組成に関しても、今回のモデルではヒト T
細胞と B 細胞に関してはマウス体内で十分

な生着が認められるが、一方でヒト NK 細

胞や抗原提示細胞の生着率は非常に低い。こ

の問題を解決するために、ヒト IL-15 など

特定の遺伝子を強制発現させた NOG マウ

スなども開発・市販されているが、場合によ

ってはそれらのマウスでの検討も必要にな

ると考えられる。 
また、CD26 の機能の一つに dipeptidyl 

peptidase 4 (DPP4)酵素活性があり、近年、

マウス担癌モデルにおいて、DPP4 inhibitor 
(Sitagliptin)をエサと一緒にマウスに食べ

させることで、腫瘍免疫が増強し、腫瘍サイ

ズが縮小することが報告された (Nat 
Immunol. 2015, 2019)。そのメカニズムと

して、がん微小環境から産生されるケモカイ

ンの中で DPP4 酵素の基質の一つである

IP-10/CXCL10 と Eotaxin/CCL11 に着目し、

本来は産生されたそれらのケモカインが

DPP4 酵素による切断を受けると活性が低

下するのに対し、DPP4 inhibitor 摂取によ

り活性が維持されると、レセプターである

CXCR3 陽性の CD4 T 細胞、CD8 T 細胞、

NK 細胞や CCR3 陽性の好酸球ががん細胞

周囲により集積し、腫瘍を攻撃しやすくなる。

フランス及び国内のヒト化 CD26 抗体の臨

床試験の結果から、CD26 抗体を投与すると

血清中の可溶性 CD26 量が低下し、それに

伴い DPP4 酵素活性も低下する (Br J 
Cancer. 2017, 論文投稿中)。このことから、

CD26 抗体を投与した場合においても、がん

細胞周囲に集積する免疫細胞数の増加が起

こる可能性が考えられる。しかしながら、ヒ

ト化 CD26 抗体はヒト CD26 に対する結合

親和性が非常に高い一方で、マウス CD26
には結合しない。そのため、今回のヒト免疫

化マウスを用いた担癌モデルにおいて、

CD26 抗体はヒト T 細胞上の CD26 とヒト

腫瘍細胞株上の CD26 には結合するが、マ

ウスの血管内皮細胞や線維芽細胞などにも

発現する CD26 には反応できず、それらの

マウス CD26 にもヒト CD26 と同様に

DPP4 酵素活性があるため、本来のがん患者

に CD26 抗体を投与した時のような DPP4
酵素活性低下作用は期待できないと予想さ

れる。この点に関しても今後さらなる実験モ

デルの改善が必要と考えられる。 
 
E．結論 

ヒト免疫化マウスにヒト悪性中皮腫細胞

株を皮下移入する担癌モデルにおいて、ヒト
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化CD26抗体とPD-1抗体との併用効果を検

討した結果、それぞれの単剤よりも強い腫瘍

増殖抑制効果が見られることが示唆された。 
 
F．今後の展望 

今後、各群の n 数をさらに増やすととも

に、腫瘍内浸潤リンパ球のフェノタイプ解析、

腫瘍の病理学的解析を行い、CD26 抗体と

PD1 抗体との抗腫瘍作用メカニズムの違い

についてより詳細に解析し、併用効果の有効

性を実証する。また、腫瘍を皮下移入するモ

デルの他に、より悪性中皮腫のモデルに近い

胸腔内移入モデルにおいても併用効果の有

効性を検討する。 
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The pathology of inflammatory bowel diseases (IBDs), such 
as UC, involves immune-mediated tissue destruction sec-
ondary to a combination of barrier dysfunction, genetic risk 

and dysbiosis. The colonic lamina propria houses a vast quantity of 
tissue-resident CD8+ T cells that may contribute to tissue damage in 
IBD1,2. Despite evidence of CD8+ T-cell contribution to IBD pathol-
ogy3, the extent of heterogeneity, transcriptional regulation and 
effector function of distinct populations has not been investigated 
in an unbiased manner. Furthermore, their connections, hierarchy 
and how they may dynamically remodel to influence inflammation 
in IBD remain unclear. Here we conduct multimodal single-cell pro-
filing of CD8+ cells from the human colon in health and UC, defin-
ing T-cell changes in active disease; we link this with coupled T-cell 
receptor (TCR) analysis to define the functional interrelationship of 
identified cell states and their crosstalk with epithelial cell subtypes.

Results
Topology of human colonic CD8+ T-cell states. We initially pro-
filed colonic single CD8+ T cells from three healthy volunteers 
and three patients with UC using droplet-based, single-cell RNA 
sequencing (scRNA-seq) (Fig. 1a and Supplementary Fig. 1a,b; 
patient characteristics shown in Supplementary Table 1a). Following 
quality control (Methods), we compiled gene expression data from 
8,581 cells for clustering analyses (Supplementary Fig. 1c–f). This 
revealed 14 CD8+ cell populations that were visualized as uniform 
manifold approximation and projection (UMAP) embeddings 
(Fig. 1b). Population nomenclature was designated by specific gene 
expression, identifying naïve, memory, tissue-resident memory 

(TRM), effector and double-positive (DP) CD8+CD4+ cells, as well as 
populations with innate-like features including mucosal-associated 
invariant T cells (MAITs), intraepithelial lymphocytes (IELs) and 
IL26+-expressing CD8+ cells (Fig. 1c,d, Supplementary Table 2 and 
Extended Data Fig. 1).

We further investigated cluster-specific gene signatures by per-
forming Gene Ontology (GO)4 enrichment analysis (Fig. 1e), fol-
lowed by area-under-the-receiving operating characteristic analysis 
(Methods). We found localized activity of the IL-17 pathway in DP 
and IL26+ cells; similarly, IEL clusters and some IL26+ cells were 
highly enriched for natural killer (NK) pathways. (Fig. 1f). Thus, 
our analysis charts the extent of the heterogeneity within colonic 
CD8+ T cells, including IL26+ cells with hybrid innate and adaptive 
features and DP regulatory CD8+ T cells.

Dynamic restructuring of colonic CD8+ T cells in UC. We observed 
marked changes in CD8+ population structures in UC; for example, 
TRM-like T cells constituted on average 45% of all cells recovered 
in health but only ~10% of CD8+ cells in UC. Other populations 
affected included activated effector T cells and IL26+ cells, with the 
latter comprising ~18% (up to 29%) of all CD8+ cells recovered in 
UC. We also observed an increase in the DP CD4+CD8+FOXP3+ 
cell population, reduced natural TYROBP+ and expanded induced 
TYROBP– IELs5 (Fig. 2a).

Furthermore, within these subpopulations, we identified 997 dif-
ferentially expressed genes (DEGs) (Fig. 2b and Extended Data 
Fig. 2a). GO enrichment analysis of upregulated genes highlighted 
strong signatures for both type I and type II interferon responses, 

Single-cell atlas of colonic CD8+ T cells in 
ulcerative colitis
Daniele Corridoni� �1,2,10, Agne Antanaviciute� �1,3,10, Tarun Gupta� �1,2,10, David Fawkner-Corbett� �1,2, 
Anna Aulicino� �1,2, Marta Jagielowicz1,2, Kaushal Parikh� �1,2, Emmanouela Repapi� �4, Steve Taylor4, 
Dai Ishikawa� �5, Ryo Hatano6, Taketo Yamada7, Wei Xin� �8, Hubert Slawinski9, Rory Bowden� �9, 
Giorgio Napolitani1, Oliver Brain2, Chikao Morimoto6, Hashem Koohy� �1,3  and Alison Simmons� �1,2

Colonic antigen-experienced lymphocytes such as tissue-resident memory CD8+ T�cells can respond rapidly to repeated anti-
gen exposure. However, their cellular phenotypes and the mechanisms by which they drive immune regulation and inflamma-
tion remain unclear. Here we compiled an unbiased atlas of human colonic CD8+ T�cells in health and ulcerative colitis (UC) 
using single-cell transcriptomics with T-cell receptor repertoire analysis and mass cytometry. We reveal extensive heteroge-
neity in CD8+ T-cell composition, including expanded effector and post-effector terminally differentiated CD8+ T�cells. While 
UC-associated CD8+ effector T�cells can trigger tissue destruction and produce tumor necrosis factor (TNF)-α, post-effector 
cells acquire innate signatures to adopt regulatory functions that may mitigate excessive inflammation. Thus, we identify 
colonic CD8+ T-cell phenotypes in health and UC, define their clonal relationships and characterize terminally differentiated 
dysfunctional UC CD8+ T�cells expressing IL-26, which attenuate acute colitis in a humanized IL-26 transgenic mouse model.
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T-cell activation, cytokine production, cell killing and upregulated 
innate immune response pathways (Extended Data Fig. 2b). The 
majority (615) of identified DEGs were significantly differentially 
expressed within a single cluster only, with only 34 genes signifi-
cantly differentially expressed in more than four clusters. These cell 
type-independent response genes encompassed loss of expression 
of SPINK2, FOS and CD160, but upregulated TNFRSF9 and CTLA4 
in TRM, effector and IEL populations (Extended Data Fig. 2a). We 

posit that this result reflects differential pathway activity in effector 
populations in IBD, where we observe higher levels of costimulation 
by CD28, TCR signaling, antigen processing, antigen presentation 
and PD1 and CTLA4 pathways (Fig. 2b and Extended Data Fig. 2c).

Because our single-cell analyses provided high-resolution 
expression data, we next sought to explore the transcriptomic land-
scape of IBD genetic susceptibility loci within the colon (Methods). 
We found that an overall higher enrichment of Genome-Wide 
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Association Study (GWAS) genes from UC-associated loci showed 
expression specificity in active inflammation (Fig. 2c). The high-
est overall signal enrichment was found in IELs and IL26+ cells, 
driven by high and specific expression of genes including KIR3DL2  
(ref. 6) (rs17771967), IL26 (rs2870946)7 and IL23R8(multiple risk 
alleles) (Fig. 1c,d, Extended Data Fig. 2d and Supplementary Data).

UC alters crosstalk between epithelial and CD8+ subpopulations. 
Because CD8+ T cells may drive tissue damage in UC by direct inter-
actions with colonic epithelial cells, we explored T-cell and epithelial 
cell receptor–ligand pairing in both health and UC. We discovered 
between 15 and 51 interactions between pairwise CD8+ and epithelial  

subcluster comparisons in health, and 14–80 in UC. Examining dif-
ferentially expressed receptor–ligand pairs, irrespective of cluster 
specificity we further identified 1,716 (104 unique receptor–ligand 
pairs across 22 cell types) total putative crosstalk alterations in UC; 
interaction gains constituted the majority (1,575) of these events. 
The nonclassical MHC molecule HLA-E9 was strongly induced in 
multiple epithelial subpopulations in UC while its corresponding 
ligands were induced in CD8+ T cells. Lineage-specific interactions 
included IL18-IL18R1/IL18RAP and TNF-TNFRSF1A signaling 
between absorptive, but not secretory, cells and multiple CD8+ sub-
clusters (Fig. 2d,e, Extended Data Fig. 3a–c, Supplementary Fig. 2 
and Supplementary Data).
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Given the increase in the number of IL26+-producing CD8+ 
cells in UC, we examined expression of the IL-26 receptor, IL10RB/
IL20RA10, in scRNA-seq data from colonic cells in both health and 

UC. IL10RB localized to colonocytes in the epithelium and was 
ubiquitously expressed by mesenchymal cells, but not by CD45+ 
cells, in health and UC, while the detection rate of IL20RA was low 
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(Extended Data Fig. 4a–d). In contrast, IL10RA expression was lim-
ited to the CD45+ compartment (Supplementary Fig. 3a,b). In line 
with scRNA-seq findings, IL10RB/IL20RA was found to be coex-
pressed at the protein level in minor fractions of epithelial (1.9%), 
mesenchymal (1.73%) and immune compartments (3.7%) and did 
not increase in UC (Supplementary Fig. 4a,b); this was confirmed 
by quantitative PCR (qPCR) in an independent cohort (n = 17 UC, 
n = 5 health; Supplementary Table 1b and Supplementary Fig. 4c). 
Conversely, IL26 expression in whole tissue was found to correlate 
with degree of inflammation (Supplementary Fig. 4d). This sug-
gests that increased IL-26 signaling in UC is not due to induced  
expression of its receptor, although we cannot discount the possibil-
ity that some effects may be mediated through a hitherto undiscov-
ered receptor11.

Transcriptional networks directing colonic CD8+ plasticity in 
UC. To define the regulatory networks directing colonic CD8+ 
T-cell plasticity in IBD, we performed gene coexpression analysis 
and then scored each cell for activity of gene modules, which were 
both coexpressed with and enriched for transcription factor (TF) 
cis-regulatory motifs, identifying 273 active TF activity-associated 
circuits. Hierarchical clustering highlighted networks expressed 
exclusively in specific T-cell clusters, revealing both new and estab-
lished transcriptional regulators (Fig. 3a, Extended Data Fig. 5a,b 
and Supplementary Table 2).

We observed a group of modules, including EGR1 and EGR2, 
whose activity was localized to the cell transition gradient between 
TRM cells and GZMK+ effectors (Fig. 3a). This result highlighted a 
distinct T-cell state missed by our initial clustering analysis. These 
transitional cells also showed high, localized coexpression of IFNG 
and TNF, as well as activity of FOS, FOSB, FOSL1, JUN and JUNB 
networks (Fig. 1d and Extended Data Figs. 1 and 5a,b). These TFs 
are well-characterized, immediate, early-response genes that are 
rapidly induced by various stimuli12, suggesting that EGR-expressing 
T cells showed recent activation and harbored most pathogenic TNF 
expression within colonic CD8+ T cells.

Our TF activity analysis also highlighted gene modules that were 
not only cell state specific, but also showed differential activity levels 
in IBD (Methods), including ETV7, PRDM1/BLIMP-1 and STAT3 
(Supplementary Fig. 5a–d).

Innate reprogramming adopted by adaptive IL26+ T cells in UC.  
Within the single-cell profiles, we identified clusters of innate CD8+ 
lymphocytes including MAIT cells and γδ IELs. While overall 
there was little heterogeneity within MAIT cells (Extended Data 
Fig. 6a), in UC they expressed analogous programs of activation 
as observed for conventional CD8+ cells. This included coexpres-
sion of early-response genes EGR1 and EGR2 together with TNF 
and IFNG, and a gradual transitional state gradient characterized by 
expression of coinhibitory and costimulatory molecules (Extended 
Data Fig. 6b,c).

While we found a high proportion of Vδ1 γδ cells within CD8+  
IEL-like clusters (Extended Data Fig. 1), TCR-αβ cells also 
predominantly expressed innate markers9 such as killer cell 
immunoglobulin-like receptors (KIRs) (for example, KIR2DL4 and 
KIR2DL2), NK cell receptors (for example, NCR1) and FCER1G 
(Extended Data Fig. 6d,e). We found that MKI67+ cells expressed 
some of these genes, suggesting that the IEL compartment was 
undergoing active proliferation in UC (Extended Data Fig. 6d,e and 
Supplementary Data).

To better understand IEL populations at the single-cell level, we 
further interrogated T-cell populations captured in a colonic epi-
thelium scRNA-seq dataset13. We reasoned that these immune cells, 
captured during an epithelial crypt-specific dissociation protocol, 
are likely to be enriched for IELs. Within these cells (total, 927) we 
found that the majority were CD8+ with only small populations of 

CD4+ cells present (Supplementary Fig. 6a). While we could dis-
tinguish seven CD8+ subclusters with a combination of marker 
genes, including CD6, LAYN and GNLY (Supplementary Fig. 6a,b 
and Supplementary Data), these cells uniformly expressed many 
IEL-specific cluster markers that we had identified earlier, such as 
NK receptor KLRC2 (Supplementary Fig. 6c). We grouped these 
clusters into natural and induced IELs based on TYROBP expres-
sion, observing a similar shift towards induced phenotype in active 
UC in line with earlier observations5 (Supplementary Fig. 6b,d–f).

While innate features of IELs are well described14, we found that 
the adaptive CD8+ IL26+ cells, which were increased in UC, also 
displayed innate-like features that differed from IEL transcriptional 
profiles. IL26+ cells lacked expression of KLRC2 (Supplementary 
Fig. 6c) and IEL-specific KIRs (Extended Data Fig. 6e), but 
expressed NCR1, NCR3 and KIR2DL4 (Extended Data Fig. 6e), typi-
cal of type 2 ILC3s, lineage-negative innate lymphoid cells. Type 2 
ILC3s are also characterized by expression of the TFs AHR, KIT and 
RORC (Extended Data Figs. 1 and 6e) and a Th17-like cytokine pro-
file15, another feature shared with IL26+ cells. Based on these results, 
we conclude that CD8+ IL26+ cells, while lineage positive, express 
hybrid Tc17 and type 2 ILC3 features.

Chronic activation of IL26+ cells in UC. In UC we observed an 
accumulation of cell clusters, including GZMK+ effector and IL26+ 
cells, with features of ‘exhaustion’, a hallmark of tumor-infiltrating 
CD8+ T cells. This was marked by concerted expression of coinhibi-
tory molecules including HAVCR2, LAYN, ENTPD1, CTLA4 and 
PDCD1, as well as TFs TOX and EOMES (Figs. 1c and 3a, Extended 
Data Fig. 1 and Supplementary Data). Because the relationship 
between exhausted colonic CD8+ cells and those observed in cancer 
remains unclear16, we interrogated recently published scRNA-seq 
datasets from tumor-infiltrating T cells (TILs) in liver, breast and 
colorectal cancers (Methods). We observed clear conservation of 
chronic stimulation-associated signatures between subpopulations 
of colonic T cells in UC and all three TIL datasets (Extended Data 
Fig. 7a,b). However, expression of type 17 signature17 in exhausted 
T cells was UC exclusive, suggesting that either these are Tc17/
ILC3−like cells18 subject to chronic overstimulation in UC or this 
phenotype is acquired in a ‘post-effector’ cell state (Extended Data 
Fig. 7b and Supplementary Data).

TCR profiling defines connectedness of diverse CD8+ pheno-
types in UC. Because our data probably captured T cells asynchro-
nously transitioning from one transcriptomic state to the next, we 
performed pseudotime analysis, capturing a linear trajectory pro-
gressing from naïve-like cells at the start to memory, TRM, GZMK+ 
effectors and culminating with IL26+ cells (Fig. 3b,c). To understand 
the biological processes driving pseudotime components, we asked 
which genes covary in expression with pseudotime. We clustered all 
genes identified as significantly (false discovery rate (FDR) < 1%) 
covarying with pseudotime (Fig. 3d) and identified groups of genes 
expressed early, mid/mid–late and late. In keeping with cluster dis-
tribution, naïve and early central memory T-cell markers, such as 
CCR7, were expressed early while coinhibitory receptors (HAVCR2, 
CTLA4) were expressed late (Fig. 3d,e). We found a strong signal for 
T-cell activation markers, along with a gradual gain in coinhibitory 
molecules, as suggested by the pseudotime cluster distribution. We 
observed increasing expression of BATF, CTLA4, HAVCR2, LAYN 
and TNFRSF9, while molecules associated with effector function, 
such as GZMK, were steadily lost (Fig. 3c–e).

We next sought to elucidate lineage and clonal dynamics between 
subtypes via matched single-cell TCR-αβ profiling (Methods and 
Supplementary Data). We found that naïve, MAIT and DP T-cell 
populations exhibited highly diverse clonal structures, with most 
cells expressing a unique TCR CDR3 sequence pair (Fig. 3f). In 
CD8+ cells derived from healthy colon, TRM-like cells showed the 
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highest enrichment of frequently observed T-cell clones. In contrast, 
we found a marked enrichment of clonal T cells in UC-associated 
IL26+ cells, because the majority of the largest clones in each sample  

comprised this population in UC. These observations aligned with 
our pseudotime analysis, because unexpanded cells in UC were 
enriched at the start of the trajectory and the most expanded clones 
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Fig. 4 | Combined transcriptomic and proteomic profiles of CD8+ T cells using CITE–seq and Cell Hashing. a, Schematic representation of experimental design 
and sorting strategy for single-cell 5′�RNA-seq, CITE–seq and Cell Hashing. b, UMAP plot of colonic CD8+ T�cells in health (n�=�5) and UC (n�=�7), clustered 
based on gene expression profiles. c, Differential distribution of CD8+ T-cell populations derived from health and UC (top), with broad overlap between gene 
expression data derived from hashed CD8+ T cells (CITE–seq, validation cohort, n�=�5 HC, n�=�7 UC donors) and nonmultiplexed CD8+ T�cells (scRNA-seq, initial 
cohort, n�=�3 donors per group) (bottom). d, Relative abundance of CD8+ T�cells from selected clusters in health and UC derived from either hashed (CITE–seq 
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T�cells clustered by gene expression profiling. f, UMAP of colonic CD8+ T�cells clustered by cell surface protein expression determined using CITE–seq (n�=�5 
HC, n�=�7 UC donors). g, Overlay of mRNA-derived clusters on UMAP of cells clustered by cell surface protein expression (n�=�5 HC, n�=�7 UC donors).
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occupied its end (Fig. 3g). Overall, expanded clones were diverse (we 
did not detect any shared specificity groups19) and had largely pri-
vate TCR repertoires, although we detected 93 TRB CDR3 sequences 
shared between at least two donors. These included known public 
TRB sequences20 for common Epstein–Barr virus, cytomegalovirus 
and influenza-derived peptides, reflecting past exposure to common 
antigens, and none of these were expanded in UC.

In total, 320 out of 3,835 unique clonotypes occurred in more 
than one cluster. These constituted the clonally expanded popula-
tions, with a total of 2,438 cells sharing their clonotype with those 
in other clusters (Fig. 3h). We examined all unique TCR clonotypes 
shared by different clusters and their degree of overlap. As expected, 
we observed clonotypes present within the TRM population in many 
other cell types/states21. When we observed a clone in more than two 
different clusters, it also appeared in the TRM population (Fig. 3h). 
The greatest overlaps between pairs of clusters occurred between 
TRM and IL26+, GZMK+ effector and memory cell populations, 
respectively, with 28, 32 and 23 unique TCRs reconstructed in cells 
from these cluster pairs. The largest ‘triplet’ included ten unique 
clonotypes detected in cells from the small, actively cycling cluster, 
IL26+ cells and TRM cells. These results are consistent with the high 
clonal expansion of IL26+ cells and suggest that these cells may arise 
either directly from TRM cells or as a post-effector phenotype.

Given the small overall size of the captured TCR-αβ populations 
in IELs, TYROBP+ and TYROBP– cells also shared a large number 
of clonotypes (13), supporting the idea of naturally induced IEL 
transition.

Although some clonotypes could be attributed to the wrong clus-
ter due to the somewhat fluid boundaries between detected popula-
tions, we detected multiple instances of clonotypes shared between 
four or more clusters linking distant populations. Thus, TCR reper-
toire analysis revealed the phenotypic journey of single TCR clones 
demonstrating transit through diverse T-cell states in UC.

Multiomic analysis of colonic CD8+ T  cells confirms heteroge-
neity and remodeling in UC. To validate single-cell signatures at 
the protein level, we next profiled an additional seven UC and five 
healthy samples using single-cell cellular indexing of transcrip-
tomes and epitopes by sequencing (CITE–seq) coupled with cell 
hashing technology, integrating transcriptomic and proteomic pro-
files from an additional 9,062 cells (Fig. 4a,b, Supplementary Tables 
1–3, Supplementary Fig. 7a–h and Methods).

Integrative data analysis revealed high reproducibility between 
our initial scRNA-seq and subsequent CITE–seq analysis (Fig. 4b–d 
and Extended Data Fig. 8a–c). We were able to partition effector 
cells into two additional clusters characterized by expression of TNF 
(TNF+ effector) and EGR1/EGR2 (EGR1+ effector), which we had 
previously noted as a likely transitional population between TRM and 
GZMK+ effector cells (Fig. 4b).

CITE–seq allowed us to map the expression of a panel of 14 pro-
teins to all CD8+ cell subpopulations (Fig. 4e,f and Extended Data 
Fig. 8d). The combination of CD45RO, CD103, CD69 and CCR7 
clearly delineated TRM, intraepithelial, IL26+ and CD4+/CD8+ DP 

cell populations from naïve and effector CD8+ T cells, confirming 
our previous observations of differences in tissue residency and 
migration dynamics between these populations. Coinhibitory mol-
ecules PD1, TIM3 and LAG3 marked mostly CD103+ cells, includ-
ing GZMK+ effector (2) and IL26+ cells, while fewer CD103– cells 
showed features of chronic T-cell stimulation at the protein level 
(Fig. 4e,f and Extended Data Fig. 8d). Finally, because IL-26 is a 
secreted cytokine and we could not capture its protein level expres-
sion in our CITE–seq panel, we confirmed its increased production 
by colonic CD8+ T cells in UC using enzyme-linked immunosor-
bent assay (ELISA) (Extended Data Fig. 8e).

Multimodal data integration and functional analysis of UC 
remodeled CD8+ T  cells. Clustering analysis using CITE–seq 
protein expression highlighted that the 14 selected proteins were 
sufficient to delineate key features of only tissue residency, exhaus-
tion and memory, with the majority of IL26+ cells falling within 
the CD103+ PD1+ population (Fig. 4f,g). Thus, we developed a 
mass cytometry time-of-flight (CyTOF) panel incorporating 
39 markers expressed in specific scRNA-seq clusters (Extended 
Data Fig. 9a and Supplementary Table 3). Applying this panel to 
CD8+ cells isolated from additional healthy (n = 3) or inflamed 
UC (n = 3) colon samples (Supplementary Table 1a), we defined 
19 protein expression-driven clusters, six of these showing signifi-
cant alterations in frequency in health and UC (Extended Data 
Fig. 9b–d). Using CyTOF data as a reference, we next performed 
multimodal single-cell data integration22 (Methods) to infer the 
most probable counterpart cells between these two expression 
modalities (Fig. 5a,b and Supplementary Fig. 8a–c). Many key 
markers showed conserved coexpression in both protein and 
messenger RNA datasets (Fig. 5c,d). Largely one-to-one rela-
tionships between mRNA and CyTOF clusters were observed for 
some populations (for example, CCR7+/naïve cells), while one 
to many relationships highlighted a need to refine the CyTOF 
panel, guided by scRNA-seq data, to more accurately capture dis-
crete phenotypic states. IL26+ cells were found to be enriched in 
IL23R+, NKp30/NCR3+, TRM and exhausted clusters (Fig. 5c,d and 
Supplementary Fig. 8c).

To assess the functional capacity of the UC-associated CD8+ 
subpopulations, we undertook ex vivo stimulation with phorbol 
myristate acetate (PMA) and ionomycin. Using our CyTOF panel, 
we profiled cells from additional healthy donors (n = 4) and those 
with inflamed UC (n = 3) following stimulation. Both donor groups 
exhibited the emergence of a subpopulation of CD103+ TRM cells 
that expressed TNF-α and IFN-γ. In contrast, reactivated cells 
from UC donors were also enriched for GZMK+ effector markers  
(Fig. 5e–g). Curiously, few IL23R+ cells (mainly comprising IL26+, 
some MAITs and DP cells) responded to stimulation. These results 
suggest that clonally expanded IL23R+/IL26+ cells observed in UC 
may have limited effector function, in line with their transcriptional 
‘post-effector’ terminally differentiated signatures. While detected 
at baseline in UC IL23R+/IL26+ cells, IL-17 was also induced in 
stimulated UC CD8+ cells in TNF-α/IFN-γ clusters despite the 

Fig. 5 | Functional CyTOF analysis of UC CD8+ T cells. a, Integrated cluster analysis of CyTOF (n�=�3 donors per group) and 10× scRNA-seq (n�=�3 donors 
per group) datasets visualized in UMAP. b, Distribution of original 10× scRNA-seq (n�=�3 donors per group) clusters in relation to integrative analysis.  
c, Relative mean cluster protein expression in cells from CyTOF dataset. d, Relative mean cluster RNA expression in cells from 10× scRNA-seq dataset.  
e, UMAP plot visualization of clusters obtained after ex vivo stimulation with PMA and ionomycin (n�=�3 UC, n�=�4 HC donors per group) and unstimulated 
CD8+ T�cells from healthy (n�=�4) and UC (n�=�3) donors in CyTOF data. f, Changes in cell cluster proportions in CyTOF data clusters following stimulation 
in health (n�=�4 donors) and UC (n�=�3 donors). Mean and s.e.m. shown. GZMK+ effector, F�=�9.075, d.f�=�3, *P�=�0.0213 (healthy unstimulated versus UC 
unstimulated), **P�=�0.0077 (healthy stimulated versus UC unstimulated); *P�=�0.0187 (healthy stimulated versus UC stimulated); GZMK+TNF-α+IFN-γ+, 
F�=�15.22, d.f�=�3, ***P�=�0.0005 (healthy unstimulated versus UC stimulated), **P�=�0.0032 (healthy stimulated versus UC stimulated); **P�=�0.0011 
(UC unstimulated versus UC stimulated); IL23R+, F�=�11.09; d.f�=�3; **P�=�0.0029 (healthy unstimulated versus UC unstimulated), **P�=�0.0017 (healthy 
stimulated versus UC unstimulated), *P�=�0.0177 (UC unstimulated versus UC stimulated); one-way ANOVA (Tukey’s multiple comparison test).  
g, Selected protein expression UMAP overlay in stimulated and unstimulated cells in health (n�=�4 donors) and UC (n�=�3 donors).
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absence of IL23R (Fig. 5g), suggesting that mucosal CD8+ T cells 
in UC are transcriptionally more permissive towards adopting a 
Tc17-like phenotype.

IL-26 attenuates the severity of acute colitis. The role of IL-26 
in colitis remains unclear23. Even though the IL26 gene is absent 
in rodents, its heterodimeric receptor comprising IL-20RA and 
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Fig. 6 | IL-26 attenuates acute colitis severity. a, Strategy for induction of 2.5% DSS and intraperitoneal injection of anti-IL-26 antibody or mIgG1,κ isotype 
control antibody. b, hIL-26 expression in colon from WT (n�=�4 mice) and hIL-26Tg (n�=�6) mice at baseline/steady state or after 6�days of challenge with 
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IL10RB is expressed in mice and can signal in response to human 
IL-26 (refs. 10,24). We used a humanized IL-26 transgenic (hIL-26Tg) 
mouse model25 to assess whether IL-26 can affect acute colitis 
severity. The colon from hIL-26Tg mice showed no differences at 
steady state compared to littermate controls or sibling wild-type 
(WT) C57BL/6J (B6) mice (Extended Data Fig. 10a). We exposed 
hIL-26Tg and control B6 mice to 2.5% dextran sulfate sodium (DSS) 
in drinking water and treated hIL-26Tg mice with either anti-IL-26 
monoclonal antibody (mAb) or control mAb administered intra-
peritoneally on days 0 and 3 (Fig. 6a,b).

DSS-challenged WT mice had a significantly higher total inflam-
matory score than DSS-challenged hIL-26Tg mice given control 
antibody. The inflammatory effect of DSS was restored in these 
hIL-26Tg mice after administration of concomitant anti-IL-26 mAb 
(Fig. 6c,d and Extended Data Fig. 10b), suggesting a potential pro-
tective role for IL-26 in the acute phase of inflammation.

To characterize the effect of IL26 expression, we next performed 
RNA-seq on colonic tissue at baseline and with DSS. Principal 
component analysis (PCA) highlighted clear differences between 
RNA-seq profiles of baseline and DSS (Fig. 6e), with DSS samples 
showing increased variability within the group as could be expected 
given the drastic tissue perturbation; samples from WT and Tg ani-
mals showed separation in the second principal component. In line 
with PCA, at baseline we identified 295 significantly (<5% FDR) 
differentially expressed genes between WT and hIL-26Tg mice  
(Fig. 6f and Supplementary Data). GO enrichment analysis high-
lighted strong T- and B-cell activation and leukocyte proliferation 
signature in WT animals, which was strongly reduced in Tg animals 
(Fig. 6f and Supplementary Data) suggesting that, even under non-
inflammatory conditions, expression of IL26 may either diminish 
immune infiltration of the mucosa or downregulate activation and 
proliferation signals. This was supported by differential expression 
of genes such as the B-cell marker Cd19 and lymphocyte differentia-
tion transcription factors Ikzf1 and Ikzf3 (Extended Data Fig. 10c). 
We further observed an increase in lysozyme expression in WT  
(Fig. 6f and Extended Data Fig. 10c), a molecule expressed by Paneth 
cells (but typically not present in the colon) and macrophages, sug-
gesting that IL26 overexpression may also reduce the presence of 
myeloid cells in the mucosa. Conversely, RNA expression profiles 
from Tg animals showed a relative increase in gene signature asso-
ciated with nonimmune compartments, including muscularis and 
circulatory system processes and increase in expression of genes 
such as canonical pericyte marker Rgs5 (Fig. 6f, Extended Data  
Fig. 10c and Supplementary Data).

Next, we compared the RNA profiles of WT and Tg mice under 
DSS conditions, identifying 473 differentially expressed genes 
(Fig. 6g). In line with expression profiles at baseline, in hIL-26 
mice we again observed a clear decrease in expression of immune 
response-associated transcripts (Fig. 6g–i and Extended Data  
Fig. 10c) and an increase in stromal compartment signatures  
(Fig. 6g and Extended Data Fig. 10c). While the expression of many 
immune compartment-associated markers was already decreased 
in hIL-26 mice at baseline (for example, Ptprc/CD45; Fig. 6i), 
we found that induction of both proinflammatory cytokines (for 
example, Tnf) and chemokines (for example, Cxcl9 and Cxcl10) was 
reduced in hIL-26 mice under DSS (Fig. 6i). We further confirmed 
these observations by qPCR (Extended Data Fig. 10d). Based on 
these results, we propose a link between the role of IL-26 and the 
reported effect of cytokines (for example, Il33 and Tnf) in promoting 
context-dependant intestinal barrier integrity or mucosal damage in 
acute experimental colitis26,27. Furthermore, our results provide ini-
tial evidence for an immunoregulatory role for IL-26 in acute colitis.

Discussion
Here we reveal the life course of colonic T cells in UC and their  
evolution to GZMK- and TNF-expressing effector states and to  

clonally expanded IL26 and coinhibitory receptor-expressing cells  
with type 17 and immunoregulatory features. An imbalance between 
GZMK+TNF+ effectors and immunoregulatory IL26+ cells may 
facilitate tissue destruction that manifests as UC.

IL26+ CD8+ cells exhibited features of chronic stimulation, 
including expression of HAVCR2, and displayed a colitis-specific 
ETV7 transcriptional network that limits inflammation through 
inhibition of ETS1-controlled genes (such as T-bet that drives Th1 
responses)28,29. This cluster also adopted key innate properties, such 
as induction of NCR3, an NK cell receptor that participates in anti-
tumor responses. Previously, TCR and NCR costimulation has been 
shown to have a synergistic effect in circulating NKp30+/NCR3+ 
CD8+ T cells30. In UC, this suggests a possible mechanism for a sus-
tained T-cell response under chronic stimulation conditions where 
innate programs may help these cells retain response functions in 
the absence of antigen-specific cues.

Induction of IL26 protected against epithelial damage in a 
mouse model of acute colitis. While mouse models that incorpo-
rate chemicals to induce colitis (for example, DSS) can be useful in 
studying the acute phase of tissue injury and repair mechanisms, 
the resulting inflammation is generally not fully representative of 
the immune dysregulation present in the inflamed colon of patients 
with IBD31. Although the IL26 phenotype may be protective in acute 
inflammation, we suspect that its role in chronic inflammation may 
be different because Th17 responses can indicate a more severe 
disease in UC32. Alternatively, the protective effects of IL-26 may 
be inadequate in chronic UC. In contrast to the protective effects 
in acute inflammation, the IL26+ cluster also strongly induced a 
STAT3 network required for Th17 responses. IL26 is expressed by 
infiltrating proinflammatory IL-17-producing T cells in chronically 
inflamed IBD tissue33, signaling through the IL-10R2/IL-20R1 het-
erodimeric receptor to induce expression of IL-10 and TNF; fur-
thermore, IL-26 may have direct antimicrobial effects10,11. However, 
characterization of the role of IL26 during chronic inflammation 
will be important because it could have, like other cytokines, a 
dichotomous role depending on the temporal phase of the inflam-
matory process27. Transcriptional regulation of IL26 expression in 
T cells is not well defined, although it may require IL23R signaling. 
Future studies will delineate the mechanism for IL-26 expression 
by IBD-associated IL23R and IL26 polymorphisms, and whether 
the divergence of observed phenotypes among single clones reflects 
their geographical location and specific local exposures or derives 
from a continuum of differentiation.
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Methods
Human specimens. Colonic biopsies were collected from patients attending 
endoscopy at Oxford University Hospitals NHS Foundation Trust. NHS National 
Research Ethics Service research ethics committee references for the study 
include nos. 18/WM/0237, GI 16/YH/0247 and IBD 09/H1204/30. Biopsies were 
collected following informed written consent from healthy individuals undergoing 
colonoscopic screening, or from patients with IBD administered ongoing clinical 
care. For patients with IBD, we used samples derived from those with ulcerative 
colitis and proven mucosal inflammation, as indicated by the Ulcerative Colitis 
Endoscopic Index of Severity34.

Single-cell isolation. Tissues were collected from clinically inflamed distal 
colon and placed in in RPMI supplemented with 100 U ml–1 penicillin, 
100 μg ml–1 streptomycin and 10 mM HEPES on ice. Samples were either 
processed immediately after collection or stored by freezing in 1 ml of Cryostor 
DS10 (Sigma-Aldrich) for experiments requiring multiple samples, to reduce 
batch effects. Viability and colonic CD8+ T-cell purity were similar to those 
of freshly isolated samples. After washing in PBS, biopsies were incubated in 
media with 3 mg ml–1 Collagenase type II (Worthington Biochem), containing 
50 μg ml−1 DNase, for 60 min at 37 °C with agitation (250 r.p.m.), followed by 
5–10× mechanical dissociation of the suspension through a 16-gauge needle 
(Stemcell Technologies). The cell suspension was washed in PBS and passed 
through a 70-μm filter. Cell counts and viability were confirmed with a Countess II 
automated cell counter (Thermo Fisher).

Flow cytometry. For single-cell RNA-seq experiments, single-cell suspensions 
were stained with anti-CD3 (clone SP34-2) BV711 and anti-CD8 (clone SK1) 
APC-R700 (BD Horizon), with DAPI added before sample acquisition, to assess 
cell viability. Flow sorting was performed on a FACSAria IIIu to collect live 
CD3+CD8+ T cells. Cells were collected in media and kept on ice before loading 
onto the 10× Chromium Single Cell Platform.

For IL-26 receptor quantification (heterodimer of IL-20Rα and IL-10Rβ), 
biopsies were dissociated into single-cell suspensions as described above in 
‘Single-cell isolation’, followed by staining for anti-IL-10RB (clone 90220), anti-IL-
20RA (clone 173714), anti-EPCAM (clone 9C4) and anti-CD45 (clone 5B1) for 
30 min at 4 °C, with DAPI used for live–dead staining, followed by acquisition on a 
BD LSRII machine.

Droplet-based single-cell RNA-seq. CD3+CD8+ cells were washed in PBS 
with 0.04% bovine serum albumin (BSA) and resuspended at a concentration 
of ~500 cells μl–1. Approximately 8,000 cells were loaded onto the Chromium 
10x Genomics platform (10x Genomics) to capture single cells, as described in the 
manufacturer’s protocol. The 10x Genomics 5′ mRNA single-cell method was used 
in one run, including cells isolated from biopsies of healthy inflamed UC.

Library generation for 10x Genomics v.2 chemistry was performed using the 
Chromium Single Cell 5′ and Chromium Single Cell V(D)J Reagent Kits (user 
guide, no. CG000086).

Quantification of complementary DNA was performed using the Qubit dsDNA 
HS Assay Kit (Life Technologies, no. Q32851) and Agilent High Sensitivity D5000 
ScreenTape (Agilent, no. 5067-5592). Library quantification was performed using 
the Qubit dsDNA HS Assay Kit (Life Technologies, no. Q32851) and D1000 
ScreenTape (Agilent, no. 5067-5582). Libraries were sequenced on an Illumina 
HiSeq4000 platform to achieve an average of 50,000 reads per cell.

CITE–seq. For combined transcriptomic and protein data, we used CITE–seq 
antibodies combined with Cell Hashing (as per established protocols35). Briefly, cell 
suspensions were derived from biopsies as described above in ‘Single-cell isolation’, 
washed in cold PBS (supplemented with 2% BSA and 0.01% Tween) followed by 
10-min incubation with blocking antibody (TruStain FcX, Biolegend). Antibody 
mixes were prepared consisting of CITE–seq antibody (Biolegend Totalseq-C 
products, 0.5 μg antibody per 2 million cells; full list given in Supplementary Table 
3), optimized concentrations of FACS antibody (anti-CD3 and anti-CD8a, 1.66 μl 
per 2 million cells) and hashing antibody (Biolegend, 0.5 μg per 2 million cells). 
Cells were incubated for 30 min at 4 °C followed by three washes to remove excess 
antibody, then CD3+CD8+ cells were isolated using FACS as described above in ‘Flow 
cytometry’. CD8 cells from different donors bearing different hashes were pooled 
immediately before loading, where we superloaded 11,000–20,000 cells for each run.

Library generation for CITE–seq and hashed samples was performed 
using 10x Chromium Single Cell 5′ V(D)J Reagent Kits with feature barcoding 
technology (user guide, no. CG000186).

Libraries were sequenced on an Illumina Novaseq 6000 S4 platform to achieve 
an average of 50,000 reads per cell for the gene expression libraries and 5,000 reads 
per cell for the cell surface protein and hashing protein libraries.

Real-time PCR. For quantitative real-time (qrtPCR) experiments, tissue samples 
were subjected to physical homogenization (with 100 mg of 1.4-mm ceramic 
beads, 4,000 r.p.m.), and total RNA was isolated using an RNAeasy Miniprep kit 
(QIAGEN). cDNA was then synthesized using the high-capacity RNA-to-cDNA 
kit (Thermo Fisher) followed by rtPCR performed using TaqMan gene expression 

assays on the QuantStudio 7-Flex system (Thermo Fisher). A list of primers used is 
given in Supplementary Table 4.

Bulk RNA-seq. RNA from mouse tissue was extracted as described for rtPCR. 
High-quality samples, as assessed by RNA integrity number quality, were then 
converted to strand-specific cDNA libraries using the NEBNext Ultra Directional 
RNA Library Prep Kit for Illumina (no. 7420), with an insert size of 250–300 base 
pairs. Samples were sequenced to a depth of 20 million reads per sample on a 
Novaseq 6000 S4 platform.

ELISA. Biopsies were dissociated into single-cell suspensions, as described above 
in ‘Single-cell isolation’, and CD8+ T cells purified by negative immunomagnetic 
bead selection (Miltenyi Biotec). Cells were plated in the presence of coated 
anti-CD3 (10 μg ml–1) and soluble anti-CD28 (10 μg ml–1) (BD Bioscience) for 72 h. 
Cell-free supernatants were collected before analysis of IL-26 secretion by  
ELISA (Cusabio).

Conjugation of metal isotopes to antibodies, staining and CyTOF acquisition. 
Purified antibodies were conjugated with metal isotopes using Maxpar 
Conjugation kits (Fluidigm). Briefly, the procedure involved initial preloading of 
polymer with lanthanide and partial antibody reduction, followed by antibody 
conjugation with the lanthanide-loaded polymer. Lanthanide metal-labeled 
antibodies were obtained from Fluidigm.

Cryopreserved colon biopsies from healthy individuals, or from patients with 
inflamed IBD and active inflammation, were thawed, washed twice in PBS and 
digested using Collagenase type II (Worthington Biochem) to obtain a single-cell 
suspension. In some experiments, single-cell suspensions were washed twice 
in PBS, resuspended in media and stimulated for 4 h at 37 °C in the presence of 
40 ng ml–1 PMA, 2 μg ml–1 ionomycin (Sigma) and protein transport inhibitor 
containing Monensin (BD GolgiStop). Cells were washed twice in Maxpar Cell 
Staining Buffer (Fluidigm), then stained with metal-tagged surface antibody 
cocktail for 30 min at room temperature. Cisplatin was added for 5 min, cells 
were washed and then incubated for 30 min with Nuclear Antigen Staining Buffer 
followed by washing twice with Nuclear Antigen Staining Perm. Cells were 
incubated with intracellular metal-tagged antibody cocktail for 30–45 min, washed, 
then fixed in 1.6% paraformaldehyde. After washing of fixed cells, cellular DNA 
was labeled at room temperature with 72.5 nM iridium intercalator, obtained by the 
addition of Cell ID Intercalator-Ir to Maxpar Fix and Perm Buffer (Fluidigm).

Cells were washed twice with Maxpar Cell Staining Buffer and left pelleted 
until acquisition. Before acquisition of each sample, cells were washed twice with 
water, EQ Four Element Calibration Beads (Fluidigm) were added (10% of final 
volume) and the sample was filtered through a 0.35-μm cell strainer into a 5-ml 
polystyrene tube. Cells were acquired and analyzed on a CyTOF2 Helios mass 
cytometer (Fluidigm). Samples reported were stained and acquired on the same 
day, to minimize batch effects.

Mice. All mice were housed under standard conditions in the animal facility at the 
School of Medicine, Juntendo University, Tokyo, Japan. Animal experiments were 
conducted following protocols approved by the Animal Care and Use Committees 
at Juntendo University. C57BL/6 (B6) mice were obtained from CLEA Japan. B6 
mice carrying a 190-kb bacterial artificial chromosome (BAC) transgene with the 
human genes IFNG and IL26 (hIL-26Tg) were developed in T. Aune’s laboratory25. 
The expression of human IL26 was tested in different organs and was demonstrated 
to be expressed at high levels in the colon and small intestine25 of these mice. Mice 
were housed in a specific pathogen-free facility in microisolator cages with ad 
libitum access to autoclaved water and sterile standard food, and were maintained 
at 24 ± 2 °C under a 12/12-h light/dark cycle (lights on from 08:00 to 20:00). Both 
male and female B6 and hIL-26Tg mice at 10–14 weeks of age were selected for the 
DSS-induced colitis model. Mice at 20–24 weeks of age were used for analysis of 
spontaneous ileitis and colitis.

Induction of DSS colitis. Dextran sulfate sodium colitis was induced as previously 
reported, with minor adaptations36. Briefly, sterilized 2.5% (w/v) DSS (TdB 
Consultancy) was added to the drinking water for 6 d. Adult control littermate B6 
and hIL-26Tg mice were allowed ad libitum access to water. Daily monitoring was 
performed for body weight, fecal bleeding and the presence of loose stools. Mice 
were injected intraperitoneally with either anti-IL-26-neutralizing mAb (clone 
69-10, 200 μg)37,38 or control mouse IgG1,κ isotype-matched mAb (clone MG1-45, 
200 μg) at days 0 and 3.

Histology and assessment of inflammation. Ilea and colons from control 
littermate B6 and hIL-26Tg mice were removed, flushed of fecal contents using 
PBS, opened longitudinally and placed in formaldehyde solution for fixation. 
Tissues were kept in 70% ethanol solution until embedding in paraffin, and 
stained with hematoxylin and eosin. Inflammation was evaluated by a pathologist 
in a blinded fashion, using a previously described scoring system39. Colon total 
inflammatory score represents the sum of the following subindices: active and 
chronic inflammation, percentage re-epithelialization, transmural index and 
percentage ulceration.
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Bulk RNA-seq analysis. Raw sequence reads were quality checked using FastQC 
software40. Cutadapt41 software was used to trim poor-quality bases (<20) and 
Illumina universal adapter sequences from raw reads before alignment.

The mouse mm10 reference genome analysis set was obtained from the 
University of California Santa Cruz (UCSC) ftp site42. The hIL-26 BAC sequence 
was added as an additional reference contig and indexed together with mm10  
as a reference genome using STAR aligner43. Reads were then aligned to this 
custom reference.

Picard tools44 was used to mark duplicate sequences as an additional quality 
control step, and Samtools45 was used to estimate total BAC read recovery. Raw 
gene expression counts were summarized with featureCounts46 using a custom 
mm10 and hIL-26 BAC GTF file containing joint mouse and BAC transcriptome 
annotations. The MultiQC tool was used to aggregate quality metrics. Sample 
quality metrics and raw read counts were imported into R for further processing. 
The DESeq2 (ref. 47) R package was used to estimate library size factors, normalize 
counts and perform differential expression analyses. Benjamini–Hochberg 
multiple testing correction was used to compute FDR, and genes were considered 
significantly differentially expressed at <5% FDR. Principal component analysis 
was performed in R using the top 1,000 most variable genes, with normalized 
DESeq2 variance-stabilized transformation expression as input.

scRNA-seq analysis. Raw sequence read quality was assessed using FastQC 
software40. The human hg38 reference genome analysis set was downloaded 
from the UCSC ftp site42. Cell Ranger software (v.2.1.1) was downloaded from 
10x Genomics (https://support.10xgenomics.com/single-cell-gene-expression/
software/downloads/latest) and used to process raw data, align reads to the hg38 
human reference genome and summarize unique molecular identifier (UMI) 
counts against the corresponding Ensembl gene annotations obtained in GTF 
format using the UCSC Table Browser Tool48.

Empty wells were distinguished from barcoded cells using UMI count 
distributions. First, UMIs that were probably misassigned to an incorrect barcode 
due to sequencing index swapping were first removed using DropletUtils49. The 
emptyDrops50 function from DropletUtils was then used to distinguish cells from 
empty droplets containing only ambient RNA, with barcodes <5% FDR retained. 
In addition, droplet barcodes with low total UMI counts and droplets for which a 
high percentage of total UMIs originated from mitochondrial RNAs (>15%) were 
filtered out. For the remaining cells in each sample, doublet detection and filtering 
was performed using DoubletFinder51.

Cell cycle stage scoring and annotation was performed using the cyclone 
function implemented in the R package scran52. The Seurat R package was used to 
normalize expression values for total UMI counts per cell.

For clustering analysis, cells from multiple donors were merged. Cell cycle 
scores, together with total UMI counts per cell, percentage of mitochondrial 
features and individual donor effects, were considered as a source of unwanted 
variation and were regressed out using the Seurat package53. Highly variable genes 
were identified by fitting the mean variance relationship for each sample, to avoid 
selecting for genes with highly variable between-sample effects and to prioritize 
those with high within-sample variation. Initially, dimensionality reduction was 
performed using PCA (R package irlba). Scree plots and Jackstraw permutation 
tests were used to determine significant principal components (with P cut-off 
<0.01) in the data. A k-nearest neighbor (kNN) graph was constructed from cells 
in the reduced dimension space in Seurat, using significant principal components 
as input and other parameters at default. Cells were then clustered using the 
Louvain algorithm for modularity optimization with the kNN graph as input and 
the resolution parameter set to 0.7. Cell clusters were visualized with the UMAP 
algorithm54 using the R package uwot, with significant principal components as 
input and nearest neighbors 30, spread 1 and minimum distance 0.01.

For clustering analysis of single-cell data according to ref. 55, data were obtained 
from the Broad Data Use Oversight System (no. DUOS-000110) following 
institutional approval and processed as described above in this section. CD45+ cells 
were subset from lamina propria samples, and clusters were annotated according to 
the nomenclature and gene markers used by the original authors.

CITE–seq sample demultiplexing. CITE–seq samples were hashed together across 
multiple pools, which were demultiplexed as follows. Raw UMI counts for each 
hashing antibody oligonucleotide tag were calculated using Cellranger software, 
v.3.1.0. Raw count matrices were first filtered to retain only droplet barcodes from 
cells passing quality control based on mRNA expression profiles, as described 
above in ‘scRNA-seq analysis’. Barcodes with high antibody library yield but poor 
mRNA were discarded, as these were likely to arise from poor-quality/dying cells 
still with intact cell membranes and thus stable protein expression.

A filtered hashed feature counts matrix was then used to demultiplex samples, 
as described in ref. 35, using the HTODemux function in the R package Seurat. 
Briefly, counts were normalized using centered log ratio transformation and, 
for each pool, an initial clustering solution was obtained using Clara k-medoids 
clustering with k = 1 + number of samples in the pool. For each cluster/hash ID, 
we then fit a negative binomial distribution and defined a positive threshold at 
the 99th percentile of the recovered normalized UMI counts for the hashtag, with 
cells below this threshold considered negative for the tag. Cell identity was then 

assigned based on individual hashtag thresholds and multiplets defined as cells 
positive for multiple tags. Multiplets were then filtered out. Cells negative for all 
hash tags based on these thresholds formed a minor fraction and were also filtered 
out, following inspection of their mRNA cluster distribution. Untagged cells 
correlated with cells with low total mRNA content and did not segregate with any 
particular cluster, and thus probably contained unstained/dying cells or free nuclei 
that had lost their cytoplasm during sample processing.

Demultiplexed cells were visualized as t-distributed stochastic 
neighbor-embedding (t-SNE) plots from Euclidian distance matrixes.

CITE–seq data analysis. Messenger RNA data from the CITE–seq cohort were 
processed as described above in ‘scRNA-seq analysis’. For clustering analysis of the 
CITE–seq protein panel, protein expression was first normalized using centered 
log ratio transformation. Euclidean distances between cells were then computed 
from normalized protein expression of all features (14 antibody readouts) using the 
dist function in R, with default parameters. A cell kNN graph was then contracted 
using the distance matrix as input and k = 20 nearest neighbors. The kNN graph 
was used as input for Louvain clustering as before, with final clustering resolution 
of 0.2 and other parameters as default. Varying cluster resolutions were examined 
and, given the relatively low dimensionality of CITE–seq data, a higher clustering 
resolution parameter (more clusters) overclustered the data where clusters were no 
longer driven by meaningful biological partitions.

scRNA-seq differential expression analysis and cluster marker detection. The 
R package MAST56 was used to perform all single-cell differential gene expression 
analyses between conditions. In each case, confounding sources of variation 
stemming from cellular gene detection rate, cell cycle score and donor/batch effects 
were included in the model formula as covariates. Likelihood ratio tests between 
the full and reduced model formulas were used to identify differentially expressed 
genes between conditions. Benjamini–Hochberg multiple testing correction was 
used to estimate FDR, as implemented in the R package stats function, p.adjust. 
Genes with FDR < 5% were considered significantly differentially expressed.

To detect cluster marker genes, cells from each cluster were compared 
against all other cells in the experiment. As noted in the paragraph above, the 
MAST algorithm was used for statistical testing via the Seurat wrapper function 
FindMarkers, with default parameters for filtering out genes below a minimum 
log-fold change threshold of 0.25 and infrequently (10% of cells) expressed genes.

GO and pathway enrichment analyses. Gene Ontology4 and pathway 
enrichment analyses were performed using the clusterProfiler R package57. 
The annotation Dbi R package org.Hs.eg.db was used to map gene identifiers. 
Cluster marker sets and differentially expressed genes were tested individually 
for overrepresentation, with all expressed/detected genes in each case 
used as a background control. In each case, GO gene sets were tested for 
overrepresentation in cluster markers or differentially expressed genes by 
computation of enrichment P values (the enricher R function, default parameters) 
from the hypergeometric distribution of total genes in the background gene set, 
the number of genes within background annotated with the gene set, the size 
of the gene set and the number of genes within the cluster marker/differentially 
expressed genes list annotated with the gene set. Hypergeometric P values were 
adjusted in each case for multiple testing using Benjamini–Hochberg correction 
as before. The results were visualized as dot plots and emap plots using the 
R packages clusterProfiler57, enrichPlot and ggplot2 (ref. 58).

To score individual cells for pathway activities, we used the R package AUCell. 
First, for each cell we used an expression matrix to compute gene expression 
rankings in each cell with the AUCell_buildRankings function, with default 
parameters. The canonical pathway database was downloaded from the Broad 
Institute website, and canonical pathway gene sets were then used to score each 
cell where, for each gene set and cell, area-under-the-curve (AUC) values were 
computed (AUCell_calcAUC function) based on gene expression rankings, where 
AUC values represent the fraction of genes within the top-ranking genes for each 
cell that are defined as part of the pathway gene set.

Receptor–ligand pair analysis. Receptor–ligand analysis between T-cell and 
epithelial cell subpopulations was performed using CellphoneDB statistical 
analysis, v.2.0 (ref. 59). We previously used epithelial single-cell data on both health 
and UC generated in our laboratory13. The total number of pairwise paracrine 
interactions between T cells and epithelium obtained using the CellphoneDB 
scoring method were visualized as heatmaps in the R package pheatmap. Top 
significant interactions from the aspect of selected relevant clusters were visualized 
as dot plots using the ggplot2 package in R. To identify putative altered cell–cell 
interactions between T-cell and epithelial cell subpopulations, irrespective of cell 
type specificity, we additionally employed a differential expression-based approach. 
First, we reformatted the CellphoneDB receptor–ligand database to break down 
and simplify interactions involving protein complexes into one-to-one interactions. 
Additionally, we also downloaded a larger database of known receptor–ligand 
pairs60 following the same format for a parallel, independent analysis. Taking 
each cluster from both CD8+ cells and epithelial cell datasets, we first subset the 
receptor–ligand databases to retain only those receptors and ligands that were at 
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least minimally expressed in either dataset, by setting a threshold of detection in 
at least 10% of all cells within a given cluster in UC samples and/or samples from 
healthy donors. Then, we intersected the results from our differential expression 
analyses with the filtered receptor–ligand database. For differential expression 
analyses of colonic epithelium cells in UC, we used results previously reported13. 
Then, for each pairwise CD8+ and epithelial cell cluster comparison, we classified 
each receptor–ligand interaction categorically into ‘putative loss of interactions’, 
‘putative gains of interactions’ or ‘no change’ based on up-/downregulation/no 
change in expression of these molecules in health versus UC samples. As described 
in ref. 60, putative gain in cell–cell communication between a pair of clusters was 
defined as one of the following:

 (1) Significant upregulation of receptor expression in one cluster and signifi-
cant upregulation of ligand expression in the other cluster between UC and 
healthy donor cells

 (2) Significant upregulation of receptor expression in one cluster but no statisti-
cally significant change in ligand expression in the other cluster, given that 
the ligand is detected in at least 10% of cells within the cluster

 (3) Significant upregulation of ligand receptor in one cluster but no statistically 
significant change in receptor expression in the other cluster, given that the 
receptor expression is detected in at least 10% of cells within the cluster

Likewise, putative loss of cell–cell interaction events was defined as:

 (1) Significant downregulation of receptor expression in one cluster and signifi-
cant downregulation of ligand expression in the other cluster between UC 
and healthy donor cells

 (2) Significant downregulation of receptor expression in one cluster but no statis-
tically significant change in ligand expression in the other cluster between UC 
and healthy donor cells

 (3) Significant downregulation of ligand expression in one cluster but no statisti-
cally significant change in receptor expression in the other cluster between 
UC and healthy donor cells

 (4) Significant downregulation of receptor in one cluster, while the other cluster 
shows statistically significant upregulation of corresponding ligand

 (5) Significant downregulation of ligand in one cluster, while the other cluster 
shows statistically significant upregulation of corresponding receptor.

All epithelial and CD8+ T-cell clusters were examined as pairwise 
combinations, and all putative loss and gain of cell–cell communication events 
were defined for all receptor–ligand pairs. The data were then examined from the 
aspect of individual CD8+ subpopulations, filtering putative altered interactions 
not directly involving the CD8+ cluster under consideration and visualized as 
Circos plots. Gains and losses of interactions were plotted separately. This analysis 
was repeated on two receptor–ligand databases independently, with the full results 
included in Supplementary Data.

Pseudotime trajectory analysis. Single-cell pseudotime trajectories were 
reconstructed using the R package monocle61. Dimensionality reduction was first 
performed with the DDRTree algorithm, using the expression of all highly variable 
genes detected as described above in ‘scRNA-seq analysis’. As in scRNA-seq 
clustering analyses, to subtract confounding variation, cellular gene detection 
rate, percentage of mitochondrial gene expression, cell cycle scores and donor/
batch effects were included as covariates in the residual model formula to subtract 
these effects from the data. Cell trajectory was then captured using the orderCells 
function, with the starting pseudotime state denoted as the end of the trajectory that 
was found to be enriched for naïve T-cell clusters. As before for differential gene 
expression analyses, the R package MAST was used to detect genes significantly 
covarying with pseudotime, based on a log-likelihood ratio test between the model 
formula including cell pseudotime and a reduced model formula. Additional model 
covariates were included in the residual model formula as described in ‘scRNA-seq 
analysis’. Benjamini–Hochberg multiple testing correction was used to calculate 
FDR, and genes <5% FDR were considered to vary significantly with pseudotime.

Transcription factor module analysis. The R package SCENIC workflow was 
used to detect active transcription factor modules in CD8+ cells. The normalized 
single-cell gene expression matrix was first filtered to exclude all genes detected in 
fewer than 20 cells. The RcisTarget database, containing transcription factor motif 
scores for gene promoters and around transcription start sites for the hg38 human 
reference genome, was downloaded from https://resources.aertslab.org/cistarget/
databases/homo_sapiens/hg38/refseq_r80/mc9nr/gene_based/, and the expression 
matrix was further filtered to include only genes available in the RcisTarget 
database. The remaining genes were used to compute a gene–gene correlation 
matrix for coexpression module detection using the random forest-based GENIE3 
algorithm62, and the R package SCENIC63 was used to perform transcription factor 
network analysis to detect coexpression modules enriched for target genes of each 
candidate TF from the RcisTarget database. The AUCell63 package was used to 
compute a score for each TF module in each individual cell, as described above in 
‘GO and pathway enrichment analyses’.

To prioritize/identify TF modules showing differential activity in UC versus 
healthy donor cells, AUC score distributions from UC-derived and healthy donor- 
derived cells were compared using the two-sample Kolmogorov–Smirnov test.

TCR analysis. Single-cell TCR clonotypes were assembled using Cellranger 
VDJ software. Single-cell barcodes were then used to link corresponding VDJ 
(variable-diversity-joining TCR gene segments) and gene expression data. 
VDJTools64 was used to compute TCR repertoire statistics and gene segment usage 
for individual samples, as well as cluster-level statistics. Assembled TCR-β-CDR3 
amino acid sequences were used to query VDJdb20 for overlap with known and/or 
public TCR sequences, because the vast majority of the TCR sequence data curated 
in VDJdb are unpaired TRB sequences.

Clonality was defined for each sample individually, as follows: TCR 
clonotypes detected in fewer than three cells were considered unexpanded; 
while typically observation of two clones in a small pool of cells sequenced here 
would be indicative of clonal expansion, we cannot discount the possibility of 
undetected doublets occurring in the data. Furthermore, it has been shown  
that 10x may sometimes generate ‘barcode multiplets’, where one cell is  
indexed by two different barcodes65 and could lead to attributing a TCR  
singlet to more than one cell. Thus, we consider clonotypes as ‘expanded’ based 
solely on this more stringent threshold. The expanded clonotypes were sorted 
based on their frequency and divided into five quantiles per sample, with Q1 
representing the top 20% most expanded clonotypes and Q5 representing the 
bottom 20%.

TCR cluster ‘lineage’ tracing was performed by considering all clonotypes 
shared by cells from more than one cluster. Raw numbers of cluster clonotype 
intersections were analyzed and visualized as upset plots66.

GWAS cell type specificity analysis. The SNPsea algorithm67 was used to test for 
significant enrichment of tissue-specific expression in UC-associated GWAS loci 
genes in CD8+ T-cell clusters. In addition, as nonimmune outgroups, we used 
10x single-cell data from colonic mesenchymal and colonic epithelial single cell 
clusters, as reported in refs. 13,68. IBD-associated locus information was downloaded 
from the GWAS catalog69 from refs. 6,70, which report the largest number of 
UC-associated genomic loci to date. Data from the 1000 Genomes Project71 were 
used to sample matched control single-nucleotide polymorphisms (SNPs) and to 
link SNPs to genes. With single-cell RNA-seq data, for each CD8+ T cell, epithelial 
and mesenchymal cell cluster, a ‘pseudobulk’ dataset was created in health and 
UC separately by summing all UMI counts for each gene in each cluster. Cluster 
pseudobulk counts were normalized by computing size factors (R package DESeq2 
(ref. 47)) to account for differences in cell cluster sizes, and normalized data were 
used as input for SNPsea. SNPsea was then run with the following parameter 
settings: –slop 10e3, –threads 8, –null-snpsets 1000, –min-observations 100, 
–max-iterations 1e7, –score single. FDR rate was calculated using Benjamini–
Hochberg multiple testing correction.

Comparison with single-cell scRNA-seq from TILs. Liver, colorectal and 
breast cancer TIL scRNA-seq datasets were downloaded from Gene Expression 
Omnibus (GEO) (accession nos. GSE98638, GSE114724 and GSE108989)72–74. 
Single-cell analysis, data normalization and clustering analysis for each dataset 
were performed as described above in ‘scRNA-seq analysis’, to standardize 
analysis workflows and parameters between colonic CD8+ data presented here 
and cancer TIL datasets. Clusters obtained from reanalysis of the cancer TIL 
datasets were labeled in accordance with original publications, and cluster 
markers were identified using Seurat negative binomial model likelihood ratio 
tests, modeling sources of confounding variation as covariates, as described 
in ‘scRNA-seq analysis’ and ‘scRNA-seq differential expression analysis and 
marker detection’. The closest cluster counterparts between different datasets 
were identified using the binary cluster marker overlap approach, as described 
in ref. 75. Distances between clusters in different datasets were visualized using 
hierarchical clustering. The R package dendextend76 was used to produce 
visualizations.

CyTOF data analysis. Following acquisition, data were normalized as previously 
described77 and exported as a flow cytometry file (FCS). Each sample was 
manually gated in FlowJo, and FCS files relative to viable CD45+CD3+CD8+ cells 
were exported for downstream analysis. The R package CyTOFkit78 was used for 
downstream analysis. Data were arcsinh transformed with a cofactor of 5, and 
clustering was performed using the algorithm Phenograph79. Cell clusters were 
visualized as either t-SNE or UMAP plots.

Multimodal CyTOF and 10x scRNA-seq data integration was performed by 
alignment of shared factors identified for each dataset by integrative non-negative 
matrix factorization, as implemented in the R package liger22. The CyTOF 
dataset was used a reference. First, mRNA expression matrices were filtered 
out to retain only those genes for which protein expression was available in our 
CyTOF panel. Data in each dataset were normalized individually, as before. The 
optimum number of factors, k (18), was first determined by computing the median 
Kullback–Leibler divergence from uniform for cell factor loadings (‘suggest’ 
function, default parameters) followed by optimization of the penalty parameter 
lambda (function suggestLambda, default parameters). Shared factors between 
datasets were then computed and quantile aligned (functions optimiseALS and 
quantileAlignSNF). Integrated clusters were visualized using the UMAP algorithm. 
Protein and mRNA gene cluster relative expression was visualized as heatmaps 
using the R package pheatmap. CyTOF and mRNA cluster relationships in shared 
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data were visualized as a ribbon plot. To aid clarity, edges denoting <10 cells or 
<5% of total cells for the cluster are not shown.

Quantification and statistical analysis. Unless otherwise stated, all statistical 
comparisons between groups were carried out using two-sided t-tests in Prism. For 
experiments with more than two comparison groups, one-way analysis of variance 
(ANOVA) with Tukey’s correction was used. All tests with P < 0.05 were considered 
statistically significant.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All raw and processed next-generation sequencing data have been deposited 
with GEO under accession nos. GSE148837 and GSE148505. Processed data are 
available as Supplementary Data. Source data are provided with this paper.

Code availability
Code used for data analysis is available at https://github.com/antanaviciute-agne/
singlecellcd8ibd. 
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Extended Data Fig. 1 | Cluster-specific single cell gene expression. UMAP plot overlays showing selected gene expression distribution across clusters. 
Cells from n�=�3 donors per group.
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Extended Data Fig. 2 | Differential gene expression and pathway activities in UC. a, Volcano plot highlighting significantly differentially expressed genes 
(< 5% FDR, in blue) in selected CD8+ sub-clusters between healthy (n�=�3 donors) and UC (n�=�3 donors) samples. Selected genes are labelled. Hurdle 
model likelihood ratio test for differential expression, Benjamini-Hochberg multiple testing correction. b, Emap plot showing clusters of Gene Ontology 
biological process terms enriched in differentially expressed genes between cells in UC (n�=�3 donors) and health (n�=�3 donors). Hypergeometric 
over-representation test, Benjamini-Hochberg multiple testing correction. c, Individual cell AUC score overlay for selected differential canonical pathway 
activities in cells in health (n�=�3 donors) and UC (n�=�3 donors). d, UMAP of CD8+ T cells in health (n�=�3 donors) and UC (n�=�3 donors), clustered by 
gene expression profiles, demonstrating the expression of selected genes associated with higher risks of developing UC (as identified by GWAS studies) 
by particular clusters of cells.
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Extended Data Fig. 3 | Receptor-ligand interactions between CD8+ T-Cells and Epithelial Sub-population. a, Heatmap displaying the total number 
of paracrine CD8+ and epithelial cell sub-cluster receptor-ligand interactions discovered using CellphoneDB in clusters in health (left) and UC (right). 
b, Circos plot showing all putative alterations of cell-cell interaction events in active UC via receptor-ligand pair signalling between T-cell GZMK+ 
effector cells and epithelial cell sub-types. Putative gain of interaction events and loss of interaction events are shown separately for each CD8+ cluster 
viewpoint. Abbreviations: SCs: Stem Cells. SPs: Secretory Progenitors. TAs: transit-amplifying cells. APs: absorptive progenitors. CT Colonocytes: 
Crypt-top colonocytes. EECs: enteroendocrine cells. NC: No change. c, Dotplot of selected significant paracrine receptor-ligand interactions between 
GZMK�+�Effector CD8+ cells (cells from n�=�3 donors per group) and epithelial cells (cells from n�=�3 donors per group) discovered using CellphoneDB. 
CellphoneDB empirical permutation p-value.
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Extended Data Fig. 4 | Distribution of IL26 receptor expression in epithelial and mesenchymal compartments. a, tSNE plots showing expression 
distribution of IL10RA and IL-26 receptor genes, IL10RB and IL20RA, in single cell colonic epithelium dataset in health (n�=�3 donors) and UC (n�=�3 donors) 
from (a) Parikh et al, 2019; (b) colonic mesenchymal dataset in health (n�=�2 donors) and UC(n�=�2 donors) from Kinchen et al, 2018. c, Violin plots 
(median shown) comparing expression of IL-26 receptor genes in health (cells from n�=�3 donors) and UC (cells from n�=�3 donors) in colonic epithelium. d, 
Violin plots (median shown) comparing expression of IL10RA and IL-26 receptor genes in health (cells from n�=�2 donors) and UC (cells from n�=�2 donors) 
in colonic mesenchyme. Undifferentiated cells, encompassing stem cells, transit amplifying cells and secretory and absorptive progenitor cells are denoted 
as ‘Undiff.’.
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Extended Data Fig. 5 | Cluster-specific transcription factor module activities. a, Heatmap visualising relative transcription factor module activity (as AUC 
scores) for all detected transcription factor modules in cells from healthy (n�=�3) and UC (n�=�3) donors. b, UMAP overlay showing selected transcription 
factor network activity distribution at single cell level in cells from healthy (n�=�3) and UC (n�=�3) donors.
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Extended Data Fig. 6 | Exploration of innate-like CD8+ T-cells in health and UC. a. UMAP plot visualising MAIT cell sub-populations in cells from healthy 
(n�=�3) and UC (n�=�3) donors. b. Violin plots (median shown) visualising distributions of selected marker genes for MAIT cell sub-clusters in cells from 
healthy (n�=�3) and UC (n�=�3) donors. c. UMAP plot overlay visualising single cell expression of selected genes in cells from healthy (n�=�3) and UC (n�=�3) 
donors. d. Boxplot showing expression cluster distribution of IEL-specific marker genes in CD8+ sub-populations in cells from healthy (n�=�3) and UC 
(n�=�3) donors. Boxplots show the median, first and third quartiles, 5th percentile as minima and 95th percentile as maxima e. UMAP plot overlay visualising 
single cell expression of selected genes in cells from healthy (n�=�3) and UC (n�=�3) donors.
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Extended Data Fig. 7 | CD8+ TILs share features of exhaustion, but not Type 17 signature with colonic IL26+ cells. a, Hierarchical clustering of CD8+ 
sub-populations detected in UC (cells from n�=�3 donors) together with CD8+ sub-populations detected in liver cancer tumor-infiltrating lymphocytes 
(TILs) (left) (cells from n�=�6 donors), colorectal cancer TILs (middle)(cells from n�=�11 donors) and breast cancer TILs (right) (cells from n�=�1 donor). 
b, Boxplot showing expression of selected exhaustion (top panels) and Type-17/ILC3 (bottom panels) signature genes in colonic CD8+ populations and 
tumour CD8+ TILs. Boxplots show the median, first and third quartiles, 5th percentile as minima and 95th percentile as maxima.
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Extended Data Fig. 8 | Distribution of transcriptomic and proteomic CITE-Seq profiles in health and UC. a, UMAP overlay of donor cell-of-origin 
distribution for mRNA clusters obtained from integrated scRNA-Seq (cells from n�=�3 donors per group) and CITE-Seq cohorts (cells from n�=�7 UC donors 
and n�=�5 HC donors). b, Overlay of original clusters obtained from scRNA-Seq clusters onto the integrated scRNA-Seq (cells from n�=�3 donors per group) 
and CITE-Seq (cells from n�=�7 UC donors and n�=�5 HC donors) cohorts, c, Boxplots showing the proportion of all CD8+ cells for each joint cluster, split 
by original scRNA-Seq (cells from n�=�3 donors per group) and CITE-Seq cohorts (cells from n�=�7 UC donors and n�=�5 HC donors). Boxplots show the 
median, first and third quartiles, 5th percentile as minima and 95th percentile as maxima. d, Overlay of protein expression for selected proteins onto UMAP 
driven by mRNA expression (cells from n�=�7 UC donors and n�=�5 HC donors). e, Quantification of IL-26 protein levels from colonic CD8+ T cells of healthy 
(n�=�6) and UC-inflamed donors (n�=�6) following polyclonal activation with anti-CD3/anti-CD28. Mean and SEM are shown; *P�=�0.0152, two-tailed 
Mann–Whitney test.
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Extended Data Fig. 9 | Heterogeneity of colonic CD8+ T-cells in health and UC by CyTOF. a, Representative gating strategy to identify CD45+ CD3+ CD8+ 
cell population in Mass Cytometry experiments used for further analysis; representative of six samples (n�=�6 donors) where same sorting strategy was 
applied. b, tSNE plot to visualise proportion of Phenograph clusters within CD45+CD3+CD8+ cells from healthy (n�=�3) and UC (n�=�3) donors. Selected 
clusters are annotated based on their phenotype. c, Bar graph showing significant sub-population changes in UC (n�=�3 donors) compared to healthy (n�=�3 
donors). Cluster 1, t�=�10.78, DF�=�4, ***P�=�0.0004; Cluster 3, t�=�4.354, DF�=�4, *P�=�0.0121; Cluster 4, t�=�3.072, DF�=�4, *P�=�0.0372; Cluster 9, t�=�3.476, 
DF�=�4, *P�=�0.0254; Cluster 12, t�=�3.287, DF�=�4, *P�=�0.0303; Cluster 14, t�=�5.911, DF�=�4, **P�=�0.0041. Mean and SEM are shown; two-tailed unpaired 
t-test. d, tSNE overlay of selected protein expression markers in cells from healthy (n�=�3) and UC (n�=�3) donors.
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Extended Data Fig. 10 | IL26 attenuates severity of acute DSS colitis and induces transcriptional changes at baseline in a humanised mouse model. a, 
Representative photomicrographs of H&E-stained colonic tissues of wild-type (WT, n�=�4) and humanized IL-26 transgenic (hIL-26Tg, n�=�4) mice (original 
magnification: 20×) at steady state. b, Colonic inflammatory scores for chronic inflammation, active inflammation, transmural index and percentage of 
ulceration (n�=�4 control mice, n�=�6 DSS treatment mice, n�=�5 DSS treatment + anti-IL26 mice) in hIL-26Tg and WT mice at steady state and post-DSS 
challenge. F�=�4.230, DF�=�2, *P�=�0.0438 (hIL26Tg DSS vs. hIL26Tg with anti-IL26 DSS); mean and SEM shown, one-way ANOVA (Tukey’s multiple 
comparison test). c, Comparative expression of selected genes under DSS challenge between WT (n�=�3 DSS, n�=�4 control mice) and hIL-26Tg mice 
(n�=�4 mice per group), demonstrating lower inflammatory signatures in hIL-26 expressing Tg mice. Boxplots show the median, first and third quartiles, 
5th percentile as minima and 95th percentile as maxima d, Cytokine, chemokine and epithelial cell markers mRNA expression measured by qPCR in 
whole-colon tissue from experimental mice (n�=�4 control, n�=�6 DSS treatment, n�=�5 DSS treatment + anti-IL26 mice). Expression was averaged for mice 
within each group and converted to z scores.
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Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection See below (Data Analysis) for full description of collection software as used for Data analysis. 
Software for Collection included:   
Flow cytometry (FACS) - BD FACS Diva Software (BD FACS Aria IIIu machine & BD FACS LSR II machine) 
Cytometry Time of Flight (CyTOF) Data acquisition - Fluidigm CyTOF Software v6.7 (Helios 2 CyTOF machine) 
Imaging - Aperio ImageScope - Pathology Slide Viewing Software v12.3.3 (Aperio ScanScope AT Turbo, Leica microscope) 
RT-PCR - ThermoFisher QuantStudio 7-Flex system v1.3 
Base Calling (Novaseq) - Novaseq analyse viewer v2.4.7 
BCL2FastQ conversion - Termius v5.11.0

Data analysis Histological scoring of biopsy specimens was perform picard-tools/2.3.0ed in a blinded fashion, with scores entered analysed and 
presented using GraphPad PRISM v8.1.0 (https://www.graphpad.com/scientific-software/prism/). 
Quantitative RT-PCR: Initial quantification of results using Quantstudio Software (Thermofisher) with raw data then presented using 
Prism (Graphpad) . 
Mouse biopsy slide Images viewed using QuPath v0.1.2 (https://github.com/qupath/qupath/releases/tag/v0.1.2). 
 
The following packages were used to Analyse the CyTOF data: 
FlowJo v10.5.3 (https://www.flowjo.com/solutions/flowjo/downloads) - Gating individual populations 
Cytofkit v1.10.0 (https://bioconductor.org/packages/3.6/bioc/html/cytofkit.html) and RPhenograph (https://github.com/
JinmiaoChenLab/Rphenograph) - Clustering and comparisons between clusters. 
 
The following packages were used to analyze the sequencing data: 
FastQC Version 0.11.8 Software (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) - Raw sequence data quality control 
software. 
Samtools Version 1.9.0 - Aligned sequence data processing 
MultiQC Version 0.9 - Sequence data quality control  
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Cell Ranger Software (https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest) - Aligning, Processing 
and Summarizing UMIs against the Human Reference Genome.  
SNPsea software, Version 1.0.3 - Over-representation testing of tissue-specific expression of GWAS loci genes. 
STAR Version 2.4.2 - Transcriptome alignment. 
Cutadapt Version 1.16 - Sequence data trimming  
 
R Version 3.5.3 - Language for statistical analysis. The following packages were used in addition to base installation: 
 
Seurat Bioconductor R Package, Version 2.3.2 - single cell data QC, normalisation, clustering and differential gene expression analysis.  
Monocle Bioconductor R Package, Version 2.8.0 - single cell data trajectory analysis. 
Cyclone, scran Bioconductor R Package, Version 1.6.9 - cell cycle score annotation. 
M3Drop, R Package, Version 1.6.0 - Highly variable gene selection for single cell dimensionality reduction.  
irlba, R Package, Version 2.3.2 - Principal component analysis. 
clusterProfiler, Bioconductor R Package, Version 3.6.0 - Gene Ontology enrichment analysis. 
ggplot2, R Package, Version 2.2.1 - Plotting package. 
DESeq2, Bioconductor R Package, Version 1.20.0 - Differential expression analysis of bulk /pseudobulk RNA sequencing data. 
liger, Version 0.4.1 - multi-modal data integration 
DoubletFinder, Version 2.0.1 - Multiplet identification 
SCENIC, Version 1.1.2-2 - Transcription Factor Analysis 
RcisTarget, Version 1.2.1 - Transcription Factor Analysis 
AUCell, Version 1.4.1 - Gene set cell scoring and transcription factor analysis 
umap, Version 0.2.2.0 - UMAP visualisations 
MAST, Version 1.8.2 - Single Cell differential gene expression 
randomForest, Version 4.6-14 - RF classifiers 
caret, Version 6.0-84 - RF classifier feature selection 
DropletUtils, Version 1.2.2 - data cleaning and cell identification 
 
Additional general software: 
 
VDJTools - https://github.com/mikessh/vdjtools 
VDJDB (30th January 2019 Update Version)- https://vdjdb.cdr3.net/ 
CellPhoneDB v2.0 (https://github.com/Teichlab/cellphonedb) on Python v3.6.8 - Receptor-Ligand analysis 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

All raw sequencing data (scRNA, CITE-seq and Mouse tissue bulk RNA) has been made publicly available through the following GEO accessions: GSE148837 and 
GSE148505.  
Code used for data analysis is available at https://github.com/antanaviciute-agne/singlecellcd8ibd 
Publicly available datasets used in the analysis: 
TIL datasets: GEO: GSE98638, GEO: GSE108989 , GEO: GSE114724 
Epithelial datasets: GEO: GSE116222 
Colonic CD45+ dataset: DUOS-000110, available through Broad Data Use Oversight System  
Colonic mesenchymal dataset: GSE95446

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No formal sample size calculation was performed for samples. For mouse experiments, sample sizes (3-4 mice) were rationalized by balancing 
sufficient replication to detect moderate effect sizes with reduction of total animals used. For human single cell experiments, 3 samples from 
healthy and inflamed UC were chosen for single cell sequencing to allow for patient variability with the aim of capturing a minimum of 1000 
single cells per donor, which would allow for detection of CD8+ cell sub-populations at ~1-2% rarity. The validation CITE-Seq cohort used 
additional 7 UC patients and 5 healthy controls.  For CyTOF analysis, an initial cohort of 3 healthy and 3 UC samples were used. For PMA-
ionomycin stimulation experiment, additional 4 healthy and 3 UC samples were used. Key findings were validated by qPCR in an independent 
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cohort of 5 healthy and 15 UC donors (across 17 independent samples). These sample sizes were deemed sufficient as gene expression 
patterns and cell populations detected were highly reproducible between initial and validation cohorts.

Data exclusions For CITE-Seq, a single non-UC colitis control sample and a single UC from a non-inflamed region of the colon were excluded from the analysis. 
These samples were included in the sample pools to increase the overall number of samples in the hashed pools and thereby increase the 
quality of the pools by introduction of additional tags to aid multiplet detection, as no additional inflamed UC or healthy control samples were 
available at the time. For single cells, cell barcodes were excluded as detailed in the methods based on the following criteria: cell barcodes 
above 5% FDR, as determined by emptyDrops, cells with total mitochondrial content >15%, cells determined as putative doublets by 
DropletUtils. For CITE-Seq, in addition to the criteria above, cells positive for multiple hashing antibody tags  or negative for all hashing 
antibody tags were filtered out (99th percentile, as detailed in methods).

Replication All single cell experiments, Cytometry Time-of-Flight (CyTOF) and mouse experiments  were performed in triplicate or more in order to ensure 
reliability and reproducibility of results. All major findings were replicated in a validation cohort using CITE-Seq. Exact quantification for each 
replicate is described in methods and figure legends.

Randomization For CITE-Seq, UC inflamed and control samples were randomised across sample pools in order to minimise batch effects. Histological sections 
were randomised prior to blinded scoring. Other samples were not randomised as appropriate biological controls were included in all other 
experiments. 

Blinding Histological sections from mice were scored for inflammation by an experienced pathologist in a blinded fashion. The results were then 
communicated back to the principal investigators who matched them back to the experimental conditions. NGS library preparation and 
sequencing was performed by lab personnel unaware of individual sample types. In other areas, blinding was not necessary as experimental 
read-outs were automated (ELISA, FACS, qPCR).

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used CyTOF Antibodies: 

CD45 HI30 89Y Fluidigm 3089003B (lot 0381908) (100X) 
CD3 Qdot 605 UCHT1 111-116 Cd CyTOF Invitrogen Q10054 (lot 2040166) (250X) 
CD57 HCD57 115 In Biolegend 322325 (lot B196969)* (100X) 
CD196 (CCR6) G034E3 141 Pr Biolegend 353427 (lot 0751707) (100X) 
Granzyme B GB11 144 Nd Abcam Ab103159 (lot GR280921-3) * (200X) 
CD4 RPA-T4 145 Nd Biolegend 300516 (lot B213445)* (100X) 
LAG3 11C3C65 146 Nd Biolegend 369302 (lot B228374)* (100X) 
TIM-3 7D3 147 Sm BD 565768 (lot 6242612)* (100X) 
TNF-alpha Mab11 148 Nd Biolegend 502922 (lot B220533)* (100X) 
CD56 (NCAM) NCAM16.2 149 Sm BD 559043 (lot  7041682)* (200X) 
IL-22 22URTI 150 Nd DVS Sciences 3150007B (lot 2371412) (200X) 
CD103 Ber-ACT8 151 Eu Fluidigm 3151011B (lot 2381606) (100X) 
TCRgd 11F2 152 Sm Fluidigm 3152008B (lot 0441915) (50X) 
TCR Va7.2 3C10 153 Eu Fluidigm 3153024B (lot 0331601) (100X) 
IL-23R (PE) 218213 PE R&D FAB14001P (lot YAX1014071) (100X) 
anti-phycoerythrin (PE) PE001 154 Sm Biolegend 408102 (lot B201392)* (100X) 
CD279 (PD-1) EH12.2H7 155 Gd Fluidigm 3155009B (lot 2411725) (100X) 
CXCR6 K041E5 156 Gd Biolegend 356002 (lot B202393)* (100X) 
CD27 L128 158 Gd DVS Sciences 3158010B (lot 0421404) (100X) 
FOXP3 259D/C7 159 Tb BD 560044 (lot 8046558)* (100X) 
MIP1b D21-1351 160 Gd Fluidigm 3160013B (lot 0981518) (100X) 
LAYN 3F7D7E2 161 Dy Sino Biological 10208 MM02 (lot HB12OC3003)* (100X) 
CD337 (NK-p30) P30-15 162 Dy Biolegend 325202 (lot B226329)* (100X) 
IL-17 BL168 163 Dy Biolegend 512331 (lot B218932)* (50X) 
KI67 Ki-67 164 Dy Biolegend 350523 (lot B196966)* (100X) 
CD185 (CXCR5) RF8B2 166 Er BD 552032 (lot 70226764)* (100X) 
CD197 (CCR7) G043H7 MAB197 167 Er R&D Systems  (lot FNP1014051)* (100X) 
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CD161 HP-3G10 168 Er Biolegend 339919 (lot B216481)* (100X) 
KIR2DL4/CD158 181703 169 Tm R&D MAB2238 (lot KMC0318081)* (100X) 
 CD335 (NK-P46) 9 E2 170 Er Biolegend 331902 (lot B248469) (100X) 
CD160 BY55 171 Yb Biolegend 341202 (lot B198739)* (100X) 
CD25 (IL-2R) M-A251 172 Yb Biolegend 356102 (lot B186008)* (200X) 
CD39 A1 173 Yb Biolegend 328221 (lot B204310)* (100X) 
BATF 9B5A13 174 Yb Biolegend 654802 (lot B166356)* (50X) 
CD137 4B4-1 175 Lu Biolegend 309802 (lot B227357)* (100X) 
IFNg B27 176 Yb Biolegend 506502 (lot B141419)* (100X) 
CD8 RPA-T8 198 Pt Biolegend 301018  (lot B201679)* (33.3X) 
CD16 3G8 209Bi Fluidigm 3209002B (lot 3241802) (100X) 
 
FACS Antibodies: 
CD3 UCHT1 BV711 BD 563724 (lot 7193553) (60X) 
CD8 SK1 APC-R700 FACS BD 565192 (lot 7205806) (60X) 
CD45 5B1 FITC Miltenyi 130-113-679 (lot 5190814392) (250X) 
EPCAM 9C4 BV785 Biolegend 324237 (lot B262589) (50X) 
IL20Ra 173714 PE RnD FAB11762P (lot LUN0219041) (3.3X) 
IL10Rb 90220 AF647 RnD FAB874R-100UG (lot 1555514) (10X) 
 
In vivo experiments (Mice): 
IL-26 69-10 Unconjugated, Juntendo University  
IgG1,k isotype control MG1-45 Unconjugated. Invitrogen 14-4714-85 
 
CITE-Seq Antibodies (All Diluted 100X - 0.5ug per 2 million cells): 
CD4 SK3   Biolegend 344651 (lot B286667) 
CD45RO UCHL1   Biolegend 304259 (lot B282646) 
PD1 EH12.2H7   Biolegend 329963 (lot B284413) 
NKp46 9E2   Biolegend 331941 (lot B273791) 
CCR6 GO34E3   Biolegend 353440 (lot B283733) 
CD103 BERACT8   Biolegend 350233 (lot B286671) 
CD69 FN50   Biolegend 310951 (lot B292296) 
CCR7 G043H7   Biolegend 353251 (lot B282156) 
CTLA-4 BN13   Biolegend 369621 (lot B286666) 
LAG3 11C3C65   Biolegend 369335 (lot B289278) 
TIM3 E38-2E2   Biolegend 345049 (lot B286676) 
NKp44 P44-8   Biolegend 325119 (lot B288070) 
TNFRSF9 4B4-1   Biolegend 309839 (lot B284403) 
NKp30 P30-15   Biolegend 325219 (lot B282265) 
Anti-Human Hashtag 1 LNH-94 & 2M2   Biolegend 394661 (lot B282243) 
Anti-Human Hashtag 2 LNH-94 & 2M2   Biolegend 394663 (lot B293608) 
Anti-Human Hashtag 3 LNH-94 & 2M2   Biolegend 394665 (lot B282244) 
Anti-Human Hashtag 4 LNH-94 & 2M2   Biolegend 394667 (lot B282246) 
Anti-Human Hashtag 5 LNH-94 & 2M2   Biolegend 394669 (lot B282245)

Validation Flow cytometry, CITE-Seq, Hashtag and Mass cytometry antibodies validated internally by suppliers on the respective product 
websites, all validated against human antigens. Multiple clone citations, exemplars below: 
CD45 (HI30) - Lavin Y et al. 2017. Cell. 169(4):750-765 
CD3 (UCHT1) - Mayassi T, et al. 2019. Cell. 176:967 
CD57 (HCD57) - Naluyima P, et al. 2019. J Immunol. 203:2210 
CCR6 (G034E3) - Qu K et al. 2017. Cancer cell. 32(1):27-41 
Granzyme K (GM26E7) - de Andrade LF, et al. 2019. JCI Insight. 4:e133103 
Granzyme B (GB11) - Zhang J, et al. 2018. Nature. 553:91 
CD4 (RPA-T4) - Park MJ, et al. 2019. J Immunol. 203:127 
LAG3 (11C3C65) - Yeo L, et al. 2018. J Clin Invest. 128:3460 
TIM3 (7D3) - Wang F, et al. 2009. Immunobiology. 214(5):342-349 
TNFalpha (Mab11) - Sun Z, et al. 2019. J Cell Mol Med. 23:887. 
CD56 (NCAM16.2) - Gerosa F, et al. 2002. J Exp Med. 195:327-333 
IL-22 (22URTI) - Chen X, et al. 2018. Oncol Lett. 16(1):253-261 
CD103 (BerACT8) - Tew G, et al. 2016. Gastroenterology. 150:477-487 
TCRgd (11F2) - Blink SE et al. 2009. Curr Mol Med. 9(1):15-22 
TCR Va7.2 (3C10) - Keller A, et al. 2017. Nat Immunol. 18:402-411 
IL23R (218213) - Dendrou et al. 2016. Sci Transl Med 2;8(363) 363ra149 
Anti-PE (PE001) - Del Alcazar D, et al. 2019. Cell Rep. 28:3047 
PD-1 (EH12.2H7) - RY H, et al. 2016. Oncoimmunology. 6:e1249561 
CXCR6 (K041E5) - Swadling L, et al. 2020. Cell Rep. 30:687.  
CD27 (L128) - Elrefaei M, et al. 2003. Immunology. 110:513-518. 
FOXP3 (259D/C7) - Giovanna R et al. 2005 Eur J Immunol. 35 
MIP1b (D21-1351) - Marquardt N et al. 2019. Nat Comm. 10(1) 3841 
LAYN (3F7D7E2) - Zheng C et al. 2017. Cell. 169(7) 1342-1356.e16 
NKp30 (P30-15) - Sadallah S, et al. 2016. J Immunol. 197: 1663 - 1671 
IL17 (BL168) - Nobs SP, et al. 2017. J Exp Med. 214:3015. 
KI67 (Ki-67) - Eccles JD, et al. 2020. Cell Rep. 30:351. 
CXCR5 (RF8B2) - Gunn MD et al. 1998. Nature. 391(6669):799-803. 
CCR7 (G043H7) - Del Alcazar D, et al. 2019. Cell Rep. 28:3047 
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CD161 (HP-3G10) - Cardoso V et al. 2017. Nature. 549:277. 
KIR2DL4 (181703) - Takei Y et al. 2017. Oncotarget. 8(23) 36964-36972 
NKp46 (9 E2) - Mandelboim O et al, 2001. Int J Biochem Cell Biol. 33(12):1147-1150 
CD160 (BY55) - Jensen S, et al. 2015. PLoS One. 10: e0139573. 
CD25 (M-A251) - Lavin Y et al. 2017. Cell. 169(4):750-765  
CD39 (A1) - Olin A et al. 2018. Cell. 174(5):1277-1292 
BATF (9B5A13) - Ma Y et al. 2017. Cell host & microbe. 21(5):580-591 
CD137 (4B4-1) - Lavin Y et al. 2017. Cell. 169(4):750-765 
IFNg (B27) - Lavin Y et al. 2017. Cell. 169(4):750-765  
CD8a (RPA-T8) - Hebbandi NR, et al. 2017. Cell. 171:655 
CD16 (3G8) - Dutertre CA et al. 2019. Immunity. 51(3):573-589 
CD3 (SP34-2) - Carter DL et al. 1999. Cytometry. 37(1):41-50. 
CD8 (SK1) - Shehata L, et al. 2019. Nat Commun. 10:1126. 
CD45 (5B1) - Kurian, L. et al. 2013. Nat. Methods 10(1): 77-83 
EPCAM (9C4) - Gee MH, et al. 2018. Cell. 172:549 
IL20RA (173714) - Maarof G et al. 2010. Blood. 115(9): 1718-26 
IL10RB (90220) - Charbit-He F et al. 2018. PLoS ONE. 13(10) e0205826 
CD4 (SK3) - Lima J, et al. 2016. Reprod Sci. 10.1177/1933719116653680 
CD45RO (UCHL1) - Shan L, et al. 2017. Immunity. 47:766 
NKp46 (9E2) - Sanz-Ortega L, et al. 2019. Front Immunol. 1.85625 
CCR6 (G034E3) - Ivan Jelcic et al. 2018. Cell. 175(1):85-100 
CD69 (FN50) - Lee YG, et al. 2019. Nat Commun. 10:2681 
CCR7 (G043H7) - Bradley T et al. 2018. Cell reports. 25(1):107-117 
CTLA4 (BNI3) - Franchini DM et al. 2019. Cell reports. 26(1):94-107 
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CD298 (LNH-94) - Kurelac I, et al. 2019. Nat Commun. 10:903 
Anti-Human B2 Microglobulin (2M2) - Chung H et al. 2018. Cell. 172(4):811-824  
 
Starred (*) Antibodies were obtained unconjugated, then conjugated for use internally using the Maxpar conjugation kit 
(Fluidigm) as described in the Methods.   
The antibodies used in in vivo experiments were developed as described by Itoh et al, J Invest Dermatol 2019 Apr;139(4): 
878-889 (Ref 86 in Manuscript)

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Mice - C57BL/6 (B6) mice and  hIL-26Tg mice - These were B6  mice carrying a 190-kb BAC transgene with human IFNG and IL26 
gene, developed in Thomas Aune’s laboratory (see reference 73 for details of mice including confirmed tissue expression of 
hIL26 in the colon). 
Mice were housed in a specific pathogen-free facility in micro-isolator cages with ad libitum access to autoclaved water and 
sterile standard food.  
Male and Female B6 and hIL-26Tg mice at 10-14 weeks of age were used for the DSS-induced colitis model. Male and Female 
mice at 20-24 weeks of age were used for the analysis of spontaneous ileitis and colitis

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve the use of field-collected samples.

Ethics oversight Performed under the Ethical approval for animal research obtained by the School of Medicine, Juntendo University (Tokyo, 
Japan)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics For Single cell RNA sequencing, CITE-Seq and CyTOF analysis, biopsies were collected from volunteers attending endoscopy for 
routine colonoscopic screening (healthy) or as part of ongoing clinical care (UC patients) (Full patient demographic details are 
presented in Supplementary Table 1). For UC, we utilized tissue derived from patients with a proven clinical and histological 
diagnosis. Tissue was sampled from clinically inflamed distal colon regions by the endoscopist performing the procedure. Donors 
ranged from 17 to 88 years of age, with a mix of male (n=26) and female(n=31) donors across all patient experiments.

Recruitment Patients presenting to the Oxford University Hospitals NHS Foundation Trust for assessment of their gastrointestinal health using 
endoscopy were approached at random. Clinical, Endoscopic and Histological findings were used to categorise the patients as 
having healthy mucosa or having ulcerative colitis, with severity scores recorded by the clinician performing the procedure 
contemporaneously. The patient and scoring clinician were blinded as to the subsequent use of their samples. The patients were 
selected at random from the available cohort and collected across the UK; therefore it is unlikely that any demographic biases 
occur, other than those that reflect the general population of the UK.
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Ethics oversight The collection and use of Biobank samples was performed by Clinical Research Nurses under three parallel Biobank cohorts  
approved by the following NHS Research Ethics Committee(s) : West Midlands (18/WM/0237 and IBD 09/H1204/30) and 
Yorkshire and Humber (GI 16/YH/0247)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For flow cytometry sorting samples were processed identically to those described in methods section. Following this they were 
then washed with FACS buffer (50ml PBS  with 2% Fetal Calf Serum and 0.25mM EDTA) and were then stained with appropriate 
antibodies (Flow cytometry/CITE-seq) at pre-optimized concentrations for 30 minutes. Samples were then washed and sorted 
directly as described without fixation. Prior to running samples compensations were calculated with an unstained cellular control 
and compensation beads (BD). 

Instrument BD FACS Aria IIIu, BD FACS LSR II

Software BD FACS Diva Software, with Quantification performed using FlowJo v10.5.3

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the samples 
and how it was determined.

Gating strategy Sorting CD8 T cells for Single-Cell RNA Sequencing: Cells were gated based on size using Forward and Side scatter, followed by 
identification of singlets using FSC-H and FSC-A. After gating on Live cells, we gated on CD3 positive cells. From these, the CD8 
positive fraction was sorted for single cell sequencing. 
FACS Analysis for IL26 Receptor: Cells were gated based as above to identify Live cells. From here, we identified CD45+, EPCAM+ 
and double negative (Stromal) populations. Within each of these sub-categories, we identified cells double positive for IL20RA 
and IL10RB (using FMO controls and pre-optimized antibody concentrations).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Arf1 and Arf6 Synergistically Maintain Survival of T Cells
during Activation

Mami Sumiyoshi,* Yui Kotani,*,† Yuki Ikuta,† Kazutomo Suzue,‡ Madoka Ozawa,x

Tomoya Katakai,x Taketo Yamada,{ Takaya Abe,‖ Kana Bando,‖ Shigeo Koyasu,#

Yasunori Kanaho,** Toshio Watanabe,† and Satoshi Matsuda*

ADP-ribosylation factor (Arf) family consisting of six family members, Arf1–Arf6, belongs to Ras superfamily and orchestrates

vesicle trafficking under the control of guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins. It is well

established that brefeldin A, a potent inhibitor of ArfGEFs, blocks cytokine secretion from activated T cells, suggesting that the

Arf pathway plays important roles in T cell functions. In this study, because Arf1 and Arf6 are the best-characterized members

among Arf family, we established T lineage–specific Arf1-deficient, Arf6-deficient, and Arf1/6 double-deficient mice to understand

physiological roles of the Arf pathway in the immune system. Contrary to our expectation, Arf deficiency had little or no impact

on cytokine secretion from the activated T cells. In contrast, the lack of both Arf1 and Arf6, but neither Arf1 nor Arf6 deficiency

alone, rendered naive T cells susceptible to apoptosis upon TCR stimulation because of imbalanced expression of Bcl-2 family

members. We further demonstrate that Arf1/6 deficiency in T cells alleviates autoimmune diseases like colitis and experimental

autoimmune encephalomyelitis, whereas Ab response under Th2-polarizing conditions is seemingly normal. Our findings reveal

an unexpected role for the Arf pathway in the survival of T cells during TCR-induced activation and its potential as a therapeutic

target in the autoimmune diseases. The Journal of Immunology, 2021, 206: 000–000.

T
he ADP-ribosylation factor (Arf) proteins are small
GTPases belonging to the Ras superfamily and orches-
trate intracellular protein trafficking under the control of

their activators, guanine nucleotide exchange factors (GEFs), and
inhibitors, GTPase-activating proteins (GAPs) (1, 2). Mice have
six Arf isoforms (Arf1–Arf6), whereas Arf2 has been lost in hu-
mans (2). Among Arf family proteins, Arf1 and Arf6 are best
characterized (3). Initial studies demonstrate that Arf1 regulates
formation of coated vesicles mainly at the Golgi apparatus, as do
Arf2-5, whereas Arf6, the most divergent isoform from Arf1,
functions at the plasma membrane (4–7). Several reports have
demonstrated, however, that both Arf1 and Arf6 facilitate migra-
tion of cancer cells by regulating integrin localization (8–10),
indicating that Arf1 and Arf6 play overlapping roles at least
in some circumstances. It has also been shown that Arf1 as
well as Arf6 is involved in the activation of mTOR via PLD-
mediated phosphatidic acid generation (11–13). Moreover, by

using tissue-specific gene knockout strategy, Arf1 and Arf6 are
revealed to play a critical role in the nervous system through
Schwann cell myelination (14, 15). It is of interest to note that
Arf6-GAP SMAP1 and Arf1-GAP SMAP2 synergistically regulate
early embryonic development (16), also suggesting the genetic
linkage between Arf1 and Arf6 during initial steps in ontogeny.
In contrast, physiological roles of Arf family proteins in the im-
mune system remain obscure.
Given that the intracellular protein trafficking system controls a

diverse array of cellular responses, including proliferation, dif-
ferentiation, and cell migration, one can assume that this is also the
case with the immune responses. In fact, Rab family of small
GTPases modulates TCR signal transduction through TCR recy-
cling as well as trafficking various components to the immu-
nological synapse (17, 18). In addition, Rab27a regulates the
secretion of the lytic granules from cytotoxic T lymphocytes (19),
and mutations in RAB27A gene are known to be associated with
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Griscelli syndrome type II in human (20). It has also been shown that
CRACR2A, another member of Rab family, is involved in T cell
activation by regulating vesicle trafficking to the immunological
synapse (21). As is the case with Rab family, it seems likely that the
Arf pathway contributes to T cell function as well. Accordingly,
brefeldin A, a potent inhibitor of ArfGEFs, blocks the cytokine se-
cretion from activated T cells, raising the possibility that Arf family
proteins play important roles during T cell activation (22, 23).
To unmask the functional role of the Arf pathway in T cell, we

established T lineage–specific Arf-deficient mice and found that
the lack of both Arf1 and Arf6 renders T cells susceptible to ap-
optosis during activation. In contrast, contrary to our expectation,
Arf deficiency had no impact on cytokine secretion. We also show
that the Arf-deficient mice are resistant to Th17-mediated diseases
while Ab responses are intact.

Materials and Methods
Mice

All mouse strains used in this study were backcrossed to C57BL/6 for at
least seven generations. The floxed Arf1 (Arf1fl/fl) mouse line (accession
no. CDB1027K; http://www2.clst.riken.jp/arg/micelist.html) was estab-
lished (detailed characterization was described in Supplemental Fig. 1) and
crossed with Lck-Cre (24) along with Arf6fl/fl mice (14). Age-matched
Arf1+/+: Arf6+/+ and Lck-Cre mice or cohoused Arf1fl/+: Arf6fl/+: Lck-Cre
and Arf1fl/fl: Arf6fl/fl littermates were used as a control. Rag22/2 mice
(stock number RAGN12) were obtained from Taconic. Mice systemically
expressing tdRFP (referred to in this article as RFP mice) were derived
from Rosa26-tdRFP reporter mice (kindly provided by H. J. Fehling,
University of Ulm, Ulm, Germany) (25). We used male and female mice
aged between 7 and 12 wk in all experiments unless otherwise stated. All
mice were maintained in a specific pathogen-free facility and used
according to our institutional guidelines.

Cell preparation

Naive (CD44loCD62LhiCD252) or effector (CD44hiCD62LloCD252) CD4+

T cells were obtained from splenocytes by using a MojoSort Mouse CD4
T Cell Isolation Kit (BioLegend), followed by cell sorting on a FACSAria III
(BD Biosciences). RPMI 1640 (Fujifilm) supplemented with 10% FCS
(HyClone), 55 mM 2-ME, 100 U/ml penicillin, 100 mg/ml streptomycin,
nonessential amino acids, 1 mM sodium pyruvate, and 10 mM HEPES was
used as a culture medium. Cytokines used in this study were purchased from
BioLegend. Naive CD4+ T cells were stimulated either with immobilized
anti-CD3ε mAb (5 mg/ml) and 1 mg/ml soluble anti-CD28 mAb or 10 ng/ml
IL-7 in 24-well plates. In some experiments, T cells were activated in the
presence of 20 ng/ml IL-2, 20 ng/ml IL-4, 20 ng/ml IL-7, 50 ng/ml IL-21, or
50 mM Z-VAD-FMK (MBL). In vitro Th differentiation was induced with
10 ng/ml IL-12 (Th1), 10 ng/ml IL-4 (Th2), 10 ng/ml IL-2 and 20 ng/ml
TGF-b (regulatory T cell [Treg]), 30 ng/ml IL-6 and 3 ng/ml TGF-b
(nonpathogenic Th17), or 30 ng/ml IL-6, 50 ng/ml IL-23, 30 ng/ml IL-1b,
and 1 mg/ml anti–IL-2 Ab (pathogenic Th17), followed by stimulation with
Dynabeads Mouse T-Activator CD3/CD28 (Thermo Fisher Scientific). To
isolate lamina propria (LP) lymphocytes, the colon was digested with HBSS
containing 1.3 mM CaCl2, 0.5 mMMgCl2, Liberase TM (200 mg/ml; Roche
Diagnostics), and DNase I (10 mg/ml; Roche Diagnostics) after removing
intraepithelial lymphocytes with HBSS containing 5 mM EDTA and 1 mM
DTT. LP lymphocytes were obtained from the 40/80% Percoll (GE
Healthcare) interface after centrifugation of the digested colon at 9203 g for
20 min at 25˚C.

Quantitative PCR

Total RNAwas extracted using RNeasy Micro Kit (QIAGEN), followed by
PrimeScript RT Master Mix (Takara) reaction. THUNDERBIRD SYBR
qPCRMix (Toyobo) was used to evaluate gene expression on a Rotor-Gene
Q (QIAGEN). Primers used were as follows: Arf1, 59-ACAGAGAGC-
GTGTGAACGAG-39 and 59-TGGCCTGAATGTACCAGTTC-39; Arf6,
59-TCCTAATGAGCGTCCTCCAC-39 and 59-TCCTAGGAATGGGTTT-
TGGA-39; and Cyclophilin A, 59-ATGGCACTGGCGGCAGGTCC-39 and
59-TTGCCATTCCTGGACCCAAA-39.

ELISA

Concentrations of IL-2, IFN-g, IL-4, and IL-17A in culture supernatants
(1 3 105 cells/ml) were detected with ELISA Max Deluxe (BioLegend).

To evaluate OVA-specific Ab response, mice were primed i.p. with 100 mg
of OVA (Sigma-Aldrich) along with Imject Alum adjuvant (Thermo Fisher
Scientific) and boosted 14 d later. Alternatively, mice were immunized i.p.
with 25 mg of OVA along with Sigma Adjuvant System (SAS; Sigma-
Aldrich). On day 28, sera were subjected to ELISA in 96-well plate coated
with 10 mg/ml OVA along with HRP-linked anti-mouse IgG F(ab9)2 Ab
(GE Healthcare). Fecal extract was obtained with 20% w/v PBS containing
2 mM PMSF and 0.2 mg/ml benzamidine, and IgA was quantified by
ELISA using SBA Clonotyping System-C57BL/6-HRP (SouthernBiotech).

Abs

Abs used in this study were as follows: Mcl-1 (no. 600-401-394) from
Rockland Immunochemicals; Erk2 (D2) from Santa Cruz Biotechnology;
CD4 (GK1.5), CD8 (53-6.7), and CD62L (MEL-14) from Tonbo Biosci-
ences; CD44 (IM7), CD25 (PC61), IL-17A (TC11-18H10.1), CD98
(RL388), CD71 (RI7217), CD45.1 (A20), CCR7 (4B12), and annexin V
(no. 640912) from BioLegend; Foxp3 (MF23) and CXCR5 (2G8) from BD
Biosciences; PD-1 (RMPI-30) from eBioscience; HSP90 (no. 4874),
phospho-S6 ribosomal protein (Ser235/236) (D57.2.2E), Bim (no. 2819),
Bcl-2 (D17C4), and Bcl-xL (54H6) from Cell Signaling Technology.

Flow cytometry

Isolated cells were stained with the appropriate Abs along with
7-aminoactinomycin D (7-AAD; Sigma-Aldrich). To evaluate cell prolifer-
ation, cells (2.5 3 106 cells/ml in PBS) were labeled with 3 mM Cell Pro-
liferation Dye eFluor 450 (eF450; eBioscience) at 37˚C for 5 min, followed
by washing with the culture medium. For intracellular staining of cytokines
and transcription factor, cells were stimulated with PMA and ionomycin in
the presence of brefeldin A (eBioscience) for 4 h, followed by treatment with
Fixation and Permeabilization Buffer (eBioscience) or Cytofix/Cytoperm
(BD Biosciences). Glucose uptake was assessed by using 2-NBDG
(Thermo Fisher Scientific) (26). Reactive oxygen species (ROS) were
measured by incubation for 30 min at 37˚C with 5 mM CellROX Deep Red
(Thermo Fisher Scientific) after staining of surface makers. To assess the
impact of ROS on cell survival, CD4+ T cells were stimulated with or
without 10 mM N-acetyl-L-cysteine (NAC) for 3 d, followed by evaluation
with annexin V and 7-AAD staining according to the manufacturer’s in-
structions (BioLegend). For the analysis of the sub-G1 population, cells were
fixed and permeabilized with 75% ethanol and stained with 10 mg/ml 7-AAD.
Data were acquired on an FACSCanto II (BD Biosciences) and analyzed with
FlowJo Software (Tree Star).

Immunofluorescence

The spleen, mesenteric lymph node (MLN), and Peyer patches (PPs) were
fixed with 1% paraformaldehyde. After fixation, tissues were equilibrated
gradually with 10, 20, and 30% sucrose in PBS at 4˚C, embedded in O.C.T.
compound (Sakura Finetek), and frozen at 280˚C. Frozen sections (10 mm)
were made using a cryostat (Leica Biosystems) and postfixed with cold
acetone for 3 min. Sections were stained with PE-conjugated anti-CD3ε
(145-2C11), Alexa Fluor 488–conjugated anti-B220 (RA3-6B2) (eBioscience),
and anti-desmin (Abcam), followed by Alexa Fluor 633–conjugated anti-rabbit
IgG (Molecular Probes). The specimens were examined using an FV1200
confocal microscope (Olympus). Digital images were prepared using FV10-
ASW (Olympus) and Adobe Photoshop CS6 (Adobe Systems).

Experimental autoimmune encephalomyelitis

Age- and sex-matched mice (7–9 wk old) were immunized s.c. in the flanks
with an emulsion containing the myelin oligodendrocyte glycoprotein
(MOG) peptide MOG35–55 (200 mg/mouse) and Mycobacterium tu-
berculosis H37Ra extract (5 mg/ml in CFA, 200 ml/mouse). Pertussis
toxin (200 ng/mouse) was administered i.p. on days 0 and 2. Mice were
assigned scores daily on a scale of 0–5 in a double-blinded manner as
described (27).

Statistical analysis

Unless otherwise indicated, statistical analysis was performed using
unpaired Student t test. A p value ,0.05 was considered statistically
significant.

Results
Arf deficiency in T cells has no impact on cytokine secretion

According to cDNA microarray analysis data presented on
RefDIC (http://refdic.rcai.riken.jp/profile.cgi; RMPSTC027003
and RMPSTC028001), Arf1 and Arf6 are the top two Arf family
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members predominantly expressed in splenic CD4+ and CD8+

T cells. We thus focused on Arf1 as well as Arf6 to investigate the
role of the Arf pathway in T cells. Given that loss of Arf1 or Arf6
results in embryonic lethality (28, 29), we established T lineage–
specific Arf1-deficient (Arf1-KO), T lineage–specific Arf6-deficient
(Arf6-KO), and T lineage–specific Arf1/Arf6 doubly deficient
(Arf1/6-KO) mice by crossing conditional knockout mice
(Supplemental Fig. 1A) with Lck-Cre transgenic mice. Both Arf1-
KO mice and Arf6-KO mice had normal numbers of thymocytes
and peripheral T cells (Supplemental Fig. 1B, 1C), whereas PCR
analysis of genomic DNA obtained from purified T cells revealed
that Arf genes were completely deleted by Lck-Cre (data not
shown). By using quantitative PCR analysis, we also confirmed that
expression levels of Arf mRNAs were virtually absent (Fig. 1A).
Essentially, the same result was obtained with Arf1/6-KO mice, but
the detailed analysis revealed that Arf1/6-KO mice alone exhibited
decreased numbers of CD4+ and CD8+ T cells in the spleen (Fig.
1B), whereas numbers of CD4 single-positive (SP) and CD8SP
thymocytes were increased (Supplemental Fig. 1D, 1E). These

observations suggest that Arf1 and Arf6 play redundant roles in the
T cells.
Increased numbers of CD4SP and CD8SP cells in the thymus can

be explained by either enhanced efficiency in positive selection or
suppression of T cell egress from the thymus. To examine these two
possibilities, we first focused on the double-positive (DP) stage
when positive selection takes place. We found that proportions of
TCRbhiCD69hi DP cells, which correspond to postselected DP
cells, were comparable between control and Arf1/6-KO mice
(Supplemental Fig. 1F). We further examined the expression
profiles of chemokine receptor CCR7 in combination with CD69
to track developing thymocytes but found little or no difference
between control and Arf1/6-KO mice (Supplemental Fig. 1G).
Taking these results into account, it seems unlikely that positive
selection is affected by the lack of Arf1 and Arf6. We next ex-
amined expression profiles of CD62L and CD69 because CD4SP
as well as CD8SP cells can be subdivided into immature
(CD62LloCD69hi) and mature (CD62LhiCD69lo) SP cells, the latter
of which are known as egress-competent cells (30). Arf1/6-KO

FIGURE 1. Characterization of peripheral T cells from Arf-deficient mice. (A) Quantitative PCR (qPCR) analysis of Arf1 or Arf6 relative to Cyclophilin

A in splenic CD4+ T cells derived from the indicated mice (n = 3, each). Shown are relative expression levels normalized to wild type (WT) (mean 6 SD).

(B) Number of CD4+ T cells (left) or CD8+ T cells (right) in the spleen from 5- to 7-wk-old control (n = 10, black), Arf1-KO (n = 10, blue), Arf6-KO (n = 7,

green), and Arf1/6-KO mice (n = 7, red). Mean 6 SD. (C) IL-2 produced in naive CD4+ T cells from control (Ctrl; n = 4) and Arf1/6-KO (n = 4) mice was

quantified by ELISA. Mean6 SD. (D) CD4+ T cells from the indicated mice (n = 4, each) were stimulated with anti-CD3ε/anti-CD28 mAbs along with the

indicated concentration of brefeldin A (BFA) for 24 h. IL-2 were quantified by ELISA and indicated as the percentage of IL-2 secretion in the absence of

BFA. (E) eF450-labeled Ctrl and Arf1/6-KO splenocytes were activated with anti-CD3ε/anti-CD28 mAbs for 66 h. eF450 dilution plots gated in CD4+

T cells are shown as representative of three independent experiments. (F) Cytokines produced in Th1 (IFN-g), Th2 (IL-4), and Th17 cells (IL-17A) were

quantified by ELISA (n = 3). Mean 6 SD. *p , 0.05.
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mice contained a higher proportion of mature SP cells compared
with control mice (Supplemental Fig. 1H), suggesting that CD4SP
and CD8SP cells have a defect in thymic egress in Arf1/6-KO mice.
Consistently, mixed bone marrow chimera between control (CD45.
1+) and Arf1/6-KO (CD45.12) mice demonstrated that the pro-
portions of splenic CD4+ cells relative to thymic CD4SP cells
(referred to in this study as the egress index, Supplemental
Fig. 1I) were substantially decreased in Arf1/6-KO mice–derived
CD45.12 cells. Decreased numbers of splenic CD4+ and CD8+

T cells in Arf1/6-KO mice can also be explained by this partial
defect in thymic egress.
Considering that brefeldin A, a well-known inhibitor for Arf-

GEFs, which functions upstream of Arf1, is widely used to block
cytokine secretion from activated T cells, it seems reasonable to
speculate that Arf deficiency abrogates cytokine production.
Contrary to our expectation, however, naive CD4+ T cells obtained
from Arf1/6-KO mice produced IL-2 during activation to a level
comparable to those from control mice (Fig. 1C). We also found
that brefeldin A successfully blocked IL-2 secretion in both
control and Arf1/6-deficient CD4+ T cells (Fig. 1D), excluding the
possibility that Arf deficiency is compensated by a brefeldin A–
independent secretory machinery. Consistent with this observation,
Arf1/6-deficient T cells normally proliferated upon TCR stimula-
tion (Fig. 1E). We further found that Arf1/6-deficient CD4+ T cells
retained the potential to produce other cytokines, including IFN-g,
IL-4, and IL-17A as well (Fig. 1F). Although IL-4 production was
decreased, Arf1/6-deficient CD4+ T cells secreted more IL-17A and
IFN-g than control cells. Collectively, we conclude that Arf1 and

Arf6 are dispensable for cytokine secretion, including IL-2, IFNg,
and IL-17A in activated T cells.

Arf1/6-deficient T cells facilitate Ab production in vivo

One of the most important functions of CD4+ T cells in immune
system is to provide help for B cells to produce Ab against “nonself”
in germinal centers (GCs). To examine whether Arf deficiency affects
Ab response in vivo, we evaluated Ab production against OVA along
with Th1-polarizing adjuvant SAS or Th2-polarizing adjuvant Alum
(31, 32). Contrary to the in vitro observations (Fig. 1F), Arf1/6-KO
mice produced normal level of OVA-specific Ab under Th2-
polarizing conditions, although Th1-driven response was attenuated
(Fig. 2A). Histological analysis revealed that Arf1/6-deficient mice
contain seemingly normal lymphoid tissues, including spleen and
MLN (Fig. 2B, 2C). Although the proportion of CD4+ T cells in the
MLN were decreased in Arf1/6-KO mice, this may reflect the reduced
numbers of CD4+ T cells in the spleen (Fig. 2D). We also found that
there was no difference in the amount of fecal IgA, which is induced
against intestinal commensal bacteria in the GALTs, including the
PPs between control and Arf1/6-KO mice (Fig. 2E), albeit with
slightly reduced proportions of Tfh cells (CD4+CXCR5+PD-1hi) in
the PPs (Fig. 2F) in Arf1/6-KO mice. These data indicate that T cell–
dependent Ab response remains intact in the gut of Arf1/6-KO mice.

Arf1 and Arf6 are dispensable for mTORC1-regulated
T cell function

Given that Arf1 contributes to the amino acid–induced mTORC1
activity in Drosophila S2 cells (33) and that Arf6 regulates tumor

FIGURE 2. Ab responses in Arf1/6-deficient mice. (A) Either control (Ctrl; n = 5) or Arf1/6-TKO mice (n = 5) were immunized with OVA + SAS, and Ab

titers were evaluated by ELISA. When immunized with OVA + Alum, Ctrl (n = 3) and Arf1/6-TKO (n = 4) were used. Mean 6 SD. (B and C) Immuno-

histochemical analysis of the spleen and MLN from Ctrl and Arf1/6-KO mice. Scale bars, 300 mm (B) and 500 mm (C). Shown are representative of three. (D)

Proportions of CD4+ T cells in the MLN from 7- to 8-wk-old Ctrl (n = 5) and Arf1/6-KO (n = 6) mice. Mean 6 SD. (E) Fecal IgA levels of 9–11-wk-old Ctrl

(n = 9) or Arf1/6-TKO (n = 10) mice were quantified by ELISA. Mean6 SD. (F) Proportions of Tfh cells in the PPs from 9- to 11-wk-old Ctrl (n = 8) and Arf1/

6-KO (n = 10) mice. Mean 6 SD. **p , 0.01.
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cell proliferation via the PLD–mTORC1 pathway (11), we
examined whether Arf deficiency affects mTORC1 signal in
T cells. Arf1/6-deficient CD4+ T cells exhibited slightly lower
levels of phosphorylated ribosomal protein S6 (pS6), a mea-
sure of active mTORC1 signal, when compared with control
CD4+ T cells (Fig. 3A). Consistent with the previous re-
ports demonstrating that mTORC1 regulates glycolytic meta-
bolism in activated T cells, glucose uptake upon TCR
stimulation was moderately impaired in Arf1/6-deficient CD4+

T cells (Fig. 3B). In contrast, we found little or no difference
between control and Arf1/6-deficient CD4+ T cells in surface
expression levels of the amino acid transporter CD98, a well-
known downstream target of the mTORC1 pathway (Fig. 3C).
We also evaluated expression levels of another target of the
mTORC1 pathway, transferrin receptor CD71, and found that
CD71 induction was slightly attenuated at 24 h after TCR
stimulation in Arf1/6-deficient CD4+ T cells (Fig. 3C). It
should be noted, however, that there was no significant differ-
ence in CD71 levels between control and Arf-deficient CD4+

T cells at 72 h after stimulation (data not shown). These results
suggest that mTORC1 signal in Arf1/6-deficient CD4+ T cells,
albeit slightly reduced, sufficiently supports metabolic reprog-
ramming during T cell activation.
To further clarify the relationship between the Arf pathway

and mTORC1 signal, we next focused on T cell differentiation
program. The mTORC1 pathway is known to control the balance
of Th17 versus Treg, and the blockade of mTORC1 signal results
in skewing of naive CD4+ T cells toward Treg differentiation
while attenuating Th17 differentiation (34, 35). We therefore
examined whether Arf deficiency affects differentiation pro-
gram of naive CD4+ T cells in vitro and found that Arf1/6-
deficient CD4+ T cells normally differentiated to Th17 or
Treg under appropriate conditions (Fig. 3D). We thus conclude

that the Arf pathway is dispensable for mTORC1-regulated
T cell function.

Arf1/6-KO mice have fewer CD4+ T cells in the colon LP

Homeostatic proliferation generates two distinct populations: slow-
dividing cells are induced in the presence of environmental cy-
tokines like IL-7, whereas fast-dividing cells are thought to respond
to gut microbiota (36). Interestingly, when compared with control
CD4+ T cells, fast-dividing Arf1/6-deficient CD4+ T cells were
markedly diminished, whereas slow-dividing ones appeared to be
intact during homeostatic proliferation in lymphopenic Rag22/2

mice (Fig. 4A), raising the possibility that Arf deficiency causes a
defect in immune reaction in the gut. Actually, CD4+ T cells in the
colonic LP were significantly decreased in Arf1/6-KO mice (data
not shown). One can argue, however, that decreased proportion of
Arf1/6-KO CD4+ T cells in the LP just reflects decreased number
of splenic T cells (Fig. 1B). We thus analyzed mixed bone marrow
chimeric mice as in Supplemental Fig. 1I and found that Arf1/6-
deficient CD4+ T cells were defeated by control CD4+ T cells in
the colonic LP, but not in the MLNs (Supplemental Fig. 2A),
confirming that Arf deficiency leads to the reduction of CD4+

T cell number specifically in the gut. We therefore speculated the
following two possibilities: Arf1/6-deficient CD4+ T cells have a
defect in either migration into or survival in the colon.
Given that the CCR9 and the integrin a4b7 play important roles

in T cell homing to the gut under homeostatic conditions (37, 38),
we first examined the surface expression levels of CCR9 in co-
lonic CD4+ T cells. However, we failed to detect CCR9 even in
the CD4+ T cells obtained from the colonic LP of control mice,
presumably because of its internalization upon ligand binding, as
is the case with other chemokine receptors, including CCR7 (39).
Instead, we found that CD4+ T cells derived from Arf1/6-KO mice
expressed CCR9 on the surface of thymocytes to a similar level to

FIGURE 3. mTORC1 signal in Arf1/6-deficient T cells.

(A–C) Evaluation of mTORC1 signal. Either control

or Af1/6-deficient CD4+ T cells were stimulated with

or without anti-CD3ε/anti-CD28 mAbs (+TCR) for

24 h and were assayed for pS6 signal (A), 2-NBDG

uptake (B) and expression levels of CD98 and CD71

(C) by FACS. Mean 6 SD. Shown are representative

of three. (D) Intracellular staining for IL-17A and

Foxp3 in CD4+ T cells cultured under Th17- or Treg-

inducing conditions for 4 d. Shown are representative

of three. *p , 0.05.
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those from control mice, suggesting that the Arf pathway is dis-
pensable for CCR9 expression (data not shown). We also found
that lack of both Arf1 and Arf6 rather augmented a4b7 expression
levels in CD4+ T cells, albeit only slightly (Supplemental Fig. 2B).
It should be noted, however, that the affinity of integrin for its
ligands is tightly regulated by intracellular signaling, so-called
inside-out signal, which plays a pivotal role in cell adhesion,

spreading, and migration (40, 41). To further investigate whether
integrin normally functions in Arf1/6-deficient CD4+ T cells, we
estimated the size of adhesion area formed by interaction between
LFA-1 integrin and its ligand ICAM-1 upon CCL21 stimulation, a
measure of inside-out signal, and found that CCL21-stimulated,
Arf1/6-deficient CD4+ T cells efficiently spread on the
ICAM-1–coated plate (data not shown). Actually, by transferring a

FIGURE 4. Activated Arf1/6-deficient T cells are susceptible to apoptosis. (A) Mixture of eF450-labeled CD4+ T cells from control (Ctrl; CD45.1+) and

Arf1/6-KO (CD45.12) mice was transferred into Rag22/2 mice (n = 3), and eF450 dilution plot was obtained on day 4. Shown are representative of three.

(B) CD4+ T cells from Ctrl (CD45.1+) and Arf1/6-KO mice (CD45.12) were mixed at an equal ratio and activated with 0.1–10 mg/ml plate-bound anti-

CD3ε mAb along with 1 mg/ml soluble anti-CD28 mAb for 4 d, followed by FACS analysis (upper, CD45.1 plot; lower, eF450 dilution plots of CD45.1+

[Ctrl] and CD45.12 cells [Arf1/6-KO]). Shown are representative of three. (C) Naive or effector CD4+ T cells from the indicated mice were treated with

IL-7 or a combination of anti-CD3ε/anti-CD28 mAbs (TCR) for 72 h. Fold changes in cell number compared with day 0 are estimated. Mean 6 SD.

Shown are representative of three. (D) Naive CD4+ T cells from Ctrl (CD45.1+) and Arf1/6-KO (CD45.12) mice were mixed at an equal ratio and

stimulated with anti-CD3ε/anti-CD28 mAbs (TCR) with or without the indicated reagent for 4 d, and the ratios were evaluated by FACS. Mean 6 SD.

(E and F) Naive CD4+ T cells from the indicated mice (n = 3, each) were stimulated with anti-CD3ε/anti-CD28 mAbs (TCR) along with or without IL-21

and analyzed at 48 h by FACS (E) or at 96 h by immunoblot against Bcl-2 family members (F). The values indicate relative density of the band normalized

to Erk2. Shown are representative three. (G) CD4+ T cells from Ctrl (n = 3) and Arf1/6-KO (n = 3) mice were stimulated with anti-CD3ε/anti-CD28 mAbs

along with or without 10 mM NAC and analyzed at 72 h by FACS. Representative FACS profiles (left). Indicated are proportions of annexin V+7-AAD+

cells. Decrease in proportion of annexin V+ 7-AAD+ cells with NAC relative to that without NAC is quantified and indicated as percentage of restore (right).

Mean 6 SD. *p , 0.05, **p , 0.01.
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mixture of control (CD45.1+) and Arf1/6-deficient CD4+ T cells
(CD45.12) into Rag22/2mice, we confirmed that control and Arf1/6-
deficient CD4+ T cells equally migrated into the colon (Supplemental
Fig. 2C), excluding the possibility that decreased CD4+ T cell number
in the colon is caused by impaired cell migration.
We next focused on the hypothesis that Arf deficiency in T cells

leads to a defect in survival in the colon. Given that LP CD4+

T cells are in a state of activation because of continuous exposure
to microbial Ags, we examined whether TCR-induced activation
affects viability of CD4+ T cells lacking Arf1 and Arf6. Stimu-
lation with anti-CD3ε and anti-CD28 mAbs resulted in marked
decrease of Arf1/6-deficient CD4+ T cells in a signal intensity–
dependent manner, although there was little or no difference in
cell proliferation between control and Arf1/6-deficient CD4+

T cells, suggesting that Arf1/6-deficient CD4+ T cells are sus-
ceptible to cell death during activation (Fig. 4B). In contrast,
CD4+ T cells lacking either Arf1 or Arf6 alone had no such defect
in survival during TCR stimulation (Supplemental Fig. 3A, 3B),
suggesting that Arf1 and Arf6 play a redundant role in cell sur-
vival. Essentially the same results were obtained with Arf1/6-
deficient CD8+ T cells (Supplemental Fig. 3C, 3D). We further
found that upon TCR stimulation, Arf1/6-deficient CD4+ T cells
contained a higher proportion of sub-G1 cells (Supplemental Fig.
3E), which reflects apoptosis-related DNA fragmentation. Ac-
cordingly, treatment with Z-VAD-FMK, a pan-caspase inhibitor,
partially blocked loss of Arf1/6-deficient CD4+ T cells induced by
TCR stimulation (Supplemental Fig. 3F). It seems thus likely that
the Arf pathway protects activated T cells from a caspase-
mediated apoptotic program. Interestingly, the lack of Arf1 and
Arf6 rendered only naive, but not effector, CD4+ T cells suscep-
tible to apoptosis upon TCR stimulation (Fig. 4C). In contrast, we
found no significant defect in IL-7–mediated survival between
control and Arf1/6-deficient naive CD4+ T cells (Fig. 4C), con-
sistent with the observation that Arf deficiency had no effect on
slow-dividing population during homeostatic proliferation (Fig.
4A). These results taken together clearly demonstrated that Arf1
and Arf6 play a protective role exclusively in naive T cells during
TCR-induced activation.
Because common g-chain (gc) cytokines like IL-2 promote the

survival of activated T cells (42), we examined the survival effect
of gc cytokines on naive T cells upon TCR stimulation. Unex-
pectedly, IL-2 or IL-7 had no impact on the survival of TCR-
stimulated, Arf1/6-deficient CD4+ T cells (Fig. 4D). In marked
contrast, IL-4 as well as IL-21 successfully restored the viability
of Arf1/6-deficient CD4+ T cells to a level similar to Z-VAD-FMK
treatment, suggesting that IL-4 and IL-21 attenuate apoptosis
caused by loss of Arf1 and Arf6. Apoptosis in T cells is triggered
by two different pathways: the intrinsic pathway, which is con-
trolled by the balance between pro- and antiapoptotic Bcl-2 family
members (43–46), and the extrinsic pathway, which is initiated by
signals delivered from death receptors such as Fas (47). Because
Fas expression was intact in Arf1/6-deficient CD4+ T cells (data
not shown), we focused on Bcl-2 family members and found that
expression level of proapoptotic Bim was substantially increased
in Arf1/6-deficient CD4+ T cells upon TCR stimulation, which
was nearly completely attenuated in the presence of IL-21
(Fig. 4E, Supplemental Fig. 3G). In contrast, neither Arf defi-
ciency nor IL-21 treatment had marked impact on expression
levels of Bcl-2 (Fig. 4E, Supplemental Fig. 3G). Among three
major isoforms of Bim, BimEL and BimL play a fundamental role
in T cells (48). By using Western blotting analysis, we further
found that BimL was the most abundantly upregulated in TCR-
stimulated Arf1/6-deficient T cells (Supplemental Fig. 3H).
Interestingly enough, treatment of Arf1/6-deficient T cells with

IL-21 markedly decreased exaggerated expression of BimL. We
also found that Arf deficiency perturbed expression levels of
other antiapoptotic Bcl-2 family members: Mcl-1 was down-
regulated, whereas Bcl-xL was rather upregulated, albeit to a
slight extent (Fig. 4F). It should be noted, however, that IL-21
treatment attenuated Bcl-xL expression in both control and
Arf1/6-deficient T cells, whereas Mcl-1 level was rescued to a
level comparable to control cells. Considering the protective
effect of IL-21 against apoptosis, it seems reasonable to assume
that enhanced apoptosis in Arf1/6-deficient CD4+ T cells is
attributed to upregulation of Bim along with downregulation of
Mcl-1. The physiological relevance of Bcl-xL upregulation in
Arf1/6-deficient T cells remained to be resolved. Because ROS
enhance apoptosis of T cells during activation (49), we also
assessed the impact of NAC, a widely used antioxidant, on the
viability of Arf1/6-deficient CD4+ T cells. By treatment with
NAC, the proportion of dead cells in Arf1/6-deficient CD4+

T cells was significantly reduced (Fig. 4G). We also found,
however, that Arf-deficient CD4+ T cells exhibited a lower
level of ROS (Supplemental Fig. 3I), raising the possibility that
Arf1/6-deficient CD4+ T cells are more sensitive to ROS-
induced apoptosis.

Arf deficiency in T cells suppresses the onset of
autoimmune diseases

To directly evaluate the fate of Arf1/6-deficient naive CD4+ T cells
upon activation in the colon, we used a naive CD4+ T cell–induced
colitis model, one of widely used mouse models of inflammatory
bowel disease (IBD), in which naive CD4+ T cells transferred into
Rag22/2 mice are activated with microbial Ags and differentiate
to pathogenic Th17 cells in the colon. Actually, we found that
Rag22/2 mice transferred with control CD4+ T cells exhibited
marked weight loss, which reflects colitis development, around
3 wk after the transfer (Fig. 5A). In contrast, the transfer of Arf1/
6-deficient naive CD4+ T cells had no impact on body weights.
Both thickening of the colon wall and severe infiltration of
mononuclear cells in the colon confirmed the onset of colitis
in control CD4+ T cell–transferred Rag22/2 mice, whereas such
histological changes were not detected in the mice transferred
with Arf1/6-deficient CD4+ T cells (Fig. 5B), suggesting that
naive CD4+ T cells lacking Arf1 and Arf6 failed to induce colitis.
Considering that Th17 cells play a pivotal role in the pathogenesis
of naive CD4+ T cell–induced colitis, one can argue that sup-
pression of colitis could reflect the impaired ability of Arf1/6-
deficient naive CD4+ T cells to differentiate to pathogenic Th17
cells. However, Arf1/6-deficient CD4+ T cells normally differen-
tiated to pathogenic Th17 cells in vitro (Fig. 5C). In addition,
pathogenic Th17 cells generated from Arf1/6-deficient CD4+

T cells were maintained in vivo to a level comparable to those
from control (Supplemental Fig. 4A). We also found that CD4+

T cell number was systemically decreased in the mice transferred
with Arf1/6-deficient CD4+ T cells when compared with those
transferred with control T cells, whereas the frequency of IL-17A–
producing CD4+ T cells were rather augmented (Supplemental
Fig. 4B, 4C). We further found that Arf1/6-deficient CD4+

T cells were activated to a level comparable to control CD4+

T cells in the colon, which is indicated by upregulation of an
activation marker CD44 (Fig. 5D). Furthermore, when transferred
with control T cells into Rag22/2 mice, Arf1/6-deficient T cells
were virtually outcompeted (Fig. 5E). These results taken together
suggest that the reason why transfer of Arf1/6-deficient naive
CD4+ T cells did not develop colitis is likely due to the failure in
expansion of activated T cells, but not due to the impaired dif-
ferentiation or survival of pathogenic Th17 cells. Similar results
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were observed in another type of Th17-mediated inflammatory
disease of the CNS, experimental autoimmune encephalomyelitis
(EAE): Arf1/6-deficient mice were completely resistant to in-
duction of EAE after immunization with MOG35–55 peptide,
whereas control mice developed severe EAE (Fig. 5F). Collec-
tively, these results suggest that the Arf pathway is required for the
onset of Th17-mediated autoimmune diseases, which could be
explained by the protective role of the Arf pathway against apo-
ptosis during TCR stimulation.

Discussion
Intracellular cytokine staining combined with flow cytometry is a
powerful method to assess T cell responses, in which the fungal
metabolite brefeldin A plays a key role to retain cytokines within
the activated T cells. Although brefeldin A is thought to inhibit
Arf1 activation through its GEFs, physiological role of Arf family
proteins in T cells has been unclear. In this study, we demonstrated
that Arf1 along with Arf6 plays a pivotal role in developing au-
toimmune disease like colitis and EAE, presumably through
suppressing apoptosis in activated T cells. In contrast, to our

surprise, cytokine secretion was seemingly normal in CD4+ T cells
lacking both Arf1 and Arf6. It has been revealed that among Arf1-
GEFs targeted by brefeldin A, GBF1, BIG1, and BIG2 are involved
in the activation of Arf3 and/or Arf5 as well (50). Therefore, these
other Arf isoforms might compensate for the absence of Arf1 as
well as Arf6 in the activated CD4+ T cells. Actually, previous
studies have demonstrated that Arf isoforms share some redundant
functions: small interfering RNA–mediated single knockdown of
Arf1, Arf3, Arf4, or Arf5 fails to cause any observable phenotype,
whereas double knockdowns of any type of combination of them
using pairwise small interfering RNA impair the particular steps in
the vesicle trafficking pathway (51).
Upon TCR stimulation, Arf-deficient CD4+ T cells exhibited

higher level of Bim, a predominant BH3-only protein functioning
in the activated T cells, whereas expression of an antiapoptotic
Bcl-2 family protein Mcl-1 was slightly impaired. Although we
found that expression level of Bcl-xL, another Bcl-2 family
member exerting antiapoptotic function, was substantially in-
creased in Arf-deficient T cells as well, recent studies have
revealed that Bcl-xL is dispensable for survival of peripheral

FIGURE 5. Autoimmune diseases are markedly attenuated in Arf1/6-deficient mice. (A and B) Colitis was induced in Rag22/2 mice by trans-

ferring 4 3 105 naive CD4+ T cells from control (Ctrl; n = 4) or Arf1/6-KO (n = 4) mice. Body weights of mice with (Ctrl and Arf1/6-KO) or

without (untransferred) cell transfer were monitored and indicated as the percentage of initial body weight (mean 6 SD) (A). Representative colon

histology. Scale bar, 100 mm (B). (C) Intracellular staining for IL-17A and Foxp3 in CD4+ T cells cultured under pathogenic Th17–inducing

conditions for 4 d. Shown are representative of three. (D) Expression levels of CD44 in colonic LP CD4+ T cells of recipient Rag22/2 mice

described in (A) were evaluated by FACS. Representative FACS profiles (left) and mean fluorescence intensity (MFI) (right). (E) Ctrl (CD45.1+) and

Arf1/6-KO (CD45.12) naive CD4+ T cells were mixed at an equal ratio (0 wk), and transferred into Rag22/2 recipient mice. After 5 wk, the ratios

of Ctrl to Arf1/6-KO cells in the colonic LP of recipient mice were evaluated by FACS. Data are representative of three independent experiments.

(F) Clinical scores for EAE in Ctrl (n = 3) and Arf1/6-KO (n = 3) mice. Mean 6 SD. *p , 0.05, **p , 0.01.

8 Arf1 AND Arf6 SYNERGISTICALLY MAINTAIN SURVIVAL OF T CELLS

 at K
ansai M

edical U
niversity on D

ecem
ber 24, 2020

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

81



T cells as well as development of effector T cells (52, 53), sug-
gesting that enhanced apoptosis in Arf-deficient T cells during
activation is presumably due to the perturbed expression of Bim
and/or Mcl-1. It is well established that Bim expression is nega-
tively regulated by the PI3K/Akt and the Ras/Erk pathways. The
former suppresses Bim expression at a transcriptional level
through inhibition of Foxo transcription factor (54), whereas the
latter induces proteasomal degradation of especially BimEL via
Erk-mediated phosphorylation at Ser65 (48). However, considering
that the PI3K/Akt pathway plays an essential role in Th17 dif-
ferentiation, the fact that Arf deficiency had no impact on Th17
differentiation strongly suggests that the PI3K/Akt pathway is
intact in CD4+ T cells lacking Arf1 and Arf6. Consistently,
phosphorylation status of S6 protein mediated by mTORC1 signal,
which is a well-known target of the PI3K/Akt pathway, seemed
normal in Arf-deficient T cells. We also found that the lack of Arfs
unaffected surface expression levels of CD62L and CD69 (data
not shown), which are controlled downstream of the Ras/Erk
pathway, excluding the possibility that Arf deficiency impairs
activation of the Ras/Erk pathway either. So, what is the molecular
mechanism linking Arf deficiency and enhanced apoptosis in the
activated T cells? Our data suggest that ROS are involved, at least
partly, in the apoptosis of Arf1/6-KO CD4+ T cells. Actually, it
has been reported that the accumulation of ROS enhances the
expression of Bim in T cells (55). Considering that ROS levels
were decreased in Arf-deficient CD4+ T cells, however, we rather
speculate that the lack of Arf1 and Arf6 renders T cells more
sensitive to apoptosis-triggering cues including ROS. One in-
triguing possibility is autophagy. Several studies have demon-
strated that both Arf1 and Arf6 play a critical role in autophagy
through the formation of autophagosomes (56, 57). Because
autophagy negatively regulates Bim expression as well (58), it
stands to reason that the defect in autophagy process in Arf-
deficient CD4+ T cells causes accumulation of Bim protein. Al-
ternatively, as has recently been reported, Arf deficiency may
induce ER stress response, rendering the activated T cells sus-
ceptible to cell death (59). Given that Arf1/6-KO effector CD4+

T cells were resistant to apoptosis upon TCR stimulation, the
difference between naive and effector T cells, like metabolic
states, would provide a clue for mechanism in augmented apo-
ptosis in Arf-deficient naive T cells. One must await detailed
analysis to reveal the molecular linkage between Arf deficiency
and enhanced apoptosis in activated T cells.
Despite the fact that inflammatory responses including colitis

and EAE were nearly completely abrogated, Ab responses espe-
cially under Th2-polarizing conditions seemed intact in Arf1/6-KO
mice (Fig. 2A). Essentially the same results were obtained during
Leishmania major infection, which is prevented by Th1 immune
response: Ab against L. major was produced to a level comparable
to control mice, whereas Arf1/6-KO mice failed to completely
eliminate the parasite presumably because of the inefficient acti-
vation of Th1 cells (data not shown, and the details will be de-
scribed elsewhere). We speculate this puzzling phenotype reflects
the difference in environmental cues. We found that, among the gc
cytokine family, IL-21 and IL-4 efficiently suppressed apoptosis in
activated Arf1/6-KO T cells (Fig. 4D). GCs found in secondary
lymphoid tissues are important sites for Ab production. In GCs,
Tfh cells support B cell differentiation into Ab-secreting plasma
cell by producing a substantial amount of IL-21. Arf-deficient
T cells could survive in GCs, where plenty amount of IL-21 ex-
ists compared with the nonlymphoid tissues like the colon. Ac-
tually, in the mixed bone marrow chimeric mice, we found that
Arf-deficient T cells were maintained to a level comparable to
control T cells in the MLN, although proportions of Arf-deficient

T cells were markedly decreased in the colonic LP (Supplemental
Fig. 2A).
It is estimated that nearly 2.5 million people live with multiple

sclerosis (MS) in the world, and 6.8 million patients are suffering
from IBD primarily comprising of Crohn disease and ulcerative
colitis globally in 2017 (60). Although most immune therapies for
these patients are associated with immunosuppressive drugs,
which typically target the adaptive immune system, these treat-
ments may increase the risk of serious side effects like reduced Ab
responses against bacteria and viruses. In marked contrast, loss of
Arf function in T cells nearly completely suppressed the onset of
naive CD4+ T cell–induced colitis as well as EAE without af-
fecting OVA-specific Ab production, at least under Th2-polarizing
conditions, demonstrating that the Arf pathway would be a good
drug target for autoimmune disease like MS and/or IBD. Given
that the ubiquitous role of the Arf pathways in vesicle trafficking,
one can argue that the blockade of the Arf pathway would cause
detrimental effects. To our surprise, however, the mice at 2 mo old
were viable for 4 wk after Arf1 and Arf6 were systemically de-
leted by using the CreERT2 system (data not shown; the details
will be described elsewhere), raising the possibility that the lack of
Arf1 and Arf6 may have little or no fatal effect, at least within a
short period of time. Interestingly, genome-wide association
studies (https://www.ebi.ac.uk/gwas/) have linked common ge-
netic variants at the locus of ASAP1, one of the ArfGAPs, to MS.
In addition, another ArfGAP ASAP2 and an ArfGEF cytohesin 1
are suggested to associate with Crohn disease and ulcerative co-
litis, respectively. It should be noted that all of these molecules are
known to regulate both Arf1 and Arf6 (2). Future studies will
clarify the impact of therapeutic approach targeting upstream
regulators of the Arf pathway on autoimmune diseases.

Acknowledgments
We thank Hans Joerg Fehling for Rosa26-tdRFP mice. We also thank

Yoichi Maekawa, Yoshihiro Ueda, and Katsuhiko Yoshizawa for technical

advice and Chikako Eguchi for technical assistance.

Disclosures
The authors have no financial conflicts of interest.

References
1. D’Souza-Schorey, C., and P. Chavrier. 2006. ARF proteins: roles in membrane

traffic and beyond. Nat. Rev. Mol. Cell Biol. 7: 347–358.
2. Donaldson, J. G., and C. L. Jackson. 2011. ARF family G proteins and their

regulators: roles in membrane transport, development and disease. [Published
erratum appears in 2011 Nat. Rev. Mol. Cell Biol. 12: 533.] Nat. Rev. Mol. Cell
Biol. 12: 362–375.

3. Gillingham, A. K., and S. Munro. 2007. The small G proteins of the Arf family
and their regulators. Annu. Rev. Cell Dev. Biol. 23: 579–611.

4. Taylor, T. C., R. A. Kahn, and P. Melançon. 1992. Two distinct members of the
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Abstract
Aims/hypothesis Low birthweight is associated with a high risk of diabetes, but there are no reports discussing birthweight and
pancreatic tissues in humans. The purpose of this study was to examine the correlation between birthweight and beta and alpha
cell mass in humans.
Methods Sixty-four Japanese adults with and without diabetes who underwent pancreatectomy and were able to recall their
weight history including birthweight were included. Pancreatic tissues were stained for insulin and glucagon, and fractional beta
cell area (BCA) and alpha cell area (ACA)were quantified. Islet size and density and beta cell replication were also quantified and
their associations with birthweight were evaluated.
Results In participants without diabetes, there was a weak positive correlation between birthweight and BCA (R = 0.34, p = 0.03).
The group with a history of childhood obesity, but not the group with a history of obesity in adulthood only, showed higher BCA
compared with those without a history of obesity (1.78 ± 0.74% vs 0.99 ± 0.53%, p = 0.01), and the correlation coefficient
between birthweight and BCA increased after excluding those with a history of childhood obesity (R = 0.51, p < 0.01). In those
with diabetes, there was no correlation between birthweight and BCA. No correlation was found between birthweight and ACA
in either those with or without diabetes.
Conclusions/interpretation Birthweight and beta, but not alpha, cell mass are positively correlated in non-diabetic adults, and a
history of childhood obesity may affect beta cell mass.

Keywords Alpha cell mass . Beta cell mass . Birthweight . Human pancreas . Islet size . Japanese cohort . Obesity
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Introduction

It has been reported that beta cell mass (BCM) decreases
not only in type 1 diabetes but also type 2 diabetes [1–4].
Because the prevalence of type 2 diabetes is increasing
worldwide, it is important to develop a strategy to preserve
and restore BCM.

Normally, the decrease in insulin sensitivity induced by
obesity is compensated for by increasing insulin secretion
to maintain normal glucose tolerance [5]. However, it has
been suggested that, in contrast to rodents, the increase in
BCM in the presence of obesity is relatively small in
humans. In the Europid population, it has been reported
that BCM increases by approximately 20–50% in obese
individuals without diabetes [6, 7], while we have previ-
ously reported that no significant increase in BCM occurs
in obese non-diabetic Japanese adults [3, 8]. We have also
shown that in non-diabetic Japanese individuals, cortico-
steroid administration, which induces insulin resistance,
did not increase BCM [9], suggesting that beta cell regen-
erative capacity is very limited especially in this popula-
tion. However, these studies have evaluated obesity and/or
insulin resistance only in adulthood, when beta cell repli-
cation ability has decreased [6, 8, 10, 11]. In view of the
wide inter-individual variation of BCM even in the non-
diabetic population, exploring the factors that affect BCM

will have a significant impact on prevention and treatment
strategies in diabetes.

In 1991, Hales et al. showed a negative correlation
between birthweight and the onset of type 2 diabetes
[12]. Subsequently, the Developmental Origins of
Health and Disease (DOHaD) hypothesis has been
proposed: that the risk of developing adult-onset non-
communicable diseases, such as type 2 diabetes, hyper-
tension, dyslipidaemia, ischaemic heart disease and
kidney disease is affected by fetal development [13,
14]. Although the underlying mechanism of the
DOHaD hypothesis has not been fully elucidated, it has
been recently reported that birthweight correlates with
glomerular number in the kidney [15], suggesting that
birthweight affects organ development, which leads to
susceptibility to the future development of diseases.
However, there are no reports examining the relation
between birthweight and pancreatic tissues in humans.

Therefore, in this study, to elucidate the mechanism of
the association between low birthweight and future risk of
type 2 diabetes, we sought to address the following ques-
tions by using pancreatic tissues resected by surgery: (1) Is
there any correlation between birthweight and BCM? (2) Is
there any correlation between birthweight and alpha cell
mass (ACM)? (3) Does a history of childhood obesity
affect them?
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Methods

Participants This study was approved by the Ethics
Committee of Keio University School of Medicine. From
May 2012 to March 2019, 401 patients underwent pancrea-
tectomy at Keio University Hospital. Of those, we included 64
Japanese patients with and without diabetes who could recall
their weight history including birthweight (43 men and 21
women) in this study. The inclusion criteria were: (1) ability
to recall their weight history in childhood and birthweight to at
least 100 g; (2) gave written informed consent; and (3) the
pancreatic tissue contained adequate amounts of normal
pancreas for histological analysis. The exclusion criteria were:
(1) type 1 diabetes; or (2) a functional neuroendocrine tumour
such as insulinoma or glucagonoma. All of the patients with
diabetes had been diagnosed with type 2 diabetes before the
diagnosis of pancreatic disease (mean duration of diabetes 8.8
± 5.9 years, Table 1). Some of the participants included in this
study (n = 11) have also been included in our prior study [3].

Measurements and questionnaire We obtained information
about the details of pancreatic diseases, surgical procedures,
body height and weight at the time of the operation from
medical records. HbA1c, glycated albumin and plasma
glucose levels were extracted from patients’ blood test data.
HbA1c was measured by HPLC (HLC723G11, Tosoh, Tokyo,
Japan) and expressed as National Glycohemoglobin
Standardization Program value (%) and International
Federation of Clinical Chemistry value (mmol/mol).
Glycated albumin was measured by an enzymatic method
(Lucica GA-L, Sekisui Medical, Tokyo, Japan).

The participants were asked to answer a questionnaire
about their weight history and family history of diabetes.
The detailed content of the questionnaire was as follows: (1)
birthweight; (2) childhood and adolescent (i.e. early child-
hood, elementary school age, junior high school age and high
school age) weight trajectories divided into five categories
(i.e. very thin, thin, normal, fat, very fat); (3) body weight at
the age of 20 and every decade thereafter; (4) maximum body
weight in life; and (5) first- and second-degree family history
of diabetes.We defined those who selected ‘fat’ or ‘very fat’ at
least once in their childhood and adolescent weight trajecto-
ries as having a history of childhood obesity. All participants
reached their maximum body weight after 20 years.
Adulthood obesity was defined as current BMI of 25 kg/m2

or greater [16], and patients whose maximum BMI was 25 kg/
m2 or greater were defined as having a history of adulthood
obesity.

Pancreatic tissue processing Pancreatic tissue resected at oper-
ation was immediately fixed in formaldehyde and embedded
in paraffin for subsequent analysis. Of every four patients who
underwent total pancreatectomy, pancreatic head tissues were

sampled from two individuals and pancreatic body and tail
tissues were sampled from the other two individuals, because
of differences in surgical method. Then, 5 μm sections were
cut from the tumour-free region and stained for light micros-
copy as follows: (1) with haematoxylin–eosin; (2) for insulin
(peroxidase staining) with haematoxylin; (3) for glucagon
with haematoxylin; and (4) for insulin and Ki67 for assess-
ment of beta cell replication, as previously described [8, 9]
(ESMTable 1). Antigen retrieval for Ki67 staining was carried
out by heat treatment at 120°C in 0.01 mol/l citrate buffer
pH 6.0 using an autoclave instrument for 20 min and cooled
down to room temperature (RT) and moved into PBS.
Quenching of endogenous peroxidase was performed in
0.3% H2O2 in methanol, for 10 min at RT and rinsed with
distilled water and then washed three times with PBS for
5 min. These slides were treated with primary antibodies for
3 h at RT and washed with PBS, then treated with peroxidase-
conjugated secondary antibodies for 30 min at RT and rinsed
with PBS. Color development was done using treatment with
3,3′-diaminobenzidine (DAB) or SG Peroxidase Substrate Kit
SK4700 (Vector, Burlingame, CA, USA). Finally,
haematoxylin or nuclear fast red counterstaining was
performed.

Morphometric analysis To quantify fractional beta cell area
(BCA), a single cross-sectional pancreatic section for each
participant was used. The entire pancreatic section containing
~300 islets (total pancreas area 126 ± 50 mm2) was imaged at
the original magnification of ×200 (×20 objective) using a
NanoZoomer-XR slide scanner and viewed with NDP.view2
software (Hamamatsu Photonics, Shizuoka, Japan), and the
ratio of BCA to total pancreas area was digitally measured
using Image Pro Premier software (Media Cybernetics,
Silver Spring, MD, USA). Likewise, the ratio of alpha cell
area (ACA) to total pancreas area was also digitally measured,
and the ratio of ACA to BCAwas determined in each case. All
measurements were conducted by a single investigator (H.
Sasaki); the inter-observer coefficient of variance was
assessed between H. Sasaki and other colleagues in the labo-
ratory and was approximately 11%; the intra-observer coeffi-
cient of variance was approximately 5%. All measurements
were conducted twice, and the mean of the two measurements
was used. At the time of the measurement, the investigator
was blinded to birthweight, BMI and the glucose metabolism
status for each specimen.

To conduct further morphometric analysis, mean islet size
and islet density were quantified in randomly selected areas of
the pancreas that contained at least 100 islets in each case
(105 ± 5 islets, total 6741 islets, ESM Table 2) using
NDP.view2 [8, 9]. Furthermore, as surrogate markers of beta
cell turnover, scattered beta cells, insulin-positive duct cells
and beta cell replication (i.e. by double staining with insulin
and Ki67) were quantified. Since the frequency of beta cell
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apoptosis was very low, as observed in our prior reports [3, 8,
9], it was not evaluated in this study. Scattered beta cells were
defined as a cluster of three or fewer beta cells in acinar tissue,
and the density of scattered beta cells was determined as the
number of scattered beta cells/pancreas area (/mm2). Insulin-

positive duct cells were also counted and expressed as the
number of insulin-positive duct cells/pancreas area (/mm2).
Frequency of beta cell replication was expressed as the
percentage of islets. Mean beta cell diameter was measured
as a surrogate of beta cell size, as previously described [8].

Table 1 Participant
characteristics Characteristic NDM group DM group Total

N (male/female) 38 (20/18) 26 (23/3) 64 (43/21)

Age, years 61.7 ± 14.3 67.2 ± 11.2 63.9 ± 13.3

Current BMI, kg/m2 22.3 ± 3.6 25.1 ± 3.5** 23.4 ± 3.8

Maximum BMI, kg/m2 24.9 ± 4.0 28.5 ± 3.8** 26.3 ± 4.3

HbA1c, mmol/mol 38 ± 4 51 ± 10** 43 ± 10

HbA1c, % 5.7 ± 0.5 6.9 ± 1.0** 6.2 ± 0.9

Glycated albumin, % a 15.2 ± 2.3 18.9 ± 3.5* 17.6 ± 3.6

Plasma glucose, mmol/l b 6.0 ± 0.8 7.8 ± 2.3** 6.7 ± 1.8

Clinical diagnosis, n (%)

Pancreatic cancer 13 (34) 14 (54) 27 (42)

IPMN 8 (21) 4 (15) 12 (19)

Non-functional neuroendocrine tumour 9 (24) 2 (8) 11 (17)

Bile duct cancer 3 (8) 2 (8) 5 (8)

Duodenal papilla cancer 1 (3) 1 (4) 2 (3)

Other c 4 (11) 3 (12) 7 (11)

Operative procedure, n (%)

Pancreatoduodenectomy 24 (63) 16 (62) 40 (63)

Distal pancreatectomy 12 (32) 8 (31) 20 (31)

Total pancreatectomy 2 (5) 2 (8) 4 (6)

Birthweight, g 3023 ± 439 3030 ± 511 3026 ± 466

History of obesity, n (%)

Up to adulthood 6 (16) 9 (35) 15 (23)

Early childhood 2 (5) 4 (15) 6 (9)

Elementary school age 4 (11) 4 (15) 8 (13)

Junior high school age 4 (11) 4 (15) 8 (13)

High school age 3 (8) 8 (31) 11 (17)

Adulthood 15 (39) 24 (92) 39 (61)

Obesity history throughout life 18 (47) 24 (92) 42 (66)

Duration of diabetes, years – 8.8 ± 5.9 –

Family history of diabetes in
second-degree relative, n (%)

11 (29) 13 (50) 24 (38)

Pancreas histology

BCA, % 1.14 ± 0.58 0.75 ± 0.34** 0.98 ± 0.53

ACA, % 0.25 ± 0.17 0.22 ± 0.10 0.24 ± 0.15

ACA/BCA 0.24 ± 0.12 0.32 ± 0.14* 0.27 ± 0.14

Data are mean ± SD or n (%)
a Glycated albumin data were obtained from 18 participants
b Timing of blood sampling (i.e. fasting or postprandial) was not determined
c Tumour-forming pancreatitis, disseminated sarcoma originating from small intestine, metastatic pancreatic
tumour, solid pseudopapillary neoplasm, serous cystic neoplasm, gastrointestinal stromal tumour and gastric
cancer; n = 1 for each

*p < 0.05, **p < 0.01 vs NDM

IPMN, intraductal papillary mucinous neoplasm
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Statistical analysisData are presented as mean ± SD in the text
and tables unless otherwise indicated. Mann–Whitney U test
was used to analyse the difference between two groups, and
Spearman correlation coefficient was used to assess the corre-
lation between two variables. All analyses were performed
using SPSS (version 25; SPSS, IBM, Chicago, IL, USA). A
value of p < 0.05 was taken as statistically significant.

Results

Participant characteristics Characteristics of participants with
(DM group, n = 26) and without diabetes (NDM group, n =
38) are shown in Table 1 and ESM Table 2. There was no
significant difference in age between the two groups. In the
DM group, HbA1c, glycated albumin and plasma glucose
levels, and current and maximum BMI, were significantly
higher than in the NDM group. In both groups, pancreatic
cancer was the most common pancreatic disease and
pancreatoduodenectomy was the most frequent operative
procedure. Mean birthweight was 3026 ± 466 g, and there
was no significant difference between the groups. In the
NDM and DM groups, 47% and 92% of patients, respectively,
had a history of obesity during their life, and 16% and 35%,
respectively, had a history of childhood obesity.

Effects of diabetes on islet morphologyBCAwas significantly
smaller in the DM group compared with the NDM group
(0.75 ± 0.34% vs 1.14 ± 0.58%, p < 0.01, Table 1, ESM Fig.
1). There was no difference in ACA between the two groups
(0.22 ± 0.10% vs 0.25 ± 0.17%, p = 0.98). Thus, the ACA to
BCA ratio in the DM group was higher than that in the NDM
group (0.32 ± 0.14 vs 0.24 ± 0.12, p = 0.01).

Islet density was significantly reduced in the DM group
compared with the NDM group (2.69 ± 1.07 vs 3.90 ± 1.96
/mm2, p < 0.01, ESM Fig. 1). Likewise, the DM group
showed significantly smaller mean islet size than the NDM
group (4505 ± 1459 vs 7052 ± 2663 μm2, p < 0.01).

Birthweight and beta and alpha cell mass In the NDM group,
there was a weak positive correlation between birthweight and
BCA (R = 0.34, p = 0.03, Fig. 1), but no correlation between
birthweight and ACA (R = −0.13, p = 0.43). Thus, a negative
correlation was observed between birthweight and ACA to
BCA ratio in the NDM group (R = −0.50, p < 0.01).
However, in the DM group, there was no correlation between
birthweight and BCA, ACA, or ACA to BCA ratio (Fig. 1).

The NDM and DM groups were further classified accord-
ing to the mean birthweight (Fig. 1, ESM Table 3). In the
NDM group, those with birthweight ≥3000 g showed greater
BCA than those with birthweight <3000 g (1.29 ± 0.60% vs
0.98 ± 0.53%, p = 0.04), with no significant difference in indi-
vidual beta cell size (ESM Fig. 2).

Birthweight and other islet morphology In the NDM group,
birthweight and islet density were not correlated (R = 0.13,
p = 0.45, Fig. 2), while there was a positive correlation
between birthweight and mean islet size (R = 0.46, p < 0.01).
Neither islet density nor mean islet size and birthweight were
correlated in the DM group (R = 0.13, p = 0.52 and R = 0.23,
p = 0.25, respectively). The NDM group with birthweight
≥3000 g showed greater mean islet size (8441 ± 2692 vs
5510 ± 1595 μm2, p < 0.01), but not islet density, than the
NDM group with birthweight <3000 g.

Regarding surrogate markers of beta cell turnover (ESM
Fig. 2), a positive correlation was found between birthweight
and density of insulin-positive duct cells in the NDM group
(R = 0.39, p = 0.02, Fig. 3). The NDM group with birthweight
≥3000 g showed an increase in density of insulin-positive duct
cells (0.11 ± 0.09 vs 0.07 ± 0.10 /mm2, p = 0.04) and frequen-
cy of beta cell replication (0.82 ± 1.09 vs 0.22 ± 0.53 /100
islets, p = 0.04) compared with the NDM group with
birthweight <3000 g.

Effects of current and childhood obesity on islet morphology
There was no correlation between current BMI and islet
morphology including BCA, ACA, ACA to BCA ratio, islet
density and mean islet size in either the NDM or DM group
(ESM Fig. 3). Similarly, maximumBMI and islet morphology
were not correlated in either group (ESM Fig. 4).

To explore the effects of childhood obesity, the NDM
group was divided into three categories, i.e. participants with
a history of childhood obesity (NDM-CO group, n = 6), those
with a history of obesity only in adulthood (NDM-AO group,
n = 12) and those with no history of obesity (lean; NDM-LN
group, n = 20) (Fig. 4, ESM Table 4). The NDM-CO group,
but not the NDM-AO group, showed greater BCA than the
NDM-LN group (1.78 ± 0.74% vs 0.99 ± 0.53%, p = 0.01).
The NDM-CO, but not NDM-AO, group also showed greater
mean islet size compared with the NDM-LN group (9759 ±
1716 vs 6586 ± 2259 μm2, p = 0.01). In the NDM-CO group,
no correlation was observed between birthweight and BCA
(R = −0.60, p = 0.21, ESM Fig. 5), and there was no difference
in BCA (1.89 ± 0.40% vs 1.67 ± 1.08%, p = 0.51) or mean
islet size (8919 ± 585 vs 10,599 ± 2215 μm2, p = 0.51)
between participants with and without adulthood obesity
(n = 3, respectively). Of note, there was no difference in
birthweight among the groups (ESM Table 4).

By contrast, in the DM group, when similarly classified by
history of obesity, no difference in islet morphology was
observed among the three groups (ESM Fig. 6, ESM
Table 5), although there were only two participants in the
DM-LN group.

Correlation coefficient between birthweight and BCA was
increased in participants without a history of childhood
obesity Finally, considering the possibility that a history of
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childhood obesity may affect BCA in the NDM group, we
further analysed the association between birthweight and
BCA after excluding the NDM-CO group (n = 32, Fig. 5).
As a result, the positive correlation coefficient between
birthweight and BCA was increased (R = 0.51, p < 0.01).
The positive correlation coefficients between birthweight
and mean islet size and the density of insulin-positive duct
cells, and the negative correlation coefficient between
birthweight and ACA to BCA ratio were also increased (R =
0.50, 0.45 and −0.53, respectively, all p < 0.01). However,
there remained no correlation between birthweight and
ACA, islet density, density of scattered beta cells or frequency

of beta cell replication. The positive correlation between
birthweight and BCAwas observed in both sexes (ESM Fig.
7). These results were consistent when only the NDM-LN
group was analysed (n = 20, ESM Fig. 8).

Discussion

In this study, we report that: (1) birthweight and BCA, but not
ACA, were positively correlated in Japanese non-diabetic
adults; (2) in these individuals, birthweight and mean islet
size, but not islet density, were positively correlated; (3) these

Fig. 1 Correlation between
birthweight and BCA (a–c), ACA
(d–f), or ACA to BCA ratio (g–i)
in participants with (DM group)
and without (NDM group)
diabetes. Grey and white circles
show DM and NDM participants,
respectively. Bars indicate mean.
*p < 0.05, **p < 0.01 vs NDM
participants with birthweight
<3000 g; ††p < 0.01 vs DM
participants with birthweight
<3000 g; ‡‡p < 0.01 vs DM
participants with birthweight
≥3000 g

Fig. 2 Correlation between
birthweight and islet density (a–c)
or mean islet size (d–f) in
participants with (DM group) and
without (NDM group) diabetes.
Grey and white circles show DM
and NDM participants,
respectively. Bars indicate mean.
**p < 0.01 vs NDM participants
with birthweight <3000 g;
††p < 0.01 vs DM participants
with birthweight <3000 g;
‡‡p < 0.01 vs DM participants
with birthweight ≥3000 g
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correlations were not observed in participants with type 2
diabetes; and (4) a history of childhood obesity, rather than
adulthood obesity, may affect BCA and mean islet size.

Asians are thought to have a lower insulin secretion capac-
ity compared with people of European or African descent
[17]. In previous studies, including ours, neither current
BMI nor maximum BMI in life were correlated with BCA
in Japanese adults [3, 8, 18, 19]. The same results were also
observed in this study, suggesting that Asians lack the capac-
ity for beta cell proliferation to compensate for insulin resis-
tance, compared with other ethnicities [1]. However, these
previous studies only took into account obesity in adulthood.

Although there are conflicting results regarding the associ-
ation between high birthweight and incidence of type 2 diabe-
tes [20–22], infants with low birthweight have been consis-
tently reported to have increased incidence of type 2 diabetes
[12, 23–31], which has been recently proposed as part of the
DOHaD hypothesis [13, 14]. Although there is complex
gene–environment interaction and the mechanisms of the
association between low birthweight and future development
of type 2 diabetes remain uncertain, an involvement of epige-
netic modification has been recently proposed [32, 33].
Recent evidence has suggested that fetal undernutrition causes
epigenetic modifications including DNA methylation, histone
modifications and microRNA interaction, inducing beta cell
dysfunction and insulin resistance in the offspring [32, 33]. It
has been shown that mice with low birthweight are susceptible
to impaired glucose tolerance due to epigenetic control, which
suppresses beta cell proliferation [34]. In this study, we found

that birthweight and BCA were positively correlated in
Japanese non-diabetic adults, indicating that birthweight is a
major determinant of BCM not only in rodents but also in
humans.

Obesity in adulthood is a well-known risk for the develop-
ment of type 2 diabetes [35]. Although individuals with low
birthweight are at risk of developing type 2 diabetes, it has
been reported that those born with low birthweight and with
obesity in adulthood showed the highest risk of type 2 diabetes
compared with those with normal birthweight and without
adulthood obesity [36, 37], suggesting a significant interaction
between birthweight and adulthood obesity in the incidence of
type 2 diabetes. Taken together, our findings suggest that
smaller BCM in individuals born with low birthweight
explains at least in part the relationship between low
birthweight and high risk of future development of type 2
diabetes.

On the other hand, there was no correlation between
birthweight and ACA in both non-diabetic and diabetic
participants, suggesting that, unlike beta cells, alpha cells
may be less susceptible to epigenetic effects of low
birthweight. Nonetheless, a negative correlation was
observed between birthweight and ACA to BCA ratio in
non-diabetic participants, indicating that people born with
low birthweight show a relative increase in ACM. Future
studies will be needed to explore whether the likelihood of
developing type 2 diabetes in infants with low birthweight
is more attributable to a decrease in BCM or a relative
increase in ACM.

Fig. 3 Correlation between
birthweight and number of
scattered beta cells (a–c), number
of insulin-positive duct cells (d–f)
and beta cell replication (g–i) in
participants with (DM group) and
without (NDM group) diabetes.
Grey and white circles show DM
and NDM participants,
respectively. Bars indicate mean.
*p < 0.05 vs NDM participants
with birthweight <3000 g;
‡p < 0.05 vs DM participants with
birthweight ≥3000 g
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The second finding of this study was clarification of the
associations of birthweight with islet density and mean islet
size. Analysis of fetal pancreatic tissues has shown that lobular
organisation of the pancreas as well as increase in islet size is
observed from early prenatal stages [38]. A previous report
has shown that BCM and islet size increase from birth to
20 years of age, but density of islets decreases with age [10],
suggesting that new beta cell formation mainly occurs with
increasing islet size. Here we found a significant correlation
between birthweight and mean islet size, but not islet density,
in non-diabetic individuals without a history of childhood
obesity, suggesting that insufficient development of each islet
rather than reduced number of islets is the mechanism of
reduced BCM in people born with low birthweight.

Islet development involves beta cell replication, which is
highest in neonates up to infancy and decreases with age [10,
11]. In this study, although beta cell replication was very rarely

observed in adult humans, the frequency of beta cell replica-
tion was significantly lower in those with birthweight <3000 g
than in those with birthweight ≥3000 g, suggesting the
involvement of beta cell replication in greater islet size.
Another source of beta cells may be insulin-positive duct cells,
whose number was positively correlated with birthweight in
this study. Although beta cell neogenesis and proliferation are
active in the neonate, duct cells are assumed to have the capac-
ity to convert to beta cells even in adulthood [39, 40]. Taken
together, our findings suggest the possibility that the ability of
beta cell production declines during the life course in people
born with low birthweight, also highlighting the role of epige-
netic modification, which is relatively stably transmitted until
adulthood.

The third finding was that no correlation between
birthweight and BCA or mean islet size was observed in
participants with type 2 diabetes. Previous reports have shown

Fig. 4 Effects of history of
childhood obesity and adulthood
obesity on BCA (a), ACA (b),
ACA to BCA ratio (c), islet
density (d), mean islet size (e) and
beta cell turnover (f–h) in
participants without diabetes
(NDM group). LN, NDM-LN
group; CO, NDM-CO group; AO,
NDM-AO group. Bars indicate
mean. *p < 0.05 vs NDM-LN;
†p < 0.05 vs NDM-AO
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that BCM declines in type 2 diabetes [1–4]. However, it is not
yet known whether the decline in BCM in individuals with
type 2 diabetes is a cause or consequence of the disease in
humans. Our findings indicate that the presence of type 2
diabetes modifies the relationship between birthweight and
BCM, and therefore birthweight is no longer a major determi-
nant of BCM in individuals with type 2 diabetes.

Finally, we confirmed the importance of childhood obesity
as a factor affecting islet morphology. Intriguingly, compared
with non-diabetic participants who did not have a history of
childhood obesity, regardless of the presence or absence of
adulthood obesity, those with a history of childhood obesity
showed significantly larger BCA and mean islet size despite
there being no significant difference in birthweight.
Furthermore, the correlation coefficients between birthweight
and BCA, mean islet size, and density of insulin-positive duct

cells in non-diabetic participants were further increased by
excluding those with childhood obesity. Although the number
of individuals with childhood obesity was small in this study,
these results suggest that a history of childhood obesity is a
modifier of BCM and islet size. It has been shown that elevat-
ed BMI only in adulthood rather than in adolescence was
associated with development of diabetes [41]. Another study
of Japanese female nurses has also reported an inverse rela-
tionship between BMI at age 18 and the incidence of diabetes
[42]. Furthermore, adolescent low BMI is associated with an
increase in the incidence of gestational diabetes [43, 44]. The
inverse relationship between childhood obesity and diabetes
may be in part explained by the capacity of beta cell expansion
during this age, although it should be noted that an increase in
body weight during childhood remains correlated with an
increased risk of type 2 diabetes, especially in those with

Fig. 5 Correlation between
birthweight and BCA (a), ACA
(b), ACA to BCA ratio (c), islet
density (d), mean islet size (e) and
beta cell turnover (f–h) in NDM
participants without a history of
childhood obesity (NDM-LN and
NDM-AO groups; n = 32)
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low birthweight [45]. In addition, whether the poor response
of BCM to obesity in Japanese is attributable to the lower
incidence of childhood obesity in this population [46, 47] is
an intriguing question that needs further clarification.

A limitation of this study is that birthweight and history of
obesity were based on a questionnaire. The average age of
participants in this study was over 60 years, and we were not
able to obtain documented records in childhood. However,
previous studies with respect to birthweight also used ques-
tionnaires to collect information [25–27, 36, 37, 42, 43].
Moreover, we sought to maintain the reliability of the data
by including only those who were able to recall their
birthweight on a scale of at least every 100 g. Second, different
portions of the pancreas were sampled according to the oper-
ative procedure. However, the proportion of endocrine cells
has been shown to be relatively consistent regardless of the
pancreatic site, except for the ventral portion of the pancreatic
head [4]. Furthermore, the results were not changed when we
analysed the cases of pancreatic head and body/tail separately
(ESM Fig. 9). Third, pancreatic diseases might affect islet
morphology; however, the results did not change depending
onwhether or not the primary disease was pancreatic cancer in
this study (ESM Fig. 10). In addition, in this study, because of
the presence of pancreatic diseases we were not able to
measure pancreas weight or volume, and therefore actual
BCM, the product of BCA and pancreas weight, was undeter-
mined, although BCA is widely used as a surrogate for BCM.
Thus, difference in pancreas weight might affect our findings,
as reduced pancreas weight has been reported in animal
models of intrauterine growth retardation [48]. Nonetheless,
these limitations and biases described above should make the
correlations or differences between the groups tend towards
zero. Fourth, since all participants of this study were Japanese,
our findingsmay not be applicable to other ethnicities. Finally,
in our participants, there were only seven participants with
birthweight <2500 g, which is generally considered as low
birthweight [21], furthermore, owing to the nature of the
cross-sectional design of the study, it is unclear whether those
with low BCM would develop type 2 diabetes in the future.
Our findings should be confirmed by future studies including
a larger sample size and multiple ethnicities.

In conclusion, there was a positive correlation between
birthweight and BCM, and birthweight and mean islet size
in Japanese non-diabetic adults. ACM and islet density were
not related to birthweight. A history of childhood obesity and
the presence of type 2 diabetes may be factors affecting BCM
after birth. These findings will be important bases for
explaining the DOHaD hypothesis.
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ABSTRACT
Platinum- based chemotherapy is commonly used as the 
standard first- line treatment for unresectable malignant 
pleural mesothelioma (MPM). However, in recent times, 
immune- checkpoint inhibitors (ICIs) have led to a paradigm 
shift. Herein, we review relevant literature and ongoing 
trials of ICIs used as both first- line and salvage therapies. 
Specifically, in the Japanese single- arm, phase II trial, the 
MERIT trial, nivolumab, an antiprogrammed cell death 1 
(PD-1) antibody showed favorable efficacy when used as 
a salvage therapy. Currently, multiple ICI monotherapy or 
combination therapy trials have been conducted, which 
could provide further evidence. Among available ICIs, the 
anti- PD-1 antibody is promising for unresectable MPM, 
despite the limited efficacy of anti- CTLA4 monotherapy. 
Ongoing studies will further confirm the potential efficacy 
of ICIs for MPM, as observed across other malignancies. 
It is also crucial to identify any clinically useful predictive 
biomarkers that could reveal ICIs with maximal effects in 
MPM.

INTRODUCTION
With increasing utilization of asbestos, the 
incidence of mesothelioma is considered to 
increase worldwide. Asbestos consumption 
in the USA has rapidly declined over the last 
40 years, which has resulted in a consider-
able decline in mesothelioma incidence.1 In 
Japan, the number of deaths had increased 
from 500 in 1995 to 1550 in 2016. Mesothe-
lioma manifests mainly in the pleura, peri-
toneum and pericardium, although most 
commonly in the pleura.2

The major role of chronic inflammation 
and local tumor suppression in tumorigen-
esis observed in some experimental models 
led to the investigation of immunotherapy 
for malignant pleural mesothelioma (MPM).3 
There have been intensive investigations on 
the efficacy and safety of immune- checkpoint 
inhibitors (ICIs) in the treatment of unresect-
able advanced diseases.4 5 Herein, we high-
light relevant study results, as well as designs 

and concepts of ongoing studies in both first- 
line and salvage settings.

Known biology
Among approximately 400 different mineral 
fibers present in nature, six fibers (amphi-
boles fibers (crocidolite, actinolite, tremolite, 
anthophyllite and amosite) and serpentine 
fiber (chrysotile)) are called as ‘asbestos’.6 
They are carcinogenic and have been 
associated with mesothelioma.6 7 Further-
more, exposure of the chest to therapeutic 
ionizing radiation, usually performed to treat 
lymphomas, has been causally linked to meso-
thelioma, especially in young patients.8–10

The accumulation of genetic aberrations 
can induce malignancies. Recently, The 
Cancer Genome Atlas program investigated 
genetic alterations in mesotheliomas using 
next- generation sequencing (NGS).11 The 
results revealed frequent mutations in BAP1, 
CDKN2A, NF2, TP53, LATS2 and SETD2.11 12 
Recently, a considerably higher number of 
genetic alterations in mesotheliomas has been 
detected than that detected by NGS, including 
point mutations, minute deletions and copy 
number changes.13 14 Furthermore, the vast 
array of genetic alterations in mesothelioma 
may lead to producing neoantigens, which 
correlate with the clonal expansion of tumor- 
infiltrating T lymphocytes.13 15 These findings 
suggest that, in contrast to the hypotheses 
based on NGS studies, mesothelioma may be 
immunogenic.15

Rationale for the development of immunotherapy
A hallmark of cancer is immune evasion, in 
which the immune system does not mount an 
effective antitumor response.16 Programmed 
cell death 1 (PD-1) is a negative costimulatory 
receptor expressed primarily on the surface 
of activated T cells17 18 and is involved in main-
taining peripheral tolerance. The binding of 
PD-1 to one of its ligands, PD- L1 or PD- L2, 
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can inhibit a cytotoxic T- cell response.19 20 Tumors can 
co- opt this pathway to escape T- cell- induced antitumor 
activity.21–23

The biology of MPM shows significant heterogeneity in 
both tumor and the microenvironment. Several studies, 
on T- cell- inhibitory receptors and chemokines, have indi-
cated the prognostic role of lymphocytes and the occur-
rence of immunosuppression in MPM.24 25 In a melanoma 
model, PD-1 blockade increased the proportion of 
antigen- specific CTLs that recognized melanoma targets 
by degranulation, suggesting increased recognition effi-
ciency for cognate peptide.26 The increased frequency 
and absolute number of antigen- specific CTLs by PD-1 
blockade resulted from augmented proliferation, and 
not decreased apoptosis. These findings have led to the 
extensive development of agents blocking immunocheck-
points and their clinical investigation in various malig-
nancies including MPM.

Biomarker in the ICI treatment of MPM
Some sensitive and specific immunohistochemistry 
markers including calretinin and WT1 are used for diag-
nosing mesothelioma.4 However, markers for treatment 
efficiency have not been established. Generally, PD- L1 
expression level is used as the representative maker for 
predicting the efficacy of ICIs. In the ICI monotherapy 
with the salvage setting in non- squamous cell non- small- 
cell lung cancer, the PD- L1 expression level affected the 
survival efficacy,27 while its influence was weakened when 
combined with platinum- based chemotherapy in the first- 
line setting.28

In MPM, 20%–70% of the specimens tested are usually 
PD- L1 positive.29 Such a wide range can be attributed to 
several factors. It could be because tumors are hetero-
geneous in nature.4 It could be partially attributed to 
the antibodies used; SP-263 is the most commonly used 
antibody,30–32 and the others include clones E1L3N and 
28–8.33 Furthermore, the histological subtype influences 
its frequency; PD- L1 expression is higher in non- epithelial 
mesotheliomas.34 The cut- off levels of PD- L1 positivity 
vary among trials.35 Considering that the positive rates 
were reported from different small studies with a small 
number of accrued patients, the data may be limited and 
actual rates of expression have hardly been studied. In 
addition to this, whether the ICI efficacy is truly depen-
dent on the PD- L1 expression level is still controversial.

ICIs in the first-line settings
The standard treatment for unresectable, advanced 
malignant mesothelioma is chemotherapy, although with 
a very poor prognosis.36 Similar to its use in non- small- 
cell lung cancer,37–44 cisplatin (CDDP) and pemetrexed 
(PEM) combination therapy (CDDP/PEM) approved by 
the US Food and Drug Administration (FDA) in 2004, 
is strongly recommended as the first- line treatment for 
mesothelioma.45 Moreover, molecularly targeted agents 
have been developed to augment cytotoxic chemotherapy. 
For instance, a randomized phase III MAPS study showed 

that adding bevacizumab to platinum doublets improved 
survival (HR of overall survival (OS) and progression- free 
survival (PFS): 0.77 (95% CI: 0.62 to 0.95); p=0.0167 and 
0.61 (0.50 to 0.75); p<0.0001, respectively).46 However, 
this regimen is yet to be approved by the FDA. A double- 
blind, randomized, placebo- controlled phase III study, 
the LUME- Meso trial of CDDP and PEM with or without 
nintedanib, a multikinase inhibitor for unresectable 
epithelioid MPM, showed that the primary endpoint, 
PFS, was not met.47 Even with such an aggressive chemo-
therapy, OS for unresectable mesothelioma remains ≤12 
months.48

Given the limitations in the efficacy of existing cyto-
toxic chemotherapy in MPM and recent advances in 
tumor immunology across various malignancies, ICIs 
have been investigated for the treatment of unresectable 
mesothelioma. A single- arm, Durvalumab with First- line 
Chemotherapy in Mesothelioma study examined treat-
ment efficacy after adding durvalumab, a PD- L1 inhibitor, 
to CPPD/PEM, in 54 patients with untreated, unresect-
able MPM49 (table 1). PFS (the primary endpoint) at 6 
months was 57%, and the objective response rate (ORR) 
was 48%, with a median duration of response of 6.5 
months. Immune- related adverse events of grade 3 and 
higher, occurred in eight patients (15%), including lipase 
elevation (n=1), pancreatitis (n=1) and renal impairment 
(n=1).

The Canadian Cancer Trials Group has launched a phase 
II/III study for unresectable MPM, to verify treatment 
efficacy following the addition of pembrolizumab, a PD-1 
antibody, to the standard CPPD/PEM (NCT02784171) 
(table 2). The use of durvalumab as the first- line immu-
nochemotherapy is also under evaluation, sponsored by 
PrECOG (NCT02899195). Japanese investigators are also 
conducting an exploratory phase II trial, using nivolumab 
combined with the standard CPPD/PEM, in patients 
with untreated, unresectable MPM.50 Furthermore, a 
large- scale, randomized phase III study, the CheckMate 
743 study is currently investigating the survival advan-
tage of the nivolumab/ipilimumab combination immu-
notherapy, versus platinum/PEM, in 606 patients with 
untreated, unresectable MPM (NCT02899299).

Single-agent ICI therapy in the salvage setting
Although the salvage setting is discussed before advance-
ments in the first- line setting, currently available agents 
in the salvage setting rarely work in MPM, with a median 
survival time (MST) of ≤6 months.51 Vorinostat, a histone 
deacetylase inhibitor, was proven not to have any survival 
advantage in a placebo- controlled randomized phase III 
trial, the VANTAGE-014 trial,52 without earlier trial result 
confirmation.

Thus far, four ICIs have been tested as an immuno-
therapy against relapsed tumors (table 1). A single- 
center, single- arm phase II study, the NivoMes trial, with 
single- agent nivolumab, an anti- PD-1 antibody showed 
that 16 (47%) of the 34 registered patients with recur-
rent MPM achieved disease control at 12 weeks (8 with 
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partial response (PR) and 8 with stable disease (SD)).53 In 
this population, PD- L1 expression did not predict treat-
ment responses. A Japanese single- arm phase II study, 
the MERIT study, also examined the efficacy and safety 
of nivolumab monotherapy in 34 patients with MPM with 
a history of prior chemotherapy.54 The primary endpoint, 
ORR, was 29% (10/34), which was dependent on tumor 
PD- L1 expression, with an ORR of 40% and 8% when 
PD- L1 expression was ≥1% and <1%, respectively. The 
median PFS and MST were 6.1 and 17.3 months, respec-
tively. Twenty- six patients (76%) experienced treatment- 
related adverse events (TRAEs). In essence, these results 
led to the approval of nivolumab in Japan for unresect-
able recurrent pleural mesothelioma.

A single- agent pembrolizumab, anti- PD-1 antibody 
trial (KEYNOTE-028) demonstrated that 5/25 (20%) of 
previously treated patients with MPM achieved PR, while 
13 (52%) had SD, with no treatment- related deaths or 
discontinuations.55 The Chicago group also conducted a 
pembrolizumab monotherapy phase II trial in 65 patients 
with pretreated mesothelioma.56 Nineteen per cent of the 
patients achieved PR, without unexpected AEs. The ORR 
was associated with PD- L1 expression; 7%, 26%, and 31% 
in patients harboring tumors with PD- L1- expression level 
of <1%, 1%–49% and ≥50%, respectively. The study also 
showed a median PFS and OS of 4.5 and 11.5 months, 
respectively.

With avelumab, a human anti- PD- L1 IgG1 antibody, a 
phase Ib monotherapy trial (JAVELIN) was conducted in 
53 patients with pretreated malignant mesothelioma.57 
Despite the 9% response in the whole cohort, ORR 
seemed different, stratified by the PD- L1 expression 
level in patients with PD- L1- positive (19% (3 of 16)) vs 
PD- L1- negative tumors (7% (2 of 27)), considering a ≥5% 
PD- L1 cut- off. The median PFS was 4.1 months, whereas 
the MST extended to >10 months. Five patients (9%) had 
grades 3–4 TRAEs, without treatment- related deaths.

Tremelimumab, an anti- CTLA4 antibody, was also evalu-
ated in a salvage setting. In Europe, two single- arm, phase 

II monotherapy trials showed preliminary efficacy, with 
an ORR of 3%–7%.58 59 Following these trials, a random-
ized phase IIb study, the DETERMINE study, revealed 
that tremelimumab failed to significantly prolong OS 
compared with that of placebo, in 571 patients with previ-
ously treated malignant mesothelioma. The MST showed 
no difference between treatment groups, with 7.7 and 7.3 
months in the tremelimumab and placebo arms, respec-
tively (HR 0.92, 95% CI 0.76 to 1.12).60

ICI combination therapy in salvage settings
Given that enhanced immunogenicity can be achieved by 
combining PD1 or PDL1 and CTLA4 inhibitors,3 several 
studies evaluating the combination of anti- CTLA-4 and 
anti- PD-[L]1 antibodies have been reported. A phase II 
study, the NIBIT- MESO-1 trial, investigated an ICI combi-
nation of tremelimumab and durvalumab for unresect-
able mesothelioma.30 Subjects who had refused first- line 
platinum- based chemotherapy, or subjects with disease 
progression after a maximum of one line of platinum- 
based therapy, were enrolled. Eleven (28%) of 40 patients 
had an immune- related objective response. The median 
PFS and MST were 5.7 and 16.6 months, respectively. 
Baseline tumor PD- L1 expression did not correlate 
with the immune- related objective response, and seven 
patients (18%) had grades 3–4 TRAEs.

A combination therapy of nivolumab and ipilimumab, 
over nivolumab monotherapy, was examined in a random-
ized phase II trial (IFCT MAPS2).31 A total of 125 patients 
with relapsed MPM were allocated to the combination 
therapy or monotherapy arm. Disease control rate (DCR), 
set as the primary endpoint, was 50% and 44%, whereas 
the ORR was 28% and 19%, respectively. As expected, the 
combination therapy had an increased risk of AE, with 
grades 3–4 of 26% and 14%, respectively. Three (5%) of 
62 combination group patients had toxicities that led to 
death (hepatitis, encephalitis and acute kidney failure). 
When restricted to high PD- L1 tumors (>25%), either of 

Table 2 Ongoing relevant trials

Trial Country Phase RCT Regimen
Primary 
endpoint

No of 
planned 
pts PS

Study 
start date Registration no

Front- line setting

  Canadian group Canada 2/3 Yes Cis- 
pem±pembrolizumab

OS 126 0–1 07/10/16 NCT02784171

  CM743 Global 3 Yes Nivolumab/ipilimumab 
versus p- pem

OS 606 0–1 25/10/16 NCT02899299

  PrE0505 USA 2 No Cis- pem/durvalumab OS 55 0–1 13/06/17 NCT02899195

  JME-001 Japan 2 No Cis- pem/nivolumab OR 18 0–1 20/01/18 UMIN000030892

Salvage setting

  Confirm UK 3 Yes Nivolumab versus 
placebo

OS 336 0–1 28/03/17 NCT03063450

Cis- pem, cisplatin and pemetrexed; OS, overall survival; p- pem, platinum (cisplatin or carboplatin) and pemetrexed; PS, performance 
status; pts, patients; RCT, randomized controlled trial.
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the regimens seemed effective, with ORRs of 63%–71% in 
the post hoc analyses.

Similar to this MAPS2 trial, a single- arm study, the 
INITIATE study,32 evaluated the efficacy of nivolumab 
and ipilimumab in mesothelioma refractory to at least 
one line of platinum- based chemotherapy. Of the 34 
patients included in efficacy assessment, 10 (29%) 
attained PR and 13 (38%) attained SD, resulting in a DCR 
(primary endpoint) of 68%. Despite the smaller- scale, 
non- randomized design, this study could reproduce the 
tolerance and efficacy results obtained from the MAPS2 
trial. It also showed a relationship between tumor PD- L1 
expression and the efficacy of this combination therapy.

Based on the aforementioned completed trials, several 
MPM trials are either ongoing or being initiated. The 
most pivotal is the one initiated by Cancer Research 
UK: a randomized, double blind placebo controlled 
CONFIRM trial of nivolumab versus placebo in patients 
with relapsed mesothelioma (NCT03063450). A total of 
336 patients will be recruited from 25 institutes in the UK 
over a 4- year period. All patients will be treated for 12 
months, except in situations of progress or withdrawal. It 
will be intriguing if this reproduces the Japanese MERIT 
study results.54

Overall, anti- PD-1 antibodies exhibited promising 
results when used alone as a salvage therapy after the first- 
line chemotherapy.53–56

Unresolved, unmet needs for MPM ICI therapy
Compared with clinical trials targeting other malig-
nancies, the majority of prior MPM trials employed 
‘small- scale’ and ‘single- arm’ designs, and their primary 
endpoints were set at only ORR or DCR. No clear 
survival advantage of ICI has been demonstrated through 
randomized trials. This is mainly because of the extremely 
small patient population, and mostly exploratory- type 
trials.4 However, favorable responses and survival data 
could be observed across the studies, which are better 
than historical data. Considering the current limita-
tions of treatment options in the salvage setting, ICI is 
now a potential rational and medically useful option for 
patients with unresectable, relapsed MPM, in the absence 
of any contraindications. Undoubtedly, well- designed 
randomized trials provide accurate and consistent data 
(ie, CONFIRM trial (NCT03063450); table 2). The accu-
mulation of forthcoming relevant data through ongoing 
clinical trials is important for establishing better ICI use 
in daily practices.

Among toxicities induced by ICIs, pulmonary toxicity 
has to be properly managed, as it can be one of the most 
common causes of ICI- related death. The most common 
lung toxicity observed in patients receiving ICI treatment 
is pneumonitis.61 In our review, as shown in table 1, it 
occurred in 2%–12% of the patients (median; 6%) in all 
the trials evaluating ICIs. This seemed almost consistent 
with that observed in other cancers. The patterns of onset 
and severity may also vary, and MPM often has charac-
teristics of limited reserve in pulmonary function at the 

baseline. These findings suggest the importance of vigi-
lance and rapid response. Thus, physicians still should 
recognize that the diagnosis of pneumonitis is particularly 
challenging and failure to detect and treat pneumonitis 
in a timely manner could lead to poor clinical outcomes.

Another unmet need is the identification of predictive 
biomarkers of ICI effects. Compared with other malig-
nancies, progress in mesothelioma biomarker research 
is limited. Some of the single- arm ICI studies reveal 
the correlation between responses and higher PD- L1 
expression. However, as insufficient survival data were 
generated, more established outcome data are needed 
to confirm the value of PD- L1 immunohistochemistry 
as a predictive biomarker for the OS effect. Recently, 
the tumor mutational burden (TMB) analysis using 
the whole exosome sequence has garnered attention in 
nivolumab therapy.62 Moreover, in lung cancer, no associ-
ation between TMB and PD- L1 expression was revealed.62 
Rather, a combination of them would be of value as a 
predictive biomarker. Nevertheless, only a few precise 
biomarkers for ICI efficacy assessments seem to exist in 
MPM clinical trials, besides PD- L1 expression. Further 
development of new biomarkers is also required for unre-
sectable mesothelioma.

A majority of patients diagnosed with untreated, unre-
sectable mesothelioma exhibit all expected symptoms at 
the initial presentation, and thus, do not meet the eligi-
bility criteria to participate in clinical trials. Therefore, 
study results have to be interpreted cautiously, taking 
into consideration how each of them can be applied per 
in- care patient, during daily clinical practices.

In the future, more novel immunotherapy results will 
be made available, which could possibly lead to further 
drastic changes in unresectable MPM treatment. Our 
goal is to carefully evaluate any relevant information and 
deliver better patient treatment.

CONCLUSIONS
MPM prognosis has been poor with the standard platinum 
chemotherapy. Recently, in the salvage setting, anti- PD-1 
antibodies yielded favorable ORR. Nivolumab is approved 
for use in Japan. Ongoing studies will further confirm the 
potential efficacy of ICIs for MPM, as observed across 
other malignancies. It is also crucial to identify any clin-
ically useful predictive biomarkers that could reveal the 
ICIs with maximal effects in MPM.

Contributors KH and NF carried out the search and assessement for relevant 
studies. KH drafted the manuscript. Both authors read and approved the final 
manuscript.

Funding This study was supported by grants- in- aid from the Ministry of Health, 
Labor and Welfare, Japan.

Competing interests KH has honoraria from AstraZeneca, Ono Pharmaceuticals, 
BMS, MSD, Eli Lilly Japan, Nihon Kayaku, Taiho Pharmaceuticals and Chugai 
Pharmaceuticals, as well as unrelated research funding from AstraZeneca, BMS, 
and Eli Lilly Japan. NF has received consultancy fees from Boehringer Ingelheim, 
Ono, Bristol- Myers Squibb, Kyorin, and Kissei, and honoraria or research funding 
from Ono, Boehringer Ingelheim, Bristol- Myers Squibb, Eli Lilly Japan, and MSD 

 on M
arch 22, 2020 by guest. Protected by copyright.

http://jitc.bm
j.com

/
J Im

m
unother C

ancer: first published as 10.1136/jitc-2019-000461 on 24 February 2020. D
ow

nloaded from
 

107



6 Hotta K, Fujimoto N. J Immunother Cancer 2020;8:e000461. doi:10.1136/jitc-2019-000461

Open access 

related to this manuscript, as well as unrelated research funding from Hisamitsu, 
Chugai, Taiho, Novartis and GSK.

Patient consent for publication Not required.

Provenance and peer review Not commissioned; externally peer reviewed.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

REFERENCES
 1 Henley SJ, Larson TC, Wu M, et al. Mesothelioma incidence in 50 

states and the district of Columbia, United States, 2003-2008. Int J 
Occup Environ Health 2013;19:1–10.

 2 Ministry of the environment government of Japan. Available: http://
www. env. go. jp/ air/ asbestos/ registration/ [Accessed 15 Aug 2019].

 3 Yap TA, Aerts JG, Popat S, et al. Novel insights into mesothelioma 
biology and implications for therapy. Nat Rev Cancer 
2017;17:475–88.

 4 Carbone M, Adusumilli PS, Alexander HR, et al. Mesothelioma: 
scientific clues for prevention, diagnosis, and therapy. CA Cancer J 
Clin 2019;69:402–29.

 5 Forde PM, Scherpereel A, Tsao AS. Use of immune checkpoint 
inhibitors in mesothelioma. Curr Treat Options Oncol 2019;20:18.

 6 Baumann F, Ambrosi J- P, Carbone M. Asbestos is not just asbestos: 
an unrecognised health hazard. Lancet Oncol 2013;14:576–8.

 7 Carbone M, Kanodia S, Chao A, et al. Consensus report of the 2015 
Weinman International Conference on mesothelioma. J Thorac Oncol 
2016;11:1246–62.

 8 Goodman JE, Nascarella MA, Valberg PA. Ionizing radiation: a risk 
factor for mesothelioma. Cancer Causes Control 2009;20:1237–54.

 9 Vivero M, Bueno R, Chirieac LR. Clinicopathologic and genetic 
characteristics of young patients with pleural diffuse malignant 
mesothelioma. Mod Pathol 2018;31:122–31.

 10 Attanoos RL, Churg A, Galateau- Salle F, et al. Malignant 
mesothelioma and its non- asbestos causes. Arch Pathol Lab Med 
2018;142:753–60.

 11 Hmeljak J, Sanchez- Vega F, Hoadley KA, et al. Integrative molecular 
characterization of malignant pleural mesothelioma. Cancer Discov 
2018;8:1548–65.

 12 Bueno R, Stawiski EW, Goldstein LD, et al. Comprehensive genomic 
analysis of malignant pleural mesothelioma identifies recurrent 
mutations, gene fusions and splicing alterations. Nat Genet 
2016;48:407–16.

 13 Mansfield AS, Peikert T, Smadbeck JB, et al. Neoantigenic potential 
of complex chromosomal rearrangements in mesothelioma. J Thorac 
Oncol 2019;14:276–87.

 14 Yoshikawa Y, Emi M, Hashimoto- Tamaoki T, et al. High- Density array- 
CGH with targeted NGS unmask multiple noncontiguous minute 
deletions on chromosome 3p21 in mesothelioma. Proc Natl Acad Sci 
U S A 2016;113:13432–7.

 15 Carbone M, Yang H, Gaudino G. Does chromothripsis make 
mesothelioma an immunogenic cancer? J Thorac Oncol 
2019;14:157–9.

 16 Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. 
Cell 2011;144:646–74.

 17 Sharpe AH, Freeman GJ. The B7- CD28 superfamily. Nat Rev 
Immunol 2002;2:116–26.

 18 Keir ME, Butte MJ, Freeman GJ, et al. PD-1 and its ligands in 
tolerance and immunity. Annu Rev Immunol 2008;26:677–704.

 19 Freeman GJ, Long AJ, Iwai Y, et al. Engagement of the PD-1 
immunoinhibitory receptor by a novel B7 family member leads 
to negative regulation of lymphocyte activation. J Exp Med 
2000;192:1027–34.

 20 Dong H, Strome SE, Salomao DR, et al. Tumor- Associated B7- 
H1 promotes T- cell apoptosis: a potential mechanism of immune 
evasion. Nat Med 2002;8:793–800.

 21 Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating 
immunity's roles in cancer suppression and promotion. Science 
2011;331:1565–70.

 22 Vesely MD, Kershaw MH, Schreiber RD, et al. Natural innate and 
adaptive immunity to cancer. Annu Rev Immunol 2011;29:235–71.

 23 Pardoll DM. The blockade of immune checkpoints in cancer 
immunotherapy. Nat Rev Cancer 2012;12:252–64.

 24 Ujiie H, Kadota K, Nitadori J- I, et al. The tumoral and stromal 
immune microenvironment in malignant pleural mesothelioma: 
a comprehensive analysis reveals prognostic immune markers. 
Oncoimmunology 2015;4:e1009285.

 25 Chéné A- L, d'Almeida S, Blondy T, et al. Pleural effusions from 
patients with mesothelioma induce recruitment of monocytes 
and their differentiation into M2 macrophages. J Thorac Oncol 
2016;11:1765–73.

 26 Wong RM, Scotland RR, Lau RL, et al. Programmed death-1 
blockade enhances expansion and functional capacity of human 
melanoma antigen- specific CTLs. Int Immunol 2007;19:1223–34.

 27 Borghaei H, Paz- Ares L, Horn L, et al. Nivolumab versus docetaxel in 
advanced Nonsquamous non- small- cell lung cancer. N Engl J Med 
2015;373:1627–39.

 28 Gandhi L, Rodríguez- Abreu D, Gadgeel S, et al. Pembrolizumab plus 
chemotherapy in metastatic non- small- cell lung cancer. N Engl J 
Med 2018;378:2078–92.

 29 Combaz- Lair C, Galateau- Sallé F, McLeer- Florin A, et al. 
Immune biomarkers PD-1/PD- L1 and TLR3 in malignant pleural 
mesotheliomas. Hum Pathol 2016;52:9–18.

 30 Calabrò L, Morra A, Giannarelli D, et al. Tremelimumab combined 
with durvalumab in patients with mesothelioma (NIBIT- MESO-1): 
an open- label, non- randomised, phase 2 study. Lancet Respir Med 
2018;6:451–60.

 31 Scherpereel A, Mazieres J, Greillier L, et al. Nivolumab or 
nivolumab plus ipilimumab in patients with relapsed malignant 
pleural mesothelioma (IFCT-1501 MAPS2): a multicentre, open- 
label, randomised, non- comparative, phase 2 trial. Lancet Oncol 
2019;20:239–53.

 32 Disselhorst MJ, Quispel- Janssen J, Lalezari F, et al. Ipilimumab 
and nivolumab in the treatment of recurrent malignant pleural 
mesothelioma (initiate): results of a prospective, single- arm, phase 2 
trial. Lancet Respir Med 2019;7:260–70.

 33 Cedrés S, Ponce- Aix S, Zugazagoitia J, et al. Analysis of expression 
of programmed cell death 1 ligand 1 (PD- L1) in malignant pleural 
mesothelioma (MPM). PLoS One 2015;10:e0121071.

 34 Mansfield AS, Roden AC, Peikert T, et al. B7- H1 expression in 
malignant pleural mesothelioma is associated with sarcomatoid 
histology and poor prognosis. J Thorac Oncol 2014;9:1036–40.

 35 Nowak AK, McDonnell A, Cook A. Immune checkpoint inhibition 
for the treatment of mesothelioma. Expert Opin Biol Ther 
2019;19:697–706.

 36 Mutti L, Peikert T, Robinson BWS, et al. Scientific advances and 
new frontiers in mesothelioma therapeutics. J Thorac Oncol 
2018;13:1269–83.

 37 Hotta K, Matsuo K, Ueoka H, et al. Meta- Analysis of randomized 
clinical trials comparing cisplatin to carboplatin in patients with 
advanced non- small- cell lung cancer. J Clin Oncol 2004;22:3852–9.

 38 Hotta K, Matsuo K, Ueoka H, et al. Addition of platinum compounds 
to a new agent in patients with advanced non- small- cell lung cancer: 
a literature based meta- analysis of randomised trials. Ann Oncol 
2004;15:1782–9.

 39 Hotta K, Matsuo K. Long- Standing debate on cisplatin- versus 
carboplatin- based chemotherapy in the treatment of advanced non- 
small cell lung cancer. J Thorac Oncol 2007;2:96.

 40 Hotta K, Fujiwara Y, Matsuo K, et al. Recent improvement in the 
survival of patients with advanced nonsmall cell lung cancer enrolled 
in phase III trials of first- line, systemic chemotherapy. Cancer 
2007;109:939–48.

 41 Hotta K, Takigawa N, Hisamoto- Sato A, et al. Reappraisal of short- 
term low- volume hydration in cisplatin- based chemotherapy: results 
of a prospective feasibility study in advanced lung cancer in the 
Okayama lung cancer Study Group trial 1002. Jpn J Clin Oncol 
2013;43:1115–23.

 42 Ninomiya K, Hotta K, Hisamoto- Sato A, et al. Short- Term low- 
volume hydration in cisplatin- based chemotherapy for patients 
with lung cancer: the second prospective feasibility study in the 
Okayama lung cancer Study Group trial 1201. Int J Clin Oncol 
2016;21:81–7.

 43 Hotta K, Ninomiya K, Takigawa N, et al. Reappraisal of short- term 
low- volume hydration in cisplatin- based chemotherapy; hoping for it 
as a public domain. Jpn J Clin Oncol 2015;45:603–4.

 44 Nishii K, Hotta K, Ninomiya K, et al. Programmed cell death- ligand 
1 expression and efficacy of cisplatin- based chemotherapy in 
lung cancer: a sub- analysis of data from the two Okayama lung 
cancer Study Group prospective feasibility studies. Respir Investig 
2019;57:460–5.

 45 Vogelzang NJ, Rusthoven JJ, Symanowski J, et al. Phase III study 
of pemetrexed in combination with cisplatin versus cisplatin alone 
in patients with malignant pleural mesothelioma. J Clin Oncol 
2003;21:2636–44.

 on M
arch 22, 2020 by guest. Protected by copyright.

http://jitc.bm
j.com

/
J Im

m
unother C

ancer: first published as 10.1136/jitc-2019-000461 on 24 February 2020. D
ow

nloaded from
 

108



7Hotta K, Fujimoto N. J Immunother Cancer 2020;8:e000461. doi:10.1136/jitc-2019-000461

Open access

 46 Zalcman G, Mazieres J, Margery J, et al. Bevacizumab for newly 
diagnosed pleural mesothelioma in the mesothelioma Avastin 
cisplatin pemetrexed study (maps): a randomised, controlled, open- 
label, phase 3 trial. Lancet 2016;387:1405–14.

 47 Scagliotti GV, Gaafar R, Nowak AK, et al. Nintedanib in combination 
with pemetrexed and cisplatin for chemotherapy- naive patients with 
advanced malignant pleural mesothelioma (LUME- Meso): a double- 
blind, randomised, placebo- controlled phase 3 trial. Lancet Respir 
Med 2019;7:569–80.

 48 Tsao AS, Lindwasser OW, Adjei AA, et al. Current and future 
management of malignant mesothelioma: a consensus report 
from the National cancer Institute thoracic malignancy Steering 
Committee, International association for the study of lung cancer, 
and mesothelioma applied research Foundation. J Thorac Oncol 
2018;13:1655–67.

 49 Nowak A, Kok P, Lesterhuis W, et al. OA08.02 DREAM - A Phase 2 
Trial of Durvalumab with First Line Chemotherapy in Mesothelioma: 
Final Result. J Thorac Oncol 2018;13:S338–9.

 50 Fujimoto N, Aoe K, Kozuki T, et al. A phase II trial of first- line 
combination chemotherapy with cisplatin, pemetrexed, and 
nivolumab for unresectable malignant pleural mesothelioma: a study 
protocol. Clin Lung Cancer 2018;19:e705–7.

 51 Kindler HL, Ismaila N, Armato SG, et al. Treatment of malignant 
pleural mesothelioma: American Society of clinical oncology clinical 
practice guideline. J Clin Oncol 2018;36:1343–73.

 52 Krug LM, Kindler HL, Calvert H, et al. Vorinostat in patients with 
advanced malignant pleural mesothelioma who have progressed on 
previous chemotherapy (VANTAGE-014): a phase 3, double- blind, 
randomised, placebo- controlled trial. Lancet Oncol 2015;16:447–56.

 53 Quispel- Janssen J, van der Noort V, de Vries JF, et al. Programmed 
death 1 blockade with nivolumab in patients with recurrent malignant 
pleural mesothelioma. J Thorac Oncol 2018;13:1569–76.

 54 Okada M, Kijima T, Aoe K, et al. Clinical Efficacy and Safety of 
Nivolumab: Results of a Multicenter, Open- label, Single- arm, 

Japanese Phase II study in Malignant Pleural Mesothelioma (MERIT). 
Clin Cancer Res 2019;25:5485–92.

 55 Alley EW, Lopez J, Santoro A, et al. Clinical safety and activity of 
pembrolizumab in patients with malignant pleural mesothelioma 
(KEYNOTE-028): preliminary results from a non- randomised, open- 
label, phase 1B trial. Lancet Oncol 2017;18:623–30.

 56 Desai A, Karrison T, Rose B, et al. Phase II trial of pembrolizumab 
(NCT02399371) in previously treated malignant mesothelioma: final 
analysis, in IASLC (ED). 19th IASLC World Conference on Lung 
Cancer Toronto, Canada, 2018.

 57 Hassan R, Thomas A, Nemunaitis JJ, et al. Efficacy and safety 
of avelumab treatment in patients with advanced unresectable 
mesothelioma: phase 1B results from the javelin solid tumor trial. 
JAMA Oncol 2019;5:351–7.

 58 Calabrò L, Morra A, Fonsatti E, et al. Tremelimumab for patients 
with chemotherapy- resistant advanced malignant mesothelioma: 
an open- label, single- arm, phase 2 trial. Lancet Oncol 
2013;14:1104–11.

 59 Calabrò L, Morra A, Fonsatti E, et al. Efficacy and safety of an 
intensified schedule of tremelimumab for chemotherapy- resistant 
malignant mesothelioma: an open- label, single- arm, phase 2 study. 
Lancet Respir Med 2015;3:301–9.

 60 Maio M, Scherpereel A, Calabrò L, et al. Tremelimumab as second- 
line or third- line treatment in relapsed malignant mesothelioma 
(determine): a multicentre, international, randomised, double- blind, 
placebo- controlled phase 2B trial. Lancet Oncol 2017;18:1261–73.

 61 Puzanov I, Diab A, Abdallah K, et al. Managing toxicities associated 
with immune checkpoint inhibitors: consensus recommendations 
from the Society for immunotherapy of cancer (SITC) toxicity 
management Working group. J Immunother Cancer 2017;5:95.

 62 Hellmann MD, Ciuleanu T- E, Pluzanski A, et al. Nivolumab plus 
ipilimumab in lung cancer with a high tumor mutational burden. N 
Engl J Med 2018;378:2093–104.

 on M
arch 22, 2020 by guest. Protected by copyright.

http://jitc.bm
j.com

/
J Im

m
unother C

ancer: first published as 10.1136/jitc-2019-000461 on 24 February 2020. D
ow

nloaded from
 

109





Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=iebt20

Expert Opinion on Biological Therapy

ISSN: 1471-2598 (Print) 1744-7682 (Online) Journal homepage: https://www.tandfonline.com/loi/iebt20

Nivolumab for the treatment of unresectable
pleural mesothelioma

Katsuyuki Hotta, Nobukazu Fujimoto, Toshiyuki Kozuki, Keisuke Aoe &
Katsuyuki Kiura

To cite this article: Katsuyuki Hotta, Nobukazu Fujimoto, Toshiyuki Kozuki, Keisuke Aoe &
Katsuyuki Kiura (2020) Nivolumab for the treatment of unresectable pleural mesothelioma, Expert
Opinion on Biological Therapy, 20:2, 109-114, DOI: 10.1080/14712598.2020.1703945

To link to this article:  https://doi.org/10.1080/14712598.2020.1703945

View supplementary material 

Accepted author version posted online: 11
Dec 2019.
Published online: 16 Dec 2019.

Submit your article to this journal 

Article views: 46

View related articles 

View Crossmark data

111



DRUG EVALUATION

Nivolumab for the treatment of unresectable pleural mesothelioma
Katsuyuki Hottaa,b, Nobukazu Fujimotoc, Toshiyuki Kozukid, Keisuke Aoee and Katsuyuki Kiurab

aCenter for Innovative Clinical Medicine, Okayama University Hospital, Okayama, Japan; bDepartment of Respiratory Medicine, Okayama University
Hospital, Okayama, Japan; cDepartment of Medical Oncology and Medicine, Okayama Rosai Hospital, Okayama, Japan; dDepartment of Respiratory
Medicine, National Hospital Organization Shikoku Cancer Center, Matsuyama, Japan; eDepartment of Medical Oncology, National Hospital
Organization Yamaguchi-Ube Medical Center, Ube, Japan

ABSTRACT
Introduction: Platinum-based chemotherapy is the current first-line standard therapy for unresectable
malignant pleural mesothelioma (MPM). Recently, immune-checkpoint inhibitors (ICI) have been inten-
sively investigated as treatment options for this disease. Nivolumab, an anti-programmed cell death
(PD)-1 agent, was one of the first drugs used and is representative of available ICIs.
Areas covered: This review discusses previous relevant reports and current ongoing trials of nivolumab.
The efficacy and safety of nivolumab have been investigated mostly in second-line or later treatment
settings as both monotherapy and in combination with other ICIs. Particularly, nivolumab monotherapy
yielded promising efficacy with an objective response rate of 29% and median overall survival of
17.3 months in salvage settings in the single-arm, Japanese phase 2 trial (MERIT). Notably, the study
led to Japanese approval of nivolumab for unresectable recurrent MPM. Several trials with monotherapy
or cotherapy with nivolumab have commenced, including randomized trials of nivolumab monotherapy
vs. placebo in the salvage setting, and cotherapy with nivolumab and ipilimumab vs. the platinum
doublet in the frontline setting.
Expert opinion: Nivolumab seems like a reasonable option for unresectable, relapsed MPM despite the
lack of randomized trial data. Ongoing pivotal trials will confirm its efficacy.
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1. Introduction

Malignant pleural mesothelioma (MPM) is a rare and aggressive
malignancy that occurs in the mesothelial surface of the pleural
and peritoneal cavities, and the pericardium [1]. The disease is
closely associated with asbestos exposure and approximately
80% of MPM cases are caused by occupational or environmental
exposure [2–6]. Despite policies banning asbestos use inWestern
countries, MPM has continued to increase in many countries
where asbestos is still extensively used. It is expected that
500,000 new cases of MPM will be diagnosed in men with
occupational exposure in Europe alone [7]. The prognosis of
MPM is poor, with a median survival time (MST) of 18 months
and a 5-year overall survival (OS) rate of < 5% [8]. In particular,
those with unresectable, advanced disease at the initial presen-
tation characteristically have a worse prognosis than patients in
earlier stages. This disappointing outcome is principally due to
the lack of efficient screening methods and effective systemic
therapy [9,10]. Therefore, innovative agents are urgently antici-
pated and required.

The role of peripheral immune tolerance with the co-
inhibitory immune-checkpoint molecules cytotoxic
T-lymphocyte antigen 4 (CTLA-4) and programmed cell death 1
(PD-1) and its ligand (PD-L1) have been extensively investigated.
PD-L1 is a transmembrane protein that binds to PD-1 and is
expressed on cytotoxic T cells and other immune cells [11,12].

Various types of tumor cells have been shown to exhibit upre-
gulated PD-L1 expression levels, which enables them to escape
the immune response and keep proliferating [11]. Based on this
background knowledge, anti-CTLA4, PD-1, and PD-L1 antibodies
have been widely developed against various advanced malig-
nancies. In this review, among the available immune-checkpoint
inhibitors (ICI), we specifically discuss nivolumab, which blocks
the PD-1 receptor, focusing on relevant previous trial reports and
ongoing trials of unresectable MPM both in the first-line and
salvage settings.

2. Basic information on nivolumab

Nivolumab is a human monoclonal antibody (HuMAb; immu-
noglobulin G4 [IgG4]-S228P) that targets the PD-1 cluster of
the CD279 cell surface membrane receptor [13,14] (See Box 1).
Nivolumab is expressed in Chinese hamster ovary cells and is
produced using standard mammalian cell culture and chroma-
tographic purification technologies. The agent was approved
for the treatment of several types of tumors in various coun-
tries including the United States of America and Japan in 2014
and the European Union in 2015.

The interaction of PD-1 with its ligands, PD-L1 and PD-L2,
can be blocked by nivolumab, leading to enhanced T-cell
proliferation and interferon (IFN-γ) release in vitro [15].
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Nivolumab binds with high affinity to activated human T-cells
expressing cell surface PD-1 and cynomolgus monkey PD-1.
Through a mixed lymphocyte reaction, nivolumab enhances
reproducible IFN-γ release in a concentration-dependent man-
ner [16].

In a population pharmacokinetic model, the overall distri-
butions of nivolumab exposure are comparable after treat-
ment with either 3 mg/kg or 240 mg nivolumab. The
predicted range of nivolumab exposure following a 240 mg
fixed dose across a 35 to 160 kg weight range is maintained
well below corresponding exposure to the well-tolerated
10 mg/kg biweekly dosage of nivolumab. That is why a flat
dose has been adopted in more recent nivolumab clinical
trials.

The clinical activity and safety of nivolumab have been
evaluated in patients with various malignancies including
melanoma, non-small cell lung cancer (NSCLC), renal cell car-
cinoma, classical Hodgkin lymphoma, urothelial carcinoma,
and head and neck carcinoma as a monotherapy or in combi-
nation with chemotherapy, targeted therapies, and other
immunotherapies. In contrast, in mesothelioma, the clinical
establishment of nivolumab has progressed slowly mainly
because of the extremely small patient population and the
difficulty associated with their accrual into relevant trials.

3. Nivolumab in the first-line setting

Patients with unresectable disease are often treated with sys-
temic cytotoxic chemotherapy not as a cure but for disease
management. Currently, the doublet chemotherapy of cispla-
tin and pemetrexed, antifolates, is the standard regimen for
patients with frontline, unresectable MPM [17], followed by
the regular approval in NSCLC [18–25]. However, the efficacy
of this regimen is limited, with an objective response rate
(ORR) of up to 30–40%, and some cancer-related symptoms
can be relieved with the therapy, while the median OS is
approximately 1 year in this disease setting [26].

Platinum agents can enhance the effector immune
response through modulation of PD-L1 [27]. The observed
encouraging results might extend ICI use to first-line treat-
ment of MPM, particularly in combination with the standard

platinum-based chemotherapy. Based on this background
knowledge, ICIs have been tested in untreated, unresectable
mesothelioma. Unfortunately, to date, no nivolumab trials
have been reported (Table 1), while the potential benefit of
adding durvalumab, a PD-L1 inhibitor, to the cisplatin and
pemetrexed standard regimen was tested in 54 patients with
untreated, unresectable MPM [28]. The study showed promis-
ing results and the primary endpoint of progression-free sur-
vival (PFS) at 6 months was 57%, with an ORR of 48% and
median duration of response of 6.5 months.

In parallel with this promising trial, in January 2018 we
commenced a phase 2 trial of nivolumab as a third agent in
combination with the standard chemotherapy of cisplatin and
pemetrexed for untreated, unresectable MPM [29] (Table 2).
The primary endpoint is centrally reviewed ORR, while the
secondary endpoints are disease control rate (DCR), OS, PFS,
and adverse events (AEs). This is an exploratory trial with
a target enrollment of 18 Japanese patients with good perfor-
mance status.

As a different approach, the survival advantage of frontline
combination immunotherapy with nivolumab and ipilimumab
over platinum and pemetrexed is currently under investiga-
tion in 606 patients with unresectable MPM. This is the indus-
try-sponsored, large-scaled, randomized phase 3, CheckMate
743 study (NCT02899299), initiated in October, 2016, with an
estimated completion date of 15 April 2022.

4. Single-agent nivolumab in the salvage setting

No systemic treatment has been proven effective for mesothe-
lioma refractory to first-line platinum doublet therapy in ran-
domized clinical trials. Although multiple systemic therapeutic
options have been investigated, there has been little progress
[30]. Cotherapy with vinorelbine or gemcitabine or re-
challenge with platinum therapy is often chosen in clinical
practice, but is rarely effective [31,32]. Therefore, this challen-
ging situation has created the most reasonable clinical setting
for developing new treatment strategies using ICIs.

Currently, four ICIs have been tested in the second-line or
later setting, including nivolumab as a monotherapy or in com-
bination with other ICIs. Single-agent nivolumab was evaluated

Table 1. Relevant nivolumab trial results in the salvage setting.

Trial Year Phase RCT Drug Primary endpoint No. ORR mPFS (mo) MST (mo) Ref.

MERIT 2018 2 No Nivolumab OR 34 29% 6.1 17.3 [34]
NivoMes 2018 2 No Nivolumab DCR 34 24% 2.6 11.8 [33]
MAPS2 2019 2 Yes Nivolumab/ipilimumab DCR 62 28% 5.6 15.9 [36]

Nivolumab 63 19% 4.0 11.9
INITIATE 2019 2 No Nivolumab/ipilimumab DCR 34 29% 6.2 NR [37]

Abbreviations: RCT; randomized controlled trial, ORR; objective response rate, mPFS; median progression-free survival, MST; median survival time, DCR; disease
control rate, OS; overall survival, NR; not reached.

Table 2. Ongoing relevant nivolumab trials.

Trial Country Phase RCT Setting Regimen
Primary
endpoint

No. of
planned pts Study start date Registration No.

CM743 Global 3 Yes Frontline Nivolumab/ipilimumab vs. p-pem OS 606 25/10/16 NCT02899299
JME-001 Japan 2 No Frontline cis-pem/nivolumab OR 18 20/01/18 UMIN000030892
CONFIRM UK 3 Yes Salvage Nivolumab vs. placebo OS 336 28/03/17 NCT03063450

Abbreviations: RCT, randomized controlled trial; pts, patients; cis-pem, cisplatin and pemetrexed; p-pem, platinum (cisplatin or carboplatin) and pemetrexed; OS,
overall survival; OR, objective response.
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in a single-center, single-arm phase 2 trial (NivoMes) for patients
with recurrent MPM [33]. The study revealed a DCR at 12 weeks,
set as the primary endpoint, of 47% (16 of 34), including eight
partial responders [33], while PD-L1 expression failed to predict
responses in this population. The median PFS and MST were 2.6
and 11.8 months, respectively, and nine (26%) patients devel-
oped grade ≥ 3 treatment-related AEs, including gastrointestinal
disorders and pneumonitis. The investigators documented that
single-agent nivolumab had meaningful clinical efficacy and
a manageable safety profile in previously treated patients
with MPM.

Japanese investigators conducted the single-arm phase 2
MERIT study, assessing the efficacy of nivolumab monotherapy
in 34 previously treated patients with pleural MPM [34]. The
primary endpoint was centrally defined ORR while AEs, PFS,
and OS were also evaluated. The ORR was 29% (10/34, 95%
confidence interval [CI]: 16.846.2), which was clearly affected
by PD-L1 expression level, with an ORR of 40 and 8% in PD-
L1 ≥ 1% and <1%, respectively. The ORR also seemed to be
differently stratified by histologic subtypes: 26%, 67%, and
25% for epithelioid, sarcomatoid, and biphasic histologies,
respectively. The survival data were also favorable with med-
ian PFS and MST of 6.1 and 17.3 months, respectively while 26
patients (76%) experienced treatment-related AEs. The results
of this study led the Japanese government to approve nivo-
lumab monotherapy for unresectable recurrent MPM.

5. Combination nivolumab and anti-CTLA-4
antibody in the salvage setting

Assuming that combining ICIs can enhance their upregulation
of tumor immunogenicity [35], the combination of an anti-
CTLA-4 antibody with nivolumab was investigated in several
clinical trials. A randomized phase 2 trial (IFCT MAPS2) evalu-
ated the benefits of a combination of nivolumab and ipilimu-
mab over nivolumab monotherapy in MPM progression after
first-line or second-line pemetrexed and platinum-based treat-
ments (Supplemental Figure 1) [36]. A total of 125 relapsed
MPM patients were allocated to the cotherapy or monother-
apy arm. The primary endpoint of disease control at 12 weeks
in the first 108 patients was met in both groups: 27 (50%, 95%
CI: 37–63) of 54 in the combination arm and 24 (44%, 95% CI:
31–58) of 54 patients in the monotherapy arm reached cen-
trally assessed disease control at 12 weeks. The efficacy of
both regimens was enhanced especially in high PD-L1-
expressing tumors (> 25%), with an ORR of 63% to 71%.
Sixteen (26%) of 61 patients in the combination arm and
nine (14%) of 63 in the monotherapy arm had grade ≥ 3
toxicities, and the most frequent were hepatic injury, asthenia,
and lipase increase. The authors concluded that nivolumab
monotherapy or nivolumab plus ipilimumab cotherapy both
showed promising activity in relapsed patients with malignant
pleural mesothelioma, without unexpected toxicity.

In addition to the MAPS2 trial, the efficacy of nivolumab
plus ipilimumab was also investigated in the single-arm, phase
2 INITIATE trial in patients with mesothelioma refractory to
platinum-based chemotherapy [37]. The primary endpoint was
also set as disease control at 12 weeks. Thirty-four patients
were evaluable for the response assessment at 12 weeks, and

10 (29%) and 13 (38%) achieved partial response (PR) and
stable disease (SD), respectively, resulting in a DCR of 68%
(23/34, 95% CI: 50–83). Notably, this study showed similar
safety and efficacy results to those of MAPS2 trial [36,37].
This study also showed the association of tumor PD-L1 expres-
sion with the efficacy of the cotherapy. The most common AEs
were skin disorders, infusion-related reactions, and fatigue.
Grade 3 treatment-related AEs were reported in 12 (34%) of
the 35 patients.

Along with these reported trials, UK investigators have
commenced a randomized, placebo controlled, double blind
trial (CONFIRM) comparing nivolumab monotherapy with
a placebo in the salvage setting (NCT03063450). The study
will recruit 336 patients with mesothelioma who have
a history of at least one prior line of treatment at 25 institutes
in the UK over a 4-year period. All patients are to be treated
for 1 year. The primary endpoint is set as OS while the sec-
ondary endpoints are ORR, safety, and patient-oriented out-
come. The actual study start date was 28 March 2017, and the
estimated study completion date will be July 2021.

6. Conclusion

We have reviewed clinical trial results and ongoing trials
related to nivolumab therapy in unresectable MPM. In the
frontline setting, the addition of nivolumab to standard cyto-
toxic chemotherapy is being investigated to overcome the
current poor prognosis. With the expectation of enhancing
tumor immunogenicity, the combination of anti-CTLA-4 anti-
body and nivolumab is also under investigation. In the salvage
setting, the single-arm, phase 2 MERIT trial showed a favorable
ORR of 29% [34], leading to the approval of nivolumab mono-
therapy in Japan. Other trials have also successfully demon-
strated similar efficacy of this agent. Although, to date, no
randomized trials have demonstrated a robust survival advan-
tage of nivolumab over other therapies, ongoing pivotal trial
may confirm its efficacy.

7. Expert opinion

Nivolumab has been extensively evaluated for efficacy and
safety in treating unresectable MPM (Table 2) [33,34,36,37],
similar to investigations conducted in other malignancies
[38]. However, in contrast to trials of other tumors, MPM trials
were often designed as single-arm studies with small sample
sizes and OS or PFS was not set as the primary endpoint
[33,34,36,37]. Thus, in terms of activity, it is still unknown
whether nivolumab monotherapy possesses true survival
advantage over other therapies because of the insufficient
efficacy data.

However, the following critical points should be considered
a focus: 1) single-agent pembrolizumab, another PD-1 anti-
body, also showed an ORR of approximately 20% with MST of
12 to 18 months; 2) no clearly effective agents are currently
available in the salvage setting; and 3) the ORR in the MERIT
study was better than that in studies of other malignancies
(i.e. ORR of 19%–20% in the study of nivolumab monotherapy
for recurrent NSCLC [39,40]). Thus, some, but not all patients
could benefit substantially from anti-PD-1 antibodies in the
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salvage setting. Moreover, based on the low incidence of
mesothelioma, we assume that the approval based only on
the results of single-arm phase II clinical trials is reasonable,
making the agent available to more patients.

However, it is important to note that after approval, the
activity of nivolumab should be cautiously reevaluated
through post-market surveillance and relevant research with
larger study populations. In addition, verification of the
approval in large-scale randomized trials is essential, and it is
worth paying special attention to the expected results of the
CONFIRM trial (NCT03063450). Whether the Japanese MERIT
study results would be reproduced by this trial is of great
interest [34].

In addition, Mansfield and colleagues stressed the impor-
tance of using contemporaneous synthetic control groups to
develop surrogate/predictive markers for efficacy [41]. Such an
approach would herald the next potential trend of strategies
for designing clinical trials of ICIs in the treatment of rare
malignancies including mesothelioma.

Similarly, in other malignancies including melanoma, renal
cell carcinoma, and NSCLC [42], cotherapy with nivolumab and
ipilimumab may also have a potent survival advantage even in
untreated, unresectable MPM. Consequently, the Checkmate
743 trial (NCT02899299) may directly change the existing
treatment strategy in the frontline setting. Further accumula-
tion of forthcoming relevant data is strongly needed to
improve the use of ICIs in daily clinical practice. Ongoing
relevant studies are currently strongly expected to further
confirm the role of immunotherapy in several disease settings,
in addition to MERIT study results, hopefully leading to
changes in the current historical prognosis of mesothelioma.
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Abstract
Objectives: In Japan, benign asbestos pleural effusion (BAPE) has been eligible for 
industrial accident compensation since 2003 as an asbestos-related disease despite 
the lack of good criteria. We compiled a criteria into a checklist of essential items and 
for excluding other diseases inducing pleural effusion as a diagnosis process.
Method: Thoracentesis was performed in order to confirm the presence of pleural ef-
fusion at the initial diagnosis, and 105 suspected BAPE patients were retrospectively 
examined. We complied a checklist comprising the following diagnostic items: (a) 
occupational asbestos exposure; (b) confirmation of exudate of pleural effusion; (c) 
exclusion of pleural effusion with malignant tumors based on negative results of 
CEA and hyaluronic acid, and cytology of pleural effusion; (d) exclusion of rheu-
matic, bacterial, and tuberculous pleuritis; (d) radiological findings for exclusion of 
malignancies; and (e) histopathological findings based on thoracoscopy that exclude 
malignancies (when thoracoscopy was not performed, there was confirmation that no 
malignancies were present during 3-month follow-up observation). Cases that satis-
fied all items were defined as BAPE.
Results: Among the 105 suspected cases, there were five cases that had no occupa-
tional asbestos exposure; six cases in which transudate of on pleural effusion; one 
case each of rheumatoid pleuritis and tuberculous pleuritis; and five cases of pleu-
ral mesothelioma based on chest radiography and histopathological findings within 
3 months after initial diagnosis. Therefore, we excluded 18 cases from the 105 can-
didates and determined 87 cases of BAPE.
Conclusion: We consider that six items described above are suitable for diagnosing 
BAPE.

K E Y W O R D S
benign asbestos pleural effusion, exudative, occupational asbestos exposure, pleural mesothelioma, 
pleural plaques
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1 |  INTRODUCTION

Benign asbestos pleural effusion (BAPE) is a non-malignant 
pleural lesion induced by asbestos exposure, which is also 
known as asbestos pleuritis. Eisenstadt1 reported BAPE as a 
new disease concept for the first time in 1964, and BAPE typ-
ically presents unilaterally and with a small volume of pleural 
effusion.

Epler et al2 reported diagnostic criteria such as (a) asbes-
tos exposure, (b) presence of pleural effusion by chest radio-
graph or thoracentesis, (c) no other causes except asbestos 
exposure, and (d) no appearance of malignancy during a pe-
riod of 3 years from diagnosis. These criteria were generated 
for prospective epidemiological observation, and clinical fol-
low-up for 3 years was set in order to exclude pleural meso-
thelioma. Hillerdal et al3 showed that clinical follow-up for 
only 1 year is sufficient if precise checking is followed by 
diagnostic imaging such as chest computed tomography (CT) 
scanning in 1989. However, other new criteria have not been 
proposed since. Therefore, we cannot compare with standard 
data described the previous studies.

It is speculated that the pathogenic mechanism of BAPE is 
mechanical irritation of the visceral pleura by asbestos fibers, 
obstruction of the lymphatic drainage of the parietal pleura 
induced by pleural fibrosis,4 or autoimmunity due to the ad-
juvant effect of asbestos fibers.5 However, the true mecha-
nism has not yet been established. It may be defined that the 
inflammation of visceral pleura induced by asbestos fibers 
induces BAPE.

In Japan, BAPE was approved in 2003 as an asbestos-re-
lated disease for industrial accident compensation. However, 
this compensation to BAPE patients was judged despite the 
lack of diagnosis criteria. It is suspected that some patients 
with BAPE have been overlooked because there are no diag-
nostic criteria for BAPE. Therefore, we examined retrospec-
tively the diagnosis of BAPE based on occupational history, 
pleura, chest images, and laboratory data of pleural effusion 
together with data from reported BAPE patients.6-8 We then 
established a diagnosis manual for BAPE, and report the 
findings.

2 |  MATERIALS AND METHODS

From 2012 to December in 2019, 105 patients who were di-
agnosed with BAPE at the initial diagnosis at the Okayama 
Rosai Hospital, Toyama Rosai Hospital, Yokohama Rosai 
Hospital, and Tohoku Rosai Hospital in Japan, were exam-
ined retrospectively, and the validity of the diagnosis was 
investigated. These cases were diagnosed as BAPE at the ini-
tial diagnosis based on data from laboratory and radiological 
findings. However, we reinvestigated these cases based on 
a checklist of proposed new criteria, and some cases were 

deemed to be diagnosed incorrectly. Therefore, the remain-
ing cases were diagnosed definitely as BAPE. It was made 
clear that BAPE should be diagnosed based on these proce-
dures containing these exclusion items.

We complied a checklist for diagnosing BAPE as given in 
Figure 1, and judged retrospectively the validity of the diag-
nosis depending on this checklist for the 105 cases who were 
diagnosed as BAPE at the initial diagnosis. The checklist was 
basically complied based on (a) the presence of occupational 
asbestos exposure for confirmation of asbestos exposure, (b) 
pleural effusion findings with thoracentesis and exclusion of 
other diseases in the criteria defined by Epler et al2 in 1982.

1. In order to confirm asbestos exposure, we inquired con-
cerning occupational asbestos exposure. In the cases with 
confirmed asbestos exposure, we inquired concerning the 
age at first exposure, exposure term, and job duty, and 
investigated the latent period from the first exposure to 
the onset of BAPE. We designated cases as questionable 
exposure to asbestos where pleural plaques appeared in 
radiographs without confirmation of occupational asbestos 
exposure. We, therefore, excluded these cases.

2. In order to exclude other diseases that might induce pleu-
ral effusion, we checked the past history and present ill-
ness. There were 15 cases with heart disease, two cases 
with kidney disease, and one case with prostate cancer. 
However, none of these cases were excluded because 
these diseases were assessed not to cause pleural effusion. 
In the next step, we examined the pleural fluid. Since pleu-
ral fluid results from inflammatory disease with asbestos 
fibers, the fluid was confirmed to be exudative based on 
Light's criteria.9

3. (a) For exclusion of cases with malignant pleural effusion, 
cytopathological examination of the pleural effusion as 
well as assay of carcinoembryonic antigen (CEA) and hya-
luronic acid in the pleural effusion were performed. (b) To 
exclude rheumatoid pleuritis, rheumatoid factors (RFs) in 
the serum and effusion were examined. (c) For exclusion 
of bacterial pleuritis, a bacterial check of the pleural effu-
sion was performed and we confirmed that lymphocytes 
were more than half in the leukocytes of the pleural ef-
fusion. (d) Furthermore, to exclude tuberculous pleuritis, 
adenosine deaminase (ADA) was checked, and a bacte-
rial smear and culture for tuberculosis were performed in 
addition to polymerase chain reaction for Mycobacterium 
tuberculosis (Tbc-PCR).

4. At chest imaging, the absence of irregular pleural thick-
ening and no tumorous mass were confirmed in order to 
exclude pleural mesothelioma.10

5. To exclude the early stages for pleural mesothelioma, 
macroscopic findings based on thoracoscopy and biopsy 
of the parietal pleura were checked. Histopathological ex-
amination had not been performed in some of the cases, 
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F I G U R E  1  Checklist for diagnosis of benign asbestos pleural effusion
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and no malignant tumor was confirmed in follow-up ob-
servation during a period of at least 3 months.

3 |  RESULTS

All 105 cases suspected as BAPE at the initial diagnosis were 
male and aged 60 to 96 years with the median age of 79 years 
at diagnosis.

1. One hundred cases (95.2%) were confirmed to have 
occupational history of asbestos exposure and four cases 
were suspected to have asbestos exposure with pleural 
plaque imaging without definite occupational asbestos 
exposure. One case was not confirmed to have occupa-
tional asbestos exposure and pleural plaques as indicated 
in Figure  2.

2. Differential diagnosis of pleural effusion was per-
formed according to the Diagnostic Approach to Pleural 
Effusion.11 Thoracentesis was performed on all 105 cases 
and 79% proved to be bloody effusion.

3. Pleural fluids of 99 cases (94.3%) were proven to be 
exudative. Among these, 55% satisfied all three items of 
Light's criteria, 22% satisfied two items, and 17% satisfied 

one item. Six cases (6%) that did not satisfy any item were 
determined as transudative, and were excluded at this 
stage.

4. (a) Only one case showed more than 5 ng/mL of CEA, 
and the malignant marker threshold was 6.5 ng/mL, but its 
malignancy was denied. Two point four percent of cases 
exhibited hyaluronic acid exceeding the 100 000 ng/mL 
threshold, but did not exceed 120 000 ng/mL, and pleu-
ral mesothelioma was denied. For cytology, with regard 
to Class III diagnosis, 4.9% of cases were Class III, but 
they were mild (Class IIIa) and malignant tumors such as 
mesothelioma were not observed during follow-up (Table 
1). (b) One case with high levels of serum and effusion 
RFs was later proven to be rheumatoid arthritis. This 
case was diagnosed previously with rheumatoid pleuritis. 
(c) One case with an ADA level in the pleural effusion 
of 60.5 U/L was proven to be tuberculous pleuritis with 
detection of Mycrobacterium tuberculosis (M. tb) after 
2  weeks culture, despite negative results with Tbc-PCR 
and interferon-γ releasing assay (T-SPOT) as given in 
Figure 2. (d) In regard to bacterial pleuritis, all cases pre-
sented negative in the bacterial test. The majority of cases 
(97.5%) had more than 50% of lymphocytes among the 
leukocytes in pleural effusion, and 3.5% increased in eo-
sinophils, but no case increased in neutrophils (Figure 2).

5. For radiological examination, 97.5% of cases presented 
with pleural plaques, but no pulmonary asbestosis. No tu-
morous thickening of the pleura was detected at the initial 
diagnosis; however, three cases exhibited irregular pleural 
thickening in 1-3  months of follow-up. Figure  3 shows 
one of these three cases without positive findings in all 
sites containing the left pleura except pleural effusion on 
the left side with PET-CT. After 3 months, the left pleura 
exhibited slight irregular thickening, and distinct narrow-
ing of the left thorax was present as shown in Figure 4. We 
suspected left pleural mesothelioma and was diagnosed 
definitively based on thoracoscopy as given in Figure 2.

F I G U R E  2  Differential diagnosis of BAPE from other diseases

T A B L E  1  Laboratory findings in pleural effusion

CEA in PE less than 5.0 ng/mL Lymphocytes dominant in PE

YES 98.8% YES 96.5%

NO 1.2% NO 3.5%

HA in PE less than 100,000 ng/
mL

Exclusion of RA pleuritis

YES 97.6% YES 96.4%

NO 2.4% NO 3.6%

Cytology in PE ADA in PE less than 40 IU/L

Class I 30.5% YES 98.8%

Class II 64.6% NO 1.2%

Class III 4.9%

Abbreviations: HA, hyaluronic acid; PE, pleural effusion.
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6. Just after the initial diagnosis, thoracoscopy in three 
cases among these five cases was performed but biopsy 
results were negative. However, tumorous pleural thick-
ening appeared during the 3-month follow-up period, 
and subsequent biopsy proved to be sarcomatoid pleural 
mesothelioma. The other two cases complained of persis-
tent severe chest pain as a subjective symptom although 
there were negative radiological findings. Pleural biopsy 
with thoracoscopy was performed and these cases were 

proved to be the epithelioid type of pleural mesotheli-
oma. Therefore, we assessed the necessity of more than 
3 months of follow-up after thoracentesis for the diagnosis 
of BAPE.

Based on the exclusion criteria, we determined BAPE in-
duced by occupational asbestos exposure for 87 cases. All of 
the final defined 87 cases were male and aged 60 to 93 years 
with the median age of 79 years. In terms of the occupational 
history, the main occupation was shipbuilder followed by 
construction worker as indicated in Figure  5. The asbestos 
exposure term ranged from 2 to 55 years with the median of 
38 years. The latency period ranged from 18 to 73 years with 
the median of 53.5 years.

4 |  DISCUSSION

Pleural effusion comprises transudate occurring from im-
pairment of the flow of body fluid such as heart failure or 
nephrotic syndrome, and exudate induced by local inflam-
mation extending to the pleura or by malignancies. BAPE 
is visceral pleural pleuritis induced by asbestos fibers pen-
etrating the pleural cavity, and has been considered to be 
an asbestos-related disease since the 1960s.1 No new crite-
ria for BAPE have been determined, since Epler et al2 de-
scribed criteria in 1982. In Japan in 2003, BAPE was added 
to the list of asbestos-related diseases for which patients 
were able to receive industrial accident compensation. 
Although no new criteria were identified, compensation for 
this disease was determined. Therefore, we present a new 
checklist to use as a reference in diagnosing BAPE based 
on a retrospective reinvestigation of the cases diagnosed as 
BAPE at the initial diagnosis that screens out the misdiag-
nosed cases.

Although asbestos exposure history is a criterion reported 
by Epler, we propose occupational history of asbestos expo-
sure in order to ensure asbestos exposure. For this reason, 
there are no reports of BAPE induced by environmental as-
bestos exposure. Almost all cases were induced by occupa-
tional asbestos exposure. Based on the checklist, we excluded 
five cases including four cases whose occupational history 
of asbestos exposure was unclear from the 105 cases under 
investigation. Although almost all cases (97.5%) presented 
with pleural plaques, pleural plaques were considered as a 
reference item only and occupational asbestos exposure was 
considered more important.

By confirming the exudate as inflammatory pleural ef-
fusion using Light's criteria classification,9 six cases with 
transudate were excluded. Ninety-three percent to 96% of 
cases meeting this criterion were reported to have exudate. 
Furthermore, the cases that did not satisfy this criterion were 
determined to be transudative.

F I G U R E  3  PET-CT shows no positive lesions in the left thorax 
with pleural effusion

F I G U R E  4  Chest CT that was taken 6 mo after first visit shows 
irregular pleural thickening in the left pleura. The left thorax becomes 
smaller than the right thorax suggesting left pleural mesothelioma
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For differential diagnosis to exclude malignant tumors, 
we considered CEA, hyaluronic acid, and cytology data. 
The CEA concentration in pleural effusion was reported to 
be less than 1.8  ng/mL for BAPE12 and useful in identify-
ing BAPE. However, for mesothelioma, CEA is not helpful 
in distinguishing from pleural mesothelioma because almost 
all pleural mesothelioma cases were within normal limits. 
The majority of pleural mesothelioma cases exhibited hyal-
uronic acid concentrations of greater than 100 000 ng/mL; 
however, almost all BAPE cases exhibited concentrations of 
less than 100 000 ng/mL.6 Fujimoto reported that three cases 
among 87 cases with BAPE exceeded the concentration of 
100 000 ng/mL, but those were less than 120 000 ng/mL.7 
Our results regarding hyaluronic acid in pleural effusion were 
consistent with this report and we assumed that there were no 
cases that suggested mesothelioma. It is relatively easy to dif-
ferentiate malignant effusion using cytological examination. 
Five cases showed Class III, which was difficult to judge, and 
these were Class IIIa. We denied malignancies from clini-
cal course. From these results, we judged that there were no 
cases with findings suggestive of a malignant tumor.

At the next step, differential diagnosis of collagen disease 
such as rheumatic pleuritis was performed. There was no case 
affected by these diseases based on past history and present 
illness. One case presented with high RFs in serum and pleu-
ral effusion, and was examined carefully at a later date. This 
was likely rheumatic pleuritis from diagnosis of rheumatoid 
arthritis,13 and was excluded. In addition, to exclude bacterial 
pleuritis, we performed bacterial examination and assayed 
the differential count of leukocytes in the pleural effusion. 

There were no abnormal cases. Although the percentage of 
lymphocytes in leucocytes in the pleural effusion was greater 
than 50% in most cases, three cases presented with eosino-
philia. BAPE cases with eosinophilia were reported,14 and 
these results did not affect this diagnosis.

To exclude tuberculous pleuritis, which presents with 
many lymphocytes in pleural effusion, we performed ADA 
assay and bacterial examination. Only one case showed a con-
centration of greater than 40 U/L (60.5 U/L) of ADA. It has 
been reported that cases with ADA of greater than 40 U/L are 
suspected to suffer from tuberculosis.15 This case presented 
negative for Tbc-PCR in effusion and serum T-SPOT tests, 
but culture of pleural effusion proved M. tb positive. We de-
termined that this was tuberculous pleuritis. We excluded 13 
cases due to the results so far.

Finally, it is difficult to differentiate diagnosis between 
BAPE and early stage pleural mesothelioma. Kato et al10 fo-
cused on the thickening of the mediastinal pleura for one of 
the features of pleural mesothelioma, but no positive cases 
presented with this indicator in 92 cases examined. Although 
clinical symptoms during 3  months of follow-up presented 
only as pleural effusion, two cases complained of severe 
chest pain and three cases exhibited irregular pleural thick-
ening and narrowing of the affected thorax. In three cases 
among them pleural biopsy was performed under thora-
coscopy. Visual change in the tumors was not observed in 
these cases, and they were diagnosed with fibrinous pleuritis 
based on biopsy. However, after manifestation of irregular 
pleural thickening, the second pleural biopsy indicated pleu-
ral mesothelioma. The reason for this discrepancy was that 

F I G U R E  5  This figure shows the 
number of occupational histories for 87 
confirmed BAPE cases. Shipbuilder and 
construction workers are main components 
for BAPE cases as reported for asbestos-
related lung cancer or mesothelioma cases
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the biopsied sites were thought not to be suitable for defi-
nite diagnosis. Two other cases had no positive radiological 
abnormality but indicated persistent chest pain. We again 
performed thoracoscopic biopsy and made a definite diagno-
sis of epithelioid mesothelioma. The diagnosis of these five 
cases changed during the 3 months of follow-up, and we as-
sessed the necessity for a 3-month of follow-up observation 
period after administering a pleural effusion test.

From the report by Metintas et al,16 in the 287 cases that un-
derwent thoracoscopy, 101 cases diagnosed with fibrinous pleu-
ritis by biopsy were examined more closely, and the rate of false 
negatives was 18%. All of these cases presented as malignant 
pleural diseases. Of the 142 cases exhibiting exudate as pleural 
effusion, 30% to 40% could not be diagnosed based on histo-
pathological data using thoracoscopy. Of that group 8% to 12% 
were found to have malignant pleural lesions and almost all cases 
were diagnosed with pleural mesothelioma. The other 25% to 
91% were classified as non-specific pleuritis and were treated as 
idiopathic pleuritis. If a definite diagnosis is reported to be de-
termined, greater accuracy using invasive biopsy is required.17 
For determining BAPE as a diagnosis by exclusion, we consider 
that a 3-month follow-up period is necessary. Nevertheless, a 
part of pleuritis in which definite diagnosis is not determined 
after thoracoscopic biopsy is thought to be grouped as BAPE. 
Using these criteria, we diagnosed 87 cases as BAPE.

Thus, when BAPE was diagnosed with (a) a history of 
occupational asbestos exposure and (b) the presence of ex-
udate based on a pleural effusion test as the required main 
items; and (c) negative results of CEA and hyaluronic acid 
in pleural effusion, and cytology of pleural effusion for ex-
clusion of malignancy; (d) exclusion of rheumatic, bacterial 
and tuberculous pleuritis; (e) exclusion of malignancy using 
radiological images; and (f) exclusion of histopathological 
malignancy using thoracoscopy (when thoracoscopy was not 
performed, no malignant tumor was confirmed in follow-up 
observation during at least 3 months) as required sub-items, 
BAPE could be determined with a more than 95% if cytology 
was class . If some of these six sub-items are no, we should 
carefully make a differential diagnosis.

The age of BAPE onset induced by asbestos exposure 
has pointed out the relationship to the volume of asbestos to 
which the patient was exposed. The number of incidences 
increases and latency becomes short, if the exposure volume 
of asbestos increases.18 The median age of BAPE onset was 
66 years at our previous report,8 but increased to 79 years at 
this report. Similar to previous reports, the history of occu-
pational asbestos exposure is approximately the same such 
as No. 1 is shipbuilder and No. 2 is construction worker 
as shown in Figure 5, and asbestos exposure in these types 
of work was classified as moderate. The median exposure 
term was 38 years and the latency from the first exposure 
was 53.5 years, which was longer than that shown by pre-
vious data.6,8,12 As a reason for this, considered together 

with many cases of advanced-age patients, it was suggested 
that the exposure dose was low when they worked with as-
bestos exposure. Workers were likely affected with BAPE 
after a long latency period with a low dose of past asbestos 
exposure.

On the other hand, five cases among those diagnosed as 
BAPE at the initial diagnosis were determined as pleural 
mesothelioma in their clinical course. The term of clinical 
observation was between 1 and 3 months. The reason why 
we did not confirm pleural mesothelioma was not that pleu-
ral mesothelioma changed from BAPE, but that we failed 
to make a definite diagnosis of pleural mesothelioma at the 
initial diagnosis due to the presence of only pleural effu-
sion without malignant findings such as tumorous pleural 
thickening by chest CT and that definite diagnosis could be 
performed during the progression of the disease. Although 
we observed parietal pleura in three of the five cases using 
thoracoscopy and performed a pleural biopsy under thora-
coscopy at the initial diagnosis, we failed to reach a definite 
diagnosis.

If we do not detect malignant findings that suggest meso-
thelioma based on chest CT, we should pursue more precise 
observation through thoracoscopy and perform a biopsy at 
the proper site. In particular, in cases presenting with per-
sistent chest pain, we need to consider early stage pleural 
mesothelioma based on Positron Emission Tomography-
Computed Tomography (PET-CT) scanning and perform bi-
opsy at suitable sites for final diagnosis.

As mentioned above, we are convinced that the presented 
criteria such as occupational asbestos exposure, exudative 
pleural effusion, tumor marker in pleural effusion, bacterial test 
results, radiological findings and histopathological findings are 
suitable for diagnosing BAPE, and it is valid that cases that 
satisfied these criteria during the 3 months of follow-up be di-
agnosed as BAPE.
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Commentary

An appropriate choice for immunotherapy in malignant pleural
mesothelioma
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In this article of EBioMedicine, Mankor and colleagues [1] report
the results of immune monitoring of peripheral blood immune cell
subsets in patients with malignant pleural mesothelioma (MPM)
treated with so-called immune checkpoint inhibitors (ICIs). Combina-
tion treatment with anti-PD-1/anti-CTLA-4 antibodies induced an
increase in the proliferation and activation of T cells. In addition,
patients who responded to the combination treatment had low fre-
quencies of naïve CD8 T cells and high frequencies of effector mem-
ory CD8 T cells expressing cytokines, such as granzyme-B and
interferon-g . These findings suggest that immune monitoring of
peripheral blood immune cell subsets may provide information for
predicting clinical benefit from ICI-ICI combination therapy.

MPM is strongly associated with asbestos exposure and has con-
tinued to increase in many developing countries. The combination of
platinum and pemetrexed is considered a standard regimen, but
median survival is approximately 1 year [2]. There is no established
treatment option once cases are refractory or intolerable to the regi-
men. The immunosuppressive tumor microenvironment in MPM
suggests that patients may benefit from this kind of immunotherapy.
In recent years, some encouraging results of ICIs have been reported
for MPM. In a Japanese single-arm phase II study examining the effi-
cacy and safety of nivolumab monotherapy, the primary endpoint,
objective response rate, was 29%, and the median progression-free
and overall survival were 6.1 and 17.3 months, respectively [3]. These
results led to the approval of nivolumab in Japan for unresectable
recurrent MPM. However, the efficacy of anti-PD-1 antibody has not
been established in randomised clinical studies.

Recently, the combination of nivolumab and ipilimumab was
demonstrated to significantly improve overall survival compared to
standard chemotherapy in the Checkmate-743 study [4]. An impor-
tant clinical issue is to determine which patients can expect a
response or unacceptable toxicity, as not all patients could benefit

from the treatment, and some specific adverse events have been
reported for the ICI-ICI combination. Some studies have revealed the
correlation between responses and higher PD-L1 expression. In
MPM, however, more established outcome data are needed to con-
firm the value of PD-L1 expression as a predictive biomarker. The
tumor mutation burden and tumor microenvironment are associated
with the response to ICIs in some neoplasms, but their roles as bio-
markers have not been shown in MPM.

In this study, Mankor and colleagues show that patients who respond
to combination treatment with nivolumab and ipilimumab have low fre-
quencies of naïve CD8 T cells and high frequencies of cytokine-express-
ing effector memory CD8 T cells. A strength of this monitoring is that it
can be performed before treatment induction. Notably, there are some
limitations in this study, including a limited number of responding
patients. However, the findings suggest that immune monitoring of
peripheral blood immune cell subsets may act as a biomarker predicting
a clinical benefit from ICI combination therapy. A prospective study with
more subjects should be planned to validate these findings. In addition,
basic or translational research to identify the mechanisms of action of T
cells and cytokines against mesothelioma cells is warranted.

As a future perspective, the combination of an anti-PD-1 or anti-
PD-L1 antibody and conventional chemotherapy is also under inves-
tigation. Nowak et al. recently presented favorable results from a
phase II trial testing durvalumab, an anti-PD-L1 antibody, combined
with cisplatin/pemetrexed in MPM [5]. A large-scale randomised
study for testing the combination of pembrolizumab, another anti-
PD-1 antibody, and cisplatin/pemetrexed is also ongoing. Platinum
agents can enhance the effector immune response through modula-
tion of PD-L1 [6]. Further development of new biomarkers to deter-
mine patients who would benefit from ICI-ICI combinations, ICI plus
chemotherapy, or conventional chemotherapy is also needed.

A new era in systemic chemotherapy for MPM has just begun.
Immune monitoring would be the key to choosing appropriate
treatments.
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