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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 

 
悪性中皮腫に対するヒト化抗CD26抗体を基盤とする安全かつ有効な新規併用療法の確立 

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客員教授 

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胸膜中皮由来の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。我々は、新規治

療標的分子として悪性胸膜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。安全性が確認されるとともに治療薬としての有

効性を示唆する結果も得られ、平成 29 年 6 月から国内での第 I/II 相臨床試験をスタートし

た。しかしながら、CD26 抗体単剤投与では、Stabilized Disease が認められるも完全寛解

までは得られず、悪性胸膜中皮腫患者に完全寛解と肺機能改善をもたらす安全かつ有効な

CD26 抗体との革新的な併用療法の開発が望まれる。Y-box binding protein (YB-1)はがん

の浸潤・転移促進に関与することから、有用な治療標的として着目されている分子であり、

近年、共同研究者の中野賢二博士により良質な YB-1 antisense oligonucleotide (YB-1 
AON)が開発された。In vitro 及び in vivo study 解析において、YB-1 AON と CD26 抗体の併

用の有用性が示唆されたが、そのメカニズムとして YB-1 AON 及び CD26 抗体それぞれは

cyclophilin A 発現を抑制し、さらに併用でより強く cyclophilin A 発現を抑制することによる

可能性が示唆された。更に、免疫沈降法、共焦点顕微鏡および STED（誘導放出制御）顕微

鏡で CyA と CD26 が共局在していることを明らかにし、YB-1 と CD26 が CyA を介して腫

瘍増殖と浸潤に働いている可能性が示された。 
中皮腫検体における YB-1 の発現評価方法および半定量的解析法を確立した。その結果、

84 例（上皮型 65 例、二相型 10 例、肉腫型 9 例）において 81％の症例について CD26 と

YB-1 の共発現が明らかとなり、細胞内局在においても細胞質内での共在が示された。 
悪性胸膜中皮腫患者T細胞のフェノタイプ解析について悪性胸膜中皮腫患者 11例の末梢

血および胸水中 T 細胞の解析を行った結果、悪性胸膜中皮腫患者の末梢血 CD8T 細胞では、

健常者の末梢血 CD8T 細胞よりも Terminal Effector の割合が予想に反して顕著に増加し

ており、一方で、胸水中 CD8T 細胞では免疫チェックポイント分子の中で PD1 や BTLA、

CD39 の発現上昇や Perforin GranzymeB の著明な発現低下が見られた。このことから、

胸水中 T 細胞は、近位に存在する悪性胸膜中皮腫からの影響を受けて機能不全になってい

る可能性が示唆された。 
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A．研究目的 
悪性中皮腫は、アスベストばく露により発

生する難治性悪性腫瘍である。アスベスト

ばく露から悪性中皮腫発生までの潜伏期間

は約 30～50 年とされ本邦においても患者

数は今後ますます増加すると予想されてい

る。悪性胸膜中皮腫に対する治療法として

は手術療法、放射線療法、化学療法などが

施行されているが、いずれも満足できる治

療成績ではない。更に化学療法の標準治療

とされているアリムタ、シスプラチンなど

の抗がん剤治療では日本人では副作用が強

く、その治療を完遂できる患者は約半数に

満たず、生存期間は約 1 年と極めて予後不

良である。また悪性中皮腫はアスベストば

く露により発症するため労災疾病行政上も

病態解明と安全で有効な新規治療法開発が

急務とされている。 
CD26 分子は T 細胞共刺激分子で DPPⅣ

酵素活性を有し、研究代表者の森本らは

CD26cDNA の単離から CD26 抗体の開発

を世界に先駆けて行い当分野では最先端に

位置している。CD26 は正常中皮には発現

しないが上皮型悪性中皮腫では約 8 割に発

現しており、中皮腫細胞の増殖・浸潤に重

要な役割を果たすことから、抗腫瘍作用を

有する良質なヒト化 CD26 抗体を開発し、

悪性中皮腫の新規治療法として有効な可能

性が示唆された(Clin Cancer.Res.2007)。 
アリムタ、シスプラチンなど抗がん剤治療

抵抗性の悪性中皮腫及びその他 CD26 陽性

悪性腫瘍を対象に、フランスで本抗体の第

1 相臨床試験を施行し、その安全性が確認

され、更に悪性中皮腫 19 例中 10 例が

Stabilized Disease(SD)となり、その内 6 例

で 3 ヶ月以上(5 例は 6 ヶ月以上)SD が継続

し、その有効性が示唆され本邦でも 2017
年 6 月から第Ⅰ/Ⅱ臨床試験がスタートし、

現時点では順調に経過している。フランス

での臨床試験ではヒト化 CD26 抗体の単独

投与のため完全寛解は得られず、症状緩和、

肺の機能改善、治癒を目指す安全かつ有効

な新規治療薬との併用療法の確立が望まれ

る。 
Y-box binding protein-1(YB-1)は癌細胞

の増殖、浸潤に関与する転与因子で悪性中

皮腫でも高発現している(Oncology2014)。
研究協力者九州大学中野賢二博士らは

YB-1 発現を阻害する架橋型核酸アンチセ

ン ス (YB-1 antisense oligonucleotide ：



3 
 

YB-1 AON)を開発し、膵癌モデルの系で有

効かつ毒性も低いことを報告した (特願

2012-89772)。更に中皮腫組織での CD26
陽性度評価がアリムタを含む化学療法剤の

効果予測として有用なことを我々はすでに

報告している(Clin Cancer Res 2012)。 
本研究では(1)ヒト化 CD26 抗体と YB-1

アンチセンスとの併用による副作用の少な

い安全で有効な悪性中皮腫の焦学的治療法

の確立を目指し、YB-1 AON および CD26
抗体の中皮腫細胞株での増殖、浸潤への併

用効果およびその分子メカニズムの解明(2)
悪性中皮腫における CD26 と YB-1 の組織

発現と治療反応性や予後を含む臨床パラメ

ーターとの相関を明らかにする。また最近

CTLA-4 抗体や PD-1/PD-L1 抗体が免疫チ

ェックポイント阻害薬として悪性黒色腫や

肺癌治療薬として注目されつつあるが、

CD26 抗体も免疫チェックポイント阻害薬

として作用する可能性を示唆するデータも

得られている(J.Immnnol.2015)。そこで、 
(3)悪性胸膜中皮腫患者の末梢血および胸水

中 T 細胞の CD26 発現、免疫チェックポイ

ント分子の発現、細胞傷害性分子の発現、

細胞傷害性エフェクター細胞の割合に特に

注目して解析を行った。 
 
B．研究方法 
各分担研究報告書に著述 
(倫理面への配慮) 
ヒト化 CD26 抗体及び YB1-ASO の抗腫瘍

効果を評価するためのマウスを用いた動物

実験は、順天堂大学医学部実験動物委員会

の審査を受け承認されている (承認番号

270138)。 
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、慶應義塾大学医学

部および埼玉医科大学の倫理委員会の審査

にて承認されている（承認番号 20120100
および 734）。 
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中皮腫患者、良性石

綿胸水患者の末梢血および胸水を用いた研

究については、順天堂大学医学部研究等倫

理委員会の審査を受け承認されている(承
認番号 2017090)。末梢血および胸水の提供

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． ヒト化CD26抗体とYB-1阻害アンチセ

ンスとの併用療法およびその分子メカ

ニズムの検討 
Y-box binding protein (YB-1) はが

んの浸潤・転移促進に関与することか

ら、有用な治療標的として着目されて

いる分子で、近年、共同研究者の中野

賢 二 博 士 に よ り 、 良 質 な YB-1 
antisense oligonucleotide (YB-1 
AON)が開発された。一昨年度の研究で

は、YB-1 AON 処理により YB1 の発現

が減少するとともに CD26 の発現も低

下することが示され、in vitro 及び in 
vivoともにCD26抗体とYB-1 AONと
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の併用の有用性を示唆する実験結果が

得られた。また昨年度は、CD26 ノッ

クダウン及び CD26 抗体処理中皮腫細

胞株の DNA マイクロアレイデータか

ら、様々な癌で予後因子として知られ

る cyclophilin A（CyA）を見出したた

が、CyAの発現が CD26 抗体及び YB-1 
AON それぞれ単剤で抑制され、両者の

併用によりさらに抑制されることがわ

かり、両者の併用効果に CyA が深く関

与している可能性が示唆された。本年

度は、免疫沈降法で CyA と CD26 の

association を明らかにし、さらに共焦

点顕微鏡および STED（誘導放出制御）

顕微鏡で、細胞内での共局在を証明し

た。今後は YB-1 AON と CD26 抗体投

与のさいの最適プロトコルの決定、ま

た CyA を介した腫瘍抑制メカニズム、

また CD26 陽性細胞における CyA の

役割、さらには中皮腫病理組織におけ

る CyA の発現と予後因子としての可

能性について検討する予定である。 
2． 悪性中皮腫における CD26および YB-1

発現について 
    悪性中皮腫の新規治療法として期待

されるヒト化 CD26 抗体療法および

YB-1 アンチセンス療法においては、腫

瘍組織における CD26 および YB-1 分子

の発現の適確な評価が重要である。本研

究では、すでに確立された CD26 発現評

価方法とともに、新たに YB-1 発現評価

方法の確立を通じて、中皮腫検体におけ

る本分子群の免疫染色での発現評価法

について検討した。その結果、84 症例

において、CD26 および YB-1 は、それ

ぞれ 69、79 症例で陽性であり、CD26

陰性 15 症例中では 4 症例で YB-1 陰性

であった。また肉腫型中皮腫では CD26
発現頻度は低く9症例中陽性は2例であ

ったが、YB-1 は 9 症例中 9 例陽性と高

率に発現していることを見出した。また、

画像解析から CD26 は細胞膜および細

胞質に 95％、核に 1-2％の発現があり、

一方、YB-1 は細胞質に 90％の発現が認

められ、核内に 2-3％の発現が観察され

た。 
3． ヒト化 CD26 抗体の抗腫瘍メカニズム

の新たな可能性：悪性中皮腫患者 T 細

胞のフェノタイプ解析 
有効かつ安全な CD26 抗体との併用

療法の開発とともに、CD26 抗体の抗

腫瘍作用メカニズムの更なる解明は極

めて重要である。CD26 は T 細胞に活

性化シグナルを伝達する共刺激分子と

しても機能するため、CD26 抗体は免

疫系にも影響する可能性が考えられる。

これまでに、CD26 シグナルによって

免疫チェックポイント分子 BTLA と

LAG3 の高発現、抑制性サイトカイン

IL-10 高産生が誘導されることを報告

した。今年度は、悪性胸膜中皮腫患者

の胸水中 T 細胞の機能解析を行い、健

常者及び中皮腫患者の末梢血 T 細胞と

比較して、免疫チェックポイント分子

の中で特に PD1, BTLA, CD39 の発現

が上昇していること、細胞傷害性分子

の Perforin, Granzyme B の発現、エフ

ェクターT 細胞の割合が顕著に低下し

ていることを明らかにした。このこと

から、悪性胸膜中皮腫患者の胸水中 T
細胞は、近位に存在するがん細胞から

の影響を受けて機能不全になっている
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可能性が示唆された。 
 

D．考察 
昨年までの研究で中皮腫細胞株において 

in vitro, in vivo ともに YB-1 AON と CD26
抗体との併用での抗腫瘍効果の有用性を示

唆する実験結果を報告した。  
更に YB-1 AON による増殖・浸潤抑制作

用に、CD26 の発現抑制が関与しているこ

とが示唆されたため、我々はまず CD26 ノ

ックダウン及び CD26 抗体処理後のマイク

ロアレイ解析データを用いて、新規関連分

子の探索を行った。その結果、候補分子の

一つとして cyclophilin A (CyA)に着目した。 
 蛍光顕微鏡の観察では、CyA は細胞質に

局在していたが、YB-1 AON または CD26
抗体処理により、その蛋白発現が抑制され

た。両者を併用することにより、さらに抑

制が増強されたが、CyA のノックダウン実

験で、CyA も増殖及び浸潤を促進している

ことが示された。したがって中皮腫細胞に

おいては、YB-1 AON と CD26 抗体の併用

による増殖・浸潤抑制作用に、CyA が深く

関与している可能性が示唆された。 
また免疫沈降実験では、CyA は YB-1 と

は共沈してこなかったが、CD26 とは共沈

した。蛍光抗体法による共焦点顕微鏡と

STED（誘導放出制御）顕微鏡で細胞内の

局在を観察したところ、両者は共局在して

いることが確認された。さらに、CyA 
mRNA の発現制御について検討すると、

YB-1 AON、CD26 抗体、CD26-si の処理で

は、すべて影響しなかった。このことを

cycloheximide chase assay で確認すると、

これらの処理が CyA 蛋白の stability を低

下させることがわかった。つまり CD26 は、

CyA 蛋白に直接結合することで、それを安

定化させていることが示唆された。 
 これまでの研究で、CyA はがん細胞の増

殖や浸潤を促進することが報告されており 
(Nat Med 21:572 2015; Nat Chem Biol 
12:117 2016) 、子宮癌、食道扁平上皮癌、

腎明細胞癌などにおいては、予後予測因子

であることが報告されている  (Mol Cell 
Proteomics 7:1810 2008; Genet Test Mol 
Biomarkers 19:182 2015; Cancer Biol 
Ther 11:535 2011)。今回、中皮腫細胞にお

いて YB-1 AON と CD26 抗体が、CyA の発

現を抑制することがわかったが、中皮腫に

おいて CyA が予後予測因子であれば、YB-1 
AON や CD26 抗体を中皮腫の治療に用い

る意義も、さらに強くなると考えられる。 
 それゆえ中皮腫病理組織でのCyAの発現

や、予後因子としての可能性の検討も、今

後は必要になると予想された。また、CD26
陽性細胞での CyA の役割や、YB-1 AON や

CD26 抗体が CyA 発現を抑制するメカニズ

ムについても、より詳しく調べる必要があ

ると考えられた。 
YB-1 は、転写・翻訳に関わる分子である

が、興味深いことに免疫染色での観察では、

YB-1 タンパク質の主たる局在部位は細胞

質であり、核の陽性像は明らかではなかっ

た。しかし、画像解析では、核内に少量の

局在が認められたことは、これまでの試験

管内でのデータと合致するものである。一

方、CD26 は、細胞膜貫通型の細胞表面に

局在する糖蛋白質であるが、細胞内での局

在は、細胞膜のみならず細胞質でのライソ

ゾームや核内と広範囲であり、今回の画像

解析の結果も同様であった。これらの二つ

の分子のがん細胞における局在は重要な意
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味を持つが、免疫染色での観察では、CD26
と YB-1 が中皮腫細胞の細胞質において、

類似した瀰漫性の局在を示すことは、これ

らの分子の相互作用の可能性がある。CD26
を標的とした抗体療法は、抗体による免疫

学的細胞傷害や CD26 機能の抑制が主体で

あり、腫瘍細胞の細胞表面 CD26 は抗体に

より細胞質内に内在化される。一方、YB-1
を標的としたアンチセンス療法は、アンチ

センスによる YB-1 蛋白発現抑制が主体で

ある。従って併用療法においては、抗体に

より CD26 は細胞質内での増加とその核内

移行が惹起され、一方、YB-1 蛋白はアンチ

センスにより減少することが想像されため、

この状況での中皮腫細胞における細胞増殖

や細胞死の変化がどうなるか、さらなる詳

細な検証が期待される。 
 また悪性中皮腫における CD26 および

YB-1 発現について細胞局在、陽性率、陽性

強度などの各種パラメーターで詳細に定量

評価することで、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。 
これまでの結果から、CD26 共刺激は

CD4 T 細胞に対して BTLA と LAG3 の高

発現、IL-10 の高産生を誘導し、CD8 T 細

胞に対しても CD28 共刺激と比較して

BTLA の発現を顕著に誘導することが示さ

れた。また、がん細胞周囲に多く存在する

と考えられる免疫抑制性因子のうち、

TGF-�は PD1 の、PGE2、L-Kynurenine、
Adenosine は TIM3 の、PGE2 は 2B4 
(CD244)と CD39 の発現を顕著に増強させ

ることが示された。興味深いことに、PGE2、

L-Kynurenine、Adenosine は CD26 の発現

も顕著に増強することが示唆され、がん細

胞周囲に浸潤した T 細胞は CD26 の発現が

増強している可能性が考えられる。 
CD26 抗体が免疫系に及ぼす影響を解析

する方法として、平成 29 年 6 月から開始し

たヒト化 CD26 抗体の国内第 I/II 相臨床試

験に参加した患者検体を用いて、CD26 抗

体投与による血清中の可溶性 CD26 濃度

/DPPIV 酵素活性値や IL-10 濃度の変動、

末梢血 T 細胞のエフェクター機能、BTLA
や LAG3 などの免疫チェックポイント分子

の発現の変動を経時的に解析することを計

画している。 
今回はまだ悪性胸膜中皮腫患者 11 例、良

性石綿胸水患者 2 例での検討結果だが、悪

性胸膜中皮腫患者の胸水中 CD4 T 細胞、

CD8 T 細胞ともに健常者の末梢血 T 細胞、

悪性胸膜中皮腫患者の末梢血 T 細胞と比較

して、CD26 の発現や免疫チェックポイン

ト分子の発現、細胞傷害性機能が明らかに

異なることが示された。今後、良性石綿胸

水患者や肺がん患者といった対照症例のデ

ータを増やし、悪性胸膜中皮腫に特徴的な

免疫チェックポイント分子の発現パターン

や CD26 の発現、T 細胞のサブセット解析

を進め、悪性胸膜中皮腫の影響を受けた T
細胞の特性を解明する予定である。また、

病理組織の免疫染色により、実際に悪性胸

膜中皮腫周囲に浸潤した T 細胞の性質につ

いても解析を行う。 
われわれは強い CD26 共刺激シグナルに

よって BTLA の発現が CD4・CD8 両 T 細

胞に特徴的に誘導されることを明らかにし

たが、そのシグナル伝達経路、及び転写因

子についても解析が必要となる。一部の悪

性胸膜中皮腫患者では胸水中 T 細胞に
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BTLA の高発現が認められるため、このサ

ブセットをセルソーターで分離・精製し、

DNA マイクロアレイ解析を行う。in vitro
の実験で CD26 共刺激に特徴的な発現上昇

が見られる転写因子との比較解析を行い、

BTLA の発現制御に関わる転写因子の絞り

込みを行う。また、悪性胸膜中皮腫患者の

中で、BTLA が高発現している患者の臨床

的な特徴についても、検体数を増やしてよ

り詳細に検討していく予定である。 
更に血清中の可溶性 CD26 濃度/DPPIV

酵素活性値や IL-10 濃度、末梢血 T 細胞の

BTLA、LAG3 の発現の経時的なモニタリ

ングが、ヒト化 CD26 抗体の治療有効性を

予測するバイオマーカーになりうる可能性

も考えられるため、その点にも着目して解

析を行う。 
 

E．結論 
1．In vitro および in vivo 解析において、

YB-1 AON と CD26 抗体の併用の有用性が

示唆されたが、そのメカニズムとして、

YB-1 と CD26 が、CyA を介して腫瘍の増

殖と浸潤に働いている可能性が示された。 
2．中皮腫検体における YB-1 の発現評価方

法および半定量的解析法を確立した。その

結果、81%の症例において CD26 と YB-1
の共発現が明らかとなり、細胞内局在にお

いても細胞質内での共在が示された。 
3．悪性胸膜中皮腫患者 11 例の末梢血およ

び胸水中 T 細胞の解析を行った結果、悪性

胸膜中皮腫患者の末梢血 CD8 T 細胞では、

健常者の末梢血 CD8 T 細胞よりも

Terminal Effector の割合が予想に反して

顕著に増加しており、一方で、胸水中 CD8 
T 細胞では PD1 や BTLA、CD39 の発現上

昇や Perforin、Granzyme B の著明な発現

低下が見られた。このことから、胸水中 T
細胞は、近位に存在する悪性胸膜中皮腫か

らの影響を受けて機能不全になっている可

能性が示唆された。 
 
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。 
 
G．今後の展望 

YB-1－AON については中野教授らによ

り前臨床毒性試験は終了して、現在 First in 
Man 第 1 相臨床試験を計画中である。また

ヒト化 CD26 抗体は 2017 年 6 月から悪性

中皮腫をターゲットにして国内で第 1/2 相

臨床試験がスタートした。 
YB-1 AON 及び CD26 抗体の併用の、最

適投与プロトコルの確立を行う。また、そ

れらによる CyA の発現抑制メカニズムと、

CD26 陽性細胞における CyA の役割を、よ

り詳細に調べる。さらに、中皮腫病理組織

における CyA の発現と、予後因子としての

可能性を検討する。 
悪性中皮腫自身やその周囲の細胞に

BTLA や LAG3、そのリガンドである

HVEM や MHC class II が発現しているか

免疫組織染色で検討する。また、CD26 共

刺激に特徴的な BTLA の発現誘導に関わる

シグナル伝達経路、及び転写因子について

の解析が必要となる。さらに、本年度に引

き続き、悪性中皮腫患者の末梢血 T 細胞、

胸水 T 細胞、悪性中皮腫周囲に浸潤した T
細胞を用いて、各種免疫チェックポイント

分子の発現パターンやエフェクター分子、

CD26 の発現を解析するとともに、CD26
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抗体の国内第 I/II 相臨床試験検体を用いて、

CD26 抗体投与による血清中可溶性 CD26
濃度/DPPIV 酵素活性値、IL-10 濃度、末梢

血 T 細胞上の BTLA、LAG3 の発現変動を

経時的にモニタリングしていく予定である。 
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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 抗体と YB-1 阻害アンチセンスとの悪性中皮腫における併用療法の可能性 

 

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 客員教授 

研究協力者  岡本 俊博 免疫病・がん先端治療学講座 研究補助員 

研究協力者  波多野 良 免疫病・がん先端治療学講座 博士研究員 

研究協力者  山崎 裕人 免疫病・がん先端治療学講座 協力研究員 

研究協力者  中野 賢二 福岡大学医学部 寄付研究連携 がん薬物療法研究講座  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胸膜中皮由来の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ている。我々は、新規治療標的分子と

して、中皮腫細胞に発現する CD26 に着目し、自ら開発したヒト化 CD26 抗体で、フランスにて第

I 相臨床試験を行った。その結果、ヒトでの安全性が確認されるとともに、治療薬としての有効性

を示唆する結果も得られたため、平成 29 年 6 月から国内でも第 I/II 相臨床試験を開始した。フラ

ンスの第 I 相臨床試験での CD26 抗体単剤投与では、Stabilized Disease が認められるも、完全寛

解までは得られなかった。そのため安全かつ有効な、中皮腫患者に完全寛解と肺機能改善をもたら

す、CD26 抗体との革新的な併用療法の開発が望まれる。一方、Y-box binding protein (YB-1) は、

がんの浸潤・転移促進に関与することから、有用な治療標的として着目されている分子で、近年、

共同研究者の中野賢二博士により、良質な YB-1 antisense oligonucleotide (YB-1 AON)が開発され

た。一昨年度の研究では、YB-1 AON 処理により YB1 の発現が減少するとともに CD26 の発現も

低下することが示され、in vitro 及び in vivo ともに CD26 抗体と YB-1 AON との併用の有用性を

示唆する実験結果が得られた。また昨年度は、CD26 ノックダウン及び CD26 抗体処理中皮腫細胞

株の DNA マイクロアレイデータから、様々な癌で予後因子として知られる cyclophilin A（CyA）を

見出したたが、CyA の発現が CD26 抗体及び YB-1 AON それぞれ単剤で抑制され、両者の併用によ

りさらに抑制されることがわかり、両者の併用効果にCyAが深く関与している可能性が示唆された。

本年度は、免疫沈降法で CyA と CD26 の association を明らかにし、さらに共焦点顕微鏡および

STED（誘導放出制御）顕微鏡で、細胞内での共局在を証明した。今後は YB-1 AON と CD26 抗体

投与の際の最適プロトコルの決定、また CyA を介した腫瘍抑制メカニズム、また CD26 陽性細胞に

おける CyA の役割、さらには中皮腫病理組織における CyA の発現と予後因子としての可能性につ

いて検討する予定である。 
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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 30-50 年とされ、日本を含めアジ

アやヨーロッパなど世界規模で胸膜中皮腫

患者数は、今後ますます増加すると考えられ

ている。悪性胸膜中皮腫に対しては手術療法、

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、化学療

法の標準治療法とされているアリムタ・シス

プラチンの併用投与でも生存期間中央値は

約 1 年と非常に短い。 
 このことから、新たな治療法の確立が切望

されているが、我々は新規治療標的分子とし

て悪性胸膜中皮腫細胞に発現する CD26 に

着目した。その目的で、我々はヒト化 CD26
抗体を開発し、フランスにて悪性胸膜中皮腫

を中心とした CD26 陽性腫瘍に対する第 I
相臨床試験を行った。特記すべき副作用もな

く、その安全性が確認されたが、その後抗が

ん剤抵抗性の悪性胸膜中皮腫患者 19 例中、

10 例が Stabilized Disease (SD)となり、治

療薬としての有効性を示唆する結果も得ら

れた。平成 29 年 6 月からは、国内での第 I/II
相臨床試験がスタートしている。ヒト化

CD26 抗体単剤投与を行ったフランスの第 I
相臨床試験では、SD が認められるも完全寛

解までは得られなかった。それゆえ副作用の

少ない、安全かつ有効な CD26 抗体との併

用療法の開発が望まれる。 
一方、Y-box binding protein (YB-1) はコ

ールドショック蛋白族メンバーに属し、

RNA の転写・翻訳の制御に関係するタンパ

ク質で、ヒト癌細胞の核内と細胞質に局在す

ることが知られている。また P-糖蛋白質 

(MDR1, ABCB1) などの ABC トランスポ

ーターや DNA 修復関連酵素の発現を上昇

させ、広く薬剤耐性の獲得について重要な鍵

を握るとされている分子である。 
YB-1 はさまざまな癌種において、その核

内局在や発現レベルが、がんにおける薬剤耐

性や予後の有用な予測因子とも報告されて

おり、さらにがん細胞の上皮間葉転換(EMT)
を誘発し、浸潤、転移の促進にも関与するこ

とから、がんの有用な治療標的として注目さ

れるようになった。そして近年、共同研究者

の福岡大学・中野賢二博士により、生物活性

や安定性に優れた良質な YB-1 antisence 
oligonucleotide (YB-1 AON) が開発され、

膵がんに対して増殖抑制効果、浸潤・転移抑

制効果を示すことが報告された (特願 
2012-89772)。 
そこで本研究では、悪性胸膜中皮腫患者に

完全寛解、及び肺機能改善をもたらす、

CD26 抗体との革新的な併用療法の確立を

目指し、まず中皮腫細胞株の浸潤及び増殖に

対するヒト化 CD26 抗体と YB-1 AON の併

用効果を検討した。さらに、その分子メカニ

ズムについても、新規関連蛋白の探索と解析

により、分子細胞生物学的に検討することに

した。 
 
B．研究方法 
1) 細胞株 

本研究ではすべて、CD26 陽性ヒト悪性胸膜

中皮腫細胞株として H226 及び JMN を用い

た。 

 

2) 抗体及び試薬 

ヒト化 CD26 抗体 YS110 (Isotype: Human 

IgG1)は Y’s therapeutics により開発された。
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Goat anti-Human CD26 pAb (AF1180)は R&D 

Systems より購入した。Rabbit anti-Human 

YB1 pAb (clone ab12148)は abcamより購入し

た。Mouse anti-Human Cyclophilin A mAb 

(clone ab58144)は abcam より購入した。YB-1 

antisense oligonucleotide (AON) は九州大

学・中野賢二博士により開発されたもので、

本人から提供を受けた。Control siRNA は

Qiagen より購入した。Cyclophilin A siRNA 

は Sigma-Aldrich より購入した。YB-1 AON

及び control-siRNAは最終濃度が 5, 10, 15, 20 

nM、cyclophilin A は 20 nM の濃度で、

Lipofectamine RNAiMAX Reagent (Invitrogen)

を用いて transfection を行った。 

 

3) In vitro 浸潤アッセイ及び増殖アッセイ 

In vitro の浸潤は、10%ウシ胎児血清(FCS)を

誘引物質として用い、Boyden chamber assay

で測定した。具体的にはマトリゲルでコーテ

イングされたインサートウェルを用い、細胞

に control-siRNA 及び YB-1 AON を

transfection 後、48 時間目に 3x104 /ウェルの

細胞を播種した。一方 CD26 抗体は、細胞の

播種と同時に添加した。浸潤した細胞はデイ

フ・クイック（シスメックス）を用いて染色

し、それぞれ 24, 48, 72 時間後における細胞

浸潤を測定した。In vitro 増殖アッセイは 96 

well プレートを用い、細胞に control-siRNA

及び YB-1 AON を transfection 後、48 時間目

に 2-2.5x103 /ウェルの細胞を播種した。CD26

抗体は細胞の播種と同時に添加した。それぞ

れ 24, 48, 72 時間後に MTT アッセイを行い、

細胞増殖を測定した。 

 

4) in vivo での腫瘍増殖評価 

YB-1 AONとヒト化CD26抗体の腫瘍増殖抑

制効果を in vivo で評価するために、雌の

C.B17-scid マウスの dorsal region にそれぞれ

H226および JMN細胞株を 1匹あたり 5x103 

cell 皮下移植し、翌日からヒト化 CD26 抗体

を200μg/doseで週2回腹腔内投与、またYB-1 

AON 200μg を週 1 回尾静脈より注射した。

腫瘍移植後 14 日目にマウスを安楽死させて

解剖し、生じた腫瘍を摘出して重量を測定し

た。 

 

5) Flow cytometry 

細胞を trypsin 処理して回収した後、FACS 
buffer (2%FCS 含有 PBS)で懸濁した。細胞膜

上の CD26 の発現は、PE-conjugated Mouse 
anti-Human CD26 mAb (clone M-A261, BD 
Biosciences)または、PE anti-mouse 
CD26(Pharmingen)を用いて染色し、FACS 
Calibur (BD Biosciences)にて解析を行った。 

 

6) 免疫沈降及び Western Blot 

細胞溶解液で細胞を処理後、SD-buffer を加

えて denature を行い、western blot 用のサン

プルを準備した。免疫沈降では、細胞溶解液

に mouse anti-CD26 抗体(1F7) 10 μg あるいは

mouse anti-cyclophilin A mAb 10μg を 4oC で

24 時間反応させ、protein G カラムで回収し

た。 

サンプルは 1 レーンあたり 5-10 μg の蛋白質

を SDS-PAGE で電気泳動し、ウェット式ブ

ロッテイングで membrane に transfer した後、

各種抗体を用いてウェスタンブロットを行

った。検出には LAS4000 (GE Healthcare)を用

いた。 

 

7) Real-Time RT-PCR 

Total RNA は RNeasy Mini Kit (Qiagen)を用い

て抽出し、PrimeScript II first strand cDNA 
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synthesis kit (Takara Bio)により cDNA を作製

した。Human HPRT1 を内因性コントロール

として、7500 Real-Time PCR System と 

SYBR Select Master Mix (Applied Biosystems)

を用いて mRNA の定量を行った。 

 

8) Polysome の分画 

Polysome はショ糖密度勾配超遠心法により

分画した。Control-siRNA あるいは YB-1 

AON (20 nM)を細胞に transfection し、48 時

間後に溶解液を作成した。それぞれ 50, 40, 

30, 20, 10%のショ糖を含む polysome 

extraction buffer を 2 ml ずつ重層したステッ

プグラデイエントを作成し、そこに細胞溶解

液 1ml を重層してから、超遠心機(Hitachi 

Himac CP100α)及びP40STローターを用いて

38000 rpm 2 時間の超遠心を行った。遠心後、

上層より 1 ml ずつ溶液をピペットで吸い取

り、フラクションに分けた。450 nm で吸光

度を測定し、translation-inactive 及び -active

のフラクションを確認した。各フラクション

(0.5 ml)より phenol/ choloroform/ isoamyl 

alcohol を用いてタンパクを除去したのち、3 

M sodium acetate (pH 5.2)で RNA を沈殿後、

70%エタノールで精製した。CD26 mRNA 発

現の測定には、RT-PCR を用いた。 

 

9) マイクロアレイ解析 

CD26 ノックダウン細胞のマイクロアレイ

解析は、細胞にそれぞれ control-siRNA また

は CD26-siRNA を transfection し、24 時間後

に抽出した RNA を用いた。CD26 抗体処理

のマイクロアレイ解析は、細胞にヒト化

CD26 抗体(10μg/ml)を添加し、24 時間後に抽

出した RNA サンプルを用いた。変動遺伝子

の解析は、東レの 3D-Gene マイクロアレイ

解析に委託した。 

 

10) 蛍光抗体法 
適切な細胞数の中皮腫細胞を Lab-Tek II 
chamber slide (Thermo Fisher)に撒き増殖させ、

細胞を 4% paraformaldehyde で固定(4℃ 
30min)。PBS で wash した後、0.1% Triton 
X-100 により細胞の透過処理を行った。2 次

抗体のnon-specific bindingを防止するために

正常血清(donkey serum、1/10 希釈)による処

理を行った(室温 30min)。一次抗体として Rb 
anti-Human YB-1 pAb (abcam 既出), 
anti-CD26 pAb（R&D 既出）、anti-cyclophilin A 
mAb (abcam 既出)を用いた。2 次抗体として 
anti-Rabbit Alexa 488 標識 2 次抗体(A11034 
Thermo Fisher)、anti-Mouse Alexa 555 標識 2
次抗体(A21432 Thermo Fisher)、anti-Goat 
Alexa 647 標識 2 次抗体(A21245 Thermo 
Fisher)を用いた。免疫染色では western で使

用した1次抗体を用いてラベルした2次抗体

を用いた。サンプルは Leica TCS-SP5 共焦点

レーザー顕微鏡を用いて解析を行った。 
 

11) STED 顕微鏡による CD26 と CyA の結合

の解析 
細胞の増殖は厚さ 0.16-0.19mm のカバーガ

ラス上で行った。細胞を4% paraformaldehyde
で固定(4℃ 30min)し、PBS で wash した後、

0.1% Triton X-100 により細胞の透過処理を

行った。抗体の non-specific binding を防止す

るためは、BSA (1/10 希釈、室温 30min)処理

を行った。CD26 の検出には anti-mouse CD26 
(1F7)を Oregon Green 488(Invitrogen)で直接

ラベルした。CyAの検出には CyA抗体(既出)
を Alexa Fluor 532 (Thermo Fisher)で直接ラ

ベルし、Leica STED 顕微鏡を用いて CD26
と CyA の結合を解析した。 
 
12）Cycloheximide (CHX) chase assay  
中皮腫細胞を 48時間、各種処理(上記のYB-1 
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AON, CD26-si, CD26 抗体)をした後、蛋白合

成阻害剤 Cycloheximide(CHX)を加え(最終濃

度 50μ/ml)、0, 1, 2, 4 時間の時点で経時的に 
sampling した。コントロール実験は、すべて

正常マウス IgG 添加で行い、抗 CyA、抗 Actin
を用いて Western blot で検出した。 

 

13) 統計処理 

統計解析には t 検定を用い、併用効果の解析

には two-way ANOVA を用いた。 

 

(倫理面への配慮) 
ヒト化 CD26 抗体及び YB-1 AON の抗腫瘍

効果を評価するためのマウスを用いた動物

実験は、順天堂大学医学部実験動物委員会の

審査を受け承認されている (承認番号

290131)。 
 
C．研究結果 
1) 悪性中皮腫細胞株に対する、YB-1 AON

単剤での抗腫瘍効果 

中皮腫細胞株では、CD26 と YB-1 はとも

に細胞質で強く発現が見られる蛋白である

が(図１A)、我々はまず、YB-1 AON 単剤で

の細胞増殖及び浸潤に対する効果を検討し

た。細胞に control- siRNA (5, 10, 15, 20 nM) 

あるいは YB-1 AON (5, 10, 15, 20 nM)を

transfection し、48 時間後に細胞からタンパ

ク質を抽出して、ウェスタンブロットを行っ

たところ、YB-1 AON 5 nM では、H226、JMN

ともにわずかに YB-1 発現を抑制したが、15 

nM 及び 20 nM では 80 %以上抑制した(図

1B)。 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

次に細胞増殖増殖への効果を検討したが、

YB-1 AON transfection 後 48 時間の細胞を 96 

well plate に播種し、それぞれ 24、48、72 時

間後に MTT アッセイを行ったところ、H226、 

JMN ともに YB-1 発現の減少に応じて in 

vitro の増殖が.抑制された。 

H226 では、YB-1 AON 15, 20 nM は 48 時

間で、それぞれ 81%、92%増殖を抑制し、72

時間ではそれぞれ 83、91%抑制した。JMN

では YB-1 AON 15、20 nM は、48 時間でそ

れぞれ 55、58%抑制し、72 時間ではそれぞ

れ 69、73%抑制した(図 2)。 

 
 
 
 
 
 
 
 
 

さらに YB-1 AON transfection 後 48 時間の

細胞を Boyden chamber に播種し、24, 48, 72

時間後にアッセイを行ったところ、H226、

JMN ともに YB-1 発現のノックダウンに応

じて浸潤が抑制された。H226 では YB-1 
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AON 15、20nM は 48 時間でそれぞれ 47、 

32%抑制し、72 時間ではそれぞれ 78、66%

抑制した。JMN では YB-1 AON 15、20nM は

48 時間でそれぞれ 49、51%抑制し、72 時間

ではそれぞれ 64、68%抑制した(図 2)。 

 

2) YB-1 AON 処理と CD26 抗体処理による、

両者の発現に対する影響 

 我々は次に、YB-1 AON と CD26 抗体の併

用において、YB-1 AON の CD26 発現に対す

る作用及びCD26抗体のYB-1 発現に対する

作用の検討を行った。その目的で、コントロ

ールとして、CD26 とともに中皮腫のがん幹

細胞マーカーである CD24 の発現も調べた

が、YB-1はCD24の発現には影響を与えず、

CD26 の発現を抑制することがわかった。 

 さらに我々は、CD26 抗体処理による YB-1

への影響も調べた。H226 及び JMN に control 

IgG (5, 10, 15, 20) μg/ml、CD26 抗体(5, 10, 15, 

20) μg/ml を添加後、1、2、3 日目にサンプル

を採取し、ウェスタンブロットを行ったが、

CD26 抗体処理では、YB-1 の発現は影響を

受けなかった。 

 そのため、次に YB-1 AON による CD26

発現抑制の濃度検討を行った。中皮腫細胞を

control- siRNA (5、10、15、20 nM)、及び YB-1 

AON(5、10、15、20 nM)で transfection した

後、48 時間に細胞表面における CD26 発現

を検出したところ、YB-1 発現の減少に応じ

て CD26 発現が減少していた。同時に、細胞

全体の CD26 発現をウェスタンブロットで

測定したところ、同様に YB-1 発現の減少に

応じて CD26 発現が減少していた(図 3)。 

 

 

 

 
 
 
 
 
 
 
 
 

  

 

また、以上の実験と平行し、YB-1 AON の

YB-1 発現に対するノックダウン効果の検証

と、CD26 の発現減少に対する time course 

study を行った。細胞に control- siRNA (20 

nM),あるいは YB-1 AON (20 nM)を

transfection し、1、3、7、14 日後にサンプリ

ングを行い、FACS と Western blot で解析し

たその結果両細胞株とも、YB-1 AON により

YB-1 の発現は 1 日目から減少したが、14 日

目には回復していた。一方で CD26 発現は、

細胞表面及び細胞全体において、ともに 3

日目から特に低下が見られたが、14 日目で

は回復傾向が見られた(図 4)。 

 
 
 
 
 
 

 

ちなみに mRNA は、タンパク質の発現変

化より前に変動すると考えられている。その

ため、細胞を control-siRNA 及び YB-1 AON 

(5、10、15、20 nM)で transfection した後、

24 時間目に CD26 mRNA の発現を測定した
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が、YB-1 AON 処理によっては変化しなかっ

た。 

 この理由を明らかにするため、次にショ糖

密度勾配法により、中皮腫細胞株から

polysome を分画し、translation active におけ

る CD26 の mRNA 発現を測定した。その結

果、両株ともに polysome における CD26 発

現は、YB-1 AON 20 nM 処理により減少して

いた。一方 polysome 分画をプールして CD26

発現を測定したところ、YB-1 AON 処理で

CD26 mRNA の Total 量は変化しなかった。

しかし translation activeな polysome 分画では、

YB-1 AON 処理により CD26 の mRNA が減

少していた(図 5)。これらの結果より、YB-1 

AON は CD26 のタンパク質発現を抑制する

が、それは translation レベルであることが示

唆された。 

 
 
 
 
 
 
 
 
 

 

3) CD26 抗体と YB-1 AON との併用効果 

 次に我々は、YB-1 AON と CD26 抗体の併

用効果の検討を行った。細胞増殖に対しては、

図 6 で YB-1 AON の用量検討を行った結果

を参考にし、最適量以下の 5 および 15 nM

の YB-1 AON を transfection した。48 時間後

に 96 well plate に細胞を播種し、それと同時

に suboptimal dose の CD26 抗体(10 μg/ml)を

添加し、さらに 48 時間後に MTT アッセイ

を行った。その結果、H226、JMN ともに YB-1 

AON の増殖抑制効果は、CD26 抗体の添加

によって増強された(図 6)。 

 浸潤に対する併用効果では、最適量以下の

15nM YB-1 AON を細胞に transfection し、48

時間後に Boyden chamber に播種した。同時

に CD26 抗体(10, 20 μg/ml)を添加し、48 時間

後に浸潤した細胞を測定したところ、YB-1 

AON と CD26 抗体との併用により、浸潤能

の抑制が増強された(図 6)。 

 さらに、in vivo growth における YB-1 AON

と CD26 抗体の併用についての検討を行っ

た。雌 SCID マウスに H226 あるいは JMN 

(1x105 cells/mouse)を皮下移植したのち、翌日

より suboptimal dose (200 μg/mouse)の CD26

抗体週 2 回腹腔内投与、YB-1AON (200 

μg/mouse)週 1 回尾静脈投与で観察を行った。

移植後 14 日に腫瘍を摘出し、重量を測定し

たところ、移植実験においても YB-1 AON

と CD26 抗体の併用により、腫瘍抑制効果の

増強が見られた(図 6)。 
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4) CD26 抗体と YB-1 AON の併用効果の分

子メカニズム 

 以上の実験結果から、中皮腫細胞では

YB-1 AON により、細胞の増殖及び浸潤が抑

制され、同時に CD26 のタンパク質発現が抑

制されることが明らかとなった。また YB-1 

AON と CD26 抗体には、併用効果も観察さ

れたため、二つのタンパク質は細胞内でも密

接に関係していることが示唆された。それゆ

え、これらに関与する新たなタンパク質の存

在も考えられたため、次に我々は、CD26 ノ

ックダウン、または CD26 抗体処理をした中

皮腫細胞のマイクロアレイ解析データを用

いて、新規関連分子の探索を行った。 

 データから遺伝子発現が 2 倍以上抑制さ

れる浸潤関連分子を抽出したところ、CD26

ノックダウン細胞では H226 で 22 個、JMN

では 16 個の候補が見つかった。そのうち両

株で共通に 2 倍以上発現が抑制されている

遺伝子として、PPIA、HGF および SFRP1 が

残った。このうち種々の癌で過剰発現するだ

けでなく、増殖や浸潤に関与し、さらには予

後予測因子としても報告されている、分子量

18 kD の PPIA (Cyclophilin A, CyA) に着目し

た。 

 この CyA は、蛍光抗体法で観察すると、

CD26 と同様に細胞質で強く発現していた

が、CD26- siRNA によるノックダウンを行う

と、その発現が抑制されることがわかった

(図 7)。そのため我々は、次に YB-1 AON と

CD26 抗体の、CyA 発現への併用効果の検討

を行った。まず中皮腫細胞株を CD26 抗体 

(10 μg/ml)を 48 時間処理し、ウェスタンブロ

ットしたところ、両株ともに CyA 発現の抑

制が見られた。YB-1 AON (20 nM)単独の場

合では、transfection 後 48 時間に採取したサ

ンプルで、CD26 の発現が抑制されていただ

けでなく、CyA の発現も抑制されていた。

さらに CD26 抗体と YB-1 AON の併用では、

YB-1 AON (20 nM)の transfection後 48時間に

播種し、同時に CD26 抗体(10 μg/ml)を添加

して 48 時間後に回収したサンプルで、CyA

発現はそれぞれ単独処理よりも、併用した場

合の方がより強く抑制された(図 7)。 

 
 
 
 
 
 
 
 
 

  

その効果を、蛍光抗体法でも調べた結果、

YB-1 AON、CD26 抗体により、実際に CyA

の発現減少がみられたが、さらに我々は、中

皮腫細胞においても CyA は、増殖及び浸潤

を促進しているかどうかを、2 種類の CyA- 

siRNA を用いて検討した。細胞に siRNA (20 

nM)を transfection し、48 時間後に 96 well 

plate または Boyden chamber に播種したのち、

その 48 時間後に MTT アッセイと invasion

アッセイを行った結果、CyA-siRNA は 2 種

類とも増殖及び浸潤を抑制し、CD26 や YB-1

と同様の働きがあることが示された(図 8A)。 

 

5）CD26 と CyA の association 

 以上の結果から、YB-1 と CD26 と CyA

は密接に関連する分子で、共同して抗腫瘍効

果を発揮すると予想された。そのため次に、
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association の可能性を検討した。 

 細胞溶解液をまず、抗 CD26 抗体(1F7)ま

たは抗 CyA 抗体でそれぞれ免疫沈降し、

CD26 抗体または YB-1 抗体で western blot

を行ったところ、CyA 抗体により CD26 が

共沈し、また CD26 抗体でも CyA が共沈し

てくることがわかった。一方で YB-1 と CyA

は、いずれの抗体でも共沈してこなかった。

このことから、CD26 と CyA は in vivo で 

associate しており、YB-1 は CD26 を介して、

間接的に CyA に影響していることが示唆さ

れた(図 8B)。 

 
 
 
 
 
 
 
 

このことをさらに確認するために、我々は

次に共焦点蛍光顕微鏡で、CD26 と CyA の

局在を検討した。すると両者は、cytosol で
colocalize していることが示された。さらに

我々は、STED(誘導放出制御)顕微鏡でも同

様に解析を行ったが、これは分子間の結合距

離(20-30nm)とほぼ同程度の解像度を誇る、

超高解像度の蛍光顕微鏡として近年実用化

された。観察の結果、CD26(青)と CyA(赤)
はともに cytosol で強く発現し、また Merge
画像では、共局在を意味する白からピンクの

領域が広く分布しており、実際に CD26 と

CyA は、細胞質で結合していることが強く

示唆された(図 9)。 
 

 

 

 
 
 
 
 
 
 
 
 

 

 

 

6)  CD26-si、YB-1AON および CD26 抗体に

よる、CyA の発現抑制 

 最後に我々は、YB-1 AONとCD26抗体の、

CyA 発現に対する効果の検討を行った。こ

れまでの実験で、CyA の蛋白発現は CD26-si、

YB-1 AON、CD26 抗体処理のすべてで抑制

されることがわかったが、RT-PCR で CyA の

mRNA の発現を測定したところ、これらの

処理では影響を受けないことがわかった(図

10A)。 

 このことは CyA の発現が、蛋白質の翻訳

レベルで制御されていることを意味してい

るが、そのことを確かめるために、CyA 蛋

白の stability を、Cycloheximide chase assay

を行った。細胞を 48 時間、上記の処理をし

た の ち 、 蛋 白 合 成 阻 害 剤 で あ る

cycloheximide(最終濃度 50μg/ml)を加え、経

時的にサンプリングを行った。細胞内では、

安定性の低い蛋白ほど早く分解されるが、そ

れぞれの処理で CyA 蛋白が急速に減少して

いくことがわかった(図 10B)。YB-1 AON に

ついては、CD26 への間接的効果と推測され

たが、このことから CD26 が、細胞内で CyA

蛋白を安定させる役割を持つ可能性が考え
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られた。 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
D．考察 
 本研究では、前半で中皮腫細胞における

YB-1 AONとCD26抗体との併用効果につい

ての検討を行った。そして後半では、その併

用効果の鍵となりうる蛋白を発見し、その分

子メカニズムの解明を行った。  

 我々はまず、CD26 発現に対する YB-1 

AON の作用を検討したが、CD26 のタンパ

ク質発現は、YB-1 のノックダウンに濃度依

存的に抑制され、それとともに強い増殖抑制

効果、浸潤抑制効果が見られた。そしてこの

結果より、YB-1 AON による増殖及び浸潤の

抑制には、CD26 の発現抑制が関与している

可能性が示唆された。 

 一方 YB-1 は、EMT 関連因子である snail1

やHIF1αの発現を translationレベルで制御し

ていることが報告されているが(Cancer 
Cell 15:402 2009; Cancer Cell 2:682 2015)、
YB-1 AONによるCD26発現の抑制において

も、YB-1 AON は translation レベルで CD26

発現を抑制していることが示唆された。 

 YB-1 AON の time course study では、YB-1 

AON は少なくとも transfection 後 7 日間は

YB-1 に対するノックダウン効果があり、濃

度依存的に CD26 の発現抑制が見られた。こ

の結果により、生体に使用する場合は少なく

とも週 1 回以上の頻度で、YB-1AON の投与

が必要であると考えられた。 

 ところが細胞を CD26 抗体で処理しても、

YB-1 の発現には影響しなかった。このこと

から、シグナル伝達系において YB-1 は、

CD26 の上流側に位置する分子である可能

性が示唆された。 

また YB-1 AON と CD26 抗体は、それぞれ

単独でも in vitro で中皮腫細胞の増殖と浸潤

を抑制するが、両者を併用することで、それ

らの効果が増強された。さらに in vivo での

移植実験においても、YB-1 AON の増殖抑制

効果は、CD26 抗体の併用により増強される

ことが判明した。 

以上の結果より、中皮腫患者においても

YB-1 AON と CD26 抗体との併用で、より強

い治療効果が得られる可能性があると考え

られたが、本研究の後半で、我々はその分子

メカニズムの解明も試みた。 

 YB-1 AON による増殖・浸潤抑制作用に、

CD26 の発現抑制が関与していることが示

唆されたため、我々はまず CD26 ノックダウ

ン及び CD26 抗体処理後のマイクロアレイ

解析データを用いて、新規関連分子の探索を

行った。その結果、候補分子の一つとして

cyclophilin A (CyA)に着目した。 

 蛍光顕微鏡の観察では、CyA は細胞質に

局在していたが、YB-1 AON または CD26 抗

体処理により、その蛋白発現が抑制された。

両者を併用することにより、さらに抑制が増

強されたが、CyA のノックダウン実験で、
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CyA も増殖及び浸潤を促進していることが

示された。したがって中皮腫細胞においては、

YB-1 AON と CD26 抗体の併用による増殖・

浸潤抑制作用に、CyA が深く関与している

可能性が示唆された。 

また免疫沈降実験では、CyA は YB-1 とは

共沈してこなかったが、CD26 とは共沈した。

蛍光抗体法による共焦点顕微鏡と STED（誘

導放出制御）顕微鏡で細胞内の局在を観察し

たところ、両者は共局在していることが確認

された。さらに、CyA mRNA の発現制御に

ついて検討すると、YB-1 AON、CD26 抗体、

CD26-si の処理では、すべて影響しなかった。

このことを cycloheximide chase assay で確認

すると、これらの処理が CyA 蛋白の stability

を低下させることがわかった。つまり CD26

は、CyA 蛋白に直接結合することで、それ

を安定化させていることが示唆された。 

 これまでの研究で、CyA はがん細胞の増

殖や浸潤を促進することが報告されており 

(Nat Med 21:572 2015; Nat Chem Biol 12:117 

2016) 、子宮癌、食道扁平上皮癌、腎明細胞

癌などにおいては、予後予測因子であること

が報告されている (Mol Cell Proteomics 

7:1810 2008; Genet Test Mol Biomarkers 

19:182 2015; Cancer Biol Ther 11:535 2011)。

今回、中皮腫細胞において YB-1 AON と

CD26 抗体が、CyA の発現を抑制することが

わかったが、中皮腫において CyA が予後予

測因子であれば、YB-1 AON や CD26 抗体を

中皮腫の治療に用いる意義も、さらに強くな

ると考えられる。 

 それゆえ中皮腫病理組織での CyA の発現

や、予後因子としての可能性の検討も、今後

は必要になると予想された。また、CD26 陽

性細胞での CyA の役割や、YB-1 AON や

CD26 抗体が CyA 発現を抑制するメカニズ

ムについても、より詳しく調べる必要がある

と考えられた。 
 
E．結論 
 In vitro および in vivo 解析において、

YB-1 AONとCD26抗体の併用の有用性が示

唆されたが、そのメカニズムとして、YB-1

と CD26 が、CyA を介して腫瘍の増殖と浸

潤に働いている可能性が示された。 
 
F．次年度以降の計画 
 YB-1 AON 及び CD26 抗体の併用の、最適

投与プロトコルの確立を行う。また、それら

による CyA の発現抑制メカニズムと、CD26

陽性細胞における CyA の役割を、より詳細

に調べる。さらに、中皮腫病理組織における

CyA の発現と、予後因子としての可能性を

検討する。 
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労災疾病臨床研究事業費補助金 
分 担 研 究 報 告 書 

 
中皮腫におけるCD26およびYB-1発現について 

 

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 岡山労災病院アスベスト関連疾患研究センター・センター長 

研究協力者  藤本 伸一 岡山労災病院アスベスト関連疾患研究センター・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

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。本研究課題では、この CD26 抗

体療法とともに中皮腫細胞の増殖・細胞死を

司る他の分子メカニズムを阻害することで、

相加相乗効果を狙った新規治療法を目指し

ている。その標的分子が、YB-1 である。YB-1

は、Ybox (CAAT/ATTG)と呼ばれる塩基配列を

認識して標的遺伝子に結合する転写因子の

一つであり、cold shock domain 蛋白スーパ

ーファミリーに属する。本分子は、細胞周期

関連分子や癌抑制分子などの細胞増殖や腫

瘍悪性化に関与する転写・翻訳を制御すると

ともに、DNA-RNA との結合を介して翻訳にも

関わる多機能分子である。この YB-1 は、ヒ

トがんにおける発現解析から、肺癌や乳癌の

抗がん剤感受性や予後と相関するとの報告

がなされている。また研究協力者・中野賢二

博士は、この YB-1 に対するアンチセンス療

法の開発にすでに成功している。 

 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とYB-1発現を詳細に明

研究要旨 
悪性中皮腫の新規治療法として期待されるヒト化CD26抗体療法およびYB-1アンチセン

ス療法においては、腫瘍組織における CD26 および YB-1 分子の発現の適確な評価が重要

である。本研究では、すでに確立された CD26 発現評価方法とともに、新たに YB-1 発現

評価方法の確立を通じて、中皮腫検体における本分子群の免疫染色での発現評価法につい

て検討した。その結果、84 症例において、CD26 および YB-1 は、それぞれ 69、79 症例

で陽性であり、CD26 陰性 15 症例中では 4 症例で YB-1 陰性であった。また肉腫型中皮

腫では CD26 発現頻度は低く 9 症例中陽性は 2 例であったが、YB-1 は 9 症例中 9 例陽性

と高率に発現していることを見出した。また、画像解析から CD26 は細胞膜および細胞質

に 95％、核に 1-2％の発現があり、一方、YB-1 は細胞質に 90％の発現が認められ、核内

に 2-3％の発現が観察された。 



30 
 

らかにし、CD26 とともに YB-1 が中皮腫に

おける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 抗体お

よび YB-1 アンチセンスの併用療法にそな

えた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 CD26 および YB−１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。 
 
B．研究方法 
 YB-1 の発現解析には、抗 YB-1 抗体

（Rabbit monoclonal antibody(EP2708Y), 

ABCAM 社 ab76149）を用いた。本抗体は、

ヒト YB-1 の C 末端領域を抗原として作成

されたものであり、ヒトおよびげ齧歯類の

YB-1 と反応する。YB−１陽性対照標本とし

ては、ヒト癌細胞株（HeLa, SW480, A549, 

MCF7）を免疫不全マウス（NOD/SCID）皮下

に移植して形成された腫瘍をホルマリン

固定したものを用いた。またヒト組織とし

ては、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）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。 

 岡山労災病院および山口宇部医療セン

ターにおける中皮腫 84 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。 
 

（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、慶應義塾大学医学部およ

び埼玉医科大学の倫理委員会の審査にて承

認されている（承認番号 20120100 および

794）。 
 
C．研究結果 

 中皮腫組織 84 例（上皮型 65 例、二相型

10 例、肉腫型 9 例）について、同様に YB-1
の免疫染色を行った。その結果、中皮腫組織
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において、YB-1 は腫瘍細胞の細胞質に瀰漫

性に強陽性となり、その頻度は 84 例中 79
例が陽性であった（図 1 および表１）。また

腫瘍組織における腫瘍血管の内皮細胞にお

いて、細胞質に YB-1 発現を認めた。次にこ

れらの中皮腫組織における YB−１陽性所見

が真に YB−１蛋白であるかどうかを確認す

るために、一次抗体について YB−１蛋白に

よる吸収実験を行った。ラビット抗ヒト

YB-1 モノクローナル抗体と YB-1 蛋白を

4℃で 3 時間反応させた後、同様に免疫染色

を施行した。その結果、中皮腫組織および血

管内皮細胞における YB−１陽性像がほぼ完

全に消失したことから、この YB-1 の免疫染

色は特異的に切片上の YB-1 蛋白発現を認

識していると考えられた。 
 次に上記の中皮腫 84 症例について、ヒツ

ジ抗ヒト CD26 ポリクローナル抗体を用い

て同一検体での CD26 染色を行った（図 1
および表１）。その結果、CD26 陽性症例は

84 例中 69 例であり、CD26 陰性 15 症例中

4 症例は YB-1 も陰性であった。一方、CD26
陽性 69例中、YB-1陰性例は１例であった。 
 また CD26 陰性症例において、YB-1 と機

能的に関連する p53 の発現を解析したとこ

ろ、12 症例中 6 症例で核内 p53 が強陽性で

あった（図 2）。これらの p53 陽性症例にお

いては、p53 変異が示唆され、YB-1 を治療

標的とする場合に p53 変異の有無がその効

果と関わる可能性が考えられる。 
 次に、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。一方、YB-1
は細胞質に 90％、核内に 2-3％の発現が認

められることを明らかにした。現在、このデ

ータベースを元に臨床パラメーターとの相

関について検討している。 
  

D．考察 

 YB-1 は、転写・翻訳に関わる分子である

が、興味深いことに免疫染色での観察では、

YB-1 タンパク質の主たる局在部位は細胞質

であり、核の陽性像は明らかではなかった。 
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しかし、画像解析では、核内に少量の局在が

認められたことは、これまでの試験管内での

データと合致するものである。一方、CD26
は、細胞膜貫通型の細胞表面に局在する糖蛋

白質であるが、細胞内での局在は、細胞膜の

みならず細胞質でのライソゾームや核内と

広範囲であり、今回の画像解析の結果も同様

であった。これらの二つの分子のがん細胞に

おける局在は重要な意味を持つが、免疫染色

での観察では、CD26 と YB-1 が中皮腫細胞

の細胞質において、類似した瀰漫性の局在を

示すことは、これらの分子の相互作用の可能

性がある。CD26 を標的とした抗体療法は、

抗体による免疫学的細胞傷害や CD26 機能

の抑制が主体であり、腫瘍細胞の細胞表面

CD26 は抗体により細胞質内に内在化され

る。一方、YB-1 を標的としたアンチセンス

療法は、アンチセンスによる YB-1 蛋白発現

抑制が主体である。従って併用療法において

は、抗体により CD26 は細胞質内での増加

とその核内移行が惹起され、一方、YB-1 蛋

白はアンチセンスにより減少することが想

像されため、この状況での中皮腫細胞におけ

る細胞増殖や細胞死の変化がどうなるか、さ

らなる詳細な検証が期待される。 
 また悪性中皮腫における CD26 および

YB-1 発現について細胞局在、陽性率、陽性

強度などの各種パラメーターで詳細に定量

評価することで、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 
 中皮腫検体における YB-1 の発現評価方

法および半定量的解析法を確立した。その結

果、81%の症例において CD26 と YB-1 の共

発現が明らかとなり、細胞内局在においても

細胞質内での共在が示された。 
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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。安全性が確認されるとともに治療薬としての有効性を示唆

する結果も得られ、平成 29 年 6 月から国内でも第 I/II 相臨床試験を開始した。有効かつ

安全な CD26 抗体との併用療法の開発とともに、CD26 抗体の抗腫瘍作用メカニズムの更

なる解明は極めて重要である。CD26 は T 細胞に活性化シグナルを伝達する共刺激分子と

しても機能するため、CD26 抗体は免疫系にも影響する可能性が考えられる。これまでに、

CD26 シグナルによって免疫チェックポイント分子 BTLA と LAG3 の高発現、抑制性サ

イトカイン IL-10 高産生が誘導されることを報告した。今年度は、悪性胸膜中皮腫患者の

胸水中 T 細胞の機能解析を行い、健常者及び中皮腫患者の末梢血 T 細胞と比較して、免

疫チェックポイント分子の中で特に PD1, BTLA, CD39 の発現が上昇していること、細胞

傷害性分子の Perforin, Granzyme B の発現、エフェクターT 細胞の割合が顕著に低下し

ていることを明らかにした。このことから、悪性胸膜中皮腫患者の胸水中 T 細胞は、近位

に存在するがん細胞からの影響を受けて機能不全になっている可能性が示唆された。 
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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 30-50 年とされ、日本を含めアジ

アやヨーロッパなど世界規模で胸膜中皮腫

患者数は今後ますます増加すると考えられ

ている。悪性胸膜中皮腫に対しては手術療法、

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胸膜中皮腫細胞に

発現する CD26 に着目し、ヒト化 CD26 抗

体を開発しフランスにて第 I 相臨床試験を

行った。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Stabilized Disease 
(SD)となり治療薬としての有効性を示唆す

る結果も得られた。平成 29 年 6 月から国内

でも第 I/II 相臨床試験を開始したが、有効か

つ安全な CD26 抗体との併用療法の開発と

ともに、CD26 抗体の抗腫瘍作用メカニズム

の更なる解明は極めて重要である。 
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・補体依存

性細胞傷害(CDC)活性に加え、CD26 陽性腫

瘍に抗体が結合することによる直接的な作

用があることを明らかにしてきた。がん細胞

の細胞膜上の CD26 にヒト化 CD26 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 を起こさせること (Clin 
Cancer Res. 2001, Immunology. 2002, Clin 
Cancer Res. 2007, Cancer Cell Int. 2016)、
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 collagen や fibronectin との

結合タンパクであるが、CD26 抗体が結合す

ることでそれらのタンパクへの接着が阻害

され(Clin Cancer Res. 2007)、このことから

CD26 抗体が CD26 陽性腫瘍の浸潤・転移の

抑制にも働くことが示唆された。 
CD26 はヒト T 細胞に活性化シグナルを

伝達する T 細胞共刺激分子であり、ヒト化

CD26 抗体は CD26 のリガンドである

caveolin-1 の CD26 への結合をブロックす

る。また、CD26 の機能の一つに dipeptidyl 
peptidase IV (DPPIV)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DPPIV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DPPIV酵素活性自体に直接は影響し

ないが、フランスでの第 I 相臨床試験の結果

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、DPPIV 酵素活

性も同様に低下することが示されている(Br 
J Cancer. 2017)。DPPIV 酵素活性の低下に

より IP-10(CXCL10)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)。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。 
近年、がんの新たな治療法として免疫系に
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抑制シグナルを伝達するチェックポイント

分子をブロックすることで腫瘍免疫を活性

化させる免疫チェックポイント阻害薬が非

常に注目されており、CTLA4 抗体や PD1
抗体は既に臨床現場で用いられ始めている。

われわれは最近、ヒト CD4 T 細胞に強い

CD26 共刺激シグナルが伝達すると免疫チ

ェックポイント分子 LAG3 の発現と代表的

な抑制性サイトカイン IL-10 の産生が強く

誘導されることを報告した (J Immunol. 
2015)。また、これまでの解析から、CD26
共刺激は CD28 共刺激と比較して、CD4 T
細胞・CD8 T 細胞のどちらに対しても免疫

チェックポイント分子 BTLA の発現を顕著

に増強させること、がん細胞周囲に多く存在

すると考えられる免疫抑制性因子のうち

TGF-、PGE2、L-Kynurenine、Adenosine
は免疫チェックポイント分子の発現を増強

させるとともに CD26 の発現増強にも作用

することを報告した。 
ヒト化 CD26 抗体投与が腫瘍免疫に及ぼ

す影響を解析するうえで、悪性胸膜中皮腫患

者の免疫機能に関する基礎情報は不可欠で

ある。そこで今年度は、悪性胸膜中皮腫患者

の末梢血及び胸水中 T 細胞の CD26 発現、

免疫チェックポイント分子の発現、細胞傷害

性分子の発現、細胞傷害性エフェクター細胞

の割合に特に着目して解析を行った。 
 
B．研究方法 
1) ヒト T 細胞の調製 
順天堂大学医学部研究等倫理委員会での

承認を得て、インフォームド・コンセントを

書面で得られた成人健常者の末梢血から、

Ficoll 密度分離法により末梢血単核球

(PBMC)を調製した。PBMC から T 細胞へ

の精製には MACS(磁気細胞分離)システム

(Miltenyi Biotec)を用いた。ヒト CD4 T 細

胞、CD8 T 細胞への精製には、それぞれ

human CD4+ T cell isolation kit, human 
CD8+ T cell isolation kit (Miltenyi Biotec)
を使用し、それぞれ CD3+CD4+ が 97%以上、

CD3+CD8+ CD56nega が 95%以上であるこ

とをFACS Calibur (BD Biosciences)にて確

認した。また、岡山労災病院、山口宇部医療

センターで倫理委員会での承認を得て、イン

フォームド・コンセントを書面で得られた悪

性中皮腫・良性石綿胸水の患者から末梢血と

胸水の提供を受けた。末梢血から Ficoll 密

度分離法により PBMC を調製した。胸水を

1800rpm, 7min, 4℃で遠心し、胸水細胞を

得た。上記と同様に MACS システムを用い

て、PBMC 及び胸水細胞から T 細胞への精

製を行った。 

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

抗体を用いた。FITC-labeled anti-CD26 
mAb (clone M-A261), FITC-labeled 
anti-CD28 mAb (clone CD28.2), 
FITC-labeled anti-Perforin (clone G9), 
PE-labeled anti-CD26 mAb (clone 
M-A261), PE-labeled anti-Granzyme A 
(clone CB9), APC-labeled anti-CD3 mAb 
(clone UCHT1), APC-labeled anti-CTLA4 
mAb (clone BNI3), Alexa Fluor 
647-labeled anti-CCR7 mAb (clone 3D12), 
Alexa Fluor 647-labeled anti-FOXP3 mAb 
(clone 259D/C7) 及 び Alexa Fluor 
647-labeled anti-Granzyme B mAb (clone 
GB11)は BD Biosciences から購入した。

FITC-labeled anti-LAG3 mAb (clone 
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3DS223H)と PE/Cy7-labeled anti-TIGIT 
mAb (clone MBSA43)は eBioscienceから購

入した。 FITC-labeled anti-CD8a mAb 
(clone HIT8a), PerCP/Cy5.5-labeled 
anti-CD4 mAb (clone RPA-T4), 
PerCP/Cy5.5-labeled anti-CD73 mAb 
(clone AD2), PerCP/Cy5.5-labeled 
anti-CD244 (2B4) mAb (clone C1.7), 
PE/Cy7-labeled anti-Tim3 mAb (clone 
F38-2E2),  PE/Cy7-labeled anti-CD28 
mAb (clone clone CD28.2), PE/Cy7-labeled 
anti-CD45RA mAb (clone HI100), 
PE/Cy7-labeled anti-CD160 mAb (clone 
BY55), APC-labeled anti-PD1 mAb (clone 
EH12.2H7), APC-labeled anti-BTLA mAb 
(clone MIH26), APC-labeled anti-CD39 
mAb (clone A1), APC-labeled anti-DNAM1 
(CD226) (clone 11A8)及び Alexa Fluor 
647-labeled anti-CD57 mAb (clone 
HCD57)は BioLegend から購入した。 
 
3) フローサイトメトリー 
末梢血単核球及び胸水中細胞から精製し

た CD4 T 細胞、CD8 T 細胞の、細胞膜上の

免疫チェックポイント分子及び CD26 の発

現、細胞傷害性エフェクターT 細胞マーカー

の発現を解析した。Perforin、Granzyme A、

Granzyme B の細胞内の発現に関しては、

BD Cytofix/Cytoperm Plus Fixation/ 
Permeabilization kit (BD Biosciences)を用

いて、付属のプロトコルに従い細胞内染色を

行った。FACSCalibur (BD Biosciences)で
測定を行い、得られたデータを FlowJo 
(Tree Star)で解析した。 
 
(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及び胸水を用いた研

究については、順天堂大学医学部研究等倫理

委員会の審査を受け承認されている(承認番

号 2017090)。末梢血及び胸水の提供を受け

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) 健常者末梢血、悪性胸膜中皮腫患者末梢

血及び胸水中 CD4 T 細胞、CD8 T 細胞にお

ける CD26 の発現解析 
 免疫チェックポイント阻害薬が腫瘍免疫

活性化に働くことを証明するための研究で

は、がん患者の末梢血及び腫瘍内浸潤リンパ

球(Tumor Infiltrating Lymphocyte; TIL)に
おける、免疫チェックポイント分子の発現と

Perforin や Granzyme などの細胞傷害性因

子、TNF-や IFN-などのサイトカイン産生

の発現といったエフェクター機能の解析が

主に行われている。しかしながら、悪性胸膜

中皮腫患者の腫瘍細胞塊を新鮮な状態で、研

究に足りるだけの十分な細胞数得ることは

難しく、一方で、胸水に関しては検査目的で

採取する機会も多く、また末梢血と比べて量

も多く得やすい。そこで、悪性胸膜中皮腫患

者の末梢血と、悪性胸膜中皮腫の近位に存在

しがん細胞の影響をより受けていることが

予想される胸水を用いて、T 細胞の機能解析

を行った。 
 まず、CD4 T 細胞、CD8 T 細胞の CD26
の発現を解析した。CD26 は健常者の末梢血

CD4 T 細胞、CD8 T 細胞ともに、CD26 高
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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CD26/CD28の発現分

布を調べる方が、より詳細な情報を得られる

ため、CD26/CD28 の発現分布を解析した結

果、図 1 に示すように、健常者の末梢血 CD4 
T 細胞及び悪性胸膜中皮腫患者の末梢血

CD4 T 細胞は、いずれの提供者も同等の発

現パターンを示し、CD26low/intCD28+に大部

分が属する結果であった。悪性胸膜中皮腫患

者の胸水中 CD4 T 細胞に関しても、11 例中

9 例は末梢血と同様の発現パターンを示し

たが(図 1 中 Type A)、1 例は CD26low/int 

CD28nega に一部が属し(Type B)、1 例は

CD26highCD28nega に大部分が属する発現パ

ターンを示した(Type C)。 

図1 悪性中皮腫患者胸水中CD4 T細胞のCD26/CD28発現分布は
多くは末梢血T細胞と同様であったが(Type A)、末梢血では
見られない特殊な発現パターン(Type B or C)も少数例ながら
認められた。

健常者
末梢血

中皮腫
末梢血

中皮腫
胸水

CD28

C
D

26

Total CD4
(CD3+CD4+)

Type A Type B Type C

 
 
次に、CD8 T 細胞の CD26/CD28 の発現

分布を解析した結果、CD4 T 細胞とは異な

り CD8 T 細胞は健常者でも Naive・

Memory・Effector の割合の個人差は大きい

が、図 2 に代表的な末梢血 CD8 T 細胞の発

現パターンを示す。主に 4 つのサブセット

に分類することができ、CD26highCD28+は早

期 Effector Memory、CD26low/intCD28+は

Naive、CD26negaCD28+は全ての分化段階の

混合、CD26negaCD28nega は主に Terminal 
Effector に属することを、以前報告した

(Immunology. 2013)。意外なことに、悪性

胸膜中皮腫患者の末梢血 CD8 T 細胞は、

Terminal Effector の CD26negaCD28nega に

属する割合が非常に高く、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(図 2)。一方で、

悪性胸膜中皮腫患者の胸水中 CD8 T 細胞は、 
CD26int/highCD28+に多くが属するパターン

(図 2 中 Type A)、CD26negaCD28+に多くが

属 す る パ タ ー ン (Type B) 、 CD26nega 

CD28nega に大部分が属するパターン(Type 
C)のいずれかが 11 例中それぞれ複数例で見

られ、Type B と Type C は少なくとも健常

者の末梢血 CD8 T 細胞では見られない発現

パターンであった。これらの結果から、悪性

胸膜中皮腫患者の胸水中T細胞、特にCD8 T
細胞は CD26/CD28 の発現パターンや分化

段階が末梢血とは明らかに異なることが示

唆され、さらに患者内でも多様性が認められ

た。 
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Early EM

Naive

Mixture

図2 悪性中皮腫患者胸水中CD8 T細胞のCD26/CD28発現分布は
末梢血T細胞とは異なる特殊な発現パターンをしており、
3つのグループに大別された(Type A, B or C)。
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26
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Hatano R, Ohnuma K, Morimoto C.
Immunology 2013

 
 
2) 健常者末梢血、悪性胸膜中皮腫患者末梢

血及び胸水中 CD4 T 細胞、CD8 T 細胞にお

ける免疫チェックポイント分子と細胞傷害

性エフェクター分子の発現解析 
近年、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をブロックすることで

腫瘍免疫を活性化させる免疫チェックポイ

ント阻害薬が新たながん治療法として非常

に注目されている。一昨年度・昨年度に引き

続き、近年着目されている免疫チェックポイ

ント分子 10 種の解析を行った(それぞれの

リガンドとの関係を図 3 にまとめた)。 

図3 近年着目されているcoinhibitory(immune checkpoint) molecule

MHC/peptide TCR/CD3
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 免疫応答を負に制御する免疫チェックポ

イント分子は、慢性的な免疫応答の持続を制

御するために生体内に本来備わっている機

構であり、抗原感作されて活性化した T 細

胞に発現が誘導されることが多い。健常者の

末梢血 CD4 T 細胞、CD8 T 細胞に in vitro
で T cell receptor (TCR)刺激を与えると、

CD73 と CD160 を除く PD1、LAG3、TIM3、
BTLA、CTLA4、TIGIT、2B4(CD244)、CD39
では、代表的な T 細胞活性化刺激である

CD28 共刺激または CD26 共刺激による発

現上昇が認められた。中でも CD4 T 細胞の

BTLA と LAG3、CD8 T 細胞の BTLA は

CD28 共刺激と比較して CD26 共刺激によ

って顕著に発現が増強することが示された

(一昨年度・昨年度報告書参照)。 
がん細胞の周囲に浸潤した T 細胞では各

種免疫チェックポイント分子の発現が上昇

していることが報告されている。がん微小環

境に多く存在すると考えられる TGF-やプ

ロスタグランジン、キヌレニン、アデノシン

などの免疫抑制性因子が、PD1 や TIM3、
2B4(CD244)、CD39 など様々な免疫チェッ

クポイント分子の発現を増強し得ることを

昨年度報告した。また、それらの免疫抑制性

因子は CD26 の発現増強にも作用すること

が示唆され、このことからがん細胞周囲では

CD26 シグナルが増強している可能性が考

えられる。 
 
 今年度は、悪性胸膜中皮腫患者の T 細胞

に関する基礎的な知見を得るべく、悪性胸膜

中皮腫の近傍に位置する胸水中 T 細胞の免

疫チェックポイント分子の発現を解析した

結果、胸水中 CD8 T 細胞では健常者の末梢

血 CD8 T 細胞や悪性胸膜中皮腫患者の末梢

血 CD8 T 細胞と比較して、PD1、BTLA、
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CD39 の 3 種類に、11 例中複数例(3 例以上)
で明らかな発現上昇が認められた(図 4)。そ

の他に、LAG3、TIM3 に関しても発現が上

昇している患者が少数ながら認められた(デ
ータ未掲載)。しなしながら、悪性胸膜中皮

腫の対照症例として 2 例解析を行った良性

石綿胸水患者の胸水中 CD8 T 細胞において

も末梢血 T 細胞と比較して、PD1 や CD39
の発現上昇が見られた(図 4)。今後、対照症

例の症例数を増やして、免疫チェックポイン

ト分子の発現上昇ががん細胞による影響を

受けての変化なのかを明らかにする。また、

肺がん患者の胸水中 T 細胞における免疫チ

ェックポイント分子の発現に関しても同様

に解析を行い、悪性胸膜中皮腫に特異的に発

現が誘導される免疫チェックポイント分子

が存在するかについても明らかにする。 
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図4 悪性中皮腫患者胸水中CD8 T細胞は、末梢血T細胞と比較して、
PD1, BTLA, CD39の発現が上昇している可能性が示唆された。

0

20

40

60

80

100

CD8/PD1+(%) 1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Ave 0

2

4

6

8

10

CD8/BTLA+(%) 1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Ave

0

20

40

60

80

100

CD8/CD39+(%) 1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Ave

 

 
次に、悪性胸膜中皮腫患者の胸水中 CD8 

T 細胞のエフェクター機能の解析を行った。 
Perforin と Granzyme B を高発現する

Terminal Effector CD8 T細胞のマーカーと

して CD28 陰性と CD57 陽性が報告されて

いる。そこで、悪性胸膜中皮腫患者の末梢血

及び胸水中 CD8 T 細胞における CD28 陰性

の割合、CD57 陽性の割合を解析した結果、

図 2 でも示したように、悪性胸膜中皮腫患

者の末梢血 CD8 T 細胞は、健常者の末梢血

CD8 T 細胞と比較して CD28 陰性の割合が

顕著に高く、同様に CD57 陽性の割合も顕

著に高かった(図 5)。一方で、悪性胸膜中皮

腫患者の胸水中CD8 T細胞では末梢血CD8 
T 細胞と比較して CD28 陰性の割合、CD57
陽性の割合がどちらも健常者の末梢血 CD8 
T 細胞と同等のレベルまで低下しているこ

とが示された(図 5)。細胞傷害活性における

中心的なエフェクター分子の一つである

Perforin と Granzyme B の細胞内発現も解

析した結果、悪性胸膜中皮腫患者の末梢血

CD8 T 細胞では、健常者の末梢血 CD8 T 細

胞よりも Perforin 陽性の割合、Granzyme B
陽性の割合が非常に高く、一方で、悪性胸膜

中皮腫患者の胸水中 CD8 T 細胞では

Perforin 陽性の割合、Granzyme B 陽性の

割合の著明な低下が見られ、特に Perforin
は健常者の末梢血 CD8 T 細胞よりも陽性率

が低いことが示された(図 5)。このことから、

悪性胸膜中皮腫患者の胸水中 CD8 T 細胞は、

細胞表面マーカーの発現及び細胞傷害性エ

フェクター分子の発現から、細胞傷害性 T
細胞として十分な機能を果たしていないこ

とが予想される。しかしながら、図 4 の免

疫チェックポイント分子の発現でも示した

ように、現時点でまだ 2 例しか解析を行え

ていないが、良性石綿胸水の患者においても

末梢血CD8 T細胞と胸水中CD8 T細胞とで、

悪性胸膜中皮腫患者と同様の傾向が見られ

ている(図 5)。今後、対照症例の症例数を増

やして、胸水中 CD8 T 細胞の細胞傷害活性

の低下ががん細胞による影響を受けての変

化なのかを明らかにする。 
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図5 悪性中皮腫患者胸水中CD8 T細胞は、Perforinの発現が顕著に
低下し、細胞傷害活性が低下していることが強く示唆された。
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 悪性胸膜中皮腫患者 11 例と対照症例とし

て良性石綿胸水患者 2 例の解析を行った結

果、悪性胸膜中皮腫患者の末梢血 T 細胞の

免疫チェックポイント分子の発現は、CD73
以外は健常者の末梢血 T 細胞と大きな違い

はなく、Perforin や Granzyme B、Terminal 
Effector 細胞の割合を示す CD26 陰性、

CD57 陽性の割合は健常者と比べて顕著に

高く、予想に反して T 細胞が活性化した状

態にあることが強く示唆された。一方で、胸

水中 T 細胞では PD1、BTLA、CD39 をは

じめとした様々な免疫チェックポイント分

子の発現が上昇しているとともに、Perforin
の発現の劇的な低下など細胞傷害性 T 細胞

として十分に機能できない状態にあること

が示された。 
また、胸水中 T 細胞の CD26 の発現パタ

ーンに関しても、悪性胸膜中皮腫患者の中で

多様性が見られ、何かしらの病態、臨床情報

を反映している可能性が考えられる。今後、

検体数をさらに増やし、CD26 の発現パター

ンの違いが意味することについても検討し

ていきたい。 
 
D．考察 

ヒト化 CD26 抗体の抗腫瘍作用メカニズ

ムの更なる解明を目的として、CD26 抗体の

免疫系への影響、腫瘍免疫を亢進する可能性

について、一昨年度・昨年度に引き続き検討

している。 
免疫チェックポイント分子の多くが、その

細胞内ドメインに SHP-1/2 をはじめとした

フォスファターゼが会合し、T 細胞受容体か

らのシグナル伝達(キナーゼカスケード)を
阻害することで T 細胞の活性化を負に制御

する。CD26 の細胞内ドメインはわずか 6 ア

ミノ酸で構成されており、フォスファターゼ

が会合することが知られている ITIM や

ITSM と呼ばれる既存の配列は存在しない。

このことから、CD26 分子の細胞内ドメイン

を介して直接抑制性のシグナルが伝達する

可能性は低いと考えられる。そのため、

CD26 分子を介して直接抑制性シグナルが

伝達するのではなく、CD26 シグナルによっ

て抑制機能を有する免疫チェックポイント

分子を誘導し、それらを介して免疫応答を負

に制御する可能性を検討している。これまで

の結果から、CD26 共刺激は CD4 T 細胞に

対して BTLA と LAG3 の高発現、IL-10 の

高産生を誘導し、CD8 T 細胞に対しても

CD28 共刺激と比較して BTLA の発現を顕

著に誘導することが示された。また、がん細

胞周囲に多く存在すると考えられる免疫抑

制性因子のうち、TGF-は PD1 の、PGE2、

L-Kynurenine、Adenosine は TIM3 の、

PGE2は 2B4 (CD244)と CD39 の発現を顕

著に増強させることが示された。興味深いこ

とに、PGE2、L-Kynurenine、Adenosine
は CD26 の発現も顕著に増強することが示

唆され、がん細胞周囲に浸潤した T 細胞は

CD26 の発現が増強している可能性が考え
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られる。 
ヒト化 CD26 抗体が腫瘍免疫を増強させ

ることを直接的に証明するためには、腫瘍細

胞塊に浸潤したがん抗原特異的な T 細胞の

エフェクター機能の解析が望まれるが、メラ

ノーマのようによく研究されているがんと

は異なり、悪性中皮腫ではがん抗原が十分に

特定されていないうえ、腫瘍細胞塊の入手も

難しいなど研究の遂行が難しい要素が多い。

そこで、がん細胞に特異的な T 細胞に特化

しての解析ではないが、CD26 抗体が免疫系

に及ぼす影響を解析する方法として、平成

29 年 6 月から開始したヒト化 CD26 抗体の

国内第 I/II 相臨床試験に参加した患者検体

を用いて、CD26 抗体投与による血清中の可

溶性 CD26 濃度/DPPIV 酵素活性値や IL-10
濃度の変動、末梢血 T 細胞のエフェクター

機能、BTLA や LAG3 などの免疫チェック

ポイント分子の発現の変動を経時的に解析

することを計画している。 
また、まだ悪性胸膜中皮腫患者 11 例、良

性石綿胸水患者 2 例での検討結果だが、悪

性胸膜中皮腫患者の胸水中 CD4 T 細胞、

CD8 T 細胞ともに健常者の末梢血 T 細胞、

悪性胸膜中皮腫患者の末梢血 T 細胞と比較

して、CD26 の発現や免疫チェックポイント

分子の発現、細胞傷害性機能が明らかに異な

ることが示された(図 4, 5)。今後、良性石綿

胸水患者や肺がん患者といった対照症例の

データを増やし、悪性胸膜中皮腫に特徴的な

免疫チェックポイント分子の発現パターン

や CD26 の発現、T 細胞のサブセット解析

を進め、悪性胸膜中皮腫の影響を受けた T
細胞の特性を解明する予定である。また、病

理組織の免疫染色により、実際に悪性胸膜中

皮腫周囲に浸潤した T 細胞の性質について

も解析を行う。 
われわれは強い CD26 共刺激シグナルに

よって BTLA の発現が CD4・CD8 両 T 細

胞に特徴的に誘導されることを明らかにし

たが、そのシグナル伝達経路、及び転写因子

についても解析が必要となる。一部の悪性胸

膜中皮腫患者では胸水中 T 細胞に BTLA の

高発現が認められるため、このサブセットを

セルソーターで分離・精製し、DNA マイク

ロアレイ解析を行う。 in vitro の実験で

CD26 共刺激に特徴的な発現上昇が見られ

る転写因子との比較解析を行い、BTLA の

発現制御に関わる転写因子の絞り込みを行

う。また、悪性胸膜中皮腫患者の中で、BTLA
が高発現している患者の臨床的な特徴につ

いても、検体数を増やしてより詳細に検討し

ていく予定である。 
これらの研究により、悪性胸膜中皮腫の影

響を受けた T 細胞の特性を明らかにすると

ともに、ヒト化 CD26 抗体が免疫系に及ぼ

す影響についても明らかにする。また、血清

中の可溶性CD26濃度/DPPIV酵素活性値や

IL-10 濃度、末梢血 T 細胞の BTLA、LAG3
の発現の経時的なモニタリングが、ヒト化

CD26 抗体の治療有効性を予測するバイオ

マーカーになりうる可能性も考えられるた

め、その点にも着目して解析を行う。 
 
E．結論 
悪性胸膜中皮腫患者 11 例の末梢血および

胸水中 T 細胞の解析を行った結果、悪性胸

膜中皮腫患者の末梢血 CD8 T 細胞では、健

常者の末梢血 CD8 T 細胞よりも Terminal 
Effector の割合が予想に反して顕著に増加

しており、一方で、胸水中 CD8 T 細胞では

PD1 や BTLA、CD39 の発現上昇や Perforin、
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Granzyme B の著明な発現低下が見られた。

このことから、胸水中 T 細胞は、近位に存

在する悪性胸膜中皮腫からの影響を受けて

機能不全になっている可能性が示唆された。 
 
F．今後の展望 

悪性中皮腫自身やその周囲の細胞に

BTLA や LAG3、そのリガンドである

HVEM や MHC class II が発現しているか

免疫組織染色で検討する。また、CD26 共刺

激に特徴的な BTLA の発現誘導に関わるシ

グナル伝達経路、及び転写因子についての解

析が必要となる。さらに、本年度に引き続き、

悪性中皮腫患者の末梢血 T 細胞、胸水 T 細

胞、悪性中皮腫周囲に浸潤した T 細胞を用

いて、各種免疫チェックポイント分子の発現

パターンやエフェクター分子、CD26 の発現

を解析するとともに、CD26 抗体の国内第

I/II 相臨床試験検体を用いて、CD26 抗体投

与による血清中可溶性CD26濃度/DPPIV酵

素活性値、IL-10 濃度、末梢血 T 細胞上の

BTLA、LAG3 の発現変動を経時的にモニタ

リングしていく予定である。 
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ABSTRACT

CD26 is a 110 kDa surface glycoprotein with intrinsic dipeptidyl 
peptidase IV (DPPIV) activity that is expressed on numerous cell types 
and has a multitude of biological functions. We have had a long-standing 
interest in the role of CD26 in cancer biology and immune regulation and 
developed YS110, a humanized monoclonal antibody (mAb) with high 
affinity to the CD26 antigen. Our group has shown that in vivo
administration of YS110 inhibits tumor cell growth, migration and 
invasion, and enhances survival of mouse xenograft models inoculated 
with malignant mesothelioma (MPM), renal cell carcinoma, non-small-
cell lung carcinoma, ovarian carcinoma or T-cell lymphoma via multiple 
mechanisms of action. The first-in-human (FIH) phase 1 clinical trial of 
this mAb for CD26-expressing solid tumors, particularly refractory MPM, 
was conducted from 2009 to 2014, with results being recently published.
Our FIH study demonstrates that YS110 therapy exhibits a favorable 
safety profile and results in encouraging disease stabilization in a number 
of patients with advanced/refractory CD26-expressing cancers. In 
addition, we have robust evidence through multiple studies that CD26 
functions as a T-cell costimulatory molecule and has an important role in 
T-cell biology. High CD26 cell surface expression is correlated with 
enhanced migratory ability through endothelial cells, and CD26+ T cells 
are present at high levels in the inflammatory site of graft-versus-host 
disease (GVHD) and various autoimmune diseases such as rheumatoid 
arthritis, multiple sclerosis and Graves’ disease. Our recent work with a 
xenogeneic GVHD murine model also demonstrates that administration 
of YS110 decreases GVHD severity and prolongs survival, while 
preserving the graft-versus-leukemia effect. Furthermore, recent work has 
shown that infection by the novel Middle East respiratory syndrome 
coronavirus (MERS-CoV) is mediated by the use of CD26 as a functional 
receptor. We have identified the domains of CD26 involved in the 
binding of MERS-CoV and showed that YS110 treatment significantly 
inhibits viral infection. We herein review novel findings strongly 
suggesting that YS110 represents a promising novel therapy for 
refractory cancers, immune disorders and MERS-CoV infection.
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1. INTRODUCTION

CD26 is a 110-kDa, type II transmembrane glycoprotein with known 
dipeptidyl peptidase IV (DPPIV, EC 3.4.14.5) activity in its extracellular 
domain and is capable of cleaving N-terminal dipeptides with either L-
proline or L-alanine at the penultimate position (Ohnuma et al., 2008a). 
CD26 activity is dependent on cell type and the microenvironment factors 
that can influence its multiple biological roles (Ohnuma et al., 2011; 
Thompson et al., 2007). CD26 is expressed on various tumors including 
malignant pleural mesothelioma (MPM), renal cell carcinoma (RCC), lung 
cancer, colorectal cancer (CRC), hepatocellular carcinoma, prostate cancer, 
gastrointestinal stromal tumor (GIST), thyroid carcinoma, and hematologic 
malignancies such as T-anaplastic large cell lymphoma, T-lymphoblastic 
lymphoma and T-acute lymphoblastic leukemia (Havre et al., 2008; 
Ohnuma and Morimoto, 2013; Thompson et al., 2007). We have had a 
long-standing interest in the role of CD26 in cancer biology and developed 
YS110, a humanized monoclonal antibody (mAb) with high affinity to the 
CD26 antigen. Our group has shown that in vitro and in vivo
administration of YS110 inhibited tumor cell growth, migration and 
invasion, and enhanced survival of mouse xenograft models inoculated 
with MPM, RCC, non-small-cell lung carcinoma, ovarian carcinoma or T-
cell lymphoma via multiple mechanisms of action (Inamoto et al., 2007; 
Inamoto et al., 2006; Ho et al., 2001). The first-in-human (FIH) phase 1 
clinical trial of this mAb for CD26-expressing solid tumors, particularly 
refractory MPM, was conducted with results being recently published 
(Angevin et al., 2017). Our FIH study demonstrated that YS110 therapy 
exhibits a favorable safety profile and resulted in encouraging disease 
stabilization in a number of patients with advanced/refractory CD26-
expressing cancers. 
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In addition, we have robust evidence through multiple studies that 
CD26 functions as a T-cell costimulatory molecule and has an important 
role in T-cell biology and overall immune function (Morimoto and 
Schlossman, 1998; Ohnuma et al., 2008a). We identified caveolin-1 as a 
costimulatory ligand for CD26 in T cells, and showed that CD26-caveolin-
1 interaction led to activation of both CD4 T cells and antigen presenting 
cells (APCs) (Ohnuma et al., 2004; Ohnuma et al., 2005; Ohnuma et al.,
2007). Moreover, High CD26 cell surface expression was correlated with 
enhanced migratory ability through endothelial cells (Masuyama et al.,
1992), and CD26+ T cells were present at high levels in the inflammatory 
site of graft-versus-host disease (GVHD) and various autoimmune diseases 
such as rheumatoid arthritis (RA), multiple sclerosis and Graves’ disease 
(Hatano et al., 2013a; Ohnuma et al., 2015a; Ohnuma et al., 2011). Our 
recent work with a xenogeneic GVHD murine model also demonstrated 
that administration of YS110 decreased GVHD severity and prolonged 
survival, while preserving the graft-versus-leukemia (GVL) effect (Hatano 
et al., 2013a). 

Furthermore, recent work has shown that infection by the Middle East 
respiratory syndrome coronavirus (MERS-CoV) is mediated by the use of
CD26 as a functional receptor (Raj et al., 2013). MERS-CoV is a novel 
coronavirus identified in patients with severe lower respiratory tract 
infections with almost 50% of cases resulting in lethal lower respiratory 
tract infections (Zaki et al., 2012; Enserink, 2013). We have identified the 
domains of CD26 involved in the binding of MERS-CoV and showed that 
YS110 treatment significantly inhibited viral infection (Ohnuma et al.,
2013). We recently reviewed our significant findings and the early clinical 
development of a CD26-targeted therapy for MPM (Ohnuma et al., 2017). 
We herein review novel findings strongly suggesting that YS110 
represents a promising novel therapy not only for MPM but also for other 
refractory cancers, immune disorders and MERS-CoV infection.
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2. CANCERS

2.1. Malignant Pleural Mesothelioma 

Our recent in-depth studies of CD26 expression in MPM revealed that 
CD26 is preferentially expressed in MPM cells but not in normal 
mesothelial cells (Amatya et al., 2011; Aoe et al., 2012). Our 
immunohistochemical analysis showed that membranous expression of 
CD26 was particularly found in epithelioid mesotheliomas, but not in 
sarcomatoid mesotheliomas (Aoe et al., 2012). In addition, we identified
SP (side-population), CD9, CD24, and CD26 as MPM cancer stem cell 
markers that correlated with primary stem cell signatures (Ghani et al.,
2011; Yamazaki et al., 2012). These intriguing findings propelled our 
development of CD26-targeted therapy for MPM. For this purpose, we had 
developed a novel humanized anti-CD26 mAb, YS110. We recently 
reviewed the functional role of CD26 in the neoplastic biology of MPM 
and our robust in vitro and in vivo data investigating the anti-tumor effect 
of YS110 on MPM (Ohnuma et al., 2017). We conducted the FIH phase 1 
clinical trial of YS110 for patients with refractory MPM and other CD26-
positive solid tumors (Angevin et al., 2017). Thirty-three heavily pre-
treated patients with CD26-positive cancers including 22 MPM underwent 
YS110 administration. Our FIH study conclusively demonstrated that 
YS110 exhibits a favorable safety profile and substantial clinical activity in 
heavily pre-treated CD26-positive MPM patients who had previously 
progressed on conventional standard chemotherapies. Further clinical trial 
of YS110 for MPM is in progress worldwide (ClinicalTrials.gov, 2017).

2.2. Other Cancers 

In contrast to our robust findings regarding the role of CD26/DPPIV 
on MPM (Ohnuma et al., 2017), the exact role of CD26/DPPIV in other 
cancers remains to be elucidated, partly due to its variable expression on 
these tumors. In general, it is strongly expressed on some cancers, while 
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being absent or present at low levels in others (Thompson et al., 2007).
Furthermore, given its multiple biological functions, including its ability to 
associate with several key proteins and its cleavage of a number of soluble 
factors to regulate their function, it is likely that the CD26/DPPIV effect on 
tumor biology is at least partly mediated by the effect of these biological 
functions on specific tumor types (Havre et al., 2008).

2.2.1. Renal Cancer
CD26 has also been shown to be expressed on RCC (Stange et al.,

2000; Inamoto et al., 2006; Hatano et al., 2014), including the cell lines 
Caki-1, Caki-2, VMRC-RCW, and ACHN (Inamoto et al., 2006). We 
showed that anti-CD26 mAb inhibition of the Caki-2 cell line was 
associated with G1/S cell cycle arrest, enhanced p27kip1 expression, 
downregulation of cyclin-dependent kinase 2 (CDK2) and 
dephosphorylation of retinoblastoma substrate (Rb) (Inamoto et al., 2006). 
We also found that anti-CD26 mAb therapy attenuated Akt activity 
(Figure 1D) and internalized cell surface CD26 leading to decreased CD26 
binding to collagen and fibronectin (Figure 1A and 1B). Treatment with 
anti-CD26 murine mAb inhibited the growth of human RCC and 
significantly enhanced survival in a mouse xenograft model (Figure 1C).
Our FIH phase 1 study demonstrated that disease stabilization was 
observed in heavily pre-treated CD26-positive MPM and RCC patients 
who had previously progressed on conventional standard therapies 
(Angevin et al., 2017), suggesting that YS110 treatment may have 
potential clinical use for CD26-positive RCC.

2.2.2. Lung Cancer
CD26 expression in lung cancer appears to be dependent on the 

specific histologic subtype. Liu et al., showed that CD26 was highly 
expressed in poorly differentiated lung adenocarcinomas compared to 
highly differentiated lung adenocarcinomas utilizing human lung 
adenocarcinoma tissue microarrays (Liu et al., 2013). These investigators 
demonstrated that CD26 inhibition by shRNA significantly decreased the 
invasive and migratory capacity of human lung adenocarcinoma cell line, 
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SPC-A-1sci cells, while CD26 overexpression increased the invasive and 
migratory capacity of SPC-A-1 cells (Liu et al., 2013). We are currently 
investigating in vitro and in vivo anti-tumor activity of YS110 on lung 
cancers, and our preliminary data show that treatment with YS110 inhibits
the growth of human lung cancer cell lines in vitro and in vivo. Definitive 
data will be presented in the near future.

2.2.3. Colorectal Cancer
Pang et al., identified a subpopulation of CD26+ cells uniformly 

presenting in both primary and metastatic tumors in colorectal cancer, and 
showed that CD26+ cancer cells are associated with enhanced invasiveness 
and chemoresistance (Pang et al., 2010). These investigators showed that 
in CD26+ colorectal cancer cells, mediators of epithelial to mesenchymal 
transition (EMT) contributed to the invasive phenotype and metastatic 
capacity. These results suggested that CD26+ cells are cancer stem cells in 
colorectal cancer, and that CD26/DPPIV can be targeted for metastatic 
colorectal cancer therapy. More recently, significantly higher CD26 
expression has been shown to be correlated with poorly differentiated 
tumor, late tumor node metastasis (TNM) stage (TNM stage III and stage 
IV), and development of metastasis (Lam et al., 2014). Moreover, a high 
CD26 expression level is a predictor of poor outcome after resection of 
CRC. These findings strongly suggest that CD26 may be a useful 
prognostic marker in patients with CRC. Other investigators demonstrated 
in a murine model that lung metastasis of CRC was suppressed by 
treatment with a DPPIV inhibitor (Jang et al., 2015). They showed a 
reduction of EMT markers, suggesting that the EMT status of the murine 
colon cancer cell line MC38 was at least in part affected by DPPIV 
inhibition, with a diminution in the growth of metastases. They also 
showed that DPPIV inhibition decreased the growth of lung metastases of 
colon cancer by downregulating autophagy, increasing apoptosis and 
arresting the cell cycle.
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Figure 1. Antitumor effect of anti-CD26 mAb in mouse xenograft model of Caki-2, 
human renal carcinoma. (A) effect of anti-CD26 murine mAb (14D10) on cell 
adhesion to ECM. Caki-2 cells treated with medium only, anti-CD26 mAb, or isotype-
matched control mAb were plated onto 60-mm dishes (3 x 106 per dish) coated with 
collagen I (CL), fibronectin (FN), or laminin (LN) and cultured for 21 hours. The 
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adhesive ability of cancer cells was expressed as the mean number of cells that had 
attached to the bottom surface of the dish. Columns, mean number of cells per field of 
view; bars, SE. Values for invasion were determined by calculating the average 
number of adhesive cells per mm2 over three fields per assay and expressed as an 
average of triplicate determinations. Adhesive cells (%): adhesive cells / adhesive cells 
+ nonadhesive cells. (B) Caki-2 cells were treated with anti-CD26 mAb on ice, or 
isotype-matched control mAb, followed by washing in ice-cold PBS twice and 
subsequently incubated at 37°C for 12 hours. Cells were collected and stained with 
FITC-conjugated anti-mouse IgG. Expression status of cell surface CD26 was 
analyzed by flow cytometry. To detect total CD26 level, including the internalized 
CD26 fraction, cell membrane permeabilization method was used. Filled histogram, 
positive control, which was incubated 30 minutes with anti-CD26 mAb. Open 
histogram, status of CD26 after treatment. (C) Caki-2 cells (1 x 106) were inoculated 
s.c. into the left flank of mice. CD26 expression of Caki-2 cells after tumor 
implantation into the mouse was similar to its level before tumor implantation. Mice 
were treated with intratumoral injection of PBS only (medium; n = 5), anti-CD26 mAb 
(n = 5), or isotype-matched control mAb (n = 5) on the day when the tumor mass 
became visible (5 mm in size). Tumor size and cumulative survival were monitored. 
(D) resected specimens were immediately frozen for whole-cell lysate preparation and 
lysed by lysis buffer. Protein (50 g) was applied for SDS-PAGE and immunoblotting 
for p27kip1, phosphorylated Akt, and -actin. R,’ RR, RL, RL,’ and LL, names of mice 
in each treatment group. This figure is reprinted with permission from Inamoto T et al.,
Clin Cancer Res 12: 3470-7, 2006.

2.2.4. T-Anaplastic Large Cell Lymphoma and Acute T Cell Leukemia
We showed that treatment with anti-CD26 murine mAb inhibited 

adhesion of the human CD30+ T-anaplastic large cell lymphoma cell line 
Karpas 299 to fibronectin. Furthermore, depletion of CD26 in Karpas 299 
cells by siRNA decreased tumorigenesis and increased survival of SCID 
mice inoculated with these cells (Sato et al., 2005). In addition, we 
demonstrated that anti-CD26 murine mAb treatment of the CD26-positive 
Karpas 299 resulted in in vitro and in vivo anti-tumor activity. 
Administration of anti-CD26 mAb induced cell cycle arrest at the G1/S 
checkpoint, associated with enhanced p21 expression, and significantly 
enhanced survival of SCID mice inoculated with Karpas 299 cells by 
inhibiting tumor formation (Ho et al., 2001). Likewise, we showed that 
treatment with anti-CD26 murine mAb inhibited the growth of acute T cell 
leukemia cell line Jurkat transfected with CD26 through G1/S cell cycle 
arrest, associated with concurrent activation of the ERK signaling pathway 
and increased p21 expression (Ohnuma et al., 2002). These findings further 
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support a therapeutic approach involving targeted therapy against CD26 
for selected hematological malignancies.

2.2.5. Gastrointestinal Stromal Tumor
Yamaguchi et al., comprehensively investigated gene expression 

profiles in surgical samples of untreated GIST of the stomach and small 
intestine. They found that the disease-free survival of patients with CD26-
positive GIST of the stomach was worse than that of patients with CD26-
negative GIST (Yamaguchi et al., 2008). Moreover, the postoperative 
recurrence rate of CD26-negative gastric GIST cases was as low as 2.0%. 
Meanwhile, CD26 expression was not associated with clinical outcome of 
small intestinal GIST. They concluded that CD26 is a significant 
prognostic factor of gastric GIST and may also serve as a therapeutic target 
(Yamaguchi et al., 2008).

2.2.6. Thyroid Carcinoma
The BRAFV600E mutation, which results in greater mitogen-activated 

protein kinase signaling output, is the most predominant oncogenic driver 
of thyroid cancer (Fagin and Wells, 2016). CD26 expression is upregulated 
in malignant thyroid tumors, and CD26 can be used as a malignancy 
marker in fine-needle aspiration cytology of thyroid nodules (de Micco et 
al., 2008). Recently, CD26, secretogranin V (SCG5) and carbonic 
anhydrase XII (CA12) are a three-gene signature that can distinguish 
malignant thyroid cancers, and useful for preoperative diagnosis of thyroid 
cancer (Zheng et al., 2015). More recently, the function of CD26 in thyroid 
cancer has been investigated. High CD26 was associated with 
extrathyroidal extension, BRAF mutation, and advanced tumor stage in 
papillary thyroid cancer (Lee et al., 2017). CD26 silencing by siRNA or 
treatment with DPPIV inhibitors significantly suppressed colony formation, 
cell migration, and invasion of thyroid cancer. CD26 expression was 
suggested to be involved in the transforming growth factor (TGF)-
signaling pathway. Furthermore, in vivo experiments revealed that 
treatment with the DPPIV inhibitor sitagliptin reduced tumor growth and 
xenograft TGF- receptor I expression (Lee et al., 2017). These 
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investigators concluded that increased CD26 expression is associated with 
cellular invasion and more aggressive disease in papillary thyroid cancer, 
and targeting CD26/DPPIV may be a therapeutic strategy for CD26-
expressing thyroid cancer.

2.2.7. Urothelial Carcinoma
Although there is an increasing number of biomarkers that have 

prognostic relevance to urothelial carcinoma (UC), factors involved in 
tumor progression remained largely unclear. Recently, by mining the 
datasets obtained from the Gene Expression Omnibus (GEO, NCBI, 
Bethesda) and focusing on the proteolysis pathway, Liang et al.,
discovered that mRNA level of CD26 is significantly upregulated in 
advanced-stage human UC and the upregulation of CD26 is most 
significantly associated with clinical aggressiveness of UC (Liang et al.,
2017). CD26 is an independent prognostic biomarker for disease-specific 
survival and metastasis-free survival. Moreover, CD26 knockdown by 
shRNA resulted in a significantly decreased cell viability, proliferation, 
migration, and invasion in urothelial cell lines, J82 and RTCC-1 cells 
(Liang et al., 2017). These findings strongly suggest that CD26 plays a role 
in the aggressiveness of UCs, and can serve as a novel prognostic marker 
and therapeutic target.

2.2.8. Chronic Myeloid Leukemia
Chronic myeloid leukemia (CML) is a stem cell neoplasm 

characterized by the BCR/ABL1 oncogene. Herrmann et al., recently 
identified CD26/DPPIV as a novel, specific and pathogenetically relevant 
biomarker of CD34+CD38- CML leukemic stem cell (LSC) (Herrmann et 
al., 2014). CD26 was not detected on normal stem cells or LSC in other 
hematopoietic malignancies. Correspondingly, CD26+ LSC decreased to 
low or undetectable levels during successful treatment with imatinib. 
CD26+ CML LSC engrafted NOD-SCID-IL-2Rγ-/- (NSG) mice with 
BCR/ABL1+ cells, whereas CD26- LSC from the same patients produced 
multilineage BCR/ABL1- engraftment. Moreover, targeting of CD26 by 
gliptins suppressed the expansion of BCR/ABL1+ cells. These results 
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suggest that CD26 is a new biomarker and target of CML LSC, and 
inhibition of CD26/DPPIV may revert abnormal LSC function and support 
curative treatment approaches in this malignancy. More recently, 
Warfvinge et al., extensively defined the heterogeneity within the LSC 
population in chronic phase CML patients at diagnosis and following 
conventional tyrosine kinase inhibitor (TKI) treatment. Cell surface 
expression of the CML stem cell markers CD25, CD26, and IL1RAP was 
high in all subpopulations at diagnosis but downregulated and unevenly 
distributed across subpopulations in response to TKI treatment. The most 
TKI-insensitive cells of the LSC compartment could be captured within the 
CD45RA- fraction and further defined as positive for CD26 in combination 
with an aberrant lack of cKIT expression. These results expose a 
considerable heterogeneity of the CML stem cell population and propose a 
Lin-CD34+CD38-/lowCD45RA-cKIT-CD26+ population as a potential 
therapeutic target for improved therapy response (Warfvinge et al., 2017).

2.3. Mechanisms of Action of YS110 for Cancer Treatment 

We had developed a novel humanized anti-CD26 mAb, namely YS110. 
YS110 is a recombinant DNA-derived humanized mAb that selectively 
binds with high affinity to the extracellular domain of CD26. The antibody 
is an IgG1 with a molecular weight of 144 kDa and was humanized via an 
in silico design based on the amino acid sequence of anti-human CD26 
murine mAb (14D10), which inhibited tumor cell growth, migration and 
invasion, and enhanced survival of mouse xenograft models (Inamoto et al.,
2006). YS110 is produced by fermentation in CHO (Chinese hamster 
ovary) mammalian cell suspension culture with the Glutamine Synthetase 
Expression System. In vitro pharmacologic evaluation of YS110 
demonstrated its selective binding to human CD26 on a number of human 
cancer cell lines and tissues, with no apparent agonistic effect on human 
CD26-positive lymphocytes and no inhibition of DPPIV activity. 
Moreover, in the proof-of-concept (POC) studies using preclinical models, 
in vivo administration of YS110 resulted in inhibition of tumor cell growth, 
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migration and invasion, and enhanced survival of mouse xenograft models 
inoculated with RCC or MPM (Inamoto et al., 2006; Inamoto et al., 2007; 
Okamoto et al., 2014; Yamamoto et al., 2014). In addition to our robust in 
vitro and in vivo data on antibody-mediated dose-dependent tumor growth 
inhibition, YS110 exhibited excellent safety and pharmacological profiles 
in non-human primate models using single and repeated increasing 
intravenous doses. Other key safety findings were obtained from studies 
involving cynomolgus monkeys which express YS110-reactive CD26 
molecules, with similar tissue distribution profiles and expression levels to 
human CD26. We therefore conducted the FIH phase 1 clinical trial of 
YS110 for patients with refractory MPM and other CD26-positive solid 
tumors (Angevin et al., 2017). Thirty-three heavily pre-treated patients 
with CD26-positive cancers including 22 MPM, 10 RCC and 1 UC
underwent YS110 administration. Our FIH phase 1 study conclusively 
demonstrated that YS110 exhibits a favorable safety profile and substantial 
clinical activity in heavily pre-treated CD26-positive MPM and RCC 
patients who had previously progressed on conventional standard 
chemotherapies. Further clinical trial of YS110 for MPM is in progress 
worldwide (ClinicalTrials.gov, 2017).

The role of CD26 in cancer cell biology and the mechanisms of action 
of YS110 for cancer treatment have been reviewed in detail recently 
(Ohnuma et al., 2017). In brief, we summarize the mechanisms of action of 
YS110 as follows; (i) a direct cytotoxic effect on certain human CD26-
positive cancer cell lines via antibody-dependent cell-mediated 
cytotoxicity (ADCC) (Inamoto et al., 2007), (ii) a direct anti-tumor effect 
through the induction of cell cycle arrest by induction of p27kip1 and p21cip1

expression (Inamoto et al., 2007; Hayashi et al., 2016), (iii) the nuclear 
translocation of CD26 molecules by internalization of the CD26-YS110 
complexes to inhibit proliferation of tumor cells via suppression of 
POLR2A gene expression, a component of RNA polymerase II (Yamada et 
al., 2009; Yamada et al., 2013), and (iv) following internalization of the 
CD26-YS110 complexes, an inhibition of invasion and migration of tumor 
cells by decreased binding to the collagen/fibronectin microenvironment 
matrix (Inamoto et al., 2007). We are currently investigating other 
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mechanisms of action for the observed anti-tumor activity of YS110, 
especially focusing on the effects of YS110 on tumor immunology.

The FIH phase 1 clinical study of YS110 revealed that an increase in 
YS110 infusion dose was associated with decreased serum sCD26 level 
and DPPIV enzyme activity, particularly in cohorts 4-6 (2.0 to 6.0 mg/kg), 
with an approximately 80% decrease in these levels (Angevin et al., 2017). 
Although DPPIV inhibitors are clinically used as oral hypoglycemic agents 
(Drucker and Nauck, 2006), hypoglycemia was not observed during 
YS110 administration. Of note is the fact that greater than 80% inhibition 
of serum DPPIV activity was obtained 24 hours after oral administration of 
clinically available DPPIV inhibitors (drug information published by 
manufacturers of sitagliptin, vildagliptin, saxagliptin and etc.), a level of 
inhibition comparable to that seen in patients treated with YS110. Our 
current data would therefore indicate that YS110 therapy is tolerable in the 
clinical setting. Recent work has demonstrated the functional role of 
DPPIV-mediated post-translational modification of chemokines in 
regulating tumor immunity through its interaction with its substrate 
CXCL10 (Barreira da Silva et al., 2015). Barreira da Silvia et al., used in 
vivo tumor-transplant models to show that DPPIV inhibition reduced tumor 
growth through the preservation of bioactive CXCL10 in the tumor 
microenvironment (TME). In the normal physiological state, CXCL10 is 
rapidly degraded by DPPIV, resulting in decreased recruitment and 
migration of CXCR3+ T cells into the TME. CXCR3 has been shown to be 
a functional receptor for CXCL10 (Proost et al., 2001). In contrast, DPPIV 
inhibition enhanced tumor rejection by preserving the full-length 
biologically active form of CXCL10, leading to increased trafficking of 
CXCR3+ T cells into the TME (Ohnuma et al., 2015b). This anti-tumor 
response is potentiated in combination with other anti-tumor 
immunotherapeutic approaches including CpG adjuvant therapy, adoptive 
T cell transfer therapy and checkpoint blockade therapy (anti-CTLA-4 and 
anti-PD-1) (Barreira da Silva et al., 2015). In view of these recent findings, 
data from our current trial showing that serum DPPIV activity was 
decreased following treatment with YS110 in a dose-dependent manner 
would suggest that anti-tumor activity via DPPIV inhibition may constitute 
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yet another mechanism of action for the anti-tumor activity of YS110 
(Ohnuma et al., 2015b).

Although the cellular and molecular mechanisms involved in CD26-
mediated T cell activation have been extensively evaluated by our group 
and others (Morimoto and Schlossman, 1998; Ohnuma et al., 2008a; De 
Meester et al., 1999), potential negative feedback mechanisms to regulate 
CD26-mediated activation still remain to be elucidated. Utilizing human 
peripheral blood lymphocytes, we recently found that CD26-mediated 
costimulation induced the development of a population of human type 1 
regulatory T (Treg) cells from CD4+ T cells with high level of IL-10 
production and lymphocyte-activation gene 3 (LAG3) expression (Hatano 
et al., 2015). Other investigators have also reported that the CD26+CD39-

Treg subset among CD4+ Treg exhibits high level of IL-10 expression (Hua 
et al., 2015). These findings strongly suggest that a specific subset of 
CD26+ T cells plays a role in immune checkpoint system, and that the 
CD26 molecule may be a novel target for a therapeutic approach involving 
immune checkpoint blockade. We are currently investigating whether 
CD26-mediated signals are associated with the induction of immune 
checkpoint molecules in the tumor-infiltrating lymphocytes, and definitive 
data will be presented in the near future.

3. IMMUNE DISORDERS

3.1. Acute Graft-versus-Host Disease 

GVHD is a severe complication and major cause of morbidity and 
mortality following allogeneic hematopoietic stem cell transplantation 
(alloHSCT) (Giralt, 2012). GVHD results from an immunobiological 
attack on target recipient organs by donor allogeneic T cells that are 
transferred along with the allograft (Blazar et al., 2012; Shlomchik, 2007). 
The pivotal role of donor-derived T cells in acute GVHD (aGVHD) is 
supported by the complete abrogation of GVHD following T cell depletion 
from the graft (Giralt, 2012; Tsirigotis et al., 2012). This approach remains 
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the most effective in preventing aGVHD. However, complications such as 
graft rejection, loss of GVL effect or increased opportunistic infections can 
occur. Although new approaches are being developed in the clinical setting 
for the prevention or treatment of GVHD (Blazar et al., 2012), in-depth 
understanding of the precise cellular mechanisms of human GVHD is 
necessary for more effective and less immunocompromising strategies to 
improve the clinical outcome of alloHSCT.

Costimulatory pathways are required to induce T cell proliferation, 
cytokine secretion and effector function following antigen-mediated T cell 
receptor activation (Rudd, 2010), and the important role of costimulatory 
pathways in transplant biology has been established (Markey et al., 2014). 
The most extensively studied pathways involve interactions between CD28 
and the B7 molecules CD80 and CD86 (Rudd et al., 2009). Initial studies 
focused on the in vivo blockade of interactions between CD28 or cytotoxic 
T lymphocyte antigen 4 (CTLA4) and their B7 ligands, CD80 and CD86, 
using a CTLA4-immunoglobulin fusion protein (CTLA4-Ig) or B7-specific 
antibodies (Lenschow et al., 1992; Saito, 1998). Blockade of CD28 
pathways may lead to profound immunosuppression (Blazar et al., 1997). 
CD26 is also associated with T cell signal transduction processes as a 
costimulatory molecule, as well as being a marker of T cell activation
(Morimoto and Schlossman, 1998; Ohnuma et al., 2008a). In fact, patients 
with autoimmune diseases such as multiple sclerosis, Grave’s disease, and
RA have been found to have increased numbers of CD4+CD26+ T cells in 
inflamed tissues as well as in their peripheral blood (Eguchi et al., 1989; 
Gerli et al., 1996; Hafler et al., 1985; Mizokami et al., 1996), with 
enhancement of CD26 expression in these autoimmune diseases correlating 
with disease severity (Eguchi et al., 1989; Gerli et al., 1996; Muscat et al.,
1994). Moreover, CD26highCD8+ T cells in humans belong to early effector 
memory T cells, and CD26highCD8+ T cells exhibited increased expression 
of granzyme B, TNF- , IFN- and Fas ligand, and exerted cytotoxic effect 
with CD26-mediated costimulation (Hatano et al., 2013b). These findings 
implied that CD26+ T cells play an important role in the inflammation 
process and subsequent tissue damage in such diseases, and suggested that 
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CD26+ T cells belong to the effector T cell population. However, little is 
known about the effectiveness of CD26-targeting therapy on aGVHD.

To determine whether human CD26+ T cells play a role in an animal 
model of inflammatory diseases mediated by human effector lymphocytes, 
we utilized a xenogeneic model of GVHD resulting from the adoptive 
transfer of human peripheral blood mononuclear cells (PBMCs) into 
NOD/Shi-scid, IL-2R null (NOG) mice (hu-PBL-NOG mice) (Ito et al.,
2002). We first conducted a pathological analysis of x-GVHD target 
organs such as the skin, colon or liver in hu-PBL-NOG mice. The liver, 
colon and skin of hu-PBL-NOG mice were infiltrated with human CD3+

mononuclear cells (MNCs), with associated organ destruction. Moreover, 
human CD3+ MNCs reactive to anti-human CD26 Ab were readily visible 
in all evaluated samples in the liver, colon or skin of x-GVHD mice. The 
infiltrated CD26+ cells were confirmed to be human CD3+ T cells by co-
staining analysis with flow cytometry. These results suggest that donor-
derived human CD26+ cells play a role in the pathogenesis of x-GVHD in 
our hu-PBL-NOG murine model.

We attempted to determine whether treatment with humanized anti-
CD26 mAb could ameliorate disease progression and severity in our x-
GVHD murine model. As comparison, the clinically available T cell 
costimulation blocking agent CTLA4-Ig (abatacept) was utilized 
(Genovese et al., 2005; Gribben et al., 1996). As shown in Figure 2A, anti-
CD26 mAb (orange or red lines) or CTLA4-Ig (green or dark green lines) 
treatment of hu-PBL-NOG mice significantly increased overall survival, as 
compared with control IgG treatment (blue line). This life-prolonging 
effect of anti-CD26 mAb was observed at the same low dose as CTLA4-Ig 
(orange or green lines in Figure 2A, respectively). Moreover, GVHD-
associated weight loss for up to 4 weeks post cell inoculation was not 
significantly different between anti-CD26 mAb and CTLA4-Ig treatment 
groups (orange or green lines in Figure 2B). These data strongly suggest 
that anti-CD26 mAb treatment is a promising novel therapeutic agent for 
x-GVHD, with efficacy comparable to CTLA4-Ig.
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Figure 2. Anti-CD26 mAb treatment reduces x-GVHD-related lethality, and weight 
loss in hu-PBL-NOG mice without rejection of donor-derived human lymphocytes. 
After 1 day of inoculation of human PBMCs, Hu-PBL-NOG mice were injected 
intraperitoneally with humanized anti-CD26 mAb, CTLA4-Ig, or isotype IgG control 
at indicated doses in 200 l of sterile phosphate-buffered saline (PBS), and then were 
injected thrice weekly for a total of 10 doses to assess potency in preventing x-GVHD.
(A) Kaplan–Meier survival curves for mice receiving PBMC plus control IgG (200 

g/dose, blue line, n = 23), low dose anti-CD26 mAb (2 g/dose, orange line, n = 24) 
(P = 0.0001 vs. control IgG group), high dose anti-CD26 mAb (200 g/dose, red line, 
n = 7) (P = 0.0006 vs. control IgG group), low dose CTLA4-Ig (2 g/dose, green line, 
n = 9) (P = 0.0005 vs. control IgG group), or high dose CTLA4-Ig (200 g/dose, dark 
green line, n = 6) (P = 0.0008 vs. control IgG group). (B) Average weight (percentage 

standard deviation (SD) of initial) for mice surviving on a given day for different 
groups of mice as shown in (A). (C) Time course changes of average percentage 
( SD) of human CD45+ lymphocytes in peripheral blood in mice receiving PBMC 
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plus control IgG (200 g/dose, blue line, n = 23), low dose anti-CD26 mAb (2 g/dose, 
orange line, n = 24), high dose anti-CD26 mAb (200 g/dose, red line, n = 7), low dose 
CTLA4-Ig (2 g/dose, green line, n = 9), or high dose CTLA4-Ig (200 g/dose, dark 
green line, n = 6). This figure is reprinted with permission from Hatano R et al., Br J 
Haematol 162: 263-77, 2013.

We next analyzed circulating human lymphocytes in the peripheral 
blood of hu-PBL-NOG mice receiving anti-CD26 mAb or CTLA4-Ig. As 
shown in Figure 2C, at 3 weeks after inoculation, human lymphocyte level 
was increased in peripheral blood of mice receiving anti-CD26 mAb at 
both low dose and high dose (orange and red lines of Figure 2C), 
comparable to low dose CTLA4-Ig (green line of Figure 2C). On the other 
hand, in mice receiving high dose CTLA4-Ig, most of the inoculated 
human PBMCs were rejected (dark green line in Figure 2C). These data 
indicate that while treatment with increasing doses of CTLA4-Ig resulted 
in the absence of x-GVHD development, graft rejection did occur, 
potentially analogous to findings in a clinical trial with a new CTLA4-Ig 
agent, belatacept (Vincenti et al., 2010). On the other hand, increasing 
doses of anti-CD26 mAb resulted in no graft rejection in hu-PBL-NOG 
mice with prolonging survival as compared to hu-PBL-NOG mice
receiving control IgG.

We next examined human CD26 expression level in the peripheral 
blood of hu-PBL-NOG mice receiving anti-CD26 mAb or CTLA4-Ig. 
Higher expression level of human CD26 on both CD4+ and CD8+ human 
lymphocytes in the peripheral blood of hu-PBL-NOG mice receiving 
control IgG or CTLA4-Ig was observed from 1 to 3 weeks after inoculation. 
On the other hand, in hu-PBL-NOG mice receiving anti-CD26 mAb, 
neither CD4+ nor CD8+ T cells expressed CD26 from 1 to 3 weeks. At 3 
weeks after inoculation, very weak expression of human CD26 was 
observed on CD4+ or CD8+ cells in the peripheral blood of hu-PBL-NOG 
mice receiving anti-CD26 mAb. Taken together, these data suggest that 
decreased number of CD26high effector T cells may be responsible for the 
relative absence of x-GVHD development in mice receiving anti-CD26 
mAb.

Since CD26high effector lymphocytes have high capacity for migration 
into inflamed tissues, we examined liver tissues of hu-PBL-NOG mice for
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donor lymphocyte infiltration. In x-GVHD mice receiving control IgG, 
liver damage was observed with infiltration of human CD4+ or CD8+

MNCs. Moreover, slight inflammation of the portal duct areas in the liver 
was observed in mice receiving CTLA4-Ig. On the other hand, infiltration 
of human T cells in the liver was barely detected in mice receiving anti-
CD26 mAb. In addition to the pathological changes seen in the liver, 
significant elevation of serum alanine aminotransferase (ALT) activity was 
observed in mice receiving control IgG or CTLA4-Ig, while that of mice 
receiving anti-CD26 mAb was found to be near normal level. Along with 
lymphocyte infiltration in the GVHD target tissues, the mRNA level of 
effector cytokines of donor-derived human CD4+ or CD8+ cells in the liver 
of hu-PBL-NOG mice receiving anti-CD26 mAb was decreased compared 
to those of hu-PBL-NOG mice receiving control IgG. Taken together, 
these results indicate that anti-CD26 treatment in hu-PBL-NOG mice 
ameliorated liver GVHD by decreasing production of proinflammatory 
cytokines of donor-derived human lymphocytes as well as inhibiting 
lymphocyte infiltration in the liver.

Since aGVHD and GVL effects are immune reactions highly linked to 
each other (Wu and Ritz, 2009; Zorn et al., 2002), we evaluated the 
potential influence of anti-CD26 mAb treatment on GVL effect. NOG 
mice transplanted with P815 cells along with human PBMCs and control 
IgG showed minimal signs of tumor growth in the inoculated region, but 
all mice died around 4 weeks after inoculation due to x-GVHD. On the 
other hand, mice inoculated with P815 along with human PBMC and anti-
CD26 mAb exhibited enhanced survival rate with minimal evidence of 
GVHD. Importantly, mice in this group showed significantly slow initial 
tumor growth, suggesting the preservation of GVL effect more than 
CTLA4-Ig treatment. We examined the expression level of effector 
cytokines of human CD8+ T cells isolated from the spleens of hu-PBL-
NOG mice at 2 weeks after transplantation. Our data suggest that the GVL 
effect of cytotoxic effector function occurring at the early time period prior 
to manifestation of x-GVHD was preserved in hu-PBL-NOG mice 
receiving anti-CD26 mAb, compared to those in hu-PBL-NOG mice 
receiving CTLA4-Ig. In conclusions, CD26-mediated T cell activation 
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appears to play a significant role in GVHD. Since full suppression of x-
GVHD with interventional therapies is currently a difficult challenge, our 
data demonstrating that control of x-GVHD can be achieved by modulating 
CD26high T cells with anti-CD26 mAb are potentially important clinically. 
Our work also suggests that anti-CD26 mAb treatment may be a novel 
therapeutic approach for GVHD in the future.

3.2. Chronic Graft-versus-Host Disease 

On the basis of differences in clinical manifestations and 
histopathology, GVHD can be divided into acute and chronic forms 
(Blazar et al., 2012). aGVHD and chronic GVHD (cGVHD) are 
traditionally diagnosed primarily by time of onset, with cGVHD occurring 
after day 100 of transplantation (Deeg et al., 1997). However, cGVHD has 
distinct clinicopathologic features and is often diagnosed based on these 
features regardless of time of onset, being characterized by cutaneous 
fibrosis, involvement of exocrine glands, hepatic disease, and obliterative 
bronchiolitis (OB) (Filipovich, 2008; Socie and Ritz, 2014). OB, 
characterized by airway blockade, peribronchiolar and perivascular 
lympho-fibroproliferation and obliteration of bronchioles, is a late-stage 
complication of cGVHD (Chien et al., 2010). Patients diagnosed with OB 
have a 5-year survival rate of only 10 to 40%, compared to more than 80% 
of patients without OB (Dudek et al., 2003; Nakaseko et al., 2011).
Furthermore, while multiple strategies to control cGVHD involving T cell 
depletion from the graft or global immunosuppression have been 
developed, cGVHD is still a common clinical outcome in many alloHSCT 
patients (Socie and Ritz, 2014; Zeiser and Blazar, 2016). In addition, 
immunosuppression potentially abrogates the GVL effect, associated with 
increased relapses following alloHSCT (Champlin et al., 1999). Novel 
therapeutic approaches are thus needed to control cGVHD without 
eliminating the GVL effect.

Since our aGVHD model described in the preceding section 
succumbed to aGVHD around 4 weeks after transplantation of human adult 
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PBL, this early-onset model of aGVHD does not permit the assessment of 
longer term consequences of interventional therapies, such as their effect 
on the development of OB, a form of cGVHD of the lung. In contrast to 
adult PBL, human cord blood (HuCB) lymphocytes have been reported to 
be immature, predominantly consisting of CD45RA+ naive cells 
(Kobayashi et al., 2004). We previously showed that, while all HuCB CD4 
T cells constitutively express CD26, CD26-mediated costimulation was 
considerably attenuated in HuCB CD4 T cells, compared to the robust 
activation via CD26 costimulation of adult PBL (Kobayashi et al., 2004).
Based on these findings, we hypothesized that HuCB naive CD4 T cells 
gradually acquire a xenogeneic response via attenuated stimulatory 
signaling with indolent inflammation in the target organs, leading 
eventually to chronic inflammatory changes. We therefore succeeded in 
developing a humanized murine pulmonary cGVHD model utilizing NOG 
mice as recipients and HuCB as donor cells (Ohnuma et al., 2015a), and 
overcame the limitations seen in the humanized murine aGVHD model 
such as vigorous activation of all engrafted T cells and extensive loss of B 
cell maturation and activation (Shultz et al., 2012). Whole CB transplant 
mice exhibited clinical signs/symptoms of GVHD as early as 4 weeks post 
transplant, and demonstrated significantly decreased survival rate. The 
lung of whole CB transplant mice showed perivascular and subepithelial 
inflammation and fibrotic narrowing of the bronchiole. Skin of whole CB 
transplant mice manifested fat loss, follicular drop-out and sclerosis of the 
reticular dermis in the presence of apoptosis of the basilar keratinocytes 
while the liver exhibited portal fibrosis and cholestasis. These findings 
indicate that whole CB transplant mice develop pulmonary cGVDH as well 
as concomitant active GVHD in skin and liver. Taken together, our data 
demonstrate that the lung of whole CB transplant mice exhibits OB as 
manifestation of pulmonary GVHD (Ohnuma et al., 2015a).

Utilizing this model, we identified IL-26 as a key effector cytokine 
inducing transplant-related obliterative bronchiolitis. Lung of HuCB mice 
exhibited obliterative bronchiolitis with increased collagen deposition and 
predominant infiltration with human IL-26+CD26+CD4 T cells. Moreover, 
although IL-26 is absent from rodents, we showed that IL-26 increased 
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collagen synthesis in fibroblasts and promoted lung fibrosis in a murine 
GVHD model using IL-26 transgenic mice. In vitro analysis demonstrated 
a significant increase in IL-26 production by HuCB CD4 T cells following 
CD26 costimulation, whereas Ig Fc domain fused with the N-terminal of 
caveolin-1 (Cav-Ig), the ligand for CD26, effectively inhibited production 
of IL-26. Administration of Cav-Ig before or after onset of GVHD 
impeded the development of clinical and histologic features of GVHD 
without interrupting engraftment of donor-derived human cells, with 
preservation of the GVL effect (Ohnuma et al., 2015a). These results
therefore provide proof of principle that cGVHD of the lungs is caused in 
part by IL-26+CD26+CD4 T cells, and that blockade of CD26-caveolin-1
interaction by Cav-Ig or YS110 could be beneficial for cGVHD prevention 
and therapy.

3.3. Rheumatoid Arthritis 

RA is a chronic, inflammatory autoimmune disease that primarily 
affects the joints, but also has systemic symptoms. RA is characterized by 
progressive invasion of synovial fibroblasts into the articular cartilage and 
erosion of the underlying bone, followed by joint destruction (Asif Amin et 
al., 2017). Several reports on RA patients have shown that concentration of 
soluble CD26 and DPPIV enzyme activity were significantly decreased in 
both synovial fluid and serum compared with osteoarthritis patients or
healthy donors (Busso et al., 2005; Buljevic et al., 2013; Cordero et al.,
2015). Cordera et al., studied serum levels of IL-12, IL-15, and soluble 
CD26 from 35 patients with active and inactive RA as well as those of 
healthy controls (Cordero et al., 2001). Patients’ sera had higher IL-12 and 
IL-15 levels, and the level of soluble CD26 was inversely correlated with 
the number of swollen joints. These findings suggest that these cytokines 
and CD26 are associated with the inflammation and immune activity in RA. 
A number of proinflammatory peptides are supposed to be involved in the 
pathogenesis of RA, and have their biological activity controlled by limited 
proteolysis mediated by DPPIV and DPPIV-like hydrolytic activity (Wolf 
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et al., 2008). Several investigators have demonstrated that SDF-1α 
(CXCL12), a substrate of DPPIV, is a crucial mediator controlling the 
influx of lymphocytes and monocytes/macrophages into the inflamed 
synovium of RA and thus triggering joint destruction (Kim et al., 2007; 
Sromova et al., 2010). DPPIV regulates neuropeptide Y (NPY) and 
vasoactive intestinal peptide (VIP), recently implicated in RA (Buljevic et 
al., 2013). However, involvement of DPPIV enzyme activity in the 
pathology of RA remains controversial. Using CD26/DPPIV-KO mice, 
Busso et al., demonstrated that damage severity, as indicated by synovial 
thickness, knee-joint inflammation, and histological grading, was more 
severe in CD26/DPPIV-KO mice than in wild-type control mice in 
antigen- and collagen-induced arthritis models (Busso et al., 2005). The 
authors concluded that decreased circulating CD26/DPPIV levels in 
arthritis increased the intact active form of SDF-1, associated with 
increased numbers of CXCR4 (SDF-1 receptor)-positive cells infiltrating 
arthritic joints. On the other hand, using a type II collagen-induced or 
alkyldiamine-induced rat model of arthritis, Tanaka et al., showed that 
treatment with any DPPIV inhibitors examined reduced hind paw swelling, 
an indicator of disease severity (Tanaka et al., 1997; Tanaka et al., 1998). 

In contrast with the decrease in the levels of soluble CD26 in the 
synovial fluid and serum, patients with active RA displayed higher 
percentage of peripheral blood CD26+CD4+ T cells than inactive RA and 
control subjects (Muscat et al., 1994; Cordero et al., 2015). RA synovial 
fluid contained lower percentages of whole CD26+ T cells compared with 
peripheral blood, while the percentage of CD26high T cells in synovial fluid 
of RA was markedly increased compared with peripheral blood of RA 
patients and healthy subjects (Mizokami et al., 1996). These findings
suggest that CD26+ T cells induce the inflammation and tissue destruction 
characteristic of RA by migrating to and being active in the rheumatoid 
synovium. We described CD26+ T cells infiltrating the rheumatoid 
synovium using immunohistochemical studies (Ohnuma et al., 2006). We 
also noted high expression of caveolin-1 in the rheumatoid synovium and 
synoviocytes. These data suggest that the CD26-caveolin-1-mediated 
upregulation of CD86 on activated monocytes in addition with CD26-
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mediated signal transduction in T cells leads to antigen specific T cell 
activation in RA, and blockade of this CD26-caveolin-1 interaction by 
YS110 may be useful for suppressing the immune system in RA.

3.4. Inflammatory Bowel Diseases 

In patients with inflammatory bowel diseases (IBD) such as Crohn’s
disease or ulcerative colitis, CD26+ T-cells and DPPIV activity in serum 
were examined (Hildebrandt et al., 2001; Rose et al., 2002). In these 
studies, while the DPPIV activity was reduced in patients with IBD, the 
number of CD25+CD26+ T-cells in the peripheral blood was increased in 
patients with IBD. Moreover, other investigators recently reported that 
CD26high T cells contain TH17 cells, and that CD26high TH17 cells are 
enriched in the inflamed tissue of IBD patients (Bengsch et al., 2012). In 
addition, Kappeler et al., showed that activated perforin mRNA expressing 
T cells are present in close proximity to the intestinal epithelial cells in 
active stages of ulcerative colitis and Crohn’s disease (Kappeler et al.,
2000), suggesting an important role of cytotoxic cells in the pathogenesis 
of IBD. We recently showed that CD26highCD8+ T cells exhibit increased 
expression of granzyme B, TNF- , IFN- and Fas ligand, and exert 
cytotoxic effect with CD26-mediated costimulation (Hatano et al., 2013b). 
Taken together, these data indicate that CD26 may be potentially important 
for the pathophysiology of IBD, and appears to be a useful therapeutic 
target for IBD.

3.5. Middle East Respiratory Syndrome Coronavirus 

MERS-CoV was first identified in a 60-year-old patient in June 2012 
who presented with acute pneumonia, followed by acute respiratory 
distress syndrome and renal failure with a fatal outcome (Zaki et al., 2012).
Between 2012 and September 2017, 2080 laboratory-confirmed cases of 
MERS-CoV infection were reported to the World Health Organization 
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(WHO), which has notified of at least 722 deaths (around 35% fatality 
rate) related to MERS-CoV since September 2012 (WHO, 2017). Efforts to 
develop effective preventive and therapeutic intervention strategies are 
currently ongoing. Several treatment modalities have been investigated to 
develop effective therapies against MERS-CoV, including interferon, 
ribavirin, cyclosporin A, protease inhibitors, convalescent plasma and 
immunoglobulins. Several promising anti-MERS-CoV therapeutic agents 
have recently been reviewed extensively (Mo and Fisher, 2016), while 
broad spectrum antiviral agents might not be sufficient to treat severe 
MERS-CoV patients because of its limited effective therapeutic window of 
opportunity (Zumla et al., 2016).

An alternative approach using prophylactic regimens would be 
theoretically suitable to limit the spread of MERS-CoV. This scenario 
includes MERS vaccine and neutralizing MERS-CoV-specific mAb 
(Zumla et al., 2016). The MERS-CoV genome encodes for 16 non-
structural proteins (nsp1-16) and 4 structural proteins, the spike (S), 
envelope (E), membrane (M), and nucleocapsid (N) (van Boheemen et al.,
2012). The viral structural proteins, S and N, show the highest 
immunogenicity (Agnihothram et al., 2014). While both S and N proteins 
induce T-cell responses, neutralizing antibodies are almost solely directed 
against the S protein, with the receptor binding domain (RBD) being the 
major immunodominant region (Mou et al., 2013). These great challenges 
have been extensively reviewed previously (Zumla et al., 2016).

Recent reports indicated that the spike protein S1 of MERS-CoV is 
required for viral entry into human host cells (Gierer et al., 2013; Lu et al.,
2013), using CD26/DPPIV as a functional receptor (Raj et al., 2013).
Inhibiting virus entry into host cells could also be achieved by targeting the 
host receptor CD26/DPPIV. While inhibitors of the CD26/DPPIV 
enzymatic activity are used clinically to treat type 2 diabetes patients, 
commercially available DPPIV inhibitors would not serve this purpose 
since these agents have been shown not to inhibit binding of the RBD of 
MERS-CoV to CD26/DPPIV (Raj et al., 2013). We previously showed that 
human CD26 is a binding protein for ADA (Kameoka et al., 1993).
Currently, it is known that there are two isoforms of ADA, ADA1 and 
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ADA2. ADA1 is particularly present in lymphocytes and macrophages, 
while ADA2 is found predominantly in the serum and other body fluids 
including pleural effusion (Gakis, 1996). CD26/DPPIV binds to ADA1, 
but not ADA2 (Kameoka et al., 1993). The crystal structure of 
CD26/DPPIV and the S protein of MERS-CoV allowed for visualization of 
the interacting amino acid in both proteins. However, our in vitro
experiments showed that blockade of MERS-CoV binding to CD26/DPPIV 
by ADA1 is incomplete (Ohnuma et al., 2013). Therefore, mAb-mediated 
blocking CD26/DPPIV binding to the RBD of MERS-CoV needs to be 
developed.

CD26/DPPIV, a host receptor for MERS-CoV, is conserved among 
different species such as bats and humans, partially explaining the large 
host range of MERS-CoV (Mohd et al., 2016). In addition to being widely 
expressed in most cell types including T lymphocytes, bronchial mucosa or 
the brush border of proximal tubules, CD26/DPPIV exists in systemic 
circulation as soluble form (Ohnuma et al., 2008b). This distribution of 
CD26 may play a role in the systemic dissemination of MERS-CoV 
infection in human (Drosten et al., 2013). Therefore, an effective therapy 
for MERS-CoV is needed not only to block the entry of MERS-CoV into 
such CD26-expressing organs as the respiratory system, kidney, liver or 
intestine, but also to eliminate circulating MERS-CoV. In this regard, 
manipulation of CD26/DPPIV levels or the development of inhibitors that 
target the interaction between the MERS-CoV S1 domain and its receptor 
may provide therapeutic opportunities to combat MERS-CoV infection. 
More recently, the RBD in the S protein was mapped to a 231-amino acid 
fragment of MERS-CoV S proteins (residues 358-588) (Mou et al., 2013).

We have recently mapped MERS-CoV S protein-binding regions in 
human CD26 molecule and demonstrated that anti-CD26 mAbs, which had 
been developed in our laboratory, effectively blocked the interaction 
between the spike protein and CD26, thereby neutralizing MERS-CoV 
infectivity. To determine the specific CD26 domain involved in MERS-
CoV infection, we chose six different clones of anti-CD26 mAbs (4G8, 
1F7, 2F9, 16D4B, 9C11, 14D10), and the humanized anti-CD26 mAb 
YS110, which recognize 6 distinct epitopes of the CD26 molecule (Dong 
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et al., 1998; Inamoto et al., 2007), to conduct MERS-CoV S1-Fc (S1 
domain of MERS-CoV fused to the Fc region of human IgG) binding 
inhibition assays (Ohnuma et al., 2013). 2F9 inhibited fully binding of 
MERS-CoV S1-Fc to JKT-hCD26WT (Jurkat cells transfected with full-
length human CD26/DPPIV), while other anti-CD26 mAbs demonstrated 
certain levels of inhibition (1F7, or YS110) or no significant inhibition 
(4G8, 16D4B, 9C11 or 14D10). These results strongly suggest that the 
anti-CD26 mAb 2F9 has better therapeutic potential than recombinant 
MERS-CoV S1-Fc in preventing viral entry into susceptible cells, and that 
1F7 or YS110 also blocks MERS-CoV infection.

Figure 3. Inhibition of MERS-CoV infection by the anti-CD26 mAb. Huh-7 cells were 
preincubated with normal mouse IgG, various anti-CD26 mAbs (4G8, 1F7, 2F9, 
16D4B, 9C11, or 14D10), humanized anti-CD26 mAb (YS110), or anti-CD26 goat 
polyclonal antibody (pAb) at a concentration of 40 g/ml for 0.5 h prior to MERS-
CoV virus inoculation (1 h), all at room temperature. Mock-incubated cells (control) 
were used as controls. Following incubation at 37°C for 8 h, infected cells were 
detected by immunofluorescence using anti-SARS-CoV NSP4 antibodies that are 
cross-reactive for MERS-CoV, and infection was quantified as the number of anti-
SARS-CoV NSP4-positive cells. Two independent experiments were performed, and 
data from one representative experiment are shown. Error bars indicate SEMs (two-
tailed Student’s t test; *, **, or ***, P < 0.05 versus control. This figure is reprinted 
with permission from Ohnuma K et al., J Virol 87: 13892-9, 2013.
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Moreover, we have characterized the CD26 epitope involved in 
MERS-CoV S1-Fc binding to CD26 through the use of various CD26 
mutants with deletion in the C-terminal extracellular region, since CD26 is 
a type II transmembrane protein (Ohnuma et al., 2008a). Our biological 
experiments on binding regions of CD26 to MERS-CoV using mAbs 
showed results comparable to those obtained from crystal structure 
analysis (Lu et al., 2013; Wang et al., 2013). Our observations strongly 
suggest that the main binding regions of CD26 to MERS-CoV appear to be 
close to the 358th amino acid recognized by 2F9, and the regions of CD26 
defined by 1F7 and YS110 (248-358th amino acids) are also partially 
involved in MERS-CoV binding.

To determine whether treatment with anti-CD26 mAbs 2F9 as well as 
1F7 and YS110 could inhibit MERS-CoV infection, susceptible cells, Huh-
7, were pre-incubated with various anti-CD26 mAbs prior to inoculation 
with the virus (Ohnuma et al., 2013). In this experimental system, infection 
was almost completely blocked by 2F9 but not by control IgG or several 
other anti-CD26 mAbs recognizing other epitopes (4G8, 16D4B, 14D10 or 
9C11) (Figure 3). Moreover, the anti-CD26 mAbs 1F7 and YS110 
considerably inhibited MERS-CoV infection of Huh-7 cells (Figure 3). 
These results demonstrate that 2F9 inhibits MERS-CoV entry, and 
therefore can potentially be developed as a preventive or therapeutic agent 
for MERS-CoV infection in the clinical setting. More importantly, the 
humanized anti-CD26 mAb YS110 has been evaluated in patients with 
CD26-expressing cancers in our FIH phase 1 clinical trial. Since no 
apparent adverse effects of YS110 have been reported besides transient and 
tolerable injection reactions, and moreover, the level of circulating soluble 
CD26 in the serum is decreased following YS110 administration (Angevin 
et al., 2017), YS110 may be an immediate therapeutic candidate for 
clinical use as potential treatment for MERS-CoV infection.
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CLOSING REMARKS

CD26 is a multifunctional protein with known DPPIV enzyme activity. 
CD26 is expressed on various tumors including MPM. Although the exact 
role of CD26/DPPIV in various cancers remains to be elucidated, CD26 
serves as a prognostic marker in multiple tumors such as CRC, GIST, 
thyroid carcinoma and UC. Moreover, in several human malignancies 
including MPM, CRC and CML, CD26/DPPIV expression is reported to 
be a marker of cancer stem cells. Our FIH phase 1 clinical trial of YS110
demonstrates that YS110 therapy exhibits a favorable safety profile and 
results in encouraging disease stabilization in a number of patients with 
advanced/refractory CD26-expressing MPM and RCC, and further clinical 
testing of YS110 for MPM is being conducted worldwide. Given the 
potential role of CD26 surface expression in cancer biology, YS110 
therapy may also influence tumor growth through its potential effect on the 
cancer stem cells of selected tumors.

Besides being a marker of T cell activation, CD26 is also associated 
with T cell signal transduction processes as a costimulatory molecule and 
has an important role in T cell biology and overall immune function. Since 
CD26/DPPIV has a multitude of biological functions in human tumor cells 
and immune system, further detailed understanding of the role of this 
molecule in various clinical settings may lead potentially to novel 
therapeutic approaches not only for MPM but also for other refractory 
cancers, immune disorders and MERS-CoV infection.
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1. ABSTRACT 
 
 CD26 is a 110 kDa surface glycoprotein with intrinsic dipeptidyl peptidase IV activity that is expressed on numerous 
cell types and has a multitude of biological functions. The role of CD26 in immune regulation has been extensively characterized, 
with recent findings elucidating its linkage with signaling pathways and structures involved in T-lymphocyte activation as well as 
antigen presenting cell-T-cell interaction. In this paper, we will review emerging data on CD26-mediated immune regulation 
suggesting that CD26 may be an appropriate therapeutic target for the treatment of selected immune disorders as well as Middle 
East respiratory syndrome coronavirus. Moreover, we have had a long-standing interest in the role of CD26 in cancer biology and 
its suitability as a novel therapeutic target in selected neoplasms. We reported robust in vivo data on the anti-tumor activity of 
anti-CD26 monoclonal antibody in mouse xenograft models. We herein review significant novel findings and the early clinical 
development of a CD26-targeted therapy in selected immune disorders and cancers, advances that can lead to a more hopeful 
future for patients with these intractable diseases. 
 
2. INTRODUCTION 
 
 CD26 is a 110-kDa cell surface glycoprotein with known dipeptidyl peptidase IV (DPPIV, EC3.4.1.4.5) activity in its 
extracellular domain (1-3), capable of cleaving amino-terminal dipeptides with either L-proline or L-alanine at the penultimate 
position (3). CD26 activity is dependent on the expressing cell type and the microenvironment which influence its multiple 
biological roles (4-7). CD26 plays an important role in immunology, autoimmunity, diabetes and cancer (8-12). Interacting 
directly with various other cell surface and intracellular molecules, CD26 can regulate receptor specificity and the function of 
various interleukins (ILs), cytokines and chemokines via its DPPIV activity (13). 
 
 In this review, we summarize our recent work on CD26/DPPIV that elucidated its suitability as a potential therapeutic 
target in selected immune diseases and cancers. We also discuss our current knowledge of the molecular mechanisms of 
CD26/DPPIV-mediated T-cell regulation, focusing particularly on CD26/DPPIV role in immune checkpoint pathways and 
programs associated with human immune regulation. In addition, we describe CD26/DPPIV involvement in cancer immunology. 
 
3. IMMUNE MEDIATED DISORDERS 
 
3.1. Chronic graft-versus-host disease 
3.1.1. T cell costimulation in chronic graft-versus-host disease 
 Graft-versus-host disease (GVHD) is a severe complication and major cause of morbidity and mortality 
following allogeneic hematopoietic stem cell transplantation (alloHSCT) (14). Based on differences in clinical manifestations and 
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histopathology, GVHD can be divided into acute and chronic forms (14). Acute GVHD (aGVHD) and chronic GVHD (cGVHD) 
are traditionally diagnosed primarily by time of onset, with cGVHD occurring after day 100 of transplantation (15). However, 
cGVHD has distinct clinicopathologic features and is often diagnosed based on these features regardless of time of onset, being 
characterized by cutaneous fibrosis, involvement of exocrine glands, hepatic disease, and obliterative bronchiolitis (OB) (16, 17). 
OB, characterized by airway blockade, peribronchiolar and perivascular lympho-fibroproliferation and obliteration of bronchioles, 
is a late-stage complication of cGVHD (18). Patients diagnosed with OB have a 5-year survival rate of only 10 to 40%, compared 
to more than 80% of patients without OB (19, 20). Furthermore, while multiple strategies to control cGVHD involving T cell 
depletion from the graft or global immunosuppression have been developed, cGVHD is still a common clinical outcome in many 
alloHSCT patients (17, 21). In addition, immunosuppression potentially abrogates the graft-versus-leukemia (GVL) effect, 
associated with increased relapses following alloHSCT (22). Novel therapeutic approaches are thus needed to prevent cGVHD 
without eliminating the GVL effect. 
 
 GVHD is initiated when donor-derived T cells are primed by professional antigen presenting cells (APCs) to 
undergo clonal expansion and maturation (14). Costimulatory pathways are required to induce T cell proliferation, cytokine 
secretion and effector function following antigen-mediated T cell receptor activation (23), and the important role of costimulatory 
pathways in transplant biology has been established (24). CD26 is associated with T cell signal transduction processes as a 
costimulatory molecule, as well as being a marker of T cell activation (1, 25, 26). We previously showed that CD26-mediated 
costimulation in human CD4 T cells exerts an effect on production of TH1 type proinflammatory cytokines such as interferon 
(IFN)-J (6). Moreover, CD26highCD4 T cells respond maximally to recall antigens with a high competence for trafficking to 
inflammatory tissues and for antibody synthesis by B cells (6, 26). We also showed that CD26-caveolin-1 interaction leads to 
activation of both CD4 T cells and APCs (27-29). More recently, we demonstrated in in vitro experiments that blockade of 
CD26-mediated T cell costimulation by soluble Fc fusion proteins containing the N-terminal domain of caveolin-1 (Cav-Ig) 
diminished primary and secondary proliferative responses not only to recall antigen, but also to unrelated allogeneic APC (30). 
Other investigators recently reported that CD26high T cells contain TH17 cells, and that CD26high TH17 cells are enriched in 
inflamed tissues including rheumatoid arthritis (RA) and inflammatory bowel diseases (IBD) (31). These accumulating data 
strongly suggest that CD26-mediated costimulation plays an important role in memory response to recall antigens, and that 
blockade of CD26 costimulation may be an effective therapeutic strategy for immune disorders including GVHD or autoimmune 
diseases. 
 
3.1.2. Newly established humanized murine model of cGVHD 
 We previously analyzed a humanized murine aGVHD model involving mice transplanted with human adult 
peripheral blood lymphocytes (PBL), and showed that liver and skin were predominantly involved as target organs in this model 
of aGVHD, which was clearly impeded by the administration of humanized anti-CD26 monoclonal antibody (mAb) (32). Our 
data suggest that CD26+ T cells play an effector role in this aGVHD model. However, since the mice studied in our previous 
work succumbed to aGVHD around 4 weeks after transplantation of human adult PBL, this early-onset model of aGVHD does 
not permit the assessment of longer term consequences of interventional therapies, such as their effect on the development of OB, 
a form of cGVHD of the lung. 
 
 In contrast to adult PBL, human umbilical cord blood (HuCB) lymphocytes have been reported to be immature, 
predominantly consisting of CD45RA+ naïve cells (33, 34). We previously showed that, while all HuCB CD4 T cells 
constitutively express CD26, CD26-mediated costimulation was considerably attenuated in HuCB CD4 T cells, compared to the 
robust activation via CD26 costimulation of adult PBL (34). These findings provided further insights into the cellular 
mechanisms of immature immune response in HuCB. Based on these findings, we hypothesized that HuCB naïve CD4 T cells 
gradually acquire a xenogeneic response via attenuated stimulatory signaling with indolent inflammation in the target organs, 
leading eventually to chronic inflammatory changes. We therefore sought to develop a humanized murine pulmonary cGVHD 
model utilizing HuCB donor cells, and to overcome the limitations seen in the humanized murine aGVHD model such as 
vigorous activation of all engrafted T cells and extensive loss of B cell maturation and activation (35, 36). 
 
 We first attempted to establish a humanized murine model utilizing NOD/Shi-scidIL2rJnull (NOG) mice as 
recipients and HuCB as donor cells (37). Whole CB transplant mice exhibited clinical signs/symptoms of GVHD as early as 4 
weeks post-transplant, and demonstrated significantly decreased survival rate. The lung of whole CB transplant mice showed 
perivascular and subepithelial inflammation and fibrotic narrowing of the bronchiole. Skin of whole CB transplant mice 
manifested fat loss, follicular drop-out and sclerosis of the reticular dermis in the presence of apoptosis of the basilar 
keratinocytes while the liver exhibited portal fibrosis and cholestasis. These findings indicate that whole CB transplant mice 
develop pulmonary cGVDH as well as concomitant active GVHD in skin and liver. Taken together, our data demonstrate that the 
lung of whole CB transplant mice exhibits OB as manifestation of pulmonary cGVHD. 
 
3.1.3. IL-26 contributes to the pathophysiology of pulmonary cGVHD 
 To determine the potential cellular mechanisms involved in the pathogenesis of pulmonary cGVHD, we next analyzed 
the composition of donor-derived human lymphocytes in the GVHD lung. Utilizing flow cytometric analysis for cell suspension 
isolated from the lung specimens, donor-derived human CD3+ cells were found to be the predominant cell type observed in the 
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lung of whole CB transplant mice, comprising more than 99% of the lymphocyte population. Moreover, the human CD4 T cell 
subset was observed to be the predominant cell type compared to CD8 T cells in the lung of whole CB transplant mice. We next 
analyzed the expression profile of mRNAs of various inflammatory cytokines in human CD4 T cells isolated from the lung of 
whole CB transplant mice. We found that IFNG, IL17A, IL21 and IL26 were significantly increased over the course of GVHD 
development following whole CB transplantation, while IL2, TNF (TNF-D), IL4, IL6 and IL10 were decreased. In addition, 
substantial increases were seen in levels of IFNG and IL26, with IL17A and IL21 remained at a low level. It has been reported 
that IFN-J is produced by TH1 cells (6), while IL-17A and IL-26 are produced by TH17 cells (38, 39). Since both TH1 and TH17 
cells strongly express CD26 (6, 31), we next analyzed the expression level of CD26/DPP4, finding that DPP4 mRNA expression 
in human CD4 T cells infiltrating in the lung of mice with OB was significantly increased. These findings regarding mRNA 
expression levels were further supported by enzyme-linked immunosorbent assay (ELISA) studies examining protein levels in 
sera of recipient mice. To determine whether these cytokines were produced by the infiltrating human CD26+CD4 T cells, we 
next conducted flow cytometric analyses of lymphocytes isolated from the lung of the recipient mice. Levels of human IFN-J+ or 
IL-26+CD26+CD4 T cells were significantly increased in whole CB transplant mice. Multicolor-staining flow cytometric studies 
showed that CD26+CD4 T cells in the lung of whole CB transplant mice predominantly produced IL-26 rather than IFN-J. In 
addition, while CD26+IFN-J+CD4 cells exclusively expressed IL-26, CD26+IL-26+CD4 cells were predominantly IFN-J-negative 
cells, and IL-17A+ cells were exclusively IL-26-negative. These data suggest that CD26+CD4 T cells in the lung of mice with OB 
express IL-26 as well as IFN-J but do not belong to the TH17 cell population. 
 
 To further extend the above in vitro results to an in vivo system, we analyzed the lung of murine alloreactive GVHD 
using human IL26 transgenic (Tg) mice. For this purpose, we used mice carrying human IFNG and IL26 transgene (190-IFNG Tg 
mice) or mice carrying human IFNG transgene with deleting IL26 transcription ('CNS-77 Tg mice). 190-IFNG Tg mice 
exhibited production of IL-26 by CD4 T cells under TH1- or TH17-polarizing conditions, while expression of IL-26 was 
completely abrogated in 'CNS-77 Tg mice (38). In addition, production of IFN-J by T or NK cells was equivalent in both 190-
IFNG Tg and 'CNS-77 Tg mice (40). Histologic examinations of the lung of recipient NOG mice deriving from parental 
C57BL/6 (B6 WT) mice or 'CNS-77 Tg mice showed peribronchial infiltration and cuffing denoting GVHD, while collagen 
deposits were not detected by Mallory staining, and IL-26+ cells were not detected. On the other hand, the lung of recipient NOG 
mice deriving from 190-IFNG Tg mice showed peribronchial infiltration and cuffing denoting GVHD with collagen deposition 
and IL-26+ cell infiltration. These results suggest that human IL-26, but not human IFN-J, plays a critical role in pulmonary 
fibrosis associated with lung cGVHD. 
 
3.1.4. IL-26 production via CD26-mediated T cell costimulation 
 To test whether human CD4 T cells produce IL-26 following CD26 costimulation, we conducted in vitro costimulation 
experiments using HuCB CD4 T cells and analyzed expression of various inflammatory cytokines. We found that levels of IL26 
and DPP4 were significantly increased following CD26 costimulation compared with CD28 costimulation. We next conducted 
costimulation experiments evaluating dose and time kinetics using the CD26 costimulatory ligand Cav-Ig as well as anti-CD26 or 
anti-CD28 mAbs. We showed that production of IL-26 was increased following CD26 costimulation with Cav-Ig or anti-CD26 
mAb in dose- and time-dependent manners, while a slight increase in IL-26 level was observed following CD28 costimulation 
only at higher doses of mAb and longer stimulation periods. Blocking experiments were then performed for further confirmation, 
showing that IL-26 production induced by Cav-Ig or anti-CD26 mAb was clearly inhibited by treatment with soluble Cav-Ig in a 
dose-dependent manner, while no change was observed with CD28 costimulation. These findings strongly suggest that 
production of IL-26 by HuCB CD4 T cells is regulated via CD26-mediated costimulation. Moreover, since the functional 
sequences of the N-terminal of caveolin-1 are highly conserved between human and mouse (41) allowing for the capability to 
bind human CD26 as a costimulatory ligand, it is conceivable that donor HuCB T cells transferred into mice were activated via 
CD26 costimulation triggered by murine caveolin-1. In fact, using polyclonal antibody recognizing the N-terminal of both human 
and murine caveolin-1, expression of caveolin-1 was detected in endothelial cells and macrophage-like cells of OB-like lesions in 
cGVHD lung. Taken together, CD26-mediated IL-26 production triggered by caveolin-1 is identified as a possible therapeutic 
target in cGVHD using HuCB NOG mice. 
 
3.1.5. Prevention of lung cGVHD development by Cav-Ig administration 
 Given the role of CD26 costimulation in IL-26 production and IL-26 regulation of collagen production, we therefore 
sought to determine whether disruption of CD26 costimulation by a blocking reagent, Cav-Ig, prolonged survival of the recipient 
mice associated with a reduction in the incidence of OB. Recipients treated with Cav-Ig survived for 7 months without any 
clinical findings of cGVHD. Meanwhile, the survival rate of recipient mice treated with control Ig was significantly reduced, 
with clinical signs/symptoms of cGVHD. Human cells were engrafted similarly in both groups. Histologic examinations of the 
lung showed the development of OB in the control Ig cohort, while the lung of Cav-Ig recipient mice displayed normal 
appearances with none having positive pathology scores. These effects of Cav-Ig were also observed in other GVHD-target 
organs such as the skin and liver. Moreover, collagen contents in the lung were reduced in Cav-Ig administered-recipients. Taken 
together, the above results support the notion that Cav-Ig administration prevents the development of pulmonary cGVHD in 
whole CB transplant mice by decreasing the number of IL-26+CD26+CD4 T cells. 
 
3.1.6. Treatment with Cav-Ig preserves GVL capability 
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 Since GVHD and GVL effect are highly linked immune reactions (42), we evaluated the potential influence of Cav-Ig 
treatment on GVL effect. For this purpose, cohorts of Cav-Ig or control Ig treated recipient mice of whole CB transplant were 
irradiated at sublethal doses and then injected intravenously with luciferase-transfected A20 (A20-luc) cells 1 day prior to whole 
CB transplantation to allow for dissemination of tumor cells. The next day following transplantation, treatment with Cav-Ig or 
control Ig thrice a week began on day +1 until day +28. Mice inoculated with A20 cells alone all died of tumor progression 
within 6 weeks. Recipients treated with control Ig exhibited clinical evidence of GVHD such as weight loss and ruffled fur and 
died of GVHD without tumor progression in 13 weeks. In contrast, recipient mice treated with Cav-Ig displayed significantly 
prolonged survival without involvement of A20-luc cells. To better characterize the potency of the GVL effect, we repeated these 
studies with injection of A20-luc cells on day +28 after whole CB transplantation to allow for acquisition of immunosuppression 
by Cav-Ig treatment. Mice inoculated with A20 cells alone all died of tumor progression within 2 weeks after tumor inoculation. 
Recipient mice treated with control Ig demonstrated clinical evidence of GVHD such as weight loss and ruffled fur and died of 
GVHD without tumor progression within 13 weeks after transplantation. In contrast, recipients treated with Cav-Ig exhibited 
significantly prolonged survival without involvement of A20-luc cells. Collectively, these results demonstrate that Cav-Ig 
treatment of recipient mice of whole CB transplant was effective in reducing the symptoms of cGVHD without a concomitant 
loss of the GVL effect. 
 
3.1.7. Role of CD26 in cGVHD 
 While the human CD26 amino acid (AA) sequence has 85% AA identity with the mouse CD26 (43), the mouse CD26 
has different biologic properties from the human CD26, including the fact that the mouse CD26 is not a T cell activation marker, 
and does not bind to adenosine deaminase (ADA) (43, 44). Therefore, humanized murine models need to be developed to explore 
the role of CD26-mediated costimulation in cGVHD. With relevance as a costimulatory ligand for human CD26, human 
caveolin-1 has 95% AA identity with the mouse caveolin-1 (41), and the binding regions of the mouse caveolin-1 for human 
CD26 are well conserved. Therefore, costimulatory activation of human T cells in NOG mice can occur via CD26-caveolin-1 
interaction. Moreover, the N-terminal domain is present in the outer cell surface during the antigen presenting process (27), and 
caveolin-1 forms homo-dimer or homo-oligomer via its N-terminal domain (41). These collective data suggest that the 
administered Cav-Ig binds to the N-terminal of caveolin-1 on the cell surface of APCs as well as to CD26 in T cells, leading to 
suppression of cGVHD in HuCB-NOG mice via blockade of CD26-caveolin-1 interaction. Conclusively, our work demonstrates 
that caveolin-1 blockade controls cGVHD by suppressing the immune functions of donor-derived T cells and decreasing IL-26 
production. Moreover, IL-26+CD26+CD4 T cell infiltration appears to play a significant role in cGVHD of the lung and skin. 
While complete suppression of cGVHD with current interventional strategies represents a difficult challenge at the present time, 
our data demonstrate that control of cGVHD clinical findings can be achieved in a murine experimental system by regulating IL-
26+CD26+CD4 T cells with Cav-Ig. Our work also suggests that Cav-Ig treatment may be a novel therapeutic approach for 
chronic inflammatory diseases, including RA and IBD, in which IL-26 plays an important role. 
 
3.2. Middle East respiratory syndrome coronavirus 
3.2.1. Current efforts against Middle East respiratory syndrome coronavirus 
 Middle East respiratory syndrome coronavirus (MERS-CoV) was first identified in a 60-year-old patient in June 2012 
who presented with acute pneumonia, followed by acute respiratory distress syndrome and renal failure with a fatal outcome (45). 
Between 2012 and August 28, 2017, 2067 laboratory-confirmed cases of MERS-CoV infection were reported to the World 
Health Organization (WHO), which has notified of at least 720 deaths (around 35% fatality rate) related to MERS-CoV since 
September 2012 (46). Efforts to develop effective preventive and therapeutic intervention strategies are currently ongoing. 
Several treatment modalities have been investigated to develop effective therapies against MERS-CoV, including interferon, 
ribavirin, cyclosporin A, protease inhibitors, convalescent plasma and immunoglobulins. Several promising anti-MERS-CoV 
therapeutic agents have recently been reviewed extensively (47), while broad spectrum antiviral agents might not be sufficient to 
treat severe MERS-CoV patients because of its limited effective therapeutic window of opportunity (48).  
 
 An alternative approach using prophylactic regimens would be theoretically suitable to limit the spread of MERS-CoV. 
This scenario includes MERS-CoV vaccine and neutralizing MERS-CoV-specific mAb (48). The MERS-CoV genome encodes 
for 16 non-structural proteins (nsp1-16) and 4 structural proteins, the spike (S), envelope (E), membrane (M), and nucleocapsid 
(N) (49). The viral structural proteins, S and N, show the highest immunogenicity (50). While both S and N proteins induce T-
cell responses, neutralizing antibodies are almost solely directed against the S protein, with the receptor binding domain (RBD) 
being the major immunodominant region (51). These great challenges have been extensively reviewed in previously published 
papers (48, 52). 
 
 Recent reports indicated that the spike protein S1 of MERS-CoV is required for viral entry into human host cells (53-
55), using CD26/DPPIV as a functional receptor (56). Inhibiting virus entry into host cells could also be achieved by targeting the 
host receptor CD26/DPPIV. While inhibitors of the CD26/DPPIV enzymatic activity are used clinically to treat type 2 diabetes 
patients, commercially available DPPIV inhibitors would not serve this purpose since these agents have been shown not to inhibit 
binding of the RBD of MERS-CoV to CD26/DPPIV (57). We previously showed that human CD26 is a binding protein for ADA 
(58). Currently, it is known that there are two isoforms of ADA, ADA1 and ADA2 (59). ADA1 is particularly present in 
lymphocytes and macrophages, while ADA2 is found predominantly in the serum and other body fluids including pleural 
effusion (59). CD26/DPPIV binds to ADA1, but not ADA2 (58, 60, 61). The crystal structure of CD26/DPPIV and the S protein 
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of MERS-CoV allowed for visualization of the interacting AA in both proteins. However, our in vitro experiments showed that 
blockade of MERS-CoV binding to CD26/DPPIV by ADA1 is incomplete (62). Therefore, mAbs blocking CD26/DPPIV binding 
to the RBD of MERS-CoV needs to be developed. 
 
3.2.2. CD26/DPPIV is a functional receptor for MERS-CoV entry into host cells 
 CD26/DPPIV, a host receptor for MERS-CoV, is conserved among different species such as bats and humans, partially 
explaining the large host range of MERS-CoV (63). In addition to being widely expressed in most cell types including T 
lymphocytes, bronchial mucosa or the brush border of proximal tubules, CD26/DPPIV exists in systemic circulation as soluble 
form (13). This distribution of CD26 may play a role in the systemic dissemination of MERS-CoV infection in human (64-66). 
Therefore, an effective therapy for MERS-CoV is needed not only to block the entry of MERS-CoV into CD26-expressing 
organs such as the respiratory system, kidney, liver or intestine, but also to eliminate circulating MERS-CoV. In this regard, 
manipulation of CD26/DPPIV levels or the development of inhibitors that target the interaction between the MERS-CoV S1 
domain and its receptor may provide therapeutic opportunities to combat MERS-CoV infection. More recently, the RBD in the S 
protein was mapped to a 231-AA fragment of MERS-CoV S proteins (residues 358-588) (51). 
 
3.2.3. Identification of specific anti-CD26 mAb clone for blocking MERS-CoV 
 We have recently mapped MERS-CoV S protein-binding regions in human CD26 molecule and demonstrated that anti-
CD26 mAbs, which had been developed in our laboratory, effectively blocked the interaction between the spike protein and 
CD26, thereby neutralizing MERS-CoV infectivity. To determine the specific CD26 domain involved in MERS-CoV infection, 
we chose six different clones of anti-CD26 mAbs (4G8, 1F7, 2F9, 16D4B, 9C11, 14D10), and the humanized anti-CD26 mAb 
YS110, which recognize 6 distinct epitopes of the CD26 molecule (67, 68), to conduct MERS-CoV S1-Fc (S1 domain of MERS-
CoV fused to the Fc region of human IgG) binding inhibition assays (62). 2F9 inhibited fully binding of MERS-CoV S1-Fc to 
JKT-hCD26WT (Jurkat cells transfected with full-length human CD26/DPPIV), while other anti-CD26 mAbs demonstrated 
certain levels of inhibition (1F7, or YS110) or no significant inhibition (4G8, 16D4B, 9C11 or 14D10). These results strongly 
suggest that the anti-CD26 mAb 2F9 has better therapeutic potential than recombinant MERS-CoV S1-Fc in preventing viral 
entry into susceptible cells, and that 1F7 or YS110 also block MERS-CoV infection. 
 

Moreover, we have characterized the CD26 epitope involved in MERS-CoV S1-Fc binding to CD26 through the use 
of various CD26 mutants with deletion in the C-terminal extracellular region, since CD26 is a type II transmembrane protein (9, 
29). Our biological experiments on binding regions of CD26 to MERS-CoV using mAbs showed results comparable to those 
obtained from crystal structure analysis (55, 69), which are summarized in a schematic diagram of human CD26 at 1-449th AAs 
(Figure 1). Our observations strongly suggest that the main binding regions of CD26 to MERS-CoV appear to be close to the 
358th AAs recognized by 2F9, and the regions of CD26 defined by 1F7 and YS110 (248-358th AAs) are also partially involved 
in MERS-CoV binding. 

 
To determine whether treatment with anti-CD26 mAbs 2F9 as well as 1F7 and YS110 could inhibit MERS-CoV 

infection, susceptible cells, Huh-7, were pre-incubated with various anti-CD26 mAbs prior to inoculation with the virus (62). In 
this experimental system, infection was almost completely blocked by 2F9 but not by control IgG or several other anti-CD26 
mAbs recognizing other epitopes (4G8, 16D4B, 14D10 or 9C11). Moreover, the anti-CD26 mAbs 1F7 and YS110 considerably 
inhibited MERS-CoV infection of Huh-7 cells. These results demonstrate that 2F9 inhibits MERS-CoV entry, and therefore can 
potentially be developed as a preventive or therapeutic agent for MERS-CoV infection in the clinical setting. More importantly, 
the humanized anti-CD26 mAb YS110 has been evaluated in patients with CD26-expressing cancers in our recent first-in-human 
(FIH) phase I clinical trial (70). Since no apparent adverse effects of YS110 have been reported besides transient and tolerable 
injection reactions, YS110 may be an immediate therapeutic candidate for clinical use as potential treatment for MERS-CoV 
infection. 
 
3.3. Psoriatic pruritus 
3.3.1. CD26/DPPIV and psoriasis 
 Psoriasis (PSO) is one of the most common inflammatory skin diseases, found in about 1-3% of the world general 
population (71). For a long time, PSO had been considered as a non-pruritic dermatitis. However, within the past 30 years, a 
number of studies have demonstrated that approximately 60-90% of patients with PSO suffer from pruritus (71-76). Pruritus is an 
important symptom of PSO. Despite the fact that several studies have been undertaken to investigate the pathogenesis of pruritus 
in PSO, many aspects have not yet been studied (71, 77). Therefore, the pathogenesis of this symptom is far from being well-
understood and, as a consequence, the therapy of pruritic psoriatic patients still remains a significant challenge for clinicians (78). 
It has been demonstrated that DPPIV is expressed at high levels on keratinocytes and that DPPIV inhibition suppresses 
keratinocyte proliferation in vitro, and restores partially keratinocyte differentiation in vivo (79). Moreover, it has been reported 
that DPPIV is expressed on keratinocytes and its activity is upregulated in PSO (80, 81), findings which support a potential role 
for DPPIV enzyme activity in the pathogenesis of PSO. While other investigators have reported a significant improvement in 
disease severity in PSO patients treated with a DPPIV inhibitor (82, 83), the precise mechanisms involved in DPPIV-mediated 
regulation of PSO have not been elucidated (84). Recent report showed that T-cell bound expression of CD26/DPPIV in psoriatic 
skin was explicitly present, albeit in small quantities (81). One hypothesis of potential effect of DPPIV in PSO is that T cell 
activation mediated by DPPIV is associated with the pathogenesis of PSO (85). Cytokines and chemokines represent the third 
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key player in the psoriatic chronic immune response (86). They are considered as mediators responsible for activation and 
recruitment of infiltrating leukocytes and therefore play a crucial role in the development and persistence of psoriatic skin lesions 
(87). DPPIV likely plays a pivotal role in the processing of these molecules (84). The extracellular protease domain of DPPIV 
(both on keratinocytes and T cells) can cleave dipeptides from the amino terminus of proteins, such as cytokines and chemokines, 
which are abundantly present in a chronic immune response in PSO, resulting in alterations in receptor specificity and subsequent 
modifications of biological activity. Taken together, it is conceivable that PSO is a disease involving the complex interplay 
among activated T cells, keratinocytes and cytokines, and that DPPIV has a key regulatory role in the interactions of these three 
disease components. 
 
3.3.2. Elevation of sCD26 and DPPIV enzyme in sera of PSO patients 
 To determine whether serum soluble CD26 (sCD26) and soluble DPPIV (sDPPIV) enzyme play a role in PSO, we 
evaluated levels of sCD26 and sDPPIV enzyme activity in sera of patients with PSO (88). For this purpose, we performed our in-
house capture assay method using anti-human CD26 mAb as a capture antibody for detecting DPPIV enzyme activity specific to 
sCD26 (89). Since commercially available DPPIV enzyme assay kits measure DPPIV activity in whole serum, but not in 
captured sCD26 molecules from the samples, it is possible that DPPIV-like peptidase activity other than that possessed by the 
captured sCD26 molecules was measured, leading to an overestimate of the DPPIV activity in the samples (90). Analyses of 
serum samples obtained from 18 healthy adult volunteers and 48 PSO patients demonstrated that serum sCD26 concentration of 
PSO patients was significantly higher than that of healthy adults. Moreover, serum levels of sDPPIV enzyme activity were also 
significantly higher in patients with PSO compared with healthy adult controls. These data suggest that DPPIV enzyme activity is 
increased in sera of patients with PSO, which is linked to a concomitant increase in sCD26 in the same patient population. These 
observations also suggest that DPPIV enzyme plays a role in the pathogenesis of PSO. 
 
3.3.3. Increased pruritus by truncation of substance P, a ligand for CD26/DPPIV  
 Among various mediators of pruritus investigated in inflammatory skin diseases, substance P (SP) is a key molecule in 
an itch sensory nerve (91-93), consisting of 11 AA residues with dual DPPIV cleavage sites at its N-terminal position. In fact, 
DPPIV enzyme digests full-length SP(1-11) resulting in a truncated form of SP(5-11), an activity inhibited by the presence of the 
DPPIV enzyme inhibitor sitagliptin (88). Moreover, we observed that levels of SP degraded by DPPIV were increased in sera of 
patients with PSO. Taken together with the above data regarding an increase of sCD26/DPPIV levels in PSO patients, these 
results also suggest that the increase in DPPIV activity appears to play an important role in PSO by truncating SP. 
 

We next utilized an itchy mouse model by intradermal injection (i.d.) of recombinant SP and quantified scratching 
behavior in mice to determine an itchy symptom. Mice treated with SP(5-11) i.d. demonstrated a significant increase in 
scratching behavior, compared with mice receiving control solvent or mice receiving full-length SP(1-11). On the other hand, 
scratching behavior in SP(1-11) i.d. mice was significantly decreased in mice treated with the DPPIV inhibitor sitagliptin. 
Furthermore, SP-induced scratching behavior was significantly attenuated in CD26/DPPIV knockout (CD26KO) mice compared 
with that observed in B6 WT mice. Our data suggest that truncated form of SP cleaved by DPPIV enzyme increases an itch 
sensation and that SP-induced itch sensation is attenuated by inhibition of the DPPIV activity. 

 
To further determine that DPPIV inhibition affects pruritus, we evaluated scratching behavior utilizing an 

imiquimod (IMQ)-induced psoriatic itch model (94, 95). Serum levels of truncated form of SP were significantly increased in 
IMQ-treated mice compared with control cream-treated mice. Moreover, scratching behavior was significantly increased in IMQ-
treated mice than control cream-treated mice. These data indicate that IMQ induces psoriatic itchy skin lesions in mice associated 
with an increase in the truncation of SP. We next analyzed the frequencies of itch scratching behavior following DPPIV inhibitor 
administration. IMQ-treated mice receiving sitagliptin showed significant decrease of scratching behavior compared with IMQ-
treated mice receiving control solvent. Meanwhile, there was no change in scratching behavior between control cream-treated 
mice receiving sitagliptin or control saline, with baseline levels of scratching behavior in both cohorts. Taken together, our data 
suggest that treatment with the DPPIV inhibitor sitagliptin attenuates psoriatic itch sensation via a decrease in the truncated form 
of SP. 

 
Previous studies have reported that serum levels of SP were decreased in patients with PSO (96-98). Meanwhile, 

since SP is cleaved by DPPIV enzyme and DPPIV enzyme activity is increased in PSO (88), it is important for a detailed 
understanding of the role of SP in PSO to precisely measure the truncated form of SP separately from full-length SP. In our 
recent study, we evaluated full-length SP(1-11) and truncated forms of SP and demonstrated that there was no change in the 
serum levels of full-length SP(1-11), SP(2-11) and SP(3-11) between PSO and healthy adult controls (88). However, we found 
that DPPIV enzyme activity and the truncated form of SP were significantly increased in PSO, and that the truncated form of 
SP(5-11) resulting from DPPIV enzyme activity is associated with an increase in itch sensation. In the IMQ-induced PSO model, 
the truncated form of SP was significantly increased in sera compared with control mice, and scratching behavior was decreased 
by administration of sitagliptin. On the other hand, there were no differences in serum levels of DPPIV enzyme activity between 
IMQ and control cream-treated mice. It is conceivable that the persistent existence of psoriatic skin lesions may be required for 
the increased serum levels of DPPIV enzyme activity seen in PSO patients, and that SP truncation may result from the increased 
levels of DPPIV enzyme activity in skin lesions rather than in the circulation (80, 99, 100). Our recent study has conclusively 
demonstrated that increase in DPPIV enzyme activity exacerbates pruritus in PSO, and that inhibition of DPPIV enzyme reduces 
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severity of itch scratching behavior. Moreover, our results suggest that DPPIV inhibitors are useful as therapeutic agents for 
pruritus including PSO. 
 
4. CANCERS 
 
4.1. Novel mechanism of CD26/DPPIV in cancer immunology 
4.1.1. Anti-tumor effect of CXCL10-mediated CXCR3+ lymphocyte via DPPIV inhibition 

CD26/DPPIV regulates the activities of a number of cytokines and chemokines. However, direct in vivo evidence 
for a role for CD26 in tumor biology and its interaction with the tumor microenvironment (TME) has not yet been reported. 
Recent work has demonstrated clearly the interaction between DPPIV and substrate CXCL10, as well as the functional role of 
DPPIV-mediated post-translational modification of chemokines in regulating tumor immunity (101). Preservation of the full 
length, bioactive CXCL10 by DPPIV inhibition results in increased level of CXCR3+ effector T cells in the TME and subsequent 
tumor growth reduction. CXCR3 has been shown to be a functional receptor for CXCL10 (102). Importantly, the combination of 
DPPIV inhibition and checkpoint blockade therapy remarkably augments the efficacy of naturally occurring and immunotherapy-
based tumor immunity. These investigators therefore provide the direct evidence of DPPIV as an in vivo regulator of CXCL10-
mediated T cell trafficking with relevance for tumor immunity and immunotherapy (Figure 2). The TME consists of numerous 
cell types along with the neoplastic cells. Among them are the effector lymphocytes capable of infiltrating into the tumor sites 
that are specifically required for anti-cancer immune response (103). CXCL10 is a chemoattractant for immune cells such as 
monocytes, T cells and NK cells and is secreted from a variety of cells in response to IFN-J, including monocytes, neutrophils, 
eosinophils, epithelial cells, endothelial cells, fibroblasts and keratinocytes (104). CXCL10 appears to have a dual role on tumor 
growth, with its proliferative or anti-proliferative activity being cell-type-dependent as a result of differences in the subtype of its 
receptor CXCR3 (104). CXCR3 is rapidly induced on naïve T cells following activation and preferentially remains highly 
expressed on TH1-type CD4+ cells and CD8+ cytotoxic T lymphocytes (CTL), resulting in enhancement of T cell migration to 
facilitate tumor immune responses (105). Although strong TH1 and CTL responses in the TME are beneficial for tumor 
suppression, these responses are counterbalanced to prevent unwanted tissue damage and immunopathology by disrupting the 
proinflammatory loop. CXCR3+ Treg has been recently identified (106) , as IFN-J signaling activates the TH1 transcription factor 
T-bet, which in turn promotes CXCR3 expression to induce TH1-specific Treg in the inflammatory sites. Moreover, CXCR3 is a 
marker of CD8+ IL-10-producing cells with suppressive activity in both mice and human (107). The exact factors determining 
whether CXCR3+ effector T cells and CXCR3+ regulatory lymphocytes will oppose or cooperate with each other during the 
tumor growth process in vivo remain to be elucidated.  
 
4.1.2. Immune checkpoint mechanism via CD26/DPPIV 

Although the cellular and molecular mechanisms involved in CD26-mediated T cell activation have been 
extensively evaluated by our group and others (4-6, 9, 13, 90), potential negative feedback mechanisms to regulate CD26-
mediated activation still remain to be elucidated. Utilizing human PBL, we found that production of IL-10 by CD4+ T cells is 
preferentially increased following CD26-mediated costimulation compared with CD28-mediated costimulation (108). IL-21 
production was also greatly enhanced in the late phase of CD26 costimulation. On the other hand, production of IL-2, IL-5 or 
TNF-D was much lower following CD26 costimulation than CD28 costimulation. In contrast, no difference in the production of 
IL-17A, IFN-J, or IL-4 was observed following CD26 or CD28-mediated costimulation. These data indicate that CD26 and 
CD28 costimulation of CD4+ T cells results in different cytokine production profiles, with IL-10 production being preferentially 
enhanced following CD26 costimulation. Furthermore, we found that both the cell surface and intracellular expression of LAG3 
(lymphocyte activation gene-3) was clearly enhanced with increasing doses of anti-CD26 mAb, and that CD26-induced 
enhancement of LAG3 was more pronounced than the effect of CD28-mediated costimulation. On the other hand, both CD26 and 
CD28-mediated costimulation enhanced the expression of CTLA-4 (cytotoxic T-lymphocyte-associated antigen 4) and FOXP3 
(forkhead box protein P3), with no significant difference being detected between these two costimulatory pathways. In contrast 
with CD28 costimulation, LAP (latency associated protein) complexed with TGF-E1 was hardly induced following CD26 
costimulation. We showed that all the CD4+ T cells expressed LAG3 following CD26 or CD28 costimulation, and that no 
difference was observed in the percentage of LAG3 expressing cells, while the expression intensity of LAG3 after CD26-
mediated costimulation was significantly higher than after CD28-mediated costimulation. LAG3 serves as a marker of IL-10 
producing Treg (109), and binds to major histocompatibility complex (MHC) class II molecules with higher affinity than CD4, 
leading to transduction of inhibitory signals for both T cells and APCs (110, 111). Therefore, our data strongly suggest that 
signaling events via CD26 may induce the development of CD4+ T cells to a Type 1 regulatory T cells (Tr1)-like phenotype. By 
expression analysis with Western blotting and quantitative real-time polymerase chain reaction (RT-PCR) experiments and by 
cell functional analysis utilizing chemical inhibitors and small interfering RNA (siRNA) experiments, we showed that co-
engagement of CD3 and CD26 induces preferential production of IL-10 in human CD4+ T cells, mediated through NFAT 
(nuclear factor of activated T cells) and Raf (rapidly accelerated fibrosarcoma)-MEK (mitogen-activated protein kinase 
(MAPK)/extracellular signal-regulated kinase (ERK) kinase)-ERK pathways (108). High level of early growth response 2 
(EGR2) is also induced following CD26 costimulation, possibly via NFAT and AP-1 (activator protein-1)-mediated signaling, 
and knock down of EGR2 leads to decreased IL-10 production. Taken together, these observations strongly suggest that CD26-
mediated costimulation of CD4+ T cells results in enhanced NFAT/AP-1-dependent EGR2 expression, which is associated with 
the preferential production of IL-10. Finally, we demonstrated that CD3/CD26-stimulated CD4+ T cells clearly suppress 



8 
 
 

proliferative activity and effector cytokine production of bystander T cells in an IL-10-dependent manner (108). Collectively, our 
results above suggest that CD3/CD26 costimulation induces the development of human Tr1-like cells from CD4+ T cells with 
high level of IL-10 production and LAG3 expression. Preclinical models showed that antibody-mediated blocking of LAG3 as 
potential anti-cancer therapy led to enhanced activation of antigen-specific T cells at the tumor sites and disruption of tumor 
growth (112). Moreover, anti-LAG3/anti-PD-1 (programmed cell death 1) antibody treatment cured most mice of established 
tumors that were largely resistant to single antibody treatment (112). Taken together, it is conceivable that CD26 itself may 
function as an inhibitory molecule of an immune checkpoint system in certain disease conditions, similar to LAG3 or PD-1. 
 
4.2. Malignant pleural mesothelioma 
4.2.1. FIH phase I clinical trial of humanized anti-CD26 mAb 
 Our previous work analyzing extracellular matrix (ECM) interactions and intracellular signaling events demonstrated 
that the malignant mesothelial cell line JMN expresses CD26 (113). Our recent in-depth studies of CD26 expression in malignant 
pleural mesothelioma (MPM) revealed that CD26 is preferentially expressed in MPM cells but not in normal mesothelial cells 
(114, 115). These intriguing findings propelled our development of CD26-targeted therapy for MPM. For this purpose, we had 
developed a novel humanized anti-CD26 mAb, namely YS110. YS110 is a recombinant DNA-derived humanized mAb that 
selectively binds with high affinity to the extracellular domain of CD26. The antibody is an IgG1N with a molecular weight of 
144 kDa and was humanized via an in silico design based on the AA sequence of anti-human CD26 murine mAb (14D10), which 
inhibited tumor cell growth, migration and invasion, and enhanced survival of mouse xenograft models (116). YS110 is produced 
by fermentation in CHO (Chinese hamster ovary) mammalian cell suspension culture with the Glutamine Synthetase Expression 
System. In vitro pharmacologic evaluation of YS110 demonstrated its selective binding to human CD26 on a number of human 
cancer cell lines and tissues, with no apparent effect on immune activation and no inhibition of DPPIV activity, while exhibiting 
direct cytotoxic effect on certain human CD26-positive cancer cell lines. Moreover, our in vitro data indicated that YS110 
induces cell lysis of MPM cells via antibody-dependent cellular cytotoxicity (ADCC) in addition to its direct anti-tumor effect via 
cyclin-dependent kinase inhibitor (CDKI) p27kip1 and p21cip1 accumulation (68, 117). In vivo experiments with mouse xenograft 
models involving human MPM cells demonstrated that YS110 treatment drastically inhibits tumor growth in tumor-bearing mice 
and reduces formation of metastases, resulting in enhanced survival (68). Our data strongly suggest that YS110 may have 
potential clinical use as a novel cancer therapeutic agent for CD26-positive malignant mesothelioma. 
 
 In addition to our robust in vitro and in vivo data on antibody-mediated dose-dependent tumor growth inhibition, 
YS110 exhibited excellent safety and pharmacological profiles in non-human primate models using single and repeated 
increasing intravenous doses. Considering the lack of T cell proliferation and cytokine production in vitro, YS110 was therefore 
considered not to have an agonistic nor activating effect on human CD26-positive lymphocytes. Other key safety findings were 
obtained from studies involving cynomolgus monkeys which express YS110-reactive CD26 molecules, with similar tissue 
distribution profiles and expression levels to human CD26. We therefore conducted the FIH clinical trial of YS110 for patients 
with MPM and other CD26-positive solid tumors (70). Thirty-three heavily pre-treated patients with CD26-positive cancers 
including 22 malignant mesothelioma, 10 renal cell carcinoma (RCC) and 1 urothelial carcinoma underwent YS110 
administration. A total of 232 infusions (median 3 (range 1-30)) of YS110 were administered across 6 dose levels ranging from 
0.1. to 6.0. mg/kg. Maximum tolerated dose (MTD) was not reached and 2 dose limiting toxicities (DLTs) (1 patient with grade 3 
anaphylactic reaction at 1.0. mg/kg and 1 patient with grade 3 allergic reaction at 2.0. mg/kg) were reported with complete 
resolution following dose omission. Subsequent use of systemic steroid prophylaxis and exclusion of patients with significant 
allergy histories improved safety profile. No dose-dependent adverse events were observed. Blood exposure pharmacokinetics 
parameters (AUC and Cmax) increased in proportion with the dose. Cytokines and immunophenotyping assays indicated CD26 
target modulation with no occurrence of infectious nor autoimmune disease complications. These results demonstrated that 
YS110 is tolerable in human subjects. A secondary objective of this FIH study was to evaluate the potential antitumor activity of 
YS110 according to RECIST 1.0. (response evaluation criteria in solid tumors) criteria (or modified RECIST criteria for 
mesothelioma). No objective response was achieved in any of the treated patients. However, stable disease as the best overall 
response was observed in 13 out of the 26 valuable patients on Day 43 of the first cycle (1 at 0.1. mg/kg, 2 at 0.4. mg/kg, 7 at 2.0. 
mg/kg, 1 at 4.0. mg/kg and 2 at 6.0. mg/kg). Prolonged stabilization with 26 weeks or more was observed in 7 out of 13 stable 
disease patients who have received a total of 143 (5 to 30 infusions/patients) infusions with a median PFS (progression-free 
survival) of 33 weeks (26 to 57 weeks). This FIH study conclusively demonstrated that YS110 exhibits a favorable safety profile 
and substantial clinical activity in heavily pretreated CD26-positive MPM patients who had previously progressed on 
conventional standard chemotherapies. Further clinical trial of YS110 for MPM is in progress worldwide (118). 
 
4.2.2. DPPIV enzyme activity and efficacy of YS110 
 The FIH clinical study of YS110 revealed that an increase in YS110 infusion dose was associated with decreased serum 
sCD26 level, particularly in cohorts 4-6 (2.0. to 6.0. mg/kg), with an approximately 80% decrease in sCD26 level (70). Moreover, 
since sCD26 level reflects DPPIV enzyme activity in sera (119), similar reduction in DPPIV enzyme activity was observed, again 
particularly in patients in cohorts 4-6. Although DPPIV inhibitors are clinically used as oral hypoglycemic agents (120), 
hypoglycemia was not observed during YS110 administration. Of note is the fact that greater than 80% inhibition of serum 
DPPIV activity was obtained 24 hours after oral administration of clinically available DPPIV inhibitors (drug information 
published by manufacturers of sitagliptin, vildagliptin, saxagliptin and etc.), a level of inhibition comparable to that seen in 
patients treated with YS110. Our current data would therefore indicate that YS110 therapy is tolerable in the clinical setting. As 
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described in the previous section, recent work has demonstrated the functional role of DPPIV-mediated post-translational 
modification of chemokines in regulating tumor immunity through its interaction with its substrate CXCL10 (101). This anti-
tumor response is potentiated in combination with other anti-tumor immunotherapeutic approaches including CpG adjuvant 
therapy, adoptive T cell transfer therapy and checkpoint blockade therapy (anti-CTLA-4 and anti-PD-1) (101). In view of these 
recent findings, data from our current trial showing that serum DPPIV activity was decreased following treatment with YS110 in 
a dose-dependent manner would suggest that anti-tumor activity via DPPIV inhibition may constitute yet another mechanism of 
action for the anti-tumor activity of YS110. 
 
4.2.3. Mechanisms of action of YS110 for cancer treatment 
 We previously showed that depletion of CD26 by RNAi results in the loss of adhesive property, suggesting that CD26 
is a binding protein to the ECM (68). Moreover, our observations regarding the CD26-CD9-D5E1 integrin complex suggest that 
CD26 regulates the interaction of MPM cells with the ECM via yet-to-be-determined integrin adhesion molecules (121). 
Recently, we found that expression of CD26 upregulates periostin secretion by MPM cells, leading to enhanced MPM cell 
migratory and invasive activity (122). Periostin is a secreted cell adhesion protein of approximately 90 kDa, which shares a 
homology with the insect cell adhesion molecule fasciclin 1 (FAS1) (123). We also demonstrated that the cytoplasmic region of 
CD26 plays a crucial role in MPM tumor biology through its linkage to somatostatin receptor 4 (SSTR4) and SHP-2 protein 
tyrosine phosphatase in cell membrane lipid rafts, leading to cytostatic effects in MPM cells without direct association of the 
ECM to CD26 by anti-CD26 mAb treatment (Figure 3) (124). In view of the findings above, we propose that CD26 forms 
macromolecular complexes in the cell surface of MPM by connecting periostin and ECM to intracellular signaling events (125); 
(i) In CD26-negative MPM cells, SSTR4 mediated inhibitory signaling to suppress cell proliferation and motility. In contrast, by 
locking the signaling domain of SSTR4 with CD26 association, SSTR4-mediated anti-tumor effects were abrogated, leading to 
increased cell proliferation and motility in CD26-positive MPM cells. (ii) In addition, CD26 regulated ECM-associated tumor 
cell behavior in association with integrins and periostin-ECM complex. CD9 suppressed cell invasion and migration by inhibiting 
the formation of CD26-D5E1 integrin complex. Moreover, expression of CD26 upregulated periostin secretion by MPM cells, 
leading to enhanced MPM cell migratory and invasive activity. (iii) Furthermore, periostin is a secreted cell adhesion protein. 
The N-terminal region regulates cellular functions by binding to integrins at the plasma membrane of the cells through cell 
adhesion domain. The C-terminal region of the protein regulates cell–matrix organization and interaction by binding such ECM 
proteins, leading to increased MPM cell motility. As a result, CD26 molecule in MPM also plays a pivotal role in connecting 
ECM to intracellular signaling events associated with cell proliferation and motility. It is therefore conceivable that targeting 
CD26 may be a novel and effective therapeutic approach for MPM. 
 

In addition to the ECM association, our in vitro data indicate that YS110 induces cell lysis of MPM cells via ADCC 
in addition to its direct anti-tumor effect via CDKI p27kip1 accumulation (68). More recently, we evaluated the direct anti-tumor 
effect of YS110 against the MPM cell lines H2452 and JMN, and investigated its effects on cell cycle and on the cell cycle 
regulator molecules (117). YS110 suppressed the proliferation of H2452 cells by approximately 20% in 48 hours of incubation. 
Cell cycle analysis demonstrated that the percentage of cells in G2/M phase increased by 8.0.% on average following YS110 
treatment. In addition, level of the cell cycle regulator p21cip1 was increased and cyclin B1 was decreased after YS110 treatment. 
Inhibitory phosphorylation of both cdc2 (Tyr15) and cdc25C (Ser216) was elevated. Furthermore, activating phosphorylation of 
p38 MAPK (Thr180/Tyr182) and ERK1/2 (Thr202/Tyr204) was augmented following 24 hours of YS110 treatment. In addition, 
we investigated the synergistic effects of YS110 and the anti-tumor agent pemetrexed on selected MPM cell lines in both in vitro 
and in vivo studies. Pemetrexed rapidly induced CD26 expression on cell surface, and treatment with both YS110 and 
pemetrexed inhibited in vivo tumor growth accompanied by a synergistic reduction in the MIB-1 index (117). 

 
 We also demonstrated that treatment with YS110, which inhibited cancer cell growth, induced nuclear translocation of 
both cell-surface CD26 and YS110 (126, 127). In response to YS110 treatment, CD26 was translocated into the nucleus via 
caveolin-dependent endocytosis, and interacted with a genomic flanking region of the POLR2A gene, a component of RNA 
polymerase II. This interaction consequently led to transcriptional repression of the POLR2A gene, resulting in retarded cancer 
cell proliferation. Furthermore, impaired nuclear transport of CD26 reversed the POLR2A repression induced by YS110 
treatment. These findings reveal that nuclear CD26 functions in the regulation of gene expression and tumor growth, and yet 
another novel mechanism of action of anti-CD26 mAb therapy may involve the regulation of inducible traffic of surface CD26 
molecules into the cell nucleus. 
 
4.3. Other cancers 
 In contrast to our robust findings regarding the role of CD26/DPPIV on MPM, the exact role of CD26/DPPIV in other 
cancers remains to be elucidated, partly due to its variable expression on these tumors. In general, it is strongly expressed on 
some cancers, while being absent or present at low levels in others (8). Furthermore, given its multiple biological functions, 
including its ability to associate with several key proteins and its cleavage of a number of soluble factors to regulate their 
function, it is likely that the CD26/DPPIV effect on tumor biology is at least partly mediated by the effect of these biological 
functions on specific tumor types (128). 
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 CD26 has also been shown to be expressed on RCC (129, 130), including the cell lines Caki-1, Caki-2, ACHN, and 
VMRC-RCW (116). We previously showed that anti-CD26 mAb inhibition of the Caki-2 cell line was associated with G1/S cell 
cycle arrest, enhanced p27kip1 expression, down regulation of cyclin-dependent kinase 2 (CDK2) and dephosphorylation of 
retinoblastoma substrate (Rb) (116). We also found that anti-CD26 mAb therapy attenuated Akt activity and internalized cell 
surface CD26 leading to decreased CD26 binding to collagen and fibronectin. Finally, we showed that anti-CD26 mAb inhibited 
human RCC in a mouse xenograft model (116). 
 
 Immunofluorescence analysis revealed expression of CD26/DPPIV on peripheral blood lymphocytes of patients with B 
chronic lymphocytic leukemia (B-CLL), but not on peripheral B cells from normal donors (131). CD26/DPPIV could also be 
induced in normal B cells following treatment with IL-4, indicating that expression was regulated at the level of transcription 
(131). CD26/DPPIV has also been shown to be a marker for aggressive T-large granular lymphocyte (T-LGL) 
lymphoproliferative disorder. Our work indicated that patients with CD26-positive disease were more likely to require therapies 
for cytopenia and infections associated with the disease than those with CD26-negative T-LGL (132). Furthermore, CD26-related 
signaling may be aberrant in T-LGL as compared to T-lymphocytes from normal donors (132). Disease aggressiveness is also 
correlated with CD26/DPPIV expression in other subsets of T-cell malignancies including T-lymphoblastic lymphoma/acute 
lymphoblastic leukemia (LBL/ALL), as those with CD26-positive T-LBL/ALL had a worse clinical outcome compared to 
patients with CD26-negative tumors (133, 134). 
 

JKT-hCD26WT cells resulted in a greater sensitivity to doxorubicin and etoposide compared to mock transfected 
cells (135-138). Jurkat cells transfected with a nonfunctional DPPIV catalytic site mutant (Ser630Ala) did not show increased 
doxorubicin and etoposide sensitivity, suggesting that DPPIV activity is required for chemo-sensitization. A CD26 transfectant 
with a mutation at the ADA binding site retains DPPIV activity and had a higher level of doxorubicin sensitivity. Surface CD26 
expression and DPPIV activity are associated with increased doxorubicin sensitivity and cell cycle arrest in Jurkat cells. Also, 
there are differences in hyperphosphorylation and inhibition of p34cdc2 kinase activity, phosphorylation of cdc25C, and alteration 
in cyclin B1 expression associated with doxorubicin sensitivity in Jurkat cell lines (136). Therefore, inhibition of CD26 increases 
cell survival, while increased CD26 expression is associated with decreased drug resistance. The mechanism of this decreased 
resistance appears to be by CD26 mediated enhanced expression of topoisomerase IID – the target for both doxorubicin and 
etoposide. The increased sensitivity to doxorubicin and etoposide in CD26 expressing tumors may be important in T-cell 
hematologic malignancies as well as other cancers. Surface expression of CD26 increases topoisomerase IID level in the B-cell 
line Jiyoye and increases doxorubicin sensitivity (139). This was demonstrated by using CD26 transfection constructs in the 
Jiyoye B-cell lymphoma cell line as well as by target specific siRNA inhibition of CD26 in the Karpas-299 T-cell leukemia cell 
line. Therefore, CD26 has effects on topoisomerase IID and doxorubicin sensitivity in both B-cell and T-cell lines. Increased 
CD26/DPPIV levels are associated with increased phosphorylation of p38 and its upstream regulators – MAPK kinase (MAPKK) 
3/6 and apoptosis signal-regulating kinase 1 (ASK1). Therefore, the p38 signaling pathway may be involved in the regulation of 
topoisomerase IID expression. Doxorubicin treated SCID mice had increased survival in those injected with wild type CD26 
compared to vector or DPPIV catalytic site mutant (Ser630Ala) injected mice. CD26/DPPIV levels may be useful predictive 
markers for doxorubicin treatment of cancer. CD26 level is also associated with etoposide resistance. CD26 mediated changes 
include hyperphosphorylation of p34cdc2, variation in cdc25C level and phosphorylation, and changes in cyclin B1 level. Since 
CD26/DPPIV cleaves substrates resulting in altered function (140, 141), it is possible that CD26-associated drug sensitivity may 
therefore be mediated by serum-derived factors. However, our work showed that the increased doxorubicin and etoposide 
sensitivity of JKT-hCD26WT was independent of serum, data which suggest an effect of CD26 on cell-mediated processes, such 
as signal transduction, rather than serum-derived factors (137). 

 
 Pang et al. identified a subpopulation of CD26+ cells uniformly presenting in both primary and metastatic tumors in 
colorectal cancer (CRC), and showed that CD26+ cancer cells were associated with enhanced invasiveness and chemoresistance 
(142). These investigators showed that in CD26+ CRC cells, mediators of epithelial to mesenchymal transition (EMT) contribute 
to the invasive phenotype and metastatic capacity. These results suggest that CD26+ cells are cancer stem cells in CRC, and that 
CD26/DPPIV can be targeted for metastatic CRC therapy. Recently, other investigators demonstrated in a murine model that 
lung metastasis of CRC was suppressed by treatment with a DPPIV inhibitor (143). They showed a reduction of EMT markers, 
suggesting that the EMT status of the murine colon cancer cell line MC38 was at least in part affected by DPPIV inhibition, with 
a diminution in the growth of metastases. They also showed that DPPIV inhibition decreased the growth of lung metastases of 
colon cancer by downregulating autophagy, increasing apoptosis and arresting the cell cycle. These data therefore suggest that 
DPPIV inhibition may be an effective therapeutic strategy for the treatment of cancers with pulmonary metastases (143). 
 
 Yamada et al. comprehensively investigated gene expression profiles in surgical samples of untreated gastrointestinal 
stromal tumors (GIST) of the stomach and small intestine. They found that the disease-free survival of patients with CD26-
positive GIST of the stomach was worse than that of patients with CD26-negative GIST (144). Moreover, the postoperative 
recurrence rate of CD26-negative gastric GIST cases was as low as 2.0.%. They concluded that CD26 is a significant prognostic 
factor of gastric GIST and may also serve as a therapeutic target (144). Meanwhile, CD26 expression was not associated with 
clinical outcome of small intestinal GIST. 
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5. SUMMARY AND PERSPECTIVES 
 

Initially described in 1966 as an enzyme with intrinsic DPPIV activity (145), this activity was subsequently found to 
be identical to CD26, a 110 kDa extracellular membrane-bound glycoprotein expressed on many tissues including brain, 
endothelium, heart, intestine, kidney, liver, lung, skeletal muscle, pancreas, placenta, and lymphocytes (26, 146, 147). Originally 
characterized as a T cell differentiation antigen, CD26 is preferentially expressed on a specific population of T lymphocytes, the 
subset of CD4+CD45RO+ memory T cells, and is upregulated following T cell activation (15, 26). Besides being a marker of T 
cell activation, CD26 is also associated with T cell signal transduction processes as a costimulatory molecule (5-7). CD26 
therefore has an important role in T cell biology and overall immune function, and represents a novel therapeutic target for 
various immune disorders (13, 52, 148-150). CD26 is also expressed on various tumors such as MPM, CRC, RCC, hepatocellular 
carcinoma, lung cancer, prostate cancer, GIST, thyroid cancer, and hematologic malignancies such as T-anaplastic large cell 
lymphoma and T-LBL/ALL (10). Moreover, in several human malignancies including CRC, chronic myeloid leukemia, gastric 
adenocarcinoma and MPM, CD26/DPPIV expression is reported to be a marker of cancer stem cells (142, 151-155). Given the 
potential role of CD26 surface expression in cancer biology, YS110 therapy may also influence tumor growth through its 
potential effect on the cancer stem cells of selected tumors. We recently developed novel anti-human CD26 mAbs that can be 
used as companion diagnostic reagents suitable for immunohistochemical staining of CD26 in formalin-fixed tissue sections with 
reliable clarity and intensity (155). Since these mAbs display no cross-reactivity with the therapeutic humanized anti-CD26 mAb 
YS110, they may be suitable for assays analyzing CD26 expression during or following treatment with YS110, with important 
implications in the clinical setting. 
 Since CD26/DPPIV has a multitude of biological functions in immune system and human tumor cells, further detailed 
understanding of the role of this molecule in various clinical settings may lead potentially to novel therapeutic approaches. 
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Figure 1. Schematic diagram of human CD26 profiling the predicted contacting areas of anti-CD26 mAbs 2F9, 1F7, YS110 and 
MERS-CoV S1. 2F9 recognizes between 248-449th AAs including the ADA binding regions, and 1F7 or YS110 recognize 
between 248-358th AAs excluding the ADA binding regions. MERS-CoV contacting residues of human CD26 are indicated in 
stars, with available information obtained from recently published data (55, 69). TM indicates the transmembrane region of 
human CD26 (black box), and the extracellular domain of CD26 is located at the C-terminal residues of TM. This Figure is 
reprinted with permission from K Ohnuma et al., J Virol 87: 13892-13899, 2013 (62). 
 
Figure 2. DPP4 inhibition suppresses truncation of its ligand CXCL10, leading to recruitment of CXCR3+ T cells into tumor 
parenchyma. Through an in vivo xenotransplant models, DPPIV inhibitor is found to reduce tumor growth through the 
preservation of bioactive CXCL10 in the tumor microenvironment (TME). In the normal physiological state, CXCL10 is rapidly 
degraded by CD26/DPPIV, resulting in decreased recruitment and migration of CXCR3+ T cells into the tumor parenchyma. In 
contrast, DPPIV inhibition enhances tumor rejection by preserving the full-length biologically active form of CXCL10, leading to 
increased trafficking of CXCR3+ T cells into the tumor parenchyma. This anti-tumor response is potentiated in combination with 
other anti-tumor immunotherapeutic approaches including CpG adjuvant therapy, adoptive T cell transfer therapy and checkpoint 
blockade therapy. This Figure is reprinted with permission from K Ohnuma et al., Nat Immunol 16: 791-792, 2015 (156). 
 
Figure 3. A model for cytostatic signaling mediated by SSTR4 and CD26 coassociation in MPM cells. SSTR4 molecules form 
homo- or oligo-dimers when stimulated by its agonists (Ago), followed by manifestation of their cytostatic effects via SHP-2 
signaling (A). When coassociation of SSTR4 with CD26 occurs, CD26 binds to the C-terminal region of SSTR4, which is 
necessary to transduce SSTR4 signaling, hence blocking the SSTR4-mediated cytostatic effects (B). Meanwhile, anti-CD26 mAb 
ligates CD26, leading to dissociation of SSTR4 from CD26 and to recruiting lipid rafts with clustering of SSTR4 molecules (C). 
As a result, downstream signaling of SSTR4 occurs with activation of SHP-2, leading to the observed cytostatic effects. 
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a b s t r a c t

We previously reported that inhibition of dipeptidyl peptidase (DPP)-4, the catalytic site of CD26, pre-
vents atherosclerosis in animal models through suppression of inflammation; however, the underlying
molecular mechanisms have not been fully elucidated. Caveolin-1 (Cav-1), a major structural protein of
caveolae located on the surface of the cellular membrane, has been reported to modulate inflammatory
responses by binding to CD26 in T cells. In this study, we investigated the role of Cav-1 in the suppression
of inflammation mediated by the DPP-4 inhibitor, teneligliptin, using mouse and human macrophages.
Mouse peritoneal macrophages were isolated from Cav-1þ/þ and Cav-1�/�mice after stimulation with 3%
thioglycolate. Inflammation was induced by the toll-like receptor (TLR)4 agonist, lipopolysaccharide
(LPS), isolated from Escherichia coli. The expression of pro-inflammatory cytokines was determined using
reverse transcription-polymerase chain reaction. Co-expression of Cav-1 and CD26 was detected using
immunohistochemistry in both mouse and human macrophages. Teneligliptin treatment (10 nmol/L)
suppressed the LPS-induced expression of interleukin (IL)-6 (70%) and tumor necrosis factor-a (37%) in
peritoneal macrophages isolated from Cav-1þ/þ mice. However, teneligliptin did not have any effect on
the macrophages from Cav-1�/� mice. In human monocyte/macrophage U937 cells, teneligliptin treat-
ment suppressed LPS-induced expression of pro-inflammatory cytokines in a dose-dependent manner (1
e10 nmol/L). These anti-inflammatory effects of teneligliptin were mimicked by gene knockdown of Cav-
1 or CD26 using small interfering RNA transfection. Furthermore, neutralization of these molecules using
an antibody against CD26 or Cav-1 also showed similar suppression. Teneligliptin treatment specifically
inhibited TLR4 and TLR5 agonist-mediated inflammatory responses, and suppressed LPS-induced
phosphorylation of IL-1 receptor-associated kinase 4, a downstream molecule of TLR4. Next, we deter-
mined whether teneligliptin could directly inhibit the physical interaction between Cav-1 and CD26
using the Biacore system. Binding of CD26 to Cav-1 protein was detected. Unexpectedly, teneligliptin also
bound to Cav-1, but did not interfere with CD26-Cav-1 binding, suggesting that teneligliptin competes

Abbreviations: ANOVA, analysis of variance; Cav-1, caveolin-1; DAPI, 40 , 6-diamidino-2-phenylindole; DPP-4, dipeptidyl peptidase-4; FBS, fetal bovine serum; FITC,
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IL-1 receptor-associated kinase; LPS, lipopolysaccharide; MCP, monocyte chemoattractant protein; MEM, minimum essential medium; NF-kb, nuclear factor-kappa beta; PBS,
phosphate buffered saline; PE, phycoerythrin; rhCD26, recombinant human CD26; RT-PCR, reverse transcription-polymerase chain reaction; RU, response unit; SEM, standard
error of mean; siRNA, small interfering RNA; SDS, sodium dodecyl sulfate; TLR, toll-like receptor; TNF, tumor necrosis factor.
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with CD26 for binding to Cav-1. In conclusion, we demonstrated that Cav-1 is a target molecule for DPP-4
inhibitors in the suppression of TLR4-mediated inflammation in mouse and human macrophages.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Dipeptidyl peptidase (DPP)-4 inhibitors are commonly used for
the treatment of patients with type 2 diabetes because of their
potent glucose-lowering effect, without any increase in hypogly-
cemia risk and body weight gain [1e3]. DPP-4, originally known as
the catalytic site of the T-cell surface marker CD26, is widely
expressed in most cells [4]. DPP-4 cleaves incretin hormones, such
as glucose-dependent insulinotropic polypeptide and glucagon-
like peptide-1 that stimulate insulin secretion in pancreatic b-
cells. In addition, various peptides, which are involved in the
regulation of immune and cardiovascular systems, are also cleaved
by DPP-4 [5,6]. Extensive studies have been conducted to evaluate
the direct vascular protective and anti-inflammatory effects of DPP-
4 inhibitors. We previously reported that the DPP-4 inhibitor, vil-
dagliptin, suppresses the progression of atherosclerosis in diabetic
apolipoprotein E-null mice, and this effect is partially incretin-
independent [7]. Furthermore, the direct anti-atherogenic effects
of DPP-4 inhibitors on vascular cells and macrophages have been
shown in vitro [7e14]. However, the underlying molecular mech-
anisms are not fully elucidated.

Caveolin-1 (Cav-1), a major structural protein of caveolae on the
cell surface, is implicated in regulating inflammatory responses
[15]. Ohnuma et al. have demonstrated an interaction between Cav-
1 and CD26 in antigen-presenting cells, including T cells [16e19].
CD26 phosphorylates Cav-1 by direct binding, resulting in the
activation of the nuclear factor-kappa beta (NF-kb) pathway [17]. In
addition, the enzymatic activity of CD26 is essential for its inter-
action with Cav-1 [19]. However, the relationship between CD26
and Cav-1 in other immune cells and the involvement of Cav-1 in
the anti-inflammatory effects of DPP-4 inhibitors are yet to be
determined. In the present study, we demonstrated that Cav-1 is an
essential molecule for the suppression of toll-like receptor (TLR)4-
induced inflammation mediated by DPP-4 inhibitors in mouse and
human macrophages.

2. Materials and methods

2.1. Animal study

This study was conducted in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health (8th edition, 2011; Office of
Laboratory AnimalWelfare, National Institutes of Health, MD, USA).
All procedures were approved by the Animal Care Committee of
Showa University School of Medicine (approval number 06013).
Cav-1 knockout (Cav-1�/�) mice and their littermate controls (Cav-
1þ/þ) were purchased from the Jackson Laboratory (ME, USA), and
kept on standard rodent chow. Sixeeight-week-old female mice
were intraperitoneally injected with 4 mL of 3% thioglycolate
(Wako, Osaka, Japan). Four days after injection, mice were eutha-
nized by anesthesia overdose using isoflurane. Exudate peritoneal
macrophages were collected by injecting ice-cold phosphate buff-
ered saline (PBS) into the intraperitoneal cavity. The collected cells
were seeded into 3.5-cm dishes (1 � 106 cells/dish) and allowed
adhesion to the dish for 1 h. The adherent cells were identified as
peritoneal macrophages [20]. The cells were treated with

lipopolysaccharide (LPS) (B4; Sigma-Aldrich, MO, USA) with or
without the DPP-4 inhibitor (teneligliptin; gifted from Mitsubishi
Tanabe Pharma, Osaka, Japan) in RPMI 1640 medium (Gibco, MA,
USA) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin,
100 U/mL streptomycin, and 1% minimum essential medium
(MEM) non-essential amino acid solution.

2.2. Cell culture

A human monocyte/macrophage cell line, U937, was obtained
from JCRB (JCRB9021; Osaka, Japan). The cells were cultured in
RPMI 1640 medium containing 10% FBS. The cells were seeded into
3.5-cm dishes (1 � 106 cells/dish) and treated with LPS with or
without reagents for the indicated hours. The following antibodies
were used for the neutralization of target proteins: anti-CD26
antibody (H-270; sc-9153; Santa Cruz Biotechnology, TX, USA;
RRID: AB_2093585), anti-Cav-1 antibody (H97; sc-7875; Santa Cruz
Biotechnology; RRID: AB_2072020), and anti-Cav-1 antibody (7c8;
sc-53564; Santa Cruz Biotechnology; RRID: AB_628859). TLR ago-
nists that were used are presented in Supplemental Table 1.

2.3. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden,
Germany) and used to synthesize complementary DNA using
ReverTra Ace® (TOYOBO, Osaka, Japan). Real-time RT-PCR was
performed using TaqMan gene expression assays and ABI 7900HT
(Applied Biosystems, MA, USA). The following probe sets were
used: interleukin-1b (Il-1b), Hs01555410_m1; Il-6,
Hs00985639_m1 and Mm00446190_m1; tumor necrosis factor-a
(Tnf-a), Hs01113624_g1 and Mm00443258_m1; Nf-kb,
Hs00765730_m1; interferon gamma-induced protein 10 (Ip-10),
Hs00171042_m1; monocyte chemoattractant protein-1 (Mcp-1),
Hs00234140_m1; 18S ribosomal RNA (18s rRNA), Hs999999901_s1;
and glyceraldehyde 3-phosphate dehydrogenase (Gapdh),
Mm03302249_g1. Expression of target genewas normalized to that
of an internal control (18s rRNA) in U937 cells or Gapdh in mouse
peritoneal macrophages.

2.4. Biophysical interaction analysis

In vitro protein binding was assessed using Biacore™ T100 (GE
Healthcare, Buckinghamshire, England). The buffer consisted of
0.1 mol/L HEPES, 1.5 mol/L NaCl, 30 mmol/L EDTA, and 0.5% (v/v)
surfactant P20. Glutathione S-transferase (GST)-tagged Cav-1 (Cav-
1 human recombinant protein; Abnova, Taipei, Taiwan) at 5 mg/mL
was immobilized on Sensor Chip CM5 (GE Healthcare) as a ligand
using GST capture kit (GE Healthcare). Recombinant human CD26
(rhCD26; R&D Systems, MN, USA; 25 mg/mL), teneligliptin
(100 mmol/L or 1 mmol/L), or rhCD26 (25 mg/mL) þ teneligliptin
(100 mmol/L or 1 mmol/L) were injected onto the sensor chip as
analytes for 150 s. Glycine-HCL (10 mmol/L) was used to regenerate
the immobilized sensor chip surface. Mass change on the sensor tip
induced by binding between molecules was detected as response
unit (RU).
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2.5. Immunohistochemistry

Mouse peritoneal macrophages and U937 cells were seeded in
poly-D-lysine-coated microplates and fixed with acetone-methanol
(1:1) for 2 min at 23 �C. After blocking with 5% bovine serum
albumin-PBS for 30 min at 4 �C, the fixed cells were incubated with
primary antibodies for 1 h at 37 �C and secondary antibodies for
1 h at 37 �C. The primary antibody used for U937 cells was anti-
CD26 antibody (generated by Ohnuma; 5 mg/mL; raised in rabbit)
or anti-Cav-1 antibody (sc-894; Santa Cruz Biotechnology; 5 mg/mL;
raised in rabbit; RRID: AB_2072042). Anti-CD26 antibody (AF954;
R&D Systems; 5 mg/mL; RRID: AB_355739) or anti-Cav-1 antibody
(3238; Cell Signaling Technology, MA, USA; 5 mg/mL; RRID:
AB_10699017) was used for mouse peritoneal macrophages. The
cells were mounted with ProLong™ Gold Antifade (Thermo Fisher
Scientific, MA, USA), and images were taken with the BZ8000 mi-
croscope (KEYENCE, Osaka, Japan).

2.6. Immunoblotting

U937 cells were treated with various reagent concentrations for
the indicated time periods. After incubation, the cells were washed
with PBS three times and lysed using 10% sodium dodecyl sulfate
(SDS). The lysates were used for protein measurement by bicincho-
ninic acid (Thermo Fisher Scientific), and boiled for 5min in NuPAGE
LDS Sample Buffer (3:1; Thermo Fisher Scientific). The samples (10
mg/lane) were subjected to 10% SDS-polyacrylamide gel electropho-
resis, and transferred to Immobilon-P membranes (Merck Millipore,
Darmstadt, Germany). The membranes were immunoblotted with
antibodies against IL-1 receptor-associated kinase 4 (IRAK-4) (2H9;
MAB10701; Abnova, Taipei, Taiwan; 1:500; raised in rabbit; RRID:
AB_11190488), phosphorylated IRAK-4 (p-IRAK4; T345) (A8A8;
MAB2538;Abnova; 1:500; raised in rabbit; RRID:AB_10555313), and
b-actin (C4; sc47778; Santa Cruz Biotechnology, TX, USA; 1:200;

raised in rabbit; RRID: AB_626632). The protein bands were visual-
ized with enhanced luminal reagents (PerkinElmer, MA, USA) and
quantified using FIJI software (NIH, MD, USA).

2.7. Small interfering RNA transfection

Small interfering (si)RNAs against control (sc-37007), Cav-1 (sc-
29241), and CD26 (sc-42762) were obtained from Santa Cruz
Biotechnology (TX, USA). Transfection was performed using X-
tremeGENE siRNA transfection reagent (Roche, Basel, Switzerland)
with 25 nmol/L of siRNA. The cells were used for experiments 48 h
post transfection.

2.8. Cell viability

Cell viability was evaluated using CellQuanti-MTT Cell Viability
Assay Kits (BioAssay Systems, CA, USA). U937 cells were seeded into
96-well plates (1 � 104 cells/well) and treated with the indicated
concentrations of reagents for 22 h in 5% FBS-RPMI 1640 medium.
During the last 4 h, the cells were incubated with CellQuanti-MTT
reagent. Solubilization solution was added to each well, and
absorbance at 570 nm was measured using infinite M200 PRO
(Tecan, M€annedorf, Switzerland).

2.9. Flow cytometry

Mouse peritoneal macrophages were treated with or without
LPS (100 ng/mL) or teneligliptin (10 mmol/L) for 1 h, and stained
with phycoerythrin (PE)-conjugated anti-CD11b antibody (Bio-
Legend, CA, USA) and fluorescein isothiocyanate (FITC)-conjugated
anti-CD26 antibody (Bio-Rad Laboratories, CA, USA). Fluorescence
intensity was measured using BD FACSVerse™ (Becton, Dickinson
and Company, NJ, USA), and data obtained were analyzed by FlowJO
software (Tree Star, Inc., OR, USA).

Fig. 1. The role of Cav-1 in the anti-inflammatory effects of teneligliptin. (A and B) Expression of CD26 and Cav-1 in mouse peritoneal macrophages and human U937 cells.
Representative images of immunofluorescent staining of CD26 and Cav-1, and the merged images with 40 ,6-diamidino-2-phenylindole (DAPI) are shown in A (mouse peritoneal
macrophages) and B (human U937 cells). (C and D) The effects of teneligliptin on LPS-induced expression of Il-6 and Tnf-a in peritoneal macrophages isolated from Cav-1þ/þ and
Cav-1�/� mice. n ¼ 4e6 per group. *p < 0.05. (E) Binding of rhCD26 and teneligliptin to Cav-1 protein was determined using Biacore system. The binding of protein is expressed as
RU.
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2.10. Statistical analysis

Values are expressed as the means ± standard error of mean
(SEM). Statistical comparisons were performed by analysis of
variance (ANOVA) followed by Tukey's test using JMP software
(version 11; SAS Institute Inc., NC, USA). The significance level was
defined as p < 0.05.

3. Results

3.1. Co-expression of CD26 and Cav-1 in mouse peritoneal
macrophages and human U937 cells

First, we investigated whether CD26 and Cav-1 are expressed in
mouse peritoneal macrophages or U937 cells. Immunofluorescent
staining showed that CD26 and Cav-1 were co-expressed primarily
in the cytoplasm of mouse peritoneal macrophages and U937 cells
(Fig. 1A and B). In flow cytometric analysis, less than 10% of the
mouse peritoneal macrophages were positive for CD26. LPS
(100 ng/mL) and teneligliptin (10 mmol/L) did not affect the ratio of
CD26-positive cells (Supplemental Fig. 1).

3.2. Cav-1 is involved in the anti-inflammatory effects of
teneligliptin on mouse peritoneal macrophages

Weevaluatedwhether Cav-1 is involved in theanti-inflammatory
effects of teneligliptin usingmouse peritoneal macrophages isolated
from Cav-1þ/þ or Cav-1�/�mice. Treatment with LPS (100 ng/mL for
4 h), a TLR4 agonist, significantly increased Il-6 and Tnf-a expression
in the macrophages from Cav-1þ/þ mice, while co-treatment with

teneligliptin (10 nmol/L) suppressed their expression by 70 and 37%,
respectively. In Cav-1�/� mice, LPS treatment also increased the
expression of Il-6 and Tnf-a. However, responses to LPS stimulation
were lower than those observed in Cav-1þ/þmice. Unlike that in Cav-
1þ/þmice, teneligliptin failed to suppress LPS induced expression of
Il-6 and Tnf-a in Cav-1�/�mice (Fig. 1C and D).

3.3. Teneligliptin does not affect protein binding of CD26 and Cav-1
in vitro

Aprevious studyusingbiophysical interactionanalysis has shown
that CD26 protein directly binds to Cav-1 protein in vitro [19]. We
determined whether teneligliptin affects the interaction between
CD26 andCav-1protein using theBiacore system,which is capable of
assessing direct molecule binding bymeasuringmass change on the
sensor chip. In this analysis, the binding of the proteinwas expressed
as RU. Cav-1 proteinwas immobilized on the sensor chip as a ligand,
and rhCD26 and teneligliptin were used as analytes. Administration
of rhCD26 to Cav-1 protein showed elevated RU levels compared to
Cav-1 protein alone. Furthermore, administration of teneligliptin
(100 mmol/L or 1 mmo/L) to Cav-1 protein dose-dependently
increased RU levels, indicating the direct binding of teneligliptin to
Cav-1. However, co-administration of teneligliptin and rhCD26
showed higher RU levels than those observedwith administration of
rhCD26 or teneligliptin alone (Fig. 1 E).

3.4. Teneligliptin suppresses LPS-induced expression of pro-
inflammatory molecules in U937 cells

Next, we evaluated the effects of teneligliptin on the expression

Fig. 2. The anti-inflammatory effects of teneligliptin on human macrophages. (AeF) The effect of teneligliptin on the expression of pro-inflammatory molecules in human
U937 cells. Expression of Il-1b, Il-6, Tnf-a, Mcp-1, Ip-10, and Nf-kb was measured by real-time RT-PCR. (G) and (H) The effect of teneligliptin on LPS-mediated phosphorylation of
IRAK-4 in U937 cells. Representative images of immunoblot bands for phosphorylated and total IRAK-4 (G). The ratio of phosphorylated IRAK-4 to total IRAK-4 (H). n ¼ 3 per group.
*p < 0.05.
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of pro-inflammatory molecules in human U937 cells. LPS treatment
(10 mg/mL) increased the expression of Il-1b, Il-6, and Tnf-a at 6 h,
and co-treatment with teneligliptin (1, 5, and 10 nmol/L) dose-
dependently suppressed this increase (Fig. 2 AeC). Furthermore,
teneligliptin treatment at 5 and 10 nmol/L also suppressed LPS-
induced expression of Mcp-1, Ip-10, and Nf-kb (Fig. 2 DeF).
Consistently, teneligliptin treatment (5 and 10 nmol/L) suppressed
LPS-induced phosphorylation of IRAK-4, a downstreammolecule of
TLR4 signaling (Fig. 2 G); however, it did not affect cell viability in
the presence or absence of LPS (Supplemental Fig. 2).

Neutralization and gene knockdown of CD26 or Cav-1 suppress
LPS-induced expression of pro-inflammatory molecules in
U937 cells.

To obtain further insights into the role of CD26 and Cav-1 in
TLR4-induced inflammatory responses, we conducted antibody
neutralization and siRNA-induced gene knockdown against CD26
or Cav-1. Anti-CD26 antibody (100 ng/mL) suppressed LPS-induced
expression of Il-1b, Il-6, and Tnf-a to the same level as that achieved
by teneligliptin treatment (Fig. 3 AeC). Similarly, anti-Cav-1 poly-
clonal antibody (H97; 200 ng/mL), recognizing amino acids 82e178
of Cav-1, significantly suppressed LPS-induced expression of these
cytokines. In contrast, anti-Cav-1 monoclonal antibody (7c8;
200 ng/mL), recognizing amino acids between residue 32 and the
C-terminus of Cav-1, did not show any effect (Fig. 3 DeF). Expres-
sion of CD26 or Cav-1 was significantly decreased by siRNA trans-
fection (Supplemental Fig. 3). Gene knockdown of CD26 and Cav-1
significantly attenuated LPS-induced expression of Il-1b, Il-6, or Tnf-
a (Fig. 3 GeI).

3.5. The anti-inflammatory effects of teneligliptin are specific to
TLR4 and TLR5 signaling pathways

Finally, we evaluated the effects of teneligliptin on inflammation
induced by other TLR agonists. U937 cells were stimulated with
specific agonists for TLR1e9. All agonists significantly increased the
expression of Il-1b, Il-6, and Tnf-a (Fig. 4 AeC). Teneligliptin
(5 nmol/L) suppressed the expression of these pro-inflammatory
cytokines induced by LPS (TLR4 agonist) and flagellin (TLR5
agonist), but did not suppress the expression of cytokines induced
by other TLR agonists.

4. Discussion

In the present study, we demonstrated that Cav-1 is a target of
DPP-4 inhibitors in the suppression of inflammation in human and
murine macrophages. Teneligliptin is a potent DPP-4 inhibitor that
inactivates DPP-4 at a lower IC50 (0.37 nmol/L) than other DPP-4
inhibitors (IC50, 1e62 nmol/L) [21], and is wildly used for the
treatment of type 2 diabetes. The anti-inflammatory effects of DPP-4
inhibitors have been shown in various immune cells of rodents and
humans [8,13,14]. Consistently, teneligliptin suppressed TLR4 ligand
(LPS)-induced inflammation in mouse exudate peritoneal macro-
phages andhumanU937 cells, bothofwhich co-expressedCD26and
Cav-1. It is noteworthy that the genetic deletion of Cav-1 in macro-
phages reduced inflammatory responses to LPS derived from
Escherichia coli, and that teneligliptin treatment did not suppress
LPS-induced inflammation in macrophages in the absence of Cav-1.

Fig. 3. The role of CD26 and Cav-1 on TLR4-induced inflammation. (AeF) The effect of neutralization by anti-CD26 or anti-Cav-1 antibody (polyclonal H97 or monoclonal 7c8) on
LPS-induced expression of pro-inflammatory cytokines in U937 cells. Relative expression of Il-1b, Il-6, and Tnf-a to that of 18s rRNA using anti-CD26 or anti-Cav-1 antibody is
presented in AeC and DeF, respectively. n ¼ 3e5 per group. (GeI) The effect of gene knockdown of CD26 or Cav-1 by siRNA transfection on LPS-induced expression of pro-
inflammatory cytokines in U937 cells. n ¼ 3e5 per group. *p < 0.05.
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Previous studies investigating the role of Cav-1 in inflammatory
responses have shown confounding results [22,23]. Cav-1�/� mice
have been shown to be resistant to lung inflammation induced by
intraperitoneal administration of LPS derived from E. coli via
decreased NF-kb activity [22]. In contrast, peritoneal macrophages
obtained from Cav-1�/� mice show enhanced inflammatory re-
sponses to LPS derived from Salmonella enterica [23]. There is a
report showing that inflammatory responses are different between
LPS derived from E. coli and S. enterica and that lipid A, one of the
structural components of LPS, is involved in this difference [24].
Thus, whether Cav-1 enhances or suppresses inflammatory re-
sponses may vary in different types of LPS or cells. Our data show
that, in mouse macrophages, Cav-1 acts as a pro-inflammatory
molecule in response to E. coli-derived LPS, and is a target of DPP-4
inhibitors to suppress inflammation induced by this type of LPS.

To gain further understanding about the interaction between
CD26 and Cav-1, we conducted antibody neutralization and gene
knockdown against CD26 and Cav-1. In human U937 cells, treat-
ment with antibody against CD26 and siRNA transfection against
Cav-1 or CD26 showed suppression in LPS-induced expression of
pro-inflammatory cytokines, similar to that observed after ten-
eligliptin treatment. However, two antibodies against Cav-1 exer-
ted different effects: the antibody recognizing amino acids 82e178
of Cav-1 suppressed inflammatory responses to LPS, and the anti-
body recognizing the amino acids between residue 32 and the C-
terminus of Cav-1 did not show any effect. Ohnuma et al. have
demonstrated that residue 630 of CD26 (serine catalytic site having
DPP-4 activity) is required to bind to Cav-1 residues 82e101 (also
known as the caveolin scaffolding domain) [16]. Our findings pro-
vide further evidence that residues 82e178 of Cav-1 are essential
for the inflammatory responses induced by TLR4, possibly due to

their involvement in the binding of Cav-1 and CD26.
We found that teneligliptin suppress LPS-induced phosphory-

lation of IRAK-4 in human U937 cells. IRAK-4 has been shown to be
a signaling component that is required for NF-kB activation, and is
highly co-localized with Cav-1 in the caveolae of macrophages [25].
A previous study has demonstrated that Cav-1 deficiency reduces
inflammatory responses to LPS by impairing IRAK-4 activity in the
mouse lung [26]. Our findings indicate that suppression of IRAK-4
phosphorylation may be one of the mechanisms responsible for
the anti-inflammatory effects of teneligliptin.

In conclusion, Cav-1 acts as a pro-inflammatory molecule in
response to E. coli-derived LPS in mouse and human macrophages,
and is a target of DPP-4 inhibitors to suppress TLR4-induced
inflammation.
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First-in-human phase 1 of YS110, a
monoclonal antibody directed against CD26
in advanced CD26-expressing cancers
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Background: YS110 is a humanised IgG1 monoclonal antibody with high affinity to the CD26 antigen. YS110 demonstrated
preclinical anti-tumour effects without significant side effects.

Methods: This FIH study was designed to determine the maximal tolerated dose (MTD) and recommended phase 2 dose (RP2D)
to assess the tolerance, pharmacokinetics (PK) and pharmacodynamics profiles of YS110 and preliminary efficacy. YS110 were
initially administered intravenously once every 2 weeks (Q2W) for three doses and then, based on PK data, once every week (Q1W)
for five doses in patients with CD26-expressing solid tumours.

Results: Thirty-three patients (22 mesothelioma) received a median of 3 (range 1–30) YS110 infusions across six dose levels
(0.1–6 mg kg-1). MTD was not reached and two dose-limiting toxicities (infusion hypersensitivity reactions) led to the institution of a
systemic premedication. Low-grade asthenia (30.3%), hypersensitivity (27.3%), nausea (15.2%), flushing (15.2%), chills (12.1%) and
pyrexia (12.1%) were reported as ADRs. Pharmacokinetic parameters (AUC and Cmax) increased in proportion with the dose.
sCD26/DPPIV assays indicated CD26 modulation. Prolonged stable diseases were observed in 13 out of 26 evaluable patients.

Conclusions: YS110 is well tolerated up to 6 mg kg-1 Q1W, which has been defined as the RP2D, with encouraging prolonged
disease stabilisations observed in a number of patients with advanced/refractory mesothelioma.

CD26 is a 110-kDa, type II transmembrane glycoprotein with
known dipeptidyl peptidase IV (DPPIV, EC 3.4.14.5) activity in its
extracellular domain and is capable of cleaving N-terminal

dipeptides with either L-proline or L-alanine at the penultimate
position (Torimoto et al, 1992; Ohnuma et al, 2008). CD26 activity
is dependent on cell type and the microenvironment factors that
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can influence its multiple biological roles (Havre et al, 2008;
Ohnuma et al, 2011). Robust evidence from our accumulating data
indicates that CD26 has an important role in T-cell biology and
overall immune function (Morimoto et al, 1989; Tanaka et al, 1993;
Morimoto and Schlossman, 1998; Dang et al, 1990a, b; Hegen et al,
1997; Ohnuma et al, 2008).

CD26 is also expressed on various tumours such as malignant
pleural mesothelioma (MPM), renal cell carcinoma (RCC), color-
ectal cancer (CRC), hepatocellular carcinoma, lung cancer, prostate
cancer, gastrointestinal stromal tumour, thyroid cancer and
haematologic malignancies such as T-anaplastic large cell lym-
phoma, T-lymphoblastic lymphoma and T-acute lymphoblastic
leukaemia (Havre et al, 2008).

Our previous work demonstrated that CD26 is preferentially
expressed in MPM cells but not in normal mesothelial cells
(Amatya et al, 2011), and suggested that membranous expression
of CD26 is of potential importance in the treatment of MPM
patients (Aoe et al, 2012). More recently, we demonstrated that the
CD26-positive population of CD24þCD9þ MPM cells exhibits
the cancer stem cell features (Ghani et al, 2011; Yamazaki et al,
2012). We also reported robust in vivo data on the anti-tumour
activity of anti-CD26 mAb in mouse xenograft models (Ho et al,
2001; Inamoto et al, 2006, 2007; Okamoto et al, 2014; Yamamoto
et al, 2014).

YS110 is a recombinant DNA-derived humanised monoclonal
antibody that selectively binds with high affinity to the extracellular
domain of CD26.

The antibody is an IgG1 kappa with a molecular weight of
144 kDa and was humanised via an in silico design based on the
amino-acid sequence of anti-human CD26 murine mAb (14D10),
which inhibited tumour cell growth, migration and invasion, and
enhanced survival of mouse xenograft models (Inamoto et al,
2006). The gene of YS110 is deposited to ATCC in designated with
accession No. PTA-7695. The gene is preserved in DH5a
Escherichia coli with plasmid having insert of heavy and light
chain of a humanised monoclonal antibody against human CD 26
cDNA. The strain designation is S604069. YST-pABMC 148
(� 411). YS110 is produced by fermentation in mammalian cell
(Chinese hamster ovary) suspension culture with the Glutamine
Synthetase Expression System. In vitro pharmacological evaluation
of YS110 demonstrated its selective binding to human CD26 on a
number of human cancer cell lines and tissues, and no evidence for
immune activation and no effect on DPPIV activity, while exhibiting
direct cytotoxic effect on certain human CD26-positive cancer cell
lines (Inamoto et al, 2006). In addition to antibody-dependent
cellular cytotoxicity and complement-dependent cytotoxicity
(Inamoto et al, 2006), YS110 induces tumour cell lysis in vitro
via alternative original mechanisms: (i) a direct anti-tumour effect
through the induction of cell cycle arrest by induction of p27kip1

expression (Inamoto et al, 2006, 2007), (ii) following internalisa-
tion of the CD26-YS110 complexes, an inhibition of invasion
and migration of tumours cells by decreased binding to the
collagen/fibronectin microenvironment matrix (Inamoto et al,
2006, 2007) and (iii) the nuclear translocation of CD26 molecules
by internalisation of the CD26-YS110 complexes to inhibit
proliferation of MPM cells via suppression of POLR2A gene
expression (Yamada et al, 2013). In further studies using preclinical
models, in vivo administration of YS110 resulted in inhibition
of tumour cell growth, migration and invasion, and enhanced
survival of mouse xenograft models inoculated with RCC or
MPM (Inamoto, et al, 2007; Okamoto et al, 2014; Yamamoto et al,
2014).

In addition to our robust in vitro and in vivo data on antibody-
mediated dose-dependent tumour growth inhibition, YS110
exhibited excellent safety and pharmacological profiles in non-
human primate models using single and repeated increasing
intravenous doses. Considering the lack of T-cell proliferation and

cytokine production in vitro, YS110 was therefore considered not
to have an agonistic nor activating effect on human CD26-positive
lymphocytes.

This first-in-human phase 1 clinical trial aims to evaluate the
safety, pharmacokinetic/pharmacodynamic profiles and prelimin-
ary anti-tumour effects of YS110 in patients with CD26-expressing
solid tumours and, particularly, refractory malignant mesothe-
lioma, a tumour type in which successful therapeutic advances are
expected to be warranted for a long time.

MATERIALS AND METHODS

Patients. Eligible patients were 18–80 years old with locally
advanced, inoperable or refractory solid tumours that were
histologically documented to express the CD26 molecule. Cancer
histologies included mesothelioma (pleural or peritoneal) or other
solid tumours such as non-small-cell lung carcinoma, RCC or
hepatocellular carcinoma. All patients were in relapse following or
were refractory to prior standard therapies (regardless of the
number of prior treatment lines), with a progressive evaluable/
measurable disease. Other key inclusion criteria included Eastern
Cooperative Oncology Group (ECOG) performance status score
p2, adequate bone marrow, liver and renal function; at least 4
weeks from prior surgery, chemotherapy, external radiotherapy or
immunotherapy (at least 6 weeks from prior nitrosoureas). All
patients provided written informed consent. This study was
conducted according to the Declaration of Helsinki and was
approved by an ethics committee and the French National Drug
Agency.

CD26 immunohistochemistry screening. Analysis of CD26
tumour expression for pre-screening was performed centrally at
Gustave Roussy by conventional immunohistochemistry per-
formed on formalin-fixed paraffin-embedded (FFPE) archival
tumour samples using a anti-human CD26 goat polyclonal
antibody (AF1180, R&D Systems, Minneapolis, MN, USA) as
previously described (Aoe et al, 2012). Briefly, all patients were
pre-screened for confirmed CD26-positive expression, defined as
X20% of the tumour cells (1þ , 2þ or 3þ intensity) and verified
independently by two pathologists (P Vielh and T Yamada)
(Figure 1).

Study design. This first-in-human study was designed as a
classical 3þ 3 dose-escalating phase 1 trial of the single agent
YS110 (Supplementary Table 1). The primary objective was to
determine the maximum tolerated dose (MTD) based on the
occurrence of dose-limiting toxicity (DLT) and a recommended
phase 2 dose (RP2D). Initially, cohorts 1–4 each planned to enrol
3, and up to 6, patients sequentially to evaluate escalating YS110
doses at 0.1, 0.4, 1 and 2 mg kg� 1 for a total of three infusions of
YS110 on days 1, 15 and 29 (one treatment cycle, Q2W). On the
basis of preliminary pharmacokinetics (PK) data, the protocol was
then subsequently amended to allow patients to receive a total of
five infusions of YS110 on days 1, 8, 15, 22 and 29 (one treatment
cycle, Q1W) at 2, 4, and 6 mg kg� 1. Each cohort included a 24-h
monitoring period following each infusion during the first cycle for
evaluation of safety, DLTs and PK. Patients who completed one
cycle and demonstrated a clinical response or stable disease could
receive the second cycle of YS110 treatment cycles at the same dose
and dosing frequency, until disease progression or a significant
observed serious adverse event (SAE). If the patient continued the
treatment, the second cycle was to begin initially 4 weeks (later
amended to 2 weeks) after the last infusion of the first cycle
(initially Day 57; after amendment, Day 43). For the subsequent
cycles, the latency period between the last administration of a cycle
and the beginning of the next cycle was 2 weeks. Secondary
objectives of the study were to assess the safety and tolerability
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profile, PK, pharmacodynamics, preliminary anti-tumour activity
and to collect survival data.

Safety. All adverse events and SAEs occurring from the informed
consent signature up to 30 days after the last dose were reported
according to the National Cancer Institute Common Terminology
Criteria for Adverse Events (CTCAE v3.0). An adverse drug
reaction (ADR) was defined as an adverse event (AE) documented
as possibly, probably or definitely related to the study drug or with
unknown relationship to the study drug. A treatment-emergent
adverse event was defined as an AE with onset on or after the first
infusion. The DLT period was 2 weeks after the first YS110
infusion, whatever the dose schedule. Dose-limiting toxicities were
defined as any grade X3 non-haematological toxicity or a
haematological toxicity of grade X4. This definition was later
amended to exclude reversible grade 3 infusion reactions defined as
allergic reaction/hypersensitivity, fever, pain, bronchospasm,
wheezing or hypoxia, occurring during the first dose infusion
and resolving with a reduced infusion rate, a stop of the infusion,
supportive care and/or the administration of corticosteroids
(Supplementary Table S2). In case of treatment discontinuation
due to reversible grade 3 infusion reactions, the patient was to be
replaced with a new patient of the same cohort.

Efficacy. Preliminary clinical efficacy was evaluated by radiologi-
cal and tumour marker assessments performed at screening at Day
43 of each treatment cycle, and at end of treatment until
progressive disease (PD) or withdrawal of consent. Tumour
response was evaluated based on RECIST 1.0 criteria and defined
as partial response (PR) or PD or stable disease (SD). Partial
response was defined as X30% decrease in the sum of the longest
diameter (LD) of target lesions, PD was defined as X20% increase
in the sum of the LD of target lesions and stable disease was
defined as neither sufficient shrinkage to qualify for PR nor
sufficient increase to qualify for PD. Patients with mesothelioma
were assessed according to modified RECIST criteria.

Pharmacokinetics. Serial blood samples were obtained at pre- and
post-YS110 administration at Day 1, Day 8, Day 15 and Day 29 at
specified time points throughout the study. Serum levels of YS110
were analysed by ELISA by Alta Intertek (San Diego, CA, USA).
The method of blood sample collection is described in
Supplementary Information.

Pharmacodynamics. All treated patients with appropriate post
baseline samples were evaluable for pharmacodynamics analyses
on blood samples collected at days 0 (baseline), 1 (post infusion),
2, 15 (pre- and post infusion), 29 (pre- and post infusion) for

immunomonitoring and soluble CD26 (sCD26)/DPPIV (sDPPIV)
activity assessments.

Immunomonitoring. Immunomonitoring was performed cen-
trally in the translational research laboratory at Institut Gustave
Roussy, France (F Farace).

Immunophenotyping was performed for the monitoring of
peripheral blood lymphocyte (PBL) CD26þ T (i.e., CD3þCD4þ ,
CD3þCD8þ ) and NK (i.e., CD3�CD16þ /�CD56þ ) subpopula-
tions by flow cytometry using fluorochrome-conjugated commer-
cially available specific mAbs with relevant isotypic controls (all
provided from Pharmingen, San Diego, CA, USA). To ensure the
specificity of the CD26 staining in blood samples collected under
YS110 treatment, competition and cross-blocking experiments
using the two different CD26 mAb clones 5K78 (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) and M-A261 (BD Pharmin-
gen, San Jose, CA, USA) were also performed.

Dosages of serum cytokines (i.e., interleukin 6 (IL-6), tumour
necrosis factor a (TNF-a) and IL-2) were investigated by standard
commercially available ELISA assays (R&D Systems).

Soluble CD26 (sCD26) and DPPIV activity assessments. Assays
for soluble CD26 and DPP4 were developed in the Morimoto’s
Laboratory (Juntendo University, Japan) using anti-human CD26
murine mAbs that exhibit no cross-reactivity with the therapeutic
humanised anti-CD26 mAb YS110 as described previously (Dong
et al, 1998; Ohnuma et al, 2015a). The sampling times for sCD26
were identical to that for immunomonitoring.

Statistical analyses. Descriptive statistics were used to summarise
the data. The patient sampling size was a function of the 3þ 3 dose
escalation schedule. The realised sample size was dependent on the
number and pattern of observed DLTs. The maximum sample size
was a consequence of the design’s sampling requirements and the
number of dose levels. In this trial with six dose levels, the
maximum number of patients being exposed in each dose level was
determined according to the DTL occurrence rate and confirma-
tion of safety.

RESULTS

Screening for CD26 expression. A total of 136 patients signed an
informed consent form and were screened for CD26 expression on
a FFPE archival tumour tissue sample. Mesothelioma, which was
previously reported as one of the CD26-expressing tumour types
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Figure 1. Evaluation of CD26 staining by immunohistochemistry in cases of mesothelioma.
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was a main target indication with 60 patients screened (n¼ 60,
53% were CD26þ cases). Examples of CD26 immunohistochem-
istry and scoring are presented in Figure 1. Other tumour types
screened included RCC (n¼ 18, 71% CD26þ cases), hepatocellular
carcinoma (n¼ 7, 22% CD26þ cases) and various other tumour
types (n¼ 31, 13% CD26þ cases). Overall, 56 (41%) patients were
considered as CD26þ with the mean percentage of CD26
expression on tumour cells of 69% (range 20–100%) in the tested
samples.

Patient characteristics. Thirty-four CD26þ patients (19 males
and 15 females) were enroled in the study and treated at 5
investigational sites in France, with 33 patients being evaluable (19
males and 14 females). The most common tumour types were
mesothelioma (n¼ 23, 69.7%), RCC (n¼ 9, 27.3%) and one patient
had an urothelial carcinoma (n¼ 1; 3.0%). All mesothelioma
patients were diagnosed with the epithelioid histology and were all
in advanced inoperable disease or refractory to previous line of
treatment. Other tumour types were in stage III/IV Twenty-two
patients were treated according to the Q2W schedule at 0.1 (n¼ 3),
0.4 (n¼ 3), 1 (n¼ 6) and 2 mg kg� 1 (n¼ 10) and 11 according to
the Q1W schedule at 2 (n¼ 4), 4 (n¼ 3) and 6 (n¼ 4) mg kg� 1

(Table 1). The median percentage of CD26þ tumour cells
in archival samples from the patients treated was 63% (range
25–100%).

Safety. Eighteen patients received at least one cycle of YS110 with
three infusions per cycle and seven patients completed at least one
cycle with five infusions per cycle. Nine patients did not complete
the first cycle.

During the DLT observation period (i.e., 15 days following the
first infusion), two DLTs were reported as serious unexpected
adverse events (SUSARs) consisting of grade 3 infusion reactions
(one patient at the Q2W 1 mg kg� 1 dose level and another patient
at the Q2W 2 mg kg� 1 dose level) that completely resolved with
supportive treatment, but led to permanent discontinuation of
treatment. As both patients had a history of allergies, consequently,
the protocol was subsequently amended to add clinically relevant
allergies as a new excluding criterion, as well as the administration
of a systematic steroid prophylaxis prior to each infusion to better
control potential infusion reactions (chills, fever, flushing,
hypotension and respiratory disorders). With these modifications,
dose escalation was possible up to 6 mg kg� 1 in four patients
without DLTs. Per protocol, dose escalation was stopped at the
highest level of 6 mg kg� 1 without the MTD being achieved.

All patients had one or more AEs and 113 ADRs considered to
be possibly related to YS110 were reported by 30 (90.9%) patients.
The most frequently reported AEs regardless of potential relation-
ship to YS110 were asthenia (54.5%) and aggravation of prior
conditions (30.3%). Adverse effects (related or not to treatment)
occurring in more than 10% of the patients are reported in Table 2

according to system organ class and preferred term. The majority
of AEs were of mild (grade 1) or moderate (grade 2) severity. The
most commonly reported grade X3 AEs were dyspnoea (21.2%),
hypersensitivity (15.2%), aggravation of prior conditions (15.2%),
general physical health deterioration (12.1%) and hyperglycaemia
(12.1%). Eight patients (24.2%) discontinued YS110 due to adverse
events; most adverse events leading to discontinuation were
considered unrelated to YS110, except for the two patients with
infusion reactions considered as DLTs. Twenty-seven SAEs were
reported in this study in 18 patients. Except for the two DLTs, all
other SAEs, most commonly general physical health deterioration,
were considered to be unrelated to YS110 but rather related to
consequences of disease progression as assessed by the investigator,
including the six patient deaths during the study.

No dose-dependent AEs were observed. Low-grade asthenia
(30.3%), hypersensitivity (27.3%), nausea (15.2%), flushing
(15.2%), chills (12.1%) and pyrexia (12.1%) were reported as
ADRs.

No clinically significant abnormalities were observed in
haematology and clinical chemistry laboratory parameters, as well
as in ECG findings.

The main limiting toxicities in the study were infusion reactions,
two being considered as DLTs leading to permanent discontinua-
tion of treatment. Six severe hypersensitivity reactions were
reported in five patients receiving a dose of 2.0 mg kg� 1 and a
severe anaphylactic reaction was reported in one patient receiving a
dose of 1.0 mg kg� 1. These ADRs, occurring mainly at the first
infusion, were reversible and manageable with curative corticos-
teroids and antihistaminic drugs, and further prevented by a
systemic corticosteroids premedication. Overall, these ADRs that
did not appear to be related either to the dose level of YS110 or to
the Q2W or Q1W schedule.

Pharmacokinetics. Following single and repeat intravenous infu-
sions of YS110, there was a trend toward decreasing clearance
(CL), increasing half-life time (T1/2) and increasing exposure (Cmax,
AUC0–168, AUC0–N) with increasing doses, suggesting that CL was
saturating across the dose range studied. Mean volume of
distribution (Vz, Vss) was similar or slightly higher than human
serum volume, indicative of YS110 being primarily found in serum
and consistent with prior observations for monoclonal antibodies.
In general, exposure increased as the dose increased. Although
increases in Cmax appeared to be dose proportional, increases in
AUC0–168 and AUC0–N were greater than dose proportional, and
this was consistent with the trend of decreasing CL with increasing
doses (Table 3). In addition, YS110 PK parameters changed with
repeat dosing. For doses ranging from 1 to 6 mg kg� 1, mean CL
was B1.1–1.6-fold higher on Day 1 (vs Day 29), whereas mean T1/2

increased B1.2–2.3-fold and exposure (AUC0–168) increased
B1.3–1.8-fold on Day 29 vs Day 1 (Table 3).

Table 1. Baseline demographics and disease characteristics

Number of patients (n¼33) Schedule and dose levels (mg kg� 1)

Age, median (min–max) (yrs) 63 (41–76 )

ECOG PS 0/1/2 (%) 29/58/13

Primary tumour type, n (%) Q2W Q1W

0.1 0.4 1 2 2 4 6

Mesothelioma (Meso) 22 (67) 3 2 2 6 3 2 4

Renal cell carcinoma (RCC) 10 (30) — 1 4 4 — 1 —

Urothelial carcinoma (UTC) 1 (3) — — — — 1 — —

Median number of prior therapies (min–max) 3 (1–11)
Abbreviation: ECOG¼Eastern Cooperative Oncology Group.

Phase 1 study of YS110 in solid tumours BRITISH JOURNAL OF CANCER

www.bjcancer.com | DOI:10.1038/bjc.2017.62 1129

http://www.bjcancer.com


For the initial dose levels (0.1, 0.4, 1 and 2 mg kg� 1), YS110 was
administered on a Q2W schedule on days 1, 15 and 29. As
expected, the maximum concentrations of YS110 (Cmax) on days 1
and 29 were proportional to the dose levels. However, calculated
half-lives (1–2 days) were shorter than expected for a humanised
antibody and serum concentrations were at or below detectable
levels (0.4 mg ml� 1) by 1 week post infusion. To maintain
measurable YS110 trough concentrations between doses, dosing
was increased to five doses on a Q1W schedule on days 1, 8, 15, 22
and 29 for dose levels 2, 4 and 6 mg kg� 1. Cmax values on day 1
were roughly proportional to dose level. Mean half-lives increased
with increasing dose levels, rising significantly from day 1 to day 15
to day 29 in the 2, 4 and 6 mg kg� 1 cohorts (B1, B2 and B3
days, respectively), and resulting in drug accumulation between the
doses (Table 3).

Impact from exposure to YS110 on anti-drug antibody (ADA)
response appeared to be most pronounced in the 0.4 mg kg� 1 dose
cohort. The two subjects who were ADA positive on Day 29 of
Cycle 1 had notably reduced exposure relative to the one ADA
negative subject. There were no ADAs detected in the higher dose
groups.

Efficacy. A secondary objective of the study was to evaluate for the
potential anti-tumour activity of YS110 according to RECIST 1.0
criteria (or modified RECIST criteria for mesothelioma). No
objective response was observed in the treated patients. However,
stable disease per RECIST criteria as the best response was
observed in 13 out of the 26 evaluable patients following the first
cycle of treatment, as shown in the accompanying Waterfall Plot
Chart (Supplementary Figure S2). Overall median PFS was 43 days

Table 3. Cycle 1 pharmacokinetics parameters (mean±s.d.) for YS110 administration

Dose (mg kg�1) Dose
Schedule

Day T1/2 (h)
Cmax

(lg ml�1)
AUC0–168

(h� lg ml�1)
AUC0–N

(h� lg ml�1)
CL

(ml h�1 kg�1)
0.4 Q2W 1 ND ND ND ND ND

29 14.8±ND 5.85±ND 143±ND 145±ND 2.79±ND

1 Q2W 1 26.4±ND 22.7±5.68 768±73.3 692±ND 1.44±ND
29 ND 43.5±29.3 979±NR ND 1.05±NR

2 Q2W 1 36.4±12.2 39.0±9.94 1710±360 1810±472 1.16±0.245
29 43.1±12.6 40.1±10.4 2080±943 2280±1110 1.03±0.435

2 Q1W 1 24.5±4.59 30.8±4.20 1180±243 1200±251 1.72±0.334
15 31.5±NR 67.3±NR 2150±NR 2230±NR 1.22±NR
29 29.8±NR 27.5±20.1 1650±NR 1720±NR 1.33±NR

4 Q1W 1 46.6±1.69 72.5±27.1 4340±1030 4740±1140 0.876±0.206
15 70.4±NR 82.4±NR 6000±NR 7450±NR 0.678±NR
29 76.2±ND 98.4±ND 7320±ND 9340±ND 0.547±ND

6 Q1W 1 67.8±13.8 150±22.9 10 300±1800 12 800±3250 0.490±0.116
15 93.7±27.4 182±17.2 15 700±3470 22 800±8250 0.393±0.0793
29 154±NR 205±23.6 18 400±4320 39 700±NR 0.340±0.0814

Abbreviations: AUC¼ area under the curve; CL¼ clearance; ND¼not determined; NR¼ not reported.

Table 2. Adverse events (all grades) reported by X10% of patients overall in any cohort

Dose levels (mg kg�1)

Preferred term (CTCAE v3) number
of patients (%)

0.1
(n¼3)

0.4
(n¼3)

1.0
(n¼6)

2.0
(n¼14)

4.0
(n¼3)

6.0
(n¼4)

All AEs/grade 3–4
(n¼33)

All ADRs/grade3–4
(n¼33)

Asthenia 3 100.0) 2 (66.7) 0 (0.0) 8 (57.1) 2 (66.7) 3 (75.0) 18 (54.5) 10 (30.3)

Condition aggravated 1 (33.3) 0 (0.0) 1 (16.7) 4 (28.6) 1 (33.3) 3 (75.0) 10 (30.3)/5 (15.2)

Pyrexia 2 (66.7) 1 (33.3) 1 (16.7) 3 (21.4) 0 (0.0) 1 (25.0) 8 (24.2) 4 (12.1)

Chest pain 1 (33.3) 1 (33.3) 1 (16.7) 2 (14.3) 0 (0.0) 0 (0.0) 5 (15.2)

Chills 2 (66.7) 1 (33.3) 1 (16.7) 0 (0.0) 0 (0.0) 0 (0.0) 4 (12.1) 4 (12.1)

General health deterioration 0 (0.0) 0 (0.0) 0 (0.0) 2 (14.3) 1 (33.3) 1 (25.0) 4 (12.1)/4 (12.1)

Constipation 2 (66.7) 0 (0.0) 1 (16.7) 5 (35.7) 0 (0.0) 1 (25.0) 9 (27.3)

Nausea 0 (0.0) 1 (33.3) 1 (16.7) 3 (21.4) 2 (66.7) 1 (25.0) 8 (24.2) 5 (15.2)

Vomiting 1 (33.3) 1 (33.3) 2 (33.3) 2 (14.3) 1 (33.3) 0 (0.0) 7 (21.2)

Diarrhoea 0 (0.0) 2 (66.7) 1 (16.7) 1 (7.1) 0 (0.0) 1 (25.0) 5 (15.2)

Dyspnoea 2 (66.7) 1 (33.3) 3 (50.0) 5 (35.7) 0 (0.0) 3 (75.0) 14 (42.4)/7 (21.2)

Hyperglycaemia 0 (0.0) 0 (0.0) 1 (16.7) 3 (21.4) 2 (66.7) 2 (50.0) 8 (24.2)/4 (12.1)

Decreased appetite 0 (0.0) 1 (33.3) 1 (16.7) 3 (21.4) 1 (33.3) 1 (25.0) 7 (21.2)

Headache 1 (33.3) 2 (66.7) 0 (0.0) 3 (21.4) 1 (33.3) 0 (0.0) 7 (21.2)

Flushing 0 (0.0) 0 (0.0) 0 (0.0) 1 (7.1) 2 (66.7) 3 (75.0) 6 (18.2) 5 (15.2)

Hypersensitivity 0 (0.0) 0 (0.0) 1 (16.7) 8 (57.1) 0 (0.0) 0 (0.0) 9 (27.3)/5 (15.2) 9 (27.3)/5 (15.2)

Weight decreased 0 (0.0) 1 (33.3) 0 (0.0) 5 (35.7) 0 (0.0) 0 (0.0) 6 (18.2)
Abbreviations: ADR¼ adverse drug reactions; AE¼ adverse events; N¼ number of patients. A subject with more than one finding in a specific category was only counted once; percentages are
based on the total number of subjects in each treatment group. The table is sorted by descending subject count. Infusion reactions related to YS110 treatment were further prevented by
corticosteroids premedication.
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(Table 4) as determined by a Kaplan–Meier Plot (Supplementary
Figure S3). However, PFS of 184–399 days was observed in 7
patients (five cases of mesothelioma and two cases of RCC) out of
26 cases (mesothelioma: 19 cases, RCC: 6 cases and urinary tract
carcinoma: 1 case). Table 4 summarises the median number of
infusions administered and median PFS according to the different
dose levels and schedule.

Pharmacodynamics
Immunomonitoring. The CD26 immunophenotyping on periph-
eral T and NK lymphocyte subpopulations under YS110 treatment
was validated by testing two different anti-CD26 mAb clones.
Indeed, in the first 12 patients tested using the M-A261 mAb (BD
Pharmingen), we observed a dramatic decrease of CD26þ cells
consequently to YS110 administration, suggesting the lack of
detection of the CD26 epitope due to YS110 binding. These results
(not shown), led us to test in parallel another clone 5K78 (Santa
Cruz Biotechnology) showing that CD26þ cells were still
detectable under YS110 treatment. The validation of this anti-
CD26 mAb was ensured by competition and cross-blocking
experiments using increasing dilutions of YS110 in the CD26
immunophenotyping assay demonstrating no modulation of
CD26þ subpopulations using the 5K78 clone in contrast to the
first clone tested.

At baseline in our series of patients, the mean±s.d. (n¼ 33)
absolute values (� 106 per ml) of lymphocytes populations were
0.94 (65.7%)±0.64 for CD3þCD4þ , 0.33 (34.5%)±0.26 for CD3þ

CD8þ T cells and 0.17 (8.2%)±0.17 for CD3�CD16þ /�CD56þ

NK cells. The mean percentage of CD26þ subpopulations in the
T-CD4, T-CD8 and NK cells was 24.7%, 8.2% and 5.2%, respectively
with a significant inter-patient variability. After YS110 infusions, the
levels of the various PBL subpopulations decreased at day 1 and 2
(i.e., 24–48 h following YS110 infusions), with a subsequent recovery
at day 15 and 29 pre-infusion samples in most patients
(Supplementary Table S3). This decline in different PBL subpopula-
tions was more frequently observed in patients who received higher
doses (2, 4 and 6 mg kg� 1) of YS110. However, this trend was not
statistically significant considering the inter-individual variations
across the different dose levels.

Serum cytokines. At baseline and during YS110, no serum IL-2
production was detectable in any of the patients. Significant rise of
the pro-inflammatory cytokines IL-6 and TNF-a was detected at
day 1 and 2 following the first infusion of YS110 at 0.4, 1 and
2 mg kg� 1 at various levels, including the first patient with a grade
3 infusion reactions DLT (at the Q1W 1 mg kg� 1 dose level).

Different kinetics of serum IL-6 and TNF-a production were
observed in patients receiving 2 mg kg� 1 of YS110, whereas low or
undetectable levels were observed in patients receiving 4.0 and
6.0 mg kg� 1 of YS110, likely due to the administration of systemic
steroid prophylaxis.

sCD26 and DPPIV activity in sera. To determine serum levels of
sCD26 protein and DPPIV enzyme activity in each cohort before
and after administration of YS110, we developed an in-house
ELISA assay for sCD26 and DPPIV using anti-human CD26
murine mAbs exhibiting no cross-reactivity with the therapeutic
humanised anti-CD26 mAb YS110 (Dong et al, 1998; Ohnuma
et al, 2015a).

As shown in Figure 2A, an increase in YS110 infusion dose was
associated with decreased serum sCD26 level, particularly in the
cohorts of patients treated at 2, 4 and 6 mg kg� 1, with B80%
decrease in sCD26 level. Moreover, as CD26 level reflects DPPIV
enzyme activity in the serum, a similar reduction in DPPIV
enzyme activity was observed (Figure 2B).

DISCUSSION

YS110 is the first, and currently the only CD26-directed mAb in
clinical trial. This FIH study demonstrates that YS110 therapy
exhibits a favourable safety profile and results in encouraging
disease stabilisation in heavily pretreated CD26-positive MPM or
RCC patients who had previously progressed on conventional
standard therapies.

The spectrum of AEs, the most common of which were low-
grade asthenia, hypersensitivity, chills, pyrexia, nausea, vomiting
and headache, was similar to that previously described with
humanised mAbs treatment (Scott et al, 2012). Two DLTs were
reported as SUSARs consisting in grade 3 infusion reactions that
resolved with supportive treatment. As both patients had a history
of allergies, the protocol was subsequently amended to include
clinically relevant allergies as a new excluding criterion, and the
administration of systemic steroid prophylaxis has been imple-
mented prior to each infusion at all cycles to better control such
infusion reactions. In this study, high rate of hyperglycaemia was
observed in patients in the top dose cohorts, consistent with the
well-known effect of corticosteroid on glucose levels. However,
hyperglycaemia resolved soon after cessation of steroid adminis-
tration, whereas YS110 was detected in sera, with decreased serum
DPPIV activity. Taken together, it is probable that premedicated
corticosteroid, but not YS110, induces the hyperglycaemia
observed in the patient cohorts receiving higher drug doses. With
these new modifications, dose escalation up to 6 mg kg� 1 was
possible as in four patients in this cohort were treated without
DLTs. Per protocol, 6 mg kg� 1 was the highest dose level tested
although the MTD was not achieved. The dose level of 6.0 mg kg� 1

of YS110 was decided by study investigators to be the RP2D.
Total lymphocyte counts, as well as levels of CD26þ

lymphocytes, fell at Day 2 below the baseline levels. However,
total lymphocyte counts recovered to reach baseline level at Day 8
and thereafter. These data indicate that YS110 administration
resulted in a decrease in levels of peripheral lymphocytes including
the CD26-positive lymphocyte subset soon after drug administra-
tion, and it is probable that YS110-mediated suppression of
peripheral lymphocyte levels, including the CD26-positive subset,
resolved by as early as Day 8. Moreover, we observed a decrease in
the level of the CD26-positive subset of peripheral lymphocytes
following administration of YS110 alone without steroid prophy-
laxis in the 0.1–2.0 mg kg� 1 cohorts, as shown in Supplementary
Table S3. Therefore, it is conceivable that YS110, but not
premedication steroid, was responsible for the temporary effect
on CD26-positive lymphocyte counts.

Table 4. Time on YS110 treatment and median PFS of treated
patients

Cohorts
Dose
levels

(mg kg�1)

Cancer
types (n)

Median
infusions

N (min–max)

Median PFS
days (min–max)

Q2W 0.1 Meso (3) 3 (3) 42 (41–42)

Q2W 0.4 Meso (2)
RCC (1)

18 (3–20) 223 (40–273)

Q2W 1.0 Meso (2)
RCC (4)

3 (1–3) 40 (28–59)

Q2W 2.0 Meso (6)
RCC (4)

3 (1–27) 57 (13–399)

Q1W 2.0 Meso (3)
UTC (1)

5 (1–20) 47 (5–184)

Q1W 4.0 Meso (3) 4 (3–5) 32 (22–59)

Q1W 6.0 Meso (4) 17.5 (1–30) 58 (15–258)

All All All 4 (1–30) 43 (5–399)

Abbreviations: Meso¼malignant mesothelioma; PFS¼progression-free survival duration;
RCC¼ renal cell carcinoma; UTC¼ urothelial carcinoma.
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CD26 is also present in serum and other body fluids in a
truncated form as sCD26/DPPIV, and our data also indicated
that DPPIV enzyme activity decreased with increasing doses of
YS110 (Figure 2B). Although DPPIV inhibitors are clinically
used as oral hypoglycaemia agents (Barreira da Silva et al,
2015), hypoglycaemia was not observed during YS110 adminis-
tration. Of note is the fact that 480% inhibition of serum
DPPIV activity was obtained 24 h after oral administration of
clinically available DPPIV inhibitors (drug information pub-
lished by each pharmaceutical company of sitagliptin, vildaglip-
tin, saxagliptin and etc.), a level of inhibition comparable to that
seen in patients treated with YS110. Our current data would
therefore indicate that YS110 therapy is tolerable in the clinical
setting.

The only treatment with level-one level of evidence for
improving clinical outcome is the regimen consisting of a platinum
doublet with an antifolate (van Meerbeeck et al, 2005). With this
combined chemotherapy, patients with good performance status
have a median overall survival of B1 year, and a median PFS of
o6 months. There is currently no standard second-line treatment
with demonstrated ability to prolong survival. Importantly,
patients who failed this first-line therapy have an extremely short
survival (3.4 months), and are exposed to potentially life-
threatening toxicities unnecessarily (Blayney et al, 2012). Due to
the lack of efficacy of conventional therapeutic approaches, it is
potentially significant that treatment with YS110 results in
encouraging disease stabilisation with a median PFS of 32 weeks
(26–57 weeks) in seven heavily pretreated CD26-positive
patients who previously progressed on conventional therapies
(Supplementary Figures S2 and S3).

Recent work has demonstrated the functional role of
DPPIV-mediated posttranslational modification of chemokines in
regulating tumour immunity through its interaction with its
substrate CXCL10 (Ohnuma et al, 2015b). Preservation of the full
length, bioactive CXCL10 by DPPIV inhibition using the DPPIV
inhibitor sitagliptin resulted in increased level of CXCR3þ effector
T cells in the tumour microenvironment and subsequent tumour
growth reduction (Ohnuma et al, 2015b). In view of these recent
findings, data from our current trial showing that serum DPPIV
activity was decreased following treatment with YS110 in a dose-
dependent manner (Figure 2B). It would suggest that anti-tumour
activity via DPPIV inhibition may constitute yet another

mechanism of action for the anti-tumour activity of YS110, in
addition to the mechanisms of action discussed above (Hatano
et al, 2015).

We recently reported that CD3/CD26 costimulation induced
the development of a human type 1 Treg cells from CD4þ T cells
with high level of IL-10 production and lymphocyte activation
gene 3 (LAG3) expression (Nguyen and Ohashi, 2015).
Preclinical models showed that antibody-mediated blocking of
LAG3 as potential anti-cancer therapy led to enhanced activation
of antigen-specific T cells at the tumour sites and disruption of
tumour growth (Nishikawa et al, 2015). Moreover, anti-LAG3/
anti-PD-1 antibody treatment cured most mice of established
tumours that were largely resistant to single antibody treatment
(Nishikawa et al, 2015). Taken together, it is conceivable that
CD26 itself may be a functional inhibitory molecule of an
immune checkpoint system in certain disease conditions, similar
to LAG3 or PD-1. In this scenario, CD26 blockade by YS110 may
potentially function as an immune checkpoint blockade therapy,
which can mediate anti-tumour activity in CD26-negative as well
as CD26-positive cancers.

Microarray analyses of MPM cell lines treated with YS110
indicated that anti-CD26 mAb therapy resulted in the down-
regulation of cytochrome c oxidase polypeptide I and II, and
metallothione molecules that confer resistance to apoptosis or
chemotherapeutic agents (Aoe et al, 2012). In addition, suppres-
sion of drug-resistant-related transporters, DNA repair enzyme
and oncogenic protein expression was observed (Aoe et al, 2012).
These preclinical results suggest that YS110 can function
synergistically with other antineoplastic agents such as selected
chemotherapeutic drugs to inhibit tumour growth.

Tumour surface expression of CD26/DPP4 may also have direct
biological effects on the malignant behaviour of tumours. In several
human malignancies including colorectal CRC, chronic myeloid
leukaemia, gastric adenocarcinoma and MPM, CD26/DPP4
expression is reported to be a marker of cancer stem cells (Pang
et al, 2010; Ghani et al, 2011; Yamazaki et al, 2012; Hatano et al,
2014; Herrmann et al, 2014; Davies et al, 2015). Given the potential
role of CD26 surface expression in cancer biology, YS110 therapy
may also influence tumour growth through its potential effect on
the cancer stem cells of selected tumours.

In conclusion, our FIH study showed that YS110 therapy is
generally well tolerated up to 6 mg kg� 1 Q1W, which has been
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Figure 2. Changes of serum CD26/DPPIV levels following YS110 treatment: soluble CD26 (A) and DPPIV activity (B) mean±s.d. at cycle 1 at the
different dose levels.
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defined as the RP2D and results in encouraging disease stabilisa-
tion in a number of patients with advanced/refractory CD26-
expressing cancers. Our findings also suggest that further clinical
development of YS110 such as its use as part of combination
therapies with other antineoplastic agents is warranted.
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A B S T R A C T

Background: Psoriasis (PSO) is one of the most common chronic inflammatory skin diseases, and pruritus
affects approximately 60–90% of patients with PSO. However, the pathogenesis of pruritus in PSO
remains unclear. Dipeptidyl peptidase IV (DPPIV) enzyme activity is involved in the regulation of peptide
hormones, chemokines and neurotransmitters.
Objectives: Our aim is to evaluate for a potential association between DPPIV and an increased risk of
pruritus, and to identify possible underlying treatment targets in affected patients.
Methods: Utilizing clinical serum samples of PSO patients and in vivo experimental pruritus models, we
evaluated for a potential association between DPPIV and an increased risk for pruritus, and attempted to
identify possible underlying treatment targets in pruritus of PSO.
Results: We first showed that levels of DPPIV enzyme activity in sera of patients with PSO were
significantly increased compared to those of healthy controls. We next evaluated levels of substance-P
(SP), which is a neurotransmitter for pruritus and a substrate for DPPIV enzyme. Truncated form SP
cleaved by DPPIV was significantly increased in sera of PSO. In an in vivo pruritus model induced by SP,
scratching was decreased by treatment with a DPPIV inhibitor. Moreover, DPPIV-knockout mice showed
attenuation of scratching induced by SP. Finally, scratching was decreased following the administration of
a DPPIV inhibitor in an imiquimod-induced PSO model. On the other hand, scratching induced by
imiquimod was increased in DPPIV overexpressing-mice.
Conclusions: These results suggest that inhibition of DPPIV enzyme activity regulates pruritus in PSO.

© 2017 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction

Psoriasis (PSO) is one of the most common inflammatory skin
diseases, and is found in approximately 1–3% of the world general
population [1]. For a long time, PSO had been considered as a non-
pruritic dermatitis. However, more recently, a number of studies
have demonstrated that approximately 60–90% of patients with
PSO suffer from pruritus [1–6]. Although psoriatic patients
consider pruritus as the most bothersome subjective sensation
[5,7], effective therapy for pruritus in PSO has not been
established.

Abbreviations: CD26KO, CD26/DPPIV knockout; DPPIV, dipeptidyl peptidase IV;
DPPIV-Tg, CD26/DPPIV transgenic; i.d., intradermal; IMQ, imiquimod; i.p.,
intraperitoneal; NK-1R, nuerokinin-1 receptor; PSO, psoriasis; rsCD26(DPPIV+),
recombinant soluble CD26 protein containing DPPIV enzyme activity; rsCD26
(DPPIV-), recombinant soluble CD26 with deficient DPPIV enzyme activity; sCD26,
soluble CD26; sDPPIV, soluble DPPIV enzyme activity; SP, substance P.
* Corresponding author.
E-mail address: kohnuma@juntendo.ac.jp (K. Ohnuma).
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CD26 is a 110 kDa surface glycoprotein with dipeptidyl
peptidase IV (DPPIV, EC 3.4.14.5) activity as a serine protease that
cleaves dipeptides from the N-terminus of peptides at the
penultimate position [8–10]. CD26 is also associated with T cell
signal transduction processes as a costimulatory molecule, as well
as being a marker of T cell activation [11,12]. We have previously
reported that CD26-mediated costimulatory activity is exerted via
its DPPIV enzyme activity [13]. More recently, we have shown that
serum soluble CD26 (sCD26) and DPPIV enzyme activity (sDPPIV)
are inversely correlated with disease activity in patients with
systemic lupus erythematosus [14]. In addition, sCD26 and sDPPIV
are involved in the pathogenesis of various cancers including
colorectal cancer, hepatocellular carcinoma, prostate cancer and
malignant mesothelioma [15–19]. Other investigators have
reported that CD26/DPPIV was upregulated in psoriatic skin and
that DPPIV inhibitor ameliorated psoriasis [20–23], although the
biological role of CD26/DPPIV in PSO has not yet been elucidated.
Meanwhile, DPPIV enzyme activity has been widely studied in
metabolic and endocrine disorders, and DPPIV inhibitors have
been developed as a new class of anti-diabetic drugs which act by
inhibiting DPPIV, the enzyme that inactivates incretin hormone
[24–26]. The potentially important role played by CD26/DPPIV in
the clinical setting has led to rising interest in serum sCD26 level
and sDPPIV enzyme activity in various human conditions over the
past decade.

Substance P (SP) is a neuropeptide involved in afferent neuronal
signal transduction [27,28]. Activation of sensory neurons in the
skin causes the release of SP [29,30]. Once released, SP binds to
neurokinin receptors including neurokinin-1 receptor (NK-1R)
found on keratinocytes and cutaneous nerve endings, resulting in
the release of additional itch mediators [29,31]. Substance P
therefore appears to act to induce itch. It has been reported that the
number of SP-containing nerves in the perivascular areas of
pruritic psoriatic skin was increased and that expression of SP
receptor in epidermis from pruritic psoriatic subjects was
upregulated [3,32]. On the other hand, SP consists of 11 amino
acids residues and contains the DPPIV-target sequence at its N-
terminal position [33]. Previous report utilizing DPPIV deficient rat
showed that circulating SP was metabolized by DPPIV enzyme
[34]. However, it is not clear whether degradation of SP by DPPIV
enzyme affects pruritus in patients with PSO.

In the present study, utilizing clinical serum samples of PSO
patients and in vivo experimental pruritus models, we evaluated
for a potential association between DPPIV and an increased risk for
SP-induced pruritus, and attempted to identify possible underlying
treatment targets in pruritus of PSO. We showed that levels of
DPPIV enzyme activity in sera of patients with PSO were
significantly increased compared to those of healthy controls.
Moreover, truncated form SP cleaved by DPPIV was significantly
increased in sera of PSO. In an in vivo pruritus model induced by
full-length SP, scratching was decreased by treatment with a DPPIV
inhibitor. Moreover, scratching was increased following injection
of truncated form SP. Furthermore, DPPIV-knockout (CD26KO)
mice showed attenuation of scratching induced by SP. Finally,
scratching was decreased following the administration of a DPPIV
inhibitor in an imiquimod (IMQ)-induced PSO model. On the other
hand, scratching induced by IMQ was increased in DPPIV over-
expressing transgenic (DPPIV-Tg) mice. These results suggest that
inhibition of DPPIV enzyme activity regulates pruritus in PSO.

2. Materials and methods

2.1. Patients and serum collections and storage

The base cohort consisted of all PSO patients regularly seen and
treated at the Juntendo Urayasu Hospital between May 2013 and

October 2014. Peripheral blood samples were collected from 48
PSO patients and 18 healthy adult volunteers, using BD Vacutainer
blood collection tube SSTII (BD, Franklin Lakes, NJ). Serum was
obtained from 5 mL whole blood by centrifugation at 1500 � g at
4 �C for 10 min, and stored at �80 �C in 500 mL aliquots. Human
study protocols were approved by the Ethics Committees at the
Juntendo Urayasu Hospital (Authorization Number 2013074).
Informed consent was obtained from all patients. All studies on
human subjects were conducted according to the principles set out
in the Declaration of Helsinki.

2.2. Reagents and recombinant proteins

Recombinant full-length SP(1–11) and the DPPIV inhibitor
sitagliptin were purchased from Peptide Institute (Osaka, Japan)
and Sigma-Aldrich (St Louis, MO), respectively. Truncated
SP(5–11) pyroglutamyl peptide was purchased from Eurofins
Genomics (Ebersberg, Germany). IMQ (5% Beselna Cream) and
control Absorptive cream were purchased from Mochida Pharma-
ceutical (Tokyo, Japan) and Nikko (Gifu, Japan), respectively.
Recombinant sCD26 protein containing DPPIV enzyme activity
(rsCD26(DPPIV+)) and mutant rsCD26 with deficient DPPIV
enzyme activity (rsCD26(DPPIV-)) were produced according to
the method described previously [13].

2.3. Animals

C57BL/6 mice were purchased from CLEA Japan (Tokyo, Japan).
CD26KO (CD26�/�) mice developed from C57BL/6 mice were
kindly gifted from the laboratory of Dr. Takeshi Watanabe at
Kyusyu University (Fukuoka, Japan) [35]. DPPIV-Tg mice developed
from C57BL/6 mice were kindly provided from the laboratory of Dr.
Chien-Te K. Tseng at University of Texas Medical Branch (Texas)
[36]. These mice were bred in-house and used at 8–11 weeks of
age. They were kept under controlled temperature (23–25 �C) and
light (on time 8:00 A.M.–8:00 P.M.) conditions. Food and water
were freely available. All experiments on animals were approved
by animal ethics committee in Juntendo University (Authorization
Numbers 270242 and 280038).

2.4. sCD26 concentration and DPPIV enzyme activity assay procedure

For measurement of sCD26 concentration and DPPIV enzyme
activity in human samples, serum samples were removed from
the �80 �C freezer and quickly thawed in a water bath at 37 �C.
All samples were centrifuged 3000 � g for 5 min to discard
debris, and were then assayed in duplicate. An in-house
sandwich ELISA for sCD26 and sDPPIV enzyme was established
in our laboratory [14,37]. For evaluation of SP concentrations in
human samples, the serum levels of SP and its fragments were
evaluated utilizing two distinct ELISA kits, one detects SP(1–11),
(2–11) and (3–11) (Substance P ELISA kit, Abcam, Cambridge,
MA), and the other, SP(4–11) and (5–11) as well as SP(1–11),
(2–11) and (3–11) (Substance P (Human, Rat, Mouse)-EIA kit,
Phoenix Pharmaceuticals, Burlingame, CA). For measurement of
DPPIV enzyme activity in murine samples, peripheral blood was
harvested from tail vein at the indicated periods. After the blood
samples were centrifuged to isolate sera, levels of DPPIV activity
were measured utilizing DPPIV-Glo Protease Assay (Promega,
Fitchburg, WI). For blood glucose analysis in murine sera, mice
were put into an acrylic cage for 1 hr for acclimation and for
food deprivation, followed by i.p. injection of 30 mM of
sitagliptin or saline. Peripheral blood samples were harvested
from tail vein, and the blood glucose concentrations were
measured utilizing animal glucometer LAB Gluco (ForaCare Inc.
CA) at the indicated periods.
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2.5. In vitro digestion assay for SP and amino acid sequence analysis

Recombinant full-length SP(1–11) was incubated with rsCD26
(DPPIV+) or rsCD26(DPPIV-) at a molecular ratio of 100:1. For
DPPIV inhibition experiments, 5 nmol of sitagliptin was added to
the recombinant full-length SP(1–11) and rsCD26(DPPIV+) at a
molecular ratio of 100:1. After incubation at 37 �C for 4 h, aliquots
were transferred to PVDF membrane and subjected to N-terminal
amino acid sequencing as determined by the Edman method
(Toray Research Center Inc., Tokyo, Japan).

2.6. Itch murine models

For SP-induced itch murine model, mice hairs were clipped over
the rostral part of the back one day before experiment. Under
isoflurane anesthesia, mice received i.d. injection of full-length SP
(1–11), truncated SP(5–11) or control solvent at the indicated
doses, and then subjected to scratching behavior evaluation. For
IMQ-induced psoriatic itch murine model, mice received a daily
dose of 30 mg of IMQ or control vehicle cream on the shaved back
for 5 days. On the 6th day, mice were subjected to scratching
behavior evaluation as described below. On the 7th day, after
macrophotographs of mice were taken, mice were sacrificed, and
the skin specimens were harvested for histopathology examina-
tion.

2.7. Measurement of scratching behavior and locomotor activity

Before behavioral recording, mice (4 animals per observation)
were put into an acrylic cage (19.5 � 24 � 35 cm) for at least one
hour for acclimation. Subsequently, the frequency of scratch
behavior of the rostral back was analyzed by the SCLABA1-Real
system (NOVERTEC, Kobe, Japan) for the indicated time intervals,
with observers being kept out of the experimental room. For
evaluation of locomotor activities, mice were put into an acryl cage
by the same method as in the scratching behavior evaluation, and
were evaluated with the use of the SCLABA1-Real tracking
software. Locomotor activities were measured and expressed as
the total horizontal moving distance of mice during itch behavioral
experiments.

2.8. Tissue histopathology

Skins from the upper back of treated mice were fixed in 10%
formalin, embedded in paraffin, sectioned, mounted on slides, and
stained with hematoxylin and eosin (H&E) to determine pathology.
Images were captured with an Olympus digital camera DP21
attached to an Olympus BX43 microscope using CellSens software
(OLYMPUS, Tokyo, Japan). Slides were evaluated by a pathologist
blinded to experimental groups.

2.9. Statistics

All experiments were performed in triplicates and repeated at
least 3 times. Data were expressed as mean values � SEM (standard
error of the mean), and were analyzed by two-tailed Student’s t-
test for two group comparison or by ANOVA test for multiple
comparison testing followed by the Tukey-Kramer post-hoc test. P
values <0.05 were considered statistically significant. Calculations
were performed and graphed using GraphPad Prism 6 (GraphPad
Software Inc., La Jolla, CA).

3. Results

3.1. Serum levels of sCD26 and sDPPIV enzyme are increased in
patients with PSO

To determine whether sCD26 and sDPPIV enzyme play a role in
PSO, we first evaluated levels of sCD26 and sDPPIV enzyme activity
in sera of patients with PSO. For this purpose, peripheral blood
samples were collected from healthy adult volunteers and PSO
patients (regularly seen and treated at the Juntendo Urayasu
Hospital). Of the 48 patients, mean (years � S.D.) age was 49.9
(�16.9), male/female was 41/7. No patients with diabetes mellitus,

Table 1
Demographic characteristics of cohorts.

Variable Patients with PSO (n = 48) Healthy Control (n = 18)

Age, years, mean � SD (range) 49.9 � 14.9 (19–88) 45.1 � 10.3 (25–65)
Male/Female, n (ratio) 41/7 (5.9) 15/3 (5.0)
BMI, kg/m2, mean � SD (range) 26.9 � 2.0 (19.3–42.3) 24.6 � 1.5 (18.4–32.0)
PASI score, points, mean � SD (range) 12.2 � 12.0 (0.0–60.0) N/A
Itch VAS, mm, mean � SD (range) 29.4 � 31.0 (0–100) N/A
Use of Biologicsa, n (%) 13 (27.1%) N/A
Use of Immunosuppressantb, n (%) 2 (4.0%) N/A

BMI, body mass index; n, number; N/A, not applicable; SD, standard deviation; PASI, psoriasis area and severity index at blood collection; PSO psoriasis; VAS, visual analogue
scale at blood collection.

a Biologics includes anti-TNFa, anti-IL-12/23p40 and anti-IL-17A monoclonal antibody therapy.
b Immunosuppressant includes oral prednisolone and methotrexate.
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Fig. 1. Serum levels of sCD26 and DPPIV enzyme activity in patients with PSO. (A)
Levels of sCD26 were measured in sera of PSO patients (n = 48) or healthy adult
volunteers (n = 18). Levels of sCD26 in PSO patients were significantly increased as
compared with healthy controls (1.02 � 0.28 v.s. 0.64 � 0.16 mg/ml; P < 0.01 by two-
tailed Student’s t-test). Each dot indicates individual value. The horizontal lines in
the middle of scattergrams indicate each mean value. sCD26 concentration was
measured using our in-house capture method as described in Materials and
Methods. (B) Levels of sDPPIV enzyme activity were measured in sera of PSO
patients (n = 48) or healthy adult volunteers (n = 18). Levels of sDPPIV enzyme
activity in PSO patients were significantly increased as compared to healthy
controls (17.38 � 4.18 v.s. 10.17 � 2.47 mM/min; P < 0.01 by two-tailed Student’s t-
test). Each dot indicates individual value. The horizontal lines in the middle of
scattergrams indicate each mean value. DPPIV enzyme activity was measured using
our in-house capture method as described in Materials and Methods.
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hepatic or renal dysfunction were included in PSO cohort to
exclude the possible influence of these conditions on serum levels
of DPPIV enzyme activity [12,24]. Of the 18 healthy adult
volunteers, mean (years � S.D.) age was 45.1 (�10.3), male/female
was 15/3. All healthy adult volunteers had no history of cancers and
chronic diseases including diabetes mellitus, hepatic diseases,
allergic diseases, HIV infection, PSO and atopic dermatitis. There
was no significant difference in body mass index between PSO and
control cohorts (26.9 � 2.0 kg/m2 v.s. 24.6 � 1.5 kg/m2, p = 0.287 by
two-tailed Student’s t-test). Other demographic characteristics of
the patients are summarized in Table 1.

As shown in Fig. 1A, serum sCD26 concentration of PSO
patients was significantly higher than that of healthy adults
(1.02 � 0.28 mg/ml v.s. 0.64 � 0.16 mg/ml). Moreover, it has been
reported that DPPIV enzymatic activity was correlated with the
concentration of sCD26 in normal human sera [37,38]. We
therefore evaluated for potential correlation between DPPIV

enzymatic activity and sCD26 level in the serum samples
described above. For this purpose, we performed our in-house
capture assay method using anti-human CD26 mAb as a capture
antibody for detecting DPPIV enzyme activity specific to sCD26
[37]. Since commercially available DPPIV enzyme assay kits
measure DPPIV activity in whole serum, but not in captured
sCD26 molecules from the samples, it is possible that DPPIV-like
peptidase activity other than that possessed by the captured
sCD26 molecules was measured, leading to an overestimate of the
DPPIV activity in the samples [39]. As shown in Fig. 1B, serum
levels of sDPPIV enzyme activity were also significantly higher in
patients with PSO compared with healthy adult controls
(17.38 � 4.18 mM/min v.s. 10.17 � 2.47 mM/min). These data suggest
that DPPIV enzyme activity is increased in sera of patients with
PSO, which is linked to a concomitant increase in sCD26 in the
same patient population. These observations also suggest that
DPPIV enzyme plays a role in the pathogenesis of PSO.

Fig. 2. In vitro digestion assay of substance P (SP) and serum levels of full length and truncated SP in patients with PSO. (A) Schematic diagram of amino acid sequence of full-
length SP(1–11). Arrows indicate two DPPIV cleavage sites. (B) The recombinant full-length SP(1–11) was incubated with rsCD26(DPPIV + ) (panel a) or rsCD26(DPPIV-) (panel
b). For DPPIV inhibition experiment, sitagliptin was added to recombinant full-length SP(1–11) and rsCD26(DPPIV + ) (panel c). After incubation at 37 �C for 4 h, aliquots were
transferred to PVDF membrane and subjected to N-terminal amino acid sequencing as determined by the Edman method. The results of amino acid sequencing were shown in
each right panel. (C) The levels of SP(1–11), (2–11), and (3–11) were measured in sera of PSO patients (n = 48) or healthy adult volunteers (n = 18). There was no significant
difference in the serum levels of SP(1–11), (2–11), and (3–11) between PSO patients and healthy controls (0.23 � 0.11 v.s. 0.22 � 0.11 ng/ml; p = 0.95 by two-tailed Student’s t-
test). Each dot indicates individual value. The horizontal lines in the middle of scattergrams indicate each mean value. (D) The levels of SP(4–11) and (5–11), including SP(1–
11), (2–11) and (3–11) concentrations, were measured in sera of PSO patients (n = 48) or healthy adult volunteers (n = 18). The serum levels of SP(4–11) and (5–11) including SP
(1–11), (2–11) and (3–11) in PSO were significantly increased as compared to healthy controls (0.95 � 0.25 v.s. 0.28 � 0.13 ng/ml; P < 0.01 by two-tailed Student’s t-test). Each
dot indicates individual value. The horizontal lines in the middle of scattergrams indicate each mean value.
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3.2. Truncated form of SP cleaved by DPPIV enzyme is increased in sera
of PSO patients

It is well-known that many patients with PSO have pruritus that
is generally refractory to therapy. Among various mediators of
pruritus investigated in inflammatory skin diseases, SP is one of
key molecules in an itch sensory nerve. While SP consists of 11
amino acids residues with dual DPPIV cleavage sites at its N-
terminal position (Fig. 2A), it is unclear whether truncation of SP by
DPPIV enzyme plays a role in pruritus in inflammatory skin lesions.
To determine whether DPPIV enzyme cleaves full-length SP(1–11),
we performed in vitro digestion experiments utilizing rsCD26
protein. For this purpose, recombinant full-length SP(1–11) was
incubated with rsCD26 protein containing DPPIV enzyme activity
(rsCD26(DPPIV+)), and an amino acid sequence analysis was
performed to determine the amino acid sequence of incubated SP.
Our findings indicated that rsCD26(DPPIV+) digested recombinant
full-length SP(1–11), resulting in a truncated form of SP(5–11)
(Fig. 2B-(a)), while rsCD26(DPPIV-) exhibited no digestive activity
on SP(1–11) (Fig. 2B-(b)). On the other hand, digestion of
recombinant full-length SP(1–11) by rsCD26(DPPIV + ) was inhib-
ited by the presence of the DPPIV enzyme inhibitor sitagliptin
(Fig. 2B-(c)). These data indicate that native sCD26 containing
DPPIV enzyme activity in sera degrades full-length SP(1–11),
leading to the formation of SP(5–11).

To expand on these in vitro findings, we next analyzed the
serum concentrations of full-length and truncated SP in patients
with PSO. For this purpose, we utilized two different ELISA kits, one
detects SP(1–11), (2–11) and (3–11), and the other, SP(4–11) and
(5–11) as well as SP(1–11), (2–11) and (3–11). As shown in Fig. 2C,
levels of SP(1–11), (2–11) and (3–11) in sera of PSO were similar to
those in healthy controls (0.23 � 0.11 ng/ml v.s. 0.22 � 0.11 mg/ml).
On the other hand, serum levels of SP (4–11) and (5–11) were
significantly increased in patients with PSO compared with healthy
controls (0.95 � 0.25 ng/ml v.s. 0.28 � 0.13 mg/ml) (Fig. 2D). Taken
together with the above data, our observations suggest that levels
of SP degraded by DPPIV were increased in sera of patients with
PSO, and that the increase in DPPIV activity appears to play an
important role in PSO by truncation of SP.

3.3. DPPIV inhibitor suppresses SP-induced pruritus

We next utilized in vivo models to determine whether DPPIV
activity regulates pruritus induced by SP. For this purpose, we
established an itchy mouse model by intradermal injection (i.d.) of
full-length SP(1–11) and quantified scratching behavior in mice to
determine an itchy symptom. As shown in Fig. 3A, mice treated
with SP i.d. demonstrated increased scratching behavior in a dose-
dependent manner of SP. Utilizing this itch model, we evaluated
the effect of the DPPIV inhibitor sitagliptin on pruritus. Since we
could not formally exclude the possibility that the DPPIV inhibitor
induced hypoglycemia and decreased activity in treated mice,
resulting in reduced scratching behavior, we measured the blood
glucose levels in mice receiving sitagliptin. As shown in Fig. 3B,
suppression of DPPIV enzyme activity in mice sera was clearly
observed from 5 to 30 min after intraperitoneal injection (i.p.) of
sitagliptin at doses of 30 mM. Meanwhile, blood glucose levels in
mice treated with 30 mM of sitagliptin were similar to those in
mice treated with control saline (Fig. 3C). These data suggest that
in vivo DPPIV inhibition is observed in mice treated by i.p.
sitagliptin, while mice receiving this regimen of sitagliptin did not
develop hypoglycemia which might have an effect on locomotor
activity. We therefore administered 30 mM of i.p. sitagliptin to SP-
induced itchy model mice, and measured the frequency of
scratching behavior for 1 h. Under these experimental conditions,
scratching behavior in SP(1–11) i.d. mice was significantly

decreased in mice treated with sitagliptin (115.9 � 49.1 v.s.
13.6 � 9.4 times/hr) (Fig. 3D). On the other hand, sitagliptin had
no effect on the scratching behavior of mice treated with i.d. of
control solvent (3.3 � 3.5 v.s. 9.3 � 9.5 times/h) (Fig. 3D). Mean-
while, there were no significant differences in movement length
among all cohorts, indicating that the decreased scratching
behavior did not result from decreased mouse activity (Fig. 3E).
To further confirm that suppression of DPPIV enzyme activity
decreased SP-induced pruritus, we used CD26KO mice to evaluate
scratching behavior induced by SP(1–11). As shown in Fig. 3F, SP-
induced scratching behavior was significantly attenuated in
CD26KO mice compared with that observed in C57BL/6 wild type
mice (36.5 � 28.3 v.s. 97.0 � 50.9 times/h). Meanwhile, there were
no significant differences in movement length between CD26KO
and wild type mice, indicating that the decreased scratching
behavior did not result from decreased mouse activity (Fig. 3G). To
show effects of truncated form of SP(5–11) on pruritus, an itch
mouse model experiment was conducted utilizing i.d. injection of
recombinant SP(5–11) peptide. As shown in Fig. 3H, mice treated
with SP(5–11) i.d. demonstrated significant increase in scratching
behavior (158.5 � 29.3 times/h), compared with mice receiving
control solvent (12.7 � 9.5 times/h) or mice receiving full-length SP
(1–11) (104.5 � 30.7 times/h). Meanwhile, there were no signifi-
cant differences in movement length among SP(1–11), SP(5–11)-
treated and control mice, indicating that the increased scratching
behavior did not result from increased mouse activity (Fig. 3I).
Taken together, our data suggest that SP-induced itch sensation is
attenuated by inhibition of the DPPIV activity.

3.4. DPPIV inhibitor suppresses IMQ-induced psoriatic itch

To further determine that DPPIV inhibition affects pruritus, we
evaluated scratching behavior utilizing an IMQ-induced psoriatic
itch model [40,41]. For this purpose, mice were treated with IMQ
cream or control absorptive cream at a daily dose of 30 mg on the
rostral part of the back for 5 consecutive days. As shown in Fig. 4A,
mice treated with control absorptive cream showed no sign of
psoriatic features (panel a), while IMQ-treated mice exhibited
psoriasis-like skin including erythema, scaling and thickness
(panel b). Histopathology of skin specimens obtained from IMQ-
treated mice showed hyperkeratosis, acanthosis and infiltration of
inflammatory cells which were compatible to those found in
psoriatic skin (panel e of Fig. 4A). On the other hand, histopatholo-
gy of skin specimens from control cream-treated mice showed
none of these pathologic findings (panel d of Fig. 4A). We next
analyzed the serum concentrations of full-length and truncated SP
in IMQ-treaed mice. As shown in Fig. 4B, levels of SP(1–11), (2–11)
and (3–11) in sera of IMQ-treated mice were similar to those in
control cream-treated mice (0.32 � 0.06 ng/ml v.s. 0.39 � 0.01 mg/
ml). On the other hand, serum levels of SP (4–11) and (5–11) were
significantly increased in IMQ-treated mice compared with control
cream-treated mice (0.63 � 0.09 ng/ml v.s. 0.32 � 0.08 mg/ml)
(Fig. 4C). Moreover, scratching behavior was significantly in-
creased in IMQ-treated mice than control cream-treated mice
(118.7 �47.2 v.s. 26.7 � 20.9 times/hr) (Fig. 4D). These data indicate
that IMQ induces psoriatic itchy skin lesions in mice associated
with an increase in the truncation of SP. Utilizing this psoriatic itch
model, we analyzed the frequencies of itch scratching behaviors
with DPPIV inhibitor administration. As shown in Fig. 4D, IMQ-
treated mice receiving sitagliptin showed significant decrease of
scratching behavior compared with IMQ-treated mice receiving
control solvent (31.0 � 16.0 v.s. 118.7 �47.2 times/hr). Meanwhile,
there was no change in scratching behavior between control
cream-treated mice receiving sitaglitpin or control saline
(30.8 � 17.8 v.s. 26.7 � 20.9 times/hr), with baseline levels of
scratching behavior in both cohorts. Moreover, there were no
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Fig. 3. Treatment with DPPIV inhibitor attenuates SP-induced pruritus. (A) Recombinant full-length SP(1–11) was injected at doses of 0 (saline), 100 or 200 nmol per site by i.
d. into the rostral back of C57BL/6 mice. The frequency of scratching behavior was counted for 1 hr as described in Materials and Methods. Mice receiving saline exhibited
scratching behavior of 21.5 �12.3 times/hr (n = 6). On the other hand, mice receiving 100 or 200 nmol of SP exhibited scratching behavior of 68.3 �17.9 or 106.3 �18.6 times/
hr, respectively (each, n = 6), showing significant increase of scratching behavior in a dose-dependent manner of SP. Each dot indicates an individual value and the horizontal
bar represents average value. (B) Representative plot of mean values of serum DPPIV enzyme activity in mice receiving the DPPIV inhibitor sitagliptin is shown. Sitagliptin was
injected at doses of 0.03, 0.5 or 30 mM by i.p. Peripheral blood was harvested at 0, 5, 15, 30 and 60 min after injection, and levels of DPPIV enzyme activity were determined as
described in Materials and Methods. Serum levels of DPPIV activity were decreased in a dose-dependent manner of sitagliptin. At 30 mM of sitagliptin, DPPIV enzyme activity
in C57BL/6 mice clearly decreased to less than 20% of the value prior to administration, and lasted for at least 30 min. Similar results were observed in independent
experiments (n = 6). (C) Blood glucose levels in mice receiving the DPPIV inhibitor sitagliptin is shown (n = 6). The blood glucose levels were measured at 0 (before 1 hr food
deprivation), 60 (before 30 mM sitagliptin i.p. injection), 70, 90, 120 and 210 min. Hypoglycemia was not observed in mice treated with sitaglitpin in these experimental
conditions. (D) Mice were treated with recombinant full-length SP(1–11) (200 nmol per site) or physiological saline by i.d. and with sitagliptin (30 mM) or saline by i.p (each,
n = 10). The frequency of scratching behavior of the rostral back was counted for 1 h by the method as described in Materials and Methods. Scratching behavior was
significantly increased in mice treated with 200 nmol of SP compared with control mice (115.9 � 49.1 v.s. 9.3 � 9.5 times/hr, p < 0.01 by ANOVA). DPPIV inhibition attenuated
SP-induced itch scratching behavior (13.6 � 9.4 times/hr, p < 0.01 v.s. saline cohorts by ANOVA), while DPPIV inhibition alone showed no significant changes in scratching
behavior (3.3 � 3.5 times/hr, N.S. denotes 'not significant'). Each dot indicates an individual value and the horizontal bar represents average value. (E) Locomotor activities of
mice were measured as total horizontal moving distance during itch behavioral experiment as conducted in (D). There was no significant difference among control mice, mice
receiving saline i.d. and sitagliptin i.p., mice receiving SP i.d. and saline i.p., and mice receiving SP i.d. and sitagliptin i.p. (Each, n = 10; 16.9 � 14.1 v.s. 13.4 �12.1 v.s. 15.1 �16.2 v.
s. 4.8 � 4.7 cm/hr, respectively). Each dot indicates an individual value and the horizontal bar represents average value. N.S. denotes ‘not significant’ by ANOVA. (F) Wild type
C57BL/6 (WT) and CD26 knockout (CD26KO) mice were treated with recombinant full-length SP(1–11) (200 nmol/site) by i.d. The frequency of scratching behavior was
counted for 1 hr as described in Materials and Methods. The frequency of CD26KO mice scratching behavior was significantly decreased as compared to wild type mice (each,
n = 8, 97.0 � 50.9 v.s. 36.5 � 23.3 times/hr, p < 0.01 by two-tailed Student’s t-test). Each dot indicates an individual value and the horizontal bar represents average value. (G)
Conducted simultaneously with itch behavior experiment as shown in (F), locomotor activities of CD26KO mice were measured as described in Materials and Methods. There
was no significant difference in locomotor activity between WT and CD26KO (5.9 � 4.1 v.s. 7.5 � 2.5 cm/hr, p = 0.535 by two-tailed Student’s t-test). Each dot indicates an
individual value and the horizontal bar represents average value. N.S. denotes 'not significant'. (H) Mice were treated with recombinant full-length SP(1–11), truncated SP(5–
11) (200 nmol per site) or control solvent (10%DMSO and 0.00625 M acetate in physiological saline) by i.d. (each, n = 6). The frequency of scratching behavior was evaluated by
the same method as described in (D). Scratching behavior was significantly increased in mice treated with SP(1–11) (104.5 � 30.7 times/hr) or SP(5–11) (158.5 � 29.3 times/hr)
than control mice (12.7 � 9.5 time/hr) (each p < 0.01 by ANOVA). Moreover, scratching behavior was significantly increased in mice treated with SP(5–11) compared with mice
receiving SP(1–11) (p < 0.01 by ANOVA). Each dot indicates an individual value and the horizontal bar represents average value. (I) Locomotor activities of mice were
measured as total horizontal moving distance during itch behavioral experiment as conducted in (H). There was no significant difference among mice receiving control
solvent, full-length SP(1–11) or truncated SP(5–11) i.d. (38.3 �18.0 v.s. 30.2 � 12.5 v.s. 28.6 � 12.0 cm/hr). Each dot indicates an individual value and the horizontal bar
represents average value. N.S. denotes ‘not significant’ by ANOVA.
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Fig. 4. DPPIV inhibitor attenuates IMQ-induced PSO derived itch. C57BL/6 mice were treated with IMQ cream or control vehicle cream at a daily dose of 30 mg on the rostral
part of back for 5 days. On the 6th day, mice were treated with i.p. of sitagliptin (30 mM) or physiological saline, and then subjected to scratching behavior and locomotor
activity analyses. (A) Representative macroscopic photographs of back skins of control cream-treated mice (panel a), IMQ cream-treated mice (panel b) or IMQ cream-treated
mice receiving the DPPIV inhibitor sitagliptin (panel c) are shown. H&E staining histology of skin specimens obtained from each mouse is shown in panels d, e or f, respectively.
Similar results were observed in independent experiments (n = 6). Original magnification �100. Scale bars, 100 mm. (B) The levels of SP(1–11), (2–11), and (3–11) were
measured in sera of IMQ or control cream-treated mice on the 6th day after treatment (each, n = 3), utilizing the same ELISA kit as conducted in Fig. 2C. There was no significant
difference in the serum levels of SP(1–11), (2–11), and (3–11) between IMQ and control cream-treated mice (0.32 � 0.06 v.s. 0.39 � 0.01 ng/ml; p = 0.11 by two-tailed Student’s
t-test). Each dot indicates individual value. The horizontal lines in the middle of scattergrams indicate each mean value. N.S. denotes ‘not significant’. (C) The levels of SP(4–11)
and (5–11), including SP(1–11), (2–11) and (3–11) concentrations, were measured in sera of IMQ or control cream-treated mice on the 6th day after treatment (each, n = 3),
utilizing the same ELISA kit as conducted in Fig. 2D. The serum levels of SP(4–11) and (5–11) including SP(1–11), (2–11) and (3–11) in IMQ-treated mice were significantly
increased as compared with control cream-treated mice (0.63 � 0.09 v.s. 0.32 � 0.08 ng/ml; P < 0.05 by two-tailed Student’s t-test). Each dot indicates individual value. The
horizontal lines in the middle of scattergrams indicate each mean value. (D) The frequency of scratching behavior was counted for 2 hr after injection of sitagliptin or saline.
Mice receiving sitagliptin showed significantly decreased IMQ-induced itch scratching behavior compared with IMQ-treated mice receiving saline (each, n = 6; 31.0 � 16.0 v.
s.118.7 �47.2 times/hr, p < 0.01 by ANOVA). Meanwhile, treatment with the DPPIV inhibitor alone resulted in no significant change in the frequency of scratching behavior in
control cream-treated mice (each, n = 6; 30.8 � 17.8 v.s. 26.7 � 20.9, p = 0.989 by ANOVA). Each dot indicates an individual value and the horizontal bar represents average
value. N.S. denotes ‘not significant’. (E) Locomotor activities of mice were measured as total horizontal moving distance during itch behavioral experiment as conducted in (D).
There was no significant difference among control cream-treated mice receiving saline or sitagliptin, and IMQ-treated mice receiving saline or sitagliptin i.p. (Each, n = 6;
58.4 � 47.3 v.s. 51.4 � 23.1 v.s. 52.2 � 51.7 v.s. 38.7 � 32.9 cm/hr, respectively). Each dot indicates an individual value and the horizontal bar represents average value. N.S.
denotes ‘not significant’ by ANOVA.
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significant differences in movement length among all cohorts,
indicating that the decreased scratching behavior did not result
from decreased mouse activity (Fig. 4E). In addition, there was no
additional phenotypic and histologic change induced by the
administration of sitagliptin (panels c and f of Fig. 4A), similar to
those seen in IMQ-treated mice (panels b and e of Fig. 4A). Taken
together, our data suggest that treatment with the DPPIV inhibitor
sitagliptin attenuates psoriatic itch sensation via a decrease in the
truncated form of SP.

3.5. Overexpression of CD26/DPPIV exaggerates IMQ-induced psoriatic
itch

Finally, to further determine that DPPIV enzyme activity is
associated with pruritus, we used DPPIV-Tg mice to analyze
scratching behavior. As shown in Fig. 5A, DPPIV-Tg mice exhibited
significant increase in DPPIV enzyme activity in sera compared
with parental WT mice (177.5 � 34.4 v.s. 14.9 � 2.6 mM/min).
Scratching behavior induced by IMQ cream was significantly
increased in DPPIV-Tg mice than in WT mice (188.6 � 66.2 v.s.
107.6 � 45.9 times/hr) (Fig. 5B). Meanwhile, there was no change in
scratching behavior between WT and DPPIV-Tg mice treated with
control cream (44.9 � 19.6 v.s. 40.5 �15.5 times/hr), with baseline
levels of scratching behavior in both cohorts (Fig. 5B). Moreover,
there were no significant differences in movement length between
IMQ-treated WT and DPPIV-Tg mice, indicating that the observed
increase in scratching behavior did not result from increased
mouse activity (Fig. 5C). Taken together with the above data, our
findings strongly suggest that increased DPPIV enzyme activity
exaggerates psoriatic pruritus and that DPPIV may be a novel target
for treatment of itch sensation in psoriasis.

4. Discussion

In the present study, we demonstrated that serum levels of
DPPIV enzyme activity was significantly increased in patients with
PSO, concomitant with elevation of truncated form of SP. Moreover,
overexpression of DPPIV enzyme activity exaggerated itch
scratching behavior in psoriatic pruritus murine model induced

by IMQ cream. Furthermore, treatment with the DPPIV inhibitor
sitagliptin improved itch scratching behavior in murine pruritus
models induced by SP administration or IMQ cream.

Pruritus is an important symptom of PSO. Despite the fact that
several studies have been undertaken to investigate the pathogen-
esis of pruritus in psoriasis, many aspects of this clinical
manifestation have not yet been thoroughly examined [1,32].
Therefore, the pathogenesis of this symptom is far from being well-
understood and, as a consequence, effective therapy for pruritus in
psoriatic patients still remains a significant challenge in the clinical
setting [42]. It has been shown previously that keratinocytes
expressed high levels of DPPIV and that DPPIV inhibition
suppressed keratinocyte proliferation in vitro, and partially
restored keratinocyte differentiation in vivo [43]. It has also been
reported that DPPIV activity on keratinocytes was upregulated in
PSO [22,44], suggesting a potential role for DPPIV enzyme activity
in the pathogenesis of PSO. While other investigators have
reported a significant improvement in disease severity in patients
with PSO treated with sitagliptin [21,45], the precise mechanisms
involved in the effect of DPPIV inhibition on PSO have not been
elucidated.

DPPIV is expressed as CD26 on T cells and DPPIV-mediated T cell
activation has been demonstrated [46]. Recent report showed that
the T-cell bound expression of CD26/DPPIV in psoriatic skin was
explicitly present, albeit in small quantities [44]. One hypothesis
regarding the potential effect of DPPIV in PSO is that T cell
activation mediated by DPPIV is associated with the pathogenesis
of PSO [47]. Cytokines and chemokines represent the third key
player in the psoriatic chronic immune response [48], and are
mediators responsible for the activation and recruitment of
infiltrating leucocytes, therefore playing a crucial role in the
development and persistence of psoriatic skin lesions [49]. DPPIV
likely has a pivotal role in the processing of these molecules [46].
The extracellular protease domain of DPPIV (both on keratinocytes
and T cells) can cleave dipeptides from the amino terminus of
proteins, such as cytokines and chemokines, which are abundantly
present in a chronic immune response in PSO, resulting in
alterations in receptor specificity and a subsequent reduction in
biological activity. Taken together, it is conceivable that in PSO, a

Fig. 5. Overexpression of DPPIV aggravates IMQ-induced psoriatic itch. (A) DPPIV enzyme activities in sera of Wild type C57BL/6 (WT) or DPPIV-Tg mice were determined as
described in Materials and Methods. DPPIV-Tg mice exhibited a significant increase in DPPIV enzyme activity in sera compared with parental WT mice (each, n = 6;
177.5 � 34.4 v.s. 14.9 � 2.6 mM/min, p < 0.01 by Student’s t-test). Each dot indicates an individual value and the horizontal bar represents average value. (B) WT and DPPIV-Tg
mice were treated with IMQ cream or control vehicle cream at a daily dose of 30 mg on the rostral part of the back for 5 days (each, n = 8). Control cream-treated WT and
DPPIV-Tg mice showed no significant difference in scratching behavior (44.9 � 19.6 v.s. 40.5 �15.5 times/hr, p = 0.993 by ANOVA), while IMQ-treated WT or DPPIV-Tg mice
exhibited increased scratching behavior, compared with each control cream-treated mice (44.9 � 19.6 v.s. 107.6 � 46.9 or 40.5 �15.5 v.s. 188.6 � 66.2 times/hour, respectively;
each p < 0.01 by ANOVA). Scratching behavior induced by IMQ-treated DPPIV-Tg mice was significantly increased compared with IMQ-treated WT mice (188.6 � 66.2 v.s.
107.6 � 46.9 times/hr, p < 0.01 by ANOVA). Each dot indicates an individual value and the horizontal bar represents average value. N.S. denotes ‘not significant’. (C) Locomotor
activities of mice were measured as total horizontal moving distance during itch behavioral experiment as conducted in (B). There was no significant difference between WT
and DPPIV-Tg mice treated with IMQ cream (Each, n = 8; 15.8 � 12.6 v.s. 24.6 � 15.1 cm/hr, respectively; p = 0.228 by Student’s t-test). Each dot indicates an individual value and
the horizontal bar represents average value.
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disease involving critical interplays among activated T cells,
keratinocytes and cytokines, DPPIV can influence disease behavior
by regulating all three components.

SP is a sensory undecapeptide of the tachykinin family
distributed widely in the central and peripheral nervous systems,
mediating the sensation of itch via small-diameter C fibers in the
skin [50,51]. Previous studies have reported that serum levels of SP
were decreased in patients with PSO [52–54]. Meanwhile, since SP
is cleaved by DPPIV enzyme and DPPIV enzyme activity is
increased in PSO as shown in Figs. 1 and 2, it is important for a
detailed understanding of the role of SP in PSO to precisely
measure the truncated form of SP separately from full-length SP. In
our present study, we evaluated full-length SP(1–11) and truncated
forms of SP and demonstrated that there was no change in the
serum levels of full-length SP(1–11), SP(2–11) and SP(3–11)
between PSO and healthy adult controls. However, we found that
DPPIV enzyme activity and truncated form of SP were significantly
increased in PSO, and that truncated form of SP(5–11) resulting
from DPPIV enzyme activity is associated with an increase in itch
sensation. In IMQ-induced PSO model, truncated form of SP was
significantly increased in sera compared with control mice, and
scratching behavior was decreased by administration of sitagliptin.
On the other hand, there were no differences in serum levels of
DPPIV enzyme activity between IMQ and control cream-treated
mice (data not shown). It is conceivable that the persistent
existence of psoriatic skin lesions may be required for the
increased serum levels of DPPIV enzyme activity seen in PSO
patients, and that SP truncation may result from the increased
levels of DPPIV enzyme activity in skin lesions rather than in the
circulation [22,24]. Regarding the specific receptors mediating the
itch sensation of truncated SP, while SP-mediated itch has been
reported to be mediated via full-length SP bound to NK-1R [29,31],
future studies will be performed to determine whether truncated
form of SP acts on NK-1R as an agonistic mediator or targets other
pruritic receptors.

Our current study has conclusively demonstrated that increase
in DPPIV enzyme activity exacerbates pruritus in PSO, and that
inhibition of DPPIV enzyme reduces severity of itch scratching
behavior. Moreover, our results suggest that DPPIV inhibitors are
useful as therapeutic agents for pruritus including PSO. Additional
studies will be conducted in the near future to better characterize
and understand PSO-associated pruritus, which may lead to the
development of novel effective antipruritic treatment modalities
targeting the CD26/DPPIV molecule.
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Senescent cell accumulation in aging tissues is linked to
age-associated diseases and declining function, prompting
efforts to eliminate them. Mass spectrometry analysis re-
vealed that DPP4 (dipeptidyl peptidase 4) was selectively
expressed on the surface of senescent, but not proliferat-
ing, human diploid fibroblasts. Importantly, the differen-
tial presence of DPP4 allowed flow cytometry-mediated
isolation of senescent cells using anti-DPP4 antibodies.
Moreover, antibody-dependent cell-mediated cytotoxici-
ty (ADCC) assays revealed that the cell surface DPP4 pref-
erentially sensitized senescent, but not dividing,
fibroblasts to cytotoxicity by natural killer cells. In sum,
the selective expression of DPP4 on the surface of senes-
cent cells enables their preferential elimination.

Supplemental material is available for this article.
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Cell senescence is a state of terminal growth arrest trig-
gered by stress signals such as critically short telomeres,
oxidative damage, oncogene activation, and hypoxia
(Kuilman et al. 2010). Compared with proliferating cells,
senescent cells exhibit an enlarged morphology, distinct
metabolic and gene expression patterns, and increased ac-
tivity of a neutral β-galactosidase (Crowe et al. 2014). They
also display a senescence-associated secretory phenotype
(SASP) characterized by the production and secretion of
proinflammatory factors, angiogenic factors, and matrix
metalloproteases that alter tissue function by promoting
angiogenesis, attracting immune cells, and remodeling
the extracellular matrix (Coppé et al. 2010).
Cell senescence has a range of complex effects on phys-

iology and disease processes. Among its beneficial effects,
senescent cells promote tissuemorphogenesis and wound
healing and suppress fibrosis and tumorigenesis in young
organisms (Prieur and Peeper 2008; Muñoz-Espín et al.
2013; Storer et al. 2013; Demaria et al. 2014;Muñoz-Espín
and Serrano 2014). On the other hand, extensive detri-

mental effects have been documented for senescent cells
accumulating in tissues of older organisms, as they trigger
or exacerbate age-related diseases such as cancer, cata-
racts, arthritis, and atherosclerosis (Baker et al. 2008,
2011; Prieur and Peeper 2008; Muñoz-Espín and Serrano
2014; van Deursen 2014).
The accumulation of senescent cells in aging tissues,

as investigated in a genetic mouse model in which senes-
cent cells were selectively eliminated, was found to pro-
mote aging-associated declines and diseases. Indeed, the
removal of senescent cells from aging mouse tissues—
achieved by triggering apoptotic death of cells that ex-
pressed the senescence protein p16—enhanced longevity
and promoted healthy life span associated with a reduc-
tion in tumorigenesis and extended function of the renal,
cardiovascular, muscular, and adipose systems (Baker
et al. 2011, 2016).
With increasing evidence that senescent cells adversely

influence aging-associated declines and diseases, a major
goal in the field is to design interventions that recognize
and eradicate senescent cells selectively. Senescent cells
differ greatly from proliferating cells in the patterns of ex-
pressed proteins, including those on the cell surface that
can serve as markers and therapeutic targets. Thus, we
set out to identify cell surface proteins uniquely present
in senescent cells. This strategy is similar to that used
to eliminate cancer cells selectively (Rasmussen and Dit-
zel 2009). Using mass spectrometry (MS) analysis, we
identified DPP4 (dipeptidyl peptidase 4; also known as
CD26) as a surface protein that was strikingly more abun-
dant in senescent cells. Importantly, senescent cells were
preferentially eliminated by antibody-dependent cell-me-
diated cytotoxicity (ADCC), as the presence of DPP4 on
their surface rendered them suitable targets for destruc-
tion by natural killer (NK) cells recognizing an anti-
DPP4 antibody.

Results and Discussion

Identification of DPP4 as a novel senescent cell surface
marker

To find novel surface markers selectively present on the
plasmamembrane of senescent cells, we used awell-char-
acterized model of cellular senescence: proliferating WI-
38 human diploid fibroblasts (HDFs; at population dou-
bling level [PDL] 23) compared with those that had be-
come senescent (PDL59) following extended culture.
Senescent HDFs displayed a characteristic flattened and
enlarged morphology and exhibited elevated senescence-
associated β-galactosidase (SA-β-gal) activity, a distinctive
trait of cellular senescence (Fig. 1A). Analysis of the incor-
poration of 3H-thymidine or BrdU further indicated that
senescent cells had significantly lower proliferating activ-
ity (Fig. 1A). We fractionated membrane-associated pro-
teins and cell surface-associated proteins as described
(Materials and Methods) and surveyed them by MS
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analysis (see Supplemental Table S1 for completeMS data
set). We focused on the proteins that were more abundant
among membrane proteins (a fraction that included
endoplasmic reticulum, mitochondria, and other intra-
cellular membrane structures) and among cell surface
proteins in senescent compared with proliferating fibro-
blasts. Among the 118 protein candidates at the overlap
of the two groups (Fig. 1B), the top 15 proteins and the
PSM (peptide spectrum match) count in proliferating rel-
ative to senescent cells are listed in Figure 1C. The leading
candidate on this list was DPP4 (CD26). DPP4 peptides

detected by MS analysis are indicated (Supplemental Fig.
S1A).

To validate these differences in DPP4 levels, we frac-
tionated the membrane, surface-associated, and cytosolic
fractions of proliferating and senescent WI-38 HDFs.
Western blot analysis (Fig. 1D) revealed that DPP4 levels
were robustly elevated in themembrane fraction of senes-
cent fibroblasts but not proliferating fibroblasts or cyto-
solic fractions (Fig. 1D); membrane-associated proteins
EGFR and Caveolin-1 (CAV1) as well as cytosolic protein
HSP90 were included to monitor the cell fractionation.
DPP4 was also more highly expressed on the cell surface
and in whole-cell lysates (Fig. 1E,F) of senescent relative
to proliferating WI-38 cells. Proteins present on the cell
membrane (EGFR and CAV1), proteins showing altered
levels with senescence (EGFR, CAV1, SIRT1, and p53),
and a loading control (GAPDH) were also assessed.

We investigated the mechanism that led to the rise in
DPP4 levels in senescent cells. RNA isolation from prolif-
erating and senescent cells followed by RT-qPCR analysis
revealed thatDPP4mRNAwasmarkedly higher in senes-
cent cells (Fig. 1G); senescent markers p16 (CDKN2A)
mRNA and p21 (CDKN1A) mRNA were also elevated
(Fig. 1G).DPP4mRNA levels increased gradually with ad-
vancing PDLs (Fig. 1H). We quantified DPP4 pre-mRNA
levels as a surrogate measure of de novo DPP4 mRNA
transcription (Fig. 1I); the strong increase in DPP4 pre-
mRNA levels in senescent cells suggested that increased
DPP4 gene transcription was a major mechanism leading
to DPP4 increase with senescence.

To test whether DPP4 increased more generally in sen-
escent cells, we triggered senescence by exposing prolifer-
ating WI-38 and IMR-90 HDFs to ionizing radiation (IR);
10 d later, SA-β-gal activity was selectively elevated in
IR-treated cells. Western blot and RT-qPCR analyses indi-
cated that DPP4 and DPP4 mRNA (Supplemental Fig.
S1B,C) were up-regulated in IR-induced senescent HDFs,
although more modestly than in HDFs undergoing repli-
cative senescence (Fig. 1F,G). We further tested whether
DPP4 levels were elevated in other models of senescence
by exposing human umbilical vein endothelial cells
(HUVECs) and human aortic endothelial cells (HAECs)
to 4 Gy of IR to elicit senescence; 14 d later, RT-qPCR
analysis revealed significantly elevated DPP4 mRNA in
senescent (IR-treated) compared with proliferating (un-
treated) HUVECs and HAECs (Supplemental Fig. S2A,B).
Another trigger of senescence, treatment with doxorubi-
cin (Dox), also led to a rise in DPP4 mRNA abundance
in WI-38 cells (Supplemental Fig. S2C). Moreover, onco-
gene-induced senescence (OIS) in mouse embryonic fibro-
blasts (MEFs) expressing the oncogeneHRASG12V via viral
transduction also revealed a robust rise in DPP4 levels
(Supplemental Fig. S2D). Together, these data indicate
that DPP4 levels were highly and broadly elevated in sen-
escent cells relative to proliferating cells at least in part by
transcriptional induction of DPP4 mRNA levels and that
DPP4 localized on the surface of the plasma membrane.

Contribution to senescence by DPP4

Given the rise in DPP4 levels in senescent cells, we asked
whether DPP4 itself might help promote cellular senes-
cence. To test this possibility, we overexpressed DPP4
in proliferating WI-38 cells by infection with a lentivirus
that expressed DPP4-Myc using control viral particles

Figure 1. Identification of DPP4 as a novel senescent cell surface
marker protein. (A, left) Detection of the senescent marker SA-β-gal
in proliferating (P; PDL23) and senescent (S; PDL59) WI-38 HDFs;
the percentages of blue cells are indicated. (Middle) Measurement
of 3H-thymidine and BrdU incorporation in proliferating and senes-
cent WI-38 cells. (Right) Flow cytometry analysis of BrdU-FITC-pos-
itive proliferating and senescent cells. (B) Venn diagram
summarizing the MS analysis; the numbers of proteins more abun-
dant in cell membrane preparations (Up-MP; green) and cell surface
preparations (Up-SP; blue) from senescent cells relative to proliferat-
ing cells are indicated. (C ) The top 15 proteins from the intersection
in B. The numbers indicate the sums of the PSM from two experi-
ments. (D–F ) Western blot analysis of DPP4 levels in membrane
and cytosolic lysates (D), surface proteins (E), and whole-cell lysates
(F ). (HSP90) Cytosolic protein marker; (CAV1 and EGFR) membrane
protein markers; (SIRT1) protein marker of proliferating cells; (p53)
protein marker of senescent cells; (GAPDH) loading control protein.
(G–I ) Steady-state levels ofDPP4mRNA andDPP4 pre-mRNA quan-
tified by RT-qPCR analysis. Total RNAwas prepared from proliferat-
ing and senescent cells (G,I ) or cells at PDLs between PDL23 and
PDL54 (H). Senescent markers p21 mRNA and p16 mRNAs were in-
cluded as positive controls, and ACTBmRNAwas used as a negative
control. mRNA levels were normalized to 18S rRNA levels in each
sample; mRNAs in PDL23 cells were set as 1 in G–I. The graphs in
A,G, and I represent the means ± SEM from three independent exper-
iments. (∗) P-value < 0.05.
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that expressed only the Myc tag. After selection of infect-
ed cells in puromycin for 20 d, protein lysates were pre-
pared, and Western blot analysis was used to assess
senescence markers. As shown, markers p16 and p21
were elevated while SIRT1 levels declined in cells overex-
pressing DPP4 (Fig. 2A), supporting the notion that DPP4
promoted cell senescence. In addition, overexpression of
DPP4 in WI-38 cells elevated SA-β-gal activity (Fig. 2B)
and decreased 3H-thymidine incorporation (Fig. 2C).
We further tested whether DPP4 contributed to elicit-

ing senescence by silencing DPP4 in presenescent WI-38
cells (approximately PDL39–PDL45) and assessing senes-
cencemarkers. As shown, the robust silencing of DPP4 by
72 h after transfection of siRNA (Supplemental Material)
led to marked reductions in the levels of p53, p21, and p16
and increased SIRT1 levels, as determined by Western
blot analysis (Fig. 2D). Likewise, RT-qPCR analysis

revealed that the levels of senescence markers p21
mRNA, IL1AmRNA, and IL1BmRNAwere significantly
reduced in the DPP4 siRNA group (Fig. 2E). Additionally,
DPP4 silencing increased the number of cells in the popu-
lation (Fig. 2F) and promoted incorporation of 3H-thymi-
dine and BrdU (Fig. 2G,H), further indicating that DPP4
contributed to the growth suppression characteristic of
senescence. Interestingly, DPP4 silencing reduced the
production of reactive oxygen species (ROS) in presenes-
cent cells (Fig. 2I). Taken together, our results indicate
that DPP4 enhances fibroblast senescence.

Specific selection of senescent cells using cell
surface DPP4

Given that DPP4 was identified as a cell surface protein in
senescent cells (Fig. 1B,C), we used confocal microscopy
to further investigate this localization. Proliferating and
senescent WI-38 HDFs were fixed but not permeabilized
in order to detect only proteins present on the outside of
the plasma membrane. As shown in Figure 3A, DPP4 sig-
nal (red) was virtually undetectable in proliferating cells
but was highly abundant in senescent cultures and was
found throughout the cell surface. In light of these results,
we tested whether DPP4 might be a suitable selection
marker for senescent cells. We used two mouse antibod-
ies, anti-DPP4-PE and (control) mIgG-PE, to label prolifer-
ating and senescent WI-38 HDFs without fixation or
permeabilization to analyze cell surface markers. Labeled
samples were analyzed by flow cytometry to assess the
presence of DPP4 on the cell surface. MFI (mean fluores-
cence intensity) analysis revealed that DPP4-labeled cells
were enriched eightfold in senescent compared with pro-
liferating WI-38 HDFs (Fig. 3B). Moreover, the number of
DPP4-positive cells identified by flow cytometry analysis
using DPP4-PE was only 6.05% in proliferating cells but
rose to 67.9% in senescent cells (Fig. 3C). In sum, DPP4
levels are markedly elevated on the surface of senescent
fibroblasts and serve as a suitable marker for the specific
isolation of senescent cells.
With advancing age, senescent cells accumulate in a va-

riety of tissues, including blood. We thus asked whether
DPP4-positive cells might be detected in peripheral blood
mononuclear cells (PBMCs) from three healthy young
individuals (27–36 yr of age) and three healthy old individ-
uals (78–88 yr of age) (Materials and Methods). As shown
in Figure 3D, the percentage of DPP4-positive cells (as de-
termined by flow cytometry using the DPP4-PE antibody)
was higher in “old” PBMCs than in “young” PBMCs
(15.5% vs. 10%). Since most DPP4 signals came from
monocytes and lymphocytes, we calculated the percent-
ages of DPP4-positive monocytes and lymphocytes and
found that these percentages remained significantly high-
er in the old donor group than the young donor group (33%
vs. 21%); see Supplemental Figure S3 for contour plots of
the individual donors. To determine whether DPP4-posi-
tive cells were senescent, PBMCs from four donors (ages
27, 27, 60, and 63 yr) were labeled with DPP4-PE and sort-
ed using anti-PE microbeads by MACS (magnetic-activat-
ed cell sorting) analysis. After isolation of RNA from the
affinity-purified cells, RT-qPCR analysis was used to as-
sess the expression of senescence markers. As shown
(Fig. 3E), DPP4-positive cells in each of the four donors ex-
pressed higher levels of DPP4 and DPP4 mRNA by West-
ern blot and RT-qPCR analyses, respectively (to verify

Figure 2. DPP4 contributes to the senescence program. (A) Prolifer-
atingWI-38 cells were infected with lentiviral particles expressing ei-
ther Myc tag alone or DPP4-Myc. After 20 d of puromycin selection,
cells were harvested, and whole-cell lysates were prepared for West-
ern blot analysis to examine the levels of proteins DPP4-Myc (using
anti-DPP4 antibody), p16, p21, and SIRT1 and loading control
ACTB (β-Actin); endogenousDPP4was undetectable. (B,C ) Detection
of the senescent marker SA-β-gal (B) and measurement of 3H-thymi-
dine incorporation (C ) in the populations described inA. (D–I ) Seven-
ty-two hours after transfecting presenescent WI-38 cells (PDL39–
PDL45) with control (Ctrl) siRNA or DPP4 siRNA, the levels of
DPP4, p53, p21, p16, SIRT1, and ACTB in whole-cell lysates were as-
sessed by Western blot analysis (D); the steady-state levels of p21,
IL1A, IL1B, andACTBmRNAswere calculated by RT-qPCR analysis
and normalized to 18S rRNA levels (E); cell numbers were quantified
(F ); 3H-thymidine (G) and BrdU (H) incorporation was measured; and
reactive oxygen species (ROS) production was measured (I ). The
graphs in C and E–I represent the means ± SEM from three indepen-
dent experiments. (∗) P-value < 0.05.

Targetable senescence cell surface marker DPP4

GENES & DEVELOPMENT 1531

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.302570.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.302570.117/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com


that the affinity pull-down was successful), and, impor-
tantly, all four samples also displayed higher levels of
p16 mRNA, which encodes the major senescence-associ-
ated protein p16. The data obtained using PBMCs further
support the notion that DPP4 also serves as a surface
marker for the selection of senescent cells among a het-
erogeneous cell population.

Selective elimination of DPP4-positive senescent cells by
ADCC assay

Our initial goal was to devise a method to eliminate sen-
escent cells selectively using a differentially expressed
surface protein. Thus, after establishing that DPP4 is lo-
cated on the surface of the plasmamembrane of senescent

cells (Figs. 1, 3), we set out to test whether we could elim-
inate senescent cells selectively using an antibody direct-
ed at DPP4 and the ADCC assay. Originally developed for
cancer therapy, the ADCC assay uses antibodies to recog-
nize a specific antigen on the cell surface and guide NK
cells to selectively destroy the antibody-labeled cells
(Weiner 2015). We carried out ADCC analysis using in-
creasing concentrations of anti-DPP4 antibody (up to 5
µg/mL) to bind theDPP4 surfacemarker and thereby label
proliferating and senescentWI-38 fibroblasts.We then iso-
latedNK cells from human PBMCs and added them to the
WI-38 cultures, allowing the NK cells to destroy the cells
labeled by anti-DPP4 antibody. Treatment with NK cells
from eight different donors in the presence of rabbit or hu-
manized anti-DPP4 antibodies (Fig. 4A) indicated that, in
every case, senescent cells exhibited stronger reductions
in cell viability, as low as ∼40% (as seen with “donor 8”
of NK cells), compared with proliferating cells. As shown
in Supplemental Figure S4, ADCC assay using a control
rabbit IgG (rIgG) revealed that this antibody did not affect
cell viability in proliferating or senescent cells.

Figure 3. DPP4 ismore highly expressed in senescent cells and local-
izes on the cell surface. (A) Proliferating (P) or senescent (S) WI-38
HDFs were fixed with methanol, and the endogenous DPP4 protein
was detected by confocal microscopy. (B,C ) WI-38 (proliferating and
senescent) HDFs were harvested and incubated with either anti-
DPP4-PE or control mIgG-PE antibodies. (B) DPP4-positive cells
were analyzed by flow cytometry, and theMFI of DPP4-PE in prolifer-
ating and senescent cells was quantified. The graph represents the
means ± SEM. from three independent experiments. (∗) P-value <
0.05. (C ) Histograms from the flow analysis representing control iso-
type (left) or DPP4 (right) in proliferating and senescent cells; the per-
centages of DPP4-PE-positive cells are indicated. The experiment
shown is representativeof three independent experiments. (D)Human
peripheral bloodmononuclear cells (PBMCs) obtained fromyoung (27-
to 36-yr-old) and old (78- to 88-yr-old) donorswere analyzed by flowcy-
tometry using antibodies that recognized DPP4-PE (▴) or mouse IgG-
PE (•). The graph shows the percentage of DPP4-PE-positive cells.
(Left) PBMC populations. (Right) Monocyte and lymphocyte popula-
tions. Each data point represents a young (n = 3 total) or old (n = 3 total)
subject; horizontal lines indicate themean values. (E) Human PBMCs
obtained from four donors (27, 27, 60, or 63 yr old) were sorted into
DPP4-positive cells and DPP4-negative cells by MACS using a
DPP4-PE antibody and anti-PE microbeads. The steady-state levels
ofDPP4, p16, andACTBmRNAs were quantified by RT-qPCR analy-
sis after normalization to 18S rRNA levels. EachmRNA inDPP4-neg-
ative cells was set as 1.

Figure 4. Eliminating DPP4-positive senescent cells by ADCC. (A)
Proliferating and senescent WI-38 cells (5 × 104) were incubated with-
out or with 0.05, 0.5, and 5 µg/mL anti-DPP4 antibody and either
2.5 × 105 NK cells [for rabbit (r)anti-DPP4] or 1.25 × 106 or 2.5 × 106

NK cells [for humanized (h)anti-DPP4 antibody] per well for 4
h. After removing NK cells, WI-38 cells were incubated for another
18 h, and cell viability was measured by theMTT [3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. Cell numbers
were compared with those that received no anti-DPP4 antibody. Do-
nors 1–4were incubated with (r)anti-DPP4, and donors 5–8were incu-
bated with (h)anti-DPP4. (B) Proposed model. (Left) In proliferating
cells, DPP4 is expressed at low levels or is undetectable. (Right) In
senescent cells, DPP4 mRNA levels increase transcriptionally, lead-
ing to increased production of DPP4, which localizes as a dimer on
the cell surface, exposed to the extracellular space. The abundance
and localization of DPP4 in senescent cells enable the selective elim-
ination of senescent cells by ADCC.
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Targeting DPP4 to eliminate senescent cells

In sum, we identified DPP4 as a protein robustly up-regu-
lated on the plasma membrane of senescent cells. DPP4
levels increased via transcriptional induction of DPP4
mRNA in senescent cells. Whether this increase might
bemediated via transcription factors HNF and/or STAT1α
in fibroblasts, as shown previously in B lymphocytes and
intestinal epithelial cells (Bauvois et al. 2000; Erickson
et al. 2000; D’Angelo et al. 2010), remains to be tested.
We further found that senescent cells can be selectively
targeted by anti-DPP4 antibodies and eliminated. Accord-
ingly, we propose a model (Fig. 4B) in which the highly
abundant DPP4 on the exposed surface of a senescent
cell allows it to be recognized and eliminated by anti-
DPP4 antibody-directed NK-elicited cell death. These re-
sults underscore the usefulness of targeting for selective
destruction proteins differentially present on the plasma
membrane of senescent cells.
DPP4 is best known as a protease that inactivates two

hormones named incretins: glucose-dependent insulino-
tropic peptide (GIP) and glucagon-like peptide-1 (GLP-1).
Incretins trigger a rapid release of insulin from pancreatic
β cells after a meal; since they suppress a sudden rise in
blood glucose, they are particularly beneficial in diabetes
(Wu et al. 2016). Although the significance of having
elevated DPP4 in senescent cells is unclear, DPP4 might
influence some of the changes in glucose homeostasis
that occur with aging. For example, a rise in DPP4 levels
from accumulating senescent cells could contribute to
the impairment of glucose metabolism that leads to hy-
perglycemia in the elderly. In this regard, it will be inter-
esting to test whether DPP4 inhibitors (e.g., sitagliptin)
(Scott 2017), which enhance the so-called “incretin ef-
fect” and have been used to treat diabetes, recapitulate
the enhanced proliferation and suppressed senescence
seen after silencing DPP4 (Fig. 2).

DPP4 and senolytic therapy

Similarly, as incretin-independent actions of DPP4 are
emerging, it will be important to studywhether the health
benefits of DPP4 inhibitors depend partly on their impact
on senescent cells irrespectiveofDPP4-mediated inactiva-
tion of incretins. For example,DPP4 present on the plasma
membrane of lymphocytes (whichwe found to be elevated
with age) (Fig. 3D) associateswithCAV1, amembrane pro-
tein that also rises with senescence, leading to the activa-
tion of IRAK-1 and NF-κB (Ohnuma et al. 2005, 2008).
Likewise, DPP4 present on the membrane of antigen-pre-
senting cells and inflammatory cells in adipose tissue pro-
motes inflammation independent of its effects on insulin
production (Zhong et al. 2013). These actions of DPP4 as
well as its interaction with extracellular matrix compo-
nents such as collagen and fibronectin (Löster et al. 1995;
Zhong et al. 2013)might implicateDPP4 as a factor related
to SASP traits, which are modulated by NF-κB and pro-
foundly affect extracellular matrix remodeling.
SASP has been linked to the disease-enhancing impact

of senescent cells that accumulate in aging tissues, since
SASP factors (cytokines, growth factors, and MMPs) per-
turb tissue metabolism locally and systemically. Accord-
ingly, senescent cell elimination via geneticmanipulation
improved age-related pathologies (Baker et al. 2008, 2011,
2016). To achieve the same goal, several drugs called
“senolytics” have been identified that selectively destroy

senescent cells. Senolytics ABT737 (Yosef et al. 2016) and
ABT263 (Zhu et al. 2016) were BH3 mimetic inhibitors of
anti-apoptotic proteins (Bcl-xL, Bcl-2, and Bcl-w) original-
ly developed for cancer therapy, although inhibiting Bcl-
xL was found to have severe side effects. Other senolytics,
such as dasatinib and quercetin (Roos et al. 2016; Zhu
et al. 2016), trigger apoptosis in subsets of senescent cells,
while piperlongumine appears to work best in combina-
tion with other senolytics (Wang et al. 2016). In this con-
text, the identification of DPP4 as a targetable senescence
marker can complement interventions aimed at eliminat-
ing senescent cells.
In closing, DPP4 is overexpressed in cancers such asma-

lignant pleural mesothelioma (MPM) and renal cell and
colorectal carcinoma. A recent study found that DPP4
was more highly expressed on the plasma membrane of
MPM than normal mesothelioma cells (Angevin et al.
2017). Importantly, in preclinical trials, MPM tumor
growth was delayed by treatment with anti-DPP4 anti-
body, suggesting that it was inhibitory in both cultured
cells and patients. Antibody modifications such as conju-
gation with a toxin might enhance the cytotoxic activity
of the anti-DPP4 antibody on DPP4-bearing cells. In sum-
mary, our findings have identified the cell membrane-as-
sociated protein DPP4 senescence marker as a promising
target of therapeutic intervention in conditions in which
it is desirable to eliminate senescent cells.

Materials and methods

Cells, cell culture, IR, and SA-β-gal assay

The source and culture of HDFs WI-38 and IMR-90, MEFs, HUVECs, and
HAECs are indicated in the Supplemental Material. Proliferating WI-38
HDFs were used at PDLs ranging between PDL18 and PDL23, and senes-
cent cells were used after additional culture (PDL47–PDL55). SA-β-gal
analysis and siRNA transfections using Lipofectamine 2000 (Invitrogen)
are described (Supplemental Material). Human PBMCs were isolated
from participants of the Baltimore Longitudinal Study of Aging (BLSA)
(Ferrucci 2008) aged 27–36 yr old (young) or 78–88 yr old (old). Proliferating
WI-38 cells (approximately PDL25) and IMR-90 cells (approximately
PDL25) were rendered senescent by exposure to 10Gy of IR; cells were har-
vested 10 d later. ProliferatingWI-38 cells were transducedwith lentivirus-
es that expressed either DPP4-Myc or Myc (GeneCopoeia, Inc.) and
selected using 1 µg/mL puromycin for 20 d before harvest.

RNA isolation, reverse transcription, and quantitative real-time PCR

Total RNA was extracted using TriPure isolation reagent (Roche), and
cDNA was synthesized using random hexamers and reverse transcriptase
(Invitrogen) as described (Supplemental Material). Reactions for qPCR am-
plification contained SYBR Greenmaster mix (Kapa Biosystems) and were
performed using an Applied Biosystems 7300 instrument. The gene-specif-
ic primers used are listed in the Supplemental Material.

Protein analysis

The preparation and analysis of cell membrane and cell surface proteins by
Western blotting and MS as well as the detection of DPP4 using immuno-
fluorescence are explained in the Supplemental Material.

Flow cytometry of WI-38 cells and PBMCs and MACS

Proliferating and senescent WI-38 cells were counted using a TC20 cell
counter (Bio-Rad), washed using FACS buffer (0.5% BSA in PBS), and seed-
ed into 96-well plates. Dead cells were stained with Zombie Aqua fixable
viability kit (BioLegend); after washing, human TruStain FcX (BioLegend)
was added to block the Fc receptor, and cells were labeled with DPP4-PE
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(BD Biosciences) or mIgG-PE (BioLegend) for 15 min at 4°C in the dark.
FACS analysis was performed on a Canto II flow cytometer (BD Bioscienc-
es) using FlowJo software (FlowJo version 10.2).
Human PBMCs were incubated with DPP4-PE (BD Biosciences) for 10

min at 4°C in the dark to label DPP4-expressing cells and then labeled
with anti-PE magnetic microbeads (Miltenyi Biotec, Inc.) for 15 min at
4°C. Magnetically labeled cells were separated by MACS (Supplemental
Material). Total RNA was extracted from DPP4-positive and DPP4-nega-
tive cells.

ADCC assay

Peripheral blood from participants of the BLSA (National Institute on Ag-
ing) and healthy volunteers was collected under Human Subject Protocol
2003054 and Tissue Procurement Protocol 2003-076. White blood cells
were isolated by ACK lysis, and PBMCs were isolated using Ficoll
(Ficoll-Paque Plus, GE Healthcare) gradients following the manufacturer’s
instructions. NK cells were isolated from PBMCs using a human NK cell
isolation kit (Miltenyi Biotec, Inc.). Proliferating and senescentWI-38 cells
growing on 24-well plates (5 × 104 cells per well) were incubated with dif-
ferent concentrations of control rIgG or with rabbit or humanized mono-
clonal antibodies recognizing 0.05, 0.5, and 5 µg/mL DPP4 for 15 min at
37°C. The isolated NK cells (2.5 × 105 cells per well for rabbit antibody
and 1.25 × 106 or 2.5 × 106 for humanized antibody) were added at a ratio
of 5:1 (proliferating) or 25:1 or 50:1 (senescent; NK cells:fibroblasts [prolif-
erating or senescent]) and incubated for 4 h at 37°C.NK cells were removed
by washing, fibroblasts were returned to the incubator, and, 18 h later, cell
viability was analyzed using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay (Sigma).
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a b s t r a c t

This data article contains complementary tables related to the
research article entitled, ‘Effects of repetitive transcranial magnetic
stimulation on ER stress-related genes and glutamate, γ-aminobu-
tyric acid, and glycine transporter genes in mouse brain’ (Ikeda et al.
(2017) [1]), which showed that rTMS modulates glutamate, GABA
and glycine transporters and regulates ER stress-related genes. Here
we provide accompanying data collected using Affymetrix GeneChip
microarrays to identify changes in gene expression in mouse cere-
brum treated with rTMS for 30 days (Tables 1–10).
& 2017 The Authors. Published by Elsevier Inc. This is an open access

article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Specifications Table

Subject area Neuroscience
More specific subject area Psychiatric disorders
Type of data Tables
How data was acquired Affymetrix GeneChip RNA microarray

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/dib
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Data format Filtered, analysed
Experimental factors Mouse brain treated with rTMS for 30 days
Experimental features RNA isolation, global gene expression analyses
Data source location Wako, Saitama, Japan
Data accessibility Data are contained within this article

Value of the Data

� A global gene expression analysis of mouse cerebrum treated with rTMS for 30 days.
� These data may be useful for comparison with microarray data obtained from rTMS of different

durations.
� Genes identified as differentially expressed in this data set could be useful in further studies on the

effects of rTMS on mouse brain.

1. Data

Affymetrix GeneChip microarray analyses of mRNA isolated from mouse cerebrum after 30 days of
rTMS revealed altered expression of several genes (Tables 1–10), including glutamatergic genes (e.g.,
glutamate transporter), dopaminergic genes, cholinergic genes, genes of adrenergic signaling in
cardiomyocytes and so on.

2. Experimental design, materials and methods

We carried out a comprehensive analysis of altered gene expression in cerebrum following chronic
rTMS using a high-density oligonucleotide array (GeneChip; Affymetrix, Santa Clara, CA, USA.
MG_U74Av2 probe array), as described elsewhere [2]. Using the Affymetrix algorithm [3] and mul-
tiple analysis comparison software for assessing gene expression differences, mRNAs that increased or
decreased in the mouse brain following chronic rTMS relative to levels in the control mouse brain
were identified. Pathway analysis was used to identify the significant pathway of the differential
genes according to KEGG. And also, Gene Ontology (GO) analysis was applied to analyze the main
function of the differentially expressed genes according to the gene ontology, which is the key
functional classification of NCBI that can organize genes into hierarchical categories and uncover the
gene regulatory network based on biological process and molecular function [4].

Using these data, we indicated that rTMS modulates glutamate, GABA and glycine transporters and
regulates ER stress-related genes [1].

T. Ikeda et al. / Data in Brief 15 (2017) 948–969 949
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Abstract: Background: Malignant mesothelioma is a largely incurable disease that is 

refractory to current therapies. CD26 is a multifunctional cell surface protein involved in 

autoimmune disease, diabetes, and cancer. It has a role in T cell function, extracellular 

protein modification, as a prognostic factor for cancer, and as a therapeutic target for 

malignant mesothelioma. New treatment strategies are urgently needed for malignant 

pleural mesothelioma (MPM), and CD26-targeted therapy represents a novel approach.  

Outline: In this review, the most current and up-to-date literature available was  

reviewed and the current state of malignant mesothelioma treatment is described. 

Throughout the review the need for new therapeutic approaches is highlighted in the 

shortcomings of current therapy. CD26 is a target that is fit to take on these shortcom-

ings. In this review we discuss the structure and function of CD26, its role in malignant 

mesothelioma and the future of anti-CD26 therapy as a versatile immunotherapeutic  

option.

Conclusion: This review highlights the areas of most promise in treating MPM, these

include immune checkpoint blockade, passive immunization, and based on our recently 

published data, targeting of CD26 with its specific mAb. Finally we describe how the 

anti-CD26 mAb YS110 was recently evaluated in the first-in-human phase I clinical 

trial, showing prolonged disease stabilization and a favorable side effect profile.  

Through better understanding of CD26, new pathways to treating and potentially curing 

malignant mesothelioma may be discovered.

Keywords: Asbestos, CD26, dipeptidyl peptidase IV, immunotherapy, Malignant Pleural Mesothelioma, 
YS110. 

1. INTRODUCTION 

The human leukocyte surface antigen CD26 is 
an active cell surface peptidase that is structurally 
identical to dipeptidyl peptidase IV (DPPIV), able 
to cleave N-terminal dipeptides from peptides with  
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ogy/Oncology, University of Florida, P.O. Box 100278, Gainesville 

FL 326100278, USA; Tel: (352) 273-7832; Fax: (352) 273-5006; 

E-mail: nam.dang@medicine.ufl.edu 

terminal L-alanine or L-proline residues (1-4). It is 
composed of 766 amino acids, the majority of 
which comprise the extracellular domain of the 
protein where a peptidase catalytic site is found 
and where important ligand binding sites for 
adenosine deaminase (ADA) and fibronectin are 
located [1-4]. The remainder of the protein struc-
ture includes a short 6-peptide cytoplasmic domain 
and a 23-peptide transmembrane region [4]. 
Through this peptidase activity CD26/DPPIV has 
significant effects on enhancing cellular response 
to external stimuli, effects on glucose homeostasis, 
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T cell stimulation and activation, and the biologi-
cal behavior of selected human neoplasms.  CD26 
has relatively widespread expression on leuko-
cytes, fibroblasts, mesothelium, endothelial, 
epithelial cells, and can be found in kidney, intes-
tine, prostate, pancreas, and liver cells [5].  Since 
its discovery in 1966 by Hopsu-Havu and Glenner, 
CD26/DPPIV has been the focus of vigorous study 
in its pluripotent role in glucose homeostasis,  
inflammation, and more recently in tumorigenesis 
and as a therapeutic target in cancer [6].  The vari-
ous immunomodulatory effects of CD26 have 
been previously summarized by our group and  
recently revisited and expanded by Klemann et al.
[7, 8]. These works summarize the numerous sub-
strates for DPPIV/CD26 and their far-reaching 
roles in autoimmune diseases such as multiple 
sclerosis, asthma, arthritis, and inflammatory 
bowel disease [7-9]. Likewise, CD26 involvement 
in malignancy has been extensively reviewed and 
characterized, including its potential role in terms 
of its role as a tumor suppressor, cancer bio-
marker, and therapeutic target [6, 10-14].  Addi-
tionally CD26 has been described as a marker for 
so-called cancer stem cells (CSCs) which have 
been a highly sought after targets in chemo-
immunotherapy approaches [15]. Given the 
preponderance of evidence for CD26 involvement 
in various malignancies, as well as its role in 
immune activation and the biology of cancer stem 
cells, CD26 represents an ideal immunotherapeutic 
target; including for the aggressive, almost always 
fatal cancer malignant pleural mesothelioma 
(MPM).    

Malignant pleural mesothelioma (MPM) is an 
aggressive and fatal disease. Over the past 60 
years, since its acceptance as an independent  
oncological process, the incidence of MPM has 
continued to rise [16].  MPM is almost exclusively 
a direct result of exposure to asbestos [17]. 
Chronic pleural inflammation, ionizing radiation, 
and SV40 virus have been proposed as alternative 
exposures that can result in MPM, but these ac-
count for less than 20% of all cases [17]. Asbestos, 
a term for naturally occurring families of minerals 
that separate into thin fibers, has been used for 
greater than 5000 years for its high tensile strength 
and fire resistant properties [18]. It wasn’t until the 
1960s that the direct correlation between asbestos 
exposure and cancer development was validated 
and accepted [19]. Since that time, the WHO and 
International Agency for research in cancer have 

defined asbestos as a class I carcinogen responsi-
ble for both lung cancer and malignant pleural 
mesothelioma [18]. Inhaled asbestos fibers end up 
in the pleura, induce cytotoxic effects, and cause 
DNA damage and chronic inflammation [20]. This 
process is constant and smoldering for the next  
20-60 years prior to the development of MPM. 
This long period of latency and protracted asymp-
tomatic period explains the delayed peak in MPM 
cases and the increasing incidence over the past 40 
years [21]. For example, in the US the peak in as-
bestos consumption occurred in the early 1970s, 
and its manufacturing was banned in the late 
1980s, with total consumption and exposure risk 
being significantly reduced by the late 1990s; but 
the peak in MPM diagnoses of roughly 2,500-
3,000 cases did not occur until about 2002 [22]. 
The expected plateau effect for MPM diagnoses 
for most industrialized nations that have banned 
the use of asbestos are expected to occur between 
2015 and 2030, but countries like Russia, China, 
Brazil, and India continue to both mine and use 
asbestos at an alarming rate [23]. China has  
become the worlds largest asbestos-consuming 
country, has little to no reporting mechanism of its 
MPM rates, and will likely experience a surge in 
MPM diagnoses in the future [24]. With this pre-
dictable man-made epidemic looming on the hori-
zon, new strategies are required for treating this 
aggressive disease as current strategies show lim-
ited efficacy, poor survival benefit, and have sig-
nificant morbidity associated with them [18]. In 
this review, we will discuss the current state of 
malignant mesothelioma treatment and some of 
the burgeoning therapies currently in clinical trials. 
We will also highlight the work done on CD26 
expression in MPM, its potential as a biomarker, 
and its functional role in MPM survival, invasion, 
and migration. Finally, we will review the ongoing 
clinical development of an anti-CD26 monoclonal 
antibody in malignant mesothelioma and its poten-
tial far-reaching implications as a novel immuno-
therapeutic agent. 

2. CURRENT THERAPIES 

If left untreated, MPM has an average life  
expectancy of 8 months and a 5-year mortality of 
greater than 95% [24]. Our best efforts with mul-
timodal therapy may extend this outcome by mere 
months, further emphasizing the extreme need for 
improved therapies. Current therapeutic strategies 
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for MPM include surgery, radiation, chemother-
apy, and more recently targeted therapy and  
immunotherapy [25-31]. Table 1 summarizes the 
mainstays of treatment and the benefit of tradi-
tional therapies over systemic chemotherapy. The 
roles of surgery and radiation as part of MPM 
treatment are rife with controversy, with these 
modalities showing limited benefit in patients with 
advanced disease. 

2.1. Multimodal (Surgical Resection, Radio-
therapy, and Chemotherapy)  

Surgical intervention is difficult to perform, 
since achieving negative margins when extracting 

thin areas of pleura is difficult to accomplish and 
is associated with a significant level of risk, requir-
ing a high level of familiarity and expertise with 
the procedure [32]. Two main surgical interven-
tions are currently in use, pleurectomy/decorti-
cation (P/D) and Extrapleural Pneumonectomy 
(EPP) [29].  As illustrated in the MARS trial, EPP, 
an invasive aggressive debulking procedure 
showed no benefit when added to chemother-
apy/radiation, being associated with a worse  
median survival when compared with no surgical 
intervention, and may actually cause harm [33, 
34]. However, it is important to note that this 
study, like many involving MPM, is extremely un-
derpowered and involved only 19 individuals re-

Table 1. Principal characteristics and benefit of current therapies for MPM. 

First Line Therapy 
Overall Survival 

(Months) 
Improvement vs. SOC 

Study Features/  

Limitations 
References 

None 8 n/a Na/ Zhang et al. Ann Transl 

Med 2015 

Cisplatin + pemetrexed 

(SOC) 

16.1 0 225 pts, newly diagnosed 

MPM, ECOG 0-2 

Zalcman et al. Lancet 

2016

SOC + bevacizumab 18.8 2.7 223 pts, newly diagnosed 

MPM, ECOG 0-2 

Zalcman et al. Lancet 

2016

SOC + EPP 21.9 5.8 54 pts, stage I to III MPM, 

otherwise healthy, ECOG 

0-1 

Krug et al. J clin oncol 

2009

EPP + IMRT 14.2 None 63 pts, able to tolerate EPP, 

minimal comorbidities 

Rice et al. Ann thorac 

surg 2007 

EPP + SOC + hemitho-

racic RT  

29.1 13 42 pts, ECOG 0-1, T1-3 

N0-2 (33 pts who entered 

study could not tolerate all 

phases of therapy)  

Krug et al. J clin oncol 

2009

PD + SOC + IMPRINT 20.2 4.4 70 pts, retrospective study 

over 30 years, high karnof-

sky score  

Shaikh et al. J of tho-

racic oncol 2017 

CRS-207 + SOC 8.5* N/A 38 pts, treatment naïve, 

ECOG 0-1 

Jahan et al. J of thoracic 

oncol 2016 

Second Line Therapy 
Overall Survival 

(Months) 

Improvement vs.

Historic Chemo 

Study Features/ 

Limitations 
Reference 

Tremelimumab + SOC 10.7 2.0 29 pts, ECOG 0-1, primar-

ily epithelioid histology 

Calabro et al. Lancet 

Respir Med 2015 

MESOT-TREM-2012 

Abbreviations: MPM (Malignant Pleural Mesothelioma), ECOG (Eastern Cooperative Oncology Group Performance Status), SOC (Standard of Care), pts 

(patients), EPP (Extrapleural Pneumonectomy), PD (Pleurectomy with Decortication), IMRT (Intensity-modulated Radiation Therapy), CRS-207 (live, attenu-

ated, double-deleted listeria monocytogenes engineered to express tumor-associated antigen mesothelin).* (progression free survival, overall survival goal not 
met to date).  
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ceiving EPP [34]. With the high morbidity and re-
quired technical expertise, this procedure has 
therefore fallen out of favor except in those patient 
fortunate enough to be diagnosed at an early-
localized stage.  

P/D is being evaluated currently in the MARS2 
trial to evaluate the role of surgery in MPM ther-
apy, aside from its value in diagnostic biopsy [32]. 
In a similar vein, radiotherapy has been used in 
combination with chemotherapy and surgery as 
part of a trimodal therapeutic approach, or follow-
ing surgery to prevent tumor seeding of thoraco-
scopy or thoracotomy scars. Trimodal therapy in-
volves chemotherapy followed by EPP or P/D and 
intensity modulated radiotherapy as combination 
treatment for MPM. Results from small trimodal 
clinical trials suggest that, in certain patient popu-
lations, this aggressive multipronged attack may 
improve overall survival by up to 6 months vs.
standard of care (SOC) [35]. However, this treat-
ment option is only valuable to those MPM  
patients with limited burden of disease, excellent 
performance status, and epitheliod histology [36].  
While surgery and radiotherapy may have some 
role to play in specific MPM cases, the mainstay 
of treatment for the past 20 years has been sys-
temic chemotherapy. 

2.2. Systemic Chemotherapy in Malignant 
Mesothelioma (SOC) 

For a prolonged period of time, there was no 
consensus as to the optimum systemic chemother-
apy used for MPM due to the limited randomized 
clinical trial data to support one strategy over  
another. It is important to mention that systemic 
chemotherapy for MPM is palliative in nature and 
has been the only intervention to show modest  
improvement in overall survival [27, 37]. This 
situation changed in 2003 following the availabil-
ity of the results of the EMPHACIS phase III trial, 
which showed the superiority of the combination 
of cisplatin and pemetrexed over cisplatin alone, 
which was the most commonly used first line 
chemotherapy at the time [38, 39]. In this study, 
median survival was improved from 9.3 to 12.1 
months [39]. These data led to the formal approval 
of the pemetrexed/cisplatin combination as the 
new SOC for MPM, a development which has not 
changed in the decade plus since it was first  
described [37]. Additional studies have validated 
the use of a different antifolate, raltitrexed, with 

cisplatin as an appropriate alternative regimen if 
pemetrexed is not well-tolerated [40]. Many clini-
cians also substitute carboplatin for cisplatin to 
reduce toxicity with little clinical difference in 
outcomes and without formal FDA approval [41].  
Meanwhile, the recently published MAPS study 
demonstrated the clinical benefit of adding bevaci-
zumab to SOC which resulted in an additional 2.7 
month survival benefit though not without risks as 
the bevacizumab arm had higher reported adverse 
events across multiple subgroups and significant 
increases in grade 3-4 arterial and venous throm-
boembolic events [42].  However, even with this 
increase in median survival from the addition of 
bevacizumab plus SOC, MPM typically recurs as 
an incurable disease, necessitating the develop-
ment of effective second line therapeutic options. 
Unlike the case with first line therapy, there is cur-
rently no established SOC therapy for disease  
recurrence or progression following initial man-
agement. The most common second line chemo-
therapy options include the vinca alkaloid vinorel-
bine, the anti-nucleoside analog gemcitabine, and 
the re-administration of single agent pemetrexed, 
which have shown the most promise in terms of 
tolerability but have failed to improve overall  
survival [27, 43]. In view of these shortcomings of 
currently available therapies, novel treatment 
strategies including targeted strategies and immu-
notherapy have been explored as both adjunctive 
and independent options for systemic therapy of 
MPM. 

2.3. Targeted Therapies and Immunotherapy in 
Malignant Mesothelioma 

Given the overwhelming lack of second line 
options in MPM and the large percentage of  
patients diagnosed with advanced disease that is 
not amenable to aggressive multimodal appro-
aches, there has been a focus on targeted therapies 
with biological agents over the last 10 years, albeit 
with mostly disappointing results. Targeting vari-
ous tyrosine kinases and the process of angiogene-
sis, as well as representing various forms of  
immunotherapy, these therapies can be broadly 
subcategorized into small molecule inhibitors,  
angiogenesis inhibitors, histone deacetylase 
(HDAC) inhibitors, and gene mutation targeting. 
The small molecule inhibitors include multitarget-
ing receptor tyrosine kinase inhibitors (mTKIs), 
selective tyrosine kinase inhibitors (sTKIs), and 
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proteasome inhibitors. These molecules have gar-
nered much focus in the oncologic world with 
broad applications in both solid and liquid tumors 
[44-47]. Unfortunately, phase I and phase II clini-
cal trials involving the mTKIs sorafenib, sunitinib, 
pazopanib, and desatinib showed either limited 
anti-mesothelioma activity, the inability to induce 
remission, and/or unacceptable toxicity [48-52]. 
These receptor tyrosine kinase inhibitors broadly 
target EGFR, VEGFR, PDGFR, and C-kit to exert 
their anticancer effects. While these self-signaling 
molecules are upregulated in MPM, they do not 
appear vital to its propagation and are not MPM 
specific, which likely contributes to the limited 
efficacy of these drugs.  Interestingly, the process 
of angiogenesis has only been successfully tar-
geted by the monoclonal antibody bevacizumab 
and not by the above mentioned mTKIs which tar-
get VEGFR, or by the biologic agent thalidomide 
which primarily works through angiogenesis inhi-
bition [53, 54]. Thalidomide was tested in clinical 
trials as both adjunct to standard of care treatment 
and as maintenance therapy for MPM patients pre-
viously treated with platinum based chemotherapy. 
The results of these studies showed no benefit to 
thalidomide as adjunct and no improvement in 
overall survival (OS) vs supportive care alone as 
maintenance therapy [27, 54]. Guazelli et al., re-
cently summarized active phase I and phase II 
clinical trials and highlight that many studies have 
looked at targeting the EGFR or VEGR pathway 
with little success to show for it up to this point, 
this review expertly highlights the current clinical 
trials that are ongoing from Clincaltrials.gov [53]. 
Since EGFR expression is upregulated in the ma-
jority of MPM, selective tyrosine kinase inhibitors 
like erlotinib and gefitinib should theoretically  
exhibit increased activity against MPM. Unfortu-
nately, similar to the mTKIs, results from phase II 
clinical trials were disappointing. Limited efficacy 
and marked resistance to these sTKIs was  
observed even in the presence of detectable EGFR 
expression on MPM tumors [55-57]. Similar  
results to these were seen with the proteasome  
inhibitor bortezomib, which has been approved for 
use in multiple myeloma and is currently in clini-
cal trials for multiple other cancers including non-
small cell lung cancer and metastatic breast cancer 
[58]. In two different clinical trials bortezomib 
failed to show objective response as monotherapy 
and failed to provide significant OS survival or 

disease progression benefit when combined with 
SOC [59].  

HDAC inhibitors, specifically vorinostat, which 
modify and limit deacetylation of histone and 
block access genes that are overused by cancer 
cells for progression and division, showed promis-
ing results in early clinical trials [60]. These re-
sults prompted the large-scale VANTAGE-014 
phase III double blind, randomized placebo control 
study using vorinostat monotherapy as either sec-
ond- or third-line therapy for MPM [61]. Results 
reported in the Lancet in 2015 of this large well 
designed and well executed study (660 patients 
enrolled) showed no benefit to vorinostat over pla-
cebo in terms of overall survival [61].  Gene muta-
tions have been a hallmark of targeted cancer ther-
apy, but few highly conserved gene mutations in 
MPM have been identified, and studies involving 
those found and targeted have failed to result in 
clinically significant efficacy.  The most common 
mutations observed through molecular genetic 
analysis of patient MPM samples include BAP1, 
PTEN/PI3K, CDKN2A/ARF, and NF2 [62-65]. Of 
these, NF2 has been identified in 40% of MPM 
and results in inactivation of a protein called Mer-
lin which is involved in cell adhesion and motility. 
Of potential therapeutic value is the fact that Mer-
lin loss increases cell sensitivity to focal adhesion 
kinase (FAK) inhibitors [66]. Initial research 
showed FAK inhibitors, specifically defactinib, 
along with their MPM cytotoxic effect reduced so 
called cancer stem cell populations in MPM with 
potential for more durable prolonged response vs
SOC [66]. These results prompted a large phase II 
COMMAND study which enrolled 372 patients to 
receive defactinib plus SOC vs placebo plus SOC 
control arm as first line therapy for MPM [67]. 
Unfortunately as is often the case in MPM clinical 
trials, the study was stopped during recruitment 
when no difference in defactinib vs placebo were 
observed, even when subdivided to those patients 
with identifiable merlin loss [68].   

Immunotherapy has been on the forefront of 
cancer therapy for the past 20 years and recent 
successes in immune checkpoint inhibition, tumor 
escape mechanism targeting, passive immunother-
apy, and dendritic cell vaccines have pushed the 
field further with ever broadening application [69-
71]. Recent advances in immunotherapy and cur-
rent clinical trials in MPM are well summarized by 
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Thapa et al., [72]. In their review of current im-
munologic strategies, the failures of targeting 
MPM with single agent immunotherapy warrants 
the use of combination strategies to improve effi-
cacy [72]. One of the more successful pathways of 
immunotherapy described in their work and others 
is the use of immune checkpoint inhibition as a 
novel target in MPM [72]. An example of immune 
checkpoint inhibition is the strategy of targeting 
and blocking CTLA-4. CTLA-4 is a cell surface 
co-factor expressed on the surface of T cells that 
acts as an inhibitory cofactor for CD80 and CD86 
[73]. CTLA-4 competes with CD28 for binding 
with CD80/86 and when bound sends an inhibitor 
signal to antigen presenting cells to decrease the 
inflammatory response and diminish cell activa-
tion. This process allows CTLA-4 to protect  
surrounding cells and the system as a whole from 
uncontrolled immune stimulation [74]. Tumor 
cells, including malignant mesothelioma, express 
increased level of CTLA-4 as a means of blocking 
anti-tumor immune responses [74]. Inhibition of 
CTLA-4, or so-called checkpoint inhibition, there-
fore can restore the anti-tumor immune response, 
resulting in T cells recognition and attack of  
tumors that had previously been undetected. In a 
recent review, Guazelli et al. have summarized the 
role of CTLA-4 targeting in MPM [75]. They and 
others point out monoclonal antibodies (mAb)  
directed against CTLA-4 have shown impressive 
results in melanoma and have been tested in early 
clinical trials with MPM [75]. The CTLA-4 mAb 
Tremelimumab has been investigated in the 
MESOT-TREM-2008, and MESOT-TREM-2012 
phase II clinical trials in patients with chemother-
apy-resistant MPM [28, 75, 76]. In these studies, 
Tremelimumab treatment resulted in a disease 
control rate of 31% when administered every 3 
months, and a control rate of 52% when given 
every 4 weeks, a regimen that led to improved  
efficacy in other cancers [75-77]. Furthermore, 
with the shorter dosing time, median OS was  
improved to 10.7 months compared to historical  
averages of 8.7 months with second line chemo  
[77]. These early results have led to an ongoing  
study comparing Tremelimumab monotherapy vs
placebo control. Additionally, combination immu- 
notherapies, CTLA-4 blockade combined with  
anti-PD-L1 therapy is under active investigation  
and was recently presented at ASCO 2016 with the  
combination of Tremelimumab and durvalumab  

[75]. Like CTLA-4, programmed death ligand 1  
(PD-L1) is overexpressed in MPM, particularly the  
sarcomatoid type, and exerts an inhibitory effect  
on T cells to suppress the anti-tumor immune 
response [77]. Binding PD-L1 with ligand specific  
mAbs therefore blocks this tumor escape mecha- 
nism, potentially resulting in greater susceptibility  
of MPM to immune destruction. In the recent  
KEYNOTE-028 phase I clinical trial, the PD-1  
mAb pembrolizumab was tested in a 25 patient  
cohort and showed an impressive overall disease  
control rate of 76% [73, 78]. This has prompted  
larger phase II investigation to further explore the  
anti-MPM activity of pembrolizumab [73].   

Additional passive immunotherapy strategies in 
MPM have focused on targeting the tumor-
associated antigen Mesothelin. Mesothelin expres-
sion is increased in MPM and likely plays a role in 
cell adhesion and invasion [79, 80]. Strategies  
focusing on mesothelin targeting have involved 
the mAb Amatuximab, anti-mesothelin vaccine 
CRS-207, and the mAb-toxin fusion protein called 
SS1P [79]. Amatuximab is a chimeric anti-
mesothelin mAb that was tested in a phase II mul-
ticenter trial of 89 MPM patients in combination 
with SOC (pemetrexed/cisplatin) vs SOC alone, 
with improved OS in the Amatuximab-containing 
arm [81]. The anti-mesothelin vaccine CRS-207 is 
a live, attenuated, derivative of listeria monocyto-
genes that expressed the mesothelin Ag and acti-
vates both innate and adaptive immunity [82]. The 
synergistic effects of CRS-207 and SOC chemo-
therapy was tested in a phase I trial of 38 MPM 
patients which showed encouraging anti-tumor 
immunity, with a progression free survival of 8.5 
months [82]. Encouraging results from this study 
has led to a large multicenter phase III clinical trial 
that is currently recruiting. Similarly, the recombi-
nant anti-mesothelin and truncated pseudomonas 
exotoxin SS1P has shown significant anti-tumor 
activity and tolerability in a phase I clinical trial 
[83]. Finally, adoptive transfer of ex vivo stimu-
lated dendritic cells, so called dendritic cell vacci-
nation has recently shown activity in MPM. In a 
trial of 10 patients with MPM, cyclophosphamide 
was given to reduce activity of T regulatory cells 
prior to infusion of dendritic cells pulsed with 
autologous tumor lysate [84]. Results of this small 
study showed radiographic disease control in 8/10 
patients and an impressive OS of greater than 2 
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years in 7/10 patients [84]. This technique will 
likely be expanded and further investigated in  
future years.  

3. POTENTIAL APPROACH TO TARGET-
ING CD26 IN MPM 

As discussed above, treatment for MPM  
beyond first line therapy is still unsatisfactory due 
to limited efficacy, and novel therapeutic ap-
proaches are urgently needed for this patient popu-
lation. While immunotherapy approaches appear 
promising with encouraging efficacy in multiple 
small studies, the observed benefit is still rela-
tively short lasting and typically limited to only a 
few months. Additionally some concerns that arise 
with all studies involving immunotherapy include 
utilizing progression free survival (PFS) vs OS as 
an overall marker of drug efficacy or combining 
drugs that lack single-agent activity. In a recent 
study published in the Journal of Clinical Oncol-
ogy, Tan et al. performed a meta-analysis of trials 
with results posted on ClinicalTrials.gov where 
they found a majority of studies showing signifi-
cant benefit on PFS but not on OS [85]. They 
highlight the need for studies to look at both PFS 
and OS and to not use one as a surrogate marker 
for the other [85].  In separate commentary, Gya-
wali and Prasad illustrate that multiple trials over 
the past decade where multiple drugs without 
proven single-agent efficacy were added together 
as a novel treatment and showed PFS but rarely 
showed an effect on OS [86]. They pose in addi-
tional manuscript that by combining multiple 
therapies to extent PFS we run the risk of subject-
ing patients to unnecessary side effects and risks 
for little benefit [87].  These compelling examples 
shed light on the grain of salt mentality that is 
needed when evaluating the efficacy of immuno-
therapy. Unfortunately, as is usually the case, most 
of these trials and analysis did not include studies 
involving MPM. Given the small treatment arms 
and aggressive nature of MPM small gains in PFS 
may indicate improvement in OS but the low 
power of these studies makes statistical extrapola-
tion difficult and with such a short OS window for 
these patients even small gains should be looked at 
as possible treatment strategies. There studies con-
firm and support the need for improved targeting 
in diseases like MPM and stresses the importance 
of single-agent efficacy in therapy design before a 
drug is pushed forward through clinical trials and 

towards FDA approval. Thus, an ideal target in 
MPM would be one that is highly expressed by 
malignant mesothelioma cells but absent from 
normal mesothelioma, and plays a role in tumor 
proliferation or invasiveness. In addition, therapy 
specifically targeting this antigen should work in 
concert with chemotherapy to enhance treatment 
efficacy without increasing side effect burden, 
have strong activity as a single agent, and improve 
both PFS and OS in MPM patients. All these char-
acteristics can be found potentially in the surface 
antigen CD26. 

3.1. CD26 Expression and Function in MPM 

CD26 is a multifunctional cell surface receptor 
with roles in immune regulation, T cell activation, 
and malignant potential of various cancers.  CD26 
is highly expressed in MPM and was originally 
identified as a potential target by our group [88, 
89]. Our initial work demonstrated that targeting 
CD26 with anti-CD26 mAb resulted in in vitro
growth inhibition of MPM cell line [89]. Subse-
quently, we showed high CD26 expression on 
various human MPM types including localized 
MPM, well-differentiated papillary MPM, and dif-
fuse MPM but not on adenomatoid tumors or reac-
tive mesothelioma cells [88]. Complementing our 
earlier in vitro work, we also demonstrated for the 
first time the potential for targeting CD26 in MPM 
with anti-CD26 mAb in an in vivo NOD-SCID 
mouse model of MPM. This initial evaluation for 
CD26 expression on a small sample population of 
MPM tissues was then further expanded in a fol-
low-up paper which demonstrated overexpression 
of CD26 in MPM in more than 120 different MPM 
surgical samples including epitheliod mesothe-
lioma, biphasic mesothelioma, and sarcomatoid 
mesothelioma as well as 8 different mesothelioma 
cell lines [90]. Interestingly, the more aggressive 
sarcomatoid mesothelioma samples had reduced 
cell surface CD26 expression but retained cyto-
plasmic CD26 expression. This work suggested 
that the morphology of the mesothelioma cell type, 
which has been used as a prognostic factor in the 
disease, correlated with CD26 expression and that 
loss of membranous CD26 was associated with the 
more aggressive spindle shaped sarcomatoid 
mesothelioma, raising the possibility that the loss 
of CD26 in these cells represented an epithelial to 
mesenchymal transition for MPM potentially  
responsible for the difficulty in treating and poorer 
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outcome associated with sarcomatoid MPM [90]. 
We subsequently showed that CD26 surface  
expression was associated with improved survival 
in MPM patients that received chemotherapy and 
potentially contributed to mesothelioma che-
mosensitivity [91].  We also demonstrated through 
in vitro investigation that CD26 was associated 
with enhanced proliferative activity of MPM and 
through downstream gene activation, CD26 
upregulated mechanisms that increased chemo-
therapy sensitivity [91]. Given the increased sur-
face expression of CD26 in favorable MPM phe-
notypes, soluble CD26 (sCD26) was investigated 
as potential biomarker for MPM. We showed in a 
recent preclinical model of MPM that sCD26 lev-
els were higher in patients with the favorable epi-
theliod phenotype than those with the aggressive 
sarcomatoid subtype and through therapeutic 
monitoring, reduction in sCD26 may indicate pro-
gression of disease [92]. Whether sCD26 can be 
used in high-risk patients, those with previous  
significant asbestos exposure or those residents of 
asbestos mining communities, as a screening tool 
for early detection of disease remains to be deter-
mined. Additionally, CD26 expression was identi-
fied and characterized as a marker for so called 
cancer stem cells (CSC) in MPM and was found to 
be co-expressed with the CSC marker CD24 [93]. 
In this study we used shRNA knockdown of CD24 
and CD26 to determine the effects of gene silenc-
ing in the MPM cell line Meso-1 [93]. We showed 
that through silencing of CD26 but not CD24 
MPM cellular invasion was reduced and MPM 
showed reduced proliferation [93]. Gene knockout 
of CD26 additionally caused an reduction in the 
cancer cell signaling molecules IGFBP7, IGFBP3, 
Wnt5A, and IL7R [93]. These studies also showed 
CD26 played a role in asymmetric cell division 
and invasion potential in MPM cell lines [93]. 
These collective works clearly validated CD26 as 
a surface receptor upregulated in MPM with vari-
ous roles in cell proliferation, invasion, and che-
mosensitivity, while loss of expression correlated 
with progression of MPM to a more aggressive 
treatment-resistant phenotype.  

These studies on CD26 expression in MPM 
were subsequently followed by our work evaluat-
ing molecular mechanisms for CD26 role in cellu-
lar invasiveness. We showed that CD26 promotes 
invasiveness through the formation of CD26-�5�1
integrin molecular complexes that interact with 
various cell surface and endothelium receptors and 

stimulate extra-cellular matrix metalloproteinases 
[94]. In addition, the short 6 amino acid cytoplas-
mic region of CD26 plays a crucial role in MPM 
migration and invasion through upregulation of 
periostin [95]. We demonstrated that the lipid raft 
platforms clustered around CD26, indirect activa-
tion and phosphorylation of the proto-oncogene 
Src occurred resulting in nuclear translocation of 
the transcription factor Twist1 [95].  Through this 
mechanism, periostin production is increased,  
associated with an enhancement in the migratory 
potential and invasiveness of MPM, contributing 
to both progression of disease and metastases. 
CD26 therefore represents a targetable MPM spe-
cific molecule with a direct role in the invasive-
ness and metastatic potential of MPM.  

3.2. CD26 Targeting in Malignant Mesothe-
lioma

As mentioned above, proof-of-concept studies 
using preclinical MPM models demonstrate that 
targeting CD26 with its specific mAbs is a viable 
anti-cancer therapeutic approach. Treatment of 
MPM cell lines with the humanized anti-CD26 
mAB, YS110 resulted in p27

kip1
 accumulation 

leading to cytotoxicity in both in vitro and in vivo
models [88]. Binding of YS110 also had a direct 
role in regulating binding to extra-cellular matrix 
proteins, biphasic antitumor immunity through 
immune activation and direct cytotoxicity, as well 
as inhibition of distant metastases [88]. In addi-
tion, anti-CD26 mAB enhanced nuclear transloca-
tion of CD26 with downstream effects resulting in 
mesothelioma growth suppression [96, 97]. Cellu-
lar localization analysis revealed that YS110 
caused an increase in transport via caveolin-
dependent endocytosis and accumulation of CD26 
to the nucleus of MPM resulting in suppression of 
POLR2 gene expression and subsequent growth 
suppression of MPM cells, while highlighting a 
secondary anti-tumor mechanism of anti-CD26 
mABs [96, 97]. Meanwhile, a recently published 
paper demonstrated that YS110 caused retarded 
G2/M cell cycle progression through inhibition of 
phosphorylation of cdc2 and cdc25C and activa-
tion of ERK1/2 [98]. Importantly, a synergistic 
effect between YS110 and the first line anti-MPM 
chemotherapeutic agent pemetrexed was observed, 
as the combination of YS110 and pemetrexed 
showed superior anti-tumor activity associated 
with combinatorial G1/S and G2/M cell cycle tran-
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sition inhibition than either agent alone in a mouse 
xenograft model of MPM [98].  

These encouraging preclinical results along 
with our increased understanding of the novel  
molecular mechanisms involved in CD26 targeting 
in cancer cells led to the first-in-human phase  
I study of YS110 in CD26 expressing cancer cells. 
This recently published study involved 33 patients 
with CD26+ tumors (22 of whom had heavily pre-
treated MPM) treated with a standard 3+3 escala-
tion scheme with escalating doses of YS110 [99]. 
YS110 was generally well tolerated even to doses 
of 6mg/kg weekly, with maximal tolerated dose 
not reached and only 2 patients reporting grade 3 
or higher anaphylactic or allergic reactions, which 
entirely resolved with supportive treatment and 
dose omission [99].  When the study was subse-
quently amended to add clinically relevant aller-
gies as a new exclusion criterion and to allow for 
the administration of a systemic steroid prophy-
laxis prior to each infusion to better control infu-
sions reactions, the safety profile was even further 
improved with treatment doses being escalated to 
6mg/kg without dose limiting toxicities. While 
there was a transient decrease in total peripheral 
lymphocyte counts and CD26+ lymphocyte sub-
sets following antibody administration, there was 
no observed autoimmune or infectious disease  
occurrences [99]. Furthermore, in this first-in-
human phase I study, prolonged disease stabiliza-
tion was observed in a significant number of  
patients that received YS110 [99, 100].  Thirteen 
of 26 evaluable patients treated with YS110 had 
stable disease as the best response for an overall 
median PFS of 43 days, while 7 patients (including 
five cases of mesothelioma) experienced prolon-
ged PFS of 184-399 days [99, 100]. Taken  
together, data from both preclinical studies as well 
as the recently completed first-in-human phase I 
clinical trial indicate that additional testing of 
YS110, which may represent a major breakthrough 
in the treatment of MPM, in future clinical trials as 
either single agent therapy or as part of combina-
tion therapies with other anti-neoplastic agents, 
would be warranted.  

CONCLUSION 

MPM is an ongoing oncological concern. With 
continued mining and use of asbestos globally in 
developing countries and major industrialized  

nations like China and Russia, MPM cases will 
predictably increase in the coming decades. When 
found, treatment strategies include combination 
surgery, radiation, and chemotherapy; although 
few patients are diagnosed in time to benefit from 
definitive surgery, with systemic chemotherapy 
being thus left for many patients as their only  
option. While beneficial at reducing symptoms, 
systemic chemotherapy with pemetrexed and cis-
platin (SOC) fails to provide curative benefit for 
most MPM patients and only extends overall sur-
vival by a matter of months. The addition of novel 
biologic agents such as bevacizumab to standard 
of care will likely provide modest survival benefit 
but has yet to become the approved standard. For 
most patients with MPM, following initial sys-
temic therapy, disease commonly relapses with 
progression and metastases. Over the past 20 
years, many chemo- and immunotherapeutics have 
been evaluated as potential treatments for MPM 
with limited benefit. Novel immunotherapy strate-
gies including passive immunotherapy, mesothelin 
targeting, and checkpoint inhibition targeting have 
recently shown promise in small phase I and II 
studies. In this review, we highlight the need for 
novel therapeutic approaches in MPM and discuss 
the potential of CD26 as a new molecular target. 
CD26 is highly expressed in MPM with limited 
expression in normal mesothelial cells. Unlike 
other immunotherapeutic targets, CD26 has a  
direct role in progression, invasion, metastasis, and 
cancer-stem cell proliferation in MPM. Our  
recently completed first-in-human phase I clinical 
trial involving the anti-CD26 mAb YS110 sug-
gests that successful targeting of CD26 may lead 
potentially to improved disease control and pro-
longed overall survival with limited toxic side  
effects in malignant mesothelioma. The successful 
development of a CD26-targeted approach will 
enhance the treatment armamentarium available 
against MPM as we prepare for this predictive 
epidemic.  
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Context: The mechanisms by which b cell mass is reduced in patients with type 2 diabetes remain
unclear. It has been postulated that ectopic fat deposits in the pancreas induce b cell apoptosis,
leading to the development of diabetes.

Objective: The aimof this studywas to clarify the effects of intrapancreatic fat on b anda cell mass in
humans with and without diabetes.

Design and Subjects:Using our tissue database, pancreas sections of 72 Japanese nondiabetic (NDM)
autopsy cases and 50 diabetic and 49 age- and body mass index (BMI)–matched NDM patients who
underwent pancreatic surgery were analyzed. In addition to histological grading, intrapancreatic
fat area (IPFA) was quantified as fractional intralobular, but not interlobular, fat area to the whole
pancreas area.

Results: Although IPFA was positively correlated with age and BMI, there was no significant dif-
ference in IPFA between cases with and without diabetes. Moreover, no association was found
between IPFA and either b or a cell area, or glycated hemoglobin.

Conclusion: These findings suggest that pancreatic fat deposits have little effect on b cell mass and
the development of diabetes in humans. (J Clin Endocrinol Metab 102: 3251–3260, 2017)

Type 2 diabetes (T2DM) is characterized by a deficit of
b cell mass (1–4). Although it has been reported that

the deficit of b cell mass in patients with T2DM is at-
tributable to an increase in b cell apoptosis (1), the
mechanisms that cause b cell apoptosis remain uncertain.

Obesity is an established risk factor for T2DM (5, 6).
When fat supply exceeds the capacity of subcutaneous fat
storage, spilled-over fat leads to ectopic fat deposits in not
only visceral adipose tissue, but also various organs,
including the pancreas (7, 8). It has been reported that
fatty acids induce b cell apoptosis in in vitro and in vivo

studies of rodents (9, 10), the so-called lipotoxicity hy-
pothesis. In Zucker Diabetic Fatty rats, b cell dysfunction
and apoptosis were accompanied by excess lipid accu-
mulation in islets, suggesting that excess lipid accumu-
lation in the pancreas induces b cell apoptosis (9, 10).

However, conflicting results regarding the relationship
between pancreatic fat content and b cell function or
dysglycemia have been shown in human studies (7,
11–13). Although pancreatic fat content measured by
magnetic resonance imaging or magnetic resonance
spectrometry (MRS) has been shown to correlate with b
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standard deviation; T2DM, type 2 diabetes.
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cell function and/or dysglycemia (14–16), we have pre-
viously reported no significant difference in pancreatic fat
content measured by computed tomography (CT) im-
aging between subjects with and without T2DM (17).

One of the major reasons for this inconsistency may be
the difficulty of measurement of pancreatic fat content.
Because the pancreas is surrounded by fat tissue in the
retroperitoneal space, it is difficult to precisely exclude
the fat outside the pancreas. Although attempts to im-
prove the accuracy of pancreatic fat measurement using
imaging tools have been made (14, 18, 19), it remains
impossible to completely distinguish interlobular fat (i.e.,
fat outside the pancreas) from intralobular fat of the
pancreas due to the intricate lobular structure of the
pancreas. Moreover, in contrast to the liver, in which fat
is diffusely distributed within hepatocytes, pancreatic fat
is mainly present in adipocytes within the pancreas (20),
and thereby the distribution of fat is not homogeneous
within the pancreas, which accounts for the difficulty of
assessment of pancreatic fat content by imaging methods.

In view of these limitations of imaging studies, we
conducted a histological evaluation of intrapancreatic fat
content using pancreas samples from 72 autopsy cases
and 50 patients with and 49 without diabetes who un-
derwent pancreatic surgery in an attempt to gain more
insight into the relationship between pancreatic fat and b

cell mass and diabetes.

Research Design and Methods

Subjects
This study was approved by the Ethics Committee of the

Keio University School of Medicine. The cases have been re-
ported in our prior studies (3, 21). For autopsy cases, specimens
of pancreas obtained at autopsy were acquired with the per-
mission of the bereaved families. For patients who underwent
pancreatic surgery, written informed consent was obtained
from each patient, whereas it was waived for patients who had

discontinued hospital visits at the time of study enrollment
(n = 40).

A total of 72 autopsy cases without diabetes [nondiabetic
(NDM)-1 group] and 99 patients who underwent pancreatic
surgery [50 diabetic (DM) patients and 49 patients without
diabetes (NDM-2 group)] were included in this study. The
characteristics of the cases, which have been previously reported
(3, 21), are summarized in Table 1. All subjects were Japanese.

Autopsy cases
Potential cases were first identified by retrospective analysis

of the Keio University autopsy database. To be included, cases
were required to have (1) been aged 20 to 69 years, (2) had a full
autopsy within 24 hours of death, (3) medical information prior
to death, (4) no history of diabetes, pancreatitis, pancreatic
tumor, or pancreatic surgery, (5) no use of glucocorticoids, and
(6) pancreatic tissue stored that was of adequate size and
quality. Cases were excluded if pancreatic tissue had undergone
autolysis.

Surgical cases
As previously described (3), subjects who underwent pan-

creatic surgery and whose resected pancreas sample contained
adequate normal pancreas for histological analysis were in-
cluded in the study. Of these, 41 patients had been diagnosed
with T2DMbefore the diagnosis of pancreatic tumors, and eight
patients were diagnosed with pancreatic cancer and diabetes at
the same time. There was no case of type 1 diabetes or case in
which glutamic acid decarboxylase antibody was positive.

Glycemic markers
In autopsy cases, glycated hemoglobin (HbA1c) measured

within 1 year prior to death was obtained from the medical
records (21). In patients who underwent pancreatic surgery,
information including HbA1c, casual plasma glucose, and
serum C-peptide immunoreactivity levels was obtained from
the medical records, as previously described (3). HbA1c was
measured by high-performance liquid chromatography and
expressed as National Glycohemoglobin Standardization Pro-
gram and International Federation of Clinical Chemistry values.
Serum C-peptide immunoreactivity was measured by chemi-
luminescent enzyme immunoassay.

Table 1. Characteristics of Subjects

Total

Autopsy Cases Surgical Cases

NDM-1 NDM-2 DM

N 171 72 50 49
Sex (male/female) 107/64 46/26 26/24 35/14
Age (y) 58 6 15 47 6 12 64 6 14 67 6 9
Height (m) 1.63 6 0.09 1.65 6 0.09 1.61 6 0.08 1.63 6 0.09
Weight (kg) 61.9 6 14.3 66.2 6 16.7 58.6 6 10.5 58.9 6 12.2
BMI (kg/m2) 23.0 6 4.1 24.1 6 5.0 22.5 6 2.7 21.9 6 3.5
Casual plasma glucose (mmol/L)a 6.4 6 2.1 5.2 6 1.0 6.2 6 1.2 8.3 6 2.5
HbA1c (%)a 6.3 6 1.6 5.3 6 0.7 5.6 6 0.5 7.8 6 1.6
HbA1c (mmol/mol)a 45 6 17 34 6 7 38 6 6 61 6 18
Pancreas head/body or tail (n) 27/144 7/65 6/44 14/35

Data are expressed as mean 6 SD. Note that NDM-2 and DM groups were matched for age and BMI, as previously reported (3).
aCasual plasma glucose and HbA1c levels were measured in 169 cases and 132 cases, respectively.
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Pancreatic tissue processing
The pancreas was fixed in formaldehyde and then embedded

in paraffin for subsequent analysis. Autopsy specimens were
sampled from the body or tail portion of the pancreas, except for
seven specimens sampled from the head of the pancreas.
Seventy-nine and 20 surgical specimens were sampled from the
body or tail portion and the head portion, respectively. Five-
micrometer sections were cut from the tumor-free region and
stained for light microscopy as follows: (1) with hematoxylin-
eosin, (2) for insulin (peroxidase staining) with hematoxylin, (3)
for glucagon with hematoxylin, (4) for insulin and Ki67 for
assessment of b cell replication, and (5) for insulin and single-
stranded DNA or cleaved poly(adenosine 50-diphosphate-
ribose) polymerase-1 for assessment of b cell apoptosis, as
previously described (3, 21).

Morphometric analysis
As previously described (3, 21, 22), to quantify fractional b

cell area (BCA), the entire pancreatic section was imaged
at3200 magnification (320 objective) using a Mirax Scan and
Mirax Viewer (Carl Zeiss MicroImaging GmbH, Göttingen,
Germany). The ratio of BCA to total pancreas area was digitally
measured using Image Pro Plus software (Media Cybernetics,
Silver Springs, MD). Likewise, the ratio of a cell area (ACA) to
total pancreas area was also digitally measured, and the ratio of
ACA to BCA was determined in each case. Intraobserver co-
efficient of variance (computed in five cases studied on five
occasions) and interobserver variance were approximately 7%
and 12%, respectively (3, 21). All measurements were con-
ducted twice, and the mean of the two measurements was used.

To conduct further morphometric analysis, scattered b cells,
insulin-positive duct cells, and b cell replication were quantified
in randomly selected areas of the pancreas that contained more
than 100 islets in each case, using a Mirax Viewer (Carl Zeiss
MicroImaging GmbH). Scattered b cells were defined as a
cluster of three or fewerb cells in acinar tissue, and the density of
scattered b cells was determined as the number of scattered b
cells/pancreas area (mm2). Likewise, the density of islets and
individual islet size were also determined in the same area.
Insulin-positive duct cells were also counted and expressed as
the number of insulin-positive duct cells/pancreas area (mm2).
The frequency of b cell replication was expressed as the per-
centage of islets.

Assessment of intrapancreatic fat content
Intrapancreatic fat content was graded based on histological

evaluation [none (–) to severe (+++)] (Fig. 1). Because pancreatic
fat is extracted during specimen dehydration, intrapancreatic fat
appears as lobulated spaces within the pancreas lobes. These
intrapancreatic adipocytes were confirmed by perilipin staining
(antiperilipin A antibody-carboxyterminal end; ab61682,
Abcam, Cambridge, United Kingdom). These intrapancreatic
fat areas (IPFAs) were also quantified using Image Pro Plus
software (Media Cybernetics). Only pancreatic fat within pa-
renchymal tissue (i.e., intralobular fat), but not interlobular fat
(i.e., fat outside the pancreas), was measured as IPFA. Thus,
IPFA was calculated as a fraction of total pancreatic area.

Statistical analysis
Data are presented as mean6 standard deviation (SD) in the

text and tables unless otherwise indicated. Non-normally

distributed data are presented as median and interquartile range
(IQR). Mann-Whitney U test was used to assess differences
between two groups, and comparisons among the three groups
were performed by Kruskal-Wallis test. Spearman correlation
analysis was carried out for correlation analysis. Multivariate
analysis was used to adjust for confounding factors such as age
and body mass index (BMI). All analyses were performed using
the Statistical Package for the Social Sciences (version 23; SPSS,
Chicago, IL), and P , 0.05 was considered statistically
significant.

Results

Intrapancreatic fat content in subjects with and
without diabetes

Intrapancreatic adipocytes were diffusely distributed
within the pancreatic lobes, and as the number of adi-
pocytes increased, they formed clusters, which were
readily distinguishable from other structures such as
vessels, ducts, and interlobular adipocytes (Fig. 1). Adi-
pocytes were not observed within the islets. Histological
grade of intrapancreatic fat content was closely corre-
lated with IPFA (Table 2). IPFA varied among subjects
(median, 0.51%; IQR, 0.17% to 1.27%). There was no
difference in IPFA between samples from the head por-
tion of the pancreas (n = 27) and those from the body or

Figure 1. (a–d) Representative photomicrographs of histological
grades of intrapancreatic fat content. (a) Grade (–). (b) Grade (+).
(c) Grade (++). (d) Grade (+++). (e) Intrapancreatic adipocytes were
confirmed by perilipin staining (brown). Interlobular pancreatic
adipocytes are indicated by asterisk. (f) Higher magnification
(340 objective) of intrapancreatic adipocyte. (g) IPFA was carefully
quantified as a fraction of IPFA (shown in orange), but not
interlobular fat area, to the total pancreas area. Scale bar = 100 mm.
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tail portion of the pancreas (n = 144; median, 0.50%;
IQR, 0.17% to 1.09% vsmedian, 0.52%; IQR, 0.17% to
1.31%; P = 0.61) [Supplemental Fig. 2(a)]. There was no
difference in IPFA between autopsy cases (NDM-1) and
surgical cases (NDM-2) (median, 0.45%; IQR, 0.12% to

1.20% vs median, 0.51%; IQR, 0.26 to 0.99; P = 0.39)
[Fig. 2(a)]. Although we previously reported a significant
reduction in BCA in patientswith diabetes comparedwith
age- and BMI-matched patients without diabetes (NDM-2)
(1.48% 6 1.08% vs 0.80% 6 0.54%, P , 0.001) (3),

Table 2. Characteristics of Subjects According to Histological Grade of Intrapancreatic Fat Content

Intrapancreatic Fat Content (–) (+) (++) to (+++) Pa

N (%) 33 (19) 80 (47) 58 (34)
Sex (male/female) 24/9 46/34 37/21 0.31
Age (y) 54 6 15 56 6 16 61 6 13 0.04
Height (m) 1.64 6 0.09 1.63 6 0.09 1.63 6 0.09 0.82
Weight (kg) 60.0 6 13.4 60.1 6 11.5 65.7 6 17.5 0.04
BMI (kg/m2) 21.9 6 3.3 22.4 6 3.2 24.5 6 5.1 ,0.01
DM (%) 39 19 36 0.08
Casual plasma glucose (mmol/L)b 6.6 6 2.3 6.2 6 2.1 6.7 6 1.9 0.28
HbA1c (%)b 6.7 6 1.8 6.1 6 1.5 6.4 6 1.4 0.22
HbA1c (mmol/mol)b 50 6 20 43 6 17 46 6 15 0.22
IPFA (%) 0.07 (0.04–0.17) 0.40 (0.19–0.66) 1.82 (0.97–2.66) ,0.01

Data are expressed as mean 6 SD or median (IQR).
aP for Kruskal-Wallis test or x2 test among three groups.
bCasual plasma glucose and HbA1c levels were measured in 169 and 132 cases, respectively.

Figure 2. (a) IPFA in autopsy cases without diabetes (NDM-1), surgical cases with diabetes (DM), and surgical cases without diabetes matched for
age and BMI (NDM-2). (b–d) Correlations between IPFA and (b) HbA1c, (c) age, and (d) BMI. Light-gray circles show autopsy cases. Dark-gray and
white circles show surgical cases with and without diabetes, respectively.
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there was no difference in IPFA between the two groups
(median, 0.51%; IQR, 0.04% to 3.27%vsmedian, 0.61%;
IQR, 0.03% to 5.83%; P = 0.53) [Fig. 2(a)]. In view of the
fact that there was no significant difference in intra-
pancreatic fat content either between autopsy and surgical
cases or between cases with and without diabetes, we
conducted subsequent analyses in the combined cases as
well as within each group.

Factors associated with intrapancreatic fat content
Characteristics of the subjects according to the his-

tological grade of intrapancreatic fat content are shown
in Table 2 and Supplemental Table 1 for surgical cases.
Histological grade of intrapancreatic fat content was
associated with age and BMI, but not with HbA1c or
plasma glucose level. As well as histological grade, IPFA
was significantly correlated with age and BMI in the total
cases (both r = 0.20, P, 0.01) [Fig. 2(c) and 2(d)], but not
with HbA1c [Fig. 2(b)]. In surgical cases, the duration of
obesity as well as current BMI, but not maximum BMI,
tended to associate with intrapancreatic fat content (P =
0.07 and 0.66, respectively) (Supplemental Table 1). The
results were not markedly changed when the analysis was
conducted only in the DM group (Supplemental Table 2).
There was no significant correlation between IPFA and
casual plasma glucose or serum C-peptide immunore-
activity level (Supplemental Table 2; Supplemental
Fig. 1).

Relationships between intrapancreatic fat content
and BCA, ACA, and islet morphology

There was no difference in either BCA or ACA
among the groups according to the histological grade of
intrapancreatic fat content [Fig. 3(a) and 3(b)], and
there was no significant correlation between IPFA and
BCA or ACA (r = 0.05, P = 0.56 and r = –0.12, P = 0.12)
[Fig. 3(f) and 3(g)]. ACA/BCA ratio was also not as-
sociated with histological grade or IPFA [Fig. 3(c) and
3(i)]. When the NDM-1, NDM-2, and DM groups were
analyzed separately (Supplemental Table 2), BCA and
ACA were positively correlated with IPFA in the DM
group (r = 0.30, P = 0.04 and r = 0.30, P = 0.04,
respectively), and ACA was negatively correlated with
IPFA in the NDM-1 group (r = –0.28, P = 0.02).
However, the significant correlations were attenuated
after adjustment for age and BMI (Supplemental
Table 2).

Difference in mean islet size was also statistically
significant among the histological grading groups (P =
0.03) [Fig. 3(e)], but no association between IPFA and
mean islet size was detected (r = 0.00, P = 0.99) [Fig. 3(j)].
These results were not changed when the analyses were
conducted in each group separately (i.e., NDM-1,

NDM-2, and DM groups) (Supplemental Table 2).
There was no association between IPFA and islet density
(r = –0.10, P = 0.21) [Fig. 3(i)].

Relationships between intrapancreatic fat content
and markers of b cell turnover

Intrapancreatic fat content assessed as histological
grade or IPFAwas not associated with either frequency of
b cell replication, insulin-positive duct cells, or scattered
b cells (Fig. 4). No b cell apoptosis was observed in these
cases, as previously reported (3, 21).

Discussion

The current study, applying histological evaluation of
intrapancreatic fat content, showed the following: (1)
There was no significant difference in intrapancreatic fat
content between subjects with and without diabetes. (2)
No association between intrapancreatic fat content and
b cellmass, islet morphology, ormarkers ofb cell turnover
was observed. (3) There was no correlation between
intrapancreatic fat content and HbA1c level. (4) Intra-
pancreatic fat content increased with age and obesity
in humans.

T2DM is characterized by a deficit of b cells, pre-
sumably due to an increase in b cell apoptosis (1).
However, the mechanisms by which b cell apoptosis
increases in patients with T2DM remain unclear. A
longitudinal cohort in the UK Prospective Diabetes Study
suggested that b cell dysfunction begins over 10 years
before the onset of T2DM (23). Reduced b cell mass in
patients with prediabetes has also been reported (1, 24,
25), suggesting that b cell loss occurs even before the
onset of T2DM.

Ectopic fat deposits are a hallmark of metabolic
syndrome and T2DM (8, 26). Rodent studies have
suggested the possibility that ectopic fat deposits in the
pancreas induce b cell apoptosis and the development
of hyperglycemia (9, 10), the so-called lipotoxicity hy-
pothesis. Since then, the association between pancreas fat
content and b cell function or glucose tolerance status has
been actively investigated (7, 11–13).

Tushuizen et al. (14) first reported, using MRS, that
pancreatic fat content was increased in patients with
T2DM, and pancreatic fat content was negatively asso-
ciated with b cell function inNDM subjects. However, the
small sample size (12 with T2DM, 24 without diabetes)
with an almost significant difference in BMI between the
two groups has been pointed out as a limitation of that
study (27). We have previously reported, using CT scan
images of over 2000 subjects, that there was no significant
difference in pancreas fat content between age-, sex-, and
BMI-matched subjects with and without T2DM (17).
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Figure 3. (a–e) Comparisons among groups according to histological grade of intrapancreatic fat content: (a) BCA, (b) ACA, (c) ACA/BCA ratio,
(d) islet density, and (e) mean islet size. (f–j) Correlations between IPFA and (f) BCA, (g) ACA, (h) ACA/BCA ratio, (i) islet density, and (j) mean
islet size. Light-gray circles show autopsy cases. Dark-gray and white circles show surgical cases with and without diabetes, respectively.
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Furthermore, these inconsistent results of imaging
studies may be in part due to difficulties in accurate
measurement of pancreatic fat (11). The pancreas is
surrounded by fat in the retroperitoneal space and con-
sists of an intricate lobular structure, making it inevitably
difficult to distinguish intrapancreatic fat from fat outside
the pancreas. In this study, to overcome these limitations
of imaging studies, by conducting histological assessment
of intrapancreatic fat content, we reported that there was
no relationship between intrapancreatic fat content and
b cell mass or dysglycemia in humans.

Our findings are also in line with prior histological
studies assessing pancreas fat in subjects with diabetes,
which have shown no difference in pancreatic fat content
in subjects with and without T2DM (17, 20, 28, 29). Our
study applied quantification of intrapancreatic fat con-
tent in a relatively large number of subjects with a wide
range of age and BMI, and we believe our findings are
more objective and robust compared with those of these
prior histological studies. Our conclusion that there is no

association between intrapancreatic fat content and di-
abetes is also supported by the finding of no association
between intrapancreatic fat content and b cell mass.

Recent rodent studies have suggested that dediffer-
entiation of b cells and conversion from b to a cells is one
of the mechanisms of b cell loss in T2DM (30), although
histological studies in humans have suggested that b cell
dedifferentiation has only a minor role, and presumably
b cell apoptosis is a major cause of b cell loss in patients
with T2DM (31), in line with the observation of reduced
islet size in patients with T2DM (3, 32, 33). In this study,
we found no significant relationship between IPFA and
either BCA or ACA/BCA ratio, suggesting that intra-
pancreatic fat content is unlikely to be associated with
this intriguing possibility.

Recently, several studies showing no association be-
tween pancreatic fat and T2DM have also been pub-
lished. Begovatz et al. (18) conducted an assessment of
intrapancreatic fat by magnetic resonance imaging/MRS
in 56 subjects with and without dysglycemia. In that

Figure 4. (a–c) Comparisons among three groups according to histological grade of intrapancreatic fat content: frequency of (a) b cell
replication, (b) insulin-positive duct cells, and (c) scattered b cells. (d–f) Correlations between IPFA and frequency of (d) b cell replication, (e)
insulin-positive duct cells, and (f) scattered b cells. Light-gray circles show autopsy cases. Dark-gray and white circles show surgical cases with and
without diabetes, respectively.
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study, they measured intrapancreatic fat carefully after
excluding the fat outside the pancreas and found no
association between intrapancreatic fat content and b cell
function or dysglycemia (18). Yamazaki et al. (34)
conducted a longitudinal study showing that pancreatic
fat assessed by CT imaging was not associated with the
development of T2DM independently of obesity.
Moreover, whereas it has been reported that the im-
provement of dysglycemia by a very low-calorie diet in
adults with T2DM was associated with improvement of
pancreatic fat content (35), Gow et al. (36) did not find
such an association between pancreatic fat and im-
provement of hyperglycemia during treatmentwith a very
low-calorie diet in young people with T2DM. Taking
these results together, to date, there is no concrete evi-
dence for a causal association of pancreatic fat with the
development of diabetes. Further studies to improve the
accuracy of intrapancreatic fat measurement in vivo in
humans are warranted. Also, because intra- and in-
terlobular pancreatic fat content are both increased with
aging and obesity, future studies should be carefully
conducted to exclude these important confounders.

As with other studies, our study was not free from
limitations. First, we assessed intrapancreatic fat in a
section of the pancreas. Intrapancreatic fat content may
differ among different portions of the pancreas. How-
ever, it has been reported that the proportion of fat
content did not differ among the head, body, and tail
portions of the pancreas (37, 38), and we found no
significant difference in IPFA between samples from the
head of the pancreas and those from the body or tail of the
pancreas [Supplemental Fig. 2(a)]. Also, the results did
not change when the analyses were conducted using only
samples from the body or tail of the pancreas (n = 144,
data not shown). It should also be noted that b cell mass
was assessed as fractional BCA in a section of the pan-
creas, although it is widely used as a measure of b cell
mass, as discussed previously (3, 21). Nonetheless, it
should be kept in mind that the individual values may not
be truly representative for any particular pancreas, al-
though we believe that the overall conclusions are valid
because of the large number of subjects studied. Whereas
increased pancreatic fat infiltration has been reported in
patients with pancreatic ductal adenocarcinoma (39), we
found no significant difference in IPFA between patients
with and without pancreatic cancer (median, 0.57%;
IQR, 0.33% to 1.14% vsmedian, 0.56%; IQR, 0.20% to
1.35%; P = 0.94) [Supplemental Fig. 2(b)]. Second, the
histological measurement of fat was indirect, because fat
is removed during tissue processing and section staining.
However, the morphological features of adipocytes were
readily identified, and we also confirmed the presence of
adipocytes in the pancreas by perilipin staining (Fig. 1).

We also assessed the intrapancreatic fat content using a
grading system and confirmed consistent results between
the two methods. Although we did not assess lipid
content within islets, close correlations among IPFA,
pancreatic triacylglycerol content (20), and islet tri-
acylglycerol content (9) have been reported in rodent
models. Thus, it is reasonable to assume that IPFA reflects
islet triglyceride content. Third, we could not assess b cell
function in most of the subjects. Thus, although we found
no association between IPFA and BCA, we cannot ex-
clude the possibility that IPFA is associated with b cell
dysfunction. However, the absence of association be-
tween IPFA and HbA1c, C-peptide immunoreactivity, or
presence of diabetes suggests that the effect of IPFA on b

cell function is, if any, modest. Although we could not
exclude the possibility that patients with pancreatic di-
abetes, but not T2DM, were included in this study, we
found no significant difference in IPFA between subjects
with duration of diabetes #3 years (n = 23) and those
with duration of diabetes .3 years (n = 26; median,
0.61%; IQR, 0.17% to 1.53% vs median, 0.59%; IQR,
0.26% to 1.71%; P = 0.41). Finally, this study included
only Japanese subjects. We have reported that there was
no significant correlation between b cell mass and BMI in
Japanese subjects with and without T2DM (3, 21),
suggesting that the adaptive increase in b cell mass in
response to obesity isminimal in the Japanese population.
Thus, our findings may not be applicable to other eth-
nicities, and future studies including multiple ethnic
groups are needed.

In conclusion, there was no correlation between
intrapancreatic fat content and b cell mass or turnover,
or dysglycemia. These findings suggest that ectopic fat
deposits in the pancreas may not be responsible for the
development of diabetes in humans.
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pharmacokinetic properties and induces apoptosis of high-risk
myeloma cells via G2/M cell-cycle arrest
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a b s t r a c t

Despite the development of new drugs for multiple myeloma (MM), the prognosis of MM patients with
high-risk cytogenetic abnormalities such as t (4; 14) and del17p remains poor. We reported that a novel
phenylphthalimide derivative, TC11, induced apoptosis of MM cells in vitro and in vivo, and TC11 directly
bound to a-tubulin and nucleophosmin-1 (NPM1). However, TC11 showed low water solubility and poor
pharmacokinetic properties. Here we synthesized a water-soluble TC11-derivative, PEG(E)-TC11, in which
HOEtO-TC11 is pegylated with PEG through an ester bond, and we examined its anti-myeloma activity.
We observed that PEG(E)-TC11 and its hydrolyzed product, HOEtO-TC11, induced G2/M arrest and the
apoptosis of MM cells. Intraperitoneal administration of PEG(E)-TC11 to xenografted mice revealed
improved pharmacokinetic properties and significantly delayed tumor growth. TC11 and its derivatives
did not bind to cereblon (CRBN), which is a responsible molecule for thalidomide-induced teratogenicity.
These results suggest that PEG(E)-TC11 is a good candidate drug for treating high-risk MM.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Multiple myeloma (MM) is a hematological malignancy that is
characterized by the proliferation of malignant plasma cells. MM
comprises 13% of hematological malignancies, and it is the second
most frequent after malignant lymphoma [1]. MM usually occurs in
elderly individuals, and the patients show symptoms such as ane-
mia, nephropathy, bone lytic lesions, hypercalcemia, and amyloid-
osis [2].

Recent advances in the treatment of MM using newly developed
drugs have significantly improved the prognosis of MM patients.
For example, immunomodulatory drugs (IMiDs) such as thalido-
mide, lenalidomide, and pomalidomide and proteasome inhibitors

including bortezomib, carfilzomib and ixazomib play central roles
in MM treatment [3e5]. However, IMiDs have substantial limita-
tions when they are used to treat MM [6,7]. For example, thalido-
mide has a high level of teratogenicity, and newborn infants whose
mothers have taken thalidomide have suffered from phocomelia
[8]. A second problem is that IMiDs show only limited effects
against the MM of patients with high-risk chromosomal abnor-
malities such as t (4; 14) and del17p (deletion of TP53 gene). The
MM patients with these cytogenetic abnormalities showed signif-
icantly shorter survival than those with a normal karyotype [9].
Thus, the drug design of novel IMiDs that are non-teratogenic as
well as highly effective for high-risk MM cells is strongly desired.

IMiDs are multifunctional compounds, and their molecular
mechanisms have not been fully elucidated. It was reported that
IMiDs directly bind to cereblon (CRBN), a component of E3 ubiq-
uitin ligase complex, and the IMiDs induced teratogenicity and
showed antitumor effects [10e13]. A proteome analysis revealed
various CRBN substrates, and it was reported that the degradation
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of IKZF1 (ikaros) and IKZF3 (aiolos) by IMiDs are important for the
induction of apoptosis of MM cells [14]. More recently, Eichner et al.
reported that IMiDs inhibited CRBN chaperone function and abro-
gated cell surface CD147-MCT1 expression [15]. This effect by IMiDs
was closely related to teratogenicity. Taken together, these findings
indicate that CRBN mediates biological actions of IMiDs, and that
various downstream CRBN substrates demonstrate multifunctional
effects of IMiDs.

We reported that a novel phenylphthalimide derivative, 2-(2,6-
diisopropylphenyl)-5-amino-1H-isoindole-1,3-dione (TC11)
induced the apoptosis of high-risk MM cells in vivo and in vitro and
inhibited the differentiation of osteoclasts. We also demonstrated
that TC11 directly bound to a-tubulin and the protein
nucleophosmin-1 (NPM1) by an in vitro virus (IVV) method [16,17].
A major drawback of TC11 was its low water solubility, which
hampered its absorption into blood and limited its antitumor ef-
fects when it was intraperitoneally administered in tumor-bearing
mice.

In the present study, we attempted to improve the solubility of
TC11 in water by linking TC11 with polyethylene glycol (PEG)
through an ester bond, and we designated the resulting derivative
PEG(E)-TC11. We found that PEG(E)-TC11 was very efficiently
absorbed into the bloodstream and showed significantly high
maximum blood concentrations compared to TC11.

PEG(E)-TC11 effectively inhibited the growth of MM cell xeno-
grafts in SCID mice. Our histopathological observations of xeno-
grafted mice administered PEG(E)-TC11 showed the apoptosis of
MM cells. To elucidate the mechanisms underlying the ability of
PEG(E)-TC11 to induce the apoptosis of MM cells with high-risk
cytogenetic abnormalities, we also examined the effects of
PEG(E)-TC11 on cell-cycle regulation.

2. Materials & methods

2.1. Synthesis of compounds, PEG(E)-TC11 and hydroxyethoxy-TC11

PEG(E)-TC11 was synthesized from 4-hydroxyphthalic acid by
the following six steps. Nitration of 4-hydroxyphthalic acid by
guanidine nitrate in 85% sulfuric acid at 0�e5 �C for 3 h afforded a
mixture of 5-nitro- and 3-nitro-4-hydroxyphthalic acids with the
ratio of 1 to 1 at 96% yield (step 1), which was then refluxed in
dehydrated toluene containing P2O5 at 100 �C overnight to give a
mixture of 5-nitro- and 3-nitro-4-hydroxyphthalic acid anhydrides
at the ratio of 1 to 0.6 in 51% yield (step 2).

Nitrophthalimide derivatives were obtained by refluxing a
mixture of 5-nitro- and 3-nitrophthalic acid anhydrides and 2,6-
diisopropylaniline in acetic acid at 140 �C overnight at 96% yield
(step 3), and separated from each other by silica gel column chro-
matography. Reaction of the isolated 5-nitrophthalimide derivative
with ethylene bromohydrin in DMF at 110 �C overnight yielded 4-
hydroxyethoxy-5-nitrophthalimide derivative at 81% yield (step
4), which was pegylated with mPEG11-COOH with a molecular
weight of 550 (step 5) followed by catalytic hydrogenation to finally
give PEG(E)-TC11 (step 6). Hydroxyethoxy-TC11 (HOEtO-TC11) was
also obtainable by the catalytic hydrogenation of 4-hydroxyethoxy-
5-nitrophthalimide derivative prepared in step 4. The chemical
structures of synthetic compounds were confirmed by 1H NMR
spectroscopy and mass spectrometry.

2.2. Cell lines

The human MM cell lines KMM1, KMS11, KMS21, KMS27,
KMS28, and KMS34 were established and provided by Dr. T. Ohtuki
(Kawasaki Medical University, Kurashiki, Japan). The human MM
cell lineMUM24was established in our laboratory [18]. All cell lines

were cultured in RPMI1640 medium (Sigma-Aldrich, St. Louis, MO)
containing 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY)
and 1% Pen-Strep (Gibco) at 37 �C and 5% CO2.

2.3. High-performance liquid chromatography (HPLC)

PEG(E)-TC11 was mixed with 10% FBS containing RPMI1640
medium at 37 �C, and 2, 6, 12, 24 or 48 h later, samples were
collected and refined by solid phase extraction (Sep-Pak®, Waters,
Milford, MA), and liquate out 1 mL of acetonitrile. All samples were
analyzed by high-performance liquid chromatography (HPLC). The
Inertsil ODS-3 column (GL Science, Tokyo) was used. The mobile
phases were acetonitrile and distilled water (50:50). The flow rate
was 0.7 ml/min. The compounds were detected by fluorescence.
The excitation wavelength was 380 nm, and the fluorescence
wavelength was 530 nm.

2.4. Cell viability assay

MM cells (2 � 104 cells per well) were seeded in 96-well plates
and incubated with various concentrations (0e30 mM) of TC11,
PEG(E)-TC11, or HOEtO-TC11 at 37 �C for 48 h. The cell viability was
assessed by a Cell Proliferation Kit I (MTT) (Roche Diagnostics,
Indianapolis, IN) according to the manufacturer's handling
instructions.

2.5. Apoptosis detection assay

KMS34 cells (8 � 105 per well) were seeded in six-well plates
and incubated with 10 mM of TC11 or PEG(E)-TC11 at 37 �C for 24,
48, or 72 h. The cells were then collected and stained with FITC-
labeled Annexin-V and propidium iodide (PI) (Biovision, Milpitas,
CA). A flow cytometry analysis was performed with a BD LSR II
system (BD Biosciences, San Jose, CA).

2.6. Cell-cycle assay

KMS34 cells (8 � 105 per well) were seeded in six-well plates
and incubated with 3 mM of TC11, PEG(E)-TC11, or HOEtO-TC11 at
37 �C for 12, 24, or 36 h. The cells were then collected and fixed in
70% ethanol, and incubated at 4 �C overnight. The cells were sus-
pended in phosphate-buffered saline (PBS) plus 0.1 mg/mL RNaseA
and incubated at room temperature for 30 min. After incubation,
the cells were stained by PI in the dark for 30 min. The cells were
then analyzed by a FACSCalibur (BD Biosciences).

2.7. In vivo tumor growth assay

The in vivo tumor growth assay was performed as described
with several modifications [19]. Briefly, 3 � 107 KMS11 cells were
subcutaneously inoculated into 5-week-old male ICR/SCID mice
(Clea Japan, Tokyo). When the plasmacytoma reached 50 mm3, the
intraperitoneal injections of drugs were started: 186 mmol/kg of
TC11 or PEG(E)-TC11 dissolved in 10% DMSO (Sigma-Aldrich)/1%
Tween80 (Sigma-Aldrich)/saline (Otsuka Pharmaceuticals, Tokyo),
or saline. Drugs or control (10% DMSO/1% Tween80/saline, or sa-
line) was injected intraperitoneally twice every 3 days for 14 days.
The tumor volume was calculated as width � length2 � 0.52 [20].

2.8. Histopathologic assay

The histopathologic analysis was performed as described [19].
After 14-day treatment with PEG(E)-TC11 or control, the mice were
sacrificed and the isolated plasmacytoma were fixed with 10%
formalin and embedded in paraffin. Plasmacytomas were sliced at
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5 mm and stained with hematoxylin and eosin (H.E.). Anti-human
cleaved PARP (Asp214) polyclonal antibody (Cell Signaling Tech-
nology Japan, Tokyo), anti-cleaved caspase-3 (Asp175) polyclonal
antibody (Cell Signaling Technology Japan) were used for
immunohistochemistry.

2.9. Pharmacokinetics study

To evaluate the pharmacokinetics after the intraperitoneal in-
jection of TC11 or PEG(E)-TC11 in 5-week-old male ICR mice (Clea
Japan), we extracted peripheral blood from the tail veins using
heparin-coated hematocrit tubes (Terumo, Tokyo). Peripheral blood
samples were centrifuged immediately at 3400 g for 15 min at 4 �C.
Ten mL of plasma and standard were refined by solid phase
extraction (Sep-Pak®) and liquated out with 1 mL acetonitrile and
analyzed by HPLC.

2.10. Surface plasmon resonance analysis

We performed a surface plasmon resonance (SPR) analysis with
a Biacore 3000 system (GE Healthcare, Buckinghamshire, UK) to
determine the binding kinetics of drugs to CRBN. All experiments
were performed at 25 �C using TBS buffer (25 mM Tris-HCl, pH 7.4,
137 mM NaCl, 3 mM KCl). CRBN was immobilized onto the sensor
chip NTA (GE Healthcare). To determine the dissociation constants,
we injected three different concentrations of TC11, PEG(E)-TC11,
HOEtO-TC11, thalidomide and lenalidomide (Santa Cruz Biotech-
nology, Santa Cruz, CA). The injection periods for association and
dissociation were 300 s. The binding data were analyzed with 1:1
binding with the mass transfer model using the BIA evaluation
software, ver. 4.1 (Biacore).

2.11. Statistical analysis

Weperformed a one-way analysis of variance (ANOVA) followed
by the Tukey test for unpaired results to evaluate differences be-
tween more than two groups. Differences were considered to be
significant when p-values <0.05 were obtained. All statistical ana-
lyses were conducted using the IBM SPSS Statistics program, ver. 23
(IBM, Armonk, NY).

3. Results

3.1. The pegylation of TC11 increased the water solubility

To examine the water solubility of pegylated TC11, wemeasured
the saturated concentrations of TC11 and PEG(E)-TC11 in 100 mM
Tris-HCl (pH 7.5) by HPLC. Although TC11 showed a low saturated
concentration (2 mg/100 mL), PEG(E)-TC11 saturated with an
approx. 4500 times higher concentration (8894 mg/100 mL).

The chemical structure of PEG(E)-TC11 is shown in Fig.1A.When
PEG(E)-TC11 was dissolved in RPMI1640 medium containing 10%
FBS, PEG branches were immediately excised from TC11. Conse-
quently, HOEtO-TC11 was produced (Fig. 1B), which we hypothe-
sized would show biological activities after the hydrolysis of
PEG(E)-TC11 in blood. A time-course increase in the HOEtO-TC11
concentration was observed when PEG(E)-TC11 was incubated
with 10% FBS containing RPMI1640 medium (Fig. 1C). These results
suggested that PEG(E)-TC11 was probably hydrolyzed and con-
verted into HOEtO-TC11 by serum esterase.

3.2. PEG(E)-TC11 inhibited cell proliferation and induced the
apoptosis of MM cells with high-risk cytogenetic abnormalities

To examine whether PEG(E)-TC11 inhibits the proliferation of

MM cells, we performed an MTT assay using eight MM cell lines
including those with high-risk cytogenetic abnormalities. PEG(E)-
TC11 inhibited the proliferation of all eight MM cell lines in a
dose-dependent manner regardless of the existence of cytogenetic
change (Fig. 2A). Since PEG(E)-TC11 was immediately hydrolyzed to
HOEtO-TC11, we also examined the growth inhibitory activity of
HOEtO-TC11, and we found that HOEtO-TC11 also significantly
inhibited all of the MM cell lines. Very interestingly, water-soluble
PEG(E)-TC11 and HOEtO-TC11 much more potently inhibited the
proliferation of MM cells compared to TC11 against the KMM1,
KMS11, KMS21, KMS34, and MUM24 cells. The exact reason for the
superior growth inhibition by their water-soluble forms has not
been elucidated.

We examined whether PEG(E)-TC11 induced the apoptosis of
MM cells. We performed Annexin V/PI staining ofMUM24 cells. The
treatment of MM cells with 10 mMof PEG(E)-TC11 or TC11 increased
in the annexin Vþ/PI- and annexin Vþ/PI þ fractions in a time-
dependent manner (Fig. 2B).

3.3. PEG(E)-TC11 also inhibited cell proliferation in vivo in KMS11-
xenografted mice

We next evaluated the anti-myeloma effect of PEG(E)-TC11 and
TC11 in vivo using KMS11-xenograftedmice. KMS11 cells have high-
risk cytogenetic abnormalities including t (4; 14) and del17p.
PEG(E)-TC11 and TC11 were administered intraperitoneally to the
xenografted mice (186 mmol/kg) for 14 days. The PEG(E)-TC11- and
TC11-treated mice showed significantly reduced tumor growth
compared to the control mice (Fig. 3A). Neither compound resulted
in serious systemic toxicity such as significant weight loss or
abnormal behavior. PEG(E)-TC11 tended to reveal more potent tu-
mor growth inhibition than TC11, although the difference was not
significant. In one of the PEG(E)-TC11-treated mice, the skin xen-
ografted tumor completely disappeared. These results suggest that
PEG(E)-TC11 also has more potent antitumor activity in vivo than
TC11, which is probably due to the change of pharmacokinetics in
the mice by the increased water solubility.

In our histopathological examination of PEG(E)-TC11 treated
xenografts, the hematoxylin-eosin staining revealed the aggrega-
tion of nuclei in the PEG(E)-TC11 treated mice. The immunohisto-
chemical staining revealed that PARP- and cleaved-caspase3-
positive cells were increased in the PEG(E)-TC11 treated mice.
These results indicated that PEG(E)-TC11 exhibited antitumor ac-
tivity via apoptosis in vivo (Fig. 3B).

3.4. PEG(E)-TC11 showed higher blood concentrations in mice
compared to TC11

To evaluate the pharmacokinetics of PEG(E)-TC11, we examined
the plasma concentrations of PEG(E)-TC11 and those of TC11 in ICR
mice over time after a single injection of 186 mmol/kg PEG(E)-TC11
or TC11. The results demonstrated that the PEG modification of
TC11 significantly increased the peak blood concentration (Cmax)
from 2.6 to 24.4 mM and extended the elimination half-life (t1/2)
from 1.4 to 2.2 h (Fig. 3C). These results suggested that the pegy-
lation of water-insoluble TC11 increased the absorption from the
peritoneal cavity to the blood, resulting in an increase in the Cmax
value. We also speculated that the above-mentioned alteration of
pharmacokinetics led to the increased tumor growth inhibition by
PEG(E)-TC11 compared to TC11.

3.5. PEG(E)-TC11 induced G2/M cell-cycle arrest in MM cells

To investigate the mechanisms of induction of MM cell death,
we performed a cell-cycle analysis by flow cytometry. Three mM of
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Fig. 1. The chemical structures of the TC11 derivatives. The chemical structures of PEG(E)-TC11 (A) and HOEtO-TC11 (B). The HPLC chromatogram of PEG(E)-TC11 and its hy-
drolyzed product HOEtO-TC11 (C). The peak of PEG(E)-TC11 and HOEtO-TC11 appeared in approx. 10.9 min and 7.5 min, respectively.

Fig. 2. The anti-myeloma effect of PEG(E)-TC11 in vitro. A: Human myeloma cell lines KMM1, KMS11, KMS21, KMS26, KMS27, KMS28, KMS34, and MUM24 were incubated with
the indicated concentrations of the drugs for 48 h. The viable cell numbers were determined by MTT assay. Values are mean ± SD, n ¼ 3. *p < 0.05, **p < 0.01 (Tukey test vs. TC11). B:
Flow cytometry analysis of apoptotic cells. MUM24 was incubated with 10 mM of TC11 or PEG(E)-TC11 for 48 h, and the cells were then stained with FITC-labeled Annexin-V and PI
and analyzed with a BD LSR II system.
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PEG(E)-TC11 and TC11 both significantly induced cell-cycle arrest in
a time-dependent manner. After 1-day drug exposure, the G2/M
fractions were 18.8% in the control, 60.40% in the TC11 treatment,
and 68.40% in the PEG(E)-TC11 treatment (Fig. 4A).

3.6. Anti-myeloma effects of PEG(E)-TC11 and TC11 are independent
of the CRBN pathway

It was reported that IMiDs were known to induce cytotoxicity
and teratogenicity via their binding to CRBN. It is important to
determine whether or not PEG(E)-TC11 binds to CRBN, and to
address this question, we performed the SPR assay. As shown in
Fig. 4B, PEG(E)-TC11, TC11 and HOEtO-TC11 did not bind to CRBN,
whereas thalidomide and lenalidomide directly bound to CRBN
with high affinities; their binding affinities (KD) were 5.66 � 10�7

and 3.65 � 10�6 M, respectively. These results indicated that TC11
and its derivatives did not interact with CRBN. The treatments with
PEG(E)-TC11, HOEtO-TC11, and TC11 resulted in the growth inhi-
bition of MM cells independently from CRBN binding (Fig. 4B).

3.7. Discussion

Various drugs have been developed to treat MM. In particular,
IMiDs are effective for relapsed and refractory MM patients and
have extended the survival rate of untreated patients [3,5]. How-
ever, IMiDs have two substantial limitations; their teratogenicity
and limited effects against high-risk MM patients [6,21].

We reported that a novel phthalimide derivative, TC11, induced
the apoptosis of high-risk MM cells in vitro and in vivo [16,17]. One

of the major drawbacks of TC11 for further preclinical development
is its low water solubility, and to overcome this problem, we syn-
thesized pegylated TC11, which shows much higher water satu-
rated concentrations compared to TC11.

Pegylation is commonly used for increasing water solubility and
changing pharmacokinetic parameters. It has been used for
improving the bioavailability and extending the blood retention
time of water-insoluble drugs such as camptothecin, paclitaxel, and
interferon [22e24]. Generally, pegylation is expected to increase
the maximum blood concentration (Cmax) value and to elongate
the elimination half-life (t1/2). For example, the Cmax and t1/2 of
interferon-gamma (IFN-g) are 3411 pg/ml and 0.9 h, and those of
pegylated-IFN-g are 567,297 pg/ml and 29.1 h, respectively [25].

In the present study, the pegylation of TC11 resulted in an
eightfold-higher Cmax, probably due to the increase of absorption
from the peritoneal cavity to the bloodstream. However, the elon-
gation of t1/2 by TC11 pegylationwas only 1.8-fold. Considering the
ester-binding structure between PEG and TC11, we suspect that the
immediate hydrolyzation and dissociation of a PEG branch from
TC11 is a cause of the limited elongation of t1/2. It was reported that
carboxylesterase activity is much higher in mouse plasma
compared to human plasma [26]. We therefore suspect that
PEG(E)-TC11 was immediately hydrolyzed to HOEtO-TC11 by car-
boxylesterase in the blood.

We examined whether the modification of chemical structure
by pegylation would alter the antitumor activity of TC11. As shown
in Fig. 2A, PEG(E)-TC11 and its hydrolyzate HOEtO-TC11 both
significantly inhibited the growth of all eight MM cell lines [16]. In
our earlier study, we identified a-tubulin and NPM1 as TC11-

Fig. 3. The anti-myeloma effect of PEG(E)-TC11 in vivo. A: The growth curve of plasmacytoma. KMS11-inoculated mice were treated with 186 mmol/kg of TC11 or PEG(E)-TC11
twice every 3 days for 2 weeks. After observation, the mice were sacrificed and isolated plasmacytomas were fixed with 10% formalin. Values are mean ± SD, n ¼ 6e7.
**p < 0.01 (Tukey test vs. control [Saline]). B: Histopathological examination of the KMS11-derived plasmacytomas. The plasmacytomas were sliced and stained with H.E., anti-
human cleaved PARP (Asp214) polyclonal antibody and anti-cleaved caspase-3 (Asp175) polyclonal antibody. C: Pharmacokinetics study of TC11 and PEG(E)-TC11. Plasma con-
centrations of TC11 or HOEtO-TC11 in mice after a single injection of 186 mM/kg of TC11 or HOEt-TC11 were determined by HPLC.
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binding proteins that are involved in cell-cycle regulation [17]. As
shown in Fig. 4A, PEG(E)-TC11 and HOEtO-TC11 more clearly
induced G2/M arrest compared to TC11. The reason why PEG(E)-
TC11 and HOEtO-TC11 induced cell-cycle arrest more potently
than TC11 is not clear.

We also confirmed the anti-myeloma effect of PEG(E)-TC11
in vivo using xenografts of KMS11 cells which harbored cytoge-
netic abnormalities such as t (4; 14) translocation and del17p. In the
PEG(E)-TC11-injected mice, the KMS11 xenografts proliferated
more slowly compared to those in the TC11-treated mice, although
the difference in the growth inhibition between PEG(E)-TC11 and
TC11 was not statistically significant. We speculate that the
potentiated growth inhibition of PEG(E)-TC11 is brought about by
the alteration of pharmacokinetics as described earlier.

Deletion of the TP53 tumor suppressor gene is one of the
representative high-risk cytogenetic abnormalities in MM and
other hematological malignancies [9]. TP53 plays a central role in
the G1/S checkpoint of the cell cycle [27]. Drugs used to treat MM
such as lenalidomide induced apoptosis via G1/S arrest [28,29].
However, MM cells with deletion of TP53 gene did not reveal G1/S
arrest by treatment with lenalidomide (data not shown). To the
contrary, TC11 and its derivatives induced G2/M arrest independent
of TP53 function. We thus consider TC11 and its derivatives effec-
tive for high-risk MM with deletion of TP53 gene.

In 2010, it was reported that IMiDs directly bound to CRBN,
whichmediated teratogenicity as well as antitumor effects [10e12].

In the present study, we determined the binding dissociation
constants (KD) of PEG(E)-TC11 and TC11 to CRBN by an SPR analysis.
Thalidomide and lenalidomide bound to CRBN with high affinity,
whereas TC11 and its derivatives did not bind to CRBN at any
concentration. Ito et al. reported that the knock-down of CRBN gene
abrogated thalidomide-induced teratogenicity in zebrafish em-
bryos [12]. If CRBN is a responsible molecule for thalidomide-
induced teratogenicity, TC11 and its derivatives are expected to
be safe compounds lacking CRBN-mediated teratogenicity.

In conclusion, our present findings demonstrated that a novel
pegylated phenylphthalimide derivative, PEG(E)-TC11, has anti-
myeloma effect for MM that has high-risk cytogenetic abnormal-
ities in vitro and in vivo. In addition, PEG(E)-TC11 improved the
pharmacological properties of TC11 such as absorption from the
peritoneal cavity to the bloodstream. PEG(E)-TC11 inhibited cell
growth via G2/M arrest in a CRBN-independent manner. Thus,
PEG(E)-TC11 should be considered as a candidate compound for
overcoming high-risk MM.
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ONCOLOGY LETTERS

Abstract. Histological distinction between epithelioid 
mesothelioma (EM) and reactive mesothelial hyperplasia 
(RMH) can be challenging. The aim of this study was to 
assess the diagnostic utility of Survivin, Ki‑67, and loss of 
BRCA1‑associated protein 1 (BAP1) expressions in distin‑
guishing EM from RMH using immunohistochemistry. 
Formalin‑fixed, paraffin‑embedded specimens from 78 cases 
of EM and 80 cases of RMH were immunohistochemically 
examined for Survivin, BAP1, and Ki‑67. In addition, receiver 
operating characteristic curve analyses were performed to 
establish the cut‑off values for Survivin and Ki‑67 labelling 
indices. Survivin (cut‑off value: 5%) had 67.7% sensitivity 
and 100% specificity, while Ki‑67 (cut‑off value: 10%) had 
85.1% sensitivity and 87.5% specificity, and BAP1 had 66.2% 
sensitivity and 100% specificity for the differentiation of 
EM from RMH. Among the combinations of two markers, 
the combination of Survivin and BAP1 (Survivin‑positive 
and/or BAP1‑loss finding) had the highest diagnostic accuracy 
(sensitivity: 89.8%; specificity: 100%; accuracy: 95.3%). We 
recommend using the combination of Survivin and BAP1 to 
distinguish EM from RMH.

Introduction

Malignant mesothelioma (MM) is a relatively rare but highly 
aggressive malignant neoplasm arising from mesothelial cells 
of the pleura, peritoneum, pericardium, and tunica vaginalis. 

It is well‑correlated with occupational and environmental 
asbestos exposure. (1,2) The incidence of MM has increased in 
many countries; (3) in Japan, mortality due to MM has increased 
since the 1990s, and is predicted to peak in the 2030s (4).

Epithelioid mesothelioma (EM) must be differentiated 
from reactive mesothelial hyperplasia (RMH), which is a 
non‑neoplastic condition frequently caused by pleuritis, peri‑
tonitis, or serosal invasion of other cancers. Due to the close 
resemblance of EM to RMH, differentiation by routine histo‑
logical observation alone can be challenging.

Various established and novel immunohistochemical 
markers have been utilized to distinguish EM from other 
malignancies (5‑8) and RMH (6,9‑17) Multiple potential 
immunohistochemical markers, including Ki‑67, desmin, 
epithelial membrane antigen (EMA), p53, glucose transporter 1, 
insulin‑like growth factor 2 messenger RNA binding protein‑3 
and BRCA1‑associated protein 1 (BAP1) have been evalu‑
ated. However, despite the use of these immunohistochemical 
markers, the distinction between EM and RMH remains chal‑
lenging in some cases.

Recently, detection of p16 (CDKN2A) homozygous deletion 
(p16 HD) using fluorescence in situ hybridization (FISH) has 
been used to differentiate MM from RMH, with 100% speci‑
ficity. However, the sensitivity of this marker for pleural EM 
varies between 45 and 86%, while its sensitivity for peritoneal 
EM ranges from 14 to 41% in different laboratories (10,18‑20). 
In our unpublished experience, p16 HD (detected by FISH) was 
present in 63.2% (12/19) of EM cases, but absent in all RMH 
cases (0/20). Although the detection of p16 HD using FISH may 
be considered highly specific, its sensitivity in differentiating 
EM from RMH is not very high. In addition, FISH analysis 
cannot be applied in all cases or in all pathology laboratories, 
given its high cost and stringent experimental requirements.

We recently reported that phorbol 12‑myristate‑13‑ace‑
tate‑induced protein‑1 (PMAIP‑1; Noxa) and baculoviral IAP 
repeat‑containing 5 (BIRC5; Survivin) mRNA expression 
levels are significantly higher in EM than in non‑neoplastic 
pleural tissue, and discussed the utility of anti‑Noxa antibody 
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for the distinction between EM and RMH (21). However, the 
utility of Survivin IHC for the differentiation of benign and 
malignant mesothelial proliferation has not yet been assessed.

Here, we studied the utility of Survivin and Ki‑67 expres‑
sions along with the loss of BAP1 expression in distinguishing 
benign from malignant mesothelial proliferation.

Materials and methods

Patients and histological samples. We used formalin‑fixed, 
paraffin‑embedded (FFPE) specimens from 78 patients with 
a definite histological diagnosis of EM who had undergone 
thoracoscopic pleural biopsy, pleurectomy/decortication, extra‑
pleural pneumonectomy, or autopsy between 2000 and 2016. 
FFPE histological samples from surgical specimens obtained 
from 80 patients with a histological diagnosis of RMH were 
obtained via thoracoscopic biopsy, laparoscopic biopsy, or 
surgical resection between 2005 and 2016. These samples were 
retrieved from the archives of the Department of Pathology at 
Hiroshima University (Hiroshima, Japan). Each of the tumour 
specimens was independently reviewed by three pathologists 
(K.K., V.J.A, and Y.T.), and all cases of mesothelioma were 
diagnosed according to currently accepted World Health 
Organization Histological Criteria (6,22).

The tissue samples were retrieved from the archive of the 
Department of Pathology at Hiroshima University's Institute 
of Biomedical and Health Sciences. The collection of tissue 
specimens for this study was carried out in accordance with 
the ‘Ethics Guidelines for Human Genome/Gene Research’ 
enacted by the Japanese Government. Ethical approval was 
obtained from the institutional ethics review committee 
(Hiroshima University E‑974). All experimental procedures 
were in accordance with the with ethical guidelines.

Immunohistochemical procedures. Immunohistochemical 
staining of sections from the FFPE tissue samples was 
performed using Ventana BenchMark GX (Roche Diagnostics, 
Basel, Switzerland). In brief, after deparaffinization using 
EZ‑Prep (Roche Diagnostics) and antigen retrieval using 
Cell Conditioning 1 buffer at 95˚C for 32 min, sections were 
incubated with primary antibodies. The primary antibodies 
were anti‑Survivin (cat. no. AF886, polyclonal, dilution of 
1:200; R&D systems, Minneapolis, MN, USA), anti‑BAP1 
(C‑4, dilution of 1:50; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA), and anti‑Ki‑67 (MIB‑1, dilution of 1:25; Dako, 
Glostrup, Denmark). Incubation with secondary antibodies 
and detection was performed using the Ventana UltraView 
Universal DAB Detection kit.

Nuclear staining of Survivin, BAP1, and Ki‑67 in EM or 
RMH cells with the same or higher intensity than internal 
positive controls was regarded as positive staining. Negative 
staining of BAP1 was defined as completely absent nuclear 
staining in the target cells in the presence of a positive internal 
control such as lymphocytes or stromal cells. Although some 
cases had weak cytoplasmic positivity for Survivin and 
BAP1, we have not included cases with only cytoplasmic 
positivity for Survivin and BAP1 for evaluation in this study. 
Immunoreactivity of Survivin and Ki‑67 was evaluated using 
a labelling index (% of positive cells) in the ‘hot spot’ exhib‑
iting the highest number of positive cells compared to the rest 

of the lesion. We evaluated at least 100 (maximum 500) EM 
or RMH cells in high power fields (x400). Counting of label‑
ling indices of Survivin and Ki‑67 was performed by three 
pathologists (K.K., V.J.A, and Y.T.) independently; the mean 
of three numbers was then calculated.

Statistical analysis. Receiver operating characteristic (ROC) 
curve analysis was performed to establish the cut‑off values 
for the Survivin and Ki‑67 labelling indices. The cut‑off points 
were determined based on the Youden index. All statistical 
analyses were performed using EZR (Saitama Medical Center, 
Jichi Medical University, Saitama, Japan), a graphical user 
interface for R (The R Foundation for Statistical Computing, 
Vienna, Austria). More precisely, it is a modified version of 
R commander designed to add statistical functions frequently 
used in biostatistics (23).

Sensitivity, specificity, positive predictive values, negative 
predictive values, and diagnostic accuracies were calculated 
for each marker and combinations of two markers.

Results

Survivin expression and cut‑off value. Representative immu‑
nohistochemical staining images for EM and RMH are shown 
in Fig. 1. Survivin expression was significantly higher in EM 
than in RMH. The mean of the Survivin labelling indices in 
EM [mean, 9.3; range, 0‑24.5, standard deviation (SD), 6.5] was 
significantly higher than that in RMH (mean, 1.2; range, 0‑4.0, 
SD, 1.2) (t‑test, P‑value <0.001). Distributions of the Survivin 
labelling indices in EM and RMH are shown in Fig. 2A.

The cut‑off value for the Survivin IHC assay led by the 
result of ROC analysis was 4.000 (Fig. 2B). Based on the ROC 
analysis, and in consideration of convenience in practical path‑
ological diagnosis, we set the cut‑off value for the Survivin 
IHC assay at 5%. Immunoreactivity of Survivin was classified 
as negative (positivity of less than 5% of the mesothelioma 
cells or non‑neoplastic mesothelial cells) or positive (positivity 
of over 5% of the mesothelioma or mesothelial cells).

Forty‑two of 62 (67.7%) EM cases were positive for 
Survivin. In contrast, none of the RMH cases were positive for 
Survivin (Table Ⅰ).

Ki‑67 expression and cut‑off value. Representative immuno‑
histochemical staining images for EM and RMH are shown in 
Fig. 3. Ki‑67 expression was also significantly higher in EM 
than in RMH. The mean of the Ki‑67 labelling indices in EM 
(mean, 32.6; range, 1.0‑90.0; SD, 22.1) was significantly higher 
than that in RMH (mean, 3.5; range, 0‑20.0, SD, 4.2) (t‑test, 
P‑value <0.001). Distributions of the Ki‑67 labelling indices in 
EM and RMH are shown in Fig. 4A.

The cut‑off value for the Ki‑67 IHC assay led by the result 
of ROC analysis was 10.333 (Fig. 4B). Based on the ROC 
analysis, and in consideration of convenience in practical 
pathological diagnosis, we set the cut‑off value for the Ki‑67 
IHC assay at 10%. Immunoreactivity of Ki‑67 was classified 
as negative (positivity of less than 10% of the mesothelioma 
cells or non‑neoplastic mesothelial cells) or positive (positivity 
of over 10% of the mesothelioma or mesothelial cells).

Fifty‑seven of 67 (85.1%) EM cases and 7 of 56 (12.5%) 
RMH cases were positive for Ki‑67 (Table Ⅰ).
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BAP1 expression. Loss of nuclear BAP1 expression was 
observed in 49 of 74 (66.2%) cases of EM (Table Ⅰ). Almost all 
cases without BAP1 expression had a homogenous expression 
loss pattern. No heterogeneous loss patterns were observed. 
In contrast, nuclear BAP1 expression was preserved in all 78 
RMH cases (Table Ⅰ). Representative immunohistochemical 
staining images for EM and RMH are shown in Fig. 5.

Utilities of each marker and combinations of two markers. The 
sensitivity and specificity of each marker and combinations of 

two markers for the distinction between EM and RMH are shown 
in Table Ⅱ. Among three single markers and six combination 
patterns of two markers, ‘Survivin‑positive and/or BAP1‑loss’ 
finding showed the highest diagnostic accuracy (95.3%).

Discussion

Accurate histopathological differentiation between MM and 
RMH is extremely important, not only for clinical manage‑
ment, but also for the appropriate operation of the public 

Figure 1. Representative histological images of Survivin IHC. (A) EM with H&E staining. (B) Survivin IHC in EM; labelling index, 18.1. (C) RMH with H&E 
stain. (D) Survivin IHC in RMH; labelling index, 1.3. IHC, immunohistochemistry; EM, epithelioid mesothelioma; RMH, reactive mesothelial hyperplasia; 
H&E, haematoxylin and eosin.

Figure 2. (A) Distribution of Survivin labelling index in epithelioid mesothelioma and reactive mesothelial hyperplasia. The horizontal line in the dot chart 
shows the mean. (B) ROC analysis. ROC curve was estimated using Survivin labelling index. Cut‑off value based on the Youden index is also shown. ROC, 
receiver operating characteristic.
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compensation system for victims of environmental and occu‑
pational asbestos exposure and their dependents. To obtain a 
better marker for EM, we evaluated the diagnostic utilities of 
Survivin, BAP1, and Ki‑67 in differentiating EM from RMH. 
We found that the sensitivity and specificity of the nuclear 
Survivin labelling index following the use of a properly deter‑
mined cut‑off value was appropriate in distinguishing EM 
from RMH. The utility of Survivin IHC for the differentiation 
between benign and malignant mesothelial proliferation has 
not been reported to date. To the best of our knowledge, this 
is the first report evaluating the utility of Survivin IHC in 
differentiating EM from RMH.

Survivin is the smallest member of the inhibitor of apop‑
tosis (IAP) family, and is expressed highly in most human 
foetal tissues and cancers. However, it is completely absent 
in terminally‑differentiated tissues. Survivin functions as a 
regulator of both cell division and apoptosis. The function of 

Survivin differs according to cellular localization. Cytosolic 
Survivin is believed to function as an apoptotic suppressor, 
while nuclear Survivin is postulated to regulate cell divi‑
sion (24). Overexpression of Survivin is associated with 
tumour progression and poor prognosis in many types of 
human malignancies, including MM (25,26). In fact, several 
reports indicate that Survivin is a promising marker for the 
diagnosis of malignant pleural effusion (27). Survivin has also 
been reported to be associated with anti‑tumour activity and 
outcomes of chemotherapy in MM, and is a new therapeutic 
target for the treatment of MM (28‑30).

While the Survivin labelling indices of the EM cases in our 
study were similar to those reported by Meerang et al (25), they 
were significantly lower than those reported by Hmeljak et al 
(median, 67; mean, 63; range, 9.7‑94.9; SD, 20.8) (26). This 
discrepancy in Survivin expression may be due to differences 
in staining technique, source of antibodies used for analysis, 

Table Ⅰ. Immunohistochemical findings of Survivin, Ki‑67, and BAP1 in epithelioid mesothelioma and reactive mesothelial 
hyperplasia.

 Epithelioid mesothelioma Reactive mesothelial hyperplasia
Immunohistochemical ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
data n (%) Negative Positive n (%) Negative Positive

Survivin expression 42/62 (67.7) 20 42 0/70 70 0
Ki‑67 expression 57/67 (85.1) 10 57 7/56 (12.5) 49 7
BAP1‑loss  49/74 (66.2) 25 49 0/78 78 0

BAP1, BRCA1‑associated protein 1.

Figure 3. Representative histological images of Ki‑67 IHC. (A) EM with H&E stain. (B) Ki‑67 IHC in EM; labelling index, 35.0. (C) RMH with H&E stain. 
(D) Ki‑67 IHC in RMH; labelling index, 8.7. IHC, immunohistochemistry; EM, epithelioid mesothelioma; RMH, reactive mesothelial hyperplasia; H&E, 
haematoxylin and eosin.
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and the quantification technique. In our study, we used fully 
automated immunohistochemical staining utilising equip‑
ment from Roche for reproducible results. We also used 
commercially available antibodies from reputable sources 
and evaluated nuclear reactivity alone. Evaluation of nuclear 
reactivity was reproducible and was independently confirmed 
by 3 pathologists.

Several studies have determined that germline mutations in 
the gene for BAP1 predispose individuals to developing various 
tumours, including MM, cutaneous melanocytic tumours, 

uveal melanoma, lung adenocarcinoma, and meningioma (31). 
These studies suggest that germline mutations in BAP1 result 
in a ‘tumour predisposition syndrome’ linking BAP1 to many 
other cancers. Somatic mutations in the BAP1 gene have also 
been relatively frequently reported in MMs, uveal melanomas, 
and renal cell carcinomas (31). BAP1 is encoded by the BAP1 
gene, which is located on the short arm of chromosome 3 
(3p21). BAP1 is a deubiquitinase targeting histones and the 
host cell factor‑1 transcriptional co‑factor, and plays a role in 
transcriptional regulation, chromatin modulation, cell cycle 

Figure 4. (A) Distributions of Ki‑67 labelling index in epithelioid mesothelioma and reactive mesothelial hyperplasia. The horizontal line in the dot chart 
shows the mean. (B) ROC analysis. ROC curve was estimated using Ki‑67 labelling index. Cut‑off value based on the Youden index is also shown. ROC, 
receiver operating characteristic.

Figure 5. Representative histological images of BAP1 IHC. (A) RMH with H&E stain. (B) BAP1 IHC in RMH. Nuclear staining of the mesothelial cells 
(arrows) demonstrated the same intensity as that of internal positive controls (arrowheads; stromal cells). (C) EM with H&E stain. (D) BAP1 IHC in EM. 
Nuclear staining was not observed in tumour cells (loss of expression). Strong nuclear staining was observed in internal positive controls (arrowheads; 
stromal cells). IHC, immunohistochemistry; EM, epithelioid mesothelioma; RMH, reactive mesothelial hyperplasia; H&E, haematoxylin and eosin; BAP1, 
BRCA1‑associated protein 1.
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regulation, and DNA repair (31,32). Several different altera‑
tions in the BAP1 gene have been described, including large 
deletions of exons leading to loss of the N‑terminal region, or 
to premature protein termination, focal deletions, frameshift 
mutations due to insertions or deletions, splice site mutations, 
and base substitutions leading to nonsense and missense 
mutations. Frameshift mutations and missense and nonsense 
substitutions are the most common sequence alterations. 
Truncating mutations frequently result in loss of the nuclear 
localization signal and/or the C‑terminal protein‑binding 
domain, while missense mutations interfere with the ubiquitin 
hydrolase function of BAP1 (31). As the detection of these 
alterations in BAP1 has been made possible in recent years 
using immunohistochemistry (IHC), immunohistochemical 
detection of BAP1 loss has also been reported to be useful 
in distinguishing MM from RMH. However, the sensitivity of 
this assay in differentiating MM from RMH does not exceed 
70% (10‑13). Several studies indicate that the loss of nuclear 
BAP1 expression as assessed by IHC is closely correlated with 
genetic alterations in BAP1 (33‑35).

In the present study, the frequency of BAP1 loss in 
EM was 66.2% (49/74), similar to those found in previous 
reports (10‑13). Recently, Hida et al reported a focal hetero‑
geneous BAP1 staining pattern in mesothelioma cases (10). 
However, in our study, almost all EM cases had either a 
uniform positive staining pattern or completely negative 
staining for BAP1. There were some EM cases that appeared 
to have focal staining for BAP1; however, careful observation 
of these cases under high power magnification confirmed 
that these focal positive cells were in fact inflammatory cells 
infiltrating into the mesothelioma or stromal cells. We clas‑
sified such cases as cases with no loss of BAP1 expression. 
This may be the reason for the observed heterogeneous BAP1 
staining pattern in mesothelioma. However, other reasons, 
such as differences in staining techniques and improper 
processing of the tumour, may also contribute to apparent 
differences between studies.

The specificity of a Survivin labelling index of over 5% 
and a loss of BAP1 expression was 100%. However, sensi‑
tivity of Survivin labelling index (67.7%) and loss of BAP1 
expression (66.2%) alone are not sufficient for differential 

diagnosis. Although diagnostic accuracies of Survivin (84.8%) 
and BAP1 (83.6%) as single markers were inferior to that of 
EMA (95.5%), (21) the diagnostic accuracy of the combination 
of Survivin and BAP1 (Survivin‑positive and/or BAP1‑loss) 
was 95.3%, which was almost similar to EMA. Recently, 
Shinozaki‑Ushiku et al proposed using a combination of 
BAP1 and enhancer of zeste homolog 2 (EZH2) expression to 
differentiate between MM from RMH; the sensitivity of this 
combination was 90%, while the specificity was absolute (36). 
The sensitivity (89.8%) and specificity (100%) of the combina‑
tion of Survivin and BAP1 IHC in this study was comparable 
to those of previous reports (36).

A positive correlation between nuclear Survivin 
and Ki‑67 labelling indices was previously reported by 
Meerang et al (25). We observed a similar correlation 
between Survivin and Ki‑67 labelling indices in our study 
(data not shown). Although this correlation was present in 
both EM and RMH, it was more conspicuous in EM. Ki‑67 
protein is present during all active phases of the cell cycle 
(G1, S, G2, and mitosis), but is absent in resting cells (G0). 
Therefore, Ki‑67 is well known as a so‑called ‘proliferation 
marker’, and the Ki‑67 labelling index is often correlated 
with the clinical course of cancer (37,38). On the other hand, 
nuclear Survivin plays important roles in the regulation of 
mitosis. Survivin expression is found to be dominant only 
in the G2/M phase, and Survivin is known to localize to 
components of the mitotic spindle during the metaphase and 
anaphase of mitosis (39,40). Therefore, both nuclear Survivin 
and Ki‑67 may be considered proliferation markers. We 
can thus explain both the high expression of Survivin and 
Ki‑67 in EM compared to RMH, and the positive correlation 
between the nuclear Survivin and Ki‑67 labelling indices.

Although various studies have reported the usefulness of 
Ki‑67 IHC in differentiating EM from RMH, (14‑17) it is not 
routinely utilized for the confirmation of mesothelioma due to 
its low sensitivity and specificity.

The sensitivity, specificity, and diagnostic accuracy of Ki‑67 
(85.1, 87.5, and 86.2%, respectively) in this study were almost the 
same or slightly higher compared with previous reports (14,15,17). 
These values were relatively high but not sufficient for differential 
diagnosis by single marker. However, the diagnostic accuracy 

Table II. Sensitivity, specificity, PPVs, NPVs and diagnostic accuracies of each marker and combinations of two markers for the 
differential diagnosis between epithelioid mesothelioma and reactive mesothelial hyperplasia.

Immunohistochemical findings Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

Survivin‑positive 67.7 100.0 100.0 77.8 84.8
BAP1‑loss 66.2 100.0 100.0 75.7 83.6
Ki‑67‑positive 85.1   87.5 89.1 83.1 86.2
Survivin‑positive and/or BAP1‑loss 89.8 100.0 100.0 92 95.3
Both Survivin‑positive and BAP1‑loss 39.0 100 100.0 65.7 71.9
Survivin‑positive and/or Ki‑67‑positive 91.1   86.3 87.9 89.8 88.8
Both Survivin‑positive and Ki‑67‑positive 66.1 100.0 100.0 72.9 82.2
BAP1‑loss and/or Ki‑67‑positive 96.9   92.1 94.3 95.9 94.8
Both BAP1‑loss and Ki‑67‑positive 53.8 100 100.0 64.3 74.8

PPV, positive predictive values; NPV, negative predictive values; BAP1, BRCA1‑associated protein 1.
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of the combination of Ki‑67 and BAP1 was 94.8%, which was 
almost the same as that of the combination of Survivin and BAP1.

We evaluated the utility of Survivin, BAP1, and Ki‑67 
IHC in distinguishing EM from RMH. Based on our results, 
‘Survivin‑positive and/or BAP1‑loss’ finding strongly suggest 
EM, therefore we recommend the use of a combination of 
Survivin and BAP1. In addition, further evaluation of the Ki‑67 
labelling index may be useful for accurate differential diagnosis.
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A B S T R A C T

Objective: In advanced epidermal growth factor receptor (EGFR)-mutant non-small-cell lung cancer (NSCLC),
treatment with afatinib, a second-generation EGFR-tyrosine kinase inhibitor (TKI), confers a significant survival
benefit over platinum-based chemotherapy. The first-generation EGFR-TKIs gefitinib and erlotinib in combi-
nation with bevacizumab have improved progression-free survival. We hypothesized that the combination of
afatinib with bevacizumab would further improve efficacy, and conducted a phase I trial to test this hypothesis.
Materials and methods: Untreated patients with advanced EGFR-mutant NSCLC were enrolled. The primary
endpoint was safety. Two doses of afatinib, 40 mg/day (level 0) and 30 mg/day (level −1), were evaluated in
combination with 15 mg/kg bevacizumab every 3 weeks. Optimal dosing was determined by dose-limiting
toxicity (DLT), with the concentration at which ≤4 of 12 patients experienced toxicity considered the re-
commended dose.
Results: Nineteen patients were enrolled (level 0:5, level−1:14). Three of the five patients at level 0 experienced
a DLT, which indicated that this dose was unfeasible. Three patients at level−1 developed a DLT of grade 3 non-
hematological toxicity, which was soon resolved. Grade 3 or worse adverse events were experienced by all five
patients at dose level 0 (diarrhea in 2, skin rash in 1, hypoxia in 1, and paronychia in 1), and by three patients at
level −1 (diarrhea in 2 and anorexia in 1). Among 16 evaluable patients, 1 had a complete response, 12 had
partial responses, and 0 had progressive disease.
Conclusion: Afatinib plus bevacizumab (level −1) was well tolerated and showed evidence of favorable disease
control. This combination therapy may represent a potent therapeutic option for patients with EGFR-mutant
NSCLC.
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1. Introduction

Lung cancer is a leading cause of death worldwide. The major pa-
thological subtype of lung cancer is non-small-cell lung cancer (NSCLC);
in some NSCLCs, activating mutations in the epidermal growth factor
receptor (EGFR) gene have been reported [1]. In this subgroup of pa-
tients, an EGFR-tyrosine kinase inhibitor (EGFR-TKI) was found to
prolong progression-free survival (PFS) compared with standard pla-
tinum-based chemotherapy [2–7]. While the median overall survival
(OS) of this patient subgroup reaches almost 2 years with EGFR-TKI
treatment, this is still insufficient. To prolong PFS and OS, more ef-
fective treatments are needed.

Afatinib, a second-generation EGFR-TKI, is an irreversible inhibitor
of the ErbB family that is expected to inhibit tumors with activating
EGFR mutations more strongly than are reversible EGFR-TKIs. Our
preclinical study revealed that afatinib prolonged survival compared
with gefitinib in an egfr-driven mouse lung cancer model [8]. In a
clinical study, afatinib significantly improved outcomes in treatment-
naïve patients with NSCLC harboring EGFR mutations compared with
gefitinib [9]. In a combined analysis of phase III studies comparing
afatinib with platinum-based chemotherapy, afatinib significantly pro-
longed both PFS and OS [10], while first-generation EGFR-TKIs (gefi-
tinib or erlotinib) prolonged PFS but not OS [2,3]. Thus, second-gen-
eration EGFR-TKIs are suggested to achieve better outcomes than those
of first-generation inhibitors.

Vascular endothelial growth factor (VEGF)-A, by binding to the
VEGF receptor (VEGFR)-2, promotes angiogenesis in the tumor micro-
environment and indirectly promotes tumor growth. We previously
described the synergistic effects of afatinib and bevacizumab, a re-
combinant monoclonal antibody targeting VEGF-A [8]. In our pre-
clinical study, the combination of bevacizumab with afatinib was more
effective than afatinib alone in a xenograft model of NSCLC cells har-
boring EGFR mutations. Clinically, we and another group have already
shown favorable PFS with acceptable toxicity profiles for combination
therapy consisting of bevacizumab and first-generation EGFR-TKIs in
untreated EGFR-mutant tumors [11–13]. The median PFSs of patients
treated with erlotinib/bevacizumab therapy and gefitinib/bevacizumab
therapy were 16.0 months and 14.4 months, respectively. However,
combination therapy of bevacizumab with the second-generation
EGFR-TKI afatinib had not been evaluated clinically.

Against this background, we hypothesized that the combination of
bevacizumab with afatinib would yield improved efficacy. As the first
step to test this hypothesis, we initiated a phase I trial of this combi-
nation therapy in chemo-naïve patients with advanced NSCLC har-
boring EGFR mutations.

2. Materials and methods

2.1. Study design

This open-label, phase I study was conducted in 16 institutions in
Japan (UMIN000015944). The study protocol was approved by the
institutional review boards of each participating center. Written in-
formed consent was obtained from each patient prior to the study. This
study was performed in accordance with the Declaration of Helsinki
and all relevant Japanese laws and regulations.

The aim of this study was to evaluate the feasibility and re-
commended dose of combination therapy in chemo-naïve patients with
advanced NSCLC harboring EGFR mutations. The primary outcome
measure was dose-limiting toxicity (DLT). Secondary outcome measures
were the objective response rate, PFS, OS, and specific toxicity.

2.2. Patients

Those patients who met the following criteria were eligible: histo-
logically or cytologically confirmed stage IIIB/IV or postoperative

recurrent non-squamous NSCLC with activating EGFR mutations (either
exon 19 deletion or Leu858Arg), age ≥20 years, Eastern Cooperative
Oncology Group performance status of 0 or 1, adequate organ function,
and life expectancy of 3 months or more. Those who received previous
EGFR-TKI therapy or radiation therapy for lung tumors were excluded.
Tumor samples were screened by PCR-based hypersensitive EGFR mu-
tation testing in local laboratories, according to standard testing prac-
tices.

Major exclusion criteria included confirmation of the Thr790Met
mutation, presence of symptomatic brain metastasis or leptomeningeal
carcinomatosis, history or presence of hemoptysis, bloody sputum or a
coagulation disorder, tumor invading or abutting major blood vessels,
tumor cavitation, or coexisting or previous interstitial lung disease.

2.3. Treatment regimen

Six patients were first scheduled to receive 40 mg afatinib daily plus
15 mg/kg intravenous bevacizumab repeated at 3-week intervals (level
0) until disease progression or unacceptable toxicity was observed. If no
more than two patients experienced DLT, an additional six patients
were treated at the same dose. If no more than two patients experienced
DLT in both sets (a rate or DLT<33.3%), we concluded this dose
schedule to be feasible and planned a subsequent phase II trial.
Otherwise, we repeated the same treatment of 30 mg/day afatinib and
15 mg/kg bevacizumab (level −1). If four or fewer patients experi-
enced DLT (a rate of DLT<33.3%), this level was recommended; if not,
further investigation of this combination therapy was not pursued.

2.4. Safety and efficacy assessment

Severity of toxicity was assessed according to the Common
Terminology Criteria for Adverse Events v 4.0. Although all treatment
courses were analyzed to determine the DLT and maximum tolerated
dose, the decision to lower the dose level was based on toxicity during
the first 28 days from initiation of the combination therapy. A DLT was
defined as any of the following adverse drug reactions: grade 4 hema-
tological toxicity, grade 4 hypertension, grade 3 or worse non-hema-
tological toxicity other than hypertension, grade 2 non-hematological
toxicity lasting ≥7 days despite supportive care, grade 2 or worse left
ventricular function or renal function, grade 1 or worse pneumonitis, or
inability to receive the second course of bevacizumab due to bev-
acizumab toxicity.

Antitumor activity was assessed radiologically (by computed to-
mography or magnetic resonance imaging) every 2 months. All re-
sponses were defined according to the criteria of RECIST 1.1. If a pa-
tient had a documented complete response (CR) or partial response
(PR), a confirmatory evaluation was performed after 4 weeks. Disease
control was defined as the best tumor response among CR, PR, and
stable disease (SD) that had been confirmed and sustained for at least 6
weeks. The response rate (RR) was defined as the number of patients
with the best tumor response (CR or PR) among all patients with
measurable lesions. OS was defined as the time from the date of re-
gistration to death from any cause. PFS was defined as the time from the
date of registration to the date of the detection of progressive disease or
of death from any cause. OS and PFS were assessed by the Kaplan-Meier
method.

3. Results

3.1. Patient characteristics

From December 2014 to July 2016, 19 patients were enrolled, of
whom 5 were treated at dose level 0 and 14 at dose level −1. The
clinical characteristics of all patients are listed in Table 1. Three pa-
tients were withdrawn for toxicity (Fig. 1).
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3.2. DLTs

Three of five patients at dose level 0 experienced DLTs: grade 3
diarrhea (n = 2) and hypoxia (n = 1); thus, we concluded that this
dose level was unfeasible. At level−1, 3 of 14 patients developed DLTs:
grade 3 diarrhea (n = 2) and anorexia (n = 1). Although we originally
planned to enroll only 12 patients in level −1, 14 patients were ulti-
mately included due to the timing of patient enrollment. The rate of
DLT was 60% at dose level 0 and 21.4% at dose level −1. The max-
imum tolerated/recommended dose was determined to be 30 mg afa-
tinib once daily with 15 mg/kg of bevacizumab repeated at 3-week
intervals. All DLTs resolved soon after discontinuation of afatinib. Four
patients who experienced DLT of grade 3 diarrhea reduced their dosage
of afatinib and resumed treatment after recovering. Those patients who
experienced hypoxia or anorexia stopped therapy, based on the in-
vestigator’s decision and the patients’ requests, respectively.

3.3. Adverse events

The frequent (> 25%) adverse events were acneiform rash, diar-
rhea, paronychia, hypertension, and proteinuria. The main grade 3
toxicities are listed in Table 2. All patients at dose level 0 and 4 of 14
patients (29%) at level −1 had grade 3 toxicities. There were no grade
4 or 5 toxicities. Three patients at level 0 and five patients at level −1
required dose reductions for toxicity. Three patients at level 0 and one
patient at level −1 discontinued the protocol therapy for toxicity, and
two patients at level −1 discontinued for anorexia (Fig. 1).

Table 1
Patient characteristics by dose level.

Characteristics All patients
(n = 19)

Level 0
(n = 5)

Level −1
(n = 14)

Age (years)
Median 67.0 65.0 67.5
Range 40–76 42–68 40–76

Sex
Male 10 3 7
Female 9 2 7

ECOG performance status
0 10 4 6
1 9 1 8

Histology
Adenocarcinoma 19 5 14

Disease status
IV 9 3 6
Postoperative recurrence 10 2 8

EGFR mutation
Exon 19 deletion 8 2 6
Exon 21 L858R 11 3 8

Brain metastasis
Positive 9 2 7
Negative 10 3 7

Dose level 0: afatinib (40 mg once daily) plus bevacizumab (15 mg/kg intravenously
repeated at 3-week intervals). Dose level −1: afatinib (30 mg once daily) plus bev-
acizumab (15 mg/kg intravenously repeated at 3-week intervals).
ECOG, Eastern Cooperative Oncology Group.

Fig. 1. Flow chart showing the study pro-
gression. Abbreviations: DLT, dose limiting
toxicity; AE, adverse event.

Table 2
Adverse events.

Adverse Event n (%)

Any Grade Grade 3b

Dose level 0 (n = 5)
Diarrhea 5 (100) 2 (40)a

Rash acneiform 4 (80) 1 (20)
Paronychia 4 (80) 1 (20)
Hypertension 3 (60) 0
AST/ALT increase 2 (40) 0
Hypoxia 1 (20) 1 (20)a

Fatigue 1 (20) 0
Bleeding 1 (20) 0
Mucositis oral 1 (20) 0
Proteinuria 1 (20) 0

Dose level −1 (n = 14)
Rash acneiform 13 (93) 1 (7)
Diarrhea 12 (86) 2 (14)a

Paronychia 7 (50) 0
Nausea/Vomiting 4 (29) 0
Hypertension 4 (29) 0
Proteinuria 4 (29) 0
Anorexia 3 (21) 1 (7)a

Mucositis Oral 3 (21) 1 (7)
Fatigue 3 (21) 0
Bleeding 1 (7) 0

Dose level 0: afatinib (40 mg once daily) plus bevacizumab (15 mg/kg intravenously
repeated at 3-week intervals). Dose level −1: afatinib (30 mg once daily) plus bev-
acizumab (15 mg/kg intravenously repeated at 3-week intervals).
AST/ALT, aspartate aminotransferase/alanine aminotransferase ratio.

a DLTs comprised grade 3 diarrhea (n = 4), hypoxia (n = 1), and anorexia (n = 1).
b There were no grade 4 or 5 adverse events.
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3.4. Treatment activity

Of 19 patients, 16 had baseline measurable lesions. Of these 16
patients, 1 had a confirmed CR and 12 a PR for an overall RR of 81.3%
(95% confidence interval: 62.1–100%) in our intent-to-treat analysis
(Table 3). There was no disease progression in any of the patients, and
the disease control rate (DCR, summation percentage of CR, PR, and
SD) was 100%. A waterfall plot for the 15 response-evaluable patients
with at least one follow-up scan is presented in Fig. 2A. The treatment
duration, treatment dose, and dose reduction or discontinuation of
afatinib due to toxicity for each patient are shown in Fig. 2B. No disease
progression has been reported at this time (median follow-up: 104
[range: 41–536] days).

4. Discussion

This is the first trial to assess the combination of a second-genera-
tion EGFR-TKI with an angiogenesis inhibitor. In the dose level 0 group,
the rate of DLT was 60%, and the two patients without DLT required
dose reductions for toxicity. Therefore, this dose level was not con-
sidered feasible. In the dose level−1 group, the rate of DLT was 21.4%,
which met the primary end point. Of the 14 patients at this level, 7 were
able to continue therapy at this dose, and we concluded that this does
should be investigated further.

The most frequent toxicity was rash acneiform (17/19 patients),
followed by diarrhea (16/19 patients). Specifically, diarrhea rapidly
increased around day 10–14, when it reached grade 3, and was con-
sidered a DLT, although the toxicity immediately resolved after cessa-
tion of afatinib. The other grade 3 toxicities also resolved immediately.
The bevacizumab toxicities noted were bleeding, hypertension, and
proteinuria, but all were grade 1 or 2.

The LUX-Lung 3 (LL3) study was a large, prospective, randomized
trial comparing afatinib with cisplatin-based chemotherapy for patients
with advanced EGFR mutant NSCLC [6]. Included in this trial was a
cohort of 54 Japanese patients treated with afatinib alone. Within this
group, adverse events included diarrhea (100%), rash acneiform
(100%), nail effects (92.6%), and stomatitis (92.6%) [14]. Time to first
onset of diarrhea was within 14 days after starting afatinib for most
patients. In terms of grade 3 toxicities, diarrhea occurred in 22.2%, rash
acneiform in 20.4%, nail effects in 25.9%, and stomatitis in 7.4%, re-
spectively. These safety profiles were generally consistent with that of
our dose level−1. Adverse events leading to dose reduction occurred in
75.9% in the LL3 study. Here, dose level 0 was deemed too toxic, with
all patients requiring either a dose reduction or discontinuation of
therapy.

In a phase II trial comparing bevacizumab and erlotinib combina-
tion therapy with erlotinib monotherapy (JO25567), more grade 3 or
worse adverse events were reported in the combination therapy group
(91% vs 53%) [11]. In a similar phase II trial examining the use of
bevacizumab and gefitinib combination therapy (OLCSG1001), grade 2

or worse rash was seen in 15% of patients [12], compared to only 2–5%
for gefitinib monotherapy [2,3,15]. Taken together, these studies show
that toxicities caused by EGFR-TKIs are exacerbated by the addition of
bevacizumab. In this trial, afatinib-associated toxicities were also ex-
pected to worsen with the addition of bevacizumab, necessitating a
lower recommended afatinib dose of 30 mg/day.

Like the LL3 trial, the LUX-Lung 6 (LL6) trial was also a large,
prospective, randomized trial that compared afatinib with cisplatin-
based chemotherapy for patients with advanced EGFR mutant NSCLC.
The LL3 study was conducted globally and included Japanese patients,
while the LL6 study was limited to patients in China, Thailand, and
South Korea [6,7]. In a post hoc analysis of LL3 and LL6, afatinib trough
plasma concentrations after treatment at the 40 mg dose were found to
be higher on day 22 in patients whose doses were subsequently reduced
to 30 mg due to toxicity, compared with those who remained on the
40 mg dose, with similar plasma concentrations observed in both
groups on day 43 [16]. Furthermore, total treatment time tended to be
longer in patients requiring a dose reduction compared to those
maintained at the same dose, with similar PFS times in each group. This
tolerability-guided dose adjustment of afatinib is thought to have
played an important role in determining patient outcomes, allowing
patients to maintain adequate plasma concentrations and continue ef-
fective therapy. In the LL3 study, Japanese patients were more likely to
require a dose reduction (to 30 mg or 20 mg) due to adverse events than
the overall study population (75.9% vs. 57.2%, respectively). Never-
theless, the median PFS was similar to that observed in the overall
population (13.8 months vs. 11.1 months, respectively) [14]. In the
present study evaluating afatinib combined with bevacizumab, the re-
commended afatinib dose (30 mg/day) should yield adequate plasma
concentrations in all patients.

In two different phase II trials assessing the use of erlotinib alone or
in combination with bevacizumab, the overall RR and DCR were 69%
and 100%, respectively for the JO25567 trial [11], compared with 78%
and 92%, respectively, for the BELIEF trial [13]. In the OLCSG1001
phase II trial of bevacizumab alone or combined with gefitinib, the
overall RR and DCR were 73.8% and 97.6%, respectively [12]. The
finding that almost no patients showed early refractory responses might
be a feature of these combination therapies of EGFR-TKIs and bev-
acizumab. The overall RR of 81.3% and DCR of 100% in the present
trial indicates that the combination therapy we evaluated might also
have this effect. The PFS and OS data are still immature.

The current study had several limitations. Although toxicities were
evaluated using the pre-defined criteria set forth in the protocol, the
follow-up time may have been too short, as no disease progression was
observed. Furthermore, the scope of this trial was limited, assessing
only a small number of patients from a handful of institutes in a single
country. Observation gathered over a longer period of time, as well as
in a larger cohort of patients, will be necessary, particularly for side
effects such as paronychia, hypertension, renal toxicity, thrombosis,
and bleeding, as these would be more common during prolonged
therapy. To that end, we have just initiated a larger randomized trial
comparing the combination of afatinib and bevacizumab with afatinib
alone (UMIN000027432). In this trial, 100 patients (50 patients per
group) will be enrolled, enabling better assessment of the safety and
efficacy of these treatments over longer treatment times, and across a
larger number of patients.

In summary, the combination therapy of bevacizumab with afatinib,
at doses of 30 mg/day afatinib and 15 mg/kg bevacizumab, was fea-
sible and potentially effective.
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Table 3
Response and disease control rates.

No. of Patients (n = 16) %

Response
Complete response 1 6.3
Partial response 12 75.0
Stable disease 3 18.8
Progressive disease 0 0
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Abstract
Malignant pleural mesothelioma (MPM) is an aggressive tumor with an unfavorable prognosis. The standard
therapeutic approaches are limited to surgery, chemotherapy, and radiotherapy. Because the consequent clinical
outcome is often unsatisfactory, a different approach in MPM treatment is required. S100A11, a Ca2+-binding small
protein with two EF-hands, is frequently upregulated in various human cancers. Interestingly, it has been found that
intracellular and extracellular S100A11 have different functions in cell viability. In this study, we focused on the impact
of extracellular S100A11 in MPM and explored the therapeutic potential of an S100A11-targeting strategy. We
examined the secretion level of S100A11 in various kinds of cell lines by enzyme-linked immunosorbent assay. Among
them, six out of seven MPM cell lines actively secreted S100A11, whereas normal mesothelial cell lines did not secrete
it. To investigate the role of secreted S100A11 in MPM, we inhibited its function by neutralizing S100A11 with an anti-
S100A11 antibody. Interestingly, the antibody significantly inhibited the proliferation of S100A11-secreting MPM cells
in vitro and in vivo. Microarray analysis revealed that several pathways including genes involved in cell proliferation
were negatively enriched in the antibody-treated cell lines. In addition, we examined the secretion level of S100A11 in
various types of pleural effusions. We found that the secretion of S100A11 was significantly higher in MPM pleural
effusions, compared to others, suggesting the possibility for the use of S100A11 as a biomarker. In conclusion, our
results indicate that extracellular S100A11 plays important roles in MPM and may be a therapeutic target in S100A11-
secreting MPM.

Introduction
Malignant pleural mesothelioma (MPM) is a highly

invasive and aggressive tumor that develops in the
mesothelial lining of the pleura. The median survival of
patients with MPM from the time of diagnosis is usually
less than 1 year1,2. While surgical resection is the treat-
ment of first choice for early-stage disease, recurrence of
the disease often makes the prognosis poorer. In addition,
most MPM cases are of advanced-stage disease, for which

the benefits of a standard chemotherapeutic regimen with
cisplatin and pemetrexed are very limited. These con-
siderations demand the development of novel therapeutic
strategies for MPM.
Proteins of the S100 family are small molecules (ranging

from 9 to 14 kDa) with two EF-hands and in humans, the
family is composed of 20 different members
(S100A1–S100A16, S100β, S100G, S100P, and S100Z).
This group of proteins modulates a variety of cellular
processes, including cell proliferation, differentiation, and
intracellular signaling by functioning both as intracellular
Ca2+ sensors and as extracellular factors3–5.
S100A11, also called S100C or calgizzarin, was cloned

from chicken gizzard in 19916. We previously reported
that S100A11 has two ambivalent functions in the cells.
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Namely, in the cytoplasmic compartment, S100A11
inhibits the growth of normal human keratinocytes in
response to high Ca2+ or transforming growth factor β7,8.
Contrarily, the binding of extracellular S100A11 to the
receptor for advanced glycation end products (RAGE)
enhances the production of epidermal growth factor
family proteins, resulting in growth stimulation5,9. Based
on these findings, we have studied the biological activity
of S100A11 by focusing both on intracellular and extra-
cellular S100A11. As for the function of intracellular
S100A11, we have shown that the intracellular
S100A11–ANXA2 complex helps plasma membrane
repair, which was critical for survival and metastasis, in
metastatic breast cancer cell line10. Additionally, it is
reported that intracellular S100A11 promotes pseudopo-
dial actin dynamics, which plays a critical role in tumor
metastasis and the suppression of S100A11 results in
inhibition of cell migration and invasion, and the rever-
sion of Epithelial to mesenchymal transition (EMT) in
various metastatic cell lines11. Regarding extracellular
S100A11, we have recently reported that, in mesothelioma
cells, S100A11 dimerizes in the peroxisome after trans-
portation of monomeric S100A11 through the interaction
with PEX14, an essential component of peroxisomal
import machinery, and actively secreted12. However,
despite advances in the understanding of the biological
activity and mechanisms of this protein, little is known
about its therapeutic or diagnostic potential. In this study,
we investigated the relationship between extracellular
S100A11 and MPM, and explored the possibility of an
intervention in S100A11 function for MPM treatment and
diagnosis.

Results
Secretion levels of S100A11 in malignant cell lines and
overexpression of S100A11 in MPM
We first examined the secretion level of S100A11 in the

culture media of various cell lines by enzyme-linked
immunosorbent assay (ELISA). Seven MPM, 2 normal
mesothelial, 12 lung cancer, 3 gastric cancer, 3 colorectal
cancer, and 3 breast cancer cell lines were used for this
analysis, and the result is shown in Fig. 1a. We detected
increased levels of S100A11 in cancer cells with various
secretion levels. Of interest, there was the marked dif-
ference in S100A11 secretion between MPM cells and
normal cells. All examined MPM cell lines except for
MSTO-211H commonly secreted S100A11, whereas no
secretion was observed in normal mesothelial cell lines.
MPM cell lines were classified into three categories based
on the secretion level of S100A11: High (YUMC44, H290,
and H28), Low (HP-1, H2452, and H2052), and None
(MSTO-211H). To investigate the correlation between
S100A11 secretion and protein expression, protein
expression levels of S100A11 in MPM and normal

mesothelial cell lines were determined by western blot
analysis. S100A11 was significantly overexpressed in
MPM cell lines, compared to normal mesothelial cell lines
(Fig. 1b). To confirm the same phenomenon in clinical
MPM specimens, three histological subtypes of MPM
tissues, epithelioid, sarcomatoid, and biphasic type, were
obtained from the patients who underwent surgery at the
Okayama University Hospital and then studied for
S100A11 expression. We also prepared the paraffin blocks
filled with H2452 and MeT-5A cells to use as a positive
and negative control, respectively. Immunohistochemistry
demonstrated that S100A11 was mainly localized in the
cytoplasm or nucleus and was strongly positive in MPM
cells, but not in surrounding normal lung cells. Repre-
sentative images are shown in Fig. 1c. Taken together,
these results suggest that S100A11 is aberrantly over-
expressed in MPM at both cultured cells and clinical
samples and secreted from MPM cells.

Inhibition of the amount of extracellular S100A11 in MPM
cells
Next, we examined the involvement of extracellular

S100A11 in the growth regulation of MPM cells. As
shown in Fig. 2a, MTT assay revealed that administration
of the purified S100A11 recombinant protein to the cul-
tures promoted cellular proliferation of MPM cell lines
(H2452 and H2052) in a dose-dependent manner up to
the point of 100 ng/ml. The growth induction stimulated
by extracellular foreign S100A11 at the concentration of
1000 ng/ml was almost equal in H2452 cells or tended to
little bit decline in H2052 cells when compared to those at
the concentration of 100 ng/ml. While the highest con-
centration (10,000 ng/ml) commonly worked as growth
inhibition in the both cell lines. These results provided us
an optimal concentration of extracellular S100A11 (100
ng/ml) in growth stimulation of MPM cells. To inhibit the
function of secreted S100A11, we used an anti-S100A11
antibody (Proteintech Group), which has been previously
reported as a neutralizing antibody for S100A1113. Simi-
larly, we confirmed that the screened antibody decreased
the quantity of S100A11 in the cell culture media (Fig.
2b). The effect was continued for about 48 h and then
expired at later time point, probably due to the con-
sumption of the antibody life. We also confirmed that
moues control IgG had no effect on cell growth of MPM
cell lines (H2052 and H2452, data not shown). Based on
these results, the anti-S100A11 antibody was adminis-
tered on day 1 and day 3 in culture system. We found that
cellular growth of “Low” cells (H2452 and H2052) was
both highly suppressed by an anti-S100A11 antibody with
a final concentration of 100 ng/ml in culture media (Fig.
2c, top). On the other hand, in “High” cells (H290 and
H28), the same concentration of the anti-S100A11 anti-
body did not show any appreciable effect on their cell
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growth. Facing to the issue, we increased the antibody
dose up to 1 μg/ml. The higher dose gave suppression of
cell growth even in these cell lines (Fig. 2c, bottom). As for
“None” cells (MSTO-211H), the antibody did not affect

the cell growth, regardless of dose (Fig. 2c). To further
evaluate the effect of anti-S100A11 antibody on the
migration and invasion of MPM, we performed a Boyden
chamber assay. Microscopy images of the Boyden

Fig. 1 High secretion and overexpression of S100A11 in MPM. a Concentration of secreted S100A11 in the culture media of various cell lines, as
determined by ELISA. The secretion level of S100A11 in all MPM cell lines, except for 211H, is higher than that of NM. 211H MSTO-211H, NM normal
mesothelial cell, LC lung cancer, GC gastric cancer, CRC colorectal cancer, BC breast cancer. b Protein level of S100A11 was higher in MPM cell lines,
compared to NM. NM normal mesothelial cell. c Immunohistochemical analysis of S100A11 in surgically resected tissues from patients with MPM. The
representative images of three MPM subtypes are shown. The pictures on the left show hematoxylin–eosin (HE)-stained images corresponding to the
S100A11-stained images in the middle. Scale bars, 50 µm (positive and negative control) and 100 µm (clinical samples)
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Fig. 2 Suppression of MPM cell growth through neutralization of extracellular S100A11. a Effect of S100A11 recombinant protein on cell
growth. Cells were treated or not treated with the foreign S100A11 protein at the indicated concentrations for 48 h. MTT assay was used for the
following growth evaluation. b Effect of an anti-S100A11 antibody on the concentration of S100A11 in cell culture media. The antibody was added to
the culture media of MPM cells (H2452 and H2052) at time 0. The concentration of S100A11 was significantly lower in the anti-S100A11 antibody-
treated group, indicating that the specific antibody can neutralize secreted S100A11. c Effect of neutralization of extracellular S100A11 on cell growth
in MPM cells. An anti-S100A11 antibody significantly inhibited cell growth in H2052, H2452, H290, and H28 cells (100 ng/ml antibody for H2052 and
H2452 and 1 μg/ml for H290 and H28, respectively)
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chamber assay are shown in Supplementary Fig. S1A and
S1B. Migration and invasion were significantly suppressed
in MPM cells treated with the antibody. To confirm the
used antibody specificity, we tried to assess whether
replenishing foreign S100A11 protein in the culture could
cancel the antibody-mediated anticancer behaviors
in vitro. As shown in Supplementary Fig. S1A–C, we
found that this procedure effectively enfeebled cancer
preventive benefits of the antibody in all the three
experimental contexts, migration, invasion, and growth of
MPM cell lines (H2452 and H2052).
There is a close relationship between cellular growth

and cell cycle condition. This prompted us to examine
whether cell cycle can be affected by the extracellular
S100A11. Cyclins D and B were reliable good makers for
cell cycle G1/S-phase and G2/M-phase, respectively, so
that we investigated the expression levels of them after
stimulation of the cells with 100 ng/ml of S100A11. By the
western blot analysis approach, we found that Cyclin D
but not Cyclin B was significantly induced with time
dependency after the addition of S100A11 in MPM cul-
tures (H2452 and H2052) (Fig. S1D). In addition, we
found that anti-apoptotic Bcl-2 protein was significantly
elevated with a similar manner to those of Cyclin D in
both H2452 and H2052 cells (Fig. S1D). These results
suggest that the secreted S100A11 positively regulates not
only cell cycle, especially in a specific activation of the G1
phase and following G1/S transition through an induction
of Cyclin D, but also survival via induction of Bcl-2.

The alteration of downstream signaling affected by the
anti-S100A11 antibody and the S100A11 recombinant
protein
To gain insight into the intracellular signaling events

induced by the neutralization of extracellular S100A11,
we investigated the key molecules regarding to cancer
progression. MPM cells were cultured with the anti-
S100A11 antibody (1 μg/ml), S100A11 recombinant pro-
tein (100 ng/ml), or mouse control IgG (1 μg/ml). Lysates
were extracted every 6 h and subjected to western blot
analysis (Supplementary Fig. S2). As a result, we found
that the treatment with the anti-S100A11 antibody sig-
nificantly suppressed the constitutive phosphorylation of
endogenous STAT3 in H2452 and H2052 cells. Unex-
pectedly, in cases of AKT and MAPK, both phosphor-
ylation status were commonly upregulated temporary at
once at 6 h and then tended to be gradually suppressed
with a time-dependent manner (Supplementary Fig. S2A).
This may be possibly explained by compensation of the
STAT3 downregulation. Next as a converse experiment,
we stimulated the cells with extra recombinant S100A11
under the absence of the antibody in culture. The addition
of S100A11 recombinant protein in turn activated the
downstream proteins, STAT3, AKT, and MAPK

(Supplementary Fig. S2B). To further specify the central
pathway related to the extracellular S100A11-induced
proliferation of MPM cells, we tried to inhibit the intra-
cellular activations of STAT3, MEK, and PI3K and
assessed the following cellular proliferations. Unexpect-
edly, we found that either Stattic: STAT3 inhibitor, Tra-
metinib: MEK inhibitor, or Taselisib: PI3K inhibitor,
effectively suppressed the S100A11-stimulated cellular
proliferation with a similar inhibitory degree, suggesting
that these molecules play a crucial role in cellular growth
and they cooperatively function toward same way
regarding growth upregulation under the downstream of
RAGE upon S100A11 binding (Supplementary Fig. S2D).
Taken together, these results strongly suggest that the
secreted S100A11 plays a critical role on MPM progres-
sion through upregulation of cell growth, motility, and
invasion with an autocrine manner and the extracellular
S100A11 is becoming a prominent molecule for ther-
apeutic target of the MPM progression.

An anti-S100A11 antibody inhibits the tumorigenic
potential in a mouse xenograft model of MPM
We investigated the antitumor effect of the validated

anti-S100A11 neutralizing antibody on the MPM in a
xenograft mouse model, using H2452 and H290 cells. We
subcutaneously injected tumor cells and the anti-S100A11
antibody, and evaluated the effect of the antibody on the
tumorigenic potential. As shown in Fig. 3a, b, the tumor
growth in the antibody-administered group was sig-
nificantly suppressed, compared to those of the control
group.

Microarray analysis of H2052 and H2452 cells treated with
an S100A11 neutralizing antibody
To reveal the mechanisms involved in the anticancer

activity induced by neutralization of extracellular
S100A11, we carried out gene expression microarray
analysis. The details of the expression profile studies are
reported in Supplementary Table S1. Clustering analysis
based on the transcripts showed a clear distinction
between the cell lines treated or untreated with the anti-
body (Fig. 4). Next, a gene set enrichment analysis (GSEA)
was performed to clarify the groups of genes affected by
anti-S100A11 antibody administration. We found that
several pathways, including genes involved in cell pro-
liferation (HALLMARK_MITOTIC_SPINDLE), (HALL-
MARK_P53_PATHWAY 1),
(HALLMARK_PI3K_AKT_MTOR_SIGNALING), and
(HALLMARK_KRAS_SIGNALING_DN), and a subgroup
of genes related to protein secretion (HALLMARK_-
PROTEIN_SECRETION) were negatively enriched in the
antibody-treated cell lines (Table 1). These results are
consistent with our in vitro and in vivo data.
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Function of RAGE as a receptor for S100A11
To explore the function of RAGE as a receptor for

S100A11 in MPM, we first confirmed the positive
expression of RAGE in MPM cell lines by western blot
analysis (Fig. 5a). To prevent the intrinsic RAGE activa-
tion caused by ligand binding, we used sRAGE, which acts
as decoy to compete with S100A11, the ligand for the
cellular RAGE, and examined a series of effector mole-
cules regarding to RAGE downstream signaling. MPM
cells were treated or not treated with S100A11 recombi-
nant protein (100 ng/ml) under the presence or absence of
sRAGE (1 μg/ml). Twenty-four hours later, the treated-
cell lysates were prepared and then subjected to western
blot analysis. We found that blockage of RAGE signaling
suppressed the phosphorylation of STAT3 and MAPK
induced by S100A11 stimulation (Fig. 5b). Additionally,

Fig. 3 Negative effect of the treatment with an anti-S100A11
antibody on MPM tumor growth in vivo. a The mean volume of
the subcutaneous xenograft tumors was calculated for six tumors in
each group. The anti-S100A11 antibody significantly inhibits the
tumorigenic potential in mouse xenografts of H2452 and H290 cells. b
Appearance of the tumors at the time of sacrifice after treatment with
control IgG or anti-S100A11 antibody. Tumors in the upper side of the
photo were treated with mouse IgG control and tumors in the lower
side were treated with an anti-S100A11 antibody

Fig. 4 Global gene expression changes upon treatment with an
anti-S100A11 antibody Clustering and heatmap of MPM cell
lines are shown. Paired comparison analysis based on 50,739 probes
indicated 2222 differentially expressed transcripts between antibody-
treated MPM cell lines and parental MPM cell lines (H2052 and H2452).
Clustering using Pearson correlation and average linkage was based
on these transcripts. The color bar represents the expression values
after log2 transformation
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MTT assays revealed that sRAGE mitigated growth pro-
motion in both H2452 and H2052 cells, indicating that
S100A11–RAGE axis plays a pivotal role in MPM pro-
gression in response to the secreted extracellular S100A11
(Fig. 5c).

Secretion levels of S100A11 in pleural effusions
To explore the possibility of using S100A11 as a useful

marker for diagnosis of MPM, we examined the secretion
levels of S100A11 in several types of pleural effusions. We
obtained pleural effusions from 29 MPM patients
(biphasic type: n= 10, epithelioid type: n= 15, sarcoma-
toid type: n= 4), 11 benign asbestosis (BA) patients, and
12 patients who underwent thoracic surgery at the
Okayama University Hospital and the National Hospital
Organization Yamaguchi-Ube Medical Center (Ube,
Yamaguchi, Japan). Postoperative pleural effusions were
obtained from lung cancer (n= 10) or pulmonary cyst (n
= 2) patients after postoperative day 2. The concentration
of S100A11 was measured by ELISA. As shown in Fig. 6,
the level of S100A11 was remarkably elevated in pleural
effusion obtained from MPM patients when compared to
that obtained from BA patients as a benchmark (P=
0.014). Furthermore, we found that the secretion level of
S100A11 was significantly higher in pleural effusion from
BA patients than that from postoperative patients (P=
0.041).

Discussion
In this study, we found that extracellular S100A11, via

RAGE, has a critical role in tumor progression of MPM.
The blockage of extracellular S100A11 with a neutralizing
antibody inhibited the cell proliferation, migration, and
invasion of MPM cells. Additionally, in a mouse xenograft
model, tumorigenesis of MPM cells was markedly inhib-
ited by an anti-S100A11 antibody. These results suggest
that extracellular S100A11 is a potential therapeutic target
for MPM. Interestingly, we found that protein expression
levels of S100A11 are not correlated with secretion levels
in various cells lines, suggesting that intracellular
increasing in stock level of S100A11 protein is not
essential factor for its secretory mechanism. In fact,
MSTO-211H showed no secretion of S100A11 even
though plenty of S100A11 protein was stored in cells. To
clarify the reason of this discrepancy at the molecular
level, further comprehensive investigation with focusing
on secretory pathways of leaderless proteins is
indispensable.
One of the interesting features of S100A11 is to possess

different functions depending on its location and on dif-
ferent cell types, as we reported previously9. Accumulat-
ing evidence indicates that S100A11 expression is
upregulated in various cancers and promote cancer
development14–17. However, this is not common in all
cancer species, for example, low expression of S100A11 in
bladder cancers is associated with poor survival in the
patients18. Therefore, S100A11 might act sometimes as an
oncogene, and sometimes as a suppressor gene, and have
a key role in the progression of malignant tumors based
on the balance of its ambivalent effect, which may be
different depending on cancer types. When considering
the use of this protein for treatment, the targeting of
intracellular S100A11 would require the unitarily control
of its two different functions. Thus, it is more convenient
to focus on extracellular S100A11 for developing new
therapeutic strategies for MPM.
RAGE, which was first identified as a RAGE, is known to

bind different ligands, such as amyloid-beta peptide,
HMGB1 (amphoterin), and some members of the S100
family, including S100A1119–21. We found that RAGE-
positive MPM cells constitutively express and secrete
S100A11, the S100A11–RAGE axis is greatly involved in
sustained phosphorylation of downstream effector mole-
cules, STAT3, MAPK, and PI3K–AKT, and the blockage
of S100A11–RAGE connection using either sRAGE or
S100A11 neutralizing antibody effectively inhibits cell
growth of MPM cells. For the S100A11-mediated growth
upregulation, Cyclin D and Bcl-2 might be critically
relevant. How are these molecules induced under the
RAGE activation? One hint may come from the Fig. S2D.
The S100A11-induced Cyclin D but not Bcl-2 was sig-
nificantly downregulated by the STAT3, MEK and PI3K

Table 1 Enriched pathways in the parental and antibody-
treated cell lines

ES FDR

q-val

GSEA pathway (parental cell line, n = 2)

HALLMARK_PANCREAS_BETA_CELLS 0.83 0.274

HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 0.6 0.274

HALLMARK_COAGULATION 0.52 1.000

HALLMARK_PEROXISOME 0.51 0.995

HALLMARK_MYC_TARGETS_V2 0.44 0.926

HALLMARK_GLYCOLYSIS 0.42 0.722

GSEA pathway (anti-S100A11 antibody-treated cell line,

n = 2)

HALLMARK_PI3K_AKT_MTOR_SIGNALING −0.56 0.819

HALLMARK_PROTEIN_SECRETION −0.47 0.47

HALLMARK_KRAS_SIGNALING_DN −0.47 0.811

HALLMARK_MYOGENESIS −0.47 0.87

HALLMARK_MITOTIC_SPINDLE −0.33 0.887

HALLMARK_P53_PATHWAY −0.35 0.409

ES enriched score, FDR false discovery rate
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inhibitors, suggesting that the molecules regarding path-
ways coordinately regulate Cyclin D expression after the
RAGE activation upon S100A11 binding. Through this
study, we hence strongly recognized a significant role of
secreted S100A11 in mesothelioma progression.
In our experiments, growth inhibitory effect of sRAGE

was limited and insufficient in comparison with the that of
anti-S100A11 antibody, indicating that an additional
S100A11 receptor, such as CD36, might activate survival
or proliferative pathways in the cells9,22. Moreover, RAGE
has been shown to have many distinct biological func-
tions. For instance, van Zoelen and colleagues23 demon-
strated that RAGE signaling contributed to an effective
antibacterial defense during Escherichia coli infection
(inhibition of bacterial outgrowth and dissemination), and
RAGE deficiency resulted in enhanced organ injuries due
to liver necrosis. Thus, the adverse effects due to the

inhibition of RAGE signaling are still unclear and as a
therapeutic target for MPM, it seems more convenient to
inhibit extracellular S100A11 than RAGE at present.
Although “High” cells (H290 and H28) displayed resis-

tance to the S100A11 antibody at lower concentration
(100 ng/ml), the effect of S100A11 antibody was shown
when much higher concentration of it (1 μg/ml) was used.
Thus, the secretion of S100A11 in MPM cells was pre-
requisite for the antibody approach and measurement of
the secretion level of S100A11 was quite important index
to predict an effectiveness of the S100A11 antibody. We
hence examined the secretion level of S100A11 in pleural
effusion. The concentration of S100A11 in MPM pleural
effusions was significantly higher than that in pleural
effusions of BA and postoperative patients, though the
amount of secreted S100A11 is high in pleural effusions
from both patients with MPM and BA. Generally, BA is

Fig. 5 Secreted S100A11 exerts its important role in the proliferation of MPM cells via RAGE. a RAGE protein expression in MPM cells. b
Inhibition of RAGE signaling through sRAGE significantly suppressed the phosphorylation of STAT3 and MAPK induced by S100A11 recombinant
protein. c The effect of sRAGE on the growth of MPM cells examined by MTT assay. Cell proliferation was significantly inhibited by sRAGE
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not regarded as a precancerous lesion of mesothelioma.
Taking it into account, we consider that MPM cells
actively secrete S100A11 in pleural effusion. These results
suggest that S100A11 can be not only a therapeutic target
but also an early diagnosis marker. In addition, it is of
note mentioning that the concentration of S100A11 in the
pleural effusions of patients with BA was significantly
higher than that of postoperative patients. The association
between high expression of proteins of the S100 protein
family and inflammatory diseases has been reported24–27;
this along with our results suggest that S100A11 may be
involved in chronic inflammation.
In conclusion, we showed that extracellular S100A11

plays an important role in MPM progression and neu-
tralization of extracellular S100A11 directly linked to
marked suppression of MPM developments in vitro and
in vivo. Our results suggest that extracellular S100A11
can be a novel, selective and effective therapeutic target in
S100A11-secreting MPM, since normal cells displayed no
secretion phenotype of S100A11.

Materials and methods
Cell lines and reagents
We used seven human MPM cell lines [NCI-H28 (H28),

NCI-H290 (H290), NCI-H2052 (H2052), NCI-H2452
(H2452), HP-1, YUMC44, and MSTO-211H], two
human normal mesothelial cell lines (MeT-5A and LP-9),
10 human lung cancer cell lines [HCC827, PC-9,
HCC4011, NCI-H1975 (H1975), NCI-H1993 (H1993),

NCI-H1299 (H1299), NCI-H460 (H460), NCI-H2170
(H2170), NCI-H157 (H157), and NCI-H82 (H82)], two
human extrapulmonary small-cell cancer cell lines [NCI-
H1048 (H1048) and NCI-H1870 (H1870)], three gastric
cancer cell lines [KATO III, NCI-N87 (N87), and SH-10-
TC], three colorectal cancer cell lines (SW480, HT29, and
DLD-1), and three breast cancer cell lines (MCF-7,
BT474, and SK-BR-3). Two MPM cell lines (HP-1 and
H2452) were established by one of the authors (H.I.P.)28.
Three MPM cell lines (H28, H290, and H2052 obtained in
2002), two lung cancer cell lines (HCC4011 and H82
obtained in 2008), and two extrapulmonary small-cell
cancer cell lines (H1048 and H1870 obtained in 2008)
were kindly gifted by Dr. Adi F. Gazdar (Hamon Center
for Therapeutic Oncology Research and Department of
Pathology, University of Texas Southwestern Medical
Center at Dallas, Dallas, TX, USA)29. YUMC44 cell line
was established by one of the authors (H.Y.)30. MSTO-
211H, MeT-5A, N87 cell lines, seven lung cancer cell lines
(HCC827, H1975, H1993, H1299, H460, H2170, and
H157), three breast cancer cell lines (MCF-7, BT474, and
SK-BR-3), and three colorectal cancer cell lines (Sw480,
HT29, and DLD-1) were purchased from the American
Type Culture Collection (Manassas, VA, USA). Two
gastric cancer cell lines (KATO III and SH-10-TC) were
obtained from the Cell Resource Center for Biomedical
Research Institute of Development Aging and Cancer,
Tohoku University (Sendai, Miyagi, Japan). LP-9 cell line
was purchased from the Coriell Cell Repository (Camden,
NJ, USA). PC-9 cell line was purchased from Riken Cell
Bank (Tsukuba, Ibaragi, Japan). The cell lines within 30
passages were used in this study and the cumulative
culture length was less than 6 months. For cell lines with
long-term preservation in liquid nitrogen, DNA finger-
printing analysis by short tandem repeat profiling (the
PowerPlex 1.2 System, Promega) was performed for the
cell authentication. All the cell lines, except for LP-9 and
breast cancer cell lines, were maintained in RPMI-1640
medium (Sigma–Aldrich, St Louis, MO, USA, Product
No. R8758) supplemented with 10% fetal bovine serum
(FBS). The three breast cancer cell lines were cultured in
Dulbecco’s modified Eagle’s medium (Sigma–Aldrich,
Product No. D6429) with 10% FBS. LP-9 was cultured in
Ham’s F12 medium (Sigma–Aldrich, Product No.
N4888)/Medium 199 (Sigma–Aldrich, Product No.
M7653) (1:1 mixture) with 10% FBS, 2 mM L-glutamine
(Thermo Fisher Scientific, Waltham, MA, USA, catalog
#25030-081), 1.7 nM epidermal growth factor
(Sigma–Aldrich, Product No. E9644), and 1100 nM
hydrocortisone (Sigma–Aldrich, Product No. H0888). All
the cell lines were grown in a humidified incubator with
5% CO2 at 37°C and routinely tested for mycoplasma by
Venor GeM OneStep kit (Minerva Biolabs, Berlin, Ger-
many, Product No. 11-8050). Soluble receptor for

Fig. 6 Secretion levels of S100A11 in pleural effusions, as
determined by ELISA. Significant differences among the different
types of pleural effusion were observed (*: MPM vs BA, P = 0.014, **:
MPM vs postoperative pleural effusion, P < 0.001, ***: BA vs
postoperative pleural effusion, P = 0.041)
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advanced glycation end products (RAGE) Fc chimera
(sRAGE) (R&D Systems, Minneapolis, MN, USA, acces-
sion #Q15109), static (Abcam, Cambridge, MA, USA,
ab120952), trametinib (GSK-1120212) (LC Laboratories,
Woburn, MA, USA, catalog #T-8132), Taselisib (GDC-
0032) (Selleckchem, Houston, TX, USA, catalog #S7103),
and the mouse IgG-isotype control (Abcam, ab37355)
were obtained from the designated sources. S100A11
recombinant protein was prepared as described
previously5.

Determination of the concentration of S100A11 by ELISA
The concentration of S100A11 was measured using the

CircuLex S100A11 ELISA Kit (Circulex, Nagano, Japan,
Code No. CY-8063) according to the manufacturer’s
protocol. The standard curve for the ELISA was obtained
using various concentrations of recombinant human
S100A11. Samples were diluted 5- to 10-fold. The
absorbance was measured at the dual wavelengths of 450/
540 nm using the Flex Station 3 microplate reader (Sun-
nyvale, CA, USA) and the concentration of S100A11 (in
pg/ml) was calculated according to the standard curve.

Western blot analysis
The detailed protocol has been described previously31.

The primary antibodies used for western blot analyses
were as follows: EGFR (catalog #4267), phospho- (p-)
EGFR (Tyr1068) (#3777), Stat3 (#12640), p-Stat3 (Tyr705)
(#9145), Akt (#9272), p-Akt (Ser473) (#4060), p44/p42
MAPK (#9102), p-p44 ⁄ p42 MAPK (#9101), Cyclin B1
(#4138), Cyclin D1 (#2922), Bcl-2 (#2872) (Cell Signaling
Technology, Danvers, MA, USA), S100A11 (Medical &
Biological Laboratories, Nagoya, Japan, catalog #CY-
M1037), and β-actin (used as a loading control) (Merck
Millipore, Billerica, MA, USA, catalog # MAB1501). The
following secondary antibodies were used: goat anti-rabbit
(catalog #sc-2030) or anti-mouse (catalog #sc-2031)
immunoglobulin G (IgG)-conjugated horseradish perox-
idase (Santa Cruz Biotechnology, Dallas, TX, USA). To
detect specific signals, the membranes were examined
using the ECL Prime Western Blotting Detection System
(GE Healthcare, Amersham, UK, Code No. RPN2235) and
LAS-3000 imager (Fujifilm, Tokyo, Japan).

Immunohistochemical analysis of clinical samples
MPM tissues were obtained from patients who under-

went surgery at the Okayama University Hospital, in
Okayama City, Japan. The experimental protocol was
approved by the Institutional Review Board/Ethical
Committee of the Okayama University Graduate School
of Medicine, Dentistry and Pharmaceutical Sciences and
Okayama University Hospital (Permit Number: 1508-027)
and informed consent, including publication of patient

photos, was obtained from all the patients. Tissue samples
were fixed in 10% formaldehyde and embedded in paraf-
fin. The immunohistochemical (IHC) staining for
S100A11 was performed using an S100A11 primary
antibody (R&D Systems, accession #P31949). The detailed
protocol for the IHC staining has been described
previously32.

Cell proliferation assays
To examine the effect of the anti-S100A11 antibody

(Proteintech Group, Chicago, IL, USA, catalog #10237-1-
AP) on cell proliferation, the IncuCyte Zoom Live Cell
Imaging System (Essen Biosciences, Ann Arbor, Michi-
gan, USA) was used. In brief, 1.0× 104 cells were seeded
into each well of a 24-well plate. After 24 h of incubation,
the plates were placed in the Incucyte Zoom system.
Images were taken every 6 h for the indicated amount of
time. The percent of confluence over time was calculated
using the Incucyte Zoom software. For experiments
testing the effect of sRAGE on cell proliferation, the
thiazolyl blue tetrazolium bromide (MTT)
(Sigma–Aldrich, catalog #M2128) dye reduction method
was used, as described previously33.

Cell migration and invasion assays
Cell migration and invasion were analyzed using a

Boyden chamber assay. The cells were cultured with an
antibody (100 ng/ml) for 24–48 h (for migration assays) or
48–72 h (for invasion assays). The detailed protocol has
been described previously34.

Xenograft model
The protocol was approved by the Animal Care and Use

Committee of Okayama University (Permit Number:
OKU-2016205). Six-week-old NOD⁄SCID female mice
were purchased from Charles River Laboratories (Yoko-
hama, Kanagawa, Japan). To evaluate the effect of the
anti-S100A11 neutralizing antibody, mice were randomly
divided into two groups: an antibody-administered group
and a control group (n= 3 for each group). Each cell line
(5× 106 cells) suspended in 200 µL RPMI-1640 media and
Matrigel Basement Membrane Matrix (Corning, NY,
USA, catalog #354234) was subcutaneously injected into
the backs of the mice either with 1 µg/ml anti-S100A11
antibody (proteintech Group) or mouse IgG-isotype
control (two tumors per mouse). The injection was
repeated five times every 3 days. Four weeks after the first
injection, the mice were sacrificed and the tumors were
harvested, measured, and photographed. The tumor
volume was calculated using the empirical formula V= 1/
2× [(shortest diameter)2× (the longest diameter)]. No
randomization and no blinding was performed. Sample
size estimates were based on our previous experience.
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Microarray and GSEA
Before and after treatment of H2052 and H2452 cells

with the anti-S100A11 antibody (Proteintech Group),
total RNAs were extracted from cell lines using an RNeasy
Mini Kit (Qiagen, Venlo, the Netherlands, catalog
#74104). Purified total RNA samples were hybridized on
the Human Whole Genome DNA Microarray system
(SurePrint G3 Human 8x60K ver. 2.0, Agilent Technolo-
gies, Santa Clara, CA) to obtain the altered gene expres-
sion profile. The fold change in the expression of
individual genes was calculated and genes with fold
changes exceeding 2-fold or below 2-fold were considered
up- and downregulated, respectively (Supplementary
Table S1). The specific enrichment of gene sets was fur-
ther analyzed using the GSEA software (GSEA ver. 2.0)
downloaded from the GSEA Website (http://software.
broadinstitute.org/gsea/index.jsp).

Statistical analyses
All in vitro experiments were performed at least three

times. Data are expressed as the mean±standard devia-
tion. All data were analyzed using the JMP® 9.0.0 software
for Windows (SAS Institute, Inc., Cary, NC, USA). The
Student’s t-tests was used to compare means of con-
tinuous scores between two independent groups. Other-
wise, the Mann–Whitney U-test was used. An F-test to
compare variances was performed, if necessary. All sta-
tistical tests were two-sided, and probability values less
than 0.05 indicated statistically significant differences.
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ABSTRACT

Trastuzumab emtansine (T-DM1), an anti–erb-b2 receptor
tyrosine kinase 2 (HER2) antibody-drug conjugate, has been
shown to significantly improve survival in HER2-positive
breast cancer. We report a phase II trial of T-DM1 mono-
therapy in relapsed NSCLC with documented HER2 positivity
(an immunohistochemistry [IHC] score of 3þ, both an IHC
scoreof 2þ andfluorescence in situhybridizationpositivity, or
exon20mutation). This studywas terminated early becauseof
limited efficacy. The demographic characteristics in the 15
assessable patients were as follows: median age, 67 years;
male sex, 47%; performance status of 0 to 1, 80%;HER2 status
IHC 3þ, 33%; HER status IHC 2þ/fluorescence in situ hy-
bridization–positive, 20%; and exon 20 mutation, 47%. The
median number of delivered cycles was 3 (range 1–11). One
patient achieved a partial responsewith an objective response
rate of 6.7% (90% confidence interval: 0.2–32.0). With a me-
dian follow-up time of 9.2 months, the median progression-
free survival time and median survival time were 2.0 and
10.9 months, respectively. Grade 3 or 4 adverse events
included thrombocytopenia (40%) and hepatotoxicity (20%)
without any treatment-related deaths. T-DM1 had a limited
efficacy for HER2-positive NSCLC in our cohort. Applying the
concept of precision medicine to tumors appears challenging;
thus, additional molecular approaches are warranted.

� 2017 International Association for the Study of Lung
Cancer. Published by Elsevier Inc. All rights reserved.

Keywords: Non–small cell lung cancer; HER2; trastuzumab
emtansine; precision medicine

Introduction
Recent driver oncogene–based precision therapy

has dramatically changed the treatment strategy for
NSCLC, representatively targeting EGFR and ALK re-
ceptor tyrosine kinase gene (ALK) aberrations. How-
ever, outcomes in other lung cancers remain poor even
with standard chemotherapy.1,2 Consequently, further
development of novel oncogenes and corresponding
targeted therapeutic agents is warranted.
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In addition, erb-b2 receptor tyrosine kinase 2 (HER2)
aberrations have been detected, accounting for 4.7% to
10% of NSCLC in terms of grade 3þ HER2 immunohis-
tochemistry (IHC) expression.3 Additionally, the large
epidemiological studies have identified tumors with
positive HER2 fluorescence in situ hybridization (FISH)
in 1.7% and HER2-mutant tumors in 3.6%.4

Trastuzumab emtansine (T-DM1) is a novel antibody-
drug conjugate that uses trastuzumab, an anti-HER2
antibody, to deliver the maytansinoid antimicrotubule
agent DM1, which binds to microtubules in a manner
similar to that of vinca alkaloids.5 T-DM1 has been shown
to confer a survival benefit over the standard regimen
applied in HER2-positive, relapsed breast cancer.6

As for NSCLC, the Calu 3 lung carcinoma cell line
(HER2-IHC 3þ) showed preclinically dose-dependent
inhibition of cell growth after T-DM1 treatment.5 More-
over, lung tumors with erb-b2 receptor tyrosine kinase 2
gene (HER2) insertion mutations in exon 20, a confirmed
driver oncogene, showed dramatic shrinkage with HER2-
targeted therapy.7 These studies suggested that T-DM1
might be effective against both HER2-positive lung and
breast cancers.

However, few prospective studies of HER2-targeted
therapy for lung cancer have been conducted, prompt-
ing us to launch this phase II trial.

Methods
Study Population and Intervention

Patientswhomet the eligibility criteria, including HER2
positivity,8 were enrolled for registration at three in-
stitutes in Japan: Yamaguchi-Ube Medical Centre, Shikoku
Cancer Centre, and Okayama University Hospital. T-DM1
was kindly provided by Chugai Pharmaceuticals. Patients
had to have had one or more lines of prior chemotherapy.
Written informed consent was obtained from all patients
before applying the study procedures. This study was
approved by the institutional review boards.

Patients received T-DM1 intravenously, at a dose of 3.6
mg/kg over 90minutes on day 1 of each 21-day cycle until
the disease progressed or unmanageable toxic effects
developed, as similar to the protocol for breast cancer.6

HER2 Tests
HER2 status was assessed in the laboratory (SRL,

Tokyo, Japan) by using tumor formalin-fixed, paraffin-
embedded archived tissues; no cytologic specimens were
allowed, but biopsy or surgical specimens were. The
level of HER2 protein expression was determined by IHC
by using the Ventana I-VIEW PATHWAY anti–HER-2/neu
(4B5) (Roche, Basel, Switzerland).9 IHC scores of 3þ and
2þ were considered strongly and weakly positive,
respectively.9 FISH assays were also performed using the

PathVysion HER-2 DNA probe kit (Vysis/Abbott Labo-
ratories, Downers Grove, IL) to ascertain negativity or
positivity according to a cutoff value of 2.0 (of the me-
dian ratio of HER2 to chromosome 17 copy numbers).
We conducted a separate validation study to review the
IHC and FISH specimens to define their positivity
(unpublished data, Hotta K, 2017). Mutation analysis
was performed by direct sequencing at a central labo-
ratory (Genetic Labo, Japan) to detect known mutations
(M774_A775insAYVM, A775_G776insYVMA, G776L insC,
G776V insC, and P780_Y781insGSP).4

Finally, in this trial, HER2 was defined as positive in
the presence of an IHC score of 3þ, an IHC score of 2þ
and FISH positivity, or an exon 20 insertion mutation.

Statistical Analysis
The primary end point was the objective response

rate (ORR), which was centrally confirmed by three in-
dependent board members with the Response Evalua-
tion Criteria in Solid Tumors (version 1.1) every 6
weeks. Secondary outcome end points included safety,
overall survival, and progression-free survival (PFS). We
considered the lower limit of interest to be 10%.10

Assuming that a 20% or more increase in historical
data in ORR would be clinically meaningful, we needed
30 patients with a one-sided a of 0.05 and 1-b of 0.8,
considering a 10% dropout rate, according to the Simon
minimax design. We also planned to conduct an interim
analysis after the first 15 patients had been registered;
early study termination would be considered if the ORR
was obtained in no more than one patient. The confi-
dence interval (CI) of the ORR was calculated with a
confidence coefficient of two-tailed 90% and 95%.

Regarding the efficacy analysis, waterfall and swim-
mer plots were also produced. The PFS and overall sur-
vival timeswere calculated from the date of registration to
the first documented date of disease progression and date
of death, respectively, by the Kaplan-Meier method. Sta-
tistical analyses were conducted with STATA software
(version 14.0, StataCorp LP, College Station, TX).

Results
Patients

This studywas terminated early because of the limited
efficacy, which did not satisfy the criteria in the interim
analysis; this led to only 16 of the 30 patients planned
being registered between September 2015 andNovember
2016. Among them, 15 were considered assessable for
further analysis: one patient was excluded because of a
protocol deviation in the registration process. The pa-
tients’ characteristics are listed in Table 1. Regarding
HER2 status, 33% of caseswere scored IHC 3þ, 20%were
scored IHC 2þ/FISH positive, and 47% showed the
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mutations. All 15 patients were followed up sufficiently to
allow assessment of the primary end point.

Treatment Delivery
The treatment delivery is summarized in Table 2. The

median delivered number of cycles to each patient was 3
(Table 2). Four patients (27%) required dose reduction
during the second cycle or later because of adverse
events (AEs) (see Table 2). Treatment was ultimately
discontinued in all patients, mainly on account of disease
progression (see Table 2).

ORR and Survival
A partial response was centrally confirmed in a fe-

male patient with a HER2-mutant tumor (Table 3). Thus,
the ORR (the primary end point) was 6.7% (90% CI:
0.2%–32.0%, 95% CI: 0.3%–27.9%), whereas seven pa-
tients (46.7%) each had stable disease and progressive
disease (Fig. 1A). When patients were stratified by type
of HER2 aberration, no tumor shrinkage was seen in the
subgroup with an IHC score of 3þ or IHC 2þ/FISH-
positive tumors (n ¼ 8) (Fig. 1B and Table 3). With a
median follow-up time of 9.2 months, the median PFS
time was 2.0 months (90% CI: 1.2–4.0, 95% CI: 1.4–4.0),

whereas the median survival time was 10.9 months
(90% CI: 2.3–, 95% CI: 4.4–12.0) (Fig. 2A and B).

Safety
All grade 3 to 4AEs are listed in Table 4. Almost all of the

AEs were known ones, primarily thrombocytopenia (n¼ 6
[40%]) and hepatotoxicity (n ¼ 3 [20%]). Among the 15
patients, there was no case of treatment-related death.

Grade 3 acute renal failure with a serum creatinine
level of 3.08 mg/dL developed in one patient. The AE was

Table 1. Patient Characteristics (N ¼ 15)

Characteristic Value

Median age (range), y 67 (45–77)
Sex
Male/female 7 (47%)/8 (53%)

Smoking status
Never/ever 10 (67%)/5 (33%)

ECOG PS
0 2 (13%)
1 10 (67%)
2 3 (20%)

Adenocarcinoma histologic type 15 (100%)
Stage IV/recurrencea 9 (60%)/6 (40%)
HER2 positivity
IHC 3þ 5 (33%)
IHC 2þ/FISH-positive 3 (20%)
Exon 20 mutations 7 (47%)

A775_G776insYVMA 5 (33%)
P780_Y781insGSP 1 (7%)
G776VinsC 1 (7%)

Other driver oncogenes
EGFR 2 (13%)b

EML4-ALK 0
Median No. of prior chemotherapy
regimens (range)

4 (1–7)

aPostoperative recurrence.
bExon 19 deletion and exon 21 point mutation in one patient each.
ECOG, Eastern Cooperative Oncology Group; PS, performance status; HER2,
erb-b2 receptor tyrosine kinase 2; IHC, immunohistochemistry; FISH, fluo-
rescence in situ hybridization; EML4, echinoderm microtubule-associated
protein-like 4 gene; ALK, anaplastic lymphoma kinase.

Table 2. Treatment Delivery (N ¼ 15)

Characteristic Value

Total no. of treatment cycles,
median (range)

3 (1–11)

Cycles received
�4 cycles 6 patients (40%)
3 cycles 2 patients (13%)
2 cycles 5 patients (33%)
1 cycle 2 patients (13%)

No. of patients with dose reduction 4 (27%)
Reasons for dose reduction

Thrombocytopenia 2 patients
AST elevation 1 patient
Infusion reaction 1 patient

No. of patients who
discontinued treatment

15 (100%)

Reasons for discontinuation
of treatment

Disease progression 12
Adverse eventsa 2
Attending doctor’s discretion 1
aInterstitial pneumonia (grade 2) and prolonged thrombocytopenia (grade 3)
in one patient each.
AST, aspartate transaminase.

Table 3. Objective Response

CR PR
Stable
Disease PD

Overall cohort (N ¼ 15) 0 1 (6.7%) 7 (46.7%) 7 (46.7%)

Subgroups by
HER2 aberration pattern

IHC/FISH-positive
(n ¼ 8)

0 0 3 (37.5%) 5 (62.5%)

Mutant-positive
(n ¼ 7)

0 1 (14.3%) 4 (57.1%) 2 (28.6%)

A775_G776insYVMA
(n ¼ 5)

0 1 3 1

G776VinsC (n ¼ 1) 0 0 0 1

P780_Y781insGSP
(n ¼ 1)

0 0 1 0

Note: The objective response rate (i.e., the primary end point) was centrally
confirmed by three independent extramural review board members and
evaluated according to the Response Evaluation Criteria in Solid Tumors
(version 1.1) every 6 weeks.
CR, complete response; PR, partial response; PD, progressive disease; HER2,
erb-b2 receptor tyrosine kinase 2 IHC, immunohistochemistry; FISH, fluo-
rescence in situ hybridization.

February 2018 T-DM1 in HER2-Positive Lung Cancer 275



recovered to grade 0 within 1 week during provision of
appropriate supportive care. Interstitial pneumonia was
observed in one patient (grade 2) during the fifth cycle, as
detected by computed tomography. No further examina-
tion with bronchoscopy was performed in this case and
the AE was resolved shortly thereafter without any ste-
roid or oxygen therapy but just discontinuation of T-DM1.

Discussion
In this study, 1 of 15 patients (6.7%) responded to

T-DM1, which did not meet the primary end point (see

Table 3). The median PFS and median survival times
were 2.0 and 10.9 months, respectively. The AE profiles
were almost the same as those obtained in trials for
approval for use in breast cancer.6

The investigational agent did not show high efficacy
in this study (see Table 3 and Fig. 1), which is similar to
the results of the very recent trials investigating HER2-
targeted therapy in lung cancer (Supplementary
Table 1). In particular, IHC 3þ or IHC 2þ/FISH-posi-
tive tumors were rarely responsive to the investigational
agent in this study (see Fig. 1 and Table 3). Although the
precise reason remains unknown, it could be
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Figure 1. Objective response rate (N ¼ 15). Waterfall plot (A) and swimmer plot (B). In the case of one responder, the
attending physician judged progressive disease (PD) at an earlier time in the treatment course than did the independent
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attributable to tumor heterogeneity, which was detected
in 30% of the NSCLC cases.11 It may be that only strongly
HER2-immunostained cells were killed in the tumors
after exposure to T-DM1, whereas the weakly stained
cells might have escaped cell death and continued to
grow. Unfortunately, we did not obtain or analyze tumor
specimens at the time of disease progression. Further

molecular analyses are warranted to elucidate the
mechanisms underlying these tumors.

Another reason for the low sensitivity could be
molecularly inappropriate patient selection. We might
have overestimated HER2 IHC positivity because in the
present study, we used the scoring system for IHC status
that is applied to gastric cancer, which is less strict than

Figure 2. Survival (N ¼ 15). Progression-free survival (A) and overall survival (B).
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that used for breast cancer.9 Furthermore, the sensitivity
of HER2-targeted agents was dependent on the IHC
staining intensity.12

Regarding HER2-mutant tumors, we designed this
study to limit the types of mutations to those confirmed
as driver oncogenes in previous reports4 but did not
exclude tumors with co-mutation in the phosphatidyli-
nositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
gene (PIK3CA); such mutation was reported as a poten-
tial intrinsic resistance mechanism, possibly leading to
the low sensitivity.

The current study had several limitations. First, it
used a single-arm design, and various potential biases
could not be eliminated. Additionally, the study
comprised a small number of patients recruited from
only a few institutes in one country, thus lowering the
likelihood of confirmative results. The relationship be-
tween type of HER2 mutations and efficacy also remains
unknown. Our study results should be interpreted
together with those of relevant previous studies (see
Supplementary Table 1).

In conclusion, T-DM1 showed limited efficacy against
HER2-positive NSCLCs in our cohort. It seems that the
concept of precision medicine is difficult to apply to tu-
mors. Additional molecular approaches are warranted
for precision medicine in the treatment of HER2-positive
tumors.
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HER2-CS Group: S. Harita, G. Ikeda, M. Yasugi,
E. Kurimoto, K. Nakano, and K. Gemba (Chugoku Central
Hospital); T. Moritaka and K. Inoue (Ehime Prefectural
Central Hospital); S. Miyoshi, N. Hamaguchi, R. Ito, and
Y. Sano (Ehime University Hospital); I. Takata and
A. Mitani (Fukuyama City Hospital); N. Ishikawa,
T. Nishisaka, H. Shoda, A. Nishida, K. Hamai, and
S. Tamamoto (Hiroshima Prefectural Hospital);
M. Yamasaki (Hiroshima Red Cross Hospital and Atomic-
bomb Survivors Hospital); K. Fujitaka, T. Masuda,
S. Miyamoto, and N. Hattori (Hiroshima University Hos-
pital); K. Sugimoto, S. Fujii, and Y. Ueda (Japanese Red
Cross Kobe Hospital); A. Bessho, S. Hosokawa,
Y. Sakugawa, N. Fukamatsu, and K. Ogata (Japanese Red
Cross Okayama Hospital); T. Murakami (Japanese Red
Cross Society Himeji Hospital); Y. Ueda (Kagawa Prefec-
tural Central Hospital); S. Bandoh and N. Kanaji (Kagawa
University Hospital); N. Takigawa, H. Yamane, N. Ochi, and
Y. Honda (Kawasaki Hospital); M. Oka and M. Kittaka
(Kawasaki Medical School Hospital); T. Kubota and
A. Yokoyama (Kochi Medical School Hospital]);
H. Yoshioka, T. Tanaka, T. Yokoyama, and E. Sato (Kura-
shiki Central Hospital); Y. Shiota and N. Horita (Kure
Kyosai Hospital); T. Kanematsu (Matsuyama Red Cross

Table 4. Grade 3 to 4 Adverse Events

Category Grade 3 Grade 4 Grades 3-4

Thrombocytopenia 5 (33%) 1 (7%) 6 (40%)
Hypokalemia 1 (7%) 0 (0%) 1 (7%)
Hyperuricemia 0 (0%) 1 (7%) 1 (7%)
AST/ALT level increase 1 (7%) 0 (0%) 1 (7%)
g-GTP level increase 1 (7%) 0 (0%) 1 (7%)
LFT result abnormality 1 (7%) 0 (0%) 1 (7%)
Decreased appetite 1 (7%) 0 (0%) 1 (7%)
Nausea 1 (7%) 0 (0%) 1 (7%)
Acute renal failure 1 (7%) 0 (0%) 1 (7%)
Gingivitis 1 (7%) 0 (0%) 1 (7%)
Lung infection 1 (7%) 0 (0%) 1 (7%)

Note: No treatment-related deaths were observed.
ALT, Alanine transaminase; AST, aspartate transaminase; LFT, liver function
test; g-GTP, g-glutamyltransferase.
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Hospital); Y. Awaya, A. Nakamasu, and Y. Sano (Miyoshi
Central Hospital); I. Murakami (NHO Higashi-Hiroshima
Medical Center); S. Kuyama, K. Kudo, T. Tamura,
T. Umeno, and D. Morichika (NHO Iwakuni Medical Cen-
ter); T. Shibayama, K. Fujiwara, and Sato K (NHOOkayama
Medical Center); K. Nishii (Okayama Health Foundation
Hospital); Fujimoto N, Fuchimoto Y, and T. Kishimoto
(Okayama Rosai Hospital); H. Kawai and K. Watanabe
(Okayama Saiseikai General Hospital); K. Tokumo (Ono-
michi General Hospital); T. Murakami (Onomichi Munic-
ipalHospital); T. Isobe andY. Tsubata (ShimaneUniversity
School of Medicine); M. Inoue (Shimonoseki City Hospi-
tal); H. Ichikawa (Takamatsu Hospital); Y. Nishioka,
M. Hanibuchi, and H. Goto (Tokushima University Hospi-
tal); T. Sumikawa (Tottori Prefectural Central Hospital);
M. Kodani, H. Suyama,H.Makino, Y. Ueda, N. Kinoshita, and
E. Shimizu (Tottori University Hospital); H. Obata and
H. Ikegami (Yamaguchi-ken Saiseikai Shimonoseki Gen-
eral Hospital); and Y. Kunihiro, T. Kobayashi, K. Ueda,
M. Hayashi, M. Kamiya, and J. Murakami (Yamaguchi
University Hospital).

LC-SCRUM group: S. Matsumoto and K. Goto.
Center for Innovative Clinical Medicine, Okayama

University Hospital: K. Miyake, K. Ueda, H. Okuda,
N. Kondoh, M. Fukata, S. Kuroda, S. Sugihara,
M. Nakabayashi, N. Hiramatsu, S. Hinotsu, K. Zama,W. Ishii,
Y. Ohe, C. Harada, M. Yoshida, K. Kamikawa, J. Sakurai, and
K. Shikata.
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Note: To access the supplementary material accompa-
nying this article, visit the online version of the Journal of
Thoracic Oncology at www.jto.org and at https://doi.
org/10.1016/j.jtho.2017.10.032.
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Anamorelin (ONO-7643) for the Treatment of Patients With
Non–Small Cell Lung Cancer and Cachexia: Results From

a Randomized, Double-Blind, Placebo-Controlled, Multicenter
Study of Japanese Patients (ONO-7643-04)

Nobuyuki Katakami, MD1; Junji Uchino, MD2,3; Takuma Yokoyama, MD4; Tateaki Naito, MD5; Masashi Kondo, MD6,7;

Kouzo Yamada, MD8; Hiromoto Kitajima, MD9; Kozo Yoshimori, MD10; Kazuhiro Sato, MD11; Hiroshi Saito, MD12;

Keisuke Aoe, MD13; Tetsuya Tsuji, MD14; Yuichi Takiguchi, MD15; Koichi Takayama, MD2; Naoyuki Komura, MS16;

Toru Takiguchi, MS 16; and Kenji Eguchi, MD17

BACKGROUND: Cachexia, described as weight loss (mainly in lean body mass [LBM]) and anorexia, is common in patients with

advanced cancer. This study examined the efficacy and safety of anamorelin (ONO-7643), a novel selective ghrelin receptor agonist,

in Japanese cancer patients with cachexia. METHODS: This double-blind clinical trial (ONO-7643-04) enrolled 174 patients with unre-

sectable stage III/IV non–small cell lung cancer (NSCLC) and cachexia in Japan. Patients were randomized to daily oral anamorelin

(100 mg) or a placebo for 12 weeks. The primary endpoint was the change from the baseline LBM (measured with dual-energy x-ray

absorptiometry) over 12 weeks. The secondary endpoints were changes in appetite, body weight, quality of life, handgrip strength

(HGS), and 6-minute walk test (6MWT) results. RESULTS: The least squares mean change (plus or minus the standard error) in LBM

from the baseline over 12 weeks was 1.38 6 0.18 and 20.17 6 0.17 kg in the anamorelin and placebo groups, respectively (P<.0001).

Changes from the baseline in LBM, body weight, and anorexia symptoms showed significant differences between the 2 treatment

groups at all time points. Anamorelin increased prealbumin at weeks 3 and 9. No changes in HGS or 6MWT were detected between

the groups. Twelve weeks’ treatment with anamorelin was safe and well tolerated in NSCLC patients. CONCLUSIONS: Anamorelin sig-

nificantly increased LBM and improved anorexia symptoms and the nutritional state, but not motor function, in Japanese patients

with advanced NSCLC. Because no effective treatment for cancer cachexia is currently available, anamorelin can be a beneficial treat-

ment option. Cancer 2017;000:000–000. VC 2017 American Cancer Society.

KEYWORDS: anamorelin (ONO-7643), cachexia, lean body mass, non–small cell lung cancer, randomized controlled trial.

INTRODUCTION
Cachexia is commonly related to many clinically important conditions, such as anorexia, inflammation, and degradation
of skeletal muscle protein, in which muscle wasting plays a key role. Cachexia is frequently observed in patients with cancer

(50%-80%) and leads to approximately 20% of deaths among cancer patients.1-5 Moreover, cancer cachexia not only is
associated with higher rates of toxicity from chemotherapeutic drugs6 but also leads to a poor prognosis as well as reduced
quality of life (QOL).7

Cancer cachexia cannot be completely reversed with conventional nutritional support,8 and there are limited phar-
macological therapies useful for the management of cachexia.
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Ghrelin, a peptide hormone produced by ghrelin-
producing endocrine cells in the gut, acts as a regulator of
hunger, which is also involved in the regulation of food
intake.9-11 Furthermore, ghrelin induces the secretion of
growth hormone and thereby acts as a growth hormone
secretagogue.12,13

Anamorelin (ONO-7643) is an orally active, high-
affinity, selective agonist of the ghrelin receptor.14,15 Pre-
vious phase 1 and 2 trials have demonstrated the safety
and efficacy of anamorelin treatment for increasing body
weight, lean body mass (LBM), and food intake.16-18

Two multinational phase 3 clinical studies in patients
with advanced non–small cell lung cancer (NSCLC) and
cachexia reported that anamorelin administration for 12
weeks increased LBM and body weight and substantially
improved the symptoms of anorexia/cachexia.19

A randomized, double-blind, phase 2 trial investi-
gated 50 and 100 mg of anamorelin versus a placebo in
Japanese patients with NSCLC and cachexia; treatment
with 100 mg of anamorelin in that study demonstrated
improvements in LBM, body weight, appetite, and QOL
with no tolerability issues.20 Therefore, in the current
study, 100 mg of anamorelin was selected to confirm its
action in increasing LBM in Japanese patients with
NSCLC and cachexia.

MATERIALS AND METHODS

Study Design

We conducted a multicenter (43 sites in Japan), ran-
domized, double-blind, placebo-controlled trial that
comprised an observation/run-in period of 2 weeks, a
treatment period of 12 weeks, and a follow-up period of 4
weeks. Visits during the treatment period were planned at
weeks 0, (baseline/randomization), 1, 3, 6, 9, and 12. All
procedures followed during this study were in accordance
with the spirit of the Declaration of Helsinki, the study
protocol, the standards specified under the Pharmaceuti-
cal Affairs Act of Japan (article 80, paragraph 2 and article
14, paragraph 3), and Good Clinical Practice (effective as
of April 1, 1997; Japanese Ministry of Health and Welfare
Ordinance No. 28). Ethics committee approval for the
study was obtained from each center.

Patients

This study included patients with stage III or IV NSCLC
who were not to undergo an operation, were 20 years old
or older, had involuntary weight loss� 5% within the last
6 months, had anorexia, had 2 or more applicable symp-
toms (fatigue, malaise, reduced overall muscular strength,
and arm muscle circumference [in centimeters]< 10th

percentile), and had more than 1 of the following condi-
tions: albumin level< 3.2 g/dL, C-reactive protein level
> 5.0 mg/L, hemoglobin level< 12 g/dL, Eastern Coop-
erative Oncology Group (ECOG) performance status
(PS) of 0 to 2, and estimated life expectancy� 4 months.
Anorexia, malaise, fatigue, and reduced muscular strength
needed to be grade 1 or higher according to the National
Cancer Institute’s Common Terminology Criteria for
Adverse Events (version 4.0). The following formula was
used to ascertain the arm muscle circumference:

Arm muscle circumference (cm) 5 Arm circumfer-
ence (cm) 2 3.14 3 Triceps skinfold thickness (mm)/10.

Patients were excluded if they had known symptom-
atic brain metastases or uncontrolled diabetes. Written
informed consent was obtained from each patient. All eli-
gible patients were randomized by a centralized allocation
center and were further stratified by the enrollment site
and reductions in weight during the last 6 months (5%-
10% and >10%). The randomization methodology used
a randomization table and sealed envelopes to randomize
the patients.

Interventions and Concomitant Therapies

After enrollment, patients were randomly assigned to
either 100 mg of anamorelin or a placebo once daily
throughout the therapy period. In this study, patients
were enrolled regardless of their treatment history with
chemotherapy for NSCLC, but they were prohibited
from newly taking epidermal growth factor receptor tyro-
sine kinase inhibitors during the treatment period because
of their possible effect on the QOL assessment.

During the study period, radiotherapy (other than
palliative radiation therapy for bone metastases or radiation
therapy for metastases in the brain), general corticosteroids,
growth hormone formulations, medroxyprogesterone,
megestrol acetate, Chinese herbal drugs, antiarrhythmic
drugs, antitumor anthracyclines, inhibitors and inducers of
cytochrome P450 3A4, and other experimental treatments
were not permitted.

Efficacy Assessments

The primary endpoint of the trial was the mean change in
LBM (estimated by dual-energy x-ray absorptiometry
[DEXA]) from the baseline over the 12-week treatment
period. The secondary endpoints of the study were
changes in the body weight, body composition (ascer-
tained by DEXA), appetite, Cancer Fatigue Scale (CFS)
score, ECOG PS, Karnofsky Performance Scale (KPS)
score, handgrip strength (HGS), Quality-of-Life Ques-
tionnaire for Cancer Patients Treated With Anticancer
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Drugs (QOL-ACD) score, 6-minute walk test (6MWT)
results, and serum biomarkers. The LBM and other body
composition–related variables, ECOG PS, KPS, HGS,
6MWT, and serum biomarkers were determined at the
baseline and in weeks 3, 6, 9, and 12. The body weight,
QOL-ACD score, and CFS score were determined at
the baseline and in weeks 1, 3, 6, 9, and 12. In addition,
the efficacy parameters were recorded after treatment
discontinuation.

Body composition was determined via DEXA with
either the GE Lunar system (GE, Wauwatosa, Wisconsin)
or the Hologic system (Hologic, Bedford, Massachusetts).
DEXA was used to assess the LBM, fat mass, bone mineral
content, and overall body mass by means of standardized
methods. A grip dynamometer (Tracker Freedom Wire-
less Grip; JTECH Medical, Midvale, Utah) was used for
the measurement of HGS.

The QOL-ACD (see online supporting informa-
tion) is a self-rated measure assessing the condition of a
patient during the last few days according to a 1 to 5 scale,
and it is composed of 4 domains (functional, physical,
mental, and psychosocial) and a global face scale devel-
oped as a generic questionnaire for assessing QOL in Japa-
nese cancer patients receiving chemotherapy.21 The CFS
is a self-rated scale evaluating current fatigue in cancer
patients, and it has 3 dimensions (physical fatigue, affec-
tive fatigue, and cognitive fatigue). The scale is composed
of 15 items scored on a 1 to 5 scale for a maximum score
of 60, with higher scores indicating more severe fatigue.
ECOG PS and KPS were used to quantify the PS of the
patients. After a� 12-hour fast, blood samples were col-
lected for the estimation of insulin-like growth factor 1
(IGF-1), insulin-like growth factor-binding protein 3
(IGFBP-3), and prealbumin. Laboratory tests were per-
formed at each study site.

Safety

The safety parameters included the vital signs, electrocar-
diography (centrally assessed) with all 12 leads, status of
the tumor (evaluated by investigators using Response
Evaluation Criteria in Solid Tumors [RECIST] guide-
lines), clinical laboratory tests, and adverse events (AEs).
AEs were reported with the National Cancer Institute’s
Common Terminology Criteria for Adverse Events (ver-
sion 4.0), and they were classified according to the system
organ class/preferred term.

Statistical Analysis

Analyses were performed according to the predetermined
study protocol and statistical analysis plan. The full

analysis set (FAS) was used for the analysis of all efficacy

variables. The FAS comprised all eligible patients who

had undergone a minimum of 1 efficacy assessment after

the initiation of the study drug. The safety analysis set was

used for the analysis of safety data and comprised all

patients who had received the study drug at least once.
The findings of a phase 2 trial (ONO-7643-03), in

which the mean difference in LBM (according to DEXA)

between 100 mg of anamorelin and the placebo was

0.89 6 1.94 kg, were used to determine the sample size

for this study.20 At least 76 patients were required in each

treatment arm to reject the null hypothesis at P< .05 and

a power of 80%. Under the assumption that approxi-

mately 10% of the patients would withdraw/drop out of

the study, a total of 170 patients (85 patients per group)

were to be enrolled. Descriptive statistics were used to

summarize the baseline parameters. An analysis of covari-

ance for repeated measurement data, using the study arm,

time point, and prior reductions in weight (5%-10% and

>10%) as fixed factors and the baseline value as a covari-

ate, was used to analyze efficacy parameters. The differ-

ence in the least squares mean from the initiation of

treatment to a specific point of time was determined for

both groups. The least squares mean differences between

patients who received anamorelin and those who received

the placebo were determined with 95% confidence inter-

vals (CIs). A study arm–point of time interaction was

incorporated for the assessment of secondary endpoints

(differences in the body mass composition, QOL-ACD

score, CFS score, body weight, KPS, serum biomarkers,

HGS, and 6MWT results). Descriptive statistics were

used to assess safety parameters and are reported as num-

bers and percentages of patients. The total incidence of

AEs and adverse drug reactions (ADRs) was compared

between the study groups with the chi-square test. There

was no adjustment for the multiplicity of statistical test-

ing, and an imputation method was not used for missing

data.

RESULTS

Patients

A total of 174 patients were enrolled in this study from

May 2014 to October 2015. Ninety of these 174 patients

were randomized to the placebo group, and 84 were ran-

domized to the 100-mg anamorelin group (Fig. 1). One

patient did not receive treatment. One patient treated

with 100 mg of anamorelin failed to meet the inclusion

criteria and hence was excluded from the FAS. The FAS

comprised 172 patients, with 90 and 82 in the placebo
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and anamorelin groups, respectively. There were 11

deaths in the placebo group and 5 deaths in the anamore-

lin group. AEs led to treatment discontinuation in 2

patients from the placebo group and in 5 patients from

the anamorelin group. The baseline characteristics of the

2 groups were similar (Table 1).

LBM

As shown in Figure 2, the increase in LBM over 12 weeks

was found to be significantly larger in the anamorelin-

treated patients versus the placebo-treated patients, with

least squares means and standard errors of 1.38 6 0.18

and 20.17 6 0.17 kg, respectively. Overall, the change in

the anamorelin-treated patients versus the placebo-treated

patients was 1.56 kg (95% CI, 1.11-2.00 kg; P< .0001).

At week 3 and thereafter, a significant difference (P<
.0001) in the LBM gain in comparison with the baseline

was noted between the treatment groups.

Body Weight

In comparison with the placebo, anamorelin induced a

significant weight gain (Fig. 2), which is in agreement

with anamorelin’s mechanism of action and the LBM

gain. The body weight gain was evident at week 1 of treat-

ment and continued thereafter.

Other Body Composition Parameters

In comparison with the placebo, anamorelin significantly

increased other body composition parameters, including

the total body mass, fat mass, appendicular LBM (arms

and legs), and trunk LBM (Supporting Table 1 [see online

supporting information]).

QOL-ACD

Throughout the study period from week 1, the

anamorelin-treated patients showed significant improve-

ments in comparison with the placebo-treated patients in

the QOL-ACD scores for items 7 to 11 (“physical con-

dition”), item 8 (“Did you have a good appetite?”), item

9 (“Did you enjoy your meals?”), and item 11 (“Did you

lose any weight?”; Fig. 3A-D). The efficacy of anamore-

lin was not definite in other domains.

Other Secondary Endpoints

The effects of 100 mg of anamorelin on CFS, HGS, and

6MWT are shown in Figure 2 and Supporting Table 2

(see online supporting information). There were marginal

effects on CFS, HGS, and 6MWT. In comparison with

the placebo group, the anamorelin group showed signifi-

cant increases in the serum IGF-1, IGFBP-3, and prealbu-

min levels (Fig. 4A-C).

Figure 1. Enrollment and outcomes.
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Safety

On the basis of the RECIST criteria, a complete response
and a partial response were observed in 1 (1.5%) and 3
patients (4.5%), respectively, in the anamorelin-treated
group and in 0 (0.0%) and 2 patients (2.7%), respectively,
in the placebo group. Stable disease was observed in 21
(31.3%) and 22 patients (29.7%) in the anamorelin-
treated and placebo groups, respectively. Thirty-eight of
the anamorelin-treated patients (56.4%) showed

progressive disease, whereas 47 patients (63.5%) in the
placebo group did. Non–complete response/non–pro-
gressive disease cases were observed for 4 (6.0%) and 3
patients (4.1%) in the anamorelin-treated and placebo
groups, respectively. The median survival times were
found to be similar for the 2 groups (8.08 months [95%
CI, 5.98-11.56 months] for anamorelin and 8.21 months
[95% CI, 6.67-12.39 months] for the placebo; hazard
ratio, 1.17 [95% CI, 0.82-1.67]; P 5 .3762).

TABLE 1. Demographics and Baseline Characteristics of the Patients

Parameter Placebo (n 5 90) Anamorelin (n 5 84)

Sex, No. (%)

Male 57 (63.3) 59 (70.2)

Female 33 (36.7) 25 (29.8)

Age, mean 6 SD, y 67.2 6 7.9 67.6 6 9.9

Weight, mean 6 SD, kg 49.73 6 8.32 52.23 6 9.43

BMI, mean 6 SD, kg/m2 19.27 6 2.31 19.81 6 2.60

Weight loss, No. (%)

5-10 52 (57.8) 50 (60.2)

>10 38 (42.2) 33 (39.8)

Missing - 1

Body composition (DEXA), mean 6 SD, kg

LBM 37.06 6 6.34 38.88 6 7.06

Body fat 10.68 6 4.21 11.29 6 5.04

BMC 1.90 6 0.56 2.06 6 0.57

Total body mass 49.63 6 8.61 52.23 6 9.73

Grip strength, mean 6 SD, kg

Dominant hand 26.70 6 8.01 27.87 6 9.35

Nondominant hand 25.12 6 7.01 26.41 6 8.30

6-min walk distance, mean 6 SD, m 375.7 6 88.4 379.6 6 89.6

QOL-ACD, mean 6 SD 70.9 6 13.0 74.9 6 13.0

Cancer Fatigue Scale, mean 6 SD 23.8 6 9.7 24.4 6 9.7

ECOG PS, No. (%)

0 13 (14.4) 9 (10.8)

1 65 (72.2) 64 (77.1)

2 12 (13.3) 10 (12.0)

Missing - 1

NSCLC type per histological criteria, No. (%)

Adenocarcinoma 71 (78.9) 67 (79.8)

Squamous cell 16 (17.8) 14 (16.7)

Other 1 (1.1) 2 (2.4)

Unknown 2 (2.2) 1 (1.2)

Disease stage

IIIA 1 (1.1) 3 (3.6)

IIIB 11 (12.2) 6 (7.1)

IV 60 (66.7) 49 (58.3)

Recurrence 18 (20.0) 26 (31.0)

Time from diagnosis to starting study drug, mean 6 SD, d 609.4 6 741.7 768.7 6 698.0

Previous history of chemotherapy (No. of times), No. (%)

0 2 (2.2) 2 (2.4)

1 31 (34.4) 20 (23.8)

2 18 (20.0) 19 (22.6)

�3 39 (43.3) 43 (51.2)

Concomitant cancer therapy, No. (%)

Chemotherapy 70 (77.8) 64 (76.2)

EGFR TKI 29 (32.2) 23 (27.7)

Radiation 6 (6.7) 7 (8.3)

Supportive care 19 (21.1) 18 (21.7)

Missing - 1

Abbreviations: BMC, bone mineral content; BMI, body mass index; DEXA, dual-energy x-ray absorptiometry; ECOG, Eastern Cooperative Oncology Group;

EGFR, epidermal growth factor receptor; LBM, lean body mass; NSCLC, non–small cell lung cancer; PS, performance status; QOL-ACD, Quality-of-Life Ques-

tionnaire for Cancer Patients Treated With Anticancer Drugs (Kurihara Group Questionnaire); SD, standard deviation; TKI, tyrosine kinase inhibitor.
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Table 2 summarizes the overall incidences of AEs
and ADRs. The frequency of AEs was found to be simi-
lar in the anamorelin group and the placebo group. On
the other hand, the anamorelin group reported a signifi-
cantly higher number of ADRs in comparison with the
placebo group; however, all the ADRs were grade 3 or
lower. The most common ADRs were first-degree atrio-
ventricular block and rash, which were followed by
increased c-glutamyltransferase and diabetes mellitus.
All these events were grade 1 or 2 except for 1 case of
rash.

DISCUSSION
The current study demonstrated that anamorelin
significantly improved LBM and body weight in
Japanese patients with NSCLC and cachexia in com-
parison with a placebo. Significant improvements in
LBM and body weight were observed in the anamor-
elin group at the early time points of week 3 and
week 1, respectively, in comparison with the placebo
group, and they were sustained thereafter during the
12-week study period.

The National Comprehensive Cancer
Network clinical guidelines for the management of

anorexia/cachexia define the primary treatment goals as

promoting weight gain/stabilization and relieving

symptoms of anorexia.22 Similarly, the clinical practice

guidelines on cancer cachexia given by the European

Palliative Care Research Collaborative specify that the

treatment goals for cachexia should be a reversal of the

loss of body weight and muscle mass and that the min-

imum objective must be the maintenance of body

weight and the prevention of further body weight

loss.23 The results of the current study satisfy the treat-

ment goals in these guidelines.
As for appetite, a considerable increase was reported

in the anamorelin group versus the placebo group as early

as week 1, and it was subsequently sustained throughout

the study period. The increased level of prealbumin, a

nutritional state marker, suggested increased food intake.

Decreases in appetite and food intake are considered to be

the main underlying causes for the worsening of the physi-

cal and psychological status in cancer patients.24 Anorexia

leads to QOL deterioration in cancer patients25 and is also

a prognostic factor.26 Therefore, oncologists should con-

sider ensuring sufficient energy and protein intake for all

cancer patients.27

Figure 2. Time-course changes for the anamorelin and placebo groups in (A) lean body mass and (B) body weight and (C)
changes in primary and secondary efficacy measures from the baseline over 12 weeks. QOL-ACD indicates Quality-of-Life Ques-
tionnaire for Cancer Patients Treated With Anticancer Drugs.
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Under the present conditions, where there are no
effective treatment methods for cancer cachexia, anamore-
lin may have great clinical significance by preventing
weight loss and ameliorating anorexia.

In contrast, in the assessment of motor function,
including HGS and 6MWT results, no improvement was
observed after anamorelin administration. Previous
researchers have suggested that patients who are affected
by long-term illness and systemic inflammation may dis-
play an unusual association between muscle mass and
muscular strength.28-30 Furthermore, the most suitable
measure for muscle strength in advanced cancer patients is
unidentified. The 6MWT measurements may have been
affected by respiratory insufficiency in patients with
NSCLC. The cause of cachexia is multifactorial, and
pharmacological treatment alone may not be able to bring
about a complete reversal of all features of the syndrome
(especially improvements in motor function). Therefore,

it is expected that a multimodal treatment combining
medicine, exercise, and nutrition may improve the con-
dition and symptoms of cachexia, including motor
function.

In general, patients in the 2 treatment groups
showed similar overall survival times and tumor responses
as assessed by RECIST, and this indicated that the therapy
had no effect on the progression of the disease. In addi-
tion, patient characteristics such as the disease stage and
previous use of chemotherapy and prevailing factors that
affect the prognosis were similar between the 2 treatment
arms.

In comparison with patients receiving the placebo,
the frequency of ADRs was significantly higher in patients
receiving anamorelin; however, most deaths and treat-
ment discontinuations were caused by disease progression
and not by the study drugs. In comparison with the
placebo-treated patients, first-degree atrioventricular

Figure 3. Time-course changes for the anamorelin and placebo groups in the QOL-ACD scores for (A) items 7 to 11 (“physical
condition”), (B) item 8 (“Did you have a good appetite?”), (C) item 9 (“Did you enjoy your meals?”), and (D) item 11 (“Did you
lose any weight?”). QOL-ACD indicates Quality-of-Life Questionnaire for Cancer Patients Treated With Anticancer Drugs.
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block and rash occurred at rates� 5%, and they had a
higher incidence in the anamorelin-treated patients.
However, all first-degree atrioventricular block cases were
grade 1, and only 1 case of rash was grade 3; this suggests
no major risk. The frequencies of these ADRs were
observed to be higher in the current study versus the mul-
tinational phase 3 studies.19 The frequent electrocardio-
gram measurements might have caused the higher
incidence of first-degree atrioventricular block. Although
no apparent cause of rash has been identified, we think
that there is a possibility that this might have been influ-
enced by chemotherapy applied during the study. In
agreement with previous studies,19,20 increases in blood
glucose levels were more frequently observed with ana-
morelin treatment; this was, however, controllable. The
changes in glucose homeostasis might have been caused
by effects of IGF-1 and growth hormone on glucose
metabolism or by a possible effect of the reversal of cancer
anorexia/cachexia syndrome. These findings suggest that

anamorelin is safe and well tolerated in Japanese cancer
patients with cachexia.

The current research had some shortcomings. First,
we could not confirm the efficacy of anamorelin by func-
tional measures of HGS and 6MWT. Second, its
efficacy for fatigue was not confirmed. The lack of a
treatment effect observed for CFS may have arisen
because fatigue associated with cancer is a problem-
atic manifestation to ameliorate in patients with
advanced cancer and particularly in patients with
more symptomatic disease.31,32 This is partly due to
the multiple and complex causes of fatigue, includ-
ing chemotherapy, anemia, nutritional issues, and
pain.33

The efficacy of anamorelin in the current study for
increasing LBM and body weight and improving anorexia
symptoms and the nutritional state with no improvement
in motor function is consistent with the recent results
of 2 multinational phase 3 studies with anamorelin.19

Figure 4. Time-course changes for the anamorelin and placebo groups in (A) insulin-like growth factor 1, (B) insulin-like growth
factor-binding protein 3, and (C) prealbumin.
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Although anamorelin cannot improve motor function or
survival, it may be of great importance for alleviating
anorexia, a highly unmet medical need, to help patients
with advanced cancer to enjoy their meals and thereby
achieve better QOL.

On the basis of our findings, once daily adminis-
tration of 100 mg of anamorelin showed favorable results
for LBM gains in Japanese patients with NSCLC and
cachexia; hence 100 mg could be the desired dose for such
patients. Anamorelin therapy was associated with aug-
mentation of IGF-1 and IGFBP-3 levels, and this suggests
an increase in the synthesis of proteins that can have direct
growth effects on skeletal muscle. Moreover, anamorelin
was associated with favorable improvements in appetite
and increases in prealbumin, and this indicates an
improved nutritional status. Even though the incidences
of ADRs and treatment discontinuations due to AEs were
higher in the anamorelin group, most of the treatment
discontinuations were associated with the progression of
disease and not with anamorelin. The efficacy of anamor-
elin to improve LBM and anorexia was thus confirmed in
Japanese patients with NSCLC and cachexia. Because no
effective treatment for cancer cachexia is currently

available, anamorelin can be one of the beneficial treat-
ment options.
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TABLE 2. Safety

Placebo (n 5 90) Anamorelin (n 5 83)

AEs, No. (%) 73 (81.1) 74 (89.2)

AEs

Difference vs placebo, % (95% CI) 8.0 (–2.4, 18.5)

P .1390

SAEs, No. (%) 8 (8.9) 16 (19.3)

Discontinuations due to AEs, No. (%) 2 (2.2) 3 (3.6)

ADRs, No. (%) 20 (22.2) 34 (41.0)

ADRs

Difference vs placebo, % (95% CI) 18.7 (5.1, 32.4)

P .0079

Serious ADRs, No. (%) 0 (0.0) 2 (2.4)

Discontinuations due to ADRs, No. (%) 1 (1.1) 2 (2.4)

Deaths, No. (%) 11 (12.2) 5 (6.0)

ADRs by grade, No. (%)

1/2 18 (20.0) 28 (33.7)

3 2 (2.2) 6 (7.2)

ADRs in> 2% of patients, No. (%)

First-degree atrioventricular block 0 (0.0) 5 (6.0)

Tachycardia 0 (0.0) 2 (2.4)

Edema 0 (0.0) 2 (2.4)

Peripheral edema 0 (0.0) 2 (2.4)

Pyrexia 0 (0.0) 2 (2.4)

g-Glutamyltransferase increase 1 (1.1) 3 (3.6)

Glycosylated hemoglobin increase 1 (1.1) 2 (2.4)

Diabetes mellitus 0 (0.0) 3 (3.6)

Hyperglycemia 1 (1.1) 2 (2.4)
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Rash 1 (1.1) 5 (6.0)

Hypertension 0 (0.0) 2 (2.4)

Hot flush 0 (0.0) 2 (2.4)

Abbreviations: ADR, adverse drug reaction; AE, adverse event; CI, confidence interval; SAE, severe adverse event.
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Utility and pitfalls of immunohistochemistry in the differential diagnosis between
epithelioid mesothelioma and poorly differentiated lung squamous cell carcinoma

Aims: The aims of this study were to clarify the use-
fulness of immunohistochemistry in the differential
diagnosis of epithelioid mesothelioma with a solid
growth pattern [solid epithelioid mesothelioma (SEM)]
and poorly differentiated squamous cell carcinoma
(PDSCC), and to confirm the validity of a specific type
of antibody panel. Additionally, we aimed to clarify
the pitfalls of immunohistochemical analyses.
Methods and results: Formalin-fixed paraffin-
embedded specimens from 36 cases of SEM and 38
cases of PDSCC were immunohistochemically exam-
ined for calretinin, podoplanin (D2-40), Wilms’
tumour gene product (WT1), cytokeratin (CK) 5/6,
p40, p63, carcinoembryonic antigen (CEA), epithe-
lial-related antigen (MOC31), claudin-4, thyroid tran-
scription factor-1 (TTF-1), and napsin A. WT1
showed the highest diagnostic accuracy (85.1%) as a
mesothelial marker, and CEA, p40 and claudin-4

showed higher diagnostic accuracies (95.9%, 94.6%,
and 93.2%, respectively) as carcinoma markers. Cal-
retinin (diagnostic accuracy: 75.7%), D2-40 (diagnos-
tic accuracy: 67.6%), CK5/6 (diagnostic accuracy:
63.5%), TTF-1 (diagnostic accuracy: 55.4%) and nap-
sin A (diagnostic accuracy: 52.7%) could not differen-
tiate between SEM and PDSCC. Among these
markers, the combination of calretinin and WT1
showed the highest diagnostic accuracy (86.5%) as a
positive marker, and the combination of p40 and
CEA showed the highest diagnostic accuracy (97.3%)
as a negative marker. The combination of CEA and
claudin-4 also showed relatively high diagnostic
accuracy (94.6%) as a negative marker.
Conclusions: We recommend the combination of
WT1 and calretinin as a positive maker, and the
combination of CEA and claudin-4 as a negative mar-
ker, for differential diagnoses of SEM and PDSCC.

Keywords: calretinin, carcinoembryonic antigen, claudin-4, immunohistochemistry, mesothelioma, p40,
squamous cell carcinoma, WT1 protein

Introduction

Malignant mesothelioma (MM) is a rare, aggressive
malignant neoplasm that most commonly arises from
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pleural mesothelial cells. MM is correlated with occu-
pational and environmental asbestos exposure.1–5 As
the incidence of MM has increased in many coun-
tries, pathologists encounter this disease frequently.
In Japan, the death toll from MM has been increasing
since the 1990s, and it is predicted to peak in the
2030s.6

A diffuse pleurotropic growth pattern is charac-
teristic of MM.7,8 However, a number of non-
mesotheliomatous neoplasms showing diffuse pleu-
rotropic growth patterns (described as ‘pseudome-
sotheliomatous growth’) have been reported, and
most of these tumours are peripheral lung carcino-
mas.9–13 Although the majority of pseudomesothe-
liomatous lung carcinomas are adenocarcinomas
(ACs), a few pseudomesotheliomatous pulmonary
squamous cell carcinoma (SCC) cases have also
been reported.14 Lately, the incidence of peripheral-
type pulmonary SCC, but not central SCC, has been
increasing.15,16 Thus, the chance of encountering
‘pseudomesotheliomatous’ SCCs might increase.
Additionally, MM may occur as a localized mass
similar to peripheral lung cancer and other pleural
tumours; it is then classified as ‘localized MM’
according to the new World Health Organization
(WHO) classification.7 Therefore, the histopathologi-
cal differential diagnosis of MM and SCC will
become crucial in the future.
Malignant mesotheliomas are divided into three

major histological subtypes: epithelioid, sarcomatoid,
and biphasic. Among these, epithelioid mesothelioma
(EM) shows a wide range of histological and cyto-
logical patterns, such as papillary, tubular, solid,
clear cell, deciduoid, rhabdoid, and pleomorphic.17

Poorly differentiated SCC (PDSCC) shows a nested,
sheet-like or cord-like histological pattern, and lacks
obvious keratinization and/or intercellular bridges in
some parts of or throughout the tumour.18 There-
fore, the differential diagnosis between EM showing
a solid histological pattern [solid EM (SEM)] and
PDSCC can be challenging with conventional light

microscopy (haematoxylin and eosin-stained speci-
men) alone.
The role of immunohistochemistry in distinguishing

pleural EM from pulmonary AC has received much
attention. Currently, many immunohistochemical
markers are available for distinguishing pleural EM
from pulmonary AC. Among these, calretinin, cytok-
eratin (CK) 5/6, podoplanin (D2-40) and Wilms’
tumour gene product (WT1) are regarded as the best
positive markers for EM, and carcinoembryonic anti-
gen (CEA), MOC31 [epithelial-related antigen (ERA)],
Ber-EP4, BG-8, thyroid transcription factor-1 (TTF)-1,
and napsin A are regarded as the best positive mark-
ers for lung AC.19–22

However, there are only a few reports on the
immunohistochemical differential diagnosis of EM and
lung SCC. Ordonez et al. have reported the immuno-
histochemical analyses of 30 EMs showing a solid
pattern and 30 pulmonary non-keratinizing SCCs,
and have recommended the combination of two posi-
tive (WT1 and calretinin/mesothelin) and two nega-
tive (p63 and ERA) markers for differentiating EM
from lung SCC.23

Here, we examined 11 commercially available
immunohistochemical markers in histological speci-
mens of SEM and PDSCC obtained from Japanese
cases. We aimed to evaluate the usefulness of
immunohistochemistry in differentiating SEM from
PDSCC, and to recommend the best antibody panel
for use in pathological laboratories, after consider-
ing the pitfalls of immunohistochemical analyses.

Materials and methods

P A T I E N T S A N D H I S T O L O G I C A L S A M P L E S

We used formalin-fixed paraffin-embedded (FFPE)
specimens from 36 patients with a definite histolog-
ical diagnosis of SEM who had undergone pleural
biopsy, pleurectomy/decortication, extrapleural pneu-
monectomy or autopsy between 2000 and 2014.

A B

Figure 1. Representative

histological images of solid

epithelioid mesothelioma and

poorly differentiated squamous

cell carcinoma. (A) Solid

epithelioid mesothelioma. (B)

Poorly differentiated squamous

cell carcinoma.
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SEM was defined as ‘EM consisting of mainly solid,
sheet-like or cord-like proliferations of cuboidal or
polygonal epithelioid cells’ (Figure 1A). All SEM
cases used in this study were comprehensively diag-
nosed according to a combination of clinical history
(e.g. occupational asbestos exposure), radiographic
examination (e.g. diffuse pleurotropic growth pat-
tern, lack of intrapulmonary mass, or the presence
of pleural plaques), and histopathological findings.
In all cases, we performed immunohistochemical
investigation with 15–20 markers, including the 11
markers examined in this study.
Formalin-fixed paraffin-embedded histological sam-

ples of the surgical specimens from 38 patients with
a histological diagnosis of primary pulmonary PDSCC
were obtained by surgical resection (wedge resection,
segmentectomy, lobectomy, or pneumonectomy)
from 2000 to 2014. PDSCC included keratinizing
SCC with minimal squamous differentiation (kera-
tinization and/or intercellular bridge) and non-kerati-
nizing SCC, as defined in the WHO 2015 criteria
(Figure 1B).24 The samples were collected from the
archives of the Department of Pathology at Hir-
oshima University. Among 38 PDSCCs that we
examined, 34 were of the peripheral type, and four
were of the central type. Ten cases showed invasion
to the visceral pleura but not right through and
exposed on the surface of the pleura, seven cases
showed focal invasion to the parietal pleura or chest
wall, and 21 cases were intrapulmonary lesions
without pleural invasion. There was no case show-
ing diffuse pleurotropic growth.
Each tumour specimen was reviewed by three

pathologists (K.K., V.J.A., and Y.T.); all of the cases
were rediagnosed on the basis of the currently
accepted histological criteria.17,18

This study was performed in accordance with the
Ethics Guidelines for Human Genome/Gene Research
enacted by the Japanese government for the collec-
tion of tissue specimens, and was approved by the
institutional ethics review committee (Hiroshima
University E-48).

I M M U N O H I S T O C H E M I C A L P R O C E D U R E S

Immunohistochemical staining of sections from the
FFPE tissue samples was performed with Ventana
BenchMark GX (Roche Diagnostics, Basel, Switzer-
land), by use of the Ventana ultraView Universal
DAB Detection Kit; the staining procedure is based on
the indirect biotin-free system. Protocols involving
heat induction-based or protease digestion-based anti-
gen retrieval were performed as recommended by the

manufacturer, with some modifications. Table 1
shows the list of primary antibodies, clones, sources,
and antibody dilutions.
Immunoreactivity was scored as either negative

(no immunostaining) or positive. Cells showing
nuclear staining for calretinin, WT1, p40, p63, and
TTF-1, membranous staining for podoplanin, ERA,
and claudin-4, cytoplasmic staining for napsin A or
membranous and/or cytoplasmic staining for CK5/6
and CEA were regarded as ‘positive’. The immunore-
activity grade was semiquantified as follows: 0, 0%
positive cells or trace staining; 1+, 1–10% positive
cells; 2+, 11–50% positive cells; and 3+, >51% posi-
tive cells.

E V A L U A T I O N O F U T I L I T Y O F E A C H M A R K E R A N D

C O M B I N A T I O N S O F T W O M A R K E R S

Sensitivity, specificity, positive predictive values
(PPVs), negative predictive values (NPVs) and diag-
nostic accuracies were calculated for each marker
and combination of two markers.

Table 1. Primary antibodies used in this study

Marker Clone Manufacturer Dilution
Location of
evaluation

Calretinin SP65 Ventana Prediluted Nucleus

Podoplanin D2-40 Nichirei
Bioscience

Prediluted Membrane

WT1 6F-H2 Ventana Prediluted Nucleus

CK5/6 D5/16 B4 Dako 1:25 Membrane
and/or
cytoplasm

p40 BC28 Biocare
Medical

1:100 Nucleus

p63 DAK-p63 Dako 1:25 Nucleus

CEA COL-1 Nichirei
Bioscience

Prediluted Membrane
and/or
cytoplasm

ERA MOC31 Dako 1:25 Membrane

Claudin-4 3E2C1 Life
Technologies

1:100 Membrane

TTF-1 SPT24 Nichirei
Bioscience

Prediluted Nucleus

Napsin A MRQ-60 Ventana Prediluted Cytoplasm

CEA, carcinoembryonic antigen; CK, cytokeratin; ERA, epithelial-

related antigen; TTF-1, thyroid transcription factor-1; WT1, Wilms’

tumour gene product.
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Results

I M M U N O R E A C T I V I T Y O F A N T I B O D I E S F O R S E M

A N D P D S C C

The detection rates of each antibody in SEM and
PDSCC are shown in Table 2. Representative immuno-
histochemical staining images for SEM and PDSCC are
shown in Figures 2 and 3, respectively. The staining
pattern for each antibody for the two tumour types is
described in the following paragraphs.

C A L R E T I N I N

Thirty-three of 36 SEMs (91.7%) and 15 of 38
PDSCCs (39.5%) were positive for calretinin. In SEMs,
immunoreactivity was generally strong and diffuse
(grade 3+). In contrast, in PDSCCs, the staining grade
was distributed from 1+ to 3+ approximately equally.

D 2 - 4 0

Thirty-five of 36 SEMs (97.2%) and 23 of 28 PDSCCs
(60.5%) were positive for D2-40. In the majority of
SEMs, immunoreactivity was strong and diffuse

(grade 3+), whereas the majority of PDSCCs showed
a focal or multifocal positive pattern (grade 1+/2+).

W T 1

Twenty-six of 36 SEMs (72.2%) were positive for
WT1, with most of them showing grade 3+, whereas
only one PDSCC (2.6%) was focally positive (grade
1+) for WT1.

C K 5 / 6

Twenty-six of 36 (72.2%) of SEMs and 37 of 38
(97.4%) of PDSCCs were positive for CK5/6. For both
tumours, the majority of cases showed diffuse and
strong immunoreactivity (grade 3+).

P 4 0

Only two SEMs (5.6%) were positive for p40, and
staining was observed in an extremely confined area
(grade 1+). In contrast, 36 of 38 PDSCCs (94.7%)
were positive for p40, and most cases showed diffuse
and strong immunoreactivity (grade 3+).

Table 2. Immunohistochemical findings for solid epithelioid mesothelioma (SEM) and poorly differentiated squamous cell
carcinoma (PDSCC) for various antibodies

Marker SEM, n (%)

SEM staining grade

PDSCC, n (%)

PDSCC staining grade

0 1+ 2+ 3+ 0 1+ 2+ 3+

Calretinin 33/36 (91.7) 3 0 2 31 15/38 (39.5) 23 7 4 4

D2-40 35/36 (97.2) 1 3 2 30 23/38 (60.5) 15 5 12 6

WT1 26/36 (72.2) 10 5 3 18 1/38 (2.6) 37 1 0 0

CK5/6 26/36 (72.2) 10 5 6 15 37/38 (97.4) 1 2 6 29

p40 2/36 (5.6) 34 2 0 0 36/38 (94.7) 2 0 4 32

p63 6/36 (16.7) 30 5 0 1 37/38 (97.4) 1 1 2 34

CEA 0/36 (0) 36 0 0 0 35/38 (92.1) 3 14 13 8

ERA 12/36 (33.3) 24 8 3 1 34/38 (89.5) 4 5 11 18

Claudin-4 2/36 (5.6) 34 2 0 0 35/38 (92.1) 3 3 17 15

TTF-1 0/36 (0) 36 0 0 0 5/38 (13.2) 33 5 0 0

Napsin A 0/36 (0) 36 0 0 0 3/38 (7.9) 35 3 0 0

CEA, carcinoembryonic antigen; CK, cytokeratin; ERA, epithelial-related antigen; TTF-1, thyroid transcription factor-1; WT1, Wilms’ tumour

gene product.

The grade of immunoreactivity was semiquantified as follows: 0, 0% positive cells or trace staining; 1+, 1–10% positive cells; 2+, 11–50%
positive cells; 3+, >51% positive cells.
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P 6 3

Six of 36 SEMs (16.7%) were positive for p63, and
most of them showed staining in an extremely con-
fined area (grade 1+). However, one SEM showed dif-
fuse and strong immunoreactivity (grade 3+). In
contrast, 37 of 38 PDSCCs (97.4%) were positive for
p63, and most of them showed diffuse and strong
immunoreactivity (grade 3+).

C E A

None of the SEMs were positive CEA. In contrast,
92.1% of PDSCCs were positive for CEA. However, in
the majority of the CEA-positive PDSCCs, staining was
limited to ≤50% of the tumour cells (grades 1+ and 2+).

E R A

Approximately 33.3% of SEMs and 89.5% of PDSCCs
were positive for ERA. In the majority of the ERA-

positive SEMs, staining was limited to ≤50% of the
tumour cells (grades 1+ and 2+). In contrast, approx-
imately half of the ERA-positive PDSCCs showed
diffuse and strong immunoreactivity (grade 3+).

C L A U D I N - 4

Only two SEMs (5.6%) were positive for claudin-4,
and staining was observed in an extremely confined
area (grade 1+). In contrast, 35 of 38 PDSCCs
(92.1%) were positive for claudin-4, and, in most of
them, staining was observed in ≥10% of the tumour
cells (grade 2+ or 3+).

T T F - 1 A N D N A P S I N A

None of the SEMs were positive for TTF-1 or napsin
A; five PDSCCs that were positive for TTF-1 and three
PDSCCs that were positive for napsin A showed focal
immunoreactivity (grade 1+).

A D

E

F

B

C

Figure 2. Representative

immunohistochemical staining

panel for solid epithelioid

mesothelioma. The

mesothelioma cells showed

positivity for calretinin

(nuclear) (A), D2-40

(membranous) (B), and Wilms’

tumour gene product (nuclear)

(C), but were negative for

carcinoembryonic antigen (D),

p40 (E), and claudin-4 (F).
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S E N S I T I V I T Y , S P E C I F I C I T Y , P P V S , N P V S A N D

D I A G N O S T I C A C C U R A C I E S O F E A C H A N T I B O D Y

F O R D I F F E R E N T I A L D I A G N O S I S B E T W E E N S E M

A N D P D S C C

The sensitivity, specificity, PPVs, NPVs and diagnostic
accuracies of each marker and combination of two
markers for the differential diagnosis between SEM
and PDSCC are shown in Tables 3–5.
For SEM, WT1 as a positive marker and p40, p63,

CEA and claudin-4 as negative markers showed rela-
tively high diagnostic accuracy (>80%). Among the
11 antibodies evaluated, that for CEA showed the
highest sensitivity, NPV and diagnostic accuracy
(Table 3).
Among the combinations of two markers, the com-

bination of calretinin and WT1 (both calretinin posi-
tivity and WT1 positivity) showed the highest
specificity, PPV and diagnostic accuracy as a positive
marker (Table 4), and the combination of p40 and
CEA (both p40 negativity and CEA negativity)

showed the highest specificity, PPV and diagnostic
accuracy as a negative marker (Table 5).

Discussion

Here, we used various commercially available mark-
ers to differentiate SEM with a solid growth pattern
from PDSCC showing minimal or no keratinization,
and attempted to identify the best antibody panel for
differentiating SEM and PDSCC, with their pitfalls in
interpretation. We found that WT1 had the highest
diagnostic accuracy as a positive marker, and that
CEA, p40, p63 and claudin-4 showed high diagnostic
accuracies as negative markers (>90%).
Wilms’ tumour gene product encodes a zinc-finger

transcription factor that controls the expression of
many growth factors and their receptors.25 Nuclear
immunoreactivity for WT1 has been reported in
43–100% of EMs,20–22,26 whereas it is negligibly
expressed in pulmonary ACs and SCCs.20,21,23,27 In

A D

E

F

B

C

Figure 3. Representative

immunohistochemical staining

panel for poorly differentiated

squamous cell carcinoma. The

carcinoma cells were positive

for calretinin (nuclear) (A),

D2-40 (membranous) (B),

carcinoembryonic antigen

(cytoplasmic) (D), p40

(nuclear) (E), and claudin-4

(membranous) (F), but

negative for Wilms’ tumour

gene product (C).
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this study, although the sensitivity of WT1 (72.2%)
was the lowest among the positive markers, its high
specificity (97.4%) and the fact that it showed the
highest diagnostic accuracy (85.1%) among three
positive markers (calretinin, D2-40, and WT1) for dif-
ferentiating SEM from PDSCC led us to consider WT1
as the best positive marker. Previously, Ordonez et al.
had reported WT1 positivity in 93% (28 of 30 cases)
of the EMs studied.23 In this study, 72.2% of EMs

tested positive for WT1, which is lower than the posi-
tivity percentage reported by Ordonez et al. Differ-
ences in the source of the primary antibody or
staining system might explain this discrepancy. The
positivity rate for WT1 in SEMs in this study was
similar to that observed in our previous studies on
EMs with a tubulopapillary pattern,20,21 indicating
that the WT1 positivity rate is not different between
tubulopapillary and solid EMs. Additionally, we

Table 3. Sensitivity, specificity, positive predictive values (PPVs), negative predictive values (NPVs) and diagnostic accura-
cies of each antibody for the differential diagnosis between solid epithelioid mesothelioma and non-keratinizing squamous
cell carcinoma

Immunohistochemical findings Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Diagnostic
accuracy (%)

Calretinin-positive 91.7 60.5 68.8 88.5 75.7

D2-40-positive 97.2 39.5 60.3 93.8 67.6

WT1-positive 72.2 97.4 96.3 78.7 85.1

CK5/6-positive 72.2 2.6 41.3 9.1 36.5

p40-negative 94.4 94.7 94.4 94.7 94.6

p63-negative 83.3 97.4 96.8 86.0 90.5

CEA-negative 100 92.1 92.3 100 95.9

ERA-negative 66.7 89.5 85.7 73.9 78.4

Claudin-4-negative 94.4 92.1 91.9 94.6 93.2

TTF-1-negative 100 13.2 52.2 100 55.4

Napsin A-negative 100 7.9 50.7 100 52.7

CEA, carcinoembryonic antigen; CK, cytokeratin; WT1, TTF-1, thyroid transcription factor-1; Wilms’ tumour gene product.

Table 4. Sensitivity, specificity, positive predictive values (PPVs), negative predictive values (NPVs) and diagnostic accura-
cies of combinations of two positive markers for the differential diagnosis between solid epithelioid mesothelioma and
non-keratinizing squamous cell carcinoma

Combination of two markers
Sensitivity
(%)

Specificity
(%) PPV NPV

Diagnostic
accuracy

Calretinin-positive and D2-40-
positive

88.9 73.7 76.2 87.5 81.1

Calretinin-positive or D2-40-positive 100 26.3 56.3 100 62.2

Calretinin-positive and WT1-positive 72.2 100 100 79.2 86.5

Calretinin-positive or WT1-positive 91.7 57.9 67.3 88 74.3

D2-40-positive and WT1-positive 72.2 97.4 96.3 78.7 85.1

D2-40-positive or WT1-positive 97.2 39.5 60.3 93.8 67.6

WT1, Wilms’ tumour gene product.
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detected positivity in the endothelium of blood vessels
in the same sections of SEM, which excludes the pos-
sibility of false-negative results.
Calretinin is a 29-kDa, calcium-binding protein

involved in calcium signalling, and is strongly
expressed in the neurons of the retina and sensory
pathways.28,29 Immunoreactivity for calretinin has
been reported in 55–100% of EM cases.22 In this
study, calretinin showed relatively high sensitivity
(91.7%) as a positive marker for SEM. However, the
specificity (60.5%) and diagnostic accuracy (75.7%)
were not sufficiently high, although the distribution
of the reactive grade in PDSCC was lower than that
in EM. Therefore, the utility of calretinin for differenti-
ation between SEM and PDSCC is limited. However,
the combination of calretinin and WT1 antibodies
would be helpful for elevating the low sensitivity of
WT1 (72.2%) for practical application and detection
of mesothelial origin. D2-40 is not useful for differen-
tiating SEM from PDSCC; although D2-40 showed the
highest sensitivity (97.2%) as a positive marker for
SEM, its specificity (39.5%) and diagnostic accuracy
(67.6%) were the lowest among the three positive
markers for mesothelioma (calretinin, D2-40, and
WT1).
p40 (DNp63), a non-transactivating isoform of

p63, is a squamous/basal-type biomarker.30 p63 and
p40 are expressed in most SCCs, but are rarely
expressed in EMs; p40 shows higher sensitivity and
specificity than p63.30,31 In addition, Bishop et al.
reported that p63 was expressed in various propor-
tions of ACs and large-cell lymphomas, and p40
showed much higher specificity for SCC.32 In this
study, both p40 and p63 showed high sensitivity,
specificity, and diagnostic accuracy, but the

sensitivity and diagnostic accuracy of p40 were
higher than those of p63, suggesting that p40 is a
useful negative marker for distinguishing SEM from
PDSCC. However, a small number of EMs showed
positivity for p40 and/or p63 (most cases were
graded as 1+); this phenomenon must be kept in
mind when p40 is used in practical pathological
diagnosis.
Claudin-4 is a major component of tight junctions,

and is widely expressed in most epithelial and carci-
noma cells.33–35 Membranous immunoreactivity for
claudin-4 has been reported in 88–100% of carcino-
mas of various origins and in 0–29% of
EMs.33,34,36,37 Therefore, claudin-4 is considered to
be a useful immunohistochemical marker for distin-
guishing EM from various carcinomas. In this study,
claudin-4 showed high sensitivity (94.4%), specificity
(92.1%), and diagnostic accuracy (93.2%), implying
that claudin-4 is a useful negative marker for distin-
guishing SEM from PDSCC.
Carcinoembryonic antigen was the first accepted

immunohistochemical marker for differentiating EM
from lung AC;38 because of its high sensitivity and
specificity, it is still considered to be one of the best
markers.39 Ordonez reported that CEA is also useful
for differentiating EM from lung SCC.23 In this study,
CEA showed the best sensitivity (100%) and diagnos-
tic accuracy (95.9%) among all 11 evaluated mark-
ers, suggesting that CEA is the best negative marker
for distinguishing SEM from PDSCC.
Ordnez et al. and the IMIG2012 update recommend

MOC31 (ERA) as a negative marker (positivity rate:
EM, 2–10%; SCC, 97–100%).17,23 However, on the
basis of the results of the present study, we cannot
recommend the use of MOC31 as a negative maker

Table 5. Sensitivity, specificity, positive predictive values (PPVs), negative predictive values (NPVs) and diagnostic accura-
cies of combinations of two negative markers for the differential diagnosis between solid epithelioid mesothelioma and non-
keratinizing squamous cell carcinoma

Combination of two markers Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Diagnostic
accuracy (%)

p40-negative and CEA-negative 94.4 100 100 95 97.3

p40-negative or CEA-negative 100 86.8 87.8 100 93.2

p40-negative and claudin-4-negative 91.7 100 100 92.7 95.9

p40-negative or claudin-4-negative 100 86.8 87.8 100 93.2

CEA-negative and claudin-4-negative 94.4 94.7 94.4 94.7 94.6

CEA-negative or claudin-4-negative 100 89.5 90 100 94.6

CEA, carcinoembryonic antigen.
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(positivity rate: EM, 33.3; SCC, 89.5). This discrep-
ancy may be attributable to the different clones of
antibodies and differences in the antigen detection
systems used.
The IMIG2012 guideline recommended considera-

tion of two mesothelial and two carcinoma markers,
on the basis of morphology at initial workup,17 and
the new WHO classification recommends calretinin,
CK5/6, WT1 and D2-40 as the best mesothelial
markers.7 However, the choice of markers for differ-
entiating SEM from poorly differentiated non-small
cell carcinoma requires attention. Calretinin, D2-40
and CK5/6 are useful mesothelial markers for differ-
entiating EM from AC. However, these markers are
not useful for distinguishing SEM from PDSCC,
because of their low sensitivity or specificity. There-
fore, when two of these three markers are chosen as
mesothelial markers, there is some possibility of mis-
diagnosing PDSCC as SEM. Similarly, although TTF-1
and napsin A are useful carcinoma markers for differ-
entiating EM from pulmonary AC, they are not useful
for differentiating EM from SCC. Therefore, the use of
TTF-1 and napsin A as carcinoma markers may also
lead to misdiagnosis of PDSCC as SEM.
In this study, the combination of calretinin and

WT1 showed the highest diagnostic accuracy as a
positive marker panel, and the combination of p40
and CEA showed the highest diagnostic accuracy
(97.3%) as a negative marker panel. From these
results, the combination of calretinin, WT1, p40 and
CEA seems to be the best immunohistochemical mar-
ker panel for distinguishing SEM from PDSCC. How-
ever, when p40 is chosen as one of the carcinoma
markers, there is some possibility of misdiagnosing
solid AC as SEM, because p40 is rarely expressed in
AC.30–32 In contrast, claudin-4 is widely expressed in
both AC and SCC,33–35 and the diagnostic accuracy
of the combination of CEA and claudin-4 (94.6%)
was comparable to that of p40 and CEA (97.3%). On
the basis of these considerations, claudin-4 should be
used as a carcinoma marker instead of p40, in the
histopathological differential diagnosis of pleural
tumours consisting of solid, sheet-like or cord-like
proliferations of epithelioid cells, which require differ-
entiation from PDSCC or solid AC.
In conclusion, we conducted immunohistochemical

analyses for differentiating SEM from PDSCC, using
11 commercially available antibodies. On the basis of
our results, we recommend the use of a combination
of WT1 and calretinin as a positive maker, and a
combination of CEA and claudin-4 as a negative mar-
ker, to overcome the weaknesses of the individual
markers to some extent. In the future, there should

be an emphasis on the identification and utilization of
new markers, especially mesothelial-specific positive
markers.
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MUC4, a novel immunohistochemical marker
identified by gene expression profiling,
differentiates pleural sarcomatoid
mesothelioma from lung sarcomatoid
carcinoma
Vishwa Jeet Amatya1, Kei Kushitani1, Amany Sayed Mawas1,2, Yoshihiro Miyata3,
Morihito Okada3, Takumi Kishimoto4, Kouki Inai1,5 and Yukio Takeshima1

1Department of Pathology, Hiroshima University Graduate School of Biomedical and Health Sciences,
Hiroshima, Japan; 2Department of Pathology and Clinical Pathology, South Valley University, Qena, Egypt;
3Department of Surgical Oncology, Research Institute for Radiation Biology and Medicine, Hiroshima
University, Hiroshima, Japan; 4Department of Internal Medicine, Okayama Rosai Hospital, Okayama, Japan
and 5Pathologic Diagnostic Center, Inc., Hiroshima, Japan

Sarcomatoid mesothelioma, a histological subtype of malignant pleural mesothelioma, is a very aggressive
tumor with a poor prognosis. Histological diagnosis of sarcomatoid mesothelioma largely depends on the
histomorphological feature of spindled tumor cells with immunohistochemical reactivity to cytokeratins.
Diagnosis also requires clinico-radiological and/or macroscopic evidence of an extrapulmonary location to
differentiate it from lung sarcomatoid carcinoma. Although there are promising immunohistochemical antibody
panels to differentiate mesothelioma from lung carcinoma, a consensus on the immunohistochemical markers
that distinguish sarcomatoid mesothelioma from lung sarcomatoid carcinoma has not been reached and
requires further study. We performed whole gene expression analysis of formalin-fixed paraffin-embedded tissue
from sarcomatoid mesothelioma and lung sarcomatoid carcinoma and observed significant differences in the
expression of MUC4 and other genes between sarcomatoid mesothelioma and lung sarcomatoid carcinoma.
Immunohistochemistry demonstrated that MUC4 was expressed in the spindled tumor cells of lung sarcomatoid
carcinoma (21/29, 72%) but was not expressed in any sarcomatoid mesothelioma (0/31, 0%). To differentiate
sarcomatoid mesothelioma from lung sarcomatoid carcinoma, negative MUC4 expression showed 100%
sensitivity and 72% specificity and accuracy rate of 87%, which is higher than immunohistochemical markers
such as calretinin, D2-40 and Claudin-4. Therefore, we recommend to include MUC4 as a novel and useful
negative immunohistochemical marker for differentiating sarcomatoid mesothelioma from lung sarcomatoid
carcinoma.
Modern Pathology advance online publication, 27 January 2017; doi:10.1038/modpathol.2016.181

Malignant pleural mesothelioma, a highly aggressive
tumor with a poor prognosis, is strongly associated
with asbestos exposure; its incidence is increasing in
Japan and Western countries and is expected to
increase in developing countries.1 It is histologically
classified into three subtypes: epithelioid, biphasic,

and sarcomatoid mesothelioma.2 The International
Mesothelioma Interest Group (IMIG) has published
guidelines for the differential diagnosis of epithelioid
mesothelioma from lung adenocarcinoma and squa-
mous cell carcinoma using immunohistochemical
antibody panels of mesothelioma markers (calretinin,
D2-40, WT1, cytokeratin 5/6), lung adenocarcinoma
markers (CEA, TTF-1, Napsin-A, MOC-31, BerEP4,
BG8, B72.3) and lung squamous carcinoma markers
(p63, p40, MOC-31, Ber-EP4, cytokeratin 5/6).3

However, a consensus on the immunohisto-
chemical markers that differentiate sarcomatoid
mesothelioma from lung sarcomatoid carcinoma
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has not been reached and requires further study. The
histological diagnosis of sarcomatoid mesothelioma
largely depends on the histomorphological feature of
spindled tumor cells supported by immunohisto-
chemical cytokeratin reactivity; it also requires
clinico-radiological and/or macroscopic evidence of
an extrapulmonary location. The immunohistochem-
ical markers for lung adenocarcinoma and squamous
carcinoma are not useful for diagnosing lung
sarcomatoid carcinoma. To date, D2-40 and calreti-
nin are two commonly used positive mesothelial
markers expressed in sarcomatoid mesothelioma.4–7
However, without convincing calretinin and D2-40
positivity, it is difficult to differentiate sarcomatoid
mesothelioma from sarcomatoid carcinoma. In pre-
vious reports, including ours, high D2-40 sensitivity
has been reported to differentiate sarcomatoid
mesothelioma from lung sarcomatoid carcinoma;
however, D2-40 specificity is not perfect.6,7 There-
fore, the clinico-radiological identification of tumor
location at the extrapulmonary site remains essential
to differentiate between these two diseases.

In recent decades, gene expression profiling has
been used in many cancers to identify the pathways
involved in malignant transformation and to identify
novel candidate diagnostic and prognostic markers.
We have recently reported the application of gene
expression analysis to identify novel markers differ-
entiating epithelioid mesothelioma from reactive
mesothelial hyperplasia by PCR array.8 Although
gene expression analysis requires specimens with a
high proportion of tumor cells containing good
quality RNA, we successfully analyzed the RNA
extracted from formalin-fixed paraffin-embedded
samples.

The aim of this study was to perform gene
expression analysis on spindled tumor cells dis-
sected from formalin-fixed paraffin-embedded tissue
of sarcomatoid mesothelioma and lung sarcomatoid
carcinoma. Our gene expression microarray data
identified several novel genes that are differentially
expressed between sarcomatoid mesothelioma and
lung sarcomatoid carcinoma, and of these, we
validated MUC4 as a novel and useful negative
immunohistochemical marker differentiating sarco-
matoid mesothelioma from lung sarcomatoid
carcinoma.

Materials and methods

Formalin-Fixed Paraffin-Embedded Tissue Samples

Sarcomatoid mesothelioma and lung sarcomatoid
carcinoma cases were retrieved from surgical pathol-
ogy archives of our department during 2005–2014.
The clinical details were also reviewed from the
patient record files. The location of tumor was
confirmed by reviewing clinical information (espe-
cially chest computed tomography findings to con-
firm the tumor localization), gross findings and

reviewing histological sections stained with H&E
and Elastica van Gieson. All lung sarcomatoid
carcinoma cases in this study were located in the
pulmonary parenchyma, which was confirmed by
radiological, thoracoscopic and operative findings.
None of the lung sarcomatoid carcinoma showed
diffuse pleurotropic growth pattern described as
‘pseudomesotheliomatous growth’. Sarcomatoid
mesothelioma was located in extrapulmonary site
showing dominant pleurotrophic growth pattern
without obvious tumor mass in lung parenchyma.
Pathological diagnosis of each case was confirmed
by histological findings and immunohistochemical
marker panel recommended by Guidelines for
Pathologic Diagnosis of Malignant Mesothelioma-
2012 Update of the Consensus Statement from the
International Mesothelioma Interest Group3 and
current 2015 WHO histological classification of
tumours of the lung, pleura, thymus and heart.9
Sarcomatoid mesothelioma is characterized by a
proliferation of spindle cells arranged in fascicles
or having a haphazard distribution involving adja-
cent adipose tissue, parietal pleura or lung
parenchyma.9 Lung sarcomatoid carcinoma is a
poorly differentiated non-small cell lung carcinoma
that contains a component of sarcoma or sarcoma-
like (spindle and/or giant cell) differentiation. Lung
sarcomatoid carcinoma is a group of five types of
carcinomas based on specific histological criteria
and described as giant cell carcinoma, pleomorphic
carcinoma, carcinosarcoma, spindle cell carcinoma
and pulmonary blastoma. Of these, spindle cell
carcinoma and pleomorphic carcinoma with predo-
minant spindle cell component requires the differ-
entiation from sarcomatoid mesothelioma. The
number of patients who were diagnosed as sarcoma-
toid mesothelioma and lung sarcomatoid carcinoma
after surgical resection and/or autopsy examination
in Hiroshima University Hospital during 2005–2014
were 35 and 34 respectively, suggesting similar
frequencies of their incidence. Localization of four
cases of sarcomatoid mesothelioma and five cases of
lung sarcomoid carcinoma could not be confirmed
and thus were excluded from this study. Finally, 31
cases of sarcomatoid mesothelioma and 29 cases of
lung sarcomatoid carcinoma were analyzed in the
present study. Sarcomatoid mesothelioma included
25 cases of pure sarcomatoid growth (pure sarcoma-
toid mesothelioma) and 6 cases of biphasic mesothe-
lioma showing predominantly sarcomatoid growth.
Lung sarcomatoid carcinoma included 5 cases of
spindle cell carcinoma and 24 of pleomorphic
carcinoma with predominant spindle cell carcinoma
component. Minor foci of squamous cell carcinoma
and adenocarcinoma component were present in 5
and 19 cases of pleomorphic carcinoma. Carcinosar-
coma, giant cell carcinoma and pulmonary blastema
were not included in this study.

The anonymized (unlinkable) tissue samples were
provided by the Department of Pathology for gene
expression analysis and immunohistochemical
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study. This study is in accordance with the Ethics
Guidelines for Human Genome/Gene Research
enacted by the Japanese Government for the collec-
tion of tissue specimens and was approved by the
institutional ethics review committee (Hiroshima
University E-48).

Gene Expression Analysis

Formalin-fixed paraffin-embedded sections from six
cases of sarcomatoid mesothelioma and six cases of
lung sarcomatoid carcinoma were used for gene
expression analysis. RNA extraction for gene expres-
sion analysis was performed from the spindled
tumor cells of these cases. Five 10-μm-thick
formalin-fixed paraffin-embedded tissue sections
containing 490% spindled tumor tissue were
processed for total RNA extraction using the Max-
well 16 LEV RNA FFPE Purification Kit (Promega,
Tokyo, Japan) according to the manufacturer’s pro-
tocol. After deparaffinization and lysis with protei-
nase K treatment, the samples were treated with a
DNase cocktail for 15min at room temperature,
followed by RNA purification using a MAXWELL
16 instrument according to the manufacturer’s
protocol (Promega).

RNA quality was analyzed with an RNA StdSens
Analysis kit using an Experion automated electro-
phoresis system (Bio-Rad Laboratories, Hercules,
CA, USA). RNA quantity was estimated with a Qubit
RNA HS Kit using a Qubit Fluorometer 2.0 (Mole-
cular Probes/Life Technologies, Carlsbad, CA, USA).
The Almac Xcel Array GeneChip (Affymetrix, Santa
Clara, CA, USA) contains probe sets of 497 000
transcripts and was used to analyze gene expression
profiles. Total RNA was amplified and labeled with a
3′ IVT Labeling Kit (Affymetrix) before hybridization
onto the GeneChip. Briefly, 100 ng total RNA was
amplified with a SensationPlus FFPE Amplification
Kit (Affymetrix) to generate 30 μg of SenseRNA
according to the manufacturer’s protocol. Twenty-
five micrograms of SenseRNA was labeled with a 3′
IVT Labeling Kit (Affymetrix) and hybridized to a
Almac Xcel Array GeneChip (Affymetrix) at 45 °C for
16 h using a GeneChip Hybridization Oven 645
(Affymetrix). The hybridized GeneChip was washed,
stained using GeneChip Fluidic Station 450 (Affy-
metrix) and scanned with a GeneChip Scanner 3000
7G (Affymetrix) using the GeneChip Operating Soft-
ware (Affymetrix). The data were analyzed using the
Gene Expression Console Software (Affymetrix), and
further statistical analyses were performed using the
Subio Software Platform (Subio, Amami-shi, Japan)
to calculate plot graphs, fold change of expression
and hierarchical clustering.

Validation of Gene Expression Analysis

The same 12 cases of sarcomatoid mesothelioma and
lung sarcomatoid carcinoma that were analyzed for
gene expression profiling were used to validate the

microarray expression data. The relative mRNA
expression of MUC4, a highly expressed gene in
lung sarcomatoid carcinoma, and IGF2, highly
expressed in sarcomatoid mesothelioma, was
assessed with SYBR Green-based real-time RT-PCR
using GAPDH as a control. A total of 100 ng RNA was
used for mRNA expression with a one-step SYBR
Green RT-PCR Kit (Takara-Bio, Tokyo, Japan) using a
MX3000P real-time PCR thermal cycler (Stratagene,
Agilent Technologies, Tokyo, Japan). The primer
pairs used were MUC4-F: CAGGCCACCAACTTCA
TCG; MUC4-R: ACACGGATTGCGTCGTGAG; IGF2-
F: GTGGCATCGTTGAGGAGTG; IGF2-R: CACGTCC
CTCTCGGACTTG; GAPDH-F: ACAACTTTGGTATC
GTGGAAGG; and GAPDH-R: GCCATCACGCCA
CAGTTTC. Data analysis was performed using the
δδCT method for relative quantification. Briefly,
threshold cycles (CT) for GAPDH (reference) and
MUC4, IGF2 (samples) were determined in triplicate.
The relative expression (rI) was calculated using the
formula: rI = 2− (CT sample−CT normal).

Immunohistochemistry

Immunohistochemistry was performed using 3-μm
tissue sections from the best representative formalin-
fixed paraffin-embedded sarcomatoid mesothelioma
and lung sarcomatoid carcinoma tissue blocks. All of
the immunohistochemical staining was performed
with a Benchmark GX automated immunohisto-
chemical station (Ventana, Roche Diagnostics, Tokyo,
Japan) using the ultraView Universal DAB Detection
Kit (Ventana, Roche Diagnostic, Tokyo, Japan). The
antigen retrieval methods and antibodies used in this
study are summarized in Table 1. Immunoreactivity
was scored as negative (0, no immunostaining) or
positive. Positive immunoreactivity was graded as +1
for up to 10% of tumor cells showing positive
immunostaining, +2 for 410–50% of the tumor cells,
and +3 for 450% of the tumor cells. Only spindled
tumor cells from sarcomatoid mesothelioma and lung
sarcomatoid carcinoma were evaluated for the
immunoreactivity of various markers. Statistical
analyses were performed using Fisher’s exact test.
Sensitivity, specificity, positive predictive value,
negative predictive value and accuracy rate were
calculated using a simple 2×2 table.

Results

Differential Gene Expression and Validation in
Sarcomatoid Mesothelioma and Lung Sarcomatoid
Carcinoma

Out of the 97 000 analyzable transcripts on the
Almac Xcel Array GeneChip, 2099 statistically
significant mRNA transcripts were differentially
expressed between sarcomatoid mesothelioma
and lung sarcomatoid carcinoma by a more than a
two-fold difference (Figure 1, plot graph). The
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hierarchical clustering of mRNAs with more than a
five-fold difference in expression revealed 156
upregulated mRNA transcripts, including IGF2,
MEG3, CLIC4 and SPARC, in sarcomatoid mesothe-
lioma and 46 upregulated mRNA transcripts, includ-
ing MUC4 and Claudin4, in lung sarcomatoid
carcinoma (Figure 2, hierarchical clustering;
Supplementary Table S1). The mRNA expression
hits were validated by real-time RT-PCR of MUC4
and IGF2. MUC4 mRNA expression was negligible in
all six sarcomatoid mesothelioma, and the expres-
sion was observed in five of the six lung sarcomatoid
carcinoma samples. IGF2 mRNA was expressed in
all of the sarcomatoid mesothelioma samples,
although it was also expressed in three of the six
lung sarcomatoid carcinoma samples (detailed data
not shown).

Immunohistochemical Profiles of Sarcomatoid
Mesothelioma and Lung Sarcomatoid Carcinoma

The percentage of positivity and immunohistochem-
ical score for MUC4, mesothelioma markers

(calretinin, D2-40, WT1) and lung carcinoma mar-
kers (TTF-1, p40, Claudin-4) along with the cytoker-
atins AE1/AE3 and CAM5.2 are shown in Table 2.

MUC4 Expression

MUC4 expression was observed in the cytoplasm of
tumor cells, and the positivity of spindled tumor
cells alone was evaluated. MUC4 was also observed
in the surrounding normal lung tissue, particularly
in bronchial tissue, and was considered an internal
positive marker. It was expressed in spindled tumor
cells of 21 lung sarcomatoid carcinoma (21/29, 72%;
Figure 3b) but none in sarcomatoid mesothelioma
(0/31, 0%; Figure 4b). In addition to spindled tumor
cells of lung sarcomatoid carcinoma, MUC4 was also
expressed in the non-small cell carcinoma compo-
nent consisting of adenocarcinoma or squamous cell
carcinoma in pleomorphic carcinoma. Among lung
sarcomatoid carcinoma, 3 cases showed expression
in 450% of tumor cells, 9 cases in 10–50% of tumor
cells and 9 cases in o10% of tumor cells. Out of the
21 lung sarcomatoid carcinoma cases with MUC4

Figure 1 Scatter plot of raw data from the microarray experiments
demonstrating MUC4 and CLDN4 with lower expression and
IGF2, CLIC4 and SPARC4 with higher expression in sarcomatoid
mesothelioma compared with that of lung sarcomatoid carcinoma.

LSC 10 LSC 11 LSC 8 LSC 12 SM 1 SM 2 SM 5 SM 6

Lung sarcomatoid carcinoma Sarcomatoid mesothelioma 

2

-2

Figure 2 The hierarchical clustering of RNA transcripts with more
than five-fold differential expression between sarcomatoid
mesothelioma and lung sarcomatoid carcinoma revealed 156
upregulated mRNA transcripts, including IGF2, MEG3, CLIC4
and SPARC, in sarcomatoid mesothelioma and 46 upregulated
mRNA transcripts, including MUC4 and Claudin4, in lung
sarcomatoid carcinoma.

Table 1 List of antibodies with their clone, commercial source and reaction conditions

Antibody to Clone Provider Dilution Antigen retrieval

MUC4 8G7 Santa Cruz Biotechnology ×25 CC1, 60 min
Calretinin SP65 Ventana Prediluted CC1, 30 min
Podoplanin D2-40 Nichirei Prediluted CC1, 60 min
WT1 6F-H2 Dako ×25 CC1, 60 min
Pancytokeratin AE1/AE3 Ventana Prediluted Protease 8 min
Cytokeratin CAM5.2 Ventana Prediluted Protease 8 min
p40 BC28 Biocare Medical × 50 CC1, 60 min
TTF-1 SP141 Ventana Prediluted CC1, 60 min
Claudin-4 3E2C1 Life Technologies × 50 CC1, 60 min

Abbreviation: CC1, cell conditioning buffer 1 (Tris-based buffer, pH 8.5 from Ventana).
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expression, p40 expression was observed only in 3
cases, TTF-1 in 12 cases and Claudin-4 in 10 cases.
Of the nine lung sarcomatoid carcinoma cases
without MUC4 expression, p40 expression was
observed in three cases, TTF-1 in three cases and
Claudin-4 in three cases.

Calretinin, D2-40 and WT1

Calretinin was expressed in the nucleus and cyto-
plasm of spindled tumor cells of 23 (74%) sarcoma-
toid mesothelioma and 13 (45%) lung sarcomatoid
carcinoma samples, and D2-40 was expressed in the
spindled tumor cells of 21 (71%) sarcomatoid
mesothelioma and 9 (31%) lung sarcomatoid carci-
noma. The immunohistochemical scoring pattern for
calretinin expression was not different between
sarcomatoid mesothelioma and lung sarcomatoid
carcinoma. However, the immunohistochemical
scoring pattern for D2-40 expression showed a
higher score in sarcomatoid mesothelioma than in
lung sarcomatoid carcinoma. WT1 nuclear expres-
sion was present in only 6 (19%) sarcomatoid
mesothelioma and 1 (3%) lung sarcomatoid carci-
noma, revealing it to be a poor immunohistochem-
ical marker to differentiate sarcomatoid
mesothelioma from lung sarcomatoid carcinoma.

TTF-1, p40, Claudin-4

Nuclear expression of TTF-1 and P40 was observed
in 15 (52%) and 6 (21%) cases of lung sarcomatoid
carcinoma, respectively. TTF-1 expression was not
observed in sarcomatoid mesothelioma, but p40
expression was observed in 2 (7%) sarcomatoid
mesothelioma cases. TTF-1 and/or p40 immunor-
eactivity was present in 19 of the 29 (66%) cases of

lung sarcomatoid carcinoma and 2 of the 31 (7%)
cases of sarcomatoid mesothelioma. Claudin-4 and/
or TTF-1/p40 immunoreactivity was present in 25 of
the 29 (86%) of lung sarcomatoid carcinoma and 2 of
the 31 (7%) cases of sarcomatoid mesothelioma.
However, p40 expression in sarcomatoid mesothe-
lioma was focal and heterogeneous with an immu-
nohistochemical score of 1.

Cytokeratins, AE1/AE3, CAM5.2

Cytokeratin AE1/AE3 and CAM5.2 expression was
present in 490% of both lung sarcomatoid carci-
noma and sarcomatoid mesothelioma samples. The
majority of sarcomatoid mesothelioma and lung
sarcomatoid carcinoma cases showed the expression
of both cytokeratins, and the remaining two lung
sarcomatoid carcinoma cases and one sarcomatoid
mesothelioma case expressed at least one of the two
cytokeratins.

Sensitivity and Specificity of Each Marker to
Differentially Diagnose Sarcomatoid Mesothelioma
and Lung Sarcomatoid Carcinoma

The sensitivity, specificity, positive predictive value,
negative predictive value and accuracy rate of each
marker differentiating sarcomatoid mesothelioma
from lung sarcomatoid carcinoma are shown in
Table 3. The negative expression of the carcinoma
markers TTF-1 and Claudin-4 showed 100% sensi-
tivity, whereas p40 showed 94%; however, their
specificity was restricted around or below 50%. The
positive expression of calretinin showed 74% sensi-
tivity and 55% specificity, and D2-40 showed 71%
sensitivity and 69% specificity. Although WT1
showed the highest specificity of 97%, its sensitivity

Table 2 Potential immunohistochemical markers for sarcomatoid mesothelioma and lung sarcomatoid carcinoma

Sarcomatoid mesothelioma Lung sarcomatoid carcinoma

Immunohistochemical scorea Immunohistochemical scorea

Antibody Positive cases (%) 0 1+ 2+ 3+ Positive cases (%) 0 1+ 2+ 3+ P-valueb P-valuec

MUC4 0/31 0 31 0 0 0 21/29 72 8 9 9 3 o0.01 o0.01
Calretinin 23/31 74 8 7 11 5 13/29 45 16 5 6 2 o0.05 o0.05
D2-40 22/31 71 9 9 12 1 9/29 31 20 9 0 0 o0.01 o0.01
WT1 6/31 19 25 5 1 0 1/29 3 28 1 0 0 NS NS
AE1/AE3 29/31 94 2 2 8 19 29/29 100 0 5 2 22 NS NS
CAM5.2 28/31 90 3 1 8 19 28/29 97 1 6 5 17 NS NS
TTF-1 0/31 0 31 0 0 0 15/29 52 14 0 4 11 o0.01 o0.01
p40 2/31 7 29 2 0 0 6/29 21 23 0 3 3 NS NS
Claudin-4 0/31 0 31 0 0 0 13/29 45 16 4 5 4 o0.01 o0.01

Abbreviations: NA, not available; NS, not significant; TTF-1, thyroid transcription factor; WT1, Wilms’ tumor gene product.
aCalculated by Fisher’s exact test of the positive rate between two groups.
bCalculated by the Mann–Whitney U-test of reactivity scores of the markers between two groups.
cImmunohistochemical score was semiquantified as follows: 0: 0%; 1+: 1–10%; 2+: 11–50%; 3+: 451% of spindled tumor cells.
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was o20%. AE1/AE3 and CAM5.2 showed high 94
and 90% sensitivities and near 0% specificity. In
comparison to all of these known immunohisto-
chemical markers, negative expression of MUC4
showed 100% sensitivity and 72% specificity,
making the accuracy rate of 87%, the highest among
these immunohistochemical markers.

Value of Immunohistochemical Marker Panel to
Differentially Diagnosis Sarcomatoid Mesothelioma
and Lung Sarcomatoid Carcinoma

MUC4 showed the highest sensitivity and specificity
among the immunohistochemical markers for differ-
entiatiation of sarcomatoid mesothelioma from lung

Figure 3 Representative pictures of immunohistochemical expression of MUC4 (b), Calretinin (c), D2-40 (d), Claudin-4 (e) and AE1/AE3
(f) from sarcomatoid mesothelioma (a). None of the sarcomatoid mesotheliomas showed immunohistochemical MUC4 expression.
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sarcomatoid carcinoma. However, the specificity
was 72%. Therefore, a combination of various
markers was considered. Various combinations of
immunohistochemical markers are shown in
Table 4. Among the negative immunohistochemical
markers, combination of MUC4, TTF-1 and p40 was

observed in 26 of the 29 lung sarcomatoid carcinoma
cases (90% specificity) and 2 of the 31sarcomatoid
mesothelioma cases (93% sensitivity). Combination
of MUC4 and Claudin-4 expression was found in
24 of the 29 lung sarcomatoid carcinoma cases
(83% specificity) and none of the sarcomatoid

Figure 4 Representative pictures of immunohistochemical MUC4 expression (b), Calretinin (c), D2-40 (d), Claudin-4 (e) and AE1/AE3 (f) of
lung sarcomatoid carcinoma (a). Twenty-one of the 29 (72%) lung sarcomatoid carcinomas exhibited cytoplasmic expression of MUC4.
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mesothelioma cases (100% sensitivity). The combi-
nation of MUC4, TTF-1 and Claudin-4 was observed
in 26 of the 29 lung sarcomatoid carcinoma cases
(90% specificity) and 0 of the 31 sarcomatoid
mesothelioma cases (100% sensitivity).

Discussion

Sarcomatoid mesothelioma has the histomorpholo-
gical feature of spindled tumor cells and resembles
many tumors with spindled cells, including true
sarcoma or sarcomatoid carcinomas. The immuno-
histochemical reactivity to cytokeratin remains cri-
tical to differentiate it from true sarcomas. However,
differentiating sarcomatoid mesothelioma from lung
sarcomatoid carcinoma is challenging, as the histo-
morphological and immunohistochemical character-
istics are extremely similar. For this reason, clinical
and/or gross evidence of an extrapulmonary location
is indispensable for its diagnosis. Although the
mesothelioma markers calretinin and D2-40 have
been utilized to differentiate sarcomatoid mesothe-
lioma from lung sarcomatoid carcinoma, they are not
absolute, as their sensitivity and specificity are not
sufficiently high. Although we previously reported
the sensitivity of calretinin (78%) and D2-40 (87%),
specificity was not high for calretinin (41%) and D2-
40 (74%).7 Our past and present data on calretinin
and D2-40 were similar to reports by Ordonez et al4

and Padgett et al.6 Considering the low specificity of
calretinin, D2-40 is considered the single most
important immunohistochemical marker for its dif-
ferentiation. However, in our practical experience, it
is still very difficult to interpret the reactivity of
D2-40 in these tumors, particularly in cases showing
prominent fibro-collagenous proliferation.

TTF-1, a lung adenocarcinoma marker, and p40, a
squamous cell carcinoma marker, have emerged as
useful markers for non-small cell lung carcinoma10,11
and are thus supposed to be expressed in pleo-
morphic lung carcinoma. TTF-1 might be identified
as a novel marker differentiating pleomorphic
carcinoma from sarcomatoid mesothelioma because
of its low expression in sarcomatoid mesothelioma.
However, in this study, despite their specificity of
100 or 94%, the sensitivity of TTF-1 (51%) and p40
(21%) are not good to distinguish sarcomatoid
mesothelioma and lung sarcomatoid carcinoma.
Though p40 expression is good marker of squamous
cell carcinoma, it has been also reported in a few
mesothelioma cases.12 In this study too, we observed
p40 expression in two sarcomatoid mesothelioma
cases but very focal and heterogeneous, unlike its
expression in squamous cell carcinoma. Claudin-4,
which is reported to be a very reliable universal
carcinoma marker differentiating epithelioid
mesothelioma from various carcinomas,13,14 showed
limited value in lung sarcomatoid carcinoma cases.
In this study, only half of lung sarcomatoid

Table 3 Sensitivity, specificity, PPV, NPV and accuracy rate of each antibody to differentially diagnose sarcomatoid mesothelioma from
lung sarcomatoid carcinoma

Findings Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy rate (%) P-value

MUC4 (− ) 100 72 80 100 87 o0.01
Calretinin (+) 74 55 64 67 65 o0.05
D2-40 (+) 71 69 71 69 70 o0.01
WT1 (+) 19 97 86 53 57 NS
AE1/AE3 (+) 94 0 50 0 48 NS
CAM5.2 (+) 90 3 50 25 48 NS
TTF-1 (− ) 100 52 69 100 77 o0.01
p40 (− ) 94 21 56 75 58 NS
Claudin-4 (− ) 100 45 66 100 73 o0.01

Abbreviations: NPV, negative predictive value; NS, not significant; PPV, positive predictive value.

Table 4 Sensitivity, specificity, PPV, NPV and accuracy rate of two or more markers to differentially diagnose sarcomatoid mesothelioma
from lung sarcomatoid carcinoma

Immunohistochemical markers Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy rate (%) P-value

p40 (− )/TTF-1 (− ) 94 66 74 91 80 o0.01
Claudin-4 (− )/TTF-1 (− )/p40 (− ) 94 90 91 93 92 o0.01
Claudin-4 (− )/TTF-1 (− ) 100 83 86 100 92 o0.01
MUC4 (− )/TTF-1 (− )/p40 (− ) 94 93 94 93 93 o0.01
MUC4 (− )/Claudin-4 (− ) 100 83 86 100 92 o0.01
MUC4 (− )/TTF-1 (− )/Claudin-4 (− ) 100 90 91 100 95 o0.01
MUC4 (− )/TTF-1 (− )/p40 (− )/Claudin-4
(− )

94 97 97 93 95 o0.01

Abbreviations: NPV, negative predictive value; PPV, positive predictive value.

Modern Pathology (2017) 00, 1–10

MUC4 expression in mesothelioma

8 VJ Amatya et al



carcinoma expressed Claudin-4, and its punctate
expression in the cytoplasm of spindled cells of lung
sarcomatoid carcinoma resembled that of the punc-
tate expression in the cytoplasm of sarcomatoid
mesothelioma. TTF-1, p40 and Claudin-4 expression
can be reliable markers for pleomorphic carcinomas
with a prominent carcinoma component, such as
adenocarcinoma or squamous cell carcinoma.

In this study, we analyzed all of the genes
expressed in sarcomatoid mesothelioma and lung
sarcomatoid carcinoma with the aim of identifying
novel markers for their differential diagnosis.
Although frozen tissue yields better and less degrad-
able RNA for gene expression analysis, we preferred
formalin-fixed paraffin-embedded tissue samples
because they included the microscopically identifi-
able spindle cell tumor tissue. For this analysis, we
have to amplify the small amount of RNA extracted
from the formalin-fixed paraffin-embedded tissue
before hybridization to the GeneChip. The Almac
Xcel GeneChip from Affymetrix, which we used
here, has been reported to produce identical results
to the GeneChip using RNA derived from frozen
tissue samples. In addition, it contains proprietary
Almac-sequenced data and filtered public data for
biomarker discovery and the validation of oncogene-
related transcripts for a much higher detection rate
in degraded samples.

From the differential expression analysis, a more
than five-fold expression change in IGF2, CLIC4 and
SPARC was observed in sarcomatoid mesothelioma,
and IGF2 expression was validated by real-time RT-
PCR. We did not uncover significant differential
expression of IGF2 between sarcomatoid mesothe-
lioma and lung sarcomatoid carcinoma (data not
shown). The discrepancy between the microarray
data and real-time RT-PCR data can be explained
because IGF2 mRNA expression on a microarray
chip is the relative expression between both lung
sarcomatoid carcinoma and sarcomatoid mesothe-
lioma but in a different quantity. We later investi-
gated the immunohistochemical expression IGF2,
CLIC4 and SPARC proteins in sarcomatoid mesothe-
lioma and lung sarcomatoid carcinoma. However,
there was no significant differential expression of
these proteins between lung sarcomatoid carcinoma
and sarcomatoid mesothelioma, limiting their
applicability as an immunohistochemical positive
marker of sarcomatoid mesothelioma.

In contrast, microarray gene expression analysis
showed increased expression of MUC4 in lung
sarcomatoid carcinoma compared with that of
sarcomatoid mesothelioma, and we found negligible
MUC4 mRNA expression in sarcomatoid mesothe-
lioma at the mRNA level. MUC4 stands for member
of mucin protein of high molecular weight
glycoprotein.15 It is expressed in various normal
epithelium of the respiratory tract, particularly in
the trachea and bronchi16 and in the epithelium of
the digestive and urogenital tracts.17 MUC4 expres-
sion has been reported in various human

carcinomas, including pancreatic,18 breast19 and
lung adenocarcinoma.20 Llinares et al21 reported
the diagnostic value of MUC4 expression in disting-
uishing epithelioid mesothelioma and lung adeno-
carcinoma. They found that MUC4 was expressed in
0 of the 41 epithelioid mesotheliomas and in 32 of
the 35 (91%) lung adenocarcinoma. To our knowl-
edge, this report has not been validated by other
laboratories, as the antibody to MUC4 was not
commercially available in the past. We observed
MUC4 expression in lung adenocarcinoma and lung
squamous cell carcinoma and observed no expres-
sion in epithelioid mesothelioma using a commer-
cially available anti-MUC4 antibody. The current
study is the first report to describe MUC4 expression
in lung sarcomatoid carcinoma and no MUC4
expression in sarcomatoid mesothelioma. We
observed a high specificity (72%) and absolute
sensitivity (100%) for negative MUC4 expression to
differentiate sarcomatoid mesothelioma from lung
sarcomatoid carcinoma, with an accuracy rate of
87%. These values are far better than any previously
identified immunohistochemical markers differen-
tiating sarcomatoid mesothelioma from lung sarco-
matoid carcinoma.

The sensitivity of MUC4 expression as a negative
marker was the highest of the immunohistochemical
markers in this study. Lung sarcomatoid carcinoma
cases showing MUC4 expression (21 cases) also
demonstrated co-expression of TTF-1 in 12 cases,
Claudin-4 in 10 cases and p40 in 3 cases. Further-
more, lung sarcomatoid carcinoma cases without
MUC4 expression showed TTF-1 expression in three
cases, p40 in three cases and Claudin-4 in three
cases. Therefore, MUC4 expression has better addi-
tional value of the immunohistochemical markers for
the differential diagnosis of sarcomatoid mesothe-
lioma from lung sarcomatoid carcinoma. The sensi-
tivity of these markers can be improved by
combining two or more, and the addition of TTF-1
and Claudin-4 to MUC4 expression improved the
accuracy rate up to 95% for the differential diagnosis
of sarcomatoid mesothelioma from lung sarcomatoid
carcinoma.

In conclusion, we identified a novel immunohis-
tochemical marker MUC4 that differentiates sarco-
matoid mesothelioma from lung sarcomatoid
carcinoma by applying whole gene expression
analysis. The combination of MUC4 with TTF-1/
p40 and Claudin-4 improved the sensitivity and
specificity for differential diagnosis. Therefore, we
propose including MUC4 as an additional negative
marker to the immunohistochemical marker panel to
differentiate sarcomatoid mesothelioma from lung
sarcomatoid carcinoma.
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Abstract: As there are currently no absolute immunohistochemical

positive markers for the definite diagnosis of malignant epithelioid

mesothelioma, the identification of additional “positive” markers

that may facilitate this diagnosis becomes of clinical importance.

Therefore, the aim of this study was to identify novel positive

markers of malignant mesothelioma. Whole genome gene ex-

pression analysis was performed using RNA extracted from

formalin-fixed paraffin-embedded tissue sections of epithelioid

mesothelioma and pulmonary adenocarcinoma. Gene expression

analysis revealed that disabled homolog 2 (DAB2) and Intelectin-1

had significantly higher expression in epithelioid mesothelioma

compared with that in pulmonary adenocarcinoma. The increased

mRNA expression of DAB2 and Intelectin-1 was validated by

reverse transcriptase polymerase chain reaction of RNA from

tumor tissue and protein expression was validated by Western

blotting of 5 mesothelioma cell lines. The utility of DAB2 and

Intelectin-1 in the differential diagnosis of epithelioid mesothelioma

and pulmonary adenocarcinoma was examined by an im-

munohistochemical study of 75 cases of epithelioid mesothelioma

and 67 cases of pulmonary adenocarcinoma. The positive rates of

DAB2 and Intelectin-1 expression in epithelioid mesothelioma

were 80.0% and 76.0%, respectively, and 3.0% and 0%,

respectively, in pulmonary adenocarcinoma. Immunohistochemi-

cally, the sensitivity and specificity of DAB2 was 80% and 97%

and those of Intelectin-1 were 76% and 100% for differentiation of

epithelioid mesothelioma from pulmonary adenocarcinoma. In

conclusion, DAB2 and Intelectin-1 are newly identified positive

markers of mesothelioma and have potential to be included in

future immunohistochemical marker panels for differentiation of

epithelioid mesothelioma from pulmonary adenocarcinoma.

Key Words: DAB2, Intelectin-1, gene expression analysis,

immunohistochemistry, epithelioid mesothelioma, pulmonary

adenocarcinoma

(Am J Surg Pathol 2017;00:000–000)

Malignant mesothelioma is a rare and fatal malignant
tumor.1 In Japan, the mesothelioma death rate is

increasing, approaching 1500 deaths in 2015, increased
from 500 in 1995 according to Vital Statistics data pub-
lished by the Ministry of Health, Labour and Welfare,
Japan.2 Similarly, the death rate due to mesothelioma is
increasing globally, including the UK and Ireland,3 the
United States and other developing countries.4 Asbestos
exposure is the main risk factor for malignant pleural
mesothelioma, including both occupational and environ-
mental exposure. The time interval between first exposure
to asbestos and diagnosis of mesothelioma is speculated
to range from 20 to 50 years. Apart from the relatively
long time it takes for asbestos to cause disease, delayed
onset of symptoms can contribute to late-stage diagnosis
and by then, the cancer spreads into the thoracic cavity
and is more difficult to treat. Therefore, accurate diag-
nosis of mesothelioma is essential for its correct man-
agement.

A common site of origin of malignant mesothelioma
is the pleura followed by other tissues including the per-
itoneum, pericardium, and tunica vaginalis. Malignant
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mesothelioma is classified into 3 major histologic subtypes:
epithelioid, sarcomatoid, and biphasic as described in the
2015 World Health Organization (WHO) histologic
classification of tumors of lung and pleura, 2015.5 Epi-
thelioid mesothelioma, which constitutes more than 60%
of all mesothelioma, is the most common histologic sub-
type, and has a relatively better prognosis than sarcoma-
toid or biphasic mesothelioma. Epithelioid mesothelioma
shows various histologic patterns including tubulopapil-
lary, micropapillary, acinar, adenomatoid, and solid. As
epithelioid mesothelioma closely resembles other malig-
nant tumors showing pseudomesotheliomatous growth
patterns, such as those of primarily lung carcinoma, breast
carcinoma, and cancer that affects the lining of internal
organs, the diagnosis of malignant mesothelioma is chal-
lenging, both histopathologically and clinically. Currently,
the final diagnosis of malignant mesothelioma requires
thorough reviewing of clinico-radiologic and pathologic
findings (gross examination and histologic findings in
tissue samples) with adequate immunohistochemical and/
or genetic analyses. As an immunohistochemical marker
with absolute sensitivity and specificity is not yet available,
the search for additional novel immunohistochemical
markers is critical.

The aim of this study was to identify novel positive
immunohistochemical markers by analysis of whole gene
expression data using microarray gene chips. We per-
formed gene expression analysis on epithelioid cells dis-
sected from formalin-fixed paraffin-embedded (FFPE)
tissue of epithelioid mesothelioma and pulmonary ad-
enocarcinoma and identified several novel genes that are
differentially expressed between epithelioid mesothelioma
and pulmonary adenocarcinoma. Of these, we identified
disabled homolog 2 (DAB2) and Intelectin-1 as potential
novel positive immunohistochemical markers of epi-
thelioid mesothelioma for differentiation from pulmonary
adenocarcinoma.

MATERIALS AND METHODS

Patients and Histologic Samples
The materials included in this study were obtained

from the archives of the Department of Pathology,
Hiroshima University. The study group consisted of 75
patients with epithelioid mesothelioma who had under-
gone thoracoscopic pleural biopsy, pleurectomy/decorti-
cation, extrapleural pneumonectomy, or autopsy between
2000 and 2016. Between 2005 and 2016, 67 pulmonary
adenocarcinoma cases were also obtained by thoraco-
scopic surgical segmentectomy or lobectomy of lung
harboring adenocarcinoma. All microscopic slides were
reviewed and reclassified using the current WHO histo-
logic classification of tumors of lung and pleura, 20156 by
4 pathologists (M.K., K.K., V.J.A., and Y.T.). Pathologic
diagnosis of each case was confirmed by histologic find-
ings and an immunohistochemical marker panel recom-
mended by Guidelines for Pathologic Diagnosis of
Malignant Mesothelioma: 2012 Update of the Consensus
Statement from the International Mesothelioma Interest

Group (IMIG)7 and current 2015 WHO histologic
classification of tumors of the lung, pleura, thymus, and
heart.6

Anonymized tissue samples were provided by the
Department of Pathology for gene expression and im-
munohistochemical analysis. This study was carried out
in accordance with the Ethics Guidelines for Human
Genome/Gene Research enacted by the Japanese Gov-
ernment for the collection of tissue specimens and was
approved by the institutional ethics review committee
(Hiroshima University E-974).

Gene Expression Analysis

Identification of Genes With Marked Difference
Between Epithelioid Mesothelioma and Pulmonary
Adenocarcinoma

FFPE sections from 6 epithelioid mesothelioma cases
and 6 pulmonary adenocarcinoma cases were used for gene
expression analysis. RNA extraction for gene expression
analysis was performed from papillary or solid growth of
tumor cells in each specimen. Five 10mm thick FFPE tumor
tissue sections, each approximately 1 cm in diameter, were
processed for total RNA extraction using the Maxwell RSC
RNA FFPE Kit (Promega KK, Tokyo, Japan) according to
the manufacturer’s protocol. Briefly, after deparaffinization
and lysis with proteinase K, the samples were treated with
DNase I for 15 minutes at room temperature. Following
this, RNA purification was carried out according to the
manufacturer’s protocol using a Maxwell RSC automation
instrument (Promega KK). RNA quality check and quan-
tification was performed as described previously8 and RNA
with an absorbance ratio of Z1.9 between 260 and 280nm
was used for microarray analysis. The Human Tran-
scriptome 2.0 GeneChip Array (Affymetrix, Santa Clara,
CA) containing gene transcript sets of 44,699 protein coding
and 22,829 nonprotein coding clusters was used to analyze
gene expression profiles. Total RNA was amplified and
labeled with a 30 IVT Labeling Kit (Affymetrix) before
hybridization onto the GeneChip. Briefly, 100ng total RNA
was amplified with GeneChip 30 IVT Pico kit (Affymetrix)
to generate 30mg of SenseRNA according to the manu-
facturer’s protocol. SenseRNA (25mg) was labeled with a 30

IVT Labeling Kit (Affymetrix) and hybridized to a Human
Transcriptome 2.0 GeneChip (Affymetrix) as described
previously.8 The data were analyzed using the Gene
Expression Console Software (Affymetrix), and further
statistical analyses were performed using the Subio Software
Platform (Subio, Amami-shi, Japan) to plot graphs and for
fold change of expression and hierarchical clustering.

Validation of Gene Expression Analysis

Real-time Reverse Transcriptase Polymerase Chain
Reaction

The same 6 cases of epithelioid mesothelioma and
pulmonary adenocarcinoma that were analyzed for gene
expression profiling were used to validate the microarray
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expression data by mRNA expression. The relative
mRNA expression of DAB2 and Intelectin-1 was assessed
with SYBR Green-based real-time reverse transcriptase
polymerase chain reaction (RT-PCR) using GAPDH as a
control. A total of 100 ng of RNA was used for mRNA
expression with a VeryQuest SYBR Green 1-step
RT-PCR Master Mix (Affymetrix) using a Stratagene
Mx3000P qPCR System (Agilent Technologies, Santa
Clara, CA). The primer pairs used for amplification of
DAB2 and Intelectin-1 were DAB2-F: GTA GAA ACA
AGT GCA ACC AAT GG, DAB2-R: GCC TTT GAA
CCT TGC TAA GAG A, ITLN1-F: ACG TGC CCA
ATA AGT CCC C, ITLN1-R: CCG TTG TCA GTC
CAA CAC TTT C. Primers for GAPDH were GAPDH-
F: ACA ACT TTG GTA TCG TGG AAG G, GAPDH-
R: GCC ATC ACG CCA CAG TTT C. Data analysis
was performed using the ddCT method for relative
quantification. Briefly, threshold cycles (CT) for GAPDH
(control) and DAB2 and Intelectin-1 (samples) were de-
termined in triplicate. The relative expression (rI) was
calculated using the formula: rI=2�(CT sample�CT normal).

Western Blotting
Total proteins were extracted from 5 commercially

available mesothelioma cell lines (ACC-MESO-1, CRL-
5915, ACC-MESO-4, CRL-5946, HMMME) using cell
lysis protein extraction reagent (Cell-LyEX1 kit, TOYO
B-Net, Tokyo, Japan). Approximately 25 mg of protein
was subjected to electrophoresis on a Novex 10% Bis-Tris
gel using a Bolt mini gel tank (Thermo Fisher Scientific,
Yokohama, Japan). The proteins were then transferred to
a Hybond-P PVDF membrane (GE Healthcare, Buck-
inghamshire, UK) using a Mini Blot Module (Thermo
Fisher Scientific). After treating with blocking buffer, the
transfer membrane was incubated with anti-DAB2 anti-
body (1:2000 rabbit polyclonal, catalog #HPA028888;
Sigma-Aldrich, St. Louis, MO), anti-Human Intelectin-1
(1:2000, mouse monoclonal 3G9; Immuno-Biological
Laboratories, Gunma, Japan) overnight at 41C. This
was followed by streptavidin-labeled anti-mouse or anti-
rabbit secondary antibodies (Cell Signaling Technology,
Tokyo, Japan) and Immunostar LD (Wako Pure Chem-
icals, Tokyo, Japan) as a chemiluminescent detection re-
agent. Anti-GAPDH antibody (rabbit polyclonal, Santa
Cruz Biotechnology, CA) was used as control. The blot
membrane was captured by scanning with C-DiGit Blot
Scanner (LI-COR) for detection of proteins of interest.

Immunohistochemical Procedures and Evaluation of
Expression of DAB2 and Intelectin-1

Immunohistochemistry was performed using 3mm
tissue sections prepared from the best representative FFPE
blocks of epithelioid mesothelioma and pulmonary
adenocarcinoma cases. Immunohistochemical staining was
performed using the Ventana Benchmark GX automated
immunohistochemical station (Roche Diagnostics, Tokyo,
Japan). Cell Condition buffer #1 at 951C for 32 minutes
(Roche Diagnostics) was used for antigen retrieval. The
sections were then incubated with primary antibodies to

calretinin (rabbit monoclonal, SP65, prediluted; Roche
Diagnostics), podoplanin (mouse monoclonal, D2-40,
Prediluted; Nichirei Bioscience, Tokyo, Japan), Wilms’
tumor gene product (WT1) (mouse monoclonal, 6F-H12,
1:25; Dako, Glostrup, Denmark), DAB2 (rabbit poly-
clonal, catalog #HPA028888, 1:200; Sigma-Aldrich), and
Intelectin-1 (mouse monoclonal, 3G9, 1:1000; Immuno-
Biological Laboratories). Incubation with the secondary
antibody and detection was performed with Ventana
ultraView Universal DAB Detection Kit.

Immunoreactivity was scored as either negative (no
immunostaining) or positive. Cells showing nuclear
staining for calretinin and WT1, cytoplasmic staining for
DAB2 and Intelectin-1, or membranous staining for po-
doplanin (clone: D2-40) were recorded as “positive.”
Positive immunoreactivity was further scored as 1+
for up to 10% of tumor cells showing positive im-
munostaining, 2+ for 10% to 50% positive tumor cells,
and 3+ for >50% positive tumor cells. Statistical anal-
yses were performed using the Fisher exact test. Sensi-
tivity, specificity, positive predictive value, negative
predictive value, and accuracy rate were calculated using
a simple 2�2 table.

RESULTS

Differential Gene Expression and Validation in
Epithelioid Mesothelioma and Pulmonary
Adenocarcinoma

Of the 44,699 protein coding and 22,829 nonprotein
coding transcripts on the Human Transcriptome 2.0
GeneChip Array, 902 statistically significant mRNA
transcripts were differentially expressed, with a greater
than 1.3-fold difference, between epithelioid mesothelioma
and pulmonary adenocarcinoma (Fig. 1). Hierarchical
clustering of 426 protein coding mRNA transcripts
revealed 197 upregulated mRNA transcripts in epithelioid
mesothelioma, including CALB2, WT1, DAB2, and
Intelectin-1, and 229 upregulated mRNA transcripts in
pulmonary adenocarcinoma, including CEACAM6 and
NAPSA (Fig. 2; Supplementary Table S1, Supplemental
Digital Content 1, http://links.lww.com/PAS/A504).

Real-time RT-PCR showed relative mRNA
expression of DAB2 and Intelectin-1 was significantly
higher in epithelioid mesothelioma than that in pulmo-
nary adenocarcinoma (data not shown). Western blot
analysis showed DAB2 and Intelectin-1 protein
expression in all 5 commercially available mesothelioma
cells lines with an electrophoretic band of 80 kDa with
DAB2 and 1 or 2 electrophoretic bands in the range of 30
to 40 kDa with the Intelectin-1 antibody (Fig. 3).

Immunohistochemical Expression Profiles in
Epithelioid Mesothelioma and Pulmonary
Adenocarcinoma

The expression of positive mesothelioma markers
are summarized in Table 1 and the representative images
for DAB2 and Intelectin-1 expression in epithelioid
mesothelioma and pulmonary adenocarcinoma are pre-
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sented in Figures 4 and 5, respectively. The staining pat-
tern for each marker in 2 tumor types is described in the
following sections.

DAB2 and Intelectin-1 Expression
The expression of DAB2 and Intelectin-1 was lo-

calized in the cytoplasm of tumor cells in epithelioid
mesothelioma cases. Positive DAB2 expression was ob-
served in 60 of 75 epithelioid mesotheliomas (80.0%) and
2 of 67 pulmonary adenocarcinomas (3.0%). In half of
epithelioid mesotheliomas, DAB2 immunoreactivity was
generally strong and diffuse (score 3+). In contrast,
pulmonary adenocarcinomas showing DAB2 expression
was focal (score 1+). In addition, DAB2 expression in
alveolar macrophages in pulmonary adenocarcinomas
was a helpful internal positive control. Positive Intelectin-
1 expression was observed in 57 of 75 epithelioid meso-
theliomas (76.0%), with most of them showing score 3+,
whereas none of the 67 pulmonary adenocarcinomas were
positive for Intelectin-1.

Calretinin, D2-40, and WT1 Expression
Positive calretinin expression was recorded for 74 of

75 epithelioid mesotheliomas (98.7%) and 17 of 67
pulmonary adenocarcinomas (25.4%). In epithelioid
mesotheliomas, immunoreactivity was generally strong
and diffuse (score 3+). In contrast, staining score in
pulmonary adenocarcinomas was 1+ and 2+. There
were no score 3+ cases in pulmonary adenocarcinomas.
Positive D2-40 expression was observed in 71 of 75 epi-
thelioid mesotheliomas (94.7%), with most of them
showing score 3+, whereas only 7 pulmonary ad-
enocarcinomas (10.4%) were focally positive (score 1+
and 2+) for D2-40. Positive WT1 expression was re-
corded in 62 of 75 epithelioid mesotheliomas (82.7%),
whereas none of 67 pulmonary adenocarcinomas (0%)
were positive for WT1.

Sensitivity and Specificity of Each Marker for
Differential Diagnosis of Epithelioid
Mesothelioma and Pulmonary Adenocarcinoma

The sensitivity and specificity of each marker for the
differential diagnosis between epithelioid mesothelioma
and pulmonary adenocarcinoma are shown in Table 2.
Sensitivity of Intelectin-1 (76%) was lowest among 5
positive markers; however, its specificity (100%) was ab-
solute. Sensitivity (80.0%) and specificity (97.0%) of

FIGURE 1. Scatter plot diagram showing differential ex-
pression of various genes between epithelioid mesothelioma
and pulmonary adenocarcinoma. Note, DAB2 and Intelectin-1
locate toward the epithelioid mesothelioma, in addition to
previously known mesothelioma positive markers, CALB2
(calretinin) and WT1, while NAPSA (Napsin-A) and CEACAM6
(major gene for CEA), positive pulmonary adenocarcinoma
markers, locate towards pulmonary adenocarcinoma.

FIGURE 2. Supervised hierarchical clustering of differentially
expressed genes between epithelioid mesothelioma and
pulmonary adenocarcinoma. The hierarchical clustering of
426 protein coding mRNA transcripts revealed 197 upregu-
lated mRNA transcripts in epithelioid mesothelioma and 229
upregulated mRNA transcripts in pulmonary adenocarcinoma.
See detailed data in Supplementary Table S1 (Supplemental
Digital Content 1, http://links.lww.com/PAS/A504).

FIGURE 3. Western blot showing DAB2 and Intelectin-1 ex-
pression in mesothelioma cell lines. DAB2 expression is present
in all 5 mesothelioma cell lines as a single band; however,
Intelectin-1 expression is present as either a single or double
band.
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DAB2 were nearly those of WT1. Specificity of calretinin
(74.6%) was lowest among 5 markers.

DISCUSSION
Pathologically, the role of immunohistochemistry in

distinguishing pleural epithelioid mesothelioma from
pulmonary adenocarcinoma has received much attention
especially in the last 20 years. Currently, there are many
immunohistochemical markers available for distinguish-
ing epithelioid mesothelioma from pulmonary ad-
enocarcinoma. Among these, calretinin, cytokeratin 5/6,
podoplanin (D2-40), and WT1 are the preferred positive
markers for epithelioid mesothelioma. Carcinoembryonic
antigen (CEA), MOC31 (epithelial-related antigen), Ber-
EP4, BG-8, thyroid transcription factor-1, claudin-4, and
napsin-A are the preferred positive markers for pulmo-
nary adenocarcinoma. The IMIG 2012 guidelines rec-
ommended the consideration of 2 mesothelial and 2
carcinoma markers, based on morphology at initial ob-
servation.7 In practice, immunohistochemical examina-
tion, most laboratories use calretinin, D2-40, and WT1
for diagnosis of epithelioid mesothelioma. However,
pathologists must interpret the results of staining by these
markers carefully, as specificity of calretinin (74.6% in
this study, 90% to 95% in IMIG 2012 guidelines) and
D2-40 (88.9% in this study, up to 85% in IMIG 2012
guidelines) is not absolute; additionally, WT1 shows low
sensitivity (82.7% in this study, approximately 90% to
100% in IMIG 2012 guidelines). Therefore, novel positive
immunohistochemical markers, other than calretinin, D2-
40, or WT1, are necessary for increasing the accuracy of
epithelioid mesothelioma diagnosis.

Recent development of molecular techniques enabled
gene expression analysis from RNA extracted from archival
FFPE tumor tissues using GeneChip technology. This
method is very useful to find new diagnostic markers, es-
pecially in rare tumors, including malignant mesothelioma.
We have recently reported the identification of a novel
marker, MUC4, for differentiating pleural sarcomatoid
mesothelioma from pulmonary sarcomatoid carcinoma by
analyzing gene expression data from a gene chip micro-
array.8 In this study, we performed gene expression mi-
croarray analysis of 6 cases of mesothelioma and 6 cases of
pulmonary adenocarcinoma to identify differentially ex-
pressed gene products in epithelioid mesothelioma and

pulmonary adenocarcinoma. We found that the expression
of DAB2 and Intelectin-1 in epithelioid mesothelioma
was significantly higher than that in pulmonary ad-
enocarcinoma and this was validated by real-time RT-PCR
analysis of mRNA extracted from the same tissue source
and Western blot analysis of proteins extracted from mes-
othelioma cell lines. Immunohistochemical analysis showed
that expression of DAB2 and Intelectin-1 in epithelioid
mesotheliomas was significantly higher than that in
pulmonary adenocarcinomas. These novel positive meso-
thelial markers, DAB2 and/or Intelectin-1, contribute in
accurate mesothelioma diagnosis, in addition to known
positive markers (calretinin, D2-40, and WT1). In the
present study, we analyzed gene expression analysis of only
6 cases of epithelioid mesothelioma and 6 cases of pulmo-
nary adenocarcinoma, and found many differentially
expressed genes mentioned in Supplementary Table S1
(Supplemental Digital Content 1, http://links.lww.com/
PAS/A504). As the analysis of substantially larger number
will make these findings more credible, we plan to include
more cases in the future.

DAB2, a mitogen-responsive phosphoprotein, is
expressed in normal ovarian epithelial cells, but is down-
regulated or absent from ovarian carcinoma cell lines, sug-
gesting its role as a tumor suppressor.9 Decreased DAB2
expression has been reported in various human cancers,
including esophageal,10 lung,11 ovarian,9 prostate,12 and
breast13 cancers. DAB2 downregulation in these cancers
were reported partly due to miRNA targeting DAB210,14 or
promoter hypermethylation.13,15 However, the biological
significance or expression of DAB2 has not yet been re-
ported in malignant mesothelioma. In the present study, we
found increased expression of DAB2 in epithelioid meso-
thelioma compared with that in pulmonary adenocarcinoma
by gene expression microarray analysis. We also confirmed
this increased expression of DAB2 in epithelioid meso-
thelioma by real-time RT-PCR and western blot. From the
differential analysis of DAB2 expression between epithelioid
mesothelioma and pulmonary adenocarcinoma by immuno-
histochemical study, we found higher sensitivity and speci-
ficity in epithelioid mesothelioma of >80%. In 2 of the 67
cases of pulmonary adenocarcinoma, DAB2 expression was
identified in tumor cells but with a low immunoreactivity
score. DAB2 expression in pulmonary adenocarcinomas was
present in inflammatory cell infiltration, mainly macro-
phages; therefore, precaution must be taken by the physician

TABLE 1. Immunohistochemical Findings for Epithelioid Mesothelioma and Pulmonary Adenocarcinoma

Epithelioid Mesothelioma Pulmonary Adenocarcinoma

Immunoreactivity Score* Immunoreactivity Score*

Marker n/N (%) 0 1+ 2+ 3+ n/N (%) 0 1+ 2+ 3+

DAB2 60/75 (80.0) 15 12 18 30 2/67 (3.0) 65 2 0 0
Intelectin-1 57/75 (76.0) 18 17 4 36 0/67 (0) 67 0 0 0
Calretinin 74/75 (98.7) 1 7 2 65 17/67 (25.4) 50 10 7 0
Podoplanin (D2-40) 71/75 (94.7) 4 5 6 60 7/67 (10.4) 60 5 2 0
WT1 62/75 (82.7) 13 18 7 37 0/67 (0) 67 0 0 0

*0, negative; 1+, <10% positive; 2+, 10% to 50% positive; 3+, 50%<positive.
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when interpreting pulmonary adenocarcinoma results for
DAB2 expression.

Human Intelectin-1, also known as omentin, is a
galactose-binding lectin that is usually expressed in the
heart and small intestine as a host defense lectin that
binds to bacterial galactofuranose.16 Intelectin-1 is mainly
expressed in the intestinal goblet cells and omentum, and
occasionally in the thymus, bronchus, heart, liver, kidney
collecting tubule cells, bladder umbrella, and mesothelial
cells.17 Recently, the overexpression of Intelectin-1 in
human malignant pleural mesothelioma and its secretion

into pleural effusions indicated toward it being a potential
biomarker.17,18 It was reported that Intelectin-1 was not
expressed in various cancers, except in some mucus-
producing adenocarcinomas.19 In the present study, we
observed high expression of Intelectin-1 mRNA in epi-
thelioid mesothelioma, definite expression of Intelectin-1
in mesothelioma cell lines by western blot analysis, and in
57 of 75 mesothelioma tissue samples by immuno-
histochemical analysis. In addition, we also found
Intelectin-1 expression in non-neoplastic mesothelial
lining cells and goblet cells in bronchi and bronchioles

FIGURE 4. DAB2 and Intelectin-1 expression in epithelioid mesothelioma. Various histomorphologic patterns of epithelioid
mesothelioma showing prominent expression of DAB2 (middle column) and Intelectin-1 (right column). Each row shows epi-
thelioid mesothelioma with corresponding DAB2 and Intelectin-1 immunohistochemistry.
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(data not shown). No Intelectin-1 expression was recorded
in any pulmonary adenocarcinoma cases, confirming its
potential as a novel positive mesothelial marker. The
functional roles of DAB2 and Intelectin-1 expression in
epithelioid mesothelioma need further analysis, which is
beyond the scope of this study.

In conclusion, we identified 2 novel positive markers
of epithelioid mesothelioma, DAB2 and Intelectin-1, by
using gene expression microarray analysis and confirmed
their utility to differentiate epithelioid mesothelioma from

FIGURE 5. DAB2 and Intelectin-1 expression in pulmonary adenocarcinoma. Various histomorphologic patterns of pulmonary
adenocarcinoma showing no expression of DAB2 (middle column) and Intelectin-1 (right column). Each row shows pulmonary
adenocarcinoma with corresponding DAB2 and Intelectin-1 immunohistochemistry. There is focal reactivity of DAB2 in alveolar
macrophages and lymphocytes, which need to interpreted with care.

TABLE 2. Sensitivity and Specificity of Immunohistochemical
Positive Markers for Differential Diagnosis of Epithelioid
Mesothelioma from Pulmonary Adenocarcinoma

Immunohistochemical Markers Sensitivity (%) Specificity

INT-1+ 76.0 100
DAB2+ 80.0 97.0
Calretinin+ 98.7 74.6
D2-40+ 94.7 89.6
WT-1+ 82.7 100
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pulmonary adenocarcinoma by immunohistochemical
study. Further validation of immunohistochemical stain-
ing of these markers by other institutes is warranted.
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A B S T R A C T

Introduction: S-1 is an oral fluoropyrimidine-based combination of tegafur, gimeracil, and oteracil potassium.
Although the combination of S-1 with carboplatin is a first-line chemotherapy regimen for advanced non-small
cell lung cancer (NSCLC), the efficacy and safety of the regimen in the elderly remain unknown.
Methods: The patient inclusion criteria were previously untreated advanced NSCLC, wild-type epidermal growth
factor receptor, aged 70 years or more, and a performance status (PS) of 0–2. The patients received oral S-1
(40 mg/m2, twice daily) for 2 weeks and carboplatin (area under the curve: 5) on day 1 every 4 weeks as
induction treatment. After four induction cycles, S-1 alone (40 mg/m2, twice daily) was administered for 2
weeks every 4 weeks as a maintenance therapy until disease progression. The primary endpoint was the overall
response rate (ORR), which was expected to exceed 20%, and the secondary endpoints included the disease
control rate (DCR), progression-free survival (PFS), overall survival (OS), and the toxicity profile. The associa-
tions between clinical outcomes and expression of genes such as thymidylate synthase and thymidine phos-
phorylase in the tumors were evaluated.
Results: Thirty-three patients were enrolled between March 2013 and June 2015. The median age was 78 (range
70–89) years, and 51.5% had a PS of 0. The ORR was 30.3% (95% confidence interval (CI): 14.6–46.0) and the
DCR 57.6% (95% CI: 40.7–74.4). Grade 3/4 toxicities included thrombocytopenia (42.4%), neutropenia
(33.3%), and anemia (27.3%). There was one treatment-related death due to aspiration pneumonia following
febrile neutropenia. The median PFS and OS were 134 days (95% CI: 79–173) and 479 days (95% CI: 250–571),
respectively. Low thymidine phosphorylase expression was associated with the DCR (P < 0.01).
Conclusion: This study met the predesigned primary endpoint, and the regimen seems to be a favorable treat-
ment option.
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1. Introduction

Lung cancer is the leading cause of cancer-related death worldwide
[1]. Non-small cell lung cancer (NSCLC) accounts for approximately
85% of lung cancers [2]. Oncogenic drivers such as epidermal growth
factor receptor (EGFR) mutations [3] and echinoderm microtubule-as-
sociated protein-like 4–anaplastic lymphoma kinase (EML4–ALK) [4]
have been identified in NSCLC. However, only two targeted drugs are
available clinically: EGFR-tyrosine kinase inhibitor (TKI) and ALK-TKI
[3,5]. Therefore, it is necessary to develop effective chemotherapies
without severe adverse effects for patients who do not benefit from
targeted therapy.

Lung cancer patients 60 years or older have relatively high cancer
mortality rates regardless of sex [1]. Monotherapy using cytotoxic
agents is the standard chemotherapy choice in elderly patients without
an EGFR mutation or the EML4–ALK fusion gene [6–9]. A subset ana-
lysis of a large phase III trial revealed that the survival benefit from
chemotherapy was not influenced by age, and the baseline quality of
life and functional status were the best indicators for selecting treat-
ment-fitted elderly patients [10]. Some recent phase III trials have
evaluated the effectiveness of platinum-doublet chemotherapy in the
elderly [11–13]. Their results were controversial because of early ter-
mination of the trials and differences in the regimens/schedules; how-
ever, combination chemotherapy in fit elderly patients was promising;
thus, the decision to use systemic chemotherapy should not be based on
age alone [14].

S-1 is an oral fluoropyrimidine anticancer agent combining tegafur,
gimeracil, and oteracil potassium. The overall response rate (ORR) and
disease control rate (DCR) for S-1 monotherapy were 22.6–27.6% and
65.5–70.0%, respectively. The median progression-free survival (PFS)
and overall survival (OS) were 3.1–4.0 and 11.2–12.1 months, respec-
tively [15–17]. Grade 3/4 toxicities were observed in 6.9–16.7% of the
patients [15–18]. In a study of long-term S-1 monotherapy following
docetaxel plus cisplatin therapy in patients with curatively resected
NSCLC, Niho et al. observed grade 3/4 toxicities during S-1 mono-
therapy, including anemia in 7.3% and neutropenia in 3.7% [18]. S-1
monotherapy appears to be effective and feasible. Two recent phase III
trials for advanced NSCLC showed the non-inferiority of S-1 combined
with carboplatin or cisplatin compared with standard platinum doublet
chemotherapy [19,20]. Although S-1 plus platinum is considered a
standard regimen for advanced NSCLC, its efficacy in the elderly re-
mains unclear.

We have reported clinical trials using S-1 for patients with locally
advanced NSCLC, including elderly patients (> 70 years old) [21–24].
We also examined the combination of docetaxel and S-1 in patients with
previously treated NSCLC, including the elderly [25]. We believe that S-
1 is efficacious and safe for NSCLC patients, even the elderly. Therefore,
we conducted this phase II study of carboplatin plus S-1 followed by S-1
monotherapy in elderly patients with NSCLC (Clinical trial number:
UMIN000009345).

2. Materials and methods

2.1. Patient selection

This multicenter phase II trial was conducted in accordance with the
Declaration of Helsinki and was approved by the institutional review
board of each participating institution.

Chemotherapy-naïve patients aged ≥70 years old with pathologi-
cally confirmed NSCLC harboring stage IIIB or IV wild-type EGFR, an
Eastern Cooperative Oncology Group performance status (PS) 2 or
lower, and a measurable lesion according to the Response Evaluation
Criteria in Solid Tumors (RECIST) criteria ver. 1.1 were eligible for this
study. EGFR mutations were analyzed in biopsied samples using com-
mercial assays, such as PNA-LNA PCR clamp, PCR-Invader, and
Scorpion-ARMS. Additional inclusion criteria were a white blood cell

count ≥3000/mm3, absolute neutrophil count ≥1500/mm3, platelet
count> 150,000/mm3, hemoglobin level ≥9.0 g/dL, serum bilirubin
level ≤1.5 mg/dL, aspartate aminotransferase and alanine amino-
transferase levels≤2.5-fold the normal ranges, creatinine level
≤1.5 mg/dL, and arterial oxygen pressure ≥60 mmHg. Patients were
excluded it they had symptomatic brain metastasis, interstitial lung
disease, a massive effusion requiring drainage, or severe comorbidities
such as uncontrolled diabetes or cardiac disease or if they were taking
warfarin sodium or dabigatran etexilate. All patients provided written
informed consent.

2.2. Treatment schedule

Carboplatin was given as an intravenous infusion (area under the
curve: 5) on day 1, and S-1 (80 mg/m2 divided into two doses, after
breakfast and dinner) was given orally on days 1–14, every 4 weeks.
After four cycles of the combination therapy, S-1 monotherapy (same
dose and schedule as that used for induction therapy) was continued
until disease progression. The S-1 dose was based on the body surface
area (BSA) as follows: BSA<1.25 m2, 80 mg/day; 1.25 m2 ≤
BSA<1.5 m2, 100 mg/day; and 1.5 m2 ≤ BSA, 120 mg/day. Although
a dose reduction for carboplatin was not permitted, the S-1 dose was
reduced from 120 to 100 mg/day, 100–80 mg/day, or 80–60 mg/day
based on toxicity. Only one dose reduction was allowed. Second-line
chemotherapy or further treatments were given at the physician’s dis-
cretion.

2.3. Patient assessment

Patient assessment, including a physical examination, chest x-ray,
complete blood count, and biochemical profile, was repeated once a
week during the first cycle and at least once per subsequent cycle.
Tumor response was evaluated by computed tomography using RECIST
ver. 1.1 at least once every two cycles until disease progression. A re-
sponse of at least 4 weeks duration was confirmed as a complete or
partial response, and stable disease was defined as disease lasting at
least 6 weeks from initiation of the treatment protocol. DCR was de-
fined according to the complete response, partial response, and stable
disease rates together. Response was confirmed by an independent
extramural review. Toxicities were assessed according to the National
Cancer Institute–Common Toxicity Criteria for Adverse Events ver. 4.0.

2.4. Gene profiling analysis

Tissue samples were collected from patients who participated in this
study and provided additional written informed consent. For quantifi-
cation, 10 μm slices from paraffin-embedded specimens were set aside.
RNA was isolated from tumor tissues using the RNeasy FFPE Kit
(Qiagen, Chatsworth, GA, USA). cDNA was prepared using the High
Capacity Reverse Transcription Kit from Life Technologies (Foster City,
CA, USA), according to the manufacturer’s instruction. The expression
levels of the following six genes were determined by TaqMan real-time
PCR (TaqMan array card; Life Technologies) after TaqMan assay-based
pre-amplification: thymidylate synthase (TS), thymidine phosphorylase
(TP), dihydropyrimidine dehydrogenase (DPD), orotate phosphoribosyl
transferase (OPRT), vascular endothelial growth factor (VEGF), and
excision repair cross-complementing gene 1 (ERCC1). The array card
included ACTB, GAPDH, and RPLP0 as reference genes based on their
validated roles as housekeeping genes [26,27]. The relationships be-
tween gene expression and outcomes, including the response, PFS, and
OS rates, were evaluated.

2.5. Statistical analysis

The primary endpoint of this study was the ORR, and secondary
endpoints included the DCR, PFS, OS, and toxicity profile. OS was
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evaluated from the date of study entry to death. The final analysis was
planned for 1 year after the last patient was registered.

Assuming that an ORR of 20% would support the potential useful-
ness of the therapy, whereas an ORR of 5% would be at the lower limit
of interest, with alpha = 0.10 and beta = 0.20, the estimated accrual
was 28 patients for this study. Given the possibility of variance inflation
due to censoring or protocol violation, the sample size was set at 32
patients. Survival was estimated using the Kaplan–Meier method. The
difference among survival curves was evaluated using the log-rank test.
Patient characteristics and gene expression profiles or treatment re-
sponse were compared between groups using the χ2 test. The statistical
analyses were performed using Stata for Windows, ver. 14.0 (Stata,
College Station, TX, USA).

3. Results

3.1. Patient characteristics

We enrolled 33 patients between Mar 2013 and June 2015 in this
study. Table 1 shows the baseline patient characteristics. The median
age was 78 (range 70–89) years. The proportion of males was 84.8%,
and patients with adenocarcinoma and squamous cell carcinoma com-
prised 57.6% (19/33) and 39.4% (13/33), respectively. Most patients
were current or former smokers (84.9%), and the median Brinkman
index was 840.

3.2. Treatment

The median number of induction treatment (carboplatin plus S-1)
cycles was 3 (range 1–4), and 15 patients (45.5%) subsequently re-
ceived maintenance S-1 monotherapy. Four cycles of combination
chemotherapy were completed by 42.4% (14/33) of the patients. The
main reasons for discontinuation during induction were prolonged
neutropenia and thrombocytopenia. Dose reduction was necessary
during the induction phase in 36.4% (12/33) of the patients, while no
reductions were necessary during the maintenance phase. At the time of
analysis on July 30, 2016, 21.2% (7/33) of patients were alive and
received subsequent chemotherapy, and one patient continued S-1
maintenance therapy.

3.3. Response and survival analyses

The response was assessed in 32 of the 33 enrolled patients; the
remaining patient dropped out of the study because of a grade 3 skin
toxicity during the first course of treatment before the radiological

evaluation. The proportion of patients who achieved a response was
30.3% (10/33; 95% confidence interval [CI]: 14.6–46.0, 90% CI:
17.2–43.4), which met the primary endpoint of an ORR ≥ 20% (lower
limit of 90% CI 17.2> the lower limit of interest 5%). The DCR was
57.6% (95% CI: 40.7–74.4, Table 2). Table 3 shows the subgroup
analysis of the treatment responses and survival according to histology.
There was no significant difference in the ORR between patients with
squamous cell carcinoma and those with adenocarcinoma (p= 0.94, χ2

test). The median follow-up was 808 (range 293–1204) days, the
median PFS was 134 days (95% CI: 79–173), and the median survival
time (MST) was 479 days (95% CI: 250–571). Fig. 1A and B show the
PFS and OS curves for all patients, respectively. The 1-year survival rate
was 54.1% (95% CI: 35.7–69.3). The PFS curves were similar between
patients with adenocarcinoma and those with squamous cell carcinoma
(Fig. 2A). Although the MST was longer in patients with adenocarci-
noma than in those with squamous cell carcinoma (571 vs. 250 days;
Fig. 2B), the difference was not significant (p = 0.06).

3.4. Post-study chemotherapy

Overall, 70.0% (23/33) of the patients received subsequent post-
study systemic chemotherapy (Table S1). Of these, 14 patients (42.4%)
received further chemotherapy. The median post-study treatment line
was 1 (range 0–5). Although most of the patients received single-agent
chemotherapy, four received combination chemotherapy (amrubicin
plus erlotinib, gemcitabine plus vinorelbine, or docetaxel plus bev-
acizumab). The patients were administered the following agents: doc-
etaxel (31.6%), pemetrexed (31.6%), nab-paclitaxel (23.7%), and

Table 1
Patient characteristics.

Characteristic n (%)

Age, median (range), years 78 (70–89)
Sex
Male 28 (84.9)
Female 5 (15.2)
ECOG performance status
0/1/2 17/13/3 (51.5/39.4/9.1)
Histology
Adenocarcinoma 19 (57.6)
Squamous cell carcinoma 13 (39.4)
Not otherwise specified 1 (3.0)
Tumor stage
Recurrence/IIIB/IV 3/5/25 (9.1/15.2/75.8)
Current/former/never smoker 2/26/5 (6.1/78.8/15.2)
Brinkman Index
< 400 8 (24.2)
≥400 25 (75.8)
Median (range) 840 (0–1800)

Abbreviations: ECOG, Eastern Cooperative Oncology Group.

Table 2
Objective treatment response and survival.

n %

Complete response 0 0.0
Partial response 10 30.3
Stable disease 9 27.3
Progressive disease 13 39.4
Not assessable 1 3.0
Overall response rate 10 30.3
(95% CI) (14.6–46.0)
Disease control rate 19 57.6
(95% CI) (40.7–74.4)
Survival
Median PFS (days) (95% CI) 134 (79–173)
Median OS (days) (95% CI) 479 (250–571)
1-y survival rate (%) (95% CI) 54.1 (35.7–69.3)

Abbreviations: CI, confidence interval; OS, overall survival; PFS, progression-free survival.

Table 3
Objective response and survival rates according to tumor histology.

ADC (n = 19) SCC (n = 13)

No. % No. %

Complete response 0 0.0 0 0.0
Partial response 6 31.6 4 30.8
Stable disease 5 26.3 4 30.8
Progressive disease 8 42.1 4 30.8
Not assessable 0 0.0 1 7.7
Overall response rate 6 31.6 4 30.8
(95% CI) (10.7–52.5) (0.06–55.9)
Disease control rate 11 57.9 8 61.5
(95% CI) (35.7–80.1) (35.1–88.0)
Survival
Median PFS (days) (95% CI) 148 (64–193) 95 (68–244)
Median OS (days) (95% CI) 571 (317–763) 250 (95–374)
1-y survival rate (%) (95% CI) 73.3 (47.2–87.9) 30.8 (9.5–55.4)

Abbreviations: ADC, adenocarcinoma; CI, confidence interval; OS, overall survival; PFS,
progression-free survival; SCC, squamous cell carcinoma.
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others (13.2%). One patient received alectinib, because the EML4–ALK
fusion gene was detected later. One patient received nivolumab.

3.5. Gene profiling analysis

Gene expression analyses were performed in 17 of the 33 patients.
The expression of six genes (TS, TP, DPD, OPRT, ERCC1, and VEGF)
was successfully measured in these 17 patients. Fig. S1 shows the PFS
and OS curves. The cut-off values were based on the median expression
level of each gene. In the histological subgroup analysis (Fig. S2), TS
expression was higher in the patients with squamous cell carcinoma,
albeit not significantly (p= 0.085, χ2 test). Low TP expression was
significantly correlated with a better DCR (p = 0.004, χ2 test). Figs. S3
and S4 show the distribution of gene expression stratified according to
response. There were no significant differences in the PFS or OS stra-
tified by each gene (Figs. S5 and S6).

3.6. Safety

Table 4 shows the adverse event profile. The majority of the grade 3
or higher adverse events were thrombocytopenia (42.4%), neutropenia
(33.3%), and anemia (27.3%). One patient developed grade 3 skin
toxicity (erythema multiforme) just before beginning the second cycle
of carboplatin/S-1. He recovered fully after discontinuing all suspected
drugs, including S-1, and received prednisolone 30 mg/day for several
days. Because we could not rule out S-1-related skin toxicity, we
decided to discontinue the protocol treatment. Two deaths (6.1%) oc-
curred during the study. One patient died after four cycles of main-
tenance S-1 monotherapy of a spontaneous pneumothorax due to rup-
tured bullae in the contralateral lung; death was thus considered to be
unrelated to the S-1 treatment. The other died of aspiration pneumonia
following febrile neutropenia and was deemed a treatment-related
death.

4. Discussion

This phase II trial met the pre-designed primary endpoint
(ORR ≥ 20%), with a favorable survival outcome and moderate toxi-
cities, in elderly patients with advanced NSCLC. Low TP expression in
tumors might serve as a marker predictive of a better DCR.

Standard chemotherapy regimens have been established for elderly
NSCLC patients in the last two decades. In 1999, an Italian group re-
ported the first results from a phase III trial of vinorelbine monotherapy
compared with supportive care alone for the elderly. The survival
outcome was significantly better in the chemotherapy arm (MST: 6.4

Fig. 1. Progression-free and overall survival curves for all patients.

Fig. 2. Progression-free and overall survival curves according to tumor histology.

Table 4
Incidence of adverse events.

Adverse event Grade 3 (%) Grade 3 or higher (%)

General
Fatigue 0.0 0.0
Anorexia 0.0 0.0
Nausea 0.0 0.0
Vomiting 0.0 0.0
Skin rash 0.0 0.0
Febrile neutropenia 9.1 12.1
Pneumothorax 0.0 3.0
Erythema multiforme 0.0 3.0

Hematological
Neutropenia 24.2 33.3
Anemia 27.3 27.3
Thrombocytopenia 33.3 42.4

Biochemical
AST/ALT elevation 0.0 0.0
Creatinine elevation 0.0 0.0

Abbreviations: ALT, alanine amino transferase; AST, aspartate amino transferase.
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months in the vinorelbine arm vs. 4.8 months in the supportive care
arm) [7]. Subsequently, a phase III trial comparing vinorelbine, gem-
citabine, and both drugs together showed no survival benefit in the
combination arm [8]. Thus, single-agent monotherapy was proposed as
the standard regimen for the elderly. A Japanese group evaluated the
efficacy of docetaxel versus vinorelbine. Previously untreated stage
IIIB/IV NSCLC patients, ≥70 years of age with a PS of 2 or lower, were
enrolled. Although there was no significant difference in OS between
the two treatment arms, PFS and ORR were significantly better in the
docetaxel arm than in the vinorelbine arm (median PFS: 5.5 months vs.
3.1 months, p < 0.001; ORR: 22.7% vs. 9.9%, p = 0.019) [9]. We also
found that docetaxel was effective in select elderly patients (> 75 years
old) with advanced NSCLC [28]. Thus, docetaxel monotherapy was
proposed as the standard treatment for the elderly in Japan.

Two phase III trials of S-1 combined platinum doublet che-
motherapy showed possible survival benefit in patients with squamous
cell carcinoma than those with adenocarcinoma [20,29]. On the con-
trary, possible survival benefit was observed in the adenocarcinoma
group in our study (Fig. 2B). Thus, it remains unclear whether the
combination of S-1 with platinum has different efficacy between ade-
nocarcinoma and squamous cell carcinoma. Further investigations are
warranted.

Chemotherapy-related adverse events are likely to arise in the el-
derly, probably because of their impaired organ functions and co-
morbidities compared with younger patients. Grade 3/4 neutropenia is
associated with serious complications. The previously reported [9] in-
cidence of grade 3/4 neutropenia (82.9%) caused by docetaxel mono-
therapy was greater than that in the present study (33.3%). Therefore,
the carboplatin/S-1 combination seems to be safer than docetaxel
monotherapy in terms of neutropenia.

Age is an important factor when choosing a chemotherapy regimen.
Although the benefits of chemotherapy are similar regardless of age,
toxicities generally are more common in the elderly [30]. In a rando-
mized phase III trial, Quoix et al. compared carboplatin and weekly
paclitaxel with monotherapy in elderly patients with advanced NSCLC
[31]. Grade 3/4 hematological toxicities were significantly more fre-
quent in the combination chemotherapy group than in the mono-
therapy group. The incidence of treatment-related deaths with the
combination therapy was also high (4.4% vs. 1.3%). However, both PFS
and OS were significantly longer in patients treated with the combi-
nation therapy (median PFS: 6.0 vs. 2.8 months, MST: 10.3 vs. 6.2
months) [31]. Table S2 shows the results from representative trials of
platinum combination therapy conducted in elderly (≥70 years) pa-
tients with NSCLC. The median PFS and MST ranged from 4.7 to 6.2
months and from 10.3 to 17.0 months, respectively. The survival ben-
efit observed in our study was comparable with that in those studies
[12,13,31,32]. The efficacy and safety of S-1 plus carboplatin have not
been evaluated in the elderly. In addition, no related subset analyses
have been reported [19,33–35]. Compared with those studies, the re-
sponse and survival benefit in our study were comparable or better, but
the incidence of adverse events was higher (Tables S2 and S3).

The expression of six genes, TS, TP, DPD, OPRT, VEGF, and ERCC1,
were evaluated in this study. High TS expression is often observed in
squamous cell carcinoma and is associated with a poor treatment re-
sponse to fluorouracil [36–38]. However, there were no significant
differences in PFS or OS according to TS expression, which might be
because of the small sample size. By contrast, lower TP expression was
significantly correlated with a better DCR. Low TP expression led to a
better response and survival in gastric cancer patients [37,39]. TP is an
enzyme involved in pyrimidine nucleotide metabolism, and low TP
expression might be advantageous for tumor shrinkage or stabilization
by S-1. TP was recently found to be the same molecule as platelet-de-
rived endothelial cell growth factor, which stimulates the chemotaxis of
endothelial cells and angiogenesis [40,41], and high TP expression was
correlated with increased angiogenesis and a poor prognosis [42–46].
Therefore, the importance of TP expression in NSCLC should be

clarified.
There were some limitations to our study. First, this was a single-

arm study. Patient selection bias could not be eliminated. Second, the
significance of S-1 maintenance has not been established. Only one
report has examined S-1 maintenance therapy for advanced NSCLC
[47], although it has been evaluated for other malignancies and in an
adjuvant setting for NSCLC [48–52]. Suzuki, et al. reported S-1 main-
tenance therapy following four cycles of carboplatin and S-1 induction
therapy in patients with advanced squamous cell lung cancer [47]. The
median age was 72 years (range, 57–89 years), and 19 patients (37.3%)
were aged>75 years. The treatment seemed feasible and tolerable
even in the population including elderly. Further studies are needed to
reveal the efficacy and survival benefit of S-1 maintenance therapy.
Third, tissue samples were collected for gene expression analysis in only
52% (33/17) of the subjects. The relationship between TP gene ex-
pression and treatment outcome should be verified in future studies.
Fourth, we could not evaluate quality of life, comorbidities, number of
medications, or functional and cognitive status, which should be eval-
uated in future studies of NSCLC in the elderly.

In conclusion, carboplatin plus S-1 had favorable efficacy and tol-
erable toxicity for the elderly with NSCLC. This study met the prede-
signed primary endpoint, and the regimen seems to be a treatment
option. We need to conduct further studies to evaluate whether this
combination is superior to the standard first-line treatment for the el-
derly.
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Abstract 

A 73-year-old man was referred to our hospital after a 2-week history of bloody sputum and 

cough. Computed tomography (CT) images of the chest showed a mass grouped with medi-

astinal lymph nodes, and bronchoscopy showed a projecting mass in the right main bron-

chus. After a transbronchial biopsy, the patient was diagnosed with squamous cell carcinoma 

(T4N2M0 stage IIIB). The patient was treated with systemic chemotherapy, consisting of cis-

platin (40 mg/m
2
, days 1 and 8) and docetaxel (30 mg/m

2
, days 1 and 8), and concurrent 

thoracic irradiation at a daily dose of 2 Gy. On day 35 of treatment, the patient complained of 

a sore throat and cough. A CT of the chest showed punctate low-attenuation foci between 

the esophagus and bronchus. Gastrointestinal endoscopy and bronchoscopy demonstrated a 

fistula in the middle intrathoracic esophagus and the left main bronchus. The patient’s symp-

toms gradually improved, and the fistula was closed after the suspension of chemoradiother-

apy. Radiotherapy was resumed and completed on day 82. However, on day 108, he devel-

oped a fever and cough, and a tumor with fistula was revealed in the right main bronchus. 

He had an esophageal stent inserted, but he later died of sudden hemoptysis. 
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Introduction 

An esophagobronchial fistula represents a connection between the esophagus and the 
bronchus, resulting from direct neoplastic infiltration and necrosis between the esophagus, 
bronchi, and mediastinum [1]. A fistula could also be induced by necrosis or cytoreduction of 
the tumor, though there is no clear evidence that treatment modalities such as chemothera-
py or radiotherapy increase the incidence of fistula formation [2]. We report on a patient 
with squamous cell carcinoma of the lung who developed an esophagobronchial fistula twice 
in his clinical course. The first one developed during chemoradiotherapy, and the second one 
was thought to be due to extension of the tumor. 

Case Report 

A 72-year-old Japanese man was referred to our hospital after 2 weeks of bloody spu-
tum and cough. He had a history of hypertension but was not treated with medication. He 
had smoked between the ages of 20 and 72 years, and had been exposed to asbestos at ship-
yards for 15 years. Physical examination revealed a slight wheeze in the bilateral lungs, and 
no superficial lymph nodes were palpated. A blood test revealed elevated white blood cells, 
C-reactive protein, and serum calcium levels. Tumor markers were slightly elevated in carci-
noembryonic antigen (13.4 ng/mL) and cytokeratin 19 fragment (12.9 ng/mL). Computed 
tomography (CT) of the chest showed a 60-mm mass grouped with mediastinal lymph 
nodes, which invaded the right main bronchus (Fig 1a, b). After a transbronchial biopsy of 
the mass, the diagnosis of squamous cell carcinoma was made. The staging workup, includ-
ing magnetic resonance imaging of the brain and whole-body fluorine-18 2-fluoro-2-deoxy-
d-glucose positron emission tomography, revealed his disease as cT4N2M0, stage IIIB.  

The patient was treated with systemic chemotherapy, consisting of cisplatin (40 mg/m2, 
days 1 and 8) and docetaxel (30 mg/m2, days 1 and 8), and concurrent thoracic irradiation at 
a daily dose of 2 Gy. On day 35 of treatment, he complained of a sore throat and cough, and a 
CT of the chest showed punctate low-attenuation foci between the esophagus and bronchus 
(Fig. 1c). Gastrointestinal endoscopy and bronchoscopy demonstrated a fistula in the middle 
intrathoracic esophagus and the left main bronchus, respectively (Fig. 2a, b). After the sus-
pension of chemoradiotherapy and abstaining from eating, his symptoms gradually im-
proved and the fistula was closed on day 52 (Fig. 2c). Radiotherapy at 2 Gy was resumed 
every other day and 60 Gy was completed on day 82. The fistula remained closed and the 
patient was discharged after the second course of chemotherapy.  

However, he was referred to our hospital for a sore throat and fever again on day 108. A 
CT of the chest showed a clear connection between the esophagus and the right main bron-
chus (Fig. 3a), and there was ground glass opacity spread in the right lower lung. Bronchos-
copy demonstrated a mass with the fistula in the right main bronchus (Fig. 3b). Pathological 
analyses of the mass showed poorly differentiated squamous cell carcinoma. Based on these 
findings, the patient was diagnosed with a relapse of the cancer. He had an esophageal stent 
inserted; however, he died of sudden hemoptysis on day 146. An autopsy was not allowed. 
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Discussion 

The development of an esophagobronchial fistula is a devastating and life-threating 
complication. The incidence of fistula in lung cancer is rare compared with that in esophage-
al cancer (0.16 vs. 4.9%). A fistula may occur in lung cancer when the tumor makes contact 
with the esophagus [2]. In the current case, the tumor was located in the mediastinal space 
and close to the middle intrathoracic esophagus. The first fistula was considered the result of 
tumor necrosis and damage to the mucous membrane induced by chemoradiotherapy, be-
cause the fistula developed in the left main bronchus and the initial tumor in the right main 
bronchus disappeared at that time. This speculation was also supported by the finding that 
the fistula improved after 3 weeks’ interruption of chemoradiotherapy. On the other hand, 
the second fistula was considered the result of tumor progression, because the fistula was 
associated with a tumor that had the same histology as the initial tumor. To our knowledge, 
this is the first report of an esophagobronchial fistula developing twice in 1 patient by differ-
ent mechanisms. 

An esophagobronchial fistula is a serious complication and the survival time is around 8 
months [3]. Direct surgical closure, chemotherapy, and radiotherapy [4] may be used to 
close the fistula. However, the utility of these treatments was not established, and stent in-
sertion is currently recommended in such situations for symptomatic relief [5]. An esopha-
geal stent was inserted in the current case; however, long-term symptomatic relief was not 
obtained due to massive hemoptysis. 

Chemoradiotherapy is a standard treatment option for locally advanced lung cancer [6], 
even in cases where the tumor is located close to or invades the esophagus. In such cases, 
physicians should be extremely cautious about the development of esophagobronchial fistu-
la during and after treatment. In addition to the CT scanning, gastrointestinal endoscopy, 
before and during treatment, might be considered for early detection of a fistula. In conclu-
sion, we reported a case of squamous cell carcinoma of the lung in a patient who twice de-
veloped an esophagobronchial fistula that was caused by different mechanisms.  
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Fig. 1. Computed tomography (CT) of the chest at the initial presentation showing a mass grouped with 

mediastinal lymph nodes, which invaded the right main bronchus: axial view (a) and coronal view (b).  

c The CT of the chest on day 35 of treatment demonstrated punctate low-attenuation foci between the 

esophagus and bronchus. 



 

Case Rep Oncol 2017;10:553–557 

DOI: 10.1159/000477659 © 2017 The Author(s). Published by S. Karger AG, Basel 
www.karger.com/cro 

Ozeki et al.: Esophagobronchial Fistula in a Patient with Squamous Cell Carcinoma of the 
Lung: A Case Report 

Fig. 2. Gastrointestinal endoscopy and bronchoscopy demonstrated a fistula in the middle intrathoracic 

esophagus (a) and the left main bronchus (b), respectively. After the suspension of chemoradiotherapy and 

abstaining from eating, the fistula was closed (c). 

Fig. 3. a Computed tomography of the chest on day 108, showing a connection between the esophagus and 

the right main bronchus. b Bronchoscopy demonstrated a tumor with the fistula in the right main bron-

chus. 
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Abstract 

A 65-year-old woman visited our hospital due to right chest pain and dyspnea on exertion. 

Chest radiography revealed decreased permeability of the right lung. Computed tomography 

demonstrated a huge mass in the right upper lobe and right pleural effusion. Right pleural 

effusion cytology yielded a diagnosis of adenocarcinoma and was positive for mutation of 

epidermal growth factor receptor (EGFR; exon 21 L858R). Afatinib was selected for the initial 

treatment. Multiple tumors regressed remarkably, but then rapidly progressed 3 months 

later. We performed re-biopsy to detect the mechanism of resistance to afatinib. Histo-

pathology revealed a mixture of small cell carcinoma (SCC) and adenocarcinoma harboring 

same EGFR mutation. To the best of our knowledge, this is the first report of transformation 

to SCC after treatment with afatinib. © 2017 The Author(s) 

 Published by S. Karger AG, Basel 



 

Case Rep Oncol 2017;10:666–670 

DOI: 10.1159/000479147 © 2017 The Author(s). Published by S. Karger AG, Basel 
www.karger.com/cro 

Nishimura et al.: Adenocarcinoma of the Lung Acquiring Resistance to Afatinib by 
Transformation to Small Cell Carcinoma: A Case Report 

Introduction 

Lung cancers harboring epidermal growth factor receptor (EGFR) mutations usually re-
spond to EGFR tyrosine kinase inhibitors (TKIs), but most acquire resistance [1, 2]. Trans-
formation of the tumor has been reported to be one of the mechanisms of acquired re-
sistance after treatment with first-generation EGFR-TKIs [3]. However, few reports have 
described transformation during treatment with the second-generation EGFR-TKI afatinib 
[4]. We report a case of adenocarcinoma of the lung that acquired resistance to afatinib via 
transformation to small cell carcinoma (SCC). 

Case Report 

A 65-year-old woman visited our hospital due to right chest pain and dyspnea on exer-
tion. A chest radiograph revealed decreased permeability of the right lung (Fig. 1a). Comput-
ed tomography (CT) demonstrated a huge mass in the right upper lobe (Fig. 1b) and right 
pleural effusion. In addition, multiple masses were detected on the left lung, liver, and left 
adrenal grand, as well as mediastinal lymphadenopathy. Pathological examination of the 
right pleural effusion and a transbronchial biopsy from the right upper bronchus yielded a 
diagnosis of adenocarcinoma of the lung. Because an EGFR mutation (exon 21 L858R) was 
detected, treatment with afatinib was initiated. 

Multiple tumors remarkably regressed in 1 month, but paronychia (grade 3) appeared 
in 2 months. Due to difficulties in daily life, the treatment was interrupted for 2 weeks. CT 
images 3 months after the initial treatment demonstrated growth of the tumors in the lung. 
We performed another transbronchial biopsy to determine the mechanisms of resistance to 
afatinib. Histopathological examination revealed a mixture of SCC and adenocarcinoma (Fig. 
2) harboring the same EGFR mutation as the initial biopsy specimen. Systemic chemothera-
py consisting of cisplatin and irinotecan was administered, but no tumor regression was 
evident and carcinomatous pericarditis occurred. In addition, the patient complained of con-
sciousness disorder and convulsions. Lumbar puncture identified adenocarcinoma cells in 
the cerebrospinal fluid. The patient was diagnosed with carcinomatous meningitis and erlo-
tinib treatment was administered. However, no symptomatic improvement occurred and the 
patient died 5 months after the initial diagnosis. Autopsy was not allowed. 

Discussion 

In lung cancers harboring EGFR mutations, EGFR-TKIs demonstrate a favorable re-
sponse, but drug resistance emerges in most cases. A transformation of adenocarcinoma to 
SCC is one of the resistance mechanisms in first-generation EGFR-TKIs and occurs in 14% of 
resistant cases, in which the same EGFR mutation is found before and after the changes [5]. 
An amplification of MET, a high affinity tyrosine kinase receptor for hepatocyte growth fac-
tor, and a T790M mutation have been reported as resistance mechanisms of the second-
generation EGFR-TKI afatinib [4]. However, to the best of our knowledge, this is the first 
report of transformation to SCC after afatinib treatment. 

In the current case, SCC cells were found 3 months after the initial treatment with afat-
inib. After the chemotherapy for SCC, the carcinomatous meningitis progressed rapidly. 
Thus, we hypothesized that a very early stage of SCC development was observed in the cur-
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rent case. Although there is a possibility that adenocarcinoma and SCC coexisted from the 
initial diagnosis, a transbronchial biopsy from the same spot demonstrated adenocarcinoma 
alone at the time of the initial diagnosis and adenocarcinoma and SCC at the re-biopsy. We 
consider these findings to support our hypothesis.  

When resistance to an EGFR-TKI occurs in lung cancer harboring an EGFR mutation, re-
biopsy is recommended to reveal the resistance mechanisms. For cases with a T790M muta-
tion in exon 20, osimertinib has been reported to be a promising treatment option [6]. Re-
cently, the utility of liquid biopsy has been reported for the detection of the T790M mutation 
[7]. However, to date, SCC transformation cannot be detected by liquid biopsy. In cases in 
which EGFR-TKI treatment fails, re-biopsy should be applied to reveal the resistance mecha-
nisms and aid in the selection an appropriate treatment. 

Favorable results of systemic chemotherapy consisting of platinum and etoposide or iri-
notecan have been reported in cases of SCC transformation [8], but little response was ob-
served in the current case and the adenocarcinoma progressed rapidly. The effect of EGFR-
TKIs for transformed SCC is reported to be limited [9]. A treatment strategy for transformed 
SCC and existing adenocarcinoma should be established. 

In conclusion, we reported a case of EGFR-mutated adenocarcinoma of the lung that 
transformed to SCC. 
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Fig. 1. a Chest radiograph showing decreased permeability of the right lung. b CT image of the chest 

demonstrating a huge mass in the right lung and right pleural effusion. 
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Fig. 2. Pathological analysis of the transbronchial re-biopsy specimen revealed adenocarcinoma (left circle) 

and small cell carcinoma (right circle). 
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Summary

The cause of pleural effusion remains uncertain in approximately 15% of

patients despite exhaustive evaluation. As recently described

immunoglobulin (Ig)G4-related disease is a fibroinflammatory disorder that

can affect various organs, including the lungs, we investigate whether

idiopathic pleural effusion includes IgG4-associated etiology. Between 2000

and 2012, we collected 830 pleural fluid samples and reviewed 35 patients

with pleural effusions undiagnosed after pleural biopsy at Yamaguchi-Ube

Medical Center. Importantly, IgG4 immunostaining revealed infiltration of

IgG4-positive plasma cells in the pleura of 12 patients (34%, IgG41 group).

The median effusion IgG4 level was 41 mg/dl in the IgG41 group and

27 mg/dl in the IgG42 group (P < 0�01). The light and heavy chains of

effusion IgG4 antibodies of patients in the IgG41 group were heterogeneous

by two-dimensional electrophoresis, indicating the absence of clonality of

the IgG4 antibodies. Interestingly, the j light chains were more

heterogeneous than the k light chains. The measurement of the j and k free

light chain (FLC) levels in the pleural fluids showed significantly different j
FLC levels (median: 28�0 versus 9�1 mg/dl, P < 0�01) and j/k ratios

(median: 2�0 versus 1�2, P < 0�001) between the IgG41 and IgG42 groups.

Furthermore, the j/k ratios were correlated with the IgG41/IgG1 plasma

cell ratios in the pleura of the IgG41 group. Taken together, these results

demonstrate the involvement of IgG4 in certain idiopathic pleural effusions

and provide insights into the diagnosis, pathogenesis and therapeutic

opportunities of IgG4-associated pleural effusion.

Keywords: fibrinous pleuritis, free light chain, IgG4-related disease, pleural

effusion

Introduction

Pleural effusion remains common, originating from a wide

range of pathologies including congestive heart failure,

pneumonia and cancer [1]. A diagnostic algorithm for the

differentiation of a pleural effusion proposed by Light et al.

has been widely accepted [2] and recommended in the

British Thoracic Society pleural disease guideline [3].

Nonetheless, the cause of the pleural effusion remains

unclear in a substantial percentage of patients with persis-

tently exudative effusions after the history, physical exami-

nation and biochemical and cytological tests of pleural

fluid [4–6]. No diagnosis has been established for up to

15% of patients, despite invasive procedures such as thora-

coscopy or open pleural biopsy [4,6,7]. Therefore, a new

approach is needed to detect the cause(s) of undiagnosed

pleural effusions [8–11]. Because immunoglobulin G4

(IgG4)-related disease is recognized as a fibroinflammatory

condition of unknown cause that can affect multiple organs

including the lungs and pleura [12,13], IgG4 might be

related to certain idiopathic pleural effusions.

Hamano et al. originally reported elevated serum IgG4

concentrations in patients with autoimmune pancreatitis

[14], and IgG4-related autoimmune disease has been pro-

posed as a new clinicopathological entity characterized by

IgG41 plasma cell infiltration [15]. High serum IgG4 levels

and infiltration of IgG41 plasma cells have also been

reported in other organs, including salivary and lacrimal

glands [15–18]. Although the criteria for diagnosis of
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IgG4-related disease in the lung have not been established,

elevated serum IgG4 concentrations and histopathological

examinations, such as marked lymphoplasmacytic infiltra-

tion including IgG41 cells and fibrosis, have been recom-

mended [19–21]. Taniguchi et al. have reported interstitial

pneumonia associated with autoimmune pancreatitis and

marked infiltration of IgG41 plasma cells in the pulmonary

alveolar septum [22]. Common radiological findings of

IgG4-related lung disease include hilar and mediastinal

lymphadenopathy, thickening of perilymphatic interstitium

with or without subpleural and/or peribronchovascular

consolidation, and the pathological examination reveals

lymphoplasmacytic infiltration with fibrosis, which corre-

lates well with the radiological manifestations [23].

It has been reported that pleural effusion may occur in

association with systemic IgG4-related disease [16,24–30].

Conversely, there have been a few case reports on isolated

IgG4-related pleural effusion [26,31,32], but little is known

about the involvement of IgG4 in the pleural effusion. In

this study, we hypothesize that idiopathic pleural effusions

include IgG4-associated aetiology and demonstrate pleural

infiltration of IgG41 plasma cells in a substantial percent-

age of patients with idiopathic pleural effusion.

Methods

Patients

Idiopathic pleural effusion was defined as any persistent,

exudative pleural effusion that remains undiagnosed after

the history and physical examination, biochemical and

cytological studies of pleural fluid, radiographic examina-

tions and histopathological analysis of biopsied specimens

[4,6]. Diagnosis of idiopathic pleural effusion was made

after a minimum of 1-year follow-up (range 5 1–10 years),

with detailed exploration including computed tomographic

(CT) scanning to exclude other causes of effusion such as

malignant pleural mesothelioma and carcinomatous pleur-

itis, according to previous studies that mainly performed

follow-up of 1–2 years [4,7,33–36]. In this retrospective

study, we accumulated 830 pleural fluid samples at

Yamaguchi-Ube Medical Center between 2000 and 2012

and reviewed 35 patients with undiagnosed pleural effu-

sions who underwent thoracoscopy and pleural biopsy,

after excluding three patients who had a malignancy during

follow-up. Biochemical data were obtained for the sera and

pleural fluids when thoracentesis was conducted. Biological

and bacterial analyses of sera and pleural fluids, CT scan,

cytological and histological examination did not demon-

strate malignancy or infectious disease in patients with

pleural effusions. The patients’ pleural fluids were stored at

2808C until use. This study was approved by the institu-

tional review board of NHO Yamaguchi-Ube Medical

Center (Approval no. 26–2). Written informed consent was

obtained from each patient or their family for the use of

data and samples.

IgG4 immunohistochemistry

The parietal pleura were obtained from biopsy specimens.

Immunostaining for IgG or IgG4 was performed by activa-

tion of the pleura with 0�1% trypsin, incubation with rab-

bit polyclonal anti-human IgG antibody (Dako, Glostrup,

Denmark; cat. no. A0423) or biotinylated mouse monoclo-

nal anti-human IgG4 antibody (clone HP-6025; Sigma

B3648; Sigma, St Louis, MO, USA) [37,38] and HistoFineVR

Simple StainTM Max PO Multi (Nichirei Biosciences,

Tokyo, Japan; cat. no. 724152), and development with 3,3’-

diaminobenzidine (Nichirei Bioscience; cat. no. 715301).

The average number of IgG41 plasma cells within three

high-power fields (HPFs) was calculated, and patients with

the presence of > 10 IgG41 plasma cells/HPF and an

IgG41/IgG1 cell ratio of > 40%, as described for biopsy

specimens [23,38,39], were assigned to the IgG41 group.

Immunoglobulin analysis of pleural fluids

IgG1, IgG2, IgG3, IgG4, IgM, IgA and IgE in pleural fluids

were quantitated with Bio-Plex Pro Assays Human Isotyp-

ing 7-Plex (Bio-Rad, Hercules, CA, USA), according to the

manufacturer’s instructions. Bio-Plex Suspension Array

System was operated with Bio-Plex Manager (version 6�0).

Purification of IgG4 antibodies from pleural fluids

IgG4 was purified from pleural fluids by diethylaminoethyl

(DEAE)-cellulose ion exchange chromatography and sub-

sequently by affinity chromatography on anti-IgG4 anti-

body-coupled Sepharose-4. Pleural fluid was dialyzed

against 0�01 M phosphate buffer (pH 7�0). DEAE-cellulose

(DE52; Whatman Biosystems, Chalfont St Giles, UK) in a

column (/1 3 30 cm) was equilibrated with 0�01 M phos-

phate buffer (pH 7�0). The dialyzed pleural fluid (20 ml)

was passed onto the DEAE column and the fall-through

fractions containing IgG were collected. IgG4 in the IgG of

the fall-through fractions was purified with anti-IgG4-

coupled Sepharose-4 that had been prepared by coupling

monoclonal anti-IgG4 antibody (clone HP-6025; Sigma) to

CNBr-activated Sepharose-4 (GE) according to the manu-

facturer’s instructions. The bound IgG4 was eluted with

0�1 M glycine-HCl (pH 2�7) and neutralized immediately

with 1 M Tris.

Two-dimensional electrophoresis (2-DE) of effusion
IgG4 antibodies

2-DE of purified IgG4 was performed as described previously

[40,41]. Briefly, isoelectric focusing (IEF) gel solution con-

tained 8�5 M urea, acrylamide/Bis (5% T, 3% C), 10% glyc-

erol, 1�3 mM lysine and a mixture of Pharmalyte pH 3–10

(1�25%) and pH 5–8 (1�25%) (GE), which was degassed and

polymerized by adding ammonium persulphate and TEMED

Y. Murata et al.
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to concentrations of 0�05 and 0�1%, respectively. Purified

IgG4 was reduced in the presence of 5% b-mercaptoethanol

at room temperature for 1 h, and urea was added to a con-

centration of 8�5 M immediately before loading onto the cap-

illary IEF gel (/1 mm 3 5 cm). IEF was run in Mini-

PROTEAN 2-D Electrophoresis Cell (Bio-Rad) at 200 V for

15 min, 400 V for 15 min and 750 V for 2�5 h. After IEF, cap-

illary gel was equilibrated with sodium dodecyl sulphate

(SDS) sample buffer containing 5% b-mercaptoethanol for

30 min. After washing the capillary gel with SDS running

buffer, SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

was performed at 25 mA constant per gel. After transferring

the proteins onto PVDF membranes, g4, j and k chains on

the blots were probed with biotinylated anti-IgG4 (Sigma;

cat. no. B3648)/horseradish peroxidase-conjugated Extavidin

(Sigma; cat. no. E2886), peroxidase-conjugated anti-j and

anti-k light chain antibodies (Bio-Rad; cat. nos STAR127P

and STAR129P), respectively.

Free light chain (FLC) analysis of pleural fluids

The levels of j and k FLCs in pleural fluids were measured

by latex-based immunoassay using Freelite kappa kit and

Freelite lambda kit (The Binding Site, Birmingham, UK).

The measurement with Freelite was performed by The BN

II System (Siemens, Munich, Germany) at a qualified clini-

cal laboratory of SRL Inc. (Tokyo, Japan). The diagnostic

ranges for serum j FLC, k FLC and j/k FLC ratio are 3�3–

19�4 mg/l, 5�7–26�3 mg/l and 0�26–1�65, respectively [42].

Statistical analysis

The Mann–Whitney U-test was used to assess differences in

the laboratory data, pleural fluid immunoglobulin levels

and FLC levels between the IgG41 and IgG42 groups. The

immunoglobulin data are expressed as median and inter-

quartile range (IQR) unless stated otherwise. A correlation

coefficient was obtained using Pearson’s equation. P< 0�05

was considered statistically significant. All statistical analy-

ses were conducted using IBM SPSS statistics (version 22�0;

IBM, Armonk, NY, USA).

Results

Characteristics of patients’ pleural fluids and pleura

Clinical and demographic information of 35 patients with

idiopathic pleural effusion was obtained from the medical

records (Tables 1 and 2). Biopsies from the parietal pleura of

these patients demonstrated diffuse sclerosing inflammation,

but no malignant cells were identified. Fibrosis was pro-

nounced on the side of the pleural cavity, while storiform

fibrosis was not seen. Diffuse lymphoplasmacytic infiltration

was observed in 16 of 35 patients (Fig. 1a,b). No obliterative

phlebitis was observed. IgG4 immunostaining was per-

formed to examine whether IgG41 plasma cells were present

in the pleura of the 35 patients (Fig. 1c–h). IgG41 plasma

cells were variably detected, and the cut-off for IgG4 positiv-

ity was set to 10 IgG41 plasma cell counts per HPF, as pro-

posed for biopsy specimens [23,39]. Of 35 patients, 12

patients showing > 10 IgG41 plasma cells/HPF were

assigned to the IgG41 group (median 5 31; range 5 20–70;

Tables 1 and 2) and 23 patients with � 10 IgG41 plasma

cells/HPF to the IgG42 group (median 5 0�3; range 5 0–5).

All patients in the IgG41 group showed IgG41/IgG1 cell

ratios greater than 40% (Table 2). The patients in the IgG41

group were older men with a median age of 76 years, and

biochemical analysis showed lower median effusion LDH

and CRP levels for this group (Table 1).

Immunoglobulin analysis of pleural fluids

Effusion IgG4 levels were significantly higher in the IgG41

group than in the IgG42 group (median 5 41 versus

27 mg/dl, P< 0�01, Fig. 2d). The proportion of IgG4 to the

total IgG was also higher in the IgG41 group than in

the IgG42 group (median 5 3�2 versus 1�9%, P< 0�01,

Fig. 2h), which confirms higher IgG4 production in the

pleura of the former group. The pleural fluid IgA levels

were also elevated in the IgG41 group (median 5 403 ver-

sus 193 mg/dl, Fig. 2f), in contrast to those of IgG1, IgG2,

IgG3, IgM and IgE (Fig. 2a–c,e,g).

Clonality of the IgG4 antibodies of patients in the
IgG41 group

To exclude the possibility of malignant lymphoma and

multiple myeloma, the clonality of the effusion IgG4

Table 1. Clinical characteristics of patients with pleural effusions of

unknown cause

IgG42 group

(n 5 23)

IgG41 group

(n 5 12) P

Age (years) 70 (63–78) 76 (73–80) 0�092

Sex (male/female) 22/1 12/0 0�851

Serum

Total protein (g/dl) 7�1 (6�4–7�3) 7�2 (6�7–7�6) 0�420

Albumin/globulin 1�00 (0�80–1�30) 1�05 (0�85–1�20) 0�932

LDH (IU/l) 186 (164–235) 181 (164–227) 0�797

CRP (mg/dl) 1�48 (0�75–2�14) 0�83 (0�27–1�83) 0�161

Pleural fluid

Total protein (g/dl) 4�3 (3�9–5�0) 4�5 (3�6–5�2) 1�000

LDH (IU/l) 356 (197–577) 221 (145–340) 0�049

CRP (mg/dl) 0�89 (0�51–1�24) 0�34 (0�17–1�31) 0�085

ADA (U/l) 21�7 (16�4–23�5) 21�5 (15�9–29�5) 0�719

LDH in pleural

fluid/serum

1�60 (1�29–3�00) 1�19 (0�77–1�95) 0�079

Data are presented as median (interquartile range).

LDH 5 lactate dehydrogenase; CRP 5 C-reactive protein;

ADA 5 adenosine deaminase. The normal ranges for total protein,

albumin/globulin ratio, LDH and CRP in serum are 6�0–8�3 g/dl,

1�0–2�0, 120–240 IU/l and < 0�3 mg/dl, respectively. The normal

range for pleural fluid ADA is < 30 U/l [2].
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antibodies of patients in the IgG41 group was examined by

2-DE (Fig. 3). The control human IgG4, j myeloma pro-

tein, was separated into four g4 H chain spots with differ-

ent isoelectric points and one j L chain spot, but no k L

chain spot (Fig. 3a–c). In contrast, the H and L chains of

the IgG4 antibodies of the patients were more heterogene-

ous in terms of isoelectric point and molecular weight

(Fig. 3d–i). In particular, both j and k L chains were

detected, indicating that their IgG4 antibodies are polyclo-

nal. The numbers of the spots of the j and k chains were

10 and 5–6, respectively, which suggests that the j chain

predominates in the effusion IgG4 antibodies of the

patients.

Free light chains (FLC) analysis of pleural fluids

As the j chain was associated predominantly with IgG4 H

chain in the patients (Fig. 3), it was presumed that the

j-type was also predominant in the FLCs of the pleural flu-

ids of the IgG41 group. FLCs are produced in excess of the

H chains during immunoglobulin synthesis and secreted

into the circulation. The FLC assay was developed originally

to support the diagnosis of L chain multiple myeloma, and

has been used to assess the excess of one L chain isotype

over another by using j/k ratio as a surrogate for clonal

expansion [43–45]. Interestingly, the j FLC levels were

higher in the patients of the IgG41 group than in the IgG42

group (median 5 30�1 versus 9�1 mg/dl, P < 0�01) (Fig. 4a),

whereas the median k FLC levels were not significantly dif-

ferent (Fig. 4b). Importantly, the median j/k FLC ratio was

above the normal range and significantly higher in the

IgG41 group than in the IgG42 group (2�0 versus 1�2,

P< 0�001) (Fig. 4c). In a comparison of patients between

the IgG42 and IgG41 groups, the receiver operating charac-

teristic (ROC) curve for the j/k FLC ratio had a sensitivity

of 0�87, a specificity of 0�83 at a cut-off value of 1�42 with an

area under the curve (AUC) of 0�88 (Fig. 5). In addition, the

j/k FLC ratios were found to be correlated with the IgG41

plasma cell counts/HPF and the IgG41/IgG1 cell ratios in

the pleura of the IgG41 group (Fig. 6). These results

are consistent with the predominance of the j chain in the

2-DE patterns of the effusion IgG4 antibodies (Fig. 3).

Discussion

The aetiology of exudative pleural effusion sometimes

remains unknown, despite thoracoscopy and histological

examination of pleural biopsy specimens. In this study, we

have shown that 34% of patients with idiopathic pleural

effusion are associated with IgG4. To our knowledge, this

study is the first to investigate the incidence of IgG4-

associated pleural effusion in patients with idiopathic pleu-

ral effusion. A pleural marker that might be related to this

pleural effusion is also discussed.T
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Pleural effusions are manifested in some systemic IgG4-

related disease. In previous case reports on IgG4-related dis-

ease, pleural effusion occurred as one of the symptoms of the

systemic disease involving pancreas, salivary glands, etc. Nod-

ular lesions and bronchovascular involvement are the most

common pulmonary manifestations, and various combina-

tions of pulmonary abnormalities are often found in the

same patients [23,46,47]. In contrast, the patients in this

study did not show multi-organ system involvement other

than pleuritis. Considering the elevated effusion IgG4 levels,

tissue IgG41 plasma cell numbers and IgG41/IgG1 plasma

cell ratios (Table 2), however, the IgG4-associated aetiology is

evident for the patients in the IgG41 group of this study. The

patients in the IgG41 group were elderly men and less

inflammatory compared with those in the IgG4– group

(Table 1), which is in agreement with characteristics of IgG4-

related disease that affects predominantly older men and pro-

gresses slowly with relatively weak inflammation signs [48].

IgG4 antibodies are considered generally to be anti-

inflammatory [49,50], but their pathogenic effects have also

been reported [51,52]. At present, it is unclear whether the

increased production of IgG4 antibody is a causative factor

of the pleural effusion or a bystander phenomenon associated

with chronic inflammatory reactions.

Fig. 1. Histopathological features of the

parietal pleura of patients with idiopathic

pleural effusion. (a,b) Fibrous thickening

of the pleura and prominent

lymphoplasmacytic infiltrate in the

subpleural fibrous and adipose tissue

(haematoxylin and eosin staining,

magnification 3100). (c–h)

Immunostaining for immunoglobulin

(Ig)G or IgG4, magnification 3200.

(a,e,f) Case 1, effusion IgG4:

1133�1 mg/dl. (b,g,h). Case 2, effusion

IgG4: 20�3 mg/dl (Table 2).

IgG4 in idiopathic pleural effusion

VC 2017 British Society for Immunology, Clinical and Experimental Immunology, 190: 133–142 137



In differential diagnosis, sarcoidosis and multi-centric

Castleman’s disease were ruled out by clinical and radiolog-

ical findings, including lack of mediastinal/hilar or extrap-

ulmonary lymphadenopathy in the chest X-ray and CT

scan examinations (Table 2). Although lymphoma/

myeloma needs to be suspected when the IgG4 levels are

markedly high, in this study the IgG4 antibodies were poly-

clonal and no patient developed malignancy during at least

1-year follow-up (median 5 years, Table 2). Interestingly,

the effusion IgG4 levels did not correlate with the extent of

pleural infiltration of IgG41 plasma cells (cases 1 and 2,

Fig. 1, Table 2). Although the effusion IgG4 level of case 2

Fig. 2. Comparison of pleural fluid levels of immunoglobulins between the immunoglobulin (Ig)G42 and IgG41 groups. (2), IgG42 group;

(1), IgG41 group. Median and interquartile ranges are shown.

Fig. 3. Analysis of the clonality of the effusion immunoglobulin (Ig)G4 antibodies of patients in the IgG41 group by two-dimensional

electrophoresis (2-DE). Control IgG4 j myeloma protein from Sigma (cat no. I4639) (a –c). Effusion IgG4 antibodies of representative cases

with abnormal IgG4 levels (d–i). The H and L chains were probed with anti-IgG4-Fc (left), anti-j chain (middle) and anti-k chain (right)

antibodies.

Y. Murata et al.
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in the IgG41 group was as low as 20�3 mg/dl, IgG4 immu-

nostaining exhibited dense infiltration of IgG41 plasma

cells in the pleura (Fig. 1h). The discrepancy between

serum IgG4 concentrations and immunohistochemical

findings has also been noted in IgG4-related disease [53].

Therefore, a biomarker other than IgG4 is needed to sup-

port the diagnosis of this pleural effusion. The measure-

ments of FLC in the pleural fluid may be considered.

Elevated FLC levels (Fig. 4a,b) are likely to reflect the

activation of polyclonal B cells that infiltrate in the pleura.

Higher j FLC levels and j/k ratios in the IgG41 group

than in the IgG42 group may be useful to discriminate the

IgG4-associated pleural effusion (Fig. 4). Over-production

of serum FLC and high serum j/k ratios have been shown

recently to correlate with the disease activity of systemic

lupus erythematosus [54], rheumatoid arthritis, primary

Sj}ogren’s syndrome [55] and IgG4-related disease [56].

However, the reason for the high j/k ratios in these dis-

eases is not known. One possibility to explain the high j/k
ratios in the IgG41 group is dominant selection of Vj
genes by possible antigen(s) that elicit pleuritis. It has been

reported that the j/k ratios of granulocyte–macrophage

colony-stimulating factor (GM-CSF) autoantibodies in the

sera of patients with autoimmune pulmonary alveolar pro-

teinosis are correlated with disease severity [57]. The study

suggests the occurrence of selective expansion of k-type

anti-GM-CSF antibody-positive B cell clones in the periph-

eral lymphatic tissues. However, neither autoantigens nor

disease-specific IgG4 autoantibodies have been identified

in IgG4-related disease [12]. A second possibility is a pref-

erential association of the j L chains with the g4 and a H

chains because the levels of IgG4 and IgA were elevated in

the pleural fluids (Fig. 2). The j L chains have been shown

to be associated preferentially with IgG4 and IgA H chains

from the analyses of subclass distribution in 659 IgG

myeloma sera [58] and 176 IgG and 62 IgA myeloma pro-

teins [59]. These studies show the mean j/k ratios for the

IgG4 myeloma proteins as 3�0 (n 5 24 [58]) and 2�7
(n 5 11 [59]) and that for IgA as 2�1 (n 5 42 [59]). The

correlations of the effusion j/k FLC ratios with the IgG41

cell counts and IgG41/IgG1 cell ratios in the pleura are in

agreement with this notion (Fig. 6). It has been reported

that FLC can confer mast cell-dependent hypersensitivity

in mice and that increased j FLC monomer and dimer lev-

els and high j/k ratios are often found in the cerebrospinal

fluid of patients with multiple sclerosis [60,61]. The pleural

effusions in the IgG41 group may be attributable to the

accumulation of j FLCs.

IgG4-related pleural lesions are reported to be steroid-

responsive [26,32,62]. Considering B cell activation as a

Fig. 4. Comparison of pleural

fluid levels of the j and k free

L chains (FLC) (a,b) and j/k
ratio (c). Median and

interquartile ranges are shown.

(2), Immunoglobulin (Ig)G42

group; (1), IgG41 group.

Fig. 5. Receiver operating characteristic (ROC) analysis on diagnostic

utility of immunoglobulin (Ig)G4 and j/k ratio for distinguishing

patients between the IgG42 and IgG1 groups. Cut-off value for j/k
ratio, 1�42; sensitivity, 0�87; specificity, 0�83. Area under the curve

(AUC), 0�88; 95% confidence interval (CI) for the AUC, 0�74 – 1�00.

Cut-off value for IgG4/IgG ratio, 2�75%; sensitivity, 0�75; specificity,

0�74; AUC, 0�80; 95% CI for the AUC, 0�66–0�94.

IgG4 in idiopathic pleural effusion
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possible mechanism for the pleural effusion in our study,

the same therapeutic strategy with immunosuppressive

agents may be applicable to our cases. One patient in the

IgG41 group who had suffered recurrent pleural effusions

(Case 1, Table 2) received corticosteroids, which amelio-

rated the pleural effusion. Conversely, pleural effusions

resolved spontaneously in a subset of patients, and so

watchful waiting may be appropriate in some patients with

mild pleural effusion or asymptomatic pleuritis, as

described for IgG4-related disease in other organs [63].

However, criteria to justify treatment of IgG4-related pleu-

ral lesions need to be established by future prospective

studies.

This study has several limitations. This is a retrospective

study with a small number of patients. One patient was

followed-up for 1 year, although more than 1-year follow-

up is recommended for detection of occult pleural malig-

nancy [7,33,36]. It was not possible in all patients to assess

the development of an extra-pleural IgG4-related lesion

during follow-up. As serum samples were not available, the

serum levels of IgG4, j and k FLCs could not be analysed.

Immunoglobulins including IgG4 were quantitated by a

capture sandwich immunoassay, which is different from

nephelometry used in the literature, and so the IgG4 con-

centrations in this study cannot be compared directly with

those in the previous reports on IgG4-related disease.
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