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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 年春から国内での第 I/II 相臨床試験を予定している。

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 発現が抑制することによる

可能性が示唆された。 

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、

85%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。 

CD26 抗体は免疫系にも影響する可能性が考えられる。CD26 共刺激は健常者の末梢血

CD4 T 細胞に対して免疫チェックポイント分子である 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。がん細胞の周囲に多く存在すると考えられる免疫抑制性因子は様々な免疫チェッ

クポイント分子の発現とともに、CD26 の発現も増強させることが示唆された。特に BTLA

の発現誘導に関しては、CD26 共刺激に特徴的であることが示唆された。 

SD、PD 患者を識別できるバイオマーカーは存在しないかということで患者血清中の可

溶性 CD26/DPPⅣ酵素値に注目した。ヒト化 CD26 抗体の化学療法抵抗性悪性中皮腫及び

その他 CD26 陽性悪性腫瘍をターゲットにしたフランスの First in Man 第一相臨床試験か

ら血清中の可溶性 CD26/DPPⅣ酵素活性値が PD 及び SD を識別できるバイオマーカーと

な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

年春から第Ⅰ相臨床試験がスタートする。

本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
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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

の確立を目指すと伴に(2)悪性中皮腫におけ

る CD26 と YB-1 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

(J.Immnnol.2015),(3)CD26 共刺激シグナ

ルによる免疫チェックポイント分子の発現

誘導及びその他のメカニズムを明らかにす

ること(4)フランスの検体を用いて SD、PD

の認別するバイオマーカーを同定すること

を目的として研究を行った。 

 

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）。 

成人健常者の末梢血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

2015008)。末梢血の提供を受ける際には、

研究対象者に対する人的擁護上の配慮及び

研究により研究対象者が受ける不利益、利

益等の説明を行い、書面でのインフォーム

ド・コンセントを得ている。 

 フランスで実施されたヒト化 CD26 抗

体投与の第Ⅰ相臨床試験における対象症

例血清中の可溶性 CD26 及び DPPⅣ酵素

活性の測定については順天堂大学倫理審

査委員会の審査にて承認されている（順

天医倫理第 2012076 及び 2012087）。試

料を匿名化することで個人のプライバシ

ーが漏れることのないように配慮した。 

 

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

分子であり、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。昨年度に、in vitro 及び in vivo

の結果から CD26 抗体と YB-1 AON と

の併用の有用性を示唆する成果が得ら

れた。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
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低下することが示された。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 を見出し、cyclophilin A 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を示した。今後

cyclophilin A に着目して CD26 抗体と

YB-1 AON の併用メカニズムの詳細を

明らかにする。 

2． 中皮腫におけるCD26及び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、73 症

例において、CD26 および YB-1 は、そ

れぞれ 60、68 症例で陽性であり、CD26

陰性 12 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

発現頻度は低いが、YB-1 は高率に発現

していることを見出した。これらの染色

標本をデジタル画像とし、半定量的に発

現量の解析を行い、CD26 の細胞内発現

局在とその強度を半定量化しうること

を見出すとともに、YB-1 については細

胞質に 90％以上の発現が認められるこ

とを明らかにした。 

3． ヒト化 CD26 抗体の免疫チェックポイ

ント阻害薬としての新たな可能性：

CD26 共刺激シグナルによる IL-10、

BTLA、LAG3 の発現誘導 

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。昨年

度に、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、がん細胞周囲に多く存在するプロス

タグランジンやアデノシン等の免疫抑

制性因子が様々な免疫チェックポイン

ト分子の発現とともに CD26 の発現も

増強させること、BTLA の顕著な発現

増強は CD26 共刺激に特徴的であるこ

とを明らかにした。このことから、

CD26 抗体は T 細胞への CD26 シグナ

ルの伝達をブロックし、特に IL-10 産

生と BTLA の発現誘導を阻害する免疫

チェックポイント阻害薬としても作用

する可能性が示唆される。 

4． 中皮腫治療における CD26 の役割：可

溶性 CD26/DPPⅣは治療奏効性判定の

バイオマーカーか 

ヒト化 CD26 抗体の First in Man 第

Ⅰ相臨床試験を化学療法抵抗性悪性中

皮腫及びその他 CD26 陽性悪性腫瘍を

ターゲットに行なった。患者総計 33 例

でヒト化 CD26 抗体投与１ヶ月後 2 週

間後に modified RECIST 評価により

13 例が Progressive disease(PD)、13
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例が Stabilized disease(SD)、７例が評

価出来ずであった。 

特に悪性中皮腫症例においては評価可

能例の19例中10例がSDと評価され、

5 例が 6 ヶ月以上、1 例が 3 ヶ月以上

SD が継続し、有効性を示唆するデータ

が得られた。ヒト化 CD26 抗体投与患

者において血清中の可溶性 CD26/DPP

Ⅳ酵素値を測定したところ、ヒト化

CD26 抗体の投与量が増加するにつれ

て可溶性 CD26/DPPⅣ値が低下する傾

向にあった。PD、SD 患者を識別でき

るバイオマーカーは存在しないかとい

うことでヒト化 CD26 抗体（YS110）

投 与 後 の 患 者 血 清 中 の 可 溶 性

CD26/DPPⅣ酵素値に注目して解析し

た。その結果 SD 患者は PD 患者と比べ

て可溶性 CD26/DPPⅣ酵素値ともに特

に Day29 ヒト化 CD26 抗体投与前にお

いて有意に低値（可溶性CD26：P=0.016、

DPPⅣ値：P=0.0267）(Wilcoxon rank 

sum test)であった。これらの結果から

血清可溶性 CD26/DPPⅣ酵素値はヒト

化CD26抗体投与によるPD及びSDを

予測するバイオマーカーとなる可能性

が示唆された。 

 

D．考察 

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た。

その併用効果の分子メカニズムとして、 

YB-1 AON 処理によって CD26 のタ

ンパク発現が低下したため、CD26 ノ

ックダウン及び CD26 抗体処理後の

DNA マイクロアレイ解析を行い、我々

は候補分子の一つとして cyclophilin A

に着目した。CD26抗体またはYB-1 －

AON の処理により、それぞれ単剤で

cyclophilin A の発現が抑制されたが、

両者を併用することにより強く抑制さ

れた。また cyclophilin A のノックダウ

ン実験により、cyclophilin A は悪性中

皮腫でも、増殖及び浸潤を促進してい

る可能性が示唆された。したがって悪

性中皮腫細胞においては、CD26 抗体

とYB-1 AONの併用による増殖及び浸

潤抑制作用の分子メカニズムの一つと

して、cyclophilin A の関与が示唆され

た。cyclophilin A は、癌細胞の増殖や

浸潤を促進することが報告されている 

(Nat Med 21:572 2015; Nat Chem 

Biol 12:117 2016)。さらに、子宮内膜

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、悪性中

皮腫細胞株において YB-1 AON 及び

CD26 抗体が、cyclophilin A の発現を

抑制することが示されたが、悪性中皮

腫において cyclophilin Aが予後予測因

子であれば、CD26 抗体や YB-1 AON

を悪性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。そのため、

悪性中皮腫病理組織での cyclophilin A

の発現や、予後因子としての可能性の
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検討も今後は必要になると予想される。     

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

ほとんど得られていない。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る。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。本研究課題

では、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。このように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るが、その場合に、

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、さらなる検証が

期待される。 

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、特に新

たながん治療法として近年非常に注目

されている免疫チェックポイント阻害

薬としても機能する可能性について昨

年度に引き続き検討している。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、すなわち免疫チェ

ックポイント分子として機能する可能

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- β は PD1 の PGE2 、

L-Kynurenine、Adenosine は TIM3

のみならず CD26 の発現を顕著に増強

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。ヒト化

CD26 抗体が免疫チェックポイント阻

害薬としても機能して、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、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
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がんとは異なり、悪性中皮腫ではがん

抗原が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、平成 29 年春から予定してい

るヒト化 CD26 抗体の国内第 I/II 相臨

床試験で、ヒト化 CD26 抗体を投与し

た後の末梢血 T 細胞のエフェクター機

能、IL-10 産生能、チェックポイント

分子の発現変化についても、特に

BTLA と LAG3 に着目して解析を行う

予定である。また、悪性中皮腫患者に

おける免疫チェックポイント分子の発

現パターンを末梢血 T 細胞、胸水中 T

細胞、悪性中皮腫周囲に浸潤した T 細

胞を用いて解析する。 

フランスの臨床試験において患者血

清中の可溶性 CD26/DPPⅣ酵素値がヒ

ト化 CD26 抗体投与で低下していく傾

向にあり、今まで SLE や HIV におい

てこの値は活動性やウィルス価のバイ

オマーカーになる可能性を報告してい

ることから可溶性 CD26/DPPⅣ値に注

目した。その結果血清中の可溶性

CD26/DPPⅣ値はヒト化 CD26 抗体投

与による PD 及び SD を識別するバイ

オマーカーとなる可能性が示唆された。

Nature Immunology(2015)に DPPⅣ

酵素と腫瘍免疫についての論文を発表

した。 

担癌マウスに現在糖尿病治療薬とし

て用いられているシタグリプチンをエ

サに混ぜて食べさすことにより DPP

Ⅳ酵素の基質CXCL10の不活性化を抑

制し、その結果 CXCR3 陽性 T 細胞が

腫瘍組織にリクルートされ、腫瘍を破

壊していくというものである。免疫チ

ェックポイント阻害薬の CTLA-4 及び

PD-1 抗体に DPPⅣ酵素阻害薬を上乗

せして投与することにより、その群で

は他群と比較してほとんど腫瘍は縮小

した。このように DPPⅣ酵素活性阻害

は腫瘍免疫の促進に関与する可能性を

示唆した。 

フランスでの臨床検体の解析からヒ

ト化 CD26 抗体投与 SD 患者において

血清可溶性 CD26/DPPⅣ酵素値が PD

患者より Day29pre 時で有意に低いこ

とは DPPⅣ酵素活性阻害が腫瘍免疫

促進に関与していることを支持する結

果であった。また、PD-1/PD-L1 及び

CTLA-4 抗体との併用療法なども今後

検討すべき課題と思われ、ヒト化

CD26 抗体の作用機序について免疫チ

ェックポイント阻害以外の作用機序に

ついても今後検討すべきと思われる。 

 

E．結論 

1. in vitro 及び in vivo の研究により

CD26 抗体と YB-1－AON の併用効果

が示唆された。そのメカニズムの 1 つ

と し て 両 者 と も に 腫 瘍 細 胞 の

cyclophilin A の発現を抑制することが

明らかとなった 

2. 中皮腫検体において 85％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

での共在が示された。 

3. CD26 共刺激は健常者の CD4T 細胞に

対してBTLAとLAG3の高発現、IL-10

の高産生を誘導し、CD8T 細胞に対し
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ても CD28 共刺激と比較して BTLA の

発現を顕著に誘導した。特に BTLA の

発現誘導に関し、CD26 共刺激に特徴

的であることが示唆された。 

4. ヒト化 CD26 抗体のフランスでの

First in Man 第 1 相臨床試験の結果か

ら血清中の可溶性 CD26/DPPⅣ酵素値

が PD 及び SD を識別できるバイオマ

ーカーとな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．次年度以降の計画 

1. cyclophilin A の CD26 陽性細胞におけ

る役割、YB-1 AON 及び CD26 抗体に

よる cyclophilin Aの発現制御メカニズ

ムを詳細に検討する。さらに、悪性中

皮腫病理組織における cyclophilin Aの

発現と予後因子としての可能性を検討

する。 

2. 前年度に引き続き、中皮腫組織（岡山

労災病院 20 例、山口宇部医療センター

13 例）について YB-1 と CD26 の発現

を検討し、YB-1 と CD26 の発現レベル

と臨床病理学的指標である、１）特異

な浸潤増殖態度、２）遠隔転移、３）

治療反応性、４）病期・生存期間、と

の関連を解析する。更に CD26 シグナ

ル系と YB-1 シグナル系の標的遺伝子

やシグナルのクロストークする中でバ

イオマーカーとなりうる分子について

免疫染色にて発現を検討して、中皮腫

の臨床病理学的指標との関連を解析す

る。 

3. 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を行う。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 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。 

4. フランスでの第１相臨床試験の解析か

ら PD, SD の 識 別に 血 清可溶 性

CD26/DPPⅣ値が有用な可能性が示唆

されたことから血清 DPPⅣが腫瘍免疫

亢進に働いている可能性を探るためフ

ランスの検体及び本年春からスタート

する本邦第１相臨床試験患者血清中の

DPPⅣ酵素の基質であるCXCL10など

ケモカインの切断様式について解析す

る。 
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ヒト化 CD26 抗体と YB1 阻害アンチセンスとの併用療法の検討 

 

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 
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研究協力者  中野 賢二 九州大学 先端融合医療ﾚﾄﾞｯｸｽﾅﾋﾞ研究拠点 教授 

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、

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。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。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 年春から国内での第 I/II 相臨床試験を予定している。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。昨年度に、in 

vitro及び in vivoの結果からCD26抗体とYB-1 AONとの併用の有用性を示唆する成果が得ら

れた。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

示された。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 を見出し、cyclophilin A 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を示し

た。今後 cyclophilin A に着目して CD26 抗体と YB-1 AON の併用メカニズムの詳細を明らか
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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。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

用もなく安全性が確認されるとともに、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、

平成 29 年春から国内での第 I/II 相臨床試験

を予定している。しかしながら、ヒト化

CD26 抗体単剤投与を行った上記の臨床試

験では、SD が認められるも完全寛解までは

得られず、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。 

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。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。またさまざまな癌種

において、YB-1 の核内局在や発現レベルは

がんにおける薬剤耐性や予後の有用な予測

因子ともいわれている。更にがん細胞の上皮

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

的として注目されている。近年、共同研究者

の九州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、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革新的な CD26

抗体との併用療法の確立を目指し、悪性胸膜

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

討するとともに、CD26 抗体、YB-1 AON が

CD26 と YB1 の発現に及ぼす影響、両者の

併用の分子メカニズムについて検討した。 

 

B．研究方法 

1) 細胞 

 本研究には、CD26 陽性ヒト悪性胸膜中皮

腫細胞株 H226 及び JMN を用いた。 

 

2) 抗体及び試薬 

 ヒト化 CD26 抗体 YS110 (Human IgG1 

isotype)は Y's therapeutics により開発され

た。Goat anti-Human CD26 pAb (AF1180)

は R&D Systems より購入した。Rabbit 

anti-Human YB1 mAb (clone ab74182)は

abcam より購入した。 YB1 antisense 

oligonucleotide (YB-1 AON)は九州大学 中

野賢二博士によって開発されたものを用い

た。cyclophilin A siRNA は Sigma より購

入した。Control siRNA は Qiagen より購入

した。YB-1 AON、control siRNA をどちら

も終濃度 5, 10, 15, 20 nM、cyclophilin A は

終濃度20 nMで、Lipofectamine RNAiMAX 

Reagent (Thermo Fisher Scientific)を用い

て transfection を行った。 
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3) In vitro 浸潤アッセイ及び増殖アッセイ 

In vitro の 浸 潤 測 定 に は  Boyden 

chamber アッセイを使用した。マトリゲル

でコーティングされたインサートウェルを

用い、control siRNA 及び YB-1 AON を

transfection して 48 時間後に 3 x 104個/ウ

ェルで細胞を播種し、10%ウシ胎児血清

(FCS)を誘引物質として用いた。一方、CD26

抗体は細胞の播種と同時に添加した。浸潤し

た細胞はディフ・クイック(シスメックス)を

用いて染色し、24, 48, 72 時間後における細

胞の浸潤を測定した。 

In vitro 増殖アッセイには96 wellプレー

トを用い、control siRNA 及び YB-1 AON

を transfection して 48 時間後に 2-2.5 x 104

個/ウェルで細胞を播種した。CD26 抗体は

細胞の播種と同時に添加した。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) Flow cytometry 

細胞を trypsin 処理して回収した後、

FACS buffer (1%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)を用いて染色し

た。Flow cytometryの解析は FACSCalibur 

(BD Biosciences)を用いて行った。 

 

5) 免疫沈降及び Western Blot 

 細胞溶解液で細胞を処理後  SDS で

denature を行い western blot に用いるサン

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 g ある

いは mouse anti-cyclophilin A mAb(clone 

1F4-1BO, abcam) 10 g を 4℃で 24 時間反

応させ、protein G セファロースビーズで回

収した。1 レーンあたり 5-10 g のタンパク

を SDS-PAGE に供し、ウェット式ブロッテ

イングにて 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 LAS 4000 (GE Healthcare)

を用いた。 

 

6) Real-Time RT-PCR 

Total RNA は RNeasy Mini kit (Qiagen)

を用いて抽出し、 PrimeScript II first 

strand cDNA 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。 

 

7) 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

ップグラディエントを作製し、そこに細胞溶

解液 1 ml を重層してから、超遠心機

(Hitachi Himac CP100)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 ずつ溶液を回収し、フラクション

に分けた。254 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、
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70%エタノールで精製した。CD26 mRNA

発現の測定には、Real-Time RT-PCR を用

いた。 

 

8) DNA マイクロアレイ解析 

 CD26ノックダウン細胞の DNA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 Total RNA を用い

た。CD26 抗体処理細胞の DNA マイクロア

レイ解析は、細胞にヒト化 CD26 抗体 (10 

g/ml) を添加し、24 時間後に抽出した

Total RNA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。 

 

9) 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 を使用した。 

 

(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

280025)。 

 

C．研究結果 

1) in vitro での YB-1 AON 単剤による増殖

及び浸潤抑制 

 まず YB-1 AON 単剤での悪性中皮腫細胞

株の増殖及び浸潤に対する効果を詳細に検

討した。control siRNAあるいは YB-1 AON

を 5, 10, 15, 20 nM で細胞に 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。YB-1 

AON 5 nM では、H226、JMN ともに YB-1

の発現抑制は弱かったが、15 nM 及び 20 

nM では 80 %以上抑制した(図 1)。 

次に、同様の条件で増殖への影響を検討し

た。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 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%増殖を抑制し、72

時間ではそれぞれ 69%、73%抑制した（図 1）。 

 次に、浸潤への影響を検討した。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 の発現低下に応じて浸潤が抑

制された。H226 では YB-1 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 1)。 

 このことから、YB-1 AON は悪性中皮腫

細胞株に対しても単剤で増殖及び浸潤を抑

制することが示された。 
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図1 YB-1 AONの濃度依存的に、YB-1タンパク発現および増殖と浸潤が抑制された

H226 JMN

－16－



 

2) YB-1 AON 処理と CD26 抗体処理が

CD26 と YB-1 の発現に与える影響の解析 

 YB-1 は様々な遺伝子の転写・翻訳の制御

に関わるタンパク質である。そこで、ヒト化

CD26 抗体と YB-1 AON の併用を考えるう

えで、YB-1 AON が CD26 発現に与える影

響ならびにCD26抗体がYB-1の発現に与え

る影響の解析を行った。 

H226 細胞に control siRNA 及び YB-1 

AON を 5、10、15、20 nM で transfection

して 48時間後に細胞表面におけるCD26発

現を解析したところ、YB-1 発現の減少に応

じて CD26 の細胞膜上の発現も減少してい

た(図 2)。同時に、細胞全体の CD26 のタン

パク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 の発現が減少していた(図 2)。一方、

CD26 の mRNA 発現への影響に関しても、

control siRNA 及 び YB-1 AON を

transfection して 24 時間後の CD26 mRNA

発現量を Real-Time RT-PCR で測定したが、

YB-1 AONによるCD26のmRNAレベルで

の大きな発現低下は認められなかった(図 2)。

JMN においても同様に、YB-1 AON により

細胞表面および細胞全体の CD26 タンパク

発現が減少したが、mRNA レベルでの大き

な発現低下は認められなかった(データ未掲

載)。 

 

 

 

 

 

 

 

 

そこで、ショ糖密度勾配法により H226

及び JMN から polysome を分画し、

translation active な CD26 の mRNA 発現

を測定した。その結果、H226、JMN とも

に YB-1 AON 20 nM 処理で CD26 mRNA

の Total 量に変化はなかったが、translation 

active な polysome 分画における CD26 の 

mRNA 量は減少していた(図 3：JMN の結

果は未掲載)。これらの結果から、YB-1 AON

は CD26 の mRNA からタンパクへの翻訳

を抑制することで、CD26 のタンパク発現量

を低下させることが示唆された。 

 

 

 

 

 

 

 

 

 

 また、以上の実験と並行し、YB-1 AON

の YB-1 発現に対するノックダウン効果と、

CD26 の発現減少に対する time course 

study も行った。細胞に control siRNA あ

るいは YB-1 AONを 20 nMで 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。H226

では、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)。JMN でも同様の結果であ

った(データ未掲載)。 
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 ヒト化 CD26 抗体と YB-1 AON との併用

を考え、CD26 抗体処理が YB-1 の発現に影

響するかに関しても検討した。H226 及び

JMN に control IgG または CD26 抗体を 5, 

10, 15, 20 μg/ml で添加した後、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。その結果、CD26 抗体処理による

YB-1 の発現への影響は認められなかった 

(図 5：JMN の結果は未掲載)。 

 

 

 

 

 

 

 

 

 

3) ヒト化CD26抗体とYB-1 AONの併用効

果の分子メカニズムに関する検討 

 昨年度に、H226 と JMN を用いて、ヒト

化 CD26 抗体と YB-1 AON の併用により、

細胞増殖ならびに浸潤の抑制効果がそれぞ

れ単剤よりも増強されることを報告した(昨

年度報告書参照)。さらに、in vivo growth に

おける CD26 抗体と YB-1 AON の併用効果

についても検討を行い、SCID マウスに

H226 あるいは JMN を皮下移植したのち、

翌日より suboptimal dose (200 μg/mouse)

の CD26 抗体を週 2 回腹腔内投与、YB-1 

AON (200 μg/mouse)を週 1 回尾静脈投与し

た。移植 14 日後に腫瘍を摘出し、重量を測

定したところ、移植実験においても CD26

抗体と YB-1 AON の併用により、腫瘍増殖

抑制効果がそれぞれ単剤よりも増強された

(昨年度報告書参照)。 

 これまでの結果から、悪性中皮腫細胞株で

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 のタンパク発現

が低下することが示された。YB-1 AON 処

理によって CD26 のタンパク発現が低下す

ることに着目し、CD26 ノックダウン、また

はCD26抗体処理をしたH226及び JMNの

DNA マイクロアレイ解析を行い、CD26 抗

体と YB-1 AON の併用効果の分子メカニズ

ムの検討を行った。 

 CD26 のノックダウンによって遺伝子発

現が 1/2 以下に低下する浸潤関連分子を抽

出したところ、H226 では 22 個、JMN では

16 個の候補が見つかった。そのうち PPIA、

HGF、SFRP1 は両株で共通して発現が低下

した遺伝子であった。このうち、種々のがん

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 PPIA (cyclophilin A) に着目した。 

 ヒト化 CD26 抗体で処理した H226 及び

JMN の DNA マイクロアレイでは、H226, 

JMN ともに 20%以上発現が低下した浸潤

関連遺伝子として、RCC2、PA2G4、PPIA、

CYTSA、RPS27A、UBB、TBRG4、PDPN

などがあった。そのうち、PPIA の発現が最

も強く抑制されていた(表 1)。 
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特に低下が見られ、Day14では回復傾向が見られた。
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 DNA マイクロアレイの解析結果から

CD26 の発現低下にともない減少する遺伝

子として cyclophilin A を見出した。そこで

次に、CD26 と cyclophilin A の細胞内での

association の可能性を検討した。細胞溶解

液を CD26 抗体 (1F7) で免疫沈降し、

cyclophilin A 抗体でウェスタンブロットを

行ったところ、H226、JMN ともに 18 kDa

にバンドが見られた。この結果により

cyclophilin A は CD26 抗体で共沈し、両者

は associate している可能性が示唆された

(図 6)。 

 

 

 

 

 

 

 

 

 

 次 に CD26 抗 体 と YB-1 AON の

cyclophilin A 発現に対する効果を検討した。

H226 および JMN を YB-1 AON 20 nM で 

transfection し、48 時間後に採取したサン

プルでウェスタンブロットしたところ、

CD26 の発現が抑制されただけでなく、

cyclophilin Aの発現も抑制されていた(図 7)。

ヒト化 CD26 抗体(10 μg/ml)を 48 時間処理

し た 場 合 で も 、 H226 、 JMN と も に

cyclophilin A の発現低下が見られた(図 7)。

YB-1 AON 20 nM で transfection して 48

時間後に 96 well plate に細胞を播種し、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は、cyclophilin A

発現は、YB-1 AON、CD26 抗体それぞれ単

独よりも、併用した場合の方がより強く抑制

された(図 7)。 

 

 

 

 

 

 

 

 

 

 最後に、悪性中皮腫細胞株においても

cyclophilin A は、増殖及び浸潤を促進して

いるかどうかを cyclophilin A-siRNA を用

いて検討した。細胞に siRNA を 20 nM で

transfection し、48 時間後に 96 well plate

または Boyden chamber に播種したのち、

さらにその 48 時間後に MTT アッセイと

invasion アッセイを行った。その結果、

H226、JMN において cyclophilin A -siRNA

は 2 種類とも、増殖及び浸潤を抑制した(図

8)。この結果から、悪性中皮腫細胞でも

cyclophilin A は、増殖及び浸潤を促進して

いることが示唆された。 

 

 

表1 ヒト化CD26抗体処理により
20%以上発現が低下する浸潤関連遺伝子

分子 H226
(処理後発現 %)

JMN
(処理後発現 %)

RCC2 79% 79%

PA2G4 78 80

PPIA (CypA) 64 63

CYTSA 77 67

RPS27A 66 62

UBB 71 71

TBRG4 77 78

PDPN 69 70
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図6 CypAはCD26抗体で共沈し、両者は細胞内で
associateしている可能性が示唆された。
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図7 CypAの発現はCD26抗体及びYB-1 AONそれぞれ
単剤で抑制され、併用によりさらに強く抑制された。
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図7 CypAの発現はCD26抗体及びYB-1 AONそれぞれ
単剤で抑制され、併用によりさらに強く抑制された。
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D．考察 

 悪性中皮腫に対するヒト化 CD26 抗体と

YB-1 AON の併用療法を考案するために、

CD26 発現に対する YB-1 AON の作用を検

討したが、YB-1 のノックダウンにより濃度

依存的に CD26のタンパク発現が抑制され、

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。この結果から、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。 

 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 (Cancer 

Cell 15:402 2009; Cancer Cell 2:682 2015)。

また 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

で抑制していることが示唆された。一方で、

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。 

 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。 

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

た。その併用効果の分子メカニズムとして、 

YB-1 AON 処理によって CD26 のタンパク

発現が低下したため、CD26 ノックダウン及

びCD26抗体処理後のDNAマイクロアレイ

解析を行い、我々は候補分子の一つとして

cyclophilin A に着目した。CD26 抗体また

は YB-1 AON の処理により、それぞれ単剤

で cyclophilin A の発現が抑制されたが、両

者を併用することにより強く抑制された。ま

た cyclophilin A のノックダウン実験により、

cyclophilin A は悪性中皮腫でも、増殖及び

浸潤を促進している可能性が示唆された。し

たがって悪性中皮腫細胞においては、CD26

抗体と YB-1 AON の併用による増殖及び浸

潤抑制作用の分子メカニズムの一つとして、

cyclophilin A の関与が示唆された。 

 cyclophilin A は、癌細胞の増殖や浸潤を

促進することが報告されている (Nat Med 

21:572 2015; Nat Chem Biol 12:117 2016)。

さらに、子宮内膜癌、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、悪性中皮腫細胞

株において YB-1 AON 及び CD26 抗体が、
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cyclophilin A の発現を抑制することが示さ

れたが、悪性中皮腫において cyclophilin A

が予後予測因子であれば、CD26 抗体や

YB-1 AON を悪性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。そのため、

悪性中皮腫病理組織での cyclophilin A 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る。さらに、CD26

陽性細胞での cyclophilin A の役割や、YB-1 

AON や CD26 抗体が cyclophilin A 発現を

抑制するメカニズムについても、順次研究す

る予定である。 

 

E．結論 

 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。YB-1 AON 及び CD26 抗体は

それぞれ単剤で cyclophilin A の発現を抑制

するが、併用することでさらに強く発現を抑

制することが示され、併用効果の分子メカニ

ズムの一つである可能性が示唆された。今後

より詳細に、cyclophilin A の発現制御メカ

ニズムを研究していく予定である。 

 

F．次年度以降の計画 

 cyclophilin A の CD26 陽性細胞における

役割、YB-1 AON 及び CD26 抗体による

cyclophilin A の発現制御メカニズムを詳細

に検討する。さらに、悪性中皮腫病理組織に

おける cyclophilin A の発現と予後因子とし

ての可能性を検討する。 
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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

A．研究目的 

 仏にて施行されたヒト化 CD26 抗体療法

の第 1 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」

(Stabilized 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

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うものである。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

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、73 症例において、CD26 および YB-1 は、それぞれ 60、68 症例

で陽性であり、CD26 陰性 12 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 発現頻度は低いが、YB-1 は高率に発現していることを見出した。また、こ

れらの染色標本をデジタル画像とし、半定量的に発現量の解析を行い、CD26 の細胞内発

現局在とその強度を半定量化しうることを見出すとともに、YB-1 については細胞質に

90％以上の発現が認められることを明らかにした。 
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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、ヒトおよびげっ歯類の

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 73 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 73 例（上皮型 55 例、二相型 9

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 73 例中 68 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
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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 73 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

73 例中 60 例であり、CD26 陰性 12 症例中

4 症例は YB-1 も陰性であった。一方、CD26

陽性 60例中、YB-1陰性例は１例であった。 

 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 の細胞内発現局在とその強度を半定

量化しうることを見出すとともに、YB-1 は

細胞質に 90％以上の発現が認められること

を明らかにした。今後、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

討する予定である。 

  

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、核の陽性像はほとんど得られていな

い。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る。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。本研究課題

では、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。このように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

れるが、その場合に、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
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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、85%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。 

 

F．最終年度の計画 

 前年度に引き続き、中皮腫組織（岡山労災

病院 20 例、山口宇部医療センター13 例）に

ついて YB-1と CD26の発現を検討し、YB-1

と CD26 の発現レベルと臨床病理学的指標

である、１）特異な浸潤増殖態度、２）遠隔

転移、３）治療反応性、４）病期・生存期間、

との関連を解析する。また森本博士らが見出

しつつあるCD26シグナル系とYB-1シグナ

ル系の標的遺伝子やシグナルのクロストー

クする中でバイオマーカーとなりうる分子

について免疫染色にて発現を検討して、中皮

腫の臨床病理学的指標との関連を解析する

予定である。 

 

G．研究発表 

1． 論文発表 

1) Angevin E, Isambert N, Trillet-Lenoir 

V, You B, Alexandre J, Zalcman G, 

Vielh P, Farace F, Valleix F, Podoll T, 

Kuramochi Y, Miyashita I, Hosono O, 

Dang NH, Ohnuma K, Yamada T, 

Kaneko Y, Morimoto C. 

First-in-Human phase 1 of YS110, a 

monoclonal antibody directed against 

CD26 in advanced CD26-expressing 

cancers. Br.J. Cancer. in press 

2) Hayashi M, Madokoro H, Yamada K, 

Nishida H, Morimoto C, Sakamoto M, 

Yamada T. A humanized anti-CD26 

monoclonal antibody inhibits cell 

growth of malignant mesothelioma 

via retarded G2/M cell cycle 

transition. Cancer Cell Int. 16:35, 

2016.  

3) Inaishi J, Saisyo M, Sato S, Kou K, 

Murakami R, Watanabe Y, KitagoM, 

Kitagawa Y, Yamada T, Itoh H.  

Effects of obesity and diabetes on 

alpha and beta cell mass in surgically 

resected human pancreas. Journal of 

Clinical Endocrinology & Metabolism 

101(7):2874-82, 2016.  

4) Nogami Y, Fujii-Nishimura Y, Banno 

K, Suzuki A, Hibi T, Murakami K, 

Yamada T, Sugiyama H, Morishima Y, 

Aoki D. Anisakiasis mimics cancer 

recurrence: Two cases of 

extragastrointestinal anisakiasis 

suspected to be recurrence of 

gynecological cancer on PET-CT and 

molecular biological investigation. 

BMC Med Imaging.16:31,2016.  

 

2．著書 

1) 核内移行するヒト化抗 CD26 モノクロ

ーナル抗体-TFⅡH 阻害剤複合体山田

健人 抗体薬物複合体(ADC)の設計開

発 シーエムシー出版 監修： 松村保

広  P94-103, 2016 年 5 月 20 日 
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3．学会発表 

1) 林 睦、間所裕子、山田幸司、西田浩子、

坂元亨宇、森本幾夫、山田健人 

Humanized anti-CD26 antibody 

conjugated with RNA polymerase II 

inhibitor Triptolide suppresses tumor 

第 105 回日本病理学会総会（仙台）2016

年 5 月 12-14 日 

2) Murakami R, Yamada T, Saisho Y. 

Relationship between 

intra-pancreatic fat content and beta 

and alpha cell mass in humans with 

and without diabetes.The 52nd 

European Association for the Study of 

Diabetes(EASD) Annual Meeting, 12 - 

16 September, 2016 Munich, 

Germany 

3) Komiya E, Hatano R, Otsuka H, Itoh 

T, Yamada T, Tominaga M, Takamori 

L, Okumura K, Morimoto C. 

CD26/DPPIV-mediated regulation of 

pruritus in psoriasis.The 41st Annual 

Meeting of the Japanese Society for 

Investigative Dermatology  12 – 11 

September, 2016 Sendai, Japan  

 

 

H．知的財産権の出願・登録状況（予定を含む） 

1．特許取得 

なし 

2．実用新案登録 

なし 

3．その他 

なし 
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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 抗体の免疫チェックポイント阻害薬としての新たな可能性： 

CD26 共刺激シグナルによる IL-10, BTLA, LAG3 の発現誘導 

 

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 

研究分担者  山田 健人 埼玉医科大学医学部 病理学 教授 

研究協力者  波多野 良 順天堂大学大学院医学研究科 

免疫病・がん先端治療学講座 博士研究員 

研究協力者  大沼  圭 順天堂大学大学院医学研究科 

免疫病・がん先端治療学講座 准教授 

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、

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 年春から国内での第 I/II 相臨床試験を予定している。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。昨年度に、

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、がん細胞周囲に多く存

在するプロスタグランジンやアデノシン等の免疫抑制性因子が様々な免疫チェックポイ

ント分子の発現とともに CD26 の発現も増強させること、BTLA の顕著な発現増強は

CD26 共刺激に特徴的であることを明らかにした。このことから、CD26 抗体は T 細胞へ

の CD26 シグナルの伝達をブロックし、特に IL-10 産生と BTLA の発現誘導を阻害する

免疫チェックポイント阻害薬としても作用する可能性が示唆される。 

－31－



 

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 年春から国内で

の第 I/II 相臨床試験を予定しているが、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、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。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ヒト化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。DPPIV 酵素

活性の低下により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

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
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誘導されることを報告した (J Immunol. 

2015)。また、昨年度に 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

とを報告した。そこで、CD26 抗体が免疫チ

ェックポイント阻害薬としても機能する可

能性を考え、更なる解析を行った。 

 

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 

 ヒト T 細胞の刺激には anti-CD3 mAb 

(OKT3), anti-CD28 mAb (4B10)及び anti- 

CD26 mAb (1F7)を用いた。Flow cytometry

には下記のヒト抗原特異抗体を用いた。

FITC-labeled anti-CD28 mAb (clone 

CD28.2), PE-labeled anti-CD26 mAb 

(clone M-A261) 及 び APC-labeled 

anti-CTLA4 mAb (clone BNI3) は BD 

Biosciences から購入した。FITC-labeled 

anti-LAG3 mAb (clone 3DS223H) と

PE/Cy7-labeled anti-TIGIT mAb (clone 

MBSA43)は eBioscience から購入した。

PerCP/Cy5.5-labeled anti-CD244 (2B4) 

mAb (clone C1.7), PerCP/Cy5.5-labeled 

anti-CD73 mAb (clone AD2), PE/Cy7- 

labeled anti-Tim3 mAb (clone F38-2E2),  

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) 及 び APC-labeled 

anti-DNAM1 (CD226) (clone 11A8) は

BioLegend から購入した。組換えヒト

TGF-1 及びヒト IL-10 は BioLegend から

購入した。Prostaglandin E2 (PGE2)及び

L-Kynurenine は Wako から購入した。

Adenosine は Sigma から購入した。ヒト

PD-L1 の細胞外領域とヒト IgG1の Fc 領域

と の 融 合 タ ン パ ク PDL1-Ig は R&D 

Systems から購入した。 

 

3) フローサイトメトリー 

精製した末梢血 CD4 T 細胞、CD8 T 細胞

を、抗 CD3 抗体 0.5 g/ml と抗 CD28 抗体

または抗 CD26 抗体 10 g/ml で固相化した

96 well 平底プレート(Costar)に 1 x 105 

cells/well で播種し、組換え TGF-1、IL-10、
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PGE2、L-Kynurenine、Adenosine、PDL1-Ig 

をそれぞれ終濃度 10 ng/ml、10 ng/ml、100 

nM、100 M、25 M、10 g/ml となるよ

う添加した。96 時間後に細胞を回収して、

細胞膜上の免疫チェックポイント分子及び

CD26 の発現を解析した。活性化刺激を入れ

る前の PBMC 及び胸水細胞から精製した直

後の CD4 T 細胞、CD8 T 細胞に関しても同

様の解析を行った。 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。 

 

4) 血清中 IL-10 濃度の定量 

健常者 7 例ならびに、フランスでのヒト

化 CD26 抗体の第 I 相臨床試験患者の中で

SD が持続した症例 2 例、Progressive 

Disease (PD)症例 2 例の血清中 IL-10 濃度

を測定した。IL-10 の定量には BD OptEIA 

Human IL-10 ELISA Kit (BD Biosciences)

を 用 い た 。 450/570 nm の 吸 光 値 を

microplate reader (Bio-Rad)で測定し、得ら

れ た デ ー タ を Microplate Manager 6 

(Bio-Rad)で解析した。 

 

(倫理面への配慮) 

 成人健常者ならびにフランスでの第 I 相

臨床試験の末梢血、岡山労災病院の悪性中皮

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 2015008)。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 CD4 T 細胞、CD8 T 細胞

における各種免疫チェックポイントの分子

の発現 

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。様々ながん種において

様々な免疫チェックポイント分子の発現が

報告されているが、いずれも CD8 T 細胞に

スポットが当てられている。われわれは腫瘍

微小環境において CD8 T 細胞の抑制だけで

なく、CD4 T 細胞の抑制も免疫応答の不活

性化を起こさせるうえで重要な現象と考え、

昨年度に引き続き、CD8 T 細胞とともに

CD4 T 細胞の解析も行っている。まず近年

着目されている免疫チェックポイント分子

に関して、それぞれのリガンドとの関係を図

1 にまとめた。 

 

 

メラノーマに対する治療薬として既に承認

されている CTLA4 抗体、PD1 抗体に加え、

LAG3 抗体も様々がん種に対する臨床試験

が行われている。その他にもTIM3、BTLA、

CD160、TIGIT なども最近の総説で有望な
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免疫チェックポイント阻害薬の標的分子と

して取り上げられている。 

 まず、健常者の末梢血 CD4 T 細胞、CD8 

T 細胞に発現している免疫チェックポイン

ト分子の解析を行った。健常者 6 名の解析

を行った結果、発現している割合に個人差は

あるが、いずれの提供者でも PD1、TIGIT、

2B4(CD244)、CD39、CD73 は CD4 T 細胞

の 5%以上に発現していた。CD160 も 3%程

度ながら発現が認められた。CTLA4、LAG3、

TIM3、BTLA に関しては 3%未満の非常に

少数の細胞集団にのみ発現していることが

示された。CD8 T 細胞に関しても CD4 T 細

胞と発現している割合に違いはあるが、発現

している分子は共通しており、PD1、TIGIT、

2B4(CD244)、CD39、CD73 が CD8 T 細胞

の 5%以上に発現していた。特に 2B4 

(CD244)と CD73 は、CD4 T 細胞と比較し

て CD8 T 細胞に高い割合で発現しているこ

とが示された。CD160 も 3-5%程度の発現が

認められ、CTLA4、LAG3、TIM3、BTLA

に関しては CD4 T 細胞と同様に極少数の細

胞集団にのみ発現していることが示された

(昨年度報告書参照)。 

 

2) CD26 共刺激によって特徴的に発現が増

強する免疫チェックポイント分子の解析 

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。そこでま

ず、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

した後の各種免疫チェックポイント分子の

発現を解析した。健常者 6 名の解析を行っ

た結果、活性化刺激によって誘導される割合

に個人差はあるが、いずれの提供者でも

CTLA4、PD1、LAG3、TIM3、BTLA では、

代表的な T 細胞活性化刺激である CD28 共

刺激、CD26 共刺激ともに刺激強度依存的な

の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(昨年度報告書、図 3 参照)。TIGIT は TCR

刺激によって発現強度の上昇が見られるが、

CD26 や CD28 の刺激強度依存的な発現上

昇は認められなかった。CD39 と CD160 は

共刺激によってわずかな発現上昇が認めら

れた。一方、CD8 T 細胞に刺激前から高い

割合で発現している 2B4(CD244)と CD73

に関しては、CD28 共刺激、CD26 共刺激に

よって発現が低下した。 

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

境では、がん細胞の影響によって抑制性のフ

ェノタイプを獲得した制御性 T 細胞や骨髄

由来免疫抑制細胞、またがん細胞自身が産生

する TGF-や IL-10 といった代表的な免疫

抑制性サイトカインに加え、シクロオキシゲ

ナーゼ(COX)によって産生されるプロスタ

グランジン、インドールアミン-2,3-ジオキ

シゲナーゼ(IDO)によって産生されるキヌ

レ ニ ン と ト リ プ ト フ ァ ン の 枯 渇 、

CD39/CD73を介してATP/ADPから産生さ

れるアデノシン、PD-L1 の発現上昇にとも

なう PD-1 シグナルの増強など、様々な免疫

抑制シグナルが増加していることが考えら

れる。そこで、それら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が免疫
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チェックポイント分子の発現に与える影響

を解析した。健常者の末梢血 CD8 T 細胞を

TCR刺激がない状態でTGF-、IL-10、PGE2、

L-Kynurenine、Adenosine、PDL1-Ig と培

養した結果、各種免疫チェックポイント分子

の発現に大きな変化は認められなかった(図

2)。一方、CD28 共刺激条件下では様々な因

子で発現の変化が見られ、中でも特徴的な変

化として、TGF-による PD1 の発現増強、

PGE2、L-Kynurenine、Adenosine による

TIM3 の発現増強、 PGE2 による 2B4 

(CD244)と CD39 の発現増強が顕著であっ

た(図 2)。それらの因子の CD26 の発現への

影響も解析したところ、興味深いことに

PGE2、L-Kynurenine、Adenosine によっ

て CD26 の発現も顕著に増強することが示

唆された(図 2)。BTLA、CTLA4、LAG3、

TIGIT、CD160、CD73 の発現に対しては大

きな変化は認められなかった(データ未掲

載)。CD26 共刺激条件下では、TGF-によ

る PD1 の顕著な発現増強は CD28 共刺激と

同様に認められたが、免疫抑制性因子による

T 細胞の活性化自体の抑制作用が CD28 共

刺激条件下よりも全般的に強く見られ、

TIM3 や 2B4(CD244)、CD39、CD26 の発

現増強に関しては今回の条件では認められ

なかった(図 2)。 

 これらの結果から、がん細胞周囲の環境で

は、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

が増強し得ることが示唆された。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。今回検討した様々

な免疫抑制性因子では BTLA の発現増強は

見られなかったが、強い CD26 シグナルが

伝達すると CD4 T 細胞、CD8 T 細胞ともに

BTLA の発現が顕著に増強することを明ら

かにしており(図 2)、BTLA の発現誘導は

CD26 共刺激に特異的なシグナルである可

能性が考えられる。 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3) ヒト化 CD26 抗体の免疫チェックポイン

ト阻害薬としての新たな可能性 

 これまでの健常者の末梢血 T 細胞を用い

た検討により、われわれは強い CD26 共刺

激シグナルが伝達することで誘導される特

徴的な免疫チェックポイント分子ならびに

抑制性サイトカインとして、CD4 T 細胞の

BTLA、LAG3、IL-10、CD8 T 細胞の BTLA

を明らかにした(図 3)。 
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 CD26 の細胞内ドメインには ITIM や

ITSM のような既存のシグナル伝達タンパ

ク結合配列は存在しない。そのため、従来の

免疫チェックポイント阻害薬は、PD1 に代

表される T 細胞に直接抑制性シグナルを伝

達する分子とリガンドとの結合をブロック

することで免疫応答を活性化させるが、ヒト

化 CD26 抗体の場合は、CD26 とリガンド

caveolin-1 との結合をブロックすることで、

直接抑制性シグナルの伝達を阻害するので

はなく、CD26 シグナルによる BTLA や

LAG3、IL-10 の発現誘導を阻害し、それに

より免疫応答を活性化させる、すなわち免疫

チェックポイント阻害薬として機能する可

能性が考えられる(図 4)。 

 

 

 

 

 

 

 

 

 

 免疫チェックポイント阻害薬が、腫瘍免疫

の活性化に働くことを直接証明するために

は、NY-ESO-1 のようながん抗原が陽性の患

者を選択し、腫瘍細胞塊に浸潤した T 細胞

の中で、MHC テトラマーが結合するがん抗

原特異的な T 細胞の機能解析がなされてい

る。しかしながら、メラノーマのようによく

研究されているがんと異なり、悪性中皮腫で

はがん抗原が解明されていないうえに、腫瘍

細胞塊の入手、また、研究に足る細胞数の確

保など研究遂行が困難な要素が多い。 

 そこで、悪性中皮腫患者に対するヒト化

CD26 抗体の臨床試験検体を用いて、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、抗体投与による血清中の IL-10 濃

度の変動や、末梢血T細胞のBTLAやLAG3

の発現の変動を経時的に解析することを計

画している。予備検討として、フランスでの

第 I 相臨床試験において、ヒト化 CD26 抗

体の治療効果が見られたSD持続症例2例と、

治療効果が認められなかったPD症例2例の

CD26 抗体 3 回目投与前 Day29 時点での血

清中 IL-10 濃度ならびに健常者 7 名の血清

中 IL-10 濃度を ELISA で測定した結果、健



BTLAhigh

0
5

10
15
20
25
30

0 2 5 10 20 50

 

LAG3

0

10

20

30

40

0 2 5 10 20 50


 

Concentration of anti-CD26 or CD28 mAbs (g/ml)

CD4 CD8

図3 CD26共刺激によるBTLA, LAG3, IL-10の発現誘導

P
er

ce
nt

ag
e 

of
 p

os
iti

ve
 c

el
ls 

BTLAhigh

0
5

10
15
20
25
30

0 2 5 10 20 50






LAG3

0
10
20
30

60

0 2 5 10 20 50

50
40

IL-10

0

1.0

2.0

3.0

4.0

0 2 5 10 20 50






IL-10

0

0.2

0.4

0.6

1.0

0 2 5 10 20 50

0.8

anti-CD3 plus anti-CD28
anti-CD3 plus anti-CD26

Stimulation:

ng/ml



ng/ml



BTLAhigh

0
5

10
15
20
25
30

0 2 5 10 20 500 2 5 10 20 50

 

LAG3

0

10

20

30

40

0 2 5 10 20 500 2 5 10 20 50


 

Concentration of anti-CD26 or CD28 mAbs (g/ml)

CD4 CD8

図3 CD26共刺激によるBTLA, LAG3, IL-10の発現誘導

P
er

ce
nt

ag
e 

of
 p

os
iti

ve
 c

el
ls 

BTLAhigh

0
5

10
15
20
25
30

0 2 5 10 20 500 2 5 10 20 50






LAG3

0
10
20
30

60

0 2 5 10 20 500 2 5 10 20 50

50
40

IL-10

0

1.0

2.0

3.0

4.0

0 2 5 10 20 500 2 5 10 20 50






IL-10

0

0.2

0.4

0.6

1.0

0 2 5 10 20 500 2 5 10 20 50

0.8

anti-CD3 plus anti-CD28
anti-CD3 plus anti-CD26

Stimulation:

ng/ml



ng/ml

－37－



 

常者ではいずれも検出限界 15.6 pg/ml 未満

だったのに対し、悪性中皮腫(MPM)患者の

PD 症例では 2 名とも血清中 IL-10 濃度が

50 pg/ml以上の高値を示した(図 5)。一方で、

SD持続症例では 2名とも健常者と同様に検

出限界 15.6 pg/ml未満の低値であった(図 5)。

このことから、まだ少数例での検討ながら、

悪性中皮腫患者では健常者と比較して血清

中 IL-10 濃度が上昇しており、CD26 抗体に

よる治療効果がよく見られる症例では

IL-10 濃度が低下している可能性が考えら

れる。今後、国内での第 I/II 相臨床試験検体

を用いて、より多くの検体数でかつ投与前か

らの経時的な変動を解析する予定である。 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 また、悪性中皮腫患者の腫瘍細胞塊と比較

すると胸水の方が入手しやすく、また量も多

く得やすい。そこで、末梢血よりも悪性中皮

腫の影響をより受けていることが予想され

る胸水中 T 細胞の免疫チェックポイント分

子の発現、エフェクター分子の発現、CD26

の発現に特に着目して解析を行っている。こ

ちらもまだ、悪性中皮腫患者 2 例、良性石

綿胸水患者 1 例の少数例での検討結果だが、

悪性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

中皮腫患者の末梢血 T 細胞、良性石綿胸水

患者の末梢血 T 細胞、胸水中 T 細胞と比較

して BTLA の発現が高いことが示唆された

(図 6)。今後、より検体数を増やして胸水 T

細胞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。 

 

 

 

 

 

 

 

 

 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

することから、ヒト化 CD26 抗体がそれら

抑制性分子の発現誘導を阻害する免疫チェ

ックポイント阻害薬としても機能する可能

性が考えられる。 

 

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、特に新たながん治療法とし

て近年非常に注目されている免疫チェック

ポイント阻害薬としても機能する可能性に

ついて昨年度に引き続き検討している。 
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図6 悪性中皮腫患者の胸水中CD4 T細胞とCD8 T細胞は
ともにBTLAの発現が上昇している可能性が示唆される
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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、すなわち免疫チェックポイント

分子として機能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

られる。 

ヒト化 CD26 抗体が免疫チェックポイン

ト阻害薬としても機能して、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、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、

平成 29 年春から予定しているヒト化 CD26

抗体の国内第 I/II 相臨床試験で、ヒト化

CD26 抗体を投与した後の末梢血 T 細胞の

エフェクター機能、IL-10 産生能、チェック

ポイント分子の発現変化についても、特に

BTLA と LAG3 に着目して解析を行う予定

である。また、悪性中皮腫患者における免疫

チェックポイント分子の発現パターンを末

梢血 T 細胞、胸水中 T 細胞、悪性中皮腫周

囲に浸潤した T 細胞を用いて解析する。 

われわれは強い CD26 共刺激シグナルに

よって CD4 T 細胞の IL-10 高産生が誘導さ

れるメカニズムの一端として、CD26 共刺激

では CD28 共刺激よりも NFAT シグナルが

強く、また ERK1/2 シグナルが強度は CD28

刺激よりも弱いながら長時間持続すること

を示した(J Immunol. 2015)。また、CD26

共刺激により転写因子 EGR2 の発現が強く

誘導され、IL-10 産生や LAG3 発現に関与し

ていることが示唆された。今後、IL-10 産生

や LAG3 発現の誘導に関わるシグナル伝達

経路の更なる解明とともに、BTLA の発現

を誘導す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。それらの抑制

性因子の発現を特異的に制御するシグナル

伝達経路を明らかにできれば、そのシグナル

を阻害する低分子化合物を抗体に代わる免

疫チェックポイント阻害薬として応用でき

る可能性も期待できる。 
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これらの研究により、悪性中皮腫の影響を

受けた T 細胞の特性を明らかにするととも

に、CD26 抗体が免疫チェックポント阻害薬

としても機能しているかを明らかにする。ま

た、血清中の IL-10 濃度や末梢血 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 

CD26 共刺激は健常者の末梢血 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。がん細胞の周囲に多く存在す

ると考えられる免疫抑制性因子は様々な免

疫チェックポイント分子の発現とともに、

CD26 の発現も増強させることが示唆され

た。特に BTLA の発現誘導に関しては、

CD26 共刺激に特徴的であることが示唆さ

れた。 

 

F．次年度以降の計画 

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 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 

中皮腫治療における CD26 の役割： 
可溶性 CD26/DPPⅣは治療奏効性判定のバイオマーカーか 

 

 

 

 

研究要旨 

悪性胸膜中皮腫はアスベストばく露によってお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 CD26 分子に着目し、ヒト化 CD26 抗体を開発しフラン

スにて First in Man 第 1 相臨床試験を化学療法抵抗性悪性中皮腫及びその他 CD26 陽性

悪性腫瘍をターゲットに行ない、安全性が確認された。患者総計 33 例でヒト化 CD26 抗

体投与１ヶ月後 2 週間後に modified RECIST 評価により 13 例が Progressive 

disease(PD)、13 例が Stabilized disease(SD)、7 例が評価出来ずであった。 

特に悪性中皮腫症例においては評価可能例の 19 例中 10 例が SD と評価され、5 例が 6 ヶ

月以上、1 例が 3 ヶ月以上 SD が継続し、有効性を示唆するデータが得られた。 

ヒト化 CD26 抗体投与患者において血清中の可溶性 CD26/DPPⅣ酵素値を測定したとこ

ろ、ヒト化 CD26 抗体の投与量が増加するにつれて可溶性 CD26/DPPⅣ値が低下する傾

向にあった。PD、SD 患者を識別できるバイオマーカーは存在しないかということでヒト

化 CD26 抗体（YS110）投与後の患者血清中の可溶性 CD26/DPPⅣ酵素値に注目して解

析した。 

その結果 SD 患者は PD 患者と比べて可溶性 CD26/DPPⅣ酵素値ともに特に Day29 ヒト

化 CD26 抗体投与前において有意に低値（可溶性 CD26：P=0.016、DPPⅣ値：P=0.0267）

（Wilcoxon sum test）であった。これらの結果から血清可溶性 CD26/DPPⅣ酵素値はヒ

ト化 CD26 抗体投与による PD 及び SD を予測するバイオマーカーとなる可能性が示唆さ

れた。 

 

 

－43－

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   大沼  圭  順天堂大学大学院医学研究科 

免疫病・がん先端治療学講座 准教授 

研究協力者   金子 有太郎 Y’s AC 株式会社 



 

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 First in Man 第 I

相臨床試験を化学療法抵抗性悪性中皮腫及

びその他 CD26 陽性悪性腫瘍をターゲット

に施行した。特記すべき副作用もなく安全性

も確認された。 

総計 33 例で 22 例が悪性中皮腫、10 例が

腎癌及び１例が尿路上皮癌で、１ヶ月投与後

2 週間後に modified RECIST 評価により、

13 例が Progressive disease(PD)，13 例が

Stabilized disease(SD)，7 例が評価出来ず

であった。 

抗がん剤抵抗性の悪性中皮腫症例の評価

可能例の 19 例中 10 例が SD と評価され、5

例が 6 ヶ月以上、1 例が 3 ヶ月以上 SD が継

続し、有効性を示唆するデータが得られた。 

可溶性 CD26 は DPPⅣ酵素活性を含み、

血清及び胸水中に存在する。現在糖尿病治療

薬として DPPⅣ酵素阻害薬が広く用いられ

ているがヒト化 CD26 抗体投与では血清中

の可溶性 CD26 値及び DPPⅣ酵素値が下が

る可能性があり治療経過でモニターしてい

くことは抗体療法が安全に行われるために

必須である。フランスの第 1 相臨床試験に

おいてヒト化 CD26 抗体投与の全患者検体

について血清中の可溶性 CD26／DPPⅣ酵

素値を測定したところヒト化 CD26 抗体の

投 与 量 が 増 加 す る に つ れ て 可 溶 性

CD26/DPPⅣ値が低下する傾向にあった。今

まで我々は血清中の可溶性 CD26/DPPⅣ値

は全身性エリテマトーデス（SLE）の活動

性やHIV RNAウィルス値と相関関係を示

しバイオマーカーとなる可能性を報告した。

（ Kobayashi H, Morimoto C et al. 

2002;29:1858, Hosono O, Morimoto C et al. 

Clin Immunol. 1999;91:283） 

そこで PD､SD を識別できるバイオマー

カーは存在しないかということでヒト化

CD26 抗体（YS110）投与後の患者血清中の

可溶性 CD26 及び DPPⅣ酵素値に注目して

解析した。 

 

B．研究方法 

1)患者検体 

 フランスで実施されたヒト化 CD26 抗体

投与の第 1 相臨床試験における対象症例に

おいて Day1 から Day29 までの可溶性

CD26/DPPⅣ値がすべて揃っている 23 症例

について解析した。  

 

2)可溶性 CD26/DPPⅣ酵素活性値の測定 

 可溶性 CD26/DPPⅣ値の測定は順天堂大

学の森本研究室で行った。この測定において

開発したサンドウィッチELISA法は治療抗

体のヒト化 CD26 抗体とはクロス反応は示

さない(Ohnuma et al. Comparison of two 

commercial ELISAs against an in-house ELISA 

for measuring soluble CD26 in human serum. J 

Clin Lab Anal. 2015;29:106) 
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（倫理面への配慮） 

本研究の、特に臨床研究においては、文書

により被験患者本人の同意を得た上で行う

ものとする。本研究にまつわる個人情報は厳

重な管理のもと守秘義務を遵守する。また解

析検討結果を公表する際には個人名の漏え

い防止を徹底し、プライバシーの保護に努め

る。さらに個人に帰属する結果を個人に求め

られた場合には、その個人本人のもののみ伝

達する旨である。 

なお、フランスで実施されたヒト化 CD26

抗体投与の第 1 相臨床試験における対象症

例血清中の可溶性CD26及びDPPIV酵素活

性の測定及びコントロール症例の可溶性

CD26 及び DPPIV 酵素活性の測定について

は順天堂大学倫理審査委員会の審査にて承

認されている（順天医倫第 2012076 及び

2012087）。 

試料を匿名化することで個人のプライバ

シーが漏れることのないように配慮した。 

 

C．研究結果 

1) フランスの第 1 相臨床試験の患者検体に

ついて 

 フランスの臨床検体においてヒト化

CD26 抗体投与後の可溶性 CD26/DPPⅣ値

が Day1 投与前、Day1 投与後、Day15 投与

前、Day15 投与後、Day29 投与前、Day29

投与後とすべて揃っている 23 症例について、

6ヶ月以上Progression Free Survival(PFS)

の患者 7 例、これを longSD とする。またそ

れ以下の PFS 5 例を shortSD とし、さら

に PD11 例について検討した。表 1 にこれ

らの患者のヒト化 CD26 投与量、投与間隔

(毎週または隔週)、PFS(days)及び CD26 の

腫瘍組織の染色パーセントを示した。 

更にこれらの患者のヒト化 CD26 抗体量、

Day1、Day15、Day29 におけるヒト化 CD26

抗体投与前、投与後における血清中の可溶性

CD26 値を表 2 に示した。（血清 DPPⅣ値に

ついてはスペースのため省略するが可溶性

CD26 値と同様の動きを示した）。 

表１ 

SD 及び PD患者のヒト化 CD26 抗体投与量、

投与間隔、PFS について 

 
表 2 

 

L-SD 及び PD 患者の血清中 sCD26（ng/ml)  

Pre Post Pre Post Pre Post
SD Long 0104 0.4 1089.22 327.88 997.67 366.85 327.88 102.51

0107 0.4 730.67 222.14 616.00 191.38 255.30 43.75
0302 2 685.00 330.43 423.25 300.56 318.13 196.61
0402 2 1281.88 499.32 557.84 329.45 482.85 233.43
0304 2 1246.44 585.04 670.43 447.97 522.54 149.69
0405 2 759.19 230.88 149.26 71.95 113.28 82.29
0502 6 1027.35 578.24 285.60 287.10 302.85 261.87

SD Short 0103 0.1 1227.59 406.36 1185.47 377.82 963.48 303.28
0301 2 396.80 186.45 258.26 203.89 136.75 83.00
0306 2 1139.26 596.15 454.91 219.73 390.11 288.33
0403 2 1348.38 758.28 250.70 275.65 227.26 234.84
0409 6 712.12 349.81 121.88 110.19 140.64 144.18

PD 0101 0.1 1007.19 281.23 894.04 256.55 870.07 237.90
0102 0.1 1313.63 436.45 1082.35 342.77 812.57 255.92
0106 0.4 1529.37 494.81 1094.18 457.99 878.23 334.75
0108 1 661.47 209.96 741.49 334.40 727.28 267.68
0109 1 997.84 410.43 418.61 347.86 753.60 398.10
0110 1 876.91 318.42 656.25 285.51 589.05 288.52
0111 2 960.14 384.98 619.27 338.66 476.93 228.04
0401 2 715.40 325.69 390.18 234.23 394.90 171.15
0204 2 832.10 368.26 363.75 190.55 331.78 169.02
0501 4 830.83 385.37 317.71 288.19 215.84 191.20
0503 6 721.08 352.52 199.01 164.04 177.21 161.56

RECIST Dose
(mg/kg)

Day 1 Day 15 Day 29
PAT NO

 

2) ヒト化 CD26 抗体投与前後の血清可溶性

CD26 値の動きについて 

 ヒト化 CD26 抗体投与前後の Day1、

Day15、Day29における longSD, shortSD, 
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PD患者の可溶性CD26値の変化を検討した。 

図 1 に示すように Day1、Day15、Day29

においていずれも投与後可溶性 CD26 値は

低下し、その後再び上昇し、再投与により再

度可溶性 CD26 は低下した。PD 患者に注目

すると SD 患者と比較すると特にヒト化

CD26 抗体投与前で可溶性 CD26 値の低下

がそれほどでもないことが明らかとなった。

またヒト化 CD26 抗体の Day1 投与前の可

溶性 CD26 値のスコアを 100 としてヒト化

CD26抗体投与後の前投与時の可溶性CD26

値の推移を検討した。図 2 に示すように

SD12 例、PD11 例に分けて可溶性 CD26 値

について、特に投与前 Day29 では PD 患者

は SD 患者と比して可溶性 CD26 値は有意

に高いことが明らかとなった（Wilcoxon 

rank sum test P=0.016）。同様に Day1 抗体

投与前の DPPⅣ酵素活性値のスコアーを

100 とした DPPⅣ値の推移を検討した。図

3 に示すように DPPⅣ酵素活性に関しても

PD 及び SD 患者の間で有意差があることが

明らかとなった（Wilcoxon rank sum test 

P=0.0267）。本研究から血清中の可溶性

CD26／DPPⅣ値はヒト化 CD26 抗体投与

によるPD及びSDを識別するバイオマーカ

ーとなる可能性が示唆された。 
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図 1 

Long SD, short SD, PD患者のヒト化CD26

抗体投与前、投与後の血清可溶性 CD26 値

の推移 

 

 

 

図 2 

血清中可溶性 CD26 値(Day1 Pre のスコア

を 100 とした Day15 Pre、Day29 Pre の推 

移） 

 

 

 

図 3 

血清中 DPPIV 値(Day1 Pre のスコアを 100

とした Day15 Pre、Day29 Pre の推移) 
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D. 考察 

フランスにてヒト化 CD26 抗体の First in 

Man 第 1 相臨床試験を化学療法抵抗性悪性

中皮腫及びその他 CD26 陽性悪性腫瘍をタ

ーゲットに施行した。特記すべき副作用もな

く安全性も確認された。統計 33 例で 1 ヶ月

投与後 2 週間後に modified RECIST 評価に

より 13 例が Progressive disease(PD)、13

例が Stabilized disease(SD)、7 例が評価出

来ずであった。 

更に悪性中皮腫症例においては評価可能例

の 19 例中 10 例が SD と評価され、5 例が 6

ヶ月以上、1 例が 3 ヶ月以上継続し、有効性

を示唆するデータも得ることが出来た。 

フランスの臨床試験において患者血清中の

可溶性 CD26/DPPⅣ酵素値がヒト化 CD26

抗体投与で低下していく傾向にあり、今まで

SLEやHIVにおいてこの値は活動性やHIV

ウィルス価のバイオマーカーになる可能性

を 報 告 し て い る こ と か ら 、 可 溶 性

CD26/DPPⅣ値に注目した。その結果血清中

の可溶性 CD26/DPPⅣ値はヒト化 CD26 抗

体投与によるPD及びSDを識別するバイオ

マーカーとなる可能性が示唆された。 

 
図 4  

DPPⅣ酵素による CXCL10 の不活性化はが

ん細胞への CXCR3 陽性免疫細胞の集積を

阻害する 

 

図4は我々がNature Immunologyに発表し

た DPPⅣ酵素と腫瘍免疫のスキームである。

（Ohnuma K, Hatano R, and Morimoto C 

DPP Ⅳ in anti-Tumor immunity: going 

beyond the enzyme : Nature Immunology 

16:791-792,2015） 

担癌マウスに現在糖尿病治療薬として用い

られているシタグリプチンをエサに混ぜて

食べさすことにより DPPⅣ酵素の基質

CXCL10 の不活性化を抑制し、その結果

CXCR3陽性T細胞が腫瘍組織にリクルート

され、腫瘍を破壊していくというものである。

更に図 4 下段に示すように免疫チェックポ

イント阻害薬の CTLA-4 及び PD-1 抗体に

DPPⅣ酵素阻害薬を上乗せして投与するこ

とにより、その群では他群と比較してほとん

ど腫瘍は縮小した。このように DPPⅣ酵素

活性阻害は腫瘍免疫の促進に関与する可能

性を示唆した。 

フランスでの臨床検体の解析からヒト化

CD26抗体投与SD患者において血清可溶性

CD26/DPP Ⅳ 酵 素 値 が PD 患 者 よ り

Day29pre 時で有意に低いことは DPPⅣ酵

素活性阻害が腫瘍免疫促進に関与している

ことを支持する結果であった。また、

PD-1/PD-L1 及び CTLA-4 抗体との併用療

法なども今後検討すべき課題と思われ、ヒト

化 CD26 抗体の作用機序について免疫チェ

ックポイント阻害以外の作用機序について

も今後検討すべきと思われる。 

図 2、図 3 から特に PD の患者つまり Day29

でヒト化 CD26 抗体投与後 2 週間の

RECIST 評価により抗体投与は PD の評価

ならこの時点で終了するが、更にヒト化

CD26 抗体の投与を継続することで可溶性
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CD26/DPPⅣ値が低下すればPDからSDに

移行する可能性があるのかなど今後の検討

課題と思われる。 

ヒト化 CD26 抗体は本邦においても悪性中

皮腫をターゲットにした第１相臨床試験は

本年春からスタートするがその結果が期待

される。 

E. 結論 

ヒト化 CD26 抗体の化学療法抵抗性悪性中

皮腫及びその他 CD26 陽性悪性腫瘍をター

ゲットにしたフランスの First in Man 第 1

相臨床試験において血清中の可溶性

CD26/DPPⅣ酵素活性値がPD及びSDを識

別できるバイオマーカーとなる可能性が示

唆された。 

 

F．次年度以降の計画 

フランスでの第 1 相臨床試験の解析から PD, 

SD の識別に血清可溶性 CD26/DPPⅣ値が

有用な可能性が示唆されたことから血清

DPPⅣが腫瘍免疫亢進に働いている可能性

を探るためフランスの検体及び本年春から

スタートする本邦第１相臨床試験患者血清

中の DPPⅣ酵素の基質である CXCL10 など

ケモカインの切断様式につついて解析する。 
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ABSTRACT 
 

Malignant pleural mesothelioma (MPM) is a rare and aggressive neoplasm deriving 
from the pleural mesothelial lining. More than 80% of cases are related to previous 
professional asbestos exposure, with its worldwide incidence being expected to increase 
in the future. Despite the modest clinical benefit of a multimodality treatment approach 
including surgery, combination chemotherapy and radiation, prognosis remains grim with 
poor overall survival. For the vast majority of MPM patients ineligible for potentially 
curative surgery at diagnosis, systemic chemotherapy is the best option to improve 
survival. The only treatment with level-one level of evidence for improving clinical 
outcome is the regimen consisting of a platinum doublet with an antifolate. It is possible 
that standard cytotoxic therapies for MPM have reached a therapeutic plateau, and new 
approaches based on deregulated pathways and targeted therapies are required to improve 
survival of MPM patients. We have had a long-standing interest in the role of CD26 in 
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cancer biology and its suitability as a novel therapeutic target in selected neoplasms. Our 
previous work demonstrated that CD26 is preferentially expressed in MPM cells but not 
in normal mesothelial cells, and suggested that CD26 expression level correlates with 
clinical outcomes. More recently, we showed that the CD26-positive population of 
CD24+CD9+ MPM cells exhibits cancer stem cell features. We also 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 for MPM, advances that can lead to a more 
hopeful future for MPM patients.
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INTRODUCTION 
 
Malignant pleural mesothelioma (MPM) is a rare and aggressive neoplasm arising from the 

pleural mesothelial lining (Kondola et al., 2016), with more than 80% of cases being related to 
previous occupational asbestos exposure (Myers, 2012; Shersher and Liptay, 2013). Peak incidence of 
MPM has been reached in the United States, while its incidence is predicted to increase further in the 
next decades in developing countries where asbestos has not yet been prohibited (Myers, 2012; 
Shersher and Liptay, 2013). Worldwide, about 80% of mesothelioma deaths occur in ten countries, 
with Japan, United Sates and United Kingdom being in the top three (van Meerbeeck and Damhuis, 
2011; Robinson, 2012). Despite the modest clinical benefit of a multimodality treatment approach 
including surgery, combination chemotherapy and radiation, prognosis remains grim with poor overall 
survival (Abdel-Rahman and Kelany, 2015; Maggioni et al., 2016). For the vast majority of MPM 
patients ineligible for potentially curative surgery at diagnosis, systemic chemotherapy is the best 
option to improve survival (Kondola et al., 2016). The only treatment with level-one level of evidence 
for improving clinical outcome is the regimen consisting of a platinum doublet with an antifolate 
(Haas and Sterman, 2013). With this combined chemotherapy, patients with good performance status 
have a median overall survival (OS) of approximately 1 year, and a median progression free survival 
(PFS) of less than 6 months (van Meerbeeck et al., 2005). There is no standard second line treatment 
with documented ability to prolong survival. Due to the lack of efficacy of conventional treatments, 
novel therapeutic strategies are urgently needed to improve outcomes of MPM (Astoul et al., 2012; 
Haas and Sterman, 2013; Kondola et al., 2016). 

Successful treatment of MPM depends on an in-depth understanding of the biology of 
mesothelioma. Our group has had a long-standing interest in the role of CD26 in cancer biology and 
its suitability as a novel therapeutic target in selected neoplasms (Thompson et al., 2007; Havre et al., 
2008; Ohnuma and Morimoto, 2013). 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 (Thompson et al., 2007; Ohnuma et al., 2011). 
Although CD26 expression is enhanced following activation of resting T cells, CD4+ CD26high T cells 
respond maximally to recall antigens such as tetanus toxoid (Morimoto et al., 1989; Dang et al., 
1990c). Cross-linking of CD26 with CD3 by solid-phase immobilized monoclonal antibodies (mAbs) 
can induce T-cell costimulation and IL-2 production by CD26+ T cells (Dang et al., 1990a; Morimoto 
and Schlossman, 1998). In addition, anti-CD26 antibody treatment of T cells enhances activation 
associated with tyrosine phosphorylation of signaling molecules such as CD3 and p56lck, while its 
DPPIV enzyme activity is required for CD26-mediated T cell costimulation (Tanaka et al., 1993; 
Hegen et al., 1997; Ishii et al., 2001). CD26 therefore has an important role in T cell biology and 
overall immune function (Morimoto and Schlossman, 1998; Ohnuma et al., 2008a). 

CD26 is also expressed on various tumors including MPM, renal cell carcinoma (RCC), colorectal 
cancer, hepatocellular carcinoma, lung cancer, prostate cancer, gastrointestinal stromal tumor, thyroid 
cancer, and hematologic malignancies such as T-anaplastic large cell lymphoma, T-lymphoblastic 
lymphoma and T-acute lymphoblastic leukemia (Thompson et al., 2007; Havre et al., 2008; Ohnuma 
and Morimoto, 2013). In addition to its expression in cancer cells, CD26 regulates topoisomerase II 
level in hematological malignancies, affecting sensitivity to doxorubicin and etoposide (Yamochi et 
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al., 2005). Moreover, CD26 itself appears to be a novel therapeutic target, and anti-CD26 mAb 
treatment resulted in both in vitro and in vivo anti-tumor activity against selected tumor types 
including MPM (Ho et al., 2001; Inamoto et al., 2006; Inamoto et al., 2007). Our previous work 
demonstrated that CD26 is preferentially expressed in MPM cells but not in normal mesothelial cells, 
and suggested that CD26 expression level correlates with clinical outcomes, while being a potential 
therapeutic target in MPM (Amatya et al., 2011; Aoe et al., 2012). We herein review mainly our 
significant novel findings and the early clinical development of a CD26-targeted therapy for MPM. 

 
 

MOLECULAR CHARACTERIZATION OF CD26 
 
In 1979, a large molecular weight complex composed of adenosine deaminase (ADA) activity 

was found to be an ADA-binding protein (ADBP), also known as adenosine deaminase complexing 
protein-2 (ADCP2) (Daddona and Kelley, 1979). In 1992, this ADBP or ADCP2 is determined to be 
identical to CD26, a T-cell activation molecule and a 110-kD glycoprotein that is present also on 
epithelial cells of various tissues including the liver, kidney, and intestine (Hopsu-Havu and Glenner, 
1966; Marguet et al., 1992; Tanaka et al., 1992). The human CD26 cDNA contains a 3,465 base pair 
(bp) open reading frame that encodes a 766 amino acid protein. The human CD26 amino acid 
sequence has 85% amino acid identity with the mouse and rat CD26, and 37% amino acid identity 
with D. melanogaster (Marguet et al., 1992; Tanaka et al., 1992). The 5’-flanking region does not 
contain a TATA box or CAAT box, commonly found in housekeeping genes (Bohm et al., 1995). 
CD26 does contain a 300 bp G-C rich region with potential binding sites for NF-κB, AP2, or Sp1 
(Erickson et al., 2000b). CD26 expression is activated by interferons (IFNs) and retinoic acid in 
chronic lymphocytic leukemia via Stat1α and the GAS (IFN- activaton site) response element 
(TTCnnnGAA located at bp -35 to -27) in the CD26 promoter (Bauvois et al., 2000). A hepatocyte 
nuclear factor 1 binding site at position -150 to -131 of the CD26 gene regulates CD26 expression in 
human intestinal (Caco-2) and hepatic epithelial (HepG2) cell lines (Erickson et al., 1999; Erickson et 
al., 2000a). 

DPPIV

Cell membrane

Cytoplasm

Extracellular Domain (AA29-766)

Membrane Domain (AA7-28)
Cytoplasmic Domain (AA1-6)

C-terminal catalytic regions (AA511-766)
Catalytic triad (S630, D708, H740)

Cysteine-rich region (AA290-510)

Glycosylated region (AA49-289)

Flexible segment (AA29-48)

  

Figure 1. Schematic diagrams of the amino acids of human CD26.  
Human CD26 cDNA is composed of 2,301 base pairs, translated to a 766 amino acid protein. DDPIV catalyzes 
the hydrolysis of N-terminal dipeptides from polypeptides with proline or alanine in the penultimate position. 
See text for further details. 
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CD26 is a multifunctional membrane-bound glycoprotein present as a homodimer on the surface 
of most cell types (Chien et al., 2004; Ohnuma et al., 2008a). Human CD26 is composed of 766 amino 
acids (Figure 1), including a short cytoplasmic domain of 6 amino acids, a transmembrane region of 
24 amino acids, and an extracellular domain with dipeptidyl peptidase activity which selectively 
removes the N-terminal dipeptide from peptides with proline or alanine at the penultimate position 
(Heins et al., 1998; Ohnuma et al., 2008a). Analysis of single amino acid point mutations in the -
propeller motif identified Glu205 and Glu206 to be essential for DPPIV enzyme activity, and the 
central tunnel and /-hydrolase domains both participate in DPPIV inhibitor binding (David et al., 
1993; Abbott et al., 2000; Rasmussen et al., 2003). CD26/DPPIV was initially considered to cleave 
peptides only after a proline or alanine residue, but its substrates are now known include 
hydroxyproline, serine, glycine, valine, threonine, and leucine (Yaron and Naider, 1993; Abbott et al., 
2000; Bjelke et al., 2006). CD26 binds to caveolin-1 on antigen presenting cells (APC), and residues 
201 to 211 of CD26 along with the serine catalytic site at residue 630, which constitute a pocket 
structure of CD26/DPPIV, contribute to its binding to the caveolin-1 scaffolding domain (Ohnuma et 
al., 2004). This region in CD26 contains a caveolin-binding domain (ΦXΦXXXXΦXXΦ; Φ and X 
depict aromatic residue and any amino acid, respectively), specifically WVYEEEVFSAY in CD26. 
These observations strongly support the notion that DPPIV enzyme activity is necessary for CD26-
mediated T-cell costimulatory activation, as demonstrated in our previous work using CD26-targeted 
mAbs (Tanaka et al., 1993; Morimoto and Schlossman, 1998). Single amino acid point mutation 
analysis showed that His750 residue is responsible for dimerization (Chien et al., 2004), which is 
required for T cell costimulation signaling (Ohnuma et al., 2007).  

A soluble form of the protein with conserved DPPIV enzyme activity (sCD26 or sDPPIV) is 
present in the serum and other body fluids, presumably as a result of shedding or secretion from 
different cell types (Nagatsu et al., 1968; Iwaki-Egawa et al., 1998; Cordero et al., 2009; Rohrborn et 
al., 2014). The soluble form lacks the transmembrane region and cytoplasmic residues, as it begins at 
the 39th amino acid residue (Iwaki-Egawa et al., 1998). This form also exists as a dimer and has been 
detected in seminal fluid as a larger oligomer (>900 kDa) (Iwaki-Egwa et al., 1998). DPPIV enzyme 
activity is involved in the activation/inactivation of a number of chemokines and cytokines to regulate 
immune and endocrinological functions as well as cancer cell biology. (De Meester et al., 2000; 
Thomspn et al., 2007; Havre et al., 2008; Ohnuma et al., 2008a; Ohnuma and Morimoto, 2013). The 
clinical significance of sCD26 or sDPPIV in MPM patients has been shown in our recent study, which 
included 80 MPM patients, 79 subjects with past asbestos exposure (SPE), and 134 patients with other 
benign pleural diseases (OPD) as a control group (Fujimoto et al., 2014). Serum sCD26 levels and 
sDPPIV enzyme activity in patients with MPM were significantly decreased compared with those in 
the SPE group. The level of serum sCD26 was significantly decreased in patients with advanced 
stages of MPM compared with those with earlier stages. The median OS of patients with MPM who 
had higher DPPIV enzyme activity was significantly longer than that of those with lower DPPIV 
enzyme activity. The sCD26 levels in the pleural fluid of MPM patients with an epithelioid subtype 
were significantly increased compared with the OPD cohort. Moreover, DPPIV enzyme activity in the 
pleural fluid of patients with MPM with an epithelioid subtype was significantly increased compared 
with that in the OPD cohort. Patients with MPM who had lower specific DPPIV activity, determined 
as the ratio of DPPIV activity to sCD26 protein quantification, exhibited significantly prolonged 
survival compared with those with higher specific DPPIV activity. Serum sCD26 and DPPIV enzyme 
activity appear to be useful biomarkers for differentiating patients with MPM from SPE. In addition, 
the sCD26 level and DPPIV enzyme activity in pleural fluid appear to be biomarkers in patients with 
the MPM epithelioid subtype. DPPIV activity in serum or pleural fluid may also be predictive markers 
for the prognosis of MPM patients (Fujimoto et al., 2014). 
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CD26 AND IMMUNE FUNCTION 

 
In human peripheral blood, CD26 is found on CD4+ T memory cells and CD8+ effector/memory T 

cells (Morimoto et al., 1989; Dang et al., 1990c; Hatano et al., 2013). It has been reported that 0-5% of 
freshly isolated CD20+ B cells do express the CD26 antigen (Buhling et al., 1995). Following 
stimulation with PMA (phorbol 12-Myristate 13-acetate) or Streptococcus aureus protein, the fraction 
of CD26-positive cells increased to 51% (Morimoto and Schlossman, 1998; Fujimaki et al., 2008). 
Meanwhile, CD26 is not expressed or is found only at low levels on monocytes of healthy adults 
(Stohlawetz et al., 1998; Ohnuma et al., 2001). Flow cytometric analysis of dendritic antigen-
presenting cells (DC) generated from peripheral blood of normal donors in the presence of 
granulocyte/macrophage colony-stimulating factor and IL-4 revealed intermediate levels of CD26 
expression during a 2-week culture period (Alijagic et al., 1995). Only a small fraction of peripheral 
NK cells was found to express CD26 (Buhling et al., 1994). 

CD26 is a co-stimulatory molecule for T-cell signal transduction. While CD26 expression is 
enhanced following activation of resting T cells, CD4+CD26high T cells respond maximally to recall 
antigens such as tetanus toxoid (Dang et al., 1990c; Morimoto and Schlossman, 1998). Moreover, we 
have previously reported that effector CD26-mediated costimulatory activity is exerted via its DPPIV 
enzymatic activity (Tanaka et al., 1993). In addition, CD4+ T cells with in vitro transendothelial 
migratory capacity appear to express high CD26 (Masuyama et al., 1992), and patients with 
autoimmune diseases such as multiple sclerosis, Grave’s disease, and rheumatoid arthritis have been 
found to have increased numbers of CD4+CD26+ T cells in inflamed tissues as well as in their 
peripheral blood, with enhancement of CD26 expression in these autoimmune diseases correlating 
with disease activity (Ohnuma et al., 2011). Moreover, CD26highCD8+ T cells in humans belong to 
early effector memory T cells, and 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., 2013). 

The cytoplasmic tail of CD26 is responsible for T-cell costimulation induced by anti-CD3 plus 
caveolin-1 (Ohnuma et al., 2007). Our work found that CARMA1 binds to the cytoplasmic tail of 
dimeric CD26, and that a PDZ domain in CARMA1 is necessary for binding to CD26 (Ohnuma et al., 
2007). Following its phosphorylation, CARMA1 functions as a signaling intermediate downstream of 
PKC (protein kinase ) and upstream of IKK (IB kinase) in the TCR (T cell receptor) signaling 
transduction pathway, which leads eventually to NF-B activation. Dimeric CD26, but not monomeric 
CD26, binds to CARMA1 (Ohnuma et al., 2007). The enzymatic pocket structure of the DPPIV 
catalytic site is necessary for binding of CD26 to caveolin-1, leading to the upregulation of CD86 
expression on APC (Ohnuma et al., 2005). Dimerization of CD26 is therefore not only necessary for 
binding to caveolin-1, but also serves as a scaffolding structure for the cytoplasmic signaling molecule 
CARMA1. Overall, CD26 ligation by caveolin-1 on APC recruits CD26-interacting CARMA1 to lipid 
rafts, resulting in the formation of a CARMA1-Bcl10-MALT1-IKK complex, and this membrane-
associated Bcl10 complex then activates IKK through ubiquitination of NEMO (NF-B essential 
modulator) (Ohnuma et al., 2008b). 

We recently reported that CD3/CD26 costimulation induces 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.  
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EXPRESSION OF CD26 IN MPM 
 
Our previous work analyzing extracellular matrix interactions and intracellular signaling events 

demonstrated that the malignant mesothelial cell line JMN expresses CD26 (Dang et al., 1990b). 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). Tissue samples 
from eighty one epithelioid (49 differentiated and 32 less differentiated), 34 sarcomatoid, 19 biphasic 
mesothelioma patients and 8 mesothelioma cell lines were examined via immunohistochemistry for 
membranous and cytoplasmic expression. Cytoplasmic expression of CD26 was observed in all 
histological types of mesothelioma, being found in 65 of 81 (80%) of epithelioid mesotheliomas, and 
17 of 18 (95%) of epithelioid component of biphasic mesothelioma. Meanwhile, membranous 
expression of CD26 was not found in sarcomatoid mesothelioma or sarcomatoid component of 
biphasic mesothelioma (Figure 2). Moreover, 7 out of 8 mesothelioma cell lines (MESO1, MESO4, 
HMMME, H226, H2452, H28, and H2052), including sarcomatoid types, exhibited CD26 expression, 
with the MSTO-211H (MSTO) mesothelioma cell line having no expression of CD26 (Amatya et al., 
2011). These same 7 mesothelioma cell lines also demonstrated membranous expression of CD26 in 
cellblock preparation.  

 

A B

 

Figure 2. Immunohistochemical staining of MPM with anti-CD26.  
Representative serial sections of resected specimens of MPM. 
(A) Epithelioid mesothelioma for anti-CD26 immunohistochemistry, showing membranous expression of CD26. 
(B) Sarcomatoid mesothelioma for anti-CD26 immunohistochemistry, showing only cytoplasmic expression with 
inconspicuous membranous expression of CD26.  
This figure is reprinted with permission from K Aoe et al., Clin Cancer Res 18:147-1456, 2012. 

 
CLINICAL RELEVANCE OF CD26 EXPRESSION AND MPM 

 
To explore the role of CD26 for MPM in the clinical setting as a prognostic and therapeutic 

biomarker, we evaluated 79 MPM cases for CD26 expression and clinical outcome (Aoe et al., 2012). 

－63－



 

 

Fifty-eight patients with mesothelioma (73.4%) expressed CD26 on the mesothelioma cell membrane. 
The majority of patients with epithelioid and biphasic type of mesothelioma expressed CD26 on the 
mesothelioma cell membrane, whereas none of the patients with the sarcomatoid type did. It should be 
noted that diffuse staining for CD26 in the cytoplasm of the mesothelioma cells was observed in all 
patient samples, even in patients with the sarcomatoid type (Figure 2). We next evaluated the 
prognostic significance of CD26 membrane expression and other clinicopathological factors in those 
patients (Aoe et al., 2012). The median survival time (MST) for all mesothelioma patients in the 
current study was 13.9 months, with the 1-year survival rate being 58.9%. Older age, sarcomatoid 
histology, advanced stage, absence of extrapleural pneumonectomy (EPP), absence of chemotherapy, 
and best supportive care were factors associated with poor prognosis. However, no significant 
relationship between membranous CD26 expression in malignant mesothelioma and survival was 
observed (MST, 15.0 vs. 10.8 months, P=0.1384). Potential relationship between CD26 expression 
and chemotherapy response and survival was also analyzed. Of the 56 patients treated with 
chemotherapy, 15 patients had adjuvant chemotherapy, and one patient died prior to evaluation of 
response to chemotherapy. Therefore, we evaluated the relationship between membranous CD26 
expression and response to chemotherapy for 40 patients. The response rate to chemotherapy was 
marginally associated with membranous CD26 expression (P=0.053). There was a trend toward an 
association between higher level of CD26 membrane expression and better response to chemotherapy. 
Univariate analysis of survival time for patients who received chemotherapy demonstrated that 
membranous CD26 expression was a significant factor associated with better survival (MST, 18.6 vs. 
10.7 months, P=0.0083). In addition, other clinicopathological factors, including epithelioid histology 
type, lower stage, EPP or treatment with pemetrexed were also observed to be associated with overall 
survival. Multivariate analysis for response to chemotherapy showed that epithelioid histology 
(P=0.016) and EPP (P=0.005) had independent prognostic significance. Membranous CD26 
expression showed a hazard ratio of 1.947, but without statistically significant value (P=0.067). Taken 
together, we concluded that the CD26 molecule is a reliable biomarker for predicting potential 
therapeutic outcome following chemotherapy (Aoe et al., 2012). 

 
 
 

MPM CANCER CELL BIOLOGY OF CD26 
 
Since CD26 membrane expression on mesothelioma cells appears to be a predictive marker of 

response to chemotherapy, we next attempted to characterize in details the CD26-positive cells of 
mesothelioma cell lines. For this purpose we sorted naturally occurring CD26-positive MESO1 
mesothelioma cells and subdivided them into CD26-positive and CD26-negative cells. Such cells were 
subsequently cultured for the indicated days. CD26high cells always exhibited higher level of 
proliferative activity than CD26-negative cells. Similarly, CD26high cells from other naturally 
occurring CD26-positive mesothelioma cell lines such as H226 and H28 cell lines consistently had 
higher level of proliferation than CD26-negative cells from the same cell lines. Moreover, CD26-
knockdown of MESO1, JMN and H28 cells resulted in reduced proliferation as compared to wild type 
CD26-positive MESO-1, JMN and H28 cells, respectively. These results hence suggest that CD26-
positive mesothelioma cells have generally robust growth activity (Aoe et al., 2012). Since highly 
proliferative cells are typically sensitive to chemotherapeutic agents, our present data support the 
notion that mesothelioma patients with tumors expressing high level of CD26 generally have 
chemosensitive disease, as discussed in the preceding section. 

－64－



 

 

A

MSTO-Mock MSTO-CD26 WT

M
ig

ra
te

d 
ce

lls
 / f

ie
ld

Mock CD26WT CD26/10 Chi

MSTO-CD26/10 Chi

Migration
NS

P < 0.0001 P < 0.0001

In
va

de
d 

ce
lls

 / f
ie

ld

MSTO-Mock MSTO-CD26 WT

0

500

400

300

200

100

Mock CD26WT CD26/10 Chi

MSTO-CD26/10 Chi

Invasion
NS

P < 0.0001 P < 0.0001

C

MSTO-Mock MSTO-CD26 WT MSTO-CD26/10 Chi

O
D

 57
0n

m

0

1.0

Mock CD26WT CD26/10 Chi

0.2

0.4

0.6
0.8

Colony formation
NS

P < 0.0001 P < 0.0001

D

Mock

CD26WT

CD26/10 Chi

Days post inoculation
1 7 14 21 28

To
ta

l f
lu

x 
(

10
7
ph

ot
on

s s
ec

 -1
)

P < 0.0001

P < 0.0001

Mock

CD26WT

CD26/10 Chi

Day 14 Day 21 Day 28

1.0

2.0

3.0

4.0

5.0

6.0

1
0 

7
(p

ho
to

ns
 s

 -1
cm

-2
rs

 -1
)

P < 0.001

 

Figure 3. The cytoplasmic region of CD26 is required for cell migration, invasion and colony formation. 
(A) Cells were seeded on top of a Boyden chamber. The number of cells that migrated through the uncoated filter 
in the lower chamber was counted. The mean number of cells per field was determined from 5 fields per filter 
(mean  SEM; n=5 experiments with triplicates). A significant increase of MSTO-CD26WT is indicated as 
P0.0001 (v.s. MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOVA with Tukey-Kramer post-hoc 
test. NS denotes ‘not significant’. Representative microphotographs of cells migrating through the filter were 
shown in the lower panels (crystal violet staining). Scale bars indicate 200m. 
(B) Cells were seeded on top of Matrigel-coated chamber inserts. The number of cells that invaded through the 
Matrigel in the lower chamber was counted. The mean number of cells per field was determined from 5 fields per 
filter (mean  SEM; n=5 experiments with triplicates). A significant increase of MSTO-CD26WT is indicated as 
P0.0001 (v.s. MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOVA with Tukey-Kramer post-hoc 
test. NS denotes ‘not significant’. Representative microphotographs of cells invading through the filter were 
shown in the lower panels (crystal violet staining). Scale bar indicates 200m. 
(C) Cells were plated in a cell suspension agar matrix between layers of base agar matrix. After 1 week, the agar 
matrix was solubilized, and cells were stained with MTT solution. Absorbance at 570nm was measured (mean  
SEM; n=5 experiments with triplicates). A significant increase of MSTO-CD26WT is indicated as P0.0001 (v.s. 
MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOVA with Tukey-Kramer post-hoc test. NS denotes 
‘not significant’. Representative microphotographs of cells grown in soft agar just prior to solubilization to 
indicate cell size and morphology were shown in the lower panels (phase-contrast imaging). Original 
magnification, 8. Scale bars indicate 50m.  
(D) SCID mice were injected i.p. with 1105 luciferase-expressing MSTO-Mock, MSTO-CD26WT or MSTO-
CD26/10Chi cells. Tumor growth was measured by in vivo bioluminescence photometry, with imaging data of 
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each cohort being indicated as total flux of photons per second (mean  SEM; n=20). A significant increase of 
MSTO-CD26WT is indicated as P0.0001 (v.s. MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOVA 
with Tukey-Kramer post-hoc test. Representative optical bioluminescence imaging of each cohort mice was 
shown with intensity of luminescence as heat maps in the lower panels. 
This figure is reprinted with permission from J Yamamoto et al., Br J Cancer 110:2232-2245, 2014. 

To extend our previous studies on the relationship between high proliferative activity and 
invasiveness and high expression level of CD26, we analyzed the signaling events downstream of 
CD26 in MPM. With the proximal signaling events associated with the cytoplasmic region of CD26 
being previously shown in normal human T lymphocytes (Ohnuma et al., 2007), it is conceivable that 
similar CD26-mediated proximal events may play a role in MPM cell biology. To define the crucial 
role of the CD26 cytoplasmic region in regulating migratory, invasive or proliferative activity of 
MPM cells, we used a mutant construct of CD26 in which its cytoplasmic region was replaced with 
that of human CD10 (CD26-CD10 chimeric receptor), which was shown to abrogate CD26-mediated 
costimulation in T cells (Ohnuma et al., 2007). CD10, as is the case with CD26, is a type II 
transmembrane glycoprotein with a relatively short cytoplasmic tail containing signal sequence that 
has an expected membrane topology similar to CD26 (Ogata et al., 1989; Maguer-Satta et al., 2011). 
We transfected CD26-negative parental MSTO cells with full-length human CD26 (CD26WT) or 
CD26-CD10 chimeric receptor (CD26/10Chi) to establish MSTO-CD26WT or MSTO-CD26/10Chi, 
respectively (Yamamoto et al., 2014). A significant increase in migration was observed in MSTO-
CD26WT as compared to MSTO-Mock (vector alone) or MSTO-CD26/10Chi (Figure 3A). Similarly, 
an increase in invasion was also observed in MSTO-CD26WT as compared to MSTO-Mock or 
MSTO-CD26/10Chi (Figure 3B). Moreover, a significant increase in colony formation was observed 
in MSTO-CD26WT as compared to MSTO-Mock or MSTO-CD26/10Chi (Figure 3C). To extend the 
above in vitro results to in vivo experimentation, we performed a cell growth assay using xenograft 
mice. A significant increase in in vivo tumor growth was observed with MSTO-CD26WT as compared 
to MSTO-Mock or MSTO-CD26/10Chi (Figure 3D). These results suggest that the cytoplasmic region 
of CD26 is important for CD26 function in such MPM biological processes as cell migration, invasion 
and anchorage-independent cell growth as well as in vivo tumor growth, and clinical benefit may be 
obtained by targeting the CD26 molecule in MPM therapy.  

 
 

CD26 AND CANCER STEM CELLS IN MPM 
 
The putative existence of cancer stem cell (CSC) is a widely accepted notion at the present time 

(Reya et al., 2001). CSC proliferates in an asymmetric cell division-like manner, exhibits various stem 
cell signatures, and is believed to be a potential reason for resistance to therapy. Recent studies have 
demonstrated the existence of CSCs not only in hematologic malignancies but also solid tumors 
(Frank et al., 2010; Wang and Dick, 2005). Our recent work identified SP (side-population), CD9, 
CD24, and CD26 as MPM CSC markers that correlated with primary stem cell signatures (Ghani et al., 
2011). SP cells of H226 and H2452 cell lines, and CD24-positive cells of JMN and H226 cell lines 
proliferated in an asymmetric cell division-like manner. The expression of CD26 closely correlated 
with that of CD24 in sarcomatoid type cell lines. In addition, CD9 and CD24-positive cells displayed 
a higher potential to generate spheroid colony than negative cells in the stem cell medium. Moreover, 
these marker-positive cells had a clear tendency to generate larger tumors in mouse transplantation 
assay (Ghani et al., 2011). We further analyzed the CSC properties of CD24 and CD26-positve MPM 
cells (Yamazaki et al., 2012). We established RNA interference (RNAi) -knockdown MPM cells and 
found that these markers correlated significantly with chemoresistance, proliferation, and in vitro 
invasion potential. Interestingly, while MESO1 cells expressed both CD24 and CD26, the presence of 
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each of these two markers was correlated with different CSC property. To distinguish intracellular 
signals downstream of these cell surface antigens, we performed DNA microarray analysis of CD24+ 
and CD24− cells of JMN and H226, CD24+CD26+ and CD24−CD26− cells of MESO1, and control-
short hairpin RNA (shRNA) and CD24-shRNA cells of MESO1. We found that several genes related 
to cancer development and stem cell signatures were differentially regulated. Among the genes up-
regulated in the positive cells, insulin-like growth factor binding protein 7 (IGFBP7) was commonly 
up-regulated in all experiments (fold change, JMN-CD24+, 2.5; H226-CD24+, 3.3; MESO1-
CD24+CD26+, 27.3; MESO1-control/CD24-shRNA, 1.9). In CD24+CD26+/CD24−CD26− cells and 
control/CD24− shRNA cells of MESO-1, IGFBP3 (another member of IGFBP, 7.9 and 5.8, 
respectively), a cancer gene Wnt5A (5.2 and 6.3, respectively), and hematopoietic/lymphoid stem 
cell antigen CD127 (interleukin 7 receptor, IL7R, 10.5 and 3.0, respectively) were also significantly 
up-regulated. The microarray data of these genes were further confirmed by RT-PCR in the 
CD24/CD26-isolated MESO1 cells. Interestingly, expression of IGFBP3 and IGFBP7 was well-
correlated with that of CD26, rather than CD24. Meanwhile, expression of Wnt5A and IL7R was 
correlated with not only CD24 but also CD26 expression, while their expression was completely 
absent in the CD24−CD26− cells. These data suggest that CD24 and CD26 expression correlated with 
several cancer and stemness genes. In addition to gene expression profiles, our examination of 
downstream signaling events relating to IGFBP3 and IGFBP7 showed that phosphorylation of ERK 
(extracellular signal-regulated kinase) by EGF (epidermal growth factor) stimulation was significantly 
affected by the expression of CD26, but not CD24. Taken together, our data suggest that CD24 and 
CD26 differentially regulate the CSC potentials of MPM and could be promising targets for CSC-
oriented therapy. 

 
 

ASSOCIATION OF CD26 AND EXTRACELLULAR  MATRIX IN MPM 
 
To further explore the molecular mechanisms involved in the highly proliferative activity of 

CD26-positive MPM cells, we focused on the interaction between CD26 and CD9, and identified as 
novel markers for cancer stem cells in malignant mesothelioma (Ghani et al., 2011). We found that 
CD26 and CD9 co-modulated and coprecipitated with each other in the malignant mesothelioma cell 
lines MESO1 and MSTO (Okamoto et al., 2014). RNAi study revealed that depletion of CD26 led to 
increased CD9 expression, while depletion of CD9 resulted in increased CD26 expression. Consistent 
with these findings was the fact that gene transfer of CD26 into CD26-negative MSTO cells reduced 
CD9 expression. Cell invasion assay showed that overexpression of CD26 or gene depletion of CD9 
led to enhanced invasiveness, while CD26 gene depletion resulted in reduced invasive potential. 
Furthermore, co-precipitation studies demonstrated an association between CD26 and 51 integrin, 
suggesting that this enhanced invasiveness may be partly mediated by 51 integrin. Finally, gene 
depletion of CD9 resulted in elevated protein levels and tyrosine phosphorylation of FAK (focal 
adhesion kinase) and Cas-L/NEDD9, which are downstream signaling molecules of 1 integrin, while 
depletion of CD26 led to a reduction in the levels of these molecules. Collectively, our findings 
suggest that CD26 potentiates tumor cell invasion through its interaction with 51 integrin, and CD9 
negatively regulates tumor cell invasion by reducing the level of CD26-51 integrin complex 
through an inverse correlation between CD9 and CD26 expression (Okamoto et al., 2014). 

Along with our previous observation that depletion of CD26 by RNAi resulted in the loss of 
adhesive property, suggesting that CD26 is a binding protein to the extracellular matrix (ECM), the 
above observation regarding the CD26-51 integrin complex suggests that CD26 regulates the 
interaction of MPM cells with the ECM via yet-to-be-determined integrin adhesion molecules. More 
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recently, we found that expression of CD26 upregulates periostin secretion by MPM cells, leading to 
enhanced MPM cell migratory and invasive activity (Komiya et al., 2014). Periostin is a secreted cell 
adhesion protein of approximately 90kDa, which shares a homology with the insect cell adhesion 
molecule fasciclin I (FAS1) (Morra and Moch, 2011). Moreover, we showed that upregulation of 
periostin expression results from the nuclear translocation of the basic helix-loop-helix transcription 
factor Twist1, a process that is mediated by CD26-associated activation of Src phosphorylation. In the 
clinical setting, periostin upregulation has been reported for many cancer types including MPM, and 
may potentially be a tumor-enhancing factor (Morra and Moch, 2011). Previous work also suggested 
that periostin expression in MPM cells may be an independent prognostic factor for overall survival 
(Schramm et al., 2010). Periostin was shown to be not only a marker of epithelial-mesenchymal 
transition (EMT), but to be itself an inductor of this phenomenon (Yan and Shao, 2006). Our results 
hence suggest that CD26 expression is associated with EMT via its regulation of periostin. 

We demonstrated that CD9 suppresses cell adhesion by inhibiting CD26-51 integrin complex 
through its negative regulation of CD26 (Okamoto et al., 2014). These observations show that CD26 
regulates the interaction of MPM cells with the ECM via the integrin adhesion molecules. Meanwhile, 
as described above, we have shown that the cytoplasmic 6 amino acid residues of CD26 are required 
for regulating migratory, invasive or proliferative activity of MPM cells. To define the molecular 
details involved in the critical role of the CD26 cytoplasmic region, we used affinity purification and 
LC-MS/MS (liquid chromatography-tandem mass spectrometry) to identify the proteins that are 
associated with the CD26 cytoplasmic domain (Yamamoto et al., 2014). In these experiments, 
membrane fractions of MSTO-Mock, MSTO-CD26WT or MSTO-CD26/10Chi were harvested in 
native conditions and subjected to affinity purification using anti-CD26 mAb. We demonstrated that 
the cytoplasmic region of CD26 plays a crucial role in MPM tumor biology through its linkage to 
somatostain receptor 4 (SSTR4) and SHP-2 protein tyrosine kinase in cell membrane lipid rafts, 
leading to cytostatic effects in MPM cells without direct association of the ECM to CD26 (Yamamoto 
et al., 2014). 

In view of the findings above, we propose that CD26 forms macromolecular complexes in the cell 
surface of MPM (Figure 4), and plays a pivotal role in the malignant activity of MPM by connecting 
periostin and ECM to intracellular signaling events. It is therefore conceivable that targeting CD26 
may be a novel and effective therapeutic approach for MPM. 
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Figure 4. Macromolecular complex associated with cell surface CD26 in MPM. 
(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 extracellular matrix (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-51 integrin complex. Moreover, expression of CD26 upregulated periostin secretion by MPM cells, 
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leading to enhanced MPM cell migratory and invasive activity. Moreover, we showed that upregulation of 
periostin expression resulted from the nuclear translocation of the basic helix-loop-helix transcription factor 
Twist1, a process that was mediated by CD26-associated activation of Src phosphorylation. 
(III) 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. CD26 molecule in MPM plays a pivotal role in connecting ECM to intracellular signaling events 
associated with cell proliferation and motility. 

 
PRECLINICAL PROOF-OF-CONCEPT (POC) STUDY OF ANTI-CD26 MAB 

THERAPY FOR MPM 
 
As described in the preceding sections, CD26/DPPIV is expressed at a high level on the surface of 

malignant mesothelioma cells, but not on cells derived from normal mesothelial cells. 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 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 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 cell-mediated 
cytotoxicity (ADCC) in addition to its direct anti-tumor effect via cyclin-dependent kinase inhibitor 
(CDKI) p27kip1 and p21cip1 accumulation (Inamoto et al., 2007; Hayashi et al., 2016). 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 (Inamoto et al., 2007; Okamoto et al., 2014; Yamamoto et 
al., 2014). Our data strongly suggest that YS110 may have potential clinical use as a novel cancer 
therapeutic agent for CD26-positive malignant mesothelioma. 

 
 

FIRST-IN-HUMAN PHASE I CLINICAL TRIAL OF  
YS110 FOR MPM 

 
In the POC studies using preclinical models, in vivo administration of 14D10 or YS110 resulted in 

inhibition of tumor cell growth, 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. 
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 cymologus monkeys which express YS110-
reactive CD26 molecules, with similar tissue distribution profiles and expression levels to human 
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CD26. We therefore conducted the first-in-human (FIH) clinical trial of YS110 for patients with MPM 
and other CD26-positive solid tumors (Angevin et al., 2015).  

Thirty-three heavily pre-treated patients with CD26-positive cancers including 22 malignant 
mesothelioma, 10 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 mg/kg. Maximum tolerated dose (MTD) was not reached and 2 dose limiting toxicities (DLTs) (1 
patient with grade 3 anaphylactic reaction at 1 mg/kg and 1 patient with grade 3 allergic reaction at 2 
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 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 
was observed in 9 out of 13 stable disease patients who have received a total of 161 (6 to 30) infusions 
with a median PFS of 32 weeks (12 – 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 
(Angevin et al., 2015). 

 
 

DPPIV ENZYME ACTIVITY AND EFFICACY OF  
YS110 IN MPM 

 
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 6.0mg/kg), with an 
approximately 80% decrease in sCD26 level (Angevin et al., 2015). Moreover, since sCD26 level 
reflects DPPIV enzyme activity in sera (Durinx et al., 2000), 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 (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 de Silvia et al. use in vivo tumor-transplant models 
to show that DPPIV inhibition reduces 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 (Figure 5) (Ohnuma et al., 2015). CXCR3 has been shown to be a functional receptor for 
CXCL10 (Proost et al., 2001). In contrast, DPPIV inhibition enhances tumor rejection by preserving 
the full-length biologically active form of CXCL10, leading to increased trafficking of CXCR3+ T 
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cells into the TME (Figure 5) (Ohnuma et al., 2015). 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 yet another 
mechanism of action for the anti-tumor activity of YS110. 
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Figure 5. DPPIV inhibition suppresses truncation of its ligand CXCL10, leading to recruitment of CXCR3+ T 
cells into tumor parenchyma. 
In vivo tumor-transplant models showed that DPPIV inhibition reduced tumor growth through the preservation of 
bioactive CXCL10 in the tumor microenvironment (TME). In the normal physiological state, CXCL10 was 
rapidly degraded by CD26/DPPIV, resulting in decreased recruitment and migration of CXCR3+ T cells into the 
tumor parenchyma. 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 tumor 
parenchyma. This anti-tumor response was potentiated in combination with other anti-tumor immunotherapeutic 
approaches including CpG adjuvant therapy, adoptive T cell transfer therapy and checkpoint blockade therapy 
such as anti-CTLA-4 and anti-PD-1. 
This figure is reproduced with permission from K Ohnuma et al., Nat Immunol 16:791-792, 2015. 

 
MECHANISMS OF ACTION OF YS110 IN MPM 

 
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 (Inamoto et al., 2007). Moreover, our in vitro 
data indicate that YS110 induces cell lysis of MPM cells via ADCC in addition to its direct anti-tumor 
effect via CKDI p27kip1 accumulation (Inamoto et al., 2007). 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 (Hayashi et al., 2016). 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 
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surface, and treatment with both YS110 and pemetrexed inhibited in vivo tumor growth accompanied 
by a synergistic reduction in the MIB-1 index. 

We also demonstrated that treatment with YS110, which inhibited cancer cell growth, induced 
nuclear translocation of both cell-surface CD26 and YS110 (Yamada et al., 2009; Yamada et al., 
2013). 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, while 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. 

Taken together, we summarize the mechanisms of action of YS110 in MPM as follows; (i) a 
direct cytotoxic effect on certain human CD26-positive cancer cell lines (ADCC), (ii) a direct anti-
tumor effect through the induction of cell cycle arrest by induction of p27kip1 and p21cip1 expression, 
(iii) 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, and (iv) the 
nuclear translocation of CD26 molecules by internalization of the CD26-YS110 complexes to inhibit 
proliferation of MPM cells via suppression of POLR2A gene expression. 

 
 

COMPANION DIAGNOSTICS FOR CD26-TARGETING THERAPY 
 
The development of companion diagnostic agents to be used in conjunction with the appropriate 

therapeutic modalities is essential to maximize therapeutic effectiveness while minimizing associated 
toxicities. Detection of tumor CD26 expression is critical to determining potential eligibility for 
treatment with YS110, and it is also important to determine whether CD26 expression on tumors or 
lymphocytes is affected by anti-CD26 mAb therapy. Immunohistochemical staining of CD26 with the 
many anti-CD26 mAbs previously developed in our laboratory did not reveal an anti-CD26 mAb that 
can clearly detect the denatured CD26 molecule in formalin-fixed paraffin-embedded tissues (Dong et 
al., 1998; Hatano et al., 2014). Meanwhile, testing of several commercially available anti-CD26 mAbs 
designated as research reagents for immunohistochemical staining indicated that these mAbs could 
stain the denatured CD26 in formalin-fixed tissues, but not with sufficient clarity. On the other hand, 
our testing of commercially available anti-CD26 polyclonal antibodies (pAbs) showed that these pAbs 
exhibited reliable staining pattern and intensity (Amatya et al., 2011; Yamada et al., 2013). However, 
the disadvantage of pAbs is the potential lot-to-lot variability in staining pattern and intensity, which 
makes pAbs not the ideal reagents for diagnostic testing of patient specimens in the clinical setting, 
where consistency and uniformity are required. For this purpose, 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 (Hatano et al., 2014). Since these mAbs display no cross-reactivity with the therapeutic 
humanized anti-CD26 mAb, they may be suitable for assays analyzing CD26 expression during or 
following treatment with the humanized anti-CD26 mAb YS110, with important implications in the 
clinical setting. 

 
 

CONCLUSION 
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While the incidence of MPM continues to increase worldwide, standard chemotherapy does not 
lead to significant increase in survival. Our increased understanding of the biology and novel 
therapeutic targets of MPM will pave the way for better treatment options in the future. 

Our FIH study showed that YS110 therapy is generally well-tolerated with preliminary evidence 
of activity in patients with advanced/refractory CD26-expresing cancers including MPM. 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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ABSTRACT (204 words) 

Background: YS110 is a humanized IgG1 monoclonal antibody with high affinity to the CD26 antigen. 
YS110 demonstrated preclinical anti-tumor 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 (PD) profiles of YS110 
and preliminary efficacy. YS110 were initially administered intravenously once every 2 weeks (Q2W) for 3 
doses and then, based on PK data, once every week (Q1W) for 5 doses in patients with CD26-expressing 
solid tumors. 

Results: Thirty-three patients (22 mesothelioma) received a median of 3 [range 1-30] YS110 infusions 
across 6 dose levels (0.1 to 6 mg/kg). MTD was not reached and 2 DLTs (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. 
PK 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. 

Conclusion: YS110 is well tolerated up to 6 mg/kg Q1W, which has been defined as the RP2D, with 
encouraging prolonged disease stabilizations observed in a number of patients with advanced/refractory 
mesothelioma. 
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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 (Torimoto et al, 1992; Ohnuma et al, 2008). CD26 activity 
is dependent on cell type and the microenvironment factors that 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; Morimoto 
et al, 1998, Dang et al, 1990a; Dang et al, 1990b, Tanaka et al, 1993, Hegen et al, 1997,Ohnuma et al, 
2008; Morimoto et al, 1998). 

CD26 is also expressed on various tumors such as malignant pleural mesothelioma (MPM), renal cell 
carcinoma (RCC), colorectal cancer (CRC), hepatocellular carcinoma, lung cancer, prostate cancer, 
gastrointestinal stromal tumor, thyroid cancer, and hematologic malignancies such as T-anaplastic large 
cell lymphoma, T-lymphoblastic lymphoma and T-acute lymphoblastic leukemia (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 CD24+CD9+ 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-tumor activity 
of anti-CD26 mAb in mouse xenograft models (Ho et al, 2011 ; Inamoto et al, 2006 ; Inamoto, et al, 2007 ; 
Okamoto et al, 2014 ; Yamamoto et al, 2014). 

YS110 is a recombinant DNA-derived humanized 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 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). The gene of YS110 is deposited to 
ATCC in designated with accession No.PTA-7695. The gene is preserved in DH5α Escherichia coli with 
plasmid having insert of heavy and light chain of a humanized monoclonal antibody against human CD 26 
cDNA. The strain designation is S604069.YST-pABMC 148(x411).YS110 is produced by fermentation in 
mammalian cell (Chinese Hamster Ovary) 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 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 (ADCC) and complement-
dependent cytotoxicity (CDC) (Inamoto et al, 2006), YS110 induces tumor cell lysis in vitro via alternative 
original mechanisms: (i) a direct anti-tumor effect through the induction of cell cycle arrest by induction of 
p27kip1 expression (Inamoto et al, 2006 ; Inamoto, et al, 2007), (ii) following internalization of the CD26-
YS110 complexes, an inhibition of invasion and migration of tumors cells by decreased binding to the 
collagen/fibronectin microenvironment matrix (Inamoto et al, 2006 ; Inamoto, et al, 2007), and (iii) the 
nuclear translocation of CD26 molecules by internalization 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 tumor 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). 
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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.  

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

 

MATERIALS AND METHODS 

Patients 

Eligible patients were 18 to 80 years old with locally advanced, inoperable or refractory solid tumors that 
were histologically documented to express the CD26 molecule. Cancer histologies included 
mesothelioma (pleural or peritoneal) or other solid tumors such as non-small cell lung carcinoma, renal 
cell carcinoma, 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 ≤2, 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 tumor expression for pre-screening was performed centrally at Gustave Roussy by 
conventional immunohistochemistry performed on formalin-fixed paraffin embedded (FFPE) archival 
tumor samples using a anti-human CD26 goat polyclonal antibody (AF1180, R&D Systems, Minneapolis, 
USA) as previously described (Aoe et al, 2012). Briefly, all patients were prescreened for confirmed 
CD26-positive expression, defined as ≥ 20% of the tumor cells (1+, 2+ or 3+ 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 3+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 to 4 each planned to enroll 3, and up to 6, patients sequentially to evaluate 
escalating YS110 doses at 0.1 mg/kg, 0.4 mg/kg, 1 mg/kg and 2 mg/kg for a total of three infusions of 
YS110 on Days 1, 15 and 29 (one treatment cycle, Q2W). Based on preliminary 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 mg/kg, 4 mg/kg, and 6 mg/kg. Each cohort included a 
24-hour monitoring period following each infusion during the first cycle for evaluation of safety, dose-
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limiting toxicities (DLTs) and pharmacokinetics. 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 four weeks (later 
amended to two 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 two weeks. Secondary objectives of the study were to assess the safety 
and tolerability profile, pharmacokinetics, pharmacodynamics, preliminary antitumor 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 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 (TEAE) 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. DLTs were 
defined as any grade ≥3 non hematological toxicity or a hematological toxicity of grade ≥4. 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 radiologic and tumor marker assessments performed at 
screening at Day 43 of each treatment cycle, and at end of treatment until progressive disease or 
withdrawal of consent. Tumor response was evaluated based on RECIST 1.0 criteria and defined as 
partial response (PR) or progressive disease (PD) or stable disease (SD). PR was defined as ≥30% 
decrease in the sum of the longest diameter (LD) of target lesions, PD was defined as ≥20% 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 analyzed by ELISA by 
Alta Intertek, 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 
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analyses on blood samples collected at days 0 (baseline), 1 (post-infusion), 2, 15 (pre- & post-infusion), 
29 (pre- & post-infusion) for immunomonitoring and soluble CD26 (sCD26) / DPPIV (sDPPIV) activity 
assessments. 

Immunomonitoring: Immunomonitoring was performed centrally in the translational research laboratory 
at Institut Gustave Roussy, France (F Farace). Immunophenotyping was performed for the monitoring of 
peripheral blood lymphocyte (PBL) CD26+ T (i.e. CD3+CD4+, CD3+CD8+) and NK (i.e. CD3-CD16+/-
CD56+) subpopulations by flow cytometry using fluorochrome-conjugated commercially-available specific 
mAbs with relevant isotypic controls (all provided from Pharmingen, New Jersey, 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 Biotechnologies, 
Inc., Dallas, USA) and M-A261 (BD Pharmingen, San Jose, USA) were also performed.  

Dosages of serum cytokines (i.e. interleukin 6 [IL-6], tumor necrosis factor α [TNF-α] and interleukin 2 [IL-
2]) were investigated by standard commercially-available ELISA assays (R&D Systems, Minneapolis, 
USA). 

 

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 humanized 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 summarize the data. The patient sampling size was a function of the 
3+3 dose escalation schedule. The realized 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 confirmation of 
safety.  
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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 tumor tissue sample. Mesothelioma which was previously reported as one of the CD26-
expressing tumor types was a main target indication with 60 patients screened (n=60, 53% were CD26+ 
cases). Examples of CD26 immunohistochemistry and scoring are presented in Figure 1. Other tumor 
types screened included renal cell carcinoma (n=18, 71% CD26+ cases), hepatocellular carcinoma (n=7, 
22% CD26+ cases) and various other tumor types (n=31, 13% CD26+ cases). Overall, 56 (41%) patients 
were considered as CD26+ with the mean percentage of CD26 expression on tumor cells of 69% [range 
20% - 100%] in the tested samples. 

 

Patient characteristics 

Thirty-four CD26+ patients (19 males and 15 females) were enrolled in the study and treated at 5 
investigational sites in France, with 33 patients being evaluable (19 males and 14 females). The most 
common tumor types were mesothelioma (n=23, 69.7%), renal cell carcinoma (n=9, 27.3%) and one 
patient had an urothelial carcinoma (n=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 tumor type were in stage III/IV Twenty-two patients were treated according to the Q2W 
schedule at 0.1 (n=3), 0.4 (n=3), 1 (n=6) and 2 mg/kg (n=10) and 11 according to the Q1W schedule at 2 
(n=4), 4 (n=3) and 6 (n=4) mg/kg (Table 1). The median percentage of CD26+ tumor cells in archival 
samples from the patients treated was 63 % [range 25% – 100%]. 

 

Safety 

Eighteen patients received at least one cycle of YS110 with 3 infusions per cycle and 7 patients 
completed at least one cycle with 5 infusions per cycle. Nine patients did not complete the first cycle. 

During the DLT observation period (i.e. 15 days following the first infusion), 2 DLTs were reported as 
serious unexpected adverse events (SUSARs) consisting of grade 3 infusion reactions (one patient at the 
Q2W 1 mg/kg dose level and another patient at the Q2W 2 mg/kg dose level) that completely resolved 
with supportive treatment, but led to permanent discontinuation of treatment. Since 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 in 4 patients 
without DLTs. Per protocol, dose escalation was stopped at the highest level of 6 mg/kg without the MTD 
being achieved. 

All patients had one or more AEs and 113 Adverse Drug Reactions (ADRs) considered to be possibly 
related to YS110 were reported by 30 (90.9%) patients. The most frequently reported Adverse Events 
(AEs) regardless of potential relationship to YS110 were asthenia (54.5%) and aggravation of prior 
conditions (30.3%). AEs (related or not to treatment) occurring in more than 10% of the patients are 
reported in Table 2 according to System Organ Class (SOC) and Preferred Term (PT). The majority of 
AEs were of mild (grade 1) or moderate (grade 2) severity. The most commonly reported grade ≥3 AEs 
were dyspnea (21.2%), hypersensitivity (15.2%), aggravation of prior conditions (15.2%) general physical 
health deterioration (12.1%), and hyperglycemia (12.1%). Eight patients (24.2%) discontinued YS110 due 
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to adverse events; most adverse events leading to discontinuation were considered unrelated to YS110, 
except for the 2 patients with infusion reactions considered as DLTs. Twenty-seven SAEs were reported 
in this study in 18 patients. Except for the 2 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 6 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 hematology 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 discontinuation of treatment. Six severe hypersensitivity reactions were reported in five 
patients receiving a dose of 2.0 mg/kg and a severe anaphylactic reaction was reported in one patient 
receiving a dose of 1.0 mg/kg. These ADRs, occurring mainly at the first infusion, were reversible and 
manageable with curative corticosteroids 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 nor the Q2W or Q1W schedule. 

 

Pharmacokinetics 

Following single and repeat intravenous infusions of YS110, there was a trend toward decreasing 
clearance (CL), increasing half-life time (T 1/2 ) and increasing exposure (Cmax, AUC0-168 , AUC0-∞) 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. While increases in Cmax appeared to be dose proportional, 
increases in AUC0-168 and AUC0-∞ 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, mean CL was approximately 1.1 to 1.6 fold higher on 
Day 1 (vs. Day 29) while mean T 1/2 increased approximately 1.2 to 2.3 fold and exposure (AUC0-168) 
increased approximately 1.3 to 1.8 fold on Day 29 vs. Day 1 (Table 3).  

For the initial dose levels (0.1, 0.4, 1 and 2 mg/kg), 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 to 2 days) were shorter than expected 
for a humanized antibody and serum concentrations were at or below detectable levels (0.4 μg/mL) by 1 
week post infusion. To maintain measurable YS110 trough concentrations between doses, dosing was 
increased to 5 doses on a Q1W schedule on days 1, 8, 15, 22 and 29 for dose levels 2, 4 and 6 mg/kg. 
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 cohorts (~1 day, ~2 
days and ~3 days respectively), and resulting in drug accumulation between 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 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. 
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Efficacy 

A secondary objective of the study was to evaluate for the potential antitumor 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 
4) as determined by a Kaplan-Meier Plot (Supplementary Figure S3). However, PFS of 184-399 days was 
observed in 7 patients (5 cases of mesothelioma and 2 cases of renal cell carcinoma) out of 26 cases 
(mesothelioma:19 cases, renal cell carcinoma:6 cases and urinary tract carcinoma: 1 case). Table 4 
summarizes the median number of infusions administered and median PFS according to the different 
dose levels and schedule. 

 

Pharmacodynamics 

Immunomonitoring 

The CD26 immunophenotyping on peripheral T and NK lymphocyte subpopulations under YS110 
treatment was validated by testing 2 different anti-CD26 mAb clones. Indeed, in the first twelve patients 
tested using the M-A261 mAb (BD Pharmingen), we observed a dramatic decrease of CD26+ cells 
consequently to YS110 administration, suggesting the lack of detection of the CD26 epitope due to 
YS110 binding. These results (not schown), led us to test in parallel another clone 5K78 (Santa Cruz 
Biotech.) showing that CD26+ 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 CD26+ subpopulations 
using the 5K78 clone in contrast to the first clone tested. 

At baseline in our series of patients, the mean ± sd (n=33) absolute values (x106/ml) of lymphocytes 
populations were 0.94(65.7%)±0.64 for CD3+CD4+, 0.33(34.5%)±0.26 for CD3+CD8+ T cells and 
0.17(8.2%)±0.17 for CD3-CD16+/-CD56+ NK cells. The mean percentage of CD26+ subpopulations in 
the T-CD4, T-CD8 and NK cells were 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 to 48 hrs 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 subpopulations was 
more frequently observed in patients that received higher doses (2, 4 and 6 mg/kg) 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-α detected at day 1 and 2 
following the first infusion of YS110 at 0.4, 1 and 2 mg/kg at various levels, including the first patient with 
a grade 3 infusion reactions DLT (at the Q1W 1 mg/kg dose level). Different kinetics of serum IL-6 and 
TNF-α receiving 2 mg/kg of YS110, while low or undetectable levels were observed in patients receiving 
4.0 and 6.0 mg/kg 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 
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anti-human CD26 murine mAbs exhibiting no cross-reactivity with the therapeutic humanized anti-CD26 
mAb YS110 (Dong et al, 1998 ; Ohnuma et al, 2015a). As shown in Fig 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, with an approximately 80% decrease in sCD26 level. Moreover, since CD26 level 
reflects DPPIV enzyme activity in the serum, a similar reduction in DPPIV enzyme activity was observed 
(Fig 2B).  
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DISCUSSION 

� � YS110 is the first, and currently the only CD26-directed mAb in clinical trial. This FIH study 
demonstrates that YS110 therapy exhibits a favorable safety profile and results in encouraging disease 
stabilization 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 humanized mAbs 
treatment (Scott et al, 2012). Two DLTs were reported as SUSARs consisting in grade 3 infusion 
reactions that resolved with supportive treatment. Since 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 implemented prior to each infusion at all 
cycles to better control such infusion reactions. In this study, high rate of hyperglycemia was observed in 
patients in the top dose cohorts, consistent with the well-known effect of corticosteroid on glucose levels. 
However, hyperglycemia resolved soon after cessation of steroid administration while YS110 was 
detected in sera, with decreased serum DPPIV activity. Taken together, it is probable that premedicated 
corticosteroid, but not YS110, induces the hyperglycemia observed in the patient cohorts receiving higher 
drug doses. With these new modifications, dose escalation up to 6 mg/kg was possible as in 4 patients in 
this cohort were treated without DLTs. Per protocol, 6 mg/kg was the highest dose level tested although 
the MTD was not achieved. The dose level of 6.0 mg/kg of YS110 was decided by study investigators to 
be the RP2D. 

� � Total lymphocyte counts, as well as levels of CD26+ 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 administration, 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 prophylaxis in 
the 0.1 mg/kg – 2.0 mg/kg 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.  

� � 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 (Fig 2B). 
Although DPPIV inhibitors are clinically used as oral hypoglycemic agents (Barreira et al, 2015), 
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 each pharmaceutical company 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. 

� � 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 approximately 1 
year, and a median PFS of less than 6 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 
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is potentially significant that treatment with YS110 results in encouraging disease stabilization with a 
median PFS of 32 weeks (26 – 57 weeks) in 7 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 post-translational modification 
of chemokines in regulating tumor 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 CXCR3+ effector T cells in the tumor microenvironment and 
subsequent tumor 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 (Fig 2B). It would suggest that anti-tumor activity via DPPIV inhibition may constitute 
yet another mechanism of action for the anti-tumor 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 T 
reg cells from CD4+ T cells with high level of IL-10 production and lymphocyte-activation gene 3 (LAG3) 
expression (Nguyen et al, 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 tumor sites and 
disruption of tumor growth (Nishikawa et al, 2015). Moreover, anti-LAG3/anti-PD-1 antibody treatment 
cured most mice of established tumors 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-tumor 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 & II, and metallothione molecules 
that confer resistance to apoptosis or chemotherapeutic agents (Aoe et al, 2012). In addition, suppression 
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 tumor growth. 

� � Tumor surface expression of CD26/DPP4 may also have direct biological effects on the malignant 
behavior of tumors. In several human malignancies including colorectal CRC, chronic myeloid leukemia, 
gastric adenocarcinoma and MPM, CD26/DPP4 expression is reported to be a marker of cancer stem 
cells (Ghani et al, 2011 ; Yamazaki et al, 2012 ; Davies et al, 2015 ; Herrmann et al, 2014 ; Pang et al, 
2010 ; Hatano et al, 2014). 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.  

� � In conclusion, our FIH study showed that YS110 therapy is generally well-tolerated up to 6 mg/kg 
Q1W, which has been defined as the RP2D and results in encouraging disease stabilization 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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Table 1. Baseline demographics and disease characteristics 

Number of patients (n = 33) Schedule & Dose levels (mg/kg) 

Age, median (min-max) (yrs) 

ECOG PS 0 / 1 / 2 (%) 

63 (41-76 ) 

29 / 58 / 13 

  

Primary  tumor type, n (%)   

0.1 

Q2W 

0.4 

 

1 

 

2 

 

2 

Q1W 

4 

 

6 

Mesothelioma (Meso) 

Renal cell carcinoma (RCC) 

Urothelial carcinoma (UTC) 

22 (67) 

10 (30) 

1 (3) 

3 

- 

- 

2 

1 

- 

2 

4 

- 

6 

4 

- 

3 

- 

1 

2 

1 

- 

4 

- 

- 

Median number of prior 

therapies (min-max) 

3 (1-11)   
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Table 3. Cycle 1 pharmacokinetics parameters (mean±sd) for YS110 administration 

Dose 

(mg/kg) 

Dose 

Schedule 

Day T1/2            

(hr) 

Cmax            

(µg/mL) 

AUC0-168 

(hr*µg/mL) 

AUC0-f 

(hr*µg/mL) 

CL 

(mL/hr/kg) 

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 10300±1800 12800±3250 0.490±0.116 

15 93.7±27.4 182±17.2 15700±3470 22800±8250 0.393±0.0793 

29 154±NR 205±23.6 18400±4320 39700±NR 0.340±0.0814 

ND: not determined; NR: not reported; 
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Table 4. Time on YS110 treatment and median PFS of treated patients   

 

Cohorts 

 

Dose levels 

(mg/kg) 

 

Cancer types (n) 

 

Median 

Infusions 

N (min-max) 

 

Median PFS 

days (min-max) 

Q2W 0.1 Meso (3) 3 (3) 42 (41-) 

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) 

PFS; progression free survival duration, Meso; malignant mesothelioma, RCC; renal cell 

carcinoma, UTC; urothelial carcinoma   
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Titles and legends to figures 

 

 

Figure 1: Evaluation of CD26 staining by immunohistochemistry in cases of mesothelioma 

 

Figure 2. Soluble CD26 (Fig.2A) and DPPIV activity (Fig. 2B) mean±sd profiles during cycle 1 

at the different dose levels. 
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ABSTRACT  
 
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. 
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Key words: CD26/DPPIV; substance P; pruritus; psoriasis. 
 
Abbreviations: CD26KO, CD26/DPPIV knockout; DPPIV, dipeptidyl peptidase IV; DPPIV-Tg, CD26/DPPIV transgenic; 
IMQ, Imiquimod; 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 
 
 
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.  
 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 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 overexpressing 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 L 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. 
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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). Imiquimod (IMQ) (5% Beselna Cream) and control Absorptive cream were 
purchased from Mochida Pharmaceutical (Tokyo, Japan) and Nikko (Gifu, Japan), respectively. Recombinant sCD26 
(rsCD26(DPPIV+)) was 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 to 11 weeks of age. They 
were kept under controlled temperature (23-25 ) and light (on time 8:00 A.M. to 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 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 hour 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. 
 
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  for 4 hours, 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 examination.  
 
2.7. Measurement of scratching behavior and locomotor activity 
 
 Before behavioral recording, the 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 
SCLABA-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 SCLABA-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 
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 Skin 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, 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 Figure 1A, serum sCD26 concentration of PSO patients was significantly higher than that of healthy 
adults (1.02 0.28 g/ml v.s. 0.64 0.16 g/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 Figure 1B, serum levels of sDPPIV enzyme activity were also significantly higher in patients with PSO compared 
with healthy adult controls (17.38 4.18 M/min v.s. 10.17 2.47 M/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. 
 
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 (Figure 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 recombinant sCD26 
(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) (Figure 2B-(a)), while mutant rsCD26 with deficient DPPIV enzyme activity 
(rsCD26(DPPIV-)) exhibited no digestive activity on SP(1-11) (Figure 2B-(b)). On the other hand, digestion of recombinant 
full-length SP(1-11) by rsCD26(DPPIV+) was inhibited by the presence of the DPPIV enzyme inhibitor sitagliptin (Figure 
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 Figure 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 g/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 
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(0.95 0.25 ng/ml v.s. 0.28 0.13 g/ml) (Figure 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 Figure 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 Figure 3B, suppression of DPPIV enzyme activity in mice sera was 
clearly observed from 5 to 30 minutes 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 (Figure 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 hour. 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. 13.56 9.4 times/hour) (Figure 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/hour) (N.S. in Figure 3D). 
Meanwhile, there were no significant differences in movement length among all cohorts, indicating that the decreased 
scratching behavior did not result from decreased mouse activity (Figure 3E). To further confirm that suppression of DPPIV 
enzyme activity decreased SP-induced pruritus, we used CD26/DPPIV knockout (CD26KO) mice to evaluate scratching 
behavior induced by SP(1-11). As shown in Figure 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/hour). 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 (Figure 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 Figure 3H, mice treated with SP(5-11) i.d. demonstrated significant increase in scratching behavior (158.5 29.3 
times/hour), compared with mice receiving control solvent (12.7 9.5 times/hour) or mice receiving full-length SP(1-11) 
(104.5 30.7 times/hour). Meanwhile, there were no significant 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 (Figure 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 Figure 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 Figure 4A). On the other hand, histopathology of skin specimens from control cream-treated mice showed 
none of these pathologic findings (panel d of Figure 4A). We next analyzed the serum concentrations of full-length and 
truncated SP in IMQ-treaed mice. As shown in Figure 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 g/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 g/ml) (Figure 4C). Moreover, scratching behavior was significantly increased in 
IMQ-treated mice than control cream-treated mice (118.7 47.2 v.s. 26.7 20.9 times/hour) (Figure 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 Figure 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/hour). 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/hour), with baseline levels of scratching behavior in both cohorts. Moreover, there were no significant differences in 
movement length among all cohorts, indicating that the decreased scratching behavior did not result from decreased mouse 
activity (Figure 4E). In addition, there was no additional phenotypic and histologic change induced by the administration of 
sitagliptin (panels c and f of Figure 4A), similar to those seen in IMQ-treated mice (panels b and e of Figure 4A). Taken 
together, our data suggest that treatment with the DPPIV inhibitor sitagliptin attenuates psoriatic itch sensation via a decrease 
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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 Figure 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 M/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/hour) (Figure 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/hour), with baseline levels of scratching behavior in both cohorts (Figure 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 (Figure 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 pathogenesis 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 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, 53, 54]. Meanwhile, since SP is cleaved by DPPIV enzyme and 
DPPIV enzyme activity is increased in PSO as shown in Figures 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 
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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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LEGENDS TO FIGURES 
 
Figure 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 to healthy controls (1.02 0.28 v.s. 0.64 0.16 g/ml; P<0.0001 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 M/min; P<0.0001 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. 
 
Figure 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  for 4 hours, 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<0.0001 by 
two-tailed Student’s t test). Each dot indicates individual value. The horizontal lines in the middle of scattergrams indicate 
each mean value. 
 
Figure 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 
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of mice. The frequency of scratching behavior was counted for 1 hour as described in Materials and Methods. Mice receiving 
saline exhibited scratching behavior of 21.5 12.3 times/hour (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/hour, 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 
minutes 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 mice clearly decreased to less than 20 % of the value prior to administration, and lasted for at least 30 minutes. 
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 hour food deprivation), 60 (before 30 mM sitagliptin i.p. injection), 70, 90, 120 and 210 minutes. 
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 water by i.p (each, n=10). The frequency of scratching behavior of the rostral back was counted 
for 1 hour 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/hour, p<0.0001 by ANOVA). DPPIV 
inhibition attenuated SP-induced itch scratching behavior (13.6 9.4 times/hour, p<0.0001 v.s. saline cohorts by ANOVA), 
while DPPIV inhibition alone showed no significant changes in scratching behavior (3.3 3.5 times/hour, 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/hour, 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 hour 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/hour, p<0.0001 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/hour, p=0.535 by two-tailed Student’s t test). Each dot indicates an individual value and 
the horizontal bar represents average value. 
(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 0.00625M 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/hour) or SP(5-11) (158.5 29.3 times/hour) than control mice (12.7 9.5 time/hour) (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/hour). Each dot indicates an individual value and the horizontal bar 
represents average value. N.S. denotes ‘not significant’ by ANOVA. 
 
Figure 4.  DPPIV inhibitor attenuates Imiquimod-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 m. 
(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 Figure 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 
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control cream-treated mice on the 6th day after treatment (each, n=3), utilizing the same ELISA kit as conducted in Figure 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 hours 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/hour, p<0.0001 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/hour, respectively). Each dot indicates an individual value and the horizontal bar represents average value. N.S. denotes 
‘not significant’ by ANOVA. 
 
Figure 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 M, p<0.0001 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/hour, 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<0.0001 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/hour, 
p<0.001 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/hour, respectively; p=0.228 by Student’s t test). Each dot indicates an individual value and the 
horizontal bar represents average value. 
 

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 Biologics 1, n (%) 13 (27.1%) N/A 

Use of Immunosuppressant 2, 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. 
1 Biologics includes anti-TNF , anti-IL-12/23p40 and anti-IL-17A monoclonal antibody therapy. 
2 Immunosuppressant includes oral prednisolone and methotrexate. 
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CD82 (also known as KAI1) belongs to the tetraspanin superfamily of type III transmembrane proteins,
and is involved in regulating cell adhesion, migration and proliferation. In contrast to these well-
established roles of CD82 in tumor biology, its function in endothelial cell (EC) activity and tumor
angiogenesis is yet to be determined. In this study, we show that suppression of CD82 negatively reg-
ulates vascular endothelial growth factor (VEGF)-induced angiogenesis. Moreover, we demonstrate that
the anti-CD82 mAb 4F9 effectively inhibits phosphorylation of VEGF receptor 2 (VEGFR2), which is the
principal mediator of the VEGF-induced angiogenic signaling process in tumor angiogenesis, by regu-
lating the organization of the lipid raft microdomain signaling platform in human EC. Our present work
therefore suggests that CD82 on EC is a potential target for anti-angiogenic therapy in VEGFR2-
dependent tumor angiogenesis.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction activation of downstream signaling processes [1]. We previously
þ þ
showed that CD82 was preferentially expressed on CD4 CD45RO
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memory T cells and that treatment with the anti-CD82 monoclonal
antibody (mAb) 4F9 co-immobilized with a submitogenic dose of
anti-CD3 mAb led to marked T cell proliferation [2]. Moreover, we
dissected key aspects of the CD82-and b1 integrin-mediated
signaling pathways through studies with Jurkat T cells with mar-
ginal expression of Cas-L/NEDD9 as well as those involving CD82-
mediated tyrosine phosphorylation of Cas-L in peripheral T cells
and H9 cells [3]. Meanwhile, CD82 expression on cancer cells
suppresses tumor progression [1]. CD82 was originally identified as
a suppressor of metastasis in a genetic screening assay for rat AT6.1
prostate cancer cells [4]. Subsequent studies showed that CD82
functions as a wide-spectrum suppressor of invasion and metas-
tasis during cancer progression in many solid tumors [1,5]. Mech-
anistically, CD82 inhibits receptor tyrosine kinases (RTKs) (e.g.,
epidermal growth factor receptor and hepatocyte growth factor
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receptor) and integrin signaling by promoting their internalization
[6,7]. Recent studies demonstrated that CD82 expressed on mela-

were produced by 293 FT cells utilizing ViraPower™ Lentiviral
Packaging Mix (Invitrogen, USA). After transfection of each shRNA
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noma cells suppresses environmental angiogenesis by inhibiting
the production of interleukin-6 (IL-6) and vascular endothelial
growth factor (VEGF) in melanoma cells [8].

Cancer angiogenesis is another fundamental process involved in
tumor growth as it ensures adequate supply of oxygen and nutri-
ents to promote cell growth and motility through the development
of new blood vessels, potentially causing cancer progression and
metastasis [9]. Angiogenesis involves coordinated endothelial cell
(EC) proliferation, migration, branching and tube formation [10].
The VEGF family is a group of key proteins involved in the angio-
genic pathway and is highly expressed in many tumor types [11].
Following increased production of VEGF induced by hypoxia, in-
flammatory cytokines, activation of oncogenes or silencing of onco-
suppressor genes, the VEGF receptors (VEGFRs), which are
expressed in tumor environmental vascular ECs, are activated to
mediate cancer angiogenesis, promoting tumor growth and
metastasis [12e14]. Therefore, suppression of cancer angiogenesis
pathway by such agents as the anti-VEGF mAb bevacizumab, anti-
VEGFR2 mAb ramucirumab, or the RTK inhibitors sorafenib and
sunitinib represents novel treatment approaches for anticancer
therapy [9,12,15].

Although CD82 is also expressed on EC as well as many neo-
plasms [1], a role for CD82 in EC activity and angiogenesis has not
yet been clearly established. Recent study using Cd82-null mice
showed that perturbation of CD82-ganglioside-CD44 signaling at-
tenuates pathological angiogenesis by inhibiting EC movement
[16], while Cd82-null mice display normal vessel development
without obvious vascular defects [17]. Although VEGF-dependent
EC activity plays an essential role in angiogenesis [18], a func-
tional role for CD82 in association with VEGF/VEGFRs in EC activity
has not yet been elucidated.

In this study, we show that suppression of CD82 negatively
regulates VEGF-induced angiogenesis. Moreover, we demonstrate
that the anti-CD82 mAb 4F9 effectively inhibits phosphorylation of
VEGFR2, which is the principal mediator of the VEGF-induced
angiogenic signaling process, by regulating the organization of
the signaling platform, i.e., lipid raft microdomains, in human EC. As
a result, our present study suggests that CD82 on EC is a potential
target for anti-angiogenic therapy in tumor angiogenesis.

2. Materials and methods

2.1. Antibodies, reagents and cells

Anti-human CD82mAb 4F9 (mouse IgG1) was established in our
laboratory as reported elsewhere [2]. Anti-VEGFR2 rabbit mAb
(55B11), anti-phospho-VEGFR2 rabbit mAb (19A10) and anti-CD31
mouse mAb (89C2) were purchased from Cell Signaling Technology
(USA). Suramin and recombinant human VEGF were purchased
from SigmaeAldrich (USA) and R&D Systems (USA), respectively.
Human umbilical vein endothelial cells (HUVECs) were purchased
fromKURABO (Japan) and cultured according to themanufacturer's
instruction. 293 FT cells for production of lentivirus particles were
obtained from the ATCC (USA).

2.2. Generation of CD82-knockdown HUVECs using short hairpin
(sh) RNA

Four clones of lentiviral shRNA against human CD82 (shCD82-
RNA) and one control shRNA were purchased from Sigma-
eAldrich (MISSION™ TRC shRNA Target Set), and each sequence of
shCD82-RNA is shown in Supplemental Table. Each vector con-
tained GFP tag as a selection marker. Lentivirus particles of shRNA
－12
lentivirus particle, GFP-positive HUVECs were purified using BD
FACSAria cell sorter (BD Biosciences, USA), and expression of CD82
was confirmed by flow cytometry by the samemethod as described
previously [3].

2.3. Cell migration and proliferation assays
HUVEC migration was assessed using 96-well microchamber
plates (BD BioCoat Angiogenesis System, BD Biosciences). Cells
were starved for 20 h in HuMedia-EB2 (KURABO) containing 0.1%
bovine serum albumin (BSA). Cells were then harvested, resus-
pended in HuMedia-EB2 containing 0.1% BSA with indicated con-
centrations of anti-CD82 mAb 4F9 or suramin, and placed in the
upper chamber of fibronectin-coated FluoroBlock Cell Culture In-
serts (BD Biosciences) at a cell density of 5 � 104 cells per well. Cell
migration was initiated by placing medium containing 10 ng/ml
VEGF and 0.1% fetal bovine serum to the bottom chamber. After 18 h
of incubation, cells were stained with 4 ng/ml calcein AM. Fluo-
rescence in the cells that had migrated through the pores of the
fluorescence blocking membrane was directly measured through
the bottom of the chambers in a fluorescence plate reader at exci-
tation/emission wavelengths of 485/530 nm (SpectraMax Gemini
EM, Molecular Devices, USA) and analyzed using SoftMax Pro 5.2
software (Molecular Devices).

Cell proliferation was measured using [3H]-thymidine ([3H]-
TdR) incorporation assay. HUVECs were seeded in HuMedia-EG2
(KURABO) containing indicated concentrations of mAbs or VEGF
in collagen-coated 96-well plates (BD Biosciences) at a density of
2.5� 104 cells per well. [3H]-TdR (1 mCi/mL) was added and the cells
were cultured for a further 18 h. Cells were then harvested and their
radioactivity level wasmeasuredwith a Liquid Scintillation Counter
(Wallac 1205 Beta Plate; PerkineElmer Life Sciences, USA).

2.4. 2-D angiogenesis assay
After treatment with indicated concentrations of mAbs, VEGF or
suramin, HUVECs were cultured utilizing the Angiogenesis Kit with
the manufacturer's instruction (KURABO). The media containing
each concentration of mAbs, VEGF or suraminwere changed at 4, 7,
9 days, and cells were immunostained with anti-CD31 mAb at 11
days. Tube formation of HUVECSs was examined by photography
under a microscope (Nikon DIAPHOT 300, Nikon, Japan) and
quantified in 5 random fields utilizing Angiogenesis Image Analyzer
v.2.0.0 (KURABO).

2.5. Measurement of phosphorylation of VEGFR2
HUVECSs were cultured in HuMedia-EG2 with 4F9 or control
mouse IgG (each 10 mg/ml) for 12 h, followed by addition of VEGF
(10 ng/ml). Cells were harvested at the indicated incubation period
with VEGF, and lysates were then subjected to Western blot anal-
ysis according to the method described previously [19].

2.6. Lipid raft fractionation
HUVECs were cultured in HuMedia-EG2 with 4F9 or control
mouse IgG (each 10 mg/ml) for 12 h, followed by a 5 min incubation
period with VEGF (10 ng/ml). Cells were then harvested, and cell
lysates were prepared for fractionation by sucrose density gradient
ultracentrifugation by the same method as described previously
[19].
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2.7. Statistical analysis clones of CD82-knockdown HUVECs with a lentivirus trans-
fection system (shCD82-283, 300, 643 and 949). As shown in
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Data were analyzed by two-tailed Student's t test for two group
comparison or by ANOVA test for multiple comparison testing
followed by the TukeyeKramer post-hoc test. The level of signifi-
cancewas p< 0.05. The calculationswere conducted using Prism6.0
software (GraphPad Software, USA).

3. Results

3.1. Knockdown of CD82 decreases EC migration, proliferation and
angiogenesis

To determine the role of CD82 in vascular morphogenesis, we
first examined cellular activity using a gene ablation approach.
For this purpose, we used HUVECs in this study to address the
functional role of human CD82 as an angiogenesis model. We
first confirmed expression of CD82 in HUVECs by flow cytometry.
As shown in Supplemental Fig. S1, cell surface expression of CD82
in HUVECs was clearly observed using the anti-CD82 mAb 4F9.
Using 4 different shRNAs against CD82, we then established 4
Fig. 1. Silencing of CD82 expression inhibited HUVEC tube formation, migration and prolife
one clone of control shRNA HUVEC were established by lentivirus-based shRNA transfecti
dermal fibroblasts, and was incubated in HuMedia-EG2 containing 10 ng/ml of VEGF. Angi
Angiogenesis Image Analyzer. Left panel shows the results presented as the percentage of th
mean values of percentage of tube area ± S.E. are shown (n ¼ 5 experiments with triplicat
significant decrease in angiogenesis of each CD82-knockdown HUVEC is indicated (*P < 0
shRNA HUVEC were shown in the right five panels (brown cells are anti-CD31 immunohis
(shCD82 (þ)) or control shRNA transfected HUVECs (shCD82 (�)) were seeded on the upp
VEGF (10 or 20 ng/ml). The number of cells that migrated through the inserts in the lowe
fluorescence units (F.U.) are shown (n ¼ 5 experiments with triplicates). A significant incre
of VEGF (*P < 0.05). In contrast, a significant decrease in migration of shCD82 HUVECs w
knockdown HUVECs (shCD82-300) (shCD82 (þ)) or control shRNA transfected HUVECs
monitored by measuring [3H]-thymidine (TdR) incorporation at 24, 48 or 72 h of culture. T
triplicates). A significant increase in proliferation of control shRNA HUVECs was observed in
was indicated in shCD82 HUVECs (**P < 0.001 vs. control shRNA). (For interpretation of the
this article.)
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Supplemental Fig. S2, expression of cell surface CD82 was
significantly decreased in each CD82-knockdown HUVECs than
that in control shRNA-transfected HUVECs. Utilizing these shRNA
HUVECs, we performed 2-D angiogenesis assay of fibroblast-
coculture system. As shown in Fig. 1A, each CD82-knockdown
HUVEC exhibited a significant decrease in the level of angio-
genesis compared to control shRNA HUVEC. We next examined
cell migration and proliferation. As shown in Fig. 1B, with
increased doses of VEGF, control shRNA HUVECs displayed
enhanced migratory activity. In contrast, CD82-knockdown
HUVEC (shCD82-300 clone) exhibited a significant decrease in
migratory activity while being cultured with VEGF (** in Fig. 1B).
Moreover, cell proliferation decreased significantly in CD82-
knockdown HUVEC (shCD82-300 clone) than control shRNA
HUVECs (** in Fig. 1C). Other shCD82-HUVEC clones including
shCD82-283, 643 and 949 exhibited decreased levels of migra-
tion and proliferation similar to those of shCD82-300 HUVEC
(data not shown). These results suggest that the CD82 molecule
plays a role in EC motility and angiogenesis.
ration. Four clones of CD82-knockdown HUVEC (shCD82-283, 300, 643 and 949) and
on system. (A) Each shRNA HUVEC was cultured in wells seeded with normal human
ogenesis was quantified by measuring CD31-stained area in 5 random fields utilizing
e mean values obtained in the percentage of tube area in control shRNA HUVECs. The
es), and the horizontal dotted line indicates a 100% level of control shRNA HUVECs. A
.001 vs. control shRNA). Representative microphotographs of tube formation of each
tochemistry). Scale bars indicate 25 mm (B) CD82-knockdown HUVECs (shCD82-300)
er chamber of fibronectin-coated culture inserts with the lower chamber containing
r chamber was measured as Calcein AM positive cells and the mean values ± S.E. of
ase in migration of control shRNA HUVECs was observed in a dose-dependent manner
as indicated in 10 and 20 ng/ml of VEGF (**P < 0.001 vs. control shRNA). (C) CD82-
(shCD82 (�)) were incubated with 10 ng/ml of VEGF. Proliferation of HUVECs was
he mean values of [3H]-TdR incorporation ± S.E. are shown (n ¼ 5 experiments with
a time course of culture (*P < 0.05). In contrast, a significant decrease in proliferation
references to colour in this figure legend, the reader is referred to the web version of



3.2. Anti-CD82 mAb 4F9 inhibits EC migration, proliferation and
angiogenesis

to 100 ng/ml (data not shown). These data strongly suggest that
ligation of CD82 by the anti-CD82 mAb 4F9 leads to suppression of
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We previously established the anti-CD82 mAb 4F9, which
exerted a comitogenic effect on T cell costimulatory signaling
pathway and caused cell spreading in H9 cells [2,3]. While these
data indicate that 4F9 has a functional effect on CD82-expressing
cells, we next hypothesized that EC activity is also regulated by
treatment with 4F9. To assess the role of 4F9 in EC activity and
angiogenesis, we therefore performed angiogenesis, migration or
proliferation assays following 4F9 treatment. As shown in Fig. 2A,
4F9 treatment significantly decreased angiogenesis in a dose-
dependent manner. In addition, this inhibitory effect of 4F9 on
angiogenesis was comparable to that of suramin treatment, which
is a potent inhibitor of VEGF (*** in Fig. 2A). Furthermore, we
assessed cell migration and proliferation of HUVECs following 4F9
treatment. As shown in Fig. 2B, cell migration was reduced by
treatment with 4F9 in a dose-dependent manner, an inhibitory
effect that was comparable to that of suramin (** in Fig. 2B).
Moreover, while no change in proliferative activity was observed
after 24 h of 4F9 treatment, cell proliferation decreased signifi-
cantly following a 48 h incubation period with 4F9 in a dose-
dependent manner (Fig. 2C). In addition, 4F9 treatment exhibited
a significant decrease in angiogenesis, migratory and proliferative
activity while being cultured with high doses of exogeous VEGF up
Fig. 2. Anti-CD82 mAb 4F9 inhibited HUVEC angiogenesis, migration and proliferation. (A)
4F9), 4F9 (5, 10, and 20 mg/ml) or suramin (50 mM), stained and measured for angiogene
percentage of the mean values obtained in the percentage of tube area in control IgG treate
triplicates), and the horizontal dotted line indicates a 100% level of control IgG treatment.
4F9 as well as for suramin (*P < 0.05, **P < 0.01 or ***P < 0.0001 vs. control IgG). Represent
shown in the right two panels (brown cells are anti-CD31 immunohistochemistry). Scale
indicated at 0 mg/ml of 4F9), 4F9 (5, 10, and 20 mg/ml) or suramin (50 mM), HUVECs were
containing VEGF (10 ng/ml). The migrated cells were measured by the same method as in F
fluorescence levels of control IgG treated HUVECs (±S.E. of five independently performe
control IgG treatment. A significant decrease in cell migration was indicated in a dose-depe
(C) Following treatment with control mouse IgG (10 mg/ml, as indicated at 0 mg/ml of 4F
liferation of HUVECs was monitored by measuring [3H]-TdR incorporation at 24 or 48 h of cu
with triplicates), and the horizontal dotted line indicates a 100% level of control IgG treatme
dependent manner for 4F9. (*P < 0.001 as calculated by Student's t test). (For interpretati
version of this article.)
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VEGF-dependent angiogenesis.

3.3. Anti-CD82 mAb 4F9 inhibits phosphorylation of VEGFR2 via
control of CD82 distribution in lipid rafts

The VEGF family members bind three different RTK receptors:
VEGFR1 (Flt-1), VEGFR2 (Flt-1-KDR) and VEGFR3 [12]. Among
them, VEGFR2 is the principal mediator of VEGF-induced angio-
genesis signaling in EC [12,20]. We next examined the effect of 4F9
treatment on VEGFR2 phosphorylation in HUVECs. As shown in
Fig. 3A, 4F9 treatment in HUVECs significantly decreased phos-
phorylation of VEGFR2 by exogenous VEGF treatment, compared to
that of control IgG. These data suggest that 4F9 inhibitory effect on
EC activity is mediated at least partly via decreased VEGFR2
phosphorylation.

Previous work has shown that CD82 and VEGFR2 are compo-
nents of lipid rafts and that CD82 is internalized through lipid rafts
[16,21]. We therefore hypothesized that 4F9 treatment affects
VEGFR2 phosphorylation by regulating CD82 in lipid rafts. To
determine whether distribution of CD82 molecules in lipid rafts is
altered by 4F9 treatment, we next analyzed the distribution pattern
of CD82 in light density fractions by discontinuous sucrose gradient
centrifugation. As shown in Fig. 3B, a slight proportion of CD82 is
HUVECs were incubated with control mouse IgG (20 mg/ml, as indicated at 0 mg/ml of
sis by the same method as in Fig. 1A. Left panel shows the results expressed as the
d HUVECs. The mean values of percentage of tube area ± S.E. (n ¼ 5 experiments with
A significant decrease in angiogenesis was indicated in a dose-dependent manner for
ative microphotographs of tube formation of control IgG or 4F9-treated HUVECs were
bars indicate 25 mm. (B) Following treatment with control mouse IgG (20 mg/ml, as
seeded on the upper chamber of fibronectin-coated inserts with the lower chamber
ig. 1B. The results are expressed as the percentage of the mean values obtained in the
d experiments with triplicates). The horizontal dotted line indicates a 100% level of
ndent manner for 4F9 as well as for suramin (*P < 0.05 or **P < 0.001 vs. control IgG).
9), 4F9 (0.1, 1.0, and 10 mg/ml), HUVECs were incubated with 10 ng/ml of VEGF. Pro-
lture. The mean values of [3H]-TdR incorporation ± S.E. are shown (n ¼ 5 experiments
nt. A significant decrease in proliferation after 48 h of culture was observed in a dose-
on of the references to colour in this figure legend, the reader is referred to the web
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present in lipid raft fractions, while being mainly presented in the
cytosolic fraction, in HUVECs treated with control IgG (upper right

Moreover, treatment with the anti-CD82 mAb 4F9 inhibited VEGF-
dependent ECmigration, proliferation and angiogenesis. Finally, we

Fig. 3. Anti-CD82 mAb 4F9 inhibited phosphorylation of VEGFR2 via control of CD82 distribution in lipid rafts. (A) Following treatment with 4F9 or control mouse IgG (each 10 mg/
ml) for 12 h, HUVECs were incubated with 10 ng/ml of VEGF for the indicated time periods. Cells were harvested, and cell lysates were subjected to Western blot analysis for
phosphorylated (upper of left panel) or total VEGFR2 (lower of left panel). Phosphorylated VEGFR2 (p-VEGFR2) proteins in each time point were quantified by measuring p-VEGFR2
band density and are presented as the percentage of each corresponding band density of total VEGFR2 (right panel). In control IgG treated HUVECs, levels of phosphorylation of
VEGFR2 increased from 1 to 10 min after VEGF addition (solid line). On the other hand, 4F9 treatment significantly decreased phosphorylation levels of VEGFR2 (dashed line).
Similar results were obtained in three independent experiments. (B) HUVECs were treated with 4F9 or control mouse IgG (each 10 mg/ml) for 12 h, followed by incubation with
10 ng/ml of VEGF for 5 min. Light density lipid raft or heavy density cytosolic fractions were prepared by sucrose gradient ultracentrifugation. The distribution of CD82, p-VEGFR2,
total VEGFR2 and caveolin-1 was determined by immunoblotting with specific antibodies. Caveolin-1 was a representative of lipid raft proteins and was used as a quantity control
indicating equal amounts in the experiments (bottom panels). Fraction number (Fr#) 3e5 or 9e11 contains lipid raft or cytosolic fractions, respectively. After 4F9 treatment, CD82
molecule was recruited in the lipid raft fractions (upper panels), and VEGFR2 (both phosphorylated and total VEGFR2) were segregated from lipid raft to cytosolic fractions (middle
two panels). Similar results were obtained in three independent experiments.
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panel). On the other hand, 4F9 treatment markedly increased CD82
distribution in lipid raft fractions (left upper panel of Fig. 3B). These
data suggest that engagement of CD82 by 4F9 alters its distribution
level in lipid rafts. We next analyzed phosphorylation of VEGFR2
and its distribution in lipid rafts following 4F9 treatment. Upon
treatment with control IgG, VEGF-induced phosphorylation of
VEGFR2 was observed in lipid raft fractions, while phosphorylation
level of VEGFR2 decreased following 4F9 treatment (second upper
panels in Fig. 3B). Moreover, 4F9 treatment abrogated recruitment
of VEGFR2 in lipid rafts (second lower panels of Fig. 3B), while
distribution of the other lipid raft molecule caveolin-1 was not
affected by 4F9 treatment (bottom panels of Fig. 3B). These data
indicate that ligation of CD82 by 4F9 abrogates recruitment of
VEGFR2 in lipid rafts and decreases VEGF-mediated phosphoryla-
tion of VEGFR2. Taken together with the data above, our findings
strongly suggest that that 4F9 treatment inhibits VEGF-dependent
angiogenesis through control of distribution of CD82 and VEGFR2
in lipid rafts.

4. Discussion

In this study, we showed that knockdown of CD82 expression
decreased migration, proliferation and angiogenesis in HUVECs.
－131－
demonstrated that inhibition of HUVECs activity by 4F9 was ach-
ieved via CD82-dependent regulation of VEGFR2 recruitment in
lipid rafts.

In contrast to the well-known characteristics of CD82 in tumor
cell biology [1], its role in regulating vascular function is heretofore
unclear. Recent study using Cd82-null mice showed that pertur-
bation of CD82-ganglioside-CD44 signaling attenuates pathological
angiogenesis by inhibiting ECmovement [16], while Cd82-null mice
display normal vessel development without obvious vascular de-
fects [17]. In human vascular biology, VEGF is one of key proteins
involved in the cancer angiogenesis pathway [9,13]. Sustained VEGF
expression from cancer cells leads to the development and main-
tenance of a vascular network that promotes tumor growth and
metastasis [13]. Binding of VEGF to VEGFR2 on ECs induces a
downstream signaling process critical to EC motility, proliferation
and survival [18]. Although VEGF-dependent EC activity plays an
essential role in angiogenesis [18], a functional role for CD82 in
association with VEGF/VEGFRs in EC activity has not yet been
clearly established. Our data are novel and significant in that they
demonstrate the association between CD82 and the regulation of
VEGF-dependent EC functions, with knockdown of CD82 in
HUVECs resulting in decrease of VEGF-dependent EC migration,
proliferation and angiogenesis.



Targeting cancer angiogenesis has been a recent focus as anti-
cancer therapy [9]. Studies on the role of VEGF in tumor progression

therapy in tumor angiogenesis.

Fig. 4. Model for the regulation of VEGFR2 phosphorylation in lipid rafts via ligation of CD82 molecules by 4F9.
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have mostly been directed to the cancer angiogenesis effect exerted
by VEGF and VEGFR on tumor environmental vascular network
[9,22]. In the present study, we clearly demonstrated that the anti-
CD82 mAb 4F9 inhibits EC migration, proliferation and angiogen-
esis. Since endothelial CD82 regulates VEGF-dependent tumor
angiogenesis, 4F9 can be a novel drug candidate for anticancer
therapy.

Binding of VEGF to VEGFR2 induces VEGFR2 dimerization and
subsequent autophosphorylation of the intracellular tyrosine ki-
nase domains, resulting in EC proliferation, movement and angio-
genesis [12,20,23]. Our biochemical analysis demonstrates that 4F9
treatment affects the distribution of CD82 and VEGFR2 in lipid rafts,
associated with decreased VEGFR2 phosphorylation and inhibition
of EC migration, proliferation and angiogenesis. On the basis of our
current results, we propose a model to describe the molecular
mechanisms involved in 4F9 regulation of CD82 role in VEGF-
dependent EC activity (Fig. 4); in physiological condition, CD82
molecules are mostly present outside of lipid rafts, which mediate
clustering and phosphorylation of VEGFR2 upon VEGF binding
(Fig. 4A). After ligation of CD82 molecules by 4F9, CD82 aggregates
in lipid rafts with segregation of VEGFR2 out of lipid rafts, leading to
attenuation of VEGF-dependent signaling (Fig. 4B). CD82 therefore
plays an important role in VEGF-dependent EC activity as a mem-
brane domain organizer.

Along with VEGF, IL-6 also plays a role of EC activity in mela-
noma angiogenesis [8]. It has been reported that the gp130 mole-
cule involved in the IL-6 receptor (IL-6R) complex partially exists in
lipid rafts and serves to activate signaling complex through lipid
raft aggregation [24]. It is possible that CD82 regulates IL-6/IL-6R
pathway-related EC activity via organization of membrane micro-
domains, a topic which will be examined in future studies.

In summary, the anti-CD82 mAb 4F9 effectively inhibits phos-
phorylation of VEGFR2 through the organization of lipid raft
microdomains in human EC. Our present study hence suggests that
CD82 on EC is potentially a suitable target for anti-angiogenic
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A humanized anti‑CD26 monoclonal 
antibody inhibits cell growth of malignant 
mesothelioma via retarded G2/M cell cycle 
transition
Mutsumi Hayashi1,2, Hiroko Madokoro1, Koji Yamada3, Hiroko Nishida1, Chikao Morimoto4, Michiie Sakamoto1 
and Taketo Yamada1,5*

Abstract 

Background:  Malignant Mesothelioma (MM) is a highly aggressive tumor with poor prognosis. Multimodal treat-
ments and novel molecular targeted therapies against MM are in high demand in order treat this disease effectively. 
We have developed a humanized monoclonal antibody YS110 against CD26 expressed in 85 % of MM cases. CD26 is 
thought to be involved in tumor growth and invasion by interacting with collagen and fibronectin, or affecting signal 
transduction processes.

Methods:  We evaluated the direct anti-tumor effect of YS110 against MM cell lines, NCI-H2452 and JMN, and investi-
gated its effects on cell cycle and on the cell cycle regulator molecules. In addition, we investigated synergistic effects 
of YS110 and anti-tumor agent pemetrexed (PMX) against MM cell line both in vitro and in vivo.

Results:  YS110 suppressed the proliferation of NCI-H2452 cells by approximately 20 % in 48 h. Based on cell cycle 
analysis, percentage of cells in G2/M phase increased 8.0 % on the average after YS110 treatment; in addition, cell 
cycle regulator p21 cip/waf1 was increased and cyclin B1 was decreased after YS110 treatment. Inhibitory phos-
phorylation of both cdc2 (Tyr15) and cdc25C (Ser216) were elevated. Furthermore, activating phosphorylation of 
p38 MAPK (Thr180/Tyr182) and ERK1/2 (Thr202/Tyr204) were augmented at 24 h after YS110 treatment. PMX rapidly 
induced CD26 expression on cell surface and the treatment with both YS110 and PMX inhibited in vivo tumor growth 
accompanied by a synergistic reduction in the MIB-1 index.

Conclusion:  This is a first report of a novel anti-proliferative mechanism of the humanized anti-CD26 monoclonal 
antibody YS110, which resulted in G2/M cell cycle delay through regulation of quantity and activity of various cell 
cycle regulating molecules.

Keywords:  Mesothelioma, CD26, Monoclonal antibody, G2/M transition, Pemetrexed
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Background
Malignant mesothelioma (MM) is an aggressive can-
cer of the pleura, peritoneal cavity, pericardium, and 
scrotum and has a poor prognosis. MM is associated 
with occupational exposure to asbestos and, despite 

legislation introduced by many industrialized countries, 
the incidence is not expected to peak until 2020 due to 
the long latency between initial exposure and disease 
expression [1]. As single modality approach to treatment 
has failed to extend survival, multimodal treatment and 
novel molecular targeted therapies are highly sought 
after. Although extrapleural pneumonectomy (EPP) is 
a preferred treatment option, median survival among 
patients receiving EPP alone is less than 10  months [2]. 
EPP followed by high-dose radiation therapy (RT) has 
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been shown to prolong median survival to 33.8  months 
in patients with Stage 1 and Stage 2 MM but survival 
remained 10  months in patients with Stage 3 and Stage 
4 MM [2]. A Phase 3 trial showed that combination of 
pemetrexed and cisplatin improved survival over cispl-
atin alone for inoperable patients [3]. According to recent 
multicenter trials of trimodality treatment that con-
sisted of neoadjuvant chemotherapy (cisplatin and pem-
etrexed), EPP, and adjuvant RT led in the USA [2] and 
Europe [4], median survival of patients who completed 
the therapy was 29.1  months compared to 18.4  months 
in controls. Since the trimodality approach seems to be 
limited and because not all patient can tolerate aggressive 
therapies, novel molecular targeted therapies are highly 
desirable. To date, a number of molecular targeted agents 
have been evaluated in MM. While tyrosine kinase inhib-
itors against epidermal growth factor receptor (EGFR) 
and platelet-derived growth factor receptor (PDGFR) did 
not show clinically significant effects, histone deacetylase 
inhibitor (HDACI) and anti-angiogenic agents showed 
some clinical benefits and are undergoing Phase 3 trials 
[5]; however, none of these agents have been incorpo-
rated into clinical practice and efforts must continue in 
the area of both clinical research and search for novel tar-
get molecules.

CD26 is an 110 kD glycoprotein anchored in the cellu-
lar membrane with dipeptidyl peptidase IV activity. CD26 
is also known as a co-stimulatory molecule of the T lym-
phocyte. CD26 binds to caveolin-1 on antigen-presenting 
cells and the interaction triggers signal transduction pro-
cess leading to T cell proliferation and cytokine produc-
tion [6]. Several recent studies have shown that CD26 is 
highly expressed in several malignancies, including MM, 
lung adenocarcinoma, hepatocellular carcinoma, prostate 
cancer, and thyroid cancer [7]. CD26 expression evalu-
ated by immunohistochemistry was positive in 85  % of 
tested MM cases [8, 9]. Moreover, CD26 is thought to 
be involved in tumor growth and invasion through its 
interaction with collagen and fibronectin or by regulating 
activity of chemotactic peptides through its DPPIV activ-
ity. Furthermore, CD26 has been reported to be involved 
in signal transduction processes, including the p38 MAPK 
pathway. Though the mechanisms of action of CD26 have 
not been clarified, its enzymatic activity does not appear 
essential for its role in signal transduction process [10]. 
Considering its high rate of overexpression in MM and 
suspected function in tumor progression, we have devel-
oped a humanized an anti-CD26 antibody, designated 
YS110, as a targeted therapy against CD26-positive malig-
nancies, including MM. We have previously reported the 
anti-tumor effects of YS110 against MM cells [11]. In 
addition to the anti-tumor effect via antibody-depend-
ent-cell-mediated-cytotoxicity, YS110 showed direct 

anti-tumor effect via p27kip1 accumulation [11]; however, 
the molecular mechanism of direct anti-tumor effect of 
YS110 against MM cell lines remains unknown.

The molecular mechanisms underlying the direct anti-
tumor effect of several monoclonal antibodies have been 
investigated; for example, the anti-HER-2 antibody (Tras-
tuzumab) and anti-EGFR antibody (Cetuximab) result in 
G1/S cell cycle arrest by upregulating the CDK inhibi-
tor p27kip1 via multiple signaling pathways [12, 13]. The 
anti-CD20 antibody (rituximab) can induce cell death of 
malignant B cell lymphoma cells in vitro via inhibition of 
the p38 MAPK, ERK1/2, and AKT anti-apoptotic sur-
vival pathways [14]. Most therapeutic antibodies against 
cancers that affect the cell cycle, including antibodies 
mentioned above, result in G1/S arrest. So far, only one 
anti-cancer antibody, the anti-human type 1 insulin-like 
growth factor receptor (IGF-IR) antibody A12 against 
androgen-independent prostate cancer cell line LuCaP 
35  V, has been reported to cause G2/M cell cycle delay 
although its molecular mechanism is not yet understood 
[15].

In this study, we focused on evaluating the direct 
in vitro effect of the humanized anti-CD26 monoclonal 
antibody YS110 against the MM cell line NCI-H2452 
and investigated its effect on the cell cycle and on cell 
cycle-regulating molecules. YS110 inhibited growth 
of YS110 with G2/M cell cycle arrest and altered the 
expression or phosphorylation state of cell cycle mol-
ecules. Furthermore, pemetrexed (PMX), a standard 
reagent against mesothelioma, rapidly induced CD26 
expression on the cell surface and treatment with both 
YS110 and PMX inhibited in  vivo tumor growth in a 
synergistic manner. This is the first report describing 
a novel anti-proliferative mechanism of the human-
ized anit-CD26 monoclonal antibody YS110, which 
resulted in G2/M cell cycle delay, through regulation 
of quantity and activity of various cell cycle-regulating 
molecules.

Results
YS110 inhibits mesothelioma cell proliferation
YS110 inhibits proliferation of the mesothelioma cell 
line NCI-H2452 in a concentration-dependent manner 
(Fig.  1). Maximum of growth inhibition was 18.3  % at 
250 μg/mL of YS110. Based on this result, we used YS110 
at 2 μg/mL, which showed 11.2 % of growth inhibition, in 
the following experiments.

YS110 induced G2/M cell cycle delay in mesothelioma cells
To investigate the mechanism responsible for the 
growth inhibition caused by YS110, cell-cycle distri-
bution was determined by flow cytometry analysis. At 
24  h after YS110 treatment, the percentage of cells in 
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the G2/M phase increased compared to the control. 
The representative experiment is shown (Fig.  2a). On 
the average of ten experiments, the percentage of G2/M 
phase cells were significantly increased after YS110 
treatment (p < 0.05) (Fig. 2b). This cell cycle delay may 
be compatible with repression of cell proliferation. Fur-
thermore, in another CD26 positive MM cell line NCI-
H28, the percentage of cells in G2/M phase increased 
by 5 % on the average after YS110 treatment though its 
significance could not be proved statistically (data not 
shown).

YS110 alters cell cycle regulators
We investigated the alterations caused by YS110 treat-
ment in the quantity and activation state of cell cycle 
regulators responsible for G2/M transition. At 24  h 
after YS110 treatment, the cell cycle regulator p21 
increased while the positive regulatory subunit cyclin 
B1 decreased. Inhibitory phosphorylation of cdc2 on 
Tyr15 and inhibitory phosphorylation of cdc25C on 
Ser216, an upstream inhibitory regulator of cdc2, was 
elevated (Fig. 3a). Cdc25C phosphorylated on Ser216 is 
known to be sequestrated into cytoplasm and refrained 
from contact with cdc2 [16]. After YS110 treatment 
for 24 h, cytoplasmic whole cdc25C was elevated while 
nuclear whole cdc25C was decreased, as confirmed by 
densitometry analysis (Fig.  3b). At 6  h and 12  h after 
YS110 treatment, the amount of phosphorylated cdc2 
and phosphorylated cdc25C were varied among experi-
ments despite consistent increase at 24 h. No significant 
change in cdc25A and cdc25B was observed (data not 
shown).

YS110 elevates activating phosphorylation of p38 MAPK 
and ERK1/2
In order to determine the upstream regulator of cdc25C 
phosphorylation caused by YS110 treatment, expres-
sion and activation status of several molecules known to 
regulate cell cycle through cdc25C phosphorylation were 
examined. Activating phosphorylation of p38 MAPK 
(Thr180/Tyr182) and ERK1/2 (Thr202/Tyr204) were 
elevated 24 h after YS110 treatment (Fig. 4a). No signifi-
cant change in chk1, chk2, or c-TAK1 was observed (data 
not shown). While the p38 inhibitor SB203580 failed to 
block G2/M arrest caused by YS110 (data not shown), the 
MEK1/2 inhibitor U0126 blocked G2/M arrest caused by 
YS110 according to cell cycle analysis using flowcytom-
etry (Fig. 4b).

Pemetrexed (PMX) increased CD26 expression in 
mesothelioma cells in vitro
CD26 expression on the cell surface of JMN cells 
increased 15 % from 6 to 6.5 % 24 h after treatment with 
10 μM of PMX based on flowcytometry analysis (Fig. 5a). 
In order to confirm the augmented expression of CD26 
in JMN cells, Western blot analysis was performed. CD26 
protein expression was rapidly induced in whole cell 
lysates by treatment with 10 μM of PMX at 1 h after PMX 
treatment; most augmentation of CD26 expression at 6 h 
and then this augmented expression continued to 24  h 
after PMX treatment (Fig.  5b). In order to examine the 
altered expression of CD26 in NCI-H2452 cells, Western 
blot analysis was performed. CD26 protein expression in 
NCI-H2452 cells was also rapidly induced in whole cell 
lysates by treatment with 10 μM of PMX at 1 h after PMX 
treatment; most augmentation of CD26 expression at 6 h 
and then this augmented expression continued to 24  h 
after PMX treatment (Fig. 5b).

Effective inhibition of in vivo mesothelioma cell growth by 
combined treatment with both YS110 and PMX
Combination effects of YS110 and PMX were examined 
using xenograft models with JMN cells transplanted into 
NOG mice subcutaneously. Mice were then monitored 
for the development and progression of tumors and the 
tumor size was determined by caliper measurement. 
Tumor size in mice treated with both YS110 and PMX 
was smaller than mice treated with only YS110 or PMX 
(data not shown). The weight of tumors with YS110 treat-
ment was insignificantly reduced (Fig.  6A). PMX treat-
ment induced a significant reduction in tumor weight 
(p  <  0.05); the combination of YS110 and PMX treat-
ment synergistically reduced tumor weight compared 
with YS110 single treatment and PMX single treatment 
(p < 0.05).
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Fig. 1  YS110 inhibits NCI-H2452 cell proliferation. WST-1 assay 
revealed inhibition of NCI-H2452 cell proliferation with YS110 treat-
ment in a concentration-dependent manner up to 18.6 %. The experi-
ment was performed using 96 multi-well plates
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Combination effects of tumor growth in  vivo were 
examined by measuring the MIB-1 index histologically. 
The MIB-1 index was significantly decreased in tumors 
after YS110 or PMX single treatment compared with 
controls (p  <  0.05; Fig.  6B, C). Combinatory treatment 
with YS110 and PMX significantly reduced the MIB-1 
index compared to single treatment (p < 0.05; Fig. 6B, C).

Histology of the tumor derived from JMN cells in the 
xenograft model is shown in Fig. 6C. Sarcomatous meso-
thelioma is shown in HE staining (Fig. 6C-a) and stained 
with anti-CD26 polyclonal antibody (R&D) (Fig.  6C-b). 
The MIB-1 index was measured by immunohistochem-
istry using the anti-Ki-67 (MIB-1) monoclonal anti-
body. Staining of Ki-67 antigens in nucleus was shown 
in tumors treated with control IgG (Fig.  6C-c), YS110 

(Fig.  6C-d), and both YS110 and PMX (Fig.  6C-e). The 
number of Ki-67 positive nuclei was decreased after 
combined treatment of YS110 and PMX and the necrotic 
area is indicated by an asterisk (Fig. 6C-e).
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Discussion
Novel molecular targeted therapies are in high demand 
since the aggressive trimodality approach against MM 
has been proved to be limited. We developed a human-
ized monoclonal antibody against CD26, designated as 
YS110, a molecular targeted therapy against MM [11]. 
We expected YS110 to cause ADCC to eliminate CD26 
positive MM cells. In addition to the ADCC effect, YS110 
demonstrated direct anti-proliferative effects in  vitro 

against CD26-positive MM cell lines. We proposed that 
investigation into the molecular mechanisms of the 
direct anti-proliferative effect against MM cells would 
be beneficial for both understanding anti-tumor effect of 
YS110, as well as uncover the underlying mechanism its 
proliferation and progression. Although the direct anti-
proliferative effect of YS110 is limited to a repression rate 
of approximately 20 % in vitro, the molecular mechanism 
was associated with the proliferative signal transduction 
system and cell cycle. Cell cycle analysis revealed that 
YS110 caused significant delay of the G2/M transition. To 
our knowledge, only one anti-cancer MoAb, anti-IGF-IR 
antibody A12 against the androgen-independent prostate 
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cancer cell line LaCaP 35 V, has been reported to result 
in G2/M delay although its molecular mechanism is not 
yet understood [15]. Therefore, we are the first to report 
results on the molecular mechanisms underlying G2/M 
delay from a cancer targeted-antibody. In order to eluci-
date the mechanism of G2/M delay mediated by YS110, 
we analyzed the quantities and phosphorylation status 
of G2/M regulators using Western blot analysis. At 24 h 
after treatment with YS110, inhibitory phosphorylation 

of cdc2 and its upstream regulator cdc25C were elevated. 
Phosphorylation of Cdc25C on Ser216 is sequestrated 
into the cytoplasm and therefore restrained from con-
tact with nuclear cdc2. Increased levels of cytoplasmic 
whole cdc25 protein and decreased levels of nuclear 
whole cdc25C protein at 24 h occurred after YS110 treat-
ment, confirming sequestration. Western blot analysis 
also revealed an increased amount of cell cycle inhibi-
tor p21 and decreased amount of cyclinB1 promotes 
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G2/M progression at 24 h after YS110 treatment. These 
alterations may be compatible with the retarded G2/M 
transition.

To determine the upstream regulator of the altered 
cdc25C phosphorylation state caused by YS110, we inves-
tigated several molecules known to regulate cdc25C. 24 h 
after YS110 treatment, activated phosphorylation levels 
of p38 MAPK (Thr180/Thy182) and ERK 1/2 (Thr202/
Tyr204) were elevated. Inhibitor assays indicated that 
YS110 treatment activated the ERK signal pathway, but 
not the p38MAPK pathway, which induced G2/M delay.

MAPK activation results in many different biologi-
cal responses, including proliferation, differentiation, 
and cell death. Although ERK1/2 activation is associated 
with cell survival and proliferation, a number of studies 
have shown that activation of ERK1/2 can mediate cell 
cycle arrest and cell death depending on the stimuli and 
cell types involved [17]. A number of anti-cancer rea-
gents and an anti-cancer antibodies have been reported 
to induce G2/M cell cycle arrest and/or apoptosis medi-
ated by ERK1/2 activation [18, 19]. These reagents, like 
YS110, cause G2/M cell cycle delay by inhibiting phos-
phorylation of cdc2 and cdc25C and by activating phos-
phorylation of ERK1/2. The G2/M delay caused by these 
drugs is antagonized by MEK inhibitors. Among mono-
clonal antibodies that have been investigated for their 
anti-cancer characteristics, the anti-CD40 antibody has 
been reported to cause apoptosis of diffuse large B-cell 
lymphoma cell lines with ERK1/2 activation through 
CD40 signaling [20]. In these reported cases, as well as 
our findings of YS110-CD26 interaction, the mechanisms 
underlying G2/M delay or apoptosis through ERK1/2 
activation is still unknown. As for G1/S cell cycle regula-
tion, a report has indicated that HER2 signaling related 
to trastuzumab treatment had effects on CDC25A pro-
tein stability [21]. The involvement of cell cycle regulators 
on the effect of anti-tumor antibodies should be further 
investigated.

Previously, we reported that YS110 induces intra-
nuclear transportation of CD26. When bound to YS110, 
CD26 is translocated to the nucleus via caveolin-depend-
ent endocytosis. This translocation suppresses transcrip-
tion of the POLR2A gene, which encodes a large subunit 
of RNA polymerase, in MM cell lines [22, 23]. The rela-
tionship between POLR2A suppression and G2/M cell 
cycle delay also requires further investigation.

The NCI-H2452 cell line is derived from the epithelioid 
type of MM and its growth rate is lower than the sarco-
matoid type of MM, the JMN cell line [24]. Profiles of 
cell cycling for synchronization assay in S-phase by thy-
midine block are available for NCI-H2452 cells but not 
for JMN cells. NCI-H2452 cells have no tumorigenicity in 
immunodeficient mice but JMN cells form subcutaneous 

tumors or diffuse and spread into the thorax [11, 22, 
and 23]; therefore, after YS110 treatment, we examined 
the in vitro cell cycle using NCI-H2452 cells and in the 
in vivo xenograft model using JMN cells.

Pemetrexed (PMX) induced augmented CD26 expres-
sion in both NCI-H2452 cells and JMN cells rapidly 
(Fig. 5b); this induction of cell surface CD26 on MM cells 
may be useful for anti-CD26 MoAb therapy against MM. 
The combination of YS110 and PMX therapy against xen-
ografted MM tumors was applied using JMN cell trans-
planted immunodeficient mice. As a result, anti-tumor 
effects were significantly shown in xenografted tumors 
with YS110 and PMX combined treatment compared to 
tumors with single treatment of YS110 or PMX, which 
was accompanied by a significantly reduced MIB-1 index. 
The combined treatment with YS110 and PMX showed a 
tendency to retard both G1/S and G2/M transition; how-
ever, significant differences of G1/S or G2/M proportion 
were not seen between YS110 plus PMX treatment and 
YS110 or PMX single treatment (data not shown).

There have been many anti-cancer monoclonal anti-
bodies (MoAbs) developed and their anti-cancer mech-
anisms are highly variable. Investigations into each 
molecular mechanism of an anti-cancer MoAb are sig-
nificant because it is valuable for the optimization of 
antibody therapies against cancer and contributes to 
elucidating the mechanisms of oncogenesis and cancer 
proliferation. This is the first report of a novel anti-pro-
liferative mechanism of a humanized anti-CD26 mono-
clonal antibody YS110 causing G2/M cell cycle delay 
through ERK1/2 phosphorylation and identifying PMX 
as a CD26 inducer.

Conclusions
Humanized anti-CD26 monoclonal antibody YS110 sup-
pressed proliferation of CD26 positive MM cell lines 
through a novel mechanism causing G2/M cell cycle 
delay through ERK1/2 phosphorylation. Anti-tumor 
agent PMX was identified as a CD26 inducer.

Methods
Reagents and antibodies
The humanized anti-CD26 antibody YS110 was con-
structed from the anti-CD26 mouse monoclonal anti-
body 14D10 coding sequence as previously described 
[11] and normal human IgG1 (Southern Biotech, Bir-
mingham, AL) was used as a control. Rabbit monoclonal 
antibody to cyclinB1, p21cip/waf1, cdc2, phospho-cdc2 
(Tyr15), cdc25c, phospho-cdc25c (Ser216), Erk1/2, 
phospho-Erk1/2(Thr202/Tyr204), p38MAPK, and phos-
phor-p38MAPK (Thr180/Tyr182) were from Cell Sign-
aling Technology Inc. (Danvers, MA) and the mouse 
monoclonal antibody against β-actin or Glyceraldehyde 
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3-phosphate dehydrogenase (GAPDH) was from DAKO 
(Glostrup, Denmark). The goat anti-CD26 polyclonal 
antibody and MEK 1/2 inhibitor U0126 was from Cell 
Signaling Technology Inc. (Danvers, MA).

Cell culture
NCI-H2452, NCI-H28 and JMN, CD26-positive cell 
lines established from malignant mesothelioma, were 
kind gifts from Dr. Chikao Morimoto (Departement of 
Therapy Development and Innovation for Immune Dis-
orders and Cancers, Juntendo University). Both cell lines 
were grown in RPMI medium (Sigma-Aldrich, Tokyo, 
Japan) supplemented with 10  % heat-inactivated fetal 
bovine serum (FBS), ABPC (100 unit/mL), Streptomycin 
(100 μg/mL), and 5 % CO2 at 37 °C.

Cell proliferation assay
The effect of YS110 on the proliferation of NCI-H2452 
cells was measured using a colorimetric cell prolifera-
tion kit WST-1 (Roche Diagnostics, Tokyo, Japan) based 
on the colorimetric detection of a formazan salt. In brief, 
5  ×  103 NCI-H2452 cells were seeded in RPMI1640 
medium supplemented with 10 % heat inactivated FBS on 
96-well plate with or without 2 μg/mL YS110. After 48 h 
of incubation at 37  °C in 5 % CO2, a reading at 450 nm 
was carried out according to the manufacturer’s instruc-
tions. Background absorbance of each sample at 630 nm 
was subtracted from the readings at 450 nm. The experi-
ment was performed in triplicate and a representative 
experiment is shown.

Cell cycle assay and flowcytometry
For the cell cycle study, NCI-H2452 and NCI-H28 cells 
were synchronized in the S-phase by a repeated thymi-
dine block. In brief, 5 ×  105 cells seeded in RPMI1640 
medium supplemented with 10  % heat inactivated fetal 
bovine serum on 10 cm culture dishes were treated with 
0.56 mM thymidine for 18 h, released for 10 h by three 
washes, and then treated again with 0.56 mM thymidine 
for 15  h. Synchronized cells were then returned to thy-
midine free medium with or without 2 μg/mL YS110 and 
incubated for 24 h. Cell cycle profiles were performed by 
flowcytometry using a procedure for propidium iodide 
staining of nuclei. Acquisition was performed using an 
EPICS XL/XL-MCL version 3.0 (Beckman Coulter, Brea, 
CA, USA) and data were analyzed using Flowjo software 
(TreeStar, Ashland, OR, USA). The experiment was per-
formed in triplicate and a representative experiment is 
shown.

Western blotting
For total cell lysate preparation, NCI-H2452 cells or JMN 
cells cultured with or without 2  μg/mL YS110 for 24  h 

were lysed at 4 °C by lysis buffer with phosphatase inhibi-
tors (50 mM Tris–HCl, 150 mM NaCl, 1 % NP-40, 0.25 % 
deoxycholate, 500 μM NaVO3, 50 mM NaF). For the prep-
aration of nuclear and cytoplasmic extracts, NCI-H2452 
cells were processed using NE-PER Nuclear and Cytoplas-
mic Extraction Reagents (Thermo scientific, Waltham, 
LA) according to the manufacturer’s instruction. For 
Western blot analyses, 30 μg of each cell lysate was sep-
arated on an SDS–polyacrylamide gel and transferred 
to a PVDF membrane Hybond-P (GE Healthcare, Little 
Chalfont, UK). The membranes were blocked in blocking 
buffer [5 % dry milk and 0.2 % Tween 20 in Tris buffered 
saline (TBS)] for 2 h at room temperature, and incubated 
with the primary antibodies in antibody dilution buffer 
(5 % bovine serum albumin, 0.2 % Tween 20 in TBS) over-
night at 4 °C. Dilutions of primary antibodies were 1:200, 
except anti p21cip/waf1 antibody, which was diluted at 
1:100. After three washes, the blots were incubated with 
secondary antibodies (goat anti-rabbit polyclonal anti-
body and rabbit anti-mouse polyclonal antibody) diluted 
1:1000 with dilution buffer for 1  h at room temperature 
and developed using the ECL Western Blotting Detection 
Reagents (GE Healthcare, Little Chalfont, UK). Quan-
tification of relative band densities was performed using 
standard densitometry scanning techniques using Image-
Quant 350 and ImageQuant TL software (GE Healthcare, 
Little Chalfont, UK). All the experiments performed in 
triplicate and a representative experiment is shown.

Xenograft model using human mesothelioma cell lines
NOD/Shi-scid, IL-2 receptor gamma null (NOG) mice 
were obtained from the Central Institute for Experimen-
tal Animals. JMN cells (1  ×  106) were implanted sub-
cutaneously in the back flank of NOG mice. Mice were 
injected intratumorally with control human IgG1 (n = 3) 
or YS110 (n = 3) at doses of 5 mg/kg body weight. JMN 
cells expressing CD26 were inoculated into the thoracic 
cavities of NOG mice. Thereafter, mice were intraperi-
toneally injected with control human IgG1 (n  =  3) or 
YS110 (5  μg per injection; n  =  3), and/or pemetrexed 
(PMX, purchased from Eli Lilly; 100 mg/kg body weight) 
commencing on the day of cancer cell injection. Each 
antibody was administered three times per week. Mice 
were then monitored for the development and progres-
sion of tumors. Tumor weight was measured by scale. All 
experiments were approved by the Animal Care and Use 
Committee of Keio University and were performed in 
accordance with the institute guidelines.

Histology and immunohistochemistry
Tumor tissues were fixed in 10 % neutral buffered forma-
lin, embedded in paraffin, and sectioned at a thickness of 
5 μm. Sections were paraffin depleted and rehydrated in a 
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graded series of ethanol solutions. For histology, sections 
were stained with hematoxylin and eosin. For immuno-
histochemistry, sections were washed with PBS, sub-
jected to antigen retrieval by heating at 100 °C in 0.01 M 
sodium citrate (pH 6.0) for 10  min, then treated with 
3 % H2O2, before incubation with the following primary 
antibodies: goat anti-CD26 pAb (AF1180, R&D Systems, 
Minneapolis, MN) (1:100) and mouse anti-Ki-67 mAb 
(MIB-1, DAKO Japan) (1:100). Immune complexes were 
detected by using an ImmPRESS REAGENT KIT (Vector 
Laboratories, Burlingame, CA) with 3, 3′-diaminobenzi-
dine, and sections were counterstained with hematoxylin

Statistical analyses
Statistical analyses were assessed using SPSS version 17.0 
(SPSS Inc., Chicago, IL). The p value, from which statisti-
cal significance was assumed, was set to p < 0.05.
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MM: malignant mesothelioma; PMX: pemetrexed; NOG mouse: NOD/Shi-scid, 
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Abstract
TGF-ß is a multifunctional cytokine that is involved in cell proliferation, differentiation and

function. We previously reported an essential role of the TGF-ß -Smad2/3 pathways in

RANKL-induced osteoclastogenesis. Using chromatin immunoprecipitation followed by

sequencing, we comprehensively identified Smad2/3 target genes in bone marrow macro-

phages. These genes were enriched in the gene population upregulated by TGF-ß and

downregulated by RANKL. Recent studies have revealed that histone modifications, such

as trimethylation of histone H3 lysine 4 (H3K4me3) and lysine 27 (H3K27me3), critically

regulate key developmental steps. We identified Nedd9 as a Smad2/3 target gene whose

histone modification pattern was converted from H3K4me3(+)/H3K4me27(+) to H3K4me3

(+)/H3K4me27(-) by TGF-ß. Nedd9 expression was increased by TGF-ß and suppressed

by RANKL. Overexpression of Nedd9 partially rescued an inhibitory effect of a TGF-ß inhibi-

tor, while gene silencing of Nedd9 suppressed RANKL-induced osteoclastogenesis.

RANKL-induced osteoclastogenesis were reduced and stimulatory effects of TGF-ß on

RANKL-induced osteoclastogenesis were partially abrogated in cells from Nedd9-deficient
mice although knockout mice did not show abnormal skeletal phenotypes. These results

suggest that Nedd9 is a Smad2/3 target gene implicated in RANKL-induced

osteoclastogenesis.
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Introduction
Skeletal homeostasis is strictly controlled by osteoclasts, which mediate bone resorption, and
osteoblasts, which regulate bone formation. Osteoclasts are multinucleated cells derived from
monocyte-macrophage lineage hematopoietic progenitor cells and specifically differentiated
for bone resorption [1]. The differentiation of osteoclasts is regulated by two cytokines: recep-
tor activator of nuclear factor kappa B ligand (RANKL) and macrophage colony-stimulating
factor (M-CSF). In addition to these two essential cytokines, we recently reported a critical role
for TGF-ß in osteoclastogenesis [2] [3]. TGF-ß is abundantly stored in bone matrix and has
profound biological functions such as angiogenesis, cellular differentiation, apoptosis and bone
homeostasis [4] [5]. The binding of TGF-ß to its type II receptors recruits and phosphorylates
type I receptors, which in turn activate downstream signaling including Smad and non-Smad
pathways [6]. Phosphorylated Smad2/3 forms a complex with Smad4, and the molecular com-
plex translocates into the nucleus and regulates specific gene expression [7] [8] [9].

We previously reported that TGF-ß is required for osteoclast differentiation in response to
RANKL and M-CSF by regulating the interaction of Smad2/3 with TRAF (tumor necrosis fac-
tor receptor-associated factor) 6, an adaptor molecule associated with RANK [2]. In addition,
we identified Smad2/3-binding sites in open chromatin regions during osteoclastogenesis and
found that Smad2/3 binding is necessary for the nuclear translocation of c-Fos, an essential
transcription factor for osteoclastogenesis [3]. Moreover, it was reported that combined treat-
ment of TGF-ß and TNF-α promotes maximal osteoclast formation compared to treatment
with other cytokine combinations in the presence of RANKL based on a multiparameter cyto-
kine assay [10]. However, direct target genes that regulate osteoclast differentiation down-
stream of TGF-ß-Smad2/3 pathways still remain elusive.

Multiple epigenetic modifications, such as DNA methylation and, histone acetylation and
methylation, are involved in organization of chromatin structures at various levels and regula-
tion of gene expression. The methylated sites in H3 or H4 are mainly located in the histone tail
(H3K4, H3K9, H3K36 and H4K20) and the center of the nucleosome (H3K79) [11]. Among
the five histones, which are designated as H1, H2A, H2B, H3 and H4 [12], Stahl et al. reported
that the methylation of histone H3 at lysine 4 is highly conserved and correlated with transcrip-
tionally active nuclei in Tetrahymena [13]. Bernstein et al. revealed that histone modifications
such as trimethylation of histone H3 lysine 4 (H3K4me3) and lysine 27 (H3K27me3) play a
critical role in gene expression, and in embryonic stem cells, key developmental genes tend to
change histone modification patterns from the H3K4me3/H3K27me3 bivalent pattern to the
H3K4me3 monovalent pattern [14]. Similar modifications of histone methylation have been
observed in many other types of cells, and we previously reported that RANKL induced biva-
lent to monovalent changes in the nuclear factor of activated T-cells cytoplasmic 1 (NFATc1)
gene during osteoclastogenesis [15]. Through chromatin immunoprecipitation with sequenc-
ing (ChIP-seq) analysis using anti-Smad2/3, anti-H3K4me3 and anti-H3K27me3 antibodies
[16], here we investigated Smad2/3-regulating genes that are critically involved in the differen-
tiation of osteoclasts and identified Nedd9 as a putative regulator of osteoclastogenesis down-
stream of TGF-ß-Smad2/3 pathways.

Results

Identification of genes regulated by the TGF-β-Smad2/3 axis
To identify genes regulated by the TGF-ß-Smad2/3 axis, we performed ChIP-seq analysis using
anti-Smad2/3 antibody in M-CSF-dependent bone marrow macrophages (BMMs) treated with
2 ng/ml TGF-ß for 1.5 h. Total read number was 15,108,905, and 10,837,516 reads (71.7%)
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were mapped to the mouse genome. A total of 2,786 Smad2/3-binding regions (SBRs) were
identified (peak signal ratio�8). Genes with peak positions of SBRs between 10 kb upstream
from transcription start sites (TSSs) and first intron were defined as Smad2/3 target genes, and
903 genes were selected as Smad2/3 target genes.

As shown in Fig 1A, we confirmed that Smad2/3 bound to the promoter regions of known
TGF-ß-regulating genes such as Cdkn1a, Smad7 and Serpine1. We selected Smad2/3-binding
regions in 8 of these genes (Serpine1, Cdkn1a, Smad7, Smad6, Ski, Tmepai, Nedd9 and Pdgfb)
and confirmed a TGF-ß-dependent increase in Smad2/3 binding by ChIP-realtime PCR (Fig
1B). SBRs were widely distributed from distant upstream regions to intronic regions, with
prominent enrichment close to the TSSs of RefSeq genes (Fig 1C).

Histone modification by TGF-β
To analyze TGF-ß-induced histone modification, BMMs treated with 1 ng/ml TGF-ß [desig-
nated as TGF-ß(+) BMMs] or 5 μM SB431542 [TGF-ß(-) BMMs] were subjected to ChIP-seq
analysis using anti-H3K4me3 or anti-H3K27me3 antibody. SB431542 is a potent and specific
kinase inhibitor of TGF-ß type I receptor that strongly suppresses RANKL-induced osteoclas-
togenesis [2]. Genes with H3K4me3 peaks within +/- 1kb from the TSSs were defined as K4(+)
genes (peak signal ratio�8), and genes with H3K27me3 peaks within +/- 1kb from the TSSs
were defined as K27(+) genes (peak signal ratio�5). A total of 9,962 and 9,505 K4(+) genes
and 2,600 and 2,827 K27(+) genes were identified in TGF-ß(-) and TGF-ß(+) BMMs, respec-
tively. Smad2/3 target genes were significantly enriched in genes with K4(+)K27(+) marks in
TGF-ß(-) BMMs and K4(+)K27(-) marks in TGF-ß(+) (7.8 fold enrichment; P<10−5 by chi
square test) (Fig 2A). The average signal intensity of H3K4me3 around TSS was higher in
TGF-ß(+) BMMs than in TGF-ß(-) BMMs while that of H3K27me3 was lower (Fig 2B).
Indeed, mRNA expression of Smad target genes with K4(+)K27(+) marks in TGF-ß(-) BMMs
and K4(+)K27(-) marks in TGF-ß(+) BMM were up-regulated after TGF-ß stimulation (Fig
2C).

TGF-β positively and RANKL negatively regulates Smad2/3 target
genes
Using 14,177 probes (8,839 genes) with expression values of more than 70 by MOE430 Gene-
Chips at least one time point, we found that Smad2/3 target genes were significantly enriched
in the genes whose expression was more than 2-fold upregulated, but not in those whose
expression was less than 0.5-fold downregulated, by TGF-ß (Fig 3, upper and lower panels;
P< 10−5 by chi square test). Enrichment scores calculated by Gene Set Enrichment Analysis
(GSEA) [17] exhibited statistically significant enrichment (P< 10−6) (Fig 3, lower panel).

We then analyzed the change of the expression of Smad2/3 target genes by RANKL stimula-
tion. We used 16,631 probes (10,004 genes) with expression values of more than 70 at least one
time point for further analysis. Interestingly, Smad2/3 target genes were significantly enriched
in the genes whose expression was less than 0.5-fold downregulated, but not in those whose
expression was more than 2-fold upregulated, after 24, 48 and 72 h of RANKL stimulation (Fig
4, upper and lower panels; P< 10−5 by chi square test). In addition, genes whose histone modi-
fication was changed from K4(+)K27(+) to K4(+)K27(-) patterns by TGF-ß treatment were
enriched in downregulated genes by RANKL (Fig 4, upper panel). The statistical significance of
the enrichment was analyzed by calculating GSEA enrichment scores (P< 10−6) (Fig 4, lower
panel).
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Fig 1. Identification of Smad2/3 binding sites. (A) BMMs were treated with 2 ng/ml TGF-ß for 1.5 h and cells were subjected to ChIP-
seq analysis using anti-Smad2/3 antibody. Three known TGF-ß target genes (Cdkn1a, Serpine1, and Smad7) and a negative control
gene (Hprt1) were analyzed as representative examples. Smad2/3-binding regions (SBRs; peak signal ratio�8) and the peak position
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Identification of Nedd9 as a possible Smad2/3 target in BMMs
We identified 14 Smad2/3 target genes in which histone modification patterns changed from
K4(+)K27(+) to K4(+)K27(-) by TGF-ß treatment (Fig 5A). Nedd9, also called Cas-L or HEF-1
(human enhancer of filamentation 1), is a member of the CAS (crk-associated substrate) family
proteins [18] [19] [20]. Nedd9 is a scaffold protein localized in focal adhesion that is involved
in the development and progression of cancer cells [21] [22] [23]. As shown in Fig 3A, Smad2/
3 binding was enriched around the TSS of Nedd9 gene. Histone modification status changed
from K4(+)K27(+) to K4(+)K27(-) patterns by TGF-ß stimulation in BMMs and then returned
to K4(+)K27(+) patterns in response to RANKL stimulation. In fact, Nedd9 gene expression
was upregulated by TGF-ß in BMMs and downregulated by RANKL stimulation (Fig 5B).

We then analyzed a potential function for Nedd9 in osteoclastogenesis. Retroviral overex-
pression of Nedd9 significantly increased the expression of Cathepsin K, a marker gene of oste-
oclasts (Fig 6A). In addition, Nedd9 overexpression partially rescued the inhibitory effect of
SB431542 on RANKL-induced osteoclastogenesis (P< 0.05; Fig 6B–6D). Conversely, Nedd9
knockdown by retrovirus carrying shNedd9markedly suppressed RANKL-induced osteoclasto-
genesis (Fig 7A–7C). All of these findings strongly suggest a critical function for Nedd9 in
RANKL-induced osteoclastogenesis.

Finally, we assessed the function of Nedd9 in osteoclastogenesis using Nedd9-/- mice.
BMMs from Nedd9-/- mice exhibited reduced osteoclastogenesis similar to shNedd9-treated
cells (Fig 8A and 8B). Stimulatory effects of TGF-ß on RANKL-induced osteoclastogenesis
observed in wild-type BMMs was reduced in Nedd9-deficient BMMs (Fig 8B). Expression of
Cathepsin K, as determined by Western blotting, was downregulated in Nedd9-deficient osteo-
clasts as compared to wild-type osteoclasts (Fig 8C). However, no significant difference in the
skeletal phenotypes, as assessed by soft X ray in the lower extremities, micro CT in lumbar ver-
tebral bodies, and dual energy X ray absorptiometry was observed between Nedd9-knockout
and wild-type mice (Fig 9A–9C).

Discussion
We previously reported that TGF-ß is indispensable for RANKL and M-CSF-induced osteo-
clastogenesis. However, the effector genes acting downstream of TGF-ß-Smad2/3 pathways
remain elusive. In the present study, we comprehensively analyzed Smad2/3-binding regions
and identified Smad2/3 target genes in BMMs by ChIP-seq analysis. Smad2/3 target genes
were enriched in TGF-ß upregulated genes as expected. Interestingly, these genes were
enriched in the gene population whose expression was downregulated by RANKL treatment,
indicating the possibility that the role of TGF-ß is to prepare an appropriate condition for
BMMs to differentiate into mature osteoclasts upon RANKL stimulation.

Histone modifications play important roles in cell differentiation. H3K4me3 is enriched in
the active and poised promoter regions [24, 25], while H3K27me3 is involved in polycomb-
mediated gene repression [26]. Recent studies have revealed that key developmental genes tend
to change histone modification patterns from the H3K4me3/H3K27me3 bivalent pattern to
the H3K4me3 monovalent pattern in various types of cells. In an attempt to narrow down the
candidates of Smad2/3 target genes involving in osteoclast differentiation, we identified Nedd9
as a Smad2/3 target gene whose histone modification pattern changed from K4(+)K27(+) to

of each SBR are shown by black bars. (B) Eight positive regions and two negative regions for Smad2/3 binding were selected from
ChIP-seq data and validated by realtime PCR. ChIP using mouse IgG was used as control. Values are presented as n-fold enrichment
over Hprt1. (C) Average Smad2/3 signal profile around transcriptional start site (TSS) in ChIP-seq analysis. Smad2/3 binding was
enriched around TSS.

doi:10.1371/journal.pone.0157992.g001
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Fig 2. (A) Genes with H3K4me3 peaks within +/- 1 kb from TSS were defined as K4(+) genes, and genes with H3K27me3 peaks within +/- 1 kb
from TSS were defined as K27(+) genes. Genes with each combination of K4 and K27 status were identified and enrichment of Smad2/3 target
genes was calculated. Highest enrichment was observed in genes with K4(+)K27(+) marks in TGF-ß(-) BMMs and K4(+)K27(-) marks in TGF-ß
(+) BMM. (B) The intensity of histone marks around TSS of Smad2/3 target genes. The signal intensity of H3K4me3 in BMMs treated with TGF-
ß was higher than those treated with SB431542, while the signal intensity of H3K4me27 was lower in TGF-ß(+) BMMs than that in TGF-ß(-)
BMMs. (C) mRNA expression of Smad target genes with K4(+)K27(+) marks in TGF-ß(-) BMMs and K4(+)K27(-) marks in TGF-ß(+) BMM.

doi:10.1371/journal.pone.0157992.g002
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K4(+)K27(-) patterns in response to TGF-ß. Nedd9, also known as CasL and HEF1, was origi-
nally identified as a 105 kDa protein that is tyrosine phosphorylated by the ligation of ß1 integ-
rins in peripheral T cells [18]. Nedd9 is induced by TGF-ß and directly interacts with Smads in
various types of cells [27] [28]. We found that Smad2/3 binds to the promoter region of Nedd9
gene and TGF-ß upregulates Nedd9 expression in BMMs. Overexpression of Nedd9 promoted
and knockdown or knockout of Nedd9 suppressed osteoclastogenesis, indicating a role of
Nedd9 downstream of RANKL-RANK pathways. Previous studies reported that Nedd9 is

Fig 3. Identification of downstream effectors of TGF-ß in osteoclastogenesis. Upper: The expression
scores after TGF-ß stimulation of BMMs relative to time 0 are illustrated by a heat map with red or green color
representing increased or decreased gene expression, respectively. The probes were sorted by the ratio at
24 h (ranked gene list). Horizontal bars indicate Smad2/3 target genes. GSEA enrichment scores are
graphically shown in the right panel [17]. Smad2/3 target genes were significantly enriched in genes
upregulated by TGF-ß. Lower: The expression scores after RANKL stimulation of BMMs relative to time 0 are
illustrated by a heat map. Genes whose expression was upregulated more than 2-fold or downregulated less
than 0.5-fold relative to RANKL treatment were counted. Enrichment of Smad2/3 target genes in up- or
downregulated genes was evaluated by chi-square test (P < 10−5).

doi:10.1371/journal.pone.0157992.g003
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Fig 4. Upper: TGF-ß(+) BMMs were treated with 5 nM GST-RANKL for 0, 3, 12, 24, 48, and 72 h. Relative
expression levels of Smad2/3 target genes as compared with those in time 0 are illustrated by a heat map. The
probes were sorted by the value at 72 h after RANKL treatment. Horizontal bars indicate Smad2/3 target genes
and genes with K4(+)K27(+) marks in TGF-ß(-) BMMs and K4(+)K27(-) marks in TGF-ß(+) BMMs. GSEA
enrichment scores are graphically shown in the right panel. Lower: Enrichment of Smad2/3 target genes in the
gene population whose relative expression levels were upregulated more than 2-fold or downregulated less
than 0.5-fold by RANKL. Smad2/3 target genes were significantly enriched in downregulated genes by RANKL.

doi:10.1371/journal.pone.0157992.g004
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involved in tumor differentiation, migration and metastasis [29], and therefore, it is also possi-
ble that Nedd9 supports osteoclast motility as well.

A previous study reported the association between Nedd9 and Smad6 or Smad7 [30], and
our ChIP-seq analysis showed that Smad2/3 bound to the promoter region of Smad6 and
Smad7. Although we did not address the association between inhibitory Smads and Nedd9 in
BMMs, it is possible that Nedd9 regulates TGF-ß signaling in a negative feedback manner by
interacting with inhibitory Smads.

Fig 5. Epigenetic regulation of Nedd9 gene during osteoclastogenesis. (A) Smad2/3 binding and histone modification changes of
Nedd9 gene during osteoclastogenesis. Histone modification patterns in BMMs changed from K4(+)K27(+) to K4(+)K27(-) patterns by TGF-ß
and returned to K4(+)K27(+) patterns after RANKL treatment. (B)Nedd9mRNA expression after TGF-ß or RANKL stimulation. The
expression increased by TGF-ß stimulation and was reduced after RANKL treatment. The expression remained at low levels in the presence
of SB431542.

doi:10.1371/journal.pone.0157992.g005
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Fig 6. Nedd9 is critical for osteoclast differentiation. (A) Realtime PCR analysis of effects of retroviral
overexpression of Nedd9 gene on RANKL-induced osteoclastogenesis, as indicated by expression ofNedd9
andCathepsin KmRNAs. (B) Effects of SB431542 (SB) treatment on osteoclastogenesis, as evaluated by
TRAP staining, in Nedd9-overexpressing cells treated with RANKL. Overexpression of Nedd9 increased
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The role of Nedd9 in skeletal homeostasis in vivo is not clear. Seo et al. generated Nedd9-
deficient mice and reported that lymphocyte trafficking was altered [22]. In addition, Katayose
et al. recently reported that Nedd9-/- mice exhibited decreased onset of collagen-induced
arthritis compared with wild-type mice and that joint destruction was reduced in the knockout
mice [31]. We found that RANKL-induced osteoclastogenesis was impaired in BMMs from
Nedd9-/- mice, and the stimulatory effect of TGF-ß on RANKL-induced osteoclastogenesis
was partially abrogated. However, we were unable to find the abnormal bone phenotypes in

RANKL-induced osteoclastogenesis. SB431542 suppressed osteoclastogenesis, which was partly recovered
by Nedd9 overexpression. Cultures were stained by TRAP. Bars = 100 μm. (C) The expression of Nedd9
gene as determined by realtime PCR. (D) The number of TRAP positive osteoclasts was significantly
increased by Nedd9 overexpression, and the suppression of osteoclastogenesis by SB431542 was partly
suppressed by Nedd9 overexpression. *P < 0.05.

doi:10.1371/journal.pone.0157992.g006

Fig 7. (A) Effects of knockdown of Nedd9 gene by shRNA on osteoclastogenesis. BMMs infected with retrovirus vector
carrying shNedd9were treated with 5 nM RANKL for 3 days and stained with TRAP. (B) Expression of Nedd9 gene by
realtime PCR. (C) The number of TRAP positive osteoclasts was significantly reduced by retroviral introduction of
shNedd9. Bars = 100 μm. *P < 0.05.

doi:10.1371/journal.pone.0157992.g007
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Nedd9-/- mice. This may be due to the effect of Nedd9 on other types of cells such as osteo-
blasts or osteocytes, or the effect of Nedd9 deficiency is only observed in mice under pathologi-
cal conditions such as ovariectomy and arthritis, or those treated by TGF-ß. Further studies are
required to fully understand the role of Nedd9 in the skeletal milieu.

Fig 8. Impaired osteoclastogenesis in Nedd9-/- BMMs. (A) BMMs were isolated from Nedd9 knockout (KO) and wild-type (WT) mice and
cultured in the presence of RANKL with or without TGF-ß. Osteoclastogenesis was evaluated by TRAP staining (A), the number of multi-
nuclear osteoclasts (B) and the expression of Cathepsin K protein (C).

doi:10.1371/journal.pone.0157992.g008
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Materials and Methods

Reagents
Recombinant human M-CSF was purchased from R&D Systems (Minneapolis, MN, USA),
and TGF-β and SB431542 were from Sigma-Aldrich (St Louis, MO, USA). GST-RANKL was
purchased from Oriental Yeast Co., Ltd (Shiga, Japan). Alpha-minimum essential medium (α-
MEM) and fetal bovine serum (FBS) were purchased from Life Technologies (Carlsbad, CA,
USA). Smad2/3 antibody was purchased from BD Biosciences (Monoclonal antibody, Mouse,
610843, San Jose, CA, USA), anti-trimethyl-histone H3 lysine 4 was from Activemotif (Poly-
clonal antibody, Rabbit, 39159, Carlsbad, CA, USA), anti-trimethyl-histone H3 lysine 27 was

Fig 9. (A) Bone phenotypes of 12-week-old maleNedd9-/- and wild-type mice were evaluated using soft-X ray of the lower
extremities. (B) micro CT in lumbar vertebral bodies (C) DEXA in lumbar vertebral bodies and proximal tibia.

doi:10.1371/journal.pone.0157992.g009
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fromMillipore (Polyclonal antibody, Rabbit, 07–449, Billerica, MA, USA), anti-β-actin was
from Sigma-Aldrich (Polyclonal antibody, Rabbit, A2066, St Louis, MO, USA).

Animals
Nedd9-/- mice with C57BL/6J (B6) genetic background were generated as previously reported
[22]. In short, the exon 2 encoding the N-terminal SH3 domain in the Cas-L protein was
replaced with EGFP and a neomycin resistance gene. All animal procedures were approved by
the Animal Care and Use Committee of the University of Tokyo.

Cell Culture
Murine bone marrow cells were collected from the femur and tibia of male ddY mice at 4–5
weeks of age. To prepare BMMs, cells were cultured in α-MEM/10% FBS with 100 ng/ml
M-CSF for 5 days. BMMs were further cultured in the presence of 10 ng/ml M-CSF and 100
ng/ml RANKL for 4 days to generate osteoclasts. To examine the effect of the TGF-β-Smad
pathway on osteoclastogenesis, 1 ng/ml TGF-β or 10 μM SB431542 was added with RANKL.
Cells were stained with tartrate-resistant acid phosphatase (TRAP), and TRAP-positive cells
containing more than three nuclei were counted as osteoclasts32.

Real-time PCR analysis
Total RNA was extracted with ISOGEN (Wako Pure Chemical Industries, Ltd.), and a 1-μg ali-
quot was reverse transcribed using a QuantiTect Reverse Transcription kit (QIAGEN) to pro-
duce singlestranded cDNA. PCR was performed on an ABI Prism 7000 Sequence Detection
System (Applied Biosystems) using QuantiTect SYBR Green

PCRMaster Mix (QIAGEN) according to the manufacturer’s instructions. All reactions
were performed in triplicate. After data collection, the mRNA copy number of a specific gene
was calculated with a standard curve generated with serially diluted plasmids containing PCR
amplicon sequences and then normalized to rodent total RNA with mouse ß-actin serving as
an internal control. Primer sequences were as follows: Nedd9 forward, 50-CCACCCTCCTACC
AGAATCA-30; Nedd9 reverse, 50-ATACCCCTTGAGTGCTGTGG-30; Cathepsin K-forward,
5’-ACGGAGGCATTGACTCTGAAGATG-3’; Cathepsin K-reverse, 5’-GGAAGCACCAACG
AGAGGAGAAAT-3’.

Expression constructs and gene transduction
For retrovirus construction, the full-length cDNAs were amplified by PCR using KODplus
(Takara Bio Inc.), subcloned into Zero Blunt TOPO II vectors (Invitrogen), and inserted into
pMX-puro vectors. A total of 2 × 106 BOSC23 packaging cells were transfected with 6 μg of
vector using FuGENE 6 (Roche). After 24 h, the medium was replaced with fresh α-MEM/10%
FBS, and cells were incubated for an additional 24 h. The supernatant was then collected as ret-
roviral stock after centrifugation at 2,400 rpm for 3 min. A total of 5×106 BMMs were incu-
bated with 8 ml of retroviral stock for 5 h in the presence of 6 μg/ml polybrene and 30 ng/ml
recombinant mouse M-CSF. After 5 h of retroviral infection, the medium was changed to α-
MEM/10% FBS and 100 ng/ml M-CSF, and cells were cultured for an additional 24 h. BMMs
were recovered with trypsin, and puromycin-resistant cells were selected by incubation with α-
MEM/10% FBS containing 2 μg/ml puromycin for 2 d and used for further experiments.
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RNA interference (RNAi)
RNAi expression vectors were constructed with piGENEmU6 vector (iGENE Therapeutics;
Tokyo, Japan) as described [32] [33], and the U6 promoter and inserts were cloned into pMx
vectors. Retroviruses carrying specific genes were prepared by transfecting BOSC packaging
cells with retrovirus vectors and collecting the supernatant after 2 days. For retroviral infection,
after the first 2 days of culture, BMMs were incubated with retrovirus in the presence of 30 ng/
ml M-CSF and 4 ng/ml polybrene (Sigma-Aldrich; St Louis, MO, USA) for 6 h and cultured
overnight in the presence of 10 ng/ml M-CSF. To select the transduced BMMs, cells were
detached with Trypsin/EDTA (Sigma-Aldrich; St Louis, MO, USA) and cultured with 10 ng/
ml M-CSF and 2 μg/ml puromycin (Sigma-Aldrich) for 2 days. Primer sequences were as fol-
lows: shNedd9_1 (sense) 50-gtttGCATTAGATCTTTGGTCGACAgtgtgctgtccTGTTGGCC
AAAGGTCTGATGCttttt-30, shNedd9_1 (antisense) 50-atgcaaaaaGCATCAGACCTTTGGCC
AACAggacagcacacTGTCGACCAAAGATCTAATGC-30, shNedd9_2(sense) 50-gtttGCAGTG
CTAGGAGTGACATGTgtgtgctgtccACATGTTACTCCTGGTACTGCttttt-30, shNedd9_2
(antisense) 50-atgcaaaaaGCAGTACCAGGAGTAACATGTggacagcacacACATGTCACTCCT
AGCACTGC-30.

ChIP and ChIP-seq
Cells were cultured in 15-cm plates to approximately 80% confluency. Cells were fixed with 1%
formaldehyde at room temperature and then neutralized with glycine. After cells were collected
and re-suspended, samples were sonicated. Samples were incubated with protein A/G beads
that had been pre-incubated with 4–10 μg of antibody. Immunoprecipitates were washed and
reverse-crosslinked, and DNA was purified with a PCR purification kit (Qiagen, Germantown,
MD, USA). DNA libraries were prepared for sequencing using the standard Illumina protocol.
Purified DNA was applied for cluster generation and sequencing on the cBot Cluster Genera-
tion system and Genome Analyzer IIx system (Illumina; San Diego, CA, USA) following the
manufacturer’s instructions. Obtained sequences were mapped to the reference mouse genome.
ChIP primer sequences were as follows: Nedd9 forward: 50-AGAAGGCAGAGGCAGCATA
A-30, Nedd9 reverse: 50-CCTGTGGCATCATCTCTAAGG-30, Pdgfb forward: 50- TTTCAAGG
CGATGAGGTCAC-30, Pdgfb reverse: 50- GGAGAGTGCCCCAGACCT -30, Smad6 forward:
50-CATGCAGGGTGTCTCTAGCA-30, Smad6 reverse: 50-GGCTACATGGATCACGATGG-
30, Tmepai forward: 50-AAACCTACTGCGACGACAGG-30, Tmepai reverse: 50-ATGAGAGG
CACTTTGCAACC-30, Ski forward: 50-TGGAGAGGCTCTGCTCTAGG-30, Ski reverse: 50-
CCTGCAGCTGGTTTGTGTAA-30, Cdkn1a forward: 50-TCTGT GTACGTGCGTGTGTG-30,
Cdkn1a reverse: 50-TAAATTCCCGCCTATGTTGG-30, Serpine1 forward: 50-AGCCCAATA
GAGAACTTCAAGTCC-30, Serpine1 reverse: 50-CAGTACACCTCAAAACCCAGCC-30,
Smad7 forward: 50-TGCGAAACACAATCGCTTT-30, Smad7 reverse: 50-CTCTGCTCGG
CTGGTTCC-30, Ppib forward: 50-ATGTGGTACGGAAGGTGGAGA-30, Ppib reverse: 50-
AGCTGCTTAGAGGGATGAGG-30, Hoxa13 forward: 50-TGGCATGTTTTAGGGACCTC-
30, Hoxa13 reverse: 50-CACATCCTTGGGAGGGTCTA-3.

Microarray expression array analysis
Total RNA was extracted with TRIzol and subjected to GeneChip (Affymetrix; Santa Clara,
CA, USA) expression analysis according to the technical manual. Briefly, biotin-labeled cRNA
synthesized from total RNA was hybridized to a GeneChip Mouse Genome MOE430 2.0 oligo-
nucleotide array (Affymetrix; Santa Clara, CA, USA). The arrays were stained with streptavi-
din-phycoerythrin and image data was collected with an Affymetrix scanner. Microarray Suite
software 5.0 was used to calculate the average difference (AD) for each gene probe set, shown
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as the gene expression intensity value. The AD values were normalized for each array so that
the average of all AD values was 100. One array datum was obtained for each sample. Obtained
data were verified by qPCRs for various transcripts, and we had no conflicting results between
the array data and qPCR data. Affymetrix probe IDs were converted to gene symbols.

Statistical analyses
The results are expressed as mean±SD. Statistical analyses were performed using a two-tailed
unpaired Student's t test for continuous variables and chi-square tests for categorical variables.
A p value of less than 0.05 was considered to be statistically significant.
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Abstract 

Background:  Mesotheliomas are aggressive, therapy-resistant tumors that are predicted to increase in incidence at 
least until 2020. The prognosis of patients with mesothelioma is generally poor because they are typically diagnosed 
at a late stage and their tumors are resistant to current conventional therapies. For these reasons, improved diagnosis 
and therapy are urgently required. To address these issues, the aim of our research was to develop novel mesotheli-
oma-specific monoclonal antibodies (mAbs) as diagnostic and therapeutic agents.

Methods:  To develop anti-mesothelioma mAbs useful for diagnosis and therapy, we repeatedly immunized a BALB/c 
mouse with viable mesothelioma cells, alternating between those from three mesothelioma cell lines. We hybridized 
the spleen cells from this immunized mouse with P3U1 myeloma cells. We then screened supernatants harvested 
from the hybridoma clones by assessing whether they bound to a mesothelioma cell line not used for immuniza-
tion and altered its morphology. We designed this developmental strategy to reduce the risk of obtaining clonotypic 
mAbs against a single mesothelioma cell line.

Results:  Our newly generated mouse anti-human mAbs immunostained clinical samples of mesotheliomas. One of 
the newly generated mAbs did not react with any other tumor cell line tested. Two other mAbs significantly inhibited 
the proliferation of mesothelioma cells.

Conclusion:  These newly generated anti-mesothelioma mAbs are potentially useful as diagnostic and therapeutic 
agents for mesothelioma. Moreover, our novel strategy for establishing antitumor mAbs may facilitate the develop-
ment of new diagnostic and therapeutic techniques for mesotheliomas and other malignancies.
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Background
Mesothelioma is an aggressive tumor that develops from 
mesothelial cells, which line the pleural, peritoneal, and 
pericardial cavities. The development of mesothelioma 
is usually associated with chronic exposure to asbestos 
fibers [1, 2]. The worldwide incidence of mesothelioma 
is increasing and is expected to peak in approximately 
2020 because of the long latent period between expo-
sure to asbestos fibers and the appearance of disease [3]. 
Asbestos continues to be mined in Russia, China, Bra-
zil, Kazakhstan and other countries [4]. Asbestos is still 

imported and used in brake pads, gaskets, etc., even in 
the US [4]. Diagnosis based on chest X-ray and computed 
tomography (CT) findings must be confirmed by cyto-
logic serous effusion examination or biopsy [5–7].

Immunohistochemistry has significantly enhanced 
the accuracy of cytology, although reaching a diagnosis 
remains frequently difficult [8–10]. Although many diag-
nostic procedures are available, no single test unambigu-
ously distinguishes mesothelioma from other carcinomas 
or even benign from malignant cells. The correct com-
bination of antibodies used to detect positive or nega-
tive markers should be employed and a comprehensive 
assessment of the staining results must be conducted 
[11].
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Mesothelioma is categorized histologically as epithe-
lioid, sarcomatoid, biphasic, and desmoplastic, among 
others [9]. The histological subtypes help predict prog-
nosis and the choice of treatment. Therefore, it is impor-
tant to analyze pathological tissue using an appropriate 
combination of antibodies for diagnosis and classifica-
tion. Nevertheless, many cases are difficult to diagnosis 
[12–16].

Although an anti-CD26 mAb is a promising candidate, 
no effective molecular target for therapy exists [17, 18]. 
Therefore, the development of novel anti-mesothelioma 
mAbs may facilitate diagnosis and serve as therapeu-
tic agents. Subsequent to the development of mAbs by 
Köhler, Milstein, and Jerne in 1975 [19], excessively large 
number of mAbs were generated as diagnostic [20, 21] or 
therapeutic reagents [22].

Diagnostic or therapeutic mAbs are now typically gen-
erated by immunizing mice with synthetic peptides or 
target antigens that are purified to some extent [23, 24]. 
Except for nude or SCID mice, mice reject inoculated live 
malignant human tumor cells. During the first or sec-
ond challenge, tumor cells may be primarily killed by NK 
and CD8 cytotoxic T cells or ingested by macrophages. 
However, during the course of repeated immunizations, 
mouse B cells are generated that produce antibodies 
against the tumor cells. These antibodies probably make 
a major contribution to the rejection of the tumor cells. 
This hypothesis served as the rationale for our experi-
ments that were aimed at establishing anti-mesothelioma 
mAbs. We report here the generation of anti-human 
mesothelioma mAbs for diagnosis and treatment. This 
was accomplished by immunizing a mouse with live mes-
othelioma cell lines. The hybridomas were selected for 
their ability to produce antibodies that bound to meso-
thelioma cell lines not used for immunization. Some of 
these newly established mAbs reacted specifically with 
mesothelioma cells or inhibited their proliferation.

Methods
Mice
Female BALB/c mice (6–8 weeks of age) were purchased 
from Charles River Japan (Yokohama, Japan) and housed 
in a specific pathogen-free facility in micro-isolator 
cages. Animal experiments were conducted following 
protocols approved by the Animal Care Committee of 
Juntendo University of Medicine.

Cells
The human mesothelioma cell lines ACC-MESO-1 and 
ACC-MESO-4 were purchased from the RIKEN Cell 
Bank (Ibaraki, Japan), JMN was a kind gift from Dr. 
Brenda Gerwin and others (NCI-H226, MSTO-211H, 
NCI-H28 and NCI-H2452) were purchased from the 

American Type Culture Collection (ATCC) (Manassas, 
VA). The lung cancer cell lines (A549, PC9, Lu24, and 
WA-hT), and the HuH-7 (hepatocellular carcinoma), 
MKN1 (gastric cancer), OVK18 (ovarian cancer), VMRC-
RCW (renal cell carcinoma) cell lines were purchased 
from the RIKEN Cell Bank. The MCF7 (breast cancer), 
KP3 (pancreatic cancer), and HCT 116 (colon cancer) cell 
lines were purchased from ATCC. All cells were cultured 
and maintained in RPMI-1640 medium (GIBCO, Grand 
Island, NY) supplemented with 10  % heat-inactivated 
fetal calf serum.

Antibodies
The mouse anti-HLA class I (HLA class-A, B, C) mAb 
(clone: W6/32) was purchased from Harlan Laboratories 
Inc. (IN). Alexa Flour® 488-conjugated goat anti-mouse 
IgG was purchased from Invitrogen (CA). Mouse IgG 
was purchased from Abcam (Cambridge UK). The mAbs 
for WT-1 (clone: 6F-H2), Calretinin (clone: DAK-Calret 
1), Podoplanin (clone: D2-40), Cytokeratin 5/6 (clone: 
D5/16 B4), EMA (clone: E29), Carcinoembryonic Anti-
gen (CEA) (clone: II-7), TTF-1 (clone: 8G7G3/1), and 
Epithelial-Related Antigen (clone: Moc-31) were pur-
chased from DAKO. The mAb against Mesothelin (clone: 
22A31) and anti-GLUT-1 polyclonal Ab were purchased 
from IBL (Japan). Anti-CD26 mAbs (clone 1F7, 5F8) 
were established in our laboratory [25].

Anti-CD25 mAb (clone: BC96) and mouse Ig G1 iso-
type control (MOPC-21) were purchased from TONBO 
biosciences (CA).

Generation of mAbs against mesothelioma cells
An eight-week-old female BALB/c mouse was immu-
nized alternately using intraperitoneal injections of 
2–5  ×  106 living cells derived from the mesothelioma 
cell lines ACC-MESO4, MSTO-211H, and NCI-H226 
every 2  weeks for 3  months. Three days after the last 
immunization, spleen cells were fused with P3U1-non-
producing myeloma cells using polyethylene glycol 4000 
(Merck, Darmstadt, Germany) and cultured in RPMI-
1640 supplemented with 10  % fetal calf serum (FCS, 
Japan Bioserum, Fukuyama, Japan), 5 % BriClone (NICB, 
Dublin, Ireland), and HAT (Invitrogen, Tokyo, Japan) 
in the wells of 96-well flat-bottom plates (Costar, Corn-
ing Incorporated, Corning, NY). Hybridoma superna-
tants were screened for reactivity with the mesothelioma 
NCI-H2452 cells, which were not used for immuniza-
tion. Light microscopy revealed morphological changes 
and an aggregation of target cells induced by incubation 
with supernatants of hybridoma clones after 72  h. The 
reactivity of hybridoma supernatants for the other mes-
othelioma cell lines was also determined. Four hybrido-
mas, JMAM1–4, were selected and cloned using limiting 
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dilution. The isotype of these mAbs was IgG1, and they 
cross-reacted widely with mesothelioma cell lines.

Flow cytometric (FACS) analysis
The expression of the molecular target(s) of the newly 
established mouse anti-human mesothelioma mAbs was 
determined using a BD LSRForessa™ cell analyzer (BD 
Bioscience, CA, USA). Briefly, the human mesothelioma 
cell lines and the cell lines derived from other tumors 
were incubated with the supernatants of hybridomas and 
then with Alexa Flour® 488-conjugated rat anti-mouse 
IgG (BD Bioscience) on ice.

Inhibition test
NCI-H226 cells were first incubated with already known 
existing Abs and further incubated with Alexa Flour® 
488-labeled JMAM mAbs.

Immunocytochemistry
Samples of pleural effusions submitted to the Depart-
ment of Pathology, Juntendo University, were used for 
immunohistochemistry and other histological staining 
procedures. Three representative cases of cytologically 
diagnosed mesothelioma were used for immunohisto-
chemistry, and all cases were stained with positive and 
negative antibody panels of diagnostic antibodies to con-
firm the diagnosis of mesothelioma. Cell smears were 
fixed in 95 % ethanol for Papanicolaou and immunostain-
ing, or air-dried for May-Grunwald-Giemsa staining. Cell 
sediments were fixed with ethanol and embedded in par-
affin for immunostaining. Sections were deparaffinized 
using three changes of xylene and rehydrated with a 
graded series of ethanol concentrations. Endogenous per-
oxidase was inactivated with 0.3  % H2O2 in phosphate-
buffered saline for 10 min. Samples were incubated with 
the novel anti-mesothelioma mAbs JMAM1−4 at 4  °C 
overnight in a humidified chamber, followed by the addi-
tion of EnVision™ + DualLink (DAKO) and 3.3′-diamin-
obenzidine (Dojindo Laboratories) as the chromogen. 
Cell smears and cell-block sections were counterstained 
to reveal nuclei using Mayer’s hematoxylin. For all cases, 
we stained cell block sections using antibodies against 
EMA, Podoplanin, GLUT-1, Calretinin, WT-1, Cytokera-
tin 5/6, Mesothelin, CEA, TTF-1, and epithelial-related 
antigen to confirm the diagnosis of mesothelioma 
(Table 1).

In vitro proliferative assay of mesothelial cells incubated 
with mAbs
MSTO-211H cells (1  ×  104 cells/well) were incubated 
with 10  % FCS-RPMI supplemented with 0.005–0.4  µg/
ml of JMAM1–4 mAbs for 48 h at 37 °C in an atmosphere 
containing 5 % CO2. The culture was pulsed with 0.5 μCi 

of tritiated thymidine, [3H]-TdR, for the final 24  h. The 
incorporation of [3H]-TdR was determined using scintil-
lation counting. Data are expressed as the mean ± stand-
ard deviation (SD) of triplicate samples and represent 
three separate experiments.

Wound‑healing assay
Mesothelioma NCI-H226 cells were seeded in 6-well 
plates (Corning) and grown to 90 % confluence in RPMI 
plus 10  % FCS. The cell monolayer was wounded with 
the tip of an Eppendorf P200 pipette. After wounding, 
the wells were washed with media to remove dead cells 
and debris. The wells were treated with either 3 µg/ml of 
anti-mesothelioma mAbs (JMAM1–4) or a control IgG 
(3  µg/ml) and cultured further. The wound closure was 
observed after 24 h.

Cell invasion assay
For the cell invasion test, a Corning Matrigel Invasion 
Chamber (8-μm pore size, coated with Matrigel; Discov-
ery Labware Inc., Bedford, MA, USA) was placed into 
the wells of 24-well culture plates; RPMI-1640 medium 
with 10  % serum and JMAM1–4 mAbs (each 10  μM) 
were added into the lower chamber; then, 2 × 104 NCI-
H226 cells in serum-free RPMI-1640 medium was added 
to the upper chamber and cultured at 37  °C. After 15 h 
of incubation, the cells on the upper surface of the filter 
membrane that had not migrated were gently scraped 
away with a cotton swab. The invading cells on the lower 
surface of the filter membrane were fixed with metha-
nol, stained with Diff-Quick™ (Sysmex), and counted as 
described above. All tests were performed in triplicate.

Statistical analysis
The data were analyzed using Student’s t test. The results 
are expressed as the mean ±  SD and P values of <0.05 
were considered significant. Statistical analyses were per-
formed using SPSS 14.0 software (IBM, NY).

Results
Morphological changes of mesothelioma cell lines induced 
by the newly generated mAbs
We found that the newly generated four mAbs repro-
ducibly induced morphological changes in a mesothe-
lioma cell line that was not used for immunization. Light 
microscopy revealed that the morphology of the NCI-
H2452 cells changed from spindle-shaped to round, and 
the numbers of these cells decreased after incubation 
with JMAM1–4 mAbs for 72  h compared with control 
mouse IgG (Fig.  1a, upper column). These morphologi-
cal changes indicated that the mAbs bound the meso-
thelial cell lines. These findings were also reproduced 
using MSTO-211H cells that were used for immunization 
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(Fig. 1a, lower column). Furthermore, these mAbs aggre-
gated MSTO-211H cells. Taken together, these findings 
indicate that the newly established mAbs reacted with 
the mesothelial cell lines.

Analysis of the binding of mAbs to the mesothelial cell 
lines
The reactivity of the mAbs against the mesothelial cell 
lines was determined using FACS analysis. JMAM1, 
JMAM2 and JMAM3 mAbs stained the epithelial (ACC-
MESO-4, JMN) and sarcomatous (MSTO-211H, H2452, 
H28 and MESO-1) cell lines. In contrast, JMAM4 stained 
the epithelial cell lines but not the sarcomatous cell lines 
(Fig. 1b).

Competitive inhibition of JMAM mAbs with established 
mAbs
To determine whether the newly established JMAM 
mAbs bind to the same epitope of the already existing 
Abs, we performed an inhibition test by flow cytometry.

NCI-H226 cells were incubated with JMAM mAbs fol-
lowed by staining with existing Abs already known to 
bind to mesothelioma [anti-calretinin, anti-podoplanin 
(D2-40), anti-GLUT-1, anti-CD25 (BC96), anti-CD26 
(1F7, 5F8), anti-C-ERC/mesothelin (22A31)]. (Fig. 2).

Anti-calretinin was able to partially inhibit the staining 
of the NCI-H226 mesothelioma cell line with JMAM2 
mAb. This result indicates that the JMAM2 determi-
nant is strongly related to calretinin; however, the other 
JMAM mAbs have no relationship with already existing 
Abs, they may bind to mesothelioma cells.

Analysis of the binding of mAbs to other tumor cell lines
Using FACS analysis, we next determined whether the 
mAbs bound to lung cancer cell lines. Binding of JMAM1 
to epithelial-type lung cancer cell lines (A549 and PC9) 
was not detectable. In contrast, it bound to the small-cell 
lung cancer cell lines WA-hT and Lu24. The extent of 
binding of JMAM2 and JMAM3 mAbs to lung cancer cell 
lines varied. The JMAM4 mAb did not bind to any of the 
lung cancer cell lines (Fig. 3a).

To determine the cross-reactivity of these novel anti-
mesothelioma mAbs to cell lines derived from tumors 
other than those of the lung, we used FACS analysis 
to determine their ability to react with MCF7 (breast 
cancer), HuH-7 (liver cancer), KP3 (pancreatic can-
cer), MKN-1 (gastric cancer), HCT 116 (colon can-
cer), OVK18 (ovarian cancer), and VMRC-RCW (renal 
cell carcinoma) cell lines. The JMAM1 mAb only cross 
reacted with the VMRC-RCW cell line. JMAM4 mAbs 
did not react detectably with any of these carcinoma cell 
lines. The JMAM2 mAb slightly or significantly stained 
all carcinoma cell lines tested. The JMAM3 mAb did not 
stain the liver or pancreatic cancer cell lines; however, 
it lightly stained a gastric cancer cell line and strongly 
stained breast and colon cancer cell lines (Fig. 3b). Taken 
together, these data indicate that the JMAM1 mAb dis-
tinguished mesothelioma and small-cell lung cancer cells 
from epithelial lung cancer cells as well as any other can-
cer cells derived from these tissues except for renal cell 
carcinoma. These data also suggesting that JMAM4 mAb 
may distinguish epithelial mesotheliomas from all other 
cancers.

Table 1  Antibodies used in this study and immunocytochemical reactivity

Antibody Clone Source Dilution Specimen Case 1 Case 2 Case 3

JMAM1 Our labolatory Undiluted cell supernatant Cell smear + + +
JMAM2 Our labolatory Undiluted cell supernatant Cell smear + + +
JMAM3 Our labolatory Undiluted cell supernatant Cell smear + + +
JMAM4 Our labolatory Undiluted cell supernatant Cell smear + + +
WT-1 6F-H2 DAKO 1:200 Cell block + ± +
Carletnin Dak-Calret 1 DAKO 1:100 Cell block + + +
Mesothelin 22A31 IBL 1:1000 Cell block + + +
Podoplanin D2–40 DAKO 1:200 Cell block + + +
CK5/6 D5/16B4 DAKO 1:50 Cell block + + +
EMA E29 DAKO 1:100 Cell block + + +
GLUT-1 5B12.3 IBL 1:1000 Cell block + + +
CEA II-7 DAKO 1:50 Cell block − − −
TTF-1 8G7G3/1 DAKO 1:100 Cell block − − −
Epithelial-related antigen Moc-31 DAKO 1:100 Cell block − − −

－166－



Page 5 of 13Mizutani et al. BMC Res Notes  (2016) 9:324 

a

NCI-
H2452

NCI-
H226

MSTO-
211H

JMN

NCI-H28

ACC-
MESO-4

b

ACC-MESO-1

Fig. 1  Reactivity of JMAM mAbs with mesothelioma cell lines. a Morphological changes by JMAM mAbs. NCI-H2452 cells were incubated with 
hybridoma supernatants for 72 h and observed using visible light microscopy. RPMI-1640 medium with 10 % FCS served as the control (upper 
column). These findings were also reproduced using MSTO-211H cells (lower column). b Flow cytometry analysis of JMAM mAb reactivity. Mesothe-
lioma cell lines were incubated with the hybridoma supernatant (green histogram) or control mouse IgG (black histogram), subsequently stained 
with Alexa Flour®-488 labeled anti-mouse IgG Ab and analyzed using flow cytometry
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Alexa488 labeled JMAM mAb.                    
JMAM1 JMAM2 JMAM3 JMAM4

Mouse IgG1(MOPC-21)

Anti calretinin

Anti podoplanin (D2-40)

Anti GLUT-1

Anti CD25 (BC96)

Anti CD26 (1F7)

Anti CD26 (5F8)

Anti C-ERC/Mesothelin 
      (22A31)

JMAM1

JMAM2

JMAM3

JMAM4

Inhibitor

Cell: NCI-H226

Fig. 2  Competitive inhibition of JMAM mAbs with established mAbs. Staining profiles of JMAM mAbs without or with already existent mAbs are 
shown by green lines or red lines, respectively
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Analysis of mesotheliomas by mAbs
To determine whether these newly generated mAbs were 
suitable for immunohistochemical staining of formalin-
fixed tissue sections, we used them to analyze surgically 
resected mesothelioma tissue specimens. Unfortunately, 
we did not detect staining of formalin-fixed paraffin-
embedded tissue specimens (data not shown). The anti-
gens recognized by the mAbs might have been masked or 
antigenically inactivated by formalin fixation.

Body fluid retention is one of the symptoms of many 
patients with malignant mesothelioma who are often 
diagnosed with mesothelioma by body fluid cytological 
examination. Therefore, we investigated whether the mAbs 
reacted with cytological samples using body fluid specimens 
that were fixed with ethanol. We analyzed specimens from 
three patients with malignant mesothelioma and those from 
patients suspected to have malignant mesothelioma (Fig. 4). 
All materials were prepared from pleural effusions.

Fig. 3  Reactivity of JMAM mAbs with other cell lines. Epithelial-type and small-cell-type lung cancer (a) and other cancer cell lines (b) were incu-
bated with hybridoma supernatants (green histogram) or control mouse IgG (black histogram), subsequently stained with Alexa Flour® 488-labeled 
anti-mouse IgG Ab and analyzed using flow cytometry
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Case 1 Many cell clusters were present, including tight 
and loose clusters with flattened cellular borders. Indi-
vidual cells showed wide variation in shape and size, 
ranging from small to very large. The JMAM1–4 mAbs 
stained membranes, whereas the JMAM2 mAb stained 
the cytoplasm and the membrane.

Case 2 The few malignant cells present were judged 
Class III by Papanicolaou classification. All mAbs stained 
membranes clearly.

Case 3 Present were small to large clusters with knobby 
borders and a single-cell population. These cells had low 
nuclear: cytoplasmic ratios, but occasionally showed 
macronucleoli. The staining of membranes by mAbs 
JMAM1–4 was distinct. Antibodies against Podoplanin, 
Mesothelin, EMA, and GLUT-1 stained cell-block speci-
mens, which confirmed these atypical cells as derived 
from mesothelioma (Table 1). Because JMAM1–4 mAbs 
stained the membranes of all mesothelioma specimens 

tested, they may be useful for the cytological testing of 
pleural effusions of patients with mesothelioma.

Histopathology and cytology of lung and mesothelial cells
Reactive normal pleura and lung immunoreactive fea-
tures are shown in Fig. 5. Reactive pleural effusion mes-
othelial cells stained with JMAM mAbs (a); however, 
normal pleural mesothelium and lung tissue did not stain 
with JMAM mAbs (b, c).

Analysis of the effects of mAbs on the proliferation 
of mesothelioma cells
We next tested whether the mAbs inhibited the prolifera-
tion of the MSTO-211H mesothelioma cell line (Fig. 6). 
The JMAM1 and JMAM3 mAbs inhibited the prolif-
eration of MSTO-211H cells as a function of their dose. 
Thus, proliferation was reduced by at least 50 and 40 % 
by 0.4 μg/ml of JMAM1 or JMAM3 mAbs, respectively. 

(See figure on previous page.)  
Fig. 4  Immunocytochemistry of clinical cases. a Papanicolaou; b Giemsa; c JMAM1; d JMAM2; e JMAM3; f JMAM4. Original magnification 400×. The 
malignant mesothelioma smear specimens, prepared from pleural effusions. Case 1 JMAM1, JMAM2, JMAM3, and JMAM4 mAbs stained membranes. 
JMAM2 mAb stained membranes and the cytoplasm. Case 2 All mAbs stained membranes. Case 3 JMAM1 and JMAM4 mAbs stained membranes; 
JMAM2 and JMAM3 mAbs stained membranes and cytoplasm

b

c

JMAM1 JMAM2 JMAM3 JMAM4- control

D2-40

a

H E

Papanicolaou Giemsa      JMAM1 JMAM2 JMAM3 JMAM4

JMAM1 JMAM2 JMAM3 JMAM4- controlH E

Fig. 5  Histopathology and cytological findings of reactive mesothelial cells, normal pleura and lung, with immunoreactive features. a Pleural effu-
sion (reactive mesothelial cells, 1000×). b Normal pleura (400×). c Normal lung (400×)
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The JMAM2 mAb inhibited cell proliferation to some 
extent. The JMAM4 mAb did not inhibit the proliferation 
of MSTO-211H cells. These results indicate that JMAM1 
and JMAM2 mAbs may be useful for treating patients 
with mesothelioma, at least those with the epithelioid 
phenotype.

Analysis of the effect of JMAM mAbs on migration 
of mesothelioma cells
Cell motility is an essential process of tumor metasta-
sis and progression. Therefore, we investigated whether 
the mAbs would affect the migration of mesothelioma 
cells using a wound-healing assay. The anti-mesotheli-
oma mAbs JMAM1, JMAM2, and JMAM3 significantly 
inhibited the ability of NCI-H226 cells to migrate to and 
close an experimentally induced wound (Fig.  7). These 
results show that the anti-mesothelioma mAbs inhib-
ited the motility of mesothelioma cells and suggest that 
the JMAM1–4 mAbs may possess a remarkable ability to 
inhibit the progression of mesotheliomas.

Analysis of the effect of JMAM mAbs on invasion 
of mesothelioma cells
We assessed the cell invasion ability of mesothelioma 
NCI-H226 cells. Significant inhibition of invasion was 
observed by JMAM mAbs compared with control mouse 

IgG1 Ab (Fig.  8). JMAM1 mAb significantly decreased 
the trans membrane migration of NCI-H226 cells com-
pared with cells treated with the mouse IgG1 isotype 
control.

Discussion
Differentiating between a mesothelioma and a papillary 
adenocarcinoma is sometimes very difficult [25]. Clini-
cians recommend that the definitive diagnosis of meso-
thelioma may be achieved using immunohistochemical 
analysis of cytological or histological specimens with cur-
rently available antibodies [8]. Many mAbs are developed 
for the diagnosis of and therapy for mesothelioma. Pre-
viously, we focused on CD26 as a novel therapeutic tar-
get for mesothelioma and have developed a humanized 
anti-CD26 mAb (clone: YS110), which is currently being 
evaluated in a phase I clinical trial for patients with malig-
nant mesothelioma [26]. We also developed anti-human 
CD26 mAbs (clone: 1F7, 5F8) that clearly and reliably 
detect the denatured CD26 molecule in formalin-fixed 
paraffin-embedded tissue [27]. Although many antibod-
ies are available to aid diagnosis, no single antibody can 
unambiguously distinguish mesotheliomas from other 
carcinomas. Anti-CD26 mAb reacts with epithelial and 
sarcomatoid mesotheliomas. However, anti-CD26 mAb 
also reacts with several other tumor cells and lymphocytes. 
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Fig. 6  Proliferation of MSTO-211H cells in the presence of JMAM1–4 mAbs. JMAM1–4 mAbs were added at the indicated concentrations to cultures 
of MSTO-211H mesothelioma cells. JMAM1, P < 0.05; JMAM2, P = 0.1; JMAM3, P < 0.05; JMAM4, P = 0.18
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Anti-mesothelin mAbs react with epithelial but not sarco-
matoid mesotheliomas [13]. In contrast, JMAM1, JMAM2, 
and JMAM3 mAbs react with both subtypes. Anti-meso-
thelin mAbs react with renal cell carcinomas and pancre-
atic and ovarian cancers [28–30], unlike the JMAM4 mAbs 
that did not react with lung, ovarian, or renal cell carcino-
mas or any of the other cancer cell lines tested. JMAM1 
mAb did not cross-react with other carcinoma cell lines 
except for small-cell-type lung cancer cell lines and renal 
cell carcinoma cell lines. Taken together, our newly gen-
erated mAbs are more specific for mesothelioma than 
other diagnostic mAbs and may be helpful in the differen-
tial diagnosis of mesothelioma. Novel anti-mesothelioma 
mAbs may either serve as tools to diagnose mesotheliomas 
as stand-alone reagents or together with other diagnostic 
mAbs.

It is now commonly accepted that therapeutic mAbs 
dramatically improve the treatment of cancer patients. 
However, after repeated therapy, not all patients 
respond to therapeutic mAbs [31] because clones appear 
during the course of treatment those do not express the 
target. Therefore, additional therapeutic options are 
required to treat these patients. Common therapeutic 
mAbs against cell surface molecules exert their effects 
largely through immunological mechanisms, including 

complement-dependent cytotoxicity (CDC) and anti-
body-dependent cellular cytotoxicity (ADCC). ADCC 
and CDC may not be effective for treating patients with 
cancer because the patients may be immunocompro-
mised due to radiation, chemotherapy, and the malig-
nancy itself. However, in addition to indirectly inducing 
Fc-dependent cell death, several mAbs possess a direct 
antitumor effect that induces cell arrest or programmed 
cell death [32, 33].

Therefore, in this study, we investigated reactivity 
with mesothelioma cells as well as the direct antitumor 
effect of the newly generated anti-mesothelioma mAbs. 
We found that JMAM1 and JMAM3 mAbs inhibited the 
proliferation of the MSTO-211H mesothelial cell line, 
and JMAM1–4 mAbs inhibited wound closure by NCI-
H226 cells to varying degrees. JMAM1–4 also inhibited 
invasion of NCI-H226 cells to various degrees. Unfor-
tunately, we did not identify the target molecules of 
JMAM1–4 mAbs. Nevertheless, the promising anti-mes-
othelioma activities of these antibodies warrant contin-
ued studies in vitro and in vivo that will include efforts 
to identify their targets. Our strategy for generating 
diagnostic and therapeutic mAbs specific for tumor cells 
differs from those of conventional methods that employ 
immunization with peptides or DNA. Specifically, we 
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Fig. 7  Wound-healing assays. a Representative images of wound closure assays after NCI-H226 cells were incubated with anti-mesothelioma anti-
bodies or control mouse IgG. b The extent of wound closure was calculated by analyzing the scratched area covered by the cells after 24 h using 
ImageJ software. The data were normalized to the control values. The data are represented as the mean ± SD of three independent experiments. 
*P < 0.05; treated versus IgG control
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immunized a mouse with three different mesothelioma 
cell lines and screened the antibodies using a different 
mesothelioma cell line to potentially obtain novel mAbs 
that react with unknown targets on the surface of meso-
thelioma cells.

Conclusion
Newly established anti-mesothelioma mAbs, JMAM1–
4, are potentially useful as diagnostic and therapeutic 
agents for mesothelioma. Moreover, our novel strat-
egy for establishing anti-tumor mAbs may facilitate the 
development of new diagnostic and therapeutic tech-
niques for other malignancies as well as mesothelioma.
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Fig. 2. Systemic sclerosis (SSc) skin tissue sections stained with antibodies against CUX1 and α-smooth muscle actin (SMA).
The figure shows epidermis that were stained by CUX1 and α-SMA antibodies. The granular and prickle cells in the epidermis
were positive for CUX1 and α-SMA. CUX1 localised within α-SMA-positive cells. Normal skin sections were used as negative
control for CUX1 and α-SMA.

Fig. 1. Idiopathic pulmonary fibrosis (IPF) lung tissue sections stained with antibodies against CUX1 and α-smooth muscle
actin (SMA). The figure shows fibrotic loci that were stained by CUX1 and α-SMA antibodies. Alveolar cells around the loci were
positive for CUX1 and α-SMA. CUX1 localised within α-SMA-positive cells. Normal lung sections were used as negative control
for CUX1 and α-SMA.

T. Ikeda et al. / Data in Brief 8 (2016) 1377–1380 1379

－179－



an Alexa 488 secondary antibody. The slides were viewed and photographed using a Zeiss Axioscope
light microscope with Axiovision software.
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Role of IL-26+CD26+CD4 T Cells in Pulmonary 
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with Caveolin-1-Ig Fc Conjugate
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ABSTRACT: Obliterative bronchiolitis is the primary noninfectious pulmonary complication after allogeneic he-
matopoietic cell transplantation and the only pathognomonic manifestation of pulmonary chronic graft-versus-host 
disease (cGVHD). In our recent study, we identified a novel effect of IL-26, which is absent in rodents, on transplant 
related-obliterative bronchiolitis. Sublethally irradiated NOD/Shi-scidIL2rgnull mice transplanted with human umbili-
cal cord blood gradually exhibited obliterative bronchiolitis with increased collagen deposition and predominant 
infiltration with human IL-26+CD26+CD4 T cells. Moreover, we showed that IL-26 increased collagen synthesis in 
fibroblasts in vitro and that collagen contents were increased in a murine GVHD model using IL26 transgenic mice. 
In vitro analysis demonstrated a significant increase in IL-26 production by CD4 T cells following CD26 costimu-
lation, while immunoglobulin Fc domain fused with the N-terminal of caveolin-1, the ligand for CD26, (Cav-Ig) 
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 graft-versus-leukemia effect. We concluded that cGVHD of the lungs is caused in part 
by IL-26+CD26+CD4 T cells, and that treatment with Cav-Ig could be beneficial for cGVHD prevention and therapy.

KEY WORDS: CD26/dipeptidyl petidase IV; caveolin-1; chronic graft-versus-host diease; obliterative bronchiolitis; 
IL-26.

ABBREVIATIONS: A20-luc: luciferase-transfected A20 cell; ADA: adenosine deaminase; aGVHD: acute graft-versus-host dis-
ease; alloHSCT: allogeneic hematopoietic stem cell transplantation; APC: antigen presenting cell; ATG: antihuman T-lymphocyte 
immune globulin; Cav-Ig: soluble Fc fusion proteins containing the N-terminal domain of caveolin-1; CB: cord blood; cGVHD: 
chronic graft-versus-host disease; DPPIV: dipeptidyl petidase IV; GVHD: graft-versus-host disease; GVL: graft-versus-leukemia; 
HSC: hematopoietic stem cell; HuCB: human umbilical cord blood; IBD: inflammatory bowel diseases; IFN: interferon; IL: 
interleukin; mAb: monoclonal antibody; NHLF: normal human lung fibroblast; NOG: NOD/Shi-scidIL2rgnull; OB: obliterative 
bronchiolitis; PBL: peripheral blood lymphocyte; RA: rheumatoid arthritis; Tg: transgenic; TNF: tumor necrosis factor.

I.  I. INTRODUCTION

Graft-versus-host disease (GVHD) is a severe 
complication and major cause of morbidity and 
mortality following allogeneic hematopoietic stem 
cell transplantation (alloHSCT).1 On the basis of 
differences in clinical manifestations and histopathol-

ogy, GVHD can be divided into acute and chronic 
forms.1 Acute GVHD (aGVHD) and chronic GVHD 
(cGVHD) are traditionally diagnosed primarily by 
time of onset, with cGVHD occurring after day 100 
of transplantation.2 However, cGVHD has distinct 
clinicopathologic features and is often diagnosed 
based on these features regardless of time of onset, 
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being characterized by cutaneous fibrosis, involve-
ment of exocrine glands, hepatic disease, and oblit-
erative bronchiolitis (OB).3,4 OB, characterized by 
airway blockade, peribronchiolar and perivascular 
lympho-fibroproliferation and obliteration of bron-
chioles, is a late-stage complication of cGVHD.5 
Patients diagnosed with OB have a 5-year survival 
rate of only 10 to 40%, compared to more than 80% 
in patients without OB.6,7 Therefore, the establish-
ment of a humanized murine model of cGVHD 
manifesting OB is urgently needed to develop novel 
therapeutic strategies for use in the clinical setting. 
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.4,8 In addition, immunosuppres-
sion potentially abrogates the graft-versus-leukemia 
(GVL) effect, associated with increased relapses fol-
lowing alloHSCT.9 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 present-
ing cells (APCs) to undergo clonal expansion and 
maturation.1 Costimulatory pathways are required 
to induce T-cell proliferation, cytokine secretion, 
and effector function following antigen-mediated 
T-cell receptor activation,10 and the important role 
of costimulatory pathways in transplant biology 
has been established.1 CD26 is associated with 
T-cell signal transduction processes as a costimu-
latory molecule and is a marker of T-cell activa-
tion.11–14 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)-g.15 Moreover, 
CD26highCD4 T cells respond maximally to recall 
antigens with a high competence for trafficking to 
inflammatory tissues and for antibody synthesis of 
B cells.12,14,15 We also showed that CD26-caveolin-1 
interaction leads to activation of both CD4 T cells 
and APCs.16–18 More recently, we performed in 
vitro experiments to demonstrate 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.19 
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).20 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 and autoimmune diseases.

	In this review, we summarize our recent work 
to establish a pulmonary cGVHD murine model 
induced by transplantation of human umbilical 
cord blood (HuCB), which exhibited obliterative 
bronchiolitis (OB) as well as sclerodermatous skin 
GVHD after HSCT, and to describe a novel effect 
of IL-26 produced by donor-derived human CD4 T 
cells on fibroproliferation of OB. We also showed 
that IL-26 of HuCB CD4 T cells was produced 
via CD26 costimulation by its ligand caveolin-1. 
Furthermore, abrogation of CD26 costimulation by 
Cav-Ig before or during the early onset of GVHD 
impeded the development of pulmonary cGVHD. 
These results provide proof of principle that human 
IL-26+CD26+CD4 T cells are involved in the patho-
physiology of pulmonary cGVHD.

II.  CURRENT ISSUES IN CHRONIC GVHD

A.  Diagnosis

In the past, cGVHD included any clinical mani-
festations of GVHD that occurred beyond 100 
days after hematopoietic cell transplantation.21 
According to the NIH consensus criteria published 
in 2005, the broad category of cGVHD includes 
classic cGVHD, presenting with manifestations 
that can be ascribed only to cGVHD. Moreover, 
cGVHD also includes the so-called overlap syn-
drome, which has diagnostic or distinctive cGVHD 
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manifestations together with features typical of 
aGVHD.21 Table 1 shows a summary of the signs 
and symptoms of cGVHD determined by the NIH 
consensus criteria.3,21 However, several issues 
regarding the diagnosis of cGVHD have been 
raised recently: (1) The presentation of cGVHD 

can be very polymorphic, ranging from discrete 
lichenoid features in the mouth alone, to a mul-
tisystemic appearance resembling an aggressive 
lupus or scleroderma-like disease. (2) Although 
the NIH panel recommended that distinctive 
but not diagnostic features may require biopsy 

TABLE 1: Signs and Symptoms of Chronic GVHD

Organ Diagnostic 
(sufficinet for diagnosis)

Distinctive  
(insufficient alone for 
diagnosis)

Common  
(in both acute and chronic 
GVHD)

Skin
Poikiloderma, Lichen 
planus-like, Sclerosis or 
Morphea

Depigmentation
Erythema,  
Maculopapular rash, 
Pruritus

Nails
Dystrophy, Logitudinal 
ridging or brittle, 
Onycholysis, Nail loss*

Scalp and body 
hair Alopcia, Scaling

Mouth Lichen planus-like, 
Hyperkeratic plaques

Xerostomia, Mucocele, 
Ulcer*, Psuedomembrane*

Gingivitis, Erythema, Mucositis, 
Pain

Eyes Keratoconjunctivitis**, Sicca 
syndrome

Genitalia Lichen planus-like, Vaginal 
scarring or stenosis Erosion*, Fissures*, Ulcers*

GI tract Esophageal web, Stricture 
or stenosis*

Anorexia, Nausea, Vomiting, 
Diarrhea

Liver Mixed hepatitis

Lung OB by biopsy OB by PFTs and radiology** BOOP

Muscle, fascia, 
joints

Fasciitis, 

Joint contractures
Myositis or polymyositis**

Hematopoietic 
and immune

Thrombocytopenia, 

Lymphopenia, 
Eosinophilia, Hypo or 
hypergammaglobulinemia, 
Autoantibody (ITP and AIHA)

Other Effusions***

* In all cases, infection, malignancy and adverse effects of drugs must be excluded.
**Diagnosis of chronic GVHD requires biopsy or radiology confirmation (or Schrimer test for eyes).
***Pericardial, pleural effusions or ascites.
AIHA, autoimmune hemolytic anemia; BOOP, bronchiolitis obriterans with organizing pneumonia; GI,
gastrointestinal; GVHD, graft-versus-host disease; ITP, idiopathic thrombocytopenic purpura; OB, obliterative
bronchiolitis; PTFs, pulmonary function tests.
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to confirm the diagnosis, this may not be easily 
available without risk for some diseases, includ-
ing fasciitis or myositis. (3) The NIH criteria for 
lung involvement include only OB and organizing 
pneumonia (formally called bronchiolitis obliterans 
with organizing pneumonia), and the NIH scoring 
system includes both clinical signs and results of 
pulmonary function tests. Although the diagnosis 
of cGVHD is often based on clinical signs and 
symptoms, pathologic examination is warranted 
and clearly either helps confirm the diagnosis of 
cGVHD rather than aGVHD by using validated 
histologic changes specific for cGVHD (including 
skin, bronchioles, and salivary glands) or helps 
narrow down a differential diagnosis between 
cGVHD and carcinoma for mouth ulcerations.22 

B.  Pathophysiology and Clinical 
Translation

In recent years, significant advances in our under-
standing of human cGVHD have been made. It 
is now evident that the clinical manifestations of 
cGVHD are the result of a highly complex immune 
pathologic process involving both donor T and B 
cells as well as other cells.4,23,24 Donor T cells clearly 
play an important role in the immune pathology of 
chronic GVHD; in vivo T-cell depletion is the only 
prophylactic measure that effectively decreases the 
incidence of cGVHD.25,26 The immune response 
occurring in chronic lichenoid GVHD showed a 
mixed TH1/TH17 signature with upregulated TH1/
TH17 cytokine/chemokine transcripts and elevated 
numbers of IFN-g and interleukin (IL)-17-producing 
CD8+ T cells.27 Moreover, patients with active 
cGVHD have a lower frequency of CD4+ regula-
tory T cells (Treg) than patients without cGVHD.28 
Regarding B cells, it has been recognized since the 
early description of the disease that patients with 
cGVHD frequently have circulating antibodies 
that are reactive with recipient cells.29 However, 
whether these antibodies are pathogenic or sim-
ply reflect a disturbed B-cell homeostasis is still 
unknown, although T-follicular helper cells (TfHs) 
may provide a link between the interacting T- and 

B-cell networks in cGVHD.30 Only antihuman 
T-lymphocyte immune globulin (ATG) has been 
shown to lower the incidence of chronic GVHD 
after stem-cell transplantation from an unrelated 
donor and from an HLA-identical sibling.31,32 ATG 
consists of antibodies exhibiting a direct effect on T 
cells through opsonization and lysis after comple-
ment activation. Because antigens such as CD19 
or CD138 are also targeted by ATG, antitumor 
effects have been observed in B-cell cancers and 
to a lesser extent in myeloid cancers.33 Taking into 
account the effect of donor T and B cells on the 
development of chronic GVHD,23 the effect of ATG 
on APCs such as B cells and dendritic cells (DCs) 
and the induction of Treg may have contributed to 
the significant reduction in chronic GVHD.34,35

C.  Preclinical Models in cGVHD

Although many preclinical models mimicking 
human cGVHD including OB have been estab-
lished,36 control of OB after alloHSCT has not yet 
been achieved thoroughly.37 The clinical applica-
tion of murine data is limited because multiple yet 
limited schema have arisen to identify alloimmune 
reactions in cross-species comparisons. For instance, 
one extensively utilized model of cGVHD clearly 
exhibited immune-complex glomerulonephritis, 
which is rarely seen in human cGVHD.38 More-
over, transfer of autoantibodies from mice with 
GVHD to normal mice failed to cause autoimmune 
pathology.29 These limitations are due to preparative 
regimens, composition of donor graft, and genetic 
backgrounds of donor and recipient animals.36 In 
addition, recent work has demonstrated multiple 
differences in immunological functions between 
humans and mice.39,40 On the other hand, because 
in vivo T-cell depletion is the only prophylactic 
measure that effectively decreases the incidence of 
cGVHD,4,41 donor T cells clearly play an important 
role in the immune pathology of cGVHD. In view 
of these findings, the development of novel thera-
peutic strategies for use in the clinical setting and 
the establishment of a humanized murine model of 
cGVHD are urgently needed.
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III.  HUMANIZED MURINE MODEL OF 
CHRONIC GVHD

A.  Donor Source of the Newly Established 
cGVHD Model

We previously analyzed a humanized murine aGVHD 
model involving mice transplanted with human adult 
peripheral blood lymphocytes (PBL). We showed that 
liver and skin were predominantly involved as target 
organs in this model of aGVHD, which was clearly 
impeded by the administration of anti-CD26 mono-
clonal antibody (mAb).42 Our data suggest that CD26+ 
T cells play an effector role in this aGVHD model. 
However, because 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 the development of OB, a form of cGVHD 
of the lung. Similarly, contaminated PBLs caused 
aggressive xenogeneic reactions in mice transplanted 
with human bone marrow cells, while depletion of 
T cells in human bone marrow cells led to graft 
failure in a humanized murine model.45 Therefore, 
an alternative source for human hematopoietic stem 
cells (HSC) is required for the establishment of a 
humanized murine model of cGVHD.

	In contrast to adult PBL, the HuCB lymphocytes 
have been reported to be immature, predominantly 
consisting of CD45RA+ naïve cells.43,44 We previously 
showed that, while all HuCB CD4 T cells constitu-
tively expressed CD26, CD26-mediated costimula-
tion was considerably attenuated in HuCB CD4 T 
cells, compared to the robust activation via CD26 
costimulation of adult PBL.43 These findings provide 
further insights into the cellular mechanisms of the 
immature immune response of HuCB. Furthermore, 
humanized mice transplanted with human HSC iso-
lated from HuCB exhibited human hematopoiesis 
reconstitution as well as B-cell engraftment with a 
similar antibody repertoire, as observed in human B 
cells.45,46 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 human-
ized 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.45

B.  Pathologic Findings of Humanized 
cGVHD Murine Model

As described above, the establishment of a humanized 
murine model of pulmonary cGVHD is needed to 
better understand and treat this serious and often fatal 
complication of alloHSCT. To determine whether 
pulmonary cGVHD is induced by human immune 
cells in a murine model, we first attempted to estab-
lish a humanized murine model utilizing NOD/Shi-
scidIL2rgnull (NOG) mice as recipients and HuCB as 
donor cells. To establish a control that did not develop 
GVHD following hematopoietic reconstitution, we 
used T-cell–depleted CD34+ cells isolated from 
HuCB.47-49 As shown in Figure 1A-i and ii, T-cell–
depleted CD34+ transplanted mice (CD34+ transplant) 
survived for 5 months without any signs or symp-
toms of GVHD. Meanwhile, whole-CB–transplanted 
mice exhibited clinical signs/symptoms of GVHD 
as early as 4 weeks post transplant (Fig. 1A-ii) and 
demonstrated a significantly decreased survival rate 
(Fig. 1A-i). Human cells were engrafted similarly in 
both groups, as shown in Fig. 1A-iii. Previous work 
with other humanized murine models showed that 
reconstituted human CD45+ cells were overcome by 
CD3+ T cells after transplant due to reduced B-cell 
development,45 which may impair the integrity of 
host immunity. In contrast, we confirmed that NOG 
mice transplanted with human HuCB maintained a 
stable number of T and B cells (Fig. 1B), consistent 
with previously reported results.46,48–50 Therefore, the 
human immune system appeared to be effectively 
reconstituted in the present murine model involving 
whole CB as well as CD34+ transplant.

	We next conducted histological studies of GVHD 
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FIG. 1: Obliterative bronchiolitis in sublethally irradiated NOG mice transplanted with human umbilical cord blood 
cells (HuCB). NOG mice were irradiated at a sublethal dose (200cGy); the next day they were transplanted with 
1X105 T-cell–depleted CD34+ cells purified from HuCB (CD34+ transplant) or with 1X107 mononuclear cells isolated 
from HuCB (whole CB transplant). (A) (i) Survival curve. P value was calculated using the log-rank test. (ii) Clinical 
GVHD score (mean±SEM). P value was calculated using the log-rank test. (iii) Engraftment of human leukocytes 
in recipient mice. Peripheral blood of recipient mice was harvested at the indicated time points, and the population 
of human CD45+ cells was analyzed using flow cytometry. Data are shown as mean±SEM of human CD45+ cells 
among total peripheral blood leukocytes (PBLs). (B) Sustained composition of human leukocyte populations in re-
cipient PBLs. PBLs harvested from each group were stained for human CD3, CD19, CD33, or CD56 among human 
CD45+ cells. Data are presented as mean percentages of human CD45+ cells. Cross indicates death of all mice in 
whole-CB–transplant group. (C) H&E staining of the lung of whole-CB–transplant (8 weeks post transplantation). 
The left panel shows lower magnification (40X) and the right panel shows higher magnification (100X). (D) Col-
lagen deposition was evaluated in the lung tissues of CD34+ or whole-CB–transplant (8 weeks post transplantation) 
with an Azan-Mallory staining. The histology shown in whole-CB–transplant is a sequential section of panel C. Dark 
blue areas indicating collagen deposition are clearly observed in whole-CB–transplant mice, compared to those in 
CD34+ transplant mice. Original magnification is 100X. Scale bars indicate 100mm. (E) (i) Skin, H&E staining of 
the skin tissue of whole-CB–transplant mice (8 weeks post transplantation). The skin specimen shows homogeniza-
tion (sclerosis) of most of the reticular dermis (blue two-way arrow) with fat loss and follicular drop-out (dotted 
line indicates the border between the hypodermis and muscle layer). In the stratum basale, vacuolar degeneration is 
presented with apoptotic bodies (yellow arrow heads). (ii) Liver, H&E and Azan-Mallory staining of the liver tissue 
of whole-CB–transplant mice (8 weeks post transplantation). Low-power magnification shows portal fibrosis and 
high-power magnification shows cholestasis. (F) Collagen contents in the lung were quantified by Sircol collagen 
assay. The mean number (±SEM) of total collagen contents (mg) per wet lung tissue weight (mg) was determined. 
Increased collagen contents were clearly observed in whole-CB–transplant mice, compared to those in CD34+ trans-
plant mice. Each dot indicates individual value and horizontal bars indicate mean value (reprinted with permission 
from The American Association of Immunologists, Inc., Copyright 2015).51
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target organs. The lung of whole-CB–transplant mice 
showed perivascular and subepithelial inflammation 
and fibrotic narrowing of the bronchiole (Fig. 1C 
and right panel of Fig. 1D), while CD34+ trans-
plant control group displayed normal appearance of 
GVHD target organs such as the lung (left panel of 
Fig. 1D). For the diagnosis of pulmonary cGVHD, 
it is necessary to show concomitant active GVHD 
findings in other organs, including skin and liver.21 
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, whereas the liver exhibited portal fibro-
sis and cholestasis (Fig. 1E). These findings indicate 
that whole-CB–transplant mice develop pulmonary 
cGVDH as well as concomitant active GVHD in 
skin and liver. Because OB can be characterized 
as a fibroproliferative disease,37 we also performed 
Mallory staining and lung collagen assays to quantify 
collagen contents as a measurement of the extent 
of disease. The lung of whole-CB–transplant mice 
displayed a significant increase in peribronchiolar 
and perivascular collagen deposition and in total 
lung collagen content, compared to CD34+ transplant 
mice (Figs. 1D and 1F). Taken together, our data 
demonstrate that the lung of whole-CB–transplant 
mice exhibits OB as manifestation of pulmonary 
GVHD.

C.  Pathophysiology of Pulmonary cGVHD 
in Our Model

To determine the potential cellular mechanisms 
involved in the pathogenesis of pulmonary GVHD, 
we next analyzed the composition of donor-derived 
human lymphocytes in the GVHD lung. In contrast 
to data demonstrating that recipient PBL contained 
donor-derived human CD19+, CD33+, or CD56+ as 
well as CD3+ cells (Fig. 1B), donor-derived human 
CD3+ cells were the predominant cell type observed 
in the lung of whole-CB–transplant mice, compris-
ing more than 99% of the lymphocyte population 
(Fig. 2A). Moreover, the human CD4 T-cell subset 
was the predominant population observed in the 
lung of whole-CB–transplant mice, not CD8 T cells 

(Fig. 2B). These findings were also confirmed by 
immunohistochemistry studies of the lung specimens 
(Fig. 2C). These data suggest that the development 
of OB found in whole-CB–transplant mice involves 
donor-derived human CD3 lymphocytes, particularly 
CD4 T cells.

	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 significantly increased over the course of 
GVHD development following whole CB transplan-
tation, while IL2, TNF (TNF-a), IL4, IL6 and IL10 
decreased.51 In addition, substantial increases were 
seen in the levels of IFNG and IL26, with IL17A 
and IL21 remaining at a low level.51 It has been 
reported that IFN-g and IL-26 are produced by TH1 
cells,52 while IFN-g, IL-17A and IL-26 are produced 
by TH17 cells.53 Because both TH1 and TH17 cells 
strongly express CD26,15,20 we next analyzed the 
expression level of CD26/DPP4, demonstrating that 
DPP4 mRNA expression in human CD4 T cells 
infiltrating in the lung of mice with OB significantly 
increased.51 These findings on expression levels of 
mRNA were also confirmed by examining protein 
levels in sera of recipient mice utilizing ELISA.51

	To determine whether these cytokines were 
produced by the infiltrating human CD26+CD4 T 
cells, we next conducted flow cytometric analysis of 
lymphocytes isolated from the lung of whole CB or 
CD34+ transplant control mice. As shown in Fig. 2D, 
levels of human IFN-g+, and IL-26+CD26+CD4 T cells 
were significantly increased in whole-CB–transplant 
mice compared to CD34+ transplant control mice, 
while levels of IL-17A+CD26+CD4 T cells were simi-
larly very low in both groups. These findings were 
also confirmed by immunohistochemistry studies of 
the lung specimens (Fig. 2E). To determine whether 
CD26+CD4 T cells produced IL-26, IFN-g and/or 
IL17A, multicolor-staining flow cytometric studies 
were conducted. As shown in Fig. 2F-i, CD26+CD4 
T cells in the lung of whole-CB–transplant mice 
predominantly produced IL-26 rather than IFN-g. In 
addition, while CD26+IFN-g+CD4 cells exclusively 
expressed IL-26, CD26+IL-26+CD4 cells were pre-
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FIG. 2: Predominant infiltration of donor-derived CD4+ T cells in obliterative bronchiolitis of chronic GVHD. NOG 
mice were preconditioned and transplanted by the same method as in Fig. 1. (A) Representative 2-D dot plots of 
human lymphocyte composition in the lung of whole-CB–transplant mice (8 weeks post transplantation). Single-
suspension cells isolated from the lung of whole-CB–transplant mice (8 weeks post transplantation) were sorted by 
human CD45+ cells and then analyzed using flow cytometry. The upper panel shows representative human CD3 and/
or CD56 staining, and the lower panel, representative human CD19 and/or CD14 staining. Numbers indicate rela-
tive percentages per quadrant. (B) Absolute cell numbers (mean±SEM) of human CD45+, CD4+, or CD8+ cells per 
lung of whole-CB–transplant mice were quantified by flow cytometry. CD4+ T cells were predominantly observed 
in the lung of whole-CB–transplant mice. * P<0.0001 versus CD8+ cells. (C) Anti-human CD4 or CD8 immuno-
histochemistry of sequential sections of lung tissue of whole-CB–transplant mice (8 weeks post transplantation). 
Predominant infiltration of CD4+ cells was observed, with similar results to those obtained by flow cytometry as 
shown in panel F. Original magnification is 100X or 400X (inset in each panel). (D) Absolute cell numbers of hu-
man IFN-g+CD26+CD4, IL-26+CD26+CD4, or IL-17A+CD26+CD4 cells in the lung of CD34+ transplant or whole-
CB–transplant mice were quantified by flow cytometry. * P<0.0001 versus corresponding CD34+ transplant group; 
NS, not significant. (E) Anti-human CD26, IL-26 or IL-17A immunohistochemical staining of sequential sections 
of the lung from whole-CB–transplant mice (8 weeks post transplantation). The lung of whole-CB–transplant mice 
was clearly infiltrated with human CD26 or IL-26 (brown stained cells) but not with IL-17A positive cells. Original 
magnification is 100X or 400X (inset in each panel). Scale bars in the inset indicate 20 mm. (F) Representative 2-D 
dot plots of human CD26 and IFN-g or IL-26 cells by gating for human CD4+ cells (panel i) and of human IFN-g or 
IL-17A among IL-26+ cells by gating for human CD26+CD4+ cells (panel ii). Single-suspension cells isolated from the 
lung of whole-CB–transplant mice (8 weeks post transplantation) were sorted by human CD45+ cells then analyzed 
using flow cytometry. Numbers indicate relative percentages per quadrant [(B) – (F) reprinted with permission from 
The American Association of Immunologists, Inc., Copyright 2015].51 
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dominantly IFN-g–negative cells, and IL-17A+ cells 
were exclusively IL-26 negative (Fig. 2F-ii). These 
data suggest that CD26+CD4 T cells in the lung of 
mice with OB express IL-26 as well as IFN-g but 
do not belong to the TH17 cell population.

IV.  ROLE OF IL-26 IN CHRONIC GVHD

A.  IL-26 in Immune System: an Overview

Originally discovered in Herpesvirus saimiri–trans-
formed T cells,54 IL-26 is now classified as belonging 
to the IL-10 family of cytokines.53 Human IL-26 is 
a 171-amino acid protein that belongs to the IL-10 
family of cytokines, a family that includes IL-10, 
IL-19, IL-20, IL-22, and IL-24.55 The IL-26 protein 
is encoded by the IL26 gene located on chromo-
some 12q15 between genes for interferon IFN-g and 
IL-2252,56,57 and is conserved in several vertebrate 
species but not found in mice and rats.52 IL-26 
is a secreted protein produced by T, NK cells, or 
synoviocytes,58,59 and binding of IL-26 to a distinct 
cell surface receptor consisting of IL-20RA and 
IL-10RB results in functional activation via STAT3 
phosphorylation (Fig. 3).56 Although IL-26 shares 
approximately 25% of its amino acid homology 
with IL-10 (and utilizes one of the IL-10 receptor 
subunits as a cell surface receptor),56,60 a growing 
body of evidence indicates that the functional effects 
of IL-26 differ substantially from those of IL-10. 
Functional studies are compatible with IL-26 driving 
or sustaining inflammation rather than suppressing 
it. In addition, IL-26 gene expression or protein pro-
duction has been analyzed in patients with systemic 
sclerosis, RA, inflammatory bowel diseases (IBD), 
and hepatitis C virus (HCV) infection.59,61-64 IL-26 is 
evidently involved in chronic inflammatory disorders 
including autoimmune diseases (Fig. 4), but its role 
in acute inflammatory disorders and onset of chronic 
inflammatory disorders has yet to be established.

	Because expression of IL-20RA, the key subunit 
of IL-26 receptor that mediates IL-26 signaling, 
is restricted to skin, intestine, and lungs, IL-26 is 
thought to promote defense mechanisms at mucosal 

surfaces by bridging immune cells and epithelia. 
IL-26 exhibits priming effects on various immune 
cells to boost antiviral and antimicrobial responses. 
IL-26 induces TNF-related apoptosis-inducing ligand 
(TRAIL) on human NK cells that kill HCV-infected 
hepatocytes.64 Moreover, IL-26 derived from CD68+ 
alveolar macrophages and TH17 cells propel anti-
microbial responses by priming the recruitment of 
neutrophils toward bacteria and assembled effector 
immune cells in the lungs and by triggering the 
production of plasmacytoid DC–derived IFN-a.65,66 
Furthermore, it was reported that human TH17-cell–
derived IL-26 mediates protective immunity by direct 
microbicidal action due to its functional similarity 
to naturally occurring antimicrobial peptides. IL-26 
inhibited the growth of gram-negative or -positive 
bacteria, including Pseudomonas aeruginosa, Esch-
erichia coli, Klebsiella pneumonia, and Staphylococ-
cus aureus, by direct bactericidal action.66 Therefore, 
even when the limitations of current knowledge are 
taken into account, IL-26 emerges as an important 
player in host defense and inflammation, with the 
potential to represent a therapeutic target in infec-
tions and chronic inflammatory disorders (Fig. 4).

B.  IL-26 Contributes to Collagen 
Deposition in the cGVHD Lung

Because significant collagen deposition was observed 
in peribronchial blood vessels in the lung of aGVHD 
(Fig. 1C),5,67 we sought to determine whether col-
lagen production was induced by IFN-g+ and/or IL-
26+CD26+CD4 T-cell infiltration in cGVHD lung. 
Although IFN-g is a key regulator of cellular immu-
nity, development of cGVHD lung has been reported 
to be independent of IFN-g.68 On the other hand, the 
effect of IL-26 on cGVHD pathophysiology has not 
yet been determined. We therefore focused on IL-26 
as a potential effector cytokine for lung cGVHD. 
While the human IL-26 gene IL26 is located adja-
cent to IFNG on chromosome 12q15, and the IL-26 
gene is absent in rodents,52,69 we cannot formally 
exclude the possibility that human IL-26 activates 
murine cells. We therefore conducted in vitro assays 
to determine the effect of human IL-26 on murine 
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cells. We first showed that both IL-20RA and IL-
10RB, a functional receptor complex for IL-26, were 
expressed in the murine fibroblast cell-line NIH3T3 
as well as normal human lung fibroblast (NHLF).51 
We next showed that exogenous recombinant human 
IL-26 induced phosphorylation of STAT3 in both 
NHLF and NIH3T3.51 These data indicate that human 
IL-26 is active not only in NHLF but also in murine 
fibroblasts. To examine a functional effect of IL-26 
on murine fibroblast, we next conducted in vitro 
assays for collagen synthesis. We showed that an 
increase in collagen production in NIH3T3 as well as 
in NHLF was observed in a dose-dependent manner 
following the addition of exogenous IL-26 and that 
collagen production was inhibited by neutralizing 
anti-IL-20RA polyclonal antibody (pAb).51 These 
results strongly suggest that human IL-26 activates 

both human and murine fibroblasts via IL-20RA, 
leading to increased collagen production.

	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 carry-
ing human IFNG and IL26 transgene (190-IFNG 
Tg mice) or mice carrying human IFNG transgene 
with deleting IL26 transcription (DCNS-77 Tg mice). 
190-IFNG Tg mice exhibited production of IL-26 
by CD4 T cells under TH1- or TH17-polarizing con-
ditions, while expression of IL-26 was completely 
abrogated in DCNS-77 Tg mice.52 In addition, pro-
duction of IFN-g by T or NK cells was equivalent 
in both 190-IFNG Tg and DCNS-77 Tg mice.57 As 
shown in Fig. 5A, lung histology of recipient NOG 
mice deriving from parental C57BL/6 (B6 WT) mice 

FIG. 3: Receptors and downstream signaling of IL-26 and other IL-10 family cytokines.
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FIG. 4: Multifaceted actions of IL-26 in host defense and autoimmune responses. Upon activation, various immune 
cells including TH1, TH17, NK cells and macrophages secrete IL-26. IL-26 exerts antibacterial and antiviral actions 
through direct killing of bacteria by forming membrane pores, and by priming immune cells such as neutrophils, 
NK cells and plasmacytoid dendritic cells. Other cytokines might act in synergy with IL-26 to enhance these host 
defense actions. IL-26 response requires tight regulation as increased expression of IL-26 has been reported in several 
autoimmune and inflammatory diseases.

or DCNS-77 Tg mice showed peribronchial infiltra-
tion and cuffing denoting GVHD (panels a or g), 
while collagen deposit was not detected by Mallory 
staining (panels b or h), and IL-26+ cells were not 
detected (panels c or i). On the other hand, histology 
of recipient NOG mice deriving from 190-IFNG Tg 
mice showed peribronchial infiltration and cuffing 
denoting GVHD (panel d of Fig. 5A) with collagen 
deposition and IL-26+ cell infiltration (panels e and 
f of Fig. 5A). Significant increase in collagen depo-
sition in the lungs of recipient NOG mice deriving 
from 190-IFNG Tg mice was quantified by collagen 
assays and shown in Fig. 5B. These results suggest 
that human IL-26, but not human IFN-g, plays a 
critical role in pulmonary fibrosis associated with 
lung cGVHD.

V.  ROLE OF CD26 IN CHRONIC GVHD

A.  Molecular Mechanisms of T-Cell 
Response via CD26

In 1979, a large-molecular-weight complex com-
posed of adenosine deaminase (ADA) activity was 
found to be an ADA-binding protein (ADBP), also 
known as adenosine deaminase complexing protein-2 
(ADCP2).70 In 1992, this ADBP (or ADCP2) was 
determined to be identical to CD26, a T-cell activation 
molecule and a 110-kD glycoprotein that is present 
also on epithelial cells of various tissues including 
the liver, kidney, and intestine.71–73 The human CD26 
cDNA contains a 3,465 base-pair (bp) open reading 
frame that encodes a 766-amino-acid protein. The 
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FIG. 5: Collagen deposition in cGVHD lung is induced in NOG mice receiving bone marrow (BM) cells and sple-
nocytes of IL26 transgenic (Tg) mice. (A) H&E, Azan-Mallory staining and anti-IL-26 immunohistochemistry of 
sequential sections of lung from NOG mice at 4 weeks after transplantation of BM and splenocytes isolated from 
parental B6 (WT) (panels a-c), 190-IFNG BAC Tg (panels d-f) or DCNS-77 Tg (panels g-i) mice. Lungs of recipi-
ents of 190-IFNG BAC Tg mice showed areas of collagen deposition and IL-26+ cell infiltration, while recipients 
of WT or DCNS-77 Tg mice showed BO and septal infiltration without collagen deposition or IL-26+ cells. Original 
magnification is 100X. Scale bars indicate 100mm. (B) Collagen contents in the lung were quantified by Sircol col-
lagen assay. Each lung specimen was prepared from mice as shown in panel A. The mean number (±SEM) of total 
collagen contents (mg) per wet lung tissue weight (mg) was determined. Increased collagen contents were clearly 
observed in recipients of 190-IFNG Tg mice, compared to those in recipients of B6 WT or DCNS-77 Tg mice. Each 
dot indicates individual value and horizontal bars indicate mean value (reprinted with permission from The American 
Association of Immunologists, Inc., copyright 2015).51

human CD26 amino acid sequence has 85% amino 
acid identity with the mouse and rat CD26.72,73 The 
5’-flanking region does not contain a TATA box 
or CAAT box commonly found in housekeeping 
genes.74,75 CD26 does contain a 300-bp G-C–rich 
region with potential binding sites for NF-κB, AP2, 
or Sp1.76 CD26 expression is activated by IFNs and 
retinoic acid in chronic lymphocytic leukemia via 
Stat1α and the GAS (IFN-g activation site) response 
element (TTCnnnGAA located at bp -35 to -27) in 
the CD26 promoter.77

	Human CD26 is composed of 766 amino acids 
(Fig. 6), including a short cytoplasmic domain of 6 
amino acids, a transmembrane region of 22 amino 
acids, and an extracellular domain with dipeptidyl 
peptidase activity that selectively removes the 
N-terminal dipeptide from peptides with proline or 

alanine at the penultimate position.78 Analysis of 
single amino acid point mutations in the b-propeller 
motif identified Glu205 and Glu206 to be essential 
for DPPIV enzyme activity, and the central tun-
nel and a/b-hydrolase domains both participate in 
DPPIV inhibitor binding.79–81 CD26/DPPIV was 
initially considered to cleave peptides only after 
a proline or alanine residue, but its substrates are 
now known include hydroxyproline, serine, glycine, 
valine, threonine, and leucine.80,82,83 CD26 binds 
to caveolin-1 on APC, and residues 201 to 211 of 
CD26 along with the serine catalytic site at residue 
630, which constitute a pocket structure of CD26/
DPPIV, contribute to its binding to the caveolin-1 
scaffolding domain.18 This region in CD26 contains 
a caveolin-binding domain (ΦXΦXXXXΦXXΦ; 
Φ and X depict aromatic residue and any amino 
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acid, respectively), specifically WVYEEEVFSAY 
in CD26. These observations strongly support the 
hypothesis that DPPIV enzyme activity is necessary 
for CD26-mediated T-cell costimulatory activation, 
as demonstrated in our previous work using CD26-
targeted mAbs.15,84 Single-amino-acid point-mutation 
analysis showed that His750 residue is responsible 
for dimerization,85 which is required for T-cell 
costimulation signaling.16

	In human peripheral blood, CD26 is found on 
CD4+ T memory cells and CD8+ effector/memory T 
cells.12,86,87 It has been reported that 0–5% of freshly 
isolated CD20+ B cells do express the CD26 antigen.88 
Following stimulation with phorbol 12-myristate 
13-acetate (PMA) or Streptococcus aureus protein, 
the fraction of CD26-positive cells increased to 
51%.12,89 Meanwhile, CD26 is not expressed or is 
found only at low levels on monocytes of healthy 
adults.90,91 Only a small fraction of peripheral NK 
cells was found to express CD26.92

	CD26 is a costimulatory molecule for T-cell 
signal transduction. Whereas CD26 expression is 
enhanced following activation of resting T cells, 
CD4+CD26high T cells respond maximally to recall 

antigens such as tetanus toxoid.12 In addition, CD4+ 
T cells with in vitro transendothelial migratory 
capacity appear to express high CD26.93 Moreover, 
CD26highCD8+ T cells in humans belong to early 
effector memory T cells, and CD26highCD8+ T cells 
exhibit increased expression of granzyme B, TNF-a, 
IFN-g and Fas ligand, and exert a cytotoxic effect 
with CD26-mediated costimulation.87

	The cytoplasmic tail of CD26 is responsible 
for T-cell costimulation induced by anti-CD3 plus 
caveolin-1.16 We found that CARMA1 binds to the 
cytoplasmic tail of dimeric CD26 and that a PDZ 
domain in CARMA1 is necessary for binding to 
CD26. Following its phosphorylation, CARMA1 
functions as a signaling intermediate downstream 
of protein kinase q (PKCq) and upstream of IkB 
kinase (IKK) in the T-cell receptor (TCR) signal-
ing transduction pathway, which leads eventually to 
NF-kB activation. Dimeric CD26, but not monomeric 
CD26, binds to CARMA1.16 The enzymatic pocket 
structure of the DPPIV catalytic site is necessary 
for binding of CD26 to caveolin-1, which leads to 
the upregulation of CD86 expression on APC (Fig. 
7).17 Dimerization of CD26 is therefore not only 

FIG. 6: Schematic diagrams of the amino acids of human CD26. Human CD26 cDNA is composed of 2,301 base 
pairs, translated to a 766-amino-acid protein. DDPIV catalyzes the hydrolysis of N-terminal dipeptides from poly-
peptides with proline or alanine in the penultimate position. See text for further details.
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necessary for binding to caveolin-1 but also serves 
as a scaffolding structure for the cytoplasmic sig-
naling molecule CARMA1. Overall, CD26 ligation 
by caveolin-1 on APC recruits CD26-interacting 
CARMA1 to lipid rafts, resulting in the formation 
of a CARMA1-Bcl10-MALT1-IKK complex, and 
this membrane-associated Bcl10 complex then acti-
vates IKK through ubiquitination of NF-kB essential 
modulator (NEMO).14

B.  IL-26 Production via CD26-Mediated 
T-Cell Costimulation 

IL-26 is co-expressed with IFN-g by TH1 cells,53 
and CD26/DPPIV is preferentially expressed on TH1 

cells activated via CD26-mediated costimulation.15 
In addition, CD26+CD4 T cells in the cGVHD lung 
predominantly produced IL-26 rather than IFN-g (Fig. 
2F). Thus, we hypothesize that human CD4 T cells 
produce IL-26 following CD26 costimulation. To test 
this hypothesis, we conducted in vitro costimulation 
experiments using HuCB CD4 T cells and analyzed 
expression of various inflammatory cytokines. We 
showed that levels of IL26 and DPP4 were sig-
nificantly increased following CD26 costimulation 
compared with those in CD28 costimulation, while 
expression levels of IL26 and DPP4 were enhanced 
by CD28 or CD26 costimulation.51 On the other hand, 
expression levels of IL2, IFNG, and IL17A were 
not increased following either CD26 costimulation 

FIG. 7: Molecular mechanisms of CD26-caveolin-1 interaction in memory antigen response. Antigen-presenting 
cells (APC) take up recall antigens such as tetanus toxoid via caveolae. Following antigen uptake, a portion of 
caveolin-1 is exposed on the outer cell surface and aggregates in the APC–T-cell contact area in lipid rafts, presum-
ably by homo-oligomerization. Aggregated caveolin-1 then binds to its specific ligand CD26, resulting in caveolin-1 
phosphorylation. Phospho-caveolin-1 transduces a signal into the APC leading to dissociation of IRAK-1 and Tollip, 
followed by activation of NF-kB and finally resulting in CD86 upregulation and T-cell costimulation. On the T-cell 
side, binding by specific MHC-peptide complexes leads to TCR signal transduction. Additionally, caveolin-1 on the 
APC ligates CD26 dimers on the T-cell surface resulting in the recruitment of lipid rafts in the plasma membrane 
and the recruitment of CARMA1 to the cytosolic portion of CD26. Ultimately, these steps lead to the activation of 
NF-kB, and T-cell proliferation and IL-2 production.
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or CD28 costimulation, due to the immaturity of 
HuCB T cells, as was previously reported.43,94 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 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.51 Blocking 
experiments were then performed for further confir-
mation, 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 regu-
lated via CD26-mediated costimulation. Moreover, 
because the functional sequences of the N-terminal 
of caveolin-1 are highly conserved between human 
and mouse,95 allowing for the capability to bind 
human CD26 as a costimulatory ligand, it is conceiv-
able that donor HuCB T cells transferred into mice 
were activated via CD26 costimulation triggered by 
murine caveolin-1. In fact, using pAb 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 (Fig. 8). Taken together, CD26-
mediated IL-26 production triggered by caveolin-1 is 
identified as a possible therapeutic target in cGVHD 
using HuCB NOG mice.

VI.  TARGETING CD26 IN CHRONIC GVHD

A.  Prophylaxis of Lung cGVHD by Cav-Ig 
Administration

Given the role of CD26 costimulation in IL-26 pro-
duction 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 GVHD (Figs. 9A and B). 
Meanwhile, the survival rate of recipient mice treated 
with control Ig was significantly reduced (Fig. 9A), 
with clinical signs/symptoms of GVHD (Fig. 9B). 
Human cells were engrafted similarly in both groups 

FIG. 8: Expression of caveolin-1 in the cGVHD lung of HuCB-NOG mice. Anti-caveolin-1 immunohistochemistry 
of the lung of whole-CB–transplant mice (8 weeks post transplantation). Caveolin-1 was detected on the epithelial 
cell surface (yellow arrows in panel A) and macrophage-like large cells (arrow heads in panel B) around inflam-
matory vessels (panel C) in obliterative bronchiolitis lesion (OB in panel A). Original magnification, 100X (A) and 
400X (B, C).
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FIG. 9: Administration of Cav-Ig prevents obliterative bronchiolitis by reducing the level of IL-26+CD26+CD4 cells 
and collagen deposition. Sublethally irradiated NOG mice were transplanted with 1X107 mononuclear cells isolated 
from HuCB. Cav-Ig or control Ig (each 100mg/dose) was administered intraperitoneally thrice a week, beginning 
at day +1 after transplantation until day +28. (A) Overall survival and (B) clinical GVHD score (mean±SEM). (C) 
Engraftment of human leukocytes in recipient mice. Peripheral blood of recipient mice was harvested at the indicated 
time points, and human CD45+ cell population was analyzed using flow cytometry. Data are shown as mean±SEM 
of human CD45+ cells among total PBL. (D) Sustained composition of human leukocyte populations in recipient 
PBL. PBL harvested from each group were stained for human CD3, CD19, CD33 or CD56 among human CD45+ 
cells. Data are presented as mean percentages of human CD45+ cells. Cross indicates death of all mice in control 
Ig group. (E) H&E staining of the lung of recipients administered with control Ig or Cav-Ig group (6 weeks post 
transplantation). Original magnification is 100X. Scale bars indicate 100 mm. (F) Pathologic damage in the lung 
of recipients administered with Cav-Ig or control Ig was examined at 6 weeks post transplantation, using a semi-
quantitative scoring system. Each dot indicates individual value and horizontal bars indicate mean value. (G) H&E 
staining of the skin and liver tissues for the control Ig group or Cav-Ig group evaluated at 6 weeks post transplanta-
tion. The skin specimen of the control Ig group showed sclerotic changes including acanthosis, loss of rete ridge, 
fat loss, follicular drop-out, and homogenized collagen deposition, in contrast to the normal appearance of the skin 
of the Cav-Ig group. The liver specimen of the control Ig group showed portal inflammation (arrow heads) and 
portal collagen deposition (yellow arrows), which were not observed in the  Cav-Ig group. Original magnification 
is 100X. Scale bars indicate 100 mm. (H) Collagen deposition was determined in the lung tissues of recipients of 
Cav-Ig or control Ig group (6 weeks post transplantation) with an Azan-Mallory staining. Original magnification is 
100X. Scale bars indicate 100mm. (I) Collagen contents in the lung of recipients of Cav-Ig or control Ig group (6 
weeks post transplantation) were quantified by Sircol Collagen Assay. The mean number (±SEM) of total collagen 
contents (mg) per wet lung tissue weight (mg) was determined. Decreased collagen contents were clearly observed 
in recipients of Cav-Ig group. Each dot indicates individual value and horizontal bars indicate mean value (reprinted 
with permission from The American Association of Immunologists, Inc., copyright 2015).51
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as shown in Figs. 9C and D. Histologic findings of 
the lung showed the development of OB in control 
Ig while appearing normal in Cav-Ig–recipient mice, 
with none having positive pathology scores (Figs. 9E 
and F). These effects of Cav-Ig were also observed 
in other GVHD-target organs such as the skin and 
liver (Fig. 9G). Moreover, collagen contents in the 
lung were reduced in Cav-Ig–administered recipients 
(Figs. 9H and I). Taken together, these results sup-
port the notion that Cav-Ig administration prevents 
the development of pulmonary GVHD in whole-
CB–transplant mice by decreasing the number of 
IL-26+CD26+CD4 T cells.

B.  Therapeutic Administration of Cav-Ig 
after Onset of GVHD

Because pulmonary GVHD progresses in an indo-
lent manner over weeks and months, patients are 
often affected by the clinical findings prior to being 
diagnosed with cGVHD.24 We therefore sought to 
determine whether blockade of caveolin-1/CD26 
interaction effectively suppresses OB development 
following the appearance of clinical signs/symp-
toms. For this purpose, treatment began on day 29 
following the appearance of an increase in GVHD 
scores, indicating the early stages of cGVHD devel-
opment. Recipients treated with Cav-Ig survived 
for 7 months with remission of GVHD symptoms 
(Figs. 10A and B). Meanwhile, the survival rate of 
recipients treated with control Ig was significantly 
decreased (Fig. 10A), with progression of clinical 
signs/symptoms of GVHD (Fig. 10B). Human cells 
were engrafted similarly in both groups (Figs. 10C 
and D). In contrast to progressive OB of control Ig 
treated-recipients, peribrochial inflammation shown 
at post transplantation week 5 was attenuated at post 
transplantation week 10 in Cav-Ig–treated recipients 
(Fig. 10E). On the other hand, the pathologic scores 
of control Ig-treated recipients were significantly 
increased at 10 weeks compared to those at week 
5 (Fig. 10F). Meanwhile, the pathologic scores of 
Cav-Ig treated recipients were significantly reduced 
at week 10 compared to those at week 5 (Fig. 10F), 
and these scores were clearly less than those of con-

trol Ig-treated recipients (Fig. 10F). These effects of 
Cav-Ig administration were also observed in the skin 
and liver (Figs. 10G, H, I and J). Moreover, levels of 
human IFN-g+ and IL-26+CD26+CD4 T cells in the 
lung of control Ig-treated recipients were significantly 
increased at 10 weeks compared to those at week 5 
(* of Fig. 10K). On the other hand, levels of human 
IFN-g+ and IL-26+CD26+CD4 T cells in the lung of 
Cav-Ig–treated recipients were significantly reduced 
at week 10 compared to those at week 5 (** of Fig. 
10K), and these levels were clearly less than those 
of control Ig treated-recipients (*** of Fig. 10K). 
Furthermore, total collagen contents in the lung 
were significantly lower in Cav-Ig–treated recipients 
than control Ig-treated recipients (Fig. 10L). Taken 
together, these data suggest that Cav-Ig administra-
tion not only prevents the development of cGVHD 
but also represents a novel therapeutic approach for 
the early stages of cGVHD by regulating levels of 
IL-26+CD26+CD4 T cells.

C.  Treatment with Cav-Ig Preserves GVL 
Capability

Because GVHD and GVL effect are highly linked 
immune reactions,96 we evaluated the potential 
influence of Cav-Ig treatment on GVL effect. For 
this purpose, cohorts of Cav-Ig-treated or control 
Ig-treated whole-CB–transplant mice 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. In day 1 following 
transplantation, treatment with Cav-Ig or control Ig 
three times per week began and continued to day 
28. Mice inoculated with A20 cells alone all died 
of tumor progression within 6 weeks (Figs. 11A 
and B). 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 (Figs. 11A and B). In con-
trast, recipient mice treated with Cav-Ig displayed 
significantly prolonged survival (Fig. 11A) without 
involvement of A20-luc cells (Fig. 11B). To bet-
ter characterize the potency of the GVL effect, we 
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FIG. 10: Administration of Cav-Ig during early GVHD development impedes lethal GVHD by reducing the level of 
IL-26+CD26+CD4 cells and collagen deposition in the lung. Sublethally irradiated NOG mice were transplanted with 
1X107 mononuclear cells isolated from HuCB. Cav-Ig or control Ig (each 100mg/dose) was administered intraperitone-
ally three times per week, beginning at day 29 after transplantation and continued until day 56. (A) Overall survival 
and (B) clinical GVHD score (mean±SEM). (C) Peripheral blood of recipients was harvested at the indicated time 
points, and populations of human CD45+ cells were analyzed using flow cytometry. Data are shown as mean±SEM 
of human CD45+ cells among total PBL. (D) Sustained composition of human leukocyte populations in recipient 
PBL. PBL harvested from each group were stained for human CD3, CD19, CD33, or CD56 among human CD45+ 
cells. Data are presented as mean percentages of human CD45+ cells. Cross indicates death of all mice in control 
Ig group. (E) H&E staining of the lung tissues of control Ig group and Cav-Ig group at 5 weeks or 10 weeks post 
transplantation. Arrows indicate perivascular and peribronchial inflammation of the small airway. Original magni-
fication is 100X. Scale bars indicate 100 mm. (F) Pathologic damage in the lung of recipients administered with 
Cav-Ig or control Ig was examined at 5 and 10 weeks post transplantation using a semiquantitative scoring system. 
Each dot indicates individual value and horizontal bars indicate mean value. (G) H&E staining of the skin tissues of 
control Ig group or Cav-Ig group at 5 weeks or 10 weeks post transplantation. Normal skin histology was observed 
in recipient mice with Cav-Ig administration, in contrast to sclerodermatous changes developed in recipient mice 
with control Ig administration. Original magnification is 100X. Scale bars indicate 100mm. (H) Pathologic damage 
in the skin of recipients administered with Cav-Ig or control Ig was examined at 5 and 10 weeks post transplanta-
tion using a semiquantitative scoring system. Recipients of control Ig developed progression of GVHD pathology 
(*, P<0.0001). In contrast, recipients of Cav-Ig showed significant reduction in GVHD pathology at 10 weeks rather 
than at 5 weeks post transplantation (**, P<0.0001), and also as compared to recipients of control Ig group at 10 
weeks (***, P<0.0001). Each dot indicates individual value and horizontal bars indicate mean value. (I) H&E stain-
ing of the liver tissues of control Ig group or Cav-Ig group at 5 weeks or 10 weeks post transplantation. In recipient 
mice with Cav-Ig administration, portal inflammation was observed at 5 weeks post transplantation (white arrow 
heads), with restoration to normal appearance at 10 weeks post transplantation. In contrast, portal inflammation was 
observed in recipient mice with control Ig administration at 5 post transplantation (black arrow heads) and portal 
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repeated these studies with injection of A20-luc 
cells on day 28 after whole CB transplantation to 
allow for the acquisition of immunosuppression by 
Cav-Ig treatment. Mice inoculated with A20 cells 
alone all died of tumor progression within 2 weeks 
after tumor inoculation (Figs. 11C and D). 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 (Figs. 11C 
and D). In contrast, recipients treated with Cav-Ig 
exhibited significantly prolonged survival (Fig. 11C) 
without involvement of A20-luc cells (Fig. 11D). 
Collectively, these results demonstrate that Cav-Ig 
treatment of whole-CB–transplant mice was effec-
tive in reducing the symptoms of cGVHD without 
a concomitant loss of the GVL effect.

VII.  PERSPECTIVES

While the human CD26 amino acid sequence has 
85% amino acid identity with the mouse CD26,72 
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 ADA.72,97 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% amino acid identity 
with the mouse caveolin-1,95 and the binding regions 

of the mouse caveolin-1 for human CD26 are well 
conserved. Costimulatory activation of human T cells 
in NOG mice therefore can occur via CD26–caveo-
lin-1 interaction. Moreover, the N-terminal domain 
is present in the outer cell surface during the antigen 
presenting process,18 and caveolin-1 forms homodi-
mer or homo-oligomer via its N-terminal domain.95 
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.

	In addition to the priming of donor-derived T 
cells by APCs, production of effector cytokines in 
the target organs plays an important role in cGVHD 
development.1 In the present study, we found that 
donor-derived CD4 T cells predominantly infiltrated 
the OB lesions of HuCB-NOG mice and that IL-26 
as well as IFN-g levels were enhanced significantly in 
the infiltrating human CD26+CD4 T cells. Although 
there has been little information available regarding 
the biological functions of IL-26 using animal models 
due to the absence of the IL-26 gene in mouse,52,69 
we demonstrated the role of IL-26 in lung fibrosis 
using a humanized murine cGVHD model. Moreover, 
our murine allogeneic transplantation model utilizing 
190-IFNG Tg and DCNS-77 Tg mice demonstrated 
that human IL-26, not IFN-g, induced pulmonary 
fibrosis. In both 190-IFNG Tg and DCNS-77 Tg mice, 
production of IFN-g by T or NK cells is equivalent 
in both tissue culture studies and analysis of basal 
levels in various tissues including spleen, lymph 

fibrosis, at 10 weeks post transplantation (yellow arrows). Original magnification is 100X. Scale bars indicate 100mm. 
(J) Pathologic damage in the livers of recipients administered with Cav-Ig or control Ig was examined at 5 and 10 
weeks post transplantation using a semiquantitative scoring system. Recipients of control Ig developed progression 
of GVHD pathology (*, P<0.05). In contrast, recipients of Cav-Ig showed significant reduction in GVHD pathology 
at 10 weeks rather than at 5 weeks post transplantation (**, P<0.0001), and also as compared to recipients of control 
Ig group at 10 weeks (***, P<0.0001). Each dot indicates individual value and horizontal bars indicate mean value. 
(K) Absolute cell number of human IFN-g+ or IL-26+CD26+CD4 cells in the lung of recipients of Cav-Ig or control 
Ig group. *, **, or *** indicates P<0.0001. (L) Collagen contents in the lung of recipients of Cav-Ig or control Ig 
group (5 and 10 weeks post transplantation) were quantified by Sircol collagen assay. The mean number (±SEM) 
of total collagen contents (mg) per wet lung tissue weight (mg) was determined. Each dot indicates individual value 
and horizontal bars indicate mean value. * or ** indicates P<0.0001; NS, not significant [(A) – (F) reprinted with 
permission from The American Association of Immunologists, Inc., copyright 2015].51
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FIG. 11: Cav-Ig preserves GVL effect. (A) NOG mice were irradiated at a sublethal dose (200 cGy) and the next 
day were inoculated with 1X104 A20-luc cells via tail vein. The mice were then transplanted the following day with 
1X107 mononuclear cells isolated from HuCB. Cav-Ig or control Ig (each 100mg/dose) was administered intraperi-
toneally thrice a week, beginning at day 1 after transplantation and continued until day +28. Overall survival is 
depicted. P<0.0001 versus recipients of control Ig by log-rank test. (B) In vivo bioluminescence imaging (BLI) was 
performed at the indicated time points after treatment as described in panel A. Representative mice are shown. Cross 
indicates death of all mice in the group of tumor alone or control Ig groups. Ruffled fur consistent with skin GVHD 
is shown in recipients of control Ig group at 10 weeks post transplant (middle panel). (C) Sublethally irradiated 
NOG mice were transplanted with mononuclear cells isolated from HuCB. Cav-Ig or control Ig was administered 
intraperitoneally three times per week, beginning at day 1 after transplantation and continued until day +28. 1X105 
A20-luc cells were inoculated via tail vein on day +28 post transplantation. Overall survival is depicted. P<0.0001 
versus recipients of control Ig by log-rank test. (D) In vivo BLI was performed at the indicated time points after 
treatment as described in panel C. Representative mice are shown. Cross indicates death of all mice in the group of 
tumor alone or control Ig groups. Slightly ruffled fur consistent with skin GVHD is shown in recipients of control 
Ig group at 6 weeks post transplant (middle panel).
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node, and colon.57 On the other hand, expression of 
IL-26 is observed in TH1- or TH17-polarizing CD4 
cells of 190-IFNG Tg mice, whereas it is completely 
abrogated in DCNS-77 Tg mice.52 Although human 
and murine IFN-g share 40% amino acid identity, 
IFN-g exhibits species specificity with respect to 
receptor binding and biological activity.98,99 Taken 
together with the previous report that development of 
cGVHD lung is independent of IFN-g,68 the elevated 
human IFN-g in HuCB-NOG did not likely function 
as an inflammatory cytokine but rather as a TH1 and/
or TH17 cell marker of CD26+CD4 T cells.15,20,100 
Regarding its specific receptor, IL-26 primarily binds 
to IL-20RA, followed by recruitment of IL-10RB.56 
Although IL-10RB is broadly expressed on most 
cell types and tissues, IL-20RA is not expressed in 
lymphoid organs but is expressed in the lung and 
skin.101 It is thus conceivable that IL-26–related 
chronic inflammatory changes in HuCB-NOG mice 
occur in the lung and skin of cGVHD or autoimmune 
diseases, including systemic sclerosis.

	Recent work with a murine model showed that 
donor-derived B-cell activation and maturation with 
the aid of TfH were necessary for cGVHD and that 
bronchiolitis obliterans syndrome was reversed by 
the abrogation of IL-21 signaling.30 However, in 
our present model with OB, a substantial B-cell 
population was detected in the recipient PBL. In 
fact, no direct evidence for a causal relationship for 
autoantibodies or alloantibodies in the pathogenesis 
of organ manifestation of cGVHD has been observed 
in humans.29 Furthermore, cGVHD of the visceral 
organs seemed to respond poorly to B-cell deple-
tion therapy such as rituximab.29,37 It is speculated 
that this observed discrepancy is due to differences 
in the B-cell maturation process between mice and 
human.40 Despite these limitations of murine or 
humanized murine models, targeting CD4 T cells to 
control cGVHD is a reasonable therapeutic approach 
because T cell help plays a pivotal role in B-cell 
maturation and activation in cGVHD.102 A related 
issue concerns the process of B-cell development in 
humanized mice. Given the fact that HuCB contains 
ample HSCs as well as naïve lymphocytes, the use 
of HuCB as donor cells led to sustained recovery of 

lymphocytes in the recipient PBL, as had also been 
reported by other investigators.46,48,49,103 In addition, 
it has been demonstrated that specific antibod-
ies in human B cells generated in the humanized 
mice transplanted with HSC isolated from HuCB 
were effectively synthesized.45,46,48,50 Despite the 
limitations of cross-species comparisons, our study 
provides insights into the pathogenesis of clinical 
pulmonary cGVHD induced by human lymphocytes.

	Because we previously showed an effect of anti-
CD26 mAb on an aGVHD model using adult PBL,42 
we performed preliminary testing of anti-CD26 mAb 
effect on recipient mice of whole-CB–transplant, and 
found a high incidence of graft failure. Our specula-
tion regarding the reason for this failure is this: We 
previously reported that HuCB CD4 T cells broadly 
express CD26,43 and other investigators observed 
that CD34+CD38low/- or CD34+CD38+ hematopoietic 

stem/progenitor cells in HuCB preferentially express 
CD26.104 These findings suggest that treatment with 
anti-CD26 mAb in a HuCB transplant model may 
reduce the levels of hematopoietic stem/progenitor 
and/or CD4 T cells in the graft of HuCB, resulting 
in increased graft failure. 

	Importantly, there may be potential adverse 
events such as off-target effects associated with the 
proposed use of Cav-Ig therapy. Although caveolin-1 
exists in the inner surface of most cell types,95 its 
N-terminus is detected on endothelial cells as well 
as APCs following cellular activation.105 Therefore, 
it is possible that Cav-Ig binds to cell surface caveo-
lin-1, thereby affecting endothelial cell functions. 
Other issues relate to the GVL effects. Our data 
demonstrated that Cav-Ig clearly impeded GVHD 
in our model with preservation of GVL effects. We 
speculate that CD26-dependent xenogeneic priming 
of CD4 T cells is inhibited by Cav-Ig,19,42 while 
CD28-dependent GVL effects are exerted after 
engraftment.106 

	Based on our study, it is conceivable that IL-26 
may be another potential therapeutic target in the 
management of clinical cGVHD. We have already 
developed several clones of anti-IL-26 mAb that have 
been screened for inhibitory effects on various cells 
expressing IL-26 receptor. IL-26 has been reported to 
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exhibit antibacterial and antiviral effects as part of a 
host defense mechanism.66 We are currently actively 
investigating whether anti-IL-26 therapy exacerbates 
bacterial infections in the presence of GVHD follow-
ing HSCT, and definitive data regarding the effects 
of IL-26-targeted therapy will be presented in the 
near future.

	In conclusion, our present work demonstrates 
that caveolin-1 blockade controls cGVHD by sup-
pressing 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 chal-
lenge 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 dis-
eases, including RA and IBD, in which IL-26 plays 
an important role.
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A humanized anti‑CD26 monoclonal 
antibody inhibits cell growth of malignant 
mesothelioma via retarded G2/M cell cycle 
transition
Mutsumi Hayashi1,2, Hiroko Madokoro1, Koji Yamada3, Hiroko Nishida1, Chikao Morimoto4, Michiie Sakamoto1 
and Taketo Yamada1,5*

Abstract 

Background:  Malignant Mesothelioma (MM) is a highly aggressive tumor with poor prognosis. Multimodal treat-
ments and novel molecular targeted therapies against MM are in high demand in order treat this disease effectively. 
We have developed a humanized monoclonal antibody YS110 against CD26 expressed in 85 % of MM cases. CD26 is 
thought to be involved in tumor growth and invasion by interacting with collagen and fibronectin, or affecting signal 
transduction processes.

Methods:  We evaluated the direct anti-tumor effect of YS110 against MM cell lines, NCI-H2452 and JMN, and investi-
gated its effects on cell cycle and on the cell cycle regulator molecules. In addition, we investigated synergistic effects 
of YS110 and anti-tumor agent pemetrexed (PMX) against MM cell line both in vitro and in vivo.

Results:  YS110 suppressed the proliferation of NCI-H2452 cells by approximately 20 % in 48 h. Based on cell cycle 
analysis, percentage of cells in G2/M phase increased 8.0 % on the average after YS110 treatment; in addition, cell 
cycle regulator p21 cip/waf1 was increased and cyclin B1 was decreased after YS110 treatment. Inhibitory phos-
phorylation of both cdc2 (Tyr15) and cdc25C (Ser216) were elevated. Furthermore, activating phosphorylation of 
p38 MAPK (Thr180/Tyr182) and ERK1/2 (Thr202/Tyr204) were augmented at 24 h after YS110 treatment. PMX rapidly 
induced CD26 expression on cell surface and the treatment with both YS110 and PMX inhibited in vivo tumor growth 
accompanied by a synergistic reduction in the MIB-1 index.

Conclusion:  This is a first report of a novel anti-proliferative mechanism of the humanized anti-CD26 monoclonal 
antibody YS110, which resulted in G2/M cell cycle delay through regulation of quantity and activity of various cell 
cycle regulating molecules.

Keywords:  Mesothelioma, CD26, Monoclonal antibody, G2/M transition, Pemetrexed
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Background
Malignant mesothelioma (MM) is an aggressive can-
cer of the pleura, peritoneal cavity, pericardium, and 
scrotum and has a poor prognosis. MM is associated 
with occupational exposure to asbestos and, despite 

legislation introduced by many industrialized countries, 
the incidence is not expected to peak until 2020 due to 
the long latency between initial exposure and disease 
expression [1]. As single modality approach to treatment 
has failed to extend survival, multimodal treatment and 
novel molecular targeted therapies are highly sought 
after. Although extrapleural pneumonectomy (EPP) is 
a preferred treatment option, median survival among 
patients receiving EPP alone is less than 10  months [2]. 
EPP followed by high-dose radiation therapy (RT) has 
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been shown to prolong median survival to 33.8  months 
in patients with Stage 1 and Stage 2 MM but survival 
remained 10  months in patients with Stage 3 and Stage 
4 MM [2]. A Phase 3 trial showed that combination of 
pemetrexed and cisplatin improved survival over cispl-
atin alone for inoperable patients [3]. According to recent 
multicenter trials of trimodality treatment that con-
sisted of neoadjuvant chemotherapy (cisplatin and pem-
etrexed), EPP, and adjuvant RT led in the USA [2] and 
Europe [4], median survival of patients who completed 
the therapy was 29.1  months compared to 18.4  months 
in controls. Since the trimodality approach seems to be 
limited and because not all patient can tolerate aggressive 
therapies, novel molecular targeted therapies are highly 
desirable. To date, a number of molecular targeted agents 
have been evaluated in MM. While tyrosine kinase inhib-
itors against epidermal growth factor receptor (EGFR) 
and platelet-derived growth factor receptor (PDGFR) did 
not show clinically significant effects, histone deacetylase 
inhibitor (HDACI) and anti-angiogenic agents showed 
some clinical benefits and are undergoing Phase 3 trials 
[5]; however, none of these agents have been incorpo-
rated into clinical practice and efforts must continue in 
the area of both clinical research and search for novel tar-
get molecules.

CD26 is an 110 kD glycoprotein anchored in the cellu-
lar membrane with dipeptidyl peptidase IV activity. CD26 
is also known as a co-stimulatory molecule of the T lym-
phocyte. CD26 binds to caveolin-1 on antigen-presenting 
cells and the interaction triggers signal transduction pro-
cess leading to T cell proliferation and cytokine produc-
tion [6]. Several recent studies have shown that CD26 is 
highly expressed in several malignancies, including MM, 
lung adenocarcinoma, hepatocellular carcinoma, prostate 
cancer, and thyroid cancer [7]. CD26 expression evalu-
ated by immunohistochemistry was positive in 85  % of 
tested MM cases [8, 9]. Moreover, CD26 is thought to 
be involved in tumor growth and invasion through its 
interaction with collagen and fibronectin or by regulating 
activity of chemotactic peptides through its DPPIV activ-
ity. Furthermore, CD26 has been reported to be involved 
in signal transduction processes, including the p38 MAPK 
pathway. Though the mechanisms of action of CD26 have 
not been clarified, its enzymatic activity does not appear 
essential for its role in signal transduction process [10]. 
Considering its high rate of overexpression in MM and 
suspected function in tumor progression, we have devel-
oped a humanized an anti-CD26 antibody, designated 
YS110, as a targeted therapy against CD26-positive malig-
nancies, including MM. We have previously reported the 
anti-tumor effects of YS110 against MM cells [11]. In 
addition to the anti-tumor effect via antibody-depend-
ent-cell-mediated-cytotoxicity, YS110 showed direct 

anti-tumor effect via p27kip1 accumulation [11]; however, 
the molecular mechanism of direct anti-tumor effect of 
YS110 against MM cell lines remains unknown.

The molecular mechanisms underlying the direct anti-
tumor effect of several monoclonal antibodies have been 
investigated; for example, the anti-HER-2 antibody (Tras-
tuzumab) and anti-EGFR antibody (Cetuximab) result in 
G1/S cell cycle arrest by upregulating the CDK inhibi-
tor p27kip1 via multiple signaling pathways [12, 13]. The 
anti-CD20 antibody (rituximab) can induce cell death of 
malignant B cell lymphoma cells in vitro via inhibition of 
the p38 MAPK, ERK1/2, and AKT anti-apoptotic sur-
vival pathways [14]. Most therapeutic antibodies against 
cancers that affect the cell cycle, including antibodies 
mentioned above, result in G1/S arrest. So far, only one 
anti-cancer antibody, the anti-human type 1 insulin-like 
growth factor receptor (IGF-IR) antibody A12 against 
androgen-independent prostate cancer cell line LuCaP 
35  V, has been reported to cause G2/M cell cycle delay 
although its molecular mechanism is not yet understood 
[15].

In this study, we focused on evaluating the direct 
in vitro effect of the humanized anti-CD26 monoclonal 
antibody YS110 against the MM cell line NCI-H2452 
and investigated its effect on the cell cycle and on cell 
cycle-regulating molecules. YS110 inhibited growth 
of YS110 with G2/M cell cycle arrest and altered the 
expression or phosphorylation state of cell cycle mol-
ecules. Furthermore, pemetrexed (PMX), a standard 
reagent against mesothelioma, rapidly induced CD26 
expression on the cell surface and treatment with both 
YS110 and PMX inhibited in  vivo tumor growth in a 
synergistic manner. This is the first report describing 
a novel anti-proliferative mechanism of the human-
ized anit-CD26 monoclonal antibody YS110, which 
resulted in G2/M cell cycle delay, through regulation 
of quantity and activity of various cell cycle-regulating 
molecules.

Results
YS110 inhibits mesothelioma cell proliferation
YS110 inhibits proliferation of the mesothelioma cell 
line NCI-H2452 in a concentration-dependent manner 
(Fig.  1). Maximum of growth inhibition was 18.3  % at 
250 μg/mL of YS110. Based on this result, we used YS110 
at 2 μg/mL, which showed 11.2 % of growth inhibition, in 
the following experiments.

YS110 induced G2/M cell cycle delay in mesothelioma cells
To investigate the mechanism responsible for the 
growth inhibition caused by YS110, cell-cycle distri-
bution was determined by flow cytometry analysis. At 
24  h after YS110 treatment, the percentage of cells in 
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the G2/M phase increased compared to the control. 
The representative experiment is shown (Fig.  2a). On 
the average of ten experiments, the percentage of G2/M 
phase cells were significantly increased after YS110 
treatment (p < 0.05) (Fig. 2b). This cell cycle delay may 
be compatible with repression of cell proliferation. Fur-
thermore, in another CD26 positive MM cell line NCI-
H28, the percentage of cells in G2/M phase increased 
by 5 % on the average after YS110 treatment though its 
significance could not be proved statistically (data not 
shown).

YS110 alters cell cycle regulators
We investigated the alterations caused by YS110 treat-
ment in the quantity and activation state of cell cycle 
regulators responsible for G2/M transition. At 24  h 
after YS110 treatment, the cell cycle regulator p21 
increased while the positive regulatory subunit cyclin 
B1 decreased. Inhibitory phosphorylation of cdc2 on 
Tyr15 and inhibitory phosphorylation of cdc25C on 
Ser216, an upstream inhibitory regulator of cdc2, was 
elevated (Fig. 3a). Cdc25C phosphorylated on Ser216 is 
known to be sequestrated into cytoplasm and refrained 
from contact with cdc2 [16]. After YS110 treatment 
for 24 h, cytoplasmic whole cdc25C was elevated while 
nuclear whole cdc25C was decreased, as confirmed by 
densitometry analysis (Fig.  3b). At 6  h and 12  h after 
YS110 treatment, the amount of phosphorylated cdc2 
and phosphorylated cdc25C were varied among experi-
ments despite consistent increase at 24 h. No significant 
change in cdc25A and cdc25B was observed (data not 
shown).

YS110 elevates activating phosphorylation of p38 MAPK 
and ERK1/2
In order to determine the upstream regulator of cdc25C 
phosphorylation caused by YS110 treatment, expres-
sion and activation status of several molecules known to 
regulate cell cycle through cdc25C phosphorylation were 
examined. Activating phosphorylation of p38 MAPK 
(Thr180/Tyr182) and ERK1/2 (Thr202/Tyr204) were 
elevated 24 h after YS110 treatment (Fig. 4a). No signifi-
cant change in chk1, chk2, or c-TAK1 was observed (data 
not shown). While the p38 inhibitor SB203580 failed to 
block G2/M arrest caused by YS110 (data not shown), the 
MEK1/2 inhibitor U0126 blocked G2/M arrest caused by 
YS110 according to cell cycle analysis using flowcytom-
etry (Fig. 4b).

Pemetrexed (PMX) increased CD26 expression in 
mesothelioma cells in vitro
CD26 expression on the cell surface of JMN cells 
increased 15 % from 6 to 6.5 % 24 h after treatment with 
10 μM of PMX based on flowcytometry analysis (Fig. 5a). 
In order to confirm the augmented expression of CD26 
in JMN cells, Western blot analysis was performed. CD26 
protein expression was rapidly induced in whole cell 
lysates by treatment with 10 μM of PMX at 1 h after PMX 
treatment; most augmentation of CD26 expression at 6 h 
and then this augmented expression continued to 24  h 
after PMX treatment (Fig.  5b). In order to examine the 
altered expression of CD26 in NCI-H2452 cells, Western 
blot analysis was performed. CD26 protein expression in 
NCI-H2452 cells was also rapidly induced in whole cell 
lysates by treatment with 10 μM of PMX at 1 h after PMX 
treatment; most augmentation of CD26 expression at 6 h 
and then this augmented expression continued to 24  h 
after PMX treatment (Fig. 5b).

Effective inhibition of in vivo mesothelioma cell growth by 
combined treatment with both YS110 and PMX
Combination effects of YS110 and PMX were examined 
using xenograft models with JMN cells transplanted into 
NOG mice subcutaneously. Mice were then monitored 
for the development and progression of tumors and the 
tumor size was determined by caliper measurement. 
Tumor size in mice treated with both YS110 and PMX 
was smaller than mice treated with only YS110 or PMX 
(data not shown). The weight of tumors with YS110 treat-
ment was insignificantly reduced (Fig.  6A). PMX treat-
ment induced a significant reduction in tumor weight 
(p  <  0.05); the combination of YS110 and PMX treat-
ment synergistically reduced tumor weight compared 
with YS110 single treatment and PMX single treatment 
(p < 0.05).
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Fig. 1  YS110 inhibits NCI-H2452 cell proliferation. WST-1 assay 
revealed inhibition of NCI-H2452 cell proliferation with YS110 treat-
ment in a concentration-dependent manner up to 18.6 %. The experi-
ment was performed using 96 multi-well plates
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Combination effects of tumor growth in  vivo were 
examined by measuring the MIB-1 index histologically. 
The MIB-1 index was significantly decreased in tumors 
after YS110 or PMX single treatment compared with 
controls (p  <  0.05; Fig.  6B, C). Combinatory treatment 
with YS110 and PMX significantly reduced the MIB-1 
index compared to single treatment (p < 0.05; Fig. 6B, C).

Histology of the tumor derived from JMN cells in the 
xenograft model is shown in Fig. 6C. Sarcomatous meso-
thelioma is shown in HE staining (Fig. 6C-a) and stained 
with anti-CD26 polyclonal antibody (R&D) (Fig.  6C-b). 
The MIB-1 index was measured by immunohistochem-
istry using the anti-Ki-67 (MIB-1) monoclonal anti-
body. Staining of Ki-67 antigens in nucleus was shown 
in tumors treated with control IgG (Fig.  6C-c), YS110 

(Fig.  6C-d), and both YS110 and PMX (Fig.  6C-e). The 
number of Ki-67 positive nuclei was decreased after 
combined treatment of YS110 and PMX and the necrotic 
area is indicated by an asterisk (Fig. 6C-e).
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Fig. 3  YS110 alters expressions and phosphorylation of cell cycle 
regulators. a At 24 h after treatment with 2 μg/mL of YS110, p21 
protein expression increased while cyclinB1 protein expression 
decreased. Inhibitory phosphorylation of cdc2 Tyr15 and cdc25C 
Ser216 were elevated while there was no significant change in whole 
cdc2 and cdc25C protein. β-actin was used as an internal control. 
b Alteration in subcellular distribution of whole cdc25C by YS110 
treatment is shown. At 24 h after treatment with 2 μg/mL of YS110, 
nuclear cdc25C protein decreased while cytoplasmic cdc25C protein 
increased. LaminA/C was used as a nuclear marker and Na–K ATPase 
was used as a cytoplasmic marker. The bar graph demonstrates the 
densitometric analysis of a Western blot of whole cdc25C. Results are 
normalized by the densitometry of control cells. All experiments were 
performed in triplicate and a representative experiment is shown
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Discussion
Novel molecular targeted therapies are in high demand 
since the aggressive trimodality approach against MM 
has been proved to be limited. We developed a human-
ized monoclonal antibody against CD26, designated as 
YS110, a molecular targeted therapy against MM [11]. 
We expected YS110 to cause ADCC to eliminate CD26 
positive MM cells. In addition to the ADCC effect, YS110 
demonstrated direct anti-proliferative effects in  vitro 

against CD26-positive MM cell lines. We proposed that 
investigation into the molecular mechanisms of the 
direct anti-proliferative effect against MM cells would 
be beneficial for both understanding anti-tumor effect of 
YS110, as well as uncover the underlying mechanism its 
proliferation and progression. Although the direct anti-
proliferative effect of YS110 is limited to a repression rate 
of approximately 20 % in vitro, the molecular mechanism 
was associated with the proliferative signal transduction 
system and cell cycle. Cell cycle analysis revealed that 
YS110 caused significant delay of the G2/M transition. To 
our knowledge, only one anti-cancer MoAb, anti-IGF-IR 
antibody A12 against the androgen-independent prostate 
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(Thr202/Tyr204) were elevated by 24 h after treatment with YS110 
while no substantial changes of whole p38 and ERK1/2 protein were 
observed. β-actin was used as an internal control. b G2/M arrest 
caused by YS110 treatment was reversed by ERK1/2 activation inhibi-
tor U0126 (10 μM). A proportion (43.15 %) of G2/M was elevated in 
cells with YS110 treatment compared with in cells without YS110 
(control, 37.05 %) and the proportion of G2/M decreased in cells with 
both YS110 and U0126 treatment (35.06 %). All experiments were 
performed in triplicate and a representative experiment is shown
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on Western blot analysis, the expression of CD26 protein was rapidly 
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1–24 h. GAPDH was used as an internal control. All experiments were 
performed in triplicate and a representative experiment is shown
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cancer cell line LaCaP 35 V, has been reported to result 
in G2/M delay although its molecular mechanism is not 
yet understood [15]. Therefore, we are the first to report 
results on the molecular mechanisms underlying G2/M 
delay from a cancer targeted-antibody. In order to eluci-
date the mechanism of G2/M delay mediated by YS110, 
we analyzed the quantities and phosphorylation status 
of G2/M regulators using Western blot analysis. At 24 h 
after treatment with YS110, inhibitory phosphorylation 

of cdc2 and its upstream regulator cdc25C were elevated. 
Phosphorylation of Cdc25C on Ser216 is sequestrated 
into the cytoplasm and therefore restrained from con-
tact with nuclear cdc2. Increased levels of cytoplasmic 
whole cdc25 protein and decreased levels of nuclear 
whole cdc25C protein at 24 h occurred after YS110 treat-
ment, confirming sequestration. Western blot analysis 
also revealed an increased amount of cell cycle inhibi-
tor p21 and decreased amount of cyclinB1 promotes 
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Fig. 6  Effective inhibition of mesothelioma cell growth in vivo. A Combination effects of YS110 and PMX were examined using xenograft models 
with JMN cells transplantation subcutaneously. The weight of tumors treated with YS110 was insignificantly reduced but PMX treatment induced 
a significantly reduced tumor weight (*p < 0.05). A combination of YS110 and PMX treatment reduced tumor weight compared with the weight 
of tumors with YS110 single treatment and PMX single treatment synergistically (**p < 0.05). B Combination effects of tumor growth in vivo were 
examined using a measurement of MIB-1 index histologically. MIB-1 index was significantly reduced with YS110 or PMX single treatment compared 
with control IgG treatment (*p < 0.05). The MIB-1 index after combinatory treatment with YS110 and PMX was significantly reduced compared 
with YS110 or PMX single treatment (**p < 0.05). C Sarcomatous mesothelioma is shown in HE staining (a) and stained with anti-CD26 polyclonal 
antibody (R&D) (b) MIB-1 index was measured by immunohistochemistry using the anti-Ki-67 monoclonal antibody (DAKO, clone MIB-1). Staining of 
Ki-67 antigens in nucleus is seen in tumors treated with control IgG (c), YS110 (d), and both YS110 and PMX (e). The number of Ki-67 positive nucleus 
was reduced after combinatory treatment of YS110 and PMX and the necrotic area is indicated by an asterisk (e)
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G2/M progression at 24 h after YS110 treatment. These 
alterations may be compatible with the retarded G2/M 
transition.

To determine the upstream regulator of the altered 
cdc25C phosphorylation state caused by YS110, we inves-
tigated several molecules known to regulate cdc25C. 24 h 
after YS110 treatment, activated phosphorylation levels 
of p38 MAPK (Thr180/Thy182) and ERK 1/2 (Thr202/
Tyr204) were elevated. Inhibitor assays indicated that 
YS110 treatment activated the ERK signal pathway, but 
not the p38MAPK pathway, which induced G2/M delay.

MAPK activation results in many different biologi-
cal responses, including proliferation, differentiation, 
and cell death. Although ERK1/2 activation is associated 
with cell survival and proliferation, a number of studies 
have shown that activation of ERK1/2 can mediate cell 
cycle arrest and cell death depending on the stimuli and 
cell types involved [17]. A number of anti-cancer rea-
gents and an anti-cancer antibodies have been reported 
to induce G2/M cell cycle arrest and/or apoptosis medi-
ated by ERK1/2 activation [18, 19]. These reagents, like 
YS110, cause G2/M cell cycle delay by inhibiting phos-
phorylation of cdc2 and cdc25C and by activating phos-
phorylation of ERK1/2. The G2/M delay caused by these 
drugs is antagonized by MEK inhibitors. Among mono-
clonal antibodies that have been investigated for their 
anti-cancer characteristics, the anti-CD40 antibody has 
been reported to cause apoptosis of diffuse large B-cell 
lymphoma cell lines with ERK1/2 activation through 
CD40 signaling [20]. In these reported cases, as well as 
our findings of YS110-CD26 interaction, the mechanisms 
underlying G2/M delay or apoptosis through ERK1/2 
activation is still unknown. As for G1/S cell cycle regula-
tion, a report has indicated that HER2 signaling related 
to trastuzumab treatment had effects on CDC25A pro-
tein stability [21]. The involvement of cell cycle regulators 
on the effect of anti-tumor antibodies should be further 
investigated.

Previously, we reported that YS110 induces intra-
nuclear transportation of CD26. When bound to YS110, 
CD26 is translocated to the nucleus via caveolin-depend-
ent endocytosis. This translocation suppresses transcrip-
tion of the POLR2A gene, which encodes a large subunit 
of RNA polymerase, in MM cell lines [22, 23]. The rela-
tionship between POLR2A suppression and G2/M cell 
cycle delay also requires further investigation.

The NCI-H2452 cell line is derived from the epithelioid 
type of MM and its growth rate is lower than the sarco-
matoid type of MM, the JMN cell line [24]. Profiles of 
cell cycling for synchronization assay in S-phase by thy-
midine block are available for NCI-H2452 cells but not 
for JMN cells. NCI-H2452 cells have no tumorigenicity in 
immunodeficient mice but JMN cells form subcutaneous 

tumors or diffuse and spread into the thorax [11, 22, 
and 23]; therefore, after YS110 treatment, we examined 
the in vitro cell cycle using NCI-H2452 cells and in the 
in vivo xenograft model using JMN cells.

Pemetrexed (PMX) induced augmented CD26 expres-
sion in both NCI-H2452 cells and JMN cells rapidly 
(Fig. 5b); this induction of cell surface CD26 on MM cells 
may be useful for anti-CD26 MoAb therapy against MM. 
The combination of YS110 and PMX therapy against xen-
ografted MM tumors was applied using JMN cell trans-
planted immunodeficient mice. As a result, anti-tumor 
effects were significantly shown in xenografted tumors 
with YS110 and PMX combined treatment compared to 
tumors with single treatment of YS110 or PMX, which 
was accompanied by a significantly reduced MIB-1 index. 
The combined treatment with YS110 and PMX showed a 
tendency to retard both G1/S and G2/M transition; how-
ever, significant differences of G1/S or G2/M proportion 
were not seen between YS110 plus PMX treatment and 
YS110 or PMX single treatment (data not shown).

There have been many anti-cancer monoclonal anti-
bodies (MoAbs) developed and their anti-cancer mech-
anisms are highly variable. Investigations into each 
molecular mechanism of an anti-cancer MoAb are sig-
nificant because it is valuable for the optimization of 
antibody therapies against cancer and contributes to 
elucidating the mechanisms of oncogenesis and cancer 
proliferation. This is the first report of a novel anti-pro-
liferative mechanism of a humanized anti-CD26 mono-
clonal antibody YS110 causing G2/M cell cycle delay 
through ERK1/2 phosphorylation and identifying PMX 
as a CD26 inducer.

Conclusions
Humanized anti-CD26 monoclonal antibody YS110 sup-
pressed proliferation of CD26 positive MM cell lines 
through a novel mechanism causing G2/M cell cycle 
delay through ERK1/2 phosphorylation. Anti-tumor 
agent PMX was identified as a CD26 inducer.

Methods
Reagents and antibodies
The humanized anti-CD26 antibody YS110 was con-
structed from the anti-CD26 mouse monoclonal anti-
body 14D10 coding sequence as previously described 
[11] and normal human IgG1 (Southern Biotech, Bir-
mingham, AL) was used as a control. Rabbit monoclonal 
antibody to cyclinB1, p21cip/waf1, cdc2, phospho-cdc2 
(Tyr15), cdc25c, phospho-cdc25c (Ser216), Erk1/2, 
phospho-Erk1/2(Thr202/Tyr204), p38MAPK, and phos-
phor-p38MAPK (Thr180/Tyr182) were from Cell Sign-
aling Technology Inc. (Danvers, MA) and the mouse 
monoclonal antibody against β-actin or Glyceraldehyde 
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3-phosphate dehydrogenase (GAPDH) was from DAKO 
(Glostrup, Denmark). The goat anti-CD26 polyclonal 
antibody and MEK 1/2 inhibitor U0126 was from Cell 
Signaling Technology Inc. (Danvers, MA).

Cell culture
NCI-H2452, NCI-H28 and JMN, CD26-positive cell 
lines established from malignant mesothelioma, were 
kind gifts from Dr. Chikao Morimoto (Departement of 
Therapy Development and Innovation for Immune Dis-
orders and Cancers, Juntendo University). Both cell lines 
were grown in RPMI medium (Sigma-Aldrich, Tokyo, 
Japan) supplemented with 10  % heat-inactivated fetal 
bovine serum (FBS), ABPC (100 unit/mL), Streptomycin 
(100 μg/mL), and 5 % CO2 at 37 °C.

Cell proliferation assay
The effect of YS110 on the proliferation of NCI-H2452 
cells was measured using a colorimetric cell prolifera-
tion kit WST-1 (Roche Diagnostics, Tokyo, Japan) based 
on the colorimetric detection of a formazan salt. In brief, 
5  ×  103 NCI-H2452 cells were seeded in RPMI1640 
medium supplemented with 10 % heat inactivated FBS on 
96-well plate with or without 2 μg/mL YS110. After 48 h 
of incubation at 37  °C in 5 % CO2, a reading at 450 nm 
was carried out according to the manufacturer’s instruc-
tions. Background absorbance of each sample at 630 nm 
was subtracted from the readings at 450 nm. The experi-
ment was performed in triplicate and a representative 
experiment is shown.

Cell cycle assay and flowcytometry
For the cell cycle study, NCI-H2452 and NCI-H28 cells 
were synchronized in the S-phase by a repeated thymi-
dine block. In brief, 5 ×  105 cells seeded in RPMI1640 
medium supplemented with 10  % heat inactivated fetal 
bovine serum on 10 cm culture dishes were treated with 
0.56 mM thymidine for 18 h, released for 10 h by three 
washes, and then treated again with 0.56 mM thymidine 
for 15  h. Synchronized cells were then returned to thy-
midine free medium with or without 2 μg/mL YS110 and 
incubated for 24 h. Cell cycle profiles were performed by 
flowcytometry using a procedure for propidium iodide 
staining of nuclei. Acquisition was performed using an 
EPICS XL/XL-MCL version 3.0 (Beckman Coulter, Brea, 
CA, USA) and data were analyzed using Flowjo software 
(TreeStar, Ashland, OR, USA). The experiment was per-
formed in triplicate and a representative experiment is 
shown.

Western blotting
For total cell lysate preparation, NCI-H2452 cells or JMN 
cells cultured with or without 2  μg/mL YS110 for 24  h 

were lysed at 4 °C by lysis buffer with phosphatase inhibi-
tors (50 mM Tris–HCl, 150 mM NaCl, 1 % NP-40, 0.25 % 
deoxycholate, 500 μM NaVO3, 50 mM NaF). For the prep-
aration of nuclear and cytoplasmic extracts, NCI-H2452 
cells were processed using NE-PER Nuclear and Cytoplas-
mic Extraction Reagents (Thermo scientific, Waltham, 
LA) according to the manufacturer’s instruction. For 
Western blot analyses, 30 μg of each cell lysate was sep-
arated on an SDS–polyacrylamide gel and transferred 
to a PVDF membrane Hybond-P (GE Healthcare, Little 
Chalfont, UK). The membranes were blocked in blocking 
buffer [5 % dry milk and 0.2 % Tween 20 in Tris buffered 
saline (TBS)] for 2 h at room temperature, and incubated 
with the primary antibodies in antibody dilution buffer 
(5 % bovine serum albumin, 0.2 % Tween 20 in TBS) over-
night at 4 °C. Dilutions of primary antibodies were 1:200, 
except anti p21cip/waf1 antibody, which was diluted at 
1:100. After three washes, the blots were incubated with 
secondary antibodies (goat anti-rabbit polyclonal anti-
body and rabbit anti-mouse polyclonal antibody) diluted 
1:1000 with dilution buffer for 1  h at room temperature 
and developed using the ECL Western Blotting Detection 
Reagents (GE Healthcare, Little Chalfont, UK). Quan-
tification of relative band densities was performed using 
standard densitometry scanning techniques using Image-
Quant 350 and ImageQuant TL software (GE Healthcare, 
Little Chalfont, UK). All the experiments performed in 
triplicate and a representative experiment is shown.

Xenograft model using human mesothelioma cell lines
NOD/Shi-scid, IL-2 receptor gamma null (NOG) mice 
were obtained from the Central Institute for Experimen-
tal Animals. JMN cells (1  ×  106) were implanted sub-
cutaneously in the back flank of NOG mice. Mice were 
injected intratumorally with control human IgG1 (n = 3) 
or YS110 (n = 3) at doses of 5 mg/kg body weight. JMN 
cells expressing CD26 were inoculated into the thoracic 
cavities of NOG mice. Thereafter, mice were intraperi-
toneally injected with control human IgG1 (n  =  3) or 
YS110 (5  μg per injection; n  =  3), and/or pemetrexed 
(PMX, purchased from Eli Lilly; 100 mg/kg body weight) 
commencing on the day of cancer cell injection. Each 
antibody was administered three times per week. Mice 
were then monitored for the development and progres-
sion of tumors. Tumor weight was measured by scale. All 
experiments were approved by the Animal Care and Use 
Committee of Keio University and were performed in 
accordance with the institute guidelines.

Histology and immunohistochemistry
Tumor tissues were fixed in 10 % neutral buffered forma-
lin, embedded in paraffin, and sectioned at a thickness of 
5 μm. Sections were paraffin depleted and rehydrated in a 
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graded series of ethanol solutions. For histology, sections 
were stained with hematoxylin and eosin. For immuno-
histochemistry, sections were washed with PBS, sub-
jected to antigen retrieval by heating at 100 °C in 0.01 M 
sodium citrate (pH 6.0) for 10  min, then treated with 
3 % H2O2, before incubation with the following primary 
antibodies: goat anti-CD26 pAb (AF1180, R&D Systems, 
Minneapolis, MN) (1:100) and mouse anti-Ki-67 mAb 
(MIB-1, DAKO Japan) (1:100). Immune complexes were 
detected by using an ImmPRESS REAGENT KIT (Vector 
Laboratories, Burlingame, CA) with 3, 3′-diaminobenzi-
dine, and sections were counterstained with hematoxylin

Statistical analyses
Statistical analyses were assessed using SPSS version 17.0 
(SPSS Inc., Chicago, IL). The p value, from which statisti-
cal significance was assumed, was set to p < 0.05.
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Context: The ethnic difference in beta cell regenerative capacity in response to obesity may be
attributable to different phenotypes of type 2 diabetes among ethnicities.

Objective: This study aimed to clarify the effects of diabetes and obesity on beta (BCM) and alpha
cell mass (ACM) in the Japanese population.

Design, Setting and Participants: We obtained the pancreases of 99 individuals who underwent
pancreatic surgery and whose resected pancreas sample contained adequate normal pancreas for
histological analysis. Questionnaires on family history of diabetes and history of obesity were
conducted in 59 patients. Pancreatic sections were stained for insulin or glucagon, and fractional
beta and alpha cell area were measured. Islet size and density as well as beta cell turnover were also
quantified.

Results: In patients with diabetes, BCM was decreased by 46% compared with age- and BMI-
matched non-diabetic patients (1.48 � 1.08% vs. 0.80 � 0.54%, P �0.001), while there was no
difference in ACM between the groups. There was no effect of obesity or history of obesity on BCM
and ACM irrespective of the presence or absence of diabetes. There was a negative correlation
between BCM, but not ACM, and HbA1c before and after pancreatic surgery. In addition, reduced
BCM was observed in patients with pancreatic cancer compared with those with other pancreatic
tumors.

Conclusions: These findings suggest that the increase in BCM in the face of insulin resistance is
extremely limited in Japanese, and BCM rather than ACM has a major role in regulating blood
glucose level in humans.

Both type 1 (T1DM) and type 2 diabetes (T2DM) are
characterized by a deficit of beta cell mass (BCM) (1).

Preservation or recovery of BCM is therefore an important
therapeutic strategy for both T1DM and T2DM. On the
other hand, the paradoxical increase in glucagon secretion
in subjects with diabetes suggests an increase in alpha cell
mass (ACM), which was shown in rodent studies to occur
through the mechanism of dedifferentiation of beta cells to

alpha cells (2). However, since it is not yet possible to
measure BCM as well as ACM in vivo in humans, the
physiological and pathological changes in BCM and ACM
in the face of obesity and diabetes in humans remain to be
established.

As plasma insulin level is increased approximately 2 to
3-fold with obesity to compensate insulin resistance (3), it
is widely believed that BCM increases with obesity. In
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adult humans, we and others have shown that BCM in-
creases by approximately 20 to 50% in obese nondiabetic
individuals in the Caucasian population (4, 5). However,
a meta-analysis of the insulin secretion-sensitivity rela-
tionship among different ethnic groups has shown higher
insulin sensitivity and lower insulin secretion in Asians
compared with Caucasians and African Americans (6),
suggesting ethnic differences in insulin secretory ability.

We have recently reported that no significant increase
in BCM was observed in obese nondiabetic adults and
those treated with corticosteroids in the Japanese popu-
lation (7, 8). These findings suggest that beta cell regen-
erative capacity, as well as beta cell functional capacity,
may differ between Japanese and Caucasians. These stud-
ies were however based on autopsy pancreas where it was
not possible to completely exclude the effects of confound-
ing factors, such as underlying diseases leading to death,
nutritional change and intensive medical treatment prior
to death, and postmortem changes on pancreas
morphology.

Therefore, in this study, to overcome these limitations
and complement autopsy studies, we sought to address the
following questions by using surgically resected pancreas
samples in the Japanese population where we were able to
obtain detailed medical information and history of obe-
sity: 1) Is there any interaction between the effects of di-
abetes and obesity on BCM and ACM? 2) Is there any
correlation between history of obesity and BCM and
ACM? 3) Is there any correlation between BCM or ACM,
and pre- and postoperative glycemic control?

Materials and Methods

Patients
The study was approved by the Ethics Committee of Keio

University School of Medicine. A total of 99 Japanese individuals
(61 men and 38 women) who underwent pancreatic surgery and
whose resected pancreas sample contained adequate normal
pancreas for histological analysis were included in the study (Ta-
ble 1 and Supplemental Figure 1). Written informed consent was
obtained from each patient, while it was waived for patients who
had discontinued hospital visits at the time of study enrollment
(N � 40).

Of these, 41 patients had been diagnosed with type 2 diabetes
before the diagnosis of pancreatic tumors, and eight patients
were diagnosed with pancreatic cancer (PC) and diabetes at the
same time. There was no case of type 1 diabetes or case in which
glutamic acid decarboxylase (GAD) antibody was positive.

Measurements and questionnaire
Information on each patient including HbA1c, glycated al-

bumin (GA), plasma glucose and serum C-peptide immunore-
activity (CPR) levels were obtained from the medical records.
HbA1c was measured by HPLC and expressed as NGSP and
IFCC values. GA and CPR were measured by an enzymatic
method and chemiluminescent enzyme immunoassay (EIA), re-
spectively. Beta cell function was assessed by serum CPR to
plasma glucose ratio (CPR index) calculated as CPR (nmol/l)/
plasma glucose (mmol/l), as previously reported (9).

In addition, a questionnaire on family history of diabetes and
history of obesity was conducted in 59 patients. The question-
naire consisted of the following categories: 1) history of obesity
in childhood and adolescence, 2) body weight at age 20 years and
every decade thereafter, 3) maximum body weight in life, and 4)

Table 1. Characteristics of subjects.

Patients without diabetes (NDM) Patients with diabetes (DM)

TotalTotal Lean Obese Total Lean Obese
N (male/female) 50 (26/24) 40 (17/23) 10 (9/1) 49 (35/14) 40 (28/12) 9 (7/2) 99 (61/38)
Age (years) 64 � 14 64 � 14 63 � 13 67 � 9 67 � 8 67 � 13 65 � 12
BMI (kg/m2) 22.5 � 2.7 21.5 � 1.9 26.4 � 1.2* 21.9 � 3.5 20.7 � 2.4 27.6 � 1.6* 22.2 � 3.1
HbA1c (%)1) 5.6 � 0.5 5.7 � 0.5 5.6 � 0.6 7.8 � 1.6# 7.8 � 1.8# 7.5 � 0.9# 6.7 � 1.6
HbA1c (mmol/mol)1) 38 � 6 38 � 6 37 � 6 61 � 18# 62 � 19# 58 � 10# 50 � 18
GA (%)2) 14.8 � 1.8 14.8 � 1.8 N/A 21.2 � 4.4# 21.6 � 4.9# 20.1 � 2.7# 20.1 � 4.7
PG (mmol/liter)3) 6.24 � 1.20 6.21 � 1.21 6.37 � 1.23 8.33 � 2.52# 8.44 � 2.71# 7.83 � 1.41# 7.27 � 2.22
CPR (nmol/liter)3)4) 0.57 (0.37–0.96) 0.56 (0.36–0.69) 1.036) 0.51 (0.34–0.71) 0.54 (0.31–0.71) 0.50 (0.39–0.80) 0.56 (0.36–0.73)
CPR index ([nmol/liter]/[mmol/liter])4) 0.101 (0.060–0.155) 0.085 (0.058–0.115) 0.1746) 0.063 (0.045–0.086) 0.056 (0.044–0.085) 0.066 (0.055–0.102) 0.065 (0.047–0.103)
Duration of DM (years) - - - 8 � 9 7 � 9 9 � 6 -
Medication for diabetes, n (%)
Diet only - - - 14 (28) 13 (33) 1 (11) -
OHA - - - 20 (41) 13 (33) 7 (78) -
Insulin � OHA - - - 15 (31) 14 (35) 1 (11) -
Clinical diagnosis, n (%)
Neuroendocrine tumor 13 (26) 10 (25) 3 (30) 7 (14) 7 (18) 0 (0) 20 (20)
Pancreatic cancer 28 (56) 24 (60) 4 (40) 34 (70) 28 (70) 6 (67) 62 (63)
IPMN 9 (18) 6 (15) 3 (30) 7 (14) 5 (12) 2 (22) 16 (17)
Others5) 0 (0) 0 (0) 0 (0) 1 (2) 0 (0) 1 (11) 1 (1)
Operative procedure, n (%)
Distal pancreatectomy 40 (80) 31 (78) 9 (90) 33 (68) 29 (73) 4 (44) 73 (74)
Pancreatoduodenectomy 6 (12) 6 (15) 0 (0) 12 (24) 7 (17) 5 (56) 18 (18)
Total pancreatectomy 4 (8) 3 (7) 1 (10) 4 (8) 4 (10) 0 (0) 8 (8)

Data with normal distribution are expressed as mean � SD, and non-normally distributed data are expressed as median (interquartile range). * P �
0.05 vs. Lean. # P � 0.05 vs. NDM. 1) HbA1c was obtained in 93 subjects. 2) GA was obtained in 35 subjects. 3) Timing of blood sampling (i.e.
fasting or postprandial) was not determined. 4) CPR and CPR index were obtained in 56 subjects. 5) Disseminated sarcoma originating from small
intestine. 6) n � 2. CPR index was calculated as CPR (nmol/liter)/PG (mmol/liter). N/A; not available. OHA; oral hypoglycemic agent. IPMN;
intraductal papillary mucinous neoplasm.
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first-degree family history of diabetes. Duration of obesity was
calculated from the responses to the questionnaire.

The cases were classified into four groups according to the
presence or absence of diabetes and obesity. Obesity was defined
as BMI � 25 kg/m2 (10).

Pancreatic tissue processing
The surgically resected pancreas was immediately fixed in

formaldehyde and embedded in paraffin for subsequent analysis.
In eight cases that underwent total pancreatectomy, pancreas
samples were obtained from the head in three cases and the body
or tail in five cases. 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 beta cell replication, and 5) for insulin
and single-stranded DNA (ssDNA) or cleaved poly(ADP-ribose)
polymerase-1 (PARP) for assessment of beta cell apoptosis, as
previously described (7, 8).

Morphometric analysis
To quantify fractional beta cell area (BCA), the entire pan-

creatic section was imaged at the original magnification x200
(x20 objective) using a Mirax Scan and Mirax Viewer (Carl Zeiss
MicroImaging GmbH, Goettingen, Germany). The ratio of BCA
to total pancreas area was digitally measured using Image Pro
Plus software (Media Cybernetics, Silver Springs, MD), as pre-
viously reported (7, 8). Likewise, the ratio of alpha cell area to
total pancreas area (ACA) was also digitally measured, and the
ratio of ACA to BCA was determined in each case. All measure-
ments were conducted by a single investigator (J.I.), and the
intraobserver coefficient of variance was 7%. All measurements
were conducted twice, and the mean of the two measurements
was used. At the time of measurement, the investigator was
blinded to both the glycemic and obesity status for each
specimen.

To conduct further morphometric analysis, size and density
of islets, density of scattered beta cells and insulin-positive duct
cells were quantified in randomly selected areas of the pancreas
that contained approximately 100 islets in each case (106 � 6
islets, total 10 491 islets) using a Mirax Viewer (7, 8). Scattered
beta cells were defined as a cluster of three or fewer beta cells in
acinar tissue. In addition, beta cell replication and apoptosis
were quantified and expressed as percentage of islets.

Statistical analysis
Data are presented as mean � SD or, if non-normally dis-

tributed, median (interquartile range) in the text and tables.
Mann-Whitney U test was used to assess difference between two
groups, and Spearman correlation coefficient was used to assess
the correlation between two parameters. ANCOVA and multi-
variate regression were used to adjust for covariates. Statistical
analyses were performed using SPSS 22 software (IBM, Armonk,
NY). A P value of � 0.05 was considered statistically significant.

Results

Change in islet morphology in patients with
diabetes

Representative photomicrographs of the pancreas of
patients with and without diabetes are shown in Figure 1.

In patients with diabetes (DM group), BCA was decreased
by 46% compared with age- and BMI-matched nondia-
betic patients (NDM group) (1.48 � 1.08% vs. 0.80 �
0.54%, P � .001, Supplemental Figure 2). There was no
difference in ACA between the two groups (0.49 � 0.44%
vs. 0.35 � 0.31%, P � .09). ACA to BCA ratio in the DM
group was thus increased compared with that in the NDM
group (0.35 � 0.18 vs. 0.46 � 0.30, P � .045).

Mean islet size (5297 � 2115 vs. 4486 � 1990 �m2,
P � .03) and islet density (4.52 � 3.05 vs. 3.09 � 2.04
/mm2, P � .003) were both decreased in the DM group
compared with the NDM group. On the other hand, there
was no difference in the density of scattered beta cells,
density of insulin-positive duct cells and beta cell replica-
tion between the two groups. Beta cell apoptosis (ie, ss-
DNA and/or cleaved PARP-positive beta cells) was not
found in either group (Supplemental Figure 2).

Reduced BCA in the DM group was also observed when
patients diagnosed with PC and diabetes at the same time
(N � 8) were excluded from the analysis (0.81 � 0.55%,
P � .001 vs. NDM). Furthermore, a similar reduction in

Figure 1. Representative photomicrographs of pancreas
immunostained for insulin (brown) (A, C, E, G) or glucagon (brown) (B,
D, F, H) and with hematoxylin (x20 objective). Examples of lean (65-
year-old woman, BMI 21.5, HbA1c 5.7% (38 mmol/mol)) (A and B)
and obese (63-year-old man, BMI 26.0, HbA1c 5.6% (37 mmol/mol))
(C and D) subjects without diabetes, and lean (63-year-old woman,
BMI 19.6, HbA1c 8.2% (66 mmol/mol)) (E and F) and obese (70-year-
old man, BMI 29.0, HbA1c 7.7% (60 mmol/mol)) (G and H) subjects
with diabetes. Scale bar, 200 �m.
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BCA was observed in patients with diabetes duration � 3
years and those with diabetes duration � 3 years (P � .65,
Supplemental Figure 3A). There was no difference in BCA
among patients treated with different medications (Sup-
plemental Figure 3D).

There was no difference in either BCA or ACA accord-
ing to the pancreas regions from where the samples had
been obtained (ie, pancreas head vs. body or tail, Supple-
mental Figure 4D-I). However, BCA of subjects with PC
was significantly lower than that of those with other tu-
mors, irrespective of the presence or absence of diabetes
(Supplemental Figure 4A).

Effects of obesity on islet morphology
Patients with or without diabetes were further classified

according to presence or absence of obesity (Table 1). In
the NDM group, there was no difference in BCA (1.42 �
1.09% vs. 1.71 � 1.07%, P � .21), ACA (0.48 � 0.46%
vs. 0.55 � 0.37%, P � .33) and ACA to BCA ratio (0.33 �
0.16 vs. 0.41 � 0.26, P � .56) between lean and obese
subjects (Figure 2). Similarly, no differences in BCA, ACA
and ACA to BCA ratio between lean and obese subjects
were observed in the DM group. Accordingly, BCA was
similarly decreased with diabetes in the lean and obese
groups (P � .001 and P � .04, respectively). There were
no correlations between BMI and BCA, ACA or ACA/

BCA ratio in either the NDM or DM group (Figure 2D-I).
No increase in BCA in obese subjects was also confirmed
by the ANCOVA model including age, sex, diabetes and
PC (adjusted mean (95% confidence interval (CI)) 1.20%
(1.01–1.40) vs. 1.20% (0.77–1.62) in lean vs. obese,
respectively).

In the DM group, but not the NDM group, mean islet
size in obese subjects was increased compared with that in
lean subjects (6220 � 2219 vs. 4096 � 1736 �m2, P � .01,
Supplemental Figure 5A), and was positively correlated
with BMI (R � 0.43, P � .002, Supplemental Figure 5H).
In both the NDM and DM groups, there was no difference
in islet density and beta cell turnover between the lean and
obese groups (Supplemental Figure 5B-F).

Effect of history of obesity and family history of
diabetes on islet morphology

To examine the effect of history of obesity on islet mor-
phology, cases that answered the questionnaire on history
of obesity (N � 59) were divided into three groups ac-
cording to the duration of obesity (lean (ie, no history of
obesity), �10 years and � 10 years, Supplemental Table
1). Among the three groups, no difference in BCA and
ACA was found in either the NDM or DM group (Figure
3). Neither BCA nor ACA was correlated with maximum
BMI in life (Figure 3E-H). In the DM group, there was a

A
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D

F

G

H

I

Figure 2. A, B and C: Effects of obesity on beta cell area (BCA), alpha cell area (ACA) and ACA to BCA ratio in cases with and without diabetes.
Gray and white circles show cases with and without diabetes, respectively. Bars indicate mean. * P � .05 vs. lean cases without diabetes. # P �
.05 vs. obese cases without diabetes. D-I: Correlations between BMI and BCA, ACA or ACA to BCA ratio in cases with and without diabetes.
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positive correlation between mean islet size and maximum
BMI (R � 0.48, P � .003).

Among the 59 patients, three subjects in the NDM
group (12%) and 11 subjects in the DM group (33%) had
a first-degree family history of diabetes. Although there
was no significant difference in BCA and ACA between
patients with and without a family history of diabetes, in
the DM group islet density was significantly decreased and
mean islet size was increased with borderline significance
in patients with a family history compared with those
without (Figure 4).

Association between beta cell mass and pre- and
postsurgery glycemic markers

BCA was negatively correlated with HbA1c and GA
before surgery (R � –0.42, P � .001 and R � –0.49, P �

.003, respectively, Figure 5A and B), while ACA was not
(R � –0.15, P � .15 and R � 0.20, P � .25, respectively).
The relationship between BCA and HbA1c remained sig-
nificant after adjustment for age, sex, BMI and presence of
PC (� � –0.21, P � .04). BCA was correlated with CPR
index before surgery (R � 0.37, P � .005, Supplemental
Figure 6C).

A negative correlation between BCA and HbA1c or GA
was also observed at 3 and 6 months after surgery (Figure
5C-D and Supplemental Figure 6A-B). In contrast, ACA
was not correlated with postoperative HbA1c or GA at
any time point (data not shown). The same results were
observed when only cases with distal pancreatectomy
were included in the analysis (data not shown).

Discussion

In this study, we report that 1) BCA in individuals with
diabetes was decreased by �45% compared with that in
those without diabetes, while there was no difference in
ACA, 2) there was little effect of obesity or history of
obesity on BCA and ACA irrespective of the presence or
absence of diabetes, and 3) BCA, but not ACA, was sig-
nificantly correlated with preoperative and postoperative
glycemic control. The findings of this study extend the
current knowledge on the pathophysiological changes in
BCM and ACM in humans, as discussed below.

First, the reduction in BCA by �45% in Japanese pa-
tients with T2DM was consistent with our prior report
using autopsy pancreas (8). Although it is often difficult to
distinguish T2DM and PC-associated diabetes in patients
with PC, we confirmed the same results in patients with
diabetes duration � 3 years, in whom T2DM was likely to
have preceded the development of pancreatic tumors (11).
A recent study suggested that beta cell loss in patients with

T2DM is overestimated due to the presence of degranu-
lated beta cells (12); however, the comparable reduction in
islet size and density in this study supports the idea that the
number of beta cells is indeed reduced in those with
T2DM, as reported by prior observations (5, 8, 13–15).

Reduced insulin secretion and a paradoxical increase in
glucagon secretion is a hallmark of T2DM (16); however,
the change in ACM in patients with diabetes is controver-
sial. ACM has been reported to increase in patients with
T2DM (14), but this was not found in other studies (8, 17,
18). A recent rodent study has suggested beta cell to alpha
cell transdifferentiationasamechanismof increasedACM
in diabetes (2). In the present study, we observed no sig-
nificant increase in ACA in patients with T2DM, although
the relative proportion of ACA to BCA was significantly
increased compared with that in nondiabetic patients.
Thus, the present study indicates that the relative increase
in ACM compared to BCM in patients with T2DM is
mainly driven by reduced BCM, but not an increase in
ACM. The reduced islet size and density observed in pa-
tients with diabetes also reflect reduced total endocrine
cells in patients with diabetes.

The second objective of this study was to clarify the
effects of obesity on BCM and ACM in patients with and
without diabetes. We have previously reported no increase
in BCM in Japanese obese nondiabetic individuals com-
pared with lean controls by using autopsy samples (7). In
contrast, in the Caucasian population, autopsy studies
have shown that BCM is increased by �20 to 50% in
obese nondiabetic individuals (4, 5). A recent study in the
Caucasian population using surgically resected pancreas
has also shown a significant increase in BCA in nondia-
betic individuals with insulin resistance (19). These incon-
sistent findings suggest the possibility that the adaptive
change in BCM in response to obesity differs among
ethnicities.

In this study, using surgically resected pancreas, we
confirmed no increase in BCA in Japanese obese individ-
uals with or without diabetes, in line with recent Japanese
studies (20, 21). Since it has been reported that beta cell
replication rapidly decreases postmortem (22, 23), beta
cell turnover might be underestimated in autopsy pan-
creas. Here, we found that beta cell replication and sur-
rogate markers of beta cell neogenesis in the surgically
resected pancreas were also not changed in obese individ-
uals. Furthermore,wehere showed that therewasnoeffect
of either duration of obesity or maximum BMI in life on
BCA in these subjects. Similarly to BCA, ACA was also not
changed in obese individuals irrespective of the presence
or absence of diabetes. Although studies have shown that
beta cell function adjusted for insulin sensitivity is com-
parable between Japanese and Caucasians (24, 25), con-
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sidering the similar incidence of T2DM despite less degree
of obesity in Japanese compared with Caucasians (26), our
results suggest that the ethnic difference in BCM could be
attributable to lower maximum insulin secretory ability in
Asians compared with Caucasians. Further studies are
needed to determine genetic and environmental factors
regulating BCM in humans and clarify the underlying
mechanisms of the ethnic difference in beta cell change in
response to obesity.

While mean islet size was reduced in patients with
T2DM compared with nondiabetic subjects, there was a
positive correlation between mean islet size and BMI in
patients with T2DM. Considering the lack of significant
change in BCA or ACA with obesity, the increase in islet
size possibly resulted from an increase in other endocrine
cells, amyloid deposits or other components. It has been

reported that islet amyloid deposi-
tion is positively correlated with
BMI in patients with T2DM (27). It
would be of interest to clarify the un-
derlying mechanism of islet remod-
eling with obesity in patients with
T2DM, which may cause further
beta cell loss in these patients.

It is also of note that we assessed
the effect of a first-degree family his-
tory of diabetes on BCM. As a result,
in patients with diabetes, reduced is-
let density with greater islet size was
observed in patients with a family
history of diabetes. We have previ-
ously reported that islet number
rather than islet size is a major de-
terminant of BCM, and islet density
was negatively correlated with
plasma glucose level in nondiabetic
humans (28). Reduced islet density
with greater islet size has also been
reported in nondiabetic subjects
with the TCF7L2 polymorphism
who are susceptible to T2DM (29).
Together with these prior studies,
the present study suggests that a ge-
netic factor is associated with T2DM
susceptibility through reduced islet
number.

Finally, we investigated the clini-
cal significance of BCM, ie, the rela-
tionship between BCA and plasma
glucose level, and found a negative
correlation between BCA and
HbA1c, consistent with our and
prior reports (8, 14, 30, 31). We also

confirmed the association between BCA and plasma glu-
cose level using another glycemic index, GA. Intriguingly,
the relationships between BCA and glycemic markers re-
mained significant even 6 months after surgery in patients
with pancreatoduodenectomy or distal pancreatectomy
where a half of the pancreas had been resected, indicating
that BCA predicts glycemic control before and after sur-
gery. The present study and others have also observed a
significant correlation between BCA and endogenous in-
sulin secretion assessed by CPR or CPR index (21, 31),
which have been shown to predict future glycemic control
(32). These findings underpin the importance of BCM
rather than ACM in regulation of glucose metabolism in
humans.

Another unexpected and novel finding of this study was

A B

C D

E F

G H

Figure 3. A-D: Effects of history of obesity on beta cell area (BCA) and alpha cell area (ACA).
Cases that answered the questionnaire (N � 59) were divided into three groups according to the
duration of obesity (lean (ie, no history of obesity), �10 years and � 10 years). Bars indicate
mean. E-H: Correlations between maximum BMI in life and BCA or ACA in cases with and
without diabetes. Gray and white circles show cases with and without diabetes, respectively.
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the reduced BCA in patients with PC compared with those
with other pancreatic tumors. It is known that PC is as-
sociated with new-onset or worsening of diabetes (33).
However, the mechanisms by which PC causes deteriora-
tion of glucose metabolism remain largely unknown. It has
been reported that beta cell function is impaired in patients
with PC (34). One study reported reduced BCA in patients
with PC and diabetes (35), while others did not (21, 31).
These inconsistent results might have been due to the small
sample size in these studies. In this study, reduced BCA in
patients with PC was observed irrespective of the presence
or absence of diabetes, suggesting that the reduction in
BCM is independent of the effect of diabetes. The reduced
BCA in the tumor-free region supports the concept that PC
may affect endocrine cells indirectly through humoral fac-
tors such as adrenomedullin (36). Further study will be
needed to clarify the underlying mechanisms by which PC
induces glucose intolerance through a reduction in endo-
crine cells.

The strengths of the present study
include 1) the relatively large sample
size with well-matched controls, 2)
detailed medical information before
and after surgery and 3) detailed in-
formation on history of obesity and
family history of diabetes obtained
by questionnaire. The major limita-
tion of this study was that the cases
had pancreatic diseases which might
have affected pancreatic morphol-
ogy. However, we confirmed the
same results in cases with and with-
out PC, and the findings of this study
were consistent with our prior report
using autopsy pancreas in which
cases with pancreatic disease were
excluded (7, 8, 28). Second, the pan-
creas samples were obtained from
different portions of the pancreas ac-
cording to the operative procedures.
However, it has been reported that
the proportion of endocrine cells is
constant throughout the pancreas
with the exception of the ventral por-
tion of the pancreatic head (37), and
we confirmed that there was no dif-
ference in either BCA or ACA be-
tween samples from the head and
those from the body or tail. Another
limitation of the study was that we
evaluated BCA as a surrogate for
BCM. Thus, the different pancreas
mass in each case might have affected

our findings, although it was difficult to determine pan-
creas mass because of the presence of pancreatic tumors.
Nonetheless, estimates of BCM based on reference data
(38) did not change our conclusion (data not shown), and
an increase in BCA in obese subjects has been observed in
both autopsy and surgically resected pancreas in the Cau-
casian population (4, 19), supporting our conclusion that
the change in BCA in response to obesity is limited in
Japanese. Finally, although we evaluated the history of
obesity, none of the cases had a history of childhood obe-
sity. Since postnatal beta cell replication is more frequently
observed in the first 5 years of life (39, 40), we were not
able to exclude the possibility that childhood obesity may
promote BCM expansion in the Japanese population.

In conclusion, there was no increase in BCM in Japa-
nese obese individuals who underwent pancreatic surgery,
and BCM was not related to BMI, history of obesity or
maximum BMI. These findings suggest that the increase in

A B

C D

E F

G H

Figure 4. Effects of first-degree family history of diabetes (FH) on beta cell area (BCA) (A and B),
alpha cell area (ACA) (C and D) and islet morphology (E-H). Gray and white circles show cases
with and without diabetes, respectively. Bars indicate mean.
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BCM in the face of insulin resistance is extremely limited
in Japanese. BCM was reduced by �45% in patients with
T2DM, and BCM, but not ACM, was associated with
preoperative and postoperative glycemic control. These
findings support the concept that BCM rather than ACM
has a major role in regulating blood glucose level in
humans.
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Anisakiasis mimics cancer recurrence: two
cases of extragastrointestinal anisakiasis
suspected to be recurrence of
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Abstract

Background: We report two cases of anisakiasis lesions that were initially suspected to be recurrence of
gynecological cancer by positron emission tomography-computed tomography (PET-CT). Both cases were
extragastrointestinal anisakiasis that is very rare.

Case presentation: The first case was a patient with endometrial cancer. At 19 months after surgery, a new low
density area of 2 cm in diameter in liver segment 4 was found on follow-up CT. In PET-CT, the lesion had abnormal
18fluoro-deoxyglucose (FDG) uptake with elevation in the delayed phase, with no other site showing FDG uptake.
Partial liver resection was performed. A pathological examination revealed no evidence of malignancy, but showed
necrotic granuloma with severe eosinophil infiltration and an irregular material with a lumen structure in the center.
Parasitosis was suspected and consultation with the National Institute of Infectious Diseases (NIID) showed the
larvae to be Anisakis simplex sensu stricto by genetic examination.
The second case was a patient with low-grade endometrial stromal sarcoma (LG-ESS). At 8 months after surgery,
swelling of the mediastinal lymph nodes was detected on CT and peripheral T-cell lymphoma was diagnosed by
biopsy. A new peritoneal lesion with abnormal FDG uptake was detected on pre-treatment PET-CT and this lesion
was increased in size on post-treatment PET-CT. Tumorectomy was performed based on suspected dissemination of
LG-ESS recurrence. The findings in a pathological examination were similar to the first case and we again consulted
the NIID. The larvae was identified as Anisakis pegreffi, which is a rare pathogen in humans.
Having experienced these rare cases, we investigated the mechanisms of FDG uptake in parasitosis lesions by
immunohistochemical staining using antibodies to glucose transporter type 1 (GLUT-1) and hexokinase type 2 (HK-2).
While infiltrated eosinophils were negative, macrophages demonstrated positive for both antibodies. Therefore,
mechanisms behind FDG uptake may involve macrophages, which is common among various granulomas. This is the
first report to investigate parasitosis in such a way.

Conclusion: These cases suggest that anisakiasis is a potential differential diagnosis for a lesion with FDG uptake in
PET-CT, and that it is difficult to distinguish this disease from a recurrent tumor using PET-CT alone.
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transporter type 1, Hexokinase type 2
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Background
Positron emission tomography (PET)-computed tomog-
raphy (CT) is increasingly commonly used for various
cancers, especially for detection of a metastasis or recurrent
lesion. For gynecological cancers, PET-CT is used for
examination of possible malignancy of lesions detected by
CT or MRI in postoperative follow-up [1]. A lesion with
abnormal uptake indicates possible recurrence, and PET-
CT is believed to have better accuracy for determining
malignancy compared to CT or MRI [2–4]. Surgery is
rarely performed for postoperative recurrence, but an exact
diagnosis is difficult without a pathological examination.
Thus, a lesion that mimics tumor recurrence can lead to
unnecessary surgery, chemotherapy, and radiotherapy.
Anisakiasis is relatively common in East Asia due to con-

sumption of raw fish. Anisakiasis often presents with acute
abdominal symptoms caused by an allergic reaction in the
gastric mucosa. Anisakisis usually infect gastric or intestinal
walls, and the feature of the images including PET-CT have
been reported [5, 6]. Extragastrointestinal anisakiasis is less
common, but such cases have been reported [7–9]. After
penetrating the bowel wall, Anisakis produce a granuloma
as their bodies collapse with time. Incidental detection of
this lesion is difficult to distinguish from recurrence in pa-
tients with a history of malignancy. This may result in un-
necessary resection, and in some cases the collapsing worm
body may make the final diagnosis difficult, even after
resection.
We experienced two cases of extragastrointestinal anisa-

kiasis in which a recurrent gynecological tumor was initially
suspected on imaging. PET-CT showed that the lesions had
abnormal uptake in both cases. Even PET-CT could not
distinguish between anisakiasis and a tumor metastasis, and
diagnosis in the second case was further complicated by
collapse of the worm body. A polymerase chain reaction
(PCR) using a specific primer for an Anisakis-specific re-
gion confirmed anisakiasis in both cases.
Besides, we investigated the mechanism of FDG up-

take to granuloma of parasitosis. These cases are rare
but reported already, however, the mechanisms are still
unknown. We investigated it by immunostaining using
anti-bodies to glucose transporter type 1 (GLUT-1) and
hexokinase type 2 (HK-2), which are recognized as the
key factors of FDG uptake in PET.
We describe these two cases with a literature review

and molecular biological investigation. We suggest
that anisakiasis should be a differential diagnosis for a
solitary lesion detected on PET-CT, and we show the
utility of PCR for diagnosis of anisakiasis.

Case presentation
Case 1
The patient was a 44-year-old woman who had been
diagnosed with endometrial cancer. She underwent semi-

radical hysterectomy, bilateral salpingo-oophorectomy, pel-
vic and paraaortic lymph node dissection, and partial
omentectomy. A pathological examination revealed that
the tumor was grade 2 endometrioid adenocarcinoma with
more than 50 % myometrial invasion, and clinical stage Ic
(FIGO 1988). Given the intermediate risk of recurrence
based on the pathological result, she received adjuvant
chemotherapy of 6 cycles of a cyclophosphamide-
adriamycin-cisplatin (CAP) regimen.
Follow-up CT performed 19 months after surgery de-

tected a new low density area of 15 mm in diameter in
segment 4 of the liver (Fig. 1). Serum tumor markers in-
cluding CA125 and CA19-9 were not elevated, and were
similar to the levels before initial therapy. Data from blood
tests are shown in Table 1. MRI showed a liver tumor with
a high intensity signal in diffusion-weighted imaging
(DWI). In a dynamic study using gadolinium ethoxybenzyl
diethylenetriaminepentaacetic acid (Gd-EOB-DTPA),
early staining in the arterial phase was unclear and the le-
sion gave a low intensity signal in the hepatobiliary phase
(Fig. 2). These findings were compatible with a metastatic
tumor.
PET-CT was performed to confirm the presence of a ma-

lignant liver tumor and to search for other metastases. The
liver lesion had no specific 18fluoro-deoxyglucose (FDG)
uptake compared with normal liver tissue in the early
phase, and this was elevated in the delayed phase (standard-
ized uptake value (SUV) max: 2.52 in the early phase, 3.61
in the delayed phase) (Fig. 3). No other metastasis was de-
tected. Recurrence of endometrial cancer was suspected
and partial resection of the liver was planned for the soli-
tary metastasis.
The resected liver sample included a white nodule of

17 mm in diameter with a regular border macroscop-
ically (Fig. 4). Microscopic examination showed clear
eosinophil infiltration and granuloma with an

Fig. 1 Axial slice on enhanced CT in the equilibrium phase. A low
density area was detected in segment 4 of the liver (arrow)
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Table 1 Data from blood test of case 1. Eosinophilia was not shown and no tumor marker was elevated

TB 0.8 mg/dl (0.4–1.2) WBC 6000 /μl (3600–8900) AFP 1 ng/ml (<20)

AST 17 U/L (5–37) Neutro 55.2 % (37–72) PIVKA-II 12 mAU/ml (<40)

ALT 15 U/L (6–43) Lymph 37.6 % (25–48) CA19-9 <1 U/ml (<35)

ALP 245 U/L (110–348) Mono 3.7 % (2–12) CA125 16 U/ml (<37)

γGTP 13 U/L (0–75) Eosino 3.7 % (1–9)

BUN 11.6 mg/dl (9–21) Baso 2.2 % (0–2)

Cr 0.62 mg/dl (0.5–0.8) Hb 13.9 g/dl (11.2–15.2)

HCT 42 % (35.6–45.4)

Plt 2.43 106/μl (1.53 - 3.46)

TB total bilirubin, AST aspartate aminotransferase, ALT alanine aminotransferase, ALP alkaline phosphatase, gGTP γ glutamyl transpeptidase, BUN blood urea
nitrogen, Cr creatinine, WBC white blood cell, Neutro neutrophil, Lymph lymphocyte, Mono monocyte, Eosino eosinophil, Baso basophil, Hb hemogrobin, HCT
haematocrit, Plt platelet, AFP alpha‐fetoprotein, PIVKA-II protein induced by vitamin K absence or antagonist-II

Fig. 2 Axial slices of liver acquisition with volume acceleration flex on dynamic MRI in pre-contrast phase (a), arterial phase (b) and the hepatobiliary
phase (c). Coronal slice on enhanced MRI in the hepatobiliary phase (d). The lesion (arrows) gave a low intensity signal in all phases and a high intensity
signal in DWI (e)
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exogenous material in the center. There were no find-
ings consistent with malignancy. The exogenous ma-
terial had a lumen structure which was suspected to
be due to larva migrans. The slide was sent to the
National Institute of Infectious Diseases (NIID) to
identify the larvae. A detailed microscopic examin-
ation revealed that the larvae had Y-shape lateral cords
and renette cells, which are specific to Anisakis
(Fig. 5).
A PCR method using a specific primer pair was

performed for identification of the Anisakis species.
The methods of DNA amplification and sequencing
are described under a separate heading. This search
revealed that the larvae were Anisakis simplex sensu
stricto (Fig. 6).
These findings showed that the liver lesion was not

due to recurrence of endometrial cancer. The patient
has had no recurrence for 4 years.

Case 2
The patient was a 33-year-old woman who had been diag-
nosed with low-grade endometrial stromal sarcoma (LG-
ESS). She underwent extended total hysterectomy and
bilateral salpingo-oophorectomy. Pathological examin-
ation revealed clinical stage IB (FIGO 2008). High-dose
medroxyprogesterone acetate (400 mg/day) was adminis-
tered as adjuvant therapy.
Follow-up CT 8 months after surgery indicated swelling

of mediastinal lymph nodes. Biopsy of these nodes per-
formed by a respiratory surgeon revealed peripheral T-cell
lymphoma (PTCL), rather than recurrence of LG-ESS. She
was referred to the department of hematology. PET-CT
performed for pretreatment staging showed abnormal FDG
uptake in a nodule of 10 mm in diameter in the peritoneum
just below the lower median abdominal wall, in addition to
uptakes in mediastinal lymph nodes. The nodule was lo-
cated clearly extragastrointestinally. The patient was treated
with 3 cycles of a cyclophosphamide-adriamycin-vincristin-
prednisolone (CHOP) regimen. Post-treatment PET-CT
showed that the nodule in the peritoneum increased in size
to 16 mm with abnormal FDG uptake (SUVmax: 4.02 in
the early phase, 4.21 in the delayed phase) (Fig. 7), despite a
marked effect of the therapy on other lesions. Data from
blood tests before chemotherapy are shown in Table 2.
The PET-CT findings for the nodule were not compatible

with PTCL; therefore, exploratory laparotomy was per-
formed to examine possible dissemination of LG-ESS. The
nodule was on the omentum and partial omentectomy was
performed (Fig. 8). No other macroscopic lesion in the ab-
domen was found. Pathological examination revealed that
the nodule had an abscess with clear eosinophil infiltration.
An exogenous material that appeared to be a larva was
found in the center of the abscess. The larva body had col-
lapsed, but the specific Y-shape lateral cord was
recognizable (Fig. 9). Based on the experience of the first
case, we sent the slide to the NIID. The PCR method re-
vealed that the worm was Anisakis pegreffi (Fig. 6), which is

Fig. 3 Axial slice on PET-CT showing the liver lesion in the early (a) and delayed phase (b). FDG uptake was undetectable among physiological
uptake of the liver in the early phase; however, uptake elevated (SUVmax: 2.52 to 3.61) and was detectable in the delayed phase

Fig. 4 Macroscopic findings in the resected liver, showing a white
node with a regular border of about 2 cm in diameter
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rare as an infectious pathogen in human. These findings
showed that the patient did not have recurrent LG-ESS.
The patient has had no recurrence of LG-ESS for 2 years
and that of PTCL for a year.

Imaging parameters of CT, MRI, and PET-CT
CT: The device is an Acquilion ONE (Toshiba Medical
Systems, Otawara, Japan) by using a tube voltage of 120
kVp and tube current varied between 96 mA and
160 mA. Slice thickness is 5 mm for abdominal scan-
ning as a post-operative follow up in a cancer patient.
MRI: The device is a Discovery MR750 3.0 T (GEHealth-

care, Waukesha, Wisconsin, USA) using 32-channel torso
coil as a receiver. Liver acquisition with volume acceleration
flex (LAVA-Flex) is practiced with EOB dynamic MRI in
our institute. The acquisition sequence is LAVA Flex with
parameters as follows: Time of repectition (TR)/time of

echo (TE) = 3.9/1.7 msec, flip angle = 12 o, slice thickness/
gap = 3.6/1.8 mm, matrices = 256 × 256, acquisition time =
19 s. Gd-EOB-DTPA: Primovist® (Bayer Healthcare AG,
Berlin, Germany)-enhanced images in the hepatobiliary
phase are taken at 15 min after contrast injection.
PET-CT: Biograph mCT (Siemens Medical Solutions,

Knoxville, TN, USA). In our institute, patients routinely
receive DPS for differentiation. Patients were adminis-
tered 3.7 MBq/kg of FDG and received routine PET-CT
DPS at 1 and 2 h after administration. Data were ana-
lyzed on an AZE workstation (AZE Ltd, Tokyo, Japan).

Molecular investigation
Identification of anisakid nematodes (DNA amplification
and sequencing)
The worm body was scratched from the deparaffinized
slide under stereoscopic microscopy and placed in a

Fig. 5 a Sagittal slice of the larva, showing a wave-shaped (cross-striated) border (white line). b Axial slice of the larva, showing a Y-shaped lateral
cord (arrows 1) and a renette cell (arrow 2). These findings are characteristics of Anisakis

Fig. 6 Primers used for genetic identification of Anisakis and sequences obtained
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plastic tube. DNA was extracted using proteinase K
(Qiagen) and SDS (Sigma-Aldrich) [10]. The entire in-
ternal transcribed spacer (ITS) region (ITS1, 5.8S rDNA
and ITS2) was amplified by PCR using the primers NC5
and NC2 in the first round. Then nested PCR was per-
formed in the second round to amplify a specific region
in the ITS1 using the following primers that were origin-
ally constructed: AniT1F1: 5′-GTTGAACAACGGTGA
CCAATTTGGC-3′, and AniT1R1: 5′-. PCR was con-
ducted by the method indicated in reference [10]. An
amplification product of 208 bp was obtained. Se-
quence similarities were determined by a BLAST
search of the DNA Data Bank of Japan (DDBJ) (http://
www.ddbj.nig.ac.jp/index-e.html). Sequence alignment and
comparison was facilitated by the GENETYX-WIN pro-
gram (ver. 7.0, Software Development Co, Tokyo, Japan).

Investigation for the mechanism of FDG uptake
(immunochemical staining using anti-bodies to GLUT-1 and
HK-2)
Once FDG is uptaken to cells through the GLUT-1 and
phosphorylated by HK-2, FDG is unable to pass out of
cells unless dephosphorylated by glucose-6-phosphatase

(G6P). Because malignant cells have a high ratio of HK-
2/G6P, they present an elevation of FDG uptake in de-
layed phase in dual-phase scanning (DPS) of PET-CT.
Since both cases indicated the elevation, recurrence was
a stronger consideration among other differential
diagnoses.
Cases of parasitosis suspected as malignancy in PET

have been previously reported but are very rare [11–13].
There are no reports investigating the mechanisms of
FDG uptake in parasitosis granuloma. We researched
them to develop ways to differentiate them by investigat-
ing overexpression of GLUT-1 and HK-2.
GLUT-1 expression was evaluated immunohistochemi-

cally using rabbit polyclonal anti-Glucose Transporter
GLUT1 antibody (ab652, Abcam, Cambridge, UK) at a
dilution of 1:500. HK-2 expression was evaluated with
rabbit polyclonal anti-Hexokinase Type II (AB3279,
Chemicon International, Temecula, USA) diluted at
1:500. Immunohistochemical staining was performed
using the Leica Bond-Max automatic immunostainer
and the Bond Polymer Refine Detection kit (Leica).
In both cases, only macrophages were positive for both

antibodies; GLUT-1 and HK-2. The eosinophils, which

Fig. 7 Axial slice on PET-CT after CHOP therapy in the early (a) and delayed phase (b). The lesion had increased in size compared with pre-treatment
and showed FDG uptake (SUVmax: 4.02 to 4.21)

Table 2 Data from blood test of case 2. Eosinophilia was not shown and sIL2R was elevated due to lymphoma

TB 0.5 mg/dl (0.4–1.2) WBC 5400 /μl (3600–8900) sIL2R 381 U/ml (<20)

AST 13 U/L (5–37) Neutro 53.3 % (37–72) CA125 11 U/ml (<37)

ALT 7 U/L (6–43) Lymph 34.9 % (25–48)

ALP 237 U/L (110–348) Mono 5.8 % (2–12)

LDH 184 U/L (0–75) Eosino 5.4 % (1–9)

BUN 10.4 mg/dl (9–21) Baso 0.6 % (0–2)

Cr 0.6 mg/dl (0.5–0.8) Hb 13 g/dl (11.2–15.2)

HCT 39.1 % (35.6–45.4)

Plt 2.5 106/μl (1.53–3.46)

TB total bilirubin, AST aspartate aminotransferase, ALT alanine aminotransferase, ALP, alkaline phosphatase, LDH lactate dehydrogenase, BUN blood urea nitrogen,
Cr creatinine, WBC white blood cell, Neutro neutrophil, Lymph lymphocyte, Mono monocyte, Eosino eosinophil, Baso basophil, Hb hemogrobin, HCT haematocrit, Plt
platelet, sIL-2R soluble interleukin-2 receptor
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were infiltrated around worm bodies, were negative for
them (Figs. 10, 11). These results suggest that eosinophil
infiltration may not boost FDG uptake or have any spe-
cific roles. Instead, the reason for FDG uptake to parasit-
osis granuloma may be the macrophages, which is
commonly seen in granulomas.

Discussion
Extragastrointestinal anisakiasis accounts for 0.45 %
of cases of anisakiasis in Japan [14]. The condition is
caused by an Anisakis worm penetrating the bowel
wall and forming an intra-abdominal colony. Cases in
the omentum have been described in Japan and Italy
[7, 15]. Occurrence as a solitary liver lesion is par-
ticularly rare, with the only examples found in eight
cases reported in Japan [16, 17]. Most cases of

extragastrointestinal anisakiasis are asymptomatic and
detected incidentally.
In the present two cases, malignant metastatic tumor

was indicated as first choice of differential diagnosis by
two imaging modalities. Dynamic MRI using contrast
agent is often performed as the detailed examination for
hepatic tumor, as in case 1. Low signal in hepatobilliary
phase without early enhancement is compatible with
metastatic tumor. However, because Gd-EOB-DTPA
contrasting is dependent on expression of OATP1B1/3
[18], and parasitic granuloma does not necessarily show
expression of OATP1B1/3, Gd-EOB-DTPA may not be
useful for differentiating between metastatic tumor and
parasitic granuloma. Using Gd-EOB-DTPA contrast ben-
efits in clarifying the tumor location. The diagnostic effi-
cacy of PET-CT for extragastrointestinal anisakiasis has
not been examined because of the rarity of the disease.
Our cases indicated that lesions of extragastrointestinal
anisakiasis present with abnormal FDG uptake and were
difficult to distinguish from a malignant tumor. Anisakis
cannot live in the human body and die immediately, and
thus FDG uptake was not directly associated with the
worm body, but with inflammatory cells around the
body. Dual-phase scanning is a well-known method for
distinguishing between inflammation and malignancy
[19–22], based on the observation that malignant lesions
have elevated FDG uptake in the delayed phase com-
pared with the early phase. However, the lesions in both
of our cases showed elevation in delayed phases, espe-
cially in case 1. Without previous CT or MRI, the tumor
might not have been detected using only the early phase
scan. There has been a report of an anisakiasis case
without FDG uptake [16] and the uptake decreased with
time in our second case, suggesting that FDG uptake in
anisakiasis lesions may decrease with time. This may
help to distinguish it from malignancy, but it remains
difficult to observe without therapy for cases in which
malignancy is suspected.
Anisakiasis occurs due to eating of infected raw fish, such

as mackerel, and horse mackerel. Consumption of raw fish
is common in Asia, including Japan, and Northern Europe
[23], and there is a recent trend to expansion of this behav-
ior in the United States [24]. Food and drug administration
in the United States and European Food Safety Authority
in Europe recommend the frozen stock required for raw
fish to prevent parasitosis. Increased use of imaging modal-
ities such as MRI and PET-CT is likely to lead to more inci-
dental findings of asymptomatic lesions [25], and this may
lead to an increase in cases similar to those in this report.
This is a concern because differential diagnosis from a ma-
lignant tumor is difficult for these lesions. The difficulty
was provided by time lag. There is a time lag between infec-
tion and detection of a lesion, since generating a granuloma
or an abscess in anisakiasis takes 2 months to 2 years [26].

Fig. 8 Intra-abdominal findings in exploratory laparotomy. The
lesion was located on the omentum with adhesion to the
parietal peritoneum

Fig. 9 The nodule had an abscess with clear eosinophil infiltration.
The larva body had collapsed, but the specific Y-shaped lateral cord
was recognizable (arrow)
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The prior imaging to the detection of the tumor was
10 months in case 1, and 2 months in case 2. It is suspected
that the patients were infected and granuloma formation
occurred during this interval. The hematological or sero-
logical acute reaction of infection and the patient’s memory
of symptoms or food consumption can be lost due to this
time lag. In this situation, a test for eosinophilia, a specific
antibody test and history taking, which are important in
diagnosis of parasitosis, are less useful. In fact, eosinophilia
was not seen in either of our cases and a specific antibody
for Anisakis was negative in the first case. And we retook
the patients’ history retrospectively after surgery, neither of
the patients remembered a characteristic dietary history.
The difficulty of diagnosing is not only because of the

vagueness of memory, but is also related to the existence of
asymptomatic cases. Our two cases were also asymptomatic
cases and there were no imaging findings on contrast CT.
Generally, Anisakis larvae bite the intestinal wall, which
causes acute severe abdominal pain. The pain is caused
mainly by allergic reaction, rather than mechanical stimu-
lus. Even in extragastrointestinal anisakiasis, which larvae
penetrate the wall of the gastrointestinal tract, many cases
are detected incidentally. There seems to be many asymp-
tomatic cases.
The risk of recurrence of a primary malignancy should

also be considered. In our first case, the risk of recur-
rence of endometrial cancer was intermediate, at about
10 % at 20 months after initial therapy [27]. In the

Fig. 10 In case 1, macrophages around abscess (a HE, arrows) were positive for GLUT-1 on the cell membrane (b, c, arrows) and HK-2 in the cytoplasm
(d, e, arrows). Extensive eosinophil infiltrate (f HE, throughout the whole figure) were negative for GLUT-1 (g) and HK-2 (h)
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second case, the patient had stage I LG-ESS. The recur-
rence risk for this cancer is over 30 %, even in stage I, al-
though the period of progression-free LG-ESS is
generally longer than 8 months [28]. Therefore, both
cases had a relatively low risk of recurrence, but this in-
formation was difficult to include in the diagnosis with
certainty. In addition to the complexity of FDG uptake
in PET-CT, the lesion location may also increase the dif-
ficulty of diagnosis. If a lesion is detected in the intes-
tinal wall or intramesentery, in which anisakiasis is
relatively common, recurrence of gynecological cancer is
less likely. However, a lesion in the peritoneum or liver
is less likely to be due to extragastrointestinal anisakiasis,
and this is also a common site of tumor recurrence.

Cases of extragastrointestinal anisakiasis in the uterus
[29, 30] and ovary [31] have also been reported, indicat-
ing that differential diagnosis of such lesions is also
required.
Generally, inflammatory lesions such as pneumonia

and abscess, which need to be differentiated with malig-
nancy, include macrophages and neutrophils. These cells
increase the glucose uptake, but the changes seen in the
delayed phase in DPS differs with cancer cells because of
the difference of HK-2/G6P ratio. The two cases we re-
port had eosinophilic granuloma. We speculated that the
elevation of SUV in the delayed phase may be caused by
eosinophils, and investigated their feature by immuno-
chemical straining using anti-GLUT-1 and anti-HK-2

Fig. 11 In case 2, macrophages around abscess (a HE, arrows) were positive for GLUT-1 on the cell membrane (b, c, arrows) and HK-2 in the cytoplasm
(d, e, arrows). Extensive eosinophil infiltrate (f HE, throughout the whole figure) were negative for GLUT-1 (g) and HK-2 (h)
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antibodies. However, against our expectation, eosinophils
showed negative expression of GLUT-1 and HK-2, and
only macrophages were strained. Although we have not
investigated the expression of G6P, the expression HK-2
in macrophages may cause the elevation of uptake in in-
flammatory lesion in is the delayed phase. Thus, DPS is
not necessarily superior to other modalities in distin-
guishing malignancy and inflammation. New imaging
modalities such as PET-CT allow an “abnormality” to be
detected incidentally. It is important to determine
whether a lesion found on PET-CT is truly abnormal,
and this limitation of new technologies should be
recognized.
In our cases, a genetic test was used to define the patho-

gen. The Anisakis worm collapses in the human body and
this may cause difficulty with diagnosis, as in our second
case. The PCR methods described here are useful in these
cases. In addition, improved definition of species among
Anisakis larvae might bring new insights. No studies have
been reported about the frequency of species in extragas-
trointestinal anisakiasis. However, Umehara A. et al. re-
ported that 99 % of all human anisakiasis are due to
Anisakis simplex sensu stricto [32]. Anisakis pegreffi is
relatively common among fish that are landed [33]. This
discrepancy is explained by the difference of the larvae’s
ability to penetrate to the fish muscle, thus causing
ingested by human [34–36]. In both cases included in the
present study, it is thought that the larvae penetrated the
gastrointestinal wall. Thus, the case of extragastrointest-
inal anisakiasis of Anisakis pegreffi is very rare and inter-
esting. Accumulation of cases are required to clarify the
epidemiology of extragastrointestinal anisakiasis and iden-
tify routes of infection.

Conclusion
We experienced two cases of anisakiasis that were initially
suspected to be recurrence of gynecological cancer on
PET-CT. These cases suggest that anisakiasis should be a
differential diagnosis for a lesion presenting with FDG up-
take on PET-CT. Our results also indicate that it is difficult
to distinguish anisakiasis from a recurrent tumor using
PET-CT and there is no specific mechanism of FDG uptake
in parasitosis granuloma. These findings are important be-
cause current dietary habits and use of imaging modalities
suggest that similar cases will increase worldwide.
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Abstract. Aim: The objective of this study was to determine the
computed tomographic (CT) features of malignant peritoneal
mesothelioma (MPM). Patients and Methods: We analyzed CT
features of MPM cases and compared them to those of other
malignant conditions (non-MPM). Results:  Multiple nodular
lesions occurred more frequently in the MPM group compared
to non-MPM cases (p=0.013). Thickening of the mesentery was
detected more frequently in MPM cases than in non-MPM cases
(56% vs. 18%, p=0.029). Pleural plaques were detected in 13
cases (45%) in the MPM group but were not detected in the
non-MPM group. The MPM-CT index score, determined in each
case as the sum of the findings which are potentially
characteristic of MPM, was significantly higher in MPM than in
non-MPM cases (p=0.001). Conclusion: MPM presented
characteristic CT findings, and the MPM-CT index may be
useful for differential diagnosis of MPM.

Malignant mesothelioma (MM) is an aggressive tumor that
develops from mesothelial cells of the pleura, peritoneum,
pericardium, or testicular tunica vaginalis. It is generally
associated with a history of asbestos exposure (1) and has a
very poor prognosis (2). Once rare, the incidence of MM has
increased worldwide as a result of past wide-spread exposure

to asbestos. Malignant peritoneal mesothelioma (MPM)
represents the second most common site of MM, accounting
for 10-20% of MM (3, 4). 

A diagnosis of MPM should be based on the histology of
an adequate specimen of the peritoneum or cytological
analyses of ascites, but this is often difficult. Paracentesis with
fluid cytology has a variable sensitivity of 32 -76%, with the
major limitation being difficulty in distinguishing benign from
malignant lesions (4, 5). In particular, the differential diagnosis
between MPM and peritoneal carcinomatosis is a critical
issue. Radiological analysis is essential for this differential
diagnosis; computed tomographic (CT) imaging is the most
common initial imaging modality and can reveal moderate to
extensive ascites with peritoneal, visceral, or omental
involvement. Magnetic resonance imaging may more
accurately quantify the extent of disease; however, its routine
use is not yet supported (6). The role of positron-emission
tomography is not well defined in detection of this disease (7). 

In the current study, we retrospectively examined the CT
features for patients with MPM. 

Patients and Methods
Study approval. All procedures performed in the current study were
in accordance with the Helsinki declaration. This study was
performed in accordance with the Ethical Guidelines for
Epidemiological Research of the Japanese Ministry of Education,
Culture, Sports, Science and Technology, and Ministry of Health,
Labour and Welfare and was approved by the Japan Labour Health
and Welfare Organization and the Institutional Review Boards of
Okayama Rosai Hospital. Patient confidentiality was strictly
maintained. As described below, informed consent was provided by
the closest living relatives of each patient.

Patients. This study was a part of our previous nationwide survey
of MM. Methods of the retrospective survey have been described
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previously (1, 8). In brief, we requested and received authorization
to view the death records from the Vital Statistics database in Japan.
We then extracted all cases of death due to MM between 2003 and
2005. There were 2,742 deaths due to MM (Figure 1). We contacted
the closest living relatives of each patient to obtain consent for our
study by postal mail. As a result, informed consent was obtained by
postal mail for 1,153 cases. Based on authorization from relatives,
we contacted the patients’ medical institutions to obtain medical
information, including medical records, X-ray and CT images by
postal mail. These data were obtained in 743 cases. Among them,
we found 105 cases in which the clinical diagnosis of MPM had
been made. Pathological specimens were provided in 53 out of the
105 cases. We reviewed the pathological specimen of these cases
according to World Health Organization criteria (9), and analyzed
the radiological features of the cases. 

CT analysis of MPM. The items examined on the CT images were
as follows: (i) degree of accumulation of ascites, (ii) location of the
lesion, (iii) maximum dimensions of the nodular lesion, (iv) number
of tumor masses, (v) extent of peritoneal thickening, (vi) extent of
thickening of the mesentery, (vii) stellate pattern findings in the
mesentery, and (viii) pleural plaques. These items were examined
according to the criteria listed in Table I.

Statistical analysis. Comparisons between independent groups were
performed using the Chi-square test and non-parametric analysis
was performed with the Mann–Whitney U-test. Average values were
compared by t-test. Areas under the receiver operating characteristic
(ROC) curves (AUCs) were calculated using standard techniques.
Statistical calculations were performed with SPSS statistical
package, version 11.0 (SPSS Inc., Chicago, IL, USA).

Results
Pathological review of the cases. As shown in Figure 2,
pathological diagnosis of MPM was confirmed in 34 cases.
Among the 34 cases, there were 27 (79.0%) cases of
epithelioid, four (12.0%) cases of biphasic, and three (9%)
cases of sarcomatous sub-types. There were 16 cases ultimately
diagnosed as other conditions (non-MPM), including six cases
of serous papillary adenocarcinoma, four cases of
adenocarcinoma, two cases each of carcinosarcoma and
unclassified sarcoma, and one case each of peritoneal
metastasis of renal cell carcinoma and rhabdomyosarcoma.
Differentiation between the epithelioid sub-type of
mesothelioma and poorly differentiated adenocarcinoma was
impossible in one case. In another case, a confirmed
pathological diagnosis could not be made as to whether it was
an epithelioid sub-type of mesothelioma, another malignant
condition, or reactive mesothelium. In addition, there was one
case in which a malignant condition was highly suspected from
CT images, but only reactive mesothelium was demonstrated
in the pathological specimen. These three cases were finally
categorized as “diagnosis could not be made,” and they were
excluded from further analyses. The MPM group included 30
(88.2%) males and 4 (11.8%) females and the non-MPM group
included two (12.5%) males and 14 (87.5%) females.

Radiological analyses. Among the 50 cases, abdominal and
pelvic CT scans were available in 32 MPM cases and 11 non-
MPM cases (three cases of serous papillary adenocarcinoma,
two cases each of adenocarcinoma, carcinosarcoma and
unclassified sarcoma, and one case each of peritoneal
metastasis of renal cell carcinoma and rhabdomyosarcoma).
Chest CT images were available in 40 cases (29 MPM and 11
non-MPM). CT findings of the MPM and non-MPM groups
are shown in Table I.

There were 19/32 (59%) cases of moderate to massive
accumulation of ascites in the MPM group, and 3/11 (27%)
cases in the non-MPM group. Although the proportion was
higher in the MPM compared to non-MPM group, the
difference did not reach statistical significance (p=0.066).
We analyzed the location of MPM. For this purpose, the
existence or non-existence of MPM in the parahepatic space,
great omentum, paracolic gutter, mesentery proper,
rectovesical pouch, and perisplenic space was determined.
There was no difference concerning the location of the
disease between the MPM and non-MPM groups.

We next categorized the maximum dimension of the
nodular lesion as <1 cm, 1-3 cm, >3-5 cm, or >5 cm based
on the abdominal CT images (Figure 3A). As shown in Table
I, the proportion of cases with a maximum dimension of 
<1 cm was higher in the MPM group than in the non-MPM
group, but this difference was not statistically significant
(47% vs. 18%, p=0.097).

In the MPM group, there were multiple nodular lesions in
30 cases (94%), which was significantly more frequent in
MPM than in non-MPM cases (p=0.013). 

Thickening of the peritoneum was categorized as none, mild,
irregular, or massive (defined as ≥1 cm, Figure 3B). As shown
in Table I, MPM cases had a higher proportion of irregular or
massive thickening compared to non-MPM cases, although this
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Figure 1. The schema of the case collection of this study.
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difference was not statistically significant (44% vs. 18%,
p=0.066). 

Thickening of the mesentery was categorized as none,
mild, irregular thickening, or massive thickening (defined as
≥3 mm, Figure 3C). Thickening of the mesentery was
detected more frequently in MPM cases than in non-MPM
cases (56% vs. 18%, p=0.029). 

We examined stellate pattern findings as an indicator of
mesenteric vascular enlargement (Figure 3D). Stellate
patterns were detected in 11 cases (34%) in the MPM group
and in three cases (27%) in the non-MPM group. This
difference was not statistically significant (p=0.665). 

Finally, pleural plaques were examined in chest CT
images, which were available for 29 out of the 32 MPM

Kato et al: CT Features of Malignant Peritoneal Mesothelioma
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Table I. Computed tomographic findings of malignant peritoneal mesothelioma (MPM) and finding of cases ultimately diagnosed as other conditions
(non-MPM).

Characteristic Proportion of cases with the finding (%)

Findings MPM Non-MPM p-Value

Ascites accumulation None 2 (6.3) 2 (18.2)
Small 11 (34.4) 6 (54.5)
Moderate 12 (37.5) 2 (18.2)
Massive 7 (21.9) 1 (9.1) 0.066

Maximum dimension of nodular lesion <1 cm 15 (46.9) 2 (18.2)
1-3 cm 6 (18.8) 2 (18.2)
>3-5 cm 2 (6.3) 3 (27.3)
>5 cm 9 (28.1) 4 (36.4) 0.097

Location of MPM
Parahepatic space Yes 18 (56.3) 5 (45.5)

No 14 (43.8) 6 (54.5) 0.536
Great omentum Yes 29 (90.6) 8 (72.7)

No 3 (9.4) 3 (27.3) 0.139
Paracolic gutter Yes 18 (56.3) 5 (45.5)

No 14 (43.8) 6 (54.5) 0.536
Mesentery proper Yes 25 (78.1) 8 (72.7)

No 7 (21.9) 3 (27.3) 0.715
Rectovesical pouch Yes 18 (56.3) 9 (81.8)

No 14 (43.8) 2 (18.2) 0.13
Perisplenic space Yes 14 (43.8) 3 (27.3)

No 18 (56.3) 8 (72.7) 0.668
Nodular lesions Solitary 2 (6.3) 4 (36.4)

Multiple 30 (93.8) 7 (63.6) 0.013
Thickening of the peritoneum None 3 (9.4) 3 (27.3)

Slight thickening 15 (46.9) 6 (54.5)
Irregular thickening 6 (18.8) 2 (18.2)
Massive thickening 8 (25.0) 0 (0.0) 0.066

Thickening of the mesentery None 14 (43.8) 9 (81.8)
Slight thickening 12 (37.5) 2 (18.2)
Irregular thickening 4 (12.5) 0 (0.0)
massive thickening 2 (6.3) 0 (0.0) 0.029

Stellate pattern findings Yes 11(34.4) 3 (27.3)
No 21(65.6) 8 (72.7) 0.665

Pleural plaques Yes 13 (44.8) 0 (0.0)
No 16 (55.2) 11(100.0) 0.007

Figure 2. The breakdown of the confirmed pathological diagnosis of
enrolled patients.
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cases and 11 of the non-MPM cases. Pleural plaques were
detected in 13 cases (45%) in the MPM group. None were
detected among the non-MPM cases.

Proposal of an MPM-CT index. Among the findings
analyzed above, we selected six findings that were detected
more frequently in MPM than in non-MPM with a p-value
of <0.100: degree of accumulation of ascites, maximum
dimension of the nodular lesion, number of tumor masses,
extent of peritoneal thickening, extent of thickening of the
mesentery, and pleural plaques. In each case, CT findings
were scored as 1 in the case of (i) moderate to massive
accumulation of ascites, (ii) maximum dimension of nodular
lesion <1 cm, (iii) multiple nodular lesions, (iv) irregular to
massive thickening of the peritoneum, and (v) mild to
massive thickening of the mesentery. The MPM-CT index
was determined in each case as the sum of these six findings.
As shown in Figure 4A, the index was significantly higher

in MPM than in non-MPM cases (p=0.001). To evaluate the
utility of the index for differentiation between MPM and
non-MPM cases, we performed an ROC analysis. The AUC
value for the differential diagnosis between the two groups
was 0.821 (95% confidence interval=0.694-0.945) (Figure
4B). Based on a cutoff value of 3, sensitivity was 53% and
specificity was 100%.

Discussion

MPM is poorly described and the knowledge of its natural
history is very limited. In previous reports, at least 70% of
cases of MPM were associated with chronic exposure to
asbestos (10, 11); however, it is not clear how inhaled
asbestos induces peritoneal neoplasms. 

It is often difficult to make a pathological distinction
between MPM and peritoneal metastatic adenocarcinoma
(12, 13), although some immunohistochemical markers, such
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Figure 3. Examples of computed tomographic images of malignant peritoneal mesothelioma with maximum dimension of the nodular lesion >5 cm
(A), massive thickening of the peritoneum (B), massive thickening of the mesentery (C), and stellate structure findings (D).
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as calretinin, thrombomodulin, and cytokeratin 5/6, could
facilitate this (14, 15). In the current study, we reviewed the
pathological specimens of 53 cases that had been diagnosed
as MPM, and confirmed a diagnosis of MPM in only 34
cases (64.2%). The difficulty involved in making a clinical
and pathological differential diagnosis often results in a
diagnostic delay. Factors contributing to the diagnostic delay
include the rarity of this entity, the long latent period from
the exposure to asbestos, and the non-specific clinical
features of the disease. Biochemistry and tumor markers are
of limited assistance in this regard. 

In the current study, we analyzed CT features of MPM. For
this purpose, we extracted all cases of death due to MM
between 2003 and 2005 based on death records from the Vital
Statistics in Japan. A strength of our study is that it contained
many cases of MPM. To the best of our knowledge, this is
the largest study of radiological analysis of MPM. We tried
to analyze 105 cases in which the clinical diagnosis of MPM
had been made, and after the pathological review of the
provided specimens, we determined there were 34 MPM
cases. We had to accept the low collection rate of the study
based on the postal mail method. However, there is no
selection bias throughout the process of data collection. 

There is a wide spectrum of imaging findings in MPM, the
most common of which include a thickening of the mesentery
and peritoneum. Findings on CT images are highly variable;
therefore differentiating MPM from other intra-abdominal

malignancies is difficult (12, 16-18). Based on the results of
the current study, we proposed the use of an MPM-CT index
that comprises accumulation of ascites, maximum dimension
of the nodular lesion, number of tumor masses, extent of
peritoneal thickening, extent of mesenteric thickening, and
pleural plaques. We found marked differences in these findings
between the MPM and non-MPM groups. With a cut-off score
of 3, diagnostic sensitivity was 53% and specificity of 100%,
while ROC analysis revealed an AUC value of 0.821. These
results indicate the clinical utility of this MPM-CT index for
the differential diagnosis of MPM. In fact, the sensitivity is
around 50%; however, the high specificity would contribute to
the differentiation. 

A limitation of the current study is that this was a
retrospective analysis. A validation study to confirm the
utility of the index is warranted, with a new patient cohort
that includes pathologically confirmed MPM cases and other
peritoneal malignant conditions. 

Conclusion

MPM is a rare tumor that is difficult to diagnose and treat. An
accurate diagnosis of MPM is essential in order to determine
the prognosis, and occupation-related compensation claims
following asbestos exposure. MPM demonstrates characteristic
radiological findings, and the MPM-CT index may be useful
for the differential diagnosis of MPM. 
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Figure 4. A: Comparison of malignant peritoneal mesothelioma (MPM)–computed tomography (CT) index between MPM and non-MPM groups. B:
Receiver operating characteristic curves to evaluate the usefulness of the MPM-CT index for the differentiation between MPM and non-MPM. 
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five (2  %), and two cases (1  %), respectively. Pleural 
thickening findings on CT scans were classified into four 
stages: no irregularity, mild irregularity, high irregularity, 
and mass formation. Overall, 18 % of cases did not show 
a clear irregularity. Localized thickening was observed in 
the mediastinal (77 %) and basal (76 %) pleura and in the 
interlobar fissure (49  %). Eight percent of cases did not 
have any thickening in these three areas.
Conclusions  Upon examination of the CT scans at diagno-
sis, 18 % of mesothelioma cases did not show a clear irregu-
larity. When diagnosing pleural effusion of unknown etiology, 
it is necessary to consider the possibility of mesothelioma 
even when no plaque and pleural irregularity are observed.

Keywords  Mesothelioma · Computed tomography · 
Japan

Introduction

Mesothelioma is a rare, asbestos-related disease [1, 2] with a 
poor prognosis [3]. Asbestos was used extensively in Japan 
for construction and industrial products owing to its useful 
characteristics; however, since the discovery of its carcino-
genic potential, alternative products have been introduced 
and the manufacture and use of asbestos is now prohibited. 
It takes 30–40 years of incubation to develop mesothelioma 
or lung cancer originating from asbestos [4–7], and the num-
ber of patients with mesothelioma has been increasing over 
recent years; this has become a problem in many countries. 
The United States prohibited asbestos usage earlier com-
pared to other countries, and the number of patients devel-
oping asbestos-related problems reached a peak there in 
2004, with the number now decreasing. In Europe, the peak 
is expected be around 2015–2020, and in Japan, where the 

Abstract 
Purpose  The purpose of this study was to clarify the char-
acteristic findings of mesothelioma at the time of diagnosis, 
and determine precautions and guidelines for diagnosing 
mesothelioma early in imaging studies.
Materials and methods  Overall, 327 patients with pleural 
mesothelioma were selected from 6030 patients who died 
of mesothelioma between 2003 and 2008 in Japan. Their 
imaging findings were examined retrospectively.
Results  Plaques were found in 35 % of computed tomog-
raphy (CT) scans. Asbestosis, diffuse pleural thickening, 
and rounded atelectasis were found in only seven (2  %), 

 *	 Katsuya Kato 
	 kato‑rad@med.kawasaki‑m.ac.jp

1	 Department of Radiology, Okayama University Hospital, 
2‑1‑1 Shikatacho, Okayama 7008558, Japan

2	 Department of Medical Oncology, Okayama Rosai Hospital, 
1‑10‑25 Chikkomidorimachi, Okayama 7028055, Japan

3	 Department of Medical Oncology, National Hospital 
Organization Yamaguchi-Ube Medical Center, 685 
Higashikiwa, Ube 7550241, Japan

4	 Department of Pathology, Hiroshima University Graduate 
School of Medicine, 1‑2‑3 Kasumi, Hiroshima 7340037, 
Japan

5	 Department of Internal Medicine, Okayama Rosai Hospital, 
1‑10‑25 Chikkomidorimachi, Okayama 7028055, Japan

6	 Present Address: Department of Diagnostic Radiology 2, 
Kawasaki Medical School, 2‑1‑80 Nakasange, Kita‑ku, 
Okayama 7008505, Japan

7	 Present Address: Department of Respiratory Medicine, 
Chugoku Chuo Hospital, 148‑13 Miyukicho Oaza 
Kamiiwanari, Fukuyama 7200001, Japan

8	 Present Address: Pathologic Diagnostic Center, Inc., 11‑28 
Hacchobori, Naka‑ku, Hiroshima 7300013, Japan

Author's personal copy

－253－

http://crossmark.crossref.org/dialog/?doi=10.1007/s11604-016-0539-1&domain=pdf


	 Jpn J Radiol

1 3

prohibition occurred later, the peak will be around 2025, 
which implies that the number of patients will keep increas-
ing until this time [6]. In accordance with Japanese law, cro-
cidolite and amosite usage was stopped in 1995; chrysotile 
usage was stopped in 2004. The country’s recent discontinu-
ation is evidence of the delay in asbestos regulations in our 
country, and the damage caused by these delays is apparent. 
A newspaper article published in June 2005 reported that 
five residents who lived near the now-closed asbestos cement 
pipe plant in Amagasaki, Japan, developed pleural mesothe-
lioma [8]. Since this report, asbestos-related problems have 
raised significant social concern. We performed a nationwide 
retrospective survey to evaluate all cases of mesothelioma 
in Japan. As a result, we analyzed more than 6000 cases 
of mesothelioma that were registered in the Vital Statistics 
yearly survey performed by the Japanese Ministry of Health, 
Labour, and Welfare between 2003 and 2008. To the best of 
our knowledge, this is the largest study of Japanese cases of 
mesothelioma. Our study used images, mainly computed 
tomography (CT) and plain radiography, from deceased 
patients with pleural mesothelioma that were acquired with 
family and institutional permissions. In a review of the lit-
erature, we found no other reports examining the number 
of cases with mesothelioma and their images. The clinical 
features of the cases with mesothelioma in this study have 
already been reported [9]. The purpose of the current study 
was to clarify the characteristics of the imaging findings 
obtained at the time of the diagnosis of pleural mesotheli-
oma, and determine precautions and guidelines for diagnos-
ing mesothelioma early in imaging studies.

Subjects and methods

Study approval

This study was conducted according to the Ethical Guide-
lines for Epidemiological Research by the Japanese Minis-
try of Education, Culture, Sports, Science and Technology, 
and the Ministry of Health, Labor, and Welfare. The study 
was approved by the relevant institutional ethical review 
boards.

Patient selection and imaging studies

The methods of this retrospective survey have been previously 
described [9]. In brief, we requested and received authoriza-
tion to view the death records in the Vital Statistics register in 
Japan, and we extracted all cases of death due to malignant 
mesothelioma between 2003 and 2008; in total, 6030 deaths 
were found to be due to mesothelioma. We contacted the 
closest living relatives of each patient to obtain consent for 

our study by postal mail. As a result, informed consent was 
obtained by mail from the relatives of 2069 patients (34.3 %). 
Subsequently, we contacted the patients’ respective medi-
cal institutions to obtain the following information by mail: 
medical records, radiographs, and/or CT images. Different 
institutions had different types of CT images. We accepted 
both digital and film CT scans for review to examine as many 
cases as possible. We also reviewed the medical records and 
radiological images to confirm the clinical and pathological 
diagnoses of malignant mesothelioma.

Image interpretation

All patients underwent CT and plain radiography at the 
time of diagnosis of pleural mesothelioma. CT images were 
obtained using various CT scanners and a range of scan pro-
tocols at each institution. CT scans with a 5-mm thickness 
were the most common, but other slice thicknesses were 
found, ranging from 1 to 10 mm. Plain radiographs and CT 
images were retrospectively reviewed with consensus by 
three co-researchers: one chest radiologist and two pulmo-
nologists. The chest radiologist (K.K.) had 24 years of experi-
ence and the two respiratory physicians (T.K. and K.G.) had 
28 and 20 years of experience, respectively. Additionally, all 
three co-researchers had worked in a hospital that specialized 
in occupational respiratory disease for more than 10  years, 
and they were members of the official pneumoconiosis exam-
ination committee for laborers in the Okayama prefecture.

Evaluating items

First, pleural plaque and its calcification were evaluated 
on CT images. Pleural plaques were also assessed on plain 
chest radiographs of the same cases. Additionally, the 
images were checked for pleural effusion, lung asbestosis, 
diffuse pleural thickening, and rounded atelectasis.

Next, the pleural findings from the CT images were clas-
sified into four stages: no irregularity, mild irregularity, high 
irregularity, and mass formation. The four stages are shown 
in Fig. 1. No irregularity indicated that there was no pleural 
thickening found or that the thickening was ≤3 mm with no 
irregular surface. Mild irregularity indicated a regular sur-
face with a thickening >3 mm but ≤5 mm; this stage also 
included cases of slight asperity with no clear nodular irreg-
ularity. Clinically, this was non-specific thickening due to 
either a benign or a malignant lesion. Mild irregular findings 
on CT may indicate benign pleural lesions such as pleurisy. 
High irregularity indicated a thickening >5 mm. Clear nodu-
lar thickening was required for this classification, and clini-
cally, a malignancy was strongly suspected. Mass formation 
indicated that the irregularity was even more severe and that 
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a partial mass with a diameter of >1 cm was clearly formed. 
We did not include massive irregularity in mass formation; 
we included only the CT findings that identified a clearly 
formed mass. We examined the entire pleura very carefully, 
because the grading of pleural irregularity changes even 
with a localized pleural thickening. Both multiple and iso-
lated masses were defined as a mass formation; clinically, 
this indicated a malignant lesion.

When we considered the tumor (T) part of the tumor 
node metastasis classification of malignant tumors staging 
system, used by the International Mesothelioma Interest 
Group, for pleural mesothelioma, it was difficult to distin-
guish between T1 and T2 by using CT alone; therefore, T1 
and T2 were considered a single group. Thus, our examina-
tion was based on three groups: T1–2, T3, and T4.

Following the staging classification, localization of 
the pleural lesions was examined; we evaluated for signs 
of mediastinal pleural lesions, which are characteristic of 
mesothelioma [10]. The interlobar pleura, where pleural 

lesions are more easily identified, and the basal lung, which 
frequently has lesions, were also examined for the presence 
of abnormalities (Fig. 2).

Statistical analysis

Statistical analysis was performed using the chi-squared 
test to analyze the correlation of each CT finding with the 
pathological diagnoses that were divided into the epithe-
lial type and non-epithelial type. We considered p  <  0.05 
significant. Statistical calculations were performed using 
the SPSS statistical package, version 22.0 (IBM Corp., 
Armonk, NY, USA).

Results

Data from 1111 patients were obtained. We confirmed 
the clinical diagnosis of mesothelioma in 929 patients, 

Fig. 1   a No irregularity: pleural 
effusion but no irregularity of 
the pleura. b Mild irregularity: a 
slight irregularity of the pleura; 
however, the irregularity does 
not indicate a severe irregular-
ity, such as a malignancy. c 
High irregularity: severe irregu-
lar thickening of the pleura; a 
malignant lesion is suspected. d 
Mass formation: severe irregular 
thickening of the pleura, with 
clear mass formation; this find-
ing suggests a malignant lesion

Author's personal copy
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including 753 men (81.1  %) and 176 women (18.9  %). 
The median age at diagnosis was 67.0  years (range, 
16–94 years). The origin of mesothelioma was the pleura in 
794 patients (85.5 %), peritoneum in 123 (13.2 %), pericar-
dium in seven (0.8 %), and testicular tunica vaginalis in five 
(0.5 %). Of those 794 patients, 327 (273 men, 54 women; 
mean age, 68 years) had chest CT images obtained at the 
time of diagnosis; we examined those images (Fig. 3).

The histological subtypes of mesothelioma were deter-
mined in 327 cases based on the World Health Organiza-
tion’s criteria [11]: 176 (54 %) with epithelioid mesotheli-
oma, 75 (23 %) with sarcomatoid mesothelioma, 59 (18 %) 
with biphasic mesothelioma, and 17 (5 %) with other types.

Pleural plaque was found on chest CT images of 114/327 
patients (35 %), and 56 of those (49 %) had calcification. 
Plain chest radiographs showed that only 36 (11 %) of 327 
patients had plaque.

Pleural effusion was found in 304 patients (93 %), but 
lung asbestosis, diffuse pleural thickening, and rounded 
atelectasis were only found in seven (2 %), five (2 %), and 
two patients (1 %), respectively.

Table 1 shows the classification of pleural findings into 
the four stages. Table  1 compares these four stages with 
the T classification system. Among the 327 cases of pleu-
ral mesothelioma, seven were classified with no irregular-
ity (2 %); 53 with a mild irregularity that included a pos-
sible benign lesion (16 %); 140 with a high irregularity that 
included seemingly malignant lesions (43 %); and 127 with 
a mass formation that indicated a malignant lesion. Thus, 

82 % of cases showed severe pleural irregularities on CT 
images that were indicative of a potential malignancy, and 
18 % of cases did not have irregularities that were indica-
tive of malignant lesions. All the cases with no irregular-
ity were classified as T1–2; 49 cases (92  %) with a mild 
irregularity were also classified as T1–2. Cases with a mild 
pleural irregularity progressed slowly. However, cases with 
a high irregularity and mass formation had a high malig-
nant potential; 78 % of cases with a high irregularity and 
84  % of cases with a mass formation were classified as 
T3–4.

Lesion localization was as follows: the mediastinal 
pleura in 251 patients (77  %), base of the lungs in 250 
(76  %), and interlobular pleura in 159 (49  %) (Table  2). 
Only 27 cases (8 %) had no lesions in the mediastinal and 
interlobular pleurae.

Statistically, there was no significant correlation between 
the CT findings and pathological subtypes (Table 2).

Discussion

Eighty percent of patients with pleural malignant meso-
thelioma are men [6, 12]. In the present study, 273 patients 
(83  %) were men. The high percentage of men in our 
study is similar to the finding of a previous report [6]. 
The age range of our study was extremely wide, ranging 
from 16–94 years at diagnosis. This wide age range indi-
cates that cases of mesothelioma caused by environmental 

Fig. 2   a Mediastinal pleural irregularity: a thickened pleura with 
a slight irregularity in a broad area of the mediastinal pleura. The 
thickness is not severe in this classification, but if broad thickening 
is found in this area, a high potential for mesothelioma can be sus-
pected. b Pleura irregularity in the base of the lungs: Tuberous irregu-
lar pleural thickening at the base of the left lung. A malignant pleu-
ral lesion can be suspected. c Irregular interlobar pleura: Tuberous 

thickening begins in the right interlobar pleura. The interlobar pleural 
layer is surrounded by lung parenchyma; therefore, the pleura can be 
easily evaluated on the images. High-resolution computed tomogra-
phy (CT) can provide clearer images, but evaluation of the interlobar 
pleural irregularities is also possible using average CT scans, if care-
fully examined
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exposure were included in this study. The average latency 
period (i.e., the time interval between the first asbestos 
exposure and death) for mesothelioma development is 
30–40 years [13]. Bianchi et al. [7] reported that the latency 
period ranges from 14–75 years (mean 48.8 years, median 
51.0 years). This suggests that if the onset is diagnosed at 
16  years old, the patient must have been exposed to the 
attributing environmental conditions since birth. This could 
be the case, for example, if the patient was born in a neigh-
borhood with an asbestos factory. Due to this environmen-
tal exposure, juvenile mesothelioma would occur; these 
cases were also included in our study.

The image findings, mainly CT results, of 327 patients 
with pleural mesothelioma were selected from 6030 

patients who died of mesothelioma between 2003 and 
2008. Although there are a number of previous studies that 
have described the findings of pleural mesothelioma on CT 
scans [10, 13–16], no reports have evaluated the CT scans 
of as many as 327 patients by using uniform criteria. There-
fore, the results of our study are of interest, as we present 
the first broad report on the results of mesothelioma on CT 
scans obtained at the time of the initial diagnosis.

Pleural plaque was observed in 35 % of the CT scans but 
in only 11 % of plain chest radiographs. Previous studies 
that used CT have shown pleural plaque in 12.1–78 % of 
cases [10, 14–16]. Additionally, only one-third of cases that 
had plaque on CT scans also had plaque on radiographs; 
this result is similar to that of a previous study [17]. Only 

Fig. 3   Procedures used to 
select computed tomography 
images of the cases with pleural 
mesothelioma

Table 1   CT images at the 
time of the diagnosis of pleural 
mesothelioma and pleural 
findings from CT images at the 
time of the diagnosis pleural 
mesothelioma compared to the 
T classification system in 327 
cases

CT computed tomography, no. number

Pleural findings No irregularity Mild irregularity High irregularity Mass formation

No. of cases 7 53 140 127

Percentage 2 16 43 39

T1–2 7 49 31 20

T3 0 4 89 58

T4 0 0 20 49
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2 % of cases had pulmonary fibrosis equivalent to asbesto-
sis in the current study. Asbestosis results from high-dose 
asbestos exposure. This examination was a national investi-
gation that included patients who did not work with asbes-
tos and those who worked in asbestos-related industries. 
Plaque was observed in only 35 % of cases. Therefore, we 
believe that the ratio of persons with a high concentration 
of asbestos exposure among the target cases was low.

Regarding pleural irregularities, 18 % of cases had either 
no irregularity (no clear malignancy on the image) or a 
mild irregularity (these cases were mainly T1–2). Although 
previous reports have described the pleural effusion occur-
rence rate [5, 18], to our knowledge, no reports to date have 
described the difficulties in diagnosing malignancy based 
on CT images among the more than 300 known cases. 
To make a successful early diagnosis, it is necessary to 
be aware that there could be cases with no irregularities 
among T1–2 cases. It is necessary to pay extra attention 
to the possibility of a mild pleural irregularity. According 
to the International Mesothelioma Interest Group staging 
system, the median overall survival (OS) rates for patients 
with stages I and II (T1–2 and N0), stage III, and stage IV 
tumors were 11.2  months (9.4–13.0  months), 7.9  months 

(7.1–8.7 months), and 3.9 months (3.0–4.6 months) (95 % 
confidence interval), respectively. The OS was significantly 
shorter for stage III patients than for stages I and II patients 
(p < 0.001); the OS was significantly shorter for stage IV 
patients than for stage III patients (p < 0.001) [8].

Regarding lesion localization, the mediastinal pleura 
was the most common site (77 % of cases). Abnormal find-
ings were also observed in the basal lung and interlobular 
pleurae. Overall, lesions in these three sites encompassed 
82 % of all cases. Mediastinal pleural lesions can be con-
sidered to have a relatively high specificity as malignant 
pleural lesions, and the basal lung and interlobar pleura 
are surrounded by lung parenchyma, which makes the 
evaluation of microlesions easier. Therefore, focusing on 
these three locations on CT images during diagnosis could 
improve the sensitivity and potential for diagnosing meso-
thelioma earlier.

There was no significant correlation between each CT 
finding and the pathological subtypes. Although the epithe-
lial type of mesothelioma is associated with a better prog-
nosis than the sarcomatous and biphasic subtypes [19], less 
irregularity subtype groups are not significantly correlated 
with the epithelial subtype of mesothelioma.

There are a number of limitations in our study. First, our 
study was retrospective, and the cases were collected from 
many institutions. Therefore, a variety of imaging devices 
and methods for both CT and plain radiography were used. 
However, because we evaluated CT images obtained with 
various scanners, our image evaluation process was simple; 
the principal objective was to identify irregular findings 
that the mesothelioma expert believed to be malignant. In 
Japan, there is a wide range of CT imaging techniques, but 
in most cases, an evaluable image was obtained. However, 
an advantage of this multi-center study was the large num-
ber of cases we were able to collect and examine. Secondly, 
the ability to diagnose mesothelioma differed among the 
hospitals. As the timing of the mesothelioma diagnosis var-
ied according to the diagnostic ability of each institution, 
this may have introduced bias into our study; the progres-
sion of the mesothelioma lesion could be associated with 
a delay in diagnosis. Therefore, we speculate that the num-
ber of cases with mesothelioma with less severe irregular-
ity findings would increase if each institution had made the 
diagnosis at an appropriate time. Additionally, in our study, 
we did not evaluate interobserver variation, thus this was 
a limitation too. However, all observers were adequately 
experienced with asbestos-related diseases, and thus good 
evaluation for radiologic images was performed.

In conclusion, 18 % of cases with mesothelioma in our 
study did not display a clear irregularity on CT images, and 
these cases were classified as low T-stage at the time of 
diagnosis. Therefore, when diagnosing pleural effusion of 
unknown etiology, the possibility of pleural mesothelioma 

Table 2   Results of the statistical evaluation of the difference in CT 
findings between the epithelial type and non-epithelial type of meso-
thelioma

CT computed tomography, + positive, − negative

Epithelial Non-epithelial p value 
(χ2-test)

CT findings

 Asbestosis + 3 4 0.523

– 176 144

 Plaque + 119 94 0.575

– 60 54

 Rounded atelec-
tasis

+ 1 1 0.893

– 178 147

 Diffuse pleural 
thickening

+ 1 4 0.116

– 178 144

 Pleural effusion + 167 137 0.798

– 12 11

CT stages

 No irregularity 5 2 0.370

 Mild irregularity–mass 
formation

174 146

 No irregularity–mild 
irregularity

36 24 0.365

 High irregularity–mass 
formation

143 124

 No irregularity–high 
irregularity

75 52 0.212

 Mass formation 104 96
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must be considered even in cases with no identifiable 
plaque. When the findings do not indicate a malignant 
lesion, we can still suspect potential mesothelioma when 
slight changes are observed in the mediastinal or interlo-
bar pleura. Images of early-stage mesothelioma need to be 
interpreted accurately.
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1. Introduction

Angiosarcoma is an extremely rare malignant vessel 
tumor that comprises 1% of all soft tissue sarcomas 
(1). It develops in subcutaneous tissue at many sites 
in the body, and a previous medical history of trauma, 
breast cancer, and/or radiotherapy are considered risk 
factors for the disease. Localized tumors are treated 
with surgical removal. However, for recurrent and 
unresectable conditions, there is limited evidence to 
support chemotherapy regimens. Here, we describe a 
patient with angiosarcoma that developed in the thoracic 
wall, which responded well to systemic chemotherapy 
composed of nanoparticle albumin-bound paclitaxel 
(nab-PTX).

2. Case report

An 81-year-old woman was referred to our hospital 
for an examination due to right chest pain. She had 
a history of right breast cancer and had undergone 
a mastectomy and adjuvant radiotherapy 10 years 
prior. Upon examination, a skin induration with 
tenderness was found on the right precordia. Computed 
tomography (CT) imaging of the chest demonstrated 
right pleural effusion and a lobular mass that involved 
the right anterior thoracic wall; this mass had partially 
extruded from the thoracic cavity into the subcutaneous 
tissue (Figure 1A). On enhanced CT images, the 
mass showed a contrast effect in the early stages of 
the arterial phase. The tumor was surgically excised. 
Pathological analyses of the tumor showed disarrayed 
growth of  hyperchromatic and vasoformative 
mesenchymal tumor cells with abnormal mitosis (Figure 
2A). Immunohistochemical analyses revealed that the 
cells were positive for CD31 (Figure 2B) and CD34 
(Figure 2C), but negative for epithelial markers, S-100 
(Figure 2D) and D2-40 (Figure 2E). Based on these 
findings, the diagnosis was confirmed as angiosarcoma. 
Five months after the operation, CT images showed 

Summary An 81-year-old woman visited a local clinic due to chest pain and a skin induration on 
the right precordia. She had a history of right breast cancer, and she had undergone a 
mastectomy and radiation therapy 10 years prior. Computed tomography (CT) imaging 
of the chest demonstrated a lobular mass that involved the right anterior thoracic wall 
and partially extruded from the thoracic cavity into the subcutaneous tissue. The tumor 
was surgically excised, and pathological analyses yielded a diagnosis of angiosarcoma. 
Five months after the operation, CT imaging showed multiple masses on the right pleura, 
indicating a local relapse and pleural dissemination of the angiosarcoma. Systemic 
chemotherapy composed of nanoparticle albumin-bound paclitaxel (nab-PTX) (80 mg/m2) 
was delivered weekly. After 4 courses of chemotherapy, the tumors regressed remarkably. 
Nab-PTX may be an effective treatment option for recurrent or metastatic angiosarcoma.
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multiple masses on the right pleura, indicating a local 
relapse and pleural dissemination of the angiosarcoma 
(Figure 1B). Systemic chemotherapy composed of nab-
PTX (80 mg/m2) was delivered weekly. After 4 courses 
of chemotherapy, the masses in the pleura regressed 
remarkably (Figure 1C). The only adverse event was 
alopecia, no myelosuppression or neurotoxicity was 
observed. After a total of 14 courses of chemotherapy, 
multiple tumors reappeared, and the patient died at 

18 months after the initial diagnosis. Autopsy was not 
allowed.

3. Discussion

Angiosarcoma is an uncommon malignant vessel tumor. 
Angiosarcoma can develop in the subcutaneous tissue 
in almost all parts of the body, but the most common 
sites are the head and neck, followed by the breast and 
liver (2). Angiosarcoma of the pleura is extremely rare 
(3). A history of breast cancer and radiation therapy are 
known risk factors for this disease (4,5), and both these 
factors were present in the current case study. There is 
limited evidence to support chemotherapy regimens for 
unresectable and recurrent angiosarcomas; however, 
a few reports have suggested that anthracyclines, 
ifosfamide, and taxanes are potential treatment options. 
A retrospective study showed that, when paclitaxel was 
used to treat unresectable angiosarcomas, progression-
free survival was achieved for 6.8 months for scalp 
angiosarcoma and 2.8 months for sites below the clavicle 
(6). Nab-PTX is a novel, soluble, polyoxyethylated, 
castor oil-free, biologically interactive form of paclitaxel, 
which allows shorter infusion times and requires no 
premedication for hypersensitive reactions. Nab-PTX 
has been approved for breast cancer (7), non-small 
cell lung cancer (8), and gastric cancer (9) in Japan. 
Moreover, in the future, it will be used in more patients 
as an alternative to PTX. In the current case, nab-
PTX was delivered to an aged patient with recurrent 
angiosarcoma that had disseminated in the pleura. This 
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Figure 1. Computed tomography images of the chest. (A) 
Right pleural effusion and a lobular mass (white arrowhead) 
were observed at the initial examination. (B) Multiple masses 
on the right pleura (red arrowheads) appeared 5 months after 
the operation. (C) Regressed masses on the pleura after 4 
courses of chemotherapy.

Figure 2. Pathological analyses. (A) Resected tumor specimen showed disarrayed growth of hyperchromatic and vasoformative 
mesenchymal tumor cells with abnormal mitosis (×40). Immunohistochemical analyses revealed that the cells were positive for 
CD31 (B) and CD34 (C), but negative for epithelial markers, S-100 (D) and D2-40 (E) (×40).

－262－



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2016; 10(2):114-116. 116

3.	 Zhang S, Zheng Y, Liu W, Yu X. Primary epithelioid 
angiosarcoma of the pleura: a case report and review of 
literature. Int J Clin Exp Pathol. 2015; 8:2153-2158. 

4.	 Karlsson P, Holmberg E, Johansson KA, Kindblom 
LG, Carstensen J, Wallgren A. Soft tissue sarcoma after 
treatment for breast cancer. Radiother Oncol. 1996; 
38:25-31. 

5.	 Blanchard DK, Reynolds C, Grant CS, Farley DR, 
Donohue JH. Radiation-induced breast sarcoma. Am J 
Surg. 2002; 184:356-358. 

6.	 Fury MG, Antonescu CR, Van Zee KJ, Brennan MF, Maki 
RG. A 14-year retrospective review of angiosarcoma: 
clinical characteristics, prognostic factors, and treatment 
outcomes with surgery and chemotherapy. Cancer J. 2005; 
11:241-247. 

7.	 Gradishar WJ, Tjulandin S, Davidson N, Shaw H, Desai 
N, Bhar P, Hawkins M, O'Shaughnessy J. Phase III trial 
of nanoparticle albumin-bound paclitaxel compared with 
polyethylated castor oil-based paclitaxel in women with 
breast cancer. J Clin Oncol. 2005; 23:7794-7803. 

8.	 Rizvi NA, Riely GJ, Azzoli CG, Miller VA, Ng KK, Fiore 
J, Chia G, Brower M, Heelan R, Hawkins MJ, Kris MG. 
Phase I/II trial of weekly intravenous 130-nm albumin-
bound paclitaxel as initial chemotherapy in patients with 
stage IV non-small-cell lung cancer. J Clin Oncol. 2008; 
26:639-643. 

9.	 Koizumi W, Morita S, Sakata Y. A randomized Phase 
III trial of weekly or 3-weekly doses of nab-paclitaxel 
versus weekly doses of Cremophor-based paclitaxel in 
patients with previously treated advanced gastric cancer 
(ABSOLUTE Trial). Jpn J Clin Oncol. 2015; 45:303-306. 

	 (Received January 5, 2016; Revised February 8, 2016; 
Accepted February 9, 2016)

treatment elicited a favorable response and few adverse 
events, though the tumor acquired resistance eventually. 
To our knowledge, the current case was the first to show 
that angiosarcoma significantly responded to nab-PTX. 
Our results suggested that weekly administration of nab-
PTX may be an effective treatment option for recurrent 
angiosarcoma. 
	 In conclusion, we described a case of angiosarcoma 
in the pleura, which showed a significant response to 
nab-PTX.
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Objective:  To  elucidate  differences  in  the  level  and  localization  of  pleural  irregularities  in  early  malignant
pleural  mesothelioma  (eMPM)  and  benign  asbestos  pleural  effusion  (BAPE)  using  CT.
Study design:  Retrospective  assessment  of  CT  findings  of  consecutive  patients  with  BAPE  at  a  single  centre
and  patients  with  eMPM  reported  in  Japanese  vital  statistics.
Methodology: Thirty-six  patients  with  confirmed  diagnoses  of  BAPE  and  sixty-six  patients  with  confirmed
diagnoses  of eMPM  (mesothelioma  stages  T1 or T2) were  included.  Informed  consent,  CT  scans,  and
clinical  and  pathologic  details  were  obtained  for all  patients  and  were  reviewed  by  one  radiologist,  two
pathologists,  and  two  pulmonologists.  Asbestosis,  pleural  plaque,  rounded  atelectasis,  and  diffuse  pleural
thickening  were  assessed  in  all patients.
Results: Prevalence  of  asbestosis,  pleural  plaque,  rounded  atelectasis,  and  diffuse  pleural  thickening  was
significantly  higher  in the  BAPE  group.  Low-level  irregularity  was  more  common  in  the  BAPE  group
(p  < 0.001),  whereas  high-level  irregularity,  mediastinal  localization,  and  interlobar  fissure  were  more
prevalent  in  the  eMPM  group  (p  <  0.001).  Interlobar  pleural  irregularity  was  not  observed  in  any  patients
in  the  BAPE  group,  although  55%  of patients  in  the  eMPM  group  showed  interlobar  pleural  irregularity.
Mediastinal  pleural  involvement  was  observed  in 74%  of  patients  in the  eMPM  group  and  had  a  positive
predictive  value  of 89%.

Conclusion: This  study  demonstrates  that  the  level  and  localization  of  plural  irregularities  significantly
differed  between  patients  with  BAPE  and  eMPM.  Large-scale  prospective  studies  are  needed  to  fully
establish  the  diagnostic  utility  of  such  differences.

©  2016  Elsevier  Ireland  Ltd.  All  rights  reserved.
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ch as sarcomas and adenocarcinomas [4–6].
sbestos pleural effusion (BAPE) is a complication of
osure to asbestos. It is generally classified as the accu-

 pleural fluid and may  be asymptomatic or associated
ever, and dyspnoea. Differentiation of BAPE from early

PM  is difficult, due to several overlapping radiological
8]. Considerable work has been conducted to discern
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 including X-ray, PET, MRI, and CT [9–11]. However, con-
iagnoses of MPM  mostly still depend on histopathologic

s of biopsy specimens, even though the procedure is
 with complications [12].
n, the production and application of asbestos have been

 since 2004. However, since asbestos-related diseases
latency periods, the number of mesothelioma patients
sed in recent years [13–15]. Evidence suggests that it
40 years of incubation to develop mesothelioma after
o asbestos. It has therefore been postulated that the num-

 patients in Japan will peak in 2025. The trend is in line
 advanced countries, as in the past, asbestos was  used

y for construction and industrial products [16,17]. We
 the Vital Statistics survey carried out by the Japanese

f Health, Labour, and Welfare and found more than 6000
ma cases [17]. These statistics, along with the diagnostic

ined above, clearly stress an immediate need for efficient
for the early diagnosis and management of MPM.
ted  tomography (CT) has been used as a non-invasive
gnosing, staging, and following-up MPM. Asbestos expo-
lead to pleural effusion, pleural thickening, and pleural
hich can be effectively diagnosed using CT scans [18].

the differences between the CT features of benign and
 pleural diseases are poorly understood [3,4,19]. The pur-
is study was to evaluate the differences between the CT

 patients diagnosed with stage I and II MPM  and patients
 with BAPE. We  also attempted to assess changes in the
eural irregularity, localization of pleural irregularity, and

 CT scan features during follow-up.

ts and methods

group

six patients who were referred to the Okayama Rosai
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s in eMPM group.

 a pathologist, and the histological assessment of malig-
ade on the basis of standard cytological tests. BAPE was

he basis of four criteria: (a) history of asbestos exposure,
ic or thoracentesis confirmation of pleura, (c) absence
cause for the pleural effusion, and (d) no malignant
eloping within one year [20–22]. Follow-up was con-
ugh routine visits. Informed consent was  obtained from

 and the Institutional Ethical Review Board of Okayama
tal approved the study.
scans were obtained using X-vigor in 6 cases and
2 (Toshiba Medical Systems, Otawara, Tochigi, Japan)

 Patients were screened in the supine position with or
ction of contrast media, depending on the radiologists’

9 cases were screened without contrast media, while
ed it and 3 cases were screened both with and with-
t media. A slice thickness of 5 mm and mediastinal and
hymal window settings were used. The window width
U for parenchymal imaging and 350 HU for soft tis-
hymal and soft tissue images were reconstructed with

mooth filters, respectively. Intravenous iodinated con-
m was  used to determine lymph node enlargement and
ularities. The CT scans and accompanying chest radio-

e reviewed by one radiologist and two pulmonologists
, and N. F.) who were familiar with asbestos-related

 who were members of the official pneumoconiosis
n committee for labourers in the Okayama prefecture.
rs were unaware of the pathologic diagnosis; a conclu-
ched by consensus.

PM (eMPM) group

 patients were included in the early MPM  group. The
re selected from mesothelioma death cases in the

ital Statistics (2003–2005). The detailed method for
ction and data collection has been described elsewhere
ef, we  extracted all cases of death due to malignant

a in the Vital Statistics register in Japan (2003–2005).
nsent was obtained from living relatives, and complete

ords, radiographs, and/or CT images were obtained from
ve medical institutions. We reviewed medical records

gical images with clinically and pathologically con-
noses of malignant mesothelioma based on ICD CD46.
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Table 1
Characteristics of patients in BAPE and eMPM groups.

Characteristic Total (n = 102) BAPE (n = 36) eMPM (n = 66) P value

Age, years (Mean ± SD) 69.3 ± 9.3 72.0 ± 7.2 67.8 ± 10.1 0.0297
Sex  (M/F) 92/10 36/0 56/10 0.0133
History  of asbestos exposure, years (Mean ± SD) 24.1 ± 15.9 28.1 ± 14.7 16.6 ± 17.0 0.0009
Latency,  years (Mean ± SD) 31.3 ± 21.6 46.3 ± 11.5 24.0 ± 21.6 0.0001

eMPM  histological subtype
Epithelioid  41 (62.12%)
Sarcomatoid  8 (12.12%)
Biphasic  12 (18.18%)
Unknown  5 (7.58%)

Table 2
Clinical imaging characteristics in BAPE and eMPM groups.

BAPE (n = 36) eMPM (n = 66) P value

Asbestosis 6 (17%) 1 (2%) < 0.05
PR  classification PR1 4 1

PR2 1 0
PR3 1 0

Pleural  plaque 33 (92%) 23 (35%) <0.001
Calcification (+) 25 10
Rounded  atelectasis 16 (44%) 0 (0%) <0.001
Diffuse  pleural thicknesses 9 (25%) 1 (2%) <0.001
Pleural  effusion 36 (100%) 64 (97%) 0.291

PR: profusion
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r cases were screened without contrast media, while 27
 contrast media, and 5 cases were screened both with and
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All CT scans were retrospectively reviewed at our insti-
ne radiologist and two pulmonologists (K. K., T. K., and K.

ere familiar with asbestos-related disease and who  were
of the official pneumoconiosis examination committee
ers in the Okayama prefecture. The TNM Classification
ant Tumors staging system used by the International
oma Interest Group (IMIG) for pleural mesothelioma was
ge MPM  [24]. Only patients with stage T1 and T2 tumours
ded in the analysis (Fig. 1).

l findings

ges were analysed to identify pleural plaques and calcifi-
ural effusion, lung asbestosis, diffuse pleural thickening,
ed atelectasis. Pleural plaques were defined as cir-

d, pleural areas of opacity with well-demarcated edges
leural findings from the CT images were classified into

s: “no irregularity”,” low-level irregularity”, “high-level-
y”, and” mass formation”. These four stages are shown

entary Figs. 1–4. “No irregularity” indicated complete
f pleural thickening or thickening ≤3 mm with no irreg-
ce. “Low-level irregularity” indicated a regular surface
kening >3 mm but ≤1 cm;  this stage also included cases

sperity with no clear nodular irregularity <5 mm.  Clini-
was non-specific thickening due to either a benign or a

 lesion. Mild irregular findings on CT may  indicate benign
ions such as pleurisy. “High-level-irregularity” indicated
ickening >1 cm,  an irregular thickening >5 mm,  and clear

 >3 mm but not “mass formation”. For an irregular thick-
ht asperity was required for this classification. Clinically
l irregularities” have a high index of suspicion for malig-
ass formation” indicated a clearly formed partial mass
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o ensure careful grading of pleural irregularity changes,
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t lesion [17]. Metintas et al. showed that thicknesses
 not a meaningful variable in univariate analyses [9].
, we  therefore proposed criteria based on much lower
kening (no irregularities ≤3 mm;  low-level irregulari-
but ≤5 mm,  high-level >5 mm,  and mass formation was
cm). We  believe that these criteria can be useful for the
f the early stages of MPM  (I & II) [26]. In the case of the

PM groups, all pleural thickenings were measured on
 with electronic callipers in the DICOM medical image

 appropriate digital magnification. In the BAPE group,
ments were made with the Synapse medical imaging
tion management system (Fuji Medical, Tokyo, Japan).

M group, when digital data were available, measure-
 performed in the POP-net system (Image ONE, Tokyo,
n digital images were not available, we measured the

 pixels in a 1 cm scale on the scanned film and used the
 pleura to calculate the thickness of the pleura. All cases
se pleural thickening was observed involved contrast

could differentiate thickened pleura from the collapsed

cal analysis

al  analysis was  carried out using the SPSS 20 software.
 statistical tests were used for analysis of data. Unpaired

ann-Whitney tests were used to compare differences.
s than 0.05 were considered to be statistically signifi-

x patients (all males), with a mean age of 72.0 years,
ed in the BAPE group, and sixty-six patients, with a
7.8 years, were included in the eMPM group. In the
, histopathological results indicated chronic inflamma-
majority of cases; the average history of exposure to
s 28.1 years and the mean latency (the gap between
 asbestos and diagnosis) was  46.3 years. In the eMPM
plete data and informed consent were obtained from
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Table  3
Grade of pleural irregularity in BAPE and eMPM groups.

BAPE (n = 36) eMPM (n = 66) P value

No irregularity 8 (22%) 6 (9%) <0.001#

Low-level irregularity 26 (72%) 36 (54%)
High-level irregularity 2 (5%) 15 (23%) <0.001*

Mass formation 0 (0%) 9 (14%)

Low-level irregularity” indicated a regular surface with a thickening >3 mm but
≤1 cm,  and “High-level-irregularity” indicated a regular thickening >1 cm,  or an
irregular thickening >5 mm,  and clear nodularity >3 mm but not “mass formation”.
#No-  and low-level pleural irregularity together (BAPE vs. eMPM:  94.4% vs. 63.6%;
P < 0.001).
*High-level pleural irregularity and mass formation together (BAPE vs. eMPM:  5.5%
vs. 36.4%; P < 0.001 (�2 test).

Table 4
Localization of pleural irregularity in BAPE and eMPM groups.

BAPE (n = 36) eMPM (n = 66) P value

Mediastinal 8 (22%) 49  (74%) <0.001
Basal  32 (91%) 51 (77%) 0.150
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nts, and thoracoscopic biopsy, pleural biopsy, and pleu-
ytology confirmed the diagnosis of stage I and stage II

 patients. The mean age at diagnosis was  67.8 years, and
of eMPM was  epithelioid in 41 cases, sarcomatoid in 8
asic in 12 cases, and unknown in 5 cases. Of the eMPM
0.6% had an occupational exposure to asbestos, with a
tion of exposure of 16.6 years and a mean latency of

 (Table 1).
sis  was found in 6 patients in the BAPE group, and the

was higher than that observed in the eMPM group. The
 of pleural plaque was notably higher in the BAPE group.
telectasis and diffuse pleural thickening were also sig-

ore common in the BAPE group, although there was  no
 difference in pleural effusion (Table 2).
des of pleural irregularity are presented in Table 3. No
y was found in 22% of the BAPE group and 9% of the eMPM
mass formation was observed in the BAPE group, but it

 in 14% of patients in the eMPM group. Interestingly,
-level pleural irregularity together were more preva-

 BAPE group and high-level pleural irregularity and mass
 together were more prevalent in the eMPM group
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cificity of 81%, positive predictive value of 89%, and nega-
tive value of 68% for eMPM diagnosis. Basal irregularities
er in the BAPE group (91% vs. 77%), although the differ-
ot reach statistical significance.
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 the BAPE and eMPM groups, a significant difference was
n the pleural parameters during follow-up. In patients
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f two patients in the BAPE group. One patient showed
diastinal pleural thickening at diagnosis, which signif-
essed within two months in both axial and coronal CT
other patient (Fig. 3C,D), unilateral mediastinal pleural
and effusion in the right thorax was observed at pre-
d significantly regressed before the CT scan recorded 3
r. Fig. 4 shows a CT scan of a patient in the eMPM group
tion and follow-up; CT findings did not indicate any
f pleural irregularities. Fig. 5 shows a CT scan of another
nosed with eMPM at presentation and at follow-up; it

t that pleural irregularities rapidly worsened within a
w months.

on

lts indicate that CT imaging features can aid early
f MPM.  One distinct feature was the involvement of

 pleura, which was found to be significantly more
n patients with eMPM than in patients with BAPE.

 al. reviewed the CT findings of patients with MPM
 pleural disease [9]. They concluded that circumferen-
casement by multiple nodules and pleural thickening
lar pleuropulmonary margins were more prevalent in
h MPM.  They also reported mediastinal pleural involve-
ndependent factor that could be used for differentiation
m benign pleural diseases; in our work, mediasti-
involvement was  observed in 74% of patients with
just 22% of patients with BAPE (P < 0.001), highlight-
diastinal pleural involvement even in early stages of

 et al. investigated differential diagnoses of benign and
leural diseases using CT scans and also reported medi-
ral involvement [25]. In our work, asbestosis was  found
ntly in the BAPE group, which supports the belief that

 probably not involved in the initial stages of asbestos-
g carcinogenesis, though it might increase the risk of

 [1,19,27].
 al. reported pleural effusion in 83% of patients with
they cautioned that no CT scan findings were pathog-
r MPM,  although such findings may  provide clues
tial diagnosis. In another study, plural effusion was

 almost 80% of the cases, but an independent associ-
ot established [29]. In our work, we  found 97% and
l effusion in the BAPE and eMPM groups, respectively,

y statistical difference. This observation supports the
Ökten et al. and indicates that pleural effusion should
h caution for the diagnosis of MPM, especially in the
. Interestingly, we  found that pleural plaques were more

 the BAPE group than in the eMPM group (92% vs. 35%,
ndermining the diagnostic utility of pleural plaques for
is of eMPM.  This finding is of particular importance
l plaques are reported in some studies to have strong

with mesothelioma [27], even after adjustment for time
xposure to asbestos and cumulative exposure index.

 out of 13 identified studies on the association of pleural
h lung cancer, only three have reported such correla-
,30]. In spite of disagreement among different studies
on of pleural plaques with MPM, the markedly higher
of pleural plaques observed in patients with BAPE in
rovides strong evidence for the poor utility of pleural
the diagnosis of early stages of MPM.
lts suggest that pleural irregularity grade and loca-

ifferent features in BAPE and eMPM patients. Patients
howed a high prevalence of low-level pleural irregular-

s MPM  patients had high-level pleural irregularity and
tion. We defined irregularities on the basis of pleural
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Fig. 2. Changes in the CT scan features of a patient in the BAPE group (male, 70 years) with a 21-year history of asbestos exposure. (A) Axial CT scan at diagnosis, showing
high-level irregular pleural thickening (arrows). (B) Axial CT scan after five years of follow-up; a similar level irregular pleural thickening persists.

Fig. 3. Changes in the contrast-enhanced CT scan features of a patient in the BAPE group (male, 64 years) with a 39-year history of asbestos exposure. (A) Coronal view of the
patient  at diagnosis, with visible bilateral mediastinal pleural thickening and left pleural effusion. (B) Coronal view of the same patient after two months, showing regression.
(C)  Another patient (male, 69 years) with a 42-year history of asbestos exposure. Axial CT scan at diagnosis, showing unilateral mediastinal pleural thickening and effusion
in  the right t n.
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Fig. 4. A representative axial CT scan showing mediastinal pleural thickening and interlobar fissural pleural thickening of patients in eMPM group. (A) Male, 75 years old,
with  a 33-year history of asbestos exposure, showing unilateral mediastinal pleural thickening. (B) Posterior pleural thickening in the same patient. Mediastinal pleural
thickening  (arrows) and basal pleural thickening (arrow heads).

Fig. 5. A representative axial CT scan depicting changes during follow-up in a male, 78 years old, with a 35-year history of asbestos exposure. (A) Unilateral mediastinal and
posterior  ple  two  m
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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.

© 2016 John Wiley & Sons Ltd, Histopathology
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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.

© 2016 John Wiley & Sons Ltd, Histopathology
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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

MUC4 expression in mesothelioma
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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 for410–50% 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.
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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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(1.8 Gy/day, total of 45 Gy). The primary end point was the 
overall response rate (ORR).
Results  The trial was terminated early with 22 patients 
because of slow accrual. Their median age was 79  years. 
The median number of courses of chemotherapy adminis-
tered was three, and the actual completion rate of the entire 
treatment course was 41  %. The ORR was 68  % with a 
95  % confidence interval of 47–89  % (15/22 cases). The 
median progression-free survival and overall survival were 
9.1 and 22.2  months, respectively. The main toxicity was 
myelosuppression, with grades 3–4 neutropenia (96  %), 
thrombocytopenia (50 %), and febrile neutropenia (32 %).
Conclusions  This regimen produced a favorable survival 
outcome, despite moderate-to-severe toxicity profiles. 

Abstract 
Purpose  The treatment outcome in elderly patients with 
limited-disease small-cell lung cancer (LD-SCLC) remains 
poor. We carried out a phase II trial of split topotecan and 
cisplatin (TP) therapy and sequential thoracic radiotherapy 
for elderly LD-SCLC patients as a follow-up to our previ-
ous phase I trial.
Methods  In total, 30 patients aged 76 years or older, with 
untreated LD-SCLC were enrolled. Four courses of topote-
can (1.0 mg/m2, days 1–3) and cisplatin (20 mg/m2, days 
1–3) were administered, followed by thoracic radiotherapy 

Electronic supplementary material  The online version of this 
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material, which is available to authorized users.
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Further efforts are necessary to define an optimal regimen 
for elderly patients with limited SCLC.

Keywords  Lung cancer · Elderly patient · Chemotherapy · 
Topotecan

Introduction

The standard treatment for patients with limited-disease 
small-cell lung cancer (LD-SCLC) is a combination of 
early concurrent twice-daily thoracic radiotherapy (TRT) 
and chemotherapy, consisting of etoposide (ETP) and cis-
platin (CDDP) [1]. For extensive disease (ED)-SCLC, 
chemotherapy consisting of CDDP and ETP (PE) [2, 3] or 
CDDP and irinotecan (CPT-11) (PI) has widely been inves-
tigated [4].

However, elderly patients were excluded from these pre-
vious trials [4]. PE with early concurrent twice-daily TRT 
in elderly patients was effective, but highly toxic [5]. A 
combination of carboplatin and CPT-11 caused a high inci-
dence of diarrhea (grade 2 or greater: 40  % [6]). Also, a 
combination of carboplatin and VP-16 is now often used 
for elderly patients [7], but no standard regimen has been 
established. Thus, there is ongoing need to further develop 
treatment strategies for the elderly.

Topotecan (TOP) is a promising drug for relapsed SCLC 
patients. TOP monotherapy produced better survival than 
best supportive care in a phase III trial [8]. In previously 
untreated SCLC patients, TOP monotherapy showed a 
39 % overall response rate (ORR) [9]. Non-hematological 
toxicities were mild. In particular, diarrhea, which is the 
dose-limiting toxicity (DLT) of CPT-11, is reportedly rare 
[10, 11]. However, its utility in a first-line setting in the 
elderly remains unclear.

In a prior phase I trial, we demonstrated the safety 
profile of split TOP and CDDP (TP) therapy; the DLTs 
were febrile neutropenia (FN), persistent neutropenia, 
hyponatremia, and hepatic toxicity [12]. In that study, the 
ORR was 60  % in LD-SCLC patients and 55  % in ED-
SCLC patients, with median survival times of 16.0 and 
11.0  months, respectively. Based on these findings, we 
subsequently conducted a phase II trial of split TP therapy, 
with the primary end point of ORR and secondary end 
points of 1-year survival rate and toxicity.

Patients and methods

Eligibility

 The eligibility criteria are listed in Supplemental Table 1. 
The baseline pretreatment evaluations included a complete 

history, physical examination, laboratory tests, a chest 
radiograph, computed tomography (CT) scans of the chest 
and abdomen, bronchoscopy, magnetic resonance imag-
ing of the brain, and a radionuclide bone scan, if medically 
indicated.

Written informed consent was obtained from each 
patient before any screening or inclusion procedure. This 
study was conducted in compliance with the principles of 
the Declaration of Helsinki. The protocol was approved 
by the institutional review board of each participating 
institution.

Treatment schedule

The dose and schedule of the investigational regimen were 
intended to be the same as in the phase I trial [12]. TOP 
(1  mg/m2, days 1–3), diluted in 100  mL of physiological 
saline, was administered intravenously for 30 min on days 
1–3. After completion of the TOP infusion, CDDP (20 mg/
m2, days 1–3), diluted in 300 mL of physiological saline, 
was administered intravenously over 1 h on the same days. 
The treatment was repeated every 3  weeks until PD or a 
maximum of four cycles. Each patient was pre-medicated 
with dexamethasone and 5-HT3 inhibitor.

Initiation of the next cycle of chemotherapy was delayed 
until recovery of the white blood cell count to ≥3000/mm3, 
the neutrophil count to ≥1500/mm3, the platelet count to 
≥10 × 104/mm3, hemoglobin to ≥8.0 g/dL, and serum cre-
atinine to ≤1.5 mg/dL. If grade 4 leukopenia, neutropenia, 
or FN was noted, the use of granulocyte colony-stimulating 
factor (G-CSF) was permitted.

Patients with LD-SCLC received thoracic irradiation at a 
total of 45 Gy in 25 fractions after the completion of chem-
otherapy. Prophylactic cranial irradiation was not planned.

Assessments of toxicity and antitumor activity

All toxicities were graded according to National Cancer 
Institute Common Terminology Criteria for Adverse Events 
(ver. 2). The standard Response Evaluation Criteria in Solid 
Tumors (ver. 1) was used to evaluate responses. A CT scan 
to assess target and nontarget lesions was designed to be 
done every 3  weeks during treatment. After the planned 
treatment, a CT scan was done at least every 6 months.

Statistical considerations

The efficacy of this combination therapy was assessed sep-
arately for LD- and ED-SCLC. In the LD group, assum-
ing that an ORR of 90 % in eligible patients would indi-
cate potential utility, whereas a rate of 70 % would be the 
lower limit of interest, with α = 0.05 and 1 − β = 0.8, and 
the estimated accrual number was 30 patients. An interim 
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analysis was preplanned, so that the regimen would be 
rejected if 19 or fewer of the first 23 patients had an objec-
tive response with Simon’s minimax design. The primary 
end point would be considered to be met if 22 or more 
patients had an overall response at the final analysis.

In the ED group, assuming that an ORR of 85 % would 
indicate potential utility, whereas a rate of 60 % would be 
the lower limit of interest, with α = 0.05 and 1 − β = 0.8, 
and the estimated accrual number was 25 patients. This 
regimen would be rejected if three or fewer of the first five 
patients showed an objective response. The primary end 
point would be considered to be met if 18 or more patients 
had an overall response at the final analysis.

Results

Patient characteristics

Enrollment in this study began in December 2004. In the 
ED group, the trial was terminated at the time of the interim 
analysis for ED-SCLC (performed in 2007) because only 

three of the first five patients had an objective response 
(Supplemental Table  2). Therefore, further investigations 
were not evaluated in ED group. For LD-SCLC patients, 
the trial was also terminated early with 22 of the planned 
30 patients because of slow accrual. The demographics of 
the 22 patients are listed in Table 1. The median age was 
79 years (range 76–84), and 86 % of the patients were male 
(19/3). Most patients were ever smokers (82 %) had a per-
formance status of 0–1 (91  %) and had a median Charl-
son score of 3 (range 2–6). Treatment delivery is shown in 
Fig. 1. Ultimately, 9 of 22 (41 %) patients completed the 
planned treatment.

Efficacy

With an intention to treat analysis, the ORR was 68  % 
(15/22, 95  % confidence interval [CI] 47–89  %) with 
no complete response; this did not meet the primary end 
point. The disease control rate, defined as the percentage of 
patients with partial responses and stable disease, was 77 % 
(95 % CI 58–96 %; Table 2).

For the survival analysis, with a median follow-up time 
for surviving patients of 17.9  months, 19 (86  %) patients 
experienced disease progression or died. The median pro-
gression-free survival (PFS) was 9.1 (95  % CI 4.7–14.9) 
months (Fig. 2a), and the median overall survival (OS) was 
22.2 (95 % CI 9.8–35.4) months (Fig. 2b). The 1-year sur-
vival rate was 72 % (95 % CI 49–87 %).

Toxicity

We assessed toxicity in 22 patients. The main grade 3 
or 4 toxicities are listed in Table  3. The most common 
adverse event was neutropenia (96  %, 21/22), followed 

Table 1   Clinical demographics of the 22 patients with LD-SCLC

LD-SCLC limited-disease small-cell lung cancer, ECOG Eastern 
Cooperative Oncology Group, PS performance status

Age, years (median, range) 79 (76–84)

Gender (male/female) 19 (86 %)/3 (14 %)

Staging (I/II/IIIA/IIIB) 3 (14 %)/3 (14 %)/7 (32 %)/9 
(41 %)

ECOG PS (0–1/2) 20 (91 %)/2 (9 %)

Smoking (never/ever) 4 (18 %)/18 (82 %)

Median Charlson score (range) 3 (2–6)

Fig. 1   Study flow. TRT thoracic 
radiotherapy, AE adverse event, 
MOF multiple organ failure
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by thrombocytopenia (50  %, 11/22), and anemia (36  %, 
8/22). These hematological adverse events were tolerable 
with an appropriate treatment or dose reduction of the 
protocol treatment. Other common adverse events were 
FN (32  %, 7/22), pneumonitis (18  %, 4/22), and nausea 
(14 %, 3/22). One treatment-related death during cycle 4 
was observed, due to multiple organ failure, followed by 
hepatotoxicity.

Subsequent treatments

At the time of the analysis, 17 (77  %) patients showed 
recurrence, 7 (41  %) developed distant metastases, 8 
(47  %) had loco-regional disease, and 2 (12  %) devel-
oped both loco-regional disease and distant metastases. 
Brain metastases were observed in 2  patients (12  %). Of 
the 17 patients, 13 (76  %) received subsequent treatment 
(Table 4).

Response and survival stratified by clinical factors

The efficacy stratified by several clinical factors is shown 
in Supplemental Table 3. No significant difference in ORR 
or survival time was evident between the groups.

Discussion

We conducted a phase II trial of split TP therapy in elderly 
SCLC patients. In the ED group, the ORR was 68  %, 
which did not meet the primary end point. The survival 
outcome was somewhat favorable with a median PFS time 
of 9.1 months and median OS of 22.2 months, but moder-
ate-to-severe toxicities were observed with one treatment-
related death, leading to a low completion rate of the whole 
treatment (41 %).

Regarding ORR (the primary end point), it did not sat-
isfy the preplanned criterion. Although this study was ter-
minated early, the registered number of 22 patients was 
sufficient to determine whether the ORR did meet the end 
point in the interim analysis. The ORR of 68  % in this 

Table 2   Overall response rate (n = 22)

Disease control rate was defined as the proportion of partial response, 
complete response, and stable disease

No. of patients %

Response rate 15 68

Disease control rate 17 77

 Partial response 15 68

 Complete response 0 0

 Stable disease 2 9

 Progressive disease 4 18

 Not evaluated 1 4.5

Fig. 2   a Progression-free survival curve (n = 22). b Overall survival 
curve (n = 22)

Table 3   Adverse events (n = 22)

Toxicity No. of patients

Grades Any grades 3 4 5

Hematological

Neutropenia 22 (100 %) 5 (23 %) 16 (73 %) 0 (0 %)

Thrombocytopenia 18 (82 %) 7 (32 %) 4 (18 %) 0 (0 %)

Anemia 17 (77 %) 7 (32 %) 1 (4.5 %) 0 (0 %)

Non-hematological

Febrile neutropenia 7 (32 %) 7 (32 %) 0 (0 %) 0 (0 %)

Creatinine elevation 5 (23 %) 1 (4.5 %) 0 (0 %) 0 (0 %)

AST/ALT increased 10 (45.5 %) 0 (0 %) 0 (0 %) 1 (5 %)

Nausea/vomiting 12 (54 %) 3 (13 %) 0 (0 %) 0 (0 %)

Diarrhea 6 (27 %) 0 (0 %) 0 (0 %) 0 (0 %)

Esophagitis 8 (36 %) 0 (0 %) 0 (0 %) 0 (0 %)

Pneumonitis 11 (50 %) 4 (18 %) 0 (0 %) 0 (0 %)
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phase II trial was consistent with our phase I trial result—2 
of 3 (67 %) patients at the recommended dose responded 
to treatment [12]. This reproducibility suggests that the 
current negative result was attributable simply to the pre-
defined statistical consideration that was too strict in this 
phase II trial, and, possibly, to the moderate-to-severe 
toxicity profile and low completion rate of the planned 
treatment.

The median survival time of 22.2 months was favorable. 
It was not inferior to those noted in previous trials (Supple-
mental Table 4) [6, 7, 13, 14]. This was partly attributable to 
the high proportion of subsequent treatment after progres-
sion. This might mean that TP therapy is a regimen that can 
easily be transitioned to a subsequent treatment. Another 
reason might be patient selection; in fact, the median Charl-
son score was 3, meaning that the patients who participated 
in this trial were in good general condition.

In terms of safety, the main toxicity was myelosuppres-
sion, especially neutropenia (Table 3). Thus, several of the 
toxicities that occurred with this regimen may be prevent-
able using prophylactic PEGylated G-CSF administration. 
In fact, it can reduce the proportion of FN by 6–68 % [15, 
16], and 6–22 % in elderly patients. In total, the toxicities 
were more severe than those in previous trials, although 
there was no severe diarrhea, which is an advantage of TOP 
versus CPT-11 (Supplemental Table  4). Of note, severe 
pneumonitis was observed in 4 (18  %) patients, while its 
severity in TOP and radiotherapy has rarely been reported. 
The reason for this high proportion is unclear, but it might 
be due to patient selection. Careful patient follow-up is 
needed with our regimen, even though there was no treat-
ment-related death due to pneumonitis.

This study has several limitations. The time period 
of accrual was too long, and factors other than the inves-
tigational regimen itself potentially affected the out-
come, including the starting situation and any change in 

supportive care. Unfortunately, we could not obtain infor-
mation about the actual number of patients who underwent 
a positron emission tomography scan. Also, we did not 
have detailed information as to how large the volume of 
lung receiving at least 20 Gy (V20) was and how the radio-
therapy field was set in each patient, although these might 
have affected the efficacy, including PFS and OS. Thus, 
our results should be interpreted cautiously. Furthermore, 
we did not have any biomarker of this regimen for efficient 
patient selection, as is often the case with other cytotoxic 
agents.

In summary, split TP therapy and sequential thoracic 
radiation therapy did not meet the primary outcome crite-
ria, with moderate-to-severe toxicities. The regimen is not 
useful and further efforts are necessary to define an optimal 
regimen for elderly patients with limited SCLC.
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