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ABSTRACT 
 

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

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

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

2.1. Malignant Pleural Mesothelioma 
 
Our recent in-depth studies of CD26 expression in MPM revealed that 

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

 
 

2.2. Other Cancers 
 
In contrast to our robust findings regarding the role of CD26/DPPIV 

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

 
2.2.1. Renal Cancer 

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

 
2.2.2. Lung Cancer 

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

 
2.2.3. Colorectal Cancer 

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

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

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

 
2.2.5. Gastrointestinal Stromal Tumor 

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

 
2.2.6. Thyroid Carcinoma 

The BRAFV600E mutation, which results in greater mitogen-activated 
protein kinase signaling output, is the most predominant oncogenic driver 
of thyroid cancer (Fagin and Wells, 2016). CD26 expression is upregulated 
in malignant thyroid tumors, and CD26 can be used as a malignancy 
marker in fine-needle aspiration cytology of thyroid nodules (de Micco et 
al., 2008). Recently, CD26, secretogranin V (SCG5) and carbonic 
anhydrase XII (CA12) are a three-gene signature that can distinguish 
malignant thyroid cancers, and useful for preoperative diagnosis of thyroid 
cancer (Zheng et al., 2015). More recently, the function of CD26 in thyroid 
cancer has been investigated. High CD26 was associated with 
extrathyroidal extension, BRAF mutation, and advanced tumor stage in 
papillary thyroid cancer (Lee et al., 2017). CD26 silencing by siRNA or 
treatment with DPPIV inhibitors significantly suppressed colony formation, 
cell migration, and invasion of thyroid cancer. CD26 expression was 
suggested to be involved in the transforming growth factor (TGF)-  
signaling pathway. Furthermore, in vivo experiments revealed that 
treatment with the DPPIV inhibitor sitagliptin reduced tumor growth and 
xenograft TGF-  receptor I expression (Lee et al., 2017). These 
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investigators concluded that increased CD26 expression is associated with 
cellular invasion and more aggressive disease in papillary thyroid cancer, 
and targeting CD26/DPPIV may be a therapeutic strategy for CD26-
expressing thyroid cancer. 

 
2.2.7. Urothelial Carcinoma 

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

 
2.2.8. Chronic Myeloid Leukemia 

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

 
 

2.3. Mechanisms of Action of YS110 for Cancer Treatment 
 
We had developed a novel humanized anti-CD26 mAb, namely YS110. 

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

The role of CD26 in cancer cell biology and the mechanisms of action 
of YS110 for cancer treatment have been reviewed in detail recently 
(Ohnuma et al., 2017). In brief, we summarize the mechanisms of action of 
YS110 as follows; (i) a direct cytotoxic effect on certain human CD26-
positive cancer cell lines via antibody-dependent cell-mediated 
cytotoxicity (ADCC) (Inamoto et al., 2007), (ii) a direct anti-tumor effect 
through the induction of cell cycle arrest by induction of p27kip1 and p21cip1 
expression (Inamoto et al., 2007; Hayashi et al., 2016), (iii) the nuclear 
translocation of CD26 molecules by internalization of the CD26-YS110 
complexes to inhibit proliferation of tumor cells via suppression of 
POLR2A gene expression, a component of RNA polymerase II (Yamada et 
al., 2009; Yamada et al., 2013), and (iv) following internalization of the 
CD26-YS110 complexes, an inhibition of invasion and migration of tumor 
cells by decreased binding to the collagen/fibronectin microenvironment 
matrix (Inamoto et al., 2007). We are currently investigating other 



Ryo Hatano, Kei Ohnuma, Taketo Yamada et al. 14 

mechanisms of action for the observed anti-tumor activity of YS110, 
especially focusing on the effects of YS110 on tumor immunology. 

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

Although the cellular and molecular mechanisms involved in CD26-
mediated T cell activation have been extensively evaluated by our group 
and others (Morimoto and Schlossman, 1998; Ohnuma et al., 2008a; De 
Meester et al., 1999), potential negative feedback mechanisms to regulate 
CD26-mediated activation still remain to be elucidated. Utilizing human 
peripheral blood lymphocytes, we recently found that CD26-mediated 
costimulation induced the development of a population of human type 1 
regulatory T (Treg) cells from CD4+ T cells with high level of IL-10 
production and lymphocyte-activation gene 3 (LAG3) expression (Hatano 
et al., 2015). Other investigators have also reported that the CD26+CD39- 
Treg subset among CD4+ Treg exhibits high level of IL-10 expression (Hua 
et al., 2015). These findings strongly suggest that a specific subset of 
CD26+ T cells plays a role in immune checkpoint system, and that the 
CD26 molecule may be a novel target for a therapeutic approach involving 
immune checkpoint blockade. We are currently investigating whether 
CD26-mediated signals are associated with the induction of immune 
checkpoint molecules in the tumor-infiltrating lymphocytes, and definitive 
data will be presented in the near future. 

 
 

3. IMMUNE DISORDERS 
 

3.1. Acute Graft-versus-Host Disease 
 
GVHD is a severe complication and major cause of morbidity and 

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

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

To determine whether human CD26+ T cells play a role in an animal 
model of inflammatory diseases mediated by human effector lymphocytes, 
we utilized a xenogeneic model of GVHD resulting from the adoptive 
transfer of human peripheral blood mononuclear cells (PBMCs) into 
NOD/Shi-scid, IL-2R null (NOG) mice (hu-PBL-NOG mice) (Ito et al., 
2002). We first conducted a pathological analysis of x-GVHD target 
organs such as the skin, colon or liver in hu-PBL-NOG mice. The liver, 
colon and skin of hu-PBL-NOG mice were infiltrated with human CD3+ 
mononuclear cells (MNCs), with associated organ destruction. Moreover, 
human CD3+ MNCs reactive to anti-human CD26 Ab were readily visible 
in all evaluated samples in the liver, colon or skin of x-GVHD mice. The 
infiltrated CD26+ cells were confirmed to be human CD3+ T cells by co-
staining analysis with flow cytometry. These results suggest that donor-
derived human CD26+ cells play a role in the pathogenesis of x-GVHD in 
our hu-PBL-NOG murine model. 

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

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

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

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

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

Since CD26high effector lymphocytes have high capacity for migration 
into inflamed tissues, we examined liver tissues of hu-PBL-NOG mice for 
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donor lymphocyte infiltration. In x-GVHD mice receiving control IgG, 
liver damage was observed with infiltration of human CD4+ or CD8+ 
MNCs. Moreover, slight inflammation of the portal duct areas in the liver 
was observed in mice receiving CTLA4-Ig. On the other hand, infiltration 
of human T cells in the liver was barely detected in mice receiving anti-
CD26 mAb. In addition to the pathological changes seen in the liver, 
significant elevation of serum alanine aminotransferase (ALT) activity was 
observed in mice receiving control IgG or CTLA4-Ig, while that of mice 
receiving anti-CD26 mAb was found to be near normal level. Along with 
lymphocyte infiltration in the GVHD target tissues, the mRNA level of 
effector cytokines of donor-derived human CD4+ or CD8+ cells in the liver 
of hu-PBL-NOG mice receiving anti-CD26 mAb was decreased compared 
to those of hu-PBL-NOG mice receiving control IgG. Taken together, 
these results indicate that anti-CD26 treatment in hu-PBL-NOG mice 
ameliorated liver GVHD by decreasing production of proinflammatory 
cytokines of donor-derived human lymphocytes as well as inhibiting 
lymphocyte infiltration in the liver. 

Since aGVHD and GVL effects are immune reactions highly linked to 
each other (Wu and Ritz, 2009; Zorn et al., 2002), we evaluated the 
potential influence of anti-CD26 mAb treatment on GVL effect. NOG 
mice transplanted with P815 cells along with human PBMCs and control 
IgG showed minimal signs of tumor growth in the inoculated region, but 
all mice died around 4 weeks after inoculation due to x-GVHD. On the 
other hand, mice inoculated with P815 along with human PBMC and anti-
CD26 mAb exhibited enhanced survival rate with minimal evidence of 
GVHD. Importantly, mice in this group showed significantly slow initial 
tumor growth, suggesting the preservation of GVL effect more than 
CTLA4-Ig treatment. We examined the expression level of effector 
cytokines of human CD8+ T cells isolated from the spleens of hu-PBL-
NOG mice at 2 weeks after transplantation. Our data suggest that the GVL 
effect of cytotoxic effector function occurring at the early time period prior 
to manifestation of x-GVHD was preserved in hu-PBL-NOG mice 
receiving anti-CD26 mAb, compared to those in hu-PBL-NOG mice 
receiving CTLA4-Ig. In conclusions, CD26-mediated T cell activation 



The Use of the Humanized Anti-CD26 Monoclonal Antibody … 21 

appears to play a significant role in GVHD. Since full suppression of x-
GVHD with interventional therapies is currently a difficult challenge, our 
data demonstrating that control of x-GVHD can be achieved by modulating 
CD26high T cells with anti-CD26 mAb are potentially important clinically. 
Our work also suggests that anti-CD26 mAb treatment may be a novel 
therapeutic approach for GVHD in the future. 

 
 

3.2. Chronic Graft-versus-Host Disease 
 
On the basis of differences in clinical manifestations and 

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

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

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

 
 

3.3. Rheumatoid Arthritis 
 
RA is a chronic, inflammatory autoimmune disease that primarily 

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

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

 
 

3.4. Inflammatory Bowel Diseases 
 
In patients with inflammatory bowel diseases (IBD) such as Crohn’s 

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

 
 

3.5. Middle East Respiratory Syndrome Coronavirus 
 
MERS-CoV was first identified in a 60-year-old patient in June 2012 

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

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

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

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

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

 

 

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

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

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

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

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

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

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

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

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

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

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

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

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

Although the cellular and molecular mechanisms involved in CD26-mediated T cell activation have been 
extensively evaluated by our group and others (4-6, 9, 13, 90), potential negative feedback mechanisms to regulate CD26-
mediated activation still remain to be elucidated. Utilizing human PBL, we found that production of IL-10 by CD4+ T cells is 
preferentially increased following CD26-mediated costimulation compared with CD28-mediated costimulation (108). IL-21 
production was also greatly enhanced in the late phase of CD26 costimulation. On the other hand, production of IL-2, IL-5 or 
TNF-D was much lower following CD26 costimulation than CD28 costimulation. In contrast, no difference in the production of 
IL-17A, IFN-J, or IL-4 was observed following CD26 or CD28-mediated costimulation. These data indicate that CD26 and 
CD28 costimulation of CD4+ T cells results in different cytokine production profiles, with IL-10 production being preferentially 
enhanced following CD26 costimulation. Furthermore, we found that both the cell surface and intracellular expression of LAG3 
(lymphocyte activation gene-3) was clearly enhanced with increasing doses of anti-CD26 mAb, and that CD26-induced 
enhancement of LAG3 was more pronounced than the effect of CD28-mediated costimulation. On the other hand, both CD26 and 
CD28-mediated costimulation enhanced the expression of CTLA-4 (cytotoxic T-lymphocyte-associated antigen 4) and FOXP3 
(forkhead box protein P3), with no significant difference being detected between these two costimulatory pathways. In contrast 
with CD28 costimulation, LAP (latency associated protein) complexed with TGF-E1 was hardly induced following CD26 
costimulation. We showed that all the CD4+ T cells expressed LAG3 following CD26 or CD28 costimulation, and that no 
difference was observed in the percentage of LAG3 expressing cells, while the expression intensity of LAG3 after CD26-
mediated costimulation was significantly higher than after CD28-mediated costimulation. LAG3 serves as a marker of IL-10 
producing Treg (109), and binds to major histocompatibility complex (MHC) class II molecules with higher affinity than CD4, 
leading to transduction of inhibitory signals for both T cells and APCs (110, 111). Therefore, our data strongly suggest that 
signaling events via CD26 may induce the development of CD4+ T cells to a Type 1 regulatory T cells (Tr1)-like phenotype. By 
expression analysis with Western blotting and quantitative real-time polymerase chain reaction (RT-PCR) experiments and by 
cell functional analysis utilizing chemical inhibitors and small interfering RNA (siRNA) experiments, we showed that co-
engagement of CD3 and CD26 induces preferential production of IL-10 in human CD4+ T cells, mediated through NFAT 
(nuclear factor of activated T cells) and Raf (rapidly accelerated fibrosarcoma)-MEK (mitogen-activated protein kinase 
(MAPK)/extracellular signal-regulated kinase (ERK) kinase)-ERK pathways (108). High level of early growth response 2 
(EGR2) is also induced following CD26 costimulation, possibly via NFAT and AP-1 (activator protein-1)-mediated signaling, 
and knock down of EGR2 leads to decreased IL-10 production. Taken together, these observations strongly suggest that CD26-
mediated costimulation of CD4+ T cells results in enhanced NFAT/AP-1-dependent EGR2 expression, which is associated with 
the preferential production of IL-10. Finally, we demonstrated that CD3/CD26-stimulated CD4+ T cells clearly suppress 
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proliferative activity and effector cytokine production of bystander T cells in an IL-10-dependent manner (108). Collectively, our 
results above suggest that CD3/CD26 costimulation induces the development of human Tr1-like cells from CD4+ T cells with 
high level of IL-10 production and LAG3 expression. Preclinical models showed that antibody-mediated blocking of LAG3 as 
potential anti-cancer therapy led to enhanced activation of antigen-specific T cells at the tumor sites and disruption of tumor 
growth (112). Moreover, anti-LAG3/anti-PD-1 (programmed cell death 1) antibody treatment cured most mice of established 
tumors that were largely resistant to single antibody treatment (112). Taken together, it is conceivable that CD26 itself may 
function as an inhibitory molecule of an immune checkpoint system in certain disease conditions, similar to LAG3 or PD-1. 
 
4.2. Malignant pleural mesothelioma 
4.2.1. FIH phase I clinical trial of humanized anti-CD26 mAb 
 Our previous work analyzing extracellular matrix (ECM) interactions and intracellular signaling events demonstrated 
that the malignant mesothelial cell line JMN expresses CD26 (113). Our recent in-depth studies of CD26 expression in malignant 
pleural mesothelioma (MPM) revealed that CD26 is preferentially expressed in MPM cells but not in normal mesothelial cells 
(114, 115). These intriguing findings propelled our development of CD26-targeted therapy for MPM. For this purpose, we had 
developed a novel humanized anti-CD26 mAb, namely YS110. YS110 is a recombinant DNA-derived humanized mAb that 
selectively binds with high affinity to the extracellular domain of CD26. The antibody is an IgG1N with a molecular weight of 
144 kDa and was humanized via an in silico design based on the AA sequence of anti-human CD26 murine mAb (14D10), which 
inhibited tumor cell growth, migration and invasion, and enhanced survival of mouse xenograft models (116). YS110 is produced 
by fermentation in CHO (Chinese hamster ovary) mammalian cell suspension culture with the Glutamine Synthetase Expression 
System. In vitro pharmacologic evaluation of YS110 demonstrated its selective binding to human CD26 on a number of human 
cancer cell lines and tissues, with no apparent effect on immune activation and no inhibition of DPPIV activity, while exhibiting 
direct cytotoxic effect on certain human CD26-positive cancer cell lines. Moreover, our in vitro data indicated that YS110 
induces cell lysis of MPM cells via antibody-dependent cellular cytotoxicity (ADCC) in addition to its direct anti-tumor effect via 
cyclin-dependent kinase inhibitor (CDKI) p27kip1 and p21cip1 accumulation (68, 117). In vivo experiments with mouse xenograft 
models involving human MPM cells demonstrated that YS110 treatment drastically inhibits tumor growth in tumor-bearing mice 
and reduces formation of metastases, resulting in enhanced survival (68). Our data strongly suggest that YS110 may have 
potential clinical use as a novel cancer therapeutic agent for CD26-positive malignant mesothelioma. 
 
 In addition to our robust in vitro and in vivo data on antibody-mediated dose-dependent tumor growth inhibition, 
YS110 exhibited excellent safety and pharmacological profiles in non-human primate models using single and repeated 
increasing intravenous doses. Considering the lack of T cell proliferation and cytokine production in vitro, YS110 was therefore 
considered not to have an agonistic nor activating effect on human CD26-positive lymphocytes. Other key safety findings were 
obtained from studies involving cynomolgus monkeys which express YS110-reactive CD26 molecules, with similar tissue 
distribution profiles and expression levels to human CD26. We therefore conducted the FIH clinical trial of YS110 for patients 
with MPM and other CD26-positive solid tumors (70). Thirty-three heavily pre-treated patients with CD26-positive cancers 
including 22 malignant mesothelioma, 10 renal cell carcinoma (RCC) and 1 urothelial carcinoma underwent YS110 
administration. A total of 232 infusions (median 3 (range 1-30)) of YS110 were administered across 6 dose levels ranging from 
0.1. to 6.0. mg/kg. Maximum tolerated dose (MTD) was not reached and 2 dose limiting toxicities (DLTs) (1 patient with grade 3 
anaphylactic reaction at 1.0. mg/kg and 1 patient with grade 3 allergic reaction at 2.0. mg/kg) were reported with complete 
resolution following dose omission. Subsequent use of systemic steroid prophylaxis and exclusion of patients with significant 
allergy histories improved safety profile. No dose-dependent adverse events were observed. Blood exposure pharmacokinetics 
parameters (AUC and Cmax) increased in proportion with the dose. Cytokines and immunophenotyping assays indicated CD26 
target modulation with no occurrence of infectious nor autoimmune disease complications. These results demonstrated that 
YS110 is tolerable in human subjects. A secondary objective of this FIH study was to evaluate the potential antitumor activity of 
YS110 according to RECIST 1.0. (response evaluation criteria in solid tumors) criteria (or modified RECIST criteria for 
mesothelioma). No objective response was achieved in any of the treated patients. However, stable disease as the best overall 
response was observed in 13 out of the 26 valuable patients on Day 43 of the first cycle (1 at 0.1. mg/kg, 2 at 0.4. mg/kg, 7 at 2.0. 
mg/kg, 1 at 4.0. mg/kg and 2 at 6.0. mg/kg). Prolonged stabilization with 26 weeks or more was observed in 7 out of 13 stable 
disease patients who have received a total of 143 (5 to 30 infusions/patients) infusions with a median PFS (progression-free 
survival) of 33 weeks (26 to 57 weeks). This FIH study conclusively demonstrated that YS110 exhibits a favorable safety profile 
and substantial clinical activity in heavily pretreated CD26-positive MPM patients who had previously progressed on 
conventional standard chemotherapies. Further clinical trial of YS110 for MPM is in progress worldwide (118). 
 
4.2.2. DPPIV enzyme activity and efficacy of YS110 
 The FIH clinical study of YS110 revealed that an increase in YS110 infusion dose was associated with decreased serum 
sCD26 level, particularly in cohorts 4-6 (2.0. to 6.0. mg/kg), with an approximately 80% decrease in sCD26 level (70). Moreover, 
since sCD26 level reflects DPPIV enzyme activity in sera (119), similar reduction in DPPIV enzyme activity was observed, again 
particularly in patients in cohorts 4-6. Although DPPIV inhibitors are clinically used as oral hypoglycemic agents (120), 
hypoglycemia was not observed during YS110 administration. Of note is the fact that greater than 80% inhibition of serum 
DPPIV activity was obtained 24 hours after oral administration of clinically available DPPIV inhibitors (drug information 
published by manufacturers of sitagliptin, vildagliptin, saxagliptin and etc.), a level of inhibition comparable to that seen in 
patients treated with YS110. Our current data would therefore indicate that YS110 therapy is tolerable in the clinical setting. As 
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described in the previous section, recent work has demonstrated the functional role of DPPIV-mediated post-translational 
modification of chemokines in regulating tumor immunity through its interaction with its substrate CXCL10 (101). This anti-
tumor response is potentiated in combination with other anti-tumor immunotherapeutic approaches including CpG adjuvant 
therapy, adoptive T cell transfer therapy and checkpoint blockade therapy (anti-CTLA-4 and anti-PD-1) (101). In view of these 
recent findings, data from our current trial showing that serum DPPIV activity was decreased following treatment with YS110 in 
a dose-dependent manner would suggest that anti-tumor activity via DPPIV inhibition may constitute yet another mechanism of 
action for the anti-tumor activity of YS110. 
 
4.2.3. Mechanisms of action of YS110 for cancer treatment 
 We previously showed that depletion of CD26 by RNAi results in the loss of adhesive property, suggesting that CD26 
is a binding protein to the ECM (68). Moreover, our observations regarding the CD26-CD9-D5E1 integrin complex suggest that 
CD26 regulates the interaction of MPM cells with the ECM via yet-to-be-determined integrin adhesion molecules (121). 
Recently, we found that expression of CD26 upregulates periostin secretion by MPM cells, leading to enhanced MPM cell 
migratory and invasive activity (122). Periostin is a secreted cell adhesion protein of approximately 90 kDa, which shares a 
homology with the insect cell adhesion molecule fasciclin 1 (FAS1) (123). We also demonstrated that the cytoplasmic region of 
CD26 plays a crucial role in MPM tumor biology through its linkage to somatostatin receptor 4 (SSTR4) and SHP-2 protein 
tyrosine phosphatase in cell membrane lipid rafts, leading to cytostatic effects in MPM cells without direct association of the 
ECM to CD26 by anti-CD26 mAb treatment (Figure 3) (124). In view of the findings above, we propose that CD26 forms 
macromolecular complexes in the cell surface of MPM by connecting periostin and ECM to intracellular signaling events (125); 
(i) In CD26-negative MPM cells, SSTR4 mediated inhibitory signaling to suppress cell proliferation and motility. In contrast, by 
locking the signaling domain of SSTR4 with CD26 association, SSTR4-mediated anti-tumor effects were abrogated, leading to 
increased cell proliferation and motility in CD26-positive MPM cells. (ii) In addition, CD26 regulated ECM-associated tumor 
cell behavior in association with integrins and periostin-ECM complex. CD9 suppressed cell invasion and migration by inhibiting 
the formation of CD26-D5E1 integrin complex. Moreover, expression of CD26 upregulated periostin secretion by MPM cells, 
leading to enhanced MPM cell migratory and invasive activity. (iii) Furthermore, periostin is a secreted cell adhesion protein. 
The N-terminal region regulates cellular functions by binding to integrins at the plasma membrane of the cells through cell 
adhesion domain. The C-terminal region of the protein regulates cell–matrix organization and interaction by binding such ECM 
proteins, leading to increased MPM cell motility. As a result, CD26 molecule in MPM also plays a pivotal role in connecting 
ECM to intracellular signaling events associated with cell proliferation and motility. It is therefore conceivable that targeting 
CD26 may be a novel and effective therapeutic approach for MPM. 
 

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

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

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

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

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

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

Abbreviations: ANOVA, analysis of variance; Cav-1, caveolin-1; DAPI, 40 , 6-diamidino-2-phenylindole; DPP-4, dipeptidyl peptidase-4; FBS, fetal bovine serum; FITC,
fluorescein isothiocyanate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GST, glutathione S-transferase; IL, interleukin; IP, interferon gamma-induced protein; IRAK,
IL-1 receptor-associated kinase; LPS, lipopolysaccharide; MCP, monocyte chemoattractant protein; MEM, minimum essential medium; NF-kb, nuclear factor-kappa beta; PBS,
phosphate buffered saline; PE, phycoerythrin; rhCD26, recombinant human CD26; RT-PCR, reverse transcription-polymerase chain reaction; RU, response unit; SEM, standard
error of mean; siRNA, small interfering RNA; SDS, sodium dodecyl sulfate; TLR, toll-like receptor; TNF, tumor necrosis factor.
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with CD26 for binding to Cav-1. In conclusion, we demonstrated that Cav-1 is a target molecule for DPP-4
inhibitors in the suppression of TLR4-mediated inflammation in mouse and human macrophages.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

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

1. Introduction

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

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

2. Materials and methods

2.1. Animal study

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

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

2.2. Cell culture

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

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

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

2.4. Biophysical interaction analysis

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

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

2.6. Immunoblotting

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

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

2.7. Small interfering RNA transfection

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

2.8. Cell viability

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

2.9. Flow cytometry

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

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

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

3. Results

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

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

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

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

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

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

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

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

Next, we evaluated the effects of teneligliptin on the expression

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

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

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

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

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

4. Discussion

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

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

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

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

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

In conclusion, Cav-1 acts as a pro-inflammatory molecule in
response to E. coli-derived LPS in mouse and human macrophages,
and is a target of DPP-4 inhibitors to suppress TLR4-induced
inflammation.
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suppression of inflammatory responses via inhibiting the TLR4/IRAK-4 pathway. TRIF, TIR-domain-containing adapter-inducing interferon-b; ERK, extracellular signal-regulated
kinase.
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First-in-human phase 1 of YS110, a
monoclonal antibody directed against CD26
in advanced CD26-expressing cancers
Eric Angevin*,1, Nicolas Isambert2, Véronique Trillet-Lenoir3, Benoit You3, Jérôme Alexandre4,
Gérard Zalcman5, Philippe Vielh6, Françoise Farace6, Fanny Valleix7, Thomas Podoll8, Yu Kuramochi9,
Itaru Miyashita9, Osamu Hosono10, Nam H Dang11, Kei Ohnuma12, Taketo Yamada13,14, Yutaro Kaneko15

and Chikao Morimoto12

1Gustave Roussy, Université Paris-Saclay, Drug Development Department (DITEP), Villejuif, France; 2Centre Georges-François
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Background: YS110 is a humanised IgG1 monoclonal antibody with high affinity to the CD26 antigen. YS110 demonstrated
preclinical anti-tumour effects without significant side effects.

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

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

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

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

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

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

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

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

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

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

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

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

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

MATERIALS AND METHODS

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

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

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

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

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

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

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

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

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

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

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

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

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

RESULTS

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

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

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

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

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

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

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

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

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

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

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

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

Table 1. Baseline demographics and disease characteristics

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

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

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

Primary tumour type, n (%) Q2W Q1W

0.1 0.4 1 2 2 4 6

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

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

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

Median number of prior therapies (min–max) 3 (1–11)
Abbreviation: ECOG¼Eastern Cooperative Oncology Group.
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For the initial dose levels (0.1, 0.4, 1 and 2 mg kg� 1), YS110 was
administered on a Q2W schedule on days 1, 15 and 29. As
expected, the maximum concentrations of YS110 (Cmax) on days 1
and 29 were proportional to the dose levels. However, calculated
half-lives (1–2 days) were shorter than expected for a humanised
antibody and serum concentrations were at or below detectable
levels (0.4 mg ml� 1) by 1 week post infusion. To maintain
measurable YS110 trough concentrations between doses, dosing
was increased to five doses on a Q1W schedule on days 1, 8, 15, 22
and 29 for dose levels 2, 4 and 6 mg kg� 1. Cmax values on day 1
were roughly proportional to dose level. Mean half-lives increased
with increasing dose levels, rising significantly from day 1 to day 15
to day 29 in the 2, 4 and 6 mg kg� 1 cohorts (B1, B2 and B3
days, respectively), and resulting in drug accumulation between the
doses (Table 3).

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

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

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

Dose (mg kg�1) Dose
Schedule

Day T1/2 (h)
Cmax

(lg ml�1)
AUC0–168

(h� lg ml�1)
AUC0–N

(h� lg ml�1)
CL

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

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

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

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

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

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

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

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

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

Dose levels (mg kg�1)

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

0.1
(n¼3)

0.4
(n¼3)

1.0
(n¼6)

2.0
(n¼14)

4.0
(n¼3)

6.0
(n¼4)

All AEs/grade 3–4
(n¼33)

All ADRs/grade3–4
(n¼33)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

DISCUSSION

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

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

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

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

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

Cohorts
Dose
levels

(mg kg�1)

Cancer
types (n)

Median
infusions

N (min–max)

Median PFS
days (min–max)

Q2W 0.1 Meso (3) 3 (3) 42 (41–42)

Q2W 0.4 Meso (2)
RCC (1)

18 (3–20) 223 (40–273)

Q2W 1.0 Meso (2)
RCC (4)

3 (1–3) 40 (28–59)

Q2W 2.0 Meso (6)
RCC (4)

3 (1–27) 57 (13–399)

Q1W 2.0 Meso (3)
UTC (1)

5 (1–20) 47 (5–184)

Q1W 4.0 Meso (3) 4 (3–5) 32 (22–59)

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

All All All 4 (1–30) 43 (5–399)

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

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

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

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

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

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

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

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