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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 1is 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 p27"’ 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 YSI110 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 10° 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 mm? 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 10°) 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=15), 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 pg) was applied for SDS-PAGE and immunoblotting
for p27%7! phosphorylated Akt, and B-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 (SCGS5) 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 i1s 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-2Ry”~ (NSG) mice with
BCR/ABLI" cells, whereas CD26™ LSC from the same patients produced
multilineage BCR/ABL1" engraftment. Moreover, targeting of CD26 by
gliptins suppressed the expansion of BCR/ABLI1" cells. These results
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suggest that CD26 1s 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 IL1IRAP 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”°*CD45RAcKIT-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 IgGx 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. [n vitro pharmacologic evaluation of YSI110
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; (1) a direct cytotoxic effect on certain human CD26-
positive cancer cell lines via antibody-dependent cell-mediated
cytotoxicity (ADCC) (Inamoto et al., 2007), (i1) a direct anti-tumor effect
through the induction of cell cycle arrest by induction of p27*#! and p21%’
expression (Inamoto et al., 2007; Hayashi et al., 2016), (ii1) the nuclear
translocation of CD26 molecules by internalization of the CD26-YS110
complexes to inhibit proliferation of tumor cells via suppression of
POLR2A gene expression, a component of RNA polymerase II (Yamada et
al., 2009; Yamada et al., 2013), and (iv) following internalization of the
CD26-YS110 complexes, an inhibition of invasion and migration of tumor
cells by decreased binding to the collagen/fibronectin microenvironment
matrix (Inamoto et al., 2007). We are currently investigating other
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mechanisms of action for the observed anti-tumor activity of YSI10,
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
CXCLI10 (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 CXCLI10, leading to increased trafficking of
CXCR3" T cells into the TME (Ohnuma et al., 2015b). This anti-tumor
response 1s 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 (Trg) 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
Treq subset among CD4" Ty, 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 CDS6,
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, CD26"$"CDS8" T cells in humans belong to early effector
memory T cells, and CD26"¥"CD8" T cells exhibited increased expression
of granzyme B, TNF-a, IFN-y 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-2Ry™" (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 mAbD (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 ul 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
ng/dose, blue line, n = 23), low dose anti-CD26 mAb (2 pg/dose, orange line, n = 24)
(P =0.0001 vs. control IgG group), high dose anti-CD26 mAb (200 pg/dose, red line,
n=7) (P =0.0006 vs. control IgG group), low dose CTLA4-Ig (2 pg/dose, green line,
n=9) (P =0.0005 vs. control IgG group), or high dose CTLA4-Ig (200 pg/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 pg/dose, blue line, n = 23), low dose anti-CD26 mAb (2 pg/dose,
orange line, n = 24), high dose anti-CD26 mAb (200 pg/dose, red line, n = 7), low dose
CTLAA4-Ig (2 pg/dose, green line, n =9), or high dose CTLA4-Ig (200 pg/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 CDS8" cells in the peripheral blood of hu-PBL-NOG
mice receiving anti-CD26 mAb. Taken together, these data suggest that
decreased number of CD26"¢" effector T cells may be responsible for the
relative absence of x-GVHD development in mice receiving anti-CD26
mADb.

Since CD26"¢" 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 CDS8"
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
recetving 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 CDS8" 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
CTLAA4-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
recetving CTLA4-Ig. In conclusions, CD26-mediated T cell activation
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appears to play a significant role in GVHD. Since full suppression of x-
GVHD with interventional therapies is currently a difficult challenge, our
data demonstrating that control of x-GVHD can be achieved by modulating
CD26"¢" 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 /L-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-la
(CXCLI12), 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 CD26"#" 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
CD26"" T cells contain Tyl7 cells, and that CD26"¢" Ty17 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 CD26"¢"CD8" T cells exhibit increased
expression of granzyme B, TNF-o, IFN-y and Fas ligand, and exert
cytotoxic effect with CD26-mediated costimulation (Hatano et al., 2013Db).
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 (nspl-16) and 4 structural proteins, the spike (S),
envelope (E), membrane (M), and nucleocapsid (N) (van Boheemen et al.,
2012). The wviral 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, ADAI and
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ADA2. ADAI 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 ADAI,
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 ADALI 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 (4GS,
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 Sl1-Fc (SI
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.
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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 (4GS, 1F7, 2F9,
16D4B, 9C11, or 14D10), humanized anti-CD26 mAb (YS110), or anti-CD26 goat
polyclonal antibody (pAb) at a concentration of 40 pg/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 ¢ 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
9CI11) (Figure 3). Moreover, the anti-CD26 mAbs 1F7 and YSI110
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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ABSTRACT

Malignant pleural mesothelioma (MPM) is a rare and aggressive
neoplasm deriving from the pleural mesothelial lining. More than 80% of
cases are related to previous professional asbestos exposure, with its
worldwide incidence being expected to increase in the future. Despite the
modest clinical benefit of a multimodality treatment approach including

* Corresponding Author Email: kohnuma@juntendo.ac.jp.

Complimentary Contributor Copy



130 Kei Ohnuma, Ryo Hatano, Hiroto Yamazaki et al.

surgery, combination chemotherapy and radiation, prognosis remains
grim with poor overall survival. For the vast majority of MPM patients
ineligible for potentially curative surgery at diagnosis, systemic
chemotherapy is the best option to improve survival. The only treatment
with level-one level of evidence for improving clinical outcome is the
regimen consisting of a platinum doublet with an antifolate. It is possible
that standard cytotoxic therapies for MPM have reached a therapeutic
plateau, and new approaches based on deregulated pathways and targeted
therapies are required to improve survival of MPM patients. We have had
a long-standing interest in the role of CD26 in cancer biology and its
suitability as a novel therapeutic target in selected neoplasms. Our
previous work demonstrated that CD26 is preferentially expressed in
MPM cells but not in normal mesothelial cells, and suggested that CD26
expression level correlates with clinical outcomes. More recently, we
showed that the CD26-positive population of CD24"CD9" MPM cells
exhibits cancer stem cell features. We also reported robust in vivo data on
the anti-tumor activity of anti-CD26 monoclonal antibody in mouse
xenograft models. We herein review significant novel findings and the
early clinical development of a CD26-targeted therapy for MPM,
advances that can lead to a more hopeful future for MPM patients.

Keywords: malignant pleural mesothelioma, CD26, DPPIV, YS110

INTRODUCTION

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

Successful treatment of MPM depends on an in-depth understanding of
the biology of mesothelioma. Our group has had a long-standing interest in the
role of CD26 in cancer biology and its suitability as a novel therapeutic target
in selected neoplasms (Thompson et al., 2007; Havre et al., 2008; Ohnuma and
Morimoto, 2013). CD26 is a 110-kDa, type II transmembrane glycoprotein
with known dipeptidyl peptidase IV (DPPIV, EC 3.4.14.5) activity in its
extracellular domain and is capable of cleaving N-terminal dipeptides with
either L-proline or L-alanine at the penultimate position (Ohnuma et al.,
2008a). CD26 activity is dependent on cell type and the microenvironment
factors that can influence its multiple biological roles (Thompson et al., 2007;
Ohnuma et al., 2011). Although CD26 expression is enhanced following
activation of resting T cells, CD4" CD26"¢" T cells respond maximally to
recall antigens such as tetanus toxoid (Morimoto et al., 1989; Dang et al.,
1990c). Cross-linking of CD26 with CD3 by solid-phase immobilized
monoclonal antibodies (mAbs) can induce T-cell costimulation and IL-2
production by CD26" T cells (Dang et al., 1990a; Morimoto and Schlossman,
1998). In addition, anti-CD26 antibody treatment of T cells enhances
activation associated with tyrosine phosphorylation of signaling molecules
such as CD3( and p56/“, while its DPPIV enzyme activity is required for
CD26-mediated T cell costimulation (Tanaka et al., 1993; Hegen et al., 1997;
Ishii et al., 2001). CD26 therefore has an important role in T cell biology and
overall immune function (Morimoto and Schlossman, 1998; Ohnuma et al.,
2008a).

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

MOLECULAR CHARACTERIZATION OF CD26

In 1979, a large molecular weight complex composed of adenosine
deaminase (ADA) activity was found to be an ADA-binding protein (ADBP),
also known as adenosine deaminase complexing protein-2 (ADCP2) (Daddona
and Kelley, 1979). In 1992, this ADBP or ADCP2 is determined to be
identical to CD26, a T-cell activation molecule and a 110-kD glycoprotein that
is present also on epithelial cells of various tissues including the liver, kidney,
and intestine (Hopsu-Havu and Glenner, 1966; Marguet et al., 1992; Tanaka et
al., 1992). The human CD26 cDNA contains a 3,465 base pair (bp) open
reading frame that encodes a 766 amino acid protein. The human CD26 amino
acid sequence has 85% amino acid identity with the mouse and rat CD26, and
37% amino acid identity with D. melanogaster (Marguet et al., 1992; Tanaka
et al., 1992). The 5’-flanking region does not contain a TATA box or CAAT
box, commonly found in housekeeping genes (Bohm et al., 1995). CD26 does
contain a 300 bp G-C rich region with potential binding sites for NF-kB, AP2,
or Spl (Erickson et al., 2000b). CD26 expression is activated by interferons
(IFNs) and retinoic acid in chronic lymphocytic leukemia via Statla and the
GAS (IFN-y activaton site) response element (TTCnnnGAA located at bp -35
to -27) in the CD26 promoter (Bauvois et al., 2000). A hepatocyte nuclear
factor 1 binding site at position -150 to -131 of the CD26 gene regulates CD26
expression in human intestinal (Caco-2) and hepatic epithelial (HepG2) cell
lines (Erickson et al., 1999; Erickson et al., 2000a).
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P> C-terminal catalytic regions (AA511-766)
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Figure 1. Schematic diagrams of the amino acids of human CD26.

Human CD26 cDNA is composed of 2,301 base pairs, translated to a 766 amino acid
protein. DDPIV catalyzes the hydrolysis of N-terminal dipeptides from polypeptides
with proline or alanine in the penultimate position. See text for further details.

CD26 is a multifunctional membrane-bound glycoprotein present as a
homodimer on the surface of most cell types (Chien et al., 2004; Ohnuma et
al., 2008a). Human CD26 is composed of 766 amino acids (Figure 1),
including a short cytoplasmic domain of 6 amino acids, a transmembrane
region of 24 amino acids, and an extracellular domain with dipeptidyl
peptidase activity which selectively removes the N-terminal dipeptide from
peptides with proline or alanine at the penultimate position (Heins et al., 1998;
Ohnuma et al., 2008a). Analysis of single amino acid point mutations in the [3-
propeller motif identified Glu205 and Glu206 to be essential for DPPIV
enzyme activity, and the central tunnel and o/p-hydrolase domains both
participate in DPPIV inhibitor binding (David et al., 1993; Abbott et al., 2000;
Rasmussen et al., 2003). CD26/DPPIV was initially considered to cleave
peptides only after a proline or alanine residue, but its substrates are now
known include hydroxyproline, serine, glycine, valine, threonine, and leucine
(Yaron and Naider, 1993; Abbott et al., 2000; Bjelke et al., 2006). CD26 binds
to caveolin-1 on antigen presenting cells (APC), and residues 201 to 211 of
CD26 along with the serine catalytic site at residue 630, which constitute a
pocket structure of CD26/DPPIV, contribute to its binding to the caveolin-1
scaffolding domain (Ohnuma et al., 2004). This region in CD26 contains a
caveolin-binding domain (PXPXXXXDPXXD; © and X depict aromatic residue
and any amino acid, respectively), specifically WVYEEEVESAY in CD26.
These observations strongly support the notion that DPPIV enzyme activity is
necessary for CD26-mediated T-cell costimulatory activation, as demonstrated
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in our previous work using CD26-targeted mAbs (Tanaka et al., 1993;
Morimoto and Schlossman, 1998). Single amino acid point mutation analysis
showed that His750 residue is responsible for dimerization (Chien et al.,
2004), which is required for T cell costimulation signaling (Ohnuma et al.,
2007).

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

In human peripheral blood, CD26 is found on CD4" T memory cells and
CD8" effector/memory T cells (Morimoto et al., 1989; Dang et al., 1990c;
Hatano et al., 2013). It has been reported that 0-5% of freshly isolated CD20*
B cells do express the CD26 antigen (Buhling et al., 1995). Following
stimulation with PMA (phorbol 12-Myristate 13-acetate) or Streptococcus
aureus protein, the fraction of CD26-positive cells increased to 51%
(Morimoto and Schlossman, 1998; Fujimaki et al., 2008). Meanwhile, CD26 is
not expressed or is found only at low levels on monocytes of healthy adults
(Stohlawetz et al., 1998; Ohnuma et al., 2001). Flow cytometric analysis of
dendritic antigen-presenting cells (DC) generated from peripheral blood of
normal donors in the presence of granulocyte/macrophage colony-stimulating
factor and IL-4 revealed intermediate levels of CD26 expression during a 2-
week culture period (Alijagic et al., 1995). Only a small fraction of peripheral
NK cells was found to express CD26 (Buhling et al., 1994).

CD26 is a co-stimulatory molecule for T-cell signal transduction. While
CD26 expression is enhanced following activation of resting T cells,
CD4"CD26"¢" T cells respond maximally to recall antigens such as tetanus
toxoid (Dang et al., 1990c; Morimoto and Schlossman, 1998). Moreover, we
have previously reported that effector CD26-mediated costimulatory activity is
exerted via its DPPIV enzymatic activity (Tanaka et al., 1993). In addition,
CD4" T cells with in vitro transendothelial migratory capacity appear to
express high CD26 (Masuyama et al., 1992), and patients with autoimmune
diseases such as multiple sclerosis, Grave’s disease, and rheumatoid arthritis
have been found to have increased numbers of CD4"CD26" T cells in inflamed
tissues as well as in their peripheral blood, with enhancement of CD26
expression in these autoimmune diseases correlating with disease activity
(Ohnuma et al., 2011). Moreover, CD26"¢"CD8" T cells in humans belong to
early effector memory T cells, and CD26"$"CD8" T cells exhibit increased
expression of granzyme B, TNF-a, IFN-y and Fas ligand, and exert cytotoxic
effect with CD26-mediated costimulation (Hatano et al., 2013).

The cytoplasmic tail of CD26 is responsible for T-cell costimulation
induced by anti-CD3 plus caveolin-1 (Ohnuma et al., 2007). Our work found
that CARMA1 binds to the cytoplasmic tail of dimeric CD26, and that a PDZ
domain in CARMAL1 is necessary for binding to CD26 (Ohnuma et al., 2007).
Following its phosphorylation, CARMAT functions as a signaling intermediate
downstream of PKCO (protein kinase 0) and upstream of IKK (IkB kinase) in
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the TCR (T cell receptor) signaling transduction pathway, which leads
eventually to NF-xB activation. Dimeric CD26, but not monomeric CD26,
binds to CARMAT1 (Ohnuma et al., 2007). The enzymatic pocket structure of
the DPPIV catalytic site is necessary for binding of CD26 to caveolin-1,
leading to the upregulation of CD86 expression on APC (Ohnuma et al.,
2005). Dimerization of CD26 is therefore not only necessary for binding to
caveolin-1, but also serves as a scaffolding structure for the cytoplasmic
signaling molecule CARMA1. Overall, CD26 ligation by caveolin-1 on APC
recruits CD26-interacting CARMAL to lipid rafts, resulting in the formation of
a CARMAI-Bcll0O-MALTI1-IKK complex, and this membrane-associated
Bcl10 complex then activates IKK through ubiquitination of NEMO (NF-kB
essential modulator) (Ohnuma et al., 2008b).

We recently reported that CD3/CD26 costimulation induces the
development of a population of human type 1 regulatory T (Tr) 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" Ty, subset among CD4" Ty, 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.

EXPRESSION OF CD26 IN MPM

Our previous work analyzing extracellular matrix interactions and
intracellular signaling events demonstrated that the malignant mesothelial cell
line JMN expresses CD26 (Dang et al., 1990b). Our recent in-depth studies of
CD26 expression in MPM revealed that CD26 is preferentially expressed in
MPM cells but not in normal mesothelial cells (Amatya et al., 2011; Aoe et al.,
2012). Tissue samples from eighty one epithelioid (49 differentiated and 32
less differentiated), 34 sarcomatoid, 19 biphasic mesothelioma patients and 8
mesothelioma cell lines were examined via immunohistochemistry for
membranous and cytoplasmic expression. Cytoplasmic expression of CD26
was observed in all histological types of mesothelioma, being found in 65 of
81 (80%) of epithelioid mesotheliomas, and 17 of 18 (95%) of epithelioid
component of biphasic mesothelioma. Meanwhile, membranous expression of
CD26 was not found in sarcomatoid mesothelioma or sarcomatoid component
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of biphasic mesothelioma (Figure 2). Moreover, 7 out of 8 mesothelioma cell
lines (MESO1, MESO4, HMMME, H226, H2452, H28, and H2052),
including sarcomatoid types, exhibited CD26 expression, with the MSTO-
211H (MSTO) mesothelioma cell line having no expression of CD26 (Amatya
et al., 2011). These same 7 mesothelioma cell lines also demonstrated
membranous expression of CD26 in cellblock preparation.

Figure 2. Immunohistochemical staining of MPM with anti-CD26.

Representative serial sections of resected specimens of MPM.

(A) Epithelioid mesothelioma for anti-CD26 immunohistochemistry, showing
membranous expression of CD26.

(B) Sarcomatoid mesothelioma for anti-CD26 immunohistochemistry, showing only
cytoplasmic expression with inconspicuous membranous expression of CD26.

This figure is reprinted with permission from K Aoe et al., Clin Cancer Res 18:147-
1456, 2012.

CLINICAL RELEVANCE OF CD26 EXPRESSION AND MPM

To explore the role of CD26 for MPM in the clinical setting as a
prognostic and therapeutic biomarker, we evaluated 79 MPM cases for CD26
expression and clinical outcome (Aoe et al., 2012). Fifty-eight patients with
mesothelioma (73.4%) expressed CD26 on the mesothelioma cell membrane.
The majority of patients with epithelioid and biphasic type of mesothelioma
expressed CD26 on the mesothelioma cell membrane, whereas none of the
patients with the sarcomatoid type did. It should be noted that diffuse staining
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for CD26 in the cytoplasm of the mesothelioma cells was observed in all
patient samples, even in patients with the sarcomatoid type (Figure 2). We
next evaluated the prognostic significance of CD26 membrane expression and
other clinicopathological factors in those patients (Aoe et al.,, 2012). The
median survival time (MST) for all mesothelioma patients in the current study
was 13.9 months, with the 1-year survival rate being 58.9%. Older age,
sarcomatoid  histology, advanced stage, absence of extrapleural
pneumonectomy (EPP), absence of chemotherapy, and best supportive care
were factors associated with poor prognosis. However, no significant
relationship between membranous CD26 expression in malignant
mesothelioma and survival was observed (MST, 15.0 vs. 10.8 months,
P=0.1384). Potential relationship between CD26 expression and chemotherapy
response and survival was also analyzed. Of the 56 patients treated with
chemotherapy, 15 patients had adjuvant chemotherapy, and one patient died
prior to evaluation of response to chemotherapy. Therefore, we evaluated the
relationship between membranous CD26 expression and response to
chemotherapy for 40 patients. The response rate to chemotherapy was
marginally associated with membranous CD26 expression (P=0.053). There
was a trend toward an association between higher level of CD26 membrane
expression and better response to chemotherapy. Univariate analysis of
survival time for patients who received chemotherapy demonstrated that
membranous CD26 expression was a significant factor associated with better
survival (MST, 18.6 wvs. 10.7 months, P=0.0083). In addition, other
clinicopathological factors, including epithelioid histology type, lower stage,
EPP or treatment with pemetrexed were also observed to be associated with
overall survival. Multivariate analysis for response to chemotherapy showed
that epithelioid histology (P=0.016) and EPP (P=0.005) had independent
prognostic significance. Membranous CD26 expression showed a hazard ratio
of 1.947, but without statistically significant value (P=0.067). Taken together,
we concluded that the CD26 molecule is a reliable biomarker for predicting
potential therapeutic outcome following chemotherapy (Aoe et al., 2012).

MPM CANCER CELL B10LOGY OF CD26

Since CD26 membrane expression on mesothelioma cells appears to be a
predictive marker of response to chemotherapy, we next attempted to
characterize in details the CD26-positive cells of mesothelioma cell lines. For
this purpose we sorted naturally occurring CD26-positive MESOI1
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mesothelioma cells and subdivided them into CD26-positive and CD26-
negative cells. Such cells were subsequently cultured for the indicated days.
CD26"¢" cells always exhibited higher level of proliferative activity than
CD26-negative cells. Similarly, CD26"¢" cells from other naturally occurring
CD26-positive mesothelioma cell lines such as H226 and H28 cell lines
consistently had higher level of proliferation than CD26-negative cells from
the same cell lines. Moreover, CD26-knockdown of MESO1, JMN and H28
cells resulted in reduced proliferation as compared to wild type CD26-positive
MESO-1, JMN and H28 cells, respectively. These results hence suggest that
CD26-positive mesothelioma cells have generally robust growth activity (Aoe
et al., 2012). Since highly proliferative cells are typically sensitive to
chemotherapeutic agents, our present data support the notion that
mesothelioma patients with tumors expressing high level of CD26 generally
have chemosensitive disease, as discussed in the preceding section.

To extend our previous studies on the relationship between high
proliferative activity and invasiveness and high expression level of CD26, we
analyzed the signaling events downstream of CD26 in MPM. With the
proximal signaling events associated with the cytoplasmic region of CD26
being previously shown in normal human T lymphocytes (Ohnuma et al.,
2007), it is conceivable that similar CD26-mediated proximal events may play
a role in MPM cell biology. To define the crucial role of the CD26
cytoplasmic region in regulating migratory, invasive or proliferative activity of
MPM cells, we used a mutant construct of CD26 in which its cytoplasmic
region was replaced with that of human CDI0 (CD26-CD10 chimeric
receptor), which was shown to abrogate CD26-mediated costimulation in T
cells (Ohnuma et al., 2007). CD10, as is the case with CD26, is a type Il
transmembrane glycoprotein with a relatively short cytoplasmic tail containing
signal sequence that has an expected membrane topology similar to CD26
(Ogata et al., 1989; Maguer-Satta et al., 2011). We transfected CD26-negative
parental MSTO cells with full-length human CD26 (CD26WT) or CD26-
CD10 chimeric receptor (CD26/10Chi) to establish MSTO-CD26WT or
MSTO-CD26/10Chi, respectively (Yamamoto et al., 2014). A significant
increase in migration was observed in MSTO-CD26WT as compared to
MSTO-Mock (vector alone) or MSTO-CD26/10Chi (Figure 3A). Similarly, an
increase in invasion was also observed in MSTO-CD26WT as compared to
MSTO-Mock or MSTO-CD26/10Chi (Figure 3B). Moreover, a significant
increase in colony formation was observed in MSTO-CD26WT as compared
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Figure 3. The cytoplasmic region of CD26 is required for cell migration, invasion and
colony formation.

(A) Cells were seeded on top of a Boyden chamber. The number of cells that migrated
through the uncoated filter in the lower chamber was counted. The mean number of cells
per field was determined from 5 fields per filter (mean = SEM; n=5 experiments with
triplicates). A significant increase of MSTO-CD26WT is indicated as P<0.0001 (v.s.
MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOVA with Tukey-Kramer post-
hoc test. NS denotes ‘not significant’. Representative microphotographs of cells migrating
through the filter were shown in the lower panels (crystal violet staining). Scale bars
indicate 200pum. (B) Cells were seeded on top of Matrigel-coated chamber inserts. The
number of cells that invaded through the Matrigel in the lower chamber was counted. The
mean number of cells per field was determined from 5 fields per filter (mean £ SEM; n=5
experiments with triplicates). A significant increase of MSTO-CD26WT is indicated as
P<0.0001 (v.s. MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOV A with
Tukey-Kramer post-hoc test. NS denotes ‘not significant’. Representative microphotographs
of cells invading through the filter were shown in the lower panels (crystal violet staining).
Scale bar indicates 200pum.
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(C) Cells were plated in a cell suspension agar matrix between layers of base agar matrix.
After 1 week, the agar matrix was solubilized, and cells were stained with MTT solution.
Absorbance at 570nm was measured (mean + SEM; n=5 experiments with triplicates). A
significant increase of MSTO-CD26WT is indicated as £<0.0001 (v.s. MSTO-Mock or
MSTO-CD26/10Chi), as calculated by ANOV A with Tukey-Kramer post-hoc test. NS
denotes ‘not significant’. Representative microphotographs of cells grown in soft agar just
prior to solubilization to indicate cell size and morphology were shown in the lower panels
(phase-contrast imaging). Original magnification, x8. Scale bars indicate 50um. (D) SCID
mice were injected i.p. with 1x10° luciferase-expressing MSTO-Mock, MSTO-CD26WT or
MSTO-CD26/10Chi cells. Tumor growth was measured by in vivo bioluminescence
photometry, with imaging data of each cohort being indicated as total flux of photons per
second (mean = SEM; n=20). A significant increase of MSTO-CD26WT is indicated as
P<0.0001 (v.s. MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOV A with
Tukey-Kramer post-hoc test. Representative optical bioluminescence imaging of each
cohort mice was shown with intensity of luminescence as heat maps in the lower panels.
This figure is reprinted with permission from J Yamamoto et al., Br J Cancer 110:2232-
2245,2014.

to MSTO-Mock or MSTO-CD26/10Chi (Figure 3C). To extend the above in
vitro results to in vivo experimentation, we performed a cell growth assay
using xenograft mice. A significant increase in in vivo tumor growth was
observed with MSTO-CD26WT as compared to MSTO-Mock or MSTO-
CD26/10Chi (Figure 3D). These results suggest that the cytoplasmic region of
CD26 is important for CD26 function in such MPM biological processes as
cell migration, invasion and anchorage-independent cell growth as well as in
vivo tumor growth, and clinical benefit may be obtained by targeting the CD26
molecule in MPM therapy.

CD26 AND CANCER STEM CELLS INMPM

The putative existence of cancer stem cell (CSC) is a widely accepted
notion at the present time (Reya et al., 2001). CSC proliferates in an
asymmetric cell division-like manner, exhibits various stem cell signatures,
and is believed to be a potential reason for resistance to therapy. Recent
studies have demonstrated the existence of CSCs not only in hematologic
malignancies but also solid tumors (Frank et al., 2010; Wang and Dick, 2005).
Our recent work identified SP (side-population), CD9, CD24, and CD26 as
MPM CSC markers that correlated with primary stem cell signatures (Ghani et
al., 2011). SP cells of H226 and H2452 cell lines, and CD24-positive cells of
JMN and H226 cell lines proliferated in an asymmetric cell division-like
manner. The expression of CD26 closely correlated with that of CD24 in
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sarcomatoid type cell lines. In addition, CD9 and CD24-positive cells
displayed a higher potential to generate spheroid colony than negative cells in
the stem cell medium. Moreover, these marker-positive cells had a clear
tendency to generate larger tumors in mouse transplantation assay (Ghani et
al., 2011). We further analyzed the CSC properties of CD24 and CD26-positve
MPM cells (Yamazaki et al., 2012). We established RNA interference (RNA1)
-knockdown MPM cells and found that these markers correlated significantly
with chemoresistance, proliferation, and in vitro invasion potential. Inter-
estingly, while MESO1 cells expressed both CD24 and CD26, the presence of
each of these two markers was correlated with different CSC property. To
distinguish intracellular signals downstream of these cell surface antigens, we
performed DNA microarray analysis of CD24* and CD24" cells of JMN and
H226, CD247CD26" and CD24CD26  cells of MESOI1, and control-short
hairpin RNA (shRNA) and CD24-shRNA cells of MESO1. We found that
several genes related to cancer development and stem cell signatures were
differentially regulated. Among the genes up-regulated in the positive cells,
insulin-like growth factor binding protein 7 (IGFBP7) was commonly up-
regulated in all experiments (fold change, JMN-CD24", 2.5x; H226-CD24",
3.3x; MESO1-CD24°CD26", 27.3x; MESO1-control/CD24-shRNA, 1.9x). In
CD24°CD26"/CD24 CD26™ cells and control/CD24~ shRNA cells of MESO-
1, IGFBP3 (another member of IGFBP, 7.9x and 5.8x, respectively), a cancer
gene WntSA (5.2x and 6.3x, respectively), and hematopoietic/lymphoid stem
cell antigen CDI127 (interleukin 7 receptor, IL7R, 10.5x and 3.0x,
respectively) were also significantly up-regulated. The microarray data of
these genes were further confirmed by RT-PCR in the CD24/CD26-isolated
MESOL1 cells. Interestingly, expression of IGFBP3 and IGFBP7 was well-
correlated with that of CD26, rather than CD24. Meanwhile, expression of
Wnt5A and IL7R was correlated with not only CD24 but also CD26
expression, while their expression was completely absent in the CD24"CD26~
cells. These data suggest that CD24 and CD26 expression correlated with
several cancer and stemness genes. In addition to gene expression profiles, our
examination of downstream signaling events relating to IGFBP3 and IGFBP7
showed that phosphorylation of ERK (extracellular signal-regulated kinase) by
EGF (epidermal growth factor) stimulation was significantly affected by the
expression of CD26, but not CD24. Taken together, our data suggest that
CD24 and CD26 differentially regulate the CSC potentials of MPM and could
be promising targets for CSC-oriented therapy.
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ASSOCIATION OF CD26 AND EXTRACELLULAR
MATRIX IN MPM

To further explore the molecular mechanisms involved in the highly
proliferative activity of CD26-positive MPM cells, we focused on the
interaction between CD26 and CD9, and identified as novel markers for cancer
stem cells in malignant mesothelioma (Ghani et al., 2011). We found that
CD26 and CD9 co-modulated and coprecipitated with each other in the
malignant mesothelioma cell lines MESO1 and MSTO (Okamoto et al., 2014).
RNA1 study revealed that depletion of CD26 led to increased CD9 expression,
while depletion of CD9 resulted in increased CD26 expression. Consistent
with these findings was the fact that gene transfer of CD26 into CD26-
negative MSTO cells reduced CD9 expression. Cell invasion assay showed
that overexpression of CD26 or gene depletion of CD9 led to enhanced
invasiveness, while CD26 gene depletion resulted in reduced invasive
potential. Furthermore, co-precipitation studies demonstrated an association
between CD26 and a5fB1 integrin, suggesting that this enhanced invasiveness
may be partly mediated by a5B1 integrin. Finally, gene depletion of CD9
resulted in elevated protein levels and tyrosine phosphorylation of FAK (focal
adhesion kinase) and Cas-L/NEDD9, which are downstream signaling
molecules of B1 integrin, while depletion of CD26 led to a reduction in the
levels of these molecules. Collectively, our findings suggest that CD26
potentiates tumor cell invasion through its interaction with a5p1 integrin, and
CD?9 negatively regulates tumor cell invasion by reducing the level of CD26-
a5P1 integrin complex through an inverse correlation between CD9 and CD26
expression (Okamoto et al., 2014).

Along with our previous observation that depletion of CD26 by RNAI
resulted in the loss of adhesive property, suggesting that CD26 is a binding
protein to the extracellular matrix (ECM), the above observation regarding the
CD26-a5B1 integrin complex suggests that CD26 regulates the interaction of
MPM cells with the ECM via yet-to-be-determined integrin adhesion
molecules. More recently, we found that expression of CD26 upregulates
periostin secretion by MPM cells, leading to enhanced MPM cell migratory
and invasive activity (Komiya et al., 2014). Periostin is a secreted cell
adhesion protein of approximately 90kDa, which shares a homology with the
insect cell adhesion molecule fasciclin I (FAS1) (Morra and Moch, 2011).
Moreover, we showed that upregulation of periostin expression results from
the nuclear translocation of the basic helix-loop-helix transcription factor
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Twistl, a process that is mediated by CD26-associated activation of Src
phosphorylation. In the clinical setting, periostin upregulation has been
reported for many cancer types including MPM, and may potentially be a
tumor-enhancing factor (Morra and Moch, 2011). Previous work also
suggested that periostin expression in MPM cells may be an independent
prognostic factor for overall survival (Schramm et al., 2010). Periostin was
shown to be not only a marker of epithelial-mesenchymal transition (EMT),
but to be itself an inductor of this phenomenon (Yan and Shao, 2006). Our
results hence suggest that CD26 expression is associated with EMT via its
regulation of periostin.

We demonstrated that CD9 suppresses cell adhesion by inhibiting CD26-
a5B1 integrin complex through its negative regulation of CD26 (Okamoto et
al., 2014). These observations show that CD26 regulates the interaction of
MPM cells with the ECM via the integrin adhesion molecules. Meanwhile, as
described above, we have shown that the cytoplasmic 6 amino acid residues of
CD26 are required for regulating migratory, invasive or proliferative activity
of MPM cells. To define the molecular details involved in the critical role of
the CD26 cytoplasmic region, we used affinity purification and LC-MS/MS
(liquid chromatography-tandem mass spectrometry) to identify the proteins
that are associated with the CD26 cytoplasmic domain (Yamamoto et al.,
2014). In these experiments, membrane fractions of MSTO-Mock, MSTO-
CD26WT or MSTO-CD26/10Chi were harvested in native conditions and
subjected to affinity purification using anti-CD26 mAb. We demonstrated that
the cytoplasmic region of CD26 plays a crucial role in MPM tumor biology
through its linkage to somatostain receptor 4 (SSTR4) and SHP-2 protein
tyrosine kinase in cell membrane lipid rafts, leading to cytostatic effects in
MPM cells without direct association of the ECM to CD26 (Yamamoto et al.,
2014).

In view of the findings above, we propose that CD26 forms
macromolecular complexes in the cell surface of MPM (Figure 4), and plays a
pivotal role in the malignant activity of MPM by connecting periostin and
ECM to intracellular signaling events. It is therefore conceivable that targeting
CD26 may be a novel and effective therapeutic approach for MPM.
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Figure 4. Macromolecular complex associated with cell surface CD26 in MPM.

(I) In CD26-negative MPM cells, SSTR4 mediated inhibitory signaling to suppress cell
proliferation and motility. In contrast, by locking the signaling domain of SSTR4 with
CD26 association, SSTR4-mediated anti-tumor effects were abrogated, leading to
increased cell proliferation and motility in CD26-positive MPM cells.

(IT) In addition, CD26 regulated extracellular matrix (ECM)-associated tumor cell
behavior in association with integrins and periostin-ECM complex. CD9 suppressed
cell invasion and migration by inhibiting the formation of CD26-a5p1 integrin
complex. Moreover, expression of CD26 upregulated periostin secretion by MPM
cells, leading to enhanced MPM cell migratory and invasive activity. Moreover, we
showed that upregulation of periostin expression resulted from the nuclear
translocation of the basic helix-loop-helix transcription factor Twistl, a process that
was mediated by CD26-associated activation of Src phosphorylation.

(IIT) Periostin is a secreted cell adhesion protein. The N-terminal region regulates
cellular functions by binding to integrins at the plasma membrane of the cells through
cell adhesion domain. The C-terminal region of the protein regulates cell-matrix
organization and interaction by binding such ECM proteins, leading to increased MPM
cell motility. CD26 molecule in MPM plays a pivotal role in connecting ECM to
intracellular signaling events associated with cell proliferation and motility.

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

As described in the preceding sections, CD26/DPPIV is expressed at a
high level on the surface of malignant mesothelioma cells, but not on cells
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derived from normal mesothelial cells. These intriguing findings propelled our
development of CD26-targeted therapy for MPM. For this purpose, we had
developed a novel humanized anti-CD26 mAb, namely YS110. YS110 is a
recombinant DNA-derived humanized mAb that selectively binds with high
affinity to the extracellular domain of CD26. The antibody is an IgGik with a
molecular weight of 144 kDa and was humanized via an in silico design based
on the amino acid sequence of anti-human CD26 murine mAb (14D10), which
inhibited tumor cell growth, migration and invasion, and enhanced survival of
mouse xenograft models (Inamoto et al., 2006). YS110 is produced by
fermentation in CHO mammalian cell suspension culture with the Glutamine
Synthetase Expression System. /n vitro pharmacologic evaluation of YS110
demonstrated its selective binding to human CD26 on a number of human
cancer cell lines and tissues, with no apparent effect on immune activation and
no inhibition of DPPIV activity, while exhibiting direct cytotoxic effect on
certain human CD26-positive cancer cell lines. Moreover, our in vitro data
indicated that YS110 induces cell lysis of MPM cells via antibody-dependent
cell-mediated cytotoxicity (ADCC) in addition to its direct anti-tumor effect
via cyclin-dependent kinase inhibitor (CDKI) p27“*! and p21¢*! accumulation
(Inamoto et al., 2007; Hayashi et al., 2016). In vivo experiments with mouse
xenograft models involving human MPM cells demonstrated that YS110
treatment drastically inhibits tumor growth in tumor-bearing mice and reduces
formation of metastases, resulting in enhanced survival (Inamoto et al., 2007;
Okamoto et al., 2014; Yamamoto et al., 2014). Our data strongly suggest that
YS110 may have potential clinical use as a novel cancer therapeutic agent for
CD26-positive malignant mesothelioma.

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

In the POC studies using preclinical models, in vivo administration of
14D10 or YS110 resulted in inhibition of tumor cell growth, migration and
invasion, and enhanced survival of mouse xenograft models inoculated with
RCC or MPM (Inamoto et al., 2006; Inamoto et al., 2007; Okamoto et al.,
2014; Yamamoto et al., 2014). In addition to our robust in vitro and in vivo
data on antibody-mediated dose-dependent tumor growth inhibition, YS110
exhibited excellent safety and pharmacological profiles in non-human primate
models using single and repeated increasing intravenous doses. Considering
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the lack of T cell proliferation and cytokine production in vitro, YS110 was
therefore considered not to have an agonistic nor activating effect on human
CD26-positive lymphocytes. Other key safety findings were obtained from
studies involving cymologus monkeys which express YS110-reactive CD26
molecules, with similar tissue distribution profiles and expression levels to
human CD26. We therefore conducted the first-in-human (FIH) clinical trial of
YS110 for patients with MPM and other CD26-positive solid tumors (Angevin
etal., 2015).

Thirty-three heavily pre-treated patients with CD26-positive cancers
including 22 malignant mesothelioma, 10 RCC and 1 urothelial carcinoma
underwent YS110 administration. A total of 232 infusions (median 3 [range 1-
30]) of YS110 were administered across 6 dose levels ranging from 0.1 to 6
mg/kg. Maximum tolerated dose (MTD) was not reached and 2 dose limiting
toxicities (DLTs) (1 patient with grade 3 anaphylactic reaction at 1 mg/kg and
1 patient with grade 3 allergic reaction at 2 mg/kg) were reported with
complete resolution following dose omission. Subsequent use of systemic
steroid prophylaxis and exclusion of patients with significant allergy histories
improved safety profile. No dose-dependent adverse events were observed.
Blood exposure pharmacokinetics parameters (AUC and Cpax) increased in
proportion with the dose. Cytokines and immunophenotyping assays indicated
CD26 target modulation with no occurrence of infectious nor autoimmune
disease complications. These results demonstrated that YS110 is tolerable in
human subjects.

A secondary objective of this FIH study was to evaluate the potential
antitumor activity of YS110 according to RECIST 1.0 criteria (or modified
RECIST criteria for mesothelioma). No objective response was achieved in
any of the treated patients. However, stable disease as the best overall response
was observed in 13 out of the 26 valuable patients on Day 43 of the first cycle
(1 at 0.1 mg/kg, 2 at 0.4 mg/kg, 7at 2.0 mg/kg, 1at 4.0 mg/kg and 2 at
6.0 mg/kg). Prolonged stabilization was observed in 9 out of 13 stable disease
patients who have received a total of 161 (6 to 30) infusions with a median
PFS of 32 weeks (12 — 57 weeks). This FIH study conclusively demonstrated
that YS110 exhibits a favorable safety profile and substantial clinical activity
in heavily pretreated CD26-positive MPM patients who had previously
progressed on conventional standard chemotherapies (Angevin et al., 2015).
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DPPIV ENZYME ACTIVITY AND EFFICACY OF
YS110 N\ MPM

The FIH clinical study of YS110 revealed that an increase in YS110
infusion dose was associated with decreased serum sCD26 level, particularly
in cohorts 4-6 (2.0 to 6.0mg/kg), with an approximately 80% decrease in
sCD26 level (Angevin et al., 2015). Moreover, since sCD26 level reflects
DPPIV enzyme activity in sera (Durinx et al., 2000), similar reduction in
DPPIV enzyme activity was observed, again particularly in patients in cohorts
4-6. Although DPPIV inhibitors are clinically used as oral hypoglycemic
agents (Drucker and Nauck, 2006), hypoglycemia was not observed during
YS110 administration. Of note is the fact that greater than 80% inhibition of
serum DPPIV activity was obtained 24 hours after oral administration of
clinically available DPPIV inhibitors (drug information published by
manufacturers of sitagliptin, vildagliptin, saxagliptin and efc.), a level of
inhibition comparable to that seen in patients treated with YS110. Our current
data would therefore indicate that YS110 therapy is tolerable in the clinical
setting.

Recent work has demonstrated the functional role of DPPIV-mediated
post-translational modification of chemokines in regulating tumor immunity
through its interaction with its substrate CXCL10 (Barreira da Silva et al.,
2015). Barreira de Silvia et al. use in vivo tumor-transplant models to show
that DPPIV inhibition reduces tumor growth through the preservation of
bioactive CXCLI10 in the tumor microenvironment (TME). In the normal
physiological state, CXCLI10 is rapidly degraded by DPPIV, resulting in
decreased recruitment and migration of CXCR3" T cells into the TME (Figure
5) (Ohnuma et al., 2015). CXCR3 has been shown to be a functional receptor
for CXCL10 (Proost et al., 2001). In contrast, DPPIV inhibition enhances
tumor rejection by preserving the full-length biologically active form of
CXCLI10, leading to increased trafficking of CXCR3" T cells into the TME
(Figure 5) (Ohnuma et al., 2015). This anti-tumor response is potentiated in
combination with other anti-tumor immunotherapeutic approaches including
CpG adjuvant therapy, adoptive T cell transfer therapy and checkpoint
blockade therapy (anti-CTLA-4 and anti-PD-1) (Barreira da Silva et al., 2015).
In view of these recent findings, data from our current trial showing that serum
DPPIV activity was decreased following treatment with YS110 in a dose-
dependent manner would suggest that anti-tumor activity via DPPIV inhibition

Complimentary Contributor Copy



CD26-Targeted Therapy 149

may constitute yet another mechanism of action for the anti-tumor activity of
YS110.

DPPIVinhibitor

- + Adjuvant
Dendritic cells + Checkpointblockade
Fibroblasts
Neutrophils CD26/DPPIV
Endothelial cells

+ Adoptive therapy

CXCL10 secretion Truncation of CXCL10 Recruitment of T cell-dependnet
inthe TME by DPP4 CXCR3*Tcells anti-tumoreffects
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Figure 5. DPPIV inhibition suppresses truncation of its ligand CXCL10, leading to
recruitment of CXCR3" T cells into tumor parenchyma.

In vivo tumor-transplant models showed that DPPIV inhibition reduced tumor growth
through the preservation of bioactive CXCL10 in the tumor microenvironment (TME).
In the normal physiological state, CXCL10 was rapidly degraded by CD26/DPPIV,
resulting in decreased recruitment and migration of CXCR3" T cells into the tumor
parenchyma. In contrast, DPPIV inhibition enhanced tumor rejection by preserving the
full-length biologically active form of CXCL10, leading to increased trafficking of
CXCR3" T cells into the tumor parenchyma. This anti-tumor response was potentiated
in combination with other anti-tumor immunotherapeutic approaches including CpG
adjuvant therapy, adoptive T cell transfer therapy and checkpoint blockade therapy
such as anti-CTLA-4 and anti-PD-1.

This figure is reproduced with permission from K Ohnuma et al., Nat Immunol 16:791-
792, 2015.

MECHANISMS OF ACTION OF YS110 1IN MPM

We previously showed that depletion of CD26 by RNA1 results in the loss
of adhesive property, suggesting that CD26 is a binding protein to the ECM
(Inamoto et al., 2007). Moreover, our in vitro data indicate that YS110 induces
cell lysis of MPM cells via ADCC in addition to its direct anti-tumor effect via
CKDI p27%! accumulation (Inamoto et al., 2007). More recently, we
evaluated the direct anti-tumor effect of YS110 against the MPM cell lines
H2452 and JMN, and investigated its effects on cell cycle and on the cell cycle
regulator molecules (Hayashi et al., 2016). YS110 suppressed the proliferation
of H2452 cells by approximately 20% in 48 hours of incubation. Cell cycle
analysis demonstrated that the percentage of cells in G2/M phase increased by
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8.0% on average following YS110 treatment; in addition, level of the cell
cycle regulator p21¢#! was increased and cyclin B1 was decreased after YS110
treatment. Inhibitory phosphorylation of both cdc2 (Tyrl5) and cdc25C
(Ser216) was elevated. Furthermore, activating phosphorylation of p38 MAPK
(Thr180/Tyr182) and ERKI1/2 (Thr202/Tyr204) was augmented following
24 hours of YSI110 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.

We also demonstrated that treatment with YS110, which inhibited cancer
cell growth, induced nuclear translocation of both cell-surface CD26 and
YS110 (Yamada et al., 2009; Yamada et al., 2013). In response to YS110
treatment, CD26 was translocated into the nucleus via caveolin-dependent
endocytosis, and interacted with a genomic flanking region of the POLR2A
gene, a component of RNA polymerase II. This interaction consequently led to
transcriptional repression of the POLR2A4 gene, resulting in retarded cancer
cell proliferation. Furthermore, impaired nuclear transport of CD26 reversed
the POLR2A repression induced by YS110 treatment. These findings reveal
that nuclear CD26 functions in the regulation of gene expression and tumor
growth, while yet another novel mechanism of action of anti-CD26 mAb
therapy may involve the regulation of inducible traffic of surface CD26
molecules into the cell nucleus.

Taken together, we summarize the mechanisms of action of YS110 in
MPM as follows; (i) a direct cytotoxic effect on certain human CD26-positive
cancer cell lines (ADCC), (ii) a direct anti-tumor effect through the induction
of cell cycle arrest by induction of p27“"! and p21¢r! expression, (iii)
following internalization of the CD26-YS110 complexes, an inhibition of
invasion and migration of tumor cells by decreased binding to the
collagen/fibronectin microenvironment matrix, and (iv) the nuclear
translocation of CD26 molecules by internalization of the CD26-YS110
complexes to inhibit proliferation of MPM cells via suppression of POLR2A
gene expression.
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COMPANION DIAGNOSTICS FOR
CD26-TARGETING THERAPY

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

CONCLUSION

While the incidence of MPM continues to increase worldwide, standard
chemotherapy does not lead to significant increase in survival. Our increased
understanding of the biology and novel therapeutic targets of MPM will pave
the way for better treatment options in the future.
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Our FIH study showed that YS110 therapy is generally well-tolerated with
preliminary evidence of activity in patients with advanced/refractory CD26-
expresing cancers including MPM. Our findings also suggest that further
clinical development of YS110 such as its use as part of combination therapies
with other antineoplastic agents is warranted.

ACKNOWLEDGMENTS

This study was supported in part by a grant of the Ministry of Education,
Science, Sports and Culture, Japan (K.O. and C.M.), a grant of the Ministry of
Health, Labour, and Welfare, Japan (C.M.) and a Grant-in-Aid (S1311011)
from the Foundation of Strategic Research Projects in Private Universities
from the Ministry of Education, Culture, Sports, Science, and Technology,
Japan (K.O. and C.M.).

REFERENCES

Abbott, C.A., Yu, D.M., Woollatt, E., Sutherland, G.R., McCaughan, G.W.,
Gorrell, M.D. (2000). Cloning, expression and chromosomal localization
of a novel human dipeptidyl peptidase (DPP) IV homolog, DPP8. FEBS J.
267, 6140-6150.

Abdel-Rahman, O., Kelany, M. (2015). Systemic therapy options for
malignant pleural mesothelioma beyond first-line therapy: a systematic
review. Expert Rev. Respir. Med. 9, 533-549.

Alijagic, S., Moller, P., Artuc, M., Jurgovsky, K., Czarnetzki, B.M.,
Schadendorf, D. (1995). Dendritic cells generated from peripheral blood
transfected with human tyrosinase induce specific T cell activation. Eur. J.
Immunol. 25,3100-3107.

Amatya, V.J., Takeshima, Y., Kushitani, K., Yamada, T., Morimoto, C., Inai,
K. (2011). Overexpression of CD26/DPPIV in mesothelioma tissue and
mesothelioma cell lines. Oncol. Rep. 26, 1369-1375.

Angevin, E., Isambert, N., Trillet-Lenoir, V.T., You, B., Alexandre, J.,
Zalcman, G., Viehl, P., Farace, F., Valleix, F., Podoll, T., Kuramochi, K.,
Miyashita, 1., Hosono, O., Dang, N.H., Ohnuma, K., Yamada, T., Kaneko,
Y., Morimoto, C. (2015). First-in-human phase I administration of YS110,
a monoclonal antibody directed against the CD26 immunostimulatory

Complimentary Contributor Copy



CD26-Targeted Therapy 153

molecule in advanced cancer patients. J. Clin. Oncol. 33, supple; abstr
2519.

Aoe, K., Amatya, V.J., Fujimoto, N., Ohnuma, K., Hosono, O., Hiraki, A.,
Fujii, M., Yamada, T., Dang, N.H., Takeshima, Y., Inai, K., Kishimoto, T,
Morimoto, C. (2012). CD26 overexpression is associated with prolonged
survival and enhanced chemosensitivity in malignant pleural
mesothelioma. Clin. Cancer Res. 18, 1447-1456.

Astoul, P., Roca, E., Galateau-Salle, F., Scherpereel, A. (2012). Malignant
pleural mesothelioma: from the bench to the bedside. Respiration 83, 481-
493.

Barreira da Silva, R., Laird, M.E., Yatim, N., Fiette, L., Ingersoll, M.A.,
Albert, M.L. (2015). Dipeptidylpeptidase 4 inhibition enhances
lymphocyte trafficking, improving both naturally occurring tumor
immunity and immunotherapy. Nat. Immunol. 16, 850-858.

Bauvois, B., Djavaheri-Mergny, M., Rouillard, D., Dumont, J., Wietzerbin, J.
(2000). Regulation of CD26/DPPIV gene expression by interferons and
retinoic acid in tumor B cells. Oncogene 19, 265-272.

Bjelke, J.R., Kanstrup, A.B., Rasmussen, H.B. (2006). Selectivity among
dipeptidyl peptidases of the S9b family. Cell. Mol. Biol. 52, 3-7.

Bohm, S.K., Gum, J.R., Jr., Erickson, R.H., Hicks, JJW., Kim, Y.S. (1995).
Human dipeptidyl peptidase IV gene promoter: tissue-specific regulation
from a TATA-less GC-rich sequence characteristic of a housekeeping
gene promoter. Biochem. J. 311, 835-843.

Buhling, F., Junker, U., Reinhold, D., Neubert, K., Jager, L., Ansorge, S.
(1995). Functional role of CD26 on human B lymphocytes. Immunol. Lett.
45, 47-51.

Buhling, F., Kunz, D., Reinhold, D., Ulmer, A.J., Emst, M., Flad, H.D.,
Ansorge, S. (1994). Expression and functional role of dipeptidyl peptidase
IV (CD26) on human natural killer cells. Nat. Immun. 13, 270-279.

Chien, C.H., Huang, L.H., Chou, C.Y., Chen, Y.S., Han, Y.S., Chang, G.G.,
Liang, P.H., Chen, X. (2004). One site mutation disrupts dimer formation
in human DPP-IV proteins. J. Biol. Chem. 279, 52338-52345.

Cordero, O.J., Salgado, F.J., Nogueira, M. (2009). On the origin of serum
CD26 and its altered concentration in cancer patients. Cancer Immunol.
Immunother. 58, 1723-1747.

Daddona, P.E., Kelley, W.N. (1979). Human adenosine deaminase.
Stoichiometry of the adenosine deaminase-binding protein complex.
Biochim. Biophys. Acta. 580, 302-311.

Complimentary Contributor Copy



154 Kei Ohnuma, Ryo Hatano, Hiroto Yamazaki et al.

Dang, N.H., Torimoto, Y., Deusch, K., Schlossman, S.F., Morimoto, C.
(1990a). Comitogenic effect of solid-phase immobilized anti-1F7 on
human CD4 T cell activation via CD3 and CD2 pathways. J. Immunol.
144, 4092-4100.

Dang, N.H., Torimoto, Y., Schlossman, S.F., Morimoto, C. (1990b). Human
CD4 helper T cell activation: functional involvement of two distinct
collagen receptors, 1F7 and VLA integrin family. J. Exp. Med. 172, 649-
652.

Dang, N.H., Torimoto, Y., Sugita, K., Daley, J.F., Schow, P., Prado, C.,
Schlossman, S.F., Morimoto, C. (1990c). Cell surface modulation of
CD26 by anti-1F7 monoclonal antibody. Analysis of surface expression
and human T cell activation. J. Immunol. 145, 3963-3971.

David, F., Bernard, A.M., Pierres, M., Marguet, D. (1993). Identification of
serine 624, aspartic acid 702, and histidine 734 as the catalytic triad
residues of mouse dipeptidyl-peptidase IV (CD26). A member of a novel
family of nonclassical serine hydrolases. J. Biol. Chem. 268, 17247-
17252.

De Meester, 1., Durinx, C., Bal, G., Proost, P., Struyf, S., Goossens, F.,
Augustyns, K., Scharpe, S. (2000). Natural substrates of dipeptidyl
peptidase IV. Adv. Exp. Med. Biol. 477, 67-87.

Dong, R.P., Tachibana, K., Hegen, M., Scharpe, S., Cho, D., Schlossman, S.F.,
Morimoto, C. (1998). Correlation of the epitopes defined by anti-CD26
mAbs and CD26 function. Mol. Immunol. 35, 13-21.

Drucker, D.J., Nauck, M.A. (2006). The incretin system: glucagon-like
peptide-1 receptor agonists and dipeptidyl peptidase-4 inhibitors in type 2
diabetes. Lancet 368, 1696-1705.

Durinx, C., Lambeir, A.M., Bosmans, E., Falmagne, J.B., Berghmans, R.,
Haemers, A., Scharpe, S., De Meester, I. (2000). Molecular
characterization of dipeptidyl peptidase activity in serum: soluble
CD26/dipeptidyl peptidase IV is responsible for the release of X-Pro
dipeptides. FEBS J. 267, 5608-5613.

Erickson, R.H., Gum, J.R., Lotterman, C.D., Hicks, J.W., Lai, R.S., Kim, Y.S.
(1999). Regulation of the gene for human dipeptidyl peptidase IV by
hepatocyte nuclear factor la. Biochem. J. 338, 91-97.

Erickson, R.H., Lai, R.S., Kim, Y.S. (2000a). Role of hepatocyte nuclear
factor 1o and 1P in the transcriptional regulation of human dipeptidyl
peptidase IV during differentiation of Caco-2 cells. Biochem. Biophys.
Res. Commun. 270, 235-239.

Complimentary Contributor Copy



CD26-Targeted Therapy 155

Erickson, R.H., Lai, R.S., Lotterman, C.D., Kim, Y.S. (2000b). Identification
of upstream stimulatory factor as an activator of the human dipeptidyl
peptidase IV gene in Caco-2 cells. Gene 258, 77-84.

Frank, N.Y., Schatton, T., Frank, M.H. (2010). The therapeutic promise of the
cancer stem cell concept. J. Clin. Invest. 120, 41-50.

Fujimaki, W., Takahashi, N., Ohnuma, K., Nagatsu, M., Kurosawa, H.,
Yoshida, S., Dang, N.H., Uchiyama, T., Morimoto, C. (2008).
Comparative study of regulatory T cell function of human CD25CD4 T
cells from thymocytes, cord blood, and adult peripheral blood. Clin. Dev.
Immunol. 2008, 305859.

Fujimoto, N., Ohnuma, K., Aoe, K., Hosono, O., Yamada, T., Kishimoto, T.,
Morimoto, C. (2014). Clinical significance of soluble CD26 in malignant
pleural mesothelioma. PLoS ONE 9, e115647.

Ghani, F.I., Yamazaki, H., Iwata, S., Okamoto, T., Aoe, K., Okabe, K.,
Mimura, Y., Fujimoto, N., Kishimoto, T., Yamada, T. Xu, C.W.,
Morimoto, C. (2011). Identification of cancer stem cell markers in human
malignant mesothelioma cells. Biochem. Biophys. Res. Commun. 404,
735-742.

Haas, A.R., Sterman, D.H. (2013). Malignant pleural mesothelioma: update on
treatment options with a focus on novel therapies. Clin. Chest Med. 34,
99-111.

Hatano, R., Ohnuma, K., Otsuka, H., Komiya, E., Taki, 1., Iwata, S., Dang,
N.H., Okumura, K., Morimoto, C. (2015). CD26-mediated induction of
EGR2 and IL-10 as potential regulatory mechanism for CD26
costimulatory pathway. J. Immunol.194, 960-972.

Hatano, R., Ohnuma, K., Yamamoto, J., Dang, N.H., Morimoto, C. (2013).
CD26-mediated co-stimulation in human CD8" T cells provokes effector
function via pro-inflammatory cytokine production. Immunology 138,
165-172.

Hatano, R., Yamada, T., Matsuoka, S., Iwata, S., Yamazaki, H., Komiya, E.,
Okamoto, T., Dang, N.H., Ohnuma, K., Morimoto, C. (2014).
Establishment of monoclonal anti-human CD26 antibodies suitable for
immunostaining of formalin-fixed tissue. Diagn. Pathol. 9, 30.

Havre, P.A., Abe, M., Urasaki, Y., Ohnuma, K., Morimoto, C., Dang, N.H.
(2008). The role of CD26/dipeptidyl peptidase IV in cancer. Front. Biosci.
13, 1634-1645.

Hayashi, M., Madokoro, H., Yamada, K., Nishida, H., Morimoto, C.,
Sakamoto, M., Yamada, T. (2016). A humanized anti-CD26 monoclonal

Complimentary Contributor Copy



156 Kei Ohnuma, Ryo Hatano, Hiroto Yamazaki et al.

antibody inhibits cell growth of malignant mesothelioma via retarded
G2/M cell cycle transition. Cancer Cell Int. 16, 35.

Hegen, M., Kameoka, J., Dong, R.P., Schlossman, S.F., Morimoto, C. (1997).
Cross-linking of CD26 by antibody induces tyrosine phosphorylation and
activation of mitogen-activated protein kinase. Immunology 90, 257-264.

Heins, J., Welker, P., Schonlein, C., Born, 1., Hartrodt, B., Neubert, K., Tsuru,
D., Barth, A. (1988). Mechanism of proline-specific proteinases: (I)
Substrate specificity of dipeptidyl peptidase IV from pig kidney and
proline-specific endopeptidase from Flavobacterium meningosepticum.
Biochim. Biophys. Acta 954, 161-169.

Ho, L., Aytac, U., Stephens, L.C., Ohnuma, K., Mills, G.B., McKee, K.S.,
Neumann, C., LaPushin, R., Cabanillas, F., Abbruzzese, J.L., Morimoto,
C., Dang, N.H. (2001). In vitro and in vivo antitumor effect of the anti-
CD26 monoclonal antibody 1F7 on human CD30+ anaplastic large cell T-
cell lymphoma Karpas 299. Clin. Cancer Res. 7, 2031-2040.

Hopsu-Havu, V.K., Glenner, G.G. (1966). A new dipeptide naphthylamidase
hydrolyzing glycyl-prolyl-B-naphthylamide. Histochemie. Histochemistry
7, 197-201.

Hua, J., Davis, S.P., Hill, J.A., Yamagata, T. (2015). Diverse gene expression
in human regulatory T cell subsets uncovers connection between
regulatory T cell genes and suppressive function. J. Imunol. 195, 3642-
3653.

Inamoto, T., Yamada, T., Ohnuma, K., Kina, S., Takahashi, N., Yamochi, T.,
Inamoto, S., Katsuoka, Y., Hosono, O., Tanaka, H. Dang, N.H.,
Morimoto, C. (2007). Humanized anti-CD26 monoclonal antibody as a
treatment for malignant mesothelioma tumors. Clin. Cancer Res.13, 4191-
4200.

Inamoto, T., Yamochi, T., Ohnuma, K., Iwata, S., Kina, S., Inamoto, S.,
Tachibana, M., Katsuoka, Y., Dang, N.H., Morimoto, C. (2006). Anti-
CD26 monoclonal antibody-mediated G1-S arrest of human renal clear
cell carcinoma Caki-2 is associated with retinoblastoma substrate
dephosphorylation, cyclin-dependent kinase 2 reduction, p27°¥!
enhancement, and disruption of binding to the extracellular matrix. Clin.
Cancer Res. 12, 3470-3477.

Ishii, T., Ohnuma, K., Murakami, A., Takasawa, N., Kobayashi, S., Dang,
N.H., Schlossman, S.F., Morimoto, C. (2001). CD26-mediated signaling
for T cell activation occurs in lipid rafts through its association with
CDA45RO. Proc. Natl. Acad. Sci. USA. 98, 12138-12143.

Complimentary Contributor Copy



CD26-Targeted Therapy 157

Iwaki-Egawa, S., Watanabe, Y., Kikuya, Y., Fujimoto, Y. (1998). Dipeptidyl
peptidase IV from human serum: purification, characterization, and N-
terminal amino acid sequence. J. Biochem. 124, 428-433.

Komiya, E., Ohnuma, K., Yamazaki, H., Hatano, R., Iwata, S., Okamoto, T.,
Dang, N.H., Yamada, T., Morimoto, C. (2014). CD26-mediated regulation
of periostin expression contributes to migration and invasion of malignant
pleural mesothelioma cells. Biochem. Biophys. Res. Commun. 447, 609-
615.

Kondola, S., Manners, D., Nowak, A.K. (2016). Malignant pleural
mesothelioma: an update on diagnosis and treatment options. Ther. Adv.
Respir. Dis. 10, 275-288.

Maggioni, C., Barletta, G., Rijavec, E., Biello, F., Gualco, E., Grossi, F.
(2016). Advances in treatment of mesothelioma. Expert Opin.
Pharmacother. 17, 1197-1205.

Maguer-Satta, V., Besancon, R., Bachelard-Cascales, E. (2011). Concise
review: neutral endopeptidase (CD10): a multifaceted environment actor
in stem cells, physiological mechanisms, and cancer. Stem Cells 29, 389-
396.

Marguet, D., Bernard, A.M., Vivier, 1., Darmoul, D., Naquet, P., Pierres, M.
(1992). cDNA cloning for mouse thymocyte-activating molecule. A
multifunctional ecto-dipeptidyl peptidase IV (CD26) included in a
subgroup of serine proteases. J. Biol. Chem. 267, 2200-2208.

Masuyama, J., Berman, J.S., Cruikshank, W.W., Morimoto, C., Center, D.M.
(1992). Evidence for recent as well as long term activation of T cells
migrating through endothelial cell monolayers in vitro. J. Immunol. 148,
1367-1374.

Morimoto, C., Schlossman, S.F. (1998). The structure and function of CD26 in
the T-cell immune response. Immunol. Rev. 161, 55-70.

Morimoto, C., Torimoto, Y., Levinson, G., Rudd, C.E., Schrieber, M., Dang,
N.H., Letvin, N.L., Schlossman, S.F. (1989). 1F7, a novel cell surface
molecule, involved in helper function of CD4 cells. J. Immunol. 143,
3430-3439.

Morra, L., Moch, H. (2011). Periostin expression and epithelial-mesenchymal
transition in cancer: a review and an update. Virchows Arch. 459, 465-
475.

Myers, R. (2012). Asbestos-related pleural disease. Curr. Opin. Pulm. Med.
18, 377-381.

Complimentary Contributor Copy



158 Kei Ohnuma, Ryo Hatano, Hiroto Yamazaki et al.

Nagatsu, ., Nagatsu, T., Yamamoto, T. (1968). Hydrolysis of amino acid beta-
naphthylamides by aminopeptidases in human parotid salva and human
serum. Experientia 24, 347-348.

Ogata, S., Misumi, Y., lkehara, Y. (1989). Primary structure of rat liver
dipeptidyl peptidase IV deduced from its cDNA and identification of the
NHo»-terminal signal sequence as the membrane-anchoring domain. J.
Biol. Chem. 264, 3596-3601.

Ohnuma, K., Dang, N.H., Morimoto, C. (2008a). Revisiting an old
acquaintance: CD26 and its molecular mechanisms in T cell function.
Trends Immunol. 29, 295-301.

Ohnuma, K., Hatano, R., Morimoto, C. (2015). DPP4 in anti-tumor immunity:
going beyond the enzyme. Nat. Immunol. 16, 791-792.

Ohnuma, K., Hosono, O., Dang, N.H., Morimoto, C. (2011). Dipeptidyl
peptidase in autoimmune pathophysiology. Adv. Clin. Chem. 53, 51-84.
Ohnuma, K., Morimoto, C. (2013). DPP4 (dipeptidyl-peptidase 4). Atlas

Genet. Cytogenet. Oncol. Haematol. 17,301-312.

Ohnuma, K., Munakata, Y., Ishii, T., Iwata, S., Kobayashi, S., Hosono, O.,
Kawasaki, H., Dang, N.H., Morimoto, C. (2001). Soluble CD26/dipeptidyl
peptidase IV induces T cell proliferation through CD86 up-regulation on
APCs. J. Immunol. 167, 6745-6755.

Ohnuma, K., Takahashi, N., Yamochi, T., Hosono, O., Dang, N.H., Morimoto,
C. (2008b). Role of CD26/dipeptidyl peptidase IV in human T cell
activation and function. Front. Biosci. 13, 2299-2310.

Ohnuma, K., Uchiyama, M., Yamochi, T., Nishibashi, K., Hosono, O.,
Takahashi, N., Kina, S., Tanaka, H., Lin, X., Dang, N.H., Morimoto, C.
(2007). Caveolin-1 triggers T-cell activation via CD26 in association with
CARMAL. J. Biol. Chem. 282, 10117-10131.

Ohnuma, K., Yamochi, T., Uchiyama, M., Nishibashi, K., Iwata, S., Hosono,
0., Kawasaki, H., Tanaka, H., Dang, N.H., Morimoto, C. (2005). CD26
mediates dissociation of Tollip and IRAK-1 from caveolin-1 and induces
upregulation of CD86 on antigen-presenting cells. Mol. Cell. Biol. 25,
7743-7757.

Ohnuma, K., Yamochi, T., Uchiyama, M., Nishibashi, K., Yoshikawa, N.,
Shimizu, N., Iwata, S., Tanaka, H., Dang, N.H., Morimoto, C. (2004).
CD26 up-regulates expression of CD86 on antigen-presenting cells by
means of caveolin-1. Proc. Natl. Acad. Sci. USA. 101, 14186-14191.

Okamoto, T., Iwata, S., Yamazaki, H., Hatano, R., Komiya, E., Dang, N.H.,
Ohnuma, K., Morimoto, C. (2014). CD9 Negatively Regulates CD26

Complimentary Contributor Copy



CD26-Targeted Therapy 159

expression and inhibits CD26-mediated enhancement of invasive potential
of malignant mesothelioma cells. PLoS ONE 9, e86671.

Proost, P., Schutyser, E., Menten, P., Struyf, S., Wuyts, A., Opdenakker, G.,
Detheux, M., Parmentier, M., Durinx, C., Lambeir, A.M., Neyts, J.,
Liekens, S., Maudgal, P. C., Billiau, A., Van Damme, J. (2001). Amino-
terminal truncation of CXCR3 agonists impairs receptor signaling and
lymphocyte chemotaxis, while preserving antiangiogenic properties.
Blood 98, 3554-3561.

Rasmussen, H.B., Branner, S., Wiberg, F.C., Wagtmann, N. (2003). Crystal
structure of human dipeptidyl peptidase IV/CD26 in complex with a
substrate analog. Nat. Struct. Biol. 10, 19-25.

Reya, T., Morrison, S.J., Clarke, M.F., Weissman, [.L. (2001). Stem cells,
cancer, and cancer stem cells. Nature 414, 105-111.

Robinson, B.M. (2012). Malignant pleural mesothelioma: an epidemiological
perspective. Ann. Cardiothorac. Surg. 1,491-496.

Rohrborn, D., Eckel, J., Sell, H. (2014). Shedding of dipeptidyl peptidase 4 is
mediated by metalloproteases and up-regulated by hypoxia in human
adipocytes and smooth muscle cells. FEBS Lett. 588, 3870-3877.

Schramm, A., Opitz, 1., Thies, S., Seifert, B., Moch, H., Weder, W.,
Soltermann, A. (2010). Prognostic significance of epithelial-mesenchymal
transition in malignant pleural mesothelioma. Eur. J. Cardiothorac. Surg.
37, 566-572.

Shersher, D.D., Liptay, M.J. (2013). Multimodality treatment of pleural
mesothelioma. Surg. Oncol. Clin. N. Am. 22, 345-355.

Stohlawetz, P., Hahn, P., Koller, M., Hauer, J.,, Resch, H., Smolen, J.,
Pietschmann, P. (1998). Immunophenotypic characteristics of monocytes
in elderly subjects. Scand. J. Imunol. 48, 324-326.

Tanaka, T., Camerini, D., Seed, B., Torimoto, Y., Dang, N.H., Kameoka, J.,
Dahlberg, H.N., Schlossman, S.F., Morimoto, C. (1992). Cloning and
functional expression of the T cell activation antigen CD26. J. Immunol.
149, 481-486.

Tanaka, T., Kameoka, J., Yaron, A., Schlossman, S.F., Morimoto, C. (1993).
The costimulatory activity of the CD26 antigen requires dipeptidyl
peptidase IV enzymatic activity. Proc. Natl. Acad. Sci. USA. 90, 4586-
4590.

Thompson, M.A., Ohnuma, K., Abe, M., Morimoto, C., Dang, N.H. (2007).
CD26/dipeptidyl peptidase IV as a novel therapeutic target for cancer and
immune disorders. Mini Rev. Med. Chem. 7, 253-273.

Complimentary Contributor Copy



160 Kei Ohnuma, Ryo Hatano, Hiroto Yamazaki et al.

van Meerbeeck, J.P., Damhuis, R. (2011). Facts, rumours and speculations
about the mesothelioma epidemic. Respirology 16, 1018-1019.

van Meerbeeck, J.P., Gaafar, R., Manegold, C., Van Klaveren, R.J., Van
Marck, E.A., Vincent, M., Legrand, C., Bottomley, A., Debruyne, C.,
Giaccone, G. (2005). Randomized phase III study of cisplatin with or
without raltitrexed in patients with malignant pleural mesothelioma: an
intergroup study of the European Organisation for Research and
Treatment of Cancer Lung Cancer Group and the National Cancer
Institute of Canada. J. Clin. Oncol. 23, 6881-6889.

Wang, J.C., Dick, J.E. (2005). Cancer stem cells: lessons from leukemia.
Trends Cell. Biol. 15, 494-501.

Yamada, K., Hayashi, M., Du, W., Ohnuma, K., Sakamoto, M., Morimoto, C.,
Yamada, T. (2009). Localization of CD26/DPPIV in nucleus and its
nuclear translocation enhanced by anti-CD26 monoclonal antibody with
anti-tumor effect. Cancer Cell Int. 9, 17.

Yamada, K., Hayashi, M., Madokoro, H., Nishida, H., Du, W., Ohnuma, K.,
Sakamoto, M., Morimoto, C., Yamada, T. (2013). Nuclear localization of
CD26 induced by a humanized monoclonal antibody inhibits tumor cell
growth by modulating of POLR2A transcription. PLoS ONE 8, €62304.

Yamamoto, J., Ohnuma, K., Hatano, R., Okamoto, T., Komiya, E., Yamazaki,
H., Iwata, S., Dang, N.H., Aoe, K., Kishimoto, T., Yamada, T., Morimoto,
C. (2014). Regulation of somatostatin receptor 4-mediated cytostatic
effects by CD26 in malignant pleural mesothelioma. Br. J. Cancer 110,
2232-2245.

Yamazaki, H., Naito, M., Ghani, F.I., Dang, N.H., Iwata, S., Morimoto, C.
(2012). Characterization of cancer stem cell properties of CD24 and
CD26-positive human malignant mesothelioma cells. Biochem. Biophys.
Res. Commun. 419, 529-536.

Yamochi, T., Yamochi, T., Aytac, U., Sato, T., Sato, K., Ohnuma, K., McKee,
K.S., Morimoto, C., Dang, N.H. (2005). Regulation of p38
phosphorylation and topoisomerase Ila expression in the B-cell
lymphoma line Jiyoye by CD26/dipeptidyl peptidase IV is associated with
enhanced in vitro and in vivo sensitivity to doxorubicin. Cancer Res. 65,
1973-1983.

Complimentary Contributor Copy



CD26-Targeted Therapy 161

Yan, W., Shao, R. (2006). Transduction of a mesenchyme-specific gene
periostin into 293T cells induces cell invasive activity through epithelial-
mesenchymal transformation. J. Biol. Chem. 281, 19700-19708.

Yaron, A., Naider, F. (1993). Proline-dependent structural and biological

properties of peptides and proteins. Crit. Rev. Biochem. Mol. Biol. 28, 31-
81.

Complimentary Contributor Copy






ot BARBITT Sk MEPLCD26 €/ 70—V
PLR-TF I H FHERHE S

IR
1 BUOIC

CD26 13, WEEEICRIET S T VU YRS T ThHY, ~"WA-—THlROY—-H—-&
LTHEHBE SN, ZOCD26I, CEKMIZEY) ¥ FuF 7 —€¥D—2TdH 5 Dipeptidyl
Peptidase-4 (DPP-IV) %ok & b2, BoOEBRTIE, MRNEETHL7 74 70r7 T
vRaAG—F Y, HEIWERTF/ Y UFTIF—BEREEL, 3F T LMNEREEZ R
THHELELTCWAEEZ LN TWAY, EEME - MlgicBwTid, TY ¥ 5o, &
FEALRAAE LR, FFEMARE, #iaiile, mENEMBEZZ EICEBRLTWS, 0 CD26 I,
—EROEMEY) V8 - AIRPERE, KB, FREEICEIAL TwAEZ LML TWD,
B3, ERREEICIBWT 8% MU EDERICBVTEELTWAZ ESHLNE o2,
FhEER KIS BV TIE, CD26 BSBARMILOY — 5 —CTHh b EFRESLSY, &6
I2 CD26 AT L DBAIREHLTBY, FSAMBOMEBEPLREE, EBICOHEETLZEITHL
rL ) o2bh B Y,

2 HiCD26 E/vO—FIEidEZDE ME

DL ICHAKBEOMIBRTICHEE T 5 CD26 % 45 TENEEOBN ST L LTRZ A5
HREORFESRA DN, JEREKREE - FRERELOSHE L~ Y AP + CD26 €/
rya—FVHAEOEOrO 70— 1%,  MAEAMBRICH L CHEBEREF T EAHIHL
72V, 22T, J4X -k ¥a—TF4 v 7 AR, IhSOHEORN»L, PUBEERIRITRN
71— 14D10 28R L, % cDNA %#75i2 LT Abmaxis in-silico Immunization (AISIM)
BI2EY, insilicoT7 I/ BEe MUCBERTAZ LT, BMEEHERL MELE/ 70—
FVHAR YS110 2% L7ze SO YS110HUF (B b IgGLH T4 A7) &, JLekholru—
v 14D10Hifk X 0 b, & b CD26 4-FI2xd 2 AU E L, F7- CD26 OMESNIEE~ D
EMERER CD26 tEds AR 2 WAEMFI A TTE L T Y, F2YS1101, ¥R
25y M EOIT o CD26 ICIXFIE LW, BHREBRICHVS TV E RIS RD
bize $7-YS110 X CHOMMIZ X Y pidh, BHEINLD, BELICEVEEEZRL
s

% Taketo Yamada WEERKZE K2 HESY HE
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£2® BABITT S ML CD26 €/ 7 0—F VHifk-TF I H FEXHE A

3 bEMEHICD26 E/ 70O0—FILitd YS110 DREEDE & 9 F1iE
(X 1)

WE, DUERRE T, PUAPHIBERE CENST LA L%, HiEo Fe iz LM
GEERAVPERINS ZETHREENLFESNL, ZOHRAKEEMBAELEMILEE
(antibody-dependent cellular cytotoxicity : ADCC) 2 Hl 2 °C, i 4k 75 1 4 B b = 3% o
(complement-dependent cytotoxicity : CDC) 7 ¥ DHIEZMEFEICL Y, AP BE
N%, YS110 2BV TH, Z? ADCC B L1 CDC IC & BHA A A b=,

—7, ¥EE PAAMIEAND YS110 BHd 5 i3 ADCC % CDC H#&5E L 2 WHRELR ST Y
AWPAETNAND YS110 DHEEIZBVTD, b FAMIBORASAERAHBAL, YS110 28

E ~EHLCD26H1{A - YS110

—

g g oy i
wE T

ADCC/CDC

FAE - e

CD26

w%mm
v

vV RAIZLD
RAMBOEIENS - tgE | [ BEREHH

1k MEH CD26 €/ 7 O—FILHifk YS110 DA AMBADSH L ERERF

YS1104, IgG1¥ 7 ¥ 4 FICE L, kK EEMBAEEMIEEE (antibody-dependent cellular
cytotoxicity : ADCC) RHIMAEMKAFEMILIEEEY (complement-dependent cytotoxicity : CDC) 1= & 2%
BENRTIC L 2PAMBEERERFO, —H, PAMBOMBEERTICHEET S CD26 AT 2 EIC
L0, PAMRICHY L CERGMREENGEL AT 5. 2OMEIX, —D2id, YS110 L4 L7 CD26 5
I RF ) AMRFHEICHBEICNEILL, & SICBENICEITT A2 & T, RNA polymerase I D47 2= b
POLR2A DEEZWH T2 Li2&k %, F7:-YS110 25 CD26 ICfEET A Lick b, LB E
ST OFEBFERY YBRALREL A LT, MREMEZ IS5, —7, YS110 I8EHLO - LinE % Fi
L, BEMEOEEZETIE5720, PAOBEBICBITZAEERELINHTINEEZE S, 20k
ICYS110 ik, —2DHMETHBDB LRI b5 5FREEZNL T, AN ORMIERERBIREOPHIC
WRMICFEEL ) 22— 2PAREL 25 2 LIS hTw 5,
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PEEMEEHE (ADC) DA

BAZICAAMIICE S, FUESHREZBIEL ) 5 LN S Y, OBERIHSAMER DS
TR O—21%, YS110 25HilElE CD26 ICH&3 A2 &2k ), HMAIaEMBES T p21, p27
DHHFHER cde2, cde2b DY) Y EALREZ AL T, MEMEEZIHTSZETHo72",

WE—DD5FHEEA, YS1101Z X % CD26 OBBATHETH o7z, P AMIEE YS110 TR
B4 5HE, YS110 L#EE L7 CD26 287 XA ) VEFEICHBE ICNTELL, & 512 CD26-
YS110 HEMEAS, BNICBAITT 5 2 & T RNA polymerase I DH 7 2=v } POLR2A O¥#xE
EPHT A EAHBIL Y, 20 CD26 & YS110 D47, CD26 % %I ¥ 5 E#H
(T »23%k, MENEME) CRBRINT, PAMBBEENZEZ THo 7z, HikiEd B
ADZELTHLDBCD2 ICDEBITY 7T Vidh, RALPOEWMESTFLHEEREZTS
CETHABITTALDEHEN SN, D CD26-YS110 EAEROBEBITIZ, PAMBED
YS110 LB, 300X VEIBREh, 22— & LT 4% T CHE XN, Nystatin L
Bd B Wik XA ) ¥ siRNA HEIZ K Y EBATIZHE S 7225, Monodansylcadaverine Tl
HEINE P72 b, 7R MREETERL IRT ) VREREOZ Y FH A b= R
WCE2bDTHAEZLEDPHLNE ko2, SHIZREAET T AICBM Lz MSAMBLHES
BH L72%, YS110 2535 & in vive I2BWTH CD26 B L 1N YS110 234 A ML DN
KB TEHBs R,

ZIT, BNICBIT 5 CD26 DR IERT A0 u~vxF Uy RELEEICLD, BN
CD26 &4 L T % DNA BRI DWW THET L7z, Bl 5 CD26 % fEibkk L TR bh
ZDNAWRZZ7u—=V7 L CHERSEZRELIZEZ A, —22%, RNA polymerase II D
7 2=y b POLR2A BT OEBEEBTH > 720 2 TPOLR2A BT ORI HEEZ &L
K— —BIEFZ/ERL, CD26 DREHUREEICBITL2WHMREMET L2 5, YS110
LERIZ X ) DR DO BARAF DD CD26 OBBITIRAENEIZ POLR2A FEB 23] S h, AllgiE s
HIAHES NG 2 LA LY,

—7, BIREWI LIZYS1101%, BRHREVET) Y ICEELRBREZE T 205 MiLo
SMEZIH L, HEHBOEEZET IS LT, BPAOBERICET 5 EEHRE 2§
BRREFHOENFHL L o2,

TDXIHITYS110 & V) —DDFifkD, ZMEIChb7 55T REEZAL T, PAMBOREIHEE
HLEREOHHNICRRICES L) e s hTtns (K1),

D YS110 &, HvEAWREMRER GMP BROPIEERZ&ET, RMNEFITBIT5
FERIGERHEE 21TV, 2009 £/ 5 7 T ¥ X Gustave Roussy Institute Z H0v& LT, % I M
IRRERDER S 1, 20154 10 IR T Lize TOME, BEELFEFRIBEINT, P
JESE B 12 BTk, 19 B 10 B14% modified RECIST i T Stable Disease (SD) & & &
n, 56123645 HLLE SD Z#kfe, 1#12537 BLLESD ##kife L, YS110 B CTORBFEOEL)
YEZIRIBT 2RI SN,
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o B BNBITT AL MEPLCD26 £/ 7 u—F VHiR-TF I H FHERIE &K

4 YSTIOADTF I HEEHRESICKSH#H ADC (Y-TR1) DFEH

CD26 Bt DS AMIEZ YS110 TRE Y % &, YS110 LG L7z CD26 234 <A Y RAFIE
IR, X 5ICENICR4T LT RNA polymerase 1 ®% 7 2= v  POLR2A ORE % ¥l 3
A& THIBRBEEIIH 2 BT 5 2 £ A5, YS110 ~ RNA polymerase [ OH#EEEHE 5T 2 6
AEEBHILT, BATHERBEIHPAERHZEEL ) 5 ADCOMIEZ A A7z, RNA
polymerase 1%, # Y32 E% 23— F§ A3 L ALOBGETOBEICLHALZE OO TEELE
RThY, TOBEAEAL LT, TR2F Y REDFFVMONTWEA, WihdHEED
BB AFE L TBREIANEGHGTHDOEHELWE SN TE 2, £72YS110 2°RNA
polymerase I DH 72 = v b TH % POLRAEBIETOEREZHHT5 2 &2 5, RNA
polymerase II BADHER]ITIEZ% {, RNA polymerase II & &  IZHRBICHIH L SN 5HFERIR
ERTFHETFIHAZENE LAHERNZ YSII0ONEET L EA L LTERLL, TOHFT
Triptolide {Z, RNA polymerase I IC X AESf =2 —Y g YIZHDLZRFTFIHDOY T
2=y b XBP/ERCC3 IZ#5A3 2 & C, DNA &t ATPase iGEZBHEL, #HRELTIEELA
& DEIETF D RNA polymerase 12 & 285 %3 55T (CypHuO 7T & 360.4) TH
%', %72 Triptolide & TFII H [EMEITHEV OO, WA THY, FHlL LCoHEIZE
LWEZZH5hTWh, 2T, 20 Triptolide Z YS110 IZfEA S €A Z & C, PAMBRER
CICERICERD AT NS Z R BRAT @8 TOFEE K-35 ADC OfER %175 720

Z @ Triptolide {2 SH#EZHAL T, SSKEIK L VEFEMICKESR " REL L. 2O
S-S #& X TCEP B/ Ve W CEILShHER (TR1 &ad) & L-d D% YS110 & Ofi
&2 JH v 725 YS110 2 heterobifunctional ) ~ # —Succinimidyl 4-[ N-Maleimidomethyl]
Cyclohexane-1-Carboxylate (SMCC) ##& &4, RGO SMCC % HiTrap & A 7 4T
Brds L72f, Triptolide #iEAR TR1 & FUS &8, USEWD» HIEHEE TRL ZHBEL T2 5L, i
A RH L, YS110-Triptolide ¥4k TR1 #& 0¥ (Y-TR1 Lavd) & L7z (K2). Y-TR1
&, FFPikE LCor  CD26 45 F & OB E Iz mE L, £ oRMERH S
WCIRIBEALRTE R W L 2R L7, KICY-TRLIZBWT, HEYS110—5FHh &
DL HWO TRL 5 F A HEH L T2 0%l L7z. E&E55H % MALDI-TOF mass @ i\ T
YS110 & Y-TR1 D&% WEL, £0E%Z TRIASFETEHSLZ LT, Y8110 ~ 40T H72Y 6
~ 7D TRL HTFIRELTWL I LB L (K3),

5 Y-TR1 Oimh A{EH

= O ADC Th 5 Y-TR1 & CD26 Btk b b 7 AMIIIC I3 5 Hidt A MR & REt L7zo &
FMA L LCix, CD26 Fat:r iz iEfle MSTO-211H 12 CD26 BHAR 7 ¥ — B A LRHESR
Bk (MSTO-CD26 7 u— 12) EXBELTHRAYA ¥V VITHBRTOAZEA LR
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TR A (ADC) ORKEHSE

Triptolide

YS110

¥

o}
! \/Of\ ]
/\N’O i
[ °

hY SMCC

—

2 E MMEHT CD26 €/ 7B —F IV YS110 AD Triptolide $5&E 4 TR1 OIEEHE

Triptolide |2 SHEZEA LT, S-SHEEICL VLML ELZZBKL L7, S-S&41E TCEP BL7 )V
THWTELSNEEARDOTRL & L2b D% YS110 & OS2 V72 YS110 I heterobifunctional '
Y71 —SMCC Z#& S, EHICTRL LG ESE, RISEYISIEEAE TRI2BEL, HikzmamL,
Y_TR]. & Lf:o

BBtk (MSTO-wt), CD26 BptErh R IEMIN JMN, & kT i % B3k o CD26 ki
Jurkat fifERICE b CD26 AR ¥ — 2 BEFHEA L7 CD26 ZEHTMILE (Jurkat-
CD26) LXHELTRAEI~A ¥ VB EFOAEZEA L2 REFEMEYE Jurkat-wt) %
AL ERERE - FEREEREL L VS ), In vitro COWPAVERIZ, BEEIC
Triptolide, TR1, YS110 8 X " Y-TR1 ML, 48 BFRI#IC WST-1 7 v &4 TEMli L7 (X
4BLURD. ZOMR, CD26 Btk JMN MIFE T, Triptolide 1& % & T BV BEFEINHI 2
Za L (half maximal (50%) inhibitory concentration (IC50) : 15 nM), Triptolide &% E &
TH%TRLIZ, IC50 THLZ 112 ITET LT/ (IC50 : 180 nM), 7z MSTO flZ T %
Triptolide T ¥ IC50 %* 10 nM, TR1 TIZIC502%250 nM R T LTW7re ZDOERDET
(&, Triptolide ~® SHZEDHFEAIZL % D LR & h7zo —7F, YS11012 TR1 4 X472
Y-TR1 &, JMNMIICHB VT, YS110 TiZ 100 ugmL TFF b—t %), ZOEoBEmEi
W= 20% TaH - 727% (IC50 MIEARRE), Y-TR1 Ti, 50 ug/mL C7/5 b—t7% Y, Z0
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kD EERH (ADC) OHRETFFE

F1 BB AMBEEAD Triptolide, TR1 $ £ U Y-TR1 O#EFEMHIFH R

HHBE AR HH 3k CD26  IC50 of Triptolide IC50 of TR1 IC50 of Y-TR1
oei) (nM) (nM) (pg/ml)
MSTO-wt Fh 7 JE - 10 250 35
MSTO-CD26 v Rz JiE + 10 250 10
clonel2
JMN Bz @ + 15 180 25
Jurkat-wt F I3 - 10 ND 100
Jurkat-CD26 1Ml 5% o5 6 ND 30

IC50 : half maximal (50%) inhibitory concentration
b hEME R E Bk MSTO-211H fifgid, CD26 ZHOZWHIlEHkTH 5. = OMifgkice b CD26 58
N7y —%BEETEAL, CD26 ZEFBMALLE MSTO-CD26 clone 12 Z/EH L T L7z NBELT,
MSTO-211H fifalc &2 4 <~ 4 ¥ VI EEETF OADEA Sz MSTO-wt Mgtk i L7zs & MEMF
BZJE i3k JMN Hifatkit CD26 OREFHEETHAMBTH 5. F7-v b T HIBLEIMNEHNRD Jurkat Mz EE
& CD26 ZHO L VHlabkCTH 5. ZOMIBEMRICE b CD26 HHIRY ¥ — 2 BETEAL, CD26LEFRH
Mk Jurkat-CD26 Lt & LT AL <A ¥ VIFEBIET OAPEA S N-MEKE (Jurkat-wt) % /ER
LTHEH LA,

Z DR, Triptolide (2T TR1 @ IC50 i, 1/12-25 ~MET L TW/zo 72 Y-TR1 12 X 5 M a5
HIREICOWTIRET L2 25, CD26 MMM CD26 ORI Willlle & B L <, IC50 1% 1/3.3-3.5 &
BT LTwE,

DOWEFEIR 1L 85% % 7" L7z (IC50: 25 pugml) (K 4) F72Y-TRIOHEIZBWVT,
CD26 %3 MSTO-CD26 #l & Jurkat-CD26 MF3CIE, CD26 % %FLL % \> MSTO-wt
& Jurkat-wt Mg & T, IC50 1 1/3.3-3.5 LK T LCTWwZ (K1) TR, TR
1 Triptolide IZ R THABAEEIME T LTWE DD, YS110 L DFEAIZ X Y Y-TRL IF
YS110 £ ) dEWHSARRERET A L BHL N L o7,

WIZ in vivo I35 1F 5 Y-TR1 OHA AR R L7ze & MEMEPEEMILK JMN % 5
&< A NOD/SCID I TEBME LAZzEFVEHWT, v Ak + CD26 €/ 7 0 —F Vit
f£ 14D10, YS110, Y-TR1 OEEHEE~OLE % HHT L7z, JMN MR E, sHE LD,
LEEOHiR%E 8 mg/kg ARETHE 3 MEEARS L, sARICERZHBHLC, BEOEEZE
W7z TOMRE, MEEE (b b [gGl#5) LHEL T, YS110# 58 T3 30% 2 E 0]
BEERLADS, Y-TR1ZESHTIE, 5% TOBWIEIRIEZRLE (H5),

6 ZE

CD26 i3, EETIETY Y REE2ELHE L-BA MBICEBLTBY, Mlaokksohs
A ECBNTERLBEREZAL T A5 FThb, £72CD261F, CRUEICLY ¥ 7u77T—
¥ D—> T % Dipeptidyl Peptidase-4 (DPP-IV) Z#o2%, Z ORERNIFERFEOGHEIE L
LTHAPTESEH SN TS, —F, BPAMRIZENT, CD26 IHENLEPABIIBNTE
BEAH D, & MEPLCD26 E 7 7 0 —F VAR YS110 1k, ZOAHMBEER O CD26 I2iE4

100



28 BABITT S MEPLCD26 €/ 7 u—F V3iff-TF I H [HEREE B

Kk

&
] I * p<0.05
** p<0.025

0.5

Tumor weight (g)

Control 14D10 YS110 Y-TR1
8 mg/kg weight

5 Y-TR1 Ok bhEiEakicxd 9 3 in vivo TORBIEMTHIR)R

v N ET R EM R JMN 2 REARL~ 7 A NOD/SCID ICE TR L-EFVEHWT, ¥ 7 AL b
CD26 € 7 7 0 —F V#Hifk 14D10, YS110, Y-TR1 O EEEE~DFE %2 4T L 72 JMN Mg A%, 3
HEXY, Litoditk? 8 mgke AE CHE 3 EEENKES L, sBERICEEZHELT BEEOEELZFH
L7o WHEEE (B b IgG1#%5) LHEL T, YS110 %58 Tl 30 % BEOIHIRI R Z R L7225, Y-TR1
BERTIE, 5% X TOMFRIEEZR L7,

FT5LCD26 LEBICTY FHA P— Y RCEVMBENICY AT, &5IHBABITT %,
2O YS110 12 & B CD26 OBABATA, EET Y v/ 8k MEMEMBTIREShian T &
5, PAMBBBRENZEHZLEZONS, ZOFAMBIEEES,S, YS110 25, HAMLO#
~NOWEBREICER EE 2, ARTIE, BHE~BIT L7 CD26 25, RNA polymerase I DY 7
2= v b POLR2A BIZ T OEE % #fl3 5 C & CHRBEAH Z2ERET LI LICEHLT,
YS110 ~~ RNA polymerase [ DZEAREERF#H CThH5 TFIH BHEH 2 #E 372 ADC OF%E
ZoWTHlR7z, TOYS110 1, 2 HICHEUIERL EHE G TERVRA LRPAGTRIT
TR EZEESEHI LT, ERETHREZE LTS LEEZ TV,

RNA polymerase I1d, # Y32 E% 23— F3 LB TOIERLALOBEEICLELGEBERTD
D, MEOAELE - R - WIHICATREGT TH D, €0z, LiL ) 2o EHA S RNAL
PRBAGTF L LCOTRESZR ShTwAY, &I, Liu 513, KBEICBWT, p53i#fx
F D5 IZ RNA polymerase I DY 7=y b POLR2A BIZT23H 5 Z &L T, pb3 BIZTDOK
et L 12 POLR2A BIZT B REL TV AEMAIEZ VI & RHL, Zh 5O POLR2A #fR
FONTFOREDN D HKBEAME T, #2558 RNA polymerase [ RHER 7~ =F 75,
LD EEECHSAEREZRTZERZHMELLY, 2O LD pb3 BIETOREND 55 A
WEBICBWTIE, FS v 7 FUNY —0FEZEMETIE, RNA polymerase I FHER P2
ARELTCHBATEAWMRELZRRLTEY, EBIC, LublR7~v=Fr2Hlad3tli
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DM E AR (ADC) DRRFERFE

Y YS110 CDC ADCC

Complement
%. Y-TR1 [activation ]\ /

(effector cell)

POLR2AERIGF

POLR2ARE |

mRNAEZE |,

A MRS TEH - 5F

6 EMEHICD26 £/ 70—FHiEYS110 AD TFIHBEEFEEICK 2FH ADC OHH AKE

YS110 iz 2SAMIME KT CD26 L& L, €Ok, H4) VRERICHE BB L, S5ICBNICBATY
% Z & T, RNA polymerase I D% 721=v  POLR2A OEEZ T 5. <@ YS110 I TFIH FHEH
Triptolide FE Mk TR1 & #5 & S¥72 ADC &, PAMBOMILE - B~ TRL &L, AN TTFIH
#9452 LICX D RNA polymerase I DIEREREELZEIRL, £ DEETO mRNAEEXHET L2 LI
Xy, PAMROMENH L X G ELFET 5,

epithelial cell adhesion molecule JLfA2%, p53 BIZ T ORI H A KGEMBEZ B L -~
AEFNVTHEEZHDESELILICEILTVEY, ZOHICBWT, AR THEA L7 YS110
¥, YS11012 & % POLR2A B EMHIIC X 2 BB TZ2HFET L L Hh 5, ph3 BIETFREI
t o 72 POLR2A BIZFREDVP L VEFMICBVTIHERTH Y, S5ITY-TRL L) #H#H ADC
A, —DDOFEH|T POLR2A HIUKT & THIF FHEDWE A 5 RNA polymerase I OF5EFHE
ZITH LT, LVFRIEL, MEFTEIC WHTEMEELL) D L EHFSN5S,
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AWVWTRRDRIK

ARA, BiCEME, WBEICKE S5 — 2 2k
FEZFIERIT. 2 THiRMED>SH ) L
MREAAEMICH L TEDE I ZREET 20520
HILIE, ZDE) BIRARDRIEA 7 = X L RFH,
BREEZDLLTEETHS. IhITIIRBEN
THEEINIHA LHBICAH/RZMATRE: 258
LHIBA TOAEILER, FTEWENMRIES 5
T&TWwa. 2L, RBEOHTHRMEIEEM
ZRELIIBAMET A L IZ VD, RBSNT
BRINL—DO—2DHE - IR MHAGLEL D
ET, KRATIIBELLZDII LRI LIBAE
o TRWEAZBRTHIRODPAIRI 2075
9, LHERTHILICEA.

AMICRE L TR IEER I, MilEMICFhEk
(HMERD—2) OBREHREVI EAHLATY
Y. ZzZTe b 1EHR EEME AS49 B X 08
bt PREX LEMZ AR TH#MLE 25, K%
WHIZA 5 —a4 %28 (IL8) kw2 iFhiks
HOLETHET 294 b H [ O3B ELESE
727 L LERUSNOBILF 4 >~ & LOWETIE,
IL3DFEBIIALNE o7 T-ABICAHT
7 v Ml LRIl B & O ML & 20 S RIS L
2ETh, 4~ 8WREHBICRIERBMEILICEES 2
BERT NF « BO—Ep65 2SFE L h, BAN
DBRITHHEA DNA DRSS EE 7%, 55
WCAMZEZ v MCRREMICEKS] 68/ H, 5
H/7#, 5%7:1320H) 3845, MicBiy
5 pb5 DFEIX, SHEH»SRED O, 20 HRE#H
BeL7z. SO LIZAMIT X B MRz M o # #

IZEiliazE AL cET )RR

WWE #A
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bt i = O N

TEEIN D RIER L OBROBMLOEITICLES
WM, REZFIERILIBILERLEY. £7-
YA 07— (A0 ED) A
MTHBTLL, ~2u77r—J3AHREART 2
bz, EHBEROEANLERAL, 707y —
VIIMBATECKES V. C OB, & 52 LoAMY
LEHAF Y EBRELTELE, ZOx27u77—Y
DMRBFBIIA LN h ol ZDOZ LI SAEBIT
7077 —JICRAESNBLEICEA T VDB E
EHREOEAEITE L THIREZF X R T #
WEhad, —F, ARORBIE, <7 X ke
ROBDITNVEFF v BoDT7I ) BAILLEH
BALDFCERBRE» M2 R#ET5) 2R &
5 LT, AMABMBRICHARIEZET TH S cfos
BEWcjun #FET 2%, ZoBKIE, AHIM
RAIZBWTEEBRR» CRETLILFYy 22 (M
RRNDOBRAL - BICIRE) 22L& €5Z LT, HA
CDBRAO—H % BEA M EE TV TEEM 2 RS
5. EFe MM AME EDICHEETLER
MOBREERFEHRESFEINS. Lo L—F
DRETHMUEZAT) LIEF L bl EE
BBEHETF TNF- a (34 b H 4 v O—HETHAAME
ERBTAHILTRAEIN:) Z2EETHELEDIC
TNF- o ZBERSFEINL. ZOLHI—FERD
TNF- a ’F#FHE SN % & TNF- a ZBEEEZHL T
NF « BAEHBHILL T, Z0HERL L TEEL bp
BRI AR LTI 2 R T 5. o
A#a & TNF- a OB OFLE T TIEE L bzl
EPREELTVWSE, HEMMEVERESEEOREET
BEBBETE 2V ) 2 RELHBSREEZEDS &
IHBY. ThoDRIE, ABTHEOT AL
RO OAEEK- oML, Y1 M A4 v ol
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% 2
/ \1 TNF S84

t TNF-a
v/07p-Y AR
L N \1/ InaFte |
TNF-a TNF Z&& .
* > > J
AR fos/jun
o5 @
AL
T A > [owaE]-
' N S 7
| MR | | M~ DB |

1 GROEt MEEMR~OKE

2 LT E 5% 2 Mial & CHIRE (P % 115
LT, RVWEAZBELIMICERILL TV Z L2
WD, ZOAMICE 2 PEMBEOMBIEIZ B
T, MRFEDETHFD—D2TdH5 poly (ADP-
ribose) polymerase ® % t 1t & high mobility
group box 1 (HMGB1) % ¥ 37 B D#» &k
HENOBBEHABRBANOGUPBE IR,
HMGBI1 OMifas D3, ~7a77—Ih5
®D TNF- ¢ EAZ TS, EFEO X 5 (2R EH
RTORMIIH T 2 WIS % FHE L 72 EBRIC
MmiFEH o HMGBl BE1X, AHREBFEEZICBY
TEEICHEEZRLE (F1).

D L) ITAMTREEMRE ST 5 XBEAND
KB O, AR EIELR &R EER RO
RIEA =X LIZHT 5% OB LRMEHES
nad. COMRZS LICUTICBRRZEFVEW%
P o 7258 R0 FEBR (A A B B B DR RE O FRAT
(ZHEAR, IO DHIRAA Y A MR RIS
LTWE2ZHBALTWS ZENEELEbN S,

2 thRZEEDISEHRaF

1) BEHL A

ML, RIEROVEALRREEZSLHWA 8
B Y mMEEMAT, 79 RAFy 7 Bok#
MoOPTERMICE TSNS, BEIE, —EDR

3

BEDZBALKRFEAN A O T—EREDREEIRZOHIC
Brh, 2~3HIC—FE, EERENIBEZLIL
THilgZ S E5. MlIEh-oTEL, M
AR SHT 2012, BEREZE, #Hs
L7-MifaD—E2 ROBEEMICE LT, BUREET
2L THIRZMIESE S (RMREE). e FERA
DIEF M, B I—EHHE, BET 2 LR
LTLES. PAME» SRS N HAMED
KBS OMALIZFEIT 5 A%, —ER DMK T HE R
JEIS L CHFEZ 4RO 5. HFE L T & 225 A MR,
AT ELZ RV BEED L2 RY, HEEFEITHE
Lhb, TOXICRELTHIT S L L bICHE
RAFADST & ZMfL Mtk E X idh 5.
MAMBRIIREA 2 RE (EhkoE - BH L0V
BEDBIEZFEROAE, HLENRELL) oM
BAEELTVEDTHAI LD, Mlakke L
THELLDEEL7-DIZ, BAMEE 27T
DHLT, ZoH—fifarolisEsZ LT,
rua—r (F7238K) 2B5ZLATES. 20O
7u—id, E—filRlk%z0T, FEESLHEET
DIRERL REBE R & OALZEIRE A —E & HEH
Sh, LOVEBEBELFAMBKREES. Z0XHI2,
BAMBERIE, BEOVFAMBICHEL, —EoHM
BDOWEOH TR 2 A LBRRFECHZ S0
Thb. IHIZ7u—AbL-MlakkTlassEsEn

R S S ik 28 S
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A : AR & TR TT

PRER

BERRES (HE #&)

M2 rhEZEH SOMIEE

EEAR
#1€ 6 X8, MEZBEMER
TOEE

LR (HE 3, ¥ x 20) L AER (HE Hf, 3% x 20) »5 CRFEMRBOHEIELS.
EREA G EME oM, WERD S 3REROMIaAEM L T 5.

2R CICT SRS O EZ TH FAKROREENTHE
ThHh, REOMREAIH—-IZEELTHLNLI L
o, SEIERVFAMEICHEATE 2EETER
ZHDTH5A.

2) PRZEEDISER
FEEREDDTEREOBVHEATH S, B
BLLTOERREIHBHEVLEZEZ Sh T
5. BEOREOD LIchEEMEEZIERLT, £
IHhOHFAMBEREET S L, BEOEEN L K
(CEEEICHEE L CILEICIEASY) 2SS 5
FoMKICEEL T h R EMREREELTH,
FIRRICEE R EAE LTS 5. BEOPRREIEM
BeMIKDP S, WARWALREEFEGFETS  OMlkk
AIhITHILIhTELY, kiR, BE
DR, KR, LFERELR & ORI E D R R A
LREATLEHETHY, HIEHHE 2 THEMICRESA
TWAEH)ICEKEZEI LHICERL, bbbl
Ho7MBEIBRBELTWERETH 5.

32

HRZ R, Z OMB Y BEMSE CBIE T 5 & BEA,
AER L Ch o omEIRE L ZHABICHEI N
5., ThECTHIIhTE-hEEMEKRD NS
DRkA ZROEE»OGHEL TV, FBHENDKT
Wy AR, HRLLLZREMBETAIL
W%, Tk 2 EERG R ERROMAEKkIZ, B
EREZDEL) RARTH oY, TEBROX)LEHR
BThozh) LT, ThZENNBZERAEHICE
WORIEATE 2 FEEVWARNLIEET S5 Z EAE N
(B 2).

—7, RIERIHSEROMIEA» 525 2 2% <,
WAHWA LK EMELZBLEVICELR ) GVEDS
LHFICZL TS (B2). —MHEL»S LM
FABRDBI L ENTWBA, iR L7z&9HI12% DM
fatkizZzo—fLEhTwa o, LEE»RER
PELLPIEPLTVELDODOADBRTLNTWS
(M5 DORAIR L o TV 5 MRk XA 2 A% L
W) B9 72k 24E, IMN MR L 1982 4FE AL L
Wi s h-MifatkT, BEREEO ZMHEFEED B
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ERERERLCEILER

41X 20

BE (B2 obpiiE#s (LER) 2<7 A~FAFBHE (a: WENBHE) CRFBME b: ETBE L. 374
A&y AE (a) LRERTHM (b) TERINZES (WFhd LRE) »BEShs. WEATE, B2
D% b o ZEBEAER SN EA (FA), RTHMETIE, REBLEROEKICE LTS, RaiZwihd HE Rb.

BOBAIPLHBOLNZIDOTHY, BhTHEIH1C
FLOBYET VRBREOHBIIRLoTWwSE
ERMRTHS Y. ZoHETIE, MBkIIREEC
BLWUHSERMRD> S %20, #REERD LHEL
MRS HICHMRS LD, ERDAEVIR ko,
7, COMBREREAEITADETICEBHELT
ERsn-EE T, EEERLREROWAATE
LEMENTWS., L2 A% BE 201540
RHETAFTE 5 JMN Mifaik, #hisEpdias s %
D, RELEIT AOETRHMIED S VIZERECE
35 L RERFEEOAIER S, EEEIZE
(EBDOLREW., ZoZ ki, 4% EEE oM
PRELTWADOD, #REHITEH HIC, KE
RBIZL 2B H), TOLEHTHBELLTW
OB L TV T ET, MRk L %
e MmboTELbDLHERMING. ZD & H I
EHfatkZ HO 2B AMRICB VT, ROICHEL
ShTHE SNRE ITHMBOEKRR LSS TV (B
AR BET OIS - ARBEL) BRE->Tn5T
BBEERHHZLZERL, 4, HHL TV Mlatk
BEDE I RIRETH L0 %2HRETILENHL S
EERLTWVAS.
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3 PREETIVEMIOEL

1) EFitEE BB

t PAMBE REAETTRAICBET AL
T, b MOAME - Ml EARNTERET A L8
WHETH L. @E, kL bPAR, AEHLLBELR
TV AR THERICBHEL, otk REEED
WCKEL ZBEEDY A X25HlT5. COEFIV
2 L, ZONADHEFERHILIEICED % RIZTF
RPHEES T OB ATEETH ), FTLHFLVHIA
BWEOMBERARLZLLWHEETHS. LarL, <
T AR THBEICE FABAD D HIREIX, BETVL
WS ICER LR ATWAZ LIZRBEAN,
ADBETHHEFICE MPARBITAHAZLT, K
FMEE L P RETE M PAERBIET S Z LA
tn, Iz, BRATHE< 7 ARERIZ,
FrRATHI T AFBICEBHETARTHL.
D & BN % R & -5

—7, & MEFARHRAZ <Y AR THERICE
W52 Lz RIBRELIER S THREOEEE,
B A, MBARIAFALEO—BIEDA LI,
TR R HRME S R 2 B2 TR, TOHFIR
AAKECRL L, R TIIEEMEREXRR 218
IEIICHEREL, SHICHMOMMBRICRETAZ L
T, METHIUIMEERCHIZT COMVEAZT S




£ | & OiREERBRORE

4

RRZL, SOICH#TT 2 LIPRBERIET 2827 5.
COX) B EROPREEZHET SI121E, &5
RLBEORBLEVCEFVEWMZELZLHFEE
THsY ZZTHEEREOREXBTEHNT
R S N7 @S2 S/ E SRILL T, RESE
<~y AOKEAN (R &R THE () (B
L7:. Bi#Z3IVAORETY Y AZBHLT, W
BER L B THEZBZE L (B3). ZoXHich
BENICEIFTBH S 2 LRI —HATICE 57, A
2o THMET AHEMARD Sh, BEOREILWV
BERT. —FH, ETHERICERABHELZEEICIE
JEB I — AT CEE AR T A, COXHICFELE
BEHETOBHEBEIC L - TERBRRSR 2B L
o, B BFEOFRBIEVET NV EES TT
QTEDNKEBLEZS.

2) EEHARORIESISEMRRORE

Ak L7z & S ICEFOREEMEEL <7 X B
LTEBEFVEELZ LITRETH 575, Filiz
LTHEZERML L XICOATRLETVTH

vl
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2 DFEEH SHILUTc KMES fatkDRIFMBHEIC KPP REETET IV

a: vy AMEZEMISBRELL:. ARrLHEVWE Y 7 anEEFEZED X ) ICER
L Tvis,

b: EEEGEEOHBEIBFRINTYS (HE 2, 1 x 20).

c : Calretinin & BHEEH (@&, 3 x 20).

d : D240 s @R, Wi x 20).

D, BEIZE-T, HHVIIEEZLITHKA RRE
BIIRCEBRShBLEZONS. F/2, ZO
BICIIR20 L) EHEZHRTADIZ3~6 7R
PRLONBETHD. TZT, EZOMRETD
Y- BERAETNEVET VSRR TEICT S0
A, hEESEEMRRE HCETVEYMTH S,
Bratifatk o 5 758~ 50 B EOMAL % REA L
7 ZADKIERN, BEND 5 \VIZE THKICEET S
L, BBUh3~6AMTEEIERINS. S
MRBICBWTH MRtk %EN T 5Z & T, BWEAN
OREFIBHICE ) BBitER  WEEICH > TR 5 E
BARZMEIREEETVATES ¢ B W,
ZFABY rh Bz I H1 3k oMk T d 5 KMES Az 10
Fifz~<o AGKPENICBHEL T4 BRICTY A%
sl L7 (B4). KokEz OB W25 A% L
P PRI v i R P 5 L A S LR L S o 7 o THE SR M
LTWwaZeldbhs (K4a). ZOERIIBRL
TR MARED O M F OEM & A, BHE 6 ERIZITA
Jg i~ L < i e P i PR K 2 KB RRRE &
5. FCOEEBICOVWTHEMENBEZITH &




-

BEOEGHME B S LR O 5o TRz iE
EEDLOTHUL-MBGEZRT I Edbh ol
(E94b). S HICZOEHEMKIZOVT, HEED
~—h— (UH [ EZEZ T TORERHIEE 0%
BLEZH] 103 HEH) TdH 5 calretinin & D240
WCOWTHREROZIT) LWMELOICEETHL
LBHLhERoN: (Bde, d). CDEIH IR
Mifatkz A 5 2 &L CHEZESWE TV 2 EHT
52 LT, HAPOMAZETHETRE L -BEM%
BWREBETFTVHVFHEATELZZ LIRS, £LD
BEMRAREZNENDORBEEN L72GF LNV
TOHREDOHZERH L W IHEEDER L L FIH
ShTwa.

4 IBEHRSZAVCEDREETIV
HB3VRETILEMZE R -E2H -
BEEDRMRE

1) IEERAZERAV P REDIRR SEBEDHRRE

Rz BEMIRaRR Z BV 5 Z & THIRIE O35 Mg
ROFTRELBITTELI LN, %L OBf%ED
REINTWA. LALl, PREIESFHEKL ST
AEH—THHEAESKEV L, MEEKIBILITS
BETIISEILZERI»LENINSILT, b
OEFHO—EBOMIE (BEEICIESTE T, HEhErEds
BVRbLO) OAPRLND LR IND. EHIT—
DOMETHW L MlatkE, BEBEICESIAT
LEHZedb, MEREERICBITAERLELDS
FREZHO 2L T ICIZEES S .

6 B OP R EM bk (LR R 1 #, PIBERY 1 Bk,
AR ARR) ZHWT, BAAHITH 5 selenite,
bortezomib, carboplatin, pemetrexed, doxorubi-
cin & gemcitabine & Dk 4 L AEHLEIZL S
BBEMEHRE R L - RET DD ZOHFT,
selenite M TIZ, 4B oMtk (LA 1 #,
ZHAR 3K TIXMEAIH DB S N As, Mo 2
MEE oMk (WER 14k, 48 1K) TIBR
BARONLEho7z. FMMOEFBH S Vi 2 EEHD
PERITIE, &fIC EERMoEA, RER LD T
BAKNOERZENEH BRI BOSRE Y. &
DX IEEEMRAKEFAVTHEEOSAL LTD
HEZHLPIZL, B AFKOREEZITH 729H121F,
LR R, WER, —HMoSEEOMBKkE AL
THWTT) ZepEF L, MRkTHRLNAZA
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BEMRZAVCETIVER

i, LTEZEOREEMARICEVYT, ALICZ0
HREDPIEL VWA L) 22 EEICHEDIDTTL 2 L8
HETH 5.

AR &Y w7 JE sk MSTO-211H Ml fakk % F v %
ZET, ¥R EOMRENIRNT 2 S P IEICS
EHLTWws AHNAK S FAEREE2Y. 2o
GFE, Mo EMak 7 BEITRTICBVWTEH
WRBAHER I N2A, EHe bl TIz R
BALNLEPo7. EHIZBFEOHEEMETHN
72kZh, LER, AERBIUCTHEOWTIhD
BB BV TH RIS A LN, RICABREDOH
THilaAEE)§ 5 & ZRMs~ b)) v 7 RITRHE
5L EICZO AHNAK 5 FHRmAIC#EE L <
W Z i, ThoogEfifakit s L TH
Lk ol ZOMEIR R EMRARICIERRY
WKEKBALTWEFFEADIFAHILT, HLw
NWAFI—N—DERET-o1bDOTHY, FEM
REFHTAZLET, ZORVVHEINTGFIEVA
MREDO LD X S RHRICBIRT 22, ABENTHE
RTHILEMBICTAILERLTVWS.

ZZTIIZ L DFlIIRE R WA, Bk, MANFZE
DR TRRENIZTAL 7O RNA (¥ V527 HIZiR
% b%WwWIEIT— FRNA) PHEMBICBVTHL
CRWHERZD ™, hEEICE VT CD26 LW
MRS FARVWEREZRL, MlidEgRR
BICEELTwaAZ L, E5I2HCD26 & Mebifk
A MR L2 L THAARIRE RS L Y,
HBHVIEIMBATSY Y7 HZ2SRT HEKR RS
WA THB 7T 7V — 1 OREHR H R EM
HoOMBAHIET A2 Y 2L, MEkE2FAAL
THEEOMAENERL2OH 5.

2) EFIVEMZERVCPREDIHT & E2H -
EDRF
RBEENTHEEMBEZME > THIRZT) 2 L,

B — 500 b TEYFHIBRZHL 2T

LHILNTEBILDD, AR LzX ) RS T

DFEERPHEETE K BHL TV L5 FOREIZL

THHEHTHA. SO, 5 E#kl

DAL OEERE % E R I T E 5 DB HEEERD

METHE. 29 LTRVWHERZS5TA, filLo

BREICEI Do TWAZ L2 S5 MREISEWIR

Pep =

O S S ik S
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Y EFE

CD26& A

E5 MSTO-211H fii3(C XD HEEEE T ILZRL e CD-26 DHERERRIT
a: CD26 BRI 2 WHIRa A BHE L7284 (FatkxntiE, ER) & L T CD26 #Brdh s34 (TR)

TIXEBOHIEATHET 5.

b: MBEDIZEATIE, BHME (EE: HE §, S x 10) TRHEKE OBERISHEETH S DI
LT, CD26 AR (TR : HE $fa, & x 10) TRAGEGNORBELEALNS.
c:CD26 %3 (#8f) 3 (LR CD26 fejEst, i x 20, TR : CD26 RiEgta, i x 20).

BCTBET L1201, piddLze FhEEEFVE)
WHERE %25, PTHEEMBEKEZRERAE~YY
ANBHLTERT2ET VI, PAMBLXAD
BN E T 2 AEOME (W%, MEMEeRE
Az &) LHifast~< by v 2 2 (il & Mife
DEICHFELT, BHPFRBELLEZRETS) O
HERABBTHILHITES.
TTRPEEOMER (LER, WER) o7
VIZOWTHIT 5. LRk STAV-AB &
A ER M fatk STAV-FCS # RiEAE~ 7 A TH#
Wb D VITEENICBEL, 8 ARICZDER )R
franiz. ZofR wihofMiatkd EE oMk
Bl L TR ERBOBERLAA, WEROG)H
MEEN R, o7, LaL, $3FREHEKD CGH
7 L A ###7 (comparative genomic hybridization,
2EDHENBETI NN LIREEZFEENII<A 2
B7 VA LTNA TY T4 XSETa—H2 L
E'T D BITHN) »51%, KEMITIE STAV-
AB#Mifle & STAV-FCSHIRRTIX, BA2B/87 -~
EARLZDOIZH LT, <7 RAICBHL-EETIE,
EHICRRSLCCGH Y — v &RTELEDBIZ, 2
DOMBKTOERIIHEEL TW2?. ZOF%IL,
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BEM L EF VB TOMBZELY &  R/EESR
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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



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,
c¢GVHD 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 Tul type proinflammatory cytokines such as interferon
(IFN)-y (6). Moreover, CD26%¢"CD4 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 CD26"2" T cells contain Tul7 cells, and that CD26"¢" Tu17 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* naive 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 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 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-scidIL2ry"" (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 /FNG, IL174, IL2] and IL26 were significantly increased over the course of GVHD
development following whole CB transplantation, while /L2, TNF (TNF-a), IL4, IL6 and IL10 were decreased. In addition,
substantial increases were seen in levels of /FNG and IL26, with IL17A4 and IL21 remained at a low level. It has been reported
that IFN-y is produced by Tul cells (6), while IL-17A and IL-26 are produced by Tul7 cells (38, 39). Since both Tul and Tul7
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 CD267CD4 T cells, we
next conducted flow cytometric analyses of lymphocytes isolated from the lung of the recipient mice. Levels of human IFN-y* 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-y. In
addition, while CD26"TFN-y"CD4 cells exclusively expressed IL-26, CD26"IL-26"CD4 cells were predominantly IFN-y-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-y but do not belong to the Tul7 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 /L26 transgenic (Tg) mice. For this purpose, we used mice carrying human /FNG and IL26 transgene (190-IFNG Tg
mice) or mice carrying human /FNG transgene with deleting /L26 transcription (ACNS-77 Tg mice). 190-/FNG Tg mice
exhibited production of IL-26 by CD4 T cells under Tul- or Tul7-polarizing conditions, while expression of IL-26 was
completely abrogated in ACNS-77 Tg mice (38). In addition, production of IFN-y by T or NK cells was equivalent in both 190-
IFNG Tg and ACNS-77 Tg mice (40). Histologic examinations of the lung of recipient NOG mice deriving from parental
C57BL/6 (B6 WT) mice or ACNS-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-/FNG 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-y, 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 1L-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 /L26
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



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 eftect.

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 (nspl1-16) 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). ADAI 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 ADAL, 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 ADAI 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
mADbs 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-y, 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 naive T cells following activation and preferentially remains highly
expressed on Tul-type CD4" cells and CD8* cytotoxic T lymphocytes (CTL), resulting in enhancement of T cell migration to
facilitate tumor immune responses (105). Although strong Tul 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-y signaling activates the Tul transcription factor
T-bet, which in turn promotes CXCR3 expression to induce Tul-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-a was much lower following CD26 costimulation than CD28 costimulation. In contrast, no difference in the production of
IL-17A, IFN-y, 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-f1 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 (Trl)-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

7



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 Trl-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 IgGik 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) p27*! and p21¢?! 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

8



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-a5B1 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-a5B1 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 p27%#! 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 p21°?’ was increased and cyclin B1 was decreased after YS110 treatment.
Inhibitory phosphorylation of both cdc2 (Tyrl5) and ¢dc25C (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).



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 p27%P! 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 p34°?? 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 Ilo. — 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 Ila 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 Ilo. 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 Ilo 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 p344?, 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 ef 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 aresult, downstream signaling of SSTR4 occurs with activation of SHP-2, leading to the observed cytostatic effects.
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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-1*"* 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-o (37%) in
peritoneal macrophages isolated from Cav-1*/* 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
—10 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, 4’, 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-kf, 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 [1—3]. 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 f-
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 [7—14]. 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 [16—19].
CD26 phosphorylates Cav-1 by direct binding, resulting in the
activation of the nuclear factor-kappa beta (NF-«f) 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 Animal Welfare, 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-
171%) were purchased from the Jackson Laboratory (ME, USA), and
kept on standard rodent chow. Six—eight-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 x 10° 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 x 10° 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 TagMan gene expression assays and ABI 7900HT
(Applied Biosystems, MA, USA). The following probe sets were
used: interleukin-18 (II-1B), Hs01555410_m1; 11-6,
Hs00985639_m1 and Mm00446190_m1; tumor necrosis factor-o
(Tnf-), Hs01113624_g1 and MmO00443258_m1;  Nf-«0,
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),
MmO03302249_g1. Expression of target gene was 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 pg/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 pug/mL), teneligliptin
(100 pmol/L or 1 mmol/L), or rhCD26 (25 pug/mL) + teneligliptin
(100 pmol/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).


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

M. Hiromura et al. / Biochemical and Biophysical Research Communications 495 (2018) 223—229 225

2.5. Immunohistochemistry

Mouse peritoneal macrophages and U937 cells were seeded in
poly-p-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 pg/mL; raised in rabbit)
or anti-Cav-1 antibody (sc-894; Santa Cruz Biotechnology; 5 pug/mL;
raised in rabbit; RRID: AB_2072042). Anti-CD26 antibody (AF954;
R&D Systems; 5 pug/mL; RRID: AB_355739) or anti-Cav-1 antibody
(3238; Cell Signaling Technology, MA, USA; 5 pg/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 5 min in NuPAGE
LDS Sample Buffer (3:1; Thermo Fisher Scientific). The samples (10
ug/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) (A8AS;
MAB2538; Abnova; 1:500; raised in rabbit; RRID: AB_10555313), and
B-actin (C4; sc47778; Santa Cruz Biotechnology, TX, USA; 1:200;
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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 x 10* 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, Mannedorf, Switzerland).

2.9. Flow cytometry

Mouse peritoneal macrophages were treated with or without
LPS (100 ng/mL) or teneligliptin (10 umol/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 Flow]O
software (Tree Star, Inc., OR, USA).
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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 4’,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-1*/* and
Cav-1~/~ mice. n = 4—6 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 umol/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

We evaluated whether Cav-1 is involved in the anti-inflammatory
effects of teneligliptin using mouse peritoneal macrophages isolated
from Cav-1*/* or Cav-1~/~ mice. Treatment with LPS (100 ng/mL for
4 h), a TLR4 agonist, significantly increased II-6 and Tnf-« expression
in the macrophages from Cav-11* mice, while co-treatment with
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teneligliptin (10 nmol/L) suppressed their expression by 70 and 37%,
respectively. In Cav-1-/~ mice, LPS treatment also increased the
expression of II-6 and Tnf-«. However, responses to LPS stimulation
were lower than those observed in Cav-1*/* mice. Unlike that in Cav-
1t mice, teneligliptin failed to suppress LPS induced expression of
11-6 and Tnf-« in Cav-1~/~ mice (Fig. 1C and D).

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

A previous study using biophysical interaction analysis has shown
that CD26 protein directly binds to Cav-1 protein in vitro [19]. We
determined whether teneligliptin affects the interaction between
CD26 and Cav-1 protein using the Biacore system, which is capable of
assessing direct molecule binding by measuring mass change on the
sensor chip. In this analysis, the binding of the protein was expressed
as RU. Cav-1 protein was 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 pmol/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 observed with 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
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Fig. 2. The anti-inflammatory effects of teneligliptin on human macrophages. (A—F) The effect of teneligliptin on the expression of pro-inflammatory molecules in human
U937 cells. Expression of II-18, II-6, Tnf-«, Mcp-1, Ip-10, and Nf-k@ 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 = 3 per group.

*p < 0.05.
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of pro-inflammatory molecules in human U937 cells. LPS treatment
(10 pg/mL) increased the expression of II-16, II-6, and Tnf-«. at 6 h,
and co-treatment with teneligliptin (1, 5, and 10 nmol/L) dose-
dependently suppressed this increase (Fig. 2 A—C). Furthermore,
teneligliptin treatment at 5 and 10 nmol/L also suppressed LPS-
induced expression of Mcp-1, Ip-10, and Nf-x§ (Fig. 2 D—F).
Consistently, teneligliptin treatment (5 and 10 nmol/L) suppressed
LPS-induced phosphorylation of IRAK-4, a downstream molecule 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 II-13, Il-6, and Tnf-a to the same level as that achieved
by teneligliptin treatment (Fig. 3 A—C). Similarly, anti-Cav-1 poly-
clonal antibody (H97; 200 ng/mL), recognizing amino acids 82—178
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 D—F). 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-18, II-6, or Tnf-
« (Fig. 3 G-I).
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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 TLR1-9. All agonists significantly increased the
expression of II-168, II-6, and Tnf-o (Fig. 4 A—C). 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, 1-62 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 and human U937 cells, both of which co-expressed CD26 and
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.
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kinase.

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-kf 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 82—178
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 82—101 (also
known as the caveolin scaffolding domain) [16]. Our findings pro-
vide further evidence that residues 82—178 of Cav-1 are essential
for the inflammatory responses induced by TLR4, possibly due to

their involvement in the binding of Cav-1 and CD26.

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

In conclusion, Cav-1 acts as a pro-inflammatory molecule in
response to E. coli-derived LPS in mouse and human macrophages,
and is a target of DPP-4 inhibitors to suppress TLR4-induced
inflammation.
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First-in-human phase 1 of Y$110, a
monoclonal antibody directed against CD26
in advanced CD26-expressing cancers
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Background: YS110 is a humanised IgG1 monoclonal antibody with high affinity to the CD26 antigen. YS110 demonstrated
preclinical anti-tumour effects without significant side effects.

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

Results: Thirty-three patients (22 mesothelioma) received a median of 3 (range 1-30) YS110 infusions across six dose levels
(0.1-6mgkg™). 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 C..,) 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 6mgkg™ 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  dipeptides with either r-proline or L-alanine at the penultimate
known dipeptidyl peptidase IV (DPPIV, EC 3.4.14.5) activity in its  position (Torimoto et al, 1992; Ohnuma et al, 2008). CD26 activity
extracellular domain and is capable of cleaving N-terminal 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 ef 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 CD24"CD9" MPM cells exhibits
the cancer stem cell features (Ghani et al, 2011; Yamazaki et al,
2012). We also reported robust in vivo data on the anti-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 IgG1l kappa with a molecular weight of
144kDa 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 DHb5a
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
(x 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 p27-*
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
<2, adequate bone marrow, liver and renal function; at least 4
weeks from prior surgery, chemotherapy, external radiotherapy or
immunotherapy (at least 6 weeks from prior nitrosoureas). All
patients provided written informed consent. This study was
conducted according to the Declaration of Helsinki and was
approved by an ethics committee and the French National Drug
Agency.

CD26 immunohistochemistry screening. Analysis of CD26
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
>20% of the tumour cells (14, 2+ or 3+ intensity) and verified
independently by two pathologists (P Vielh and T Yamada)
(Figure 1).

Study design. This first-in-human study was designed as a
classical 3+ 3 dose-escalating phase 1 trial of the single agent
YS110 (Supplementary Table 1). The primary objective was to
determine the maximum tolerated dose (MTD) based on the
occurrence of dose-limiting toxicity (DLT) and a recommended
phase 2 dose (RP2D). Initially, cohorts 1-4 each planned to enrol
3, and up to 6, patients sequentially to evaluate escalating YS110
doses at 0.1, 0.4, 1 and 2mgkg ™~ ! 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 mgkg ™~ ! 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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Figure 1. Evaluation of CD26 staining by immunohistochemistry in cases of mesothelioma.

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 >3 non-haematological toxicity or a
haematological toxicity of grade >4. This definition was later
amended to exclude reversible grade 3 infusion reactions defined as
allergic reaction/hypersensitivity, fever, pain, bronchospasm,
wheezing or hypoxia, occurring during the first dose infusion
and resolving with a reduced infusion rate, a stop of the infusion,
supportive care and/or the administration of corticosteroids
(Supplementary Table S2). In case of treatment discontinuation
due to reversible grade 3 infusion reactions, the patient was to be
replaced with a new patient of the same cohort.

Efficacy. Preliminary clinical efficacy was evaluated by 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 >30% decrease in the sum of the longest
diameter (LD) of target lesions, PD was defined as >20% increase
in the sum of the LD of target lesions and stable disease was
defined as neither sufficient shrinkage to qualify for PR nor
sufficient increase to qualify for PD. Patients with mesothelioma
were assessed according to modified RECIST criteria.

Pharmacokinetics. Serial blood samples were obtained at pre- and
post-YS110 administration at Day 1, Day 8, Day 15 and Day 29 at
specified time points throughout the study. Serum levels of YS110
were 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) CD26 " T (i.e., CD3 " CD4 ™",
CD3"CD8") and NK (i.e., CD3~ CD16 "/~ CD56 ") 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 o (TNF-o) 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 3 4 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

1128

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


http://www.bjcancer.com

Phase 1 study of YS110 in solid tumours

BRITISH JOURNAL OF CANCER

was a main target indication with 60 patients screened (n =60,
53% were CD26 " cases). Examples of CD26 immunohistochem-
istry and scoring are presented in Figure 1. Other tumour types
screened included RCC (1= 18, 71% CD26 " cases), hepatocellular
carcinoma (n=7, 22% CD26" cases) and various other tumour
types (n=31, 13% CD26 " cases). Overall, 56 (41%) patients were
considered as CD26% with the mean percentage of CD26
expression on tumour cells of 69% (range 20-100%) in the tested
samples.

Patient characteristics. Thirty-four CD26 % 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 (n =23, 69.7%), RCC (n =09, 27.3%) and one patient
had an urothelial carcinoma (n=1; 3.0%). All mesothelioma
patients were diagnosed with the epithelioid histology and were all
in advanced inoperable disease or refractory to previous line of
treatment. Other tumour types were in stage III/IV Twenty-two
patients were treated according to the Q2W schedule at 0.1 (n =3),
04 (n=3),1 (n=6) and ngkg_1 (n=10) and 11 according to
the QIW schedule at 2 (n=4),4 (n=3) and 6 (n=4) mgkgf1
(Table 1). The median percentage of CD26" 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 mgkg ™' dose level and another patient
at the Q2W 2mgkg ' 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 6mgkg ™' in four patients
without DLTs. Per protocol, dose escalation was stopped at the
highest level of 6 mgkg ~' 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 >3 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 DLT's leading to permanent discontinua-
tion of treatment. Six severe hypersensitivity reactions were
reported in five patients receiving a dose of 2.0mgkg ™' and a
severe anaphylactic reaction was reported in one patient receiving a
dose of 1.0mgkg ~'. 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 QIW schedule.

Pharmacokinetics. Following single and repeat intravenous infu-
sions of YS110, there was a trend toward decreasing clearance
(CL), increasing half-life time (T',,) and increasing exposure (Cpax,
AUC,_i63, AUCy_,) with increasing doses, suggesting that CL was
saturating across the dose range studied. Mean volume of
distribution (V,, V) 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 Cy,.x appeared to be dose proportional, increases in
AUC, ;63 and AUC,_,, 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 mgkg ', mean CL
was ~ 1.1-1.6-fold higher on Day 1 (vs Day 29), whereas mean T,
increased ~1.2-2.3-fold and exposure (AUC,_ ) increased
~1.3-1.8-fold on Day 29 vs Day 1 (Table 3).

Table 1. Baseline demographics and disease characteristics

Number of patients (n=33) \

Schedule and dose levels (mgkg ~") |

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 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: ECOG = Eastern Cooperative Oncology Group.
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Table 2. Adverse events (all grades) reported by >10% of patients overall in any cohort

I Dose levels (mgkg ~") ‘
Preferred term (CTCAE v3) number 0.1 0.4 1.0 2.0 4.0 6.0 All AEs/grade 3-4 |All ADRs/grade3-4
of patients (%) (n=3) | (n=3) | (n=6) | (n=14) | (n=3) | (n=4) (n=33) (n=33)
Asthenia 3100.0) | 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(167) | 4(28.6) | 1(33.3) | 3(75.0) 0 (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(333) | 1(16.7) | 3(21.4) | 2(66.7) | 1(25.0) 8 (24.2) 5(15.2)
Vomiting 1333 | 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: ADR = adverse drug reactions; AE = adverse events; N =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.

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

_1 Dose Cmax AUCO_168 AUCo_% CL
Dose (mgkg ™) Schedule Day | Tz (h) (ugml—") (hx ugml =" (hx ugml—") (mlh=Tkg ™"
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 2451459 30.8+4.20 1180+ 243 1200 £ 251 1.72+0.334
15 31.5+NR 67.31NR 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 7251271 4340+ 1030 4740+ 1140 0.876+0.206
15 70.4 £ NR 82.4+NR 6000 £ NR 7450 + NR 0.678 £ NR
29 76.2+ND 98.4+ND 7320+ ND 9340+ ND 0.547 £ND
6 Q1w 1 67.8+13.8 150+22.9 10300 + 1800 12800+ 3250 0.490+0.116
15 9371274 182+17.2 15700 £ 3470 22800+ 8250 0.393+0.0793
29 154 £ NR 205%23.6 18400 +4320 39700+ NR 0.340+0.0814
Abbreviations: AUC = area under the curve; CL = clearance; ND =not determined; NR =not reported.

For the initial dose levels (0.1, 0.4, 1 and 2 mgkg ~ '), YS110 was
administered on a Q2W schedule on days 1, 15 and 29. As
expected, the maximum concentrations of YS110 (Cy,,y) 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 (0.4ugml™") by 1 week post infusion. To maintain
measurable YS110 trough concentrations between doses, dosing
was increased to five doses on a QIW schedule on days 1, 8, 15, 22
and 29 for dose levels 2, 4 and 6 mgkg ™. Cp,, 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 6mgkg ' cohorts (~1, ~2 and ~3
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 mgkg ™' 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
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Table 4. Time on YS110 treatment and median PFS of treated
patients

Dose Cancer 'Med.|an Median PFS
Cohorts levels types (n) infusions days (min-max)
(mgkg ™ b yP N (min-max) Y
Q2w 0.1 Meso (3) 3@ 42 (41-42)
Q2w 0.4 Meso (2) 18 (3-20) 223 (40-273)
RCC (1)
Q2w 1.0 Meso (2) 3(1-3) 40 (28-59)
RCC (4)
Q2w 2.0 Meso (6) 3(1-27) 57 (13-399)
RCC (4)
Q1w 2.0 Meso (3) 5 (1-20) 47 (5-184)
UTC (1)
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: Meso =malignant mesothelioma; PFS = progression-free survival duration;
RCC =renal cell carcinoma; UTC = urothelial carcinoma.

(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 CD267 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 CD26% cells were still
detectable under YS110 treatment. The validation of this anti-
CD26 mAb was ensured by competition and cross-blocking
experiments using increasing dilutions of YS110 in the CD26
immunophenotyping assay demonstrating no modulation of
CD26" subpopulations using the 5K78 clone in contrast to the
first clone tested.

At baseline in our series of patients, the mean+s.d. (n=33)
absolute values (x 10° per ml) of lymphocytes populations were
0.94 (65.7%)  0.64 for CD3 " CD4 ™", 0.33 (34.5%) + 0.26 for CD3 "
CD8™" T cells and 0.17 (8.2%) +0.17 for CD3~ CD16"'~ CD56 ™"
NK cells. The mean percentage of CD26 " subpopulations in the
T-CD4, T-CD8 and NK cells 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 mgkg ™ ") 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-o was detected at
day 1 and 2 following the first infusion of YS110 at 0.4, 1 and
2mgkg ™! at various levels, including the first patient with a grade
3 infusion reactions DLT (at the QIW 1mgkg71 dose level).

Different kinetics of serum IL-6 and TNF-a production were
observed in patients receiving 2 mgkg ™' of YS110, whereas low or
undetectable levels were observed in patients receiving 4.0 and
6.0mgkg ' 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 6mgkg71, with ~80%
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 6mgkg ' was
possible as in four patients in this cohort were treated without
DLTs. Per protocol, 6 mgkg ™' was the highest dose level tested
although the MTD was not achieved. The dose level of 6.0 mgkg '
of YS110 was decided by study investigators to be the RP2D.

Total lymphocyte counts, as well as levels of CD26™
lymphocytes, fell at Day 2 below the baseline levels. However,
total lymphocyte counts recovered to reach baseline level at Day 8
and thereafter. These data indicate that YS110 administration
resulted in a decrease in levels of peripheral lymphocytes including
the CD26-positive lymphocyte subset soon after drug 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 mgkg ~ ' 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.
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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.

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 >80% 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 ~1 year, and a median PFS of
<6 months. There is currently no standard second-line treatment
with demonstrated ability to prolong survival. Importantly,
patients who failed this first-line therapy have an extremely short
survival (3.4 months), and are exposed to potentially life-
threatening toxicities unnecessarily (Blayney et al, 2012). Due to
the lack of efficacy of conventional therapeutic approaches, it 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 CXCR3 ™" 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 T cells from CD4 " 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 ¢ 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 ef 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 mgkg ™' QIW, which has been
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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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