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ABSTRACT

CD26 is a 110 kDa surface glycoprotein with intrinsic dipeptidyl
peptidase 1V (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.



The Use of the Humanized Anti-CD26 Monoclonal Antibody ... 3

Keywords: CD26/DPPIV, YS110, malignant mesothelioma, immune
disorders, MERS-CoV

1. INTRODUCTION

CD26 is a 110-kDa, type Il 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
etal., 2013a).

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

2.1. Malignant Pleural Mesothelioma

Our recent in-depth studies of CD26 expression in MPM revealed that
CD26 is preferentially expressed in MPM cells but not in normal
mesothelial cells (Amatya et al., 2011; Aoce 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 (Clinical Trials.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/DPPI1V 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 p274P* expression,
downregulation of cyclin-dependent kinase 2 (CDK2) and
dephosphorylation of retinoblastoma substrate (Rb) (Inamoto et al., 2006).
We also found that anti-CD26 mAb therapy attenuated Akt activity
(Figure 1D) and internalized cell surface CD26 leading to decreased CD26
binding to collagen and fibronectin (Figure 1A and 1B). Treatment with
anti-CD26 murine mAb inhibited the growth of human RCC and
significantly enhanced survival in a mouse xenograft model (Figure 1C).
Our FIH phase 1 study demonstrated that disease stabilization was
observed in heavily pre-treated CD26-positive MPM and RCC patients
who had previously progressed on conventional standard therapies
(Angevin et al.,, 2017), suggesting that YS110 treatment may have
potential clinical use for CD26-positive RCC.

2.2.2. Lung Cancer

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

2.2.3. Colorectal Cancer

Pang et al., identified a subpopulation of CD26* cells uniformly
presenting in both primary and metastatic tumors in colorectal cancer, and
showed that CD26" cancer cells are associated with enhanced invasiveness
and chemoresistance (Pang et al., 2010). These investigators showed that
in CD26" colorectal cancer cells, mediators of epithelial to mesenchymal
transition (EMT) contributed to the invasive phenotype and metastatic
capacity. These results suggested that CD26" cells are cancer stem cells in
colorectal cancer, and that CD26/DPPIV can be targeted for metastatic
colorectal cancer therapy. More recently, significantly higher CD26
expression has been shown to be correlated with poorly differentiated
tumor, late tumor node metastasis (TNM) stage (TNM stage Ill 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 1gG. 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 =5), or isotype-matched control mAb (n = 5) on the day when the tumor mass
became visible (5 mm in size). Tumor size and cumulative survival were monitored.
(D) resected specimens were immediately frozen for whole-cell lysate preparation and
lysed by lysis buffer. Protein (50 ng) was applied for SDS-PAGE and immunoblotting
for p274?t, 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
(‘YYamaguchi et al., 2008).

2.2.6. Thyroid Carcinoma

The BRAFV600E mutation, which results in greater mitogen-activated
protein kinase signaling output, is the most predominant oncogenic driver
of thyroid cancer (Fagin and Wells, 2016). CD26 expression is upregulated
in malignant thyroid tumors, and CD26 can be used as a malignancy
marker in fine-needle aspiration cytology of thyroid nodules (de Micco et
al.,, 2008). Recently, CD26, secretogranin V (SCG5) and carbonic
anhydrase XIlI (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)-B
signaling pathway. Furthermore, in vivo experiments revealed that
treatment with the DPPIV inhibitor sitagliptin reduced tumor growth and
xenograft TGF-B receptor | expression (Lee et al., 2017). These
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investigators concluded that increased CD26 expression is associated with
cellular invasion and more aggressive disease in papillary thyroid cancer,
and targeting CD26/DPPIV may be a therapeutic strategy for CD26-
expressing thyroid cancer.

2.2.7. Urothelial Carcinoma

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

2.2.8. Chronic Myeloid Leukemia

Chronic myeloid leukemia (CML) is a stem cell neoplasm
characterized by the BCR/ABL1 oncogene. Herrmann et al., recently
identified CD26/DPPIV as a novel, specific and pathogenetically relevant
biomarker of CD34*CD38 CML leukemic stem cell (LSC) (Herrmann et
al., 2014). CD26 was not detected on normal stem cells or LSC in other
hematopoietic malignancies. Correspondingly, CD26" LSC decreased to
low or undetectable levels during successful treatment with imatinib.
CD26* CML LSC engrafted NOD-SCID-IL-2Ry" (NSG) mice with
BCR/ABL1" cells, whereas CD26° LSC from the same patients produced
multilineage BCR/ABL1 engraftment. Moreover, targeting of CD26 by
gliptins suppressed the expansion of BCR/ABLL* cells. These results
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suggest that CD26 is a new biomarker and target of CML LSC, and
inhibition of CD26/DPPIV may revert abnormal LSC function and support
curative treatment approaches in this malignancy. More recently,
Warfvinge et al., extensively defined the heterogeneity within the LSC
population in chronic phase CML patients at diagnosis and following
conventional tyrosine Kkinase inhibitor (TKI) treatment. Cell surface
expression of the CML stem cell markers CD25, CD26, and ILIRAP 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 1gGix with a molecular weight of 144 kDa and was humanized via an
in silico design based on the amino acid sequence of anti-human CD26
murine mAb (14D10), which inhibited tumor cell growth, migration and
invasion, and enhanced survival of mouse xenograft models (Inamoto et al.,
2006). YS110 is produced by fermentation in CHO (Chinese hamster
ovary) mammalian cell suspension culture with the Glutamine Synthetase
Expression System. In vitro pharmacologic evaluation of YS110
demonstrated its selective binding to human CD26 on a number of human
cancer cell lines and tissues, with no apparent agonistic effect on human
CD26-positive lymphocytes and no inhibition of DPPIV activity.
Moreover, in the proof-of-concept (POC) studies using preclinical models,
in vivo administration of YS110 resulted in inhibition of tumor cell growth,
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migration and invasion, and enhanced survival of mouse xenograft models
inoculated with RCC or MPM (Inamoto et al., 2006; Inamoto et al., 2007;
Okamoto et al., 2014; Yamamoto et al., 2014). In addition to our robust in
vitro and in vivo data on antibody-mediated dose-dependent tumor growth
inhibition, YS110 exhibited excellent safety and pharmacological profiles
in non-human primate models using single and repeated increasing
intravenous doses. Other key safety findings were obtained from studies
involving cynomolgus monkeys which express YS110-reactive CD26
molecules, with similar tissue distribution profiles and expression levels to
human CD26. We therefore conducted the FIH phase 1 clinical trial of
YS110 for patients with refractory MPM and other CD26-positive solid
tumors (Angevin et al., 2017). Thirty-three heavily pre-treated patients
with CD26-positive cancers including 22 MPM, 10 RCC and 1 UC
underwent YS110 administration. Our FIH phase 1 study conclusively
demonstrated that YS110 exhibits a favorable safety profile and substantial
clinical activity in heavily pre-treated CD26-positive MPM and RCC
patients who had previously progressed on conventional standard
chemotherapies. Further clinical trial of YS110 for MPM s in progress
worldwide (ClinicalTrials.gov, 2017).

The role of CD26 in cancer cell biology and the mechanisms of action
of YS110 for cancer treatment have been reviewed in detail recently
(Ohnuma et al., 2017). In brief, we summarize the mechanisms of action of
YS110 as follows; (i) a direct cytotoxic effect on certain human CD26-
positive cancer cell lines via antibody-dependent cell-mediated
cytotoxicity (ADCC) (Inamoto et al., 2007), (ii) a direct anti-tumor effect
through the induction of cell cycle arrest by induction of p274* and p21°*
expression (Inamoto et al., 2007; Hayashi et al., 2016), (iii) the nuclear
translocation of CD26 molecules by internalization of the CD26-YS110
complexes to inhibit proliferation of tumor cells via suppression of
POLR2A gene expression, a component of RNA polymerase Il (Yamada et
al., 2009; Yamada et al., 2013), and (iv) following internalization of the
CD26-YS110 complexes, an inhibition of invasion and migration of tumor
cells by decreased binding to the collagen/fibronectin microenvironment
matrix (Inamoto et al., 2007). We are currently investigating other
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mechanisms of action for the observed anti-tumor activity of YS110,
especially focusing on the effects of YS110 on tumor immunology.

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

Although the cellular and molecular mechanisms involved in CD26-
mediated T cell activation have been extensively evaluated by our group
and others (Morimoto and Schlossman, 1998; Ohnuma et al., 2008a; De
Meester et al., 1999), potential negative feedback mechanisms to regulate
CD26-mediated activation still remain to be elucidated. Utilizing human
peripheral blood lymphocytes, we recently found that CD26-mediated
costimulation induced the development of a population of human type 1
regulatory T (Trwg) cells from CD4* T cells with high level of IL-10
production and lymphocyte-activation gene 3 (LAG3) expression (Hatano
et al., 2015). Other investigators have also reported that the CD26"CD39
Treg SUbSet among CD4* 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 (CTLAA4) and their B7 ligands, CD80 and CD86,
using a CTLA4-immunoglobulin fusion protein (CTLA4-Ig) or B7-specific
antibodies (Lenschow et al., 1992; Saito, 1998). Blockade of CD28
pathways may lead to profound immunosuppression (Blazar et al., 1997).
CD26 is also associated with T cell signal transduction processes as a
costimulatory molecule, as well as being a marker of T cell activation
(Morimoto and Schlossman, 1998; Ohnuma et al., 2008a). In fact, patients
with autoimmune diseases such as multiple sclerosis, Grave’s disease, and
RA have been found to have increased numbers of CD4*CD26* T cells in
inflamed tissues as well as in their peripheral blood (Eguchi et al., 1989;
Gerli et al., 1996; Hafler et al., 1985; Mizokami et al., 1996), with
enhancement of CD26 expression in these autoimmune diseases correlating
with disease severity (Eguchi et al., 1989; Gerli et al., 1996; Muscat et al.,
1994). Moreover, CD26""CD8* 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-lg (abatacept) was utilized
(Genovese et al., 2005; Gribben et al., 1996). As shown in Figure 2A, anti-
CD26 mADb (orange or red lines) or CTLA4-1g (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 mADb 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, CTLA4-1g, or isotype 1gG control
at indicated doses in 200 pl of sterile phosphate-buffered saline (PBS), and then were
injected thrice weekly for a total of 10 doses to assess potency in preventing Xx-GVHD.
(A) Kaplan—Meier survival curves for mice receiving PBMC plus control 1gG (200
ug/dose, blue line, n = 23), low dose anti-CD26 mAb (2 ug/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 ug/dose, green line,
n=9) (P =0.0005 vs. control IgG group), or high dose CTLA4-1g (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

(x SD) of human CD45* lymphocytes in peripheral blood in mice receiving PBMC
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plus control 1gG (200 pg/dose, blue line, n = 23), low dose anti-CD26 mAb (2 ug/dose,
orange line, n = 24), high dose anti-CD26 mAb (200 ug/dose, red line, n = 7), low dose
CTLAA4-1g (2 ng/dose, green line, n = 9), or high dose CTLA4-1g (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 CTLA4-1g. 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-lg, most of the inoculated
human PBMCs were rejected (dark green line in Figure 2C). These data
indicate that while treatment with increasing doses of CTLAA4-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 1gG.

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 1gG or CTLA4-1g was observed from 1 to 3 weeks after inoculation.
On the other hand, in hu-PBL-NOG mice receiving anti-CD26 mAb,
neither CD4* nor CD8" T cells expressed CD26 from 1 to 3 weeks. At 3
weeks after inoculation, very weak expression of human CD26 was
observed on CD4* or CD8* cells in the peripheral blood of hu-PBL-NOG
mice receiving anti-CD26 mAb. Taken together, these data suggest that
decreased number of CD26"%" effector T cells may be responsible for the
relative absence of x-GVHD development in mice receiving anti-CD26
mAD.

Since CD26"9" effector lymphocytes have high capacity for migration
into inflamed tissues, we examined liver tissues of hu-PBL-NOG mice for



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

donor lymphocyte infiltration. In x-GVHD mice receiving control 1gG,
liver damage was observed with infiltration of human CD4* or CD8*
MNCs. Moreover, slight inflammation of the portal duct areas in the liver
was observed in mice receiving CTLA4-Ig. On the other hand, infiltration
of human T cells in the liver was barely detected in mice receiving anti-
CD26 mAb. In addition to the pathological changes seen in the liver,
significant elevation of serum alanine aminotransferase (ALT) activity was
observed in mice receiving control IgG or CTLA4-1g, while that of mice
receiving anti-CD26 mAb was found to be near normal level. Along with
lymphocyte infiltration in the GVHD target tissues, the mRNA level of
effector cytokines of donor-derived human CD4* or CD8" cells in the liver
of hu-PBL-NOG mice receiving anti-CD26 mAb was decreased compared
to those of hu-PBL-NOG mice receiving control IgG. Taken together,
these results indicate that anti-CD26 treatment in hu-PBL-NOG mice
ameliorated liver GVHD by decreasing production of proinflammatory
cytokines of donor-derived human lymphocytes as well as inhibiting
lymphocyte infiltration in the liver.

Since aGVHD and GVL effects are immune reactions highly linked to
each other (Wu and Ritz, 2009; Zorn et al., 2002), we evaluated the
potential influence of anti-CD26 mAb treatment on GVL effect. NOG
mice transplanted with P815 cells along with human PBMCs and control
IgG showed minimal signs of tumor growth in the inoculated region, but
all mice died around 4 weeks after inoculation due to x-GVHD. On the
other hand, mice inoculated with P815 along with human PBMC and anti-
CD26 mAb exhibited enhanced survival rate with minimal evidence of
GVHD. Importantly, mice in this group showed significantly slow initial
tumor growth, suggesting the preservation of GVL effect more than
CTLA4-Ig treatment. We examined the expression level of effector
cytokines of human CD8* T cells isolated from the spleens of hu-PBL-
NOG mice at 2 weeks after transplantation. Our data suggest that the GVL
effect of cytotoxic effector function occurring at the early time period prior
to manifestation of x-GVHD was preserved in hu-PBL-NOG mice
receiving anti-CD26 mAb, compared to those in hu-PBL-NOG mice
receiving CTLA4-1g. 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 (HuUCB) 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 1L-26 is absent from rodents, we showed that IL-26 increased
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collagen synthesis in fibroblasts and promoted lung fibrosis in a murine
GVHD model using IL-26 transgenic mice. In vitro analysis demonstrated
a significant increase in IL-26 production by HUCB CD4 T cells following
CD26 costimulation, whereas Ig Fc domain fused with the N-terminal of
caveolin-1 (Cav-1g), the ligand for CD26, effectively inhibited production
of IL-26. Administration of Cav-lg 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 1L-26*CD26*CD4 T cells, and that blockade of CD26-caveolin-1
interaction by Cav-1g 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 1L-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
(CXCL12), a substrate of DPPIV, is a crucial mediator controlling the
influx of lymphocytes and monocytes/macrophages into the inflamed
synovium of RA and thus triggering joint destruction (Kim et al., 2007;
Sromova et al.,, 2010). DPPIV regulates neuropeptide Y (NPY) and
vasoactive intestinal peptide (VIP), recently implicated in RA (Buljevic et
al., 2013). However, involvement of DPPIV enzyme activity in the
pathology of RA remains controversial. Using CD26/DPPIV-KO mice,
Busso et al., demonstrated that damage severity, as indicated by synovial
thickness, knee-joint inflammation, and histological grading, was more
severe in CD26/DPPIV-KO mice than in wild-type control mice in
antigen- and collagen-induced arthritis models (Busso et al., 2005). The
authors concluded that decreased circulating CD26/DPPIV levels in
arthritis increased the intact active form of SDF-1, associated with
increased numbers of CXCR4 (SDF-1 receptor)-positive cells infiltrating
arthritic joints. On the other hand, using a type Il 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
CD26M" T cells contain Twl7 cells, and that CD26"9" Tn17 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-a, IFN-y and Fas ligand, and exert
cytotoxic effect with CD26-mediated costimulation (Hatano et al., 2013b).
Taken together, these data indicate that CD26 may be potentially important
for the pathophysiology of IBD, and appears to be a useful therapeutic
target for IBD.

3.5. Middle East Respiratory Syndrome Coronavirus

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

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

Recent reports indicated that the spike protein S1 of MERS-CoV is
required for viral entry into human host cells (Gierer et al., 2013; Lu et al.,
2013), using CD26/DPPIV as a functional receptor (Raj et al., 2013).
Inhibiting virus entry into host cells could also be achieved by targeting the
host receptor CD26/DPPIV. While inhibitors of the CD26/DPPIV
enzymatic activity are used clinically to treat type 2 diabetes patients,
commercially available DPPIV inhibitors would not serve this purpose
since these agents have been shown not to inhibit binding of the RBD of
MERS-CoV to CD26/DPPIV (Raj et al., 2013). We previously showed that
human CD26 is a binding protein for ADA (Kameoka et al., 1993).
Currently, it is known that there are two isoforms of ADA, ADA1 and
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ADA2. ADAL is particularly present in lymphocytes and macrophages,
while ADAZ2 is found predominantly in the serum and other body fluids
including pleural effusion (Gakis, 1996). CD26/DPPIV binds to ADA1,
but not ADA2 (Kameoka et al., 1993). The crystal structure of
CD26/DPPIV and the S protein of MERS-CoV allowed for visualization of
the interacting amino acid in both proteins. However, our in vitro
experiments showed that blockade of MERS-CoV binding to CD26/DPPIV
by ADAL is incomplete (Ohnuma et al., 2013). Therefore, mAb-mediated
blocking CD26/DPPIV binding to the RBD of MERS-CoV needs to be
developed.

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

We have recently mapped MERS-CoV S protein-binding regions in
human CD26 molecule and demonstrated that anti-CD26 mAbs, which had
been developed in our laboratory, effectively blocked the interaction
between the spike protein and CD26, thereby neutralizing MERS-CoV
infectivity. To determine the specific CD26 domain involved in MERS-
CoV infection, we chose six different clones of anti-CD26 mAbs (4G8,
1F7, 2F9, 16D4B, 9C11, 14D10), and the humanized anti-CD26 mAb
YS110, which recognize 6 distinct epitopes of the CD26 molecule (Dong
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et al., 1998; Inamoto et al., 2007), to conduct MERS-CoV S1-Fc (S1
domain of MERS-CoV fused to the Fc region of human 1gG) 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/DPPI1V), 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 (4G8, 1F7, 2F9,
16D4B, 9C11, or 14D10), humanized anti-CD26 mAb (YS110), or anti-CD26 goat
polyclonal antibody (pAb) at a concentration of 40 pug/ml for 0.5 h prior to MERS-
CoV virus inoculation (1 h), all at room temperature. Mock-incubated cells (control)
were used as controls. Following incubation at 37°C for 8 h, infected cells were
detected by immunofluorescence using anti-SARS-CoV NSP4 antibodies that are
cross-reactive for MERS-CoV, and infection was quantified as the number of anti-
SARS-CoV NSP4-positive cells. Two independent experiments were performed, and
data from one representative experiment are shown. Error bars indicate SEMs (two-
tailed Student’s t test; *, **, or *** P < 0.05 versus control. This figure is reprinted
with permission from Ohnuma K et al., J Virol 87: 13892-9, 2013.
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Moreover, we have characterized the CD26 epitope involved in
MERS-CoV S1-Fc binding to CD26 through the use of various CD26
mutants with deletion in the C-terminal extracellular region, since CD26 is
a type Il 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 1gG or several
other anti-CD26 mAbs recognizing other epitopes (4G8, 16D4B, 14D10 or
9C11) (Figure 3). Moreover, the anti-CD26 mAbs 1F7 and YS110
considerably inhibited MERS-CoV infection of Huh-7 cells (Figure 3).
These results demonstrate that 2F9 inhibits MERS-CoV entry, and
therefore can potentially be developed as a preventive or therapeutic agent
for MERS-CoV infection in the clinical setting. More importantly, the
humanized anti-CD26 mAb YS110 has been evaluated in patients with
CD26-expressing cancers in our FIH phase 1 clinical trial. Since no
apparent adverse effects of YS110 have been reported besides transient and
tolerable injection reactions, and moreover, the level of circulating soluble
CD26 in the serum is decreased following YS110 administration (Angevin
et al., 2017), YS110 may be an immediate therapeutic candidate for
clinical use as potential treatment for MERS-CoV infection.
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CLOSING REMARKS

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

Besides being a marker of T cell activation, CD26 is also associated
with T cell signal transduction processes as a costimulatory molecule and
has an important role in T cell biology and overall immune function. Since
CD26/DPPIV has a multitude of biological functions in human tumor cells
and immune system, further detailed understanding of the role of this
molecule in various clinical settings may lead potentially to novel
therapeutic approaches not only for MPM but also for other refractory
cancers, immune disorders and MERS-CoV infection.
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ARTICLE INFO ABSTRACT

Keywords: Repetitive transcranial magnetic stimulation (rTMS) is an emerging therapy for the treatment of psychiatric
rTMS disorders. However, the mechanisms underlying the therapeutic effects of rTMS are still unclear, limiting its
Glutamate transporter optimisation. Lasting effects suggest changes in disease-related genes, so we conducted gene chip and qRT-PCR
GABA transporter analyses of genes associated with psychiatric diseases in the mouse brain at various times following 1, 20, 30 or
gg’;;r;;imponer 40 days of rTMS. Many genes were differentially expressed in the rTMS-treated mouse brain compared to sham
controls, including genes encoding neurotransmitter transporters (upregulation of EAAT4, GLAST, GLT-1, GAT2,
GAT4, GLYT1 and GLYT2), and endoplasmic reticulum (ER)-stress proteins (downregulation of IREla, IRE1f,
and XBP1, upregulation of ATF6 and GRP78/Bip). Expression changes in many of these genes were also observed
10 days after the last rTMS treatment. In PC12 cells, rTMS upregulated GRP78/Bip mRNA and enhanced re-
sistance against H,O, stress. These results suggest that rTMS differentially modulates multiple genes associated
with psychiatric and neurodegenerative disorders. Sustained changes in the expression of these genes may un-

derlie the therapeutic efficacy of chronic rTMS.

1. Introduction

Repetitive transcranial magnetic stimulation (rTMS) is a novel non-
invasive therapy for neurological and psychiatric diseases [1-4]. Since
Barker et al. first demonstrated that it is possible to activate both per-
ipheral nerves and brain tissue using external magnetic stimulation [1],
TMS has gained acceptance as a pain-free and non-invasive diagnostic
tool in neurology, such as for evaluating peripheral neuropathies [5].

In addition, several studies have reported therapeutic benefits of
TMS for patients with psychiatric disorders, such as depression,
Parkinson's disease and schizophrenia [6-8]. These psychiatric dis-
orders are associated with dysfunction in monoaminergic and gluta-
matergic neurotransmitter systems, suggesting that the benefits of rTMS
arise from modulation of these neurotransmitter signalling pathways.
For example, deceased expression of glutamate and GABA transporter
has been reported in the post mortal brain of Schizophrenia patients

[9-11]. Based on the NMDAR (N-methyl-D-aspartate receptor) hypo-
function hypothesis in schizophrenia, we speculated that rTMS might
have effects on glutamatergic, GABAergic and glycinergic systems, in-
cluding NMDAR, non-NMDAR, metabotropic GluR (glutamate re-
ceptor), glutamate transporter, GABA transporter, and glycine trans-
porter. The glycine transporter is expressed in glia surrounding
glutamatergic synapses and regulates synaptic glycine concentrations
influencing NMDA receptor-mediated neurotransmission. Conversely,
increased expression of GluR1 is found in the post mortal brain of
Schizophrenia patients [12]. Because GluR1 is essential for the pro-
liferation and growth of melanoma [13,14]; increased GluR1 might
protect glutamatergic neurons. Because TMS is safe and relatively
painlessness, it holds many possible applications as a therapeutic device
for psychiatric disorders. However, the precise molecular mechanisms
underlying the effects of TMS are unknown, which has impeded further
optimisation for targeted regulation of processes involved in disease

Abbreviations: GLT-1, glial glutamate transporter-1; GLYT, glycine transporter; GLAST, glutamate/aspartate transporter; EAACI1, excitatory amino acid carrier 1;
EAAT4, excitatory amino acid transporter 4; GABA, y-aminobutyric acid; GAT, GABA transporter; ER, endoplasmic reticulum; GRP78/Bip, glucose-regulated protein
78/immunoglobulin heavy chain-binding protein; ATF6, activating transcription factor 6
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Fig. 1. Effects of chronic rTMS on glutamate,
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aetiology. Recent studies have demonstrated altered monoamine re-
lease after acute rTMS [15,16]. In addition, we reported changes in the
expression levels of monoamine transporters, dopamine receptor 2,
HSP70 and circadian rhythm-related genes after acute and chronic
rTMS [17,18].

However, there have been few reports on changes in gene expres-
sion profiles following acute or chronic rTMS. This prompted us to
evaluate gene expression changes in mouse brain following rTMS using
gene chip technology. We demonstrate that rTMS induces lasting
changes in the expression levels of multiple neurotransmitter trans-
porter genes as well as several ER stress-related genes. Furthermore, we
demonstrate that upregulation of the ER-stress gene GRP78/Bip in
PC12 cells by rTMS enhances resistance against oxidative stress.

2. Materials and methods
2.1. Mice and rTMS conditions

Male C57Black mice (8 weeks old, 20-25 g) were chronically treated
with rTMS for 20, 30 or 40 days (n = 50) or acutely for 1 day (n = 24).
During treatment, the mice were housed in a light-controlled room
(8:00 a.m. on, 8:00 p.m. off). A round coil (7.5 cm outer diameter) and a
Nihon Kohden Rapid Rate Stimulator (Nihon Kohden, Japan) were used
to perform the stimulation. For chronic rTMS, stimulation conditions
were as follows: 20 Hz for 2's, 20 times/day, inter-stimulus interval of
1 min and 30% machine output (representing about 0.75T). The coil
was placed over the head without touching the skull. Sham control mice
were stimulated from a distance of more than 10 cm from the head.
rTMS did not produce notable seizures or changes in behaviour, such as
excessive struggling. Twenty-four hours after the last stimulation, the
animals were sacrificed and their brains processed for further gene
expression analysis. Mice subjected to acute rTMS (1 day using the
same stimulus conditions) were sacrificed after 1, 4, 12 and 24 h for
gene expression analysis. All the animal experiments were performed in
compliance with institutional guidelines.

This study was approved by the Experimental Animal Committee of
the RIKEN Institute and performed according to the guidelines for the
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care and use of experimental animals of RIKEN Institute (approval #
H15-2B046).

2.2. RNA extraction

Whole mouse brain was divided at the midbrain into cerebrum and
cerebellum with brain stem (CBS). Total RNA was isolated from cere-
brum and CBS by acid—phenol extraction [19]. Poly(A)+ RNA was
isolated from the samples using an mRNA purification kit (TaKaRa Bio,
Japan) for expression analysis by TagMan real-time RT-PCR. Primer
Express Software (Applied Biosystems, Foster City, CA) was used to
design the TagMan primer and probe sets. Supplementary data 1 shows
the nucleotide sequences of the primers. Contaminating genomic DNA
was removed with RNase-free DNase I (TaKaRa Bio, Japan). Com-
plementary DNAs were synthesised from 1 pug of mRNA per 100-pl re-
action using MMLV Reverse Transcription Reagents (Invitrogen,
Carlsbad, CA). The TagMan PCR reaction mixture contained 15yl of
TagMan Universal PCR Master Mix (Applied Biosystems) in a 30 pl re-
action. Primers and probes were added in optimal concentrations. We
used 1 ul of RT mix for each PCR. Each sample was amplified in du-
plicate and the experiment was repeated at least three times. PCR
conditions were standard for the 7700 Sequence Detector System (Ap-
plied Biosystems): 2 min at 50 °C and 10 min at 95 °C, followed by 40
cycles of 95 °C for 15 s and 60 °C for 1 min. The mRNA quantity for each
gene of interest was normalised to the quantity of GAPDH mRNA within
each sample.

2.3. Cell culture

PC12 cells were maintained in Dulbecco's Modified Eagle's Medium
supplemented with 10% fetal calf serum (FCS) at 37 °C under 5% CO5/
95% air. Cells at subconfluence were harvested, diluted in culture
medium and seeded in 24-well culture plates for cell viability assays or
in 25 cm? culture flasks for total RNA extraction. The cells were cul-
tured with or without daily rTMS for 15 days. Then, the cells in 24-well
plates were treated with H,O, for 2 h. Viability was evaluated by MTT
assay [20].
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Fig. 2. Effects of rTMS on ER stress-related
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Table 1
Summary of glutamate transporter gene expression changes following acute rTMS.
1h 4h 12h 24h
EAAC1 Cerebrum Control 1 + 0.08 0.83 = 0.06 1.04 = 0.07 1.01 = 0.13
Mg+ 1.04 + 0.57 1.67 = 0.27 0.91 + 0.06 1.03 = 0.08
CBS Control 1 +0.28 1.72 = 0.35 1.79 £ 0.26 2.09 = 0.3
Mg+ 0.93 *= 0.03 1.73 = 1.28 1.69 += 0.61 1.61 = 0.28
EAAT4 Cerebrum Control 0.99 = 0.13 0.82 = 0.07 1.05 = 0.09 0.99 = 0.1
Mg+ 1.01 = 0.13 1.7 £ 0.29° 0.88 = 0.07 1.05 = 0.08
CBS Control 1 +0.31 1.53 = 0.38 1.74 = 0.46 1.89 = 0.15
Mg+ 1.06 + 0.05 1.56 + 0.85 1.62 + 0.7 1.57 + 0.3
GLAST Cerebrum Control 1+ 0.14 0.79 = 0.05 0.97 = 0.05 0.98 = 0.14
Mg+ 0.99 += 0.12 1.64 = 0.33 0.87 = 0.05 0.99 + 0.07
CBS Control 1 + 0.02 1.6 = 0.07 1.49 + 0.29 1.98 + 0.31
Mg+ 0.81 = 0.04 1.15 = 0.09 1.38 + 0.14 1.45 + 0.05
GLT1 Cerebrum Control 1+ 017 0.73 = 0.04 0.86 = 0.05 0.93 = 0.11
Mg+ 0.96 = 0.11 1.45 = 0.31 0.76 = 0.04 0.88 = 0.09
CBS Control 1+ 0.34 1.51 + 0.32 1.38 + 0.33 2.39 + 0.54
Mg+ 0.76 = 0.05 1.34 = 0.9 1.56 + 0.22 1.36 = 0.26
GAT1 Cerebrum Control 1 = 0.06 0.8 = 0.05 0.97 = 0.05 0.91 + 0.11
Mg+ 0.99 + 0.13 1.64 = 0.32 0.83 = 0.04 0.95 + 0.08
CBS Control 1+ 0.38 1.78 = 0.47 1.85 + 0.45 1.97 = 0.32
Mg+ 0.92 = 0.06 1.76 = 1.05 1.73 £ 0.5 1.69 = 0.41
GAT2 Cerebrum Control 0.99 = 0.1 0.79 = 0.07 0.95 = 0.07 0.99 + 0.19
Mg+ 0.87 = 0.04 1.52 =+ 0.3 0.84 = 0.04 0.89 + 0.04
CBS Control 1 = 0.16 1.8 = 0.14 1.82 + 0.16 1.81 += 0.09
Mg+ 0.84 = 0.03 211 = 1.37 1.55 + 0.06 1.51 = 0.6

Values are mean = SEM of three independent experiments, each performed in triplicate.

* Significantly different from control at P < 0.05.
2.4. Data analysis
The data are presented as mean * SE of at least three independent
experiments, each performed in triplicate or duplicate. Means were
compared by ANOVA (Figs. 1 and 2) or Student's t-test as appropriate.
3. Results

3.1. Gene expression changes in mouse brain following rTMS

We stimulated the brains of 8-week-old C57 Black mice for 20, 30 or
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40 days by rTMS and analysed the changes in gene expression using the
Affymetrix GeneChip microarray. GeneChip analysis revealed altered
expression levels of multiple mRNAs, including those encoding gluta-
mate and glycine transporters as well as ER stress-related genes, in both
cerebrum and CBS [21,22]. In order to quantify these changes, we then
measured mRNA levels by qRT-PCR (Figs. 1 and 2, Tables 1-3).

3.2. Effects of acute and chronic rTMS on transporter genes in mouse brain

The GeneChip data showed that glutamate and glycine transporter
mRNAs were altered after chronic rTMS. Thus, we examined the mRNA
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Table 2
Summary of GABA and glycine transporter gene expression changes following rTMS.
1h 4h 12h 24h
GAT3 Cerebrum Control 0.99 = 0.15 0.8 = 0.07 0.94 = 0.07 0.95 = 0.15
Mg+ 0.89 = 0.07 1.6 = 0.31 0.88 = 0.05 0.92 + 0.08
CBS Control 0.99 + 0.02 1.47 + 0.22 1.47 + 0.35 1.55 + 0.05
Mg+ 1.12 + 0.19 1.61 = 0.98 1.18 = 0.29 1.33 = 0.24
GAT4 Cerebrum Control 0.99 =+ 0.06 0.8 = 0.03 0.99 =+ 0.04 0.96 = 0.11
Mg+ 0.99 = 0.1 1.69 = 0.32 0.85 = 0.04 0.97 + 0.08
CBS Control 1 = 0.04 2.12 = 0.22 1.92 + 0.29 2.42 *+ 0.39
Mg+ 1.32 £ 0.07 1.5 = 0.46 2.14 = 0.62 2.16 = 0.47
GLYT1 Cerebrum Control 1+ 0.12 0.81 = 0.05 1.02 = 0.06 1.04 = 0.18
Mg+ 0.94 = 0.12 1.6 + 0.21 0.85 = 0.04 1.03 + 0.1
CBS Control 1+ 0.32 1.65 * 0.42 1.63 + 0.36 1.77 = 0.21
Mg+ 0.96 + 0.03 1.55 = 0.96 1.77 *= 0.44 1.74 = 0.46
GLYT2 Cerebrum Control 1 + 0.09 0.72 = 0.07 1.02 + 0.02 0.97 + 0.49
Mg+ 0.87 = 0.11 1.57 = 0.17 0.77 = 0.02 1.28 =+ 0.4
CBS Control 0.52 + 0.3 1+ 0.14 1.02 = 0.19 1.18 = 0.16
Mg+ 0.37 = 0.03 1.12 + 0.79 1.07 + 0.43 0.82 + 0.16
Values are mean = SEM of three independent experiments, each performed in triplicate.
* Significantly different from control at P < 0.05.
Table 3
Summary of ER stress-related gene expression changes following acute rTMS.
1h 4h 12h 24h
ATF6 Cerebrum Control 1 + 0.01 1.04 + 0.05 0.86 = 0.06 1.24 = 0.15
Mg+ 0.89 = 0.08 0.87 = 0.14 0.88 + 0.05 0.8 + 0
CBS Control 1 + 0.05 0.87 = 0.07 1.02 + 0.09 1.06 + 0.17
Mg+ 0.52 = 0.11 1.05 + 0.25 0.8 = 0.01 0.41 = 0.61
GRP78/Bip Cerebrum Control 1 = 0.15 1.42 = 0.31 0.81 + 0.02 1.19 = 0.19
Mg+ 1.38 = 0.19 0.86 + 0.08 1.14 = 0.13 0.76 = 0.05
CBS Control 1 + 0.02 0.95 = 0.04 1.16 + 0.13 2.19 = 0.15
Mg+ 1.4 = 0.29 1.06 = 0.05 0.74 = 0.04 1.49 = 0.45
IRE1pB Cerebrum Control 1+ 0.1 1.57 = 0.18 1.27 += 0.07 1.34 = 0.05
Mg+ 1.03 + 0.12 1.21 + 0.16 0.96 = 0.1 1.2 = 0.08
CBS Control 1 + 0.18 1.39 = 0.25 0.97 *= 0.44 1 +0.1
Mg+ 1.15 = 0.14 1.63 = 0.02 0.99 + 0.09 1.16 = 0.13°
IREla Cerebrum Control 1 + 0.04 1.43 = 0.07 1.05 * 0.06 1.22 = 0.09
Mg+ 0.86 = 0.05 1.04 + 0.19 1.02 + 0.03 0.92 + 0.04
CBS Control 1+ 0.11 1.04 = 0.12 1+ 0.12 1.34 = 0.07
Mg+ 0.56 = 0.12' 1.05 = 0.25 1 + 0.09 1.37 = 0.04
PERK Cerebrum Control 1+ 0.09 1.12 = 0.16 0.91 = 0.04 1.04 = 0.1
Mg+ 082 =0 1.07 = 0.11 0.91 *= 0.06 1.03 = 0.05
CBS Control 1 = 0.11 0.92 + 0.12 0.95 + 0.12 1.05 = 0.07
Mg+ 0.79 = 0.12 0.84 = 0.25 0.73 = 0.09 1.46 = 0.04
XBP1 Cerebrum Control 1 +0.1 1 + 0.03 0.83 = 0.04 1 + 0.02
Mg+ 1.14 = 0.03 0.85 = 0.09 0.97 *= 0.06 0.77 = 0.05
CBS Control 1.01 + 0.01 1.08 + 0.02 0.94 = 0.01 1.94 + 0.11
Mg+ 1.3 = 0.11 1.26 = 0.01 0.79 = 0.09 1.24 = 0.46

Values are mean = SEM of three independent experiments, each performed in triplicate.

* Significantly different from control at P < 0.05.

levels of the glutamate transporters EAAC1, EAAT4, GLAST and GLT1,
the GABA transporters GAT1-4, and the glycine transporters GLYT1
and 2 both 24 h and 10 days after 20 days of rTMS. Twenty-four hours
after the last rTMS application, EAAT4, GLAST, GLT1, GAT2, GAT4,
GLYT1 and GLYT2 mRNA levels were upregulated in the cerebrum
(Fig. 1A), and EAAC1, EAAT4, GLAST, GLT1, GAT2, GAT3, GAT4,
GLYT1 and GLYT2 mRNA levels were upregulated in the CBS (Fig. 1B).
Conversely, EAAC1 and GAT1 mRNA levels were downregulated in the
cerebrum (Fig. 1A), while GAT1 mRNA level was downregulated in the
CBS (Fig. 1B). Ten days after the last rTMS treatment, EAAC1, EAAT4,
GLAST, GLT1, GAT1, GAT2, GAT3, GAT4, GLYT1 and GLYT2 mRNA
levels were upregulated in both cerebrum and CBS (Fig. 1C, D), while
GAT4 mRNA level was upregulated only in the cerebrum (Fig. 1D).
We next examined the acute effects of a single days’ r-TMS admin-
istration after 1, 4, 12 and 24 h. These measurements revealed tempo-
rally complex and region-specific expression changes in transporter and
ER stress-related genes. Expression changes in glutamate transporter
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genes are summarised in Table 1, GABA and glycine transporter genes
in Table 2, and ER-stress genes in Table 3. After acute rTMS, EAAC1,
GAT1 and GLYT1 mRNA levels were upregulated at 4h and down-
regulated at 12 h in the cerebrum (Tables 1 and 2). EAAT4 mRNA levels
were upregulated at 4h and downregulated at 12h in the cerebrum,
while expression levels were unchanged in CBS at 4 h before decreasing
at 12h (Table 1). GLAST mRNA levels were upregulated at 4h and
downregulated at 12h in the cerebrum. In contrast, expression was
downregulated after 1, 4 and 24 h in CBS (Table 1). GAT2 mRNA levels
were upregulated at 4h and downregulated at 1 and 12h in the cere-
brum, but upregulated at 4 h and downregulated after 1, 4 and 24 h in
CBS (Table 1). GAT3 mRNA levels were upregulated at 4h in the cer-
ebrum and CBS, but then downregulated only in the CBS at 24h
(Table 2). GAT4 mRNA levels were upregulated at 4h and down-
regulated at 12h in the cerebrum, but upregulated at 1h and down-
regulated at 12h in CBS (Table 2). GLYT2 mRNA levels were upregu-
lated at 4h and downregulated at 1 and 12h in the cerebrum, but
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Fig. 3. Effects of chronic and acute rTMS on
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Fig. 4. Model for differential regulation of neurotransmitter transporters in mouse brain by rTMS. Chronic rTMS may alter glutamatergic, GABAergic and glycinergic
neurotransmission by changing the rate of transmitter uptake from the synaptic cleft.

downregulated at 24 h in CBS (Table 2). In summary, rTMS appears to
differentially regulate neurotransmitter transporter genes both dyna-
mically following acute treatment and in a more sustained manner
following chronic treatment.

3.3. Effects of acute and chronic rTMS on ER stress-related genes in mouse
brain

GeneChip data revealed that multiple ER stress-related genes were
also altered by rTMS [22], so examined the effects of acute and chronic
rTMS on specific ER stress-related genes by qRT-PCR. Twenty-four
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hours after 20 days of rTMS, ATF6 and GRP78/Bip mRNA levels were
upregulated in the cerebrum (Fig. 2A), and ATF6, IRE1f and XBP1
mRNA levels were upregulated in CBS (Fig. 2B). However, IRE1(3, PERK
and XBP1 mRNA levels were downregulated in the cerebrum (Fig. 2A)
and PERK mRNA level was downregulated in CBS (Fig. 2B). Ten days
after the last rTMS treatment, ATF6, GRP78/Bip, IREla, IRE1(3, PERK
and XBP1 mRNA levels were downregulated in the cerebrum (Fig. 2C),
and GRP78/Bip, IRE1 B, PERK and XBP1 mRNA levels were down-
regulated in CBS (Fig. 2D). There were no changes in ATF6, IRE1a and
PERK mRNA levels in CBS (Fig. 2D).

We then examined the acute effects of rTMS at 1, 4, 12 and 24h
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(Table 3). ATF6 mRNA level was downregulated in the cerebrum at 1, 4
and 24 h, and in CBS at 1, 12 and 24 h after acute rTMS. GRP78/Bip
mRNA level was upregulated at 1 and 12 h in the cerebrum and at 1 h in
CBS, but was downregulated at 4 and 24 h in the cerebrum and at 12
and 24 h in CBS. IRE1f3 mRNA level was upregulated at 1, 4 and 24 h
and downregulated at 12 h in CBS, but was downregulated at 4 and 12h
in the cerebrum. IREla mRNA level was downregulated at 1h in the
CBS, and downregulated at 1, 4 and 12 h in the cerebrum. PERK mRNA
level was downregulated at 1 and 12h in CBS and at 1h in the cere-
brum, but upregulated at 24h in the CBS. XBP1 mRNA level was
downregulated at 12 and 24 h in CBS and at 4 h in the cerebrum, but
upregulated after 1 and 12h in the cerebrum and at 1 and 4 h in CBS.
Thus, similar to neurotransmitter transporter genes, rTMS induced
temporally complex and region-specific expression changes in ER stress-
related genes.

3.4. Effects of acute and chronic rTMS on ER stress-related genes in PC12
cells

The effects of r'TMS on ER stress-related genes were also examined
in PC12 cells to investigate the functional significance. GRP78/Bip
mRNA expression was upregulated after 15 days of rTMS in PC12 cells
(Fig. 3A). After acute rTMS, XBP1 mRNA level was upregulated at 1h,
while GRP78/Bip mRNA level was downregulated at 4h and upregu-
lated at 12 and 24 h (Fig. 3C). ER stress-related genes are known to be
induced by H,0, via glutamate and glycine stimulation as a compen-
satory response to prevent cytotoxic protein misfolding, so we in-
vestigated whether rTMS increases PC12 cell resistance against H,Oo.
Indeed, 15 days of rTMS increased cell viability following 2h of H,O,
exposure compared to controls (Fig. 3B).

4. Discussion

Repetitive TMS is a promising treatment for psychiatric disorders.
Persistent therapeutic effects suggest that rTMS induces lasting changes
in the expression of genes involved in these disorders, such as genes
associated with stress-responses and neurotransmission. To study such
effects, we measured gene expression changes by gene chip arrays and
qRT-PCR in mouse brain following an acute (1-day) or chronic (20-day)
rTMS protocol. We have previously shown that acute and chronic rTMS
alters monoamine transporter (MAT) mRNA expression, protein levels
and function [17], dopamine receptor 2 mRNA expression, protein le-
vels and function, circadian rhythm-related gene expression and both
mRNA and protein expression levels of the stress response gene HSP70
[18]. Here we confirmed differential modulation of transporter and ER
stress-related genes reported in previous studies [21,22] and provide
evidence for enhanced neuroprotection following rTMS.

In addition to changes in mouse cerebrum, we found that GRP78/
Bip mRNA level was upregulated in PC12 cells by acute and chronic
rTMS. Furthermore, 15 days of rTMS increased the resistance of PC12
cells against H,O, toxicity. These results indicate that rTMS may also
slow the progression of neurodegenerative disorder, such as
Huntington's disease, through GRP78/Bip induction. Further in-
vestigations are needed on the effects of chronic rTMS because acute
rTMS increased GRP78/Bip mRNA expression in the cerebrum 24h
after 20 days of rTMS, whereas other stress-associated genes such as
ATF6, IRE1f3, PERK and XBP1 were downregulated. Thus, the ER-stress
response induced by rTMS appears highly specific.

Expression levels of EAAT4, GLAST, GLT1, GAT2, GAT4, GLYT1 and
GLYT2 were upregulated in the cerebrum after chronic rTMS (Fig. 1A),
while these same genes plus EAAC1 and GAT3 were upregulated in CBS
(Fig. 1B). Furthermore, EAAC1, EAAT4, GLAST, GLT1, GAT1, GAT2,
GAT3, GAT4, GLYT1 and GLYT2 mRNA levels were still upregulated in
the cerebrum and CBS 10 days after the last rTMS administration
(Fig. 1C, D). Thus, rTMS appears to induce widespread and sustained
increases in glutamate, GABA and glycine transporters, possibly
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resulting in altered transmitter signalling. Indeed, the efficacy of NMDA
receptor antagonists such as memantine for the treatment of dementia,
obsessive-compulsive disorder (OCD), and certain schizophrenia
symptoms suggests that chronic rTMS may result in symptom im-
provement by upregulating transporter-mediated glutamate uptake.
Our results also suggest that ER stress-related genes may be involved in
glutamate and glycine transporter expression changes induced by
chronic rTMS.

In conclusion, the therapeutic effects of chronic rTMS may depend
on modulation of ER stress-related genes and glutamate, glycine and
GABA transporter genes (Fig. 4). Further research is needed to identify
the region-specific functional changes resulting from up- and down-
regulation of these genes following rTMS. Such information could fa-
cilitate the development of more effective rTMS protocols with fewer
side effects.
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CD26 is a potential therapeutic target by
humanized monoclonal antibody for the
treatment of multiple myeloma

Hiroko Nishida', Mutsumi Hayashi', Chikao Morimoto?, Michiie Sakamoto' and Taketo Yamada'?

Abstract

CD26, a 110-kDa transmembrane glycoprotein that is expressed on several tumor cells including malignant lymphoma,
has been implicated in tumorigenesis: however, little is known regarding its role in multiple myeloma (MM). Recently,
we identified CD26 expression on human osteoclasts (OCs) and demonstrated that humanized IgG; monoclonal
antibody targeting CD26, huCD26mAb, inhibits human OC differentiation. Herein, we show that CD26 expression was
present on plasma cells in the bone marrow tissues of MM patients. In vitro immunostaining studies revealed that
although CD26 expression was low or absent on MM cell lines cultured alone, it was intensely and uniformly expressed
on MM cell lines co-cultured with OCs. The augmented CD26 expression in MM cells was exploited to enhance anti-
MM efficacy of huCD26mAb via a substantial increase in antibody-dependent cytotoxicity (ADCC) but not
complement-dependent cytotoxicity (CDC). Moreover, huCD26mAb in combination with novel agents synergistically
enhanced huCD26mAb induced ADCC activity against CD26+ MM cells compared with each agent alone.
huCD26mAb additionally reduced the ratio of the side population (SP) fraction in CD26+ MM cells by ADCC. Finally,
huCD26mAb significantly reduced the MM tumor burden and OC formation in vivo. These results suggest that CD26 is

a potential target molecule in MM and that huCD26mAb could act as a therapeutic agent.

Introduction

Despite remarkable advances in the current treatment
options, including proteasome inhibitors (PIs) and
immunomodulatory drugs (IMiDs) as well as high-dose
chemotherapy followed by autologous stem cell trans-
plantation, which have significantly improved the overall
survival (OS) of multiple myeloma (MM) patients, most of
them relapse or ultimately become refractory due to the
residual disease within the MM microenvironment"?,
Therefore, the development of alternative therapeutic
approaches, based on the understanding of the biology of
the disease, is urgently required. Recently, a new genera-
tion of novel agents including PIs (carfilzomib and
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ixazomib)®~®, IMiDs (pomalidomide)®”, and histone dea-
cetylase inhibitors (HDACi: panobinostat)® have emerged
and are expected to further improve the clinical outcome
of MM patients.

The use of immunotherapy in the treatment of cancers
has been accelerating and increasing evidence has shown
that antibody therapies can improve the outcome of
patients with cancer”'?, Rituximab, a chimeric murine/
human anti-CD20 monoclonal IgG; k antibody targeting B
cells, is currently indicated for the treatment of B-cell
non-Hodgkin’s lymphoma (NHL) and chronic lympho-
cytic leukemia (CLL) and exerts significant activity,
especially in combination with cytotoxic chemotherapy’.
In contrast, clinical trials of rituximab therapy in MM
have been disappointing, showing that few patients with
MM achieve only minimal responses'® because only a
small number of patients express CD20 in plasma
cells'>*2, Immunotherapeutic approaches for MM have
been long awaited because of the significantly impaired
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immune system due to the inhibition of normal plasma
cells and the multiple mechanisms of immune evasion by
MM cells, including the lack of unique targets that are
highly expressed in MM cells but not normal cells, the
enhanced expression of inhibitory ligands, such as pro-
grammed cell death ligand 1 (PDL1), and the recruitment
of regulatory T cells (Tregs). Recently, novel efficacious
mAbs have been developed based on the identification of
target antigens, such as elotuzumab, a humanized IgG;
monoclonal antibody targeting signaling lymphocyte
activation molecule family member 7 (SLAMF?7, cs1'3
and daratumumab, a humanized IgG;k monoclonal anti-
body directed against CD38'*, These novel mAbs are
effective for the treatment of MM patients who have
received >3 prior lines of therapy or who were double
refractory to a PI and an IMiD. These mAbs have become
increasingly used in combination with bortezomib (BTZ)/
dexamethasone (Dexa) or lenalidomide (Lena)/Dexa.
These combinations have been shown to significantly
improve overall response rates (ORR) and progression-
free survival (PFS) in patients with MM compared with
these agents alone'”>,

CD26, a 110-kDa transmembrane glycoprotein with
DPPIV activity, is widely expressed in a various normal
cells, including T lymphocytes, natural killer (NK) cells,
endothelial cells, and epithelial cells*®~*°. Additionally,
CD26 is expressed in several tumor cells and is involved in
T-cell activation and tumorigenesis (Fig. 1a)**~*%: how-
ever, its role in plasma cell malignancies has not been
characterized yet. We recently identified that CD26 is
intensely expressed in human osteoclasts (OCs) in
osteolytic bone tumors, including MM, and that
huCD26mAb, a humanized IgG; monoclonal antibody
that directly targets CD26, inhibits human OC differ-
entiation®. In addition, we detected that CD26 is
expressed on MM cells in the bone marrow (BM) tissues
of MM patient. In the present study, we show that CD26
was intensely and uniformly expressed in MM cell lines
co-cultured with OCs, while its expression was low or
absent in those cultured alone in vitro. We further clarify
CD26 as a potential target for the treatment of MM. We
herein examine the therapeutic impact of novel
huCD26mAb on MM cell growth, cell death via antibody-
dependent cellular cytotoxicity (ADCC) and its associated
osteolytic bone disease in vitro and in vivo and validate
that huCD26mAb could be a promising immunother-
apeutic option for MM.

Materials and methods
Cell lines

The cancer cell lines, U266, KMM1, KMS11, KMS12,
KMS18, KMS20, KMS21, KMS34, and IM9, were
obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA), KMS26, KMS27, KMS28, and
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RPMI8226 were obtained from the National Institute of
Biomedical Innovation, Health and Nutrition (NIBIOHN,
Osaka, Japan). Nakadai was kindly gifted by Dr Hattori’s
laboratory. These cell lines were maintained in RPMI-
1640 medium (Invitrogen, St. Louis, MO, USA) supple-
mented with 10% fetal bovine serum (FBS) (Life Tech-
nologies, Grand Island, NY, USA), penicillin and
streptomycin at 37 °C in a humidified atmosphere of 5%
COa,.

Reagents and cells

Human bone marrow mononuclear cells (BM-MNCs)
derived from MM patients and bone marrow stromal cells
(BMSCs) were purchased from Lonza (Walkersville, MD,
USA). Human NK cells were obtained from Biotherapy
Institute of Japan (Tokyo, Japan). Recombinant human
macrophage colony stimulating factor (M-CSF), soluble
receptor activator of nuclear factor « B ligand (SRANKL),
Interleukin-6 (IL-6), stromal cell-derived factor (SDF)-1,
tumor necrosis factor alpha (TNFa), B-cell activating
factor of TNF family (BAFF), and a proliferation-inducing
ligand (APRIL) were obtained from Peprotec (Rockyhill,
NJ, USA). Levlimid® (lenalidomide: Celgene, Summit, NJ,
USA), Velcade® (bortezomib: Millennium, Cambridge,
MA, USA), and Decadron® (dexamethasone: Sigma
Aldrich, St. Louis, MO, USA) were used as therapeutic
agents. huCD26mAb, humanized IgG,;, was generously
provided by Y’s Therapeutics (Fig. 1a) (Tokyo, Japan). The
huCD26mAb employed in the present study was gener-
ated by utilizing the complementarity-determining
regions of the murine anti-human CD26mAb, 14D10,
previously developed in our laboratory>**!, which has no
cross-reactivity to murine CD26. Isotype IgG; (Sigma
Aldrich) was used as a control.

Co-culture of MM cells and OCs

Human BM-MNCs (5 x 10° cells per well) were cul-
tured with human M-CSF (25 ng/ml; from day 0) plus
sRANKL (50 ng/ml; from day 3) for 5 to 7 days in a-
minimum essential medium (a-MEM) (Life Technolo-
gies) supplemented with 10% FBS, penicillin and strep-
tomycin in type 1 collagen-coated 24-well plates (OC
culture), described previously®. After washing the OCs
with phosphate-buffered saline (PBS) three times to
detach and remove any non-adherent cells, a panel of MM
cells was co-cultured with OCs in 24-well plates (1 ml per
well) in triplicate for 72 h or cultured alone in the pre-
sence or absence of the indicated concentrations of
huCD26mAb**73% In addition, MM cells were placed in
0.45 um pore size transwell inserts (Corning, Corning,
NY, USA) in wells containing OCs (co-culture without
direct contact). At the end of each experiment, the MM
cells were collected, counted with trypan blue staining
and subjected to each assay. Details of the bone resorption



Nishida et al. Blood Cancer Journal (2018)8:99

Page 3 of 17

(a)
Cytoplasmic
domain

Transmembrane
domain

Extracellular

domain

B-propeller domain

a.a

Humanized anti-CD26
monoclonal antibody
(huCD26mAb)

ADA

(b)

CD26+
osteoclast

x200

247— 340 340—343 a.a.

469—479 a.a.

y 9
e
Fibronectin @ o) —

Cytosol

x400
Blue; CD138, Red; CD26

Fig. 1 CD26 expression in plasma cells of bone marrow tissues from multiple myeloma (MM) patient. a CD26 is composed of a short
cytoplasmic domain, a transmembrane region and an extracellular domain with DPPIV activity. The epitope recognized by huCD26mAb is located at
the 247th to 340th amino acid region of CD26. b Bone marrow tissues of MM patient revealed that CD26/CD138-double positive plasma cells
exhibited CD138 staining with a membranous as well as a cytoplasmic expression pattern, and CD26 exhibited a cytoplasmic expression pattern.
Original magnification; x200 (upper panel), x400 (lower panel). OCs in bone marrow tissue derived from MM patient were also positive for CD26

J

assay are described in the Supplementary Materials and
Methods.

Immunohistochemistry and enzyme-histochemistry

Bone marrow biopsy samples were fixed in 10% neutral-
buffered formalin and embedded in paraffin. Paraffin-
embedded tissue sections were deparaffinized and
hydrated. Further details are provided in the Supple-
mentary Materials and Methods.

Blood Cancer Journal

Antibody-dependent cellular cytotoxicity (ADCC) assay

The effect of huCD26mAb to induce human NK
effector cell-dependent lysis of MM cells was evaluated by
calcein-AM release assay. Further details are provided in
the Supplementary Materials and Methods.

In vivo anti-MM therapy with huCD26mAb
To assess the effect of huCD26mAb against tumor-
igenicity in MM in vivo, 2 xenograft models were
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established either by subcutaneous inoculation of MM
cells (NOD/SCID MM model) or direct intra-bone
injection of MM cells into human bone grafts, sub-
cutaneously implanted in 6-week female NOD/SCID
mice, which were housed in our animal research facility
(NOD/SCID-hu model)**~. Further details are provided
in the Supplementary Materials and Methods.

Statistical analysis

All statistical analyses were performed using Student’s ¢-
test for two group comparisons and p-values <0.05 were
considered statistically significant. The data are presented
as the mean values with 95% confidence intervals, and the
results are representative of three independent
experiments.

Study approval

Experimental procedures and study protocols were
approved by the Ethics Committee of Keio University
School of Medicine (permission ID number 2013-0034).
Informed consent was obtained from all patients. All
studies of human subjects were performed according to
the principles outlined in the Declaration of Helsinki.

Results
huCD26mAb inhibits OC differentiation derived from bone
marrow mononuclear cells (BM-MNCs) from MM patients
Following the 7-day culture of M-CSF/sRANKL-sti-
mulated BMNCs derived from MM patients in type 1
collagen-coated 24-well plates (OC culture), a large
number of multinuclear OCs formed that were positive
for tartrate-resistant acid phosphatase (TRAP) and CD26
(Figure Sla). huCD26mAb induced a significant reduction
in TRAP+ multinuclear mature OC numbers (>3 nuclei)
in a dose-dependent manner (Figure S1b, c). Subse-
quently, it reduced bone resorptive activity in OCs derived
from MM patients in a dose-dependent manner (Figure
S1d).

CD26 is intensely expressed in MM cells, co-cultured with
0GCs

BM tissues of MM patient revealed that the CD26
+/CD138+ plasma cells stained with CD138 with a
membranous as well as a cytoplasmic expression pattern
and CD26 with a cytoplasmic expression pattern (Fig. 1b).
It has been reported that cellular components within the
BM microenvironment, including OCs or BMSCs,
enhance MM cell proliferation and survival by cell-to-cell
contact between MM cells and the BM microenviron-
ment. To further elucidate the role of CD26 in MM cells
and the consequences of the interaction between MM
cells and OCs, we established a MM cell-OC co-culture
system. Initially, we examined CD26 expression in 14 MM
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cell lines (U266, KMMI, Nakadai, KMS11, KMS12,
KMS18, RPMI8226, KMS20, KMS21, KMS26, KMS27,
KMS28, KMS34, and IM9). Flow cytometry analysis
showed that CD26 was barely or not detected in MM cell
lines cultured alone (mono-culture) (Fig. 2a), but its
expression increased in cell lines co-cultured with OCs
(Fig. 2b). Immunostaining revealed that OCs express high
level of CD26 compared with tested MM cell lines (U266,
KMS18, KMS26, KMS27, and KMS28) cultured alone,
which had low or slightly detectable level of CD26 (Fig.
2c). After co-culture, CD26 expression remained high in
OCs and was upregulated in MM cell lines (Fig. 2c).
Moreover, when subsequently cultured alone after
removal of co-culture with OCs, CD26 expression in MM
cell lines was downregulated again (Fig. 2c). In addition,
CD26 protein expression was observed in MM cell lines
co-cultured with OCs, while it was low or absent in those
cultured alone according to immunoblot analysis (Fig.
2d). Further, to determine whether CD26 may be a
potential biomarker for MM, we used an enzyme-linked
immunosorbent assay (ELISA) to investigate whether
there were detectable levels of CD26/DPPIV in the
supernatant of MM cells or OCs grown in mono-culture
and in that of the co-culture of MM cells with OCs.
Consistently, the co-culture of MM cells with OCs sig-
nificantly increased CD26/DPPIV secretion compared
with the mono-culture of MM cells (Fig. 2e). The co-
culture additionally increased CD26/DPPIV production
1.8- to 2.5-fold compared with OC culture (Fig. 2e). These
results demonstrate that CD26 is overexpressed in both
MM cells and OCs in their co-culture system. We also
defined target genes in MM cell lines by real-time quan-
titative RT-PCR analysis. CD26 mRNA expression in MM
cell lines co-cultured with OCs revealed 7- to 19.4-fold
increase compared with those co-cultured alone (Fig. 2f).

Next, to test whether direct contact between MM cells
and OCs is required for CD26 upregulation in MM cells,
the co-culture system with or without direct contact was
used. Immunohistochemistry showed that CD26 expres-
sion in MM cell lines (U266, KMS18, KMS26, KMS27,
KMS28, and KMS34) co-cultured with OCs without
direct contact was also increased as well as those in the
co-culture with direct contact (Figure S2). Further, to
elucidate the factors involved in the regulation of CD26
expression in MM cells, MM cell lines (KMS18, KMS26,
and KMS28) were cultured under stimulation with anti-
apoptotic cytokines, including IL-6, SDF-1, TNFa, APRIL,
and BAFF, produced by the OCs or BMSCs in MM. and
these cytokines enhanced CD26 expression in the MM
cells (Figure S3). These results support that soluble
factors such as IL-6 and TNF family cytokines may be
certain factors responsible for CD26 upregulation in MM
cells.
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Fig. 2 CD26 expression in MM cell lines. a, b Flow cytometry with anti-CD26 (rat clone)-FITC (blue histogram) or isotype control IgG; (red
histogram) was performed in 14 MM cell lines; U266, KMM1, Nakadai, KMS11, KMS12, KMS18, RPMI8226, KMS20, KMS21, KMS26, KMS27, KMS28,
KMS34, and IM9. Open histograms to the left of each panel represent iso IgG,. CD26 expression on a MM cell lines cultured alone (mono-culture) and
b MM cell lines co-cultured with human OCs for 72 h is shown. ¢ MM cell lines (U266, KMS18, KMS26, KMS27, and KMS28) cultured alone or recovered
from co-culture with OCs were stained with CD138 and CD26 by immunohistochemistry (Original magnification, x100). All tested MM cell lines
expressed CD138 regardless of mono-culture or co-culture (data not shown) with OCs. In contrast, MM cell lines cultured alone lacked CD26
expression. However, after co-culture with OCs, CD26 expression was upregulated in MM cell lines. Moreover, when subsequently cultured alone for
48 h after removal of co-culture with OCs, CD26 expression in MM cell lines was downregulated again. OCs, both cultured alone and recovered from
co-culture, expressed CD26 (TRAP; red-stained, CD26; gray-stained) (original magnification, x100). d CD26 expression in U266, KMS18, KMS26, KMS27,
and KMS28 cultured alone (mono-culture) or co-cultured with OCs was examined by immunoblot analysis. Cell lysates were harvested from each cell
lines. B-actin was blotted as a loading control. e The level of CD26/DPPIV derived from supernatants in mono-culture of OCs or MM cell lines and
those in the co-culture of OCs with MM cell lines was measured by ELISA. The CD26/DPPIV level in supernatants from the mono-culture of OCs or the
co-culture of MM cell lines with OCs was significantly elevated compared with those from the mono-culture of MM cell lines. The data represent the
mean + SE of triplicate wells from the representative of three independent experiments. The error bars represent the range (*p < 0.05. **p < 0.01). f
The expression of target genes (CD138, CD26, and TRAP) in MM cell lines (KMS18, KMS26, KMS27, and KMS28) co-cultured with OCs or cultured alone
was assayed by real-time quantitative RT-PCR using specific primers. CD26 mRNA expression in MM cells co-cultured with OCs revealed 7- to 19.4-fold
increase compared with those co-cultured alone. The results are shown as ratio of indicated gene mRNA/B-actin mRNA. Data represent the the

mean £+ SE. n=3. *p <0.05

Humanized anti-CD26 monoclonal antibody (huCD26mAb)
inhibited the survival of CD26+ MM cells at higher
concentrations

First, to clarify the role of CD26 in MM cell survival, we
examined the impact of inhibition by huCD26Ab on MM
cell growth. OCs derived from human BM-MNCs were
co-cultured with the MM cells in 24-well plates for 72 h.
Next, the cells were incubated in the presence of the
indicated concentrations of huCD26mADb (0.1, 1.0, 10, 50,
or 100 pg/ml) or isotype control IgG; for 48 h, and viable
MM cells were evaluated. huCD26mAb had little or no
direct effect on CD26— MM cell lines cultured alone, but
it directly and dose-dependently inhibited the growth of
CD26+ MM cells co-cultured with OCs primarily at
higher concentrations >10 pg/ml (Fig. 3a).

huCD26mAb revealed significant anti-MM efficacy by
ADCC against CD26+ MM cells but not CD26— MM cells

Next, we conducted a calcein-AM release assay to
examine the ability of huCD26mAb to lyse MM cells via
ADCC. huCD26mAb-triggered ADCC against tested
CD26+ MM cell lines (U266, KMS18, KMS26, and
KMS28) co-cultured with OCs in the presence of NK
effector cells from three different donors in an
effector—target (E/T) ratio (0.2, 1.0, 5.0, 25, or 50)-
dependent manner (Fig. 3b). At an E/T ratio of 20:1,
huCD26mAb induced the lysis of CD26+ MM cell lines
co-cultured with OCs, with lytic activity initiating at a
huCD26mAb concentration of 0.0001 ug/ml and max-
imum lysis at 10 pg/ml by ADCC (Fig. 3¢, S3). In contrast,
huCD26mAb did not exhibit dose-dependent ADCC
against CD26- MM cell lines cultured alone (Figure S4).
These results demonstrated that the immune mechanisms
of action of huCD26mAb though ADCC activity against
CD26+ MM cells.
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Treatment with huCD26mAb in conjunction with
conventional or novel agents synergistically augmented

ADCC against CD26+ MM cells, compared with
huCD26mAb alone

We further explored whether pretreatment with con-
ventional therapy (dexamethasone: Daexa) or novel agents
(bortezomib: BTZ, lenalidomide: Lena) facilitates
huCD26mAb-induced ADCC against CD26+ MM cells.
CD26+ MM cell lines (KMS18, KMS26, and KMS28)
were co-cultured with OCs and pretreated with Dexa
(25nM), BTZ (3nM), and Lena (0.5 uM) for 24 h. Pre-
treatment with Dexa or BTZ significantly augmented
subsequent MM cell lysis by NK effector cell-dependent
ADCC by huCD26mAb (10 pug/ml) at the E/T ratio of 20
(Fig. 4a). Additionally, CD26+ MM.1R cell lysis, follow-
ing pretreatment with Dexa, BTZ, and Lena (0.05, 0.5 uM)
was enhanced by huCD26mAb-induced ADCC (Fig. 4b).
Lenalidomide is an immunomodulatory drug that was
previously shown to increase NK cell activity. Pretreat-
ment of NK effector cells with Lena further augmented
subsequent huCD26mAb-induced lysis of CD26+
MM.1R cells in a dose-dependent manner (Fig. 4c). These
results suggest that huCD26mAb induces significant
ADCC against MM cells, regardless of sensitivity or
resistance to conventional or novel agents, and that the
addition of novel agents to huCD26mAb increased sen-
sitivity to huCD26mAb-induced ADCC against CD26+
MM cells.

huCD26mAb did not exhibit dose-dependent
complement-dependent cytotoxicity (CDC) lysis against
CD26+ MM cells

We evaluated the effect of CDC by huCD26mAb against
CD26+ MM cells. In the presence of 50% human serum
as a source of complement, human anti-HLA-DR induced
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Fig. 3 huCD26mAb exhibited ADCC against CD26+ MM cell lines. a Cell viability was determined usingct effects on the growth of CD26— MM
cell lines cultured alone (left panel), but it dose-dependently inhibited the proliferation of CD26+ MM cells in co-culture with OCs primarily at higher
concentrations >10 pg/ml (right panel). The data represent the mean + SE of three independent experiments (*p < 0.05, **p < 0.01). b ADCC assay
was performed by co-culture of calcein-AM-labeled MM target cell lines with human NK effector cells in various effector-target (E/T) ratios, at a
huCD26mAb concentration of 10 ug/ml. Specific lysis percentage (%) was calculated, and the data represent three experiments conducted with three
different human NK effector cell donors. huCD26mAb-triggered CD26-specific lysis of CD26+ MM cell lines co-cultured with OCs in an
effector-target (E/T) ratio-dependent manner by ADCC. ¢ huCD26mAb induced lysis of CD26+ MM cell lines co-cultured with OCs with human NK
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significant cell lysis, while huCD26mAb demonstrated a  huCD26mAb blocked CD26+ MM cell adhesion to BMSCs

low or no potential to confer CDC against CD26+ MM
cell lines (Fig. 5). Antibody-independent cytotoxicity (in
the presence of serum without antibodies) was not
observed. huCD26mAb treatment did not alter
complement-regulatory protein expression, including
CD55 or CD59, on these tested MM cell lines (data not
shown).
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To determine whether huCD26mAb exerts effects on
CD26-mediated MM cell adhesion to BMSCs, we exam-
ined the impact of huCD26mAb on MM cell adhesion to
BMSC:s. Initially, MM cell lines (KMS18, 26, and 28) were
co-cultured with BMSCs for 48 h. Subsequently, immu-
nofluorescence staining showed increased CD26 expres-
sion in these cell lines (Fig. 6a). Next, calcein-AM labeled
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Fig. 4 Combination of huCD26mAb plus novel agents induced significant lysis of CD26+ MM cell lines by ADCC. CD26+ MM cell lines;
KMS18, KMS26, and KMS28, co-cultured with OCs were pretreated with dexamethasone (Dexa, 25 nM), bortezomib (BTZ, 4 nM), and lenalidomide
(Lena, 0.5 uM) for 24 h. Then, calcein-AM-labeled CD26+ target MM cell lines were co-cultured with NK effector cells at the E/T ratio of 20 in the
presence of huCD26mAb (10 ug/ml) or iso IgG;, The data represent the mean + SE of triplicate wells (*p < 0.05). b CD26+ MM.1R co-cultured with
OCs was pretreated with Dexa (25 nM), BTZ (3 nM), or Lena (0.5 pM). Next, huCD26mAb-triggered ADCC lysis against CD26+ MM.1R in the presence
of NK effector cells was assayed by calcein-AM release assay. The data represent the mean + SE of triplicate wells (*p < 0.05, **p < 0.01). ¢ NK effector
cells were pretreated with Lena (0.5 uM) for 24 h followed by huCD26mAb-induced ADCC against CD26+ MM.1R cells cultured with OCs. The data
represent the mean + SE of triplicate wells (*p < 0.05, **p < 0.01)
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Fig. 5 huCD26mAb did not induce CD26+ MM cell lysis by CDC. CDC assay against CD26+ KMS18, KMS26, KMS28, and U266 co-cultured with
OCs by huCD26mAb was performed using 50% human serum as a source of complement. Human anti-HLA-DR was used as a positive control and an
iso IgG; as a negative control. The % cytotoxicity was measured by a calcein-AM release assay after a 1-h incubation of target cells with the indicated
concentrations of huCD26mAb (0.0001-10 ug/ml) or iso IgG; in the presence of 50% human serum. In the presence of human serum, human anti-
HLA-DR induced significant cell lysis. In contrast, huCD26mAb revealed barely or no remarkable CDC lysis compared with iso IgG; against CD26+ MM
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cells

MM cell lines (KMS18, KMS26, and KMS28) were added
to BMSC-coated plates in the presence of the indicated
concentrations of huCD26mAb (0.1, 1.0, 10 pg/ml) or iso
control IgG; and incubated for 4 h. After removing and
detaching non-adherent cells, adherent cells were quan-
tified using a fluorescence microplate reader. huCD26-
mAb dose-dependently inhibited the adhesion of MM cell
lines to BMSCs: however, the iso control IgG; did not
(Fig. 6b). We further tested the impact of huCD26mAb-
induced ADCC against MM cells adherent to BMSCs.
huCD26mAb (10 pg/ml) additionally exerted ADCC
against MM cells in the presence of BMSCs as well as in
the presence of OCs. These results indicate that
huCD26mAb inhibits MM cell growth adherent to
BMSCs, partly by blocking cell-to-cell contact between
the BMSCs and MM cells (Fig. 6¢). In addition, the cell
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surface expression of CD49d (a4-integrin, a subunit of
VLA4) was significantly reduced in MM cells recovered
from co-culture with BMSCs following huCD26mAb
treatment (10 pg/ml) in the presence of NK effector cells
compared with untreated MM cells (Fig. 6d).

huCD26mADb inhibits both CD26+ MM cell growth and
MM-related osteolytic bone disease in vivo

We further examined whether huCD26mAb can sup-
press MM tumor burden and its related bone disease
in vivo. We used two xenograft models: a subcutaneous
tumor model of MM and an intra-bone tumor model of
MM. Initially, CD26+ KMS18 cells prepared by co-
culture with OCs in vitro were subcutaneously inoculated
into the 6-week-old female NOD/SCID mice (Fig. 7a).
Within 10 days of implantation, tumors became visible at
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Fig. 6 huCD26mAb blocked CD26+ MM cell adhesion to BMSCs. a After MM cell lines (KMS18, KMS26, and KMS28) were co-cultured with BMSCs
for 48 h, the MM cells were collected and incubated. Next, cytospin slides using these MM cell lines were fixed with 4% PFA and were incubated with
anti-human CD26 polyclonal antibody and Hoechst 33342 (5 ug/ml), washed and fixed. Images were processed using Nanozoomer-XR. MM cells co-
cultured with BMSCs were positive for CD26. b The % adhesion of calcein-AM-labeled KMS18, KMS26, and KMS28 cells added to BMSCs was
measured in the presence of huCD26mAb (0.1, 1.0, 10 ug/ml) or iso 1gG;. huCD26mAb dose-dependently inhibited the adhesion of MM cell lines to
BMSCs, while iso IgG; did not. The data represent the mean + SE of triplicate wells from three independent experiments (*p < 0.05). ¢ huCD26mAb-
triggered ADCC against MM cell lines (KMS18, KMS26, and KMS28) in the presence of BMSCs versus OCs was examined by a calcein-AM release assay.
The data represent the mean + SE of three independent experiments (*p < 0.05). d Cell surface CD49d expression in MM cells following huCD26mAb
treatment was tested in the presence of NK effector cells. After a 2-h incubation, cells were harvested to determine the expression level of CD49d on
MM cells by flow cytometry. CD49d expression was significantly reduced in huCD26mAb (10 ug/ml)-treated MM cells (KMS18, KMS26, and KMS28),
recovered from co-culture with BMSCs compared with untreated MM cells

the injection site. The subcutaneous tumors decreased in
both weight and size in the huCD26mAb-treated mice
compared with those of the control mice (mean weight:
1.1 + 0.5 versus 5.7 + 0.6 g, p < 0.05, on day 29) (Fig. 7b, c).
Next, human bone grafts were subcutaneously implanted
in the NOD/SCID mice, and KMS18 cells cultured alone
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were directly injected into the human bone grafts (NOD/
SCID-hu mice) (Fig. 7d). CD26 expression in the KMS18
cells was increased through the interaction between the
KMS18 cells and the BM microenvironment, including
BM accessory cells such as OCs osteogenic cells, endo-
thelial cells, adipocytes, fibroblasts, and BMSCs.
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Fig. 7 Anti-MM activity of huCD26mAb in vivo. a The NOD/SCID model of MM. The NOD/SCID mice were subcutaneously inoculated with KMS18
cells that were co-cultured with OCs (5 x 10° cells per mouse). After 2 weeks, the tumors were established, and the mice were randomized into two
groups. The mice (n =5 X 2) were treated either PBS or huCD26mAb (10 mg/kg/dose) i.p. three times a week for 2 weeks. b Direct in vivo anti-tumor
activity of huCD26mAb was compared with the control. Tumor specimens in PBS-treated versus huCD26mAb (10 mg/kg/dose)-treated MM-bearing
NOD/SCID mice on study day 15 were shown. ¢ The average tumor weights at necropsy in PBS-treated (control) versus huCD26mAb-treated mice
were measured on study day 29. huCD26mAb significantly decreased the tumor weights compared with the control. The data are shown as the
mean + SD of three independent experiments. (*p < 0.05). d The NOD/SCID-hu model of MM. KMS18 cells cultured alone (5 x 10° cells per mouse)
were directly injected into the human bone and subcutaneously implanted in the NOD/SCID mice. 4 weeks after tumor injection, when BM
engraftment was confirmed, the mice were randomized into two groups. The mice (n =5 X 2) were then treated with either PBS or huCD26mAb
(10 mg/kg/dose) i.p. three times per week for 4 weeks. e huCD26mAb inhibits both CD26+ MM tumor burden and OC formation in vivo. Histology
and immunohistochemical findings from the collected human bones were shown (from the left panel: H&E, x100, x200; CD26 stain, x200; TRAP stain,
%200). Continuous treatment with huCD26mAb significantly inhibited CD26+ MM cell growth. In addition, a number of TRAP+ OCs were observed
in the control mice, whereas huCD26mAb markedly decreased the number of TRAP+ OCs in human bones of the huCD26mAb-treated mice.
huCD26mAb inhibits both MM tumor burden and OC formation in vivo. f The number of TRAP+ OCs in the human bones was quantified under
three random fields at x100 magnification. The number of OCs was significantly lower in huCD26mAb-treated mice than in the control mice (*p <

N

J

Histological examination by hematoxylin eosin staining of
the bones of the control mice revealed massive infiltration
of MM cells into the bone cavity compared with those of
huCD26mAb-treated mice (Fig. 7e). In addition, immu-
nohistochemical analysis with CD26 confirmed decreased
numbers of CD26+ MM cells in the human bone grafts
retrieved from huCD26mAb-treated versus control mice
(Fig. 7e). These results suggest that huCD26mADb has the
potential to reduce CD26+ MM tumor burden in both
xenograft models in vivo. Subsequently, we assessed the
effect of huCD26mAb on MM-bone disease in the NOD/
SCID-hu model. huCD26mAb suppressed TRAP+ OC
formation in human bones and the number of OCs was
markedly decreased in the huCD26mAb-treated mice
compared with the control mice (Fig. 7f). No adverse
effects of huCD26mAb were observed in the BM of mice
(data not shown). No mice died of progressive MM during
the observation period. These results strongly suggested
that huCD26mAb suppresses tumor progression and
osteolytic bone disease in the BM milieu of MM.

huCD26mAb, alone or in conjunction with lenalidomide,
reduced the side population (SP) ratio in CD26+ MM cells
by ADCC

SP cells have been identified as a drug-resistant fraction
by their ability to efflux a Hoechst 33342 dye, a substrate
for the ATP-binding cassette (ABC) transporter,
ABCG2?®, We analyzed the expression of the SP and main
population (MP) fractions in MM cell lines. RPMI8226
and KMS11 exhibited SP fractions, both of which in co-
culture with OCs equally expressed CD26 at a high level
as MP fractions (Fig. 8a). To determine whether mono-
therapy with huCD26mAb, Lena, or huCD26mAb in
conjunction with Lena affect SP fractions in CD26+ MM
cells, we further investigated the impact of these reagents
on the ratio of SP fractions in these cells by ADCC.
RPMI8226 and KMS11, co-cultured with OCs were
incubated with NK effector cells at the E/T ratio of 10 in
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the presence of Lena (5 pM), huCD26mAbD (10 pg/ml), or
both in combination for 24 h. Subsequently, SP analysis
was performed by flow cytometry. Indeed, although Lena
alone did not reduce the ratio of the SP fraction in CD26+
RPMI8226 or KMS11, huCD26mAb substantially reduced
its ratio in both of MM cell lines. Moreover, the SP ratio
was further decreased by combination therapy with
huCD26mAb plus Lena (Fig. 8b, c). These results sug-
gested that the intense CD26 expression on the SP frac-
tions of CD26+ MM cells could be a therapeutic target by
huCD26mAb.

Discussion

MM has a unique property to develop and expand
within the BM and causes osteolytic bone destruction.
OCs also support MM cell growth and protect MM cells
from drug-induced apoptosis by creating a MM-specific
BM microenvironment*****°, Our recent work has
revealed that CD26 is intensely expressed on activated
OCs in MM, and huCD26mAb inhibits human OC dif-
ferentiation®”. Furthermore, immunostaining on bone
marrow biopsy specimens showed that CD26 is expressed
on plasma cells around OCs in MM patient. Accordingly,
the aims of this study were to examine in detail the
expression profile of CD26 in MM cells through the
interaction with the BM microenvironment and elucidate
the anti-MM efficacy of huCD26mAb as a therapeutic
antibody for MM. The current study is the first report to
show CD26 as a potential novel antibody-based ther-
apeutic target in MM.

Initially, the interaction of MM cells with OCs or
BMSCs identified that CD26 is highly expressed and
prevalent in both co-cultured MM cells and OCs as
demonstrated by immunohistochemistry. Additionally, a
high level of CD26/DPPIV expression was detected in the
supernatants obtained from both co-culture of MM cells
with OCs and OC culture compared with those obtained
from the MM cell mono-culture. These results suggest
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three independent experiments (**p < 0.01)

Fig. 8 huCD26mADb, alone or in combination with Lena, reduced the SP ratio by ADCC. a SP fractions were determined by Hoechst 33342 dye
and gated as indicated in both RPMI8226 and KMS11 co-cultured with OCs. Then, SP and MP fractions were isolated from RPMI8226 and KMS11 by
cell sorter and the expression of CD26 in both SP and MP fraction was analyzed by flow cytometry. SP fractions equally expressed CD26 at a high
level as MP fractions in both cell lines. b RPMI8226 and KMS11 co-cultured with OCs were mixed with NK effector cells from health donor at the E/T
ratio of 10 in the presence of iso IgG;, Lena (5 uM) or huCD26mAb (10 ug/ml), alone or both in combination for 24 h. Thereafter, the ratio of SP
fractions within the whole living cells was examined by flow cytometry. huCD26mAb reduced SP ratio in both MM cell lines through ADCC. In
addition, it markedly decreased its ratio with Lena in combination. ¢ The % change of SP fractions after the indicated treatments (monotherapy of
Lena or huCD26mAb, or Lena plus huCD26mAb in combination), mixed with NK effector cells are revealed. The data represent the mean + SD of

the significance of CD26 in MM cells through the inter-
action with BM microenvironment*’. Importantly, ex vivo
experiments demonstrated that ADCC is the leading
mode of action of huCD26mAb in MM. huCD26mAb
exerted potent anti-MM efficacy via immune effector
mechanism by ADCC in addition to direct on-tumor
effects, which resulted in potent cytotoxicity against CD26
+ MM cells. Moreover, the ADCC effect by huCD26mAb
was synergistically facilitated in conjunction with first-
generation novel agents, such as Lena and BTZ. NK
effector cells involved in ADCC were known to be clearly
inhibited by the exposure to steroids, while pretreatment
of the target cells with Dexa increased lysis by ADCC, and
the simultaneous treatment with Dexa plus rituximab did
not impair ADCC in malignant lymphoma*'. These pre-
vious reports support our results showing cytotoxic
synergy with Dexa plus huCD26mAb in MM.

Moreover, a role for anti-MM efficacy by huCD26mAb
was supported by subsequent in vivo experiments. The
NOD/SCID-hu model is an in vivo system, which makes it
possible to evaluate both tumor burden and bone disease
via providing a favorable host environment for repro-
ducible growth of MM cells and mimicking the clinical
manifestations of MM. Thus, this model is widely used to
analyze MM biology and develop novel therapeutic stra-
tegies for MM>>3"%%*2 This model is quite unique in the
point that both human hematopoietic cells and the
human hematopoietic microenvironment are engrafted in
the mice*>**, Bone marrow accessory cells including OCs
and stromal cells in the human bone grafts can support
sustained growth of MM cells**. Moreover, human stro-
mal cells in the bone grafts can stimulate the proliferation
and differentiation of human stem cells through hema-
topoietic factors or physical interactions and multilineage
human hematopoiesis is maintained within implanted
human bone grafts of the mice for as long as 20 weeks
after implantation®™*, Thus, human immune cells includ-
ing T lymphocytes or NK cells are considered to be able to
confer the inhibitory effects against CD26+ MM cells by
huCD26mAb as well as huCD26mAb exerts direct
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inhibitory effects against CD26+ MM cells in the human
bone marrow of NOD/SCID-hu mice. In addition, our
results confirmed that huCD26mAb induced a significant
decrease in the number of TRAP+ OCs compared with
control mice in vivo. These results have clinical relevance,
indicating that huCD26mAb appears to be an ideal ther-
apeutic antibody to target both CD26+ MM cells and
OCs for the treatment of MM.

Although immune-based approaches have not suc-
ceeded in MM until recently, these strategies have finally
attained an exciting breakthrough and represent a pro-
mising area for novel therapeutic options. Target antigens
for mAb therapy in MM have been either cell surface
proteins, cytokines, or chemokines, expressed or secreted
by MM cells, including growth factors, signaling mole-
cules, and adhesion molecules, which are involved in cell
growth, anti-apoptosis, angiogenesis, and cell-to-cell
contact between MM cells and BM accessory
cells**''?, In addition to elotuzumab targeting CS1 and
daratumumab directed against CD38, other monoclonal
antibody targets include CD138, CD56, CD40, CD74, and
intercellular adhesion molecule-1 (ICAM-1) among cell
surface targets as well as IL-6, vascular endothelial growth
factor (VEGF), BAFF, and CXC chemokine receptor 4
(CXCR4) for cytokine/growth factor-targeted molecules,
which have reached clinical trials™' "',

CD26 regulates a variety of cytokines and chemokines
through the cleavage of N-terminal dipeptides from
polypeptides, with proline or alanine in the penultimate
position. CD26 might be involved in regulating the
activity of biopeptides to have a key role in tumor cell
survival and proliferation”®. Likewise, in our study, CD26
activity was important for both OC formation and OC-
induced MM cell growth. Therefore, the inhibition of
CD26 could be beneficial for the treatment of MM.

CD26 expression in tumor cells reveals varying results.
It acts as a tumor activator or tumor suppressor and may
either promote or suppress growth depending on the type
of malignancy. Indeed, the presence of CD26 is associated
with clinical aggressiveness in several tumors, while the
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absence of CD26 results in distant metastasis in others. In
hematological neoplasms, CD26 expression confers pro-
liferative advantages or invasive properties in T-cell
lymphoblastic lymphoma (LBL)/lymphoblastic leukemia,
T-anaplastic large cell lymphoma (ALCL), and T-large
granular lymphocyte lymphoproliferative disorder (T-
LGL LPD)*~*. In addition, CD26 expression, together
with CD38 and CD49d expression, identified B-CLL
patients with an unfavorable clinical outcome®®, In solid
tumors, CD26 has a reliable biomarker of gastro-intestinal
stromal tumor (GIST) risk grading*’. Our previous stu-
dies showed that CD26 expression in mesothelioma cells
as well as renal cell carcinoma (RCC) cells was associated
with enhanced proliferative activity’°~>%, In addition, our
previous reports showed that anti-CD26 mouse mAb
(IgGy), IF7 or 14D10, inhibited tumor cell growth of CD26
+ T-cell lymphoma or RCC?***, huCD26mAb, con-
structed from a 14D10 coding sequence, has been shown
to inhibit malignant mesothelioma cell growth®'~®, On
the other hand, the inhibition of CD26 triggers prostate
cancer metastasis. The degradation of SDF-1/CXCL12,
known to regulate prostate cancer cell metastasis by
CD26, is involved in the metastatic cascade of prostate
cancer”’.

Moreover, CD26 has been indicated to have an impor-
tant role in cell adhesion to the extracellular matrix
(ECM) in selected conditions, which leads to the migra-
tion and metastasis of various types of tumors®****, As a
result of CD26 depletion through the transfection of
interfering RNA, T-ALCL cells lost the ability to adhere to
fibronectin and collagen I through the dephosphorylation
of both integrin f1 and p38 mitogen-activated protein
kinase (MAPK), which suppresses tumor development in
in vivo xenograft models°®. In addition to cytotoxic effects
on MM cells, we validated that huCD26mAb induced
inhibitory effects on CD26+ MM cell adhesion to BMSCs,
which partly conferred to inhibit MM cell growth.
Although huCD26mAb does not reduce expression of all
adhesion molecules, it reduced the expression of mem-
brane protein, CD49d in MM cells in the presence of
effector cells.

The normal tissue profile of CD26 appears to be
inevitably a major concern for tissue toxicities for an
antibody therapy. A phase 1 clinical trial of huCD26mAb
has been performed in patients with 33 cases of advanced
CD26-expressing tumors, such as RCC, mesothelioma,
and urothelial carcinoma®®. In this trial, huCD26mAb was
well tolerated with the major adverse events being infu-
sion reactions. Owing to the expression of CD26 in nor-
mal hematopoietic cells, a decrease in the levels of
peripheral lymphocytes, including CD26+ lymphocytes,
was noted within a few days after the administration of
huCD26mAb: however, this decrease was resolved within
a month.
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SP cells are defined as an enriched source of cancer-
initiating cells with cancer stem cell (CSC) properties,
which have been identified in several tumors®®. We
identified that the treatment of CD26+ SP fractions in
both CD26+ RPMI8226 and KMS11 cells with
huCD26mAb revealed sensitivity to ADCC and that
huCD26mAb in conjunction with Lena resulted in addi-
tive cytotoxicity by ADCC, indicating that huCD26mAb
could eradicate drug-resistant CD26+ CSCs in MM.
Interestingly, CD26 has been validated as a novel marker
of CSCs in several malignancies60'61. First, CD34+/CD38
— leukemic stem cells (LSCs) derived from patients with
the chronic phase (CP) of chronic myeloid leukemia
(CML) expressed CD26 at high levels. Specifically, all
CD34+/CD38—/CD26+ LSCs were positive for BCR/
ABL, as determined by FISH, and exhibited CSC prop-
erties, such as long-term proliferation and repopulation
activity in NSG mice, whereas CD26— LSCs exhibited
none of these functions®. Second, CD26+ colorectal
cancer (CRC) cells led to the development of distant
metastasis, which were associated with increased inva-
siveness and resistance to chemotherapy, while CD26—
CRC cells did not, suggesting the existence of CD26+
CSCs in CRC®.

In summary, we identified CD26 expression not only in
activated OCs but also in MM cells in the bone marrow
tissue of MM patient or MM cell lines co-cultured with
OCs in vitro. Novel huCD26mAb, directly targeting
CD26, elicited significant anti-MM efficacy by impairing
both CD26+ MM cells and OCs in vitro and in vivo.
Moreover, huCD26mAb facilitated its activity in con-
junction with the existing standards of care. Our results
strongly suggest that CD26 could be an ideal therapeutic
target of antibody-based therapy in MM.
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