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FEREAEES M), & 512, in vivo growth (2
BT %5 CD26 Hifk & YB-1 AON D6 %%
IZOWTHMF 24TV, SCID ¥ 7 R T
H226 &5 \\\% JMN 2 FBHLI-Z0b,
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YB-1 (% EMT BH#EXFTH 2 snaill =
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Cell 15:402 2009; Cancer Cell 2:682 2015),
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2T 208, MEEZUHT L5 LT, £h
D OMENHERI N, S BHITinvivo TD
BHEERICB W TH, YB-1 AON OHE5EH
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Administration

RECIST PAT NO {n'i"’fke , Fraquency c::in HE(%)
akg (87 Bow) per Waek ¥
0104 0.4 uz2 0.5 293 70
0107 0.4 uz2 0.5 273 a0
0302 2 2 0.5 223 80
SD Long 0402 2 2 0.5 230 50
0304 2 12 0.5 399 100
0405 2 12 0.5 184 a0
0502 6 Ui 1 250 80
0103 0.1 1z 0.5 42 60
0301 2 1z 0.5 57 70
SD Short 0306 2 12 0.5 98 60
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1. CD26-TARGETED THERAPY: A NEW HORIZON IN
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2. MESOTHELIOMA MANAGEMENT
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ABSTRACT

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



Keywords: malignant pleural mesothelioma, CD26, DPPIV, YS110

INTRODUCTION

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

Successful treatment of MPM depends on an in-depth understanding of the biology of
mesothelioma. Our group has had a long-standing interest in the role of CD26 in cancer biology and
its suitability as a novel therapeutic target in selected neoplasms (Thompson et al., 2007; Havre et al.,
2008; Ohnuma and Morimoto, 2013). CD26 is a 110-kDa, type II transmembrane glycoprotein with
known dipeptidyl peptidase IV (DPPIV, EC 3.4.14.5) activity in its extracellular domain and is
capable of cleaving N-terminal dipeptides with either L-proline or L-alanine at the penultimate
position (Ohnuma et al., 2008a). CD26 activity is dependent on cell type and the microenvironment
factors that can influence its multiple biological roles (Thompson et al., 2007; Ohnuma et al., 2011).
Although CD26 expression is enhanced following activation of resting T cells, CD4" CD26"#" T cells
respond maximally to recall antigens such as tetanus toxoid (Morimoto et al., 1989; Dang et al.,
1990c). Cross-linking of CD26 with CD3 by solid-phase immobilized monoclonal antibodies (mAbs)
can induce T-cell costimulation and IL-2 production by CD26" T cells (Dang et al., 1990a; Morimoto
and Schlossman, 1998). In addition, anti-CD26 antibody treatment of T cells enhances activation
associated with tyrosine phosphorylation of signaling molecules such as CD3C and p56l”k, while its
DPPIV enzyme activity is required for CD26-mediated T cell costimulation (Tanaka et al., 1993;
Hegen et al., 1997; Ishii et al., 2001). CD26 therefore has an important role in T cell biology and
overall immune function (Morimoto and Schlossman, 1998; Ohnuma et al., 2008a).

CD26 is also expressed on various tumors including MPM, renal cell carcinoma (RCC), colorectal
cancer, hepatocellular carcinoma, lung cancer, prostate cancer, gastrointestinal stromal tumor, thyroid
cancer, and hematologic malignancies such as T-anaplastic large cell lymphoma, T-lymphoblastic
lymphoma and T-acute lymphoblastic leukemia (Thompson et al., 2007; Havre et al., 2008; Ohnuma
and Morimoto, 2013). In addition to its expression in cancer cells, CD26 regulates topoisomerase Ila
level in hematological malignancies, affecting sensitivity to doxorubicin and etoposide (Yamochi et



al., 2005). Moreover, CD26 itself appears to be a novel therapeutic target, and anti-CD26 mAb
treatment resulted in both in vitro and in vivo anti-tumor activity against selected tumor types
including MPM (Ho et al., 2001; Inamoto et al., 2006; Inamoto et al., 2007). Our previous work
demonstrated that CD26 is preferentially expressed in MPM cells but not in normal mesothelial cells,
and suggested that CD26 expression level correlates with clinical outcomes, while being a potential
therapeutic target in MPM (Amatya et al., 2011; Aoe et al., 2012). We herein review mainly our
significant novel findings and the early clinical development of a CD26-targeted therapy for MPM.

MOLECULAR CHARACTERIZATION OF CD26

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

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

Extracellular Domain (AA29-766) P Cysteine-rich region (AA290-510)

P Glycosylated region (AA49-289)

L "] P> Flexible segment (AA29-48)
Membrane Domain (AA7-28) L Cell membrane

Cytoplasmic Domain (AA1-6) [ Cytoplasm

Figure 1. Schematic diagrams of the amino acids of human CD26.

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



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

A soluble form of the protein with conserved DPPIV enzyme activity (sCD26 or sDPPIV) is
present in the serum and other body fluids, presumably as a result of shedding or secretion from
different cell types (Nagatsu et al., 1968; Iwaki-Egawa et al., 1998; Cordero et al., 2009; Rohrborn et
al., 2014). The soluble form lacks the transmembrane region and cytoplasmic residues, as it begins at
the 39th amino acid residue (Iwaki-Egawa et al., 1998). This form also exists as a dimer and has been
detected in seminal fluid as a larger oligomer (>900 kDa) (Iwaki-Egwa et al., 1998). DPPIV enzyme
activity is involved in the activation/inactivation of a number of chemokines and cytokines to regulate
immune and endocrinological functions as well as cancer cell biology. (De Meester et al., 2000;
Thomspn et al., 2007; Havre et al., 2008; Ohnuma et al., 2008a; Ohnuma and Morimoto, 2013). The
clinical significance of sSCD26 or sDPPIV in MPM patients has been shown in our recent study, which
included 80 MPM patients, 79 subjects with past asbestos exposure (SPE), and 134 patients with other
benign pleural diseases (OPD) as a control group (Fujimoto et al., 2014). Serum sCD26 levels and
sDPPIV enzyme activity in patients with MPM were significantly decreased compared with those in
the SPE group. The level of serum sCD26 was significantly decreased in patients with advanced
stages of MPM compared with those with earlier stages. The median OS of patients with MPM who
had higher DPPIV enzyme activity was significantly longer than that of those with lower DPPIV
enzyme activity. The sCD26 levels in the pleural fluid of MPM patients with an epithelioid subtype
were significantly increased compared with the OPD cohort. Moreover, DPPIV enzyme activity in the
pleural fluid of patients with MPM with an epithelioid subtype was significantly increased compared
with that in the OPD cohort. Patients with MPM who had lower specific DPPIV activity, determined
as the ratio of DPPIV activity to sCD26 protein quantification, exhibited significantly prolonged
survival compared with those with higher specific DPPIV activity. Serum sCD26 and DPPIV enzyme
activity appear to be useful biomarkers for differentiating patients with MPM from SPE. In addition,
the sCD26 level and DPPIV enzyme activity in pleural fluid appear to be biomarkers in patients with
the MPM epithelioid subtype. DPPIV activity in serum or pleural fluid may also be predictive markers
for the prognosis of MPM patients (Fujimoto et al., 2014).



CD26 AND IMMUNE FUNCTION

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

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

The cytoplasmic tail of CD26 is responsible for T-cell costimulation induced by anti-CD3 plus
caveolin-1 (Ohnuma et al., 2007). Our work found that CARMA1 binds to the cytoplasmic tail of
dimeric CD26, and that a PDZ domain in CARMA1 is necessary for binding to CD26 (Ohnuma et al.,
2007). Following its phosphorylation, CARMA1 functions as a signaling intermediate downstream of
PKCO (protein kinase 0) and upstream of IKK (IxB kinase) in the TCR (T cell receptor) signaling
transduction pathway, which leads eventually to NF-xB activation. Dimeric CD26, but not monomeric
CD26, binds to CARMA1 (Ohnuma et al., 2007). The enzymatic pocket structure of the DPPIV
catalytic site is necessary for binding of CD26 to caveolin-1, leading to the upregulation of CD86
expression on APC (Ohnuma et al., 2005). Dimerization of CD26 is therefore not only necessary for
binding to caveolin-1, but also serves as a scaffolding structure for the cytoplasmic signaling molecule
CARMAL. Overall, CD26 ligation by caveolin-1 on APC recruits CD26-interacting CARMAL to lipid
rafts, resulting in the formation of a CARMA1-Bcl10-MALT1-IKK complex, and this membrane-
associated Bcll0 complex then activates IKK through ubiquitination of NEMO (NF-kB essential
modulator) (Ohnuma et al., 2008b).

We recently reported that CD3/CD26 costimulation induces the development of a population of
human type 1 regulatory T (Tyg) 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" Tyeg subset among CD4" Tyee exhibits high level of IL-10 expression
(Hua et al., 2015). These findings strongly suggest that a specific subset of CD26" T cells plays a role
in immune checkpoint system, and that the CD26 molecule may be a novel target for a therapeutic
approach involving immune checkpoint blockade.



EXPRESSION OF CD26 IN MPM

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

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

Representative serial sections of resected specimens of MPM.

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

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

CLINICAL RELEVANCE OF CD26 EXPRESSION AND MPM

To explore the role of CD26 for MPM in the clinical setting as a prognostic and therapeutic
biomarker, we evaluated 79 MPM cases for CD26 expression and clinical outcome (Aoe et al., 2012).



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

MPM CANCER CELL B10LOGY OF CD26

Since CD26 membrane expression on mesothelioma cells appears to be a predictive marker of
response to chemotherapy, we next attempted to characterize in details the CD26-positive cells of
mesothelioma cell lines. For this purpose we sorted naturally occurring CD26-positive MESOI1
mesothelioma cells and subdivided them into CD26-positive and CD26-negative cells. Such cells were
subsequently cultured for the indicated days. CD26"" cells always exhibited higher level of
proliferative activity than CD26-negative cells. Similarly, CD26"" cells from other naturally
occurring CD26-positive mesothelioma cell lines such as H226 and H28 cell lines consistently had
higher level of proliferation than CD26-negative cells from the same cell lines. Moreover, CD26-
knockdown of MESO1, JMN and H28 cells resulted in reduced proliferation as compared to wild type
CD26-positive MESO-1, JMN and H28 cells,_respectively. These results hence suggest that CD26-
positive mesothelioma cells have generally robust growth activity (Aoe et al., 2012). Since highly
proliferative cells are typically sensitive to chemotherapeutic agents, our present data support the
notion that mesothelioma patients with tumors expressing high level of CD26 generally have
chemosensitive disease, as discussed in the preceding section.
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Figure 3. The cytoplasmic region of CD26 is required for cell migration, invasion and colony formation.

(A) Cells were seeded on top of a Boyden chamber. The number of cells that migrated through the uncoated filter
in the lower chamber was counted. The mean number of cells per field was determined from 5 fields per filter
(mean = SEM; n=5 experiments with triplicates). A significant increase of MSTO-CD26WT is indicated as
P<0.0001 (v.s. MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOVA with Tukey-Kramer post-hoc
test. NS denotes ‘not significant’. Representative microphotographs of cells migrating through the filter were
shown in the lower panels (crystal violet staining). Scale bars indicate 200pm.

(B) Cells were seeded on top of Matrigel-coated chamber inserts. The number of cells that invaded through the
Matrigel in the lower chamber was counted. The mean number of cells per field was determined from 5 fields per
filter (mean £ SEM; n=5 experiments with triplicates). A significant increase of MSTO-CD26WT is indicated as
P<0.0001 (v.s. MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOVA with Tukey-Kramer post-hoc
test. NS denotes ‘not significant’. Representative microphotographs of cells invading through the filter were
shown in the lower panels (crystal violet staining). Scale bar indicates 200pum.

(C) Cells were plated in a cell suspension agar matrix between layers of base agar matrix. After 1 week, the agar
matrix was solubilized, and cells were stained with MTT solution. Absorbance at 570nm was measured (mean +
SEM; n=5 experiments with triplicates). A significant increase of MSTO-CD26WT is indicated as P<0.0001 (v.s.
MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOVA with Tukey-Kramer post-hoc test. NS denotes
‘not significant’. Representative microphotographs of cells grown in soft agar just prior to solubilization to
indicate cell size and morphology were shown in the lower panels (phase-contrast imaging). Original
magnification, x8. Scale bars indicate S0pm.

(D) SCID mice were injected i.p. with 1x10° luciferase-expressing MSTO-Mock, MSTO-CD26WT or MSTO-
CD26/10Chi cells. Tumor growth was measured by in vivo bioluminescence photometry, with imaging data of

x107 (photons s - cm-2rs-1)




each cohort being indicated as total flux of photons per second (mean + SEM; n=20). A significant increase of
MSTO-CD26WT is indicated as P<0.0001 (v.s. MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOVA
with Tukey-Kramer post-hoc test. Representative optical bioluminescence imaging of each cohort mice was
shown with intensity of luminescence as heat maps in the lower panels.

This figure is reprinted with permission from J Yamamoto et al., Br J Cancer 110:2232-2245, 2014.

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

CD26 AND CANCER STEM CELLS INMPM

The putative existence of cancer stem cell (CSC) is a widely accepted notion at the present time
(Reya et al., 2001). CSC proliferates in an asymmetric cell division-like manner, exhibits various stem
cell signatures, and is believed to be a potential reason for resistance to therapy. Recent studies have
demonstrated the existence of CSCs not only in hematologic malignancies but also solid tumors
(Frank et al., 2010; Wang and Dick, 2005). Our recent work identified SP (side-population), CD9,
CD24, and CD26 as MPM CSC markers that correlated with primary stem cell signatures (Ghani et al.,
2011). SP cells of H226 and H2452 cell lines, and CD24-positive cells of JMN and H226 cell lines
proliferated in an asymmetric cell division-like manner. The expression of CD26 closely correlated
with that of CD24 in sarcomatoid type cell lines. In addition, CD9 and CD24-positive cells displayed
a higher potential to generate spheroid colony than negative cells in the stem cell medium. Moreover,
these marker-positive cells had a clear tendency to generate larger tumors in mouse transplantation
assay (Ghani et al., 2011). We further analyzed the CSC properties of CD24 and CD26-positve MPM
cells (Yamazaki et al., 2012). We established RNA interference (RNAi) -knockdown MPM cells and
found that these markers correlated significantly with chemoresistance, proliferation, and in vitro
invasion potential. Interestingly, while MESO1 cells expressed both CD24 and CD26, the presence of



each of these two markers was correlated with different CSC property. To distinguish intracellular
signals downstream of these cell surface antigens, we performed DNA microarray analysis of CD24"
and CD24  cells of JMN and H226, CD24°CD26" and CD24 CD26 cells of MESOI, and control-
short hairpin RNA (shRNA) and CD24-shRNA cells of MESO1. We found that several genes related
to cancer development and stem cell signatures were differentially regulated. Among the genes up-
regulated in the positive cells, insulin-like growth factor binding protein 7 (IGFBP7) was commonly
up-regulated in all experiments (fold change, JMN-CD24", 2.5x; H226-CD24", 3.3x; MESOI-
CD24'CD26", 27.3x; MESO1-control/CD24-shRNA, 1.9x). In CD24'CD26/CD24 CD26 cells and
control/CD24 shRNA cells of MESO-1, IGFBP3 (another member of IGFBP, 7.9x and 5.8x,
respectively), a cancer gene Wnt5A (5.2x and 6.3x, respectively), and hematopoietic/lymphoid stem
cell antigen CD127 (interleukin 7 receptor, IL7R, 10.5x and 3.0x%, respectively) were also significantly
up-regulated. The microarray data of these genes were further confirmed by RT-PCR in the
CD24/CD26-isolated MESOI1 cells. Interestingly, expression of IGFBP3 and IGFBP7 was well-
correlated with that of CD26, rather than CD24. Meanwhile, expression of Wnt5A and IL7R was
correlated with not only CD24 but also CD26 expression, while their expression was completely
absent in the CD24 CD26 cells. These data suggest that CD24 and CD26 expression correlated with
several cancer and stemness genes. In addition to gene expression profiles, our examination of
downstream signaling events relating to IGFBP3 and IGFBP7 showed that phosphorylation of ERK
(extracellular signal-regulated kinase) by EGF (epidermal growth factor) stimulation was significantly
affected by the expression of CD26, but not CD24. Taken together, our data suggest that CD24 and
CD26 differentially regulate the CSC potentials of MPM and could be promising targets for CSC-
oriented therapy.

ASSOCIATION OF CD26 AND EXTRACELLULAR MATRIX INMPM

To further explore the molecular mechanisms involved in the highly proliferative activity of
CD26-positive MPM cells, we focused on the interaction between CD26 and CD9, and identified as
novel markers for cancer stem cells in malignant mesothelioma (Ghani et al., 2011). We found that
CD26 and CD9 co-modulated and coprecipitated with each other in the malignant mesothelioma cell
lines MESO1 and MSTO (Okamoto et al., 2014). RNAi study revealed that depletion of CD26 led to
increased CD9 expression, while depletion of CD9 resulted in increased CD26 expression. Consistent
with these findings was the fact that gene transfer of CD26 into CD26-negative MSTO cells reduced
CD9 expression. Cell invasion assay showed that overexpression of CD26 or gene depletion of CD9
led to enhanced invasiveness, while CD26 gene depletion resulted in reduced invasive potential.
Furthermore, co-precipitation studies demonstrated an association between CD26 and a5B1 integrin,
suggesting that this enhanced invasiveness may be partly mediated by a5B1 integrin. Finally, gene
depletion of CD9 resulted in elevated protein levels and tyrosine phosphorylation of FAK (focal
adhesion kinase) and Cas-L/NEDD?9, which are downstream signaling molecules of B1 integrin, while
depletion of CD26 led to a reduction in the levels of these molecules. Collectively, our findings
suggest that CD26 potentiates tumor cell invasion through its interaction with a531 integrin, and CD9
negatively regulates tumor cell invasion by reducing the level of CD26-a5B1 integrin complex
through an inverse correlation between CD9 and CD26 expression (Okamoto et al., 2014).

Along with our previous observation that depletion of CD26 by RNAIi resulted in the loss of
adhesive property, suggesting that CD26 is a binding protein to the extracellular matrix (ECM), the
above observation regarding the CD26-a5B1 integrin complex suggests that CD26 regulates the
interaction of MPM cells with the ECM via yet-to-be-determined integrin adhesion molecules. More



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

We demonstrated that CD9 suppresses cell adhesion by inhibiting CD26-a531 integrin complex
through its negative regulation of CD26 (Okamoto et al., 2014). These observations show that CD26
regulates the interaction of MPM cells with the ECM via the integrin adhesion molecules. Meanwhile,
as described above, we have shown that the cytoplasmic 6 amino acid residues of CD26 are required
for regulating migratory, invasive or proliferative activity of MPM cells. To define the molecular
details involved in the critical role of the CD26 cytoplasmic region, we used affinity purification and
LC-MS/MS (liquid chromatography-tandem mass spectrometry) to identify the proteins that are
associated with the CD26 cytoplasmic domain (Yamamoto et al., 2014). In these experiments,
membrane fractions of MSTO-Mock, MSTO-CD26WT or MSTO-CD26/10Chi were harvested in
native conditions and subjected to affinity purification using anti-CD26 mAb. We demonstrated that
the cytoplasmic region of CD26 plays a crucial role in MPM tumor biology through its linkage to
somatostain receptor 4 (SSTR4) and SHP-2 protein tyrosine kinase in cell membrane lipid rafts,
leading to cytostatic effects in MPM cells without direct association of the ECM to CD26 (Yamamoto
etal., 2014).

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

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

(II) In addition, CD26 regulated extracellular matrix (ECM)-associated tumor cell behavior in association with
integrins and periostin-ECM complex. CD9 suppressed cell invasion and migration by inhibiting the formation of
CD26-05B1 integrin complex. Moreover, expression of CD26 upregulated periostin secretion by MPM cells,



leading to enhanced MPM cell migratory and invasive activity. Moreover, we showed that upregulation of
periostin expression resulted from the nuclear translocation of the basic helix-loop-helix transcription factor
Twistl, a process that was mediated by CD26-associated activation of Src phosphorylation.

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

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

As described in the preceding sections, CD26/DPPIV is expressed at a high level on the surface of
malignant mesothelioma cells, but not on cells derived from normal mesothelial cells. These intriguing
findings propelled our development of CD26-targeted therapy for MPM. For this purpose, we had
developed a novel humanized anti-CD26 mAb, namely YS110. YS110 is a recombinant DNA-derived
humanized mAb that selectively binds with high affinity to the extracellular domain of CD26. The
antibody is an IgG;x with a molecular weight of 144 kDa and was humanized via an in silico design
based on the amino acid sequence of anti-human CD26 murine mAb (14D10), which inhibited tumor
cell growth, migration and invasion, and enhanced survival of mouse xenograft models (Inamoto et al.,
2006). YS110 is produced by fermentation in CHO mammalian cell suspension culture with the
Glutamine Synthetase Expression System. /n vitro pharmacologic evaluation of YS110 demonstrated
its selective binding to human CD26 on a number of human cancer cell lines and tissues, with no
apparent effect on immune activation and no inhibition of DPPIV activity, while exhibiting direct
cytotoxic effect on certain human CD26-positive cancer cell lines. Moreover, our in vitro data
indicated that YS110 induces cell lysis of MPM cells via antibody-dependent cell-mediated
cytotoxicity (ADCC) in addition to its direct anti-tumor effect via cyclin-dependent kinase inhibitor
(CDKI) p27kip] and p21“?" accumulation (Inamoto et al., 2007; Hayashi et al., 2016). In vivo
experiments with mouse xenograft models involving human MPM cells demonstrated that YS110
treatment drastically inhibits tumor growth in tumor-bearing mice and reduces formation of
metastases, resulting in enhanced survival (Inamoto et al., 2007; Okamoto et al., 2014; Yamamoto et
al., 2014). Our data strongly suggest that YS110 may have potential clinical use as a novel cancer
therapeutic agent for CD26-positive malignant mesothelioma.

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

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



CD26. We therefore conducted the first-in-human (FIH) clinical trial of YS110 for patients with MPM
and other CD26-positive solid tumors (Angevin et al., 2015).

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

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

DPPIV ENZYME ACTIVITY AND EFFICACY OF
YS110 N MPM

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

Recent work has demonstrated the functional role of DPPIV-mediated post-translational
modification of chemokines in regulating tumor immunity through its interaction with its substrate
CXCL10 (Barreira da Silva et al., 2015). Barreira de Silvia et al. use in vivo tumor-transplant models
to show that DPPIV inhibition reduces tumor growth through the preservation of bioactive CXCL10
in the tumor microenvironment (TME). In the normal physiological state, CXCL10 is rapidly
degraded by DPPIV, resulting in decreased recruitment and migration of CXCR3" T cells into the
TME (Figure 5) (Ohnuma et al., 2015). CXCR3 has been shown to be a functional receptor for
CXCL10 (Proost et al., 2001). In contrast, DPPIV inhibition enhances tumor rejection by preserving
the full-length biologically active form of CXCL10, leading to increased trafficking of CXCR3" T



cells into the TME (Figure 5) (Ohnuma et al., 2015). This anti-tumor response is potentiated in
combination with other anti-tumor immunotherapeutic approaches including CpG adjuvant therapy,
adoptive T cell transfer therapy and checkpoint blockade therapy (anti-CTLA-4 and anti-PD-1)
(Barreira da Silva et al., 2015). In view of these recent findings, data from our current trial showing
that serum DPPIV activity was decreased following treatment with YS110 in a dose-dependent
manner would suggest that anti-tumor activity via DPPIV inhibition may constitute yet another
mechanism of action for the anti-tumor activity of YS110.
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Figure 5. DPPIV inhibition suppresses truncation of its ligand CXCL10, leading to recruitment of CXCR3" T
cells into tumor parenchyma.

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

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

MECHANISMS OF ACTION OF YS110 IN MPM

We previously showed that depletion of CD26 by RNAI results in the loss of adhesive property,
suggesting that CD26 is a binding protein to the ECM (Inamoto et al., 2007). Moreover, our in vitro
data indicate that YS110 induces cell lysis of MPM cells via ADCC in addition to its direct anti-tumor
effect via CKDI p27kip] accumulation (Inamoto et al., 2007). More recently, we evaluated the direct
anti-tumor effect of YS110 against the MPM cell lines H2452 and JMN, and investigated its effects on
cell cycle and on the cell cycle regulator molecules (Hayashi et al., 2016). YS110 suppressed the
proliferation of H2452 cells by approximately 20% in 48 hours of incubation. Cell cycle analysis
demonstrated that the percentage of cells in G2/M phase increased by 8.0% on average following
YS110 treatment; in addition, level of the cell cycle regulator p21% ! was increased and cyclin B1 was
decreased after YS110 treatment. Inhibitory phosphorylation of both cdc2 (Tyrl5) and cdc25C
(Ser216) was elevated. Furthermore, activating phosphorylation of p38 MAPK (Thr180/Tyr182) and
ERK1/2 (Thr202/Tyr204) was augmented following 24 hours of YS110 treatment. In addition, we
investigated the synergistic effects of YS110 and the anti-tumor agent pemetrexed on selected MPM
cell lines in both in vitro and in vivo studies. Pemetrexed rapidly induced CD26 expression on cell



surface, and treatment with both YS110 and pemetrexed inhibited in vivo tumor growth accompanied
by a synergistic reduction in the MIB-1 index.

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

Taken together, we summarize the mechanisms of action of YS110 in MPM as follows; (i) a
direct cytotoxic effect on certain human CD26-positive cancer cell lines (ADCC), (ii) a direct anti-
tumor effect through the induction of cell cycle arrest by induction of p27kip ""and p21° ! expression,
(iii) following internalization of the CD26-YS110 complexes, an inhibition of invasion and migration
of tumor cells by decreased binding to the collagen/fibronectin microenvironment matrix, and (iv) the
nuclear translocation of CD26 molecules by internalization of the CD26-YS110 complexes to inhibit
proliferation of MPM cells via suppression of POLR2A gene expression.

COMPANION DIAGNOSTICS FOR CD26-TARGETING THERAPY

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

CONCLUSION



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

Our FIH study showed that YS110 therapy is generally well-tolerated with preliminary evidence
of activity in patients with advanced/refractory CD26-expresing cancers including MPM. Our findings
also suggest that further clinical development of YS110 such as its use as part of combination
therapies with other antineoplastic agents is warranted.
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%28 MANRITT Ak MEbiCD26 €/ 7 u—F
PUR-TF T H B EAE A

A
1 @FUBHIC

CD26 12, MK ICRAEST 2 T Y Y BREHBSFThHh, AW A—THREO—I—L
LTRHEENZ, ZOCD2WIX, CEMIZEY ¥ FuF 7 —¥D—2TdH % Dipeptidyl
Peptidase-4 (DPP-V) %## ok & 12, BloFRTIR, MBENAEETHE 774 TORs T
YRAG—H Y, HHAVRTF VY UFTIF—ELREAL, &% T LMBRNNERIZEEZ R
THEMEDALTVAEEZ LR TV, EEME - MlaichBwTiE, TY Y SHRUSMC, B
VAR LR, FFEMIRE, #iatile, mBENEMBEL EICEILLTwA. 20 CD26 I,
—ERDBEHEY ¥ o8ME - FIFERPERE, KB, FIRBERICREB L Tw A 2 L RHIL T,
B, EHPEEICEWT 8% EDEMICBVTRIELTWAI EAHLNE ko™, &
R ER KB BV TIE, CD26 ABABMIO~Y—H —Th s I LAFMESRSY, &5
|2 CD26 BEMAVACREBELTBY, PAMBOMMPRE, EBICLHETAHILPHL
N hoohHbHMY,

2 $,CD26 €/ 70O—FIHitkEZDE ME

0L ICHAKBBOMIBEEICFEBLT 5 CD26 & 5 TAENBREOEREN ST & LTIRZSH
HIEOR DG AA SNz, THREKE - FAERE L SR L2 X3k b CD26 £/
ya—FhikoEororu— i, b FSAMIRERICH L THESERZA 3 LA L
72V FET, 74X kT2 —F 1 v 7 AR, ZhooHkoRH S, HUESERAR
71— 14D10 258 L, #® ¢DNA % TiZ LT Abmaxis in-silico Immunization (AISIM)
BICED, insilico T7I/BEL MUICERTSZZ LT, BA%EZMFLLE MEE/ 70—
F ViR YS110 2B L7z, S YS110 itk (e M IgGL1 Y744 7) &, jmeho7z70—
~ 14D10Hifk X Y &, & b CD26 5 F a3 2 AL E , F 7 CD26 DM/ EH~ D%
I ERER CD26 BtEASA MM I A+ A MAMHIEEATTE L T 2¥, £4YS1101k, 792
25y b O o 83 CD26 X RIE L v, HHERBRICH %V & 3R LISAFRD
bhiz, $7-YS110 X CHOMIRICE Y s h, BB IhDP, RELICEVEEEZRL
720

% Taketo Yamada HEEFRIAZYE EHH miE #HE
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2T BABITT S ML CD26 €/ 7 u—F VHik-TF I H FER S A4&

3 EMEHCD26 £/ 7O0—F itk YS110 DHREEZ R & 9 F1iE
(1)

W, PURRE TR, PR MR TS T LA L2, Pk Fe #ils% A L7-#il
BEEAPER SN L THRBESFE SN S, Z OHARKLEEM KA1 180 a1 E
(antibody-dependent cellular cytotoxicity : ADCC) 20l 2 C, #f #4 1& 77 v 40 o BE 3% 4
(complement-dependent cytotoxicity : CDC) 7 & DRIELIIEFIC L Y, 2SAMIH IR =
Mo YS110 2BV TH, T ADCC B X1 CDC 2 & BHAAMERSRD bh7=Y,

—77, BEEe PAAMREAND YS110 iRMd 5 W id ADCC % CDC A5HhE L e WiRiERE <
ABABAT’TUAND YS110 DFEGICBVTH, M FAMBOTAAMERA L, YS110 4%

E ~EHICD26%14AK - YS110

v

ﬁﬁ?ﬂ"]‘{ co6q G M AR
s 5 D\ g

ADCC/CDC B R sE N &

1) CD26#%#%1T
RNA polymerase Il

2) HHEEHIPEE

d\

M

P21, p27:5 BB
\ cdc2, cdc25!) “/ﬁ’;’%‘ﬂ:/ ¢
v MNAIZE D

MAMBOEIENS - (5= | | FEREHH

1 k& hMEH CD26 £/ 7 O—FViitk YS110 DS ARBADE Y LIEAEE

YS110 4k, IgG1 ¥ 7 & 4 7B L, Bk 40 I8 A 76 ¥ $1§2 45 % (antibody-dependent cellular
cytotoxicity : ADCC) RHiHRMKATEM IR & M (complement-dependent cytotoxicity : CDC) = X 26
BEFEIRIT IS L 2 A ERRZ o, —F, PAMROMIIRER IS 5 CD26 AT LI
L0, PAMISH L CEEOMEIRELZ AT 5. ZOWFIX, —2i, YS110 & #4 L7 CD26 2¢
I RA ) AAREECHIIR IS AEIL L, S5 ICHMNICBITT 5 2 L T, RNA polymerase I DO# 7 2=y b
POLR2A DG 245 Z L2k B, F72 YS110 ASHIIEHE CD26 (ck5A3 5 T L2k b, & w1 By
BT ORBEFERY) VERREEZ AL T, MIENMZ IS5, —F, YS110 285 S0 5Ll % %5
L, BAMROEEREZIET IE57700, PAOFERICBT 2 BEEMELNMT 20822, S0k
CYS110 id, —2DHAEKTH 2L MICHiz 55 FHIEEZ AL T, 2SAMNEORTRIE 2B REOWHIC
WRINCHFG LD 2 2=— 7 RHilkfk L 2 5 T L AW S ATV 5,
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TEEWREHE (ADC) ORaETHI%E

BRI ATAMINBIC ) X, SUEBANEZ ML ) 2 LN S h Y, ZOEEBISAEROS
FHEEEDO—213, YS110 25HIIEME CD26 IC#i&3 A2 LiC kD, MREYBESF p21, p27
DREBLHEER cde2, cde25 DY) YR LREE LT, MIBHMMEZIHT A ETho72",

WE—DD5FHEHEAS, YS110 12 X % CD26 OBBITHFE ThH o7z HAMIEE YS110 T
B3 5L, YS110 & 45A L72 CD26 254 N4 ) VKFHEICHIBEICHEILL, & 512 CD26-
YS110 #EAEA, BPNICEAITT A Z & T RNA polymerase 1 O 7 2=y b POLR2A DOizE:
ERHT A ALY, 2o CD26 & YS110 D#BITIE, CD26 # %8 2 E# Ml
(TY 283k, MEPEME) CRBRINT, PAMRERNLZER THo 72, HikiZd b5
ADZ L THLHNCD26 IHBBITY 7T ViE %L, BALPOBBESFLEMEERET S
CETHABITTAb0 LI SNz, & ®CD26-YS110 HAKOBEBITIZ, AMBEO
YS110 L%, 304X VIS, 2WME Y —2 & LT 4 W% THE XN, Nystatin L
B HWIEA A1) ¥ siRNALHIC X ) BBITIZEE S 72%%, Monodansylcadaverine Tl
FEI N Lozl b, 7T7RY) MREHTIEI LR AREY) VIKFHEOZ Y FH AL b= R
WKEALDTHAILENHLNRE Rz, SHICREAEY Y RIIBM Lz b ASAMAEABESS
R L7z, YS110 #4% 59 5 & in vive IZBWTH CD26 B X UF YS110 A AMBL DN
BB IhEY,

ZIT, BNICBIT% CD26 DREEXHERT L 720Icr7u~vF Y RELRREICLY, A
CD26 %G L T % DNA BFC DOV TRES L7z B2 5 CD26 2 RIELMEL TR LT
Z2DNAWhZ7u—=27 L CHERMNZRE L/ 25, —27% RNA polymerase I O
7= v b+ POLR2A #{x T DEHEHEIB TH > 72e £ TPOLR2A BIZFOHMEMFEBRE G L
R—F—BIEFZFRL, CD26 ORMEURLEEICBT AR EZRFTL-E A, YS110
WEZ XY Hifk o BARFFE > CD26 ORBATRAFIEIC POLR2A FEHL 23] S h, Mk i
HAHEShD Z EHHE L7,

—75, BREWZ LI YS110 1%, BR#RLEVET) YV ICEELREEZ A T 2B A MO
SMEEIHRIL, BEMROGHEZET 2L T, PAOFERICHT 2 EEMERZE 20§
AIREFO LWL E oY,

ZDLHITYS110 £V ) —DoDHED, ZEICh b5 TEEML T, PAMBOREME
HLBMEOWHNICHRMICHFS L) 2 LA hTwns (1),

D YS110 &, HnE AW REERABRRP GMP MO AER AT, BMHESITBIT5
BERGEREE G 21TV, 2009 £ 5 7 7 ~ A Gustave Roussy Institute Z H& LT, % I HE
R ERMS N, 2015410 HISRT Lce ZORR, EBELAEFREIBRINT, WK
FEAEBIZ BWTid, 19 Bl 10 #12% modified RECIST #E1ffi T Stable Disease (SD) & i X
., 58265 ALLLSD Z#kfe, 1623, ALLLESD kL, YS110 i COHEBOAR)
YEZ R T B RERAE SN,
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0B BNBITT S MLPiCD26 € 7 7 0 —F VHA-TFIH HEABSHK

4 YS11I0ADTF I HEERFESICK SR ADC (Y-TR1) DR

CD26 Btk DA AMIE % YS110 TRIM$ 2 &, YS110 L #4A L7z CD26 254 N ) YMRAFHE
WCHIE, &5 ICHNICEAT LT RNA polymerase 11 @47 2= v b POLR2A D=5 % il 3
AL THINBEHIIH 2 ER T4 Z A5, YS110 ~ RNA polymerase Il D8 E 5 % 4
HEIEBHILET, BNTHERSIFTAERNZREL ) 5 ADC DR % A 472 RNA
polymerase 1%, ¥ ¥/82 8% 3— F3513L A LDOBIZTORGIILHEL EbO THELE
£Thh, TOWEHEHL LT, 7TY=F /2 EOFFHFEAORTWERY, WihdEED
A AKE LTRBESIANEGHEGTIORBE L E S TE 2, $/2YS1104°RNA
polymerase 1 D% 7 2= b TH 5 POLRZA#BIZTOEGE WMl 35 Z £ 5, RNA
polymerase II D PHEA]TIE7% {, RNA polymerase II & & b ICHREIZHIHE S N5 IR
ERFHETFIHZEMNE LAZHER % YS1I0ONEETH2ERE L TERLL, TOFT
Triptolide I&, RNA polymerase N2 X 254 =3 —2 g YIZHDLLZEAFTFI HOY T
2=y b XBP/ERCC3 IZ#5A3 Z & T, DNA K71k ATPase Gtk ZHEL, MRELTIZEA
L DBIEF D RNA polymerase 1112 & 285 2 ¥l 3 %5 F (CyH, 0, %F i 360.4) Th
%%, %7 Triptolide | TFIH FEMRIZH VSO0, HAMTHY, FHE LToOMH I
LWEZZb5hTWwWi, £ZT, O Triptolide # YS110 I/ EE5Z LT, AMATFR
BICHEPICID AT D Z L% BRAT 28 TOHENZE I 72HHB ADC O AT > 72,

Z @ Triptolide (I SH & ZHAL T, S-SHAWK L VIEFNIIREL _—BARE L, 2D
S-S #Eid TCEP Bty V& W TR SRR (TR1 &%) L L72b D% YS110 & D
412 H v 725 YS110 IZ heterobifunctional V) ~ # —Succinimidyl 4-[ N-Maleimidomethyl]
Cyclohexane-1-Carboxylate (SMCC) % #& &, JEHiE D SMCC % HiTrap Bi¥ih 7 4T
Brd: L7z#%, Triptolide #i# Kk TR1 & FUt &4, RUSEMH» LIEMHE TR ZBRELTH 5, it
HE R L, YS110-Triptolide i34k TR1 &G4 F (Y-TR1 La#) & L7z (K2). Y-TR1
&, FFHikE LTot  CD26 4T & OFMERLHENMZHRET L, €OBMERHE SN
WCIHIZE A LT AW & Z2HR L7z KRICY-TRLICBWT, HIkYS110—FFHih &
DL 5O TRL G FHHE L T2 2% alHli L7z B&E25H & MALDI-TOF mass & T
YS110 & Y-TR1 OEEAWMEL, €D#E% TR1FFRTHLI LT, YS110—5FHLY 6
~ 7D TR FFAHREELTWD I LB L2 (K 3)o

5 Y-TR1 OId AEA

ZOFHBADC TH 5 Y-TR1 ® CD26 kv P ASAMIBIZH 3 2P0 A/EH 2 e L7z, B
FEMIRL & LT, CD26 Btk iz iE e MSTO-211H I CD26 BHR 7 ¥ — %8 A L 7oL ES
Hifilatk (MSTO-CD26 71— 12) EdfHBE LTHRF~A ¥ Vit ETOAZEA LR
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PEEWB R (ADC) D%

YS110

Yo Yob
N, iy &
[Went

LZ:) 8 SMCC

X o

B2 E hEH CD26 £/ 70— F Ltk YS110 AD Triptolide Sk TR1 DIEEHE

Triptolide T SH 2 ##EA LT, S-S#&E&ICkY LM R E R —EAE Lz, S-S#412 TCEP Bty v
ZRHVWCEITESNEREAEDTRI L L2 b D% YS110 L ATV 720 YS110 12 heterobifunctional ')
v h—SMCC Zz#iB &8, SHICTRL L USSR, BUSEDH SIS TR #BEL, Pika L,
Y-TR1 & L7z,

EFEBMIatk (MSTO-wt), CD26 Btk Rz IE/IIL JMN, © b T $H5a E ifis% Bisk o CD26 &tk
Jurkat MifEHRIC € + CD26 BN 2 & — % B{ZTFHA L 72 CD26 % & 5 Bt (Jurkat-
CD26) EXHE LTHRAYA ¥ VitthBETOAZEA L RERBEMHE (Jurkat-wt) %
ERLE BEREKRE - BEABRE LX) 05), In vitro COHA AR L, BRI
Triptolide, TR1, YS110 3 X TF Y-TR1 ZifFML, 48 BFM#IC WST-1 7 v+t 4 TafliL 7 (¥
4BLUEKRD. TOHME CD26 Btk JMN MIFE TIZ, Triptolide 1& X B & TRV HEFE NI %) 5
Z/R L (half maximal (50%) inhibitory concentration (IC50) : 15 nM), Triptolide 53
T®H% TR11E, IC50 TH &L Z 1/12 12K F L Tw7= (IC50 : 180 nM). ¥ 7z MSTO #iJaC b
Triptolide T & IC50 %% 10 nM, TR1 TIXIC50 725250 nM X F L TW7, ZOEMOET
(&, Triptolide ~?® SH DAL 2 b D LR Shize —F5, YS11012 TR1 24 S 47-
Y-TR1 i&, JMNMIfZICH VT, YS110 TiZ 100 ug/mL TZ 7 b—¢ &b, ZOMoMEHN
WL 20% TdH o 724% (IC50 WEARHE), Y-TR1 TH, 50 ug/mL C7/I b—Lk%hY, 20O
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D BiEE (ADC) DORFEIHE

R 1 BEHS AMBKEAD Triptolide, TR1 & LU Y-TR1 OMFEMHIZH R

EEHlIR7S 13k CD26  IC50 of Triptolide IC50 of TR1 1C50 of Y-TR1
5Bl (nM) (nM) (pg/ml)
MSTO-wt rf Bz N - 10 250 35
MSTO-CD26 o Hz 1 + 10 250 10
clonel2

JMN Bz i ks 15 180 25
Jurkat-wt H I35 = 10 ND 100
Jurkat-CD26 =R + 6 ND 30

IC50 : half maximal (50%) inhibitory concentration
v bEAE R B ok MSTO-211H #ifidix, CD26 ZEHO L wHlllidkTH 5. = OHMfakkice + CD26 #H
N7y —ZHBIETEAL, CD26 ZEFEIMIE k MSTO-CD26 clone 12 #{/FH L THF L7z, WL LT,
MSTO-211H #ifaiC & 4 < 4 ¥ Vi th @ F O AH5EA Sz MSTO-wt Mifatkz M L7z, & PEMH
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ABSTRACT (204 words)

Background: YS110 is a humanized IgG1 monoclonal antibody with high affinity to the CD26 antigen.
YS110 demonstrated preclinical anti-tumor effects without significant side effects. Methods: This FIH
study was designed to determine the Maximal Tolerated Dose (MTD) and Recommended Phase 2 Dose
(RP2D), to assess the tolerance, pharmacokinetics (PK) and pharmacodynamics (PD) profiles of YS110
and preliminary efficacy. YS110 were initially administered intravenously once every 2 weeks (Q2W) for 3
doses and then, based on PK data, once every week (Q1W) for 5 doses in patients with CD26-expressing
solid tumors.

Results: Thirty-three patients (22 mesothelioma) received a median of 3 [range 1-30] YS110 infusions
across 6 dose levels (0.1 to 6 mg/kg). MTD was not reached and 2 DLTs (infusion hypersensitivity
reactions) led to the institution of a systemic premedication. Low grade asthenia (30.3%), hypersensitivity
(27.3%), nausea (15.2%), flushing (15.2%), chills (12.1%) and pyrexia (12.1%) were reported as ADRs.
PK parameters (AUC and Cmax) increased in proportion with the dose. sCD26/DPPIV assays indicated
CD26 modulation. Prolonged stable diseases were observed in 13 out of 26 evaluable patients.

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



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 (Torimoto et al, 1992; Ohnuma et al, 2008). CD26 activity
is dependent on cell type and the microenvironment factors that can influence its multiple biological roles
(Havre et al, 2008; Ohnuma et al, 2011). Robust evidence from our accumulating data indicates that
CD26 has an important role in T cell biology and overall immune function (Morimoto et al, 1989; Morimoto
et al, 1998, Dang et al, 1990a; Dang et al, 1990b, Tanaka et al, 1993, Hegen et al, 1997,0hnuma et al,
2008; Morimoto et al, 1998).

CD26 is also expressed on various tumors such as malignant pleural mesothelioma (MPM), renal cell
carcinoma (RCC), colorectal cancer (CRC), hepatocellular carcinoma, lung cancer, prostate cancer,
gastrointestinal stromal tumor, thyroid cancer, and hematologic malignancies such as T-anaplastic large
cell lymphoma, T-lymphoblastic lymphoma and T-acute lymphoblastic leukemia (Havre et al, 2008).

Our previous work demonstrated that CD26 is preferentially expressed in MPM cells but not in normal
mesothelial cells (Amatya et al, 2011), and suggested that membranous expression of CD26 is of
potential importance in the treatment of MPM patients (Aoe et al, 2012). More recently, we demonstrated
that the CD26-positive population of CD24+CD9+ MPM cells exhibits the cancer stem cell features
(Ghani et al, 2011; Yamazaki et al, 2012). We also reported robust in vivo data on the anti-tumor activity
of anti-CD26 mAb in mouse xenograft models (Ho et al, 2011 ; Inamoto et al, 2006 ; Inamoto, et al, 2007 ;
Okamoto et al, 2014 ; Yamamoto et al, 2014).

YS110 is a recombinant DNA-derived humanized monoclonal antibody that selectively binds

with high affinity to the extracellular domain of CD26. The antibody is an IgG1 kappa with a molecular
weight of 144 kDa and was humanized via an in silico design based on the amino acid sequence of anti-
human CD26 murine mAb (14D10), which inhibited tumor cell growth, migration and invasion, and
enhanced survival of mouse xenograft models (Inamoto et al, 2006). The gene of YS110 is deposited to
ATCC in designated with accession No.PTA-7695. The gene is preserved in DH5a Escherichia coli with
plasmid having insert of heavy and light chain of a humanized monoclonal antibody against human CD 26
cDNA. The strain designation is S604069.YST-pABMC 148(x411).YS110 is produced by fermentation in
mammalian cell (Chinese Hamster Ovary) suspension culture with the Glutamine Synthetase Expression
System. In vitro pharmacologic evaluation of YS110 demonstrated its selective binding to human CD26
on a number of human cancer cell lines and tissues and no evidence for immune activation and no effect
on DPPIV activity, while exhibiting direct cytotoxic effect on certain human CD26-positive cancer cell lines
(Inamoto et al, 2006). In addition to antibody-dependent cellular cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC) (Inamoto et al, 2006), YS110 induces tumor cell lysis in vitro via alternative
original mechanisms: (i) a direct anti-tumor effect through the induction of cell cycle arrest by induction of
p27kip1 expression (Inamoto et al, 2006 ; Inamoto, et al, 2007), (ii) following internalization of the CD26-
YS110 complexes, an inhibition of invasion and migration of tumors cells by decreased binding to the
collagen/fibronectin microenvironment matrix (Inamoto et al, 2006 ; Inamoto, et al, 2007), and (iii) the
nuclear translocation of CD26 molecules by internalization of the CD26-YS110 complexes to inhibit
proliferation of MPM cells via suppression of POLR2A gene expression (Yamada et al, 2013). In further
studies using preclinical models, in vivo administration of YS110 resulted in inhibition of tumor cell growth,
migration and invasion, and enhanced survival of mouse xenograft models inoculated with RCC or MPM
(Inamoto, et al, 2007 ; Okamoto et al, 2014 ; Yamamoto et al, 2014).



In addition to our robust in vitro and in vivo data on antibody-mediated dose-dependent tumor growth
inhibition, YS110 exhibited excellent safety and pharmacological profiles in non-human primate models
using single and repeated increasing intravenous doses. Considering the lack of T-cell proliferation and
cytokine production in vitro, YS110 was therefore considered not to have an agonistic nor activating effect
on human CD26-positive lymphocytes.

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

MATERIALS AND METHODS
Patients

Eligible patients were 18 to 80 years old with locally advanced, inoperable or refractory solid tumors that
were histologically documented to express the CD26 molecule. Cancer histologies included
mesothelioma (pleural or peritoneal) or other solid tumors such as non-small cell lung carcinoma, renal
cell carcinoma, or hepatocellular carcinoma. All patients were in relapse following or were refractory to
prior standard therapies (regardless of the number of prior treatment lines), with a progressive
evaluable/measurable disease. Other key inclusion criteria included Eastern Cooperative Oncology
Group (ECOG) performance status score <2, adequate bone marrow, liver, and renal function; at least 4
weeks from prior surgery, chemotherapy, external radiotherapy or immunotherapy (at least 6 weeks from
prior

nitrosoureas). All patients provided written informed consent. This study was conducted according to the
Declaration of Helsinki and was approved by an ethics committee and the French National Drug Agency.

CD26 immunohistochemistry screening

Analysis of CD26 tumor expression for pre-screening was performed centrally at Gustave Roussy by
conventional immunohistochemistry performed on formalin-fixed paraffin embedded (FFPE) archival
tumor samples using a anti-human CD26 goat polyclonal antibody (AF1180, R&D Systems, Minneapolis,
USA) as previously described (Aoe et al, 2012). Briefly, all patients were prescreened for confirmed
CD26-positive expression, defined as = 20% of the tumor cells (1+, 2+ or 3+ intensity) and verified
independently by two pathologists (P. Vielh and T. Yamada). (Figure 1)

Study design

This First-In-Human study was designed as a classical 3+3 dose-escalating phase 1 trial of the single
agent YS110 (Supplementary Table 1). The primary objective was to determine the maximum tolerated
dose (MTD) based on the occurrence of dose limiting toxicity (DLT) and a recommended phase 2 dose
(RP2D). Initially, cohorts 1 to 4 each planned to enroll 3, and up to 6, patients sequentially to evaluate
escalating YS110 doses at 0.1 mg/kg, 0.4 mg/kg, 1 mg/kg and 2 mg/kg for a total of three infusions of
YS110 on Days 1, 15 and 29 (one treatment cycle, Q2W). Based on preliminary PK data, the protocol
was then subsequently amended to allow patients to receive a total of five infusions of YS110 on Days 1,
8, 15, 22 and 29 (one treatment cycle, Q1W) at 2 mg/kg, 4 mg/kg, and 6 mg/kg. Each cohort included a
24-hour monitoring period following each infusion during the first cycle for evaluation of safety, dose-



limiting toxicities (DLTs) and pharmacokinetics. Patients who completed one cycle and demonstrated a
clinical response or stable disease could receive the second cycle of YS110 treatment cycles at the same
dose and dosing frequency, until disease progression or a significant observed serious adverse event
(SAE). If the patient continued the treatment, the second cycle was to begin initially four weeks (later
amended to two weeks) after the last infusion of the first cycle (initially Day 57; after amendment, Day 43).
For the subsequent cycles, the latency period between the last administration of a cycle and the
beginning of the next cycle was two weeks. Secondary objectives of the study were to assess the safety
and tolerability profile, pharmacokinetics, pharmacodynamics, preliminary antitumor activity, and to collect
survival data.

Safety

All adverse events and SAEs occurring from the informed consent signature up to 30 days after the last
dose were reported according to the National Cancer Institute Common Terminology Criteria for Adverse
Events (CTCAE v3.0). An adverse drug reaction (ADR) was defined as an AE documented as possibly,
probably or definitely related to the study drug or with unknown relationship to the study drug. A
treatment-emergent adverse event (TEAE) was defined as an AE with onset on or after the first infusion.
The DLT period was 2 weeks after the first YS110 infusion, whatever the dose schedule. DLTs were
defined as any grade =3 non hematological toxicity or a hematological toxicity of grade =4. This definition
was later amended to exclude reversible grade 3 infusion reactions defined as allergic
reaction/hypersensitivity, fever, pain, bronchospasm, wheezing or hypoxia, occurring during the first dose
infusion and resolving with a reduced infusion rate, a stop of the infusion, supportive care and/or the
administration of corticosteroids (Supplementary Table S2). In case of treatment discontinuation due to
reversible Grade 3 infusion reactions, the patient was to be replaced with a new patient of the same
cohort.

Efficacy

Preliminary clinical efficacy was evaluated by radiologic and tumor marker assessments performed at
screening at Day 43 of each treatment cycle, and at end of treatment until progressive disease or
withdrawal of consent. Tumor response was evaluated based on RECIST 1.0 criteria and defined as
partial response (PR) or progressive disease (PD) or stable disease (SD). PR was defined as =30%
decrease in the sum of the longest diameter (LD) of target lesions, PD was defined as =20% increase in
the sum of the LD of target lesions and stable disease was defined as neither sufficient shrinkage to
qualify for PR nor sufficient increase to qualify for PD. Patients with mesothelioma were assessed
according to modified RECIST criteria.

Pharmacokinetics

Serial blood samples were obtained at pre and post YS110 administration at Day 1, Day 8, Day 15 and
Day 29 at specified time points throughout the study. Serum levels of YS110 were analyzed by ELISA by
Alta Intertek, USA. The method of blood sample collection is described in Supplementary information.

Pharmacodynamics

All treated patients with appropriate post baseline samples were evaluable for pharmacodynamics



analyses on blood samples collected at days 0 (baseline), 1 (post-infusion), 2, 15 (pre- & post-infusion),
29 (pre- & post-infusion) for immunomonitoring and soluble CD26 (sCD26) / DPPIV (sDPPIV) activity
assessments.

Immunomonitoring: Immunomonitoring was performed centrally in the translational research laboratory
at Institut Gustave Roussy, France (F Farace). Imnmunophenotyping was performed for the monitoring of
peripheral blood lymphocyte (PBL) CD26+ T (i.e. CD3+CD4+, CD3+CD8+) and NK (i.e. CD3-CD16+/-
CD56+) subpopulations by flow cytometry using fluorochrome-conjugated commercially-available specific
mADbs with relevant isotypic controls (all provided from Pharmingen, New Jersey, USA). To ensure the
specificity of the CD26 staining in blood samples collected under YS110 treatment, competition and
cross-blocking experiments using the two different CD26 mAb clones 5K78 (Santa Cruz Biotechnologies,
Inc., Dallas, USA) and M-A261 (BD Pharmingen, San Jose, USA) were also performed.

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

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

Statistical analyses

Descriptive statistics were used to summarize the data. The patient sampling size was a function of the
3+3 dose escalation schedule. The realized sample size was dependent on the number and pattern of

observed DLTs. The maximum sample size was a consequence of the design’s sampling requirements
and the number of dose levels. In this trial with six dose levels, the maximum number of patients being

exposed in each dose level was determined according to the DTL occurrence rate and confirmation of

safety.



RESULTS
Screening for CD26 expression

A total of 136 patients signed an informed consent form and were screened for CD26 expression on a
FFPE archival tumor tissue sample. Mesothelioma which was previously reported as one of the CD26-
expressing tumor types was a main target indication with 60 patients screened (n=60, 53% were CD26+
cases). Examples of CD26 immunohistochemistry and scoring are presented in Figure 1. Other tumor
types screened included renal cell carcinoma (n=18, 71% CD26+ cases), hepatocellular carcinoma (n=7,
22% CD26+ cases) and various other tumor types (n=31, 13% CD26+ cases). Overall, 56 (41%) patients
were considered as CD26+ with the mean percentage of CD26 expression on tumor cells of 69% [range
20% - 100%] in the tested samples.

Patient characteristics

Thirty-four CD26+ patients (19 males and 15 females) were enrolled in the study and treated at 5
investigational sites in France, with 33 patients being evaluable (19 males and 14 females). The most
common tumor types were mesothelioma (n=23, 69.7%), renal cell carcinoma (n=9, 27.3%) and one
patient had an urothelial carcinoma (n=1; 3.0%). All mesothelioma patients were diagnosed with the
epithelioid histology and were all in advanced inoperable disease or refractory to previous line of
treatment. Other tumor type were in stage Ill/IV Twenty-two patients were treated according to the Q2W
schedule at 0.1 (n=3), 0.4 (n=3), 1 (n=6) and 2 mg/kg (n=10) and 11 according to the Q1W schedule at 2
(n=4), 4 (n=3) and 6 (n=4) mg/kg (Table 1). The median percentage of CD26+ tumor cells in archival
samples from the patients treated was 63 % [range 25% — 100%)].

Safety

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

During the DLT observation period (i.e. 15 days following the first infusion), 2 DLTs were reported as
serious unexpected adverse events (SUSARSs) consisting of grade 3 infusion reactions (one patient at the
Q2W 1 mg/kg dose level and another patient at the Q2W 2 mg/kg dose level) that completely resolved
with supportive treatment, but led to permanent discontinuation of treatment. Since both patients had a
history of allergies, consequently, the protocol was subsequently amended to add clinically relevant
allergies as a new excluding criterion, as well as the administration of a systematic steroid prophylaxis
prior to each infusion to better control potential infusion reactions (chills, fever, flushing, hypotension and
respiratory disorders). With these modifications, dose escalation was possible up to 6 mg/kg in 4 patients
without DLTs. Per protocol, dose escalation was stopped at the highest level of 6 mg/kg without the MTD
being achieved.

All patients had one or more AEs and 113 Adverse Drug Reactions (ADRs) considered to be possibly
related to YS110 were reported by 30 (90.9%) patients. The most frequently reported Adverse Events
(AEs) regardless of potential relationship to YS110 were asthenia (54.5%) and aggravation of prior
conditions (30.3%). AEs (related or not to treatment) occurring in more than 10% of the patients are
reported in Table 2 according to System Organ Class (SOC) and Preferred Term (PT). The majority of
AEs were of mild (grade 1) or moderate (grade 2) severity. The most commonly reported grade =3 AEs
were dyspnea (21.2%), hypersensitivity (15.2%), aggravation of prior conditions (15.2%) general physical
health deterioration (12.1%), and hyperglycemia (12.1%). Eight patients (24.2%) discontinued YS110 due



to adverse events; most adverse events leading to discontinuation were considered unrelated to YS110,
except for the 2 patients with infusion reactions considered as DLTs. Twenty-seven SAEs were reported
in this study in 18 patients. Except for the 2 DLTs, all other SAEs, most commonly general physical health
deterioration, were considered to be unrelated to YS110 but rather related to consequences of disease
progression as assessed by the investigator, including the 6 patient deaths during the study. No dose-
dependent AEs were observed. Low grade asthenia (30.3%), hypersensitivity (27.3%), nausea (15.2%),
flushing (15.2%), chills (12.1%), and pyrexia (12.1%) were reported as ADRs.

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

The main limiting toxicities in the study were infusion reactions, two being considered as DLTs leading to
permanent discontinuation of treatment. Six severe hypersensitivity reactions were reported in five
patients receiving a dose of 2.0 mg/kg and a severe anaphylactic reaction was reported in one patient
receiving a dose of 1.0 mg/kg. These ADRs, occurring mainly at the first infusion, were reversible and
manageable with curative corticosteroids and antihistaminic drugs and further prevented by a systemic
corticosteroids premedication. Overall, these ADRs that did not appear to be related either to the dose
level of YS110 nor the Q2W or Q1W schedule.

Pharmacokinetics

Following single and repeat intravenous infusions of YS110, there was a trend toward decreasing
clearance (CL), increasing half-life time (T 1, ) and increasing exposure (Cmax, AUCy.1g8 , AUC.o) With
increasing doses, suggesting that CL was saturating across the dose range studied. Mean volume of
distribution (Vz, Vss) was similar or slightly higher than human serum volume, indicative of YS110 being
primarily found in serum and consistent with prior observations for monoclonal antibodies. In general,
exposure increased as the dose increased. While increases in Cpax appeared to be dose proportional,
increases in AUCy.16g and AUC,.. were greater than dose proportional, and this was consistent with the
trend of decreasing CL with increasing doses (Table 3). In addition, YS110 PK parameters changed with
repeat dosing. For doses ranging from 1 to 6 mg/kg, mean CL was approximately 1.1 to 1.6 fold higher on
Day 1 (vs. Day 29) while mean T 4., increased approximately 1.2 to 2.3 fold and exposure (AUCg.1es)
increased approximately 1.3 to 1.8 fold on Day 29 vs. Day 1 (Table 3).

For the initial dose levels (0.1, 0.4, 1 and 2 mg/kg), YS110 was administered on a Q2W schedule on days
1, 15 and 29. As expected, the maximum concentrations of YS110 (Cax) on days 1 and 29 were
proportional to the dose levels. However, calculated half-lives (1 to 2 days) were shorter than expected
for a humanized antibody and serum concentrations were at or below detectable levels (0.4 pg/mL) by 1
week post infusion. To maintain measurable YS110 trough concentrations between doses, dosing was
increased to 5 doses on a Q1W schedule on days 1, 8, 15, 22 and 29 for dose levels 2, 4 and 6 mg/kg.
Cmax vValues on day 1 were roughly proportional to dose level. Mean half-lives increased with increasing
dose levels, rising significantly from day 1 to day 15 to day 29 in the 2, 4 and 6 mg/kg cohorts (~1 day, ~2
days and ~3 days respectively), and resulting in drug accumulation between doses (Table 3). Impact from
exposure to YS110 on anti-drug antibody (ADA) response appeared to be most pronounced in the 0.4
mg/kg dose cohort. The two subjects who were ADA positive on Day 29 of Cycle 1 had notably reduced
exposure relative to the one ADA negative subject. There were no ADAs detected in the higher dose
groups.



Efficacy

A secondary objective of the study was to evaluate for the potential antitumor activity of YS110 according
to RECIST 1.0 criteria (or modified RECIST criteria for mesothelioma). No objective response was
observed in the treated patients. However, stable disease per RECIST criteria as the best response was
observed in 13 out of the 26 evaluable patients following the first cycle of treatment, as shown in the
accompanying Waterfall Plot Chart (supplementary Figure S2). Overall median PFS was 43 days (Table
4) as determined by a Kaplan-Meier Plot (Supplementary Figure S3). However, PFS of 184-399 days was
observed in 7 patients (5 cases of mesothelioma and 2 cases of renal cell carcinoma) out of 26 cases
(mesothelioma:19 cases, renal cell carcinoma:6 cases and urinary tract carcinoma: 1 case). Table 4
summarizes the median number of infusions administered and median PFS according to the different
dose levels and schedule.

Pharmacodynamics
Immunomonitoring

The CD26 immunophenotyping on peripheral T and NK lymphocyte subpopulations under YS110
treatment was validated by testing 2 different anti-CD26 mAb clones. Indeed, in the first twelve patients
tested using the M-A261 mAb (BD Pharmingen), we observed a dramatic decrease of CD26+ cells
consequently to YS110 administration, suggesting the lack of detection of the CD26 epitope due to
YS110 binding. These results (not schown), led us to test in parallel another clone 5K78 (Santa Cruz
Biotech.) showing that CD26+ cells were still detectable under YS110 treatment. The validation of this
anti-CD26 mAb was ensured by competition and cross-blocking experiments using increasing dilutions of
YS110 in the CD26 immunophenotyping assay demonstrating no modulation of CD26+ subpopulations
using the 5K78 clone in contrast to the first clone tested.

At baseline in our series of patients, the mean + sd (n=33) absolute values (x106/ml) of lymphocytes
populations were 0.94(65.7%)+0.64 for CD3+CD4+, 0.33(34.5%)+0.26 for CD3+CD8+ T cells and
0.17(8.2%)+0.17 for CD3-CD16+/-CD56+ NK cells. The mean percentage of CD26+ subpopulations in
the T-CD4, T-CD8 and NK cells were 24.7%, 8.2% and 5.2% respectively with a significant inter-patient
variability. After YS110 infusions, the levels of the various PBL subpopulations decreased at day 1 and 2
(i.e. 24 to 48 hrs following YS110 infusions), with a subsequent recovery at day 15 and 29 pre-infusion
samples in most patients (Supplementary Table S3). This decline in different PBL subpopulations was
more frequently observed in patients that received higher doses (2, 4 and 6 mg/kg) of YS110. However,
this trend was not statistically significant considering the inter-individual variations across the different
dose levels.

Serum Cytokines: At baseline and during YS110, no serum IL-2 production was detectable in any of the
patients. Significant rise of the pro-inflammatory cytokines IL-6 and TNF-a detected at day 1 and 2
following the first infusion of YS110 at 0.4, 1 and 2 mg/kg at various levels, including the first patient with
a grade 3 infusion reactions DLT (at the Q1W 1 mg/kg dose level). Different kinetics of serum IL-6 and
TNF-a receiving 2 mg/kg of YS110, while low or undetectable levels were observed in patients receiving
4.0 and 6.0 mg/kg of YS110, likely due to the administration of systemic steroid prophylaxis.

sCD26 and DPPIV activity in sera

To determine serum levels of sCD26 protein and DPPIV enzyme activity in each cohort before

and after administration of YS110, we developed an in-house ELISA assay for sCD26 and DPPIV using



anti-human CD26 murine mAbs exhibiting no cross-reactivity with the therapeutic humanized anti-CD26
mAb YS110 (Dong et al, 1998 ; Ohnuma et al, 2015a). As shown in Fig 2A, an increase in YS110 infusion
dose was associated with decreased serum sCD26 level, particularly in the cohorts of patients treated at
2, 4 and 6 mg/kg, with an approximately 80% decrease in sCD26 level. Moreover, since CD26 level
reflects DPPIV enzyme activity in the serum, a similar reduction in DPPIV enzyme activity was observed
(Fig 2B).



DISCUSSION

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

The spectrum of AEs, the most common of which were low grade asthenia, hypersensitivity, chills,
pyrexia, nausea, vomiting and headache, was similar to that previously described with humanized mAbs
treatment (Scott et al, 2012). Two DLTs were reported as SUSARs consisting in grade 3 infusion
reactions that resolved with supportive treatment. Since both patients had a history of allergies, the
protocol was subsequently amended to include clinically relevant allergies as a new excluding criterion,
and the administration of systemic steroid prophylaxis has been implemented prior to each infusion at all
cycles to better control such infusion reactions. In this study, high rate of hyperglycemia was observed in
patients in the top dose cohorts, consistent with the well-known effect of corticosteroid on glucose levels.
However, hyperglycemia resolved soon after cessation of steroid administration while YS110 was
detected in sera, with decreased serum DPPIV activity. Taken together, it is probable that premedicated
corticosteroid, but not YS110, induces the hyperglycemia observed in the patient cohorts receiving higher
drug doses. With these new modifications, dose escalation up to 6 mg/kg was possible as in 4 patients in
this cohort were treated without DLTs. Per protocol, 6 mg/kg was the highest dose level tested although
the MTD was not achieved. The dose level of 6.0 mg/kg of YS110 was decided by study investigators to
be the RP2D.

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

CD26 is also present in serum and other body fluids in a truncated form as sCD26/DPPIV, and our
data also indicated that DPPIV enzyme activity decreased with increasing doses of YS110 (Fig 2B).
Although DPPIV inhibitors are clinically used as oral hypoglycemic agents (Barreira et al, 2015),
hypoglycemia was not observed during YS110 administration. Of note is the fact that greater than 80%
inhibition of serum DPPIV activity was obtained 24 hours after oral administration of clinically available
DPPIV inhibitors (Drug information published by each pharmaceutical company of sitagliptin, vildagliptin,
saxagliptin and etc.), a level of inhibition comparable to that seen in patients treated with YS110. Our
current data would therefore indicate that YS110 therapy is tolerable in the clinical setting.

The only treatment with level-one level of evidence for improving clinical outcome is the regimen
consisting of a platinum doublet with an antifolate (van Meerbeeck et al, 2005). With this combined
chemotherapy, patients with good performance status have a median overall survival of approximately 1
year, and a median PFS of less than 6 months. There is currently no standard second line treatment with
demonstrated ability to prolong survival. Importantly, patients who failed this first line therapy have an
extremely short survival (3.4 months), and are exposed to potentially life-threatening toxicities
unnecessarily (Blayney et al, 2012). Due to the lack of efficacy of conventional therapeutic approaches, it
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is potentially significant that treatment with YS110 results in encouraging disease stabilization with a
median PFS of 32 weeks (26 — 57 weeks) in 7 heavily pretreated CD26-positive patients who previously
progressed on conventional therapies (Supplementary Figures S2 and S3).

Recent work has demonstrated the functional role of DPPIV-mediated post-translational modification
of chemokines in regulating tumor immunity through its interaction with its substrate CXCL10 (Ohnuma et
al, 2015b). Preservation of the full length, bioactive CXCL10 by DPPIV inhibition using the DPPIV inhibitor
sitagliptin resulted in increased level of CXCR3+ effector T cells in the tumor microenvironment and
subsequent tumor growth reduction (Ohnuma et al, 2015b). In view of these recent findings, data from our
current trial showing that serum DPPIV activity was decreased following treatment with YS110 in a dose-
dependent manner (Fig 2B). It would suggest that anti-tumor activity via DPPIV inhibition may constitute
yet another mechanism of action for the anti-tumor activity of YS110, in addition to the mechanisms of
action discussed above (Hatano et al, 2015).

We recently reported that CD3/CD26 costimulation induced the development of a human type 1 T
reg cells from CD4+ T cells with high level of IL-10 production and lymphocyte-activation gene 3 (LAG3)
expression (Nguyen et al, 2015). Preclinical models showed that antibody-mediated blocking of LAG3 as
potential anti-cancer therapy led to enhanced activation of antigen-specific T cells at the tumor sites and
disruption of tumor growth (Nishikawa et al, 2015). Moreover, anti-LAG3/anti-PD-1 antibody treatment
cured most mice of established tumors that were largely resistant to single antibody treatment (Nishikawa
et al, 2015).Taken together, it is conceivable that CD26 itself may be a functional inhibitory molecule of an
immune checkpoint system in certain disease conditions, similar to LAG3 or PD-1. In this scenario, CD26
blockade by YS110 may potentially function as an immune checkpoint blockade therapy, which can
mediate anti-tumor activity in CD26-negative as well as CD26-positive cancers.

Microarray analyses of MPM cell lines treated with YS110 indicated that anti-CD26 mAb therapy
resulted in the down regulation of cytochrome ¢ oxidase polypeptide | & 1I, and metallothione molecules
that confer resistance to apoptosis or chemotherapeutic agents (Aoe et al, 2012). In addition, suppression
of drug-resistant related transporters, DNA repair enzyme, and oncogenic protein expression was
observed (Aoe et al, 2012). These preclinical results suggest that YS110 can function synergistically with
other antineoplastic agents such as selected chemotherapeutic drugs to inhibit tumor growth.

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

In conclusion, our FIH study showed that YS110 therapy is generally well-tolerated up to 6 mg/kg
Q1W, which has been defined as the RP2D and results in encouraging disease stabilization in a number
of patients with advanced/refractory CD26-expressing cancers. Our findings also suggest that further
clinical development of YS110 such as its use as part of combination therapies with other antineoplastic
agents is warranted.
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Table 1. Baseline demographics and disease characteristics

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

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

ECOGPS0/1/2 (%) 29/58/13

Primary tumor type, n (%) Q2w Q1w
0.1 0.4 1 2 2 4

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

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

Urothelial carcinoma (UTC) 1(3) - - - - 1 -

Median number of prior 3(1-11)

therapies (min-max)

Page 35 of 41
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Table 3. Cycle 1 pharmacokinetics parameters (meanxsd) for YS110 administration

Dose Dose Day T2 Cmax AUC.165 AUC,. CL
(hr) g/mL) (hr*ug/mL) (hr*ug/mL mL/hr/k
(mg/kg) Schedule (b H Ho/mL) ( 9
0.4 Q2w 1 ND ND ND ND ND
29 14.8tND 5.85+tND 143xND 145tND 2.79+ND
1 Q2w 1 26.4+tND  22.745.68 768+73.3 692+ND 1.44+ND
29 ND 43.5+29.3 979+NR ND 1.05tNR
2 Q2w 1 36.4+12.2  39.0+9.94 1710+£360 18101472 1.16+0.245

29 43.1+12.6 40.1x10.4 2080+943 2280+1110 1.03+0.435

2 Q1W 1 2454459  30.8+4.20 1180+£243 1200251 1.72+0.334
15 31.5+tNR 67.3tNR 2150+NR 2230+NR 1.22+NR
29 29.8+tNR 27.5+20.1 1650+NR 1720+tNR 1.33:tNR

4 Q1W 1 46.6£1.69 72.5£27.1  4340+1030 4740+1140  0.876+0.206

15 70.4+NR 82.4+NR 6000+NR 7450+NR 0.678+NR
29 76.2+ND 98.4+ND 7320+ND 9340+ND 0.547+ND

6 Q1w 1 67.8+13.8  150+22.9 10300+£1800 12800+3250 0.490+0.116
15 93.7x27.4  182+17.2 15700+3470 22800+8250 0.393+0.0793
29 154xNR 205+23.6 1840044320  39700+NR  0.340+0.0814

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

Median
Dose levels _ Median PFS
Cohorts Cancer types (n) Infusions
(mg/kg) days (min-max)
N (min-max)
Q2w 0.1 Meso (3) 3(3) 42 (41-)
Q2w 0.4 Meso (2) RCC (1) 18 (3-20) 223 (40-273)
Q2w 1.0 Meso (2) RCC (4) 3(1-3) 40 (28-59)
Q2w 2.0 Meso (6) RCC (4) 3 (1-27) 57 (13-399)
Q1w 2.0 Meso (3) UTC (1) 5 (1-20) 47 (5-184)
Q1w 4.0 Meso (3) 4 (3-5) 32 (22-59)
Q1w 6.0 Meso (4) 17.5 (1-30) 58 (15-258)
All All All 4 (1-30) 43 (5-399)

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

carcinoma, UTC; urothelial carcinoma
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Titles and legends to figures

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

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

at the different dose levels.
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ABSTRACT

Background: Psoriasis (PSO) is one of the most common chronic inflammatory skin diseases, and pruritus affects
approximately 60-90% of patients with PSO. However, the pathogenesis of pruritus in PSO remains unclear. Dipeptidyl
peptidase IV (DPPIV) enzyme activity is involved in the regulation of peptide hormones, chemokines and neurotransmitters.
Objectives: Our aim is to evaluate for a potential association between DPPIV and an increased risk of pruritus, and to identify
possible underlying treatment targets in affected patients.

Methods: utilizing clinical serum samples of PSO patients and in vivo experimental pruritus models, we evaluated for a
potential association between DPPIV and an increased risk for pruritus, and attempted to identify possible underlying
treatment targets in pruritus of PSO.

Results: We first showed that levels of DPPIV enzyme activity in sera of patients with PSO were significantly increased
compared to those of healthy controls. We next evaluated levels of substance-P (SP), which is a neurotransmitter for pruritus
and a substrate for DPPIV enzyme. Truncated form SP cleaved by DPPIV was significantly increased in sera of PSO. In an in
vivo pruritus model induced by SP, scratching was decreased by treatment with a DPPIV inhibitor. Moreover,
DPPIV-knockout mice showed attenuation of scratching induced by SP. Finally, scratching was decreased following the
administration of a DPPIV inhibitor in an imiquimod-induced PSO model. On the other hand, scratching induced by
imiquimod was increased in DPPIV overexpressing-mice.

Conclusions: These results suggest that inhibition of DPPIV enzyme activity regulates pruritus in PSO.
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Key words: CD26/DPPIV; substance P; pruritus; psoriasis.

Abbreviations: CD26KO, CD26/DPPIV knockout; DPPIV, dipeptidyl peptidase 1V; DPPIV-Tg, CD26/DPPIV transgenic;
IMQ, Imiquimod; NK-1R, nuerokinin-1 receptor; PSO, psoriasis; rsCD26(DPPIV+), recombinant soluble CD26 protein
containing DPPIV enzyme activity; rsCD26(DPPIV-), recombinant soluble CD26 with deficient DPPIV enzyme activity;
sCD26, soluble CD26; sDPPIV, soluble DPPIV enzyme activity; SP, substance P

1. INTRODUCTION

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

CD26 is a 110 kDa surface glycoprotein with dipeptidyl peptidase IV (DPPIV, EC 3.4.14.5) activity as a serine
protease that cleaves dipeptides from the N-terminus of peptides at the penultimate position [8-10]. CD26 is also associated
with T cell signal transduction processes as a costimulatory molecule, as well as being a marker of T cell activation [11, 12].
We have previously reported that CD26-mediated costimulatory activity is exerted via its DPPIV enzyme activity [13]. More
recently, we have shown that serum soluble CD26 (sCD26) and DPPIV enzyme activity (sDPPIV) are inversely correlated
with disease activity in patients with systemic lupus erythematosus [14]. In addition, sCD26 and sDPPIV are involved in the
pathogenesis of various cancers including colorectal cancer, hepatocellular carcinoma, prostate cancer and malignant
mesothelioma [15-19]. Other investigators have reported that CD26/DPPIV was upregulated in psoriatic skin and that DPPIV
inhibitor ameliorated psoriasis [20-23], although the biological role of CD26/DPPIV in PSO has not yet been elucidated.
Meanwhile, DPPIV enzyme activity has been widely studied in metabolic and endocrine disorders, and DPPIV inhibitors
have been developed as a new class of anti-diabetic drugs which act by inhibiting DPPIV, the enzyme that inactivates incretin
hormone [24-26]. The potentially important role played by CD26/DPPIV in the clinical setting has led to rising interest in
serum sCD26 level and sDPPIV enzyme activity in various human conditions over the past decade.

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

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

2. MATERIALS AND METHODS
2.1. Patients and serum collections and storage

The base cohort consisted of all PSO patients regularly seen and treated at the Juntendo Urayasu Hospital between
May 2013 and October 2014. Peripheral blood samples were collected from 48 PSO patients and 18 healthy adult volunteers,
using BD Vacutainer blood collection tube SSTII (BD, Franklin Lakes, NJ). Serum was obtained from 5 mL whole blood by
centrifugation at 1500xg at 4°C for 10 min, and stored at -80°C in 500 pL aliquots. Human study protocols were approved by
the Ethics Committees at the Juntendo Urayasu Hospital (Authorization Number 2013074). Informed consent was obtained
from all patients. All studies on human subjects were conducted according to the principles set out in the Declaration of
Helsinki.
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2.2 Reagents and recombinant proteins

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

2.3. Animals

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

2.4. sCD26 concentration and DPPIV enzyme activity assay procedure

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

2.5. In vitro digestion assay for SP and amino acid sequence analysis

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

2.6. Itch murine models

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

2.7. Measurement of scratching behavior and locomotor activity

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

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

2.9. Statistics

All experiments were performed in triplicates and repeated at least 3 times. Data were expressed as mean
values+SEM (standard error of the mean), and were analyzed by two-tailed Student’s ¢ test for two group comparison or by
ANOVA test for multiple comparison testing followed by the Tukey-Kramer post-hoc test. P values < 0.05 were considered
statistically significant. Calculations were performed and graphed using GraphPad Prism 6 (GraphPad Software Inc., La Jolla,
CA).

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

To determine whether sCD26 and sDPPIV enzyme play a role in PSO, we first evaluated levels of sCD26 and
sDPPIV enzyme activity in sera of patients with PSO. For this purpose, peripheral blood samples were collected from healthy
adult volunteers and PSO patients (regularly seen and treated at the Juntendo Urayasu Hospital). Of the 48 patients, mean
(years £ S.D.) age was 49.9 (£16.9), male/female was 41/7. No patients with diabetes mellitus, hepatic or renal dysfunction
were included in PSO cohort to exclude the possible influence of these conditions on serum levels of DPPIV enzyme activity
[12, 24]. Of the 18 healthy adult volunteers, mean (years = S.D.) age was 45.1 (£10.3), male/female was 15/3. All healthy
adult volunteers had no history of cancers and chronic diseases including diabetes mellitus, hepatic diseases, allergic diseases,
HIV infection, PSO and atopic dermatitis. There was no significant difference in body mass index between PSO and control
cohorts (26.9+2.0 kg/m’ v.s. 24.6+1.5 kg/m?, p=0.287 by two-tailed Student’s ¢ test). Other demographic characteristics of the
patients are summarized in Table 1.

As shown in Figure 1A, serum sCD26 concentration of PSO patients was significantly higher than that of healthy
adults (1.0240.28 pg/ml v.s. 0.64%0.16 pg/ml). Moreover, it has been reported that DPPIV enzymatic activity was correlated
with the concentration of sCD26 in normal human sera [37, 38]. We therefore evaluated for potential correlation between
DPPIV enzymatic activity and sCD26 level in the serum samples described above. For this purpose, we performed our
in-house capture assay method using anti-human CD26 mAb as a capture antibody for detecting DPPIV enzyme activity
specific to sCD26 [37]. Since commercially available DPPIV enzyme assay kits measure DPPIV activity in whole serum, but
not in captured sCD26 molecules from the samples, it is possible that DPPIV-like peptidase activity other than that possessed
by the captured sCD26 molecules was measured, leading to an overestimate of the DPPIV activity in the samples [39]. As
shown in Figure 1B, serum levels of sDPPIV enzyme activity were also significantly higher in patients with PSO compared
with healthy adult controls (17.38+4.18 uM/min v.s. 10.174£2.47 uM/min). These data suggest that DPPIV enzyme activity is
increased in sera of patients with PSO, which is linked to a concomitant increase in sCD26 in the same patient population.
These observations also suggest that DPPIV enzyme plays a role in the pathogenesis of PSO.

3.2. Truncated form of SP cleaved by DPPIV enzyme is increased in sera of PSO patients

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

To expand on these in vitro findings, we next analyzed the serum concentrations of full-length and truncated SP in
patients with PSO. For this purpose, we utilized two different ELISA kits, one detects SP(1-11), (2-11) and (3-11), and the
other, SP(4-11) and (5-11) as well as SP(1-11), (2-11) and (3-11). As shown in Figure 2C, levels of SP(1-11), (2-11) and
(3-11) in sera of PSO were similar to those in healthy controls (0.23+£0.11 ng/ml v.s. 0.224+0.11 pg/ml). On the other hand,
serum levels of SP (4-11) and (5-11) were significantly increased in patients with PSO compared with healthy controls
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(0.95£0.25 ng/ml v.s. 0.28+0.13 pg/ml) (Figure 2D). Taken together with the above data, our observations suggest that levels
of SP degraded by DPPIV were increased in sera of patients with PSO, and that the increase in DPPIV activity appears to
play an important role in PSO by truncation of SP.

3.3. DPPIV inhibitor suppresses SP-induced pruritus

We next utilized in vivo models to determine whether DPPIV activity regulates pruritus induced by SP. For this
purpose, we established an itchy mouse model by intradermal injection (i.d.) of full-length SP(1-11) and quantified scratching
behavior in mice to determine an itchy symptom. As shown in Figure 3A, mice treated with SP i.d. demonstrated increased
scratching behavior in a dose-dependent manner of SP. Utilizing this itch model, we evaluated the effect of the DPPIV
inhibitor sitagliptin on pruritus. Since we could not formally exclude the possibility that the DPPIV inhibitor induced
hypoglycemia and decreased activity in treated mice, resulting in reduced scratching behavior, we measured the blood
glucose levels in mice receiving sitagliptin. As shown in Figure 3B, suppression of DPPIV enzyme activity in mice sera was
clearly observed from 5 to 30 minutes after intraperitoneal injection (i.p.) of sitagliptin at doses of 30 mM. Meanwhile, blood
glucose levels in mice treated with 30 mM of sitagliptin were similar to those in mice treated with control saline (Figure 3C).
These data suggest that in vivo DPPIV inhibition is observed in mice treated by i.p. sitagliptin, while mice receiving this
regimen of sitagliptin did not develop hypoglycemia which might have an effect on locomotor activity. We therefore
administered 30 mM of i.p. sitagliptin to SP-induced itchy model mice, and measured the frequency of scratching behavior
for 1 hour. Under these experimental conditions, scratching behavior in SP(1-11) i.d. mice was significantly decreased in
mice treated with sitagliptin (115.9£49.1 v.s. 13.5619.4 times/hour) (Figure 3D). On the other hand, sitagliptin had no effect
on the scratching behavior of mice treated with i.d. of control solvent (3.3£3.5 v.s. 9.31£9.5 times/hour) (N.S. in Figure 3D).
Meanwhile, there were no significant differences in movement length among all cohorts, indicating that the decreased
scratching behavior did not result from decreased mouse activity (Figure 3E). To further confirm that suppression of DPPIV
enzyme activity decreased SP-induced pruritus, we used CD26/DPPIV knockout (CD26KO) mice to evaluate scratching
behavior induced by SP(1-11). As shown in Figure 3F, SP-induced scratching behavior was significantly attenuated in
CD26KO mice compared with that observed in C57BL/6 wild type mice (36.5+28.3 v.s. 97.0£50.9 times/hour). Meanwhile,
there were no significant differences in movement length between CD26KO and wild type mice, indicating that the decreased
scratching behavior did not result from decreased mouse activity (Figure 3G). To show effects of truncated form of SP(5-11)
on pruritus, an itch mouse model experiment was conducted utilizing i.d. injection of recombinant SP(5-11) peptide. As
shown in Figure 3H, mice treated with SP(5-11) i.d. demonstrated significant increase in scratching behavior (158.5+29.3
times/hour), compared with mice receiving control solvent (12.7£9.5 times/hour) or mice receiving full-length SP(1-11)
(104.5£30.7 times/hour). Meanwhile, there were no significant differences in movement length among SP(1-11),
SP(5-11)-treated and control mice, indicating that the increased scratching behavior did not result from increased mouse
activity (Figure 31I). Taken together, our data suggest that SP-induced itch sensation is attenuated by inhibition of the DPPIV
activity.

3.4. DPPIV inhibitor suppresses IMQO-induced psoriatic itch

To further determine that DPPIV inhibition affects pruritus, we evaluated scratching behavior utilizing an
IMQ-induced psoriatic itch model [40, 41]. For this purpose, mice were treated with IMQ cream or control absorptive cream
at a daily dose of 30 mg on the rostral part of the back for 5 consecutive days. As shown in Figure 4A, mice treated with
control absorptive cream showed no sign of psoriatic features (panel a), while IMQ-treated mice exhibited psoriasis-like skin
including erythema, scaling and thickness (panel b). Histopathology of skin specimens obtained from IMQ-treated mice
showed hyperkeratosis, acanthosis and infiltration of inflammatory cells which were compatible to those found in psoriatic
skin (panel e of Figure 4A). On the other hand, histopathology of skin specimens from control cream-treated mice showed
none of these pathologic findings (panel d of Figure 4A). We next analyzed the serum concentrations of full-length and
truncated SP in IMQ-treaed mice. As shown in Figure 4B, levels of SP(1-11), (2-11) and (3-11) in sera of IMQ-treated mice
were similar to those in control cream-treated mice (0.32+£0.06 ng/ml v.s. 0.39+0.01 pg/ml). On the other hand, serum levels
of SP (4-11) and (5-11) were significantly increased in IMQ-treated mice compared with control cream-treated mice
(0.63£0.09 ng/ml vs. 0.3240.08 pg/ml) (Figure 4C). Moreover, scratching behavior was significantly increased in
IMQ-treated mice than control cream-treated mice (118.7447.2 v.s. 26.7+£20.9 times/hour) (Figure 4D). These data indicate
that IMQ induces psoriatic itchy skin lesions in mice associated with an increase in the truncation of SP. Utilizing this
psoriatic itch model, we analyzed the frequencies of itch scratching behaviors with DPPIV inhibitor administration. As shown
in Figure 4D, IMQ-treated mice receiving sitagliptin showed significant decrease of scratching behavior compared with
IMQ-treated mice receiving control solvent (31.0£16.0 v.s. 118.7247.2 times/hour). Meanwhile, there was no change in
scratching behavior between control cream-treated mice receiving sitaglitpin or control saline (30.8+17.8 v.s. 26.7+£20.9
times/hour), with baseline levels of scratching behavior in both cohorts. Moreover, there were no significant differences in
movement length among all cohorts, indicating that the decreased scratching behavior did not result from decreased mouse
activity (Figure 4E). In addition, there was no additional phenotypic and histologic change induced by the administration of
sitagliptin (panels ¢ and f of Figure 4A), similar to those seen in IMQ-treated mice (panels b and e of Figure 4A). Taken
together, our data suggest that treatment with the DPPIV inhibitor sitagliptin attenuates psoriatic itch sensation via a decrease
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in the truncated form of SP.
3.5. Overexpression of CD26/DPPIV exaggerates IMQ-induced psoriatic itch

Finally, to further determine that DPPIV enzyme activity is associated with pruritus, we used DPPIV-Tg mice to
analyze scratching behavior. As shown in Figure 5A, DPPIV-Tg mice exhibited significant increase in DPPIV enzyme
activity in sera compared with parental WT mice (177.5134.4 v.s. 14.942.6 uM/min). Scratching behavior induced by IMQ
cream was significantly increased in DPPIV-Tg mice than in WT mice (188.6+£66.2 v.s. 107.6145.9 times/hour) (Figure 5B).
Meanwhile, there was no change in scratching behavior between WT and DPPIV-Tg mice treated with control cream
(44.9£19.6 v.s. 40.5£15.5 times/hour), with baseline levels of scratching behavior in both cohorts (Figure 5B). Moreover,
there were no significant differences in movement length between IMQ-treated WT and DPPIV-Tg mice, indicating that the
observed increase in scratching behavior did not result from increased mouse activity (Figure 5C). Taken together with the
above data, our findings strongly suggest that increased DPPIV enzyme activity exaggerates psoriatic pruritus and that
DPPIV may be a novel target for treatment of itch sensation in psoriasis.

4. DISCUSSION

In the present study, we demonstrated that serum levels of DPPIV enzyme activity was significantly increased in
patients with PSO, concomitant with elevation of truncated form of SP. Moreover, overexpression of DPPIV enzyme activity
exaggerated itch scratching behavior in psoriatic pruritus murine model induced by IMQ cream. Furthermore, treatment with
the DPPIV inhibitor sitagliptin improved itch scratching behavior in murine pruritus models induced by SP administration or
IMQ cream.

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

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

SP is a sensory undecapeptide of the tachykinin family distributed widely in the central and peripheral nervous
systems, mediating the sensation of itch via small-diameter C fibers in the skin [50, 51]. Previous studies have reported that
serum levels of SP were decreased in patients with PSO [52, 53, 54]. Meanwhile, since SP is cleaved by DPPIV enzyme and
DPPIV enzyme activity is increased in PSO as shown in Figures 1 and 2, it is important for a detailed understanding of the
role of SP in PSO to precisely measure the truncated form of SP separately from full-length SP. In our present study, we
evaluated full-length SP(1-11) and truncated forms of SP and demonstrated that there was no change in the serum levels of
full-length SP(1-11), SP(2-11) and SP(3-11) between PSO and healthy adult controls. However, we found that DPPIV
enzyme activity and truncated form of SP were significantly increased in PSO, and that truncated form of SP(5-11) resulting
from DPPIV enzyme activity is associated with an increase in itch sensation. In IMQ-induced PSO model, truncated form of
SP was significantly increased in sera compared with control mice, and scratching behavior was decreased by administration
of sitagliptin. On the other hand, there were no differences in serum levels of DPPIV enzyme activity between IMQ and
control cream-treated mice (data not shown). It is conceivable that the persistent existence of psoriatic skin lesions may be
required for the increased serum levels of DPPIV enzyme activity seen in PSO patients, and that SP truncation may result
from the increased levels of DPPIV enzyme activity in skin lesions rather than in the circulation [22,24]. Regarding the
specific receptors mediating the itch sensation of truncated SP, while SP-mediated itch has been reported to be mediated via
full-length SP bound to NK-1R [29, 31], future studies will be performed to determine whether truncated form of SP acts on
NK-1R as an agonistic mediator or targets other pruritic receptors.

Our current study has conclusively demonstrated that increase in DPPIV enzyme activity exacerbates pruritus in

6

—118—



PSO, and that inhibition of DPPIV enzyme reduces severity of itch scratching behavior. Moreover, our results suggest that
DPPIV inhibitors are useful as therapeutic agents for pruritus including PSO. Additional studies will be conducted in the near
future to better characterize and understand PSO-associated pruritus, which may lead to the development of novel effective
antipruritic treatment modalities targeting the CD26/DPPIV molecule.
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LEGENDS TO FIGURES

Figure 1. Serum levels of sCD26 and DPPIV enzyme activity in patients with PSO.

(A) Levels of sCD26 were measured in sera of PSO patients (n=48) or healthy adult volunteers (n=18). Levels of sCD26 in
PSO patients were significantly increased as compared to healthy controls (1.02+£0.28 v.s. 0.64+0.16 pg/ml; P<0.0001 by
two-tailed Student’s ¢ test). Each dot indicates individual value. The horizontal lines in the middle of scattergrams indicate
each mean value. sCD26 concentration was measured using our in-house capture method as described in Materials and
Methods.

(B) Levels of sDPPIV enzyme activity were measured in sera of PSO patients (n=48) or healthy adult volunteers (n=18).
Levels of sDPPIV enzyme activity in PSO patients were significantly increased as compared to healthy controls (17.38+4.18
v.s. 10.174£2.47 uM/min; P<0.0001 by two-tailed Student’s ¢ test). Each dot indicates individual value. The horizontal lines in
the middle of scattergrams indicate each mean value. DPPIV enzyme activity was measured using our in-house capture
method as described in Materials and Methods.

Figure 2. In vitro digestion assay of substance P (SP) and serum levels of full length and truncated SP in patients with
PSO.

(A) Schematic diagram of amino acid sequence of full-length SP(1-11). Arrows indicate two DPPIV cleavage sites.

(B) The recombinant full-length SP(1-11) was incubated with rsCD26(DPPIV+) (panel a) or rsCD26(DPPIV-) (panel b). For
DPPIV inhibition experiment, sitagliptin was added to recombinant full-length SP(1-11) and rsCD26(DPPIV+) (panel c).
After incubation at 37°C for 4 hours, aliquots were transferred to PVDF membrane and subjected to N-terminal amino acid
sequencing as determined by the Edman method. The results of amino acid sequencing were shown in each right panel.

(C) The levels of SP(1-11), (2-11), and (3-11) were measured in sera of PSO patients (n=48) or healthy adult volunteers
(n=18). There was no significant difference in the serum levels of SP(1-11), (2-11), and (3-11) between PSO patients and
healthy controls (0.2320.11 v.s. 0.2240.11 ng/ml; p=0.95 by two-tailed Student’s ¢ test). Each dot indicates individual value.
The horizontal lines in the middle of scattergrams indicate each mean value.

(D) The levels of SP(4-11) and (5-11), including SP(1-11), (2-11) and (3-11) concentrations, were measured in sera of PSO
patients (n=48) or healthy adult volunteers (n=18). The serum levels of SP(4-11) and (5-11) including SP(1-11), (2-11) and
(3-11) in PSO were significantly increased as compared to healthy controls (0.95%0.25 v.s. 0.28£0.13 ng/ml; P<0.0001 by
two-tailed Student’s ¢ test). Each dot indicates individual value. The horizontal lines in the middle of scattergrams indicate
each mean value.

Figure 3. Treatment with DPPIV inhibitor attenuates SP-induced Pruritus.
(A) Recombinant full-length SP(1-11) was injected at doses of 0 (saline), 100 or 200 nmol per site by i.d. into the rostral back
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of mice. The frequency of scratching behavior was counted for 1 hour as described in Materials and Methods. Mice receiving
saline exhibited scratching behavior of 21.5+£12.3 times/hour (n=6). On the other hand, mice receiving 100 or 200 nmol of SP
exhibited scratching behavior of 68.3+17.9 or 106.3+18.6 times/hour, respectively (each, n=6), showing significant increase
of scratching behavior in a dose-dependent manner of SP. Each dot indicates an individual value and the horizontal bar
represents average value.

(B) Representative plot of mean values of serum DPPIV enzyme activity in mice receiving the DPPIV inhibitor sitagliptin is
shown. Sitagliptin was injected at doses of 0.03, 0.5 or 30 mM by i.p. Peripheral blood was harvested at 0, 5, 15, 30 and 60
minutes after injection, and levels of DPPIV enzyme activity were determined as described in Materials and Methods. Serum
levels of DPPIV activity were decreased in a dose-dependent manner of sitagliptin. At 30 mM of sitagliptin, DPPIV enzyme
activity in mice clearly decreased to less than 20 % of the value prior to administration, and lasted for at least 30 minutes.
Similar results were observed in independent experiments (n=6).

(C) Blood glucose levels in mice receiving the DPPIV inhibitor sitagliptin is shown (n=6). The blood glucose levels were
measured at 0 (before 1 hour food deprivation), 60 (before 30 mM sitagliptin i.p. injection), 70, 90, 120 and 210 minutes.
Hypoglycemia was not observed in mice treated with sitaglitpin in these experimental conditions.

(D) Mice were treated with recombinant full-length SP(1-11) (200 nmol per site) or physiological saline by i.d. and with
sitagliptin (30 mM) or saline water by i.p (each, n=10). The frequency of scratching behavior of the rostral back was counted
for 1 hour by the method as described in Materials and Methods. Scratching behavior was significantly increased in mice
treated with 200 nmol of SP compared with control mice (115.9£49.1 v.s. 9.319.5 times/hour, p<0.0001 by ANOVA). DPPIV
inhibition attenuated SP-induced itch scratching behavior (13.619.4 times/hour, p<0.0001 v.s. saline cohorts by ANOVA),
while DPPIV inhibition alone showed no significant changes in scratching behavior (3.3£3.5 times/hour, N.S. denotes not
significant). Each dot indicates an individual value and the horizontal bar represents average value.

(E) Locomotor activities of mice were measured as total horizontal moving distance during itch behavioral experiment as
conducted in (D). There was no significant difference among control mice, mice receiving saline i.d. and sitagliptin i.p., mice
receiving SP i.d. and saline i.p., and mice receiving SP i.d. and sitagliptin i.p. (Each, n=10; 16.9+14.1 v.s. 13.4+12.1 v.s.
15.1£16.2 v.s. 4.84+4.7 c;v/hour, respectively). Each dot indicates an individual value and the horizontal bar represents

average value. N.S. denotes ‘not significant’ by ANOVA.

(F) Wild type C57BL/6 (WT) and CD26 knockout (CD26KO) mice were treated with recombinant full-length SP(1-11) (200
nmol/site) by i.d. The frequency of scratching behavior was counted for 1 hour as described in Materials and Methods. The
frequency of CD26KO mice scratching behavior was significantly decreased as compared to wild type mice (each, n=8,
97.0£50.9 v.s. 36.5+23.3 times/hour, p<0.0001 by two-tailed Student’s ¢ test). Each dot indicates an individual value and the
horizontal bar represents average value.

(G) Conducted simultaneously with itch behavior experiment as shown in (F), locomotor activities of CD26KO mice were
measured as described in Materials and Methods. There was no significant difference in locomotor activity between WT and
CD26KO (5.9£4.1 v.s. 7.5£2.5 cm/hour, p=0.535 by two-tailed Student’s ¢ test). Each dot indicates an individual value and
the horizontal bar represents average value.

(H) Mice were treated with recombinant full-length SP(1-11), truncated SP(5-11) (200 nmol per site) or control solvent
(10%DMSO and 0.00625M acetate in physiological saline) by i.d. (each, n=6). The frequency of scratching behavior was
evaluated by the same method as described in (D). Scratching behavior was significantly increased in mice treated with
SP(1-11) (104.5£30.7 times/hour) or SP(5-11) (158.5£29.3 times/hour) than control mice (12.7£9.5 time/hour) (each p<0.01
by ANOVA). Moreover, scratching behavior was significantly increased in mice treated with SP(5-11) compared with mice
receiving SP(1-11) (p<0.01 by ANOVA). Each dot indicates an individual value and the horizontal bar represents average
value.

(D Locomotor activities of mice were measured as total horizontal moving distance during itch behavioral experiment as
conducted in (H). There was no significant difference among mice receiving control solvent, full-length SP(1-11) or truncated
SP(5-11) i.d. (38.3£18.0 v.s. 30.2+12.5 v.s. 28.6£12.0 cm/hour). Each dot indicates an individual value and the horizontal bar
represents average value. V.S. denotes ‘not significant’ by ANOVA.

Figure 4. DPPIV inhibitor attenuates Imiquimod-induced PSO derived itch.

C57BL/6 mice were treated with IMQ cream or control vehicle cream at a daily dose of 30 mg on the rostral part of back for
5 days. On the 6th day, mice were treated with i.p. of sitagliptin (30 mM) or physiological saline, and then subjected to
scratching behavior and locomotor activity analyses.

(A) Representative macroscopic photographs of back skins of control cream-treated mice (panel a), IMQ cream-treated mice
(panel b) or IMQ cream-treated mice receiving the DPPIV inhibitor sitagliptin (panel c) are shown. H&E staining histology
of skin specimens obtained from each mouse is shown in panels d, e or f, respectively. Similar results were observed in
independent experiments (n=6). Original magnification x100. Scale bars, 100 pum.

(B) The levels of SP(1-11), (2-11), and (3-11) were measured in sera of IMQ or control cream-treated mice on the 6th day
after treatment (each, n=3), utilizing the same ELISA kit as conducted in Figure 2C. There was no significant difference in
the serum levels of SP(1-11), (2-11), and (3-11) between IMQ and control cream-treated mice (0.32+0.06 v.s. 0.39+0.01
ng/ml; p=0.11 by two-tailed Student’s ¢ test). Each dot indicates individual value. The horizontal lines in the middle of
scattergrams indicate each mean value. N.S. denotes ‘not significant’.

(C) The levels of SP(4-11) and (5-11), including SP(1-11), (2-11) and (3-11) concentrations, were measured in sera of IMQ or
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control cream-treated mice on the 6th day after treatment (each, n=3), utilizing the same ELISA kit as conducted in Figure 2D.
The serum levels of SP(4-11) and (5-11) including SP(1-11), (2-11) and (3-11) in IMQ-treated mice were significantly
increased as compared with control cream-treated mice (0.6310.09 v.s. 0.3240.08 ng/ml; P<0.05 by two-tailed Student’s ¢
test). Each dot indicates individual value. The horizontal lines in the middle of scattergrams indicate each mean value.

(D) The frequency of scratching behavior was counted for 2 hours after injection of sitagliptin or saline. Mice receiving
sitagliptin showed significantly decreased IMQ-induced itch scratching behavior compared with IMQ-treated mice receiving
saline (each, n=6; 31.0+£16.0 v.5.118.74£47.2 times/hour, p<0.0001 by ANOVA). Meanwhile, treatment with the DPPIV
inhibitor alone resulted in no significant change in the frequency of scratching behavior in control cream-treated mice (each,
n=6; 30.8+£17.8 v.s. 26.7£20.9, p=0.989 by ANOVA). Each dot indicates an individual value and the horizontal bar represents
average value. N.S. denotes ‘not significant’.

(E) Locomotor activities of mice were measured as total horizontal moving distance during itch behavioral experiment as
conducted in (D). There was no significant difference among control cream-treated mice receiving saline or sitagliptin, and
IMQ-treated mice receiving saline or sitagliptin i.p. (Each, n=6; 58.4+47.3 v.s. 51.4£23.1 v.s. 52.2451.7 v.s. 38.7£32.9
cm/hour, respectively). Each dot indicates an individual value and the horizontal bar represents average value. N.S. denotes
‘not significant’ by ANOVA.

Figure 5. Overexpression of DPPIV aggravates IMQ-induced psoriatic itch.

(A) DPPIV enzyme activities in sera of Wild type C57BL/6 (WT) or DPPIV-Tg mice were determined as described in
Materials and Methods. DPPIV-Tg mice exhibited a significant increase in DPPIV enzyme activity in sera compared with
parental WT mice (each, n=6; 177.5£34.4 v.s. 14.9£2.6 uM, p<0.0001 by Student’s ¢ test). Each dot indicates an individual
value and the horizontal bar represents average value.

(B) WT and DPPIV-Tg mice were treated with IMQ cream or control vehicle cream at a daily dose of 30 mg on the rostral
part of the back for 5 days (each, n=8). Control cream-treated WT and DPPIV-Tg mice showed no significant difference in
scratching behavior (44.9+£19.6 v.s. 40.5£15.5 times/hour, p=0.993 by ANOVA), while IMQ-treated WT or DPPIV-Tg mice
exhibited increased scratching behavior, compared with each control cream-treated mice (44.9£19.6 v.s. 107.6+46.9 or
40.5+15.5 v.s. 188.6166.2 times/hour, respectively; each p<0.0001 by ANOVA). Scratching behavior induced by IMQ-treated
DPPIV-Tg mice was significantly increased compared with IMQ-treated WT mice (188.6£66.2 v.s. 107.6146.9 times/hour,
p<0.001 by ANOVA). Each dot indicates an individual value and the horizontal bar represents average value. N.S. denotes
‘not significant’.

(C) Locomotor activities of mice were measured as total horizontal moving distance during itch behavioral experiment as
conducted in (B). There was no significant difference between WT and DPPIV-Tg mice treated with IMQ cream (Each, n=8;
15.8+12.6 v.s. 24.6%15.1 cm/hour, respectively; p=0.228 by Student’s ¢ test). Each dot indicates an individual value and the
horizontal bar represents average value.

Table 1. Demographic Characteristics of Cohorts

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

Age, years, meantSD (range) 49.9£14.9 (19-88) 45.1£10.3 (25-65)
Male/Female, n (ratio) 41/7 (5.9) 15/3 (5.0)
BMI, kg/m* mean+SD (range) 26.942.0 (19.3-42.3) 24.6%1.5 (18.4-32.0)
PASI score, points, mean+SD (range) 12.2+12.0 (0.0-60.0) N/A
Itch VAS, mm, meanSD (range) 29.4£31.0 (0-100) N/A
Use of Biologics ', n (%) 13 (27.1%) N/A
Use of Immunosuppressant *, n (%) 2 (4.0%) N/A

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

'Biologics includes anti-TNFa, anti-IL-12/23p40 and anti-IL-17A monoclonal antibody therapy.

? Immunosuppressant includes oral prednisolone and methotrexate.
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Figure 5.
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CD82 (also known as KAI1) belongs to the tetraspanin superfamily of type IIl transmembrane proteins,
and is involved in regulating cell adhesion, migration and proliferation. In contrast to these well-
established roles of CD82 in tumor biology, its function in endothelial cell (EC) activity and tumor
angiogenesis is yet to be determined. In this study, we show that suppression of CD82 negatively reg-
ulates vascular endothelial growth factor (VEGF)-induced angiogenesis. Moreover, we demonstrate that

Iégg;ords: the anti-CD82 mAb 4F9 effectively inhibits phosphorylation of VEGF receptor 2 (VEGFR2), which is the
4F9 principal mediator of the VEGF-induced angiogenic signaling process in tumor angiogenesis, by regu-
VEGF lating the organization of the lipid raft microdomain signaling platform in human EC. Our present work
VGFR2 therefore suggests that CD82 on EC is a potential target for anti-angiogenic therapy in VEGFR2-
Angiogenesis dependent tumor angiogenesis.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

CD82 (also known as KAI1) belongs to the tetraspanin super-
family of type III transmembrane proteins, and is involved in the
regulation of cell adhesion, migration and proliferation through the

Abbreviations: BSA, bovine serum albumin; EC, endothelial cell; HUVEC, human
umbilical vein endothelial cell; IL-6, interleukin-6; IL-6R, interleukin-6 receptor;
mAb, monoclonal antibody; RTK, receptor tyrosine kinase; shCD82, shRNA against
CD82; shRNA, short hairpin RNA; VEGF, vascular endothelial growth factor; VEGFR,
vascular endothelial growth factor receptor; [*H]-TdR, tritiated thymidine.
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activation of downstream signaling processes [1]. We previously
showed that CD82 was preferentially expressed on CD4"CD45RO™
memory T cells and that treatment with the anti-CD82 monoclonal
antibody (mAb) 4F9 co-immobilized with a submitogenic dose of
anti-CD3 mAb led to marked T cell proliferation [2]. Moreover, we
dissected key aspects of the CD82-and B1 integrin-mediated
signaling pathways through studies with Jurkat T cells with mar-
ginal expression of Cas-L/NEDD9 as well as those involving CD82-
mediated tyrosine phosphorylation of Cas-L in peripheral T cells
and H9 cells [3]. Meanwhile, CD82 expression on cancer cells
suppresses tumor progression [1]. CD82 was originally identified as
a suppressor of metastasis in a genetic screening assay for rat AT6.1
prostate cancer cells [4]. Subsequent studies showed that CD82
functions as a wide-spectrum suppressor of invasion and metas-
tasis during cancer progression in many solid tumors [1,5]. Mech-
anistically, CD82 inhibits receptor tyrosine kinases (RTKs) (e.g.,
epidermal growth factor receptor and hepatocyte growth factor
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receptor) and integrin signaling by promoting their internalization
[6,7]. Recent studies demonstrated that CD82 expressed on mela-
noma cells suppresses environmental angiogenesis by inhibiting
the production of interleukin-6 (IL-6) and vascular endothelial
growth factor (VEGF) in melanoma cells [8].

Cancer angiogenesis is another fundamental process involved in
tumor growth as it ensures adequate supply of oxygen and nutri-
ents to promote cell growth and motility through the development
of new blood vessels, potentially causing cancer progression and
metastasis [9]. Angiogenesis involves coordinated endothelial cell
(EC) proliferation, migration, branching and tube formation [10].
The VEGF family is a group of key proteins involved in the angio-
genic pathway and is highly expressed in many tumor types [11].
Following increased production of VEGF induced by hypoxia, in-
flammatory cytokines, activation of oncogenes or silencing of onco-
suppressor genes, the VEGF receptors (VEGFRs), which are
expressed in tumor environmental vascular ECs, are activated to
mediate cancer angiogenesis, promoting tumor growth and
metastasis [12—14]. Therefore, suppression of cancer angiogenesis
pathway by such agents as the anti-VEGF mAb bevacizumab, anti-
VEGFR2 mAb ramucirumab, or the RTK inhibitors sorafenib and
sunitinib represents novel treatment approaches for anticancer
therapy [9,12,15].

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

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

2. Materials and methods
2.1. Antibodies, reagents and cells

Anti-human CD82 mAb 4F9 (mouse IgG1) was established in our
laboratory as reported elsewhere [2]. Anti-VEGFR2 rabbit mAb
(55B11), anti-phospho-VEGFR2 rabbit mAb (19A10) and anti-CD31
mouse mAb (89C2) were purchased from Cell Signaling Technology
(USA). Suramin and recombinant human VEGF were purchased
from Sigma—Aldrich (USA) and R&D Systems (USA), respectively.
Human umbilical vein endothelial cells (HUVECs) were purchased
from KURABO (Japan) and cultured according to the manufacturer's
instruction. 293 FT cells for production of lentivirus particles were
obtained from the ATCC (USA).

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

Four clones of lentiviral shRNA against human CD82 (shCD82-
RNA) and one control shRNA were purchased from Sigma-
—Aldrich (MISSION™ TRC shRNA Target Set), and each sequence of
shCD82-RNA is shown in Supplemental Table. Each vector con-
tained GFP tag as a selection marker. Lentivirus particles of shRNA

were produced by 293 FT cells utilizing ViraPower™ Lentiviral
Packaging Mix (Invitrogen, USA). After transfection of each shRNA
lentivirus particle, GFP-positive HUVECs were purified using BD
FACSAria cell sorter (BD Biosciences, USA), and expression of CD82
was confirmed by flow cytometry by the same method as described
previously [3].

2.3. Cell migration and proliferation assays

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

Cell proliferation was measured using [*H]-thymidine ([*H]-
TdR) incorporation assay. HUVECs were seeded in HuMedia-EG2
(KURABO) containing indicated concentrations of mAbs or VEGF
in collagen-coated 96-well plates (BD Biosciences) at a density of
2.5 x 10% cells per well. [>H]-TdR (1 pCi/mL) was added and the cells
were cultured for a further 18 h. Cells were then harvested and their
radioactivity level was measured with a Liquid Scintillation Counter
(Wallac 1205 Beta Plate; Perkin—Elmer Life Sciences, USA).

2.4. 2-D angiogenesis assay

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

2.5. Measurement of phosphorylation of VEGFR2

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

2.6. Lipid raft fractionation

HUVECs were cultured in HuMedia-EG2 with 4F9 or control
mouse IgG (each 10 pg/ml) for 12 h, followed by a 5 min incubation
period with VEGF (10 ng/ml). Cells were then harvested, and cell
lysates were prepared for fractionation by sucrose density gradient
ultracentrifugation by the same method as described previously
[19].
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2.7. Statistical analysis

Data were analyzed by two-tailed Student's t test for two group
comparison or by ANOVA test for multiple comparison testing
followed by the Tukey—Kramer post-hoc test. The level of signifi-
cance was p < 0.05. The calculations were conducted using Prism6.0
software (GraphPad Software, USA).

3. Results

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

To determine the role of CD82 in vascular morphogenesis, we
first examined cellular activity using a gene ablation approach.

clones of CD82-knockdown HUVECs with a lentivirus trans-
fection system (shCD82-283, 300, 643 and 949). As shown in
Supplemental Fig. S2, expression of cell surface CD82 was
significantly decreased in each CD82-knockdown HUVECs than
that in control shRNA-transfected HUVECs. Utilizing these shRNA
HUVECs, we performed 2-D angiogenesis assay of fibroblast-
coculture system. As shown in Fig. 1A, each CD82-knockdown
HUVEC exhibited a significant decrease in the level of angio-
genesis compared to control shRNA HUVEC. We next examined
cell migration and proliferation. As shown in Fig. 1B, with
increased doses of VEGF, control shRNA HUVECs displayed
enhanced migratory activity. In contrast, CD82-knockdown
HUVEC (shCD82-300 clone) exhibited a significant decrease in
migratory activity while being cultured with VEGF (** in Fig. 1B).
Moreover, cell proliferation decreased significantly in CD82-

knockdown HUVEC (shCD82-300 clone) than control shRNA
HUVECs (** in Fig. 1C). Other shCD82-HUVEC clones including
shCD82-283, 643 and 949 exhibited decreased levels of migra-
tion and proliferation similar to those of shCD82-300 HUVEC
(data not shown). These results suggest that the CD82 molecule
plays a role in EC motility and angiogenesis.

For this purpose, we used HUVECs in this study to address the
functional role of human CD82 as an angiogenesis model. We
first confirmed expression of CD82 in HUVECs by flow cytometry.
As shown in Supplemental Fig. S1, cell surface expression of CD82
in HUVECs was clearly observed using the anti-CD82 mAb 4F9.
Using 4 different shRNAs against CD82, we then established 4
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Fig. 1. Silencing of CD82 expression inhibited HUVEC tube formation, migration and proliferation. Four clones of CD82-knockdown HUVEC (shCD82-283, 300, 643 and 949) and
one clone of control shRNA HUVEC were established by lentivirus-based shRNA transfection system. (A) Each shRNA HUVEC was cultured in wells seeded with normal human
dermal fibroblasts, and was incubated in HuMedia-EG2 containing 10 ng/ml of VEGF. Angiogenesis was quantified by measuring CD31-stained area in 5 random fields utilizing
Angiogenesis Image Analyzer. Left panel shows the results presented as the percentage of the mean values obtained in the percentage of tube area in control ShRNA HUVECs. The
mean values of percentage of tube area + S.E. are shown (n = 5 experiments with triplicates), and the horizontal dotted line indicates a 100% level of control shRNA HUVECs. A
significant decrease in angiogenesis of each CD82-knockdown HUVEC is indicated (*P < 0.001 vs. control shRNA). Representative microphotographs of tube formation of each
shRNA HUVEC were shown in the right five panels (brown cells are anti-CD31 immunohistochemistry). Scale bars indicate 25 um (B) CD82-knockdown HUVECs (shCD82-300)
(shCD82 (+)) or control shRNA transfected HUVECs (shCD82 (—)) were seeded on the upper chamber of fibronectin-coated culture inserts with the lower chamber containing
VEGF (10 or 20 ng/ml). The number of cells that migrated through the inserts in the lower chamber was measured as Calcein AM positive cells and the mean values + S.E. of
fluorescence units (F.U.) are shown (n = 5 experiments with triplicates). A significant increase in migration of control shRNA HUVECs was observed in a dose-dependent manner
of VEGF (*P < 0.05). In contrast, a significant decrease in migration of shCD82 HUVECs was indicated in 10 and 20 ng/ml of VEGF (**P < 0.001 vs. control shRNA). (C) CD82-
knockdown HUVECs (shCD82-300) (shCD82 (+)) or control shRNA transfected HUVECs (shCD82 (—)) were incubated with 10 ng/ml of VEGF. Proliferation of HUVECs was
monitored by measuring [*H]-thymidine (TdR) incorporation at 24, 48 or 72 h of culture. The mean values of [*H]-TdR incorporation + S.E. are shown (n = 5 experiments with
triplicates). A significant increase in proliferation of control shRNA HUVECs was observed in a time course of culture (*P < 0.05). In contrast, a significant decrease in proliferation
was indicated in shCD82 HUVECs (**P < 0.001 vs. control shRNA). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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3.2. Anti-CD82 mAb 4F9 inhibits EC migration, proliferation and
angiogenesis

We previously established the anti-CD82 mAb 4F9, which
exerted a comitogenic effect on T cell costimulatory signaling
pathway and caused cell spreading in H9 cells [2,3]. While these
data indicate that 4F9 has a functional effect on CD82-expressing
cells, we next hypothesized that EC activity is also regulated by
treatment with 4F9. To assess the role of 4F9 in EC activity and
angiogenesis, we therefore performed angiogenesis, migration or
proliferation assays following 4F9 treatment. As shown in Fig. 2A,
4F9 treatment significantly decreased angiogenesis in a dose-
dependent manner. In addition, this inhibitory effect of 4F9 on
angiogenesis was comparable to that of suramin treatment, which
is a potent inhibitor of VEGF (*** in Fig. 2A). Furthermore, we
assessed cell migration and proliferation of HUVECs following 4F9
treatment. As shown in Fig. 2B, cell migration was reduced by
treatment with 4F9 in a dose-dependent manner, an inhibitory
effect that was comparable to that of suramin (** in Fig. 2B).
Moreover, while no change in proliferative activity was observed
after 24 h of 4F9 treatment, cell proliferation decreased signifi-
cantly following a 48 h incubation period with 4F9 in a dose-
dependent manner (Fig. 2C). In addition, 4F9 treatment exhibited
a significant decrease in angiogenesis, migratory and proliferative
activity while being cultured with high doses of exogeous VEGF up

A

5 suramin

4F9 (ug/ml)

100+

K. S

(% of control)

Migrated cells

5 10
4F9 (ug/ml)

to 100 ng/ml (data not shown). These data strongly suggest that
ligation of CD82 by the anti-CD82 mAb 4F9 leads to suppression of
VEGF-dependent angiogenesis.

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

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

Previous work has shown that CD82 and VEGFR2 are compo-
nents of lipid rafts and that CD82 is internalized through lipid rafts
[16,21]. We therefore hypothesized that 4F9 treatment affects
VEGFR2 phosphorylation by regulating CD82 in lipid rafts. To
determine whether distribution of CD82 molecules in lipid rafts is
altered by 4F9 treatment, we next analyzed the distribution pattern
of CD82 in light density fractions by discontinuous sucrose gradient
centrifugation. As shown in Fig. 3B, a slight proportion of CD82 is

=
o

5

3H-TdR (% of control)

0 0.1 1.0 10 0 0.1 1.0 10 (ng/ml)
24 hrs 48 hrs
Treatment period of 4F9

Fig. 2. Anti-CD82 mAb 4F9 inhibited HUVEC angiogenesis, migration and proliferation. (A) HUVECs were incubated with control mouse IgG (20 pg/ml, as indicated at 0 ug/ml of
4F9), 4F9 (5, 10, and 20 pg/ml) or suramin (50 uM), stained and measured for angiogenesis by the same method as in Fig. 1A. Left panel shows the results expressed as the
percentage of the mean values obtained in the percentage of tube area in control IgG treated HUVECs. The mean values of percentage of tube area + S.E. (n = 5 experiments with
triplicates), and the horizontal dotted line indicates a 100% level of control IgG treatment. A significant decrease in angiogenesis was indicated in a dose-dependent manner for
4F9 as well as for suramin (*P < 0.05, **P < 0.01 or ***P < 0.0001 vs. control IgG). Representative microphotographs of tube formation of control IgG or 4F9-treated HUVECs were
shown in the right two panels (brown cells are anti-CD31 immunohistochemistry). Scale bars indicate 25 um. (B) Following treatment with control mouse IgG (20 pg/ml, as
indicated at 0 pg/ml of 4F9), 4F9 (5, 10, and 20 pg/ml) or suramin (50 pM), HUVECs were seeded on the upper chamber of fibronectin-coated inserts with the lower chamber
containing VEGF (10 ng/ml). The migrated cells were measured by the same method as in Fig. 1B. The results are expressed as the percentage of the mean values obtained in the
fluorescence levels of control IgG treated HUVECs (+S.E. of five independently performed experiments with triplicates). The horizontal dotted line indicates a 100% level of
control IgG treatment. A significant decrease in cell migration was indicated in a dose-dependent manner for 4F9 as well as for suramin (*P < 0.05 or **P < 0.001 vs. control IgG).
(C) Following treatment with control mouse IgG (10 pg/ml, as indicated at O pg/ml of 4F9), 4F9 (0.1, 1.0, and 10 pg/ml), HUVECs were incubated with 10 ng/ml of VEGF. Pro-
liferation of HUVECs was monitored by measuring [*H]-TdR incorporation at 24 or 48 h of culture. The mean values of [*H]-TdR incorporation + S.E. are shown (n = 5 experiments
with triplicates), and the horizontal dotted line indicates a 100% level of control IgG treatment. A significant decrease in proliferation after 48 h of culture was observed in a dose-
dependent manner for 4F9. (*P < 0.001 as calculated by Student's t test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3. Anti-CD82 mAb 4F9 inhibited phosphorylation of VEGFR2 via control of CD82 distribution in lipid rafts. (A) Following treatment with 4F9 or control mouse IgG (each 10 pg/
ml) for 12 h, HUVECs were incubated with 10 ng/ml of VEGF for the indicated time periods. Cells were harvested, and cell lysates were subjected to Western blot analysis for
phosphorylated (upper of left panel) or total VEGFR2 (lower of left panel). Phosphorylated VEGFR2 (p-VEGFR2) proteins in each time point were quantified by measuring p-VEGFR2
band density and are presented as the percentage of each corresponding band density of total VEGFR2 (right panel). In control IgG treated HUVECs, levels of phosphorylation of
VEGFR2 increased from 1 to 10 min after VEGF addition (solid line). On the other hand, 4F9 treatment significantly decreased phosphorylation levels of VEGFR2 (dashed line).
Similar results were obtained in three independent experiments. (B) HUVECs were treated with 4F9 or control mouse IgG (each 10 pg/ml) for 12 h, followed by incubation with
10 ng/ml of VEGF for 5 min. Light density lipid raft or heavy density cytosolic fractions were prepared by sucrose gradient ultracentrifugation. The distribution of CD82, p-VEGFR2,
total VEGFR2 and caveolin-1 was determined by immunoblotting with specific antibodies. Caveolin-1 was a representative of lipid raft proteins and was used as a quantity control
indicating equal amounts in the experiments (bottom panels). Fraction number (Fr#) 3—5 or 9—11 contains lipid raft or cytosolic fractions, respectively. After 4F9 treatment, CD82
molecule was recruited in the lipid raft fractions (upper panels), and VEGFR2 (both phosphorylated and total VEGFR2) were segregated from lipid raft to cytosolic fractions (middle

two panels). Similar results were obtained in three independent experiments.

present in lipid raft fractions, while being mainly presented in the
cytosolic fraction, in HUVECs treated with control IgG (upper right
panel). On the other hand, 4F9 treatment markedly increased CD82
distribution in lipid raft fractions (left upper panel of Fig. 3B). These
data suggest that engagement of CD82 by 4F9 alters its distribution
level in lipid rafts. We next analyzed phosphorylation of VEGFR2
and its distribution in lipid rafts following 4F9 treatment. Upon
treatment with control IgG, VEGF-induced phosphorylation of
VEGFR2 was observed in lipid raft fractions, while phosphorylation
level of VEGFR2 decreased following 4F9 treatment (second upper
panels in Fig. 3B). Moreover, 4F9 treatment abrogated recruitment
of VEGFR2 in lipid rafts (second lower panels of Fig. 3B), while
distribution of the other lipid raft molecule caveolin-1 was not
affected by 4F9 treatment (bottom panels of Fig. 3B). These data
indicate that ligation of CD82 by 4F9 abrogates recruitment of
VEGFR2 in lipid rafts and decreases VEGF-mediated phosphoryla-
tion of VEGFR2. Taken together with the data above, our findings
strongly suggest that that 4F9 treatment inhibits VEGF-dependent
angiogenesis through control of distribution of CD82 and VEGFR2
in lipid rafts.

4. Discussion

In this study, we showed that knockdown of CD82 expression
decreased migration, proliferation and angiogenesis in HUVECs.

Moreover, treatment with the anti-CD82 mAb 4F9 inhibited VEGF-
dependent EC migration, proliferation and angiogenesis. Finally, we
demonstrated that inhibition of HUVECs activity by 4F9 was ach-
ieved via CD82-dependent regulation of VEGFR2 recruitment in
lipid rafts.

In contrast to the well-known characteristics of CD82 in tumor
cell biology [1], its role in regulating vascular function is heretofore
unclear. Recent study using Cd82-null mice showed that pertur-
bation of CD82-ganglioside-CD44 signaling attenuates pathological
angiogenesis by inhibiting EC movement [16], while Cd82-null mice
display normal vessel development without obvious vascular de-
fects [17]. In human vascular biology, VEGF is one of key proteins
involved in the cancer angiogenesis pathway [9,13]. Sustained VEGF
expression from cancer cells leads to the development and main-
tenance of a vascular network that promotes tumor growth and
metastasis [13]. Binding of VEGF to VEGFR2 on ECs induces a
downstream signaling process critical to EC motility, proliferation
and survival [18]. Although VEGF-dependent EC activity plays an
essential role in angiogenesis [18], a functional role for CD82 in
association with VEGF/VEGFRs in EC activity has not yet been
clearly established. Our data are novel and significant in that they
demonstrate the association between CD82 and the regulation of
VEGF-dependent EC functions, with knockdown of CD82 in
HUVECs resulting in decrease of VEGF-dependent EC migration,
proliferation and angiogenesis.
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Fig. 4. Model for the regulation of VEGFR2 phosphorylation in lipid rafts via ligation of CD82 molecules by 4F9.

Targeting cancer angiogenesis has been a recent focus as anti-
cancer therapy [9]. Studies on the role of VEGF in tumor progression
have mostly been directed to the cancer angiogenesis effect exerted
by VEGF and VEGFR on tumor environmental vascular network
[9,22]. In the present study, we clearly demonstrated that the anti-
CD82 mAb 4F9 inhibits EC migration, proliferation and angiogen-
esis. Since endothelial CD82 regulates VEGF-dependent tumor
angiogenesis, 4F9 can be a novel drug candidate for anticancer
therapy.

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

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

In summary, the anti-CD82 mAb 4F9 effectively inhibits phos-
phorylation of VEGFR2 through the organization of lipid raft
microdomains in human EC. Our present study hence suggests that
CD82 on EC is potentially a suitable target for anti-angiogenic

therapy in tumor angiogenesis.
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Abstract

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

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

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

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

Keywords: Mesothelioma, CD26, Monoclonal antibody, G2/M transition, Pemetrexed

Background

Malignant mesothelioma (MM) is an aggressive can-
cer of the pleura, peritoneal cavity, pericardium, and
scrotum and has a poor prognosis. MM is associated
with occupational exposure to asbestos and, despite
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legislation introduced by many industrialized countries,
the incidence is not expected to peak until 2020 due to
the long latency between initial exposure and disease
expression [1]. As single modality approach to treatment
has failed to extend survival, multimodal treatment and
novel molecular targeted therapies are highly sought
after. Although extrapleural pneumonectomy (EPP) is
a preferred treatment option, median survival among
patients receiving EPP alone is less than 10 months [2].
EPP followed by high-dose radiation therapy (RT) has

© 2016 Hayashi et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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been shown to prolong median survival to 33.8 months
in patients with Stage 1 and Stage 2 MM but survival
remained 10 months in patients with Stage 3 and Stage
4 MM [2]. A Phase 3 trial showed that combination of
pemetrexed and cisplatin improved survival over cispl-
atin alone for inoperable patients [3]. According to recent
multicenter trials of trimodality treatment that con-
sisted of neoadjuvant chemotherapy (cisplatin and pem-
etrexed), EPP, and adjuvant RT led in the USA [2] and
Europe [4], median survival of patients who completed
the therapy was 29.1 months compared to 18.4 months
in controls. Since the trimodality approach seems to be
limited and because not all patient can tolerate aggressive
therapies, novel molecular targeted therapies are highly
desirable. To date, a number of molecular targeted agents
have been evaluated in MM. While tyrosine kinase inhib-
itors against epidermal growth factor receptor (EGFR)
and platelet-derived growth factor receptor (PDGFR) did
not show clinically significant effects, histone deacetylase
inhibitor (HDACI) and anti-angiogenic agents showed
some clinical benefits and are undergoing Phase 3 trials
[5]; however, none of these agents have been incorpo-
rated into clinical practice and efforts must continue in
the area of both clinical research and search for novel tar-
get molecules.

CD26 is an 110 kD glycoprotein anchored in the cellu-
lar membrane with dipeptidyl peptidase IV activity. CD26
is also known as a co-stimulatory molecule of the T lym-
phocyte. CD26 binds to caveolin-1 on antigen-presenting
cells and the interaction triggers signal transduction pro-
cess leading to T cell proliferation and cytokine produc-
tion [6]. Several recent studies have shown that CD26 is
highly expressed in several malignancies, including MM,
lung adenocarcinoma, hepatocellular carcinoma, prostate
cancer, and thyroid cancer [7]. CD26 expression evalu-
ated by immunohistochemistry was positive in 85 % of
tested MM cases [8, 9]. Moreover, CD26 is thought to
be involved in tumor growth and invasion through its
interaction with collagen and fibronectin or by regulating
activity of chemotactic peptides through its DPPIV activ-
ity. Furthermore, CD26 has been reported to be involved
in signal transduction processes, including the p38 MAPK
pathway. Though the mechanisms of action of CD26 have
not been clarified, its enzymatic activity does not appear
essential for its role in signal transduction process [10].
Considering its high rate of overexpression in MM and
suspected function in tumor progression, we have devel-
oped a humanized an anti-CD26 antibody, designated
YS110, as a targeted therapy against CD26-positive malig-
nancies, including MM. We have previously reported the
anti-tumor effects of YS110 against MM cells [11]. In
addition to the anti-tumor effect via antibody-depend-
ent-cell-mediated-cytotoxicity, YS110 showed direct
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anti-tumor effect via p27"P! accumulation [11]; however,
the molecular mechanism of direct anti-tumor effect of
YS110 against MM cell lines remains unknown.

The molecular mechanisms underlying the direct anti-
tumor effect of several monoclonal antibodies have been
investigated; for example, the anti-HER-2 antibody (Tras-
tuzumab) and anti-EGFR antibody (Cetuximab) result in
G1/S cell cycle arrest by upregulating the CDK inhibi-
tor p27"%P! via multiple signaling pathways [12, 13]. The
anti-CD20 antibody (rituximab) can induce cell death of
malignant B cell lymphoma cells in vitro via inhibition of
the p38 MAPK, ERK1/2, and AKT anti-apoptotic sur-
vival pathways [14]. Most therapeutic antibodies against
cancers that affect the cell cycle, including antibodies
mentioned above, result in G1/S arrest. So far, only one
anti-cancer antibody, the anti-human type 1 insulin-like
growth factor receptor (IGF-IR) antibody A12 against
androgen-independent prostate cancer cell line LuCaP
35V, has been reported to cause G2/M cell cycle delay
although its molecular mechanism is not yet understood
[15].

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

Results

YS110 inhibits mesothelioma cell proliferation

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

YS110 induced G2/M cell cycle delay in mesothelioma cells
To investigate the mechanism responsible for the
growth inhibition caused by YS110, cell-cycle distri-
bution was determined by flow cytometry analysis. At
24 h after YS110 treatment, the percentage of cells in
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Fig. 1 YS110 inhibits NCI-H2452 cell proliferation. WST-1 assay
revealed inhibition of NCI-H2452 cell proliferation with YS110 treat-
ment in a concentration-dependent manner up to 18.6 %. The experi-
ment was performed using 96 multi-well plates

the G2/M phase increased compared to the control.
The representative experiment is shown (Fig. 2a). On
the average of ten experiments, the percentage of G2/M
phase cells were significantly increased after YS110
treatment (p < 0.05) (Fig. 2b). This cell cycle delay may
be compatible with repression of cell proliferation. Fur-
thermore, in another CD26 positive MM cell line NCI-
H28, the percentage of cells in G2/M phase increased
by 5 % on the average after YS110 treatment though its
significance could not be proved statistically (data not
shown).

YS110 alters cell cycle regulators

We investigated the alterations caused by YS110 treat-
ment in the quantity and activation state of cell cycle
regulators responsible for G2/M transition. At 24 h
after YS110 treatment, the cell cycle regulator p21
increased while the positive regulatory subunit cyclin
B1 decreased. Inhibitory phosphorylation of cdc2 on
Tyrl5 and inhibitory phosphorylation of cdc25C on
Ser216, an upstream inhibitory regulator of cdc2, was
elevated (Fig. 3a). Cdc25C phosphorylated on Ser216 is
known to be sequestrated into cytoplasm and refrained
from contact with cdc2 [16]. After YS110 treatment
for 24 h, cytoplasmic whole cdc25C was elevated while
nuclear whole cdc25C was decreased, as confirmed by
densitometry analysis (Fig. 3b). At 6 h and 12 h after
YS110 treatment, the amount of phosphorylated cdc2
and phosphorylated cdc25C were varied among experi-
ments despite consistent increase at 24 h. No significant
change in c¢dc25A and cdc25B was observed (data not
shown).

Page 3 of 10

YS110 elevates activating phosphorylation of p38 MAPK
and ERK1/2

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

Pemetrexed (PMX) increased CD26 expression in
mesothelioma cells in vitro

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

Effective inhibition of in vivo mesothelioma cell growth by
combined treatment with both YS110 and PMX
Combination effects of YS110 and PMX were examined
using xenograft models with JMN cells transplanted into
NOG mice subcutaneously. Mice were then monitored
for the development and progression of tumors and the
tumor size was determined by caliper measurement.
Tumor size in mice treated with both YS110 and PMX
was smaller than mice treated with only YS110 or PMX
(data not shown). The weight of tumors with YS110 treat-
ment was insignificantly reduced (Fig. 6A). PMX treat-
ment induced a significant reduction in tumor weight
(p < 0.05); the combination of YS110 and PMX treat-
ment synergistically reduced tumor weight compared
with YS110 single treatment and PMX single treatment
(p < 0.05).
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Fig.2 YS110induces G2/M cell cycle delay in NCI-H2452 cells. a
Flowcytometry analysis using propidium iodide staining revealed that
the percentage of G2/M phase cells increased while the percentage
of G1 phase cells was reduced in NCI-H2452 cells treated 24 h with

2 ug/mL of YS110. A representative experiment is shown. b The aver-
age percentage of G2/M phase cells in NCI-H2452 cells treated 24 h

with 2 pg/mlL of YS110 was significantly increased (*p < 0.05)

Combination effects of tumor growth in vivo were
examined by measuring the MIB-1 index histologically.
The MIB-1 index was significantly decreased in tumors
after YS110 or PMX single treatment compared with
controls (p < 0.05; Fig. 6B, C). Combinatory treatment
with YS110 and PMX significantly reduced the MIB-1
index compared to single treatment (p < 0.05; Fig. 6B, C).

Histology of the tumor derived from JMN cells in the
xenograft model is shown in Fig. 6C. Sarcomatous meso-
thelioma is shown in HE staining (Fig. 6C-a) and stained
with anti-CD26 polyclonal antibody (R&D) (Fig. 6C-b).
The MIB-1 index was measured by immunohistochem-
istry using the anti-Ki-67 (MIB-1) monoclonal anti-
body. Staining of Ki-67 antigens in nucleus was shown
in tumors treated with control IgG (Fig. 6C-c), YS110
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Fig. 3 YS110 alters expressions and phosphorylation of cell cycle
regulators. a At 24 h after treatment with 2 pg/mL of YS110, p21
protein expression increased while cyclinB1 protein expression
decreased. Inhibitory phosphorylation of cdc2 Tyr15 and cdc25C
Ser216 were elevated while there was no significant change in whole
cdc2 and cdc25C protein. B-actin was used as an internal control.

b Alteration in subcellular distribution of whole cdc25C by YS110
treatment is shown. At 24 h after treatment with 2 pg/mL of YS110,
nuclear cdc25C protein decreased while cytoplasmic cdc25C protein
increased. LaminA/C was used as a nuclear marker and Na-K ATPase
was used as a cytoplasmic marker. The bar graph demonstrates the
densitometric analysis of a Western blot of whole cdc25C. Results are
normalized by the densitometry of control cells. All experiments were

performed in triplicate and a representative experiment is shown

(Fig. 6C-d), and both YS110 and PMX (Fig. 6C-¢). The
number of Ki-67 positive nuclei was decreased after
combined treatment of YS110 and PMX and the necrotic
area is indicated by an asterisk (Fig. 6C-e).
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a Activating phosohorylation of p38 (Thr180/Tyr182) and ERK1/2
(Thr202/Tyr204) were elevated by 24 h after treatment with YS110
while no substantial changes of whole p38 and ERK1/2 protein were
observed. B-actin was used as an internal control. b G2/M arrest
caused by YS110 treatment was reversed by ERK1/2 activation inhibi-
tor U0126 (10 uM). A proportion (43.15 %) of G2/M was elevated in
cells with YS110 treatment compared with in cells without YS110
(control, 37.05 %) and the proportion of G2/M decreased in cells with
both YS110 and UQ126 treatment (35.06 %). All experiments were
performed in triplicate and a representative experiment is shown

u0126

Discussion

Novel molecular targeted therapies are in high demand
since the aggressive trimodality approach against MM
has been proved to be limited. We developed a human-
ized monoclonal antibody against CD26, designated as
YS110, a molecular targeted therapy against MM [11].
We expected YS110 to cause ADCC to eliminate CD26
positive MM cells. In addition to the ADCC effect, YS110
demonstrated direct anti-proliferative effects in vitro

a
control ! AT 0.43%
6 hours ﬁ“‘ 15.3%
24 hours 1 6.9%
CD26
b
JMN cell

e 026

NCI-H2452 cell

0 1 6 24 hour

PMX 10puM

Fig. 5 Pemetrexed (PMX) increased CD26 expression in vitro. a Based
on flowcytometry analysis, cell surface CD26 expression on JMN

cells increased 6-24 h after treatment with 10 uM of PMX. b Based

on Western blot analysis, the expression of CD26 protein was rapidly
induced in whole cell lysates by treatment with 10 uM of PMX at
1-24 h. GAPDH was used as an internal control. All experiments were
performed in triplicate and a representative experiment is shown

against CD26-positive MM cell lines. We proposed that
investigation into the molecular mechanisms of the
direct anti-proliferative effect against MM cells would
be beneficial for both understanding anti-tumor effect of
YS110, as well as uncover the underlying mechanism its
proliferation and progression. Although the direct anti-
proliferative effect of YS110 is limited to a repression rate
of approximately 20 % in vitro, the molecular mechanism
was associated with the proliferative signal transduction
system and cell cycle. Cell cycle analysis revealed that
YS110 caused significant delay of the G2/M transition. To
our knowledge, only one anti-cancer MoAb, anti-IGF-IR
antibody A12 against the androgen-independent prostate
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Fig. 6 Effective inhibition of mesothelioma cell growth in vivo. A Combination effects of YS110 and PMX were examined using xenograft models
with JMN cells transplantation subcutaneously. The weight of tumors treated with YS110 was insignificantly reduced but PMX treatment induced
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with YS110 or PMX single treatment (**p < 0.05). € Sarcomatous mesothelioma is shown in HE staining (a) and stained with anti-CD26 polyclonal
antibody (R&D) (b) MIB-1 index was measured by immunohistochemistry using the anti-Ki-67 monoclonal antibody (DAKO, clone MIB-1). Staining of
Ki-67 antigens in nucleus is seen in tumors treated with control IgG (c), YS110 (d), and both YS110 and PMX (e). The number of Ki-67 positive nucleus
was reduced after combinatory treatment of YS110 and PMX and the necrotic area is indicated by an asterisk (e)
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cancer cell line LaCaP 35 V, has been reported to result
in G2/M delay although its molecular mechanism is not
yet understood [15]. Therefore, we are the first to report
results on the molecular mechanisms underlying G2/M
delay from a cancer targeted-antibody. In order to eluci-
date the mechanism of G2/M delay mediated by YS110,
we analyzed the quantities and phosphorylation status
of G2/M regulators using Western blot analysis. At 24 h
after treatment with YS110, inhibitory phosphorylation

of cdc2 and its upstream regulator cdc25C were elevated.
Phosphorylation of Cdc25C on Ser216 is sequestrated
into the cytoplasm and therefore restrained from con-
tact with nuclear cdc2. Increased levels of cytoplasmic
whole cdc25 protein and decreased levels of nuclear
whole c¢dc25C protein at 24 h occurred after YS110 treat-
ment, confirming sequestration. Western blot analysis
also revealed an increased amount of cell cycle inhibi-
tor p21 and decreased amount of cyclinBl promotes
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G2/M progression at 24 h after YS110 treatment. These
alterations may be compatible with the retarded G2/M
transition.

To determine the upstream regulator of the altered
¢dc25C phosphorylation state caused by YS110, we inves-
tigated several molecules known to regulate cdc25C. 24 h
after YS110 treatment, activated phosphorylation levels
of p38 MAPK (Thr180/Thy182) and ERK 1/2 (Thr202/
Tyr204) were elevated. Inhibitor assays indicated that
YS110 treatment activated the ERK signal pathway, but
not the p38MAPK pathway, which induced G2/M delay.

MAPK activation results in many different biologi-
cal responses, including proliferation, differentiation,
and cell death. Although ERK1/2 activation is associated
with cell survival and proliferation, a number of studies
have shown that activation of ERK1/2 can mediate cell
cycle arrest and cell death depending on the stimuli and
cell types involved [17]. A number of anti-cancer rea-
gents and an anti-cancer antibodies have been reported
to induce G2/M cell cycle arrest and/or apoptosis medi-
ated by ERK1/2 activation [18, 19]. These reagents, like
YS110, cause G2/M cell cycle delay by inhibiting phos-
phorylation of cdc2 and c¢dc25C and by activating phos-
phorylation of ERK1/2. The G2/M delay caused by these
drugs is antagonized by MEK inhibitors. Among mono-
clonal antibodies that have been investigated for their
anti-cancer characteristics, the anti-CD40 antibody has
been reported to cause apoptosis of diffuse large B-cell
lymphoma cell lines with ERK1/2 activation through
CD40 signaling [20]. In these reported cases, as well as
our findings of YS110-CD26 interaction, the mechanisms
underlying G2/M delay or apoptosis through ERK1/2
activation is still unknown. As for G1/S cell cycle regula-
tion, a report has indicated that HER2 signaling related
to trastuzumab treatment had effects on CDC25A pro-
tein stability [21]. The involvement of cell cycle regulators
on the effect of anti-tumor antibodies should be further
investigated.

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

The NCI-H2452 cell line is derived from the epithelioid
type of MM and its growth rate is lower than the sarco-
matoid type of MM, the JMN cell line [24]. Profiles of
cell cycling for synchronization assay in S-phase by thy-
midine block are available for NCI-H2452 cells but not
for JMN cells. NCI-H2452 cells have no tumorigenicity in
immunodeficient mice but JMN cells form subcutaneous
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tumors or diffuse and spread into the thorax [11, 22,
and 23]; therefore, after YS110 treatment, we examined
the in vitro cell cycle using NCI-H2452 cells and in the
in vivo xenograft model using JMN cells.

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

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

Conclusions

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

Methods

Reagents and antibodies

The humanized anti-CD26 antibody YS110 was con-
structed from the anti-CD26 mouse monoclonal anti-
body 14D10 coding sequence as previously described
[11] and normal human IgGl (Southern Biotech, Bir-
mingham, AL) was used as a control. Rabbit monoclonal
antibody to cyclinB1, p2lcip/wafl, cdc2, phospho-cdc2
(Tyrl5), cdc25c, phospho-cdc25¢ (Ser216), Erkl/2,
phospho-Erk1/2(Thr202/Tyr204), p38MAPK, and phos-
phor-p38MAPK (Thr180/Tyr182) were from Cell Sign-
aling Technology Inc. (Danvers, MA) and the mouse
monoclonal antibody against B-actin or Glyceraldehyde
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3-phosphate dehydrogenase (GAPDH) was from DAKO
(Glostrup, Denmark). The goat anti-CD26 polyclonal
antibody and MEK 1/2 inhibitor U0126 was from Cell
Signaling Technology Inc. (Danvers, MA).

Cell culture

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

Cell proliferation assay

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

Cell cycle assay and flowcytometry

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

Western blotting
For total cell lysate preparation, NCI-H2452 cells or JMN
cells cultured with or without 2 pg/mL YS110 for 24 h
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were lysed at 4 °C by lysis buffer with phosphatase inhibi-
tors (50 mM Tris—HCI, 150 mM NaCl, 1 % NP-40, 0.25 %
deoxycholate, 500 uM NaVO3, 50 mM NaF). For the prep-
aration of nuclear and cytoplasmic extracts, NCI-H2452
cells were processed using NE-PER Nuclear and Cytoplas-
mic Extraction Reagents (Thermo scientific, Waltham,
LA) according to the manufacturer’s instruction. For
Western blot analyses, 30 pg of each cell lysate was sep-
arated on an SDS—polyacrylamide gel and transferred
to a PVDF membrane Hybond-P (GE Healthcare, Little
Chalfont, UK). The membranes were blocked in blocking
buffer [5 % dry milk and 0.2 % Tween 20 in Tris buffered
saline (TBS)] for 2 h at room temperature, and incubated
with the primary antibodies in antibody dilution buffer
(5 % bovine serum albumin, 0.2 % Tween 20 in TBS) over-
night at 4 °C. Dilutions of primary antibodies were 1:200,
except anti p2lcip/wafl antibody, which was diluted at
1:100. After three washes, the blots were incubated with
secondary antibodies (goat anti-rabbit polyclonal anti-
body and rabbit anti-mouse polyclonal antibody) diluted
1:1000 with dilution buffer for 1 h at room temperature
and developed using the ECL Western Blotting Detection
Reagents (GE Healthcare, Little Chalfont, UK). Quan-
tification of relative band densities was performed using
standard densitometry scanning techniques using Image-
Quant 350 and ImageQuant TL software (GE Healthcare,
Little Chalfont, UK). All the experiments performed in
triplicate and a representative experiment is shown.

Xenograft model using human mesothelioma cell lines
NOD/Shi-scid, IL-2 receptor gamma null (NOG) mice
were obtained from the Central Institute for Experimen-
tal Animals. JMN cells (1 x 10°) were implanted sub-
cutaneously in the back flank of NOG mice. Mice were
injected intratumorally with control human IgG, (n = 3)
or YS110 (n = 3) at doses of 5 mg/kg body weight. JMN
cells expressing CD26 were inoculated into the thoracic
cavities of NOG mice. Thereafter, mice were intraperi-
toneally injected with control human IgG; (n = 3) or
YS110 (5 pg per injection; n = 3), and/or pemetrexed
(PMX, purchased from Eli Lilly; 100 mg/kg body weight)
commencing on the day of cancer cell injection. Each
antibody was administered three times per week. Mice
were then monitored for the development and progres-
sion of tumors. Tumor weight was measured by scale. All
experiments were approved by the Animal Care and Use
Committee of Keio University and were performed in
accordance with the institute guidelines.

Histology and immunohistochemistry

Tumor tissues were fixed in 10 % neutral buffered forma-
lin, embedded in paraffin, and sectioned at a thickness of
5 um. Sections were paraffin depleted and rehydrated in a
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graded series of ethanol solutions. For histology, sections
were stained with hematoxylin and eosin. For immuno-
histochemistry, sections were washed with PBS, sub-
jected to antigen retrieval by heating at 100 °C in 0.01 M
sodium citrate (pH 6.0) for 10 min, then treated with
3 % H,0,, before incubation with the following primary
antibodies: goat anti-CD26 pAb (AF1180, R&D Systems,
Minneapolis, MN) (1:100) and mouse anti-Ki-67 mAb
(MIB-1, DAKO Japan) (1:100). Immune complexes were
detected by using an ImmPRESS REAGENT KIT (Vector
Laboratories, Burlingame, CA) with 3, 3’-diaminobenzi-
dine, and sections were counterstained with hematoxylin

Statistical analyses

Statistical analyses were assessed using SPSS version 17.0
(SPSS Inc., Chicago, IL). The p value, from which statisti-
cal significance was assumed, was set to p < 0.05.

Abbreviations
MM: malignant mesothelioma; PMX: pemetrexed; NOG mouse: NOD/Shi-scid,
IL-2 receptor gamma null mouse.
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Abstract

TGF-3 is a multifunctional cytokine that is involved in cell proliferation, differentiation and
function. We previously reported an essential role of the TGF-3 -Smad2/3 pathways in
RANKL-induced osteoclastogenesis. Using chromatin immunoprecipitation followed by
sequencing, we comprehensively identified Smad2/3 target genes in bone marrow macro-
phages. These genes were enriched in the gene population upregulated by TGF-B and
downregulated by RANKL. Recent studies have revealed that histone modifications, such
as trimethylation of histone H3 lysine 4 (H3K4me3) and lysine 27 (H3K27me3), critically
regulate key developmental steps. We identified Nedd9 as a Smad2/3 target gene whose
histone modification pattern was converted from H3K4me3(+)/H3K4me27(+) to H3K4me3
(+)/H3K4me27(-) by TGF-B. Nedd9 expression was increased by TGF-3 and suppressed
by RANKL. Overexpression of Nedd9 partially rescued an inhibitory effect of a TGF-3 inhibi-
tor, while gene silencing of Nedd9 suppressed RANKL-induced osteoclastogenesis.
RANKL-induced osteoclastogenesis were reduced and stimulatory effects of TGF-3 on
RANKL-induced osteoclastogenesis were partially abrogated in cells from Nedd9-deficient
mice although knockout mice did not show abnormal skeletal phenotypes. These results
suggest that Nedd9 is a Smad2/3 target gene implicated in RANKL-induced
osteoclastogenesis.
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Introduction

Skeletal homeostasis is strictly controlled by osteoclasts, which mediate bone resorption, and
osteoblasts, which regulate bone formation. Osteoclasts are multinucleated cells derived from
monocyte-macrophage lineage hematopoietic progenitor cells and specifically differentiated
for bone resorption [1]. The differentiation of osteoclasts is regulated by two cytokines: recep-
tor activator of nuclear factor kappa B ligand (RANKL) and macrophage colony-stimulating
factor (M-CSF). In addition to these two essential cytokines, we recently reported a critical role
for TGF-{3 in osteoclastogenesis [2] [3]. TGF-83 is abundantly stored in bone matrix and has
profound biological functions such as angiogenesis, cellular differentiation, apoptosis and bone
homeostasis [4] [5]. The binding of TGF-8 to its type II receptors recruits and phosphorylates
type I receptors, which in turn activate downstream signaling including Smad and non-Smad
pathways [6]. Phosphorylated Smad2/3 forms a complex with Smad4, and the molecular com-
plex translocates into the nucleus and regulates specific gene expression [7] [8] [9].

We previously reported that TGF-{3 is required for osteoclast differentiation in response to
RANKL and M-CSF by regulating the interaction of Smad2/3 with TRAF (tumor necrosis fac-
tor receptor-associated factor) 6, an adaptor molecule associated with RANK [2]. In addition,
we identified Smad2/3-binding sites in open chromatin regions during osteoclastogenesis and
found that Smad2/3 binding is necessary for the nuclear translocation of c-Fos, an essential
transcription factor for osteoclastogenesis [3]. Moreover, it was reported that combined treat-
ment of TGF-88 and TNF-a promotes maximal osteoclast formation compared to treatment
with other cytokine combinations in the presence of RANKL based on a multiparameter cyto-
kine assay [10]. However, direct target genes that regulate osteoclast differentiation down-
stream of TGF-3-Smad2/3 pathways still remain elusive.

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

Results
Identification of genes regulated by the TGF-B-Smad2/3 axis

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

As shown in Fig 1A, we confirmed that Smad2/3 bound to the promoter regions of known
TGEF-3-regulating genes such as Cdknla, Smad7 and Serpinel. We selected Smad2/3-binding
regions in 8 of these genes (Serpinel, Cdknla, Smad7, Smad6, Ski, Tmepai, Nedd9 and Pdgfb)
and confirmed a TGF-f8-dependent increase in Smad2/3 binding by ChIP-realtime PCR (Fig
1B). SBRs were widely distributed from distant upstream regions to intronic regions, with
prominent enrichment close to the TSSs of RefSeq genes (Fig 1C).

Histone modification by TGF-3

To analyze TGF-3-induced histone modification, BMM:s treated with 1 ng/ml TGF-f3 [desig-
nated as TGF-3(+) BMMs] or 5 uM SB431542 [TGF-f3(-) BMM:s] were subjected to ChIP-seq
analysis using anti-H3K4me3 or anti-H3K27me3 antibody. SB431542 is a potent and specific
kinase inhibitor of TGF-f8 type I receptor that strongly suppresses RANKL-induced osteoclas-
togenesis [2]. Genes with H3K4me3 peaks within +/- 1kb from the TSSs were defined as K4(+)
genes (peak signal ratio >8), and genes with H3K27me3 peaks within +/- 1kb from the TSSs
were defined as K27(+) genes (peak signal ratio >5). A total of 9,962 and 9,505 K4(+) genes
and 2,600 and 2,827 K27(+) genes were identified in TGF-f3(-) and TGF-{3(+) BMMs, respec-
tively. Smad2/3 target genes were significantly enriched in genes with K4(+)K27(+) marks in
TGF-B(-) BMMs and K4(+)K27(-) marks in TGF-8(+) (7.8 fold enrichment; P <10~ by chi
square test) (Fig 2A). The average signal intensity of H3K4me3 around TSS was higher in
TGF-3(+) BMMs than in TGF-{3(-) BMMs while that of H3K27me3 was lower (Fig 2B).
Indeed, mRNA expression of Smad target genes with K4(+)K27(+) marks in TGF-3(-) BMMs
and K4(+)K27(-) marks in TGF-3(+) BMM were up-regulated after TGF-f3 stimulation (Fig
20).

TGF-B positively and RANKL negatively regulates Smad2/3 target
genes

Using 14,177 probes (8,839 genes) with expression values of more than 70 by MOE430 Gene-
Chips at least one time point, we found that Smad2/3 target genes were significantly enriched
in the genes whose expression was more than 2-fold upregulated, but not in those whose
expression was less than 0.5-fold downregulated, by TGF-88 (Fig 3, upper and lower panels;

P < 10> by chi square test). Enrichment scores calculated by Gene Set Enrichment Analysis
(GSEA) [17] exhibited statistically significant enrichment (P < 107%) (Fig 3, lower panel).

We then analyzed the change of the expression of Smad2/3 target genes by RANKL stimula-
tion. We used 16,631 probes (10,004 genes) with expression values of more than 70 at least one
time point for further analysis. Interestingly, Smad2/3 target genes were significantly enriched
in the genes whose expression was less than 0.5-fold downregulated, but not in those whose
expression was more than 2-fold upregulated, after 24, 48 and 72 h of RANKL stimulation (Fig
4, upper and lower panels; P < 107> by chi square test). In addition, genes whose histone modi-
fication was changed from K4(+)K27(+) to K4(+)K27(-) patterns by TGF-{} treatment were
enriched in downregulated genes by RANKL (Fig 4, upper panel). The statistical significance of
the enrichment was analyzed by calculating GSEA enrichment scores (P < 10~°) (Fig 4, lower
panel).
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Fig 1. Identification of Smad2/3 binding sites. (A) BMMs were treated with 2 ng/ml TGF-3 for 1.5 h and cells were subjected to ChlIP-
seq analysis using anti-Smad2/3 antibody. Three known TGF-83 target genes (Cdkn1a, Serpine1, and Smad7) and a negative control
gene (Hprt1) were analyzed as representative examples. Smad2/3-binding regions (SBRs; peak signal ratio >8) and the peak position
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of each SBR are shown by black bars. (B) Eight positive regions and two negative regions for Smad2/3 binding were selected from
ChlP-seq data and validated by realtime PCR. ChIP using mouse IgG was used as control. Values are presented as n-fold enrichment
over Hprt1. (C) Average Smad2/3 signal profile around transcriptional start site (TSS) in ChlP-seq analysis. Smad2/3 binding was
enriched around TSS.

doi:10.1371/journal.pone.0157992.9001

|dentification of Nedd9 as a possible Smad2/3 target in BMMs

We identified 14 Smad2/3 target genes in which histone modification patterns changed from
K4(+)K27(+) to K4(+)K27(-) by TGF-{; treatment (Fig 5A). Nedd9, also called Cas-L or HEF-1
(human enhancer of filamentation 1), is a member of the CAS (crk-associated substrate) family
proteins [18] [19] [20]. Nedd9 is a scaffold protein localized in focal adhesion that is involved
in the development and progression of cancer cells [21] [22] [23]. As shown in Fig 3A, Smad2/
3 binding was enriched around the TSS of Nedd9 gene. Histone modification status changed
from K4(+)K27(+) to K4(+)K27(-) patterns by TGF-88 stimulation in BMM:s and then returned
to K4(+)K27(+) patterns in response to RANKL stimulation. In fact, Nedd9 gene expression
was upregulated by TGF-3 in BMMs and downregulated by RANKL stimulation (Fig 5B).

We then analyzed a potential function for Nedd9 in osteoclastogenesis. Retroviral overex-
pression of Nedd?9 significantly increased the expression of Cathepsin K, a marker gene of oste-
oclasts (Fig 6A). In addition, Nedd9 overexpression partially rescued the inhibitory effect of
SB431542 on RANKL-induced osteoclastogenesis (P < 0.05; Fig 6B-6D). Conversely, Nedd9
knockdown by retrovirus carrying shNedd9 markedly suppressed RANKL-induced osteoclasto-
genesis (Fig 7A-7C). All of these findings strongly suggest a critical function for Nedd9 in
RANKL-induced osteoclastogenesis.

Finally, we assessed the function of Nedd9 in osteoclastogenesis using Nedd9-/- mice.
BMMs from Nedd9-/- mice exhibited reduced osteoclastogenesis similar to shNedd9-treated
cells (Fig 8A and 8B). Stimulatory effects of TGF-f8 on RANKL-induced osteoclastogenesis
observed in wild-type BMMs was reduced in Nedd9-deficient BMMs (Fig 8B). Expression of
Cathepsin K, as determined by Western blotting, was downregulated in Nedd9-deficient osteo-
clasts as compared to wild-type osteoclasts (Fig 8C). However, no significant difference in the
skeletal phenotypes, as assessed by soft X ray in the lower extremities, micro CT in lumbar ver-
tebral bodies, and dual energy X ray absorptiometry was observed between Nedd9-knockout
and wild-type mice (Fig 9A-9C).

Discussion

We previously reported that TGF-{3 is indispensable for RANKL and M-CSF-induced osteo-
clastogenesis. However, the effector genes acting downstream of TGF-{3-Smad2/3 pathways
remain elusive. In the present study, we comprehensively analyzed Smad2/3-binding regions
and identified Smad?2/3 target genes in BMM:s by ChIP-seq analysis. Smad2/3 target genes
were enriched in TGF-88 upregulated genes as expected. Interestingly, these genes were
enriched in the gene population whose expression was downregulated by RANKL treatment,
indicating the possibility that the role of TGF-88 is to prepare an appropriate condition for
BMMs to differentiate into mature osteoclasts upon RANKL stimulation.

Histone modifications play important roles in cell differentiation. H3K4me3 is enriched in
the active and poised promoter regions [24, 25], while H3K27me3 is involved in polycomb-
mediated gene repression [26]. Recent studies have revealed that key developmental genes tend
to change histone modification patterns from the H3K4me3/H3K27me3 bivalent pattern to
the H3K4me3 monovalent pattern in various types of cells. In an attempt to narrow down the
candidates of Smad2/3 target genes involving in osteoclast differentiation, we identified Nedd9
as a Smad2/3 target gene whose histone modification pattern changed from K4(+)K27(+) to
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Fig 2. (A) Genes with H3K4me3 peaks within +/- 1 kb from TSS were defined as K4(+) genes, and genes with H3K27me3 peaks within +/- 1 kb
from TSS were defined as K27(+) genes. Genes with each combination of K4 and K27 status were identified and enrichment of Smad2/3 target
genes was calculated. Highest enrichment was observed in genes with K4(+)K27(+) marks in TGF-3(-) BMMs and K4(+)K27(-) marks in TGF-3
(+) BMM. (B) The intensity of histone marks around TSS of Smad2/3 target genes. The signal intensity of H3K4me3 in BMMs treated with TGF-
3 was higher than those treated with SB431542, while the signal intensity of H3K4me27 was lower in TGF-B3(+) BMMSs than that in TGF-3(-)
BMMs. (C) mRNA expression of Smad target genes with K4(+)K27(+) marks in TGF-3(-) BMMs and K4(+)K27(-) marks in TGF-3(+) BMM.

doi:10.1371/journal.pone.0157992.g002
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Fig 3. Identification of downstream effectors of TGF-B in osteoclastogenesis. Upper: The expression
scores after TGF-B3 stimulation of BMMs relative to time 0 are illustrated by a heat map with red or green color
representing increased or decreased gene expression, respectively. The probes were sorted by the ratio at
24 h (ranked gene list). Horizontal bars indicate Smad2/3 target genes. GSEA enrichment scores are
graphically shown in the right panel [17]. Smad2/3 target genes were significantly enriched in genes
upregulated by TGF-. Lower: The expression scores after RANKL stimulation of BMMs relative to time 0 are
illustrated by a heat map. Genes whose expression was upregulated more than 2-fold or downregulated less
than 0.5-fold relative to RANKL treatment were counted. Enrichment of Smad2/3 target genes in up- or
downregulated genes was evaluated by chi-square test (P < 107°).

doi:10.1371/journal.pone.0157992.9003

K4(+)K27(-) patterns in response to TGF-3. Nedd9, also known as CasL and HEF1, was origi-
nally identified as a 105 kDa protein that is tyrosine phosphorylated by the ligation of 1 integ-
rins in peripheral T cells [18]. Nedd9 is induced by TGF-88 and directly interacts with Smads in
various types of cells [27] [28]. We found that Smad2/3 binds to the promoter region of Nedd9
gene and TGF-88 upregulates Nedd9 expression in BMMs. Overexpression of Nedd9 promoted
and knockdown or knockout of Nedd9 suppressed osteoclastogenesis, indicating a role of
Nedd9 downstream of RANKL-RANK pathways. Previous studies reported that Nedd9 is
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doi:10.1371/journal.pone.0157992.9004
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doi:10.1371/journal.pone.0157992.g005

o

o
o

involved in tumor differentiation, migration and metastasis [29], and therefore, it is also possi-
ble that Nedd9 supports osteoclast motility as well.

A previous study reported the association between Nedd9 and Smadé6 or Smad7 [30], and
our ChIP-seq analysis showed that Smad2/3 bound to the promoter region of Smad6 and
Smad7. Although we did not address the association between inhibitory Smads and Nedd9 in
BMMs, it is possible that Nedd9 regulates TGF-83 signaling in a negative feedback manner by
interacting with inhibitory Smads.
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and Cathepsin K mRNAs. (B) Effects of SB431542 (SB) treatment on osteoclastogenesis, as evaluated by
TRAP staining, in Nedd9-overexpressing cells treated with RANKL. Overexpression of Nedd9 increased
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RANKL-induced osteoclastogenesis. SB431542 suppressed osteoclastogenesis, which was partly recovered
by Nedd9 overexpression. Cultures were stained by TRAP. Bars = 100 um. (C) The expression of Nedd9
gene as determined by realtime PCR. (D) The number of TRAP positive osteoclasts was significantly
increased by Nedd9 overexpression, and the suppression of osteoclastogenesis by SB431542 was partly
suppressed by Nedd9 overexpression. *P < 0.05.

doi:10.1371/journal.pone.0157992.g006

The role of Nedd9 in skeletal homeostasis in vivo is not clear. Seo et al. generated Nedd9-
deficient mice and reported that lymphocyte trafficking was altered [22]. In addition, Katayose
et al. recently reported that Nedd9-/- mice exhibited decreased onset of collagen-induced
arthritis compared with wild-type mice and that joint destruction was reduced in the knockout
mice [31]. We found that RANKL-induced osteoclastogenesis was impaired in BMMs from
Nedd9-/- mice, and the stimulatory effect of TGF-f3 on RANKL-induced osteoclastogenesis
was partially abrogated. However, we were unable to find the abnormal bone phenotypes in
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Fig 7. (A) Effects of knockdown of Nedd9 gene by shRNA on osteoclastogenesis. BMMs infected with retrovirus vector
carrying shNedd9 were treated with 5 nM RANKL for 3 days and stained with TRAP. (B) Expression of Nedd9 gene by
realtime PCR. (C) The number of TRAP positive osteoclasts was significantly reduced by retroviral introduction of
shNedd9. Bars = 100 um. *P < 0.05.

doi:10.1371/journal.pone.0157992.g007
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nuclear osteoclasts (B) and the expression of Cathepsin K protein (C).

doi:10.1371/journal.pone.0157992.9008

Nedd9-/- mice. This may be due to the effect of Nedd9 on other types of cells such as osteo-
blasts or osteocytes, or the effect of Nedd9 deficiency is only observed in mice under pathologi-
cal conditions such as ovariectomy and arthritis, or those treated by TGF-8. Further studies are
required to fully understand the role of Nedd9 in the skeletal milieu.
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Fig 9. (A) Bone phenotypes of 12-week-old male Nedd9-/- and wild-type mice were evaluated using soft-X ray of the lower
extremities. (B) micro CT in lumbar vertebral bodies (C) DEXA in lumbar vertebral bodies and proximal tibia.

doi:10.1371/journal.pone.0157992.g009

Materials and Methods

Reagents

Recombinant human M-CSF was purchased from R&D Systems (Minneapolis, MN, USA),
and TGF-P and SB431542 were from Sigma-Aldrich (St Louis, MO, USA). GST-RANKL was
purchased from Oriental Yeast Co., Ltd (Shiga, Japan). Alpha-minimum essential medium (o
MEM) and fetal bovine serum (FBS) were purchased from Life Technologies (Carlsbad, CA,
USA). Smad2/3 antibody was purchased from BD Biosciences (Monoclonal antibody, Mouse,
610843, San Jose, CA, USA), anti-trimethyl-histone H3 lysine 4 was from Activemotif (Poly-
clonal antibody, Rabbit, 39159, Carlsbad, CA, USA), anti-trimethyl-histone H3 lysine 27 was
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from Millipore (Polyclonal antibody, Rabbit, 07-449, Billerica, MA, USA), anti-B-actin was
from Sigma-Aldrich (Polyclonal antibody, Rabbit, A2066, St Louis, MO, USA).

Animals

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

Cell Culture

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

Real-time PCR analysis

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

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

Expression constructs and gene transduction

For retrovirus construction, the full-length cDNAs were amplified by PCR using KODplus
(Takara Bio Inc.), subcloned into Zero Blunt TOPO II vectors (Invitrogen), and inserted into
pMX-puro vectors. A total of 2 x 10° BOSC23 packaging cells were transfected with 6 g of
vector using FUGENE 6 (Roche). After 24 h, the medium was replaced with fresh o-MEM/10%
FBS, and cells were incubated for an additional 24 h. The supernatant was then collected as ret-
roviral stock after centrifugation at 2,400 rpm for 3 min. A total of 5x10° BMMs were incu-
bated with 8 ml of retroviral stock for 5 h in the presence of 6 ug/ml polybrene and 30 ng/ml
recombinant mouse M-CSF. After 5 h of retroviral infection, the medium was changed to o-
MEM/10% FBS and 100 ng/ml M-CSF, and cells were cultured for an additional 24 h. BMMs
were recovered with trypsin, and puromycin-resistant cells were selected by incubation with o-
MEM/10% FBS containing 2 pug/ml puromycin for 2 d and used for further experiments.
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RNA interference (RNAI)

RNAI expression vectors were constructed with pilGENEmUB6 vector (iGENE Therapeutics;
Tokyo, Japan) as described [32] [33], and the U6 promoter and inserts were cloned into pMx
vectors. Retroviruses carrying specific genes were prepared by transfecting BOSC packaging
cells with retrovirus vectors and collecting the supernatant after 2 days. For retroviral infection,
after the first 2 days of culture, BMMs were incubated with retrovirus in the presence of 30 ng/
ml M-CSF and 4 ng/ml polybrene (Sigma-Aldrich; St Louis, MO, USA) for 6 h and cultured
overnight in the presence of 10 ng/ml M-CSF. To select the transduced BMMs, cells were
detached with Trypsin/EDTA (Sigma-Aldrich; St Louis, MO, USA) and cultured with 10 ng/
ml M-CSF and 2 pug/ml puromycin (Sigma-Aldrich) for 2 days. Primer sequences were as fol-
lows: shNedd9_1 (sense) 5'-gtttGCATTAGATCTTTGGTCGACAgtgtgctgtcc TGTTGGCC
AAAGGTCTGATGCttttt-3', shNedd9_1 (antisense) 5 -atgcaaaaaGCATCAGACCTTTGGCC
AACAggacagcacacTGTCGACCAAAGATCTAATGC-3/, shNedd9_2(sense) 5'-gtttGCAGTG
CTAGGAGTGACATGTgtgtgetgtcc ACATGTTACTCCTGGTACTGCttttt-3', shNedd9_2
(antisense) 5'-atgcaaaaaGCAGTACCAGGAGTAACATGTggacagcacacACATGTCACTCCT
AGCACTGC-3".

ChIP and ChIP-seq

Cells were cultured in 15-cm plates to approximately 80% confluency. Cells were fixed with 1%
formaldehyde at room temperature and then neutralized with glycine. After cells were collected
and re-suspended, samples were sonicated. Samples were incubated with protein A/G beads
that had been pre-incubated with 4-10 pg of antibody. Immunoprecipitates were washed and
reverse-crosslinked, and DNA was purified with a PCR purification kit (Qiagen, Germantown,
MD, USA). DNA libraries were prepared for sequencing using the standard Illumina protocol.
Purified DNA was applied for cluster generation and sequencing on the cBot Cluster Genera-
tion system and Genome Analyzer IIx system (Illumina; San Diego, CA, USA) following the
manufacturer’s instructions. Obtained sequences were mapped to the reference mouse genome.
ChIP primer sequences were as follows: Nedd9 forward: 5-AGAAGGCAGAGGCAGCATA
A-3/,Nedd9 reverse: 5'-CCTGTGGCATCATCTCTAAGG-3/, Pdgfb forward: 5'- TTTCAAGG
CGATGAGGTCAC-3/, Pdgfb reverse: 5'- GGAGAGTGCCCCAGACCT -3/, Smad6 forward:
5'-CATGCAGGGTGTCTCTAGCA-3', Smad6 reverse: 5'-GGCTACATGGATCACGATGG-
3’, Tmepai forward: 5'-AAACCTACTGCGACGACAGG-3’, Tmepai reverse: 5-ATGAGAGG
CACTTTGCAACC-3/, Ski forward: 5-TGGAGAGGCTCTGCTCTAGG-3/, Ski reverse: 5'-
CCTGCAGCTGGTTTGTGTAA-3/, Cdknla forward: 5-TCTGT GTACGTGCGTGTGTG-3/,
Cdknla reverse: 5-TAAATTCCCGCCTATGTTGG-3', Serpinel forward: 5-AGCCCAATA
GAGAACTTCAAGTCC-3, Serpinel reverse: 5-CAGTACACCTCAAAACCCAGCC-3,
Smad7 forward: 5-TGCGAAACACAATCGCTTT-3, Smad7 reverse: 5'-CTCTGCTCGG
CTGGTTCC-3/, Ppib forward: 5-ATGTGGTACGGAAGGTGGAGA-3', Ppib reverse: 5'-
AGCTGCTTAGAGGGATGAGG-3/, Hoxal3 forward: 5-TGGCATGTTTTAGGGACCTC-
3’, Hoxal3 reverse: 5-CACATCCTTGGGAGGGTCTA-3.

Microarray expression array analysis

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

Statistical analyses

The results are expressed as mean+SD. Statistical analyses were performed using a two-tailed
unpaired Student's ¢ test for continuous variables and chi-square tests for categorical variables.
A p value of less than 0.05 was considered to be statistically significant.
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Abstract

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

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

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

Conclusion: These newly generated anti-mesothelioma mAbs are potentially useful as diagnostic and therapeutic
agents for mesothelioma. Moreover, our novel strategy for establishing antitumor mAbs may facilitate the develop-

ment of new diagnostic and therapeutic technigues for mesotheliomas and other malignancies.

Keywords: Monoclonal antibody, Mesothelioma, Diagnosis, Therapy, Method

Background

Mesothelioma is an aggressive tumor that develops from
mesothelial cells, which line the pleural, peritoneal, and
pericardial cavities. The development of mesothelioma
is usually associated with chronic exposure to asbestos
fibers [1, 2]. The worldwide incidence of mesothelioma
is increasing and is expected to peak in approximately
2020 because of the long latent period between expo-
sure to asbestos fibers and the appearance of disease [3].
Asbestos continues to be mined in Russia, China, Bra-
zil, Kazakhstan and other countries [4]. Asbestos is still
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imported and used in brake pads, gaskets, etc., even in
the US [4]. Diagnosis based on chest X-ray and computed
tomography (CT) findings must be confirmed by cyto-
logic serous effusion examination or biopsy [5-7].

Immunohistochemistry has significantly enhanced
the accuracy of cytology, although reaching a diagnosis
remains frequently difficult [8—10]. Although many diag-
nostic procedures are available, no single test unambigu-
ously distinguishes mesothelioma from other carcinomas
or even benign from malignant cells. The correct com-
bination of antibodies used to detect positive or nega-
tive markers should be employed and a comprehensive
assessment of the staining results must be conducted
[11].

© 2016 The Author(s). This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
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Mesothelioma is categorized histologically as epithe-
lioid, sarcomatoid, biphasic, and desmoplastic, among
others [9]. The histological subtypes help predict prog-
nosis and the choice of treatment. Therefore, it is impor-
tant to analyze pathological tissue using an appropriate
combination of antibodies for diagnosis and classifica-
tion. Nevertheless, many cases are difficult to diagnosis
[12-16].

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

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

Methods

Mice

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

Cells

The human mesothelioma cell lines ACC-MESO-1 and
ACC-MESO-4 were purchased from the RIKEN Cell
Bank (Ibaraki, Japan), JMN was a kind gift from Dr.
Brenda Gerwin and others (NCI-H226, MSTO-211H,
NCI-H28 and NCI-H2452) were purchased from the
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American Type Culture Collection (ATCC) (Manassas,
VA). The lung cancer cell lines (A549, PC9, Lu24, and
WA-hT), and the HuH-7 (hepatocellular carcinoma),
MKNI1 (gastric cancer), OVK18 (ovarian cancer), VMRC-
RCW (renal cell carcinoma) cell lines were purchased
from the RIKEN Cell Bank. The MCF7 (breast cancer),
KP3 (pancreatic cancer), and HCT 116 (colon cancer) cell
lines were purchased from ATCC. All cells were cultured
and maintained in RPMI-1640 medium (GIBCO, Grand
Island, NY) supplemented with 10 % heat-inactivated
fetal calf serum.

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

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

Generation of mAbs against mesothelioma cells

An eight-week-old female BALB/c mouse was immu-
nized alternately using intraperitoneal injections of
2-5 x 10° living cells derived from the mesothelioma
cell lines ACC-MESO4, MSTO-211H, and NCI-H226
every 2 weeks for 3 months. Three days after the last
immunization, spleen cells were fused with P3Ul-non-
producing myeloma cells using polyethylene glycol 4000
(Merck, Darmstadt, Germany) and cultured in RPMI-
1640 supplemented with 10 % fetal calf serum (FCS,
Japan Bioserum, Fukuyama, Japan), 5 % BriClone (NICB,
Dublin, Ireland), and HAT (Invitrogen, Tokyo, Japan)
in the wells of 96-well flat-bottom plates (Costar, Corn-
ing Incorporated, Corning, NY). Hybridoma superna-
tants were screened for reactivity with the mesothelioma
NCI-H2452 cells, which were not used for immuniza-
tion. Light microscopy revealed morphological changes
and an aggregation of target cells induced by incubation
with supernatants of hybridoma clones after 72 h. The
reactivity of hybridoma supernatants for the other mes-
othelioma cell lines was also determined. Four hybrido-
mas, JMAM1-4, were selected and cloned using limiting
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dilution. The isotype of these mAbs was IgG1, and they
cross-reacted widely with mesothelioma cell lines.

Flow cytometric (FACS) analysis

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

Inhibition test

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

Immunocytochemistry

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

In vitro proliferative assay of mesothelial cells incubated
with mAbs

MSTO-211H cells (1 x 10* cells/well) were incubated
with 10 % FCS-RPMI supplemented with 0.005-0.4 pg/
ml of IMAM1-4 mAbs for 48 h at 37 °C in an atmosphere
containing 5 % CO,. The culture was pulsed with 0.5 pCi
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of tritiated thymidine, [*H]-TdR, for the final 24 h. The
incorporation of [*H]-TdR was determined using scintil-
lation counting. Data are expressed as the mean + stand-
ard deviation (SD) of triplicate samples and represent
three separate experiments.

Wound-healing assay

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

Cell invasion assay

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

Statistical analysis

The data were analyzed using Student’s ¢ test. The results
are expressed as the mean £ SD and P values of <0.05
were considered significant. Statistical analyses were per-
formed using SPSS 14.0 software (IBM, NY).

Results

Morphological changes of mesothelioma cell lines induced
by the newly generated mAbs

We found that the newly generated four mAbs repro-
ducibly induced morphological changes in a mesothe-
lioma cell line that was not used for immunization. Light
microscopy revealed that the morphology of the NCI-
H2452 cells changed from spindle-shaped to round, and
the numbers of these cells decreased after incubation
with JMAM1-4 mAbs for 72 h compared with control
mouse IgG (Fig. 1a, upper column). These morphologi-
cal changes indicated that the mAbs bound the meso-
thelial cell lines. These findings were also reproduced
using MSTO-211H cells that were used for immunization
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Table 1 Antibodies used in this study and immunocytochemical reactivity

Antibody Clone Source Dilution Specimen Case 1 Case 2 Case 3
IMAM1 Our labolatory Undiluted cell supernatant Cell smear + + +
IMAM2 Our labolatory Undiluted cell supernatant Cell smear + + +
JMAM3 Our labolatory Undiluted cell supernatant Cell smear + + +
IMAM4 Our labolatory Undiluted cell supernatant Cell smear + + +
WT-1 6F-H2 DAKO 1:200 Cell block + + +
Carletnin Dak-Calret 1 DAKO 1:100 Cell block + + +
Mesothelin 22A31 IBL 1:1000 Cell block + + +
Podoplanin D2-40 DAKO 1:200 Cell block + + +
CK5/6 D5/16B4 DAKO 1:50 Cell block + + +
EMA E29 DAKO 1:100 Cell block + + +
GLUT-1 5B12.3 IBL 1:1000 Cell block + + +
CEA -7 DAKO 1:50 Cell block — —
TTF-1 8G7G3/1 DAKO 1:100 Cell block - - -
Epithelial-related antigen Moc-31 DAKO 1:100 Cell block — - -

(Fig. 1a, lower column). Furthermore, these mAbs aggre-
gated MSTO-211H cells. Taken together, these findings
indicate that the newly established mAbs reacted with
the mesothelial cell lines.

Analysis of the binding of mAbs to the mesothelial cell
lines

The reactivity of the mAbs against the mesothelial cell
lines was determined using FACS analysis. JMAMI,
JMAM?2 and JMAM3 mAbs stained the epithelial (ACC-
MESO-4, JMN) and sarcomatous (MSTO-211H, H2452,
H28 and MESO-1) cell lines. In contrast, JMAM4 stained
the epithelial cell lines but not the sarcomatous cell lines
(Fig. 1b).

Competitive inhibition of JMAM mAbs with established
mAbs
To determine whether the newly established ]MAM
mAbs bind to the same epitope of the already existing
Abs, we performed an inhibition test by flow cytometry.
NCI-H226 cells were incubated with JMAM mAbs fol-
lowed by staining with existing Abs already known to
bind to mesothelioma [anti-calretinin, anti-podoplanin
(D2-40), anti-GLUT-1, anti-CD25 (BC96), anti-CD26
(1F7, 5F8), anti-C-ERC/mesothelin (22A31)]. (Fig. 2).
Anti-calretinin was able to partially inhibit the staining
of the NCI-H226 mesothelioma cell line with JMAM?2
mAb. This result indicates that the JMAM?2 determi-
nant is strongly related to calretinin; however, the other
JMAM mAbs have no relationship with already existing
Abs, they may bind to mesothelioma cells.

Analysis of the binding of mAbs to other tumor cell lines
Using FACS analysis, we next determined whether the
mAbs bound to lung cancer cell lines. Binding of [IMAM1
to epithelial-type lung cancer cell lines (A549 and PC9)
was not detectable. In contrast, it bound to the small-cell
lung cancer cell lines WA-hT and Lu24. The extent of
binding of JIMAM2 and JMAM3 mAbs to lung cancer cell
lines varied. The IMAM4 mAb did not bind to any of the
lung cancer cell lines (Fig. 3a).

To determine the cross-reactivity of these novel anti-
mesothelioma mAbs to cell lines derived from tumors
other than those of the lung, we used FACS analysis
to determine their ability to react with MCF7 (breast
cancer), HuH-7 (liver cancer), KP3 (pancreatic can-
cer), MKN-1 (gastric cancer), HCT 116 (colon can-
cer), OVK18 (ovarian cancer), and VMRC-RCW (renal
cell carcinoma) cell lines. The JMAM1 mAb only cross
reacted with the VMRC-RCW cell line. JMAM4 mAbs
did not react detectably with any of these carcinoma cell
lines. The JMAM?2 mAb slightly or significantly stained
all carcinoma cell lines tested. The JIMAM3 mAb did not
stain the liver or pancreatic cancer cell lines; however,
it lightly stained a gastric cancer cell line and strongly
stained breast and colon cancer cell lines (Fig. 3b). Taken
together, these data indicate that the IMAM1 mAb dis-
tinguished mesothelioma and small-cell lung cancer cells
from epithelial lung cancer cells as well as any other can-
cer cells derived from these tissues except for renal cell
carcinoma. These data also suggesting that JMAM4 mAb
may distinguish epithelial mesotheliomas from all other
cancers.
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Fig. 1 Reactivity of JMAM mAbs with mesothelioma cell lines. a Morphological changes by JMAM mAbs. NCI-H2452 cells were incubated with
hybridoma supernatants for 72 h and observed using visible light microscopy. RPMI-1640 medium with 10 % FCS served as the control (upper
column). These findings were also reproduced using MSTO-211H cells (lower column). b Flow cytometry analysis of JMAM mAb reactivity. Mesothe-
lioma cell lines were incubated with the hybridoma supernatant (green histogram) or control mouse IgG (black histogram), subsequently stained
with Alexa Flour®-488 labeled anti-mouse IgG Ab and analyzed using flow cytometry
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Fig. 2 Competitive inhibition of JMAM mAbs with established mAbs. Staining profiles of JIMAM mAbs without or with already existent mAbs are
shown by green lines or red lines, respectively
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bated with hybridoma supernatants (green histogram) or control mouse IgG (black histogram), subsequently stained with Alexa Flour® 488-labeled

Analysis of mesotheliomas by mAbs

To determine whether these newly generated mAbs were
suitable for immunohistochemical staining of formalin-
fixed tissue sections, we used them to analyze surgically
resected mesothelioma tissue specimens. Unfortunately,
we did not detect staining of formalin-fixed paraffin-
embedded tissue specimens (data not shown). The anti-
gens recognized by the mAbs might have been masked or
antigenically inactivated by formalin fixation.

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

Fig. 4 Immunocytochemistry of clinical cases. a Papanicolaou; b Giemsa; ¢ IMAM1; d JMAM2; e JIMAM3; f JIMAM4. Original magnification 400x. The
malignant mesothelioma smear specimens, prepared from pleural effusions. Case 1 JIMAM1, JMAM2, JIMAM3, and JMAM4 mAbs stained membranes.
JMAM2 mADb stained membranes and the cytoplasm. Case 2 All mAbs stained membranes. Case 3 IMAM1 and JMAM4 mAbs stained membranes;

JMAM2 and JMAM3 mAbs stained membranes and cytoplasm

Case 1 Many cell clusters were present, including tight
and loose clusters with flattened cellular borders. Indi-
vidual cells showed wide variation in shape and size,
ranging from small to very large. The JMAMI1-4 mAbs
stained membranes, whereas the JMAM2 mAb stained
the cytoplasm and the membrane.

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

Case 3 Present were small to large clusters with knobby
borders and a single-cell population. These cells had low
nuclear: cytoplasmic ratios, but occasionally showed
macronucleoli. The staining of membranes by mAbs
JMAM1-4 was distinct. Antibodies against Podoplanin,
Mesothelin, EMA, and GLUT-1 stained cell-block speci-
mens, which confirmed these atypical cells as derived
from mesothelioma (Table 1). Because JIMAM1-4 mAbs
stained the membranes of all mesothelioma specimens

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

Histopathology and cytology of lung and mesothelial cells

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

Analysis of the effects of mAbs on the proliferation

of mesothelioma cells

We next tested whether the mAbs inhibited the prolifera-
tion of the MSTO-211H mesothelioma cell line (Fig. 6).
The JMAM1 and JMAMS3 mAbs inhibited the prolif-
eration of MSTO-211H cells as a function of their dose.
Thus, proliferation was reduced by at least 50 and 40 %
by 0.4 pg/ml of JIMAM1 or JMAM3 mAbs, respectively.

a
. . asc %
¢ e’ g ) L] ‘
S| e e - Gt ~ Db
B X ' “?' ~ Wy .5
- .cl - P }, s.
g & '3. : . -
. w 3 .
Papanicolaou IMAM1  JMAM2 JIMAM3 IMAM4
b
a-:j:;;“;“\ ’\:Io-”k}‘" =~ ~uﬂ§nun£‘u‘:‘_§ r
H&E -control JMAM1 JMAM2 IJMAM3 JMAM4 D2-40
= ,‘.,: i I‘*l A -"
L. ) 1
4 =k d
H&E -control JMAM1 JMAM2 JMAM3 JMAM4
Fig. 5 Histopathology and cytological findings of reactive mesothelial cells, normal pleura and lung, with immunoreactive features. a Pleural effu-
sion (reactive mesothelial cells, 1000x). b Normal pleura (400x). € Normal lung (400 x)
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Fig. 6 Proliferation of MSTO-211H cells in the presence of JIMAM1-4 mAbs. JMAM1-4 mAbs were added at the indicated concentrations to cultures
of MSTO-211H mesothelioma cells. IMAMT1, P < 0.05; JMAM2, P = 0.1; JMAM3, P < 0.05; JMAM4, P = 0.18
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The JMAM?2 mAb inhibited cell proliferation to some
extent. The JIMAM4 mAb did not inhibit the proliferation
of MSTO-211H cells. These results indicate that JMAM1
and JMAM2 mAbs may be useful for treating patients
with mesothelioma, at least those with the epithelioid
phenotype.

Analysis of the effect of JMAM mAbs on migration

of mesothelioma cells

Cell motility is an essential process of tumor metasta-
sis and progression. Therefore, we investigated whether
the mAbs would affect the migration of mesothelioma
cells using a wound-healing assay. The anti-mesotheli-
oma mAbs JMAM]1, JMAM2, and JMAMS3 significantly
inhibited the ability of NCI-H226 cells to migrate to and
close an experimentally induced wound (Fig. 7). These
results show that the anti-mesothelioma mAbs inhib-
ited the motility of mesothelioma cells and suggest that
the IMAM1-4 mAbs may possess a remarkable ability to
inhibit the progression of mesotheliomas.

Analysis of the effect of JMAM mAbs on invasion

of mesothelioma cells

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

IgG1 Ab (Fig. 8). IMAMI1 mAb significantly decreased
the trans membrane migration of NCI-H226 cells com-
pared with cells treated with the mouse IgG1 isotype
control.

Discussion

Differentiating between a mesothelioma and a papillary
adenocarcinoma is sometimes very difficult [25]. Clini-
cians recommend that the definitive diagnosis of meso-
thelioma may be achieved using immunohistochemical
analysis of cytological or histological specimens with cur-
rently available antibodies [8]. Many mAbs are developed
for the diagnosis of and therapy for mesothelioma. Pre-
viously, we focused on CD26 as a novel therapeutic tar-
get for mesothelioma and have developed a humanized
anti-CD26 mAb (clone: YS110), which is currently being
evaluated in a phase I clinical trial for patients with malig-
nant mesothelioma [26]. We also developed anti-human
CD26 mAbs (clone: 1F7, 5F8) that clearly and reliably
detect the denatured CD26 molecule in formalin-fixed
paraffin-embedded tissue [27]. Although many antibod-
ies are available to aid diagnosis, no single antibody can
unambiguously distinguish mesotheliomas from other
carcinomas. Anti-CD26 mAb reacts with epithelial and
sarcomatoid mesotheliomas. However, anti-CD26 mAb
also reacts with several other tumor cells and lymphocytes.
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Fig. 7 Wound-healing assays. a Representative images of wound closure assays after NCI-H226 cells were incubated with anti-mesothelioma anti-
bodies or control mouse IgG. b The extent of wound closure was calculated by analyzing the scratched area covered by the cells after 24 h using
ImageJ software. The data were normalized to the control values. The data are represented as the mean =+ SD of three independent experiments.
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Anti-mesothelin mAbs react with epithelial but not sarco-
matoid mesotheliomas [13]. In contrast, IMAM]I1, IMAM2,
and JMAM3 mADbs react with both subtypes. Anti-meso-
thelin mAbs react with renal cell carcinomas and pancre-
atic and ovarian cancers [28—30], unlike the JMAM4 mAbs
that did not react with lung, ovarian, or renal cell carcino-
mas or any of the other cancer cell lines tested. [MAM1
mADb did not cross-react with other carcinoma cell lines
except for small-cell-type lung cancer cell lines and renal
cell carcinoma cell lines. Taken together, our newly gen-
erated mAbs are more specific for mesothelioma than
other diagnostic mAbs and may be helpful in the differen-
tial diagnosis of mesothelioma. Novel anti-mesothelioma
mAbs may either serve as tools to diagnose mesotheliomas
as stand-alone reagents or together with other diagnostic
mAbs.

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

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

Therefore, in this study, we investigated reactivity
with mesothelioma cells as well as the direct antitumor
effect of the newly generated anti-mesothelioma mAbs.
We found that JMAMI1 and JMAM3 mAbs inhibited the
proliferation of the MSTO-211H mesothelial cell line,
and JMAM1-4 mAbs inhibited wound closure by NCI-
H226 cells to varying degrees. IMAM1-4 also inhibited
invasion of NCI-H226 cells to various degrees. Unfor-
tunately, we did not identify the target molecules of
JMAMI1-4 mAbs. Nevertheless, the promising anti-mes-
othelioma activities of these antibodies warrant contin-
ued studies in vitro and in vivo that will include efforts
to identify their targets. Our strategy for generating
diagnostic and therapeutic mAbs specific for tumor cells
differs from those of conventional methods that employ
immunization with peptides or DNA. Specifically, we
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Fig. 8 Analysis of the effect of JIMAM mAbs on invasion of mesothelioma cells. Cells (NCI-H226) were seeded into the upper chamber and the lower
chamber was filled with medium as described in the “Methods" section. Photos were captured by a light microscope at x 200 (a). The migration
of cells was measured by counting the migrating cells on the lower surface of the membrane in 3 fields (b). JMAMT1, *P < 0.05; JMAM2, P = 0.12;
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immunized a mouse with three different mesothelioma
cell lines and screened the antibodies using a different
mesothelioma cell line to potentially obtain novel mAbs
that react with unknown targets on the surface of meso-
thelioma cells.

Conclusion

Newly established anti-mesothelioma mAbs, JMAM1-
4, are potentially useful as diagnostic and therapeutic
agents for mesothelioma. Moreover, our novel strat-
egy for establishing anti-tumor mAbs may facilitate the
development of new diagnostic and therapeutic tech-
niques for other malignancies as well as mesothelioma.
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CUX1 isoforms are associated with fibrosis in systemic sclerosis
lung fibroblasts” (Ikeda et al. (2016) [2], http://dx.doi.org/10.1016/].
bbrep.2016.06.022), which presents that TGF-B increased CUX1
binding in the proximal promoter and enhancer of the COL1A2 and
regulated COL1. Further, in the scleroderma (SSc) lung and diffuse
alveolar damage lung sections, CUX1 localized within the a-
smooth muscle actin (a-SMA) positive cells (Fragiadaki et al., 2011)
[1], “High doses of TGF-beta potently suppress type I collagen via
the transcription factor CUX1” (Ikeda et al., 2016) [2]. Here we
show that CUX1 isoforms are localized within a-smooth muscle
actin-positive cells in SSc skin and idiopathic pulmonary fibrosis
(IPF) lung tissue sections. In particular, at the granular and prickle
cell layers in the SSc skin sections, CUX1 and «-SMA are co-
localized. In addition, at the fibrotic loci in the IPF lung tissue
sections, CUX1 localized within the a-smooth muscle actin (o-
SMA) positive cells.
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Specifications Table

Subject area Biology
More specific sub-  Fibrosis
ject area
Type of data Image
How data was Confocal microscopy (Zeiss Axioscope light microscope, Carl Zeiss)
acquired
Data format Analysed
Experimental For immunohistochemistry, sections were pretreated with methanol, fol-
factors lowed by antigen retrieval in heated 10-mM citrate buffer (pH 6).
Experimental The primary antibodies were CUX1 antibody (0.2 mg/ml) and the mono-
features clonal anti-a-SMA clone, 1a Cy3-conjugated antibody (0.7 mg/ml). Sections
were sequentially incubated with a 1/200 dilution of an Alexa 488 secondary
antibody.
Data source London, United Kingdom
location

Data accessibility = Data presented in this article

Value of the data

® The data provides the evidence that CUX1 isoforms localise within a-smooth muscle actin-positive
cells in SSc skin tissue sections, especially in the granular and prickle cell layers.

® The data provides the evidence that CUX1 isoforms localise within a-smooth muscle actin-positive
cells at the fibrotic loci in idiopathic pulmonary fibrosis (IPF) lung tissue sections.

® The data could further help research on the function of CUX1 isoforms in fibrosis-related diseases.

1. Data

Immunohistochemistry revealed the presence of a-SMA-positive fibrotic loci, which are char-
acteristic in the lungs of patients with IPF and in the skin of patients with SSc. In the IPF tissue
sections, CUX1 localised at alveolar cells and fibrotic loci. In addition, CUX1 localised within a-SMA-
positive cells but was not observed in the normal lung section (Fig. 1). In the SSc skin tissue sections,
CUX1 co-localised with a-SMA at the granular cell layer, prickle cell layer and fibrotic loci in the
epidermis. In addition, CUX1 localised within a-SMA-positive cells. These were not observed at the
epidermis in the normal skin sections (Fig. 2).

2. Experimental design, materials and methods

For formalin-fixed, paraffin-embedded specimens, the tissues were fixed and hydrated as
described previously [1,2]. For immunohistochemistry, the sections were pretreated with methanol
(VWR, Lutterworth, UK), followed by antigen retrieval in heated 10-mM citrate buffer (pH 6). The
primary antibodies were CUX1 antibody (0.2 mg/ml) and the monoclonal anti-a-SMA clone, 1a Cy3-
conjugated antibody (0.7 mg/ml). The sections were sequentially incubated with a 1/200 dilution of
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cux1 a-SMA merged

Normal
lung
X40

IPF lung
X40

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

Cux1 a-SMA merged

prickle cell Granular
layer cell layer

Normal
skin

X40

SSc 5
skin =
X40 §

Fig. 2. Systemic sclerosis (SSc) skin tissue sections stained with antibodies against CUX1 and a-smooth muscle actin (SMA).
The figure shows epidermis that were stained by CUX1 and «-SMA antibodies. The granular and prickle cells in the epidermis
were positive for CUX1 and a-SMA. CUX1 localised within a-SMA-positive cells. Normal skin sections were used as negative
control for CUX1 and a-SMA.
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an Alexa 488 secondary antibody. The slides were viewed and photographed using a Zeiss Axioscope
light microscope with Axiovision software.
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ABSTRACT: Obliterative bronchiolitis is the primary noninfectious pulmonary complication after allogeneic he-
matopoietic cell transplantation and the only pathognomonic manifestation of pulmonary chronic graft-versus-host
disease (cGVHD). In our recent study, we identified a novel effect of IL-26, which is absent in rodents, on transplant
related-obliterative bronchiolitis. Sublethally irradiated NOD/Shi-scidIL2ry"# mice transplanted with human umbili-
cal cord blood gradually exhibited obliterative bronchiolitis with increased collagen deposition and predominant
infiltration with human IL-26"CD26*CD4 T cells. Moreover, we showed that IL-26 increased collagen synthesis in
fibroblasts in vitro and that collagen contents were increased in a murine GVHD model using /L26 transgenic mice.
In vitro analysis demonstrated a significant increase in IL-26 production by CD4 T cells following CD26 costimu-
lation, while im’aur oglobulin Fc doria n fus/ with the N-terminal of ¢/ veclin-1, the ligan't for CD26, (Cav-Ig)
effectively inhib tea p ovdaction oL -26. Allm nistrition of Cav-lg befo ¢ or hft:r cnset bi GVHD impeded the
development of clinical and.hi tologic features ot GVHD without interrupting engrattment of donor-derived human
cells, with preservation of the graft-versus-leukemia effect. We concluded that cGVHD of the lungs is caused in part
by IL-26"CD26*'CD4 T cells, and that treatment with Cav-Ig could be beneficial for cGVHD prevention and therapy.

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

IL-26.

ABBREVIATIONS: A20-luc: luciferase-transfected A20 cell; ADA: adenosine deaminase; aGVHD: acute graft-versus-host dis-
ease; alloHSCT: allogeneic hematopoietic stem cell transplantation; APC: antigen presenting cell; ATG: antihuman T-lymphocyte
immune globulin; Cav-Ig: soluble Fc fusion proteins containing the N-terminal domain of caveolin-1; CB: cord blood; cGVHD:
chronic graft-versus-host disease; DPPIV: dipeptidyl petidase [V; GVHD: graft-versus-host disease; GVL: graft-versus-leukemia;
HSC: hematopoietic stem cell; HuCB: human umbilical cord blood; IBD: inflammatory bowel diseases; IFN: interferon; IL:
interleukin; mAb: monoclonal antibody; NHLF: normal human lung fibroblast; NOG: NOD/Shi-scidIL2ry™"; OB: obliterative
bronchiolitis; PBL: peripheral blood lymphocyte; RA: rheumatoid arthritis; Tg: transgenic; TNF: tumor necrosis factor.

I. 1. INTRODUCTION

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

1040-8401/16/$35.00 © 2016 by Begell House, Inc.

ogy, GVHD can be divided into acute and chronic
forms.! Acute GVHD (aGVHD) and chronic GVHD
(cGVHD) are traditionally diagnosed primarily by
time of onset, with cGVHD occurring after day 100
of transplantation.? However, cGVHD has distinct
clinicopathologic features and is often diagnosed
based on these features regardless of time of onset,
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being characterized by cutaneous fibrosis, involve-
ment of exocrine glands, hepatic disease, and oblit-
erative bronchiolitis (OB).>* OB, characterized by
airway blockade, peribronchiolar and perivascular
lympho-fibroproliferation and obliteration of bron-
chioles, is a late-stage complication of ¢cGVHD.3
Patients diagnosed with OB have a 5-year survival
rate of only 10 to 40%, compared to more than 80%
in patients without OB.%7 Therefore, the establish-
ment of a humanized murine model of cGVHD
manifesting OB is urgently needed to develop novel
therapeutic strategies for use in the clinical setting.
Furthermore, while multiple strategies to control
cGVHD involving T-cell depletion from the graft
or global immunosuppression have been developed,
cGVHD is still a common clinical outcome in many
alloHSCT patients.*® In addition, immunosuppres-
sion potentially abrogates the graft-versus-leukemia
(GVL) effect, associated with increased relapses fol-
lowing alloHSCT.? Novel therapeutic approaches are
thus needed to prevent cGVHD without eliminating
the GVL effect.

GVHD is ini iaiei~ahen -don(r-dorszved T
cells are primed by protessicnal antigen present-
ing cells (APCs) to undergo clonal expansion and
maturation.! Costimulatory pathways are required
to induce T-cell proliferation, cytokine secretion,
and effector function following antigen-mediated
T-cell receptor activation,'® and the important role
of costimulatory pathways in transplant biology
has been established.! CD26 is associated with
T-cell signal transduction processes as a costimu-
latory molecule and is a marker of T-cell activa-
tion.!"1* We previously showed that CD26-mediated
costimulation in human CD4 T cells exerts an
effect on production of T};1-type proinflammatory
cytokines such as interferon (IFN)-y.!> Moreover,
CD26"¢"CD4 T cells respond maximally to recall
antigens with a high competence for trafficking to
inflammatory tissues and for antibody synthesis of
B cells.'>!415 We also showed that CD26-caveolin-1
interaction leads to activation of both CD4 T cells
and APCs.'*"'® More recently, we performed in
vitro experiments to demonstrate that blockade of
CD26-mediated T-cell costimulation by soluble Fc

Ohnuma et al.

fusion proteins containing the N-terminal domain
of caveolin-1 (Cav-Ig) diminished primary and
secondary proliferative responses not only to recall
antigen but also to unrelated allogeneic APC."
Other investigators recently reported that CD26""
T cells contain Ty17 cells and that CD26%¢" T;17
cells are enriched in inflamed tissues including
rheumatoid arthritis (RA) and inflammatory bowel
diseases (IBD).?® These accumulating data strongly
suggest that CD26-mediated costimulation plays an
important role in memory response to recall antigens
and that blockade of CD26 costimulation may be an
effective therapeutic strategy for immune disorders
including GVHD and autoimmune diseases.

In this review, we summarize our recent work
to establish a pulmonary cGVHD murine model
induced by transplantation of human umbilical
cord blood (HuCB), which exhibited obliterative
bronchiolitis (OB) as well as sclerodermatous skin
GVHD after HSCT, and to describe a novel effect
of IL-26 produced by donor-derived human CD4 T
cells on fibreproliferation o OB. We also showed
ttba. 126 oi"d1CB €D} Tecells was produced
via CD26 costimulation by its ligand caveolin-1.
Furthermore, abrogation of CD26 costimulation by
Cav-Ig before or during the early onset of GVHD
impeded the development of pulmonary ¢cGVHD.
These results provide proof of principle that human
IL-26"CD26"CD4 T cells are involved in the patho-
physiology of pulmonary cGVHD.

Il. CURRENT ISSUES IN CHRONIC GVHD

A. Diagnosis

In the past, cGVHD included any clinical mani-
festations of GVHD that occurred beyond 100
days after hematopoietic cell transplantation.?!
According to the NIH consensus criteria published
in 2005, the broad category of cGVHD includes
classic cGVHD, presenting with manifestations
that can be ascribed only to cGVHD. Moreover,
cGVHD also includes the so-called overlap syn-
drome, which has diagnostic or distinctive cGVHD
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TABLE 1: Signs and Symptoms of Chronic GVHD

195

Diagnostic IZ_)istincfti_ve (_Zommon .
Organ (sufficinet for diagnosis) (insufficient alone for (in both acute and chronic
diagnosis) GVHD)
Poikiloderma, Lichen Erythema,
Skin planus-like, Sclerosis or Depigmentation Maculopapular rash,
Morphea Pruritus
Dystrophy, Logitudinal
Nails ridging or brittle,

Onycholysis, Nail loss*

Scalp and body

Xerostomia, Mucocele,
Ulcer*, Psuedomembrane*

Keratoconjunctivitis**, Sicca

Alopcia, Scaling

Gingivitis, Erythema, Mucositis,
Pain

Erosion*, Fissures*, Ulcers*

Anorexia, Nausea, Vomiting,
Diarrhea

Mixed hepatitis

hair
Mouth Lichen plar_lus-llke,
Hyperkeratic plaques
Eyes syndrome
Genitalia Llche_n planus-llke_, Vaginal
scarring or stenosis
Gl tract Esophaggal web, Stricture
or stenosis
Liver
Lung OE by-hiozsy

|
SCoChs,

Muscle, fascia,
joints .
J Joint contractures

Hematopoietic
and immune

Other

OB b -F'FTs_2ndradic ogy **

2OCR

Myositis or polymyositis**

Thrombocytopenia,

Lymphopenia,

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

*kk

Effusions

* In all cases, infection, malignancy and adverse effects of drugs must be excluded.
**Diagnosis of chronic GVHD requires biopsy or radiology confirmation (or Schrimer test for eyes).

x+*Pericardial, pleural effusions or ascites.

AIHA, autoimmune hemolytic anemia; BOOP, bronchiolitis obriterans with organizing pneumonia; Gl,
gastrointestinal; GVHD, graft-versus-host disease; ITP, idiopathic thrombocytopenic purpura; OB, obliterative

bronchiolitis; PTFs, pulmonary function tests.

manifestations together with features typical of
aGVHD.?' Table 1 shows a summary of the signs
and symptoms of cGVHD determined by the NIH
consensus criteria.>?! However, several issues
regarding the diagnosis of cGVHD have been
raised recently: (1) The presentation of cGVHD

Volume 36, Issue 3, 2016

can be very polymorphic, ranging from discrete
lichenoid features in the mouth alone, to a mul-
tisystemic appearance resembling an aggressive
lupus or scleroderma-like disease. (2) Although
the NIH panel recommended that distinctive
but not diagnostic features may require biopsy
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to confirm the diagnosis, this may not be easily
available without risk for some diseases, includ-
ing fasciitis or myositis. (3) The NIH criteria for
lung involvement include only OB and organizing
pneumonia (formally called bronchiolitis obliterans
with organizing pneumonia), and the NIH scoring
system includes both clinical signs and results of
pulmonary function tests. Although the diagnosis
of ¢cGVHD is often based on clinical signs and
symptoms, pathologic examination is warranted
and clearly either helps confirm the diagnosis of
cGVHD rather than aGVHD by using validated
histologic changes specific for cGVHD (including
skin, bronchioles, and salivary glands) or helps
narrow down a differential diagnosis between
c¢GVHD and carcinoma for mouth ulcerations.??

B. Pathophysiology and Clinical
Translation

In recent years, significant advances in our under-
standing of human-<GVHD have been made. It
is now evident thet ¢ -e.ihical-zian/ fest2tors Hi
cGVHD are the result of a highily complex immune
pathologic process involving both donor T and B
cells as well as other cells.*?*>* Donor T cells clearly
play an important role in the immune pathology of
chronic GVHD; in vivo T-cell depletion is the only
prophylactic measure that effectively decreases the
incidence of cGVHD.?2¢ The immune response
occurring in chronic lichenoid GVHD showed a
mixed Ty1/T17 signature with upregulated Ty1/
Ty 17 cytokine/chemokine transcripts and elevated
numbers of IFN-y and interleukin (IL)-17-producing
CD8* T cells.?’” Moreover, patients with active
cGVHD have a lower frequency of CD4" regula-
tory T cells (T,,) than patients without cGVHD.?
Regarding B cells, it has been recognized since the
early description of the disease that patients with
cGVHD frequently have circulating antibodies
that are reactive with recipient cells.?’ However,
whether these antibodies are pathogenic or sim-
ply reflect a disturbed B-cell homeostasis is still
unknown, although T-follicular helper cells (TfHs)
may provide a link between the interacting T- and
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B-cell networks in ¢cGVHD.3® Only antihuman
T-lymphocyte immune globulin (ATG) has been
shown to lower the incidence of chronic GVHD
after stem-cell transplantation from an unrelated
donor and from an HLA-identical sibling.’'> ATG
consists of antibodies exhibiting a direct effect on T
cells through opsonization and lysis after comple-
ment activation. Because antigens such as CD19
or CD138 are also targeted by ATG, antitumor
effects have been observed in B-cell cancers and
to a lesser extent in myeloid cancers.?* Taking into
account the effect of donor T and B cells on the
development of chronic GVHD,?? the effect of ATG
on APCs such as B cells and dendritic cells (DCs)
and the induction of T,,, may have contributed to

reg

the significant reduction in chronic GVHD.3*3

C. Preclinical Models in cGVHD

Although many preclinical models mimicking
human ¢cGVHD including OB have been estab-
lished,?® contral of OB after-alloHSCT has not yet
been wchievad th ofouzaly.?’ ‘The clinical applica-
tion of murine data 1s limited because multiple yet
limited schema have arisen to identify alloimmune
reactions in cross-species comparisons. For instance,
one extensively utilized model of cGVHD clearly
exhibited immune-complex glomerulonephritis,
which is rarely seen in human cGVHD.* More-
over, transfer of autoantibodies from mice with
GVHD to normal mice failed to cause autoimmune
pathology.? These limitations are due to preparative
regimens, composition of donor graft, and genetic
backgrounds of donor and recipient animals.?® In
addition, recent work has demonstrated multiple
differences in immunological functions between
humans and mice.?*#% On the other hand, because
in vivo T-cell depletion is the only prophylactic
measure that effectively decreases the incidence of
cGVHD,**! donor T cells clearly play an important
role in the immune pathology of cGVHD. In view
of these findings, the development of novel thera-
peutic strategies for use in the clinical setting and
the establishment of a humanized murine model of
cGVHD are urgently needed.
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lll. HUMANIZED MURINE MODEL OF
CHRONIC GVHD

A. Donor Source of the Newly Established
cGVHD Model

We previously analyzed a humanized murine aGVHD
model involving mice transplanted with human adult
peripheral blood lymphocytes (PBL). We showed that
liver and skin were predominantly involved as target
organs in this model of aGVHD, which was clearly
impeded by the administration of anti-CD26 mono-
clonal antibody (mAb).*> Our data suggest that CD26*
T cells play an effector role in this aGVHD model.
However, because the mice studied in our previous
work succumbed to aGVHD around 4 weeks after
transplantation of human adult PBL, this early-onset
model of aGVHD does not permit the assessment of
longer-term consequences of interventional therapies
such as the development of OB, a form of cGVHD
of the lung. Similesly, contaminated PBLs, caused
aggressive xenoger zicr¢acion; ‘araic traie; lented
with human bone marrow cealls, while depletion of
T cells in human bone marrow cells led to graft
failure in a humanized murine model.*> Therefore,
an alternative source for human hematopoietic stem
cells (HSC) is required for the establishment of a
humanized murine model of cGVHD.

In contrast to adult PBL, the HuCB lymphocytes
have been reported to be immature, predominantly
consisting of CD45R A" naive cells.*** We previously
showed that, while all HuCB CD4 T cells constitu-
tively expressed CD26, CD26-mediated costimula-
tion was considerably attenuated in HuCB CD4 T
cells, compared to the robust activation via CD26
costimulation of adult PBL.*} These findings provide
further insights into the cellular mechanisms of the
immature immune response of HuCB. Furthermore,
humanized mice transplanted with human HSC iso-
lated from HuCB exhibited human hematopoiesis
reconstitution as well as B-cell engraftment with a
similar antibody repertoire, as observed in human B
cells.¥4 Based on these findings, we hypothesized
that HuCB naive CD4 T cells gradually acquire
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a xenogeneic response via attenuated stimulatory
signaling with indolent inflammation in the target
organs, leading eventually to chronic inflammatory
changes. We therefore sought to develop a human-
ized murine pulmonary cGVHD model utilizing
HuCB donor cells and to overcome the limitations
seen in the humanized murine aGVHD model, such
as vigorous activation of all engrafted T cells and
extensive loss of B-cell maturation and activation.®

B. Pathologic Findings of Humanized
cGVHD Murine Model

As described above, the establishment of a humanized
murine model of pulmonary cGVHD is needed to
better understand and treat this serious and often fatal
complication of alloHSCT. To determine whether
pulmonary ¢cGVHD is induced by human immune
cells in a murine model, we first attempted to estab-
lish a humanized murine model utilizing NOD/Shi-
scidlL.2ry™ (NOG) mice as recipients and HuCB as
donor cells. Te-astablish a cortrol that did not develop
GVHDfollc wing Fen ctoj ciesic reconstitution, we
used T-cell-depleted CD34* cells isolated from
HuCB.## As shown in Figure 1A-i and ii, T-cell-
depleted CD34* transplanted mice (CD34" transplant)
survived for 5 months without any signs or symp-
toms of GVHD. Meanwhile, whole-CB—transplanted
mice exhibited clinical signs/symptoms of GVHD
as early as 4 weeks post transplant (Fig. 1A-ii) and
demonstrated a significantly decreased survival rate
(Fig. 1A-i). Human cells were engrafted similarly in
both groups, as shown in Fig. 1 A-iii. Previous work
with other humanized murine models showed that
reconstituted human CD45" cells were overcome by
CD3" T cells after transplant due to reduced B-cell
development,* which may impair the integrity of
host immunity. In contrast, we confirmed that NOG
mice transplanted with human HuCB maintained a
stable number of T and B cells (Fig. 1B), consistent
with previously reported results.*%4-30 Therefore, the
human immune system appeared to be effectively
reconstituted in the present murine model involving
whole CB as well as CD34" transplant.

We next conducted histological studies of GVHD
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FIG. 1: Obliterative r= arhivlhib ir'seb e hally vradicte 4 SOC i C trasn’aiied with U ndamumbilical cord blood
cells (HuCB). NOG 'mice =wiro-i radiated at a suoietiai-cose (250:Gy), the aext-day-tneywere transplanted with
1X103 T-cell- depleted CD34+ cells purified from HuCB (CD34* transplant) or with 12107 mononuclear cells isolated
from HuCB (whole CB transplant). (A) (i) Survival curve. P value was calculated using the log-rank test. (ii) Clinical
GVHD score (meantSEM). P value was calculated using the log-rank test. (iii) Engraftment of human leukocytes
in recipient mice. Peripheral blood of recipient mice was harvested at the indicated time points, and the population
of human CD45" cells was analyzed using flow cytometry. Data are shown as mean+SEM of human CD45" cells
among total peripheral blood leukocytes (PBLs). (B) Sustained composition of human leukocyte populations in re-
cipient PBLs. PBLs harvested from each group were stained for human CD3, CD19, CD33, or CD56 among human
CD45" cells. Data are presented as mean percentages of human CD45" cells. Cross indicates death of all mice in
whole-CB—transplant group. (C) H&E staining of the lung of whole-CB—transplant (8 weeks post transplantation).
The left panel shows lower magnification (40X) and the right panel shows higher magnification (100X). (D) Col-
lagen deposition was evaluated in the lung tissues of CD34" or whole-CB—transplant (8 weeks post transplantation)
with an Azan-Mallory staining. The histology shown in whole-CB—transplant is a sequential section of panel C. Dark
blue areas indicating collagen deposition are clearly observed in whole-CB—transplant mice, compared to those in
CD34" transplant mice. Original magnification is 100X. Scale bars indicate 100um. (E) (i) Skin, H&E staining of
the skin tissue of whole-CB—transplant mice (8 weeks post transplantation). The skin specimen shows homogeniza-
tion (sclerosis) of most of the reticular dermis (blue two-way arrow) with fat loss and follicular drop-out (dotted
line indicates the border between the hypodermis and muscle layer). In the stratum basale, vacuolar degeneration is
presented with apoptotic bodies (yellow arrow heads). (ii) Liver, H&E and Azan-Mallory staining of the liver tissue
of whole-CB—transplant mice (8 weeks post transplantation). Low-power magnification shows portal fibrosis and
high-power magnification shows cholestasis. (F) Collagen contents in the lung were quantified by Sircol collagen
assay. The mean number (SEM) of total collagen contents (ng) per wet lung tissue weight (mg) was determined.
Increased collagen contents were clearly observed in whole-CB—transplant mice, compared to those in CD34" trans-
plant mice. Each dot indicates individual value and horizontal bars indicate mean value (reprinted with permission
from The American Association of Immunologists, Inc., Copyright 2015).3!
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target organs. The lung of whole-CB—transplant mice
showed perivascular and subepithelial inflammation
and fibrotic narrowing of the bronchiole (Fig. 1C
and right panel of Fig. 1D), while CD34" trans-
plant control group displayed normal appearance of
GVHD target organs such as the lung (left panel of
Fig. 1D). For the diagnosis of pulmonary cGVHD,
it is necessary to show concomitant active GVHD
findings in other organs, including skin and liver.?!
Skin of whole-CB—transplant mice manifested fat
loss, follicular drop-out and sclerosis of the reticular
dermis in the presence of apoptosis of the basilar
keratinocytes, whereas the liver exhibited portal fibro-
sis and cholestasis (Fig. 1E). These findings indicate
that whole-CB—transplant mice develop pulmonary
cGVDH as well as concomitant active GVHD in
skin and liver. Because OB can be characterized
as a fibroproliferative disease,’” we also performed
Mallory staining and lung collagen assays to quantify
collagen contents as a measurement of the extent
of disease. The lung of whole-CB-transplant mice
displayed a significent increase in neribronchiolar
and perivascular coliogen (fep dsiticn and-in ‘ofal
lung collagen content, compared to CD34* transplant
mice (Figs. 1D and 1F). Taken together, our data
demonstrate that the lung of whole-CB—transplant
mice exhibits OB as manifestation of pulmonary
GVHD.

C. Pathophysiology of Puimonary cGVHD
in Our Model

To determine the potential cellular mechanisms
involved in the pathogenesis of pulmonary GVHD,
we next analyzed the composition of donor-derived
human lymphocytes in the GVHD lung. In contrast
to data demonstrating that recipient PBL contained
donor-derived human CD19*, CD33*, or CD56" as
well as CD3* cells (Fig. 1B), donor-derived human
CD3* cells were the predominant cell type observed
in the lung of whole-CB—transplant mice, compris-
ing more than 99% of the lymphocyte population
(Fig. 2A). Moreover, the human CD4 T-cell subset
was the predominant population observed in the
lung of whole-CB—transplant mice, not CD8 T cells
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(Fig. 2B). These findings were also confirmed by
immunohistochemistry studies of the lung specimens
(Fig. 2C). These data suggest that the development
of OB found in whole-CB—transplant mice involves
donor-derived human CD3 lymphocytes, particularly
CD4 T cells.

We next analyzed the expression profile of
mRNAs of various inflammatory cytokines in human
CD4 T cells isolated from the lung of whole-CB—
transplant mice. We found that IFNG, IL17A4, IL21,
and /L26 significantly increased over the course of
GVHD development following whole CB transplan-
tation, while /L2, TNF (TNF-a), /L4, IL6 and IL10
decreased.’! In addition, substantial increases were
seen in the levels of IFNG and IL26, with IL17A4
and /L2] remaining at a low level.’! It has been
reported that IFN-y and IL-26 are produced by Ty1
cells,> while IFN-y, IL-17A and IL-26 are produced
by Ty17 cells.>® Because both Tyl and Ty17 cells
strongly express CD26,'>2 we next analyzed the
expression level of CD26/DPP4, demonstrating that
DPP4 mRNA-expression in human CD4 T cells
infiltret ng ictie uhig H mice wath OB significantly
increased.’! These findings on expression levels of
mRNA were also confirmed by examining protein
levels in sera of recipient mice utilizing ELISA.5!

To determine whether these cytokines were
produced by the infiltrating human CD26°CD4 T
cells, we next conducted flow cytometric analysis of
lymphocytes isolated from the lung of whole CB or
CD34* transplant control mice. As shown in Fig. 2D,
levels of human IFN-y*, and IL-26*CD26*CD4 T cells
were significantly increased in whole-CB—transplant
mice compared to CD34" transplant control mice,
while levels of IL-17A*CD26'CDA4 T cells were simi-
larly very low in both groups. These findings were
also confirmed by immunohistochemistry studies of
the lung specimens (Fig. 2E). To determine whether
CD26'CD4 T cells produced IL-26, IFN-y and/or
IL17A, multicolor-staining flow cytometric studies
were conducted. As shown in Fig. 2F-i, CD26*CD4
T cells in the lung of whole-CB—transplant mice
predominantly produced IL-26 rather than IFN-y. In
addition, while CD26'IFN-y*CD4 cells exclusively
expressed [L-26, CD26"IL-26"CD4 cells were pre-
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FIG. 2: Predominant infiltration of donor-derived CD4+ T cells in obliterative bronchiolitis of chronic GVHD. NOG
mice were preconditioned and transplanted by the same method as in Fig. 1. (A) Representative 2-D dot plots of
human lymphocyte composition in the lung of whole-CB—transplant mice (8 weeks post transplantation). Single-
suspension cells isolated from the lung of whole-CB—transplant mice (8 weeks post transplantation) were sorted by
human CD45* cells and then analyzed using flow cytometry. The upper panel shows representative human CD3 and/
or CD56 staining, and the lower panel, representative human CD19 and/or CD14 staining. Numbers indicate rela-
tive percentages per quadrant. (B) Absolute cell numbers (mean+SEM) of human CD45*, CD4", or CD8" cells per
lung of whole-CB—transplant mice were quantified by flow cytometry. CD4" T cells were predominantly observed
in the lung of whole-CB—transplant mice. * P<0.0001 versus CD8" cells. (C) Anti-human CD4 or CD8 immuno-
histochemistry of sequential sections of lung tissue of whole-CB—transplant mice (8 weeks post transplantation).
Predominant infiltration of CD4* cells was observed, with similar results to those obtained by flow cytometry as
shown in panel F. Original magnification is 100X or 400X (inset in each panel). (D) Absolute cell numbers of hu-
man [FN-y*CD26"CD4, IL-26"CD26*CD4, or IL-17A*CD26"CD4 cells in the lung of CD34" transplant or whole-
CB-transplant mice were quantified by flow cytometry. * P<0.0001 versus corresponding CD34" transplant group;
NS, not significant. (E) Anti-human CD26, IL-26 or IL-17A immunohistochemical staining of sequential sections
of the lung from whole-CB—transplant mice (8 weeks post transplantation). The lung of whole-CB—transplant mice
was clearly infiltrated with human CD26 or IL-26 (brown stained cells) but not with IL-17A positive cells. Original
magnification is 100X or 400X (inset in each panel). Scale bars in the inset indicate 20 um. (F) Representative 2-D
dot plots of human CD26 and IFN-y or IL-26 cells by gating for human CD4" cells (panel i) and of human IFN-y or
IL-17A among IL-26" cells by gating for human CD26*CD4" cells (panel ii). Single-suspension cells isolated from the
lung of whole-CB—transplant mice (8 weeks post transplantation) were sorted by human CD45" cells then analyzed
using flow cytometry. Numbers indicate relative percentages per quadrant [(B) — (F) reprinted with permission from
The American Association of Immunologists, Inc., Copyright 2015].5!
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dominantly IFN-y—negative cells, and IL-17A" cells
were exclusively IL-26 negative (Fig. 2F-ii). These
data suggest that CD26'CD4 T cells in the lung of
mice with OB express IL-26 as well as IFN-y but
do not belong to the Tj;17 cell population.

IV. ROLE OF IL-26 IN CHRONIC GVHD

A. IL-26 in Immune System: an Overview

Originally discovered in Herpesvirus saimiri—trans-
formed T cells,** IL-26 is now classified as belonging
to the IL-10 family of cytokines.>* Human IL-26 is
a 171-amino acid protein that belongs to the IL-10
family of cytokines, a family that includes IL-10,
IL-19, IL-20, IL-22, and 1L.-24.%> The IL-26 protein
is encoded by the /L26 gene located on chromo-
some 12q15 between genes for interferon IFN-y and
1L-22523657 and is conserved in several vertebrate
species but not found in mice and rats.’? IL-26
is a secreted protein-nroduced by T, NK gells, or
synoviocytes,’® a ia hiadirg H - IL-20 to 2-dlistinct
cell surface receptor consictiag of 1L-20RA and
IL-10RB results in functional activation via STAT3
phosphorylation (Fig. 3).° Although IL-26 shares
approximately 25% of its amino acid homology
with IL-10 (and utilizes one of the IL-10 receptor
subunits as a cell surface receptor),’*® a growing
body of evidence indicates that the functional effects
of IL-26 differ substantially from those of IL-10.
Functional studies are compatible with IL-26 driving
or sustaining inflammation rather than suppressing
it. In addition, IL-26 gene expression or protein pro-
duction has been analyzed in patients with systemic
sclerosis, RA, inflammatory bowel diseases (IBD),
and hepatitis C virus (HCV) infection.’¢1-64 IL-26 is
evidently involved in chronic inflammatory disorders
including autoimmune diseases (Fig. 4), but its role
in acute inflammatory disorders and onset of chronic
inflammatory disorders has yet to be established.
Because expression of IL-20RA, the key subunit
of IL-26 receptor that mediates IL-26 signaling,
is restricted to skin, intestine, and lungs, IL-26 is
thought to promote defense mechanisms at mucosal
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surfaces by bridging immune cells and epithelia.
IL-26 exhibits priming effects on various immune
cells to boost antiviral and antimicrobial responses.
IL-26 induces TNF-related apoptosis-inducing ligand
(TRAIL) on human NK cells that kill HCV-infected
hepatocytes.®* Moreover, IL-26 derived from CD68*
alveolar macrophages and T17 cells propel anti-
microbial responses by priming the recruitment of
neutrophils toward bacteria and assembled effector
immune cells in the lungs and by triggering the
production of plasmacytoid DC—derived IFN-q..%3-66
Furthermore, it was reported that human Ty 17-cell-
derived IL-26 mediates protective immunity by direct
microbicidal action due to its functional similarity
to naturally occurring antimicrobial peptides. 1L-26
inhibited the growth of gram-negative or -positive
bacteria, including Pseudomonas aeruginosa, Esch-
erichia coli, Klebsiella pneumonia, and Staphylococ-
cus aureus, by direct bactericidal action.®® Therefore,
even when the limitations of current knowledge are
taken into account, IL-26 emerges as an important
player in hest-defense and ‘nflammation, with the
poteniic | to represent Al therapentic target in infec-
tions and chronic inflammatory disorders (Fig. 4).

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

Because significant collagen deposition was observed
in peribronchial blood vessels in the lung of aGVHD
(Fig. 1C),>%7 we sought to determine whether col-
lagen production was induced by IFN-y* and/or IL-
26"CD26"CD4 T-cell infiltration in cGVHD lung.
Although IFN-y is a key regulator of cellular immu-
nity, development of cGVHD lung has been reported
to be independent of [FN-y.%8 On the other hand, the
effect of IL-26 on cGVHD pathophysiology has not
yet been determined. We therefore focused on IL-26
as a potential effector cytokine for lung cGVHD.
While the human IL-26 gene IL26 is located adja-
cent to /FFNG on chromosome 12q15, and the IL-26
gene is absent in rodents,’>% we cannot formally
exclude the possibility that human IL-26 activates
murine cells. We therefore conducted in vitro assays
to determine the effect of human IL-26 on murine
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FIG. 3: Receptors and downstream signaling of IL-26 and other IL-10 family cytokines.

cells. We first showed that both IL-20RA and IL-
10RB, a functional receptor complex for [L-26, were
expressed in the murine fibroblast cell-line NIH3T3
as well as normal human lung fibroblast (NHLF).>!
We next showed that exogenous recombinant human
IL-26 induced phosphorylation of STAT3 in both
NHLF and NIH3T3.%! These data indicate that human
IL-26 is active not only in NHLF but also in murine
fibroblasts. To examine a functional effect of IL-26
on murine fibroblast, we next conducted in vitro
assays for collagen synthesis. We showed that an
increase in collagen production in NIH3T3 as well as
in NHLF was observed in a dose-dependent manner
following the addition of exogenous IL-26 and that
collagen production was inhibited by neutralizing
anti-IL-20RA polyclonal antibody (pAb).>! These
results strongly suggest that human IL-26 activates

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

To further extend the above in vitro results to
an in vivo system, we analyzed the lung of murine
alloreactive GVHD using human /L26 transgenic
(Tg) mice. For this purpose, we used mice carry-
ing human /FNG and IL26 transgene (190-IFNG
Tg mice) or mice carrying human /FNG transgene
with deleting /L26 transcription (ACNS-77 Tg mice).
190-/FNG Tg mice exhibited production of 1L-26
by CD4 T cells under Ty 1- or T17-polarizing con-
ditions, while expression of IL-26 was completely
abrogated in ACNS-77 Tg mice.>? In addition, pro-
duction of IFN-y by T or NK cells was equivalent
in both 190-/FNG Tg and ACNS-77 Tg mice.’” As
shown in Fig. 5A, lung histology of recipient NOG
mice deriving from parental C57BL/6 (B6 WT) mice
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or ACNS-77 Tg mice showed peribronchial infiltra-
tion and cuffing denoting GVHD (panels a or g),
while collagen deposit was not detected by Mallory
staining (panels b or h), and IL-26" cells were not
detected (panels c or i). On the other hand, histology
of recipient NOG mice deriving from 190-/FNG Tg
mice showed peribronchial infiltration and cuffing
denoting GVHD (panel d of Fig. 5A) with collagen
deposition and IL-26" cell infiltration (panels e and
f of Fig. 5A). Significant increase in collagen depo-
sition in the lungs of recipient NOG mice deriving
from 190-/FNG Tg mice was quantified by collagen
assays and shown in Fig. 5B. These results suggest
that human IL-26, but not human IFN-y, plays a
critical role in pulmonary fibrosis associated with
lung cGVHD.
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V. ROLE OF CD26 IN CHRONIC GVHD

A. Molecular Mechanisms of T-Cell
Response via CD26

In 1979, a large-molecular-weight complex com-
posed of adenosine deaminase (ADA) activity was
found to be an ADA-binding protein (ADBP), also
known as adenosine deaminase complexing protein-2
(ADCP2).7 In 1992, this ADBP (or ADCP2) was
determined to be identical to CD26, a T-cell activation
molecule and a 110-kD glycoprotein that is present
also on epithelial cells of various tissues including
the liver, kidney, and intestine.””3 The human CD26
cDNA contains a 3,465 base-pair (bp) open reading
frame that encodes a 766-amino-acid protein. The
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FIG. 5: Collagen deposition in cGVHD lung is induced in NOG mice receiving bone marrow (BM) cells and sple-
nocytes of /L26 transgenic (Tg) mice. (A) H&E, Azan-Mallory staining and anti-IL-26 immunohistochemistry of
sequential sections of lung from NOG mice at 4 weeks after transplantation of BM and splenocytes isolated from
parental B6 (WT) (panels a-c), 190-IFNG BAC Tg (panels d-f) or ACNS-77 Tg (panels g-i) mice. Lungs of recipi-
ents of 190-/FNG BAC Tg mice showed areas of collagen deposition and IL-26" cell infiltration, while recipients
of WT or ACNS-77 Tg mice showed BO and septal infiltration without collagen deposition or IL-26" cells. Original
magnification is 100X. Scale bars indicate 100pum. (B) Collagen contents in the lung were quantified by Sircol col-
lagen assay. Each lung specimen was prepared from mice as shown in panel A. The mean number (tSEM) of total
collagen contents (u 1) ver-wet-dung-tisiuz we'ght ‘mz) v as deterrrinec. Ircmsased colla ;encontents were clearly
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Association of Immunologists, Inc., copyright 2015).3!

human CD26 amino acid sequence has 85% amino
acid identity with the mouse and rat CD26.7>73 The
5’-flanking region does not contain a TATA box
or CAAT box commonly found in housekeeping
genes.”*> CD26 does contain a 300-bp G-C-rich
region with potential binding sites for NF-kB, AP2,
or Sp1.7¢ CD26 expression is activated by IFNs and
retinoic acid in chronic lymphocytic leukemia via
Statla and the GAS (IFN-y activation site) response
element (TTCnnnGAA located at bp -35 to -27) in
the CD26 promoter.”’

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

alanine at the penultimate position.”® Analysis of
single amino acid point mutations in the 3-propeller
motif identified Glu205 and Glu206 to be essential
for DPPIV enzyme activity, and the central tun-
nel and o/B-hydrolase domains both participate in
DPPIV inhibitor binding.”**! CD26/DPPIV was
initially considered to cleave peptides only after
a proline or alanine residue, but its substrates are
now known include hydroxyproline, serine, glycine,
valine, threonine, and leucine.?%-8283 CD26 binds
to caveolin-1 on APC, and residues 201 to 211 of
CD26 along with the serine catalytic site at residue
630, which constitute a pocket structure of CD26/
DPPIV, contribute to its binding to the caveolin-1
scaffolding domain.'® This region in CD26 contains
a caveolin-binding domain (P XPXXXXDPXXD;
® and X depict aromatic residue and any amino
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FIG. 6: Schematic diagrams of the amino acids of human CD26. Human CD26 cDNA is composed of 2,301 base
pairs, translated to a 766-amino-acid protein. DDPIV catalyzes the hydrolysis of N-terminal dipeptides from poly-
peptides with proline or alanine in the penultimate position. See text for further details.

acid, respectively)—aenecifically WVYEEEVESAY.
in CD26. These oliscivations sizeug Iy suspor the
hypothesis that DPP1V enzym< activity is necessary
for CD26-mediated T-cell costimulatory activation,
as demonstrated in our previous work using CD26-
targeted mADbs.'>% Single-amino-acid point-mutation
analysis showed that His750 residue is responsible
for dimerization,® which is required for T-cell
costimulation signaling.'®

In human peripheral blood, CD26 is found on
CD4" T memory cells and CD8* effector/memory T
cells.!28687 It has been reported that 0-5% of freshly
isolated CD20" B cells do express the CD26 antigen.®®
Following stimulation with phorbol 12-myristate
13-acetate (PMA) or Streptococcus aureus protein,
the fraction of CD26-positive cells increased to
51%.128 Meanwhile, CD26 is not expressed or is
found only at low levels on monocytes of healthy
adults.”>*! Only a small fraction of peripheral NK
cells was found to express CD26.%2

CD26 is a costimulatory molecule for T-cell
signal transduction. Whereas CD26 expression is
enhanced following activation of resting T cells,
CD4*CD26"h T cells respond maximally to recall
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antigens such-as tetanus toxeid.!? In addition, CD4*
T Gel's wit =in vitrc (traneadothelial migratory
capacity appear to express high CD26.%> Moreover,
CD26""CD8* T cells in humans belong to early
effector memory T cells, and CD26/#"CD8* T cells
exhibit increased expression of granzyme B, TNF-a.,
IFN-y and Fas ligand, and exert a cytotoxic effect
with CD26-mediated costimulation.®’

The cytoplasmic tail of CD26 is responsible
for T-cell costimulation induced by anti-CD3 plus
caveolin-1.'* We found that CARMA1 binds to the
cytoplasmic tail of dimeric CD26 and that a PDZ
domain in CARMALI is necessary for binding to
CD26. Following its phosphorylation, CARMA1
functions as a signaling intermediate downstream
of protein kinase 0 (PKCO) and upstream of kB
kinase (IKK) in the T-cell receptor (TCR) signal-
ing transduction pathway, which leads eventually to
NF-kB activation. Dimeric CD26, but not monomeric
CD26, binds to CARMA1.'° The enzymatic pocket
structure of the DPPIV catalytic site is necessary
for binding of CD26 to caveolin-1, which leads to
the upregulation of CD86 expression on APC (Fig.
7).!7 Dimerization of CD26 is therefore not only
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phosphorylation. Phcspho-cavealin-1iren.duces a's.gial il to thel’C lelding to dissceiation.ef IRAK-1 and Tollip,
followed by activation of NF-kB and finally resulting in CD86 upregulation and T-cell costimulation. On the T-cell
side, binding by specific MHC-peptide complexes leads to TCR signal transduction. Additionally, caveolin-1 on the
APC ligates CD26 dimers on the T-cell surface resulting in the recruitment of lipid rafts in the plasma membrane
and the recruitment of CARMAL1 to the cytosolic portion of CD26. Ultimately, these steps lead to the activation of

NF-kB, and T-cell proliferation and IL-2 production.

necessary for binding to caveolin-1 but also serves
as a scaffolding structure for the cytoplasmic sig-
naling molecule CARMA1. Overall, CD26 ligation
by caveolin-1 on APC recruits CD26-interacting
CARMA1 to lipid rafts, resulting in the formation
of a CARMAI1-Bcl10-MALT1-IKK complex, and
this membrane-associated Bcl10 complex then acti-
vates IKK through ubiquitination of NF-kB essential
modulator (NEMO).!*

B. IL-26 Production via CD246-Mediated
T-Cell Costimulation

IL-26 is co-expressed with IFN-y by Tyl cells,”
and CD26/DPPIV is preferentially expressed on Ty 1

cells activated via CD26-mediated costimulation.'’
In addition, CD26*CD4 T cells in the cGVHD lung
predominantly produced IL-26 rather than [FN-y (Fig.
2F). Thus, we hypothesize that human CD4 T cells
produce IL-26 following CD26 costimulation. To test
this hypothesis, we conducted in vitro costimulation
experiments using HuCB CD4 T cells and analyzed
expression of various inflammatory cytokines. We
showed that levels of /L26 and DPP4 were sig-
nificantly increased following CD26 costimulation
compared with those in CD28 costimulation, while
expression levels of /L26 and DPP4 were enhanced
by CD28 or CD26 costimulation.’! On the other hand,
expression levels of /L2, IFNG, and ILI174 were
not increased following either CD26 costimulation
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FIG. 8: Expression of caveolin-1 in the cGVHD lung of HuCB-NOG mice. Anti-caveolin-1 immunohistochemistry
of the lung of whole-CB—transplant mice (8 weeks post transplantation). Caveolin-1 was detected on the epithelial
cell surface (yellow arrows in panel A) and macrophage-like large cells (arrow heads in panel B) around inflam-
matory vessels (panel C) in obliterative bronchiolitis lesion (OB in panel A). Original magnification, 100X (A) and

400X (B, C).

or CD28 costimulation, due to the immaturity of
HuCB T cells, as was previously reported.*** We
next conducted costizmulation experiments evaluating
dose and time kinet cs 1/ ingthe G225 Sostimali toy
ligand Cav-Ig as well as ant?*CD26 or anti-CD28
mAbs. We showed that production of IL-26 increased
following CD26 costimulation with Cav-Ig or anti-
CD26 mAD in dose- and time-dependent manners,
while a slight increase in IL-26 level was observed
following CD28 costimulation only at higher doses
of mAb and longer stimulation periods.’' Blocking
experiments were then performed for further confir-
mation, showing that IL-26 production induced by
Cav-Ig or anti-CD26 mAb was clearly inhibited by
treatment with soluble Cav-Ig in a dose-dependent
manner, while no change was observed with CD28
costimulation. These findings strongly suggest that
production of IL-26 by HuCB CD4 T cells is regu-
lated via CD26-mediated costimulation. Moreover,
because the functional sequences of the N-terminal
of caveolin-1 are highly conserved between human
and mouse,” allowing for the capability to bind
human CD26 as a costimulatory ligand, it is conceiv-
able that donor HuCB T cells transferred into mice
were activated via CD26 costimulation triggered by
murine caveolin-1. In fact, using pAb recognizing the
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N-terminal of both human and murine caveolin-1,
expression of caveolin-1 was detected in endothelial
cells and maerophage-like cells of OB-like lesions
it :GVHD tung (I'ig (8). "aizen together, CD26-
mediated IL-26 production triggered by caveolin-1 is
identified as a possible therapeutic target in cGVHD
using HuCB NOG mice.

VI. TARGETING CD26 IN CHRONIC GVHD

A. Prophylaxis of Lung cGVHD by Cav-Ig
Administration

Given the role of CD26 costimulation in IL-26 pro-
duction and IL-26 regulation of collagen production,
we therefore sought to determine whether disruption
of CD26 costimulation by a blocking reagent, Cav-Ig,
prolonged survival of the recipient mice associated
with a reduction in the incidence of OB. Recipients
treated with Cav-Ig survived for 7 months without
any clinical findings of GVHD (Figs. 9A and B).
Meanwhile, the survival rate of recipient mice treated
with control Ig was significantly reduced (Fig. 9A),
with clinical signs/symptoms of GVHD (Fig. 9B).
Human cells were engrafted similarly in both groups
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FIG. 9: Administration-of Cav-Ig preveitl obliteratiwe broacliclits by reducitg iag lovel of T2-26°CD26CD4 cells
and collagen deposition. Sublethally irradiated NOG mice were transplanted with 1X107 mononuclear cells isolated
from HuCB. Cav-Ig or control Ig (each 100ug/dose) was administered intraperitoneally thrice a week, beginning
at day +1 after transplantation until day +28. (A) Overall survival and (B) clinical GVHD score (meantSEM). (C)
Engraftment of human leukocytes in recipient mice. Peripheral blood of recipient mice was harvested at the indicated
time points, and human CD45" cell population was analyzed using flow cytometry. Data are shown as meantSEM
of human CD45" cells among total PBL. (D) Sustained composition of human leukocyte populations in recipient
PBL. PBL harvested from each group were stained for human CD3, CD19, CD33 or CD56 among human CD45"
cells. Data are presented as mean percentages of human CD45" cells. Cross indicates death of all mice in control
Ig group. (E) H&E staining of the lung of recipients administered with control Ig or Cav-Ig group (6 weeks post
transplantation). Original magnification is 100X. Scale bars indicate 100 um. (F) Pathologic damage in the lung
of recipients administered with Cav-Ig or control Ig was examined at 6 weeks post transplantation, using a semi-
quantitative scoring system. Each dot indicates individual value and horizontal bars indicate mean value. (G) H&E
staining of the skin and liver tissues for the control Ig group or Cav-Ig group evaluated at 6 weeks post transplanta-
tion. The skin specimen of the control Ig group showed sclerotic changes including acanthosis, loss of rete ridge,
fat loss, follicular drop-out, and homogenized collagen deposition, in contrast to the normal appearance of the skin
of the Cav-Ig group. The liver specimen of the control Ig group showed portal inflammation (arrow heads) and
portal collagen deposition (yellow arrows), which were not observed in the Cav-Ig group. Original magnification
is 100X. Scale bars indicate 100 um. (H) Collagen deposition was determined in the lung tissues of recipients of
Cav-Ig or control Ig group (6 weeks post transplantation) with an Azan-Mallory staining. Original magnification is
100X. Scale bars indicate 100um. (I) Collagen contents in the lung of recipients of Cav-Ig or control Ig group (6
weeks post transplantation) were quantified by Sircol Collagen Assay. The mean number (+SEM) of total collagen
contents (Lg) per wet lung tissue weight (mg) was determined. Decreased collagen contents were clearly observed
in recipients of Cav-Ig group. Each dot indicates individual value and horizontal bars indicate mean value (reprinted
with permission from The American Association of Immunologists, Inc., copyright 2015).3!
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as shown in Figs. 9C and D. Histologic findings of
the lung showed the development of OB in control
Ig while appearing normal in Cav-Ig-recipient mice,
with none having positive pathology scores (Figs. 9E
and F). These effects of Cav-Ig were also observed
in other GVHD-target organs such as the skin and
liver (Fig. 9G). Moreover, collagen contents in the
lung were reduced in Cav-Ig—administered recipients
(Figs. 9H and I). Taken together, these results sup-
port the notion that Cav-Ig administration prevents
the development of pulmonary GVHD in whole-
CB—transplant mice by decreasing the number of
IL-26"CD26°CD4 T cells.

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

Because pulmonary GVHD progresses in an indo-
lent manner over weeks and months, patients are
often affected by the clinical findings prior to being
diagnosed with cGVHD.?* We therefore sought to
determine whether-blockade of caveolin-!/CD26
interaction effectiv:ly sappiesscs-0 3 devi2leninent
following the appearance ef clinical signs/symp-
toms. For this purpose, treatment began on day 29
following the appearance of an increase in GVHD
scores, indicating the early stages of cGVHD devel-
opment. Recipients treated with Cav-Ig survived
for 7 months with remission of GVHD symptoms
(Figs. 10A and B). Meanwhile, the survival rate of
recipients treated with control Ig was significantly
decreased (Fig. 10A), with progression of clinical
signs/symptoms of GVHD (Fig. 10B). Human cells
were engrafted similarly in both groups (Figs. 10C
and D). In contrast to progressive OB of control Ig
treated-recipients, peribrochial inflammation shown
at post transplantation week 5 was attenuated at post
transplantation week 10 in Cav-Ig—treated recipients
(Fig. 10E). On the other hand, the pathologic scores
of control Ig-treated recipients were significantly
increased at 10 weeks compared to those at week
5 (Fig. 10F). Meanwhile, the pathologic scores of
Cav-Ig treated recipients were significantly reduced
at week 10 compared to those at week 5 (Fig. 10F),
and these scores were clearly less than those of con-
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trol Ig-treated recipients (Fig. 10F). These effects of
Cav-Ig administration were also observed in the skin
and liver (Figs. 10G, H, I and J). Moreover, levels of
human IFN-y* and IL-26"CD26"CD4 T cells in the
lung of control Ig-treated recipients were significantly
increased at 10 weeks compared to those at week 5
(* of Fig. 10K). On the other hand, levels of human
IFN-y* and IL-26"CD26'CD4 T cells in the lung of
Cav-Ig—treated recipients were significantly reduced
at week 10 compared to those at week 5 (** of Fig.
10K), and these levels were clearly less than those
of control Ig treated-recipients (*#* of Fig. 10K).
Furthermore, total collagen contents in the lung
were significantly lower in Cav-Ig—treated recipients
than control Ig-treated recipients (Fig. 10L). Taken
together, these data suggest that Cav-Ig administra-
tion not only prevents the development of cGVHD
but also represents a novel therapeutic approach for
the early stages of cGVHD by regulating levels of
IL-26"CD26°CD4 T cells.

C. Treatment with Cav-lg Preserves GVL
Cc pak ility

Because GVHD and GVL effect are highly linked
immune reactions,”® we evaluated the potential
influence of Cav-Ig treatment on GVL effect. For
this purpose, cohorts of Cav-Ig-treated or control
Ig-treated whole-CB—transplant mice were irradiated
at sublethal doses and then injected intravenously
with luciferase-transfected A20 (A20-luc) cells 1
day prior to whole CB transplantation to allow for
dissemination of tumor cells. In day 1 following
transplantation, treatment with Cav-Ig or control Ig
three times per week began and continued to day
28. Mice inoculated with A20 cells alone all died
of tumor progression within 6 weeks (Figs. 11A
and B). Recipients treated with control Ig exhibited
clinical evidence of GVHD such as weight loss
and ruffled fur and died of GVHD without tumor
progression in 13 weeks (Figs. 11A and B). In con-
trast, recipient mice treated with Cav-Ig displayed
significantly prolonged survival (Fig. 11A) without
involvement of A20-luc cells (Fig. 11B). To bet-
ter characterize the potency of the GVL effect, we
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IL-26"CD26CD4 ce ls.«.nd coilagen dep osition 1mthes uag. Saclethidly i radia-ec. N'OG 2n ce.were transplanted with
1X107 mononuclear cells isolated from HuCB. Cav-Ig or control Ig (each 100pug/dose) was administered intraperitone-
ally three times per week, beginning at day 29 after transplantation and continued until day 56. (A) Overall survival
and (B) clinical GVHD score (meantSEM). (C) Peripheral blood of recipients was harvested at the indicated time
points, and populations of human CD45" cells were analyzed using flow cytometry. Data are shown as meantSEM
of human CD45" cells among total PBL. (D) Sustained composition of human leukocyte populations in recipient
PBL. PBL harvested from each group were stained for human CD3, CD19, CD33, or CD56 among human CD45"
cells. Data are presented as mean percentages of human CD45" cells. Cross indicates death of all mice in control
Ig group. (E) H&E staining of the lung tissues of control Ig group and Cav-Ig group at 5 weeks or 10 weeks post
transplantation. Arrows indicate perivascular and peribronchial inflammation of the small airway. Original magni-
fication is 100X. Scale bars indicate 100 um. (F) Pathologic damage in the lung of recipients administered with
Cav-Ig or control Ig was examined at 5 and 10 weeks post transplantation using a semiquantitative scoring system.
Each dot indicates individual value and horizontal bars indicate mean value. (G) H&E staining of the skin tissues of
control Ig group or Cav-Ig group at 5 weeks or 10 weeks post transplantation. Normal skin histology was observed
in recipient mice with Cav-Ig administration, in contrast to sclerodermatous changes developed in recipient mice
with control Ig administration. Original magnification is 100X. Scale bars indicate 100um. (H) Pathologic damage
in the skin of recipients administered with Cav-Ig or control Ig was examined at 5 and 10 weeks post transplanta-
tion using a semiquantitative scoring system. Recipients of control Ig developed progression of GVHD pathology
(*, P<0.0001). In contrast, recipients of Cav-Ig showed significant reduction in GVHD pathology at 10 weeks rather
than at 5 weeks post transplantation (**, P<0.0001), and also as compared to recipients of control Ig group at 10
weeks (**, P<0.0001). Each dot indicates individual value and horizontal bars indicate mean value. (I) H&E stain-
ing of the liver tissues of control Ig group or Cav-Ig group at 5 weeks or 10 weeks post transplantation. In recipient
mice with Cav-Ig administration, portal inflammation was observed at 5 weeks post transplantation (white arrow
heads), with restoration to normal appearance at 10 weeks post transplantation. In contrast, portal inflammation was
observed in recipient mice with control Ig administration at 5 post transplantation (black arrow heads) and portal
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fibrosis, at 10 weeks post transplantation (yellow arrows). Original magnification is 100X. Scale bars indicate 100pm.
(J) Pathologic damage in the livers of recipients administered with Cav-Ig or control Ig was examined at 5 and 10
weeks post transplantation using a semiquantitative scoring system. Recipients of control Ig developed progression
of GVHD pathology (*, P<0.05). In contrast, recipients of Cav-Ig showed significant reduction in GVHD pathology
at 10 weeks rather than at 5 weeks post transplantation (*x*, P<0.0001), and also as compared to recipients of control
Ig group at 10 weeks (*#*, P<0.0001). Each dot indicates individual value and horizontal bars indicate mean value.
(K) Absolute cell number of human IFN-y* or IL-26*CD26*CD4 cells in the lung of recipients of Cav-Ig or control
Ig group. *, **, or *** indicates P<0.0001. (L) Collagen contents in the lung of recipients of Cav-Ig or control Ig
group (5 and 10 weeks post transplantation) were quantified by Sircol collagen assay. The mean number (tSEM)
of total collagen contents (pg) per wet lung tissue weight (mg) was determined. Each dot indicates individual value
and horizontal bars indicate mean value. * or ** indicates P<0.0001; NS, not significant [(A) — (F) reprinted with

permission from The American Association of Immunologists, Inc., copyright 2015].3"

repeated these studies with injection of A20-luc
cells on day 28 after whole CB transplantation to
allow for the acquisition of immunosuppression by
Cav-Ig treatment. Mice inoculated with A20 cells
alone all died of tumor progression within 2 weeks
after tumor inoculation (Figs. 11C and D). Recipient
mice treated with control Ig demonstrated clinical
evidence of GVHD such as weight loss and ruffled
fur and died of GVHD without tumor progression
within 13 weeks fwer/trarsp eatetion (Fig. 11C
and D). In contrast, recipients treated with Cav-Ig
exhibited significantly prolonged survival (Fig. 11C)
without involvement of A20-luc cells (Fig. 11D).
Collectively, these results demonstrate that Cav-Ig
treatment of whole-CB—transplant mice was effec-
tive in reducing the symptoms of cGVHD without
a concomitant loss of the GVL effect.

VIl. PERSPECTIVES

While the human CD26 amino acid sequence has
85% amino acid identity with the mouse CD26,””
the mouse CD26 has different biologic properties
from the human CD26, including the fact that the
mouse CD26 is not a T-cell activation marker and
does not bind to ADA.7>7 Therefore, humanized
murine models need to be developed to explore the
role of CD26-mediated costimulation in cGVHD.
With relevance as a costimulatory ligand for human
CD26, human caveolin-1 has 95% amino acid identity
with the mouse caveolin-1,” and the binding regions

Volume 36, Issue 3, 2016

of the mouse caveolin-1 for human CD26 are well
conserved. Costimulatory activation of human T cells
in NOG mice therefore can occur via CD26—caveo-
lin-1 interaction. Moreover, the N-terminal domain
is present in the outer cell surface during the antigen
presenting process,'® and caveolin-1 forms homodi-
mer or homo-oligomer via its N-terminal domain.*
These collective data suggest that the administered
Cav-Ig binds-ta the N-termiral of caveolin-1 on the
ccll surace 5TA’Cs as wel asto CD26 in T cells,
leading to suppression ot cGVHD in HuCB-NOG
mice via blockade of CD26-caveolin-1 interaction.

In addition to the priming of donor-derived T
cells by APCs, production of effector cytokines in
the target organs plays an important role in cGVHD
development.' In the present study, we found that
donor-derived CD4 T cells predominantly infiltrated
the OB lesions of HuCB-NOG mice and that 1L-26
as well as [FN-y levels were enhanced significantly in
the infiltrating human CD26"CD4 T cells. Although
there has been little information available regarding
the biological functions of IL-26 using animal models
due to the absence of the IL-26 gene in mouse,>>%
we demonstrated the role of IL-26 in lung fibrosis
using a humanized murine cGVHD model. Moreover,
our murine allogeneic transplantation model utilizing
190-IFNG Tg and ACNS-77 Tg mice demonstrated
that human IL-26, not IFN-y, induced pulmonary
fibrosis. In both 190-/FNG Tg and ACNS-77 Tg mice,
production of IFN-y by T or NK cells is equivalent
in both tissue culture studies and analysis of basal
levels in various tissues including spleen, lymph
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FIG. 11: Cav-Ig preserves GVL effect. (A) NOG mice were irradiated at a sublethal dose (200 cGy) and the next
day were inoculated with 1X10* A20-luc cells via tail vein. The mice were then transplanted the following day with
1X107 mononuclear cells isolated from HuCB. Cav-Ig or control Ig (each 100ug/dose) was administered intraperi-
toneally thrice a week, beginning at day 1 after transplantation and continued until day +28. Overall survival is
depicted. P<0.0001 versus recipients of control Ig by log-rank test. (B) /n vivo bioluminescence imaging (BLI) was
performed at the indicated time points after treatment as described in panel A. Representative mice are shown. Cross
indicates death of all mice in the group of tumor alone or control Ig groups. Ruffled fur consistent with skin GVHD
is shown in recipients of control Ig group at 10 weeks post transplant (middle panel). (C) Sublethally irradiated
NOG mice were transplanted with mononuclear cells isolated from HuCB. Cav-Ig or control Ig was administered
intraperitoneally three times per week, beginning at day 1 after transplantation and continued until day +28. 1X10°
A20-luc cells were inoculated via tail vein on day +28 post transplantation. Overall survival is depicted. P<0.0001
versus recipients of control Ig by log-rank test. (D) /n vivo BLI was performed at the indicated time points after
treatment as described in panel C. Representative mice are shown. Cross indicates death of all mice in the group of
tumor alone or control Ig groups. Slightly ruffled fur consistent with skin GVHD is shown in recipients of control
Ig group at 6 weeks post transplant (middle panel).
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node, and colon.’” On the other hand, expression of
IL-26 is observed in T,1- or Ty17-polarizing CD4
cells of 190-/FNG Tg mice, whereas it is completely
abrogated in ACNS-77 Tg mice.> Although human
and murine [FN-y share 40% amino acid identity,
IFN-y exhibits species specificity with respect to
receptor binding and biological activity.”® Taken
together with the previous report that development of
c¢GVHD lung is independent of IFN-y,% the elevated
human IFN-y in HuCB-NOG did not likely function
as an inflammatory cytokine but rather as a T,;1 and/
or Ty17 cell marker of CD26°CD4 T cells.!520:100
Regarding its specific receptor, IL-26 primarily binds
to IL-20RA, followed by recruitment of IL-10RB.%¢
Although IL-10RB is broadly expressed on most
cell types and tissues, IL-20RA is not expressed in
lymphoid organs but is expressed in the lung and
skin.!®! Tt is thus conceivable that IL-26-related
chronic inflammatory changes in HuCB-NOG mice
occur in the lung and skin of cGVHD or autoimmune
diseases, including systemic sclerosis.

Recent work with a murine mode' shorved that
donor-derived B-ccii ec/tvation {nc 1hiturstion with
the aid of TfH were necessary for cGVHD and that
bronchiolitis obliterans syndrome was reversed by
the abrogation of IL-21 signaling.’® However, in
our present model with OB, a substantial B-cell
population was detected in the recipient PBL. In
fact, no direct evidence for a causal relationship for
autoantibodies or alloantibodies in the pathogenesis
of organ manifestation of cGVHD has been observed
in humans.? Furthermore, cGVHD of the visceral
organs seemed to respond poorly to B-cell deple-
tion therapy such as rituximab.?®37 It is speculated
that this observed discrepancy is due to differences
in the B-cell maturation process between mice and
human.*® Despite these limitations of murine or
humanized murine models, targeting CD4 T cells to
control cGVHD is a reasonable therapeutic approach
because T cell help plays a pivotal role in B-cell
maturation and activation in cGVHD.!?? A related
issue concerns the process of B-cell development in
humanized mice. Given the fact that HuCB contains
ample HSCs as well as naive lymphocytes, the use
of HuCB as donor cells led to sustained recovery of
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lymphocytes in the recipient PBL, as had also been
reported by other investigators.46434%103 Tn addition,
it has been demonstrated that specific antibod-
ies in human B cells generated in the humanized
mice transplanted with HSC isolated from HuCB
were effectively synthesized.*+#64%0 Despite the
limitations of cross-species comparisons, our study
provides insights into the pathogenesis of clinical
pulmonary cGVHD induced by human lymphocytes.

Because we previously showed an effect of anti-
CD26 mAb on an aGVHD model using adult PBL,*?
we performed preliminary testing of anti-CD26 mAb
effect on recipient mice of whole-CB—transplant, and
found a high incidence of graft failure. Our specula-
tion regarding the reason for this failure is this: We
previously reported that HuCB CD4 T cells broadly
express CD26,% and other investigators observed
that CD34*CD38% or CD34"CD38"* hematopoietic
stem/progenitor cells in HuCB preferentially express
CD26.!% These findings suggest that treatment with
anti-CD26 mAb in a HuCB transplant model may
reduce the l2wels of hematopoietic stem/progenitor
al/or (°D4 T-Ce Is in the g at.of HuCB, resulting
in increased graft failure.

Importantly, there may be potential adverse
events such as off-target effects associated with the
proposed use of Cav-Ig therapy. Although caveolin-1
exists in the inner surface of most cell types,” its
N-terminus is detected on endothelial cells as well
as APCs following cellular activation.'% Therefore,
it is possible that Cav-Ig binds to cell surface caveo-
lin-1, thereby affecting endothelial cell functions.
Other issues relate to the GVL effects. Our data
demonstrated that Cav-Ig clearly impeded GVHD
in our model with preservation of GVL effects. We
speculate that CD26-dependent xenogeneic priming
of CD4 T cells is inhibited by Cav-Ig,'*#* while
CD28-dependent GVL effects are exerted after
engraftment.'%°

Based on our study, it is conceivable that 1L-26
may be another potential therapeutic target in the
management of clinical cGVHD. We have already
developed several clones of anti-IL-26 mAb that have
been screened for inhibitory effects on various cells
expressing [L-26 receptor. [L-26 has been reported to
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exhibit antibacterial and antiviral effects as part of a
host defense mechanism.®® We are currently actively
investigating whether anti-IL-26 therapy exacerbates
bacterial infections in the presence of GVHD follow-
ing HSCT, and definitive data regarding the effects
of IL-26-targeted therapy will be presented in the
near future.

In conclusion, our present work demonstrates
that caveolin-1 blockade controls cGVHD by sup-
pressing the immune functions of donor-derived T
cells and decreasing 1L-26 production. Moreover,
IL-26*CD26'CD4 T-cell infiltration appears to play
a significant role in cGVHD of the lung and skin.
While complete suppression of cGVHD with current
interventional strategies represents a difficult chal-
lenge at the present time, our data demonstrate that
control of cGVHD clinical findings can be achieved
in a murine experimental system by regulating
IL-26"CD26'CD4 T cells with Cav-Ig. Our work
also suggests that Cav-Ig treatment may be a novel
therapeutic approach for chronic inflammatory dis-
eases, including RA-2nd IBD, in which IL-26 plays
an important role.
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A humanized anti-CD26 monoclonal
antibody inhibits cell growth of malignant
mesothelioma via retarded G2/M cell cycle
transition
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Abstract

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

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

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

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

Keywords: Mesothelioma, CD26, Monoclonal antibody, G2/M transition, Pemetrexed

Background

Malignant mesothelioma (MM) is an aggressive can-
cer of the pleura, peritoneal cavity, pericardium, and
scrotum and has a poor prognosis. MM is associated
with occupational exposure to asbestos and, despite
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legislation introduced by many industrialized countries,
the incidence is not expected to peak until 2020 due to
the long latency between initial exposure and disease
expression [1]. As single modality approach to treatment
has failed to extend survival, multimodal treatment and
novel molecular targeted therapies are highly sought
after. Although extrapleural pneumonectomy (EPP) is
a preferred treatment option, median survival among
patients receiving EPP alone is less than 10 months [2].
EPP followed by high-dose radiation therapy (RT) has

© 2016 Hayashi et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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been shown to prolong median survival to 33.8 months
in patients with Stage 1 and Stage 2 MM but survival
remained 10 months in patients with Stage 3 and Stage
4 MM [2]. A Phase 3 trial showed that combination of
pemetrexed and cisplatin improved survival over cispl-
atin alone for inoperable patients [3]. According to recent
multicenter trials of trimodality treatment that con-
sisted of neoadjuvant chemotherapy (cisplatin and pem-
etrexed), EPP, and adjuvant RT led in the USA [2] and
Europe [4], median survival of patients who completed
the therapy was 29.1 months compared to 18.4 months
in controls. Since the trimodality approach seems to be
limited and because not all patient can tolerate aggressive
therapies, novel molecular targeted therapies are highly
desirable. To date, a number of molecular targeted agents
have been evaluated in MM. While tyrosine kinase inhib-
itors against epidermal growth factor receptor (EGFR)
and platelet-derived growth factor receptor (PDGFR) did
not show clinically significant effects, histone deacetylase
inhibitor (HDACI) and anti-angiogenic agents showed
some clinical benefits and are undergoing Phase 3 trials
[5]; however, none of these agents have been incorpo-
rated into clinical practice and efforts must continue in
the area of both clinical research and search for novel tar-
get molecules.

CD26 is an 110 kD glycoprotein anchored in the cellu-
lar membrane with dipeptidyl peptidase IV activity. CD26
is also known as a co-stimulatory molecule of the T lym-
phocyte. CD26 binds to caveolin-1 on antigen-presenting
cells and the interaction triggers signal transduction pro-
cess leading to T cell proliferation and cytokine produc-
tion [6]. Several recent studies have shown that CD26 is
highly expressed in several malignancies, including MM,
lung adenocarcinoma, hepatocellular carcinoma, prostate
cancer, and thyroid cancer [7]. CD26 expression evalu-
ated by immunohistochemistry was positive in 85 % of
tested MM cases [8, 9]. Moreover, CD26 is thought to
be involved in tumor growth and invasion through its
interaction with collagen and fibronectin or by regulating
activity of chemotactic peptides through its DPPIV activ-
ity. Furthermore, CD26 has been reported to be involved
in signal transduction processes, including the p38 MAPK
pathway. Though the mechanisms of action of CD26 have
not been clarified, its enzymatic activity does not appear
essential for its role in signal transduction process [10].
Considering its high rate of overexpression in MM and
suspected function in tumor progression, we have devel-
oped a humanized an anti-CD26 antibody, designated
YS110, as a targeted therapy against CD26-positive malig-
nancies, including MM. We have previously reported the
anti-tumor effects of YS110 against MM cells [11]. In
addition to the anti-tumor effect via antibody-depend-
ent-cell-mediated-cytotoxicity, YS110 showed direct
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anti-tumor effect via p27kipl accumulation [11]; however,
the molecular mechanism of direct anti-tumor effect of
YS110 against MM cell lines remains unknown.

The molecular mechanisms underlying the direct anti-
tumor effect of several monoclonal antibodies have been
investigated; for example, the anti-HER-2 antibody (Tras-
tuzumab) and anti-EGFR antibody (Cetuximab) result in
G1/S cell cycle arrest by upregulating the CDK inhibi-
tor p27"%P! via multiple signaling pathways [12, 13]. The
anti-CD20 antibody (rituximab) can induce cell death of
malignant B cell lymphoma cells in vitro via inhibition of
the p38 MAPK, ERK1/2, and AKT anti-apoptotic sur-
vival pathways [14]. Most therapeutic antibodies against
cancers that affect the cell cycle, including antibodies
mentioned above, result in G1/S arrest. So far, only one
anti-cancer antibody, the anti-human type 1 insulin-like
growth factor receptor (IGF-IR) antibody A12 against
androgen-independent prostate cancer cell line LuCaP
35V, has been reported to cause G2/M cell cycle delay
although its molecular mechanism is not yet understood
[15].

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

Results

YS110 inhibits mesothelioma cell proliferation

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

YS110 induced G2/M cell cycle delay in mesothelioma cells
To investigate the mechanism responsible for the
growth inhibition caused by YS110, cell-cycle distri-
bution was determined by flow cytometry analysis. At
24 h after YS110 treatment, the percentage of cells in
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Fig. 1 YS110 inhibits NCI-H2452 cell proliferation. WST-1 assay
revealed inhibition of NCI-H2452 cell proliferation with YS110 treat-
ment in a concentration-dependent manner up to 18.6 %. The experi-
ment was performed using 96 multi-well plates

the G2/M phase increased compared to the control.
The representative experiment is shown (Fig. 2a). On
the average of ten experiments, the percentage of G2/M
phase cells were significantly increased after YS110
treatment (p < 0.05) (Fig. 2b). This cell cycle delay may
be compatible with repression of cell proliferation. Fur-
thermore, in another CD26 positive MM cell line NCI-
H28, the percentage of cells in G2/M phase increased
by 5 % on the average after YS110 treatment though its
significance could not be proved statistically (data not
shown).

YS110 alters cell cycle regulators

We investigated the alterations caused by YS110 treat-
ment in the quantity and activation state of cell cycle
regulators responsible for G2/M transition. At 24 h
after YS110 treatment, the cell cycle regulator p21
increased while the positive regulatory subunit cyclin
B1 decreased. Inhibitory phosphorylation of cdc2 on
Tyrl5 and inhibitory phosphorylation of cdc25C on
Ser216, an upstream inhibitory regulator of cdc2, was
elevated (Fig. 3a). Cdc25C phosphorylated on Ser216 is
known to be sequestrated into cytoplasm and refrained
from contact with cdc2 [16]. After YS110 treatment
for 24 h, cytoplasmic whole cdc25C was elevated while
nuclear whole cdc25C was decreased, as confirmed by
densitometry analysis (Fig. 3b). At 6 h and 12 h after
YS110 treatment, the amount of phosphorylated cdc2
and phosphorylated cdc25C were varied among experi-
ments despite consistent increase at 24 h. No significant
change in c¢dc25A and cdc25B was observed (data not
shown).
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YS110 elevates activating phosphorylation of p38 MAPK
and ERK1/2

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

Pemetrexed (PMX) increased CD26 expression in
mesothelioma cells in vitro

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

Effective inhibition of in vivo mesothelioma cell growth by
combined treatment with both YS110 and PMX
Combination effects of YS110 and PMX were examined
using xenograft models with JMN cells transplanted into
NOG mice subcutaneously. Mice were then monitored
for the development and progression of tumors and the
tumor size was determined by caliper measurement.
Tumor size in mice treated with both YS110 and PMX
was smaller than mice treated with only YS110 or PMX
(data not shown). The weight of tumors with YS110 treat-
ment was insignificantly reduced (Fig. 6A). PMX treat-
ment induced a significant reduction in tumor weight
(p < 0.05); the combination of YS110 and PMX treat-
ment synergistically reduced tumor weight compared
with YS110 single treatment and PMX single treatment
(p <0.05).
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Fig.2 YS110induces G2/M cell cycle delay in NCI-H2452 cells. a
Flowcytometry analysis using propidium iodide staining revealed that
the percentage of G2/M phase cells increased while the percentage
of G1 phase cells was reduced in NCI-H2452 cells treated 24 h with

2 ug/mL of YS110. A representative experiment is shown. b The aver-
age percentage of G2/M phase cells in NCI-H2452 cells treated 24 h

with 2 pg/mlL of YS110 was significantly increased (*p < 0.05)

Combination effects of tumor growth in vivo were
examined by measuring the MIB-1 index histologically.
The MIB-1 index was significantly decreased in tumors
after YS110 or PMX single treatment compared with
controls (p < 0.05; Fig. 6B, C). Combinatory treatment
with YS110 and PMX significantly reduced the MIB-1
index compared to single treatment (p < 0.05; Fig. 6B, C).

Histology of the tumor derived from JMN cells in the
xenograft model is shown in Fig. 6C. Sarcomatous meso-
thelioma is shown in HE staining (Fig. 6C-a) and stained
with anti-CD26 polyclonal antibody (R&D) (Fig. 6C-b).
The MIB-1 index was measured by immunohistochem-
istry using the anti-Ki-67 (MIB-1) monoclonal anti-
body. Staining of Ki-67 antigens in nucleus was shown
in tumors treated with control IgG (Fig. 6C-c), YS110
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Fig. 3 YS110 alters expressions and phosphorylation of cell cycle
regulators. a At 24 h after treatment with 2 pg/mL of YS110, p21
protein expression increased while cyclinB1 protein expression
decreased. Inhibitory phosphorylation of cdc2 Tyr15 and cdc25C
Ser216 were elevated while there was no significant change in whole
cdc2 and cdc25C protein. B-actin was used as an internal control.

b Alteration in subcellular distribution of whole cdc25C by YS110
treatment is shown. At 24 h after treatment with 2 pg/mL of YS110,
nuclear cdc25C protein decreased while cytoplasmic cdc25C protein
increased. LaminA/C was used as a nuclear marker and Na—-K ATPase
was used as a cytoplasmic marker. The bar graph demonstrates the
densitometric analysis of a Western blot of whole cdc25C. Results are
normalized by the densitometry of control cells. All experiments were

performed in triplicate and a representative experiment is shown

(Fig. 6C-d), and both YS110 and PMX (Fig. 6C-¢). The
number of Ki-67 positive nuclei was decreased after
combined treatment of YS110 and PMX and the necrotic
area is indicated by an asterisk (Fig. 6C-e).
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Fig.4 YS110 augments phosphorylation of p38MAPK and ERK1/2.

a Activating phosohorylation of p38 (Thr180/Tyr182) and ERK1/2
(Thr202/Tyr204) were elevated by 24 h after treatment with YS110
while no substantial changes of whole p38 and ERK1/2 protein were
observed. B-actin was used as an internal control. b G2/M arrest
caused by YS110 treatment was reversed by ERK1/2 activation inhibi-
tor U0126 (10 uM). A proportion (43.15 %) of G2/M was elevated in
cells with YS110 treatment compared with in cells without YS110
(control, 37.05 %) and the proportion of G2/M decreased in cells with
both YS110 and UQ126 treatment (35.06 %). All experiments were
performed in triplicate and a representative experiment is shown

u0126

Discussion

Novel molecular targeted therapies are in high demand
since the aggressive trimodality approach against MM
has been proved to be limited. We developed a human-
ized monoclonal antibody against CD26, designated as
YS110, a molecular targeted therapy against MM [11].
We expected YS110 to cause ADCC to eliminate CD26
positive MM cells. In addition to the ADCC effect, YS110
demonstrated direct anti-proliferative effects in vitro

a
control ! AT 0.43%
6 hours ﬁ“‘ 15.3%
24 hours 1 6.9%
CD26
b
JMN cell

e 026

NCI-H2452 cell

0 1 6 24 hour

PMX 10puM

Fig. 5 Pemetrexed (PMX) increased CD26 expression in vitro. a Based
on flowcytometry analysis, cell surface CD26 expression on JMN

cells increased 6-24 h after treatment with 10 uM of PMX. b Based

on Western blot analysis, the expression of CD26 protein was rapidly
induced in whole cell lysates by treatment with 10 uM of PMX at
1-24 h. GAPDH was used as an internal control. All experiments were
performed in triplicate and a representative experiment is shown

against CD26-positive MM cell lines. We proposed that
investigation into the molecular mechanisms of the
direct anti-proliferative effect against MM cells would
be beneficial for both understanding anti-tumor effect of
YS110, as well as uncover the underlying mechanism its
proliferation and progression. Although the direct anti-
proliferative effect of YS110 is limited to a repression rate
of approximately 20 % in vitro, the molecular mechanism
was associated with the proliferative signal transduction
system and cell cycle. Cell cycle analysis revealed that
YS110 caused significant delay of the G2/M transition. To
our knowledge, only one anti-cancer MoAb, anti-IGF-IR
antibody A12 against the androgen-independent prostate
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Fig. 6 Effective inhibition of mesothelioma cell growth in vivo. A Combination effects of YS110 and PMX were examined using xenograft models
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a significantly reduced tumor weight (*p < 0.05). A combination of Y5110 and PMX treatment reduced tumor weight compared with the weight

of tumors with YS110 single treatment and PMX single treatment synergistically (**p < 0.05). B Combination effects of tumor growth in vivo were
index was significantly reduced with YS110 or PMX single treatment compared
with control IgG treatment (*p < 0.05). The MIB-1 index after combinatory treatment with Y5110 and PMX was significantly reduced compared

with YS110 or PMX single treatment (**p < 0.05). € Sarcomatous mesothelioma is shown in HE staining (a) and stained with anti-CD26 polyclonal
antibody (R&D) (b) MIB-1 index was measured by immunohistochemistry using the anti-Ki-67 monoclonal antibody (DAKO, clone MIB-1). Staining of
Ki-67 antigens in nucleus is seen in tumors treated with control IgG (c), YS110 (d), and both YS110 and PMX (e). The number of Ki-67 positive nucleus
was reduced after combinatory treatment of YS110 and PMX and the necrotic area is indicated by an asterisk (e)
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cancer cell line LaCaP 35 V, has been reported to result
in G2/M delay although its molecular mechanism is not
yet understood [15]. Therefore, we are the first to report
results on the molecular mechanisms underlying G2/M
delay from a cancer targeted-antibody. In order to eluci-
date the mechanism of G2/M delay mediated by YS110,
we analyzed the quantities and phosphorylation status
of G2/M regulators using Western blot analysis. At 24 h
after treatment with YS110, inhibitory phosphorylation

of cdc2 and its upstream regulator cdc25C were elevated.
Phosphorylation of Cdc25C on Ser216 is sequestrated
into the cytoplasm and therefore restrained from con-
tact with nuclear cdc2. Increased levels of cytoplasmic
whole cdc25 protein and decreased levels of nuclear
whole c¢dc25C protein at 24 h occurred after YS110 treat-
ment, confirming sequestration. Western blot analysis
also revealed an increased amount of cell cycle inhibi-
tor p21 and decreased amount of cyclinBl promotes
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G2/M progression at 24 h after YS110 treatment. These
alterations may be compatible with the retarded G2/M
transition.

To determine the upstream regulator of the altered
c¢dc25C phosphorylation state caused by YS110, we inves-
tigated several molecules known to regulate cdc25C. 24 h
after YS110 treatment, activated phosphorylation levels
of p38 MAPK (Thr180/Thy182) and ERK 1/2 (Thr202/
Tyr204) were elevated. Inhibitor assays indicated that
YS110 treatment activated the ERK signal pathway, but
not the p38MAPK pathway, which induced G2/M delay.

MAPK activation results in many different biologi-
cal responses, including proliferation, differentiation,
and cell death. Although ERK1/2 activation is associated
with cell survival and proliferation, a number of studies
have shown that activation of ERK1/2 can mediate cell
cycle arrest and cell death depending on the stimuli and
cell types involved [17]. A number of anti-cancer rea-
gents and an anti-cancer antibodies have been reported
to induce G2/M cell cycle arrest and/or apoptosis medi-
ated by ERK1/2 activation [18, 19]. These reagents, like
YS110, cause G2/M cell cycle delay by inhibiting phos-
phorylation of cdc2 and ¢dc25C and by activating phos-
phorylation of ERK1/2. The G2/M delay caused by these
drugs is antagonized by MEK inhibitors. Among mono-
clonal antibodies that have been investigated for their
anti-cancer characteristics, the anti-CD40 antibody has
been reported to cause apoptosis of diffuse large B-cell
lymphoma cell lines with ERK1/2 activation through
CD40 signaling [20]. In these reported cases, as well as
our findings of YS110-CD26 interaction, the mechanisms
underlying G2/M delay or apoptosis through ERK1/2
activation is still unknown. As for G1/S cell cycle regula-
tion, a report has indicated that HER2 signaling related
to trastuzumab treatment had effects on CDC25A pro-
tein stability [21]. The involvement of cell cycle regulators
on the effect of anti-tumor antibodies should be further
investigated.

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

The NCI-H2452 cell line is derived from the epithelioid
type of MM and its growth rate is lower than the sarco-
matoid type of MM, the JMN cell line [24]. Profiles of
cell cycling for synchronization assay in S-phase by thy-
midine block are available for NCI-H2452 cells but not
for JMN cells. NCI-H2452 cells have no tumorigenicity in
immunodeficient mice but JMN cells form subcutaneous
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tumors or diffuse and spread into the thorax [11, 22,
and 23]; therefore, after YS110 treatment, we examined
the in vitro cell cycle using NCI-H2452 cells and in the
in vivo xenograft model using JMN cells.

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

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

Conclusions

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

Methods

Reagents and antibodies

The humanized anti-CD26 antibody YS110 was con-
structed from the anti-CD26 mouse monoclonal anti-
body 14D10 coding sequence as previously described
[11] and normal human IgGl (Southern Biotech, Bir-
mingham, AL) was used as a control. Rabbit monoclonal
antibody to cyclinB1, p2lcip/wafl, cdc2, phospho-cdc2
(Tyrl5), cdc25c, phospho-cdc25¢ (Ser216), Erkl/2,
phospho-Erk1/2(Thr202/Tyr204), p38MAPK, and phos-
phor-p38MAPK (Thr180/Tyr182) were from Cell Sign-
aling Technology Inc. (Danvers, MA) and the mouse
monoclonal antibody against B-actin or Glyceraldehyde

—213—



Hayashi et al. Cancer Cell Int (2016) 16:35

3-phosphate dehydrogenase (GAPDH) was from DAKO
(Glostrup, Denmark). The goat anti-CD26 polyclonal
antibody and MEK 1/2 inhibitor U0126 was from Cell
Signaling Technology Inc. (Danvers, MA).

Cell culture

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

Cell proliferation assay

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

Cell cycle assay and flowcytometry

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

Western blotting
For total cell lysate preparation, NCI-H2452 cells or JMN
cells cultured with or without 2 pg/mL YS110 for 24 h
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were lysed at 4 °C by lysis buffer with phosphatase inhibi-
tors (50 mM Tris—HCI, 150 mM NaCl, 1 % NP-40, 0.25 %
deoxycholate, 500 uM NaVO3, 50 mM NaF). For the prep-
aration of nuclear and cytoplasmic extracts, NCI-H2452
cells were processed using NE-PER Nuclear and Cytoplas-
mic Extraction Reagents (Thermo scientific, Waltham,
LA) according to the manufacturer’s instruction. For
Western blot analyses, 30 pg of each cell lysate was sep-
arated on an SDS-polyacrylamide gel and transferred
to a PVDF membrane Hybond-P (GE Healthcare, Little
Chalfont, UK). The membranes were blocked in blocking
buffer [5 % dry milk and 0.2 % Tween 20 in Tris buffered
saline (TBS)] for 2 h at room temperature, and incubated
with the primary antibodies in antibody dilution buffer
(5 % bovine serum albumin, 0.2 % Tween 20 in TBS) over-
night at 4 °C. Dilutions of primary antibodies were 1:200,
except anti p2lcip/wafl antibody, which was diluted at
1:100. After three washes, the blots were incubated with
secondary antibodies (goat anti-rabbit polyclonal anti-
body and rabbit anti-mouse polyclonal antibody) diluted
1:1000 with dilution buffer for 1 h at room temperature
and developed using the ECL Western Blotting Detection
Reagents (GE Healthcare, Little Chalfont, UK). Quan-
tification of relative band densities was performed using
standard densitometry scanning techniques using Image-
Quant 350 and ImageQuant TL software (GE Healthcare,
Little Chalfont, UK). All the experiments performed in
triplicate and a representative experiment is shown.

Xenograft model using human mesothelioma cell lines
NOD/Shi-scid, IL-2 receptor gamma null (NOG) mice
were obtained from the Central Institute for Experimen-
tal Animals. JMN cells (1 x 10°) were implanted sub-
cutaneously in the back flank of NOG mice. Mice were
injected intratumorally with control human IgG, (n = 3)
or YS110 (n = 3) at doses of 5 mg/kg body weight. JMN
cells expressing CD26 were inoculated into the thoracic
cavities of NOG mice. Thereafter, mice were intraperi-
toneally injected with control human IgG; (n = 3) or
YS110 (5 pg per injection; n = 3), and/or pemetrexed
(PMX, purchased from Eli Lilly; 100 mg/kg body weight)
commencing on the day of cancer cell injection. Each
antibody was administered three times per week. Mice
were then monitored for the development and progres-
sion of tumors. Tumor weight was measured by scale. All
experiments were approved by the Animal Care and Use
Committee of Keio University and were performed in
accordance with the institute guidelines.

Histology and immunohistochemistry

Tumor tissues were fixed in 10 % neutral buffered forma-
lin, embedded in paraffin, and sectioned at a thickness of
5 um. Sections were paraffin depleted and rehydrated in a
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graded series of ethanol solutions. For histology, sections
were stained with hematoxylin and eosin. For immuno-
histochemistry, sections were washed with PBS, sub-
jected to antigen retrieval by heating at 100 °C in 0.01 M
sodium citrate (pH 6.0) for 10 min, then treated with
3 % H,0,, before incubation with the following primary
antibodies: goat anti-CD26 pAb (AF1180, R&D Systems,
Minneapolis, MN) (1:100) and mouse anti-Ki-67 mAb
(MIB-1, DAKO Japan) (1:100). Immune complexes were
detected by using an ImmPRESS REAGENT KIT (Vector
Laboratories, Burlingame, CA) with 3, 3’-diaminobenzi-
dine, and sections were counterstained with hematoxylin

Statistical analyses

Statistical analyses were assessed using SPSS version 17.0
(SPSS Inc., Chicago, IL). The p value, from which statisti-
cal significance was assumed, was set to p < 0.05.

Abbreviations
MM: malignant mesothelioma; PMX: pemetrexed; NOG mouse: NOD/Shi-scid,
IL-2 receptor gamma null mouse.
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Effects of obesity and diabetes on alpha and beta cell
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Context: The ethnic difference in beta cell regenerative capacity in response to obesity may be
attributable to different phenotypes of type 2 diabetes among ethnicities.

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

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

THE

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

=
A
o
-

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

EARLY RELEASE

oth type 1 (T1DM) and type 2 diabetes (T2DM) are
B characterized by a deficit of beta cellmass (BCM) (1).
Preservation or recovery of BCM is therefore an important
therapeutic strategy for both TIDM and T2DM. On the
other hand, the paradoxical increase in glucagon secretion
in subjects with diabetes suggests an increase in alpha cell
mass (ACM), which was shown in rodent studies to occur
through the mechanism of dedifferentiation of beta cells to
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alpha cells (2). However, since it is not yet possible to
measure BCM as well as ACM in vivo in humans, the
physiological and pathological changes in BCM and ACM
in the face of obesity and diabetes in humans remain to be
established.

As plasma insulin level is increased approximately 2 to
3-fold with obesity to compensate insulin resistance (3), it
is widely believed that BCM increases with obesity. In

Abbreviations: ACA,; alpha cell area, ACM; alpha cell mass, BCA; beta cell area, BCM; beta
cell mass, CPR; C-peptide immunoreactivity, GA; glycated albumin, GAD; glutamic acid
decarboxylase, IPMN; intraductal papillary mucinous neoplasm, PC; pancreatic cancer,
PARP; poly(ADP-ribose) polymerase-1, ssDNA; single-stranded DNA, T2DM; type 2
diabetes

J Clin Endocrinol Metab press.endocrine.org/journal/jcem 1

}1 on 14 April 2016. at 06:14 For personal use only. No other uses without permission. . All rights reserved.

—217—



2 Obesity, diabetes and beta cell mass

adult humans, we and others have shown that BCM in-
creases by approximately 20 to 50% in obese nondiabetic
individuals in the Caucasian population (4, 5). However,
a meta-analysis of the insulin secretion-sensitivity rela-
tionship among different ethnic groups has shown higher
insulin sensitivity and lower insulin secretion in Asians
compared with Caucasians and African Americans (6),
suggesting ethnic differences in insulin secretory ability.

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

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

J Clin Endocrinol Metab

Materials and Methods

Patients

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

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

Measurements and questionnaire

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

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

Patients with diabetes (DM)

Table 1. Characteristics of subjects.
Patients without diabetes (NDM)

Total Lean Obese
N (male/female) 50 (26/24) 40 (17/23) 10 (9/1)
Age (years) 64 + 14 64 + 14 63+ 13
BMI (kg/mz) 225+27 21519 26.4 £ 1.2*
HbA1C (%)" 56*05 57 =05 56*06
HbA1c (mmol/mol)") 38=+6 38=+6 37+6
GA (%)?) 148+ 1.8 148 18 N/A
PG (mmol/iter)>) 6.24 = 1.20 6.21 + 1.21 6.37 = 1.23
CPR (nmoliter)®® 0.57 (0.37-0.96) 0.56 (0.36-0.69) 1.039
CPR index (nmol/iiter){mmol/iter)®  0.101 (0.060-0.155)  0.085 (0.058-0.115)  0.174%
Duration of DM (years) - - -
Medication for diabetes, n (%)
Diet only
OHA
Insulin = OHA
Clinical diagnosis, n (%)
Neuroendocrine tumor 13(26) 10 (25) 3(30)
Pancreatic cancer 28 (56) 24 (60) 4 (40)
IPMN 9(18) 6(15) 3(30)
Others® 0(0) 0(0) 0(0)
Operative procedure, n (%)
Distal pancreatectomy 40 (80) 31(78) 9(90)
Pancreatoduodenectomy 6(12) 6(15) 0(0)
Total pancreatectomy 4 (8) 3(7) 1(10)

Total Lean Obese Total

49 (35/14) 40 (28/12) 9 (7/2) 99 (61/38)

67 £ 9 67 +8 67 £ 13 65 + 12
219+35 207 24 27.6 + 1.6* 22.2 3.1

7.8 = 1.6# 7.8 = 1.8# 7.5 = 0.9# 6.7+ 16

61 = 18# 62 = 19# 58 = 10# 50 =18

21.2 £ 4.44# 21.6 = 4.9# 20.1 £ 2.7# 20.1 =47

8.33 £ 2.52# 8.44 = 2.714# 7.83 £ 1.41# 7.27 =222
0.51(0.34-0.71) 0.54(0.31-0.71) 0.50 (0.39-0.80) 0.56 (0.36-0.73)

0.063 (0.045-0.086)
8+9

0.056 (0.044-0.085)
7+9

0.066 (0.055-0.102)
9+6

0.065 (0.047-0.103)

14(28) 13(33) 1(11)
20 (41) 13 (33) 7(78)

15 (31) 14 (35) 1011)

7(14) 7(18) 0(0) 20 (20)
34(70) 28 (70) 6(67) 62 (63)
7(14) 5(12) 2Q2) 16 (17)
1) 0(0) 1(11) 1(1)
33 (68) 29 (73) 4 (44) 73 (74)
12 (24) 7(17) 5 (56) 18(18)
4(8) 4(10) 0(0) 8(8)

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

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

Pancreatic tissue processing

The surgically resected pancreas was immediately fixed in
formaldehyde and embedded in paraffin for subsequent analysis.
In eight cases that underwent total pancreatectomy, pancreas
samples were obtained from the head in three cases and the body
or tail in five cases. Five-micrometer sections were cut from the
tumor-free region and stained for light microscopy as follows: 1)
with hematoxylin-eosin, 2) for insulin (peroxidase staining) with
hematoxylin, 3) for glucagon with hematoxylin, 4) for insulin
and Ki67 for assessment of beta cell replication, and 5) for insulin
and single-stranded DNA (ssDNA) or cleaved poly(ADP-ribose)
polymerase-1 (PARP) for assessment of beta cell apoptosis, as
previously described (7, 8).

Morphometric analysis

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

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

Statistical analysis

Data are presented as mean * SD or, if non-normally dis-
tributed, median (interquartile range) in the text and tables.
Mann-Whitney U test was used to assess difference between two
groups, and Spearman correlation coefficient was used to assess
the correlation between two parameters. ANCOVA and multi-
variate regression were used to adjust for covariates. Statistical
analyses were performed using SPSS 22 software (IBM, Armonk,
NY). AP value of < 0.05 was considered statistically significant.

Results

Change in islet morphology in patients with
diabetes

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

press.endocrine.org/journal/jcem 3

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

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

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

Insulin

Glucagon
o -

Figure 1. Representative photomicrographs of pancreas
immunostained for insulin (brown) (A, C, E, G) or glucagon (brown) (B,
D, F, H) and with hematoxylin (x20 objective). Examples of lean (65-
year-old woman, BMI 21.5, HbA1c 5.7% (38 mmol/mol)) (A and B)
and obese (63-year-old man, BMI 26.0, HbA1c 5.6% (37 mmol/mol))
(C and D) subjects without diabetes, and lean (63-year-old woman,
BMI 19.6, HbA1c 8.2% (66 mmol/mol)) (E and F) and obese (70-year-
old man, BMI 29.0, HbA1c 7.7% (60 mmol/mol)) (G and H) subjects
with diabetes. Scale bar, 200 wm.
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4 Obesity, diabetes and beta cell mass

BCA was observed in patients with diabetes duration > 3
years and those with diabetes duration =< 3 years (P = .63,
Supplemental Figure 3A). There was no difference in BCA
among patients treated with different medications (Sup-
plemental Figure 3D).

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

Effects of obesity on islet morphology

Patients with or without diabetes were further classified
according to presence or absence of obesity (Table 1). In
the NDM group, there was no difference in BCA (1.42 *
1.09% vs. 1.71 £ 1.07%, P = .21), ACA (0.48 = 0.46%
vs.0.55+0.37%,P = .33)and ACA toBCA ratio (0.33 =
0.16 vs. 0.41 = 0.26, P = .56) between lean and obese
subjects (Figure 2). Similarly, no differences in BCA, ACA
and ACA to BCA ratio between lean and obese subjects
were observed in the DM group. Accordingly, BCA was
similarly decreased with diabetes in the lean and obese
groups (P = .001 and P = .04, respectively). There were
no correlations between BMI and BCA, ACA or ACA/

>
O

Beta cell area [%]
o
Beta cell area [%]

o]
05,0
(e]e)
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BCA ratio in either the NDM or DM group (Figure 2D-I).
No increase in BCA in obese subjects was also confirmed
by the ANCOVA model including age, sex, diabetes and
PC (adjusted mean (95 % confidence interval (CI)) 1.20%
(1.01-1.40) vs. 1.20% (0.77-1.62) in lean vs. obese,
respectively).

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

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

To examine the effect of history of obesity on islet mor-
phology, cases that answered the questionnaire on history
of obesity (N = 59) were divided into three groups ac-
cording to the duration of obesity (lean (ie, no history of
obesity), =10 years and > 10 years, Supplemental Table
1). Among the three groups, no difference in BCA and
ACA was found in either the NDM or DM group (Figure
3). Neither BCA nor ACA was correlated with maximum
BMI in life (Figure 3E-H). In the DM group, there was a
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Figure 2. A, B and C: Effects of obesity on beta cell area (BCA), alpha cell area (ACA) and ACA to BCA ratio in cases with and without diabetes.
Gray and white circles show cases with and without diabetes, respectively. Bars indicate mean. * P < .05 vs. lean cases without diabetes. # P <
.05 vs. obese cases without diabetes. D-I: Correlations between BMI and BCA, ACA or ACA to BCA ratio in cases with and without diabetes.
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positive correlation between mean islet size and maximum
BMI (R = 0.48, P = .003).

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

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

BCA was negatively correlated with HbAlc and GA
before surgery (R =-0.42, P <.001 andR = -0.49,P =
.003, respectively, Figure SA and B), while ACA was not
(R=-0.15,P =.15and R = 0.20, P = .25, respectively).
The relationship between BCA and HbA1¢ remained sig-
nificant after adjustment for age, sex, BMI and presence of
PC (B = -0.21, P = .04). BCA was correlated with CPR
index before surgery (R = 0.37, P = .005, Supplemental
Figure 6C).

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

Discussion

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

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

press.endocrine.org/journal/jcem 5

T2DM is overestimated due to the presence of degranu-
lated beta cells (12); however, the comparable reduction in
islet size and density in this study supports the idea that the
number of beta cells is indeed reduced in those with
T2DM, as reported by prior observations (35, 8, 13-15).

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

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

In this study, using surgically resected pancreas, we
confirmed no increase in BCA in Japanese obese individ-
uals with or without diabetes, in line with recent Japanese
studies (20, 21). Since it has been reported that beta cell
replication rapidly decreases postmortem (22, 23), beta
cell turnover might be underestimated in autopsy pan-
creas. Here, we found that beta cell replication and sur-
rogate markers of beta cell neogenesis in the surgically
resected pancreas were also not changed in obese individ-
uals. Furthermore, we here showed that there was no effect
of either duration of obesity or maximum BMI in life on
BCA in these subjects. Similarly to BCA, ACA was also not
changed in obese individuals irrespective of the presence
or absence of diabetes. Although studies have shown that
beta cell function adjusted for insulin sensitivity is com-
parable between Japanese and Caucasians (24, 25), con-
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reported that islet amyloid deposi-
tion is positively correlated with
BMI in patients with T2DM (27). It
would be of interest to clarify the un-
derlying mechanism of islet remod-
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It is also of note that we assessed
the effect of a first-degree family his-
tory of diabetes on BCM. As a result,
in patients with diabetes, reduced is-
let density with greater islet size was
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sidering the similar incidence of T2DM despite less degree
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results suggest that the ethnic difference in BCM could be
attributable to lower maximum insulin secretory ability in
Asians compared with Caucasians. Further studies are
needed to determine genetic and environmental factors
regulating BCM in humans and clarify the underlying
mechanisms of the ethnic difference in beta cell change in
response to obesity.

While mean islet size was reduced in patients with
T2DM compared with nondiabetic subjects, there was a
positive correlation between mean islet size and BMI in
patients with T2DM. Considering the lack of significant
change in BCA or ACA with obesity, the increase in islet
size possibly resulted from an increase in other endocrine
cells, amyloid deposits or other components. It has been
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Figure 3. A-D: Effects of history of obesity on beta cell area (BCA) and alpha cell area (ACA).
Cases that answered the questionnaire (N = 59) were divided into three groups according to the
duration of obesity (lean (ie, no history of obesity), =10 years and > 10 years). Bars indicate
mean. E-H: Correlations between maximum BMI in life and BCA or ACA in cases with and
without diabetes. Gray and white circles show cases with and without diabetes, respectively.
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Finally, we investigated the clini-
cal significance of BCM, ie, the rela-
tionship between BCA and plasma
glucose level, and found a negative
correlation between BCA and
HbA1lc, consistent with our and
prior reports (8, 14, 30, 31). We also
confirmed the association between BCA and plasma glu-
cose level using another glycemic index, GA. Intriguingly,
the relationships between BCA and glycemic markers re-
mained significant even 6 months after surgery in patients
with pancreatoduodenectomy or distal pancreatectomy
where a half of the pancreas had been resected, indicating
that BCA predicts glycemic control before and after sur-
gery. The present study and others have also observed a
significant correlation between BCA and endogenous in-
sulin secretion assessed by CPR or CPR index (21, 31),
which have been shown to predict future glycemic control
(32). These findings underpin the importance of BCM
rather than ACM in regulation of glucose metabolism in
humans.

Another unexpected and novel finding of this study was
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the reduced BCA in patients with PC compared with those
with other pancreatic tumors. It is known that PC is as-
sociated with new-onset or worsening of diabetes (33).
However, the mechanisms by which PC causes deteriora-
tion of glucose metabolism remain largely unknown. It has
been reported that beta cell function is impaired in patients
with PC (34). One study reported reduced BCA in patients
with PC and diabetes (35), while others did not (21, 31).
These inconsistent results might have been due to the small
sample size in these studies. In this study, reduced BCA in
patients with PC was observed irrespective of the presence
or absence of diabetes, suggesting that the reduction in
BCM is independent of the effect of diabetes. The reduced
BCA in the tumor-free region supports the concept that PC
may affect endocrine cells indirectly through humoral fac-
tors such as adrenomedullin (36). Further study will be
needed to clarify the underlying mechanisms by which PC
induces glucose intolerance through a reduction in endo-
crine cells.

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

In conclusion, there was no increase in BCM in Japa-
nese obese individuals who underwent pancreatic surgery,
and BCM was not related to BMI, history of obesity or
maximum BMI. These findings suggest that the increase in
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BCM in the face of insulin resistance is extremely limited
in Japanese. BCM was reduced by ~45% in patients with

T2DM, and BCM, but not ACM, was associated with
preoperative and postoperative glycemic control. These
findings support the concept that BCM rather than ACM
has a major role in regulating blood glucose level in
humans.
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Abstract

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

Case presentation: The first case was a patient with endometrial cancer. At 19 months after surgery, a new low
density area of 2 cm in diameter in liver segment 4 was found on follow-up CT. In PET-CT, the lesion had abnormal
"¥fluoro-deoxyglucose (FDG) uptake with elevation in the delayed phase, with no other site showing FDG uptake.
Partial liver resection was performed. A pathological examination revealed no evidence of malignancy, but showed
necrotic granuloma with severe eosinophil infiltration and an irregular material with a lumen structure in the center.
Parasitosis was suspected and consultation with the National Institute of Infectious Diseases (NIID) showed the
larvae to be Anisakis simplex sensu stricto by genetic examination.

The second case was a patient with low-grade endometrial stromal sarcoma (LG-ESS). At 8 months after surgery,
swelling of the mediastinal lymph nodes was detected on CT and peripheral T-cell lymphoma was diagnosed by
biopsy. A new peritoneal lesion with abnormal FDG uptake was detected on pre-treatment PET-CT and this lesion
was increased in size on post-treatment PET-CT. Tumorectomy was performed based on suspected dissemination of
LG-ESS recurrence. The findings in a pathological examination were similar to the first case and we again consulted
the NIID. The larvae was identified as Anisakis pegreffi, which is a rare pathogen in humans.

Having experienced these rare cases, we investigated the mechanisms of FDG uptake in parasitosis lesions by
immunohistochemical staining using antibodies to glucose transporter type 1 (GLUT-1) and hexokinase type 2 (HK-2).
While infiltrated eosinophils were negative, macrophages demonstrated positive for both antibodies. Therefore,
mechanisms behind FDG uptake may involve macrophages, which is common among various granulomas. This is the
first report to investigate parasitosis in such a way.

Conclusion: These cases suggest that anisakiasis is a potential differential diagnosis for a lesion with FDG uptake in
PET-CT, and that it is difficult to distinguish this disease from a recurrent tumor using PET-CT alone.

Keywords: Extragastrointestinal anisakiasis, Anisakis, PET-CT, Gynecological cancer, Genetic examination, PCR, Glucose
transporter type 1, Hexokinase type 2
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Background

Positron emission tomography (PET)-computed tomog-
raphy (CT) is increasingly commonly used for various
cancers, especially for detection of a metastasis or recurrent
lesion. For gynecological cancers, PET-CT is used for
examination of possible malignancy of lesions detected by
CT or MRI in postoperative follow-up [1]. A lesion with
abnormal uptake indicates possible recurrence, and PET-
CT is believed to have better accuracy for determining
malignancy compared to CT or MRI [2-4]. Surgery is
rarely performed for postoperative recurrence, but an exact
diagnosis is difficult without a pathological examination.
Thus, a lesion that mimics tumor recurrence can lead to
unnecessary surgery, chemotherapy, and radiotherapy.

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

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

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

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

Case presentation

Case 1

The patient was a 44-year-old woman who had been
diagnosed with endometrial cancer. She underwent semi-
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radical hysterectomy, bilateral salpingo-oophorectomy, pel-
vic and paraaortic lymph node dissection, and partial
omentectomy. A pathological examination revealed that
the tumor was grade 2 endometrioid adenocarcinoma with
more than 50 % myometrial invasion, and clinical stage Ic
(FIGO 1988). Given the intermediate risk of recurrence
based on the pathological result, she received adjuvant
chemotherapy of 6 cycles of a cyclophosphamide-
adriamycin-cisplatin (CAP) regimen.

Follow-up CT performed 19 months after surgery de-
tected a new low density area of 15 mm in diameter in
segment 4 of the liver (Fig. 1). Serum tumor markers in-
cluding CA125 and CA19-9 were not elevated, and were
similar to the levels before initial therapy. Data from blood
tests are shown in Table 1. MRI showed a liver tumor with
a high intensity signal in diffusion-weighted imaging
(DWI). In a dynamic study using gadolinium ethoxybenzyl
diethylenetriaminepentaacetic ~ acid (Gd-EOB-DTPA),
early staining in the arterial phase was unclear and the le-
sion gave a low intensity signal in the hepatobiliary phase
(Fig. 2). These findings were compatible with a metastatic
tumor.

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

The resected liver sample included a white nodule of
17 mm in diameter with a regular border macroscop-
ically (Fig. 4). Microscopic examination showed clear
eosinophil infiltration and granuloma with an

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

T8 08 mg/dl (04-12) WBC 6000 /ul (3600-8900) AFP 1 ng/ml (<20)
AST 17 U/L (5-37) Neutro 552 % (37-72) PIVKAII 12 mAU/ml (<40)
ALT 15 U/L (6-43) Lymph 376 % (25-48) CA199 <1 u/ml (<35)
ALP 245 U/L (110-348) Mono 37 % 2-12) CA125 16 U/ml (<37)
YGTP 13 U/L (0-75) Eosino 37 % (1-9)
BUN 116 mg/dl (9-21) Baso 22 % (0-2)
Cr 062 mg/dl (0.5-0.8) Hb 139 g/dl (11.2-15.2)

HCT 42 % (35.6-454)

PIt 243 10%ul (1.53 - 3.46)

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

Fig. 2 Axial slices of liver acquisition with volume acceleration flex on dynamic MRI in pre-contrast phase (a), arterial phase (b) and the hepatobiliary
phase (c). Coronal slice on enhanced MRI in the hepatobiliary phase (d). The lesion (arrows) gave a low intensity signal in all phases and a high intensity
signal in DWI (e)
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Fig. 3 Axial slice on PET-CT showing the liver lesion in the early (a) and delayed phase (b). FDG uptake was undetectable among physiological
uptake of the liver in the early phase; however, uptake elevated (SUVmax: 2.52 to 3.61) and was detectable in the delayed phase

exogenous material in the center. There were no find-
ings consistent with malignancy. The exogenous ma-
terial had a lumen structure which was suspected to
be due to larva migrans. The slide was sent to the
National Institute of Infectious Diseases (NIID) to
identify the larvae. A detailed microscopic examin-
ation revealed that the larvae had Y-shape lateral cords
and renette cells, which are specific to Anisakis
(Fig. 5).

A PCR method using a specific primer pair was
performed for identification of the Anisakis species.
The methods of DNA amplification and sequencing
are described under a separate heading. This search
revealed that the larvae were Anisakis simplex sensu
stricto (Fig. 6).

These findings showed that the liver lesion was not
due to recurrence of endometrial cancer. The patient
has had no recurrence for 4 years.

50 S )

Fig. 4 Macroscopic findings in the resected liver, showing a white
node with a regular border of about 2 cm in diameter

Case 2

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

Follow-up CT 8 months after surgery indicated swelling
of mediastinal lymph nodes. Biopsy of these nodes per-
formed by a respiratory surgeon revealed peripheral T-cell
lymphoma (PTCL), rather than recurrence of LG-ESS. She
was referred to the department of hematology. PET-CT
performed for pretreatment staging showed abnormal FDG
uptake in a nodule of 10 mm in diameter in the peritoneum
just below the lower median abdominal wall, in addition to
uptakes in mediastinal lymph nodes. The nodule was lo-
cated clearly extragastrointestinally. The patient was treated
with 3 cycles of a cyclophosphamide-adriamycin-vincristin-
prednisolone (CHOP) regimen. Post-treatment PET-CT
showed that the nodule in the peritoneum increased in size
to 16 mm with abnormal FDG uptake (SUVmax: 4.02 in
the early phase, 4.21 in the delayed phase) (Fig. 7), despite a
marked effect of the therapy on other lesions. Data from
blood tests before chemotherapy are shown in Table 2.

The PET-CT findings for the nodule were not compatible
with PTCL; therefore, exploratory laparotomy was per-
formed to examine possible dissemination of LG-ESS. The
nodule was on the omentum and partial omentectomy was
performed (Fig. 8). No other macroscopic lesion in the ab-
domen was found. Pathological examination revealed that
the nodule had an abscess with clear eosinophil infiltration.
An exogenous material that appeared to be a larva was
found in the center of the abscess. The larva body had col-
lapsed, but the specific Y-shape lateral cord was
recognizable (Fig. 9). Based on the experience of the first
case, we sent the slide to the NIID. The PCR method re-
vealed that the worm was Anisakis pegreffi (Fig. 6), which is
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Fig. 5 a Sagittal slice of the larva, showing a wave-shaped (cross-striated) border (white line). b Axial slice of the larva, showing a Y-shaped lateral
cord (arrows 1) and a renette cell (arrow 2). These findings are characteristics of Anisakis

rare as an infectious pathogen in human. These findings
showed that the patient did not have recurrent LG-ESS.
The patient has had no recurrence of LG-ESS for 2 years
and that of PTCL for a year.

Imaging parameters of CT, MRI, and PET-CT
CT: The device is an Acquilion ONE (Toshiba Medical
Systems, Otawara, Japan) by using a tube voltage of 120
kVp and tube current varied between 96 mA and
160 mA. Slice thickness is 5 mm for abdominal scan-
ning as a post-operative follow up in a cancer patient.
MRI: The device is a Discovery MR750 3.0 T (GEHealth-
care, Waukesha, Wisconsin, USA) using 32-channel torso
coil as a receiver. Liver acquisition with volume acceleration
flex (LAVA-Flex) is practiced with EOB dynamic MRI in
our institute. The acquisition sequence is LAVA Flex with
parameters as follows: Time of repectition (TR)/time of

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

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

Molecular investigation

Identification of anisakid nematodes (DNA amplification
and sequencing)

The worm body was scratched from the deparaffinized
slide under stereoscopic microscopy and placed in a
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and showed FDG uptake (SUVmax: 402 to 4.21)

Fig. 7 Axial slice on PET-CT after CHOP therapy in the early (a) and delayed phase (b). The lesion had increased in size compared with pre-treatment

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

Investigation for the mechanism of FDG uptake
(immunochemical staining using anti-bodies to GLUT-1 and
HK-2)

Once FDG is uptaken to cells through the GLUT-1 and
phosphorylated by HK-2, FDG is unable to pass out of
cells unless dephosphorylated by glucose-6-phosphatase

(G6P). Because malignant cells have a high ratio of HK-
2/G6DP, they present an elevation of FDG uptake in de-
layed phase in dual-phase scanning (DPS) of PET-CT.
Since both cases indicated the elevation, recurrence was
a stronger consideration among other differential
diagnoses.

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

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

In both cases, only macrophages were positive for both
antibodies; GLUT-1 and HK-2. The eosinophils, which

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

TB 05 mg/dl 04-12) WBC 5400
AST 13 u/L (5-37) Neutro 533
ALT 7 u/L (6-43) Lymph 349
ALP 237 u/L (110-348) Mono 58
LDH 184 U/L (0-75) Eosino 54
BUN 104 mag/dl (9-21) Baso 0.6
Cr 06 mg/dl (0.5-0.8) Hb 13
HCT 39.1
Plt 25

ul (3600-8900) SIL2R 381 U/ml (<20)
% (37-72) CA125 11 u/ml (<37)
% (25-48)

% (2-12)

% (1-9)

% 0-2)

g/di (11.2-15.2)

% (35.6-45.4)

105/l (1.53-3.46)

TB total bilirubin, AST aspartate aminotransferase, ALT alanine aminotransferase, ALP, alkaline phosphatase, LDH lactate dehydrogenase, BUN blood urea nitrogen,
Cr creatinine, WBC white blood cell, Neutro neutrophil, Lymph lymphocyte, Mono monocyte, Eosino eosinophil, Baso basophil, Hb hemogrobin, HCT haematocrit, Pit

platelet, sIL-2R soluble interleukin-2 receptor
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Fig. 8 Intra-abdominal findings in exploratory laparotomy. The

lesion was located on the omentum with adhesion to the
parietal peritoneum

A\

were infiltrated around worm bodies, were negative for
them (Figs. 10, 11). These results suggest that eosinophil
infiltration may not boost FDG uptake or have any spe-
cific roles. Instead, the reason for FDG uptake to parasit-
osis granuloma may be the macrophages, which is
commonly seen in granulomas.

Discussion

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

Fig. 9 The nodule had an abscess with clear eosinophil infiltration.
The larva body had collapsed, but the specific Y-shaped lateral cord
was recognizable (arrow)
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extragastrointestinal anisakiasis are asymptomatic and
detected incidentally.

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

Anisakiasis occurs due to eating of infected raw fish, such
as mackerel, and horse mackerel. Consumption of raw fish
is common in Asia, including Japan, and Northern Europe
[23], and there is a recent trend to expansion of this behav-
ior in the United States [24]. Food and drug administration
in the United States and European Food Safety Authority
in Europe recommend the frozen stock required for raw
fish to prevent parasitosis. Increased use of imaging modal-
ities such as MRI and PET-CT is likely to lead to more inci-
dental findings of asymptomatic lesions [25], and this may
lead to an increase in cases similar to those in this report.
This is a concern because differential diagnosis from a ma-
lignant tumor is difficult for these lesions. The difficulty
was provided by time lag. There is a time lag between infec-
tion and detection of a lesion, since generating a granuloma
or an abscess in anisakiasis takes 2 months to 2 years [26].
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Fig. 10 In case 1, macrophages around abscess (a HE, arrows) were positive for GLUT-1 on the cell membrane (b, ¢, arrows) and HK-2 in the cytoplasm
(d, e, arrows). Extensive eosinophil infiltrate (f HE, throughout the whole figure) were negative for GLUT-1 (g) and HK-2 (h)
.

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

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

The risk of recurrence of a primary malignancy should
also be considered. In our first case, the risk of recur-
rence of endometrial cancer was intermediate, at about
10 % at 20 months after initial therapy [27]. In the
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Fig. 11 In case 2, macrophages around abscess (a HE, arrows) were positive for GLUT-1 on the cell membrane (b, ¢, arrows) and HK-2 in the cytoplasm
(d, e, arrows). Extensive eosinophil infiltrate (f HE, throughout the whole figure) were negative for GLUT-1 (g) and HK-2 (h)
.

N £

second case, the patient had stage I LG-ESS. The recur-
rence risk for this cancer is over 30 %, even in stage I, al-
though the period of progression-free LG-ESS is
generally longer than 8 months [28]. Therefore, both
cases had a relatively low risk of recurrence, but this in-
formation was difficult to include in the diagnosis with
certainty. In addition to the complexity of FDG uptake
in PET-CT, the lesion location may also increase the dif-
ficulty of diagnosis. If a lesion is detected in the intes-
tinal wall or intramesentery, in which anisakiasis is
relatively common, recurrence of gynecological cancer is
less likely. However, a lesion in the peritoneum or liver
is less likely to be due to extragastrointestinal anisakiasis,
and this is also a common site of tumor recurrence.

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

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

—23b—



Nogami et al. BIC Medical Imaging (2016) 16:31

antibodies. However, against our expectation, eosinophils
showed negative expression of GLUT-1 and HK-2, and
only macrophages were strained. Although we have not
investigated the expression of G6P, the expression HK-2
in macrophages may cause the elevation of uptake in in-
flammatory lesion in is the delayed phase. Thus, DPS is
not necessarily superior to other modalities in distin-
guishing malignancy and inflammation. New imaging
modalities such as PET-CT allow an “abnormality” to be
detected incidentally. It is important to determine
whether a lesion found on PET-CT is truly abnormal,
and this limitation of new technologies should be
recognized.

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

Conclusion

We experienced two cases of anisakiasis that were initially
suspected to be recurrence of gynecological cancer on
PET-CT. These cases suggest that anisakiasis should be a
differential diagnosis for a lesion presenting with FDG up-
take on PET-CT. Our results also indicate that it is difficult
to distinguish anisakiasis from a recurrent tumor using
PET-CT and there is no specific mechanism of FDG uptake
in parasitosis granuloma. These findings are important be-
cause current dietary habits and use of imaging modalities
suggest that similar cases will increase worldwide.

Consent for publication

Written informed consent was obtained from the pa-
tients for publication of this case series and any accom-
panying images.

Availability of data and materials
The dataset supporting the conclusions of this article is
included within the article.
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Computed Tomographic Features of Malignant
Peritoneal Mesothelioma
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Abstract. Aim: The objective of this study was to determine the
computed tomographic (CT) features of malignant peritoneal
mesothelioma (MPM). Patients and Methods: We analyzed CT
features of MPM cases and compared them to those of other
malignant conditions (non-MPM). Results: Multiple nodular
lesions occurred more frequently in the MPM group compared
to non-MPM cases (p=0.013). Thickening of the mesentery was
detected more frequently in MPM cases than in non-MPM cases
(56% vs. 18%, p=0.029). Pleural plaques were detected in 13
cases (45%) in the MPM group but were not detected in the
non-MPM group. The MPM-CT index score, determined in each
case as the sum of the findings which are potentially
characteristic of MPM, was significantly higher in MPM than in
non-MPM cases (p=0.001). Conclusion: MPM presented
characteristic CT findings, and the MPM-CT index may be
useful for differential diagnosis of MPM.

Malignant mesothelioma (MM) is an aggressive tumor that
develops from mesothelial cells of the pleura, peritoneum,
pericardium, or testicular tunica vaginalis. It is generally
associated with a history of asbestos exposure (1) and has a
very poor prognosis (2). Once rare, the incidence of MM has
increased worldwide as a result of past wide-spread exposure
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to asbestos. Malignant peritoneal mesothelioma (MPM)
represents the second most common site of MM, accounting
for 10-20% of MM (3, 4).

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

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

Patients and Methods

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

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

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

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

Results

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

Figure 1. The schema of the case collection of this study.

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

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

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

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

Thickening of the peritoneum was categorized as none, mild,
irregular, or massive (defined as =1 cm, Figure 3B). As shown
in Table I, MPM cases had a higher proportion of irregular or
massive thickening compared to non-MPM cases, although this
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Table 1. Computed tomographic findings of malignant peritoneal mesothelioma (MPM) and finding of cases ultimately diagnosed as other conditions

(non-MPM).
Characteristic Proportion of cases with the finding (%)

Findings MPM Non-MPM p-Value
Ascites accumulation None 2 (6.3) 2 (18.2)

Small 11 (344) 6 (54.5)

Moderate 12 (37.5) 2 (18.2)

Massive 7 (21.9) 19.1) 0.066
Maximum dimension of nodular lesion <l cm 15 (46.9) 2 (18.2)

1-3 cm 6 (18.8) 2(18.2)

>3-5 cm 2 (6.3) 3(27.3)

>5 cm 9 (28.1) 4(364) 0.097
Location of MPM
Parahepatic space Yes 18 (56.3) 5(45.5)

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

No 3094 3(27.3) 0.139
Paracolic gutter Yes 18 (56.3) 5 (45.5)

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

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

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

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

Multiple 30 (93.8) 7 (63.6) 0.013
Thickening of the peritoneum None 3094) 3(27.3)

Slight thickening 15 (46.9) 6 (54.5)

Irregular thickening 6 (18.8) 2 (18.2)

Massive thickening 8 (25.0) 0 (0.0) 0.066
Thickening of the mesentery None 14 (43.8) 9 (81.8)

Slight thickening 12 (37.5) 2(18.2)

Irregular thickening 4 (12.5) 0 (0.0)

massive thickening 2 (6.3) 0 (0.0) 0.029
Stellate pattern findings Yes 11(34.4) 3(27.3)

No 21(65.6) 8 (72.7) 0.665
Pleural plaques Yes 13 (44.8) 0 (0.0)

No 16 (55.2) 11(100.0) 0.007

difference was not statistically significant (44% vs. 18%,
p=0.066).

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

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

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

Cases with pathological specimen
N=53

._ Diagnosis could not be made 3
MPM | Non-MPM
.N=134 J | N=]16
.Epithelioid 27 .Serous papillary adenocarcinoma
Biphasic 4 Adenocarcinoma
' Sarcomatous 3 | | Carcinosarcoma
Unclassified sarcoma

Peritoneal metastasis of renal cell carcinoma
Rhabdomyosarcoma

= = MM

Figure 2. The breakdown of the confirmed pathological diagnosis of
enrolled patients.
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Figure 3. Examples of computed tomographic images of malignant peritoneal mesothelioma with maximum dimension of the nodular lesion >5 cm
(A), massive thickening of the peritoneum (B), massive thickening of the mesentery (C), and stellate structure findings (D).

cases and 11 of the non-MPM cases. Pleural plaques were
detected in 13 cases (45%) in the MPM group. None were
detected among the non-MPM cases.

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

1070

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

Discussion

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

It is often difficult to make a pathological distinction
between MPM and peritoneal metastatic adenocarcinoma
(12, 13), although some immunohistochemical markers, such

—244—



Kato et al: CT Features of Malignant Peritoneal Mesothelioma

a
p=0.001
6
@ 5 oo
(o]
?
— 4 [TUPE PR EREYY
Q
E 3 SLPDees (00]
=
2 FOPTHD COo00
1 . oo
0 -
MPM  non-MPM

1.0

Sensitivity
o
4]

AUC 0.821
(95% Cl =0.694-0.945)

0 05
1-Specificity

1.0

Figure 4. A: Comparison of malignant peritoneal mesothelioma (MPM)—computed tomography (CT) index between MPM and non-MPM groups. B:
Receiver operating characteristic curves to evaluate the usefulness of the MPM-CT index for the differentiation between MPM and non-MPM.

as calretinin, thrombomodulin, and cytokeratin 5/6, could
facilitate this (14, 15). In the current study, we reviewed the
pathological specimens of 53 cases that had been diagnosed
as MPM, and confirmed a diagnosis of MPM in only 34
cases (64.2%). The difficulty involved in making a clinical
and pathological differential diagnosis often results in a
diagnostic delay. Factors contributing to the diagnostic delay
include the rarity of this entity, the long latent period from
the exposure to asbestos, and the non-specific clinical
features of the disease. Biochemistry and tumor markers are
of limited assistance in this regard.

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

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

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

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

Conclusion

MPM is a rare tumor that is difficult to diagnose and treat. An
accurate diagnosis of MPM is essential in order to determine
the prognosis, and occupation-related compensation claims
following asbestos exposure. MPM demonstrates characteristic
radiological findings, and the MPM-CT index may be useful
for the differential diagnosis of MPM.
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Abstract

Purpose The purpose of this study was to clarify the char-
acteristic findings of mesothelioma at the time of diagnosis,
and determine precautions and guidelines for diagnosing
mesothelioma early in imaging studies.

Materials and methods Overall, 327 patients with pleural
mesothelioma were selected from 6030 patients who died
of mesothelioma between 2003 and 2008 in Japan. Their
imaging findings were examined retrospectively.

Results  Plaques were found in 35 % of computed tomog-
raphy (CT) scans. Asbestosis, diffuse pleural thickening,
and rounded atelectasis were found in only seven (2 %),
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five (2 %), and two cases (1 %), respectively. Pleural
thickening findings on CT scans were classified into four
stages: no irregularity, mild irregularity, high irregularity,
and mass formation. Overall, 18 % of cases did not show
a clear irregularity. Localized thickening was observed in
the mediastinal (77 %) and basal (76 %) pleura and in the
interlobar fissure (49 %). Eight percent of cases did not
have any thickening in these three areas.

Conclusions Upon examination of the CT scans at diagno-
sis, 18 % of mesothelioma cases did not show a clear irregu-
larity. When diagnosing pleural effusion of unknown etiology,
it is necessary to consider the possibility of mesothelioma
even when no plaque and pleural irregularity are observed.

Keywords Mesothelioma - Computed tomography -
Japan

Introduction

Mesothelioma is a rare, asbestos-related disease [1, 2] with a
poor prognosis [3]. Asbestos was used extensively in Japan
for construction and industrial products owing to its useful
characteristics; however, since the discovery of its carcino-
genic potential, alternative products have been introduced
and the manufacture and use of asbestos is now prohibited.
It takes 3040 years of incubation to develop mesothelioma
or lung cancer originating from asbestos [4—7], and the num-
ber of patients with mesothelioma has been increasing over
recent years; this has become a problem in many countries.
The United States prohibited asbestos usage earlier com-
pared to other countries, and the number of patients devel-
oping asbestos-related problems reached a peak there in
2004, with the number now decreasing. In Europe, the peak
is expected be around 2015-2020, and in Japan, where the
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prohibition occurred later, the peak will be around 2025,
which implies that the number of patients will keep increas-
ing until this time [6]. In accordance with Japanese law, cro-
cidolite and amosite usage was stopped in 1995; chrysotile
usage was stopped in 2004. The country’s recent discontinu-
ation is evidence of the delay in asbestos regulations in our
country, and the damage caused by these delays is apparent.
A newspaper article published in June 2005 reported that
five residents who lived near the now-closed asbestos cement
pipe plant in Amagasaki, Japan, developed pleural mesothe-
lioma [8]. Since this report, asbestos-related problems have
raised significant social concern. We performed a nationwide
retrospective survey to evaluate all cases of mesothelioma
in Japan. As a result, we analyzed more than 6000 cases
of mesothelioma that were registered in the Vital Statistics
yearly survey performed by the Japanese Ministry of Health,
Labour, and Welfare between 2003 and 2008. To the best of
our knowledge, this is the largest study of Japanese cases of
mesothelioma. Our study used images, mainly computed
tomography (CT) and plain radiography, from deceased
patients with pleural mesothelioma that were acquired with
family and institutional permissions. In a review of the lit-
erature, we found no other reports examining the number
of cases with mesothelioma and their images. The clinical
features of the cases with mesothelioma in this study have
already been reported [9]. The purpose of the current study
was to clarify the characteristics of the imaging findings
obtained at the time of the diagnosis of pleural mesotheli-
oma, and determine precautions and guidelines for diagnos-
ing mesothelioma early in imaging studies.

Subjects and methods
Study approval

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

Patient selection and imaging studies

The methods of this retrospective survey have been previously
described [9]. In brief, we requested and received authoriza-
tion to view the death records in the Vital Statistics register in
Japan, and we extracted all cases of death due to malignant
mesothelioma between 2003 and 2008; in total, 6030 deaths
were found to be due to mesothelioma. We contacted the
closest living relatives of each patient to obtain consent for
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our study by postal mail. As a result, informed consent was
obtained by mail from the relatives of 2069 patients (34.3 %).
Subsequently, we contacted the patients’ respective medi-
cal institutions to obtain the following information by mail:
medical records, radiographs, and/or CT images. Different
institutions had different types of CT images. We accepted
both digital and film CT scans for review to examine as many
cases as possible. We also reviewed the medical records and
radiological images to confirm the clinical and pathological
diagnoses of malignant mesothelioma.

Image interpretation

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

Evaluating items

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

Next, the pleural findings from the CT images were clas-
sified into four stages: no irregularity, mild irregularity, high
irregularity, and mass formation. The four stages are shown
in Fig. 1. No irregularity indicated that there was no pleural
thickening found or that the thickening was <3 mm with no
irregular surface. Mild irregularity indicated a regular sur-
face with a thickening >3 mm but <5 mm; this stage also
included cases of slight asperity with no clear nodular irreg-
ularity. Clinically, this was non-specific thickening due to
either a benign or a malignant lesion. Mild irregular findings
on CT may indicate benign pleural lesions such as pleurisy.
High irregularity indicated a thickening >5 mm. Clear nodu-
lar thickening was required for this classification, and clini-
cally, a malignancy was strongly suspected. Mass formation
indicated that the irregularity was even more severe and that

—254—



Jpn J Radiol

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

a partial mass with a diameter of >1 cm was clearly formed.
We did not include massive irregularity in mass formation;
we included only the CT findings that identified a clearly
formed mass. We examined the entire pleura very carefully,
because the grading of pleural irregularity changes even
with a localized pleural thickening. Both multiple and iso-
lated masses were defined as a mass formation; clinically,
this indicated a malignant lesion.

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

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

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

Statistical analysis

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

Results

Data from 1111 patients were obtained. We confirmed
the clinical diagnosis of mesothelioma in 929 patients,
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Fig. 2 a Mediastinal pleural irregularity: a thickened pleura with
a slight irregularity in a broad area of the mediastinal pleura. The
thickness is not severe in this classification, but if broad thickening
is found in this area, a high potential for mesothelioma can be sus-
pected. b Pleura irregularity in the base of the lungs: Tuberous irregu-
lar pleural thickening at the base of the left lung. A malignant pleu-
ral lesion can be suspected. ¢ Irregular interlobar pleura: Tuberous

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

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

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

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

Table 1 shows the classification of pleural findings into
the four stages. Table 1 compares these four stages with
the T classification system. Among the 327 cases of pleu-
ral mesothelioma, seven were classified with no irregular-
ity (2 %); 53 with a mild irregularity that included a pos-
sible benign lesion (16 %); 140 with a high irregularity that
included seemingly malignant lesions (43 %); and 127 with
a mass formation that indicated a malignant lesion. Thus,
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thickening begins in the right interlobar pleura. The interlobar pleural
layer is surrounded by lung parenchyma; therefore, the pleura can be
easily evaluated on the images. High-resolution computed tomogra-
phy (CT) can provide clearer images, but evaluation of the interlobar
pleural irregularities is also possible using average CT scans, if care-
fully examined

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

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

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

Discussion

Eighty percent of patients with pleural malignant meso-
thelioma are men [6, 12]. In the present study, 273 patients
(83 %) were men. The high percentage of men in our
study is similar to the finding of a previous report [6].
The age range of our study was extremely wide, ranging
from 16-94 years at diagnosis. This wide age range indi-
cates that cases of mesothelioma caused by environmental
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Fig. 3 Procedures used to
select computed tomography
images of the cases with pleural
mesothelioma

All 6030 cases of death due to mesothelioma between

2003 and 2008 in Japan

¥

2069 cases: informed consent of living relatives provided by postal mail

¥

1111 cases: informed consent obtained from the closest relatives
by postal mail and with medical information including medical records,
radiographs, CT images, and pathologic specimens

4

794 cases: confirmed pleural mesothelioma after review of
the medical records and radiological images to confirm the clinical and
pathological diagnosis of Malignant mesothelioma

¥

327 cases: obtained CT images
at clinical diagnosis

Imaging findings
were evaluated

-

Table 1 CT images at the

. . ; Pleural findings No irregularity Mild irregularity High irregularity Mass formation
time of the diagnosis of pleural
mesothelioma and pleural No. of cases 7 53 140 127
findings from CT i t th
ncings trom 5.~ Mages at the Percentage 2 16 43 39
time of the diagnosis pleural
mesothelioma compared to the Ti-2 7 49 31 20
T classification system in 327 T3 0 4 89 58
cases T4 0 20 49

CT computed tomography, no. number

exposure were included in this study. The average latency
period (i.e., the time interval between the first asbestos
exposure and death) for mesothelioma development is
30-40 years [13]. Bianchi et al. [7] reported that the latency
period ranges from 14-75 years (mean 48.8 years, median
51.0 years). This suggests that if the onset is diagnosed at
16 years old, the patient must have been exposed to the
attributing environmental conditions since birth. This could
be the case, for example, if the patient was born in a neigh-
borhood with an asbestos factory. Due to this environmen-
tal exposure, juvenile mesothelioma would occur; these
cases were also included in our study.

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

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

Pleural plaque was observed in 35 % of the CT scans but
in only 11 % of plain chest radiographs. Previous studies
that used CT have shown pleural plaque in 12.1-78 % of
cases [10, 14—16]. Additionally, only one-third of cases that
had plaque on CT scans also had plaque on radiographs;
this result is similar to that of a previous study [17]. Only
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Table 2 Results of the statistical evaluation of the difference in CT
findings between the epithelial type and non-epithelial type of meso-
thelioma

Epithelial Non-epithelial p value
(x*-test)
CT findings
Asbestosis + 3 4 0.523
- 176 144
Plaque + 119 94 0.575
- 60 54
Rounded atelec- + 1 1 0.893
tasis - 178 147
Diftuse pleural + 1 4 0.116
thickening _ 178 144
Pleural effusion  + 167 137 0.798
- 12 11
CT stages
No irregularity 5 2 0.370
Mild irregularity—mass 174 146
formation
No irregularity—mild 36 24 0.365
irregularity
High irregularity-mass 143 124
formation
No irregularity—high 75 52 0.212
irregularity
Mass formation 104 96

CT computed tomography, 4 positive, — negative

2 % of cases had pulmonary fibrosis equivalent to asbesto-
sis in the current study. Asbestosis results from high-dose
asbestos exposure. This examination was a national investi-
gation that included patients who did not work with asbes-
tos and those who worked in asbestos-related industries.
Plaque was observed in only 35 % of cases. Therefore, we
believe that the ratio of persons with a high concentration
of asbestos exposure among the target cases was low.
Regarding pleural irregularities, 18 % of cases had either
no irregularity (no clear malignancy on the image) or a
mild irregularity (these cases were mainly T1-2). Although
previous reports have described the pleural effusion occur-
rence rate [5, 18], to our knowledge, no reports to date have
described the difficulties in diagnosing malignancy based
on CT images among the more than 300 known cases.
To make a successful early diagnosis, it is necessary to
be aware that there could be cases with no irregularities
among T1-2 cases. It is necessary to pay extra attention
to the possibility of a mild pleural irregularity. According
to the International Mesothelioma Interest Group staging
system, the median overall survival (OS) rates for patients
with stages I and II (T1-2 and NO), stage III, and stage IV
tumors were 11.2 months (9.4-13.0 months), 7.9 months

@ Springer

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

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

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

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

In conclusion, 18 % of cases with mesothelioma in our
study did not display a clear irregularity on CT images, and
these cases were classified as low T-stage at the time of
diagnosis. Therefore, when diagnosing pleural effusion of
unknown etiology, the possibility of pleural mesothelioma
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must be considered even in cases with no identifiable
plaque. When the findings do not indicate a malignant
lesion, we can still suspect potential mesothelioma when
slight changes are observed in the mediastinal or interlo-
bar pleura. Images of early-stage mesothelioma need to be
interpreted accurately.
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Summary

An 81-year-old woman visited a local clinic due to chest pain and a skin induration on
the right precordia. She had a history of right breast cancer, and she had undergone a
mastectomy and radiation therapy 10 years prior. Computed tomography (CT) imaging
of the chest demonstrated a lobular mass that involved the right anterior thoracic wall
and partially extruded from the thoracic cavity into the subcutaneous tissue. The tumor
was surgically excised, and pathological analyses yielded a diagnosis of angiosarcoma.
Five months after the operation, CT imaging showed multiple masses on the right pleura,
indicating a local relapse and pleural dissemination of the angiosarcoma. Systemic
chemotherapy composed of nanoparticle albumin-bound paclitaxel (nab-PTX) (80 mg/mz)
was delivered weekly. After 4 courses of chemotherapy, the tumors regressed remarkably.

Nab-PTX may be an effective treatment option for recurrent or metastatic angiosarcoma.

Keywords: Angiosarcoma, paclitaxel, chemotherapy

1. Introduction

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

An 8l-year-old woman was referred to our hospital
for an examination due to right chest pain. She had
a history of right breast cancer and had undergone
a mastectomy and adjuvant radiotherapy 10 years
prior. Upon examination, a skin induration with
tenderness was found on the right precordia. Computed
tomography (CT) imaging of the chest demonstrated
right pleural effusion and a lobular mass that involved
the right anterior thoracic wall; this mass had partially
extruded from the thoracic cavity into the subcutaneous
tissue (Figure 1A). On enhanced CT images, the
mass showed a contrast effect in the early stages of
the arterial phase. The tumor was surgically excised.
Pathological analyses of the tumor showed disarrayed
growth of hyperchromatic and vasoformative
mesenchymal tumor cells with abnormal mitosis (Figure
2A). Immunohistochemical analyses revealed that the
cells were positive for CD31 (Figure 2B) and CD34
(Figure 2C), but negative for epithelial markers, S-100
(Figure 2D) and D2-40 (Figure 2E). Based on these
findings, the diagnosis was confirmed as angiosarcoma.
Five months after the operation, CT images showed
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multiple masses on the right pleura, indicating a local
relapse and pleural dissemination of the angiosarcoma
(Figure 1B). Systemic chemotherapy composed of nab-
PTX (80 mg/m’) was delivered weekly. After 4 courses
of chemotherapy, the masses in the pleura regressed
remarkably (Figure 1C). The only adverse event was
alopecia, no myelosuppression or neurotoxicity was
observed. After a total of 14 courses of chemotherapy,
multiple tumors reappeared, and the patient died at

Figure 1. Computed tomography images of the chest. (A)
Right pleural effusion and a lobular mass (white arrowhead)
were observed at the initial examination. (B) Multiple masses
on the right pleura (red arrowheads) appeared 5 months after
the operation. (C) Regressed masses on the pleura after 4
courses of chemotherapy.

(A)

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

3. Discussion

Angiosarcoma is an uncommon malignant vessel tumor.
Angiosarcoma can develop in the subcutaneous tissue
in almost all parts of the body, but the most common
sites are the head and neck, followed by the breast and
liver (2). Angiosarcoma of the pleura is extremely rare
(3). A history of breast cancer and radiation therapy are
known risk factors for this disease (4,5), and both these
factors were present in the current case study. There is
limited evidence to support chemotherapy regimens for
unresectable and recurrent angiosarcomas; however,
a few reports have suggested that anthracyclines,
ifosfamide, and taxanes are potential treatment options.
A retrospective study showed that, when paclitaxel was
used to treat unresectable angiosarcomas, progression-
free survival was achieved for 6.8 months for scalp
angiosarcoma and 2.8 months for sites below the clavicle
(6). Nab-PTX is a novel, soluble, polyoxyethylated,
castor oil-free, biologically interactive form of paclitaxel,
which allows shorter infusion times and requires no
premedication for hypersensitive reactions. Nab-PTX
has been approved for breast cancer (7), non-small
cell lung cancer (8), and gastric cancer (9) in Japan.
Moreover, in the future, it will be used in more patients
as an alternative to PTX. In the current case, nab-
PTX was delivered to an aged patient with recurrent
angiosarcoma that had disseminated in the pleura. This
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Figure 2. Pathological analyses. (A) Resected tumor specimen showed disarrayed growth of hyperchromatic and vasoformative
mesenchymal tumor cells with abnormal mitosis (x40). Immunohistochemical analyses revealed that the cells were positive for
CD31 (B) and CD34 (C), but negative for epithelial markers, S-100 (D) and D2-40 (E) (x40).
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treatment elicited a favorable response and few adverse
events, though the tumor acquired resistance eventually.
To our knowledge, the current case was the first to show
that angiosarcoma significantly responded to nab-PTX.
Our results suggested that weekly administration of nab-
PTX may be an effective treatment option for recurrent
angiosarcoma.

In conclusion, we described a case of angiosarcoma
in the pleura, which showed a significant response to
nab-PTX.
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Objective: To elucidate differences in the level and localization of pleural irregularities in early malignant
pleural mesothelioma (eMPM) and benign asbestos pleural effusion (BAPE) using CT.

Study design: Retrospective assessment of CT findings of consecutive patients with BAPE at a single centre
and patients with eMPM reported in Japanese vital statistics.

Methodology: Thirty-six patients with confirmed diagnoses of BAPE and sixty-six patients with confirmed
diagnoses of eMPM (mesothelioma stages T1 or T2) were included. Informed consent, CT scans, and
clinical and pathologic details were obtained for all patients and were reviewed by one radiologist, two
pathologists, and two pulmonologists. Asbestosis, pleural plaque, rounded atelectasis, and diffuse pleural
thickening were assessed in all patients.

Results: Prevalence of asbestosis, pleural plaque, rounded atelectasis, and diffuse pleural thickening was
significantly higher in the BAPE group. Low-level irregularity was more common in the BAPE group
(p<0.001), whereas high-level irregularity, mediastinal localization, and interlobar fissure were more
prevalent in the eMPM group (p <0.001). Interlobar pleural irregularity was not observed in any patients
in the BAPE group, although 55% of patients in the eMPM group showed interlobar pleural irregularity.
Mediastinal pleural involvement was observed in 74% of patients in the eMPM group and had a positive
predictive value of 89%.

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

Keywords:

Mesothelioma

Benign asbestos pleural effusion
CT scan
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1. Introduction ably later stages. Unfortunately, however, the diagnosis of MPM is

often delayed, either because of nonspecific symptoms or the unre-

Malignant pleural mesothelioma (MPM) is a neoplasm of meso-
dermal origin and is associated with exposure to asbestos [1]. MPM
has a poor prognosis, but detection in early stages can significantly
increase patient survival, as distant metastasis occurs at consider-
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0720-048X/© 2016 Elsevier Ireland Ltd. All rights reserved.

liability of radiological imaging and pleural biopsy techniques [2].
In particular, the variability of pleural findings makes features of
anatomical imaging modalities complicated [3], leading to poor dif-
ferential diagnosis with benign tumours and with other malignant
tumours, such as sarcomas and adenocarcinomas [4-6].

Benign asbestos pleural effusion (BAPE) is a complication of
chronic exposure to asbestos. It is generally classified as the accu-
mulation of pleural fluid and may be asymptomatic or associated
with pain, fever, and dyspnoea. Differentiation of BAPE from early
stages of MPM is difficult, due to several overlapping radiological
features [7,8]. Considerable work has been conducted to discern
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All 2742 cases of death due to mesothelioma between 2003
and 2005 in Japan

¥

375 cases: informed consent obtained from the closest relatives
by postal mail and with medical information including medical
records, radiographs, CT images, and pathologic specimens

¥

¥

325 cases were diagnosed as
pleural mesothelioma

50 cases were diagnosed as
peritoneal mesothelioma

2 2

233 cases; confirmed pleural mesothelioma after review# of the medical
records, pathological specimens and radiological images to confirm the
diagnosis of mesothelioma

211 cases; obtained CT images
at the time of diagnosis

# The review was performed by 5 pulmonologists,
‘ 2 pathologists and 1 radiologist with discussion.

=

66 cases; T1 or T2 (IMIG
classification

Fig. 1. Flow chart summarizing enrolment of patients in eMPM group.

distinct features of MPM and BAPE, using different diagnostic
modalities including X-ray, PET, MRI, and CT [9-11]. However, con-
firmatory diagnoses of MPM mostly still depend on histopathologic
evaluations of biopsy specimens, even though the procedure is
associated with complications [12].

In Japan, the production and application of asbestos have been
prohibited since 2004. However, since asbestos-related diseases
have long latency periods, the number of mesothelioma patients
has increased in recent years [13-15]. Evidence suggests that it
takes 30-40 years of incubation to develop mesothelioma after
exposure to asbestos. It has therefore been postulated that the num-
ber of MPM patients in Japan will peak in 2025. The trend is in line
with other advanced countries, as in the past, asbestos was used
extensively for construction and industrial products [16,17]. We
researched the Vital Statistics survey carried out by the Japanese
Ministry of Health, Labour, and Welfare and found more than 6000
mesothelioma cases [17]. These statistics, along with the diagnostic
issues outlined above, clearly stress an immediate need for efficient
strategies for the early diagnosis and management of MPM.

Computed tomography (CT) has been used as a non-invasive
tool for diagnosing, staging, and following-up MPM. Asbestos expo-
sure may lead to pleural effusion, pleural thickening, and pleural
plaques, which can be effectively diagnosed using CT scans [18].
However, the differences between the CT features of benign and
malignant pleural diseases are poorly understood [3,4,19]. The pur-
pose of this study was to evaluate the differences between the CT
findings of patients diagnosed with stage I and Il MPM and patients
diagnosed with BAPE. We also attempted to assess changes in the
grade of pleural irregularity, localization of pleural irregularity, and
changes in CT scan features during follow-up.

2. Subjects and methods
2.1. BAPE group

Thirty-six patients who were referred to the Okayama Rosai
Hospital between Mar 1, 2005 and Apr 30, 2008 and who had a
definitive diagnosis of BAPE were included. BAPE was indicated by
symptoms including chronic cough, abnormal pulmonary function
tests, chest pain, breathlessness, hoarseness of the voice, and CT
scan results. All patients had a history of asbestos exposure. Pleural
biopsy was performed in all cases. All pathologic specimens were

reviewed by a pathologist, and the histological assessment of malig-
nancy was made on the basis of standard cytological tests. BAPE was
defined on the basis of four criteria: (a) history of asbestos exposure,
(b) radiologic or thoracentesis confirmation of pleura, (¢) absence
of another cause for the pleural effusion, and (d) no malignant
tumour developing within one year [20-22]. Follow-up was con-
ducted through routine visits. Informed consent was obtained from
all patients, and the Institutional Ethical Review Board of Okayama
Rosai Hospital approved the study.

The CT scans were obtained using X-vigor in 6 cases and
Aquilion™32 (Toshiba Medical Systems, Otawara, Tochigi, Japan)
in 30 cases. Patients were screened in the supine position with or
without injection of contrast media, depending on the radiologists’
judgment; 9 cases were screened without contrast media, while
24 cases used it and 3 cases were screened both with and with-
out contrast media. A slice thickness of 5 mm and mediastinal and
lung parenchymal window settings were used. The window width
was 1500 HU for parenchymal imaging and 350 HU for soft tis-
sues. Parenchymal and soft tissue images were reconstructed with
sharp and smooth filters, respectively. Intravenous iodinated con-
trast medium was used to determine lymph node enlargement and
pleural irregularities. The CT scans and accompanying chest radio-
graphs were reviewed by one radiologist and two pulmonologists
(K. K, T. K,, and N. F.) who were familiar with asbestos-related
disease and who were members of the official pneumoconiosis
examination committee for labourers in the Okayama prefecture.
The observers were unaware of the pathologic diagnosis; a conclu-
sion was reached by consensus.

2.2. Early MPM (eMPM) group

Sixty-six patients were included in the early MPM group. The
subjects were selected from mesothelioma death cases in the
Japanese Vital Statistics (2003-2005). The detailed method for
patient selection and data collection has been described elsewhere
[23]. In brief, we extracted all cases of death due to malignant
mesothelioma in the Vital Statistics register in Japan (2003-2005).
Informed consent was obtained from living relatives, and complete
medical records, radiographs, and/or CT images were obtained from
the respective medical institutions. We reviewed medical records
and radiological images with clinically and pathologically con-
firmed diagnoses of malignant mesothelioma based on ICD CD46.
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Table 1
Characteristics of patients in BAPE and eMPM groups.
Characteristic Total (n=102) BAPE (n=36) eMPM (n=66) P value
Age, years (Mean +SD) 69.3+9.3 720+7.2 67.8+10.1 0.0297
Sex (M/F) 92/10 36/0 56/10 0.0133
History of asbestos exposure, years (Mean £ SD) 24.1+159 28.1+14.7 16.6£17.0 0.0009
Latency, years (Mean £ SD) 31.3+£21.6 463+11.5 24.04+21.6 0.0001
eMPM histological subtype
Epithelioid 41 (62.12%)
Sarcomatoid 8(12.12%)
Biphasic 12 (18.18%)
Unknown 5(7.58%)
Table 2
Clinical imaging characteristics in BAPE and eMPM groups.
BAPE (n=36) eMPM (n=66) P value
Asbestosis 6(17%) 1(2%) <0.05
PR classification PR1 4 1
PR2 1 0
PR3 1 0
Pleural plaque 33(92%) 23 (35%) <0.001
Calcification (+) 25 10
Rounded atelectasis 16 (44%) 0 (0%) <0.001
Diffuse pleural thicknesses 9(25%) 1(2%) <0.001
Pleural effusion 36 (100%) 64 (97%) 0.291

PR: profusion rate.

Thirty-four cases were screened without contrast media, while 27
cases used contrast media, and 5 cases were screened both with and
without contrast media. Patients with incomplete CT findings were
excluded. All CT scans were retrospectively reviewed at our insti-
tution by one radiologist and two pulmonologists (K. K., T. K., and K.
G.) who were familiar with asbestos-related disease and who were
members of the official pneumoconiosis examination committee
for labourers in the Okayama prefecture. The TNM Classification
of Malignant Tumors staging system used by the International
Mesothelioma Interest Group (IMIG) for pleural mesothelioma was
used to stage MPM [24]. Only patients with stage T1 and T2 tumours
were included in the analysis (Fig. 1).

2.3. Pleural findings

The images were analysed to identify pleural plaques and calcifi-
cation, pleural effusion, lung asbestosis, diffuse pleural thickening,
and rounded atelectasis. Pleural plaques were defined as cir-
cumscribed, pleural areas of opacity with well-demarcated edges
[25]. The pleural findings from the CT images were classified into
four stages: “no irregularity”,” low-level irregularity”, “high-level-
irregularity”, and” mass formation”. These four stages are shown
in Supplementary Figs. 1-4. “No irregularity” indicated complete
absence of pleural thickening or thickening <3 mm with no irreg-
ular surface. “Low-level irregularity” indicated a regular surface
with a thickening >3 mm but <1 cm; this stage also included cases
of slight asperity with no clear nodular irregularity <5 mm. Clini-
cally, this was non-specific thickening due to either a benign or a
malignant lesion. Mild irregular findings on CT may indicate benign
pleural lesions such as pleurisy. “High-level-irregularity” indicated
aregular thickening >1 cm, anirregular thickening >5 mm, and clear
nodularity >3 mm but not “mass formation”. For an irregular thick-
ening, slight asperity was required for this classification. Clinically
“high-level irregularities” have a high index of suspicion for malig-
nancy. “Mass formation” indicated a clearly formed partial mass
with a diameter of >1cm. We examined the entire pleura very
carefully, to ensure careful grading of pleural irregularity changes,
even with localized pleural thickening. Both multiple and isolated
masses were defined as mass formation; clinically, this indicated

a malignant lesion [17]. Metintas et al. showed that thicknesses
>1cm were not a meaningful variable in univariate analyses [9].
In this work, we therefore proposed criteria based on much lower
pleural thickening (no irregularities <3 mm; low-level irregulari-
ties >3 mm but <5 mm, high-level >5 mm, and mass formation was
noted at >1 cm). We believe that these criteria can be useful for the
diagnosis of the early stages of MPM (I & II) [26]. In the case of the
BAPE and eMPM groups, all pleural thickenings were measured on
the monitor with electronic callipers in the DICOM medical image
viewer at an appropriate digital magnification. In the BAPE group,
all measurements were made with the Synapse medical imaging
and information management system (Fuji Medical, Tokyo, Japan).
In the eMPM group, when digital data were available, measure-
ments were performed in the POP-net system (Image ONE, Tokyo,
Japan). When digital images were not available, we measured the
numbers of pixels in a 1 cm scale on the scanned film and used the
pixels in the pleura to calculate the thickness of the pleura. All cases
where diffuse pleural thickening was observed involved contrast
CT, and we could differentiate thickened pleura from the collapsed
lung.

2.4. Statistical analysis

Statistical analysis was carried out using the SPSS 20 software.
Descriptive statistical tests were used for analysis of data. Unpaired
t-tests and Mann-Whitney tests were used to compare differences.
P values less than 0.05 were considered to be statistically signifi-
cant.

3. Results

Thirty-six patients (all males), with a mean age of 72.0 years,
were included in the BAPE group, and sixty-six patients, with a
mean age 67.8 years, were included in the eMPM group. In the
BAPE group, histopathological results indicated chronic inflamma-
tion in the majority of cases; the average history of exposure to
asbestos was 28.1 years and the mean latency (the gap between
exposure to asbestos and diagnosis) was 46.3 years. In the eMPM
group, complete data and informed consent were obtained from
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Table 3
Grade of pleural irregularity in BAPE and eMPM groups.
BAPE (n=36) eMPM (n=66) P value
No irregularity 8 (22%) 6 (9%) <0.001*
Low-level irregularity 26 (72%) 36 (54%)
High-level irregularity 2 (5%) 15 (23%) <0.001"
Mass formation 0 (0%) 9 (14%)

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

*High-level pleural irregularity and mass formation together (BAPE vs. eMPM: 5.5%
vs. 36.4%; P<0.001 (x? test).

Table 4
Localization of pleural irregularity in BAPE and eMPM groups.
BAPE (n=36) eMPM (n=66) P value
Mediastinal 8(22%) 49 (74%) <0.001
Basal 32 (91%) 51 (77%) 0.150
Interlobar fissure 0(0%) 36 (55%) <0.001

1111 patients, and thoracoscopic biopsy, pleural biopsy, and pleu-
ral fluid cytology confirmed the diagnosis of stage I and stage Il
MPM in 66 patients. The mean age at diagnosis was 67.8 years, and
the origin of eMPM was epithelioid in 41 cases, sarcomatoid in 8
cases, biphasic in 12 cases, and unknown in 5 cases. Of the eMPM
subjects, 60.6% had an occupational exposure to asbestos, with a
mean duration of exposure of 16.6 years and a mean latency of
24.0 years (Table 1).

Asbestosis was found in 6 patients in the BAPE group, and the
incidence was higher than that observed in the eMPM group. The
prevalence of pleural plaque was notably higher in the BAPE group.
Rounded atelectasis and diffuse pleural thickening were also sig-
nificantly more common in the BAPE group, although there was no
significant difference in pleural effusion (Table 2).

The grades of pleural irregularity are presented in Table 3. No
irregularity was found in 22% of the BAPE group and 9% of the eMPM
group. No mass formation was observed in the BAPE group, but it
was found in 14% of patients in the eMPM group. Interestingly,
no- or low-level pleural irregularity together were more preva-
lent in the BAPE group and high-level pleural irregularity and mass
formation together were more prevalent in the eMPM group

Table 4 presents the locations of pleural irregularity. Mediasti-
nal and interlobar fissure were found to be statistically different
between the two groups. Interlobar pleural fissure was not
observed in any of the patients in the BAPE group, although
55% of patients in the eMPM group had interlobar pleural fissure
(P<0.001). Mediastinal pleural involvement was observed in 74%
of patients in the eMPM group and just 22% in the BAPE group
(P<0.001); notably, mediastinal involvement had a sensitivity of
79.5%, specificity of 81%, positive predictive value of 89%, and nega-
tive predictive value of 68% for eMPM diagnosis. Basal irregularities
were higher in the BAPE group (91% vs. 77%), although the differ-
ence did not reach statistical significance.

In addition to differences in pleural irregularity, location, and
plaques in the BAPE and eMPM groups, a significant difference was
observed in the pleural parameters during follow-up. In patients
diagnosed with BAPE, pleural irregularities either regressed or
remained unchanged, whereas in patients diagnosed with eMPM,
pleural irregularities were found to worsen or remain unchanged
during follow-up. Fig. 2 presents arepresentative case of a patientin
the BAPE group who had shown high-level unilateral pleural irreg-
ularities at diagnosis. During the 5-year follow-up period, the level
of pleural irregularities remained high, with little change in fea-
tures. Fig. 3(A-D) shows changes in the CT scan features during

follow-up of two patients in the BAPE group. One patient showed
bilateral mediastinal pleural thickening at diagnosis, which signif-
icantly regressed within two months in both axial and coronal CT
scans. In another patient (Fig. 3C,D), unilateral mediastinal pleural
thickening and effusion in the right thorax was observed at pre-
sentation and significantly regressed before the CT scan recorded 3
months later. Fig. 4 shows a CT scan of a patient in the eMPM group
at presentation and follow-up; CT findings did not indicate any
regression of pleural irregularities. Fig. 5 shows a CT scan of another
patient diagnosed with eMPM at presentation and at follow-up; it
was evident that pleural irregularities rapidly worsened within a
period of few months.

4. Discussion

Our results indicate that CT imaging features can aid early
diagnosis of MPM. One distinct feature was the involvement of
mediastinal pleura, which was found to be significantly more
prevalent in patients with eMPM than in patients with BAPE.
Metintas et al. reviewed the CT findings of patients with MPM
and benign pleural disease [9]. They concluded that circumferen-
tial lung encasement by multiple nodules and pleural thickening
with irregular pleuropulmonary margins were more prevalent in
patients with MPM. They also reported mediastinal pleural involve-
ment as an independent factor that could be used for differentiation
of MPM from benign pleural diseases; in our work, mediasti-
nal pleural involvement was observed in 74% of patients with
eMPM and just 22% of patients with BAPE (P<0.001), highlight-
ing the mediastinal pleural involvement even in early stages of
MPM. Leung et al. investigated differential diagnoses of benign and
malignant pleural diseases using CT scans and also reported medi-
astinal pleural involvement [25]. In our work, asbestosis was found
more frequently in the BAPE group, which supports the belief that
asbestosis is probably not involved in the initial stages of asbestos-
induced lung carcinogenesis, though it might increase the risk of
lung cancer [1,19,27].

Okten et al. reported pleural effusion in 83% of patients with
MPM [28]; they cautioned that no CT scan findings were pathog-
nomonic for MPM, although such findings may provide clues
for differential diagnosis. In another study, plural effusion was
observed in almost 80% of the cases, but an independent associ-
ation was not established [29]. In our work, we found 97% and
100% pleural effusion in the BAPE and eMPM groups, respectively,
without any statistical difference. This observation supports the
findings of Okten et al. and indicates that pleural effusion should
be used with caution for the diagnosis of MPM, especially in the
early stages. Interestingly, we found that pleural plaques were more
prevalent in the BAPE group than in the eMPM group (92% vs. 35%,
P<0.001), undermining the diagnostic utility of pleural plaques for
the diagnosis of eMPM. This finding is of particular importance
since pleural plaques are reported in some studies to have strong
association with mesothelioma [27], even after adjustment for time
since first exposure to asbestos and cumulative exposure index.
Conversely, out of 13 identified studies on the association of pleural
plaques with lung cancer, only three have reported such correla-
tions [19,27,30]. In spite of disagreement among different studies
on association of pleural plaques with MPM, the markedly higher
prevalence of pleural plaques observed in patients with BAPE in
this work provides strong evidence for the poor utility of pleural
plaques for the diagnosis of early stages of MPM.

Our results suggest that pleural irregularity grade and loca-
tion have different features in BAPE and eMPM patients. Patients
with BAPE showed a high prevalence of low-level pleural irregular-
ity, whereas MPM patients had high-level pleural irregularity and
mass formation. We defined irregularities on the basis of pleural
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Fig. 2. Changes in the CT scan features of a patient in the BAPE group (male, 70 years) with a 21-year history of asbestos exposure. (A) Axial CT scan at diagnosis, showing
high-level irregular pleural thickening (arrows). (B) Axial CT scan after five years of follow-up; a similar level irregular pleural thickening persists.

Fig. 3. Changes in the contrast-enhanced CT scan features of a patient in the BAPE group (male, 64 years) with a 39-year history of asbestos exposure. (A) Coronal view of the
patient at diagnosis, with visible bilateral mediastinal pleural thickening and left pleural effusion. (B) Coronal view of the same patient after two months, showing regression.
(C) Another patient (male, 69 years) with a 42-year history of asbestos exposure. Axial CT scan at diagnosis, showing unilateral mediastinal pleural thickening and effusion
in the right thorax (arrows). (D) Axial CT scan after three months of follow-up, showing regression.

thickening. Leung et al. reported that parietal pleural thickening
greater than 1 cm was helpful in distinguishing benign cases from
malignant ones, although they also used criteria such as circum-
ferential and nodular pleural thickening [28]. MPM is generally
locally aggressive, with frequent invasion of the chest wall, medi-
astinum, and diaphragm, which might complicate CT scan. In the
analysis of follow-up CT scans, it was evident that in cases of BAPE,
pleural effusion either regressed or remained constant, whereas
in cases of eMPM, pleural effusion either advanced or remained
constant. Mavi et al. used dual time point 18F-fluorodeoxyglucose
positron emission tomography to differentiate between benign and
malignant plural diseases [31]. They showed that, in MPM, 18F-FDG
uptake increased with time. Conversely, in benign pleural disease,
the uptake of 18F-FDG decreased with time. Our results indicated
that changes in pleural irregularities during follow-up might be
useful for eMPM and BAPE diagnosis, although a more extensive

study is needed to clearly establish the suitability of follow-up CT
scans for differential diagnosis.

Our study had certain limitations. First, as the eMPM group used
retrospective data collection from multiple centres, there was an
inhomogeneity in the CT scan parameters and protocols used. How-
ever, the multicentre nature of the eMPM group helped us avoid any
regional biases. Furthermore, adding to the strength of this work,
obtaining a prospective group with this much sample size is prac-
tically difficult considering the rarity of the disease, and all CT scan
image analyses were done by a team of independent reviewers who
were blinded to the histopathologic results. The other limitation
was that the BAPE group was another unique group and was sin-
gle centre based. There is therefore a possibility that the patients
were representative only of a particular region in Japan. Another
limitation is that there could be an effect of contrast media in CT
scan images; however, being a retrospective and registry-based
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Fig. 4. A representative axial CT scan showing mediastinal pleural thickening and interlobar fissural pleural thickening of patients in eMPM group. (

1599

(2

A) Male, 75 years old,

with a 33-year history of asbestos exposure, showing unilateral mediastinal pleural thickening. (B) Posterior pleural thickening in the same patient. Medlastmal pleural

thickening (arrows) and basal pleural thickening (arrow heads).

Fig. 5. Arepresentative axial CT scan depicting changes during follow-up in a male, 78 years old, with a 35-year history of asbestos exposure. (A) Unilateral mediastinal and
posterior pleural thickening and pleural effusion. (B) Progressed irregular pleural thickening after two months. (C) Progressed irregular pleural thickening after 8 months.

study, we could not investigate the effect of contrast media on pleu-
ral irregularities in all cases. Nevertheless, in 8 cases (3 BAPE and
5 eMPM) we could obtain CT scans both with and without con-
trast media. Our analysis indicated no difference between CT scans
with or without contrast media. Despite this, a dedicated indepen-
dent study with a large sample size is needed to further strengthen
the effect of contrast media. Additionally, in this study, to avoid
ambiguity, decisions on CT findings were made by relying on the
agreement within a team of one radiologist and two pulmonolo-
gists. Inter-rater reliability and independent association between
parameters should to be taken in future studies.

However, in spite of these limitations, this work clearly
underscores the significance of level and localization of pleural
irregularities, which could provide important clues for the diag-
nosis of early stages of MPM. More large-scale, multicentre studies
with long-term follow-up are needed to establish a diagnostic stan-
dard for eMPM and to fully elucidate pleural irregularities in the
early stages of MPM. This study serves as a basis for such studies.

5. Conclusion

This study indicated that the level and location of pleural irreg-
ularities could be of potential help in the differential diagnosis
between BAPE and eMPM. There was no significant difference
between the two groups in term of prevalence of pleural effu-
sion. However, mediastinal pleural involvement was found more
frequently in patients with early MPM. Large-scale multicentre

prospective studies with long-term follow-up are needed to fully
establish a standard protocol.
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Utility and pitfalls of immunohistochemistry in the differential diagnosis between
epithelioid mesothelioma and poorly differentiated lung squamous cell carcinoma

Aims: The aims of this study were to clarify the use-
fulness of immunohistochemistry in the differential
diagnosis of epithelioid mesothelioma with a solid
growth pattern [solid epithelioid mesothelioma (SEM)]
and poorly differentiated squamous cell carcinoma
(PDSCC), and to confirm the validity of a specific type
of antibody panel. Additionally, we aimed to clarify
the pitfalls of immunohistochemical analyses.

Methods  and  results: Formalin-fixed  paraffin-
embedded specimens from 36 cases of SEM and 38
cases of PDSCC were immunohistochemically exam-
ined for calretinin, podoplanin (D2-40), Wilms’
tumour gene product (WT1), cytokeratin (CK) 5/6,
p40, p63, carcinoembryonic antigen (CEA), epithe-
lial-related antigen (MOC31), claudin-4, thyroid tran-
scription factor-1 (TTF-1), and napsin A. WT1
showed the highest diagnostic accuracy (85.1%) as a
mesothelial marker, and CEA, p40 and claudin-4

showed higher diagnostic accuracies (95.9%, 94.6%,
and 93.2%, respectively) as carcinoma markers. Cal-
retinin (diagnostic accuracy: 75.7%), D2-40 (diagnos-
tic accuracy: 67.6%), CK5/6 (diagnostic accuracy:
63.5%), TTF-1 (diagnostic accuracy: 55.4%) and nap-
sin A (diagnostic accuracy: 52.7%) could not differen-
tiate between SEM and PDSCC. Among these
markers, the combination of calretinin and WT1
showed the highest diagnostic accuracy (86.5%) as a
positive marker, and the combination of p40 and
CEA showed the highest diagnostic accuracy (97.3%)
as a negative marker. The combination of CEA and
claudin-4 also showed relatively high diagnostic
accuracy (94.6%) as a negative marker.

Conclusions: We recommend the combination of
WT1 and calretinin as a positive maker, and the
combination of CEA and claudin-4 as a negative mar-
ker, for differential diagnoses of SEM and PDSCC.

Keywords: calretinin, carcinoembryonic antigen, claudin-4, immunohistochemistry, mesothelioma, p40,

squamous cell carcinoma, WT1 protein
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Introduction

Malignant mesothelioma (MM) is a rare, aggressive
malignant neoplasm that most commonly arises from
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pleural mesothelial cells. MM is correlated with occu-
pational and environmental asbestos exposure.!™ As
the incidence of MM has increased in many coun-
tries, pathologists encounter this disease frequently.
In Japan, the death toll from MM has been increasing
since the 1990s, and it is predicted to peak in the
2030s.°

A diffuse pleurotropic growth pattern is charac-
teristic of MM.”® However, a number of non-
mesotheliomatous neoplasms showing diffuse pleu-
rotropic growth patterns (described as ‘pseudome-
sotheliomatous growth’) have been reported, and
most of these tumours are peripheral lung carcino-
mas.” !® Although the majority of pseudomesothe-
liomatous lung carcinomas are adenocarcinomas
(ACs), a few pseudomesotheliomatous pulmonary
squamous cell carcinoma (SCC) cases have also
been reported.!* Lately, the incidence of peripheral-
type pulmonary SCC, but not central SCC, has been
increasing.’>'® Thus, the chance of encountering
‘pseudomesotheliomatous’” SCCs might increase.
Additionally, MM may occur as a localized mass
similar to peripheral lung cancer and other pleural
tumours; it is then classified as ‘localized MM’
according to the new World Health Organization
(WHO) classification.” Therefore, the histopathologi-
cal differential diagnosis of MM and SCC will
become crucial in the future.

Malignant mesotheliomas are divided into three
major histological subtypes: epithelioid, sarcomatoid,
and biphasic. Among these, epithelioid mesothelioma
(EM) shows a wide range of histological and cyto-
logical patterns, such as papillary, tubular, solid,
clear cell, deciduoid, rhabdoid, and pleomorphic.'”
Poorly differentiated SCC (PDSCC) shows a nested,
sheet-like or cord-like histological pattern, and lacks
obvious keratinization and/or intercellular bridges in
some parts of or throughout the tumour.'® There-
fore, the differential diagnosis between EM showing
a solid histological pattern [solid EM (SEM)] and
PDSCC can be challenging with conventional light

microscopy (haematoxylin and eosin-stained speci-
men) alone.

The role of immunohistochemistry in distinguishing
pleural EM from pulmonary AC has received much
attention. Currently, many immunohistochemical
markers are available for distinguishing pleural EM
from pulmonary AC. Among these, calretinin, cytok-
eratin (CK) 5/6, podoplanin (D2-40) and Wilms’
tumour gene product (WT1) are regarded as the best
positive markers for EM, and carcinoembryonic anti-
gen (CEA), MOC31 [epithelial-related antigen (ERA)],
Ber-EP4, BG-8, thyroid transcription factor-1 (TTF)-1,
and napsin A are regarded as the best positive mark-
ers for lung AC.1% 22

However, there are only a few reports on the
immunohistochemical differential diagnosis of EM and
lung SCC. Ordonez et al. have reported the immuno-
histochemical analyses of 30 EMs showing a solid
pattern and 30 pulmonary non-keratinizing SCCs,
and have recommended the combination of two posi-
tive (WT1 and calretinin/mesothelin) and two nega-
tive (p63 and ERA) markers for differentiating EM
from lung SCC.>*

Here, we examined 11 commercially available
immunohistochemical markers in histological speci-
mens of SEM and PDSCC obtained from Japanese
cases. We aimed to evaluate the usefulness of
immunohistochemistry in differentiating SEM from
PDSCC, and to recommend the best antibody panel
for use in pathological laboratories, after consider-
ing the pitfalls of immunohistochemical analyses.

Materials and methods
PATIENTS AND HISTOLOGICAL SAMPLES

We used formalin-fixed paraffin-embedded (FFPE)
specimens from 36 patients with a definite histolog-
ical diagnosis of SEM who had undergone pleural
biopsy, pleurectomy/decortication, extrapleural pneu-
monectomy or autopsy between 2000 and 2014.

5 Figure 1. Representative

-

n;‘;‘ histological images of solid
aitﬂ epithelioid mesothelioma and

y gf“: poorly differentiated squamous

ap, cell carcinoma. (A) Solid

‘.Qﬁ;‘ epithelioid mesothelioma. (B)
[ ¥ ': Poorly differentiated squamous

- cell carcinoma.
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SEM was defined as ‘EM consisting of mainly solid,
sheet-like or cord-like proliferations of cuboidal or
polygonal epithelioid cells’ (Figure 1A). All SEM
cases used in this study were comprehensively diag-
nosed according to a combination of clinical history
(e.g. occupational asbestos exposure), radiographic
examination (e.g. diffuse pleurotropic growth pat-
tern, lack of intrapulmonary mass, or the presence
of pleural plaques), and histopathological findings.
In all cases, we performed immunohistochemical
investigation with 15-20 markers, including the 11
markers examined in this study.

Formalin-fixed paraffin-embedded histological sam-
ples of the surgical specimens from 38 patients with
a histological diagnosis of primary pulmonary PDSCC
were obtained by surgical resection (wedge resection,
segmentectomy, lobectomy, or pneumonectomy)
from 2000 to 2014. PDSCC included keratinizing
SCC with minimal squamous differentiation (kera-
tinization and/or intercellular bridge) and non-kerati-
nizing SCC, as defined in the WHO 2015 criteria
(Figure 1B).”* The samples were collected from the
archives of the Department of Pathology at Hir-
oshima University. Among 38 PDSCCs that we
examined, 34 were of the peripheral type, and four
were of the central type. Ten cases showed invasion
to the visceral pleura but not right through and
exposed on the surface of the pleura, seven cases
showed focal invasion to the parietal pleura or chest
wall, and 21 cases were intrapulmonary lesions
without pleural invasion. There was no case show-
ing diffuse pleurotropic growth.

Each tumour specimen was reviewed by three
pathologists (K.K., V.J.A., and Y.T.); all of the cases
were rediagnosed on the basis of the currently
accepted histological criteria.'”1®

This study was performed in accordance with the
Ethics Guidelines for Human Genome/Gene Research
enacted by the Japanese government for the collec-
tion of tissue specimens, and was approved by the
institutional ethics review committee (Hiroshima
University E-48).

IMMUNOHISTOCHEMICAL PROCEDURES

Immunohistochemical staining of sections from the
FFPE tissue samples was performed with Ventana
BenchMark GX (Roche Diagnostics, Basel, Switzer-
land), by use of the Ventana ultraView Universal
DAB Detection Kit; the staining procedure is based on
the indirect biotin-free system. Protocols involving
heat induction-based or protease digestion-based anti-
gen retrieval were performed as recommended by the

© 2016 John Wiley & Sons Ltd, Histopathology
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Table 1. Primary antibodies used in this study

Location of
Marker Clone Manufacturer  Dilution evaluation
Calretinin SP65 Ventana Prediluted Nucleus
Podoplanin  D2-40 Nichirei Prediluted Membrane
Bioscience
WT1 6F-H2 Ventana Prediluted Nucleus
CK5/6 D5/16 B4 Dako 1:25 Membrane
and/or
cytoplasm
p40 BC28 Biocare 1:100 Nucleus
Medical
p63 DAK-p63  Dako 1:25 Nucleus
CEA COL-1 Nichirei Prediluted Membrane
Bioscience and/or
cytoplasm
ERA MOC31 Dako 1:25 Membrane
Claudin-4  3E2C1 Life 1:100 Membrane
Technologies
TTF-1 SPT24 Nichirei Prediluted Nucleus
Bioscience
Napsin A MRQ-60  Ventana Prediluted Cytoplasm

CEA, carcinoembryonic antigen; CK, cytokeratin; ERA, epithelial-
related antigen; TTF-1, thyroid transcription factor-1; WT1, Wilms'
tumour gene product.

manufacturer, with some modifications. Table 1
shows the list of primary antibodies, clones, sources,
and antibody dilutions.

Immunoreactivity was scored as either negative
(no immunostaining) or positive. Cells showing
nuclear staining for calretinin, WT1, p40, p63, and
TTF-1, membranous staining for podoplanin, ERA,
and claudin-4, cytoplasmic staining for napsin A or
membranous and/or cytoplasmic staining for CK5/6
and CEA were regarded as ‘positive’. The immunore-
activity grade was semiquantified as follows: 0, 0%
positive cells or trace staining; 1+, 1-10% positive
cells; 2+, 11-50% positive cells; and 3+, >51% posi-
tive cells.

EVALUATION OF UTILITY OF EACH MARKER AND
COMBINATIONS OF TWO MARKERS

Sensitivity, specificity, positive predictive values
(PPVs), negative predictive values (NPVs) and diag-
nostic accuracies were calculated for each marker
and combination of two markers.
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Results

IMMUNOREACTIVITY OF ANTIBODIES FOR SEM
AND PDSCC

The detection rates of each antibody in SEM and
PDSCC are shown in Table 2. Representative immuno-
histochemical staining images for SEM and PDSCC are
shown in Figures 2 and 3, respectively. The staining
pattern for each antibody for the two tumour types is
described in the following paragraphs.

CALRETININ

Thirty-three of 36 SEMs (91.7%) and 15 of 38
PDSCCs (39.5%) were positive for calretinin. In SEMs,
immunoreactivity was generally strong and diffuse
(grade 3+). In contrast, in PDSCCs, the staining grade
was distributed from 1+ to 3+ approximately equally.

D2-40

Thirty-five of 36 SEMs (97.2%) and 23 of 28 PDSCCs
(60.5%) were positive for D2-40. In the majority of
SEMs, immunoreactivity was strong and diffuse

(grade 3+), whereas the majority of PDSCCs showed
a focal or multifocal positive pattern (grade 1-+/2+).

WTI1

Twenty-six of 36 SEMs (72.2%) were positive for
WT1, with most of them showing grade 3+, whereas
only one PDSCC (2.6%) was focally positive (grade
1+) for WT1.

CK5/6

Twenty-six of 36 (72.2%) of SEMs and 37 of 38
(97.4%) of PDSCCs were positive for CK5/6. For both
tumours, the majority of cases showed diffuse and
strong immunoreactivity (grade 3+).

P40

Only two SEMs (5.6%) were positive for p40, and
staining was observed in an extremely confined area
(grade 1+). In contrast, 36 of 38 PDSCCs (94.7%)
were positive for p40, and most cases showed diffuse
and strong immunoreactivity (grade 3+).

Table 2. Immunohistochemical findings for solid epithelioid mesothelioma (SEM) and poorly differentiated squamous cell

carcinoma (PDSCC) for various antibodies

SEM staining grade

PDSCC staining grade

Marker SEM, n (%) 0 1+ 2+ 3+ PDSCC, n (%) 0 1+ 2+ 3+
Calretinin 33/36 (91.7) 3 0 2 31 15/38 (39.5) 23 7 4 4
D2-40 35/36 (97.2) 1 3 2 30 23/38 (60.5) 15 5 12 6
WT1 26/36 (72.2) 10 5 3 18 1/38 (2.6) 37 1 0 0
CK5/6 26/36 (72.2) 10 5 6 15 37/38 (97.4) 1 2 6 29
p40 2/36 (5.6) 34 2 0 0 36/38 (94.7) 2 0 4 32
p63 6/36 (16.7) 30 5 0 1 37/38 (97.4) 1 1 2 34
CEA 0/36 (0) 36 0 0 0 35/38 (92.1) 3 14 13 8
ERA 12/36 (33.3) 24 8 3 1 34/38 (89.5) 4 5 11 18
Claudin-4 2/36 (5.6) 34 2 0 0 35/38 (92.1) 3 3 17 15
TTF-1 0/36 (0) 36 0 0 0 5/38 (13.2) 33 5 0 0
Napsin A 0/36 (0) 36 0 0 0 3/38 (7.9) 35 3 0 0

CEA, carcinoembryonic antigen; CK, cytokeratin; ERA, epithelial-related antigen; TTF-1, thyroid transcription factor-1; WT1, Wilms' tumour

gene product.

The grade of immunoreactivity was semiquantified as follows: 0, 0% positive cells or trace staining; 1+, 1-10% positive cells; 2+, 11-50%

positive cells; 3+, >51% positive cells.

© 2016 John Wiley & Sons Ltd, Histopathology
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Figure 2. Representative
immunohistochemical staining
panel for solid epithelioid
mesothelioma. The
mesothelioma cells showed
positivity for calretinin
(nuclear) (A), D2-40
(membranous) (B), and Wilms’
tumour gene product (nuclear)
(C), but were negative for
carcinoembryonic antigen (D),
p40 (E), and claudin-4 (F).

P63

Six of 36 SEMs (16.7%) were positive for p63, and
most of them showed staining in an extremely con-
fined area (grade 1+). However, one SEM showed dif-
fuse and strong immunoreactivity (grade 3+). In
contrast, 37 of 38 PDSCCs (97.4%) were positive for
p63, and most of them showed diffuse and strong
immunoreactivity (grade 3+).

CEA

None of the SEMs were positive CEA. In contrast,
92.1% of PDSCCs were positive for CEA. However, in
the majority of the CEA-positive PDSCCs, staining was
limited to <50% of the tumour cells (grades 1+ and 2+).

ERA

Approximately 33.3% of SEMs and 89.5% of PDSCCs
were positive for ERA. In the majority of the ERA-

© 2016 John Wiley & Sons Ltd, Histopathology
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positive SEMs, staining was limited to <50% of the
tumour cells (grades 1+ and 2+). In contrast, approx-
imately half of the ERA-positive PDSCCs showed
diffuse and strong immunoreactivity (grade 3+).

CLAUDIN-4

Only two SEMs (5.6%) were positive for claudin-4,
and staining was observed in an extremely confined
area (grade 1+). In contrast, 35 of 38 PDSCCs
(92.1%) were positive for claudin-4, and, in most of
them, staining was observed in >10% of the tumour
cells (grade 2+ or 3+).

TTF-1 AND NAPSIN A

None of the SEMs were positive for TTF-1 or napsin
A; five PDSCCs that were positive for TTF-1 and three
PDSCCs that were positive for napsin A showed focal
immunoreactivity (grade 1+).
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SENSITIVITY, SPECIFICITY, PPVS, NPVS AND

DIAGNOSTIC ACCURACIES OF EACH ANTIBODY
FOR DIFFERENTIAL DIAGNOSIS BETWEEN SEM
AND PDSCC

The sensitivity, specificity, PPVs, NPVs and diagnostic
accuracies of each marker and combination of two
markers for the differential diagnosis between SEM
and PDSCC are shown in Tables 3-5.

For SEM, WT1 as a positive marker and p40, p63,
CEA and claudin-4 as negative markers showed rela-
tively high diagnostic accuracy (>80%). Among the
11 antibodies evaluated, that for CEA showed the
highest sensitivity, NPV and diagnostic accuracy
(Table 3).

Among the combinations of two markers, the com-
bination of calretinin and WT1 (both calretinin posi-
tivity and WT1 positivity) showed the highest
specificity, PPV and diagnostic accuracy as a positive
marker (Table 4), and the combination of p40 and
CEA (both p40 negativity and CEA negativity)

Figure 3. Representative
immunohistochemical staining
panel for poorly differentiated
squamous cell carcinoma. The
carcinoma cells were positive
for calretinin (nuclear) (A),
D2-40 (membranous) (B),
carcinoembryonic antigen
(cytoplasmic) (D), p40
(nuclear) (E), and claudin-4
(membranous) (F), but
negative for Wilms’ tumour
gene product (C).

showed the highest specificity, PPV and diagnostic
accuracy as a negative marker (Table 5).

Discussion

Here, we used various commercially available mark-
ers to differentiate SEM with a solid growth pattern
from PDSCC showing minimal or no keratinization,
and attempted to identify the best antibody panel for
differentiating SEM and PDSCC, with their pitfalls in
interpretation. We found that WT1 had the highest
diagnostic accuracy as a positive marker, and that
CEA, p40, p63 and claudin-4 showed high diagnostic
accuracies as negative markers (>90%).

Wilms' tumour gene product encodes a zinc-finger
transcription factor that controls the expression of
many growth factors and their receptors.”> Nuclear
immunoreactivity for WT1 has been reported in
43-100% of EMs,>*222° whereas it is negligibly
expressed in pulmonary ACs and SCCs.”*?'2327 In

© 2016 John Wiley & Sons Ltd, Histopathology
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Table 3. Sensitivity, specificity, positive predictive values (PPVs), negative predictive values (NPVs) and diagnostic accura-
cies of each antibody for the differential diagnosis between solid epithelioid mesothelioma and non-keratinizing squamous

cell carcinoma

Diagnostic
Immunohistochemical findings Sensitivity (%) Specificity (%) PPV (%) NPV (%) accuracy (%)
Calretinin-positive 91.7 60.5 68.8 88.5 75.7
D2-40-positive 97.2 39.5 60.3 93.8 67.6
WT1-positive 72.2 97.4 96.3 78.7 85.1
CK5/6-positive 72.2 2.6 413 9.1 36.5
p40-negative 94.4 94.7 94.4 94.7 94.6
p63-negative 83.3 97.4 96.8 86.0 90.5
CEA-negative 100 921 923 100 95.9
ERA-negative 66.7 89.5 85.7 73.9 78.4
Claudin-4-negative 94.4 92.1 91.9 94.6 93.2
TTF-1-negative 100 13.2 52.2 100 55.4
Napsin A-negative 100 7.9 50.7 100 52.7

CEA, carcinoembryonic antigen; CK, cytokeratin; WT1, TTF-1, thyroid transcription factor-1; Wilms' tumour gene product.

Table 4. Sensitivity, specificity, positive predictive values (PPVs), negative predictive values (NPVs) and diagnostic accura-
cies of combinations of two positive markers for the differential diagnosis between solid epithelioid mesothelioma and

non-keratinizing squamous cell carcinoma

Sensitivity Specificity Diagnostic
Combination of two markers (%) (%) PPV NPV accuracy
Calretinin-positive and D2-40- 88.9 73.7 76.2 87.5 81.1
positive
Calretinin-positive or D2-40-positive 100 26.3 56.3 100 62.2
Calretinin-positive and WT1-positive 72.2 100 100 79.2 86.5
Calretinin-positive or WT1-positive 91.7 57.9 67.3 88 74.3
D2-40-positive and WT1-positive 72.2 97.4 96.3 78.7 85.1
D2-40-positive or WT1-positive 97.2 395 60.3 93.8 67.6

WT1, Wilms' tumour gene product.

this study, although the sensitivity of WT1 (72.2%)
was the lowest among the positive markers, its high
specificity (97.4%) and the fact that it showed the
highest diagnostic accuracy (85.1%) among three
positive markers (calretinin, D2-40, and WT1) for dif-
ferentiating SEM from PDSCC led us to consider WT1
as the best positive marker. Previously, Ordonez et al.
had reported WT1 positivity in 93% (28 of 30 cases)
of the EMs studied.”® In this study, 72.2% of EMs

© 2016 John Wiley & Sons Ltd, Histopathology

tested positive for WT1, which is lower than the posi-
tivity percentage reported by Ordonez et al. Differ-
ences in the source of the primary antibody or
staining system might explain this discrepancy. The
positivity rate for WT1 in SEMs in this study was
similar to that observed in our previous studies on
EMs with a tubulopapillary pattern,”?' indicating
that the WT1 positivity rate is not different between
tubulopapillary and solid EMs. Additionally, we
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Table 5. Sensitivity, specificity, positive predictive values (PPVs), negative predictive values (NPVs) and diagnostic accura-
cies of combinations of two negative markers for the differential diagnosis between solid epithelioid mesothelioma and non-

keratinizing squamous cell carcinoma

Diagnostic
Combination of two markers Sensitivity (%) Specificity (%) PPV (%) NPV (%) accuracy (%)
p40-negative and CEA-negative 94.4 100 100 95 97.3
p40-negative or CEA-negative 100 86.8 87.8 100 93.2
p40-negative and claudin-4-negative 91.7 100 100 92.7 95.9
p40-negative or claudin-4-negative 100 86.8 87.8 100 93.2
CEA-negative and claudin-4-negative 94.4 94.7 94.4 94.7 94.6
CEA-negative or claudin-4-negative 100 89.5 90 100 94.6

CEA, carcinoembryonic antigen.

detected positivity in the endothelium of blood vessels
in the same sections of SEM, which excludes the pos-
sibility of false-negative results.

Calretinin is a 29-kDa, calcium-binding protein
involved in calcium signalling, and is strongly
expressed in the neurons of the retina and sensory
pathways.”®?? Immunoreactivity for calretinin has
been reported in 55-100% of EM cases.”? In this
study, calretinin showed relatively high sensitivity
(91.7%) as a positive marker for SEM. However, the
specificity (60.5%) and diagnostic accuracy (75.7%)
were not sufficiently high, although the distribution
of the reactive grade in PDSCC was lower than that
in EM. Therefore, the utility of calretinin for differenti-
ation between SEM and PDSCC is limited. However,
the combination of calretinin and WT1 antibodies
would be helpful for elevating the low sensitivity of
WT1 (72.2%) for practical application and detection
of mesothelial origin. D2-40 is not useful for differen-
tiating SEM from PDSCC; although D2-40 showed the
highest sensitivity (97.2%) as a positive marker for
SEM, its specificity (39.5%) and diagnostic accuracy
(67.6%) were the lowest among the three positive
markers for mesothelioma (calretinin, D2-40, and
WT1).

p40 (ANp63), a non-transactivating isoform of
p63, is a squamous/basal-type biomarker.> p63 and
p40 are expressed in most SCCs, but are rarely
expressed in EMs; p40 shows higher sensitivity and
specificity than p63.°°?! In addition, Bishop et dl.
reported that p63 was expressed in various propor-
tions of ACs and large-cell lymphomas, and p40
showed much higher specificity for SCC.>? In this
study, both p40 and p63 showed high sensitivity,
specificity, and diagnostic accuracy, but the

sensitivity and diagnostic accuracy of p40 were
higher than those of p63, suggesting that p40 is a
useful negative marker for distinguishing SEM from
PDSCC. However, a small number of EMs showed
positivity for p40 and/or p63 (most cases were
graded as 1+); this phenomenon must be kept in
mind when p40 is used in practical pathological
diagnosis.

Claudin-4 is a major component of tight junctions,
and is widely expressed in most epithelial and carci-
noma cells.>> 3> Membranous immunoreactivity for
claudin-4 has been reported in 88-100% of carcino-
mas of various origins and in 0-29% of
EMs. 23343637 Therefore, claudin-4 is considered to
be a useful immunohistochemical marker for distin-
guishing EM from various carcinomas. In this study,
claudin-4 showed high sensitivity (94.4%), specificity
(92.1%), and diagnostic accuracy (93.2%), implying
that claudin-4 is a useful negative marker for distin-
guishing SEM from PDSCC.

Carcinoembryonic antigen was the first accepted
immunohistochemical marker for differentiating EM
from lung AC;*® because of its high sensitivity and
specificity, it is still considered to be one of the best
markers.>® Ordonez reported that CEA is also useful
for differentiating EM from lung SCC.>* In this study,
CEA showed the best sensitivity (100%) and diagnos-
tic accuracy (95.9%) among all 11 evaluated mark-
ers, suggesting that CEA is the best negative marker
for distinguishing SEM from PDSCC.

Ordnez et al. and the IMIG2012 update recommend
MOC31 (ERA) as a negative marker (positivity rate:
EM, 2-10%; SCC, 97-100%).'7?* However, on the
basis of the results of the present study, we cannot
recommend the use of MOC31 as a negative maker

© 2016 John Wiley & Sons Ltd, Histopathology
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(positivity rate: EM, 33.3; SCC, 89.5). This discrep-
ancy may be attributable to the different clones of
antibodies and differences in the antigen detection
systems used.

The IMIG2012 guideline recommended considera-
tion of two mesothelial and two carcinoma markers,
on the basis of morphology at initial workup,'” and
the new WHO classification recommends calretinin,
CK5/6, WT1 and D2-40 as the best mesothelial
markers.” However, the choice of markers for differ-
entiating SEM from poorly differentiated non-small
cell carcinoma requires attention. Calretinin, D2-40
and CK5/6 are useful mesothelial markers for differ-
entiating EM from AC. However, these markers are
not useful for distinguishing SEM from PDSCC,
because of their low sensitivity or specificity. There-
fore, when two of these three markers are chosen as
mesothelial markers, there is some possibility of mis-
diagnosing PDSCC as SEM. Similarly, although TTF-1
and napsin A are useful carcinoma markers for differ-
entiating EM from pulmonary AC, they are not useful
for differentiating EM from SCC. Therefore, the use of
TTF-1 and napsin A as carcinoma markers may also
lead to misdiagnosis of PDSCC as SEM.

In this study, the combination of calretinin and
WT1 showed the highest diagnostic accuracy as a
positive marker panel, and the combination of p40
and CEA showed the highest diagnostic accuracy
(97.3%) as a negative marker panel. From these
results, the combination of calretinin, WT1, p40 and
CEA seems to be the best immunohistochemical mar-
ker panel for distinguishing SEM from PDSCC. How-
ever, when p40 is chosen as one of the carcinoma
markers, there is some possibility of misdiagnosing
solid AC as SEM, because p40 is rarely expressed in
AC.*°2 In contrast, claudin-4 is widely expressed in
both AC and SCC,*>*>*° and the diagnostic accuracy
of the combination of CEA and claudin-4 (94.6%)
was comparable to that of p40 and CEA (97.3%). On
the basis of these considerations, claudin-4 should be
used as a carcinoma marker instead of p40, in the
histopathological differential diagnosis of pleural
tumours consisting of solid, sheet-like or cord-like
proliferations of epithelioid cells, which require differ-
entiation from PDSCC or solid AC.

In conclusion, we conducted immunohistochemical
analyses for differentiating SEM from PDSCC, using
11 commercially available antibodies. On the basis of
our results, we recommend the use of a combination
of WT1 and calretinin as a positive maker, and a
combination of CEA and claudin-4 as a negative mar-
ker, to overcome the weaknesses of the individual
markers to some extent. In the future, there should

© 2016 John Wiley & Sons Ltd, Histopathology
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be an emphasis on the identification and utilization of
new markers, especially mesothelial-specific positive
markers.
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MUC4, a novel immunohistochemical marker
identified by gene expression profiling,
differentiates pleural sarcomatoid
mesothelioma from lung sarcomatoid
carcinoma

Vishwa Jeet Amatya®, Kei Kushitani!, Amany Sayed Mawas!?, Yoshihiro Miyata?,
Morihito Okada?®, Takumi Kishimoto?, Kouki Inai'® and Yukio Takeshima?

IDepartment of Pathology, Hiroshima University Graduate School of Biomedical and Health Sciences,
Hiroshima, Japan; ?Department of Pathology and Clinical Pathology, South Valley University, Qena, Egypt;
3Department of Surgical Oncology, Research Institute for Radiation Biology and Medicine, Hiroshima
University, Hiroshima, Japan; *Department of Internal Medicine, Okayama Rosai Hospital, Okayama, Japan
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Sarcomatoid mesothelioma, a histological subtype of malignant pleural mesothelioma, is a very aggressive
tumor with a poor prognosis. Histological diagnosis of sarcomatoid mesothelioma largely depends on the
histomorphological feature of spindled tumor cells with immunohistochemical reactivity to cytokeratins.
Diagnosis also requires clinico-radiological and/or macroscopic evidence of an extrapulmonary location to
differentiate it from lung sarcomatoid carcinoma. Although there are promising immunohistochemical antibody
panels to differentiate mesothelioma from lung carcinoma, a consensus on the immunohistochemical markers
that distinguish sarcomatoid mesothelioma from lung sarcomatoid carcinoma has not been reached and
requires further study. We performed whole gene expression analysis of formalin-fixed paraffin-embedded tissue
from sarcomatoid mesothelioma and lung sarcomatoid carcinoma and observed significant differences in the
expression of MUC4 and other genes between sarcomatoid mesothelioma and lung sarcomatoid carcinoma.
Immunohistochemistry demonstrated that MUC4 was expressed in the spindled tumor cells of lung sarcomatoid
carcinoma (21/29, 72%) but was not expressed in any sarcomatoid mesothelioma (0/31, 0%). To differentiate
sarcomatoid mesothelioma from lung sarcomatoid carcinoma, negative MUC4 expression showed 100%
sensitivity and 72% specificity and accuracy rate of 87%, which is higher than immunohistochemical markers
such as calretinin, D2-40 and Claudin-4. Therefore, we recommend to include MUC4 as a novel and useful
negative immunohistochemical marker for differentiating sarcomatoid mesothelioma from lung sarcomatoid

carcinoma.
Modern Pathology advance online publication, 27 January 2017; doi:10.1038/modpathol.2016.181

Malignant pleural mesothelioma, a highly aggressive
tumor with a poor prognosis, is strongly associated
with asbestos exposure; its incidence is increasing in
Japan and Western countries and is expected to
increase in developing countries.! It is histologically
classified into three subtypes: epithelioid, biphasic,
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and sarcomatoid mesothelioma.? The International
Mesothelioma Interest Group (IMIG) has published
guidelines for the differential diagnosis of epithelioid
mesothelioma from lung adenocarcinoma and squa-
mous cell carcinoma using immunohistochemical
antibody panels of mesothelioma markers (calretinin,
D2-40, WT1, cytokeratin 5/6), lung adenocarcinoma
markers (CEA, TTF-1, Napsin-A, MOC-31, BerEP4,
BG8, B72.3) and lung squamous carcinoma markers
(p63, p40, MOC-31, Ber-EP4, cytokeratin 5/6).3
However, a consensus on the immunohisto-
chemical markers that differentiate sarcomatoid
mesothelioma from lung sarcomatoid carcinoma
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has not been reached and requires further study. The
histological diagnosis of sarcomatoid mesothelioma
largely depends on the histomorphological feature of
spindled tumor cells supported by immunohisto-
chemical cytokeratin reactivity; it also requires
clinico-radiological and/or macroscopic evidence of
an extrapulmonary location. The immunohistochem-
ical markers for lung adenocarcinoma and squamous
carcinoma are not useful for diagnosing lung
sarcomatoid carcinoma. To date, D2-40 and calreti-
nin are two commonly used positive mesothelial
markers expressed in sarcomatoid mesothelioma.*~”
However, without convincing calretinin and D2-40
positivity, it is difficult to differentiate sarcomatoid
mesothelioma from sarcomatoid carcinoma. In pre-
vious reports, including ours, high D2-40 sensitivity
has been reported to differentiate sarcomatoid
mesothelioma from lung sarcomatoid carcinoma;
however, D2-40 specificity is not perfect.5” There-
fore, the clinico-radiological identification of tumor
location at the extrapulmonary site remains essential
to differentiate between these two diseases.

In recent decades, gene expression profiling has
been used in many cancers to identify the pathways
involved in malignant transformation and to identify
novel candidate diagnostic and prognostic markers.
We have recently reported the application of gene
expression analysis to identify novel markers differ-
entiating epithelioid mesothelioma from reactive
mesothelial hyperplasia by PCR array.? Although
gene expression analysis requires specimens with a
high proportion of tumor cells containing good
quality RNA, we successfully analyzed the RNA
extracted from formalin-fixed paraffin-embedded
samples.

The aim of this study was to perform gene
expression analysis on spindled tumor cells dis-
sected from formalin-fixed paraffin-embedded tissue
of sarcomatoid mesothelioma and lung sarcomatoid
carcinoma. Our gene expression microarray data
identified several novel genes that are differentially
expressed between sarcomatoid mesothelioma and
lung sarcomatoid carcinoma, and of these, we
validated MUC4 as a novel and useful negative
immunohistochemical marker differentiating sarco-
matoid mesothelioma from lung sarcomatoid
carcinoma.

Materials and methods
Formalin-Fixed Paraffin-Embedded Tissue Samples

Sarcomatoid mesothelioma and lung sarcomatoid
carcinoma cases were retrieved from surgical pathol-
ogy archives of our department during 2005-2014.
The clinical details were also reviewed from the
patient record files. The location of tumor was
confirmed by reviewing clinical information (espe-
cially chest computed tomography findings to con-
firm the tumor localization), gross findings and
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reviewing histological sections stained with H&E
and Elastica van Gieson. All lung sarcomatoid
carcinoma cases in this study were located in the
pulmonary parenchyma, which was confirmed by
radiological, thoracoscopic and operative findings.
None of the lung sarcomatoid carcinoma showed
diffuse pleurotropic growth pattern described as
‘pseudomesotheliomatous growth’.  Sarcomatoid
mesothelioma was located in extrapulmonary site
showing dominant pleurotrophic growth pattern
without obvious tumor mass in lung parenchyma.
Pathological diagnosis of each case was confirmed
by histological findings and immunohistochemical
marker panel recommended by Guidelines for
Pathologic Diagnosis of Malignant Mesothelioma-
2012 Update of the Consensus Statement from the
International Mesothelioma Interest Group® and
current 2015 WHO histological classification of
tumours of the lung, pleura, thymus and heart.”
Sarcomatoid mesothelioma is characterized by a
proliferation of spindle cells arranged in fascicles
or having a haphazard distribution involving adja-
cent adipose tissue, parietal pleura or lung
parenchyma.’ Lung sarcomatoid carcinoma is a
poorly differentiated non-small cell lung carcinoma
that contains a component of sarcoma or sarcoma-
like (spindle and/or giant cell) differentiation. Lung
sarcomatoid carcinoma is a group of five types of
carcinomas based on specific histological criteria
and described as giant cell carcinoma, pleomorphic
carcinoma, carcinosarcoma, spindle cell carcinoma
and pulmonary blastoma. Of these, spindle cell
carcinoma and pleomorphic carcinoma with predo-
minant spindle cell component requires the differ-
entiation from sarcomatoid mesothelioma. The
number of patients who were diagnosed as sarcoma-
toid mesothelioma and lung sarcomatoid carcinoma
after surgical resection and/or autopsy examination
in Hiroshima University Hospital during 2005-2014
were 35 and 34 respectively, suggesting similar
frequencies of their incidence. Localization of four
cases of sarcomatoid mesothelioma and five cases of
lung sarcomoid carcinoma could not be confirmed
and thus were excluded from this study. Finally, 31
cases of sarcomatoid mesothelioma and 29 cases of
lung sarcomatoid carcinoma were analyzed in the
present study. Sarcomatoid mesothelioma included
25 cases of pure sarcomatoid growth (pure sarcoma-
toid mesothelioma) and 6 cases of biphasic mesothe-
lioma showing predominantly sarcomatoid growth.
Lung sarcomatoid carcinoma included 5 cases of
spindle cell carcinoma and 24 of pleomorphic
carcinoma with predominant spindle cell carcinoma
component. Minor foci of squamous cell carcinoma
and adenocarcinoma component were present in 5
and 19 cases of pleomorphic carcinoma. Carcinosar-
coma, giant cell carcinoma and pulmonary blastema
were not included in this study.

The anonymized (unlinkable) tissue samples were
provided by the Department of Pathology for gene
expression analysis and immunohistochemical
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study. This study is in accordance with the Ethics
Guidelines for Human Genome/Gene Research
enacted by the Japanese Government for the collec-
tion of tissue specimens and was approved by the
institutional ethics review committee (Hiroshima
University E-48).

Gene Expression Analysis

Formalin-fixed paraffin-embedded sections from six
cases of sarcomatoid mesothelioma and six cases of
lung sarcomatoid carcinoma were used for gene
expression analysis. RNA extraction for gene expres-
sion analysis was performed from the spindled
tumor cells of these cases. Five 10-pm-thick
formalin-fixed paraffin-embedded tissue sections
containing >90% spindled tumor tissue were
processed for total RNA extraction using the Max-
well 16 LEV RNA FFPE Purification Kit (Promega,
Tokyo, Japan) according to the manufacturer’s pro-
tocol. After deparaffinization and lysis with protei-
nase K treatment, the samples were treated with a
DNase cocktail for 15min at room temperature,
followed by RNA purification using a MAXWELL
16 instrument according to the manufacturer’s
protocol (Promega).

RNA quality was analyzed with an RNA StdSens
Analysis kit using an Experion automated electro-
phoresis system (Bio-Rad Laboratories, Hercules,
CA, USA). RNA quantity was estimated with a Qubit
RNA HS Kit using a Qubit Fluorometer 2.0 (Mole-
cular Probes/Life Technologies, Carlsbad, CA, USA).
The Almac Xcel Array GeneChip (Affymetrix, Santa
Clara, CA, USA) contains probe sets of >97 000
transcripts and was used to analyze gene expression
profiles. Total RNA was amplified and labeled with a
3’ IVT Labeling Kit (Affymetrix) before hybridization
onto the GeneChip. Briefly, 100 ng total RNA was
amplified with a SensationPlus FFPE Amplification
Kit (Affymetrix) to generate 30pg of SenseRNA
according to the manufacturer’s protocol. Twenty-
five micrograms of SenseRNA was labeled with a 3’
IVT Labeling Kit (Affymetrix) and hybridized to a
Almac Xcel Array GeneChip (Affymetrix) at 45 °C for
16h using a GeneChip Hybridization Oven 645
(Affymetrix). The hybridized GeneChip was washed,
stained using GeneChip Fluidic Station 450 (Affy-
metrix) and scanned with a GeneChip Scanner 3000
7G (Affymetrix) using the GeneChip Operating Soft-
ware (Affymetrix). The data were analyzed using the
Gene Expression Console Software (Affymetrix), and
further statistical analyses were performed using the
Subio Software Platform (Subio, Amami-shi, Japan)
to calculate plot graphs, fold change of expression
and hierarchical clustering.

Validation of Gene Expression Analysis

The same 12 cases of sarcomatoid mesothelioma and
lung sarcomatoid carcinoma that were analyzed for
gene expression profiling were used to validate the
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microarray expression data. The relative mRNA
expression of MUC4, a highly expressed gene in
lung sarcomatoid carcinoma, and IGF2, highly
expressed in sarcomatoid mesothelioma, was
assessed with SYBR Green-based real-time RT-PCR
using GAPDH as a control. A total of 100 ng RNA was
used for mRNA expression with a one-step SYBR
Green RT-PCR Kit (Takara-Bio, Tokyo, Japan) using a
MX3000P real-time PCR thermal cycler (Stratagene,
Agilent Technologies, Tokyo, Japan). The primer
pairs used were MUC4-F: CAGGCCACCAACTTCA
TCG; MUC4-R: ACACGGATTGCGTCGTGAG; IGF2-
F: GTGGCATCGTTGAGGAGTG; IGF2-R: CACGTCC
CTCTCGGACTTG; GAPDH-F: ACAACTTTGGTATC
GTGGAAGG; and GAPDH-R: GCCATCACGCCA
CAGTTTC. Data analysis was performed using the
88CT method for relative quantification. Briefly,
threshold cycles (CT) for GAPDH (reference) and
MUC4, IGF2 (samples) were determined in triplicate.

The relative expression (rI) was calculated using the
formula: tI=2" (CT sample-CT normal)_

Immunohistochemistry

Immunohistochemistry was performed using 3-pm
tissue sections from the best representative formalin-
fixed paraffin-embedded sarcomatoid mesothelioma
and lung sarcomatoid carcinoma tissue blocks. All of
the immunohistochemical staining was performed
with a Benchmark GX automated immunohisto-
chemical station (Ventana, Roche Diagnostics, Tokyo,
Japan) using the ultraView Universal DAB Detection
Kit (Ventana, Roche Diagnostic, Tokyo, Japan). The
antigen retrieval methods and antibodies used in this
study are summarized in Table 1. Immunoreactivity
was scored as negative (0, no immunostaining) or
positive. Positive immunoreactivity was graded as +1
for up to 10% of tumor cells showing positive
immunostaining, +2 for >10-50% of the tumor cells,
and +3 for >50% of the tumor cells. Only spindled
tumor cells from sarcomatoid mesothelioma and lung
sarcomatoid carcinoma were evaluated for the
immunoreactivity of various markers. Statistical
analyses were performed using Fisher’s exact test.
Sensitivity, specificity, positive predictive value,
negative predictive value and accuracy rate were
calculated using a simple 2 x 2 table.

Results

Differential Gene Expression and Validation in
Sarcomatoid Mesothelioma and Lung Sarcomatoid
Carcinoma

Out of the 97000 analyzable transcripts on the
Almac Xcel Array GeneChip, 2099 statistically
significant mRNA transcripts were differentially
expressed between sarcomatoid mesothelioma
and lung sarcomatoid carcinoma by a more than a
two-fold difference (Figure 1, plot graph). The

MODERN PATHOLOGY (2017) 00, 1-10
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Table 1 List of antibodies with their clone, commercial source and reaction conditions

Antibody to Clone Provider Dilution Antigen retrieval
MUC4 8G7 Santa Cruz Biotechnology x 25 CC1, 60 min
Calretinin SP65 Ventana Prediluted CC1, 30 min
Podoplanin D2-40 Nichirei Prediluted CC1, 60 min
WT1 6F-H2 Dako x 25 CC1, 60 min
Pancytokeratin AE1/AE3 Ventana Prediluted Protease 8 min
Cytokeratin CAM5.2 Ventana Prediluted Protease 8 min
p40 BC28 Biocare Medical x50 CC1, 60 min
TTF-1 SP141 Ventana Prediluted CC1, 60 min
Claudin-4 3E2C1 Life Technologies x50 CC1, 60 min

Abbreviation: CC1, cell conditioning buffer 1 (Tris-based buffer, pH 8.5 from Ventana).

15 feqnsz LOES

cLwd Lo

Carcinoma of Lung —=

CLCY

5 i 13
Sarcomatoid Mesothelioma —»

Figure 1 Scatter plot of raw data from the microarray experiments
demonstrating MUC4 and CLDN4 with lower expression and
IGF2, CLIC4 and SPARC4 with higher expression in sarcomatoid
mesothelioma compared with that of lung sarcomatoid carcinoma.

hierarchical clustering of mRNAs with more than a
five-fold difference in expression revealed 156
upregulated mRNA transcripts, including IGF2,
MEG3, CLIC4 and SPARC, in sarcomatoid mesothe-
lioma and 46 upregulated mRNA transcripts, includ-
ing MUC4 and Claudin4, in lung sarcomatoid
carcinoma (Figure 2, hierarchical clustering;
Supplementary Table S1). The mRNA expression
hits were validated by real-time RT-PCR of MUC4
and IGF2. MUC4 mRNA expression was negligible in
all six sarcomatoid mesothelioma, and the expres-
sion was observed in five of the six lung sarcomatoid
carcinoma samples. IGF2 mRNA was expressed in
all of the sarcomatoid mesothelioma samples,
although it was also expressed in three of the six
lung sarcomatoid carcinoma samples (detailed data
not shown).

Immunohistochemical Profiles of Sarcomatoid
Mesothelioma and Lung Sarcomatoid Carcinoma

The percentage of positivity and immunohistochem-
ical score for MUC4, mesothelioma markers

MODERN PATHOLOGY (2017) 00, 1-10
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Figure 2 The hierarchical clustering of RNA transcripts with more
than five-fold differential expression between sarcomatoid
mesothelioma and lung sarcomatoid carcinoma revealed 156
upregulated mRNA transcripts, including IGF2, MEG3, CLIC4
and SPARC, in sarcomatoid mesothelioma and 46 upregulated
mRNA transcripts, including MUC4 and Claudin4, in lung
sarcomatoid carcinoma.

(calretinin, D2-40, WT1) and lung carcinoma mar-
kers (TTF-1, p40, Claudin-4) along with the cytoker-
atins AE1/AE3 and CAMS5.2 are shown in Table 2.

MUC4 Expression

MUC4 expression was observed in the cytoplasm of
tumor cells, and the positivity of spindled tumor
cells alone was evaluated. MUC4 was also observed
in the surrounding normal lung tissue, particularly
in bronchial tissue, and was considered an internal
positive marker. It was expressed in spindled tumor
cells of 21 lung sarcomatoid carcinoma (21/29, 72%;
Figure 3b) but none in sarcomatoid mesothelioma
(0/31, 0% Figure 4b). In addition to spindled tumor
cells of lung sarcomatoid carcinoma, MUC4 was also
expressed in the non-small cell carcinoma compo-
nent consisting of adenocarcinoma or squamous cell
carcinoma in pleomorphic carcinoma. Among lung
sarcomatoid carcinoma, 3 cases showed expression
in >50% of tumor cells, 9 cases in 10-50% of tumor
cells and 9 cases in < 10% of tumor cells. Out of the
21 lung sarcomatoid carcinoma cases with MUC4
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Table 2 Potential immunohistochemical markers for sarcomatoid mesothelioma and lung sarcomatoid carcinoma

Sarcomatoid mesothelioma Lung sarcomatoid carcinoma

Immunohistochemical score? Immunohistochemical score®

Antibody  Positive cases (%) 0 1+ 2+ 3+  Positive cases (%) 0 1+ 2+ 3+ P-value® P-value®
MUC4 0/31 0 31 0 0 0 21/29 72 8 9 9 3 < 0.01 <0.01
Calretinin 23/31 74 8 7 11 5 13/29 45 16 5 6 2 < 0.05 < 0.05
D2-40 22/31 71 9 9 12 1 9/29 31 20 9 0 0 < 0.01 < 0.01
WT1 6/31 19 25 5 1 0 1/29 3 28 1 0 0 NS NS
AE1/AE3 29/31 94 2 2 8 19 29/29 100 0 5 2 22 NS NS
CAM5.2 28/31 90 3 1 8 19 28/29 97 1 6 5 17 NS NS
TTF-1 0/31 0 31 0 0 0 15/29 52 14 0 4 11 <0.01 < 0.01
p40 2/31 7 29 2 0 0 6/29 21 23 0 3 3 NS NS
Claudin-4 0/31 0 31 0 0 0 13/29 45 16 4 5 4 <0.01 <0.01

Abbreviations: NA, not available; NS, not significant; TTF-1, thyroid transcription factor; WT1, Wilms’ tumor gene product.
3Calculated by Fisher’s exact test of the positive rate between two groups.

bCalculated by the Mann—Whitney U-test of reactivity scores of the markers between two groups.

“Immunohistochemical score was semiquantified as follows: 0: 0%; 1+: 1-10%; 2+: 11-50%; 3+: >51% of spindled tumor cells.

expression, p40 expression was observed only in 3
cases, TTF-1 in 12 cases and Claudin-4 in 10 cases.
Of the nine lung sarcomatoid carcinoma cases
without MUC4 expression, p40 expression was
observed in three cases, TTF-1 in three cases and
Claudin-4 in three cases.

Calretinin, D2-40 and WT1

Calretinin was expressed in the nucleus and cyto-
plasm of spindled tumor cells of 23 (74%) sarcoma-
toid mesothelioma and 13 (45%) lung sarcomatoid
carcinoma samples, and D2-40 was expressed in the
spindled tumor cells of 21 (71%) sarcomatoid
mesothelioma and 9 (31%) lung sarcomatoid carci-
noma. The immunohistochemical scoring pattern for
calretinin expression was not different between
sarcomatoid mesothelioma and lung sarcomatoid
carcinoma. However, the immunohistochemical
scoring pattern for D2-40 expression showed a
higher score in sarcomatoid mesothelioma than in
lung sarcomatoid carcinoma. WT1 nuclear expres-
sion was present in only 6 (19%) sarcomatoid
mesothelioma and 1 (3%) lung sarcomatoid carci-
noma, revealing it to be a poor immunohistochem-
ical ~marker to  differentiate = sarcomatoid
mesothelioma from lung sarcomatoid carcinoma.

TTF-1, p40, Claudin-4

Nuclear expression of TTF-1 and P40 was observed
in 15 (52%) and 6 (21%) cases of lung sarcomatoid
carcinoma, respectively. TTF-1 expression was not
observed in sarcomatoid mesothelioma, but p40
expression was observed in 2 (7%) sarcomatoid
mesothelioma cases. TTF-1 and/or p40 immunor-
eactivity was present in 19 of the 29 (66%) cases of

lung sarcomatoid carcinoma and 2 of the 31 (7%)
cases of sarcomatoid mesothelioma. Claudin-4 and/
or TTF-1/p40 immunoreactivity was present in 25 of
the 29 (86%) of lung sarcomatoid carcinoma and 2 of
the 31 (7%) cases of sarcomatoid mesothelioma.
However, p40 expression in sarcomatoid mesothe-
lioma was focal and heterogeneous with an immu-
nohistochemical score of 1.

Cytokeratins, AE1/AE3, CAM5.2

Cytokeratin AE1/AE3 and CAM5.2 expression was
present in >90% of both lung sarcomatoid carci-
noma and sarcomatoid mesothelioma samples. The
majority of sarcomatoid mesothelioma and lung
sarcomatoid carcinoma cases showed the expression
of both cytokeratins, and the remaining two lung
sarcomatoid carcinoma cases and one sarcomatoid
mesothelioma case expressed at least one of the two
cytokeratins.

Sensitivity and Specificity of Each Marker to
Differentially Diagnose Sarcomatoid Mesothelioma
and Lung Sarcomatoid Carcinoma

The sensitivity, specificity, positive predictive value,
negative predictive value and accuracy rate of each
marker differentiating sarcomatoid mesothelioma
from lung sarcomatoid carcinoma are shown in
Table 3. The negative expression of the carcinoma
markers TTF-1 and Claudin-4 showed 100% sensi-
tivity, whereas p40 showed 94%; however, their
specificity was restricted around or below 50%. The
positive expression of calretinin showed 74% sensi-
tivity and 55% specificity, and D2-40 showed 71%
sensitivity and 69% specificity. Although WT1
showed the highest specificity of 97%, its sensitivity
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Figure 3 Representative pictures of immunohistochemical expression of MUC4 (b), Calretinin (c), D2-40 (d), Claudin-4 (e) and AE1/AE3
(f) from sarcomatoid mesothelioma (a). None of the sarcomatoid mesotheliomas showed immunohistochemical MUC4 expression.

was < 20%. AE1/AE3 and CAM5.2 showed high 94
and 90% sensitivities and near 0% specificity. In
comparison to all of these known immunohisto-
chemical markers, negative expression of MUC4
showed 100% sensitivity and 72% specificity,
making the accuracy rate of 87%, the highest among
these immunohistochemical markers.
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Figure 4 Representative pictures of immunohistochemical MUC4 expression (b), Calretinin (c), D2-40 (d), Claudin-4 (e) and AE1/AE3 (f) of
lung sarcomatoid carcinoma (a). Twenty-one of the 29 (72%) lung sarcomatoid carcinomas exhibited cytoplasmic expression of MUC4.

sarcomatoid carcinoma. However, the specificity
was 72%. Therefore, a combination of various
markers was considered. Various combinations of
immunohistochemical markers are shown in
Table 4. Among the negative immunohistochemical
markers, combination of MUC4, TTF-1 and p40 was

observed in 26 of the 29 lung sarcomatoid carcinoma
cases (90% specificity) and 2 of the 31sarcomatoid
mesothelioma cases (93% sensitivity). Combination
of MUC4 and Claudin-4 expression was found in
24 of the 29 lung sarcomatoid carcinoma cases
(83% specificity) and none of the sarcomatoid
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Table 3 Sensitivity, specificity, PPV, NPV and accuracy rate of each antibody to differentially diagnose sarcomatoid mesothelioma from

lung sarcomatoid carcinoma

Findings Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy rate (%) P-value
MUC4 (-) 100 72 80 100 87 <0.01
Calretinin (+) 74 55 64 67 65 < 0.05
D2-40 (+) 71 69 71 69 70 < 0.01
WT1 (+) 19 97 86 53 57 NS
AE1/AE3 (+) 94 0 50 0 48 NS
CAMS.2 (+) 90 3 50 25 48 NS
TTF-1 (=) 100 52 69 100 77 <0.01
p40 (=) 94 21 56 75 58 NS
Claudin-4 (-) 100 45 66 100 73 <0.01

Abbreviations: NPV, negative predictive value; NS, not significant; PPV, positive predictive value.

Table 4 Sensitivity, specificity, PPV, NPV and accuracy rate of two or more markers to differentially diagnose sarcomatoid mesothelioma

from lung sarcomatoid carcinoma

Immunohistochemical markers Sensitivity (%)  Specificity (%) PPV (%) NPV (%) Accuracy rate (%) P-value
p40 (= )/TTF-1 (-) 94 66 74 91 80 <0.01
Claudin-4 (- )/TTF-1 (-)/p40 (-) 94 90 91 93 92 <0.01
Claudin-4 (- )/TTF-1 (-) 100 83 86 100 92 <0.01
MUC4 (- )/TTF-1 (-)/p40 (-) 94 93 94 93 93 <0.01
MUC4 (-)/Claudin-4 (-) 100 83 86 100 92 <0.01
MUC4 (-)/TTF-1 (-)/Claudin-4 (-) 100 90 91 100 95 <0.01
MUC4 (-)/TTF-1 (—)/p40 (-)/Claudin-4 94 97 97 93 95 <0.01

(-)

Abbreviations: NPV, negative predictive value; PPV, positive predictive value.

mesothelioma cases (100% sensitivity). The combi-
nation of MUC4, TTF-1 and Claudin-4 was observed
in 26 of the 29 lung sarcomatoid carcinoma cases
(90% specificity) and 0 of the 31 sarcomatoid
mesothelioma cases (100% sensitivity).

Discussion

Sarcomatoid mesothelioma has the histomorpholo-
gical feature of spindled tumor cells and resembles
many tumors with spindled cells, including true
sarcoma or sarcomatoid carcinomas. The immuno-
histochemical reactivity to cytokeratin remains cri-
tical to differentiate it from true sarcomas. However,
differentiating sarcomatoid mesothelioma from lung
sarcomatoid carcinoma is challenging, as the histo-
morphological and immunohistochemical character-
istics are extremely similar. For this reason, clinical
and/or gross evidence of an extrapulmonary location
is indispensable for its diagnosis. Although the
mesothelioma markers calretinin and D2-40 have
been utilized to differentiate sarcomatoid mesothe-
lioma from lung sarcomatoid carcinoma, they are not
absolute, as their sensitivity and specificity are not
sufficiently high. Although we previously reported
the sensitivity of calretinin (78%) and D2-40 (87 %),
specificity was not high for calretinin (41%) and D2-
40 (74%).” Our past and present data on calretinin
and D2-40 were similar to reports by Ordonez et al*
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and Padgett et al.5 Considering the low specificity of
calretinin, D2-40 is considered the single most
important immunohistochemical marker for its dif-
ferentiation. However, in our practical experience, it
is still very difficult to interpret the reactivity of
D2-40 in these tumors, particularly in cases showing
prominent fibro-collagenous proliferation.

TTF-1, a lung adenocarcinoma marker, and p40, a
squamous cell carcinoma marker, have emerged as
useful markers for non-small cell lung carcinoma?®®-11
and are thus supposed to be expressed in pleo-
morphic lung carcinoma. TTF-1 might be identified
as a novel marker differentiating pleomorphic
carcinoma from sarcomatoid mesothelioma because
of its low expression in sarcomatoid mesothelioma.
However, in this study, despite their specificity of
100 or 94%, the sensitivity of TTF-1 (51%) and p40
(21%) are not good to distinguish sarcomatoid
mesothelioma and lung sarcomatoid carcinoma.
Though p40 expression is good marker of squamous
cell carcinoma, it has been also reported in a few
mesothelioma cases.'? In this study too, we observed
p40 expression in two sarcomatoid mesothelioma
cases but very focal and heterogeneous, unlike its
expression in squamous cell carcinoma. Claudin-4,
which is reported to be a very reliable universal
carcinoma marker differentiating epithelioid
mesothelioma from various carcinomas,!®1* showed
limited value in lung sarcomatoid carcinoma cases.
In this study, only half of lung sarcomatoid
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carcinoma expressed Claudin-4, and its punctate
expression in the cytoplasm of spindled cells of lung
sarcomatoid carcinoma resembled that of the punc-
tate expression in the cytoplasm of sarcomatoid
mesothelioma. TTF-1, p40 and Claudin-4 expression
can be reliable markers for pleomorphic carcinomas
with a prominent carcinoma component, such as
adenocarcinoma or squamous cell carcinoma.

In this study, we analyzed all of the genes
expressed in sarcomatoid mesothelioma and lung
sarcomatoid carcinoma with the aim of identifying
novel markers for their differential diagnosis.
Although frozen tissue yields better and less degrad-
able RNA for gene expression analysis, we preferred
formalin-fixed paraffin-embedded tissue samples
because they included the microscopically identifi-
able spindle cell tumor tissue. For this analysis, we
have to amplify the small amount of RNA extracted
from the formalin-fixed paraffin-embedded tissue
before hybridization to the GeneChip. The Almac
Xcel GeneChip from Affymetrix, which we used
here, has been reported to produce identical results
to the GeneChip using RNA derived from frozen
tissue samples. In addition, it contains proprietary
Almac-sequenced data and filtered public data for
biomarker discovery and the validation of oncogene-
related transcripts for a much higher detection rate
in degraded samples.

From the differential expression analysis, a more
than five-fold expression change in IGF2, CLIC4 and
SPARC was observed in sarcomatoid mesothelioma,
and IGF2 expression was validated by real-time RT-
PCR. We did not uncover significant differential
expression of IGF2 between sarcomatoid mesothe-
lioma and lung sarcomatoid carcinoma (data not
shown). The discrepancy between the microarray
data and real-time RT-PCR data can be explained
because IGF2 mRNA expression on a microarray
chip is the relative expression between both lung
sarcomatoid carcinoma and sarcomatoid mesothe-
lioma but in a different quantity. We later investi-
gated the immunohistochemical expression IGF2,
CLIC4 and SPARC proteins in sarcomatoid mesothe-
lioma and lung sarcomatoid carcinoma. However,
there was no significant differential expression of
these proteins between lung sarcomatoid carcinoma
and sarcomatoid mesothelioma, limiting their
applicability as an immunohistochemical positive
marker of sarcomatoid mesothelioma.

In contrast, microarray gene expression analysis
showed increased expression of MUC4 in lung
sarcomatoid carcinoma compared with that of
sarcomatoid mesothelioma, and we found negligible
MUC4 mRNA expression in sarcomatoid mesothe-
lioma at the mRNA level. MUC4 stands for member
of mucin protein of high molecular weight
glycoprotein.’® It is expressed in various normal
epithelium of the respiratory tract, particularly in
the trachea and bronchi'® and in the epithelium of
the digestive and urogenital tracts.!” MUC4 expres-
sion has been reported in various human
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carcinomas, including pancreatic,’® breast'® and
lung adenocarcinoma.?? Llinares et al?! reported
the diagnostic value of MUC4 expression in disting-
uishing epithelioid mesothelioma and lung adeno-
carcinoma. They found that MUC4 was expressed in
0 of the 41 epithelioid mesotheliomas and in 32 of
the 35 (91%) lung adenocarcinoma. To our knowl-
edge, this report has not been validated by other
laboratories, as the antibody to MUC4 was not
commercially available in the past. We observed
MUC4 expression in lung adenocarcinoma and lung
squamous cell carcinoma and observed no expres-
sion in epithelioid mesothelioma using a commer-
cially available anti-MUC4 antibody. The current
study is the first report to describe MUC4 expression
in lung sarcomatoid carcinoma and no MUC4
expression in sarcomatoid mesothelioma. We
observed a high specificity (72%) and absolute
sensitivity (100%) for negative MUC4 expression to
differentiate sarcomatoid mesothelioma from lung
sarcomatoid carcinoma, with an accuracy rate of
87%. These values are far better than any previously
identified immunohistochemical markers differen-
tiating sarcomatoid mesothelioma from lung sarco-
matoid carcinoma.

The sensitivity of MUC4 expression as a negative
marker was the highest of the immunohistochemical
markers in this study. Lung sarcomatoid carcinoma
cases showing MUC4 expression (21 cases) also
demonstrated co-expression of TTF-1 in 12 cases,
Claudin-4 in 10 cases and p40 in 3 cases. Further-
more, lung sarcomatoid carcinoma cases without
MUC4 expression showed TTF-1 expression in three
cases, p40 in three cases and Claudin-4 in three
cases. Therefore, MUC4 expression has better addi-
tional value of the immunohistochemical markers for
the differential diagnosis of sarcomatoid mesothe-
lioma from lung sarcomatoid carcinoma. The sensi-
tivity of these markers can be improved by
combining two or more, and the addition of TTF-1
and Claudin-4 to MUC4 expression improved the
accuracy rate up to 95% for the differential diagnosis
of sarcomatoid mesothelioma from lung sarcomatoid
carcinoma.

In conclusion, we identified a novel immunohis-
tochemical marker MUC4 that differentiates sarco-
matoid mesothelioma from lung sarcomatoid
carcinoma by applying whole gene expression
analysis. The combination of MUC4 with TTF-1/
p40 and Claudin-4 improved the sensitivity and
specificity for differential diagnosis. Therefore, we
propose including MUC4 as an additional negative
marker to the immunohistochemical marker panel to
differentiate sarcomatoid mesothelioma from lung
sarcomatoid carcinoma.
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Abstract

Purpose The treatment outcome in elderly patients with
limited-disease small-cell lung cancer (LD-SCLC) remains
poor. We carried out a phase II trial of split topotecan and
cisplatin (TP) therapy and sequential thoracic radiotherapy
for elderly LD-SCLC patients as a follow-up to our previ-
ous phase I trial.

Methods 1In total, 30 patients aged 76 years or older, with
untreated LD-SCLC were enrolled. Four courses of topote-
can (1.0 mg/m?, days 1-3) and cisplatin (20 mg/m?, days
1-3) were administered, followed by thoracic radiotherapy
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(1.8 Gy/day, total of 45 Gy). The primary end point was the
overall response rate (ORR).

Results The trial was terminated early with 22 patients
because of slow accrual. Their median age was 79 years.
The median number of courses of chemotherapy adminis-
tered was three, and the actual completion rate of the entire
treatment course was 41 %. The ORR was 68 % with a
95 % confidence interval of 47-89 % (15/22 cases). The
median progression-free survival and overall survival were
9.1 and 22.2 months, respectively. The main toxicity was
myelosuppression, with grades 3—4 neutropenia (96 %),
thrombocytopenia (50 %), and febrile neutropenia (32 %).
Conclusions This regimen produced a favorable survival
outcome, despite moderate-to-severe toxicity profiles.
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Further efforts are necessary to define an optimal regimen
for elderly patients with limited SCLC.

Keywords Lung cancer - Elderly patient - Chemotherapy -
Topotecan

Introduction

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

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

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

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

Patients and methods
Eligibility

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

@ Springer

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

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

Treatment schedule

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

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

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

Assessments of toxicity and antitumor activity

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

Statistical considerations

The efficacy of this combination therapy was assessed sep-
arately for LD- and ED-SCLC. In the LD group, assum-
ing that an ORR of 90 % in eligible patients would indi-
cate potential utility, whereas a rate of 70 % would be the
lower limit of interest, with « = 0.05 and 1 — 8 = 0.8, and
the estimated accrual number was 30 patients. An interim
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Table 1 Clinical demographics of the 22 patients with LD-SCLC

Age, years (median, range) 79 (76-84)

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

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

ECOG PS (0-1/2)

Smoking (never/ever)

20 (91 %)/2 (9 %)
4 (18 %)/18 (82 %)

Median Charlson score (range) 3 (2-6)

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

analysis was preplanned, so that the regimen would be
rejected if 19 or fewer of the first 23 patients had an objec-
tive response with Simon’s minimax design. The primary
end point would be considered to be met if 22 or more
patients had an overall response at the final analysis.

In the ED group, assuming that an ORR of 85 % would
indicate potential utility, whereas a rate of 60 % would be
the lower limit of interest, with « = 0.05 and 1 — 8 = 0.8,
and the estimated accrual number was 25 patients. This
regimen would be rejected if three or fewer of the first five
patients showed an objective response. The primary end
point would be considered to be met if 18 or more patients
had an overall response at the final analysis.

Results
Patient characteristics
Enrollment in this study began in December 2004. In the

ED group, the trial was terminated at the time of the interim
analysis for ED-SCLC (performed in 2007) because only

Fig. 1 Study flow. TRT thoracic

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

Efficacy

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

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

Toxicity
We assessed toxicity in 22 patients. The main grade 3

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

*Median number of chemotherapy courses: 3

radiotherapy, AE adverse event,

Assessed for eligibility (n = 22)

*Patients who needed any dose reduction in

MOF multiple organ failure
i the planned cycles: 11 (50%)
Received chemotherapy”
(n=22)
9 patients left this study.
Disease progression: 5
AE: 3
v neutropenia: 1
- pneumonitis: 1
Received TRT MOF: 1
(n = 13) Patient” wish: 1
4 patients left this study.
Disease progression: 1
A 4 AE: 2
Completed TRT radiation pneumonitis: 1
— fatigue: 1
(n 9) Patient’ wish: 1
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Table 2 Overall response rate (n = 22)

Table 3 Adverse events (n = 22)

No. of patients %
Response rate 15 68
Disease control rate 17 77
Partial response 15 68
Complete response 0 0
Stable disease 2 9
Progressive disease 4 18
Not evaluated 1 4.5

Disease control rate was defined as the proportion of partial response,
complete response, and stable disease
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Fig. 2 a Progression-free survival curve (n = 22). b Overall survival
curve (n =22)

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

@ Springer

Toxicity No. of patients

Grades Any grades 3 4 5
Hematological

Neutropenia 22(100%) 523%) 16(73%) 00 %)
Thrombocytopenia 18 (82 %) 732%) 4(18%) 00 %)
Anemia 17 (77 %) 732%) 1(45%) 00 %)
Non-hematological

Febrile neutropenia 7 (32 %) 73B2%) 00 %) 0(0 %)
Creatinine elevation 5 (23 %) 1(4.5%) 00 %) 0(0 %)
AST/ALT increased 10 (45.5%) 0 (0 %) 0(0 %) 1(5 %)
Nausea/vomiting 12 (54 %) 3(13%) 00 %) 0 (0 %)
Diarrhea 6 (27 %) 0(0 %) 0(0 %) 0 (0 %)
Esophagitis 8 (36 %) 0(0 %) 0(0 %) 0 (0 %)
Pneumonitis 11 (50 %) 4(18%) 0(0%) 0 (0 %)

Subsequent treatments

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

Response and survival stratified by clinical factors

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

Discussion

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

Regarding ORR (the primary end point), it did not sat-
isfy the preplanned criterion. Although this study was ter-
minated early, the registered number of 22 patients was
sufficient to determine whether the ORR did meet the end
point in the interim analysis. The ORR of 68 % in this
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Table 4 Subsequent treatments (n = 17)

Chemotherapy 7 (41 %)
CBDCA + ETP 4
CPT-11 + AMR 1
ETP 1
AMR 1

Chemotherapy + TRT 4 (24 %)
AMR followed by TRT 2
CBDCA + ETP followed by TRT 1
ETP + TRT 1

Palliative RT 2 (12 %)

Best supportive care 4 (24 %)

CBDCA carboplatin, ETP etoposide, CPT-11 irinotecan, AMR amru-
bicin, TRT thoracic radiotherapy, RT radiotherapy

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

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

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

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

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

In summary, split TP therapy and sequential thoracic
radiation therapy did not meet the primary outcome crite-
ria, with moderate-to-severe toxicities. The regimen is not
useful and further efforts are necessary to define an optimal
regimen for elderly patients with limited SCLC.
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Development of New Therapy for Malignant Mesothelioma Based on CD26 Molecule: Chikac Morimoto and Kei
Ohnuma (Dept. of Therapy Development and Innovation for Immune Disorders and Cancers, Graduate School of Medicine,
Juntendo University)
Summary

CD26is a 110 kDa, type I transmembrane glycoprotein with dipeptidyl peptidase IV activity and is capable of cleaving N-
terminal dipeptides with either L-proline or i-alanine at the penultimate position. Malignant mesathelioma (MM) is an
aggressive malignancy arising from the mesothelial cells. It is generally associated with a history of asbestos exposure and has
a very poor prognosis. Due to lack of efficacy of conventional treatments, novel therapeutic strategies are urgently needed to
improve outcomes. Recently we showed that CD26 is preferentially expressed on epithelial type of MM cells but not on normal
mesothelial cells. We have developed a highly biological active humanized anti-CD26 monoclonal antibody (mAb) and have
published previously extensive in vivo data demonstrating the anti-tumor activity of humanized anti-CD26 mAb (YS110) in
mouse xenograft models. The use of a humanized anti-CD26 mAb may therefore be a rational therapy for patients with MM,
The first-in-human (FIH) phase I study performed in France demonstrates that humanized anti-CD26 therapy is generally
well-tolerated with preliminary evidence of activity in patients with advanced/refractory CD26-expressing cancers, particularly
refractory malignant mesothelioma. From the above results, the phase I clinical trial for malignant mesothelioma in Japan is
to be started in the very near future. Key words: CD26, DPPIV, Malignant mesothelioma

FEE CD26 47713 110 kDa OIS M H T dipeptidyl peptidase IV (DPPIV) BEREEEL S L, N kw6 2Horoy »
RTIrERONTAMETHS, BRI MM (ZHBCR M A S 564§ 5 I I BB e Il S C— 9z T A
NZMEECZEDREL FEFRCFENEV, AR REERBREELE LAV I s, WD B L LR 2
LEhTwa, Ebhbiuid, CD26 FTidiFE bzl 5B L devhs, Byl lfiod 0% I 8#ld o 2 b 24
Bl 5610 IWEpEmiFEEome TR e MECD2E A L T PEMIRBHIEF L~ Y AR HVTAR
HAROPIEE SR A AT AL VI ERLF -y 2R L TE. BE RS S, v MMECD26 BN i I o 38 sk
ELTHBIKIGN T 2 5Bl oh R L7z, Az Ao Tl MofES 9 5 (irst-in-human: FIH) 81 #
BEIREABR % 7 5 ¥ A2 T, & MECD26 Pidkid RS @AM S £ OF CD26 MRS, F5 2 EaaEiitE BvE il i x L
THBEAS T PR SIRLEI LA TEL, ChoDREER T AT, BATLERBERE 7 —ry FELTEI
MR AERE 4 MBS ND TETH A,
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AEELY, @BE AAERESEOmLE MECD26

; (c
L% Y2 B35 Uize RHUKIE in vitro TR RO

CD26 43114 dipeptidyl peptidase ¥ (DPPIV) §H£#
Gty T HIIE LG T-C, bhvbhudiis o— 2 CD26
Uik 58, CD26 cDNA o Ml % fth FUZSEBR LT THru,
LSO TRILROBER VS, ZoNEAR
T IR JMN H*CD26 # 8Bl TwbH 2 &

fids X USRI A I L, PR R RRFE A~ v R TR,
HIFEREZEL, EFEHRETRERO LV CD26 A5
R R EERETCIE 0N LICRELTwWEZ LR
RV 2 LAY, CD26 BT oM, Rt kB L
sE Rz L, AHESFOBREAIHTL I Eh s
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OEME (37 THA 2P GLP-1 K& T DPPVEE
BRIWERRAEFESL VTRLEDNTVA,
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Th1 B THEORY—hH—TH2.

CD26 i T @RdIERISEELYT L.
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(From Nature Struct Biol  10(1): 18-25, 2003}
CO26 FBEB I C_BEEREMTLCLICELT
DPPN & E1EhDEI~DF 7 Z AEHHRL T D.

Bl 1 CD26 5 7ok iE s ik

P O BGHLL LA SRS  RmE S
ﬂt-l.fl'.a

T ALK BRI 20~40 FE R B TEEPEE L]
ERITAH, §HRITITEREHSNML 2030 FI2
E—raflz, HOCFHD 2013401 1,425 ACED,
WHARBROIFNEIZETANA MYRALTWS E
Vhit, KELRHAEMEEL->TwA, £ DEHITR
MOFEREHS S 10~17 2 HMHIZIEC L Twa. #
BTN P T AR A TR ()
ORI BB EEAHETH S,

ARTIRCDB T TIZ20TEH LT, & MMECD26
HihkoBYeh B~ A Cok#, FRREB LY
first-in-human (FII) & I MRS O BHEIZ >V T
A L7zw,

1. CD26 3 FOMEE MEE

CD26 12 110 kDa OBBEEB T Tal L wH i o— >
Pk RUGT A b T MR REE S T& LT#ES
N, EMEE TS REBT A Z L s T MG
PUR Y LTHE ST, — T, LD & I R
BRI AT F ¥ —PRBEEESFET L LMo
THH DPPV & LTS TR, 1992 Ebihtb
ik aBfEFra—=r 27k, DPPVEE L
CD26 T~ Db D THA2ZEVHLIE R
2 MR T I CD26ET6 AT I /B D
Y. NEREPMBEN, C R FEET 51
WRENHTH D, MRERTER20T7 I/ BI SR
0, BEO D 7 M E S — 7 EEEIARE L b,

73/ MENSS TFHINS CD26 OFEY G FRIT

88 kDa TH % %%, 48~324 T H OFR AL FILI LW 5 65 %
W HLD, EETIEN0KDa DR L LTRSS
Y, 2512, 630 FHOL ) AR RLELTEY &
TusF7—¥Ths DPPNEHEFELL->TWVAE",
CD26 OfEdr iz TMIRAEIATE Y, HoM
THWkED Y —%mR$"% v FCD2%6 & 5 v » DPP
N L U< A CD26 & ORIAMIEZhEH 85%, 86%
THa™M, LaL, e bCDWBRTF/ ¥ FTIF—
+ (adenosine deaminase: ADA) O EHEHUTH LA
5y b, wWRACD2 it ADA ISHE LAWY,

0. CD26 Bt T #ROEMhEadsE

KM »2ABRIZ BT A CD26 2k THIRRTO
flow cytometry THE T4 & 3HED /Y — v %R
T67. CD26 skt T MK (CD26"™" T M) 13X
CD45RO Wt 2 € — T il 7 v + TH 5",
CD26™# T #ilfuid IL-2 % IEN-y e ¥ OH 4 b A 4 >~
25T 5 Thl Bo) e shTwaY, Biilh
9 Thl7 T #if8iz CD26 iFM{ L T 5 & w3 ik
LHEY, ZoLHI2CDWT THIREEDL T =
7y —fiR s LTHE) v F o8 Fyfzlons
RIEEBORRN T B TEOERIFENL. b
EBORERTH CD26™ T MO KESZD SR
B, — 7, = X CD26 4 F 13 4% thymocyte acti-
vating molecule (THAM) ¥ LTHE S, WMo
CD4~CD8 double nagative #IlZICBBI L THH, #
i3, WEPEAE T k. B#INE, NK iR & b ek
Ths", & b CD2W6 IEMRIZBVTIR= T ALRED
medullary thymocyte (SEIE) 25583, EELS
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b2 (CD26 " KO<wA) FEHERCELET
HHMHETIE CDAT Hile o4 & NK g o R % 52
&, KWL CIE CDA BYE NKT MaAEI A L,
IL-2, IFN-y @RI r@n oh s,

M. CD26 #HBR T IR ERE

212 CD26 L s ¥ F iz oW THBRAMEAL
2. bhvbhit, ESABTH -7 THllaL CD26 3t
IS 7 FWIEED T A= AL T Lz, $7,
CD26 Bt T Ml A &) — S8BT 5 il &

F & L THIBERHMN (antigen presenting cell: APC)
o caveolin-1 ZFEL, CD26 5 X U caveolin i T
¥ AR L CD26-caveolin B&4° T #lR o X
EY—IBH B THLZRNBARTHL I L APURL
22, T bl CD26 AP AR AAT APC 1o
caveolin-1 & &if LT caveolin-1 25" ¥ 8k =4, APC
LDOCD2B Y H Y FThDCDS6 DREBLEFRT L,

Z DF, caveolin-l @ 82~101 HFEO 7 3 J BT

CD26 » DPP VEEF k. (DPPVFE Y v M) &

DFEEIZES LTw A, CD26 @ DPPIVEERIGIEIBAT
D60 FEHDEY Y RER 7 T = VICEW L TRREN
FRIGEEED E, caveolin-1 I CD26 IR CE &%
A9, T #iae CD26 @ AT ) —PLEUIEEE s/ APC
@ caveolin-1 ATH. W ZHA L T immunological synapse
ERHL, AEY—THRIHT SHMEIEHb 25

ENDH, CD26 2L »TAPCHTEEENSD caveolin-1
T D ¥ FF L AREER & LT caveolin-1, Tollip,
IRAK-1 # &4 NK-£B ##1E{L L T CD86 DI
BRATEE SN A L v CD26-caveolin V) Hil k%
FIE MR I L 72 B 512 caveolin-1 #% T #
BL®DCD26 L#AL, CD26 OMBE F AL YIIEA
4% CARMAT1 %% scaffolding protein & L THI#g > 7+
WMzEER 2SN, T HMEHBR IFN-y iR &8
FHshaZ bWttt

CD26 & caveolin-| ORILHWE T OFREL BHT 5 /-
o, BEY v FEEOREHAS 515 6 - B
O TR WIS RET L 0n, B
AT 2 BRI CD26 R RHLTE L,
IhOHD) YSERICBEE L 2B 02 BKT 2 APC %
R AR, A MR LS caveolin-1 27 L L
TWAZEAEHYR IC L ARIT THOE e,

V. CD26 5-F & BiEhEfE

CD26 Byt T AL BRP L PRIl 7 o — 2 W T
in vitro C CD26 Ui CILEEL 3 5 & MR 2 H0HI L,
Z DHFIZ cyclin dependent kinase inhibitor (CDKI) @
p2l B S NMIRENZ Lo s LR RWELAY,

S, THREBHEHVZRTY invitro T
CD26 LTI T 5 & p21 #4520 S Fuall s A % #
L, CoHifatkz BB L -RERETTADRTE
CD26 $iAE® in vivo ¥o 5 THEHMIIBIZEI TR Y, Pifk
HHe Y AEERMEELEY, ZoOKELD, CD6 R
fhid T ML SR 2 RS RIERT R CD26 Bt T Mgy »
L EOWBBICAA R TR S L, £2T HB
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Ae=d— 2 EK Y DN LHOFBERIZT ARA MR
DEEELTWAERG L-OFRBE LT, &L T
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&7 ANA MEROERSOE S,

CD26 k35 —4 L OEHREATHY), bhitbhid T
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Wiz BER ORI ST S FOMEEHE O
75 BRCH » Mk CD28 SEBA A7 —= 0 7
T4 M CHEAEM P MR T H B TMN 25 CD26
BiEThsrZ L EERELAEY.

CD26 A¥FBE A JMN & w5 BV R iz o A
B L TWAWENA S5 0, BERBICEEZTR
W A ST (B ER ORISR
W R AR O ERALAE T 0 CD26 BB L AT L Tz
iz TA, MIBMERE T CD26 IERBL Thiw
OIZENPEETIX O 7THICHBERT LI LRV
ey ol

B 52 i vive TR MECD26 Hifkiz IMN Hilfutko
WA EIW L, BHELREAET T AORIIBVTYH
b hMECD26 Hifkix 512 X b, M, ETTER,
~ofpfepila Ex b6 2 2 RV L, CD26 4
FHEM R EEOREY — 7y MOk AT EEE AR X
HiP

V. CD26 OBihRBICE T 2RAS KUFOMEEL
b ME CD26 IREQOFHEICDNT

B ORAMARTIC X ) bR Ea,
AEB O =221 5 Z LT E Y, KRB KFEEY
TReE eI L o BT 152 FE B o B
BB ERBHMTOCD2 B EHF LA, IE
FHETIEE - (BB, LR T 80% 4%
T, RARITIS 0% 25, WM TIXIZEA LR
9, FERENPREEICAEIZCDG BEBTAC L
P LhERSRY (H4).

JMN PAAL o S v s Bl 4 12 B5 v T CD26 D5t
FRELAE A, 9o EEKD | o MSTO
BeD A D CD26 ftET, 3Tkt o7,

TOEEHRO MSTOBHRIZCD2 Bz T2 #EALT
CD26 BB AL/ E A invitro TERICHLT, F
iz, N¥as—&>, 747032 F»%a—bhL
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DHHRER
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Epithelinid mesothelioma Wel! differentiated 48 40 (84%) B
Less differentiated 32 23 (72%) 9
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Non-neoplastic mesothelial cells
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B4 B CD26 4 oSkl G

o, 4 BMBRENRS L2EZS, Ty o= IgGi
SEERLUT, GO, cHUMEE~ onR b AE B
Hflsh, 2S5 CEBEEZOLObE LA LR L,
ZoEHize MECD26 PURIEAREFIIIBNTHER
PEER LS Ehs, BEPEBTORRGINEE LC
PRI T & Bl R & Ol < R L 7z

F 7z, CD26 4 & Bk B IR B8 O T & ORRIC
DVTEIT L2 2%, B e CD26 3832
DLDITFHEORRIEED ENEdoinh, BMEPRE
JE4EE E O CD26 WA NA FLFEE, YATIFF
o EBATOER DB ERERTECRS &, £
OFHFETFHRICHELEASED S Thbb,
CD26 B3 BLE 235 (T B b O B 305 5 Wil
Mot SDEHE, CD26 3L EALGH UG
BTFHONL AT —D— LB MEELRESh,
CD26 MBI b i B AE 02 R A Lo (b2 i 2 B AT
TRETHHBEELON,

V. k& b4k CD26 5k FIH 58 1 HERRA 8%

e MMECD26 itk FIH % 1 MR E X ¥ — F
W BT, g e s Rl e 179
VENH L, h=2 A FEHWT 10~100mg/kg @
HEEFIR A SR Sl B W TR T R & HIEH E Bbh
LEERES ST, S5 EE 1 B3 AAMIIESAR
ER S EUHHELESRICBTLFOL TP HRZA
Al

F T, 79 ¥ AD Gustave-Roussy Institute Hospi-
tal, Cochin Hospital. Lyon Hospital, Caen Hospital,
Dijon Hospital @ 5 Jiik T, {L&Eeilhitk o Bk bz

His & O %Ol CD26 iR %2 ¥ — 7 v ML
g T MHERREBSA Y —PLAL 0.1 me/ke, 0.4mg/
kg, 1.0mg/kg, 2.0mg/kg. 4.0mg/ kg, 6.0 mg/kg &
6HE -3BELIF6H/aFm— ok, Fd4oh—
o E TS T L A 3 oy, o
e MMECD26 Hifko mfiiEE & 612 LiFa iz 7o
PR LTI 2RI & HE 5 BG40,
$ 58T 2 M modified RECIST 12 T2 Of %k %
aFfifi L 72e

{Eepst i AR YU E YRR 141 fEPIoO CD26 363l % A
F) =y LT, 0% LEHAMBEACZBLT
CD26 BEDHEFITF O REF & L. #8533 #Ma{k
ALK O BT, 22 PATE TR, 10
BlAREBL T IHANRELELERRTH7, & ML
CD26 Mz 5 OB Cd 245, 13 #l4 progressive dis-
ease (PD), 13 #4% stabilized disease (SD), 7 A FF
TEFThotz 610, B PRl e 19 #
10 FA SD L FE =4, 5 HAT6 4 A LULE SD & aft
L, 1##* 32 HE L SD ke L., HahikzRmlgy 5
F—rhE ol el L ClGRIEH RS 5
D case lxdh - 70h, REFLTIELOE L THLT
REFHFRIBOLIY, REVIHATELY 75
¥ A M Gustave-Roussy Institute Hospital (2 B4 & iR
By MILUTHY Y% S0ESOE T ERR
BE AT TWwicd, Lung Cancer & I MERICZ 0¥
W= FHEE O 55 T AHERER DU EH S /o gE A
25 BBUZ DV T DRl & Wi L. oL TAIEE

FAK inhibitor $ X UF ckit inhibitor Tdh 5)",
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VI. & bt CD26 AFEDIEREE
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AH=ANELT, AHfhiEIgGl TH %O T NK Ml
% macrophage @ FeR HEIHEI AT HI LT
PR A OPREEEEREE (ADCC) itk &
DOEMERICMA T, CD26 B cHiArE &3
AL EAHENRERFSEI LWL MILTE
7=%, A OMIEE o CD26 (2 & kb CD26 Hiikas
¥eaTak, CDKITHD p2l % p27 OBHAHLLAL,
SHOHB ML 235 EE LI G/M M THILEM A
BIESGLIEAHLHIPIIR-THHYP, X5z,
CD26 fifk & CD26 O AUHEA LM E, =610#
M~ E#17 L. RNA polymerase T& % POLR2A :#1{x
FOEEHE FHICH#ET H I L TPOLRZA DL %
PR UM BT 2, ok, MRNmLLE
TUY G LIEE R E/23 POLR2A #HinFHEAE
R AZET, MR ARRT A EEH LM
L7z, $7/2, CD26 i collagen #° fibronectin & O &%&
AThi0, CDWBHEIFHEETHILETENLDERA
ADEEFHEILY, T L h 6 CD2H HED
CD26" JER OB - EROWHEICHE S LAREEh
Ly

CD26 ik e b THIRICHEMALY V7 F LV EEETH T
MRkl FThH D, CD26HAKIZCD2 DY H Y F
T& B caveolin-1 @ CD26 ~O & 70y 7%
HETE 1 CD26 DBRED -2 IT DPPIVEEEHM
FHh, NEEL»S 2FH Aoy il 750 %
HETBRTFFD2T7 I/ BEONT Y. LEANT
Beae MUY HPEFORR L2 ZEDHIGRTY
AP, WX OhDFrEHL D DPPNIC X 5 UM %3

W E O EEME S S D 0T, TR~
2 A DPPNHEED L ¥ 7)) S+ v % BRELLH %
REFBIEICLY, rEH AL ¥ CXCLIO ® DPPNV
BECLIZFMEMAAZ LICE D CXCR3 BYE T #
Ha O/ RE~OFETREL, ZToEEEON
A2 L T I LA ME R TWAE™, CD26 Hitk
X DPPVBEGHHACEZIEE L 2w, 75~
A TOH | HIBEHERBROGE,S, v ML CD26 Hifko
FHC X b O EYE CD26 OB E KT L,

DPPVEETIMOETIZE D CXCLIO®D €84 @D
Golr & AEEE LA R S, $Fiz CXCRS B4 il B AHshE
EARSEE L3 R, TEEMNE & i3 5 gkl
HEZLNDY, ThOSOMRAN S, CD26 kil hiE
R L BT S REM AR R X b,

Wl. CD26 EHIBEF 1 v THRA > MMl

2T, RIS RERPLOUBERNLHNS TR
iAo Twd (B5), /28 21F Treg ML, regu-
latory dendritic cells % &4 & TGF-8, IL-10 A AT S
NTRERZAR LD, HEEME Lo MHC 75 A 1
DFEBA T L THEEBRHFRNF 7 - T Mt 2
#MTEL,o720, SHIZCTLA4, PD-1, LAG3 %
EOaFATHEENICREZEIN, FoE T M
FEIR SN LW bOTHE™,

HABERE TR, 1025 /2 — v MR s
OEMW T CTLA-4 Hifk* PD-1/PDLI1 Hifk % 4% 5 L T
RIEF = v 7 R4 v FREEIC L D DUlEE R R A Tk
¢, HLHBHEFHTERLTLEYTH S LOHENS
S

B, BERETAr— T 2UBEI L0, ol
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#o#EIoa LT CTLA-4, PD-1/PDL] Hiitk, X251
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L URIEF = v 7 HRA ¥ FaFO LAG-3 71O 3HH
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CD26 513, IL-10 @#E. LAG-3 A TOR%ER LM
LCilEF v 2 HBA VM ELTEEL TV ATHEMS
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Clinical Pathological Diagnosis, and Treatment for Pleural Mesothelioma: Takumi Kishimoto, Nobukazu Fujimoto and
Hideyuki Nishi (Research Center for Asbestos-Related Diseases, Okayama Rosai Hospital)
Summary

For the differential diagnosis between fibrous pleuritis and other malignancies such as lung cancer, multiple immunostain-
ing is essential to diagnose pleural mesothelioma. For cytological diagnosis of pleural effusions, differentiation between meso-
thelioma cells and reactive mesothelial cells is very difficult. Therefore, histological diagnoses of tumor tissues obtained via
biopsy are essential. To diagnose epthelioid mesothelioma, more than 2 positive and negative markers must be consistent
with those known for mesothelioma. To diagnose sarcomatoid mesothelioma, keratin is usually positive, differentiating the
diagnosis from that for real sarcoma. For surgical treatment for pleural mesothelioma, extrapleural pneumonectomy (EPP)
and pleurectomy/decortication (P/D) are usually performed. The proportion of P/D increases because of the low death rates
with surgery and similar survivals. However, a trimodal approach, such as EPP with chemotherapy and radiotherapy, is best for
longer survival and expected to be curative. For chemotherapy, only cisplatin (CDDP) combined with pemetrexed (PEM) is
effective, and no other agents have been identified for this disease. Nowadays, clinical immunotherapy trials start with phase
I study. Key words: Pleural mesothelioma, Asbestos exposure, Immunostaining, Corresponding author: Takumi Kishimo-
to, Research Center for Asbestos-Related Diseases, Okayama Rosai Hospital, 1-10-25 Chikko midori-machi, Minami-ku,
Okayama 702-8055, Japan

BE EEOREBE T, SIS BT 5 PR AN & RS AR O R AE L 2o BB LA R X B &R
VIHTH B HEEZHOLDICEIEBORERBET, BRI 0H & OFEH 2179 o LB IR O I 23
, FEtEH A S 2 FEE D b T A E S D S, T, AER P ECIIEOREE O Tr 7 F AR
BThDH. PREIEOEBRDTIIAEFER & LT extrapleural pneumonectomy (EPP) & pleurectomy/decortication (P/D)
AArh A%, B0 EENE G EPPIZH LT P/D IZRBEMK L, EFHENIIZNRETH 5720 P/D OREITHED
BILTwad, LAL, Bl ST720I0id, EPP IC{belih L BUt#id 2 2 72 trimodality 2 Fh %, (b5 L
L TiZ cisplatin (CDDP) +pemetrexed (PEM) ®&PHITH V), ZOMOERREE L TREREIXAOND X Zho
T&l
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HEEMABLEHB%THD I EHFHLLE LR,
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AR % 7R 3 BRI (% (pleural rind) % 23 575,
BHPRETIIMERE 2 % - 72 EEFRAREOAD
kbbb, T, HEMREEARED KR, Ko
RO LNLAEDO L CEENBEEEEREETLHI LD
Ardp { T, M & BB % B B B 1 oD B G HR T
BB R 2 R E T 2 L AR H L L
5, MR E\CIES R AT B A I B &
L Chairb Bz i % S B LED D B,

1. MiEd %0 3Bk HR

MR i o i~ — A — & LT, KE® FDA ®#H
KDL G @ IZFE S Twv b DU soluble mesothe-
lin related peptides (SMRP) & TH 5. A~v—F—I3
RO~ —h— & LTIEAHTH 525, Helsinki Cri-
teria 2014”7 Clxvp B2 7 LHESR S W B Mk~ — 7 —
iEhwE LTBh, IMmiE SMRP 469 L bAHH BN
R—=A—THbLITVWIEV,

—h, MiAk=—A—LTHAKET VO »EBRE#ED»
100,000 ng/mL ELETH NI EEDO W iEMEAE W &
THWMENHY, FAEIEGV. LL, hEEDI D
2Bl B X 100,000 ng/mL #KiTH A, Zhwdise
T5Hv—H—L LThHi#k> SMRP %8 ng/mL LLETH
nE, e7ra YBISEWERE S S,

72, MR EEOR~ —h — L L TR IR %
DRI E % 773 adenosine deaminase (ADA) 4% %
25, M EEORIC S SEERTOTERZET 5,
Mg MmERWR R I BTN T s~ - —L LT
CEA, CYFRA21-12& 5615, CYFRA21-1 1344
MroF U HHETATAY POWNEETFIA LT
&b, MEREETS M 545 N CLHmT 20
THRREMNTIE RV,

m. #% 2 2 W

1. MkiiRaz

s i Tix, # o 80% Ll THk % k5 o THak
MiarFHTHLIEbd D, L L, MKICHENE
ML ASERD 5 N2 DL B KR 7 & b e WREH T
Y, EEARIZO bRV PR hv, T,
AR ASHRBL L T b R EMRL Tid A <, Mk
DB A S EMRTH L £, 0
T D8 AR D THE LV,

R BEMI T 0 HEBLIE, 3N long slender microvilli %
552 Eh LML LROREIZRT, BT
AMEDHI B, 2 U EOZMT, HEE A%< hump
WMl EER EZDONLZ e ThaY, FILED R
fak lEed 5 L, EZEM T EMA A BRI g

BALSRGA

R 1 BRSO B R
CK (AE1/AE3)

Bt~ — 4 —

Calretinin

WT1 CAMS5.2

D2-40 D2-40

Thrombomeodulin = WT1

Mesothelin EMA
Btt<—7— CEA S-100

TTF-1 Desmin

BerEP-4 CD34

MOC31

ER, PgR, etc

b e ELIZGLUT-1, insulin-like growth factor 1I
mRNA-binding protein 3(IMP3), CD146 ¥kt %= L,
desmin A ZRT 2 L AEIICHHTH B,

LA L WHO % 4 i, i o@)id8 L < A
TharERLBEINTVEY, —F, FEEDHVIIES
PERHE < BB 3p 2 v X BELSE D P 7 & & RIS
i, UFICA<smBEARIcBIa~y—d—%filT
%Y,

2. RIBIEMEEET

BT Oz I ESE T AT E L <, MR
bEOToRRKE SOMBEHEET»SHEMT A2
LIRS NG,

WHO &5 4 Wtld, Rzl 0% A ES R E, HE
PE N, E LR g, 77/ ~ b 4 R
2B L7z 77/~ M FESITEVEEETSH 205
ZOMILEET, KEGCFAUTHS, VT ARENS
PRl B R, PBEEL, MR E S, BELRE
JERRAE & PF 5 MR R B IR I AR O R & S h
%o HRRELRI Tl BRI AN 60%, —AHRIAYH) 25%, A
MBI A3 15% Tdh 5.

FRRITR D %5 — »if solid type, tubulo-pap-
illary type, trabecular type Ta 1, $Fk# & L T pleo-
morphic type, clear cell type, deciduoid type, lympho-
histiocytoid type 7 & @38 — %, ML AE & 24
AL TV A, vh sz il o 1Lk W < i rp e i ok
TdHhd I LOMWRILET, LR IO S SN
FEICHEEOERN DD, EliZhITohsmtt~—
=2, hoBMv—H—HolULETHLT
DRIV LETHD (K2). RELEMTEANVLF
= (calretinin) OB LEMEVOT, ZoOHE5|
\213 pd0, p63 ABEHETH A L EMETHY. &5,
claudin 4 13RI L EEOEICHHTH S, —F, A
JEROZE TIRREOWHE A TET 5720, EREHKRTH
AZE®mTHA I+ (CK) (AE1/AE3, CAM
5.2% L) M THEZ L EHRET S (F2). CK EH

Presented by Medical*Online

—312—



#43% H5%5 20164E5AH

515

® 2 b E ORI R T
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I o BB, BB b B Bl v R i i 4
2 TR L b i 12— B AL —F LA
CK (AE1/AE3, CAM5.2) P g 75 B i PN
gt £33
i} {57 3, P e 7 v iz il e R
i 95 2 Hili P % 22
FISH #: (homozygous deletion) HRHETE BB v g i FHEYE R L g2
Pk Bttt
B BET AR b e A P i
et £ R

ORER P EEOFAEDME SN TS, ALK
Bl GOMICREN BN A LELT 5, /2, A
B g & IR Q&R ICIZHEDO L ZAHE~—
A=V EMs, BIRETRIZE T 2 HEE O 8B
DI & o TENEITI .

PR RELTRY P R M, R LS RME TS B v B2 I oD 55 M T g
PRI S (RYEAMAK) EOENNEETH D, MM
TR B I R 22 19 L I LS O EL R IR O FEEE L 24
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WAL OENICHMT, FORREIX100% Th s HMb
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TARRIP R TIE, M R R B o o T A
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(pll:qll) IfE) MEEETHALTEDLNLDT,
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V. & &
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F I — 2A [HBEHELXVOTETFT ¥ A 2oL ]
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1. SARbasE
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IEREIRO THETH L, TOD, {LFEREH LW
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1) Bafsiiti4=4% I #F (extrapleural pneumonectomy:

EPP)
Wass, B, RERRAL, oI A BRIV 2 & —58 L THIBR
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I F L WITIZAEFH M OER MG S D, IMIG 408
O stage 1, 1 FTORMMEIGEIS L 25, FFITLEF
BRI L villis TH S, EPP 2479 HEiid, £
cisplatin (CDDP) +pemetrexed (PEM) (2 & % 1b253EE:
% 2 2 — ANEATH#IC EPP 24TV, MR IZMEAIC 60 Gy
OFHHHEEITS  (trimodality) = & 2%Ei#E L Xh,
BEAMEFATEFERFTSELEFLRDLOATY
59,

2) HRELDEE - Wikl B2 4T (pleurectomy/decortication:

P/D)

i % IRAE 3 B HENFHR TH D, FlEHEE TR,
L2 Lilisidsk 4 <, R %9+ % HMO debulking
P/D, BEfllB X UMb % A M IC WP T 2 v hw %
P/D, (L - BRI O S OFEE 24T 9 extended P/D #*
@ 572G L7zFEli 38 L v 25, P/D & extended P/
D ICIMAMICAHBEL D D LI WMEFDH 2, i
BT 270 R0OEHEBLENES TH Y, LB
5%, GEOH DIEFIR E) A7 % b 2EMICHTS R
Twh,

EPP DA ICIREWEIHEDTEDH 5720, 1L7FH
B4 & o R (mesothelioma and radical surgery:
MARS #R5%) Tix EPP @ MST 14.4 % H vs {baEi# ik
Hiphoo MST 19.5 2B &, ZOHEWEAGEH S W ho

L)

- O

¥/, CHBFMICHTHAYTFHY TR 5 EPP
DRFEWHIFEECHIZ 2.9% TOS 13 2~22 5 H (P/D:6.8
%, 12~2992H) Tho7=Z &5, 2014 £D NCCN
DH A4 FF4 "W LIt The International Associa-
tion for the Study of Lung Cancer (IASLC) ®#it#5
BIOw1x, stage I DL EICIZIGHBMIETCOL % P/D
FBIRT A EZHRLTWDB, LIL, P/D%ETo7%
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