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Abstract

There is no established single diagnostic marker for malignant pleural
mesothelioma (MPM). CD26 is a 110 kDa, multifunctional, membrane-bound
glycoprotein that has dipeptidyl peptidase IV (DPPIV) enzyme activity. The aim of
this study was to evaluate the clinical significance of soluble CD26 (sCD26) in
patients with MPM. The study included 80 MPM patients, 79 subjects with past
asbestos exposure (SPE), and 134 patients with other benign pleural diseases
(OPD) that were included as a control group. sCD26 levels and DPPIV activity in
serum and/or pleural fluid were determined using an ELISA kit. Serum sCD26
levels and DPPIV enzyme activity in patients with MPM were significantly
decreased compared with those in the SPE group (P=0.000). The level of serum
sCD26 was significantly decreased in patients with advanced stages of MPM
compared with those with earlier stages (P=0.047). 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 (P=0.032). The sCD26 levels in the pleural
fluid of MPM patients with an epithelioid subtype were significantly increased
compared with the OPD cohort (P=0.012). Moreover, DPPIV enzyme activity in the
pleural fluid of patients with MPM with an epithelioid subtype were significantly
increased compared with those in the OPD cohort (P=0.009). Patients with MPM
who had lower specific DPPIV activity, determined as DPPIV/sCD26, showed
significantly prolonged survival compared with those with higher specific DPPIV
activity (P=0.028). Serum sCD26 and DPPIV enzyme activity appear to be useful
biomarkers for differentiating patients with MPM from SPE. The sCD26 levels or
DPPIV enzyme activity in pleural fluid appear to be biomarkers in patients with an
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epithelioid subtype of MPM. DPPIV activity in serum or pleural fluid appears to be
predictive for the prognosis of patients with MPM.

Introduction

Malignant pleural mesothelioma (MPM) is an aggressive malignancy arising from
the mesothelial cells lining the pleura [1]. It is generally associated with a history

of asbestos exposure [2] and has a very poor prognosis [3]. Once rare, the

incidence of MPM has increased in industrialized nations including Japan and the
incidence of MPM is predicted to increase in the next decades, especially in
developing countries where asbestos has not yet been banned [1, 4, 5]. Treatment
for MPM includes surgery, radiotherapy, and/or systemic chemotherapy, but the
effectiveness of these interventions is limited. Therefore, novel strategies for early
diagnosis and screening of people with past asbestos exposure who are at high risk
are urgently needed to improve the outcome.

There is presently no established single diagnostic marker of clinical
significance for MPM. Soluble mesothelin-related peptides (SMRP) appear
promising for differentiating MPM from lung cancer (LC) [, 7]. Recently, Shiomi
et al reported that N-ERC/mesothelin may be a useful marker for diagnosing
MPM [8]. Pass et al reported that plasma fibulin-3 levels could distinguish healthy
persons with exposure to asbestos from patients with MPM [9]. However, these
markers have not yet been established for use in clinical practice.

CD26 is a 110 kDa, multifunctional, membrane-bound glycoprotein, with
dipeptidyl peptidase IV (DPPIV) enzyme activity in its extracellular domain [10]
and is critical in T-cell biology as a marker of T-cell activation [11-13]. CD26 has
an important but complex function in tumor behavior. Its biological effect
depends on the tumor type and microenvironment. It is a marker of aggressive
disease for certain subsets of T-cell non-Hodgkin’s lymphomas/leukemias where
expression of CD26 on T-lymphoblastic lymphomas/acute lymphoblastic
leukemia cells is associated with a worse outcome compared with CD26-negative
tumors [14]. CD26 is also expressed at high levels on renal carcinoma cells [15-
17]. Recently, we showed that CD26 is preferentially expressed on malignant
mesothelioma cells, but not on normal mesothelial cells. More importantly,
humanized anti-CD26 antibody inhibited the growth of malignant mesothelioma
cells and induced long-term survival of tumor-transplanted SCID mice [18]. More
recently, we planned a treatment outcome prediction study and showed that
CD26 membrane expression on MPM cells was closely correlated with
responsiveness of the disease to chemotherapy [19]. All these findings suggest that
CD26 would be a significant biomarker of MPM.

In the current study, we determined soluble CD26 (sCD26) and DPPIV enzyme
activity in the serum and pleural fluid of patients with MPM. The aim of this
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study was to evaluate the clinical significance of sCD26 as a screening, early
diagnosis, and/or prognostic marker of MPM.

Materials and Methods

Subjects

The study included 80 MPM patients diagnosed and treated at Okayama Rosai
Hospital and National Hospital Organization Yamaguchi-Ube Medical Center
between 1998 and 2013. Histological sections from the patients with mesothe-
lioma were examined and classified by immunohistochemistry as epithelioid,
biphasic, or sarcomatous subtypes according to the World Health Organization
histological classification [20]. Clinical stage was determined according to the
criteria of the International Mesothelioma Interest Group TNM staging system for
MPM [21]. Seventy-nine subjects with past asbestos exposure (SPE) and pleural
plaques seen on chest computed tomography, and 134 patients with other benign
pleural diseases (OPD) as a control group were also included. Portions of MPM
and OPD were previously reported in our previous studies of SMRP [7] and
hyaluronic acid determination [22]. Written informed consent was obtained from
all patients.

Measurement of sCD26 or DPPIV Enzyme Activity

Serum samples were collected from 41 (29 epithelioid, 4 sarcomatous, and 8
biphasic) out of 80 patients with MPM, and from all those with SPE. Pleural fluid
samples were collected from 65 (43 epithelioid, 15 biphasic, 7 sarcomatous) out of
80 patients with MPM, and all patients with OPD. The current study was initiated
by determining sCD26 in pleural fluid. Subsequently, we added the analyses of
serum sCD26. That is why there was lost data of MPM patients. For measurement
of serum sCD26 levels or DPPIV enzyme activity, the serum or fluid samples were
collected and stored at —80°C until measurement. Methods for measuring sCD26
and DPPIV enzyme activity were developed in our laboratory and have been
described in detail elsewhere [23].

Measurement of SMRP

SMRP was measured by the chemiluminescent enzyme immunoassay (CLEIA)
(Fujirebio Diagnostics. Malven, USA) based on 2-step sandwich method described
in detail elsewhere [7].

Statistical Analysis

The results are shown as numbers (n), medians + standard deviation (SD), or
medians and interquartile range. Differences in means for laboratory data were
analyzed by analysis of variance for multiple comparisons or two-tailed Student’s t

test for group comparisons. Areas under the receiver operating characteristic
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(ROC) curves (AUCs) were calculated using standard techniques. Overall survival
(OS) of patients with MPM was defined as the time from the day of diagnosis to
the date of death or last follow-up. The proportion of survival and 95%
confidence intervals (CI) were determined based on the Kaplan-Meyer method.
Correlation was calculated as Pearson product-moment correlation coefficient.
Statistical calculations were performed using the IBM SPSS Advanced Statistics19
(IBM Japan, Tokyo, Japan). All reported P values are two-sided. A level of P
<C0.05 was accepted as statistically significant.

Study Approval

Human study protocols were approved by the Ethics Committees at Okayama
Rosai Hospital, National Hospital Organization Yamaguchi-Ube Medical Center,
and Juntendo University. All studies on human subjects were carried out
according to the principles set out in the Declaration of Helsinki.

Results

Demographic and Clinical Characteristics of the Study
Populations

Of the 80 patients with MPM, the median (years + SD) age was 69 ( +9.13) years,
and 75 were males and 5 were females. An occupational history of asbestos
exposure was indicated in 75 patients and the median (+ SD) duration of
asbestos exposure was 34 (+13.75) years. Of the group of 79 SPE, the median (+
SD) age was 66 (+5.50) years, 78 were males and 1 was female, and the median
duration of asbestos exposure (+ SD) was 23 (4 12.87) years. Of the 134 OPD
patients, the median (+ SD) age was 76 (+10.34) years and 122 were males and
12 were females. The median age was significantly higher (P=0.000) and there
were significantly more female patients (P=0.000) in OPD patients than in other
groups.

Serum sCD26 and DPPIV Activity of Each Cohort

The median and interquartile range values of the serum and pleural fluid sCD26
levels and DPPIV enzyme activity are shown in S$i Table. To determine whether
or not the serum levels of sCD26 or DPPIV enzyme activity were biomarkers
among MPM patients, we first analyzed the differences in the serum levels of
sCD26 or DPPIV enzyme activity between the MPM and SPE cohorts. As shown
in Fig. 1A, serum sCD26 levels in patients with MPM were significantly decreased
compared with the SPE group (P=0.000). To further clarify the usefulness of
serum sCD26 levels for differentiating MPM from SPE, we performed a ROC
analysis. The AUC value for the differential diagnosis between these 2 groups was
0.775 (95% ClI, 0.682-0.868) (Fig. 1B). Based on a cutoff value of 1.00 pg/ml, the
sensitivity was 74.7% and the specificity was 71.4% (Fig. 1B).
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Fig. 1. Comparison of serum soluble CD26 (sCD26) levels. (A) Comparison of serum sCD26 levels in patients with malignant pleural mesothelioma
(MPM) or subjects with past asbestos exposure (SPE). Each dot indicates an individual value and the horizontal bar indicates the median value. (B)
Receiver operating curve analysis of sCD26 levels according to the differentiation between patients with MPM and SPE.

doi:10.1371/journal.pone.0115647.9001

sCD26 possesses DPPIV enzyme activity, which cleaves cytokines, chemokines,
or peptide hormones to regulate their actions [10]. We examined the serum
DPPIV enzyme activity to determine its usefulness as a biomarker for
differentiating MPM from SPE. As shown in Fig. 2A, serum DPPIV enzyme
activity is significantly decreased in patients with MPM compared with those with
SPE (P=0.000). The ROC curve shows that the AUC value for the differential
diagnosis of these 2 groups was 0.778 (95% CI, 0.690-0.865). Based on a cutoff
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Fig. 2. Comparison of serum dipeptidyl peptidase IV (DPPIV) enzyme activity levels. (A) Comparison of serum DPPIV enzyme activity levels in the sera
of patients with malignant pleural mesothelioma (MPM) or subjects with past asbestos exposure (SPE). Each dot indicates an individual value and the
horizontal bar indicates the median value. (B) Receiver operating curve analysis of serum DPPIV enzyme activity according to the differentiation between
patients with MPM and SPE.

doi:10.1371/journal.pone.0115647.9002
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value of 17.0 uM/min, the sensitivity was 52.4% and the specificity was 82.3%
(Fig. 2B). Taken together, these results indicate that serum DPPIV enzyme
activity, as well as serum sCD26 levels, appear to be useful biomarkers for
differentiating MPM from the SPE group.

Analysis of Serum sCD26 or DPPIV Activity Among Patients with
MPM
As shown above, the serum sCD26 levels and DPPIV enzyme activity appear to be
useful biomarkers in patients with MPM. To further clarify the serum sCD26
levels and DPPIV enzyme activity in patients with MPM, we next analyzed the
serum sCD26 levels and DPPIV enzyme activity among patients with MPM
according to clinical stage. The serum sCD26 levels were significantly decreased in
advanced stages (stage III and IV) compared with earlier stages (stage I and II)
(P=0.047, Fig. 3A), whereas there was no difference in DPPIV enzyme activity
according to the clinical stage of MPM (P=0.333, Fig. 38). Next, we determined
the association between the levels of sCD26 or DPPIV enzyme activity and the OS
of patients with MPM. As shown in Fig. 3C, the median OS of patients with MPM
who had higher DPPIV enzyme activity (=17.0 pM/min) was 15.0 months (95%
CI, 8.1-21.9 months), which was significantly longer than that of those with lower
DPPIV enzyme activity (<17.0 pM/min) who had a median OS of 11.4 months
(95% CI, 7.8-15.0 months) (P=0.032, log-rank test). Meanwhile, there was no
difference in OS between patients with higher (=1.00 pg/ml) and lower
strongly suggest that serum levels of DPPIV enzyme activity are a predictive
biomarker for the prognosis of patients with MPM.

Next, we examined the correlation between DPPIV enzyme activity and sCD26
in serum from patients with MPM. Serum DPPIV enzyme activity was correlated

sCD26 and DPPIV Activity in the Pleural Fluid of Patients with MPM
To further determine the usefulness of sCD26 levels or DPPIV enzyme activity in
patients with MPM, we assayed the levels of sCD26 or DPPIV enzyme activity in
pleural fluid specimens from patients with MPM. DPPIV enzyme activity in
pleural fluid was well correlated with sCD26 in both the epithelioid (r2=0.895,
P=0.000, Fig, 4C) and sarcomatous subtypes (r*=0.986, P=0.000, Fig. 4D). As

bt s v MEoa

epithelioid subtype were significantly increased compared with the OPD cohort
(P=0.012). Moreover, DPPIV enzyme activity in the pleural fluid of MPM
patients with an epithelioid subtype was significantly increased compared with
that of the OPD cohort (P=0.009, Fig. 58). These results suggest that sCD26
levels or DPPIV enzyme activity may be good candidates as biomarkers in the
pleural fluid of MPM patients with an epithelioid subtype.
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Fig. 3. Serum sCD26 levels or DPPIV enzyme activity according to clinical stage and outcomes. (A) Comparison of levels of serum sCD26 levels and
(B) DPPIV enzyme activity among patients with MPM according to clinical stage. The International Mesothelioma Interest Group TNM staging system for
MPM was used to determine stage -1V MPM. The mean values are indicated by horizontal lines. Each dot indicates an individual value and the horizontal
bars indicate the median value. (C) Overall survival (OS) in patients with MPM according to those with higher serum sCD26 values (=1.00 pg/mli, solid line)
and lower serum sCD26 values (<1.00 pg/ml, dashed line). (D) OS in patients with MPM according to those with higher (=17.0 pM/min, solid line) and lower
(<17.0 pM/min, dashed line) serum DPPIV enzyme activity.

doi:10.1371/journal.pone.0115647.9003

To further clarify the role of sCD26 levels or DPPIV enzyme activity in pleural
fluid, we analyzed the levels of sCD26 or DPPIV enzyme activity in the pleural
fluid of MPM patients among patients with each histological subtype. As shown in
Fig. 5C, sCD26 levels in the pleural fluid of MPM patients were significantly
increased in patients with an epithelioid subtype compared with those with a
sarcomatous subtype (P=0.040). In addition, DPPIV enzyme activity in the
pleural fluid of MPM patients tended to be increased in patients with an
epithelioid subtype compared with those with a sarcomatous subtype (P=0.077).
These results suggest that sCD26 levels or DPPIV enzyme activity could be
biomarkers in patients with an epithelioid subtype of MPM.

To further determine the possibility that sCD26 levels or DPPIV activity in
pleural fluid could act as a biomarker, we analyzed the OS of patients with MPM
according to pleural fluid levels of sCD26 or DPPIV enzyme activity. Although we
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Fig. 4. Correlation between sCD26 levels and DPPIV enzyme activity. Correlation between sCD26 levels and DPPIV enzyme activity in the serum of
patients with (A) an epithelioid subtype and (B) sarcomatous subtype of MPM; and in the pleural fluid of patients with (C) an epithelioid subtype and (D) a

sarcomatous subtype of MPM.

doi:10.1371/journal.pone.0115647.9004

did not find a significant difference in OS according to sCD26 levels (P=0.260) or
DPPIV enzyme activity (P=0.582) (Fig. 6A or B, respectively), patients with
MPM who had a lower specific DPPIV activity, determined as DPPIV/sCD26
(<21.0 nmol/min/mg sCD26), had significantly prolonged survival compared
with those with higher specific DPPIV activity (=21.0 nmol/min/mg sCD26)
(median OS: 18.5 months vs 12.2 months, P=0.028 by log-rank test) (Fig. 6C).
Taken together with the above data, our results strongly suggest that DPPIV
activity in serum or pleural fluid may be a useful biomarker predictive of the
prognosis of MPM patients.

Serum and pleural fluid SMRP
To make a comparative review of the usefulness of sCD26, we determined serum
and pleural fluid SMRP. Median values of serum and pleural fluid SMRP in MPM
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Fig. 5. The levels of sCD26 or DPPIV enzyme activity in pleural fluid. (A) sCD26 levels and (B) DPPIV enzyme activity in the pleural fluid of patients with
an epithelioid subtype of MPM (Epi) or with other pleural diseases (OPD). (C) sCD26 levels in the pleural fluid of patients with an Epi or sarcomatous (Sar)
subtype of MPM. Each dot indicates an individual value and the horizontal bars indicate the median value.

doi:10.1371/journal.pone.0115647.g005

patients were 0.43 and 15.37 mmol/l, respectively. Median value of pleural fluid
SMRP in epithelioid MPM was 17.28 mmol/l. Median values of serum SMRP in
SPE and pleural fluid SMRP in OPD were 0.90 and 0.43 mmol/l, respectively.
Pleural fluid SMRP in MPM was significantly higher than in OPD (P=0.000) and
serum SMRP in MPM was significantly higher than in SPE (P=0.000). To further
clarify the usefulness of serum SMRP for differentiating MPM from SPE, we
performed a ROC analysis. The AUC value for the differential diagnosis between
these 2 groups was 0.738 (95% CI, 0.638-0.838) (data not shown).

Discussion

We examined the usefulness of serum and pleural fluid sCD26 levels and DPPIV
enzyme activity as clinical biomarkers of MPM. Serum sCD26 level and DPPIV
enzyme activity were significantly decreased in patients with MPM compared with
the SPE group. Generally, negative biomarkers have been difficult as markers of
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doi:10.1371/journal.pone.0115647.9006

clinical significance. However, these results indicate the usefulness of these
markers for early detection of MPM among the SPE group. Our results indicate
that sCD26 could be compared favorably with SMRP, which is one of the most
promising molecular biomarker of MPM at this time. In addition, sCD26 and
DPPIV enzyme activity in pleural fluid was increased in patients with an epithelial
subtype of MPM, and higher than those with OPD. These results indicate the
clinical significance of sCD26 levels and DPPIV enzyme activity in pleural fluid as
a diagnostic marker of the epithelial subtype of MPM. Furthermore, survival
analyses demonstrated that serum DPPIV enzyme activity and specific DPPIV
enzyme activity, determined as DPPIV/sCD26 in pleural fluid, could be a
prognostic factor in patients with MPM.

MPM cases are usually diagnosed at an advanced stage and show poor response
to treatment, so it is important to establish a molecular biomarker that can help
diagnose MPM at earlier stages. In addition, focus should be put on screening
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high-risk subjects because most cases of MPM develop among those with an
occupational or environmental history of past asbestos exposure. In this regard,
some previous reports of molecular diagnostic markers for MPM exist. Robinson
et al reported that serum SMRP was higher in patients with MPM compared with
those with other cancers or other inflammatory lung or pleural diseases [24]. They
also reported that 7 of 40 asbestos-exposed individuals had elevated serum
concentrations of SMRP, and 3 of those 7 developed MPM within 5 years [24].
Scherpereel et al also reported that the serum SMRP level was higher in patients
with MPM than in patients with pleural metastasis or benign pleural diseases [&].
Pass et al reported that serum osteopontin was higher in patients with MPM than
reported that serum N-ERC/mesothelin levels were higher in patients with MPM
compared with those with other diseases, including asbestos-related nonmalignant
diseases [§]. In these previous reports, the definition of the control group was
ambiguous; some included healthy subjects with a history of asbestos exposure,
whereas others included patients with other asbestos-related benign diseases such
as asbestosis. In the current study, serum sCD26 levels in patients with MPM were
compared with those with past asbestos exposure and pleural plaques.

Pleural plaques are discrete, white to yellow-white, irregularly shaped,
frequently calcified, and raised structures involving the parietal pleura [26]. They
are not included in asbestos-related pleural diseases, but are established as a
medical indicator of past asbestos exposure. Future studies are warranted to
compare the utility of these markers for the differential diagnosis of MPM with a
unified control group. In addition, the combination of these markers should be
examined for a more accurate differential diagnosis.

There are some previous reports concerning the significance of CD26 levels in
malignant conditions. Previous studies of CD26 have yielded varying results in
different cancers. Preclinical studies show that increased CD26 expression
promoted metastasis in prostate cancer [28]. On the other hand, inhibition of
CD26 in renal cell carcinoma decreased tumor growth and reduced the ability of
cancer cells to bind to fibronectin and collagen [17]. Moreover, clinical studies in
thyroid cancer, gastrointestinal stromal tumors, and T cell non-Hodgkin’s
lymphoma/leukemias suggested that CD26 expression was associated with distant
metastasis, recurrence after resection, or poor survival [29-31]. The multiple
functions of CD26 may account for its various roles in different cancers [32]. Our
recent study showed that CD26 expression in mesothelioma cells was associated
with enhanced proliferative activity [19], and that CD26-positive mesothelioma
cell lines appeared to have the characteristics of cancer stem cells [33].

The current study demonstrated that serum sCD26 levels were decreased in
patients with MPM. Previously, Cordero et al reported that serum sCD26 was
significantly lower in patients with colorectal cancer compared with healthy
donors [34]. Their results are similar to those in the current study in terms of
serum sCD26 levels being lower in cancer patients. As Cordero described, these
findings indicate that the drop in sCD26 levels are related to an impaired immune
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system. These speculations are supported by data showing that CD26 and DPPIV
activity are critical in T-cell biology as markers of T-cell activation. In addition,
our current study demonstrated that serum sCD26 levels were decreased in
advanced stages of MPM. Based on these findings, serum sCD26 levels might
reflect impaired immune functions during the development and progression of
MPM. Alternatively, there is another recent perception that serum DPPIV activity
is one of the so-called adipokines, which are produced and released from adipose
tissue [35, 36]. These adipokines are increased in obesity and reduced after weight
loss, and are potential biomarkers of metabolic syndrome [37]. The relationship
between decreased sCD26 and weight loss due to the development or progression
of MPM should be clarified in future investigations.

In the current study, we also determined the sCD26 levels in the pleural fluid of
patients with MPM and showed that sCD26 levels were higher in patients with an
epithelioid subtype of MPM compared with those with a sarcomatous subtype. In
a recent report, we demonstrated that CD26 expression in the tumor was higher in
the epithelioid subtype of MPM than in other subtypes [19]. Based on these
results, we suggest that sCD26 levels in the pleural fluid is secreted or released
from MPM cells in the thorax. All these findings indicate that sCD26 in the serum
and pleural fluid is released by different mechanisms. These findings are quite
interesting in terms of the significance of CD26 levels in patients with MPM, in
addition to the clinical usefulness of sCD26 as a molecular biomarker.

In previous reports, DPPIV enzyme activity was correlated with sCD26

possibility that any genetic mutations or epigenetic modifications in CD26 appear
to occur and potentiate DPPIV enzyme activity in the sarcomatous subtype of
MPM, the discrepancy of specific DPPIV enzyme activity in the serum of patients
with a sarcomatous subtype of MPM will be investigated in future studies.

In conclusion, we demonstrate the clinical significance of sCD26 levels and
DPPIV activity in the sera and pleural fluid of patients with MPM. Serum sCD26
levels or DPPIV enzyme activity might be useful as early diagnostic markers or
prognostic markers in patients with MPM, or as a screening tool to detect those at
high-risk for development of MPM among SPE. The sCD26 levels in pleural fluid
could be a useful diagnostic marker of the epithelioid subtype of MPM. Further
validation studies are essential to clarify the clinical usefulness of sCD26 levels in
patients with MPM.

Supporting Information

S1 Table. Soluble CD26 (sCD26) levels and dipeptidyl peptidase IV (DPPIV)
enzyme activity values. The median and interquartile range values of the serum
and pleural fluid sCD26 levels and DPPIV enzyme activity are shown.
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Introduction

one mass is maintained by the delicate balance between
Bosteoblastic bone formation and osteoclastic bone resorp-
tion, a process called bone remodeling."? Osteoclasts (OCs) are
unique bone-resorbing multi-nuclear giant cells formed by the
fusion of OC precursor cells, which are derived from hematopoi-
etic cells of the monocyte-macrophage lineage under the control
of the bone marrow microenvironment. Several cytokines are
essential for OC development, in particular, macrophage colony
stimulating factor (M-CSF) and soluble receptor activator of NF-
kB ligand (SRANKL). sRANKL is a transmembrane glycoprotein
belonging to the tumor necrosis factor (TNF-a) superfamily and
for years osteoblastic cells on bone surface had been considered
to supply SRANKL responsible for OC formation." However,
recent observations suggested that osteocytes serve as the
major source of sRANKL in regulating OC formation.*® OC

P38f ;
for

OCLAST PRECURSOR; BONE RESORPTION

ructlon and reduce tof tal ske

ts (,SR:ES)'.'

precursor cells express RANK, the receptor for RANKL, and the
OC differentiation is dependent on RANKL. Activation of RANK
on the surface of OC precursor cells by its ligand, RANKL, leads
to the activation of downstream signaling pathways, including
SAPK/JNK, p38MAPK, ERK, and IKKg pathways, leading to the
expression of osteoclastgenesis-specific genes, such as encoding
tartrate-resistant acid phosphatase (TRAP), Cathepsin K, av
Integrin and Src. Finally, RANKL also induces the secretion of lytic
enzymes into a sealed resorption vacuole formed between the
basal surface of the OCs and the bone surface. The secretion of
these enzymes lead to the activation of TRAP and Cathepsin K,
which are the main enzymes responsible for the degradation of
the bone mineral and collagen matrix, and they are essential
for OC maturation."

Elevated OC formation and function have been observed
in patients with osteolytic bone lesions following metastasis,
including patients with prostate cancer, breast cancer, lung
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cancer, or multiple myeloma (MM) and their related bone
fractures. It has also been observed in patients with rheumatoid
arthritis and in menopausal women with osteoporosis. These
patients experienced reduced bone mass and extended
bone destruction.” "9 Thus, it is important to understand the
mechanism by which human osteoblastic bone formation and
osteoclastic bone resorption control the bone mass in these
patients so that skeletal-related events (SREs) can be reduced
and the quality of life of these patients can be improved.

CD26 is a 110-kDa cell surface glycoprotein with dipeptidyl
peptidase IV (DPPIV) activity, which exhibits diverse functional
properties.!’ ¥ It is composed of the following 3 regions: a
6-amino acid cytoplasmic region; a 22-residue hydrophobic
transmembrane region; and an extracellular region (Fig. 4A). The
extracellular region contains a membrane-proximal glycosylated
domain, a cysteine-rich domain, and a 260-amino acid COOH-
terminal domain with DPPIV enzymatic activity, and it regulates
several crucial cytokines and chemokines and especially the
signaling pathway related to T-cell activation."'~*® Our previous
studies suggested that CD26 also plays a significant role in tumor
pathogenesis and progression. We showed that the epitope
recognized by humanized anti-CD26 monoclonal antibody
(huCD26mAb) is located at the cell membrane-proximal
glycosylated region comprising 247th -340th amino acid regions
of human CD26, near the ADA binding domain.""'? We also
showed that huCD26mAb impairs the growth of CD26-positive
mesothelioma."® The growth of malignancies such as CD26-
positive malignant lymphoma or renal cell carcinoma is also
inhibited by anti-CD26m Ab.S*"” In several tumors, CD26
expression has been found to be associated with a high level
of clinical aggressiveness or responsiveness to therapy.'??
Moreover, the association of CD26 expression with distant
metastases has been reported.('9-2"

Although CD26 is widely expressed in normal cells, including
lymphocytes, endothelial cells and epithelial cells, its expression
in OCs has not been studied. We have detected the expression of
CD26 on multinucleated giant cells in osteolytic bone lesions
following metastasis of several malignant tumors. Therefore, we
identified that CD26-stained multinucleated cells were OCs but
not megakaryocytes. In this study, we demonstrate that CD26 is
expressed in normal human OCs and is intensely expressed in
activated human OCs with osteolytic bone lesions by metastasis,
including multiple myeloma (MM), adenocarcinoma, and their
related bone fractures. We here also examine the novel role of
CD26 in the function of OCs during human OC development and,
using an in vitro model for OC differentation, show that the
blockade of CD26 by huCD26mAb results in morphological and
functional defects in human OCs. In addition, we also define
the molecular targets of the CD26 cascade of RANK signaling
in human OC development, for the purpose of developing a
promising therapy to treat osteolytic bone loss and reduce
total SREs.

Materials and Methods

Bone marrow tissue specimens

Collection of human bone marrow specimens from autopsies
were generously permitted by the bereaved families. This study
was approved by the Ethical Committee at Keio University School
of Medicine (permission ID number 2013-0034). The purpose of
the study was explained to all bereaved families of patients and
their written, informed consent was obtained. The specimens

were subjected to immunohistochemical or enzyme-histochem-
ical staining, as described below.

Reagents and cells

Humanized anti-CD26 monoclonal antibody (lgG, isotype),
huCD26mAb was generously provided by Y's Therapeutics
(Tokyo, Japan). The huCD26mAb employed in this study was
generated by utilizing the compiementarity determining regions
of murine anti-human CD26mAb, 14D10, which has no cross-
reactivity to murine CD26. Human IgG, (Sigma Aldrich, St. Louis,
MO, USA) was used as a control. A specific inhibitor against p38
MAPK, SB203580 was purchased from Cell Signaling Technology
(Danvers, MA, USA) and an inhibitor against DPPIV, Vildagliptin
(Equa) was purchased from Novartis Pharma (Basel, BL,
Switzerland). Cytokines, including recombinant human M-CSF
and recombinant human sRANKL were purchased from Peprotec
(Rockyhill, NJ, USA). Human bone marrow mononuclear cells
(BM-MNCs) were purchased from Lonza (Walkersville, MD, USA).

huCD26mAb-F(ab’),generation and purification

huCD26mAb-F(ab’), was generated from huCD26mAb IgG using
a Thermo Scientific Pierce F(ab’), Preparation Kit (thermo
Scientific, Rockford, IL, USA), according to manufacturer’s
instructions.

Immunohistochemistry and enzyme-histochemistry

Human bone marrow tissue sections were fixed in 10% neutral
buffered formalin, embedded in paraffin and sectioned to a
thickness of 5um. These sections were deparaffinized by four
rinses with xylene, then rehydrated with a graded series of
ethanol solutions. For histology, sections were stained with
hematoxylin and eosin. Forimmunohistochemistry, sections were
washed in phosphate-buffered saline (PBS), subjected to antigen
retrieval for CD26 staining by autoclave at 120°C for 20 min in
0.01 M sodium citrate (pH 6.0), and exposed to 0.3% H,O, for
10 min to inactivate endogenous peroxidase. The tissue sections
were then incubated with the following primary antibodies:
goat anti-human CD26 polyclonal antibody (R&D Systems,
Minneapolis, MN, USA), Calcitonin receptor antibody (Santa
Cruz), Vitronectin receptor antibody (Abcam), or TRAP antibody
(Biolegend), at room temperature for 2 hours (CD26) or 1 hour
(Calcitonin receptor antibody, Vitronectin receptor antibody, and
TRAP antibody) in a humidified chamber. The reaction was
visualized using a peroxidase substrate VECTOR SG Kit (Vector
Laboratories, Burlingame, CA, USA) or 3, 3'-diaminobenzidine
(DAB) (Dojindo Laboratories, Kumamoto, Japan), and the tissue
sections were counterstained for nucleus with hematoxylin. TRAP
enzyme histochemistry was also performed by staining the bone
marrow sections for TRAP activity using 0.5M L (+) tartrate acid,
2.0 M sodium acetate trihydrate and a Histofine Simple Stain Kit
(Nichirei Biosciences, Tokyo, Japan), as described and modified.

Osteoclast culture

Human BM-MNCs (1 x 10° cells/well) were cultured with human
M-CSF (25 ng/ml; from day 0) plus recombinant soluble RANKL
[receptor activator of nuclear factor kappa B (NF-kB) ligand]
(50 ng/mi; from day 3) in a-minimum essential medium (a-MEM)
(Life Technologies) supplemented with 10% fetal bovine serum
(FBS) (Life Technologies), 100 units/ml penicillin and 100 pg/mli
streptomycin, in 24-well plates precoated with type | collagen
under 5% CO; at 37°C. The cells were cultured in the absence or
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presence of huCD26mAb, (0.1, 1.0, 10 wg/ml) or SB203580 (0, 10, were taken with an Olympus DP21 camera and processed. The

20, or 100 uM). OC precursor cells were grown with M-CSF number of TRAP-positive OCs and the number of nuclei within
(25 ng/ml) from day 0 for 3 days, then sRANKL was added at the OCs were counted in 10 random fields of view. Three
50ng/ml from day 3 for the time durations indicated. Culture independent experiments were performed using cells from three
media with cytokine supplementation were changed every different donors.

2 days. Human OCs identified as TRAP-expressing multinuclear
giant cells (nuclei > 3) were formed within 7 days. Cultured cells
were washed with PBS 3 times, fixed with 4% paraformaldehyde
(PFA) for 15min, and then stained for TRAP activity using a

huCD26mAb protocol of in vitro human osteoclast (OC)
development

Histofine Simple Stain Kit (Nichirei Biosciences), as described and Human OC culture was performed in the absence or presence
modified. Red-stained OCs were viewed with an Olympus IX70 of huCD26mAb (0, 0.1, 1.0, 10 pg/ml). huCD26mAb was added
microscope (original magnification: X100, x200), and images every 48 hours, for a total of 4 doses from day 0 (on day 0, 2, 4

Fig. 1. Human osteoclasts (OCs) in both normal and pathological bone marrow are stained with CD26. (A) TRAP-stained human OC with membranous and
cytoplasminc expression pattern; (B) CD26-stained human OCs with membranous and cytoplasmic expression pattern. Intensely CD26-stained human
activated OCs were observed in the bone marrow; (A) and (B) Normal vertebra tissues without bone alterations. (C) Bone fractures with membranous and
cytoplasmic CD26 expression pattern; (D) Osteosarcoma with membranous and cytoplasmic CD26 expression pattern; (E) Adenocarcinoma with
membranous and cytoplasmic CD26 expression pattern; (F) Multiple myeloma (MM) with membranous and cytoplasmic CD26 expression pattern; (G) TRAP
(blue stained)/CD26 (brown stained)-double stained OCs with membranous and cytoplasmic expression pattern; (H) TRAP (blue stained)/Vitronectin
receptor (brown stained)-double stained OCs with membranous and cytoplasmic expression pattern; (/) TRAP (blue stained)/Calcitonin receptor (brown
stained)-double stained OCs with membranous and cytoplasmic expression pattern; (J) IgG control. (G-J) OCs in bone granulation tissues of bone fractures.
(E, J) Arrows (red) show multinuclear OCs. (G, H) Arrowheads (red) show nucleus in multinuclear OCs (original magnification: A-J x400).
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and 6; protocol 1), from day 5 (on day 5, 7, 9 and 11; protocol 2),
or from day 8 (on day 8, 10, 12 and 14; protocol 3) (Fig. 48, 64,
8A, S2).

Flow cytometric analysis

Cells were harvested using collagenase (Stem cell technologies,
Vancouver, BC, Canada) and stained with various antibodies.
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 following
antibodies were used as primary antibodies: monoclonal anti-
human CD26 (R&D Systems), anti-human CD26-Fluorescein (R&D
Systems), anti-human RANK (R&D Systems) anti-human RANK-
Phycoerythrin (PE) (Biolegend, San Diego, CA, USA), anti-human
M-CSFR (R&D systems), anti-human M-CSFR-Biotin (eBioscience,
San Diego, CA, USA), anti-human CD64-PE (BD Biosciences,
San Jose, CA, USA), anti-human TRAP-Biotynylated (R&D
Systems), anti-human CD206-PE (BD Biosciences). Other anti-
bodies against monocyte-macrophage lineage related markers

Fig. 2. Osteoclasts (OCs) derived from human bone marrow (BM) are stained with TRAP/CD26. (A) Human OC culture was performed. Photomicrographs
of cultured cells on day 1, 3, 5 and 7 of human OC development are shown (original magnification: x100). (B) Photomicrograph of TRAP (red stained)-
stained OCs derived from human BM-MNCs after 7 days of OC culture with human M-CSF (25 ng/ml) alone (a) or with human M-CSF (25 ng/ml) plus SRANKL
(50 ng/ml) {b—f) are shown. (a) TRAP-negative cells are revealed. (b and c) TRAP (red stained)-stained human mature multinuclear OCs with cytoplasmic
expression pattern and (d-f) TRAP (red stained)/CD26 (gray stained) double-positive human mature large OCs with cytoplasmic expression pattern of TRAP
(red stained) and CD26 (gray stained) are demonstrated (original magnification: (a,b,d) x100, (c,e,f) x400).
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were additionally used (see supplementary Materials and
Methods). Polyclonal goat anti-mouse immunoglobulins/FITC
goat F(ab'), (DAKO, Carpinteria, CA, USA), FITC goat anti-rat IgG
(R&D Systems) and streptavidin PerCP (BD Biosciences) were
used as secondary antibodies. To detect cellular proliferation in
monaocyte-macrophage lineage cells, OC culture was performed
with human BM-MNCs, labeled with carboxy fluorescein
diacetate succinimidyl ester (CFSE; Molecular Probes, Carlsbad,

CA, USA). On day 0, 1, and 3, cells were harvested and analyzed
using an EPICS XL/XL-MCL version 3.0 (Beckman Coulter).

PCR amplification and reverse-transcribed mRNA
(RT-PCR)

Cells were harvested using collagenase (Stem cell technologies).
Total cellular RNA of OC precursor cells and OCs was extracted

Day 0 Day 4

55¢C

a,81.3%

£SC

(D205 s

C
g 3
=
g o
= %
S S
Control -
D
 CD26+  M-CSFR+  RANK+  CD26+/M-CSFR+/RANK+

Day0 43.4+/-27  16.3+/-21 11.6+/-13 9.24+/-1.1

Day 4 56.14/-1.7 53.14/-2.0 40.7+/-2.3  33.84/-1.6

Day 7 70.94/-2.0  83.5+/-15

74.9+/-2.2  63.5+/-2.1

Fig. 3. CD26 expression is increased in association with monocyte-macrophage marker expressions during human osteoclast (OC) development. Levels of
human CD26, M-CSFR, RANK, CD26/CD64, CD26/CD206, and CD26/M-CSFR/RANK on the cell surface during human OC development were analyzed by
flow cytometry (n = 3). The cells were first live-gated on forward and side scatter plots. (4) On day 0, human BM-MNCs were stained positive for CD26 (a;:
41.3%), M-CSFR and RANK. On day 4, increased levels of CD26, M-CSFR and RANK expression in monocytes-macrophage lineage cells were detected. On
day 7, mature multinuclear OCs differentiated and proliferated. CD26 (a,: 70.9%), M-CSFR and RANK expression reached their maximum levels. (B) On day 0,
in monocyte-macrphage lineage cells, CD26/CD64 double stained cells were detected, but the ratio of CD26/CD206 double-stained cells was low. On day 4,
the ratios of both CD26/CD64 double-stained cells and CD26/CD206 double-stained cells, indicative of OC precursor cells were gradually increased. (C)
Three-color flow cytometry results were obtained on day 0 and day 7 of human OC culture. CD26-stained cells were gated, and further analyzed for M-CSFR
and RANK. Triple staining showed that the cells express CD26, M-CSFR and RANK (day 0: 9.24%, day 7: 63.5%). (D) The table below the histogram shows the
average of CD26 +, M-CSFR +, and RANK+- population (%) + standard deviation from 3 independent experiments.
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using an RNeasy Micro Kit (Qiagen, Valencia, CA, USA), according
to the manufacturer's protocol. cDNA was synthesized from
total RNA with oligo (dT)i2.1¢ primers and subjected to PCR
amplification using a Superscript lll First-Strand Synthesis
System Kit (Life Technologies). The PCR reactions were
performed using a Veriti Thermal Cycler (Applied Biosystems,
Foster, CA, USA) as follows: 94°C for 4 minutes, then denaturing
at 98°C for 10 seconds, annealing at 55°C for 30 seconds, and

A

Lytapeamix

Homain
> Transmemhang
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extending at 72°C for 1 minutes for 35 cycles. The PCR products
were separated by electrophoresis on 2% agarose gels and
were visualized by ethidium bromide staining with UV light
illumination.

RT-PCR was performed on Thermal Cycler Dice (Takara) with
SYBR Premix Ex Taq Il (Takara, Tokyo, Japan) according to
standard PCR conditions. The relative expression of selected
genes was normalized to that of B-actin for each sample. The
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