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Discussion

In the present study, we show that coengagement of CD3 and
CD26 induces the development of CD4* T cells to a Trl-like
phenotype with a high level of IL-10 production and LAG3 ex-
pression. CD26 costimulation also induces a high level of EGR2
associated with preferential IL-10 production, possibly via NFAT-
and AP-1-mediated signaling. Furthermore, supernatants of these
CD3/CD26-stimulated CD4" T cells clearly suppress the prolif-
erative activity and effector cytokine production of bystander
T cells in an IL-10-dependent manner.

Because the maintenance of peripheral tolerance by Tregs is
critical to the potential development of autoimmunity, there is
considerable interest in elucidating the molecular mechanisms for
inducing the differentiation of CD4* T cells into specific Treg
subsets. Although the mechanisms of Treg induction through ex-
ogenous cytokine stimulation have been extensively studied, such

CD3+CD26

CD3+CD28  CD3+CD26

as TGE-B for Foxp3™ Tregs or IL-27 for Trl cells (41), costim-
ulatory signals for the induction of Tregs have not been fully
understood. ICOS and CD46 have been reported as costimulatory
signals inducing Trl-type cells (42, 43). ICOS costimulation
regulates c-Maf expression possibly through the enhancement of
NFAT?2 signal (44). CD46 costimulation induces interaction of the
cytoplasmic tail of CD46 (CYT-1-BC1) with SPAK, leading to
sustained phosphorylation of ERK1/2 (45). The importance of
sustained phosphorylation of ERK1/2 has also been reported for
the development of IL-10-producing Thl cells (46). However,
sustained phosphorylation of ERK1/2 alone is not sufficient to
explain the preferential IL-10 production, and transcription factors
such as c-Maf, IRF4, Blimp-1, GATA-3, and E4BP4 (NFIL3) may
be associated with the transcription of IL-10 (34-38). Our present
study indicates that EGR2 expression is enhanced in CD4" T cells
following CD26-mediated costimulation (Fig. 5A, B), and EGR2
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FIGURE 6. Supernatants of CD3/CD26-activated CD4" T cells suppress effector function of bystander T cells while augmenting IL-10 expression in an
IL-10-dependent manner. Culture supernatants of CD4" T cells stimulated with anti-CD3 plus anti-CD28 mAbs (50 jug/ml) or anti-CD3 plus anti-CD26
mAbs (50 pg/ml) for 72 h were collected, and freshly purified CD4™ T cells were stimulated with anti-CD3 plus anti-CD26 mAbs (5 pg/ml) in the presence
of the supernatant (CD28 sup or CD26 sup) or AIM-V medium as a control. Prior to the onset of culture, the combination of anti-human IL-10 mAb and
anti-human IL-10 receptor mAb (aIL10/IL10R) or isotype control mAbs (isotype ctrl) were added to the culture wells to give a final concentration of 20
wg/ml each. (A) After 24 h of incubation, cells were harvested and mRNA expression of IL-2 (a), IFN-y (b), or IL-10 (¢) was quantified by real-time RT-
PCR. Each expression was normalized to HPRT1, and relative expression levels compared with the sample of control medium are shown. Representative
data of three independent donors are shown as mean * SD of triplicate samples, comparing values in each sample to that in control medium. *p < 0.01,
*#*p < 0.0001. (B) On day 3, cells were restimulated with PMA plus ionomycin in the presence of monensin for the last 5 h of culture, and the intracellular
expression of IFN-y and IL-10 was detected by flow cytometry. Two-dimensional dot plot of IFN- or IL-10 staining gated for CD4™ T cells is shown as

a representative plot of three independent donors, and similar results were obtained in each experiment.

knockdown in CD4" T cells decreases IL-10 while markedly en-
hancing [L-17A and IFN-y production (Fig. 5D). These observa-
tions strongly suggest that the induction of EGR2 expression is
associated with the preferential production of IL-10 after CD26
costimulation. In mice, it has been recently reported that a high
level of EGR2 expression is induced by IL-27/IL-27R-STAT3
signaling, and Blimp-! induced by EGR?2 is important for IL-10
production in CD4™ T cells (47). In contrast with the marked
upregulation of EGR2 following CD26-mediated costimulation,
the expression level of Blimp-1 is not enhanced as compared with
unstimulated T cells, although the decrease is more apparent in
T cells following CD28 costimulation (Fig. 5A). To characterize
more precisely the molecular mechanisms involved in IL-10 in-
duction following CD26-mediated costimulation, the role of
Blimp-1 or c-Maf needs to be better defined. NFAT is considered
to be a regulator of EGR2 expression in T cells (39). Our present
work shows that EGR2 is highly induced via CD26 costimulatory
signal, and its expression is partially decreased by the NFAT in-
hibitor CyA and completely abrogated by the combination of CyA
and the MEK1/2 inhibitor U0126 (Fig. 5C). These results strongly
suggest that not only NFAT but also Raf-MEK-ERK signaling is
involved in the induction of EGR2 expression. The association of

ERK1/2 signaling in the induction of EGR2 expression has been
recently reported in osteoprogenitors or breast adipose fibroblasts
(48, 49), suggesting that the ERK signaling pathway is also as-
sociated with the transcription of EGR2 in T cells.

The importance of the anti-inflammatory effects of IL-10 has
been confirmed in IL-10-deficient mice. IL-10-deficient mice
develop spontaneous colitis at an early age, indicating that IL-10
is essential for intestinal homeostasis (50). IL-10-deficient mice
also exhibit severe neuroinflammation with loss of recovery in
experimental autoimmune encephalomyelitis (51). Furthermore,
the generation of Trl cells from peripheral CD4* T cells has been
shown to be greatly impaired in MS patients in comparison with
healthy controls (52). Therefore, Trl-mediated immunotherapy
may be a potentially effective approach for the treatment of many
autoimmune disorders, including inflammatory bowel disease or
MS. Several groups have attempted to generate large numbers of
Trl in vitro for clinical applications, and IL-27 is being considered
currently to be an essential factor for the generation of Trl cells
(53). In addition to IL-27, costimulatory signals through ICOS or
CD46 play an important role in the generation or expansion of Trl
cells. Our present study raises the possibility that CD26 is a novel
costimulatory molecule inducing preferential IL-10 production in
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FIGURE 7. Supernatants of CD3/CD26-activated CD4" T cells significantly suppress the proliferation of bystander T cells through partial dependence on
IL-10. Culture supernatants were prepared by the same method as shown in Fig. 6. (A) Freshly purified CD4" T cells were stimulated with anti-CD3 mAb
alone, anti-CD3 plus anti-CD28 mAbs (5 pg/ml), or anti-CD3 plus anti-CD26 mAbs (5 pg/ml) for 96 h in the presence of the supernatant (CD28 sup or
CD26 sup) or AIM-V medium as a control. Tetrazolium was added for the last 3 h of culture, and the absorbance at 450 nm was measured. Representative
data of five independent donors are shown as mean = SD of triplicate samples, comparing values with culture supernatants to those with control medium
(*p < 0.01). (B) CFSE-labeled freshly purified CD4* T cells were stimulated with anti-CD3 plus anti-CD26 mAbs (5 wg/ml) in the presence of the
supernatant [CD28 sup (b and ¢) or CD26 sup (d and e)] or recombinant human IL-10 (rIL-10, 10 ng/ml) (f) or AIM-V medium (a) as a control. Prior to the
onset of culture, the combination of anti-human IL-10 mAb and anti-human IL-10 receptor mAb (aIL-10/IL-10R) (Bc and e) or isotype control mAbs
(isotype ctrl) (Bb and d) were added to the culture wells to give a final concentration of 20 pg/ml each. (C) CFSE-labeled freshly purified CD4* T cells were
stimulated with anti-CD3 plus anti-CD28 mAbs (5 p.g/ml) in the presence of the supernatant [CD28 sup (b) or CD26 sup (¢)] or recombinant human I1L-10
(rIL-10, 10 ng/ml) (d) or AIM-V medium (a) as a control. After 96 h of incubation, cells were harvested and analyzed by flow cytometry. The data are
shown as histograms of CFSE intensity gated for CD4™ T cells and are representative of three independent donors, and similar results were obtained in each

experiment. The gray areas in each histogram show the data of T cells cultured for 96 h without any stimulation.

CD4" T cells. Because CD26, ICOS, and CD46 belong to different:

families and their downstream signaling events are considered to
be different, the combination of these costimulatory pathways
may have additive effects on the induction of Trl cells. For this
purpose, identification of the T cell subsets producing a high level
of IL-10 following CD26 costimulation is needed. Because the
CD4* T cells used in this study contained all the T cell subsets
such as naive, Thl, Th2, Th17, follicular helper T, or Treg, we
conducted costimulation assays following purification of CD4*
naive, memory, or Treg subsets. Although the absolute amount of
IL-10 produced by CD45RO™ memory T cells was higher than
CD45RA* naive T cells, both naive and memory CD4* T cells
costimulated through CD26 produced greater levels of IL-10
compared with CD28 costimulation (Supplemental Fig. 3). In
contrast, purified CD4*CD25"E"CD127'°¥FOXP3* cells appar-

ently produced a low level of IL-10 following CD26 costimulation
compared with other populations of CD4" T cells (Supplemental
Fig. 3). These observations indicate that naturally occurring CD4*
CD25""CD127"°*FOXP3* cells are not the source of IL-10
production, and they suggest that the subpopulation included in
memory CD4* T cells is the main source of IL-10, whereas naive
CD4" T cells also produce IL-10 in response to CD26 costimu-
lation. Additionally, in vivo studies focusing on the suppressive
activity of this population of in vitro—differentiated CD4" T cells,
or the stability or plasticity of this IL-10—producing phenotype,
need to be considered in future work.

CD28 is a representative T cell costimulatory pathway, and the
negative feedback mechanism through CTLA-4 is associated with
this pathway as a means of controlling excessive T cell activation.
CD26 also functions as a costimulatory molecule in human T cells,
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and CD26" T cells have been suggested to be involved in the
pathophysiology of various immune disorders such as MS, rheu-
matoid arthritis, and graft-versus-host disease (8, 10, 12). Our
present study shows that stimulation through TCR and high-
intensity interaction of caveolin-1-CD26-mediated signaling in-
duces the development of CD4™ T cells to a Trl-like phenotype.
Caveolin-1 is a ubiquitously expressed ligand of CD26 in many cell
types such as epithelial cells, endothelial cells, fibroblasts, macro-
phages, and neutrophils. We have previously shown that caveolin-1
was detected on the cell surface of monocytes 12-24 h after Ag
uptake, and that CD26 and caveolin-1 colocalized at the T cell/
monocyte contact site (19). Moreover, caveolin-1 expression is
regulated by NF-«kB, and stimulation with LPS or TNF-« increases
the expression of caveolin-1 mRNA and protein (54), suggesting
that expression of caveolin-1 may be increased on cells accumu-
lated at sites of inflammation, leading to the transduction of in-
tensive CD26-mediated signaling in CD26" T cells. Taken together,
our data strongly suggest that CD4™ T cells receiving robust cav-
eolin-1-CD26-mediated signaling at the inflammatory site produce
a high level of IL-10 and potentially other inhibitory factors to
curtail the inflammatory process. Because striking defects in the
induction of Trl cells through CD46 costimulation have been re-
ported in patients with MS (52), it is conceivable that negative
feedback mechanisms for regulating excessive CD26-mediated
activation may be impaired in patients with autoimmune diseases,
and further research is required to evaluate this hypothesis.

The cytoplasmic domain of CD28 has several common motifs
that bind to signaling molecules such as PI3K, growth factor re-
ceptor—bound protein 2, or IL-2~inducible T cell kinase, whereas
the cytoplasmic tail of CD26 consists of only 6 aa without any
conserved kinase or protein-binding motifs (18). We have previ-
ously shown that CD26 localizes into lipid rafts, and stimulation
with anti-CD3 plus anti-CD26 promotes aggregation of lipid rafts,
leading to colocalization of CD45 to TCR signaling molecules
such as pS6™*, ZAP-70, or TCR{ (30). Our present data strongly
suggest that persistent NFAT-AP-1 cooperation is responsible
for CD26-mediated T cell activation, and sustained activation of
NFAT and ERK1/2 is possibly due to the aggregation of signaling
molecules in lipid rafts following CD26-mediated costimulation.
Furthermore, we have previously shown that DPPIV enzyme ac-
tivity is partially involved in the costimulatory activity of CD26
through studies using wild-type CD26 (DPPIV*) or mutant CD26
(DPPIV ™ )—transfected Jurkat T cell lines (55). Other groups re-
ported that the synthetic competitive DPPIV inhibitor Lys[Z(NO,)]
significantly suppressed the proliferation and production of IL-2,
IL-10, and IFN~y in PWM-stimulated human T cells (56). They
showed that these DPPIV inhibitors markedly increased the se-
cretion of latent TGF-B1 by PWM-stimulated T cells, resulting in
suppression of T cell activation. To further characterize the role of
DPPIV enzyme activity in T cell activation, we are now examining
the effect of the clinically used DPPIV specific inhibitor sita-
gliptin. Our preliminary data indicate that sitagliptin strongly
suppresses the proliferative activity and production of cytokines
including IL-10 of human CD4™ T cells following CD26-mediated
costimulation compared with CD28-mediated costimulation (data
not shown), with the precise molecular mechanisms involved in
this process being currently investigated.

In conclusion, intensive CD26 costimulatory signaling induces
the development of CD4* T cells to a Trl-like phenotype with
a high level of IL-10 production, possibly for regulating poten-
tially excessive CD26-mediated activation. Whether this possible
negative feedback mechanism of CD26 costimulation is normally
maintained or impaired in patients with autoimmune diseases is
the subject of future investigations.
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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
United States as a result of past wide-spread exposure to asbestos [4]. The

incidence of MPM is predicted to increase in the next decades, especially in
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

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 $1 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.g001

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 pM/min, the sensitivity was 52.4% and the specificity was 82.3%
agtlw;lt;r, 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)
according to the clinical stage of MPM (P=0.333, Fig. 3B). 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 uM/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
with sCD26 in patients with an epithelioid subtype (r*=0.770, P=0.000, Fig. 4A),

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 (r*=0.895,

Palbnt v liitoRieol SOVt D

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. 5B). 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.

PLOS ONE | DOI:10.1371/journal.pone.0115647 December 19, 2014 6/14
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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
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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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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
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doi:10.1371/journal.pone.0115647.g004

did not find a significant difference in OS according to sCD26 levels (P=0.260) or
MPM who had a lower specific DPPTVal:ﬂVlty, 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)
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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subtype of MPM. Each dot indicates an individual value and the horizontal bars indicate the median value.

doiz10.1371/journal.pone.0115647.9005

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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Fig. 6. Overall survival in patients with malignant pleural mesothelioma according to soluble sCD26 levels. OS according to those with (A) higher
(=0.45 pg/ml, solid line) and lower (<0.45 pg/ml, dashed line) pleural fluid soluble sCD26 (sCD26) values; (B) higher (=9.0 uM/min, solid line) and lower
(<9.0 pM/min, dashed line) pleural fluid DPPIV enzyme activity; and (C) a higher (=21.0, solid line) and lower (<21.0, dashed line) fraction of DPPIV/sCD26

in the pleural fluid.

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 [6].
Pass et al reported that serum osteopontin was higher in patients with MPM than
in subjects with a history of asbestos exposure [25]. Recently, Shiomi et al
reported that serum N-ERC/mesothelin levels were higher in patients with MPM
compared with those with other diseases, including asbestos-related nonmalignant
diseases [8]. 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 [25]. 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
inhibited metastasis in ovarian cancer [27], whereas suppression of CD26
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 [27]. 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
concentration in healthy subjects and patients with type II diabetes [23, 38]. In the
current study, the correlation was shown in patients with MPM except for those
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

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/INK, 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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