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A B S T R A C T

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.

© 2017 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights
reserved.

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.

Abbreviations: CD26KO, CD26/DPPIV knockout; DPPIV, dipeptidyl peptidase IV;
DPPIV-Tg, CD26/DPPIV transgenic; i.d., intradermal; IMQ, imiquimod; i.p.,
intraperitoneal; 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.
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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 (CD26KO)
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 over-
expressing 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 1500 � g at
4 �C for 10 min, and stored at �80 �C in 500 mL 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.

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). IMQ (5% Beselna Cream) and
control Absorptive cream were purchased from Mochida Pharma-
ceutical (Tokyo, Japan) and Nikko (Gifu, Japan), respectively.
Recombinant sCD26 protein containing DPPIV enzyme activity
(rsCD26(DPPIV+)) and mutant rsCD26 with deficient DPPIV
enzyme activity (rsCD26(DPPIV-)) were 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 8–11 weeks of
age. They were kept under controlled temperature (23–25 �C) and
light (on time 8:00 A.M.–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 3000 � g 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 measurement of
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 hr 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.
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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 h, 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 examina-
tion.

2.7. Measurement of scratching behavior and locomotor activity

Before behavioral recording, 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 SCLABA1-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 SCLABA1-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

Skins 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 t-
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,

Table 1
Demographic characteristics of cohorts.

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

Age, years, mean � SD (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/m2, mean � SD (range) 26.9 � 2.0 (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, mean � SD (range) 29.4 � 31.0 (0–100) N/A
Use of Biologicsa, n (%) 13 (27.1%) N/A
Use of Immunosuppressantb, 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.

a Biologics includes anti-TNFa, anti-IL-12/23p40 and anti-IL-17A monoclonal antibody therapy.
b Immunosuppressant includes oral prednisolone and methotrexate.
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Fig. 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 with healthy controls (1.02 � 0.28 v.s. 0.64 � 0.16 mg/ml; P < 0.01 by two-
tailed Student’s t-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. 10.17 � 2.47 mM/min; P < 0.01 by two-tailed Student’s t-
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.
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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/m2 v.s. 24.6 � 1.5 kg/m2, p = 0.287 by
two-tailed Student’s t-test). Other demographic characteristics of
the patients are summarized in Table 1.

As shown in Fig. 1A, serum sCD26 concentration of PSO
patients was significantly higher than that of healthy adults
(1.02 � 0.28 mg/ml v.s. 0.64 � 0.16 mg/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 Fig. 1B, serum
levels of sDPPIV enzyme activity were also significantly higher in
patients with PSO compared with healthy adult controls
(17.38 � 4.18 mM/min v.s. 10.17 � 2.47 mM/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.

Fig. 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 h, 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 (0.23 � 0.11 v.s. 0.22 � 0.11 ng/ml; p = 0.95 by two-tailed Student’s t-
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 < 0.01 by two-tailed Student’s t-test). Each
dot indicates individual value. The horizontal lines in the middle of scattergrams indicate each mean value.
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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 (Fig. 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 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)
(Fig. 2B-(a)), while rsCD26(DPPIV-) exhibited no digestive activity
on SP(1–11) (Fig. 2B-(b)). On the other hand, digestion of
recombinant full-length SP(1–11) by rsCD26(DPPIV + ) was inhib-
ited by the presence of the DPPIV enzyme inhibitor sitagliptin
(Fig. 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 Fig. 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. 0.22 � 0.11 mg/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 (0.95 � 0.25 ng/ml v.s. 0.28 � 0.13 mg/ml) (Fig. 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 Fig. 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 Fig. 3B,
suppression of DPPIV enzyme activity in mice sera was clearly
observed from 5 to 30 min 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 (Fig. 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 h. 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.
13.6 � 9.4 times/hr) (Fig. 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. 9.3 � 9.5 times/h) (Fig. 3D). Mean-
while, there were no significant differences in movement length
among all cohorts, indicating that the decreased scratching
behavior did not result from decreased mouse activity (Fig. 3E).
To further confirm that suppression of DPPIV enzyme activity
decreased SP-induced pruritus, we used CD26KO mice to evaluate
scratching behavior induced by SP(1–11). As shown in Fig. 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/h). 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 (Fig. 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 Fig. 3H, mice treated
with SP(5–11) i.d. demonstrated significant increase in scratching
behavior (158.5 � 29.3 times/h), compared with mice receiving
control solvent (12.7 � 9.5 times/h) or mice receiving full-length SP
(1–11) (104.5 � 30.7 times/h). Meanwhile, there were no signifi-
cant 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 (Fig. 3I).
Taken together, our data suggest that SP-induced itch sensation is
attenuated by inhibition of the DPPIV activity.

3.4. DPPIV inhibitor suppresses IMQ-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 Fig. 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 Fig. 4A). On the other hand, histopatholo-
gy of skin specimens from control cream-treated mice showed
none of these pathologic findings (panel d of Fig. 4A). We next
analyzed the serum concentrations of full-length and truncated SP
in IMQ-treaed mice. As shown in Fig. 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 mg/
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 v.s. 0.32 � 0.08 mg/ml)
(Fig. 4C). Moreover, scratching behavior was significantly in-
creased in IMQ-treated mice than control cream-treated mice
(118.7 �47.2 v.s. 26.7 � 20.9 times/hr) (Fig. 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 Fig. 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. 118.7 �47.2 times/hr). 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/hr), with baseline levels of
scratching behavior in both cohorts. Moreover, there were no
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Fig. 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 of C57BL/6 mice. The frequency of scratching behavior was counted for 1 hr as described in Materials and Methods. Mice receiving saline exhibited
scratching behavior of 21.5 �12.3 times/hr (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/
hr, 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 min 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 C57BL/6 mice clearly decreased to less than 20% of the value prior to administration, and lasted for at least 30 min. 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 hr food
deprivation), 60 (before 30 mM sitagliptin i.p. injection), 70, 90, 120 and 210 min. 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 by i.p (each,
n = 10). The frequency of scratching behavior of the rostral back was counted for 1 h 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. 9.3 � 9.5 times/hr, p < 0.01 by ANOVA). DPPIV inhibition attenuated
SP-induced itch scratching behavior (13.6 � 9.4 times/hr, p < 0.01 v.s. saline cohorts by ANOVA), while DPPIV inhibition alone showed no significant changes in scratching
behavior (3.3 � 3.5 times/hr, 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. 4.8 � 4.7 cm/hr, 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 hr 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/hr, p < 0.01 by two-tailed Student’s t-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/hr, p = 0.535 by two-tailed Student’s t-test). Each dot indicates an
individual value and the horizontal bar represents average value. N.S. denotes 'not significant'. (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 0.00625 M 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/hr) or SP(5–11) (158.5 � 29.3 times/hr)
than control mice (12.7 � 9.5 time/hr) (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. (I) 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/hr). Each dot indicates an individual value and the horizontal bar
represents average value. N.S. denotes ‘not significant’ by ANOVA.
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Fig. 4. DPPIV inhibitor attenuates IMQ-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 �100. Scale bars, 100 mm. (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 Fig. 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
t-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 control cream-treated mice on the 6th day after treatment (each, n = 3),
utilizing the same ELISA kit as conducted in Fig. 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 (0.63 � 0.09 v.s. 0.32 � 0.08 ng/ml; P < 0.05 by two-tailed Student’s t-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 hr 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.
s.118.7 �47.2 times/hr, p < 0.01 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. 52.2 � 51.7 v.s. 38.7 � 32.9 cm/hr, respectively). Each dot indicates an individual value and the horizontal bar represents average value. N.S.
denotes ‘not significant’ by ANOVA.
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significant differences in movement length among all cohorts,
indicating that the decreased scratching behavior did not result
from decreased mouse activity (Fig. 4E). In addition, there was no
additional phenotypic and histologic change induced by the
administration of sitagliptin (panels c and f of Fig. 4A), similar to
those seen in IMQ-treated mice (panels b and e of Fig. 4A). Taken
together, our data suggest that treatment with the DPPIV inhibitor
sitagliptin attenuates psoriatic itch sensation via a decrease in the
truncated form of SP.

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 Fig. 5A, DPPIV-Tg mice exhibited
significant increase in DPPIV enzyme activity in sera compared
with parental WT mice (177.5 � 34.4 v.s. 14.9 � 2.6 mM/min).
Scratching behavior induced by IMQ cream was significantly
increased in DPPIV-Tg mice than in WT mice (188.6 � 66.2 v.s.
107.6 � 45.9 times/hr) (Fig. 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/hr), with baseline
levels of scratching behavior in both cohorts (Fig. 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 (Fig. 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 pathogen-
esis 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 DPPIV-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

Fig. 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 mM/min, p < 0.01 by Student’s t-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/hr, 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. 188.6 � 66.2 times/hour, respectively;
each p < 0.01 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.
107.6 � 46.9 times/hr, p < 0.01 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/hr, respectively; p = 0.228 by Student’s t-test). Each dot indicates an individual value and
the horizontal bar represents average value.
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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 [52–54]. Meanwhile, since SP
is cleaved by DPPIV enzyme and DPPIV enzyme activity is
increased in PSO as shown in Figs. 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 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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Senescent cell accumulation in aging tissues is linked to
age-associated diseases and declining function, prompting
efforts to eliminate them. Mass spectrometry analysis re-
vealed that DPP4 (dipeptidyl peptidase 4) was selectively
expressed on the surface of senescent, but not proliferat-
ing, human diploid fibroblasts. Importantly, the differen-
tial presence of DPP4 allowed flow cytometry-mediated
isolation of senescent cells using anti-DPP4 antibodies.
Moreover, antibody-dependent cell-mediated cytotoxici-
ty (ADCC) assays revealed that the cell surface DPP4 pref-
erentially sensitized senescent, but not dividing,
fibroblasts to cytotoxicity by natural killer cells. In sum,
the selective expression of DPP4 on the surface of senes-
cent cells enables their preferential elimination.
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Cell senescence is a state of terminal growth arrest trig-
gered by stress signals such as critically short telomeres,
oxidative damage, oncogene activation, and hypoxia
(Kuilman et al. 2010). Compared with proliferating cells,
senescent cells exhibit an enlarged morphology, distinct
metabolic and gene expression patterns, and increased ac-
tivity of a neutral β-galactosidase (Crowe et al. 2014). They
also display a senescence-associated secretory phenotype
(SASP) characterized by the production and secretion of
proinflammatory factors, angiogenic factors, and matrix
metalloproteases that alter tissue function by promoting
angiogenesis, attracting immune cells, and remodeling
the extracellular matrix (Coppé et al. 2010).
Cell senescence has a range of complex effects on phys-

iology and disease processes. Among its beneficial effects,
senescent cells promote tissuemorphogenesis and wound
healing and suppress fibrosis and tumorigenesis in young
organisms (Prieur and Peeper 2008; Muñoz-Espín et al.
2013; Storer et al. 2013; Demaria et al. 2014;Muñoz-Espín
and Serrano 2014). On the other hand, extensive detri-

mental effects have been documented for senescent cells
accumulating in tissues of older organisms, as they trigger
or exacerbate age-related diseases such as cancer, cata-
racts, arthritis, and atherosclerosis (Baker et al. 2008,
2011; Prieur and Peeper 2008; Muñoz-Espín and Serrano
2014; van Deursen 2014).
The accumulation of senescent cells in aging tissues,

as investigated in a genetic mouse model in which senes-
cent cells were selectively eliminated, was found to pro-
mote aging-associated declines and diseases. Indeed, the
removal of senescent cells from aging mouse tissues—
achieved by triggering apoptotic death of cells that ex-
pressed the senescence protein p16—enhanced longevity
and promoted healthy life span associated with a reduc-
tion in tumorigenesis and extended function of the renal,
cardiovascular, muscular, and adipose systems (Baker
et al. 2011, 2016).
With increasing evidence that senescent cells adversely

influence aging-associated declines and diseases, a major
goal in the field is to design interventions that recognize
and eradicate senescent cells selectively. Senescent cells
differ greatly from proliferating cells in the patterns of ex-
pressed proteins, including those on the cell surface that
can serve as markers and therapeutic targets. Thus, we
set out to identify cell surface proteins uniquely present
in senescent cells. This strategy is similar to that used
to eliminate cancer cells selectively (Rasmussen and Dit-
zel 2009). Using mass spectrometry (MS) analysis, we
identified DPP4 (dipeptidyl peptidase 4; also known as
CD26) as a surface protein that was strikingly more abun-
dant in senescent cells. Importantly, senescent cells were
preferentially eliminated by antibody-dependent cell-me-
diated cytotoxicity (ADCC), as the presence of DPP4 on
their surface rendered them suitable targets for destruc-
tion by natural killer (NK) cells recognizing an anti-
DPP4 antibody.

Results and Discussion

Identification of DPP4 as a novel senescent cell surface
marker

To find novel surface markers selectively present on the
plasmamembrane of senescent cells, we used awell-char-
acterized model of cellular senescence: proliferating WI-
38 human diploid fibroblasts (HDFs; at population dou-
bling level [PDL] 23) compared with those that had be-
come senescent (PDL59) following extended culture.
Senescent HDFs displayed a characteristic flattened and
enlarged morphology and exhibited elevated senescence-
associated β-galactosidase (SA-β-gal) activity, a distinctive
trait of cellular senescence (Fig. 1A). Analysis of the incor-
poration of 3H-thymidine or BrdU further indicated that
senescent cells had significantly lower proliferating activ-
ity (Fig. 1A). We fractionated membrane-associated pro-
teins and cell surface-associated proteins as described
(Materials and Methods) and surveyed them by MS
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analysis (see Supplemental Table S1 for completeMS data
set). We focused on the proteins that were more abundant
among membrane proteins (a fraction that included
endoplasmic reticulum, mitochondria, and other intra-
cellular membrane structures) and among cell surface
proteins in senescent compared with proliferating fibro-
blasts. Among the 118 protein candidates at the overlap
of the two groups (Fig. 1B), the top 15 proteins and the
PSM (peptide spectrum match) count in proliferating rel-
ative to senescent cells are listed in Figure 1C. The leading
candidate on this list was DPP4 (CD26). DPP4 peptides

detected by MS analysis are indicated (Supplemental Fig.
S1A).

To validate these differences in DPP4 levels, we frac-
tionated the membrane, surface-associated, and cytosolic
fractions of proliferating and senescent WI-38 HDFs.
Western blot analysis (Fig. 1D) revealed that DPP4 levels
were robustly elevated in themembrane fraction of senes-
cent fibroblasts but not proliferating fibroblasts or cyto-
solic fractions (Fig. 1D); membrane-associated proteins
EGFR and Caveolin-1 (CAV1) as well as cytosolic protein
HSP90 were included to monitor the cell fractionation.
DPP4 was also more highly expressed on the cell surface
and in whole-cell lysates (Fig. 1E,F) of senescent relative
to proliferating WI-38 cells. Proteins present on the cell
membrane (EGFR and CAV1), proteins showing altered
levels with senescence (EGFR, CAV1, SIRT1, and p53),
and a loading control (GAPDH) were also assessed.

We investigated the mechanism that led to the rise in
DPP4 levels in senescent cells. RNA isolation from prolif-
erating and senescent cells followed by RT-qPCR analysis
revealed thatDPP4mRNAwasmarkedly higher in senes-
cent cells (Fig. 1G); senescent markers p16 (CDKN2A)
mRNA and p21 (CDKN1A) mRNA were also elevated
(Fig. 1G).DPP4mRNA levels increased gradually with ad-
vancing PDLs (Fig. 1H). We quantified DPP4 pre-mRNA
levels as a surrogate measure of de novo DPP4 mRNA
transcription (Fig. 1I); the strong increase in DPP4 pre-
mRNA levels in senescent cells suggested that increased
DPP4 gene transcription was a major mechanism leading
to DPP4 increase with senescence.

To test whether DPP4 increased more generally in sen-
escent cells, we triggered senescence by exposing prolifer-
ating WI-38 and IMR-90 HDFs to ionizing radiation (IR);
10 d later, SA-β-gal activity was selectively elevated in
IR-treated cells. Western blot and RT-qPCR analyses indi-
cated that DPP4 and DPP4 mRNA (Supplemental Fig.
S1B,C) were up-regulated in IR-induced senescent HDFs,
although more modestly than in HDFs undergoing repli-
cative senescence (Fig. 1F,G). We further tested whether
DPP4 levels were elevated in other models of senescence
by exposing human umbilical vein endothelial cells
(HUVECs) and human aortic endothelial cells (HAECs)
to 4 Gy of IR to elicit senescence; 14 d later, RT-qPCR
analysis revealed significantly elevated DPP4 mRNA in
senescent (IR-treated) compared with proliferating (un-
treated) HUVECs and HAECs (Supplemental Fig. S2A,B).
Another trigger of senescence, treatment with doxorubi-
cin (Dox), also led to a rise in DPP4 mRNA abundance
in WI-38 cells (Supplemental Fig. S2C). Moreover, onco-
gene-induced senescence (OIS) in mouse embryonic fibro-
blasts (MEFs) expressing the oncogeneHRASG12V via viral
transduction also revealed a robust rise in DPP4 levels
(Supplemental Fig. S2D). Together, these data indicate
that DPP4 levels were highly and broadly elevated in sen-
escent cells relative to proliferating cells at least in part by
transcriptional induction of DPP4 mRNA levels and that
DPP4 localized on the surface of the plasma membrane.

Contribution to senescence by DPP4

Given the rise in DPP4 levels in senescent cells, we asked
whether DPP4 itself might help promote cellular senes-
cence. To test this possibility, we overexpressed DPP4
in proliferating WI-38 cells by infection with a lentivirus
that expressed DPP4-Myc using control viral particles

Figure 1. Identification of DPP4 as a novel senescent cell surface
marker protein. (A, left) Detection of the senescent marker SA-β-gal
in proliferating (P; PDL23) and senescent (S; PDL59) WI-38 HDFs;
the percentages of blue cells are indicated. (Middle) Measurement
of 3H-thymidine and BrdU incorporation in proliferating and senes-
cent WI-38 cells. (Right) Flow cytometry analysis of BrdU-FITC-pos-
itive proliferating and senescent cells. (B) Venn diagram
summarizing the MS analysis; the numbers of proteins more abun-
dant in cell membrane preparations (Up-MP; green) and cell surface
preparations (Up-SP; blue) from senescent cells relative to proliferat-
ing cells are indicated. (C ) The top 15 proteins from the intersection
in B. The numbers indicate the sums of the PSM from two experi-
ments. (D–F ) Western blot analysis of DPP4 levels in membrane
and cytosolic lysates (D), surface proteins (E), and whole-cell lysates
(F ). (HSP90) Cytosolic protein marker; (CAV1 and EGFR) membrane
protein markers; (SIRT1) protein marker of proliferating cells; (p53)
protein marker of senescent cells; (GAPDH) loading control protein.
(G–I ) Steady-state levels ofDPP4mRNA andDPP4 pre-mRNA quan-
tified by RT-qPCR analysis. Total RNAwas prepared from proliferat-
ing and senescent cells (G,I ) or cells at PDLs between PDL23 and
PDL54 (H). Senescent markers p21 mRNA and p16 mRNAs were in-
cluded as positive controls, and ACTBmRNAwas used as a negative
control. mRNA levels were normalized to 18S rRNA levels in each
sample; mRNAs in PDL23 cells were set as 1 in G–I. The graphs in
A,G, and I represent the means ± SEM from three independent exper-
iments. (∗) P-value < 0.05.
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that expressed only the Myc tag. After selection of infect-
ed cells in puromycin for 20 d, protein lysates were pre-
pared, and Western blot analysis was used to assess
senescence markers. As shown, markers p16 and p21
were elevated while SIRT1 levels declined in cells overex-
pressing DPP4 (Fig. 2A), supporting the notion that DPP4
promoted cell senescence. In addition, overexpression of
DPP4 in WI-38 cells elevated SA-β-gal activity (Fig. 2B)
and decreased 3H-thymidine incorporation (Fig. 2C).
We further tested whether DPP4 contributed to elicit-

ing senescence by silencing DPP4 in presenescent WI-38
cells (approximately PDL39–PDL45) and assessing senes-
cencemarkers. As shown, the robust silencing of DPP4 by
72 h after transfection of siRNA (Supplemental Material)
led to marked reductions in the levels of p53, p21, and p16
and increased SIRT1 levels, as determined by Western
blot analysis (Fig. 2D). Likewise, RT-qPCR analysis

revealed that the levels of senescence markers p21
mRNA, IL1AmRNA, and IL1BmRNAwere significantly
reduced in the DPP4 siRNA group (Fig. 2E). Additionally,
DPP4 silencing increased the number of cells in the popu-
lation (Fig. 2F) and promoted incorporation of 3H-thymi-
dine and BrdU (Fig. 2G,H), further indicating that DPP4
contributed to the growth suppression characteristic of
senescence. Interestingly, DPP4 silencing reduced the
production of reactive oxygen species (ROS) in presenes-
cent cells (Fig. 2I). Taken together, our results indicate
that DPP4 enhances fibroblast senescence.

Specific selection of senescent cells using cell
surface DPP4

Given that DPP4 was identified as a cell surface protein in
senescent cells (Fig. 1B,C), we used confocal microscopy
to further investigate this localization. Proliferating and
senescent WI-38 HDFs were fixed but not permeabilized
in order to detect only proteins present on the outside of
the plasma membrane. As shown in Figure 3A, DPP4 sig-
nal (red) was virtually undetectable in proliferating cells
but was highly abundant in senescent cultures and was
found throughout the cell surface. In light of these results,
we tested whether DPP4 might be a suitable selection
marker for senescent cells. We used two mouse antibod-
ies, anti-DPP4-PE and (control) mIgG-PE, to label prolifer-
ating and senescent WI-38 HDFs without fixation or
permeabilization to analyze cell surface markers. Labeled
samples were analyzed by flow cytometry to assess the
presence of DPP4 on the cell surface. MFI (mean fluores-
cence intensity) analysis revealed that DPP4-labeled cells
were enriched eightfold in senescent compared with pro-
liferating WI-38 HDFs (Fig. 3B). Moreover, the number of
DPP4-positive cells identified by flow cytometry analysis
using DPP4-PE was only 6.05% in proliferating cells but
rose to 67.9% in senescent cells (Fig. 3C). In sum, DPP4
levels are markedly elevated on the surface of senescent
fibroblasts and serve as a suitable marker for the specific
isolation of senescent cells.
With advancing age, senescent cells accumulate in a va-

riety of tissues, including blood. We thus asked whether
DPP4-positive cells might be detected in peripheral blood
mononuclear cells (PBMCs) from three healthy young
individuals (27–36 yr of age) and three healthy old individ-
uals (78–88 yr of age) (Materials and Methods). As shown
in Figure 3D, the percentage of DPP4-positive cells (as de-
termined by flow cytometry using the DPP4-PE antibody)
was higher in “old” PBMCs than in “young” PBMCs
(15.5% vs. 10%). Since most DPP4 signals came from
monocytes and lymphocytes, we calculated the percent-
ages of DPP4-positive monocytes and lymphocytes and
found that these percentages remained significantly high-
er in the old donor group than the young donor group (33%
vs. 21%); see Supplemental Figure S3 for contour plots of
the individual donors. To determine whether DPP4-posi-
tive cells were senescent, PBMCs from four donors (ages
27, 27, 60, and 63 yr) were labeled with DPP4-PE and sort-
ed using anti-PE microbeads by MACS (magnetic-activat-
ed cell sorting) analysis. After isolation of RNA from the
affinity-purified cells, RT-qPCR analysis was used to as-
sess the expression of senescence markers. As shown
(Fig. 3E), DPP4-positive cells in each of the four donors ex-
pressed higher levels of DPP4 and DPP4 mRNA by West-
ern blot and RT-qPCR analyses, respectively (to verify

Figure 2. DPP4 contributes to the senescence program. (A) Prolifer-
atingWI-38 cells were infected with lentiviral particles expressing ei-
ther Myc tag alone or DPP4-Myc. After 20 d of puromycin selection,
cells were harvested, and whole-cell lysates were prepared for West-
ern blot analysis to examine the levels of proteins DPP4-Myc (using
anti-DPP4 antibody), p16, p21, and SIRT1 and loading control
ACTB (β-Actin); endogenousDPP4was undetectable. (B,C ) Detection
of the senescent marker SA-β-gal (B) and measurement of 3H-thymi-
dine incorporation (C ) in the populations described inA. (D–I ) Seven-
ty-two hours after transfecting presenescent WI-38 cells (PDL39–
PDL45) with control (Ctrl) siRNA or DPP4 siRNA, the levels of
DPP4, p53, p21, p16, SIRT1, and ACTB in whole-cell lysates were as-
sessed by Western blot analysis (D); the steady-state levels of p21,
IL1A, IL1B, andACTBmRNAswere calculated by RT-qPCR analysis
and normalized to 18S rRNA levels (E); cell numbers were quantified
(F ); 3H-thymidine (G) and BrdU (H) incorporation was measured; and
reactive oxygen species (ROS) production was measured (I ). The
graphs in C and E–I represent the means ± SEM from three indepen-
dent experiments. (∗) P-value < 0.05.
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that the affinity pull-down was successful), and, impor-
tantly, all four samples also displayed higher levels of
p16 mRNA, which encodes the major senescence-associ-
ated protein p16. The data obtained using PBMCs further
support the notion that DPP4 also serves as a surface
marker for the selection of senescent cells among a het-
erogeneous cell population.

Selective elimination of DPP4-positive senescent cells by
ADCC assay

Our initial goal was to devise a method to eliminate sen-
escent cells selectively using a differentially expressed
surface protein. Thus, after establishing that DPP4 is lo-
cated on the surface of the plasmamembrane of senescent

cells (Figs. 1, 3), we set out to test whether we could elim-
inate senescent cells selectively using an antibody direct-
ed at DPP4 and the ADCC assay. Originally developed for
cancer therapy, the ADCC assay uses antibodies to recog-
nize a specific antigen on the cell surface and guide NK
cells to selectively destroy the antibody-labeled cells
(Weiner 2015). We carried out ADCC analysis using in-
creasing concentrations of anti-DPP4 antibody (up to 5
µg/mL) to bind theDPP4 surfacemarker and thereby label
proliferating and senescentWI-38 fibroblasts.We then iso-
latedNK cells from human PBMCs and added them to the
WI-38 cultures, allowing the NK cells to destroy the cells
labeled by anti-DPP4 antibody. Treatment with NK cells
from eight different donors in the presence of rabbit or hu-
manized anti-DPP4 antibodies (Fig. 4A) indicated that, in
every case, senescent cells exhibited stronger reductions
in cell viability, as low as ∼40% (as seen with “donor 8”
of NK cells), compared with proliferating cells. As shown
in Supplemental Figure S4, ADCC assay using a control
rabbit IgG (rIgG) revealed that this antibody did not affect
cell viability in proliferating or senescent cells.

Figure 3. DPP4 ismore highly expressed in senescent cells and local-
izes on the cell surface. (A) Proliferating (P) or senescent (S) WI-38
HDFs were fixed with methanol, and the endogenous DPP4 protein
was detected by confocal microscopy. (B,C ) WI-38 (proliferating and
senescent) HDFs were harvested and incubated with either anti-
DPP4-PE or control mIgG-PE antibodies. (B) DPP4-positive cells
were analyzed by flow cytometry, and theMFI of DPP4-PE in prolifer-
ating and senescent cells was quantified. The graph represents the
means ± SEM. from three independent experiments. (∗) P-value <
0.05. (C ) Histograms from the flow analysis representing control iso-
type (left) or DPP4 (right) in proliferating and senescent cells; the per-
centages of DPP4-PE-positive cells are indicated. The experiment
shown is representativeof three independent experiments. (D)Human
peripheral bloodmononuclear cells (PBMCs) obtained fromyoung (27-
to 36-yr-old) and old (78- to 88-yr-old) donorswere analyzed by flowcy-
tometry using antibodies that recognized DPP4-PE (▴) or mouse IgG-
PE (•). The graph shows the percentage of DPP4-PE-positive cells.
(Left) PBMC populations. (Right) Monocyte and lymphocyte popula-
tions. Each data point represents a young (n = 3 total) or old (n = 3 total)
subject; horizontal lines indicate themean values. (E) Human PBMCs
obtained from four donors (27, 27, 60, or 63 yr old) were sorted into
DPP4-positive cells and DPP4-negative cells by MACS using a
DPP4-PE antibody and anti-PE microbeads. The steady-state levels
ofDPP4, p16, andACTBmRNAs were quantified by RT-qPCR analy-
sis after normalization to 18S rRNA levels. EachmRNA inDPP4-neg-
ative cells was set as 1.

Figure 4. Eliminating DPP4-positive senescent cells by ADCC. (A)
Proliferating and senescent WI-38 cells (5 × 104) were incubated with-
out or with 0.05, 0.5, and 5 µg/mL anti-DPP4 antibody and either
2.5 × 105 NK cells [for rabbit (r)anti-DPP4] or 1.25 × 106 or 2.5 × 106

NK cells [for humanized (h)anti-DPP4 antibody] per well for 4
h. After removing NK cells, WI-38 cells were incubated for another
18 h, and cell viability was measured by theMTT [3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. Cell numbers
were compared with those that received no anti-DPP4 antibody. Do-
nors 1–4were incubated with (r)anti-DPP4, and donors 5–8were incu-
bated with (h)anti-DPP4. (B) Proposed model. (Left) In proliferating
cells, DPP4 is expressed at low levels or is undetectable. (Right) In
senescent cells, DPP4 mRNA levels increase transcriptionally, lead-
ing to increased production of DPP4, which localizes as a dimer on
the cell surface, exposed to the extracellular space. The abundance
and localization of DPP4 in senescent cells enable the selective elim-
ination of senescent cells by ADCC.
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Targeting DPP4 to eliminate senescent cells

In sum, we identified DPP4 as a protein robustly up-regu-
lated on the plasma membrane of senescent cells. DPP4
levels increased via transcriptional induction of DPP4
mRNA in senescent cells. Whether this increase might
bemediated via transcription factors HNF and/or STAT1α
in fibroblasts, as shown previously in B lymphocytes and
intestinal epithelial cells (Bauvois et al. 2000; Erickson
et al. 2000; D’Angelo et al. 2010), remains to be tested.
We further found that senescent cells can be selectively
targeted by anti-DPP4 antibodies and eliminated. Accord-
ingly, we propose a model (Fig. 4B) in which the highly
abundant DPP4 on the exposed surface of a senescent
cell allows it to be recognized and eliminated by anti-
DPP4 antibody-directed NK-elicited cell death. These re-
sults underscore the usefulness of targeting for selective
destruction proteins differentially present on the plasma
membrane of senescent cells.
DPP4 is best known as a protease that inactivates two

hormones named incretins: glucose-dependent insulino-
tropic peptide (GIP) and glucagon-like peptide-1 (GLP-1).
Incretins trigger a rapid release of insulin from pancreatic
β cells after a meal; since they suppress a sudden rise in
blood glucose, they are particularly beneficial in diabetes
(Wu et al. 2016). Although the significance of having
elevated DPP4 in senescent cells is unclear, DPP4 might
influence some of the changes in glucose homeostasis
that occur with aging. For example, a rise in DPP4 levels
from accumulating senescent cells could contribute to
the impairment of glucose metabolism that leads to hy-
perglycemia in the elderly. In this regard, it will be inter-
esting to test whether DPP4 inhibitors (e.g., sitagliptin)
(Scott 2017), which enhance the so-called “incretin ef-
fect” and have been used to treat diabetes, recapitulate
the enhanced proliferation and suppressed senescence
seen after silencing DPP4 (Fig. 2).

DPP4 and senolytic therapy

Similarly, as incretin-independent actions of DPP4 are
emerging, it will be important to studywhether the health
benefits of DPP4 inhibitors depend partly on their impact
on senescent cells irrespectiveofDPP4-mediated inactiva-
tion of incretins. For example,DPP4 present on the plasma
membrane of lymphocytes (whichwe found to be elevated
with age) (Fig. 3D) associateswithCAV1, amembrane pro-
tein that also rises with senescence, leading to the activa-
tion of IRAK-1 and NF-κB (Ohnuma et al. 2005, 2008).
Likewise, DPP4 present on the membrane of antigen-pre-
senting cells and inflammatory cells in adipose tissue pro-
motes inflammation independent of its effects on insulin
production (Zhong et al. 2013). These actions of DPP4 as
well as its interaction with extracellular matrix compo-
nents such as collagen and fibronectin (Löster et al. 1995;
Zhong et al. 2013)might implicateDPP4 as a factor related
to SASP traits, which are modulated by NF-κB and pro-
foundly affect extracellular matrix remodeling.
SASP has been linked to the disease-enhancing impact

of senescent cells that accumulate in aging tissues, since
SASP factors (cytokines, growth factors, and MMPs) per-
turb tissue metabolism locally and systemically. Accord-
ingly, senescent cell elimination via geneticmanipulation
improved age-related pathologies (Baker et al. 2008, 2011,
2016). To achieve the same goal, several drugs called
“senolytics” have been identified that selectively destroy

senescent cells. Senolytics ABT737 (Yosef et al. 2016) and
ABT263 (Zhu et al. 2016) were BH3 mimetic inhibitors of
anti-apoptotic proteins (Bcl-xL, Bcl-2, and Bcl-w) original-
ly developed for cancer therapy, although inhibiting Bcl-
xL was found to have severe side effects. Other senolytics,
such as dasatinib and quercetin (Roos et al. 2016; Zhu
et al. 2016), trigger apoptosis in subsets of senescent cells,
while piperlongumine appears to work best in combina-
tion with other senolytics (Wang et al. 2016). In this con-
text, the identification of DPP4 as a targetable senescence
marker can complement interventions aimed at eliminat-
ing senescent cells.
In closing, DPP4 is overexpressed in cancers such asma-

lignant pleural mesothelioma (MPM) and renal cell and
colorectal carcinoma. A recent study found that DPP4
was more highly expressed on the plasma membrane of
MPM than normal mesothelioma cells (Angevin et al.
2017). Importantly, in preclinical trials, MPM tumor
growth was delayed by treatment with anti-DPP4 anti-
body, suggesting that it was inhibitory in both cultured
cells and patients. Antibody modifications such as conju-
gation with a toxin might enhance the cytotoxic activity
of the anti-DPP4 antibody on DPP4-bearing cells. In sum-
mary, our findings have identified the cell membrane-as-
sociated protein DPP4 senescence marker as a promising
target of therapeutic intervention in conditions in which
it is desirable to eliminate senescent cells.

Materials and methods

Cells, cell culture, IR, and SA-β-gal assay

The source and culture of HDFs WI-38 and IMR-90, MEFs, HUVECs, and
HAECs are indicated in the Supplemental Material. Proliferating WI-38
HDFs were used at PDLs ranging between PDL18 and PDL23, and senes-
cent cells were used after additional culture (PDL47–PDL55). SA-β-gal
analysis and siRNA transfections using Lipofectamine 2000 (Invitrogen)
are described (Supplemental Material). Human PBMCs were isolated
from participants of the Baltimore Longitudinal Study of Aging (BLSA)
(Ferrucci 2008) aged 27–36 yr old (young) or 78–88 yr old (old). Proliferating
WI-38 cells (approximately PDL25) and IMR-90 cells (approximately
PDL25) were rendered senescent by exposure to 10Gy of IR; cells were har-
vested 10 d later. ProliferatingWI-38 cells were transducedwith lentivirus-
es that expressed either DPP4-Myc or Myc (GeneCopoeia, Inc.) and
selected using 1 µg/mL puromycin for 20 d before harvest.

RNA isolation, reverse transcription, and quantitative real-time PCR

Total RNA was extracted using TriPure isolation reagent (Roche), and
cDNA was synthesized using random hexamers and reverse transcriptase
(Invitrogen) as described (Supplemental Material). Reactions for qPCR am-
plification contained SYBR Greenmaster mix (Kapa Biosystems) and were
performed using an Applied Biosystems 7300 instrument. The gene-specif-
ic primers used are listed in the Supplemental Material.

Protein analysis

The preparation and analysis of cell membrane and cell surface proteins by
Western blotting and MS as well as the detection of DPP4 using immuno-
fluorescence are explained in the Supplemental Material.

Flow cytometry of WI-38 cells and PBMCs and MACS

Proliferating and senescent WI-38 cells were counted using a TC20 cell
counter (Bio-Rad), washed using FACS buffer (0.5% BSA in PBS), and seed-
ed into 96-well plates. Dead cells were stained with Zombie Aqua fixable
viability kit (BioLegend); after washing, human TruStain FcX (BioLegend)
was added to block the Fc receptor, and cells were labeled with DPP4-PE
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(BD Biosciences) or mIgG-PE (BioLegend) for 15 min at 4°C in the dark.
FACS analysis was performed on a Canto II flow cytometer (BD Bioscienc-
es) using FlowJo software (FlowJo version 10.2).
Human PBMCs were incubated with DPP4-PE (BD Biosciences) for 10

min at 4°C in the dark to label DPP4-expressing cells and then labeled
with anti-PE magnetic microbeads (Miltenyi Biotec, Inc.) for 15 min at
4°C. Magnetically labeled cells were separated by MACS (Supplemental
Material). Total RNA was extracted from DPP4-positive and DPP4-nega-
tive cells.

ADCC assay

Peripheral blood from participants of the BLSA (National Institute on Ag-
ing) and healthy volunteers was collected under Human Subject Protocol
2003054 and Tissue Procurement Protocol 2003-076. White blood cells
were isolated by ACK lysis, and PBMCs were isolated using Ficoll
(Ficoll-Paque Plus, GE Healthcare) gradients following the manufacturer’s
instructions. NK cells were isolated from PBMCs using a human NK cell
isolation kit (Miltenyi Biotec, Inc.). Proliferating and senescentWI-38 cells
growing on 24-well plates (5 × 104 cells per well) were incubated with dif-
ferent concentrations of control rIgG or with rabbit or humanized mono-
clonal antibodies recognizing 0.05, 0.5, and 5 µg/mL DPP4 for 15 min at
37°C. The isolated NK cells (2.5 × 105 cells per well for rabbit antibody
and 1.25 × 106 or 2.5 × 106 for humanized antibody) were added at a ratio
of 5:1 (proliferating) or 25:1 or 50:1 (senescent; NK cells:fibroblasts [prolif-
erating or senescent]) and incubated for 4 h at 37°C.NK cells were removed
by washing, fibroblasts were returned to the incubator, and, 18 h later, cell
viability was analyzed using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay (Sigma).
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a b s t r a c t

This data article contains complementary tables related to the
research article entitled, ‘Effects of repetitive transcranial magnetic
stimulation on ER stress-related genes and glutamate, γ-aminobu-
tyric acid, and glycine transporter genes in mouse brain’ (Ikeda et al.
(2017) [1]), which showed that rTMS modulates glutamate, GABA
and glycine transporters and regulates ER stress-related genes. Here
we provide accompanying data collected using Affymetrix GeneChip
microarrays to identify changes in gene expression in mouse cere-
brum treated with rTMS for 30 days (Tables 1–10).
& 2017 The Authors. Published by Elsevier Inc. This is an open access

article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Specifications Table

Subject area Neuroscience
More specific subject area Psychiatric disorders
Type of data Tables
How data was acquired Affymetrix GeneChip RNA microarray
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Data format Filtered, analysed
Experimental factors Mouse brain treated with rTMS for 30 days
Experimental features RNA isolation, global gene expression analyses
Data source location Wako, Saitama, Japan
Data accessibility Data are contained within this article

Value of the Data

� A global gene expression analysis of mouse cerebrum treated with rTMS for 30 days.
� These data may be useful for comparison with microarray data obtained from rTMS of different

durations.
� Genes identified as differentially expressed in this data set could be useful in further studies on the

effects of rTMS on mouse brain.

1. Data

Affymetrix GeneChip microarray analyses of mRNA isolated from mouse cerebrum after 30 days of
rTMS revealed altered expression of several genes (Tables 1–10), including glutamatergic genes (e.g.,
glutamate transporter), dopaminergic genes, cholinergic genes, genes of adrenergic signaling in
cardiomyocytes and so on.

2. Experimental design, materials and methods

We carried out a comprehensive analysis of altered gene expression in cerebrum following chronic
rTMS using a high-density oligonucleotide array (GeneChip; Affymetrix, Santa Clara, CA, USA.
MG_U74Av2 probe array), as described elsewhere [2]. Using the Affymetrix algorithm [3] and mul-
tiple analysis comparison software for assessing gene expression differences, mRNAs that increased or
decreased in the mouse brain following chronic rTMS relative to levels in the control mouse brain
were identified. Pathway analysis was used to identify the significant pathway of the differential
genes according to KEGG. And also, Gene Ontology (GO) analysis was applied to analyze the main
function of the differentially expressed genes according to the gene ontology, which is the key
functional classification of NCBI that can organize genes into hierarchical categories and uncover the
gene regulatory network based on biological process and molecular function [4].

Using these data, we indicated that rTMS modulates glutamate, GABA and glycine transporters and
regulates ER stress-related genes [1].
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Abstract: Background: Malignant mesothelioma is a largely incurable disease that is 

refractory to current therapies. CD26 is a multifunctional cell surface protein involved in 

autoimmune disease, diabetes, and cancer. It has a role in T cell function, extracellular 

protein modification, as a prognostic factor for cancer, and as a therapeutic target for 

malignant mesothelioma. New treatment strategies are urgently needed for malignant 

pleural mesothelioma (MPM), and CD26-targeted therapy represents a novel approach.  

Outline: In this review, the most current and up-to-date literature available was  

reviewed and the current state of malignant mesothelioma treatment is described. 

Throughout the review the need for new therapeutic approaches is highlighted in the 

shortcomings of current therapy. CD26 is a target that is fit to take on these shortcom-

ings. In this review we discuss the structure and function of CD26, its role in malignant 

mesothelioma and the future of anti-CD26 therapy as a versatile immunotherapeutic  

option.

Conclusion: This review highlights the areas of most promise in treating MPM, these

include immune checkpoint blockade, passive immunization, and based on our recently 

published data, targeting of CD26 with its specific mAb. Finally we describe how the 

anti-CD26 mAb YS110 was recently evaluated in the first-in-human phase I clinical 

trial, showing prolonged disease stabilization and a favorable side effect profile.  

Through better understanding of CD26, new pathways to treating and potentially curing 

malignant mesothelioma may be discovered.

Keywords: Asbestos, CD26, dipeptidyl peptidase IV, immunotherapy, Malignant Pleural Mesothelioma, 
YS110. 

1. INTRODUCTION 

The human leukocyte surface antigen CD26 is 
an active cell surface peptidase that is structurally 
identical to dipeptidyl peptidase IV (DPPIV), able 
to cleave N-terminal dipeptides from peptides with  
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terminal L-alanine or L-proline residues (1-4). It is 
composed of 766 amino acids, the majority of 
which comprise the extracellular domain of the 
protein where a peptidase catalytic site is found 
and where important ligand binding sites for 
adenosine deaminase (ADA) and fibronectin are 
located [1-4]. The remainder of the protein struc-
ture includes a short 6-peptide cytoplasmic domain 
and a 23-peptide transmembrane region [4]. 
Through this peptidase activity CD26/DPPIV has 
significant effects on enhancing cellular response 
to external stimuli, effects on glucose homeostasis, 
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T cell stimulation and activation, and the biologi-
cal behavior of selected human neoplasms.  CD26 
has relatively widespread expression on leuko-
cytes, fibroblasts, mesothelium, endothelial, 
epithelial cells, and can be found in kidney, intes-
tine, prostate, pancreas, and liver cells [5].  Since 
its discovery in 1966 by Hopsu-Havu and Glenner, 
CD26/DPPIV has been the focus of vigorous study 
in its pluripotent role in glucose homeostasis,  
inflammation, and more recently in tumorigenesis 
and as a therapeutic target in cancer [6].  The vari-
ous immunomodulatory effects of CD26 have 
been previously summarized by our group and  
recently revisited and expanded by Klemann et al.
[7, 8]. These works summarize the numerous sub-
strates for DPPIV/CD26 and their far-reaching 
roles in autoimmune diseases such as multiple 
sclerosis, asthma, arthritis, and inflammatory 
bowel disease [7-9]. Likewise, CD26 involvement 
in malignancy has been extensively reviewed and 
characterized, including its potential role in terms 
of its role as a tumor suppressor, cancer bio-
marker, and therapeutic target [6, 10-14].  Addi-
tionally CD26 has been described as a marker for 
so-called cancer stem cells (CSCs) which have 
been a highly sought after targets in chemo-
immunotherapy approaches [15]. Given the 
preponderance of evidence for CD26 involvement 
in various malignancies, as well as its role in 
immune activation and the biology of cancer stem 
cells, CD26 represents an ideal immunotherapeutic 
target; including for the aggressive, almost always 
fatal cancer malignant pleural mesothelioma 
(MPM).    

Malignant pleural mesothelioma (MPM) is an 
aggressive and fatal disease. Over the past 60 
years, since its acceptance as an independent  
oncological process, the incidence of MPM has 
continued to rise [16].  MPM is almost exclusively 
a direct result of exposure to asbestos [17]. 
Chronic pleural inflammation, ionizing radiation, 
and SV40 virus have been proposed as alternative 
exposures that can result in MPM, but these ac-
count for less than 20% of all cases [17]. Asbestos, 
a term for naturally occurring families of minerals 
that separate into thin fibers, has been used for 
greater than 5000 years for its high tensile strength 
and fire resistant properties [18]. It wasn’t until the 
1960s that the direct correlation between asbestos 
exposure and cancer development was validated 
and accepted [19]. Since that time, the WHO and 
International Agency for research in cancer have 

defined asbestos as a class I carcinogen responsi-
ble for both lung cancer and malignant pleural 
mesothelioma [18]. Inhaled asbestos fibers end up 
in the pleura, induce cytotoxic effects, and cause 
DNA damage and chronic inflammation [20]. This 
process is constant and smoldering for the next  
20-60 years prior to the development of MPM. 
This long period of latency and protracted asymp-
tomatic period explains the delayed peak in MPM 
cases and the increasing incidence over the past 40 
years [21]. For example, in the US the peak in as-
bestos consumption occurred in the early 1970s, 
and its manufacturing was banned in the late 
1980s, with total consumption and exposure risk 
being significantly reduced by the late 1990s; but 
the peak in MPM diagnoses of roughly 2,500-
3,000 cases did not occur until about 2002 [22]. 
The expected plateau effect for MPM diagnoses 
for most industrialized nations that have banned 
the use of asbestos are expected to occur between 
2015 and 2030, but countries like Russia, China, 
Brazil, and India continue to both mine and use 
asbestos at an alarming rate [23]. China has  
become the worlds largest asbestos-consuming 
country, has little to no reporting mechanism of its 
MPM rates, and will likely experience a surge in 
MPM diagnoses in the future [24]. With this pre-
dictable man-made epidemic looming on the hori-
zon, new strategies are required for treating this 
aggressive disease as current strategies show lim-
ited efficacy, poor survival benefit, and have sig-
nificant morbidity associated with them [18]. In 
this review, we will discuss the current state of 
malignant mesothelioma treatment and some of 
the burgeoning therapies currently in clinical trials. 
We will also highlight the work done on CD26 
expression in MPM, its potential as a biomarker, 
and its functional role in MPM survival, invasion, 
and migration. Finally, we will review the ongoing 
clinical development of an anti-CD26 monoclonal 
antibody in malignant mesothelioma and its poten-
tial far-reaching implications as a novel immuno-
therapeutic agent. 

2. CURRENT THERAPIES 

If left untreated, MPM has an average life  
expectancy of 8 months and a 5-year mortality of 
greater than 95% [24]. Our best efforts with mul-
timodal therapy may extend this outcome by mere 
months, further emphasizing the extreme need for 
improved therapies. Current therapeutic strategies 
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for MPM include surgery, radiation, chemother-
apy, and more recently targeted therapy and  
immunotherapy [25-31]. Table 1 summarizes the 
mainstays of treatment and the benefit of tradi-
tional therapies over systemic chemotherapy. The 
roles of surgery and radiation as part of MPM 
treatment are rife with controversy, with these 
modalities showing limited benefit in patients with 
advanced disease. 

2.1. Multimodal (Surgical Resection, Radio-
therapy, and Chemotherapy)  

Surgical intervention is difficult to perform, 
since achieving negative margins when extracting 

thin areas of pleura is difficult to accomplish and 
is associated with a significant level of risk, requir-
ing a high level of familiarity and expertise with 
the procedure [32]. Two main surgical interven-
tions are currently in use, pleurectomy/decorti-
cation (P/D) and Extrapleural Pneumonectomy 
(EPP) [29].  As illustrated in the MARS trial, EPP, 
an invasive aggressive debulking procedure 
showed no benefit when added to chemother-
apy/radiation, being associated with a worse  
median survival when compared with no surgical 
intervention, and may actually cause harm [33, 
34]. However, it is important to note that this 
study, like many involving MPM, is extremely un-
derpowered and involved only 19 individuals re-

Table 1. Principal characteristics and benefit of current therapies for MPM. 

First Line Therapy 
Overall Survival 

(Months) 
Improvement vs. SOC 

Study Features/  

Limitations 
References 

None 8 n/a Na/ Zhang et al. Ann Transl 

Med 2015 

Cisplatin + pemetrexed 

(SOC) 

16.1 0 225 pts, newly diagnosed 

MPM, ECOG 0-2 

Zalcman et al. Lancet 

2016

SOC + bevacizumab 18.8 2.7 223 pts, newly diagnosed 

MPM, ECOG 0-2 

Zalcman et al. Lancet 

2016

SOC + EPP 21.9 5.8 54 pts, stage I to III MPM, 

otherwise healthy, ECOG 

0-1 

Krug et al. J clin oncol 

2009

EPP + IMRT 14.2 None 63 pts, able to tolerate EPP, 

minimal comorbidities 

Rice et al. Ann thorac 

surg 2007 

EPP + SOC + hemitho-

racic RT  

29.1 13 42 pts, ECOG 0-1, T1-3 

N0-2 (33 pts who entered 

study could not tolerate all 

phases of therapy)  

Krug et al. J clin oncol 

2009

PD + SOC + IMPRINT 20.2 4.4 70 pts, retrospective study 

over 30 years, high karnof-

sky score  

Shaikh et al. J of tho-

racic oncol 2017 

CRS-207 + SOC 8.5* N/A 38 pts, treatment naïve, 

ECOG 0-1 

Jahan et al. J of thoracic 

oncol 2016 

Second Line Therapy 
Overall Survival 

(Months) 

Improvement vs.

Historic Chemo 

Study Features/ 

Limitations 
Reference 

Tremelimumab + SOC 10.7 2.0 29 pts, ECOG 0-1, primar-

ily epithelioid histology 

Calabro et al. Lancet 

Respir Med 2015 

MESOT-TREM-2012 

Abbreviations: MPM (Malignant Pleural Mesothelioma), ECOG (Eastern Cooperative Oncology Group Performance Status), SOC (Standard of Care), pts 

(patients), EPP (Extrapleural Pneumonectomy), PD (Pleurectomy with Decortication), IMRT (Intensity-modulated Radiation Therapy), CRS-207 (live, attenu-

ated, double-deleted listeria monocytogenes engineered to express tumor-associated antigen mesothelin).* (progression free survival, overall survival goal not 
met to date).  
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ceiving EPP [34]. With the high morbidity and re-
quired technical expertise, this procedure has 
therefore fallen out of favor except in those patient 
fortunate enough to be diagnosed at an early-
localized stage.  

P/D is being evaluated currently in the MARS2 
trial to evaluate the role of surgery in MPM ther-
apy, aside from its value in diagnostic biopsy [32]. 
In a similar vein, radiotherapy has been used in 
combination with chemotherapy and surgery as 
part of a trimodal therapeutic approach, or follow-
ing surgery to prevent tumor seeding of thoraco-
scopy or thoracotomy scars. Trimodal therapy in-
volves chemotherapy followed by EPP or P/D and 
intensity modulated radiotherapy as combination 
treatment for MPM. Results from small trimodal 
clinical trials suggest that, in certain patient popu-
lations, this aggressive multipronged attack may 
improve overall survival by up to 6 months vs.
standard of care (SOC) [35]. However, this treat-
ment option is only valuable to those MPM  
patients with limited burden of disease, excellent 
performance status, and epitheliod histology [36].  
While surgery and radiotherapy may have some 
role to play in specific MPM cases, the mainstay 
of treatment for the past 20 years has been sys-
temic chemotherapy. 

2.2. Systemic Chemotherapy in Malignant 
Mesothelioma (SOC) 

For a prolonged period of time, there was no 
consensus as to the optimum systemic chemother-
apy used for MPM due to the limited randomized 
clinical trial data to support one strategy over  
another. It is important to mention that systemic 
chemotherapy for MPM is palliative in nature and 
has been the only intervention to show modest  
improvement in overall survival [27, 37]. This 
situation changed in 2003 following the availabil-
ity of the results of the EMPHACIS phase III trial, 
which showed the superiority of the combination 
of cisplatin and pemetrexed over cisplatin alone, 
which was the most commonly used first line 
chemotherapy at the time [38, 39]. In this study, 
median survival was improved from 9.3 to 12.1 
months [39]. These data led to the formal approval 
of the pemetrexed/cisplatin combination as the 
new SOC for MPM, a development which has not 
changed in the decade plus since it was first  
described [37]. Additional studies have validated 
the use of a different antifolate, raltitrexed, with 

cisplatin as an appropriate alternative regimen if 
pemetrexed is not well-tolerated [40]. Many clini-
cians also substitute carboplatin for cisplatin to 
reduce toxicity with little clinical difference in 
outcomes and without formal FDA approval [41].  
Meanwhile, the recently published MAPS study 
demonstrated the clinical benefit of adding bevaci-
zumab to SOC which resulted in an additional 2.7 
month survival benefit though not without risks as 
the bevacizumab arm had higher reported adverse 
events across multiple subgroups and significant 
increases in grade 3-4 arterial and venous throm-
boembolic events [42].  However, even with this 
increase in median survival from the addition of 
bevacizumab plus SOC, MPM typically recurs as 
an incurable disease, necessitating the develop-
ment of effective second line therapeutic options. 
Unlike the case with first line therapy, there is cur-
rently no established SOC therapy for disease  
recurrence or progression following initial man-
agement. The most common second line chemo-
therapy options include the vinca alkaloid vinorel-
bine, the anti-nucleoside analog gemcitabine, and 
the re-administration of single agent pemetrexed, 
which have shown the most promise in terms of 
tolerability but have failed to improve overall  
survival [27, 43]. In view of these shortcomings of 
currently available therapies, novel treatment 
strategies including targeted strategies and immu-
notherapy have been explored as both adjunctive 
and independent options for systemic therapy of 
MPM. 

2.3. Targeted Therapies and Immunotherapy in 
Malignant Mesothelioma 

Given the overwhelming lack of second line 
options in MPM and the large percentage of  
patients diagnosed with advanced disease that is 
not amenable to aggressive multimodal appro-
aches, there has been a focus on targeted therapies 
with biological agents over the last 10 years, albeit 
with mostly disappointing results. Targeting vari-
ous tyrosine kinases and the process of angiogene-
sis, as well as representing various forms of  
immunotherapy, these therapies can be broadly 
subcategorized into small molecule inhibitors,  
angiogenesis inhibitors, histone deacetylase 
(HDAC) inhibitors, and gene mutation targeting. 
The small molecule inhibitors include multitarget-
ing receptor tyrosine kinase inhibitors (mTKIs), 
selective tyrosine kinase inhibitors (sTKIs), and 
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proteasome inhibitors. These molecules have gar-
nered much focus in the oncologic world with 
broad applications in both solid and liquid tumors 
[44-47]. Unfortunately, phase I and phase II clini-
cal trials involving the mTKIs sorafenib, sunitinib, 
pazopanib, and desatinib showed either limited 
anti-mesothelioma activity, the inability to induce 
remission, and/or unacceptable toxicity [48-52]. 
These receptor tyrosine kinase inhibitors broadly 
target EGFR, VEGFR, PDGFR, and C-kit to exert 
their anticancer effects. While these self-signaling 
molecules are upregulated in MPM, they do not 
appear vital to its propagation and are not MPM 
specific, which likely contributes to the limited 
efficacy of these drugs.  Interestingly, the process 
of angiogenesis has only been successfully tar-
geted by the monoclonal antibody bevacizumab 
and not by the above mentioned mTKIs which tar-
get VEGFR, or by the biologic agent thalidomide 
which primarily works through angiogenesis inhi-
bition [53, 54]. Thalidomide was tested in clinical 
trials as both adjunct to standard of care treatment 
and as maintenance therapy for MPM patients pre-
viously treated with platinum based chemotherapy. 
The results of these studies showed no benefit to 
thalidomide as adjunct and no improvement in 
overall survival (OS) vs supportive care alone as 
maintenance therapy [27, 54]. Guazelli et al., re-
cently summarized active phase I and phase II 
clinical trials and highlight that many studies have 
looked at targeting the EGFR or VEGR pathway 
with little success to show for it up to this point, 
this review expertly highlights the current clinical 
trials that are ongoing from Clincaltrials.gov [53]. 
Since EGFR expression is upregulated in the ma-
jority of MPM, selective tyrosine kinase inhibitors 
like erlotinib and gefitinib should theoretically  
exhibit increased activity against MPM. Unfortu-
nately, similar to the mTKIs, results from phase II 
clinical trials were disappointing. Limited efficacy 
and marked resistance to these sTKIs was  
observed even in the presence of detectable EGFR 
expression on MPM tumors [55-57]. Similar  
results to these were seen with the proteasome  
inhibitor bortezomib, which has been approved for 
use in multiple myeloma and is currently in clini-
cal trials for multiple other cancers including non-
small cell lung cancer and metastatic breast cancer 
[58]. In two different clinical trials bortezomib 
failed to show objective response as monotherapy 
and failed to provide significant OS survival or 

disease progression benefit when combined with 
SOC [59].  

HDAC inhibitors, specifically vorinostat, which 
modify and limit deacetylation of histone and 
block access genes that are overused by cancer 
cells for progression and division, showed promis-
ing results in early clinical trials [60]. These re-
sults prompted the large-scale VANTAGE-014 
phase III double blind, randomized placebo control 
study using vorinostat monotherapy as either sec-
ond- or third-line therapy for MPM [61]. Results 
reported in the Lancet in 2015 of this large well 
designed and well executed study (660 patients 
enrolled) showed no benefit to vorinostat over pla-
cebo in terms of overall survival [61].  Gene muta-
tions have been a hallmark of targeted cancer ther-
apy, but few highly conserved gene mutations in 
MPM have been identified, and studies involving 
those found and targeted have failed to result in 
clinically significant efficacy.  The most common 
mutations observed through molecular genetic 
analysis of patient MPM samples include BAP1, 
PTEN/PI3K, CDKN2A/ARF, and NF2 [62-65]. Of 
these, NF2 has been identified in 40% of MPM 
and results in inactivation of a protein called Mer-
lin which is involved in cell adhesion and motility. 
Of potential therapeutic value is the fact that Mer-
lin loss increases cell sensitivity to focal adhesion 
kinase (FAK) inhibitors [66]. Initial research 
showed FAK inhibitors, specifically defactinib, 
along with their MPM cytotoxic effect reduced so 
called cancer stem cell populations in MPM with 
potential for more durable prolonged response vs
SOC [66]. These results prompted a large phase II 
COMMAND study which enrolled 372 patients to 
receive defactinib plus SOC vs placebo plus SOC 
control arm as first line therapy for MPM [67]. 
Unfortunately as is often the case in MPM clinical 
trials, the study was stopped during recruitment 
when no difference in defactinib vs placebo were 
observed, even when subdivided to those patients 
with identifiable merlin loss [68].   

Immunotherapy has been on the forefront of 
cancer therapy for the past 20 years and recent 
successes in immune checkpoint inhibition, tumor 
escape mechanism targeting, passive immunother-
apy, and dendritic cell vaccines have pushed the 
field further with ever broadening application [69-
71]. Recent advances in immunotherapy and cur-
rent clinical trials in MPM are well summarized by 
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Thapa et al., [72]. In their review of current im-
munologic strategies, the failures of targeting 
MPM with single agent immunotherapy warrants 
the use of combination strategies to improve effi-
cacy [72]. One of the more successful pathways of 
immunotherapy described in their work and others 
is the use of immune checkpoint inhibition as a 
novel target in MPM [72]. An example of immune 
checkpoint inhibition is the strategy of targeting 
and blocking CTLA-4. CTLA-4 is a cell surface 
co-factor expressed on the surface of T cells that 
acts as an inhibitory cofactor for CD80 and CD86 
[73]. CTLA-4 competes with CD28 for binding 
with CD80/86 and when bound sends an inhibitor 
signal to antigen presenting cells to decrease the 
inflammatory response and diminish cell activa-
tion. This process allows CTLA-4 to protect  
surrounding cells and the system as a whole from 
uncontrolled immune stimulation [74]. Tumor 
cells, including malignant mesothelioma, express 
increased level of CTLA-4 as a means of blocking 
anti-tumor immune responses [74]. Inhibition of 
CTLA-4, or so-called checkpoint inhibition, there-
fore can restore the anti-tumor immune response, 
resulting in T cells recognition and attack of  
tumors that had previously been undetected. In a 
recent review, Guazelli et al. have summarized the 
role of CTLA-4 targeting in MPM [75]. They and 
others point out monoclonal antibodies (mAb)  
directed against CTLA-4 have shown impressive 
results in melanoma and have been tested in early 
clinical trials with MPM [75]. The CTLA-4 mAb 
Tremelimumab has been investigated in the 
MESOT-TREM-2008, and MESOT-TREM-2012 
phase II clinical trials in patients with chemother-
apy-resistant MPM [28, 75, 76]. In these studies, 
Tremelimumab treatment resulted in a disease 
control rate of 31% when administered every 3 
months, and a control rate of 52% when given 
every 4 weeks, a regimen that led to improved  
efficacy in other cancers [75-77]. Furthermore, 
with the shorter dosing time, median OS was  
improved to 10.7 months compared to historical  
averages of 8.7 months with second line chemo  
[77]. These early results have led to an ongoing  
study comparing Tremelimumab monotherapy vs
placebo control. Additionally, combination immu- 
notherapies, CTLA-4 blockade combined with  
anti-PD-L1 therapy is under active investigation  
and was recently presented at ASCO 2016 with the  
combination of Tremelimumab and durvalumab  

[75]. Like CTLA-4, programmed death ligand 1  
(PD-L1) is overexpressed in MPM, particularly the  
sarcomatoid type, and exerts an inhibitory effect  
on T cells to suppress the anti-tumor immune 
response [77]. Binding PD-L1 with ligand specific  
mAbs therefore blocks this tumor escape mecha- 
nism, potentially resulting in greater susceptibility  
of MPM to immune destruction. In the recent  
KEYNOTE-028 phase I clinical trial, the PD-1  
mAb pembrolizumab was tested in a 25 patient  
cohort and showed an impressive overall disease  
control rate of 76% [73, 78]. This has prompted  
larger phase II investigation to further explore the  
anti-MPM activity of pembrolizumab [73].   

Additional passive immunotherapy strategies in 
MPM have focused on targeting the tumor-
associated antigen Mesothelin. Mesothelin expres-
sion is increased in MPM and likely plays a role in 
cell adhesion and invasion [79, 80]. Strategies  
focusing on mesothelin targeting have involved 
the mAb Amatuximab, anti-mesothelin vaccine 
CRS-207, and the mAb-toxin fusion protein called 
SS1P [79]. Amatuximab is a chimeric anti-
mesothelin mAb that was tested in a phase II mul-
ticenter trial of 89 MPM patients in combination 
with SOC (pemetrexed/cisplatin) vs SOC alone, 
with improved OS in the Amatuximab-containing 
arm [81]. The anti-mesothelin vaccine CRS-207 is 
a live, attenuated, derivative of listeria monocyto-
genes that expressed the mesothelin Ag and acti-
vates both innate and adaptive immunity [82]. The 
synergistic effects of CRS-207 and SOC chemo-
therapy was tested in a phase I trial of 38 MPM 
patients which showed encouraging anti-tumor 
immunity, with a progression free survival of 8.5 
months [82]. Encouraging results from this study 
has led to a large multicenter phase III clinical trial 
that is currently recruiting. Similarly, the recombi-
nant anti-mesothelin and truncated pseudomonas 
exotoxin SS1P has shown significant anti-tumor 
activity and tolerability in a phase I clinical trial 
[83]. Finally, adoptive transfer of ex vivo stimu-
lated dendritic cells, so called dendritic cell vacci-
nation has recently shown activity in MPM. In a 
trial of 10 patients with MPM, cyclophosphamide 
was given to reduce activity of T regulatory cells 
prior to infusion of dendritic cells pulsed with 
autologous tumor lysate [84]. Results of this small 
study showed radiographic disease control in 8/10 
patients and an impressive OS of greater than 2 
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years in 7/10 patients [84]. This technique will 
likely be expanded and further investigated in  
future years.  

3. POTENTIAL APPROACH TO TARGET-
ING CD26 IN MPM 

As discussed above, treatment for MPM  
beyond first line therapy is still unsatisfactory due 
to limited efficacy, and novel therapeutic ap-
proaches are urgently needed for this patient popu-
lation. While immunotherapy approaches appear 
promising with encouraging efficacy in multiple 
small studies, the observed benefit is still rela-
tively short lasting and typically limited to only a 
few months. Additionally some concerns that arise 
with all studies involving immunotherapy include 
utilizing progression free survival (PFS) vs OS as 
an overall marker of drug efficacy or combining 
drugs that lack single-agent activity. In a recent 
study published in the Journal of Clinical Oncol-
ogy, Tan et al. performed a meta-analysis of trials 
with results posted on ClinicalTrials.gov where 
they found a majority of studies showing signifi-
cant benefit on PFS but not on OS [85]. They 
highlight the need for studies to look at both PFS 
and OS and to not use one as a surrogate marker 
for the other [85].  In separate commentary, Gya-
wali and Prasad illustrate that multiple trials over 
the past decade where multiple drugs without 
proven single-agent efficacy were added together 
as a novel treatment and showed PFS but rarely 
showed an effect on OS [86]. They pose in addi-
tional manuscript that by combining multiple 
therapies to extent PFS we run the risk of subject-
ing patients to unnecessary side effects and risks 
for little benefit [87].  These compelling examples 
shed light on the grain of salt mentality that is 
needed when evaluating the efficacy of immuno-
therapy. Unfortunately, as is usually the case, most 
of these trials and analysis did not include studies 
involving MPM. Given the small treatment arms 
and aggressive nature of MPM small gains in PFS 
may indicate improvement in OS but the low 
power of these studies makes statistical extrapola-
tion difficult and with such a short OS window for 
these patients even small gains should be looked at 
as possible treatment strategies. There studies con-
firm and support the need for improved targeting 
in diseases like MPM and stresses the importance 
of single-agent efficacy in therapy design before a 
drug is pushed forward through clinical trials and 

towards FDA approval. Thus, an ideal target in 
MPM would be one that is highly expressed by 
malignant mesothelioma cells but absent from 
normal mesothelioma, and plays a role in tumor 
proliferation or invasiveness. In addition, therapy 
specifically targeting this antigen should work in 
concert with chemotherapy to enhance treatment 
efficacy without increasing side effect burden, 
have strong activity as a single agent, and improve 
both PFS and OS in MPM patients. All these char-
acteristics can be found potentially in the surface 
antigen CD26. 

3.1. CD26 Expression and Function in MPM 

CD26 is a multifunctional cell surface receptor 
with roles in immune regulation, T cell activation, 
and malignant potential of various cancers.  CD26 
is highly expressed in MPM and was originally 
identified as a potential target by our group [88, 
89]. Our initial work demonstrated that targeting 
CD26 with anti-CD26 mAb resulted in in vitro
growth inhibition of MPM cell line [89]. Subse-
quently, we showed high CD26 expression on 
various human MPM types including localized 
MPM, well-differentiated papillary MPM, and dif-
fuse MPM but not on adenomatoid tumors or reac-
tive mesothelioma cells [88]. Complementing our 
earlier in vitro work, we also demonstrated for the 
first time the potential for targeting CD26 in MPM 
with anti-CD26 mAb in an in vivo NOD-SCID 
mouse model of MPM. This initial evaluation for 
CD26 expression on a small sample population of 
MPM tissues was then further expanded in a fol-
low-up paper which demonstrated overexpression 
of CD26 in MPM in more than 120 different MPM 
surgical samples including epitheliod mesothe-
lioma, biphasic mesothelioma, and sarcomatoid 
mesothelioma as well as 8 different mesothelioma 
cell lines [90]. Interestingly, the more aggressive 
sarcomatoid mesothelioma samples had reduced 
cell surface CD26 expression but retained cyto-
plasmic CD26 expression. This work suggested 
that the morphology of the mesothelioma cell type, 
which has been used as a prognostic factor in the 
disease, correlated with CD26 expression and that 
loss of membranous CD26 was associated with the 
more aggressive spindle shaped sarcomatoid 
mesothelioma, raising the possibility that the loss 
of CD26 in these cells represented an epithelial to 
mesenchymal transition for MPM potentially  
responsible for the difficulty in treating and poorer 
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outcome associated with sarcomatoid MPM [90]. 
We subsequently showed that CD26 surface  
expression was associated with improved survival 
in MPM patients that received chemotherapy and 
potentially contributed to mesothelioma che-
mosensitivity [91].  We also demonstrated through 
in vitro investigation that CD26 was associated 
with enhanced proliferative activity of MPM and 
through downstream gene activation, CD26 
upregulated mechanisms that increased chemo-
therapy sensitivity [91]. Given the increased sur-
face expression of CD26 in favorable MPM phe-
notypes, soluble CD26 (sCD26) was investigated 
as potential biomarker for MPM. We showed in a 
recent preclinical model of MPM that sCD26 lev-
els were higher in patients with the favorable epi-
theliod phenotype than those with the aggressive 
sarcomatoid subtype and through therapeutic 
monitoring, reduction in sCD26 may indicate pro-
gression of disease [92]. Whether sCD26 can be 
used in high-risk patients, those with previous  
significant asbestos exposure or those residents of 
asbestos mining communities, as a screening tool 
for early detection of disease remains to be deter-
mined. Additionally, CD26 expression was identi-
fied and characterized as a marker for so called 
cancer stem cells (CSC) in MPM and was found to 
be co-expressed with the CSC marker CD24 [93]. 
In this study we used shRNA knockdown of CD24 
and CD26 to determine the effects of gene silenc-
ing in the MPM cell line Meso-1 [93]. We showed 
that through silencing of CD26 but not CD24 
MPM cellular invasion was reduced and MPM 
showed reduced proliferation [93]. Gene knockout 
of CD26 additionally caused an reduction in the 
cancer cell signaling molecules IGFBP7, IGFBP3, 
Wnt5A, and IL7R [93]. These studies also showed 
CD26 played a role in asymmetric cell division 
and invasion potential in MPM cell lines [93]. 
These collective works clearly validated CD26 as 
a surface receptor upregulated in MPM with vari-
ous roles in cell proliferation, invasion, and che-
mosensitivity, while loss of expression correlated 
with progression of MPM to a more aggressive 
treatment-resistant phenotype.  

These studies on CD26 expression in MPM 
were subsequently followed by our work evaluat-
ing molecular mechanisms for CD26 role in cellu-
lar invasiveness. We showed that CD26 promotes 
invasiveness through the formation of CD26-�5�1
integrin molecular complexes that interact with 
various cell surface and endothelium receptors and 

stimulate extra-cellular matrix metalloproteinases 
[94]. In addition, the short 6 amino acid cytoplas-
mic region of CD26 plays a crucial role in MPM 
migration and invasion through upregulation of 
periostin [95]. We demonstrated that the lipid raft 
platforms clustered around CD26, indirect activa-
tion and phosphorylation of the proto-oncogene 
Src occurred resulting in nuclear translocation of 
the transcription factor Twist1 [95].  Through this 
mechanism, periostin production is increased,  
associated with an enhancement in the migratory 
potential and invasiveness of MPM, contributing 
to both progression of disease and metastases. 
CD26 therefore represents a targetable MPM spe-
cific molecule with a direct role in the invasive-
ness and metastatic potential of MPM.  

3.2. CD26 Targeting in Malignant Mesothe-
lioma

As mentioned above, proof-of-concept studies 
using preclinical MPM models demonstrate that 
targeting CD26 with its specific mAbs is a viable 
anti-cancer therapeutic approach. Treatment of 
MPM cell lines with the humanized anti-CD26 
mAB, YS110 resulted in p27

kip1
 accumulation 

leading to cytotoxicity in both in vitro and in vivo
models [88]. Binding of YS110 also had a direct 
role in regulating binding to extra-cellular matrix 
proteins, biphasic antitumor immunity through 
immune activation and direct cytotoxicity, as well 
as inhibition of distant metastases [88]. In addi-
tion, anti-CD26 mAB enhanced nuclear transloca-
tion of CD26 with downstream effects resulting in 
mesothelioma growth suppression [96, 97]. Cellu-
lar localization analysis revealed that YS110 
caused an increase in transport via caveolin-
dependent endocytosis and accumulation of CD26 
to the nucleus of MPM resulting in suppression of 
POLR2 gene expression and subsequent growth 
suppression of MPM cells, while highlighting a 
secondary anti-tumor mechanism of anti-CD26 
mABs [96, 97]. Meanwhile, a recently published 
paper demonstrated that YS110 caused retarded 
G2/M cell cycle progression through inhibition of 
phosphorylation of cdc2 and cdc25C and activa-
tion of ERK1/2 [98]. Importantly, a synergistic 
effect between YS110 and the first line anti-MPM 
chemotherapeutic agent pemetrexed was observed, 
as the combination of YS110 and pemetrexed 
showed superior anti-tumor activity associated 
with combinatorial G1/S and G2/M cell cycle tran-
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sition inhibition than either agent alone in a mouse 
xenograft model of MPM [98].  

These encouraging preclinical results along 
with our increased understanding of the novel  
molecular mechanisms involved in CD26 targeting 
in cancer cells led to the first-in-human phase  
I study of YS110 in CD26 expressing cancer cells. 
This recently published study involved 33 patients 
with CD26+ tumors (22 of whom had heavily pre-
treated MPM) treated with a standard 3+3 escala-
tion scheme with escalating doses of YS110 [99]. 
YS110 was generally well tolerated even to doses 
of 6mg/kg weekly, with maximal tolerated dose 
not reached and only 2 patients reporting grade 3 
or higher anaphylactic or allergic reactions, which 
entirely resolved with supportive treatment and 
dose omission [99].  When the study was subse-
quently amended to add clinically relevant aller-
gies as a new exclusion criterion and to allow for 
the administration of a systemic steroid prophy-
laxis prior to each infusion to better control infu-
sions reactions, the safety profile was even further 
improved with treatment doses being escalated to 
6mg/kg without dose limiting toxicities. While 
there was a transient decrease in total peripheral 
lymphocyte counts and CD26+ lymphocyte sub-
sets following antibody administration, there was 
no observed autoimmune or infectious disease  
occurrences [99]. Furthermore, in this first-in-
human phase I study, prolonged disease stabiliza-
tion was observed in a significant number of  
patients that received YS110 [99, 100].  Thirteen 
of 26 evaluable patients treated with YS110 had 
stable disease as the best response for an overall 
median PFS of 43 days, while 7 patients (including 
five cases of mesothelioma) experienced prolon-
ged PFS of 184-399 days [99, 100]. Taken  
together, data from both preclinical studies as well 
as the recently completed first-in-human phase I 
clinical trial indicate that additional testing of 
YS110, which may represent a major breakthrough 
in the treatment of MPM, in future clinical trials as 
either single agent therapy or as part of combina-
tion therapies with other anti-neoplastic agents, 
would be warranted.  

CONCLUSION 

MPM is an ongoing oncological concern. With 
continued mining and use of asbestos globally in 
developing countries and major industrialized  

nations like China and Russia, MPM cases will 
predictably increase in the coming decades. When 
found, treatment strategies include combination 
surgery, radiation, and chemotherapy; although 
few patients are diagnosed in time to benefit from 
definitive surgery, with systemic chemotherapy 
being thus left for many patients as their only  
option. While beneficial at reducing symptoms, 
systemic chemotherapy with pemetrexed and cis-
platin (SOC) fails to provide curative benefit for 
most MPM patients and only extends overall sur-
vival by a matter of months. The addition of novel 
biologic agents such as bevacizumab to standard 
of care will likely provide modest survival benefit 
but has yet to become the approved standard. For 
most patients with MPM, following initial sys-
temic therapy, disease commonly relapses with 
progression and metastases. Over the past 20 
years, many chemo- and immunotherapeutics have 
been evaluated as potential treatments for MPM 
with limited benefit. Novel immunotherapy strate-
gies including passive immunotherapy, mesothelin 
targeting, and checkpoint inhibition targeting have 
recently shown promise in small phase I and II 
studies. In this review, we highlight the need for 
novel therapeutic approaches in MPM and discuss 
the potential of CD26 as a new molecular target. 
CD26 is highly expressed in MPM with limited 
expression in normal mesothelial cells. Unlike 
other immunotherapeutic targets, CD26 has a  
direct role in progression, invasion, metastasis, and 
cancer-stem cell proliferation in MPM. Our  
recently completed first-in-human phase I clinical 
trial involving the anti-CD26 mAb YS110 sug-
gests that successful targeting of CD26 may lead 
potentially to improved disease control and pro-
longed overall survival with limited toxic side  
effects in malignant mesothelioma. The successful 
development of a CD26-targeted approach will 
enhance the treatment armamentarium available 
against MPM as we prepare for this predictive 
epidemic.  
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Context: The mechanisms by which b cell mass is reduced in patients with type 2 diabetes remain
unclear. It has been postulated that ectopic fat deposits in the pancreas induce b cell apoptosis,
leading to the development of diabetes.

Objective: The aimof this studywas to clarify the effects of intrapancreatic fat on b anda cell mass in
humans with and without diabetes.

Design and Subjects:Using our tissue database, pancreas sections of 72 Japanese nondiabetic (NDM)
autopsy cases and 50 diabetic and 49 age- and body mass index (BMI)–matched NDM patients who
underwent pancreatic surgery were analyzed. In addition to histological grading, intrapancreatic
fat area (IPFA) was quantified as fractional intralobular, but not interlobular, fat area to the whole
pancreas area.

Results: Although IPFA was positively correlated with age and BMI, there was no significant dif-
ference in IPFA between cases with and without diabetes. Moreover, no association was found
between IPFA and either b or a cell area, or glycated hemoglobin.

Conclusion: These findings suggest that pancreatic fat deposits have little effect on b cell mass and
the development of diabetes in humans. (J Clin Endocrinol Metab 102: 3251–3260, 2017)

Type 2 diabetes (T2DM) is characterized by a deficit of
b cell mass (1–4). Although it has been reported that

the deficit of b cell mass in patients with T2DM is at-
tributable to an increase in b cell apoptosis (1), the
mechanisms that cause b cell apoptosis remain uncertain.

Obesity is an established risk factor for T2DM (5, 6).
When fat supply exceeds the capacity of subcutaneous fat
storage, spilled-over fat leads to ectopic fat deposits in not
only visceral adipose tissue, but also various organs,
including the pancreas (7, 8). It has been reported that
fatty acids induce b cell apoptosis in in vitro and in vivo

studies of rodents (9, 10), the so-called lipotoxicity hy-
pothesis. In Zucker Diabetic Fatty rats, b cell dysfunction
and apoptosis were accompanied by excess lipid accu-
mulation in islets, suggesting that excess lipid accumu-
lation in the pancreas induces b cell apoptosis (9, 10).

However, conflicting results regarding the relationship
between pancreatic fat content and b cell function or
dysglycemia have been shown in human studies (7,
11–13). Although pancreatic fat content measured by
magnetic resonance imaging or magnetic resonance
spectrometry (MRS) has been shown to correlate with b
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cell function and/or dysglycemia (14–16), we have pre-
viously reported no significant difference in pancreatic fat
content measured by computed tomography (CT) im-
aging between subjects with and without T2DM (17).

One of the major reasons for this inconsistency may be
the difficulty of measurement of pancreatic fat content.
Because the pancreas is surrounded by fat tissue in the
retroperitoneal space, it is difficult to precisely exclude
the fat outside the pancreas. Although attempts to im-
prove the accuracy of pancreatic fat measurement using
imaging tools have been made (14, 18, 19), it remains
impossible to completely distinguish interlobular fat (i.e.,
fat outside the pancreas) from intralobular fat of the
pancreas due to the intricate lobular structure of the
pancreas. Moreover, in contrast to the liver, in which fat
is diffusely distributed within hepatocytes, pancreatic fat
is mainly present in adipocytes within the pancreas (20),
and thereby the distribution of fat is not homogeneous
within the pancreas, which accounts for the difficulty of
assessment of pancreatic fat content by imaging methods.

In view of these limitations of imaging studies, we
conducted a histological evaluation of intrapancreatic fat
content using pancreas samples from 72 autopsy cases
and 50 patients with and 49 without diabetes who un-
derwent pancreatic surgery in an attempt to gain more
insight into the relationship between pancreatic fat and b

cell mass and diabetes.

Research Design and Methods

Subjects
This study was approved by the Ethics Committee of the

Keio University School of Medicine. The cases have been re-
ported in our prior studies (3, 21). For autopsy cases, specimens
of pancreas obtained at autopsy were acquired with the per-
mission of the bereaved families. For patients who underwent
pancreatic surgery, written informed consent was obtained
from each patient, whereas it was waived for patients who had

discontinued hospital visits at the time of study enrollment
(n = 40).

A total of 72 autopsy cases without diabetes [nondiabetic
(NDM)-1 group] and 99 patients who underwent pancreatic
surgery [50 diabetic (DM) patients and 49 patients without
diabetes (NDM-2 group)] were included in this study. The
characteristics of the cases, which have been previously reported
(3, 21), are summarized in Table 1. All subjects were Japanese.

Autopsy cases
Potential cases were first identified by retrospective analysis

of the Keio University autopsy database. To be included, cases
were required to have (1) been aged 20 to 69 years, (2) had a full
autopsy within 24 hours of death, (3) medical information prior
to death, (4) no history of diabetes, pancreatitis, pancreatic
tumor, or pancreatic surgery, (5) no use of glucocorticoids, and
(6) pancreatic tissue stored that was of adequate size and
quality. Cases were excluded if pancreatic tissue had undergone
autolysis.

Surgical cases
As previously described (3), subjects who underwent pan-

creatic surgery and whose resected pancreas sample contained
adequate normal pancreas for histological analysis were in-
cluded in the study. Of these, 41 patients had been diagnosed
with T2DMbefore the diagnosis of pancreatic tumors, and eight
patients were diagnosed with pancreatic cancer and diabetes at
the same time. There was no case of type 1 diabetes or case in
which glutamic acid decarboxylase antibody was positive.

Glycemic markers
In autopsy cases, glycated hemoglobin (HbA1c) measured

within 1 year prior to death was obtained from the medical
records (21). In patients who underwent pancreatic surgery,
information including HbA1c, casual plasma glucose, and
serum C-peptide immunoreactivity levels was obtained from
the medical records, as previously described (3). HbA1c was
measured by high-performance liquid chromatography and
expressed as National Glycohemoglobin Standardization Pro-
gram and International Federation of Clinical Chemistry values.
Serum C-peptide immunoreactivity was measured by chemi-
luminescent enzyme immunoassay.

Table 1. Characteristics of Subjects

Total

Autopsy Cases Surgical Cases

NDM-1 NDM-2 DM

N 171 72 50 49
Sex (male/female) 107/64 46/26 26/24 35/14
Age (y) 58 6 15 47 6 12 64 6 14 67 6 9
Height (m) 1.63 6 0.09 1.65 6 0.09 1.61 6 0.08 1.63 6 0.09
Weight (kg) 61.9 6 14.3 66.2 6 16.7 58.6 6 10.5 58.9 6 12.2
BMI (kg/m2) 23.0 6 4.1 24.1 6 5.0 22.5 6 2.7 21.9 6 3.5
Casual plasma glucose (mmol/L)a 6.4 6 2.1 5.2 6 1.0 6.2 6 1.2 8.3 6 2.5
HbA1c (%)a 6.3 6 1.6 5.3 6 0.7 5.6 6 0.5 7.8 6 1.6
HbA1c (mmol/mol)a 45 6 17 34 6 7 38 6 6 61 6 18
Pancreas head/body or tail (n) 27/144 7/65 6/44 14/35

Data are expressed as mean 6 SD. Note that NDM-2 and DM groups were matched for age and BMI, as previously reported (3).
aCasual plasma glucose and HbA1c levels were measured in 169 cases and 132 cases, respectively.
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Pancreatic tissue processing
The pancreas was fixed in formaldehyde and then embedded

in paraffin for subsequent analysis. Autopsy specimens were
sampled from the body or tail portion of the pancreas, except for
seven specimens sampled from the head of the pancreas.
Seventy-nine and 20 surgical specimens were sampled from the
body or tail portion and the head portion, respectively. 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 b cell replication, and (5) for insulin and single-
stranded DNA or cleaved poly(adenosine 50-diphosphate-
ribose) polymerase-1 for assessment of b cell apoptosis, as
previously described (3, 21).

Morphometric analysis
As previously described (3, 21, 22), to quantify fractional b

cell area (BCA), the entire pancreatic section was imaged
at3200 magnification (320 objective) using a Mirax Scan and
Mirax Viewer (Carl Zeiss MicroImaging GmbH, Göttingen,
Germany). The ratio of BCA to total pancreas area was digitally
measured using Image Pro Plus software (Media Cybernetics,
Silver Springs, MD). Likewise, the ratio of a cell area (ACA) to
total pancreas area was also digitally measured, and the ratio of
ACA to BCA was determined in each case. Intraobserver co-
efficient of variance (computed in five cases studied on five
occasions) and interobserver variance were approximately 7%
and 12%, respectively (3, 21). All measurements were con-
ducted twice, and the mean of the two measurements was used.

To conduct further morphometric analysis, scattered b cells,
insulin-positive duct cells, and b cell replication were quantified
in randomly selected areas of the pancreas that contained more
than 100 islets in each case, using a Mirax Viewer (Carl Zeiss
MicroImaging GmbH). Scattered b cells were defined as a
cluster of three or fewerb cells in acinar tissue, and the density of
scattered b cells was determined as the number of scattered b
cells/pancreas area (mm2). Likewise, the density of islets and
individual islet size were also determined in the same area.
Insulin-positive duct cells were also counted and expressed as
the number of insulin-positive duct cells/pancreas area (mm2).
The frequency of b cell replication was expressed as the per-
centage of islets.

Assessment of intrapancreatic fat content
Intrapancreatic fat content was graded based on histological

evaluation [none (–) to severe (+++)] (Fig. 1). Because pancreatic
fat is extracted during specimen dehydration, intrapancreatic fat
appears as lobulated spaces within the pancreas lobes. These
intrapancreatic adipocytes were confirmed by perilipin staining
(antiperilipin A antibody-carboxyterminal end; ab61682,
Abcam, Cambridge, United Kingdom). These intrapancreatic
fat areas (IPFAs) were also quantified using Image Pro Plus
software (Media Cybernetics). Only pancreatic fat within pa-
renchymal tissue (i.e., intralobular fat), but not interlobular fat
(i.e., fat outside the pancreas), was measured as IPFA. Thus,
IPFA was calculated as a fraction of total pancreatic area.

Statistical analysis
Data are presented as mean6 standard deviation (SD) in the

text and tables unless otherwise indicated. Non-normally

distributed data are presented as median and interquartile range
(IQR). Mann-Whitney U test was used to assess differences
between two groups, and comparisons among the three groups
were performed by Kruskal-Wallis test. Spearman correlation
analysis was carried out for correlation analysis. Multivariate
analysis was used to adjust for confounding factors such as age
and body mass index (BMI). All analyses were performed using
the Statistical Package for the Social Sciences (version 23; SPSS,
Chicago, IL), and P , 0.05 was considered statistically
significant.

Results

Intrapancreatic fat content in subjects with and
without diabetes

Intrapancreatic adipocytes were diffusely distributed
within the pancreatic lobes, and as the number of adi-
pocytes increased, they formed clusters, which were
readily distinguishable from other structures such as
vessels, ducts, and interlobular adipocytes (Fig. 1). Adi-
pocytes were not observed within the islets. Histological
grade of intrapancreatic fat content was closely corre-
lated with IPFA (Table 2). IPFA varied among subjects
(median, 0.51%; IQR, 0.17% to 1.27%). There was no
difference in IPFA between samples from the head por-
tion of the pancreas (n = 27) and those from the body or

Figure 1. (a–d) Representative photomicrographs of histological
grades of intrapancreatic fat content. (a) Grade (–). (b) Grade (+).
(c) Grade (++). (d) Grade (+++). (e) Intrapancreatic adipocytes were
confirmed by perilipin staining (brown). Interlobular pancreatic
adipocytes are indicated by asterisk. (f) Higher magnification
(340 objective) of intrapancreatic adipocyte. (g) IPFA was carefully
quantified as a fraction of IPFA (shown in orange), but not
interlobular fat area, to the total pancreas area. Scale bar = 100 mm.
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tail portion of the pancreas (n = 144; median, 0.50%;
IQR, 0.17% to 1.09% vsmedian, 0.52%; IQR, 0.17% to
1.31%; P = 0.61) [Supplemental Fig. 2(a)]. There was no
difference in IPFA between autopsy cases (NDM-1) and
surgical cases (NDM-2) (median, 0.45%; IQR, 0.12% to

1.20% vs median, 0.51%; IQR, 0.26 to 0.99; P = 0.39)
[Fig. 2(a)]. Although we previously reported a significant
reduction in BCA in patientswith diabetes comparedwith
age- and BMI-matched patients without diabetes (NDM-2)
(1.48% 6 1.08% vs 0.80% 6 0.54%, P , 0.001) (3),

Table 2. Characteristics of Subjects According to Histological Grade of Intrapancreatic Fat Content

Intrapancreatic Fat Content (–) (+) (++) to (+++) Pa

N (%) 33 (19) 80 (47) 58 (34)
Sex (male/female) 24/9 46/34 37/21 0.31
Age (y) 54 6 15 56 6 16 61 6 13 0.04
Height (m) 1.64 6 0.09 1.63 6 0.09 1.63 6 0.09 0.82
Weight (kg) 60.0 6 13.4 60.1 6 11.5 65.7 6 17.5 0.04
BMI (kg/m2) 21.9 6 3.3 22.4 6 3.2 24.5 6 5.1 ,0.01
DM (%) 39 19 36 0.08
Casual plasma glucose (mmol/L)b 6.6 6 2.3 6.2 6 2.1 6.7 6 1.9 0.28
HbA1c (%)b 6.7 6 1.8 6.1 6 1.5 6.4 6 1.4 0.22
HbA1c (mmol/mol)b 50 6 20 43 6 17 46 6 15 0.22
IPFA (%) 0.07 (0.04–0.17) 0.40 (0.19–0.66) 1.82 (0.97–2.66) ,0.01

Data are expressed as mean 6 SD or median (IQR).
aP for Kruskal-Wallis test or x2 test among three groups.
bCasual plasma glucose and HbA1c levels were measured in 169 and 132 cases, respectively.

Figure 2. (a) IPFA in autopsy cases without diabetes (NDM-1), surgical cases with diabetes (DM), and surgical cases without diabetes matched for
age and BMI (NDM-2). (b–d) Correlations between IPFA and (b) HbA1c, (c) age, and (d) BMI. Light-gray circles show autopsy cases. Dark-gray and
white circles show surgical cases with and without diabetes, respectively.
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there was no difference in IPFA between the two groups
(median, 0.51%; IQR, 0.04% to 3.27%vsmedian, 0.61%;
IQR, 0.03% to 5.83%; P = 0.53) [Fig. 2(a)]. In view of the
fact that there was no significant difference in intra-
pancreatic fat content either between autopsy and surgical
cases or between cases with and without diabetes, we
conducted subsequent analyses in the combined cases as
well as within each group.

Factors associated with intrapancreatic fat content
Characteristics of the subjects according to the his-

tological grade of intrapancreatic fat content are shown
in Table 2 and Supplemental Table 1 for surgical cases.
Histological grade of intrapancreatic fat content was
associated with age and BMI, but not with HbA1c or
plasma glucose level. As well as histological grade, IPFA
was significantly correlated with age and BMI in the total
cases (both r = 0.20, P, 0.01) [Fig. 2(c) and 2(d)], but not
with HbA1c [Fig. 2(b)]. In surgical cases, the duration of
obesity as well as current BMI, but not maximum BMI,
tended to associate with intrapancreatic fat content (P =
0.07 and 0.66, respectively) (Supplemental Table 1). The
results were not markedly changed when the analysis was
conducted only in the DM group (Supplemental Table 2).
There was no significant correlation between IPFA and
casual plasma glucose or serum C-peptide immunore-
activity level (Supplemental Table 2; Supplemental
Fig. 1).

Relationships between intrapancreatic fat content
and BCA, ACA, and islet morphology

There was no difference in either BCA or ACA
among the groups according to the histological grade of
intrapancreatic fat content [Fig. 3(a) and 3(b)], and
there was no significant correlation between IPFA and
BCA or ACA (r = 0.05, P = 0.56 and r = –0.12, P = 0.12)
[Fig. 3(f) and 3(g)]. ACA/BCA ratio was also not as-
sociated with histological grade or IPFA [Fig. 3(c) and
3(i)]. When the NDM-1, NDM-2, and DM groups were
analyzed separately (Supplemental Table 2), BCA and
ACA were positively correlated with IPFA in the DM
group (r = 0.30, P = 0.04 and r = 0.30, P = 0.04,
respectively), and ACA was negatively correlated with
IPFA in the NDM-1 group (r = –0.28, P = 0.02).
However, the significant correlations were attenuated
after adjustment for age and BMI (Supplemental
Table 2).

Difference in mean islet size was also statistically
significant among the histological grading groups (P =
0.03) [Fig. 3(e)], but no association between IPFA and
mean islet size was detected (r = 0.00, P = 0.99) [Fig. 3(j)].
These results were not changed when the analyses were
conducted in each group separately (i.e., NDM-1,

NDM-2, and DM groups) (Supplemental Table 2).
There was no association between IPFA and islet density
(r = –0.10, P = 0.21) [Fig. 3(i)].

Relationships between intrapancreatic fat content
and markers of b cell turnover

Intrapancreatic fat content assessed as histological
grade or IPFAwas not associated with either frequency of
b cell replication, insulin-positive duct cells, or scattered
b cells (Fig. 4). No b cell apoptosis was observed in these
cases, as previously reported (3, 21).

Discussion

The current study, applying histological evaluation of
intrapancreatic fat content, showed the following: (1)
There was no significant difference in intrapancreatic fat
content between subjects with and without diabetes. (2)
No association between intrapancreatic fat content and
b cellmass, islet morphology, ormarkers ofb cell turnover
was observed. (3) There was no correlation between
intrapancreatic fat content and HbA1c level. (4) Intra-
pancreatic fat content increased with age and obesity
in humans.

T2DM is characterized by a deficit of b cells, pre-
sumably due to an increase in b cell apoptosis (1).
However, the mechanisms by which b cell apoptosis
increases in patients with T2DM remain unclear. A
longitudinal cohort in the UK Prospective Diabetes Study
suggested that b cell dysfunction begins over 10 years
before the onset of T2DM (23). Reduced b cell mass in
patients with prediabetes has also been reported (1, 24,
25), suggesting that b cell loss occurs even before the
onset of T2DM.

Ectopic fat deposits are a hallmark of metabolic
syndrome and T2DM (8, 26). Rodent studies have
suggested the possibility that ectopic fat deposits in the
pancreas induce b cell apoptosis and the development
of hyperglycemia (9, 10), the so-called lipotoxicity hy-
pothesis. Since then, the association between pancreas fat
content and b cell function or glucose tolerance status has
been actively investigated (7, 11–13).

Tushuizen et al. (14) first reported, using MRS, that
pancreatic fat content was increased in patients with
T2DM, and pancreatic fat content was negatively asso-
ciated with b cell function inNDM subjects. However, the
small sample size (12 with T2DM, 24 without diabetes)
with an almost significant difference in BMI between the
two groups has been pointed out as a limitation of that
study (27). We have previously reported, using CT scan
images of over 2000 subjects, that there was no significant
difference in pancreas fat content between age-, sex-, and
BMI-matched subjects with and without T2DM (17).
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Figure 3. (a–e) Comparisons among groups according to histological grade of intrapancreatic fat content: (a) BCA, (b) ACA, (c) ACA/BCA ratio,
(d) islet density, and (e) mean islet size. (f–j) Correlations between IPFA and (f) BCA, (g) ACA, (h) ACA/BCA ratio, (i) islet density, and (j) mean
islet size. Light-gray circles show autopsy cases. Dark-gray and white circles show surgical cases with and without diabetes, respectively.
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Furthermore, these inconsistent results of imaging
studies may be in part due to difficulties in accurate
measurement of pancreatic fat (11). The pancreas is
surrounded by fat in the retroperitoneal space and con-
sists of an intricate lobular structure, making it inevitably
difficult to distinguish intrapancreatic fat from fat outside
the pancreas. In this study, to overcome these limitations
of imaging studies, by conducting histological assessment
of intrapancreatic fat content, we reported that there was
no relationship between intrapancreatic fat content and
b cell mass or dysglycemia in humans.

Our findings are also in line with prior histological
studies assessing pancreas fat in subjects with diabetes,
which have shown no difference in pancreatic fat content
in subjects with and without T2DM (17, 20, 28, 29). Our
study applied quantification of intrapancreatic fat con-
tent in a relatively large number of subjects with a wide
range of age and BMI, and we believe our findings are
more objective and robust compared with those of these
prior histological studies. Our conclusion that there is no

association between intrapancreatic fat content and di-
abetes is also supported by the finding of no association
between intrapancreatic fat content and b cell mass.

Recent rodent studies have suggested that dediffer-
entiation of b cells and conversion from b to a cells is one
of the mechanisms of b cell loss in T2DM (30), although
histological studies in humans have suggested that b cell
dedifferentiation has only a minor role, and presumably
b cell apoptosis is a major cause of b cell loss in patients
with T2DM (31), in line with the observation of reduced
islet size in patients with T2DM (3, 32, 33). In this study,
we found no significant relationship between IPFA and
either BCA or ACA/BCA ratio, suggesting that intra-
pancreatic fat content is unlikely to be associated with
this intriguing possibility.

Recently, several studies showing no association be-
tween pancreatic fat and T2DM have also been pub-
lished. Begovatz et al. (18) conducted an assessment of
intrapancreatic fat by magnetic resonance imaging/MRS
in 56 subjects with and without dysglycemia. In that

Figure 4. (a–c) Comparisons among three groups according to histological grade of intrapancreatic fat content: frequency of (a) b cell
replication, (b) insulin-positive duct cells, and (c) scattered b cells. (d–f) Correlations between IPFA and frequency of (d) b cell replication, (e)
insulin-positive duct cells, and (f) scattered b cells. Light-gray circles show autopsy cases. Dark-gray and white circles show surgical cases with and
without diabetes, respectively.
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study, they measured intrapancreatic fat carefully after
excluding the fat outside the pancreas and found no
association between intrapancreatic fat content and b cell
function or dysglycemia (18). Yamazaki et al. (34)
conducted a longitudinal study showing that pancreatic
fat assessed by CT imaging was not associated with the
development of T2DM independently of obesity.
Moreover, whereas it has been reported that the im-
provement of dysglycemia by a very low-calorie diet in
adults with T2DM was associated with improvement of
pancreatic fat content (35), Gow et al. (36) did not find
such an association between pancreatic fat and im-
provement of hyperglycemia during treatmentwith a very
low-calorie diet in young people with T2DM. Taking
these results together, to date, there is no concrete evi-
dence for a causal association of pancreatic fat with the
development of diabetes. Further studies to improve the
accuracy of intrapancreatic fat measurement in vivo in
humans are warranted. Also, because intra- and in-
terlobular pancreatic fat content are both increased with
aging and obesity, future studies should be carefully
conducted to exclude these important confounders.

As with other studies, our study was not free from
limitations. First, we assessed intrapancreatic fat in a
section of the pancreas. Intrapancreatic fat content may
differ among different portions of the pancreas. How-
ever, it has been reported that the proportion of fat
content did not differ among the head, body, and tail
portions of the pancreas (37, 38), and we found no
significant difference in IPFA between samples from the
head of the pancreas and those from the body or tail of the
pancreas [Supplemental Fig. 2(a)]. Also, the results did
not change when the analyses were conducted using only
samples from the body or tail of the pancreas (n = 144,
data not shown). It should also be noted that b cell mass
was assessed as fractional BCA in a section of the pan-
creas, although it is widely used as a measure of b cell
mass, as discussed previously (3, 21). Nonetheless, it
should be kept in mind that the individual values may not
be truly representative for any particular pancreas, al-
though we believe that the overall conclusions are valid
because of the large number of subjects studied. Whereas
increased pancreatic fat infiltration has been reported in
patients with pancreatic ductal adenocarcinoma (39), we
found no significant difference in IPFA between patients
with and without pancreatic cancer (median, 0.57%;
IQR, 0.33% to 1.14% vsmedian, 0.56%; IQR, 0.20% to
1.35%; P = 0.94) [Supplemental Fig. 2(b)]. Second, the
histological measurement of fat was indirect, because fat
is removed during tissue processing and section staining.
However, the morphological features of adipocytes were
readily identified, and we also confirmed the presence of
adipocytes in the pancreas by perilipin staining (Fig. 1).

We also assessed the intrapancreatic fat content using a
grading system and confirmed consistent results between
the two methods. Although we did not assess lipid
content within islets, close correlations among IPFA,
pancreatic triacylglycerol content (20), and islet tri-
acylglycerol content (9) have been reported in rodent
models. Thus, it is reasonable to assume that IPFA reflects
islet triglyceride content. Third, we could not assess b cell
function in most of the subjects. Thus, although we found
no association between IPFA and BCA, we cannot ex-
clude the possibility that IPFA is associated with b cell
dysfunction. However, the absence of association be-
tween IPFA and HbA1c, C-peptide immunoreactivity, or
presence of diabetes suggests that the effect of IPFA on b

cell function is, if any, modest. Although we could not
exclude the possibility that patients with pancreatic di-
abetes, but not T2DM, were included in this study, we
found no significant difference in IPFA between subjects
with duration of diabetes #3 years (n = 23) and those
with duration of diabetes .3 years (n = 26; median,
0.61%; IQR, 0.17% to 1.53% vs median, 0.59%; IQR,
0.26% to 1.71%; P = 0.41). Finally, this study included
only Japanese subjects. We have reported that there was
no significant correlation between b cell mass and BMI in
Japanese subjects with and without T2DM (3, 21),
suggesting that the adaptive increase in b cell mass in
response to obesity isminimal in the Japanese population.
Thus, our findings may not be applicable to other eth-
nicities, and future studies including multiple ethnic
groups are needed.

In conclusion, there was no correlation between
intrapancreatic fat content and b cell mass or turnover,
or dysglycemia. These findings suggest that ectopic fat
deposits in the pancreas may not be responsible for the
development of diabetes in humans.
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A novel phenylphthalimide derivative, pegylated TC11, improves
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a b s t r a c t

Despite the development of new drugs for multiple myeloma (MM), the prognosis of MM patients with
high-risk cytogenetic abnormalities such as t (4; 14) and del17p remains poor. We reported that a novel
phenylphthalimide derivative, TC11, induced apoptosis of MM cells in vitro and in vivo, and TC11 directly
bound to a-tubulin and nucleophosmin-1 (NPM1). However, TC11 showed low water solubility and poor
pharmacokinetic properties. Here we synthesized a water-soluble TC11-derivative, PEG(E)-TC11, in which
HOEtO-TC11 is pegylated with PEG through an ester bond, and we examined its anti-myeloma activity.
We observed that PEG(E)-TC11 and its hydrolyzed product, HOEtO-TC11, induced G2/M arrest and the
apoptosis of MM cells. Intraperitoneal administration of PEG(E)-TC11 to xenografted mice revealed
improved pharmacokinetic properties and significantly delayed tumor growth. TC11 and its derivatives
did not bind to cereblon (CRBN), which is a responsible molecule for thalidomide-induced teratogenicity.
These results suggest that PEG(E)-TC11 is a good candidate drug for treating high-risk MM.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Multiple myeloma (MM) is a hematological malignancy that is
characterized by the proliferation of malignant plasma cells. MM
comprises 13% of hematological malignancies, and it is the second
most frequent after malignant lymphoma [1]. MM usually occurs in
elderly individuals, and the patients show symptoms such as ane-
mia, nephropathy, bone lytic lesions, hypercalcemia, and amyloid-
osis [2].

Recent advances in the treatment of MM using newly developed
drugs have significantly improved the prognosis of MM patients.
For example, immunomodulatory drugs (IMiDs) such as thalido-
mide, lenalidomide, and pomalidomide and proteasome inhibitors

including bortezomib, carfilzomib and ixazomib play central roles
in MM treatment [3e5]. However, IMiDs have substantial limita-
tions when they are used to treat MM [6,7]. For example, thalido-
mide has a high level of teratogenicity, and newborn infants whose
mothers have taken thalidomide have suffered from phocomelia
[8]. A second problem is that IMiDs show only limited effects
against the MM of patients with high-risk chromosomal abnor-
malities such as t (4; 14) and del17p (deletion of TP53 gene). The
MM patients with these cytogenetic abnormalities showed signif-
icantly shorter survival than those with a normal karyotype [9].
Thus, the drug design of novel IMiDs that are non-teratogenic as
well as highly effective for high-risk MM cells is strongly desired.

IMiDs are multifunctional compounds, and their molecular
mechanisms have not been fully elucidated. It was reported that
IMiDs directly bind to cereblon (CRBN), a component of E3 ubiq-
uitin ligase complex, and the IMiDs induced teratogenicity and
showed antitumor effects [10e13]. A proteome analysis revealed
various CRBN substrates, and it was reported that the degradation
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of IKZF1 (ikaros) and IKZF3 (aiolos) by IMiDs are important for the
induction of apoptosis of MM cells [14]. More recently, Eichner et al.
reported that IMiDs inhibited CRBN chaperone function and abro-
gated cell surface CD147-MCT1 expression [15]. This effect by IMiDs
was closely related to teratogenicity. Taken together, these findings
indicate that CRBN mediates biological actions of IMiDs, and that
various downstream CRBN substrates demonstrate multifunctional
effects of IMiDs.

We reported that a novel phenylphthalimide derivative, 2-(2,6-
diisopropylphenyl)-5-amino-1H-isoindole-1,3-dione (TC11)
induced the apoptosis of high-risk MM cells in vivo and in vitro and
inhibited the differentiation of osteoclasts. We also demonstrated
that TC11 directly bound to a-tubulin and the protein
nucleophosmin-1 (NPM1) by an in vitro virus (IVV) method [16,17].
A major drawback of TC11 was its low water solubility, which
hampered its absorption into blood and limited its antitumor ef-
fects when it was intraperitoneally administered in tumor-bearing
mice.

In the present study, we attempted to improve the solubility of
TC11 in water by linking TC11 with polyethylene glycol (PEG)
through an ester bond, and we designated the resulting derivative
PEG(E)-TC11. We found that PEG(E)-TC11 was very efficiently
absorbed into the bloodstream and showed significantly high
maximum blood concentrations compared to TC11.

PEG(E)-TC11 effectively inhibited the growth of MM cell xeno-
grafts in SCID mice. Our histopathological observations of xeno-
grafted mice administered PEG(E)-TC11 showed the apoptosis of
MM cells. To elucidate the mechanisms underlying the ability of
PEG(E)-TC11 to induce the apoptosis of MM cells with high-risk
cytogenetic abnormalities, we also examined the effects of
PEG(E)-TC11 on cell-cycle regulation.

2. Materials & methods

2.1. Synthesis of compounds, PEG(E)-TC11 and hydroxyethoxy-TC11

PEG(E)-TC11 was synthesized from 4-hydroxyphthalic acid by
the following six steps. Nitration of 4-hydroxyphthalic acid by
guanidine nitrate in 85% sulfuric acid at 0�e5 �C for 3 h afforded a
mixture of 5-nitro- and 3-nitro-4-hydroxyphthalic acids with the
ratio of 1 to 1 at 96% yield (step 1), which was then refluxed in
dehydrated toluene containing P2O5 at 100 �C overnight to give a
mixture of 5-nitro- and 3-nitro-4-hydroxyphthalic acid anhydrides
at the ratio of 1 to 0.6 in 51% yield (step 2).

Nitrophthalimide derivatives were obtained by refluxing a
mixture of 5-nitro- and 3-nitrophthalic acid anhydrides and 2,6-
diisopropylaniline in acetic acid at 140 �C overnight at 96% yield
(step 3), and separated from each other by silica gel column chro-
matography. Reaction of the isolated 5-nitrophthalimide derivative
with ethylene bromohydrin in DMF at 110 �C overnight yielded 4-
hydroxyethoxy-5-nitrophthalimide derivative at 81% yield (step
4), which was pegylated with mPEG11-COOH with a molecular
weight of 550 (step 5) followed by catalytic hydrogenation to finally
give PEG(E)-TC11 (step 6). Hydroxyethoxy-TC11 (HOEtO-TC11) was
also obtainable by the catalytic hydrogenation of 4-hydroxyethoxy-
5-nitrophthalimide derivative prepared in step 4. The chemical
structures of synthetic compounds were confirmed by 1H NMR
spectroscopy and mass spectrometry.

2.2. Cell lines

The human MM cell lines KMM1, KMS11, KMS21, KMS27,
KMS28, and KMS34 were established and provided by Dr. T. Ohtuki
(Kawasaki Medical University, Kurashiki, Japan). The human MM
cell lineMUM24was established in our laboratory [18]. All cell lines

were cultured in RPMI1640 medium (Sigma-Aldrich, St. Louis, MO)
containing 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY)
and 1% Pen-Strep (Gibco) at 37 �C and 5% CO2.

2.3. High-performance liquid chromatography (HPLC)

PEG(E)-TC11 was mixed with 10% FBS containing RPMI1640
medium at 37 �C, and 2, 6, 12, 24 or 48 h later, samples were
collected and refined by solid phase extraction (Sep-Pak®, Waters,
Milford, MA), and liquate out 1 mL of acetonitrile. All samples were
analyzed by high-performance liquid chromatography (HPLC). The
Inertsil ODS-3 column (GL Science, Tokyo) was used. The mobile
phases were acetonitrile and distilled water (50:50). The flow rate
was 0.7 ml/min. The compounds were detected by fluorescence.
The excitation wavelength was 380 nm, and the fluorescence
wavelength was 530 nm.

2.4. Cell viability assay

MM cells (2 � 104 cells per well) were seeded in 96-well plates
and incubated with various concentrations (0e30 mM) of TC11,
PEG(E)-TC11, or HOEtO-TC11 at 37 �C for 48 h. The cell viability was
assessed by a Cell Proliferation Kit I (MTT) (Roche Diagnostics,
Indianapolis, IN) according to the manufacturer's handling
instructions.

2.5. Apoptosis detection assay

KMS34 cells (8 � 105 per well) were seeded in six-well plates
and incubated with 10 mM of TC11 or PEG(E)-TC11 at 37 �C for 24,
48, or 72 h. The cells were then collected and stained with FITC-
labeled Annexin-V and propidium iodide (PI) (Biovision, Milpitas,
CA). A flow cytometry analysis was performed with a BD LSR II
system (BD Biosciences, San Jose, CA).

2.6. Cell-cycle assay

KMS34 cells (8 � 105 per well) were seeded in six-well plates
and incubated with 3 mM of TC11, PEG(E)-TC11, or HOEtO-TC11 at
37 �C for 12, 24, or 36 h. The cells were then collected and fixed in
70% ethanol, and incubated at 4 �C overnight. The cells were sus-
pended in phosphate-buffered saline (PBS) plus 0.1 mg/mL RNaseA
and incubated at room temperature for 30 min. After incubation,
the cells were stained by PI in the dark for 30 min. The cells were
then analyzed by a FACSCalibur (BD Biosciences).

2.7. In vivo tumor growth assay

The in vivo tumor growth assay was performed as described
with several modifications [19]. Briefly, 3 � 107 KMS11 cells were
subcutaneously inoculated into 5-week-old male ICR/SCID mice
(Clea Japan, Tokyo). When the plasmacytoma reached 50 mm3, the
intraperitoneal injections of drugs were started: 186 mmol/kg of
TC11 or PEG(E)-TC11 dissolved in 10% DMSO (Sigma-Aldrich)/1%
Tween80 (Sigma-Aldrich)/saline (Otsuka Pharmaceuticals, Tokyo),
or saline. Drugs or control (10% DMSO/1% Tween80/saline, or sa-
line) was injected intraperitoneally twice every 3 days for 14 days.
The tumor volume was calculated as width � length2 � 0.52 [20].

2.8. Histopathologic assay

The histopathologic analysis was performed as described [19].
After 14-day treatment with PEG(E)-TC11 or control, the mice were
sacrificed and the isolated plasmacytoma were fixed with 10%
formalin and embedded in paraffin. Plasmacytomas were sliced at

S. Aida et al. / Biochemical and Biophysical Research Communications 493 (2017) 514e520 515



5 mm and stained with hematoxylin and eosin (H.E.). Anti-human
cleaved PARP (Asp214) polyclonal antibody (Cell Signaling Tech-
nology Japan, Tokyo), anti-cleaved caspase-3 (Asp175) polyclonal
antibody (Cell Signaling Technology Japan) were used for
immunohistochemistry.

2.9. Pharmacokinetics study

To evaluate the pharmacokinetics after the intraperitoneal in-
jection of TC11 or PEG(E)-TC11 in 5-week-old male ICR mice (Clea
Japan), we extracted peripheral blood from the tail veins using
heparin-coated hematocrit tubes (Terumo, Tokyo). Peripheral blood
samples were centrifuged immediately at 3400 g for 15 min at 4 �C.
Ten mL of plasma and standard were refined by solid phase
extraction (Sep-Pak®) and liquated out with 1 mL acetonitrile and
analyzed by HPLC.

2.10. Surface plasmon resonance analysis

We performed a surface plasmon resonance (SPR) analysis with
a Biacore 3000 system (GE Healthcare, Buckinghamshire, UK) to
determine the binding kinetics of drugs to CRBN. All experiments
were performed at 25 �C using TBS buffer (25 mM Tris-HCl, pH 7.4,
137 mM NaCl, 3 mM KCl). CRBN was immobilized onto the sensor
chip NTA (GE Healthcare). To determine the dissociation constants,
we injected three different concentrations of TC11, PEG(E)-TC11,
HOEtO-TC11, thalidomide and lenalidomide (Santa Cruz Biotech-
nology, Santa Cruz, CA). The injection periods for association and
dissociation were 300 s. The binding data were analyzed with 1:1
binding with the mass transfer model using the BIA evaluation
software, ver. 4.1 (Biacore).

2.11. Statistical analysis

Weperformed a one-way analysis of variance (ANOVA) followed
by the Tukey test for unpaired results to evaluate differences be-
tween more than two groups. Differences were considered to be
significant when p-values <0.05 were obtained. All statistical ana-
lyses were conducted using the IBM SPSS Statistics program, ver. 23
(IBM, Armonk, NY).

3. Results

3.1. The pegylation of TC11 increased the water solubility

To examine the water solubility of pegylated TC11, wemeasured
the saturated concentrations of TC11 and PEG(E)-TC11 in 100 mM
Tris-HCl (pH 7.5) by HPLC. Although TC11 showed a low saturated
concentration (2 mg/100 mL), PEG(E)-TC11 saturated with an
approx. 4500 times higher concentration (8894 mg/100 mL).

The chemical structure of PEG(E)-TC11 is shown in Fig.1A.When
PEG(E)-TC11 was dissolved in RPMI1640 medium containing 10%
FBS, PEG branches were immediately excised from TC11. Conse-
quently, HOEtO-TC11 was produced (Fig. 1B), which we hypothe-
sized would show biological activities after the hydrolysis of
PEG(E)-TC11 in blood. A time-course increase in the HOEtO-TC11
concentration was observed when PEG(E)-TC11 was incubated
with 10% FBS containing RPMI1640 medium (Fig. 1C). These results
suggested that PEG(E)-TC11 was probably hydrolyzed and con-
verted into HOEtO-TC11 by serum esterase.

3.2. PEG(E)-TC11 inhibited cell proliferation and induced the
apoptosis of MM cells with high-risk cytogenetic abnormalities

To examine whether PEG(E)-TC11 inhibits the proliferation of

MM cells, we performed an MTT assay using eight MM cell lines
including those with high-risk cytogenetic abnormalities. PEG(E)-
TC11 inhibited the proliferation of all eight MM cell lines in a
dose-dependent manner regardless of the existence of cytogenetic
change (Fig. 2A). Since PEG(E)-TC11 was immediately hydrolyzed to
HOEtO-TC11, we also examined the growth inhibitory activity of
HOEtO-TC11, and we found that HOEtO-TC11 also significantly
inhibited all of the MM cell lines. Very interestingly, water-soluble
PEG(E)-TC11 and HOEtO-TC11 much more potently inhibited the
proliferation of MM cells compared to TC11 against the KMM1,
KMS11, KMS21, KMS34, and MUM24 cells. The exact reason for the
superior growth inhibition by their water-soluble forms has not
been elucidated.

We examined whether PEG(E)-TC11 induced the apoptosis of
MM cells. We performed Annexin V/PI staining ofMUM24 cells. The
treatment of MM cells with 10 mMof PEG(E)-TC11 or TC11 increased
in the annexin Vþ/PI- and annexin Vþ/PI þ fractions in a time-
dependent manner (Fig. 2B).

3.3. PEG(E)-TC11 also inhibited cell proliferation in vivo in KMS11-
xenografted mice

We next evaluated the anti-myeloma effect of PEG(E)-TC11 and
TC11 in vivo using KMS11-xenograftedmice. KMS11 cells have high-
risk cytogenetic abnormalities including t (4; 14) and del17p.
PEG(E)-TC11 and TC11 were administered intraperitoneally to the
xenografted mice (186 mmol/kg) for 14 days. The PEG(E)-TC11- and
TC11-treated mice showed significantly reduced tumor growth
compared to the control mice (Fig. 3A). Neither compound resulted
in serious systemic toxicity such as significant weight loss or
abnormal behavior. PEG(E)-TC11 tended to reveal more potent tu-
mor growth inhibition than TC11, although the difference was not
significant. In one of the PEG(E)-TC11-treated mice, the skin xen-
ografted tumor completely disappeared. These results suggest that
PEG(E)-TC11 also has more potent antitumor activity in vivo than
TC11, which is probably due to the change of pharmacokinetics in
the mice by the increased water solubility.

In our histopathological examination of PEG(E)-TC11 treated
xenografts, the hematoxylin-eosin staining revealed the aggrega-
tion of nuclei in the PEG(E)-TC11 treated mice. The immunohisto-
chemical staining revealed that PARP- and cleaved-caspase3-
positive cells were increased in the PEG(E)-TC11 treated mice.
These results indicated that PEG(E)-TC11 exhibited antitumor ac-
tivity via apoptosis in vivo (Fig. 3B).

3.4. PEG(E)-TC11 showed higher blood concentrations in mice
compared to TC11

To evaluate the pharmacokinetics of PEG(E)-TC11, we examined
the plasma concentrations of PEG(E)-TC11 and those of TC11 in ICR
mice over time after a single injection of 186 mmol/kg PEG(E)-TC11
or TC11. The results demonstrated that the PEG modification of
TC11 significantly increased the peak blood concentration (Cmax)
from 2.6 to 24.4 mM and extended the elimination half-life (t1/2)
from 1.4 to 2.2 h (Fig. 3C). These results suggested that the pegy-
lation of water-insoluble TC11 increased the absorption from the
peritoneal cavity to the blood, resulting in an increase in the Cmax
value. We also speculated that the above-mentioned alteration of
pharmacokinetics led to the increased tumor growth inhibition by
PEG(E)-TC11 compared to TC11.

3.5. PEG(E)-TC11 induced G2/M cell-cycle arrest in MM cells

To investigate the mechanisms of induction of MM cell death,
we performed a cell-cycle analysis by flow cytometry. Three mM of
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Fig. 1. The chemical structures of the TC11 derivatives. The chemical structures of PEG(E)-TC11 (A) and HOEtO-TC11 (B). The HPLC chromatogram of PEG(E)-TC11 and its hy-
drolyzed product HOEtO-TC11 (C). The peak of PEG(E)-TC11 and HOEtO-TC11 appeared in approx. 10.9 min and 7.5 min, respectively.

Fig. 2. The anti-myeloma effect of PEG(E)-TC11 in vitro. A: Human myeloma cell lines KMM1, KMS11, KMS21, KMS26, KMS27, KMS28, KMS34, and MUM24 were incubated with
the indicated concentrations of the drugs for 48 h. The viable cell numbers were determined by MTT assay. Values are mean ± SD, n ¼ 3. *p < 0.05, **p < 0.01 (Tukey test vs. TC11). B:
Flow cytometry analysis of apoptotic cells. MUM24 was incubated with 10 mM of TC11 or PEG(E)-TC11 for 48 h, and the cells were then stained with FITC-labeled Annexin-V and PI
and analyzed with a BD LSR II system.
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PEG(E)-TC11 and TC11 both significantly induced cell-cycle arrest in
a time-dependent manner. After 1-day drug exposure, the G2/M
fractions were 18.8% in the control, 60.40% in the TC11 treatment,
and 68.40% in the PEG(E)-TC11 treatment (Fig. 4A).

3.6. Anti-myeloma effects of PEG(E)-TC11 and TC11 are independent
of the CRBN pathway

It was reported that IMiDs were known to induce cytotoxicity
and teratogenicity via their binding to CRBN. It is important to
determine whether or not PEG(E)-TC11 binds to CRBN, and to
address this question, we performed the SPR assay. As shown in
Fig. 4B, PEG(E)-TC11, TC11 and HOEtO-TC11 did not bind to CRBN,
whereas thalidomide and lenalidomide directly bound to CRBN
with high affinities; their binding affinities (KD) were 5.66 � 10�7

and 3.65 � 10�6 M, respectively. These results indicated that TC11
and its derivatives did not interact with CRBN. The treatments with
PEG(E)-TC11, HOEtO-TC11, and TC11 resulted in the growth inhi-
bition of MM cells independently from CRBN binding (Fig. 4B).

3.7. Discussion

Various drugs have been developed to treat MM. In particular,
IMiDs are effective for relapsed and refractory MM patients and
have extended the survival rate of untreated patients [3,5]. How-
ever, IMiDs have two substantial limitations; their teratogenicity
and limited effects against high-risk MM patients [6,21].

We reported that a novel phthalimide derivative, TC11, induced
the apoptosis of high-risk MM cells in vitro and in vivo [16,17]. One

of the major drawbacks of TC11 for further preclinical development
is its low water solubility, and to overcome this problem, we syn-
thesized pegylated TC11, which shows much higher water satu-
rated concentrations compared to TC11.

Pegylation is commonly used for increasing water solubility and
changing pharmacokinetic parameters. It has been used for
improving the bioavailability and extending the blood retention
time of water-insoluble drugs such as camptothecin, paclitaxel, and
interferon [22e24]. Generally, pegylation is expected to increase
the maximum blood concentration (Cmax) value and to elongate
the elimination half-life (t1/2). For example, the Cmax and t1/2 of
interferon-gamma (IFN-g) are 3411 pg/ml and 0.9 h, and those of
pegylated-IFN-g are 567,297 pg/ml and 29.1 h, respectively [25].

In the present study, the pegylation of TC11 resulted in an
eightfold-higher Cmax, probably due to the increase of absorption
from the peritoneal cavity to the bloodstream. However, the elon-
gation of t1/2 by TC11 pegylationwas only 1.8-fold. Considering the
ester-binding structure between PEG and TC11, we suspect that the
immediate hydrolyzation and dissociation of a PEG branch from
TC11 is a cause of the limited elongation of t1/2. It was reported that
carboxylesterase activity is much higher in mouse plasma
compared to human plasma [26]. We therefore suspect that
PEG(E)-TC11 was immediately hydrolyzed to HOEtO-TC11 by car-
boxylesterase in the blood.

We examined whether the modification of chemical structure
by pegylation would alter the antitumor activity of TC11. As shown
in Fig. 2A, PEG(E)-TC11 and its hydrolyzate HOEtO-TC11 both
significantly inhibited the growth of all eight MM cell lines [16]. In
our earlier study, we identified a-tubulin and NPM1 as TC11-

Fig. 3. The anti-myeloma effect of PEG(E)-TC11 in vivo. A: The growth curve of plasmacytoma. KMS11-inoculated mice were treated with 186 mmol/kg of TC11 or PEG(E)-TC11
twice every 3 days for 2 weeks. After observation, the mice were sacrificed and isolated plasmacytomas were fixed with 10% formalin. Values are mean ± SD, n ¼ 6e7.
**p < 0.01 (Tukey test vs. control [Saline]). B: Histopathological examination of the KMS11-derived plasmacytomas. The plasmacytomas were sliced and stained with H.E., anti-
human cleaved PARP (Asp214) polyclonal antibody and anti-cleaved caspase-3 (Asp175) polyclonal antibody. C: Pharmacokinetics study of TC11 and PEG(E)-TC11. Plasma con-
centrations of TC11 or HOEtO-TC11 in mice after a single injection of 186 mM/kg of TC11 or HOEt-TC11 were determined by HPLC.
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binding proteins that are involved in cell-cycle regulation [17]. As
shown in Fig. 4A, PEG(E)-TC11 and HOEtO-TC11 more clearly
induced G2/M arrest compared to TC11. The reason why PEG(E)-
TC11 and HOEtO-TC11 induced cell-cycle arrest more potently
than TC11 is not clear.

We also confirmed the anti-myeloma effect of PEG(E)-TC11
in vivo using xenografts of KMS11 cells which harbored cytoge-
netic abnormalities such as t (4; 14) translocation and del17p. In the
PEG(E)-TC11-injected mice, the KMS11 xenografts proliferated
more slowly compared to those in the TC11-treated mice, although
the difference in the growth inhibition between PEG(E)-TC11 and
TC11 was not statistically significant. We speculate that the
potentiated growth inhibition of PEG(E)-TC11 is brought about by
the alteration of pharmacokinetics as described earlier.

Deletion of the TP53 tumor suppressor gene is one of the
representative high-risk cytogenetic abnormalities in MM and
other hematological malignancies [9]. TP53 plays a central role in
the G1/S checkpoint of the cell cycle [27]. Drugs used to treat MM
such as lenalidomide induced apoptosis via G1/S arrest [28,29].
However, MM cells with deletion of TP53 gene did not reveal G1/S
arrest by treatment with lenalidomide (data not shown). To the
contrary, TC11 and its derivatives induced G2/M arrest independent
of TP53 function. We thus consider TC11 and its derivatives effec-
tive for high-risk MM with deletion of TP53 gene.

In 2010, it was reported that IMiDs directly bound to CRBN,
whichmediated teratogenicity as well as antitumor effects [10e12].

In the present study, we determined the binding dissociation
constants (KD) of PEG(E)-TC11 and TC11 to CRBN by an SPR analysis.
Thalidomide and lenalidomide bound to CRBN with high affinity,
whereas TC11 and its derivatives did not bind to CRBN at any
concentration. Ito et al. reported that the knock-down of CRBN gene
abrogated thalidomide-induced teratogenicity in zebrafish em-
bryos [12]. If CRBN is a responsible molecule for thalidomide-
induced teratogenicity, TC11 and its derivatives are expected to
be safe compounds lacking CRBN-mediated teratogenicity.

In conclusion, our present findings demonstrated that a novel
pegylated phenylphthalimide derivative, PEG(E)-TC11, has anti-
myeloma effect for MM that has high-risk cytogenetic abnormal-
ities in vitro and in vivo. In addition, PEG(E)-TC11 improved the
pharmacological properties of TC11 such as absorption from the
peritoneal cavity to the bloodstream. PEG(E)-TC11 inhibited cell
growth via G2/M arrest in a CRBN-independent manner. Thus,
PEG(E)-TC11 should be considered as a candidate compound for
overcoming high-risk MM.
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Abstract. Histological distinction between epithelioid 
mesothelioma (EM) and reactive mesothelial hyperplasia 
(RMH) can be challenging. The aim of this study was to 
assess the diagnostic utility of Survivin, Ki‑67, and loss of 
BRCA1‑associated protein 1 (BAP1) expressions in distin‑
guishing EM from RMH using immunohistochemistry. 
Formalin‑fixed, paraffin‑embedded specimens from 78 cases 
of EM and 80 cases of RMH were immunohistochemically 
examined for Survivin, BAP1, and Ki‑67. In addition, receiver 
operating characteristic curve analyses were performed to 
establish the cut‑off values for Survivin and Ki‑67 labelling 
indices. Survivin (cut‑off value: 5%) had 67.7% sensitivity 
and 100% specificity, while Ki‑67 (cut‑off value: 10%) had 
85.1% sensitivity and 87.5% specificity, and BAP1 had 66.2% 
sensitivity and 100% specificity for the differentiation of 
EM from RMH. Among the combinations of two markers, 
the combination of Survivin and BAP1 (Survivin‑positive 
and/or BAP1‑loss finding) had the highest diagnostic accuracy 
(sensitivity: 89.8%; specificity: 100%; accuracy: 95.3%). We 
recommend using the combination of Survivin and BAP1 to 
distinguish EM from RMH.

Introduction

Malignant mesothelioma (MM) is a relatively rare but highly 
aggressive malignant neoplasm arising from mesothelial cells 
of the pleura, peritoneum, pericardium, and tunica vaginalis. 

It is well‑correlated with occupational and environmental 
asbestos exposure. (1,2) The incidence of MM has increased in 
many countries; (3) in Japan, mortality due to MM has increased 
since the 1990s, and is predicted to peak in the 2030s (4).

Epithelioid mesothelioma (EM) must be differentiated 
from reactive mesothelial hyperplasia (RMH), which is a 
non‑neoplastic condition frequently caused by pleuritis, peri‑
tonitis, or serosal invasion of other cancers. Due to the close 
resemblance of EM to RMH, differentiation by routine histo‑
logical observation alone can be challenging.

Various established and novel immunohistochemical 
markers have been utilized to distinguish EM from other 
malignancies (5‑8) and RMH (6,9‑17) Multiple potential 
immunohistochemical markers, including Ki‑67, desmin, 
epithelial membrane antigen (EMA), p53, glucose transporter 1, 
insulin‑like growth factor 2 messenger RNA binding protein‑3 
and BRCA1‑associated protein 1 (BAP1) have been evalu‑
ated. However, despite the use of these immunohistochemical 
markers, the distinction between EM and RMH remains chal‑
lenging in some cases.

Recently, detection of p16 (CDKN2A) homozygous deletion 
(p16 HD) using fluorescence in situ hybridization (FISH) has 
been used to differentiate MM from RMH, with 100% speci‑
ficity. However, the sensitivity of this marker for pleural EM 
varies between 45 and 86%, while its sensitivity for peritoneal 
EM ranges from 14 to 41% in different laboratories (10,18‑20). 
In our unpublished experience, p16 HD (detected by FISH) was 
present in 63.2% (12/19) of EM cases, but absent in all RMH 
cases (0/20). Although the detection of p16 HD using FISH may 
be considered highly specific, its sensitivity in differentiating 
EM from RMH is not very high. In addition, FISH analysis 
cannot be applied in all cases or in all pathology laboratories, 
given its high cost and stringent experimental requirements.

We recently reported that phorbol 12‑myristate‑13‑ace‑
tate‑induced protein‑1 (PMAIP‑1; Noxa) and baculoviral IAP 
repeat‑containing 5 (BIRC5; Survivin) mRNA expression 
levels are significantly higher in EM than in non‑neoplastic 
pleural tissue, and discussed the utility of anti‑Noxa antibody 
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for the distinction between EM and RMH (21). However, the 
utility of Survivin IHC for the differentiation of benign and 
malignant mesothelial proliferation has not yet been assessed.

Here, we studied the utility of Survivin and Ki‑67 expres‑
sions along with the loss of BAP1 expression in distinguishing 
benign from malignant mesothelial proliferation.

Materials and methods

Patients and histological samples. We used formalin‑fixed, 
paraffin‑embedded (FFPE) specimens from 78 patients with 
a definite histological diagnosis of EM who had undergone 
thoracoscopic pleural biopsy, pleurectomy/decortication, extra‑
pleural pneumonectomy, or autopsy between 2000 and 2016. 
FFPE histological samples from surgical specimens obtained 
from 80 patients with a histological diagnosis of RMH were 
obtained via thoracoscopic biopsy, laparoscopic biopsy, or 
surgical resection between 2005 and 2016. These samples were 
retrieved from the archives of the Department of Pathology at 
Hiroshima University (Hiroshima, Japan). Each of the tumour 
specimens was independently reviewed by three pathologists 
(K.K., V.J.A, and Y.T.), and all cases of mesothelioma were 
diagnosed according to currently accepted World Health 
Organization Histological Criteria (6,22).

The tissue samples were retrieved from the archive of the 
Department of Pathology at Hiroshima University's Institute 
of Biomedical and Health Sciences. The collection of tissue 
specimens for this study was carried out in accordance with 
the ‘Ethics Guidelines for Human Genome/Gene Research’ 
enacted by the Japanese Government. Ethical approval was 
obtained from the institutional ethics review committee 
(Hiroshima University E‑974). All experimental procedures 
were in accordance with the with ethical guidelines.

Immunohistochemical procedures. Immunohistochemical 
staining of sections from the FFPE tissue samples was 
performed using Ventana BenchMark GX (Roche Diagnostics, 
Basel, Switzerland). In brief, after deparaffinization using 
EZ‑Prep (Roche Diagnostics) and antigen retrieval using 
Cell Conditioning 1 buffer at 95˚C for 32 min, sections were 
incubated with primary antibodies. The primary antibodies 
were anti‑Survivin (cat. no. AF886, polyclonal, dilution of 
1:200; R&D systems, Minneapolis, MN, USA), anti‑BAP1 
(C‑4, dilution of 1:50; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA), and anti‑Ki‑67 (MIB‑1, dilution of 1:25; Dako, 
Glostrup, Denmark). Incubation with secondary antibodies 
and detection was performed using the Ventana UltraView 
Universal DAB Detection kit.

Nuclear staining of Survivin, BAP1, and Ki‑67 in EM or 
RMH cells with the same or higher intensity than internal 
positive controls was regarded as positive staining. Negative 
staining of BAP1 was defined as completely absent nuclear 
staining in the target cells in the presence of a positive internal 
control such as lymphocytes or stromal cells. Although some 
cases had weak cytoplasmic positivity for Survivin and 
BAP1, we have not included cases with only cytoplasmic 
positivity for Survivin and BAP1 for evaluation in this study. 
Immunoreactivity of Survivin and Ki‑67 was evaluated using 
a labelling index (% of positive cells) in the ‘hot spot’ exhib‑
iting the highest number of positive cells compared to the rest 

of the lesion. We evaluated at least 100 (maximum 500) EM 
or RMH cells in high power fields (x400). Counting of label‑
ling indices of Survivin and Ki‑67 was performed by three 
pathologists (K.K., V.J.A, and Y.T.) independently; the mean 
of three numbers was then calculated.

Statistical analysis. Receiver operating characteristic (ROC) 
curve analysis was performed to establish the cut‑off values 
for the Survivin and Ki‑67 labelling indices. The cut‑off points 
were determined based on the Youden index. All statistical 
analyses were performed using EZR (Saitama Medical Center, 
Jichi Medical University, Saitama, Japan), a graphical user 
interface for R (The R Foundation for Statistical Computing, 
Vienna, Austria). More precisely, it is a modified version of 
R commander designed to add statistical functions frequently 
used in biostatistics (23).

Sensitivity, specificity, positive predictive values, negative 
predictive values, and diagnostic accuracies were calculated 
for each marker and combinations of two markers.

Results

Survivin expression and cut‑off value. Representative immu‑
nohistochemical staining images for EM and RMH are shown 
in Fig. 1. Survivin expression was significantly higher in EM 
than in RMH. The mean of the Survivin labelling indices in 
EM [mean, 9.3; range, 0‑24.5, standard deviation (SD), 6.5] was 
significantly higher than that in RMH (mean, 1.2; range, 0‑4.0, 
SD, 1.2) (t‑test, P‑value <0.001). Distributions of the Survivin 
labelling indices in EM and RMH are shown in Fig. 2A.

The cut‑off value for the Survivin IHC assay led by the 
result of ROC analysis was 4.000 (Fig. 2B). Based on the ROC 
analysis, and in consideration of convenience in practical path‑
ological diagnosis, we set the cut‑off value for the Survivin 
IHC assay at 5%. Immunoreactivity of Survivin was classified 
as negative (positivity of less than 5% of the mesothelioma 
cells or non‑neoplastic mesothelial cells) or positive (positivity 
of over 5% of the mesothelioma or mesothelial cells).

Forty‑two of 62 (67.7%) EM cases were positive for 
Survivin. In contrast, none of the RMH cases were positive for 
Survivin (Table Ⅰ).

Ki‑67 expression and cut‑off value. Representative immuno‑
histochemical staining images for EM and RMH are shown in 
Fig. 3. Ki‑67 expression was also significantly higher in EM 
than in RMH. The mean of the Ki‑67 labelling indices in EM 
(mean, 32.6; range, 1.0‑90.0; SD, 22.1) was significantly higher 
than that in RMH (mean, 3.5; range, 0‑20.0, SD, 4.2) (t‑test, 
P‑value <0.001). Distributions of the Ki‑67 labelling indices in 
EM and RMH are shown in Fig. 4A.

The cut‑off value for the Ki‑67 IHC assay led by the result 
of ROC analysis was 10.333 (Fig. 4B). Based on the ROC 
analysis, and in consideration of convenience in practical 
pathological diagnosis, we set the cut‑off value for the Ki‑67 
IHC assay at 10%. Immunoreactivity of Ki‑67 was classified 
as negative (positivity of less than 10% of the mesothelioma 
cells or non‑neoplastic mesothelial cells) or positive (positivity 
of over 10% of the mesothelioma or mesothelial cells).

Fifty‑seven of 67 (85.1%) EM cases and 7 of 56 (12.5%) 
RMH cases were positive for Ki‑67 (Table Ⅰ).
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BAP1 expression. Loss of nuclear BAP1 expression was 
observed in 49 of 74 (66.2%) cases of EM (Table Ⅰ). Almost all 
cases without BAP1 expression had a homogenous expression 
loss pattern. No heterogeneous loss patterns were observed. 
In contrast, nuclear BAP1 expression was preserved in all 78 
RMH cases (Table Ⅰ). Representative immunohistochemical 
staining images for EM and RMH are shown in Fig. 5.

Utilities of each marker and combinations of two markers. The 
sensitivity and specificity of each marker and combinations of 

two markers for the distinction between EM and RMH are shown 
in Table Ⅱ. Among three single markers and six combination 
patterns of two markers, ‘Survivin‑positive and/or BAP1‑loss’ 
finding showed the highest diagnostic accuracy (95.3%).

Discussion

Accurate histopathological differentiation between MM and 
RMH is extremely important, not only for clinical manage‑
ment, but also for the appropriate operation of the public 

Figure 1. Representative histological images of Survivin IHC. (A) EM with H&E staining. (B) Survivin IHC in EM; labelling index, 18.1. (C) RMH with H&E 
stain. (D) Survivin IHC in RMH; labelling index, 1.3. IHC, immunohistochemistry; EM, epithelioid mesothelioma; RMH, reactive mesothelial hyperplasia; 
H&E, haematoxylin and eosin.

Figure 2. (A) Distribution of Survivin labelling index in epithelioid mesothelioma and reactive mesothelial hyperplasia. The horizontal line in the dot chart 
shows the mean. (B) ROC analysis. ROC curve was estimated using Survivin labelling index. Cut‑off value based on the Youden index is also shown. ROC, 
receiver operating characteristic.
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compensation system for victims of environmental and occu‑
pational asbestos exposure and their dependents. To obtain a 
better marker for EM, we evaluated the diagnostic utilities of 
Survivin, BAP1, and Ki‑67 in differentiating EM from RMH. 
We found that the sensitivity and specificity of the nuclear 
Survivin labelling index following the use of a properly deter‑
mined cut‑off value was appropriate in distinguishing EM 
from RMH. The utility of Survivin IHC for the differentiation 
between benign and malignant mesothelial proliferation has 
not been reported to date. To the best of our knowledge, this 
is the first report evaluating the utility of Survivin IHC in 
differentiating EM from RMH.

Survivin is the smallest member of the inhibitor of apop‑
tosis (IAP) family, and is expressed highly in most human 
foetal tissues and cancers. However, it is completely absent 
in terminally‑differentiated tissues. Survivin functions as a 
regulator of both cell division and apoptosis. The function of 

Survivin differs according to cellular localization. Cytosolic 
Survivin is believed to function as an apoptotic suppressor, 
while nuclear Survivin is postulated to regulate cell divi‑
sion (24). Overexpression of Survivin is associated with 
tumour progression and poor prognosis in many types of 
human malignancies, including MM (25,26). In fact, several 
reports indicate that Survivin is a promising marker for the 
diagnosis of malignant pleural effusion (27). Survivin has also 
been reported to be associated with anti‑tumour activity and 
outcomes of chemotherapy in MM, and is a new therapeutic 
target for the treatment of MM (28‑30).

While the Survivin labelling indices of the EM cases in our 
study were similar to those reported by Meerang et al (25), they 
were significantly lower than those reported by Hmeljak et al 
(median, 67; mean, 63; range, 9.7‑94.9; SD, 20.8) (26). This 
discrepancy in Survivin expression may be due to differences 
in staining technique, source of antibodies used for analysis, 

Table Ⅰ. Immunohistochemical findings of Survivin, Ki‑67, and BAP1 in epithelioid mesothelioma and reactive mesothelial 
hyperplasia.

 Epithelioid mesothelioma Reactive mesothelial hyperplasia
Immunohistochemical ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
data n (%) Negative Positive n (%) Negative Positive

Survivin expression 42/62 (67.7) 20 42 0/70 70 0
Ki‑67 expression 57/67 (85.1) 10 57 7/56 (12.5) 49 7
BAP1‑loss  49/74 (66.2) 25 49 0/78 78 0

BAP1, BRCA1‑associated protein 1.

Figure 3. Representative histological images of Ki‑67 IHC. (A) EM with H&E stain. (B) Ki‑67 IHC in EM; labelling index, 35.0. (C) RMH with H&E stain. 
(D) Ki‑67 IHC in RMH; labelling index, 8.7. IHC, immunohistochemistry; EM, epithelioid mesothelioma; RMH, reactive mesothelial hyperplasia; H&E, 
haematoxylin and eosin.
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and the quantification technique. In our study, we used fully 
automated immunohistochemical staining utilising equip‑
ment from Roche for reproducible results. We also used 
commercially available antibodies from reputable sources 
and evaluated nuclear reactivity alone. Evaluation of nuclear 
reactivity was reproducible and was independently confirmed 
by 3 pathologists.

Several studies have determined that germline mutations in 
the gene for BAP1 predispose individuals to developing various 
tumours, including MM, cutaneous melanocytic tumours, 

uveal melanoma, lung adenocarcinoma, and meningioma (31). 
These studies suggest that germline mutations in BAP1 result 
in a ‘tumour predisposition syndrome’ linking BAP1 to many 
other cancers. Somatic mutations in the BAP1 gene have also 
been relatively frequently reported in MMs, uveal melanomas, 
and renal cell carcinomas (31). BAP1 is encoded by the BAP1 
gene, which is located on the short arm of chromosome 3 
(3p21). BAP1 is a deubiquitinase targeting histones and the 
host cell factor‑1 transcriptional co‑factor, and plays a role in 
transcriptional regulation, chromatin modulation, cell cycle 

Figure 4. (A) Distributions of Ki‑67 labelling index in epithelioid mesothelioma and reactive mesothelial hyperplasia. The horizontal line in the dot chart 
shows the mean. (B) ROC analysis. ROC curve was estimated using Ki‑67 labelling index. Cut‑off value based on the Youden index is also shown. ROC, 
receiver operating characteristic.

Figure 5. Representative histological images of BAP1 IHC. (A) RMH with H&E stain. (B) BAP1 IHC in RMH. Nuclear staining of the mesothelial cells 
(arrows) demonstrated the same intensity as that of internal positive controls (arrowheads; stromal cells). (C) EM with H&E stain. (D) BAP1 IHC in EM. 
Nuclear staining was not observed in tumour cells (loss of expression). Strong nuclear staining was observed in internal positive controls (arrowheads; 
stromal cells). IHC, immunohistochemistry; EM, epithelioid mesothelioma; RMH, reactive mesothelial hyperplasia; H&E, haematoxylin and eosin; BAP1, 
BRCA1‑associated protein 1.
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regulation, and DNA repair (31,32). Several different altera‑
tions in the BAP1 gene have been described, including large 
deletions of exons leading to loss of the N‑terminal region, or 
to premature protein termination, focal deletions, frameshift 
mutations due to insertions or deletions, splice site mutations, 
and base substitutions leading to nonsense and missense 
mutations. Frameshift mutations and missense and nonsense 
substitutions are the most common sequence alterations. 
Truncating mutations frequently result in loss of the nuclear 
localization signal and/or the C‑terminal protein‑binding 
domain, while missense mutations interfere with the ubiquitin 
hydrolase function of BAP1 (31). As the detection of these 
alterations in BAP1 has been made possible in recent years 
using immunohistochemistry (IHC), immunohistochemical 
detection of BAP1 loss has also been reported to be useful 
in distinguishing MM from RMH. However, the sensitivity of 
this assay in differentiating MM from RMH does not exceed 
70% (10‑13). Several studies indicate that the loss of nuclear 
BAP1 expression as assessed by IHC is closely correlated with 
genetic alterations in BAP1 (33‑35).

In the present study, the frequency of BAP1 loss in 
EM was 66.2% (49/74), similar to those found in previous 
reports (10‑13). Recently, Hida et al reported a focal hetero‑
geneous BAP1 staining pattern in mesothelioma cases (10). 
However, in our study, almost all EM cases had either a 
uniform positive staining pattern or completely negative 
staining for BAP1. There were some EM cases that appeared 
to have focal staining for BAP1; however, careful observation 
of these cases under high power magnification confirmed 
that these focal positive cells were in fact inflammatory cells 
infiltrating into the mesothelioma or stromal cells. We clas‑
sified such cases as cases with no loss of BAP1 expression. 
This may be the reason for the observed heterogeneous BAP1 
staining pattern in mesothelioma. However, other reasons, 
such as differences in staining techniques and improper 
processing of the tumour, may also contribute to apparent 
differences between studies.

The specificity of a Survivin labelling index of over 5% 
and a loss of BAP1 expression was 100%. However, sensi‑
tivity of Survivin labelling index (67.7%) and loss of BAP1 
expression (66.2%) alone are not sufficient for differential 

diagnosis. Although diagnostic accuracies of Survivin (84.8%) 
and BAP1 (83.6%) as single markers were inferior to that of 
EMA (95.5%), (21) the diagnostic accuracy of the combination 
of Survivin and BAP1 (Survivin‑positive and/or BAP1‑loss) 
was 95.3%, which was almost similar to EMA. Recently, 
Shinozaki‑Ushiku et al proposed using a combination of 
BAP1 and enhancer of zeste homolog 2 (EZH2) expression to 
differentiate between MM from RMH; the sensitivity of this 
combination was 90%, while the specificity was absolute (36). 
The sensitivity (89.8%) and specificity (100%) of the combina‑
tion of Survivin and BAP1 IHC in this study was comparable 
to those of previous reports (36).

A positive correlation between nuclear Survivin 
and Ki‑67 labelling indices was previously reported by 
Meerang et al (25). We observed a similar correlation 
between Survivin and Ki‑67 labelling indices in our study 
(data not shown). Although this correlation was present in 
both EM and RMH, it was more conspicuous in EM. Ki‑67 
protein is present during all active phases of the cell cycle 
(G1, S, G2, and mitosis), but is absent in resting cells (G0). 
Therefore, Ki‑67 is well known as a so‑called ‘proliferation 
marker’, and the Ki‑67 labelling index is often correlated 
with the clinical course of cancer (37,38). On the other hand, 
nuclear Survivin plays important roles in the regulation of 
mitosis. Survivin expression is found to be dominant only 
in the G2/M phase, and Survivin is known to localize to 
components of the mitotic spindle during the metaphase and 
anaphase of mitosis (39,40). Therefore, both nuclear Survivin 
and Ki‑67 may be considered proliferation markers. We 
can thus explain both the high expression of Survivin and 
Ki‑67 in EM compared to RMH, and the positive correlation 
between the nuclear Survivin and Ki‑67 labelling indices.

Although various studies have reported the usefulness of 
Ki‑67 IHC in differentiating EM from RMH, (14‑17) it is not 
routinely utilized for the confirmation of mesothelioma due to 
its low sensitivity and specificity.

The sensitivity, specificity, and diagnostic accuracy of Ki‑67 
(85.1, 87.5, and 86.2%, respectively) in this study were almost the 
same or slightly higher compared with previous reports (14,15,17). 
These values were relatively high but not sufficient for differential 
diagnosis by single marker. However, the diagnostic accuracy 

Table II. Sensitivity, specificity, PPVs, NPVs and diagnostic accuracies of each marker and combinations of two markers for the 
differential diagnosis between epithelioid mesothelioma and reactive mesothelial hyperplasia.

Immunohistochemical findings Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

Survivin‑positive 67.7 100.0 100.0 77.8 84.8
BAP1‑loss 66.2 100.0 100.0 75.7 83.6
Ki‑67‑positive 85.1   87.5 89.1 83.1 86.2
Survivin‑positive and/or BAP1‑loss 89.8 100.0 100.0 92 95.3
Both Survivin‑positive and BAP1‑loss 39.0 100 100.0 65.7 71.9
Survivin‑positive and/or Ki‑67‑positive 91.1   86.3 87.9 89.8 88.8
Both Survivin‑positive and Ki‑67‑positive 66.1 100.0 100.0 72.9 82.2
BAP1‑loss and/or Ki‑67‑positive 96.9   92.1 94.3 95.9 94.8
Both BAP1‑loss and Ki‑67‑positive 53.8 100 100.0 64.3 74.8

PPV, positive predictive values; NPV, negative predictive values; BAP1, BRCA1‑associated protein 1.
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of the combination of Ki‑67 and BAP1 was 94.8%, which was 
almost the same as that of the combination of Survivin and BAP1.

We evaluated the utility of Survivin, BAP1, and Ki‑67 
IHC in distinguishing EM from RMH. Based on our results, 
‘Survivin‑positive and/or BAP1‑loss’ finding strongly suggest 
EM, therefore we recommend the use of a combination of 
Survivin and BAP1. In addition, further evaluation of the Ki‑67 
labelling index may be useful for accurate differential diagnosis.
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A B S T R A C T

Objective: In advanced epidermal growth factor receptor (EGFR)-mutant non-small-cell lung cancer (NSCLC),
treatment with afatinib, a second-generation EGFR-tyrosine kinase inhibitor (TKI), confers a significant survival
benefit over platinum-based chemotherapy. The first-generation EGFR-TKIs gefitinib and erlotinib in combi-
nation with bevacizumab have improved progression-free survival. We hypothesized that the combination of
afatinib with bevacizumab would further improve efficacy, and conducted a phase I trial to test this hypothesis.
Materials and methods: Untreated patients with advanced EGFR-mutant NSCLC were enrolled. The primary
endpoint was safety. Two doses of afatinib, 40 mg/day (level 0) and 30 mg/day (level −1), were evaluated in
combination with 15 mg/kg bevacizumab every 3 weeks. Optimal dosing was determined by dose-limiting
toxicity (DLT), with the concentration at which ≤4 of 12 patients experienced toxicity considered the re-
commended dose.
Results: Nineteen patients were enrolled (level 0:5, level−1:14). Three of the five patients at level 0 experienced
a DLT, which indicated that this dose was unfeasible. Three patients at level−1 developed a DLT of grade 3 non-
hematological toxicity, which was soon resolved. Grade 3 or worse adverse events were experienced by all five
patients at dose level 0 (diarrhea in 2, skin rash in 1, hypoxia in 1, and paronychia in 1), and by three patients at
level −1 (diarrhea in 2 and anorexia in 1). Among 16 evaluable patients, 1 had a complete response, 12 had
partial responses, and 0 had progressive disease.
Conclusion: Afatinib plus bevacizumab (level −1) was well tolerated and showed evidence of favorable disease
control. This combination therapy may represent a potent therapeutic option for patients with EGFR-mutant
NSCLC.
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1. Introduction

Lung cancer is a leading cause of death worldwide. The major pa-
thological subtype of lung cancer is non-small-cell lung cancer (NSCLC);
in some NSCLCs, activating mutations in the epidermal growth factor
receptor (EGFR) gene have been reported [1]. In this subgroup of pa-
tients, an EGFR-tyrosine kinase inhibitor (EGFR-TKI) was found to
prolong progression-free survival (PFS) compared with standard pla-
tinum-based chemotherapy [2–7]. While the median overall survival
(OS) of this patient subgroup reaches almost 2 years with EGFR-TKI
treatment, this is still insufficient. To prolong PFS and OS, more ef-
fective treatments are needed.

Afatinib, a second-generation EGFR-TKI, is an irreversible inhibitor
of the ErbB family that is expected to inhibit tumors with activating
EGFR mutations more strongly than are reversible EGFR-TKIs. Our
preclinical study revealed that afatinib prolonged survival compared
with gefitinib in an egfr-driven mouse lung cancer model [8]. In a
clinical study, afatinib significantly improved outcomes in treatment-
naïve patients with NSCLC harboring EGFR mutations compared with
gefitinib [9]. In a combined analysis of phase III studies comparing
afatinib with platinum-based chemotherapy, afatinib significantly pro-
longed both PFS and OS [10], while first-generation EGFR-TKIs (gefi-
tinib or erlotinib) prolonged PFS but not OS [2,3]. Thus, second-gen-
eration EGFR-TKIs are suggested to achieve better outcomes than those
of first-generation inhibitors.

Vascular endothelial growth factor (VEGF)-A, by binding to the
VEGF receptor (VEGFR)-2, promotes angiogenesis in the tumor micro-
environment and indirectly promotes tumor growth. We previously
described the synergistic effects of afatinib and bevacizumab, a re-
combinant monoclonal antibody targeting VEGF-A [8]. In our pre-
clinical study, the combination of bevacizumab with afatinib was more
effective than afatinib alone in a xenograft model of NSCLC cells har-
boring EGFR mutations. Clinically, we and another group have already
shown favorable PFS with acceptable toxicity profiles for combination
therapy consisting of bevacizumab and first-generation EGFR-TKIs in
untreated EGFR-mutant tumors [11–13]. The median PFSs of patients
treated with erlotinib/bevacizumab therapy and gefitinib/bevacizumab
therapy were 16.0 months and 14.4 months, respectively. However,
combination therapy of bevacizumab with the second-generation
EGFR-TKI afatinib had not been evaluated clinically.

Against this background, we hypothesized that the combination of
bevacizumab with afatinib would yield improved efficacy. As the first
step to test this hypothesis, we initiated a phase I trial of this combi-
nation therapy in chemo-naïve patients with advanced NSCLC har-
boring EGFR mutations.

2. Materials and methods

2.1. Study design

This open-label, phase I study was conducted in 16 institutions in
Japan (UMIN000015944). The study protocol was approved by the
institutional review boards of each participating center. Written in-
formed consent was obtained from each patient prior to the study. This
study was performed in accordance with the Declaration of Helsinki
and all relevant Japanese laws and regulations.

The aim of this study was to evaluate the feasibility and re-
commended dose of combination therapy in chemo-naïve patients with
advanced NSCLC harboring EGFR mutations. The primary outcome
measure was dose-limiting toxicity (DLT). Secondary outcome measures
were the objective response rate, PFS, OS, and specific toxicity.

2.2. Patients

Those patients who met the following criteria were eligible: histo-
logically or cytologically confirmed stage IIIB/IV or postoperative

recurrent non-squamous NSCLC with activating EGFR mutations (either
exon 19 deletion or Leu858Arg), age ≥20 years, Eastern Cooperative
Oncology Group performance status of 0 or 1, adequate organ function,
and life expectancy of 3 months or more. Those who received previous
EGFR-TKI therapy or radiation therapy for lung tumors were excluded.
Tumor samples were screened by PCR-based hypersensitive EGFR mu-
tation testing in local laboratories, according to standard testing prac-
tices.

Major exclusion criteria included confirmation of the Thr790Met
mutation, presence of symptomatic brain metastasis or leptomeningeal
carcinomatosis, history or presence of hemoptysis, bloody sputum or a
coagulation disorder, tumor invading or abutting major blood vessels,
tumor cavitation, or coexisting or previous interstitial lung disease.

2.3. Treatment regimen

Six patients were first scheduled to receive 40 mg afatinib daily plus
15 mg/kg intravenous bevacizumab repeated at 3-week intervals (level
0) until disease progression or unacceptable toxicity was observed. If no
more than two patients experienced DLT, an additional six patients
were treated at the same dose. If no more than two patients experienced
DLT in both sets (a rate or DLT<33.3%), we concluded this dose
schedule to be feasible and planned a subsequent phase II trial.
Otherwise, we repeated the same treatment of 30 mg/day afatinib and
15 mg/kg bevacizumab (level −1). If four or fewer patients experi-
enced DLT (a rate of DLT<33.3%), this level was recommended; if not,
further investigation of this combination therapy was not pursued.

2.4. Safety and efficacy assessment

Severity of toxicity was assessed according to the Common
Terminology Criteria for Adverse Events v 4.0. Although all treatment
courses were analyzed to determine the DLT and maximum tolerated
dose, the decision to lower the dose level was based on toxicity during
the first 28 days from initiation of the combination therapy. A DLT was
defined as any of the following adverse drug reactions: grade 4 hema-
tological toxicity, grade 4 hypertension, grade 3 or worse non-hema-
tological toxicity other than hypertension, grade 2 non-hematological
toxicity lasting ≥7 days despite supportive care, grade 2 or worse left
ventricular function or renal function, grade 1 or worse pneumonitis, or
inability to receive the second course of bevacizumab due to bev-
acizumab toxicity.

Antitumor activity was assessed radiologically (by computed to-
mography or magnetic resonance imaging) every 2 months. All re-
sponses were defined according to the criteria of RECIST 1.1. If a pa-
tient had a documented complete response (CR) or partial response
(PR), a confirmatory evaluation was performed after 4 weeks. Disease
control was defined as the best tumor response among CR, PR, and
stable disease (SD) that had been confirmed and sustained for at least 6
weeks. The response rate (RR) was defined as the number of patients
with the best tumor response (CR or PR) among all patients with
measurable lesions. OS was defined as the time from the date of re-
gistration to death from any cause. PFS was defined as the time from the
date of registration to the date of the detection of progressive disease or
of death from any cause. OS and PFS were assessed by the Kaplan-Meier
method.

3. Results

3.1. Patient characteristics

From December 2014 to July 2016, 19 patients were enrolled, of
whom 5 were treated at dose level 0 and 14 at dose level −1. The
clinical characteristics of all patients are listed in Table 1. Three pa-
tients were withdrawn for toxicity (Fig. 1).
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3.2. DLTs

Three of five patients at dose level 0 experienced DLTs: grade 3
diarrhea (n = 2) and hypoxia (n = 1); thus, we concluded that this
dose level was unfeasible. At level−1, 3 of 14 patients developed DLTs:
grade 3 diarrhea (n = 2) and anorexia (n = 1). Although we originally
planned to enroll only 12 patients in level −1, 14 patients were ulti-
mately included due to the timing of patient enrollment. The rate of
DLT was 60% at dose level 0 and 21.4% at dose level −1. The max-
imum tolerated/recommended dose was determined to be 30 mg afa-
tinib once daily with 15 mg/kg of bevacizumab repeated at 3-week
intervals. All DLTs resolved soon after discontinuation of afatinib. Four
patients who experienced DLT of grade 3 diarrhea reduced their dosage
of afatinib and resumed treatment after recovering. Those patients who
experienced hypoxia or anorexia stopped therapy, based on the in-
vestigator’s decision and the patients’ requests, respectively.

3.3. Adverse events

The frequent (> 25%) adverse events were acneiform rash, diar-
rhea, paronychia, hypertension, and proteinuria. The main grade 3
toxicities are listed in Table 2. All patients at dose level 0 and 4 of 14
patients (29%) at level −1 had grade 3 toxicities. There were no grade
4 or 5 toxicities. Three patients at level 0 and five patients at level −1
required dose reductions for toxicity. Three patients at level 0 and one
patient at level −1 discontinued the protocol therapy for toxicity, and
two patients at level −1 discontinued for anorexia (Fig. 1).

Table 1
Patient characteristics by dose level.

Characteristics All patients
(n = 19)

Level 0
(n = 5)

Level −1
(n = 14)

Age (years)
Median 67.0 65.0 67.5
Range 40–76 42–68 40–76

Sex
Male 10 3 7
Female 9 2 7

ECOG performance status
0 10 4 6
1 9 1 8

Histology
Adenocarcinoma 19 5 14

Disease status
IV 9 3 6
Postoperative recurrence 10 2 8

EGFR mutation
Exon 19 deletion 8 2 6
Exon 21 L858R 11 3 8

Brain metastasis
Positive 9 2 7
Negative 10 3 7

Dose level 0: afatinib (40 mg once daily) plus bevacizumab (15 mg/kg intravenously
repeated at 3-week intervals). Dose level −1: afatinib (30 mg once daily) plus bev-
acizumab (15 mg/kg intravenously repeated at 3-week intervals).
ECOG, Eastern Cooperative Oncology Group.

Fig. 1. Flow chart showing the study pro-
gression. Abbreviations: DLT, dose limiting
toxicity; AE, adverse event.

Table 2
Adverse events.

Adverse Event n (%)

Any Grade Grade 3b

Dose level 0 (n = 5)
Diarrhea 5 (100) 2 (40)a

Rash acneiform 4 (80) 1 (20)
Paronychia 4 (80) 1 (20)
Hypertension 3 (60) 0
AST/ALT increase 2 (40) 0
Hypoxia 1 (20) 1 (20)a

Fatigue 1 (20) 0
Bleeding 1 (20) 0
Mucositis oral 1 (20) 0
Proteinuria 1 (20) 0

Dose level −1 (n = 14)
Rash acneiform 13 (93) 1 (7)
Diarrhea 12 (86) 2 (14)a

Paronychia 7 (50) 0
Nausea/Vomiting 4 (29) 0
Hypertension 4 (29) 0
Proteinuria 4 (29) 0
Anorexia 3 (21) 1 (7)a

Mucositis Oral 3 (21) 1 (7)
Fatigue 3 (21) 0
Bleeding 1 (7) 0

Dose level 0: afatinib (40 mg once daily) plus bevacizumab (15 mg/kg intravenously
repeated at 3-week intervals). Dose level −1: afatinib (30 mg once daily) plus bev-
acizumab (15 mg/kg intravenously repeated at 3-week intervals).
AST/ALT, aspartate aminotransferase/alanine aminotransferase ratio.

a DLTs comprised grade 3 diarrhea (n = 4), hypoxia (n = 1), and anorexia (n = 1).
b There were no grade 4 or 5 adverse events.
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3.4. Treatment activity

Of 19 patients, 16 had baseline measurable lesions. Of these 16
patients, 1 had a confirmed CR and 12 a PR for an overall RR of 81.3%
(95% confidence interval: 62.1–100%) in our intent-to-treat analysis
(Table 3). There was no disease progression in any of the patients, and
the disease control rate (DCR, summation percentage of CR, PR, and
SD) was 100%. A waterfall plot for the 15 response-evaluable patients
with at least one follow-up scan is presented in Fig. 2A. The treatment
duration, treatment dose, and dose reduction or discontinuation of
afatinib due to toxicity for each patient are shown in Fig. 2B. No disease
progression has been reported at this time (median follow-up: 104
[range: 41–536] days).

4. Discussion

This is the first trial to assess the combination of a second-genera-
tion EGFR-TKI with an angiogenesis inhibitor. In the dose level 0 group,
the rate of DLT was 60%, and the two patients without DLT required
dose reductions for toxicity. Therefore, this dose level was not con-
sidered feasible. In the dose level−1 group, the rate of DLT was 21.4%,
which met the primary end point. Of the 14 patients at this level, 7 were
able to continue therapy at this dose, and we concluded that this does
should be investigated further.

The most frequent toxicity was rash acneiform (17/19 patients),
followed by diarrhea (16/19 patients). Specifically, diarrhea rapidly
increased around day 10–14, when it reached grade 3, and was con-
sidered a DLT, although the toxicity immediately resolved after cessa-
tion of afatinib. The other grade 3 toxicities also resolved immediately.
The bevacizumab toxicities noted were bleeding, hypertension, and
proteinuria, but all were grade 1 or 2.

The LUX-Lung 3 (LL3) study was a large, prospective, randomized
trial comparing afatinib with cisplatin-based chemotherapy for patients
with advanced EGFR mutant NSCLC [6]. Included in this trial was a
cohort of 54 Japanese patients treated with afatinib alone. Within this
group, adverse events included diarrhea (100%), rash acneiform
(100%), nail effects (92.6%), and stomatitis (92.6%) [14]. Time to first
onset of diarrhea was within 14 days after starting afatinib for most
patients. In terms of grade 3 toxicities, diarrhea occurred in 22.2%, rash
acneiform in 20.4%, nail effects in 25.9%, and stomatitis in 7.4%, re-
spectively. These safety profiles were generally consistent with that of
our dose level−1. Adverse events leading to dose reduction occurred in
75.9% in the LL3 study. Here, dose level 0 was deemed too toxic, with
all patients requiring either a dose reduction or discontinuation of
therapy.

In a phase II trial comparing bevacizumab and erlotinib combina-
tion therapy with erlotinib monotherapy (JO25567), more grade 3 or
worse adverse events were reported in the combination therapy group
(91% vs 53%) [11]. In a similar phase II trial examining the use of
bevacizumab and gefitinib combination therapy (OLCSG1001), grade 2

or worse rash was seen in 15% of patients [12], compared to only 2–5%
for gefitinib monotherapy [2,3,15]. Taken together, these studies show
that toxicities caused by EGFR-TKIs are exacerbated by the addition of
bevacizumab. In this trial, afatinib-associated toxicities were also ex-
pected to worsen with the addition of bevacizumab, necessitating a
lower recommended afatinib dose of 30 mg/day.

Like the LL3 trial, the LUX-Lung 6 (LL6) trial was also a large,
prospective, randomized trial that compared afatinib with cisplatin-
based chemotherapy for patients with advanced EGFR mutant NSCLC.
The LL3 study was conducted globally and included Japanese patients,
while the LL6 study was limited to patients in China, Thailand, and
South Korea [6,7]. In a post hoc analysis of LL3 and LL6, afatinib trough
plasma concentrations after treatment at the 40 mg dose were found to
be higher on day 22 in patients whose doses were subsequently reduced
to 30 mg due to toxicity, compared with those who remained on the
40 mg dose, with similar plasma concentrations observed in both
groups on day 43 [16]. Furthermore, total treatment time tended to be
longer in patients requiring a dose reduction compared to those
maintained at the same dose, with similar PFS times in each group. This
tolerability-guided dose adjustment of afatinib is thought to have
played an important role in determining patient outcomes, allowing
patients to maintain adequate plasma concentrations and continue ef-
fective therapy. In the LL3 study, Japanese patients were more likely to
require a dose reduction (to 30 mg or 20 mg) due to adverse events than
the overall study population (75.9% vs. 57.2%, respectively). Never-
theless, the median PFS was similar to that observed in the overall
population (13.8 months vs. 11.1 months, respectively) [14]. In the
present study evaluating afatinib combined with bevacizumab, the re-
commended afatinib dose (30 mg/day) should yield adequate plasma
concentrations in all patients.

In two different phase II trials assessing the use of erlotinib alone or
in combination with bevacizumab, the overall RR and DCR were 69%
and 100%, respectively for the JO25567 trial [11], compared with 78%
and 92%, respectively, for the BELIEF trial [13]. In the OLCSG1001
phase II trial of bevacizumab alone or combined with gefitinib, the
overall RR and DCR were 73.8% and 97.6%, respectively [12]. The
finding that almost no patients showed early refractory responses might
be a feature of these combination therapies of EGFR-TKIs and bev-
acizumab. The overall RR of 81.3% and DCR of 100% in the present
trial indicates that the combination therapy we evaluated might also
have this effect. The PFS and OS data are still immature.

The current study had several limitations. Although toxicities were
evaluated using the pre-defined criteria set forth in the protocol, the
follow-up time may have been too short, as no disease progression was
observed. Furthermore, the scope of this trial was limited, assessing
only a small number of patients from a handful of institutes in a single
country. Observation gathered over a longer period of time, as well as
in a larger cohort of patients, will be necessary, particularly for side
effects such as paronychia, hypertension, renal toxicity, thrombosis,
and bleeding, as these would be more common during prolonged
therapy. To that end, we have just initiated a larger randomized trial
comparing the combination of afatinib and bevacizumab with afatinib
alone (UMIN000027432). In this trial, 100 patients (50 patients per
group) will be enrolled, enabling better assessment of the safety and
efficacy of these treatments over longer treatment times, and across a
larger number of patients.

In summary, the combination therapy of bevacizumab with afatinib,
at doses of 30 mg/day afatinib and 15 mg/kg bevacizumab, was fea-
sible and potentially effective.
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Table 3
Response and disease control rates.

No. of Patients (n = 16) %

Response
Complete response 1 6.3
Partial response 12 75.0
Stable disease 3 18.8
Progressive disease 0 0

Response rate (95% CI) 13 81.3 (62.1–100)
Disease control rate 16 100

A total of 16 patients who had measurable lesions were evaluated (Level 0, n = 4, Level
−1, n = 12).
Disease control implies complete response, partial response, and stable disease. CI, con-
fidence interval.
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Abstract
Malignant pleural mesothelioma (MPM) is an aggressive tumor with an unfavorable prognosis. The standard
therapeutic approaches are limited to surgery, chemotherapy, and radiotherapy. Because the consequent clinical
outcome is often unsatisfactory, a different approach in MPM treatment is required. S100A11, a Ca2+-binding small
protein with two EF-hands, is frequently upregulated in various human cancers. Interestingly, it has been found that
intracellular and extracellular S100A11 have different functions in cell viability. In this study, we focused on the impact
of extracellular S100A11 in MPM and explored the therapeutic potential of an S100A11-targeting strategy. We
examined the secretion level of S100A11 in various kinds of cell lines by enzyme-linked immunosorbent assay. Among
them, six out of seven MPM cell lines actively secreted S100A11, whereas normal mesothelial cell lines did not secrete
it. To investigate the role of secreted S100A11 in MPM, we inhibited its function by neutralizing S100A11 with an anti-
S100A11 antibody. Interestingly, the antibody significantly inhibited the proliferation of S100A11-secreting MPM cells
in vitro and in vivo. Microarray analysis revealed that several pathways including genes involved in cell proliferation
were negatively enriched in the antibody-treated cell lines. In addition, we examined the secretion level of S100A11 in
various types of pleural effusions. We found that the secretion of S100A11 was significantly higher in MPM pleural
effusions, compared to others, suggesting the possibility for the use of S100A11 as a biomarker. In conclusion, our
results indicate that extracellular S100A11 plays important roles in MPM and may be a therapeutic target in S100A11-
secreting MPM.

Introduction
Malignant pleural mesothelioma (MPM) is a highly

invasive and aggressive tumor that develops in the
mesothelial lining of the pleura. The median survival of
patients with MPM from the time of diagnosis is usually
less than 1 year1,2. While surgical resection is the treat-
ment of first choice for early-stage disease, recurrence of
the disease often makes the prognosis poorer. In addition,
most MPM cases are of advanced-stage disease, for which

the benefits of a standard chemotherapeutic regimen with
cisplatin and pemetrexed are very limited. These con-
siderations demand the development of novel therapeutic
strategies for MPM.
Proteins of the S100 family are small molecules (ranging

from 9 to 14 kDa) with two EF-hands and in humans, the
family is composed of 20 different members
(S100A1–S100A16, S100β, S100G, S100P, and S100Z).
This group of proteins modulates a variety of cellular
processes, including cell proliferation, differentiation, and
intracellular signaling by functioning both as intracellular
Ca2+ sensors and as extracellular factors3–5.
S100A11, also called S100C or calgizzarin, was cloned

from chicken gizzard in 19916. We previously reported
that S100A11 has two ambivalent functions in the cells.
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Namely, in the cytoplasmic compartment, S100A11
inhibits the growth of normal human keratinocytes in
response to high Ca2+ or transforming growth factor β7,8.
Contrarily, the binding of extracellular S100A11 to the
receptor for advanced glycation end products (RAGE)
enhances the production of epidermal growth factor
family proteins, resulting in growth stimulation5,9. Based
on these findings, we have studied the biological activity
of S100A11 by focusing both on intracellular and extra-
cellular S100A11. As for the function of intracellular
S100A11, we have shown that the intracellular
S100A11–ANXA2 complex helps plasma membrane
repair, which was critical for survival and metastasis, in
metastatic breast cancer cell line10. Additionally, it is
reported that intracellular S100A11 promotes pseudopo-
dial actin dynamics, which plays a critical role in tumor
metastasis and the suppression of S100A11 results in
inhibition of cell migration and invasion, and the rever-
sion of Epithelial to mesenchymal transition (EMT) in
various metastatic cell lines11. Regarding extracellular
S100A11, we have recently reported that, in mesothelioma
cells, S100A11 dimerizes in the peroxisome after trans-
portation of monomeric S100A11 through the interaction
with PEX14, an essential component of peroxisomal
import machinery, and actively secreted12. However,
despite advances in the understanding of the biological
activity and mechanisms of this protein, little is known
about its therapeutic or diagnostic potential. In this study,
we investigated the relationship between extracellular
S100A11 and MPM, and explored the possibility of an
intervention in S100A11 function for MPM treatment and
diagnosis.

Results
Secretion levels of S100A11 in malignant cell lines and
overexpression of S100A11 in MPM
We first examined the secretion level of S100A11 in the

culture media of various cell lines by enzyme-linked
immunosorbent assay (ELISA). Seven MPM, 2 normal
mesothelial, 12 lung cancer, 3 gastric cancer, 3 colorectal
cancer, and 3 breast cancer cell lines were used for this
analysis, and the result is shown in Fig. 1a. We detected
increased levels of S100A11 in cancer cells with various
secretion levels. Of interest, there was the marked dif-
ference in S100A11 secretion between MPM cells and
normal cells. All examined MPM cell lines except for
MSTO-211H commonly secreted S100A11, whereas no
secretion was observed in normal mesothelial cell lines.
MPM cell lines were classified into three categories based
on the secretion level of S100A11: High (YUMC44, H290,
and H28), Low (HP-1, H2452, and H2052), and None
(MSTO-211H). To investigate the correlation between
S100A11 secretion and protein expression, protein
expression levels of S100A11 in MPM and normal

mesothelial cell lines were determined by western blot
analysis. S100A11 was significantly overexpressed in
MPM cell lines, compared to normal mesothelial cell lines
(Fig. 1b). To confirm the same phenomenon in clinical
MPM specimens, three histological subtypes of MPM
tissues, epithelioid, sarcomatoid, and biphasic type, were
obtained from the patients who underwent surgery at the
Okayama University Hospital and then studied for
S100A11 expression. We also prepared the paraffin blocks
filled with H2452 and MeT-5A cells to use as a positive
and negative control, respectively. Immunohistochemistry
demonstrated that S100A11 was mainly localized in the
cytoplasm or nucleus and was strongly positive in MPM
cells, but not in surrounding normal lung cells. Repre-
sentative images are shown in Fig. 1c. Taken together,
these results suggest that S100A11 is aberrantly over-
expressed in MPM at both cultured cells and clinical
samples and secreted from MPM cells.

Inhibition of the amount of extracellular S100A11 in MPM
cells
Next, we examined the involvement of extracellular

S100A11 in the growth regulation of MPM cells. As
shown in Fig. 2a, MTT assay revealed that administration
of the purified S100A11 recombinant protein to the cul-
tures promoted cellular proliferation of MPM cell lines
(H2452 and H2052) in a dose-dependent manner up to
the point of 100 ng/ml. The growth induction stimulated
by extracellular foreign S100A11 at the concentration of
1000 ng/ml was almost equal in H2452 cells or tended to
little bit decline in H2052 cells when compared to those at
the concentration of 100 ng/ml. While the highest con-
centration (10,000 ng/ml) commonly worked as growth
inhibition in the both cell lines. These results provided us
an optimal concentration of extracellular S100A11 (100
ng/ml) in growth stimulation of MPM cells. To inhibit the
function of secreted S100A11, we used an anti-S100A11
antibody (Proteintech Group), which has been previously
reported as a neutralizing antibody for S100A1113. Simi-
larly, we confirmed that the screened antibody decreased
the quantity of S100A11 in the cell culture media (Fig.
2b). The effect was continued for about 48 h and then
expired at later time point, probably due to the con-
sumption of the antibody life. We also confirmed that
moues control IgG had no effect on cell growth of MPM
cell lines (H2052 and H2452, data not shown). Based on
these results, the anti-S100A11 antibody was adminis-
tered on day 1 and day 3 in culture system. We found that
cellular growth of “Low” cells (H2452 and H2052) was
both highly suppressed by an anti-S100A11 antibody with
a final concentration of 100 ng/ml in culture media (Fig.
2c, top). On the other hand, in “High” cells (H290 and
H28), the same concentration of the anti-S100A11 anti-
body did not show any appreciable effect on their cell
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growth. Facing to the issue, we increased the antibody
dose up to 1 μg/ml. The higher dose gave suppression of
cell growth even in these cell lines (Fig. 2c, bottom). As for
“None” cells (MSTO-211H), the antibody did not affect

the cell growth, regardless of dose (Fig. 2c). To further
evaluate the effect of anti-S100A11 antibody on the
migration and invasion of MPM, we performed a Boyden
chamber assay. Microscopy images of the Boyden

Fig. 1 High secretion and overexpression of S100A11 in MPM. a Concentration of secreted S100A11 in the culture media of various cell lines, as
determined by ELISA. The secretion level of S100A11 in all MPM cell lines, except for 211H, is higher than that of NM. 211H MSTO-211H, NM normal
mesothelial cell, LC lung cancer, GC gastric cancer, CRC colorectal cancer, BC breast cancer. b Protein level of S100A11 was higher in MPM cell lines,
compared to NM. NM normal mesothelial cell. c Immunohistochemical analysis of S100A11 in surgically resected tissues from patients with MPM. The
representative images of three MPM subtypes are shown. The pictures on the left show hematoxylin–eosin (HE)-stained images corresponding to the
S100A11-stained images in the middle. Scale bars, 50 µm (positive and negative control) and 100 µm (clinical samples)
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Fig. 2 Suppression of MPM cell growth through neutralization of extracellular S100A11. a Effect of S100A11 recombinant protein on cell
growth. Cells were treated or not treated with the foreign S100A11 protein at the indicated concentrations for 48 h. MTT assay was used for the
following growth evaluation. b Effect of an anti-S100A11 antibody on the concentration of S100A11 in cell culture media. The antibody was added to
the culture media of MPM cells (H2452 and H2052) at time 0. The concentration of S100A11 was significantly lower in the anti-S100A11 antibody-
treated group, indicating that the specific antibody can neutralize secreted S100A11. c Effect of neutralization of extracellular S100A11 on cell growth
in MPM cells. An anti-S100A11 antibody significantly inhibited cell growth in H2052, H2452, H290, and H28 cells (100 ng/ml antibody for H2052 and
H2452 and 1 μg/ml for H290 and H28, respectively)
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chamber assay are shown in Supplementary Fig. S1A and
S1B. Migration and invasion were significantly suppressed
in MPM cells treated with the antibody. To confirm the
used antibody specificity, we tried to assess whether
replenishing foreign S100A11 protein in the culture could
cancel the antibody-mediated anticancer behaviors
in vitro. As shown in Supplementary Fig. S1A–C, we
found that this procedure effectively enfeebled cancer
preventive benefits of the antibody in all the three
experimental contexts, migration, invasion, and growth of
MPM cell lines (H2452 and H2052).
There is a close relationship between cellular growth

and cell cycle condition. This prompted us to examine
whether cell cycle can be affected by the extracellular
S100A11. Cyclins D and B were reliable good makers for
cell cycle G1/S-phase and G2/M-phase, respectively, so
that we investigated the expression levels of them after
stimulation of the cells with 100 ng/ml of S100A11. By the
western blot analysis approach, we found that Cyclin D
but not Cyclin B was significantly induced with time
dependency after the addition of S100A11 in MPM cul-
tures (H2452 and H2052) (Fig. S1D). In addition, we
found that anti-apoptotic Bcl-2 protein was significantly
elevated with a similar manner to those of Cyclin D in
both H2452 and H2052 cells (Fig. S1D). These results
suggest that the secreted S100A11 positively regulates not
only cell cycle, especially in a specific activation of the G1
phase and following G1/S transition through an induction
of Cyclin D, but also survival via induction of Bcl-2.

The alteration of downstream signaling affected by the
anti-S100A11 antibody and the S100A11 recombinant
protein
To gain insight into the intracellular signaling events

induced by the neutralization of extracellular S100A11,
we investigated the key molecules regarding to cancer
progression. MPM cells were cultured with the anti-
S100A11 antibody (1 μg/ml), S100A11 recombinant pro-
tein (100 ng/ml), or mouse control IgG (1 μg/ml). Lysates
were extracted every 6 h and subjected to western blot
analysis (Supplementary Fig. S2). As a result, we found
that the treatment with the anti-S100A11 antibody sig-
nificantly suppressed the constitutive phosphorylation of
endogenous STAT3 in H2452 and H2052 cells. Unex-
pectedly, in cases of AKT and MAPK, both phosphor-
ylation status were commonly upregulated temporary at
once at 6 h and then tended to be gradually suppressed
with a time-dependent manner (Supplementary Fig. S2A).
This may be possibly explained by compensation of the
STAT3 downregulation. Next as a converse experiment,
we stimulated the cells with extra recombinant S100A11
under the absence of the antibody in culture. The addition
of S100A11 recombinant protein in turn activated the
downstream proteins, STAT3, AKT, and MAPK

(Supplementary Fig. S2B). To further specify the central
pathway related to the extracellular S100A11-induced
proliferation of MPM cells, we tried to inhibit the intra-
cellular activations of STAT3, MEK, and PI3K and
assessed the following cellular proliferations. Unexpect-
edly, we found that either Stattic: STAT3 inhibitor, Tra-
metinib: MEK inhibitor, or Taselisib: PI3K inhibitor,
effectively suppressed the S100A11-stimulated cellular
proliferation with a similar inhibitory degree, suggesting
that these molecules play a crucial role in cellular growth
and they cooperatively function toward same way
regarding growth upregulation under the downstream of
RAGE upon S100A11 binding (Supplementary Fig. S2D).
Taken together, these results strongly suggest that the
secreted S100A11 plays a critical role on MPM progres-
sion through upregulation of cell growth, motility, and
invasion with an autocrine manner and the extracellular
S100A11 is becoming a prominent molecule for ther-
apeutic target of the MPM progression.

An anti-S100A11 antibody inhibits the tumorigenic
potential in a mouse xenograft model of MPM
We investigated the antitumor effect of the validated

anti-S100A11 neutralizing antibody on the MPM in a
xenograft mouse model, using H2452 and H290 cells. We
subcutaneously injected tumor cells and the anti-S100A11
antibody, and evaluated the effect of the antibody on the
tumorigenic potential. As shown in Fig. 3a, b, the tumor
growth in the antibody-administered group was sig-
nificantly suppressed, compared to those of the control
group.

Microarray analysis of H2052 and H2452 cells treated with
an S100A11 neutralizing antibody
To reveal the mechanisms involved in the anticancer

activity induced by neutralization of extracellular
S100A11, we carried out gene expression microarray
analysis. The details of the expression profile studies are
reported in Supplementary Table S1. Clustering analysis
based on the transcripts showed a clear distinction
between the cell lines treated or untreated with the anti-
body (Fig. 4). Next, a gene set enrichment analysis (GSEA)
was performed to clarify the groups of genes affected by
anti-S100A11 antibody administration. We found that
several pathways, including genes involved in cell pro-
liferation (HALLMARK_MITOTIC_SPINDLE), (HALL-
MARK_P53_PATHWAY 1),
(HALLMARK_PI3K_AKT_MTOR_SIGNALING), and
(HALLMARK_KRAS_SIGNALING_DN), and a subgroup
of genes related to protein secretion (HALLMARK_-
PROTEIN_SECRETION) were negatively enriched in the
antibody-treated cell lines (Table 1). These results are
consistent with our in vitro and in vivo data.
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Function of RAGE as a receptor for S100A11
To explore the function of RAGE as a receptor for

S100A11 in MPM, we first confirmed the positive
expression of RAGE in MPM cell lines by western blot
analysis (Fig. 5a). To prevent the intrinsic RAGE activa-
tion caused by ligand binding, we used sRAGE, which acts
as decoy to compete with S100A11, the ligand for the
cellular RAGE, and examined a series of effector mole-
cules regarding to RAGE downstream signaling. MPM
cells were treated or not treated with S100A11 recombi-
nant protein (100 ng/ml) under the presence or absence of
sRAGE (1 μg/ml). Twenty-four hours later, the treated-
cell lysates were prepared and then subjected to western
blot analysis. We found that blockage of RAGE signaling
suppressed the phosphorylation of STAT3 and MAPK
induced by S100A11 stimulation (Fig. 5b). Additionally,

Fig. 3 Negative effect of the treatment with an anti-S100A11
antibody on MPM tumor growth in vivo. a The mean volume of
the subcutaneous xenograft tumors was calculated for six tumors in
each group. The anti-S100A11 antibody significantly inhibits the
tumorigenic potential in mouse xenografts of H2452 and H290 cells. b
Appearance of the tumors at the time of sacrifice after treatment with
control IgG or anti-S100A11 antibody. Tumors in the upper side of the
photo were treated with mouse IgG control and tumors in the lower
side were treated with an anti-S100A11 antibody

Fig. 4 Global gene expression changes upon treatment with an
anti-S100A11 antibody Clustering and heatmap of MPM cell
lines are shown. Paired comparison analysis based on 50,739 probes
indicated 2222 differentially expressed transcripts between antibody-
treated MPM cell lines and parental MPM cell lines (H2052 and H2452).
Clustering using Pearson correlation and average linkage was based
on these transcripts. The color bar represents the expression values
after log2 transformation
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MTT assays revealed that sRAGE mitigated growth pro-
motion in both H2452 and H2052 cells, indicating that
S100A11–RAGE axis plays a pivotal role in MPM pro-
gression in response to the secreted extracellular S100A11
(Fig. 5c).

Secretion levels of S100A11 in pleural effusions
To explore the possibility of using S100A11 as a useful

marker for diagnosis of MPM, we examined the secretion
levels of S100A11 in several types of pleural effusions. We
obtained pleural effusions from 29 MPM patients
(biphasic type: n= 10, epithelioid type: n= 15, sarcoma-
toid type: n= 4), 11 benign asbestosis (BA) patients, and
12 patients who underwent thoracic surgery at the
Okayama University Hospital and the National Hospital
Organization Yamaguchi-Ube Medical Center (Ube,
Yamaguchi, Japan). Postoperative pleural effusions were
obtained from lung cancer (n= 10) or pulmonary cyst (n
= 2) patients after postoperative day 2. The concentration
of S100A11 was measured by ELISA. As shown in Fig. 6,
the level of S100A11 was remarkably elevated in pleural
effusion obtained from MPM patients when compared to
that obtained from BA patients as a benchmark (P=
0.014). Furthermore, we found that the secretion level of
S100A11 was significantly higher in pleural effusion from
BA patients than that from postoperative patients (P=
0.041).

Discussion
In this study, we found that extracellular S100A11, via

RAGE, has a critical role in tumor progression of MPM.
The blockage of extracellular S100A11 with a neutralizing
antibody inhibited the cell proliferation, migration, and
invasion of MPM cells. Additionally, in a mouse xenograft
model, tumorigenesis of MPM cells was markedly inhib-
ited by an anti-S100A11 antibody. These results suggest
that extracellular S100A11 is a potential therapeutic target
for MPM. Interestingly, we found that protein expression
levels of S100A11 are not correlated with secretion levels
in various cells lines, suggesting that intracellular
increasing in stock level of S100A11 protein is not
essential factor for its secretory mechanism. In fact,
MSTO-211H showed no secretion of S100A11 even
though plenty of S100A11 protein was stored in cells. To
clarify the reason of this discrepancy at the molecular
level, further comprehensive investigation with focusing
on secretory pathways of leaderless proteins is
indispensable.
One of the interesting features of S100A11 is to possess

different functions depending on its location and on dif-
ferent cell types, as we reported previously9. Accumulat-
ing evidence indicates that S100A11 expression is
upregulated in various cancers and promote cancer
development14–17. However, this is not common in all
cancer species, for example, low expression of S100A11 in
bladder cancers is associated with poor survival in the
patients18. Therefore, S100A11 might act sometimes as an
oncogene, and sometimes as a suppressor gene, and have
a key role in the progression of malignant tumors based
on the balance of its ambivalent effect, which may be
different depending on cancer types. When considering
the use of this protein for treatment, the targeting of
intracellular S100A11 would require the unitarily control
of its two different functions. Thus, it is more convenient
to focus on extracellular S100A11 for developing new
therapeutic strategies for MPM.
RAGE, which was first identified as a RAGE, is known to

bind different ligands, such as amyloid-beta peptide,
HMGB1 (amphoterin), and some members of the S100
family, including S100A1119–21. We found that RAGE-
positive MPM cells constitutively express and secrete
S100A11, the S100A11–RAGE axis is greatly involved in
sustained phosphorylation of downstream effector mole-
cules, STAT3, MAPK, and PI3K–AKT, and the blockage
of S100A11–RAGE connection using either sRAGE or
S100A11 neutralizing antibody effectively inhibits cell
growth of MPM cells. For the S100A11-mediated growth
upregulation, Cyclin D and Bcl-2 might be critically
relevant. How are these molecules induced under the
RAGE activation? One hint may come from the Fig. S2D.
The S100A11-induced Cyclin D but not Bcl-2 was sig-
nificantly downregulated by the STAT3, MEK and PI3K

Table 1 Enriched pathways in the parental and antibody-
treated cell lines

ES FDR

q-val

GSEA pathway (parental cell line, n = 2)

HALLMARK_PANCREAS_BETA_CELLS 0.83 0.274

HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 0.6 0.274

HALLMARK_COAGULATION 0.52 1.000

HALLMARK_PEROXISOME 0.51 0.995

HALLMARK_MYC_TARGETS_V2 0.44 0.926

HALLMARK_GLYCOLYSIS 0.42 0.722

GSEA pathway (anti-S100A11 antibody-treated cell line,

n = 2)

HALLMARK_PI3K_AKT_MTOR_SIGNALING −0.56 0.819

HALLMARK_PROTEIN_SECRETION −0.47 0.47

HALLMARK_KRAS_SIGNALING_DN −0.47 0.811

HALLMARK_MYOGENESIS −0.47 0.87

HALLMARK_MITOTIC_SPINDLE −0.33 0.887

HALLMARK_P53_PATHWAY −0.35 0.409

ES enriched score, FDR false discovery rate
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inhibitors, suggesting that the molecules regarding path-
ways coordinately regulate Cyclin D expression after the
RAGE activation upon S100A11 binding. Through this
study, we hence strongly recognized a significant role of
secreted S100A11 in mesothelioma progression.
In our experiments, growth inhibitory effect of sRAGE

was limited and insufficient in comparison with the that of
anti-S100A11 antibody, indicating that an additional
S100A11 receptor, such as CD36, might activate survival
or proliferative pathways in the cells9,22. Moreover, RAGE
has been shown to have many distinct biological func-
tions. For instance, van Zoelen and colleagues23 demon-
strated that RAGE signaling contributed to an effective
antibacterial defense during Escherichia coli infection
(inhibition of bacterial outgrowth and dissemination), and
RAGE deficiency resulted in enhanced organ injuries due
to liver necrosis. Thus, the adverse effects due to the

inhibition of RAGE signaling are still unclear and as a
therapeutic target for MPM, it seems more convenient to
inhibit extracellular S100A11 than RAGE at present.
Although “High” cells (H290 and H28) displayed resis-

tance to the S100A11 antibody at lower concentration
(100 ng/ml), the effect of S100A11 antibody was shown
when much higher concentration of it (1 μg/ml) was used.
Thus, the secretion of S100A11 in MPM cells was pre-
requisite for the antibody approach and measurement of
the secretion level of S100A11 was quite important index
to predict an effectiveness of the S100A11 antibody. We
hence examined the secretion level of S100A11 in pleural
effusion. The concentration of S100A11 in MPM pleural
effusions was significantly higher than that in pleural
effusions of BA and postoperative patients, though the
amount of secreted S100A11 is high in pleural effusions
from both patients with MPM and BA. Generally, BA is

Fig. 5 Secreted S100A11 exerts its important role in the proliferation of MPM cells via RAGE. a RAGE protein expression in MPM cells. b
Inhibition of RAGE signaling through sRAGE significantly suppressed the phosphorylation of STAT3 and MAPK induced by S100A11 recombinant
protein. c The effect of sRAGE on the growth of MPM cells examined by MTT assay. Cell proliferation was significantly inhibited by sRAGE
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not regarded as a precancerous lesion of mesothelioma.
Taking it into account, we consider that MPM cells
actively secrete S100A11 in pleural effusion. These results
suggest that S100A11 can be not only a therapeutic target
but also an early diagnosis marker. In addition, it is of
note mentioning that the concentration of S100A11 in the
pleural effusions of patients with BA was significantly
higher than that of postoperative patients. The association
between high expression of proteins of the S100 protein
family and inflammatory diseases has been reported24–27;
this along with our results suggest that S100A11 may be
involved in chronic inflammation.
In conclusion, we showed that extracellular S100A11

plays an important role in MPM progression and neu-
tralization of extracellular S100A11 directly linked to
marked suppression of MPM developments in vitro and
in vivo. Our results suggest that extracellular S100A11
can be a novel, selective and effective therapeutic target in
S100A11-secreting MPM, since normal cells displayed no
secretion phenotype of S100A11.

Materials and methods
Cell lines and reagents
We used seven human MPM cell lines [NCI-H28 (H28),

NCI-H290 (H290), NCI-H2052 (H2052), NCI-H2452
(H2452), HP-1, YUMC44, and MSTO-211H], two
human normal mesothelial cell lines (MeT-5A and LP-9),
10 human lung cancer cell lines [HCC827, PC-9,
HCC4011, NCI-H1975 (H1975), NCI-H1993 (H1993),

NCI-H1299 (H1299), NCI-H460 (H460), NCI-H2170
(H2170), NCI-H157 (H157), and NCI-H82 (H82)], two
human extrapulmonary small-cell cancer cell lines [NCI-
H1048 (H1048) and NCI-H1870 (H1870)], three gastric
cancer cell lines [KATO III, NCI-N87 (N87), and SH-10-
TC], three colorectal cancer cell lines (SW480, HT29, and
DLD-1), and three breast cancer cell lines (MCF-7,
BT474, and SK-BR-3). Two MPM cell lines (HP-1 and
H2452) were established by one of the authors (H.I.P.)28.
Three MPM cell lines (H28, H290, and H2052 obtained in
2002), two lung cancer cell lines (HCC4011 and H82
obtained in 2008), and two extrapulmonary small-cell
cancer cell lines (H1048 and H1870 obtained in 2008)
were kindly gifted by Dr. Adi F. Gazdar (Hamon Center
for Therapeutic Oncology Research and Department of
Pathology, University of Texas Southwestern Medical
Center at Dallas, Dallas, TX, USA)29. YUMC44 cell line
was established by one of the authors (H.Y.)30. MSTO-
211H, MeT-5A, N87 cell lines, seven lung cancer cell lines
(HCC827, H1975, H1993, H1299, H460, H2170, and
H157), three breast cancer cell lines (MCF-7, BT474, and
SK-BR-3), and three colorectal cancer cell lines (Sw480,
HT29, and DLD-1) were purchased from the American
Type Culture Collection (Manassas, VA, USA). Two
gastric cancer cell lines (KATO III and SH-10-TC) were
obtained from the Cell Resource Center for Biomedical
Research Institute of Development Aging and Cancer,
Tohoku University (Sendai, Miyagi, Japan). LP-9 cell line
was purchased from the Coriell Cell Repository (Camden,
NJ, USA). PC-9 cell line was purchased from Riken Cell
Bank (Tsukuba, Ibaragi, Japan). The cell lines within 30
passages were used in this study and the cumulative
culture length was less than 6 months. For cell lines with
long-term preservation in liquid nitrogen, DNA finger-
printing analysis by short tandem repeat profiling (the
PowerPlex 1.2 System, Promega) was performed for the
cell authentication. All the cell lines, except for LP-9 and
breast cancer cell lines, were maintained in RPMI-1640
medium (Sigma–Aldrich, St Louis, MO, USA, Product
No. R8758) supplemented with 10% fetal bovine serum
(FBS). The three breast cancer cell lines were cultured in
Dulbecco’s modified Eagle’s medium (Sigma–Aldrich,
Product No. D6429) with 10% FBS. LP-9 was cultured in
Ham’s F12 medium (Sigma–Aldrich, Product No.
N4888)/Medium 199 (Sigma–Aldrich, Product No.
M7653) (1:1 mixture) with 10% FBS, 2 mM L-glutamine
(Thermo Fisher Scientific, Waltham, MA, USA, catalog
#25030-081), 1.7 nM epidermal growth factor
(Sigma–Aldrich, Product No. E9644), and 1100 nM
hydrocortisone (Sigma–Aldrich, Product No. H0888). All
the cell lines were grown in a humidified incubator with
5% CO2 at 37°C and routinely tested for mycoplasma by
Venor GeM OneStep kit (Minerva Biolabs, Berlin, Ger-
many, Product No. 11-8050). Soluble receptor for

Fig. 6 Secretion levels of S100A11 in pleural effusions, as
determined by ELISA. Significant differences among the different
types of pleural effusion were observed (*: MPM vs BA, P = 0.014, **:
MPM vs postoperative pleural effusion, P < 0.001, ***: BA vs
postoperative pleural effusion, P = 0.041)
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advanced glycation end products (RAGE) Fc chimera
(sRAGE) (R&D Systems, Minneapolis, MN, USA, acces-
sion #Q15109), static (Abcam, Cambridge, MA, USA,
ab120952), trametinib (GSK-1120212) (LC Laboratories,
Woburn, MA, USA, catalog #T-8132), Taselisib (GDC-
0032) (Selleckchem, Houston, TX, USA, catalog #S7103),
and the mouse IgG-isotype control (Abcam, ab37355)
were obtained from the designated sources. S100A11
recombinant protein was prepared as described
previously5.

Determination of the concentration of S100A11 by ELISA
The concentration of S100A11 was measured using the

CircuLex S100A11 ELISA Kit (Circulex, Nagano, Japan,
Code No. CY-8063) according to the manufacturer’s
protocol. The standard curve for the ELISA was obtained
using various concentrations of recombinant human
S100A11. Samples were diluted 5- to 10-fold. The
absorbance was measured at the dual wavelengths of 450/
540 nm using the Flex Station 3 microplate reader (Sun-
nyvale, CA, USA) and the concentration of S100A11 (in
pg/ml) was calculated according to the standard curve.

Western blot analysis
The detailed protocol has been described previously31.

The primary antibodies used for western blot analyses
were as follows: EGFR (catalog #4267), phospho- (p-)
EGFR (Tyr1068) (#3777), Stat3 (#12640), p-Stat3 (Tyr705)
(#9145), Akt (#9272), p-Akt (Ser473) (#4060), p44/p42
MAPK (#9102), p-p44 ⁄ p42 MAPK (#9101), Cyclin B1
(#4138), Cyclin D1 (#2922), Bcl-2 (#2872) (Cell Signaling
Technology, Danvers, MA, USA), S100A11 (Medical &
Biological Laboratories, Nagoya, Japan, catalog #CY-
M1037), and β-actin (used as a loading control) (Merck
Millipore, Billerica, MA, USA, catalog # MAB1501). The
following secondary antibodies were used: goat anti-rabbit
(catalog #sc-2030) or anti-mouse (catalog #sc-2031)
immunoglobulin G (IgG)-conjugated horseradish perox-
idase (Santa Cruz Biotechnology, Dallas, TX, USA). To
detect specific signals, the membranes were examined
using the ECL Prime Western Blotting Detection System
(GE Healthcare, Amersham, UK, Code No. RPN2235) and
LAS-3000 imager (Fujifilm, Tokyo, Japan).

Immunohistochemical analysis of clinical samples
MPM tissues were obtained from patients who under-

went surgery at the Okayama University Hospital, in
Okayama City, Japan. The experimental protocol was
approved by the Institutional Review Board/Ethical
Committee of the Okayama University Graduate School
of Medicine, Dentistry and Pharmaceutical Sciences and
Okayama University Hospital (Permit Number: 1508-027)
and informed consent, including publication of patient

photos, was obtained from all the patients. Tissue samples
were fixed in 10% formaldehyde and embedded in paraf-
fin. The immunohistochemical (IHC) staining for
S100A11 was performed using an S100A11 primary
antibody (R&D Systems, accession #P31949). The detailed
protocol for the IHC staining has been described
previously32.

Cell proliferation assays
To examine the effect of the anti-S100A11 antibody

(Proteintech Group, Chicago, IL, USA, catalog #10237-1-
AP) on cell proliferation, the IncuCyte Zoom Live Cell
Imaging System (Essen Biosciences, Ann Arbor, Michi-
gan, USA) was used. In brief, 1.0× 104 cells were seeded
into each well of a 24-well plate. After 24 h of incubation,
the plates were placed in the Incucyte Zoom system.
Images were taken every 6 h for the indicated amount of
time. The percent of confluence over time was calculated
using the Incucyte Zoom software. For experiments
testing the effect of sRAGE on cell proliferation, the
thiazolyl blue tetrazolium bromide (MTT)
(Sigma–Aldrich, catalog #M2128) dye reduction method
was used, as described previously33.

Cell migration and invasion assays
Cell migration and invasion were analyzed using a

Boyden chamber assay. The cells were cultured with an
antibody (100 ng/ml) for 24–48 h (for migration assays) or
48–72 h (for invasion assays). The detailed protocol has
been described previously34.

Xenograft model
The protocol was approved by the Animal Care and Use

Committee of Okayama University (Permit Number:
OKU-2016205). Six-week-old NOD⁄SCID female mice
were purchased from Charles River Laboratories (Yoko-
hama, Kanagawa, Japan). To evaluate the effect of the
anti-S100A11 neutralizing antibody, mice were randomly
divided into two groups: an antibody-administered group
and a control group (n= 3 for each group). Each cell line
(5× 106 cells) suspended in 200 µL RPMI-1640 media and
Matrigel Basement Membrane Matrix (Corning, NY,
USA, catalog #354234) was subcutaneously injected into
the backs of the mice either with 1 µg/ml anti-S100A11
antibody (proteintech Group) or mouse IgG-isotype
control (two tumors per mouse). The injection was
repeated five times every 3 days. Four weeks after the first
injection, the mice were sacrificed and the tumors were
harvested, measured, and photographed. The tumor
volume was calculated using the empirical formula V= 1/
2× [(shortest diameter)2× (the longest diameter)]. No
randomization and no blinding was performed. Sample
size estimates were based on our previous experience.
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Microarray and GSEA
Before and after treatment of H2052 and H2452 cells

with the anti-S100A11 antibody (Proteintech Group),
total RNAs were extracted from cell lines using an RNeasy
Mini Kit (Qiagen, Venlo, the Netherlands, catalog
#74104). Purified total RNA samples were hybridized on
the Human Whole Genome DNA Microarray system
(SurePrint G3 Human 8x60K ver. 2.0, Agilent Technolo-
gies, Santa Clara, CA) to obtain the altered gene expres-
sion profile. The fold change in the expression of
individual genes was calculated and genes with fold
changes exceeding 2-fold or below 2-fold were considered
up- and downregulated, respectively (Supplementary
Table S1). The specific enrichment of gene sets was fur-
ther analyzed using the GSEA software (GSEA ver. 2.0)
downloaded from the GSEA Website (http://software.
broadinstitute.org/gsea/index.jsp).

Statistical analyses
All in vitro experiments were performed at least three

times. Data are expressed as the mean±standard devia-
tion. All data were analyzed using the JMP® 9.0.0 software
for Windows (SAS Institute, Inc., Cary, NC, USA). The
Student’s t-tests was used to compare means of con-
tinuous scores between two independent groups. Other-
wise, the Mann–Whitney U-test was used. An F-test to
compare variances was performed, if necessary. All sta-
tistical tests were two-sided, and probability values less
than 0.05 indicated statistically significant differences.
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ABSTRACT

Trastuzumab emtansine (T-DM1), an anti–erb-b2 receptor
tyrosine kinase 2 (HER2) antibody-drug conjugate, has been
shown to significantly improve survival in HER2-positive
breast cancer. We report a phase II trial of T-DM1 mono-
therapy in relapsed NSCLC with documented HER2 positivity
(an immunohistochemistry [IHC] score of 3þ, both an IHC
scoreof 2þ andfluorescence in situhybridizationpositivity, or
exon20mutation). This studywas terminated early becauseof
limited efficacy. The demographic characteristics in the 15
assessable patients were as follows: median age, 67 years;
male sex, 47%; performance status of 0 to 1, 80%;HER2 status
IHC 3þ, 33%; HER status IHC 2þ/fluorescence in situ hy-
bridization–positive, 20%; and exon 20 mutation, 47%. The
median number of delivered cycles was 3 (range 1–11). One
patient achieved a partial responsewith an objective response
rate of 6.7% (90% confidence interval: 0.2–32.0). With a me-
dian follow-up time of 9.2 months, the median progression-
free survival time and median survival time were 2.0 and
10.9 months, respectively. Grade 3 or 4 adverse events
included thrombocytopenia (40%) and hepatotoxicity (20%)
without any treatment-related deaths. T-DM1 had a limited
efficacy for HER2-positive NSCLC in our cohort. Applying the
concept of precision medicine to tumors appears challenging;
thus, additional molecular approaches are warranted.

� 2017 International Association for the Study of Lung
Cancer. Published by Elsevier Inc. All rights reserved.

Keywords: Non–small cell lung cancer; HER2; trastuzumab
emtansine; precision medicine

Introduction
Recent driver oncogene–based precision therapy

has dramatically changed the treatment strategy for
NSCLC, representatively targeting EGFR and ALK re-
ceptor tyrosine kinase gene (ALK) aberrations. How-
ever, outcomes in other lung cancers remain poor even
with standard chemotherapy.1,2 Consequently, further
development of novel oncogenes and corresponding
targeted therapeutic agents is warranted.
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In addition, erb-b2 receptor tyrosine kinase 2 (HER2)
aberrations have been detected, accounting for 4.7% to
10% of NSCLC in terms of grade 3þ HER2 immunohis-
tochemistry (IHC) expression.3 Additionally, the large
epidemiological studies have identified tumors with
positive HER2 fluorescence in situ hybridization (FISH)
in 1.7% and HER2-mutant tumors in 3.6%.4

Trastuzumab emtansine (T-DM1) is a novel antibody-
drug conjugate that uses trastuzumab, an anti-HER2
antibody, to deliver the maytansinoid antimicrotubule
agent DM1, which binds to microtubules in a manner
similar to that of vinca alkaloids.5 T-DM1 has been shown
to confer a survival benefit over the standard regimen
applied in HER2-positive, relapsed breast cancer.6

As for NSCLC, the Calu 3 lung carcinoma cell line
(HER2-IHC 3þ) showed preclinically dose-dependent
inhibition of cell growth after T-DM1 treatment.5 More-
over, lung tumors with erb-b2 receptor tyrosine kinase 2
gene (HER2) insertion mutations in exon 20, a confirmed
driver oncogene, showed dramatic shrinkage with HER2-
targeted therapy.7 These studies suggested that T-DM1
might be effective against both HER2-positive lung and
breast cancers.

However, few prospective studies of HER2-targeted
therapy for lung cancer have been conducted, prompt-
ing us to launch this phase II trial.

Methods
Study Population and Intervention

Patientswhomet the eligibility criteria, including HER2
positivity,8 were enrolled for registration at three in-
stitutes in Japan: Yamaguchi-Ube Medical Centre, Shikoku
Cancer Centre, and Okayama University Hospital. T-DM1
was kindly provided by Chugai Pharmaceuticals. Patients
had to have had one or more lines of prior chemotherapy.
Written informed consent was obtained from all patients
before applying the study procedures. This study was
approved by the institutional review boards.

Patients received T-DM1 intravenously, at a dose of 3.6
mg/kg over 90minutes on day 1 of each 21-day cycle until
the disease progressed or unmanageable toxic effects
developed, as similar to the protocol for breast cancer.6

HER2 Tests
HER2 status was assessed in the laboratory (SRL,

Tokyo, Japan) by using tumor formalin-fixed, paraffin-
embedded archived tissues; no cytologic specimens were
allowed, but biopsy or surgical specimens were. The
level of HER2 protein expression was determined by IHC
by using the Ventana I-VIEW PATHWAY anti–HER-2/neu
(4B5) (Roche, Basel, Switzerland).9 IHC scores of 3þ and
2þ were considered strongly and weakly positive,
respectively.9 FISH assays were also performed using the

PathVysion HER-2 DNA probe kit (Vysis/Abbott Labo-
ratories, Downers Grove, IL) to ascertain negativity or
positivity according to a cutoff value of 2.0 (of the me-
dian ratio of HER2 to chromosome 17 copy numbers).
We conducted a separate validation study to review the
IHC and FISH specimens to define their positivity
(unpublished data, Hotta K, 2017). Mutation analysis
was performed by direct sequencing at a central labo-
ratory (Genetic Labo, Japan) to detect known mutations
(M774_A775insAYVM, A775_G776insYVMA, G776L insC,
G776V insC, and P780_Y781insGSP).4

Finally, in this trial, HER2 was defined as positive in
the presence of an IHC score of 3þ, an IHC score of 2þ
and FISH positivity, or an exon 20 insertion mutation.

Statistical Analysis
The primary end point was the objective response

rate (ORR), which was centrally confirmed by three in-
dependent board members with the Response Evalua-
tion Criteria in Solid Tumors (version 1.1) every 6
weeks. Secondary outcome end points included safety,
overall survival, and progression-free survival (PFS). We
considered the lower limit of interest to be 10%.10

Assuming that a 20% or more increase in historical
data in ORR would be clinically meaningful, we needed
30 patients with a one-sided a of 0.05 and 1-b of 0.8,
considering a 10% dropout rate, according to the Simon
minimax design. We also planned to conduct an interim
analysis after the first 15 patients had been registered;
early study termination would be considered if the ORR
was obtained in no more than one patient. The confi-
dence interval (CI) of the ORR was calculated with a
confidence coefficient of two-tailed 90% and 95%.

Regarding the efficacy analysis, waterfall and swim-
mer plots were also produced. The PFS and overall sur-
vival timeswere calculated from the date of registration to
the first documented date of disease progression and date
of death, respectively, by the Kaplan-Meier method. Sta-
tistical analyses were conducted with STATA software
(version 14.0, StataCorp LP, College Station, TX).

Results
Patients

This studywas terminated early because of the limited
efficacy, which did not satisfy the criteria in the interim
analysis; this led to only 16 of the 30 patients planned
being registered between September 2015 andNovember
2016. Among them, 15 were considered assessable for
further analysis: one patient was excluded because of a
protocol deviation in the registration process. The pa-
tients’ characteristics are listed in Table 1. Regarding
HER2 status, 33% of caseswere scored IHC 3þ, 20%were
scored IHC 2þ/FISH positive, and 47% showed the
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mutations. All 15 patients were followed up sufficiently to
allow assessment of the primary end point.

Treatment Delivery
The treatment delivery is summarized in Table 2. The

median delivered number of cycles to each patient was 3
(Table 2). Four patients (27%) required dose reduction
during the second cycle or later because of adverse
events (AEs) (see Table 2). Treatment was ultimately
discontinued in all patients, mainly on account of disease
progression (see Table 2).

ORR and Survival
A partial response was centrally confirmed in a fe-

male patient with a HER2-mutant tumor (Table 3). Thus,
the ORR (the primary end point) was 6.7% (90% CI:
0.2%–32.0%, 95% CI: 0.3%–27.9%), whereas seven pa-
tients (46.7%) each had stable disease and progressive
disease (Fig. 1A). When patients were stratified by type
of HER2 aberration, no tumor shrinkage was seen in the
subgroup with an IHC score of 3þ or IHC 2þ/FISH-
positive tumors (n ¼ 8) (Fig. 1B and Table 3). With a
median follow-up time of 9.2 months, the median PFS
time was 2.0 months (90% CI: 1.2–4.0, 95% CI: 1.4–4.0),

whereas the median survival time was 10.9 months
(90% CI: 2.3–, 95% CI: 4.4–12.0) (Fig. 2A and B).

Safety
All grade 3 to 4AEs are listed in Table 4. Almost all of the

AEs were known ones, primarily thrombocytopenia (n¼ 6
[40%]) and hepatotoxicity (n ¼ 3 [20%]). Among the 15
patients, there was no case of treatment-related death.

Grade 3 acute renal failure with a serum creatinine
level of 3.08 mg/dL developed in one patient. The AE was

Table 1. Patient Characteristics (N ¼ 15)

Characteristic Value

Median age (range), y 67 (45–77)
Sex
Male/female 7 (47%)/8 (53%)

Smoking status
Never/ever 10 (67%)/5 (33%)

ECOG PS
0 2 (13%)
1 10 (67%)
2 3 (20%)

Adenocarcinoma histologic type 15 (100%)
Stage IV/recurrencea 9 (60%)/6 (40%)
HER2 positivity
IHC 3þ 5 (33%)
IHC 2þ/FISH-positive 3 (20%)
Exon 20 mutations 7 (47%)

A775_G776insYVMA 5 (33%)
P780_Y781insGSP 1 (7%)
G776VinsC 1 (7%)

Other driver oncogenes
EGFR 2 (13%)b

EML4-ALK 0
Median No. of prior chemotherapy
regimens (range)

4 (1–7)

aPostoperative recurrence.
bExon 19 deletion and exon 21 point mutation in one patient each.
ECOG, Eastern Cooperative Oncology Group; PS, performance status; HER2,
erb-b2 receptor tyrosine kinase 2; IHC, immunohistochemistry; FISH, fluo-
rescence in situ hybridization; EML4, echinoderm microtubule-associated
protein-like 4 gene; ALK, anaplastic lymphoma kinase.

Table 2. Treatment Delivery (N ¼ 15)

Characteristic Value

Total no. of treatment cycles,
median (range)

3 (1–11)

Cycles received
�4 cycles 6 patients (40%)
3 cycles 2 patients (13%)
2 cycles 5 patients (33%)
1 cycle 2 patients (13%)

No. of patients with dose reduction 4 (27%)
Reasons for dose reduction

Thrombocytopenia 2 patients
AST elevation 1 patient
Infusion reaction 1 patient

No. of patients who
discontinued treatment

15 (100%)

Reasons for discontinuation
of treatment

Disease progression 12
Adverse eventsa 2
Attending doctor’s discretion 1
aInterstitial pneumonia (grade 2) and prolonged thrombocytopenia (grade 3)
in one patient each.
AST, aspartate transaminase.

Table 3. Objective Response

CR PR
Stable
Disease PD

Overall cohort (N ¼ 15) 0 1 (6.7%) 7 (46.7%) 7 (46.7%)

Subgroups by
HER2 aberration pattern

IHC/FISH-positive
(n ¼ 8)

0 0 3 (37.5%) 5 (62.5%)

Mutant-positive
(n ¼ 7)

0 1 (14.3%) 4 (57.1%) 2 (28.6%)

A775_G776insYVMA
(n ¼ 5)

0 1 3 1

G776VinsC (n ¼ 1) 0 0 0 1

P780_Y781insGSP
(n ¼ 1)

0 0 1 0

Note: The objective response rate (i.e., the primary end point) was centrally
confirmed by three independent extramural review board members and
evaluated according to the Response Evaluation Criteria in Solid Tumors
(version 1.1) every 6 weeks.
CR, complete response; PR, partial response; PD, progressive disease; HER2,
erb-b2 receptor tyrosine kinase 2 IHC, immunohistochemistry; FISH, fluo-
rescence in situ hybridization.
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recovered to grade 0 within 1 week during provision of
appropriate supportive care. Interstitial pneumonia was
observed in one patient (grade 2) during the fifth cycle, as
detected by computed tomography. No further examina-
tion with bronchoscopy was performed in this case and
the AE was resolved shortly thereafter without any ste-
roid or oxygen therapy but just discontinuation of T-DM1.

Discussion
In this study, 1 of 15 patients (6.7%) responded to

T-DM1, which did not meet the primary end point (see

Table 3). The median PFS and median survival times
were 2.0 and 10.9 months, respectively. The AE profiles
were almost the same as those obtained in trials for
approval for use in breast cancer.6

The investigational agent did not show high efficacy
in this study (see Table 3 and Fig. 1), which is similar to
the results of the very recent trials investigating HER2-
targeted therapy in lung cancer (Supplementary
Table 1). In particular, IHC 3þ or IHC 2þ/FISH-posi-
tive tumors were rarely responsive to the investigational
agent in this study (see Fig. 1 and Table 3). Although the
precise reason remains unknown, it could be
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Figure 1. Objective response rate (N ¼ 15). Waterfall plot (A) and swimmer plot (B). In the case of one responder, the
attending physician judged progressive disease (PD) at an earlier time in the treatment course than did the independent
radiologic review committee. PR, partial response.
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attributable to tumor heterogeneity, which was detected
in 30% of the NSCLC cases.11 It may be that only strongly
HER2-immunostained cells were killed in the tumors
after exposure to T-DM1, whereas the weakly stained
cells might have escaped cell death and continued to
grow. Unfortunately, we did not obtain or analyze tumor
specimens at the time of disease progression. Further

molecular analyses are warranted to elucidate the
mechanisms underlying these tumors.

Another reason for the low sensitivity could be
molecularly inappropriate patient selection. We might
have overestimated HER2 IHC positivity because in the
present study, we used the scoring system for IHC status
that is applied to gastric cancer, which is less strict than

Figure 2. Survival (N ¼ 15). Progression-free survival (A) and overall survival (B).
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that used for breast cancer.9 Furthermore, the sensitivity
of HER2-targeted agents was dependent on the IHC
staining intensity.12

Regarding HER2-mutant tumors, we designed this
study to limit the types of mutations to those confirmed
as driver oncogenes in previous reports4 but did not
exclude tumors with co-mutation in the phosphatidyli-
nositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
gene (PIK3CA); such mutation was reported as a poten-
tial intrinsic resistance mechanism, possibly leading to
the low sensitivity.

The current study had several limitations. First, it
used a single-arm design, and various potential biases
could not be eliminated. Additionally, the study
comprised a small number of patients recruited from
only a few institutes in one country, thus lowering the
likelihood of confirmative results. The relationship be-
tween type of HER2 mutations and efficacy also remains
unknown. Our study results should be interpreted
together with those of relevant previous studies (see
Supplementary Table 1).

In conclusion, T-DM1 showed limited efficacy against
HER2-positive NSCLCs in our cohort. It seems that the
concept of precision medicine is difficult to apply to tu-
mors. Additional molecular approaches are warranted
for precision medicine in the treatment of HER2-positive
tumors.
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Decreased appetite 1 (7%) 0 (0%) 1 (7%)
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test; g-GTP, g-glutamyltransferase.
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Anamorelin (ONO-7643) for the Treatment of Patients With
Non–Small Cell Lung Cancer and Cachexia: Results From

a Randomized, Double-Blind, Placebo-Controlled, Multicenter
Study of Japanese Patients (ONO-7643-04)

Nobuyuki Katakami, MD1; Junji Uchino, MD2,3; Takuma Yokoyama, MD4; Tateaki Naito, MD5; Masashi Kondo, MD6,7;

Kouzo Yamada, MD8; Hiromoto Kitajima, MD9; Kozo Yoshimori, MD10; Kazuhiro Sato, MD11; Hiroshi Saito, MD12;

Keisuke Aoe, MD13; Tetsuya Tsuji, MD14; Yuichi Takiguchi, MD15; Koichi Takayama, MD2; Naoyuki Komura, MS16;

Toru Takiguchi, MS 16; and Kenji Eguchi, MD17

BACKGROUND: Cachexia, described as weight loss (mainly in lean body mass [LBM]) and anorexia, is common in patients with

advanced cancer. This study examined the efficacy and safety of anamorelin (ONO-7643), a novel selective ghrelin receptor agonist,

in Japanese cancer patients with cachexia. METHODS: This double-blind clinical trial (ONO-7643-04) enrolled 174 patients with unre-

sectable stage III/IV non–small cell lung cancer (NSCLC) and cachexia in Japan. Patients were randomized to daily oral anamorelin

(100 mg) or a placebo for 12 weeks. The primary endpoint was the change from the baseline LBM (measured with dual-energy x-ray

absorptiometry) over 12 weeks. The secondary endpoints were changes in appetite, body weight, quality of life, handgrip strength

(HGS), and 6-minute walk test (6MWT) results. RESULTS: The least squares mean change (plus or minus the standard error) in LBM

from the baseline over 12 weeks was 1.38 6 0.18 and 20.17 6 0.17 kg in the anamorelin and placebo groups, respectively (P<.0001).

Changes from the baseline in LBM, body weight, and anorexia symptoms showed significant differences between the 2 treatment

groups at all time points. Anamorelin increased prealbumin at weeks 3 and 9. No changes in HGS or 6MWT were detected between

the groups. Twelve weeks’ treatment with anamorelin was safe and well tolerated in NSCLC patients. CONCLUSIONS: Anamorelin sig-

nificantly increased LBM and improved anorexia symptoms and the nutritional state, but not motor function, in Japanese patients

with advanced NSCLC. Because no effective treatment for cancer cachexia is currently available, anamorelin can be a beneficial treat-

ment option. Cancer 2017;000:000–000. VC 2017 American Cancer Society.

KEYWORDS: anamorelin (ONO-7643), cachexia, lean body mass, non–small cell lung cancer, randomized controlled trial.

INTRODUCTION
Cachexia is commonly related to many clinically important conditions, such as anorexia, inflammation, and degradation
of skeletal muscle protein, in which muscle wasting plays a key role. Cachexia is frequently observed in patients with cancer

(50%-80%) and leads to approximately 20% of deaths among cancer patients.1-5 Moreover, cancer cachexia not only is
associated with higher rates of toxicity from chemotherapeutic drugs6 but also leads to a poor prognosis as well as reduced
quality of life (QOL).7

Cancer cachexia cannot be completely reversed with conventional nutritional support,8 and there are limited phar-
macological therapies useful for the management of cachexia.
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Ghrelin, a peptide hormone produced by ghrelin-
producing endocrine cells in the gut, acts as a regulator of
hunger, which is also involved in the regulation of food
intake.9-11 Furthermore, ghrelin induces the secretion of
growth hormone and thereby acts as a growth hormone
secretagogue.12,13

Anamorelin (ONO-7643) is an orally active, high-
affinity, selective agonist of the ghrelin receptor.14,15 Pre-
vious phase 1 and 2 trials have demonstrated the safety
and efficacy of anamorelin treatment for increasing body
weight, lean body mass (LBM), and food intake.16-18

Two multinational phase 3 clinical studies in patients
with advanced non–small cell lung cancer (NSCLC) and
cachexia reported that anamorelin administration for 12
weeks increased LBM and body weight and substantially
improved the symptoms of anorexia/cachexia.19

A randomized, double-blind, phase 2 trial investi-
gated 50 and 100 mg of anamorelin versus a placebo in
Japanese patients with NSCLC and cachexia; treatment
with 100 mg of anamorelin in that study demonstrated
improvements in LBM, body weight, appetite, and QOL
with no tolerability issues.20 Therefore, in the current
study, 100 mg of anamorelin was selected to confirm its
action in increasing LBM in Japanese patients with
NSCLC and cachexia.

MATERIALS AND METHODS

Study Design

We conducted a multicenter (43 sites in Japan), ran-
domized, double-blind, placebo-controlled trial that
comprised an observation/run-in period of 2 weeks, a
treatment period of 12 weeks, and a follow-up period of 4
weeks. Visits during the treatment period were planned at
weeks 0, (baseline/randomization), 1, 3, 6, 9, and 12. All
procedures followed during this study were in accordance
with the spirit of the Declaration of Helsinki, the study
protocol, the standards specified under the Pharmaceuti-
cal Affairs Act of Japan (article 80, paragraph 2 and article
14, paragraph 3), and Good Clinical Practice (effective as
of April 1, 1997; Japanese Ministry of Health and Welfare
Ordinance No. 28). Ethics committee approval for the
study was obtained from each center.

Patients

This study included patients with stage III or IV NSCLC
who were not to undergo an operation, were 20 years old
or older, had involuntary weight loss� 5% within the last
6 months, had anorexia, had 2 or more applicable symp-
toms (fatigue, malaise, reduced overall muscular strength,
and arm muscle circumference [in centimeters]< 10th

percentile), and had more than 1 of the following condi-
tions: albumin level< 3.2 g/dL, C-reactive protein level
> 5.0 mg/L, hemoglobin level< 12 g/dL, Eastern Coop-
erative Oncology Group (ECOG) performance status
(PS) of 0 to 2, and estimated life expectancy� 4 months.
Anorexia, malaise, fatigue, and reduced muscular strength
needed to be grade 1 or higher according to the National
Cancer Institute’s Common Terminology Criteria for
Adverse Events (version 4.0). The following formula was
used to ascertain the arm muscle circumference:

Arm muscle circumference (cm) 5 Arm circumfer-
ence (cm) 2 3.14 3 Triceps skinfold thickness (mm)/10.

Patients were excluded if they had known symptom-
atic brain metastases or uncontrolled diabetes. Written
informed consent was obtained from each patient. All eli-
gible patients were randomized by a centralized allocation
center and were further stratified by the enrollment site
and reductions in weight during the last 6 months (5%-
10% and >10%). The randomization methodology used
a randomization table and sealed envelopes to randomize
the patients.

Interventions and Concomitant Therapies

After enrollment, patients were randomly assigned to
either 100 mg of anamorelin or a placebo once daily
throughout the therapy period. In this study, patients
were enrolled regardless of their treatment history with
chemotherapy for NSCLC, but they were prohibited
from newly taking epidermal growth factor receptor tyro-
sine kinase inhibitors during the treatment period because
of their possible effect on the QOL assessment.

During the study period, radiotherapy (other than
palliative radiation therapy for bone metastases or radiation
therapy for metastases in the brain), general corticosteroids,
growth hormone formulations, medroxyprogesterone,
megestrol acetate, Chinese herbal drugs, antiarrhythmic
drugs, antitumor anthracyclines, inhibitors and inducers of
cytochrome P450 3A4, and other experimental treatments
were not permitted.

Efficacy Assessments

The primary endpoint of the trial was the mean change in
LBM (estimated by dual-energy x-ray absorptiometry
[DEXA]) from the baseline over the 12-week treatment
period. The secondary endpoints of the study were
changes in the body weight, body composition (ascer-
tained by DEXA), appetite, Cancer Fatigue Scale (CFS)
score, ECOG PS, Karnofsky Performance Scale (KPS)
score, handgrip strength (HGS), Quality-of-Life Ques-
tionnaire for Cancer Patients Treated With Anticancer
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Drugs (QOL-ACD) score, 6-minute walk test (6MWT)
results, and serum biomarkers. The LBM and other body
composition–related variables, ECOG PS, KPS, HGS,
6MWT, and serum biomarkers were determined at the
baseline and in weeks 3, 6, 9, and 12. The body weight,
QOL-ACD score, and CFS score were determined at
the baseline and in weeks 1, 3, 6, 9, and 12. In addition,
the efficacy parameters were recorded after treatment
discontinuation.

Body composition was determined via DEXA with
either the GE Lunar system (GE, Wauwatosa, Wisconsin)
or the Hologic system (Hologic, Bedford, Massachusetts).
DEXA was used to assess the LBM, fat mass, bone mineral
content, and overall body mass by means of standardized
methods. A grip dynamometer (Tracker Freedom Wire-
less Grip; JTECH Medical, Midvale, Utah) was used for
the measurement of HGS.

The QOL-ACD (see online supporting informa-
tion) is a self-rated measure assessing the condition of a
patient during the last few days according to a 1 to 5 scale,
and it is composed of 4 domains (functional, physical,
mental, and psychosocial) and a global face scale devel-
oped as a generic questionnaire for assessing QOL in Japa-
nese cancer patients receiving chemotherapy.21 The CFS
is a self-rated scale evaluating current fatigue in cancer
patients, and it has 3 dimensions (physical fatigue, affec-
tive fatigue, and cognitive fatigue). The scale is composed
of 15 items scored on a 1 to 5 scale for a maximum score
of 60, with higher scores indicating more severe fatigue.
ECOG PS and KPS were used to quantify the PS of the
patients. After a� 12-hour fast, blood samples were col-
lected for the estimation of insulin-like growth factor 1
(IGF-1), insulin-like growth factor-binding protein 3
(IGFBP-3), and prealbumin. Laboratory tests were per-
formed at each study site.

Safety

The safety parameters included the vital signs, electrocar-
diography (centrally assessed) with all 12 leads, status of
the tumor (evaluated by investigators using Response
Evaluation Criteria in Solid Tumors [RECIST] guide-
lines), clinical laboratory tests, and adverse events (AEs).
AEs were reported with the National Cancer Institute’s
Common Terminology Criteria for Adverse Events (ver-
sion 4.0), and they were classified according to the system
organ class/preferred term.

Statistical Analysis

Analyses were performed according to the predetermined
study protocol and statistical analysis plan. The full

analysis set (FAS) was used for the analysis of all efficacy

variables. The FAS comprised all eligible patients who

had undergone a minimum of 1 efficacy assessment after

the initiation of the study drug. The safety analysis set was

used for the analysis of safety data and comprised all

patients who had received the study drug at least once.
The findings of a phase 2 trial (ONO-7643-03), in

which the mean difference in LBM (according to DEXA)

between 100 mg of anamorelin and the placebo was

0.89 6 1.94 kg, were used to determine the sample size

for this study.20 At least 76 patients were required in each

treatment arm to reject the null hypothesis at P< .05 and

a power of 80%. Under the assumption that approxi-

mately 10% of the patients would withdraw/drop out of

the study, a total of 170 patients (85 patients per group)

were to be enrolled. Descriptive statistics were used to

summarize the baseline parameters. An analysis of covari-

ance for repeated measurement data, using the study arm,

time point, and prior reductions in weight (5%-10% and

>10%) as fixed factors and the baseline value as a covari-

ate, was used to analyze efficacy parameters. The differ-

ence in the least squares mean from the initiation of

treatment to a specific point of time was determined for

both groups. The least squares mean differences between

patients who received anamorelin and those who received

the placebo were determined with 95% confidence inter-

vals (CIs). A study arm–point of time interaction was

incorporated for the assessment of secondary endpoints

(differences in the body mass composition, QOL-ACD

score, CFS score, body weight, KPS, serum biomarkers,

HGS, and 6MWT results). Descriptive statistics were

used to assess safety parameters and are reported as num-

bers and percentages of patients. The total incidence of

AEs and adverse drug reactions (ADRs) was compared

between the study groups with the chi-square test. There

was no adjustment for the multiplicity of statistical test-

ing, and an imputation method was not used for missing

data.

RESULTS

Patients

A total of 174 patients were enrolled in this study from

May 2014 to October 2015. Ninety of these 174 patients

were randomized to the placebo group, and 84 were ran-

domized to the 100-mg anamorelin group (Fig. 1). One

patient did not receive treatment. One patient treated

with 100 mg of anamorelin failed to meet the inclusion

criteria and hence was excluded from the FAS. The FAS

comprised 172 patients, with 90 and 82 in the placebo
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and anamorelin groups, respectively. There were 11

deaths in the placebo group and 5 deaths in the anamore-

lin group. AEs led to treatment discontinuation in 2

patients from the placebo group and in 5 patients from

the anamorelin group. The baseline characteristics of the

2 groups were similar (Table 1).

LBM

As shown in Figure 2, the increase in LBM over 12 weeks

was found to be significantly larger in the anamorelin-

treated patients versus the placebo-treated patients, with

least squares means and standard errors of 1.38 6 0.18

and 20.17 6 0.17 kg, respectively. Overall, the change in

the anamorelin-treated patients versus the placebo-treated

patients was 1.56 kg (95% CI, 1.11-2.00 kg; P< .0001).

At week 3 and thereafter, a significant difference (P<
.0001) in the LBM gain in comparison with the baseline

was noted between the treatment groups.

Body Weight

In comparison with the placebo, anamorelin induced a

significant weight gain (Fig. 2), which is in agreement

with anamorelin’s mechanism of action and the LBM

gain. The body weight gain was evident at week 1 of treat-

ment and continued thereafter.

Other Body Composition Parameters

In comparison with the placebo, anamorelin significantly

increased other body composition parameters, including

the total body mass, fat mass, appendicular LBM (arms

and legs), and trunk LBM (Supporting Table 1 [see online

supporting information]).

QOL-ACD

Throughout the study period from week 1, the

anamorelin-treated patients showed significant improve-

ments in comparison with the placebo-treated patients in

the QOL-ACD scores for items 7 to 11 (“physical con-

dition”), item 8 (“Did you have a good appetite?”), item

9 (“Did you enjoy your meals?”), and item 11 (“Did you

lose any weight?”; Fig. 3A-D). The efficacy of anamore-

lin was not definite in other domains.

Other Secondary Endpoints

The effects of 100 mg of anamorelin on CFS, HGS, and

6MWT are shown in Figure 2 and Supporting Table 2

(see online supporting information). There were marginal

effects on CFS, HGS, and 6MWT. In comparison with

the placebo group, the anamorelin group showed signifi-

cant increases in the serum IGF-1, IGFBP-3, and prealbu-

min levels (Fig. 4A-C).

Figure 1. Enrollment and outcomes.
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Safety

On the basis of the RECIST criteria, a complete response
and a partial response were observed in 1 (1.5%) and 3
patients (4.5%), respectively, in the anamorelin-treated
group and in 0 (0.0%) and 2 patients (2.7%), respectively,
in the placebo group. Stable disease was observed in 21
(31.3%) and 22 patients (29.7%) in the anamorelin-
treated and placebo groups, respectively. Thirty-eight of
the anamorelin-treated patients (56.4%) showed

progressive disease, whereas 47 patients (63.5%) in the
placebo group did. Non–complete response/non–pro-
gressive disease cases were observed for 4 (6.0%) and 3
patients (4.1%) in the anamorelin-treated and placebo
groups, respectively. The median survival times were
found to be similar for the 2 groups (8.08 months [95%
CI, 5.98-11.56 months] for anamorelin and 8.21 months
[95% CI, 6.67-12.39 months] for the placebo; hazard
ratio, 1.17 [95% CI, 0.82-1.67]; P 5 .3762).

TABLE 1. Demographics and Baseline Characteristics of the Patients

Parameter Placebo (n 5 90) Anamorelin (n 5 84)

Sex, No. (%)

Male 57 (63.3) 59 (70.2)

Female 33 (36.7) 25 (29.8)

Age, mean 6 SD, y 67.2 6 7.9 67.6 6 9.9

Weight, mean 6 SD, kg 49.73 6 8.32 52.23 6 9.43

BMI, mean 6 SD, kg/m2 19.27 6 2.31 19.81 6 2.60

Weight loss, No. (%)

5-10 52 (57.8) 50 (60.2)

>10 38 (42.2) 33 (39.8)

Missing - 1

Body composition (DEXA), mean 6 SD, kg

LBM 37.06 6 6.34 38.88 6 7.06

Body fat 10.68 6 4.21 11.29 6 5.04

BMC 1.90 6 0.56 2.06 6 0.57

Total body mass 49.63 6 8.61 52.23 6 9.73

Grip strength, mean 6 SD, kg

Dominant hand 26.70 6 8.01 27.87 6 9.35

Nondominant hand 25.12 6 7.01 26.41 6 8.30

6-min walk distance, mean 6 SD, m 375.7 6 88.4 379.6 6 89.6

QOL-ACD, mean 6 SD 70.9 6 13.0 74.9 6 13.0

Cancer Fatigue Scale, mean 6 SD 23.8 6 9.7 24.4 6 9.7

ECOG PS, No. (%)

0 13 (14.4) 9 (10.8)

1 65 (72.2) 64 (77.1)

2 12 (13.3) 10 (12.0)

Missing - 1

NSCLC type per histological criteria, No. (%)

Adenocarcinoma 71 (78.9) 67 (79.8)

Squamous cell 16 (17.8) 14 (16.7)

Other 1 (1.1) 2 (2.4)

Unknown 2 (2.2) 1 (1.2)

Disease stage

IIIA 1 (1.1) 3 (3.6)

IIIB 11 (12.2) 6 (7.1)

IV 60 (66.7) 49 (58.3)

Recurrence 18 (20.0) 26 (31.0)

Time from diagnosis to starting study drug, mean 6 SD, d 609.4 6 741.7 768.7 6 698.0

Previous history of chemotherapy (No. of times), No. (%)

0 2 (2.2) 2 (2.4)

1 31 (34.4) 20 (23.8)

2 18 (20.0) 19 (22.6)

�3 39 (43.3) 43 (51.2)

Concomitant cancer therapy, No. (%)

Chemotherapy 70 (77.8) 64 (76.2)

EGFR TKI 29 (32.2) 23 (27.7)

Radiation 6 (6.7) 7 (8.3)

Supportive care 19 (21.1) 18 (21.7)

Missing - 1

Abbreviations: BMC, bone mineral content; BMI, body mass index; DEXA, dual-energy x-ray absorptiometry; ECOG, Eastern Cooperative Oncology Group;

EGFR, epidermal growth factor receptor; LBM, lean body mass; NSCLC, non–small cell lung cancer; PS, performance status; QOL-ACD, Quality-of-Life Ques-

tionnaire for Cancer Patients Treated With Anticancer Drugs (Kurihara Group Questionnaire); SD, standard deviation; TKI, tyrosine kinase inhibitor.
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Table 2 summarizes the overall incidences of AEs
and ADRs. The frequency of AEs was found to be simi-
lar in the anamorelin group and the placebo group. On
the other hand, the anamorelin group reported a signifi-
cantly higher number of ADRs in comparison with the
placebo group; however, all the ADRs were grade 3 or
lower. The most common ADRs were first-degree atrio-
ventricular block and rash, which were followed by
increased c-glutamyltransferase and diabetes mellitus.
All these events were grade 1 or 2 except for 1 case of
rash.

DISCUSSION
The current study demonstrated that anamorelin
significantly improved LBM and body weight in
Japanese patients with NSCLC and cachexia in com-
parison with a placebo. Significant improvements in
LBM and body weight were observed in the anamor-
elin group at the early time points of week 3 and
week 1, respectively, in comparison with the placebo
group, and they were sustained thereafter during the
12-week study period.

The National Comprehensive Cancer
Network clinical guidelines for the management of

anorexia/cachexia define the primary treatment goals as

promoting weight gain/stabilization and relieving

symptoms of anorexia.22 Similarly, the clinical practice

guidelines on cancer cachexia given by the European

Palliative Care Research Collaborative specify that the

treatment goals for cachexia should be a reversal of the

loss of body weight and muscle mass and that the min-

imum objective must be the maintenance of body

weight and the prevention of further body weight

loss.23 The results of the current study satisfy the treat-

ment goals in these guidelines.
As for appetite, a considerable increase was reported

in the anamorelin group versus the placebo group as early

as week 1, and it was subsequently sustained throughout

the study period. The increased level of prealbumin, a

nutritional state marker, suggested increased food intake.

Decreases in appetite and food intake are considered to be

the main underlying causes for the worsening of the physi-

cal and psychological status in cancer patients.24 Anorexia

leads to QOL deterioration in cancer patients25 and is also

a prognostic factor.26 Therefore, oncologists should con-

sider ensuring sufficient energy and protein intake for all

cancer patients.27

Figure 2. Time-course changes for the anamorelin and placebo groups in (A) lean body mass and (B) body weight and (C)
changes in primary and secondary efficacy measures from the baseline over 12 weeks. QOL-ACD indicates Quality-of-Life Ques-
tionnaire for Cancer Patients Treated With Anticancer Drugs.
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Under the present conditions, where there are no
effective treatment methods for cancer cachexia, anamore-
lin may have great clinical significance by preventing
weight loss and ameliorating anorexia.

In contrast, in the assessment of motor function,
including HGS and 6MWT results, no improvement was
observed after anamorelin administration. Previous
researchers have suggested that patients who are affected
by long-term illness and systemic inflammation may dis-
play an unusual association between muscle mass and
muscular strength.28-30 Furthermore, the most suitable
measure for muscle strength in advanced cancer patients is
unidentified. The 6MWT measurements may have been
affected by respiratory insufficiency in patients with
NSCLC. The cause of cachexia is multifactorial, and
pharmacological treatment alone may not be able to bring
about a complete reversal of all features of the syndrome
(especially improvements in motor function). Therefore,

it is expected that a multimodal treatment combining
medicine, exercise, and nutrition may improve the con-
dition and symptoms of cachexia, including motor
function.

In general, patients in the 2 treatment groups
showed similar overall survival times and tumor responses
as assessed by RECIST, and this indicated that the therapy
had no effect on the progression of the disease. In addi-
tion, patient characteristics such as the disease stage and
previous use of chemotherapy and prevailing factors that
affect the prognosis were similar between the 2 treatment
arms.

In comparison with patients receiving the placebo,
the frequency of ADRs was significantly higher in patients
receiving anamorelin; however, most deaths and treat-
ment discontinuations were caused by disease progression
and not by the study drugs. In comparison with the
placebo-treated patients, first-degree atrioventricular

Figure 3. Time-course changes for the anamorelin and placebo groups in the QOL-ACD scores for (A) items 7 to 11 (“physical
condition”), (B) item 8 (“Did you have a good appetite?”), (C) item 9 (“Did you enjoy your meals?”), and (D) item 11 (“Did you
lose any weight?”). QOL-ACD indicates Quality-of-Life Questionnaire for Cancer Patients Treated With Anticancer Drugs.
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block and rash occurred at rates� 5%, and they had a
higher incidence in the anamorelin-treated patients.
However, all first-degree atrioventricular block cases were
grade 1, and only 1 case of rash was grade 3; this suggests
no major risk. The frequencies of these ADRs were
observed to be higher in the current study versus the mul-
tinational phase 3 studies.19 The frequent electrocardio-
gram measurements might have caused the higher
incidence of first-degree atrioventricular block. Although
no apparent cause of rash has been identified, we think
that there is a possibility that this might have been influ-
enced by chemotherapy applied during the study. In
agreement with previous studies,19,20 increases in blood
glucose levels were more frequently observed with ana-
morelin treatment; this was, however, controllable. The
changes in glucose homeostasis might have been caused
by effects of IGF-1 and growth hormone on glucose
metabolism or by a possible effect of the reversal of cancer
anorexia/cachexia syndrome. These findings suggest that

anamorelin is safe and well tolerated in Japanese cancer
patients with cachexia.

The current research had some shortcomings. First,
we could not confirm the efficacy of anamorelin by func-
tional measures of HGS and 6MWT. Second, its
efficacy for fatigue was not confirmed. The lack of a
treatment effect observed for CFS may have arisen
because fatigue associated with cancer is a problem-
atic manifestation to ameliorate in patients with
advanced cancer and particularly in patients with
more symptomatic disease.31,32 This is partly due to
the multiple and complex causes of fatigue, includ-
ing chemotherapy, anemia, nutritional issues, and
pain.33

The efficacy of anamorelin in the current study for
increasing LBM and body weight and improving anorexia
symptoms and the nutritional state with no improvement
in motor function is consistent with the recent results
of 2 multinational phase 3 studies with anamorelin.19

Figure 4. Time-course changes for the anamorelin and placebo groups in (A) insulin-like growth factor 1, (B) insulin-like growth
factor-binding protein 3, and (C) prealbumin.
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Although anamorelin cannot improve motor function or
survival, it may be of great importance for alleviating
anorexia, a highly unmet medical need, to help patients
with advanced cancer to enjoy their meals and thereby
achieve better QOL.

On the basis of our findings, once daily adminis-
tration of 100 mg of anamorelin showed favorable results
for LBM gains in Japanese patients with NSCLC and
cachexia; hence 100 mg could be the desired dose for such
patients. Anamorelin therapy was associated with aug-
mentation of IGF-1 and IGFBP-3 levels, and this suggests
an increase in the synthesis of proteins that can have direct
growth effects on skeletal muscle. Moreover, anamorelin
was associated with favorable improvements in appetite
and increases in prealbumin, and this indicates an
improved nutritional status. Even though the incidences
of ADRs and treatment discontinuations due to AEs were
higher in the anamorelin group, most of the treatment
discontinuations were associated with the progression of
disease and not with anamorelin. The efficacy of anamor-
elin to improve LBM and anorexia was thus confirmed in
Japanese patients with NSCLC and cachexia. Because no
effective treatment for cancer cachexia is currently

available, anamorelin can be one of the beneficial treat-
ment options.
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TABLE 2. Safety

Placebo (n 5 90) Anamorelin (n 5 83)

AEs, No. (%) 73 (81.1) 74 (89.2)

AEs

Difference vs placebo, % (95% CI) 8.0 (–2.4, 18.5)

P .1390

SAEs, No. (%) 8 (8.9) 16 (19.3)

Discontinuations due to AEs, No. (%) 2 (2.2) 3 (3.6)

ADRs, No. (%) 20 (22.2) 34 (41.0)

ADRs

Difference vs placebo, % (95% CI) 18.7 (5.1, 32.4)

P .0079

Serious ADRs, No. (%) 0 (0.0) 2 (2.4)

Discontinuations due to ADRs, No. (%) 1 (1.1) 2 (2.4)

Deaths, No. (%) 11 (12.2) 5 (6.0)

ADRs by grade, No. (%)

1/2 18 (20.0) 28 (33.7)

3 2 (2.2) 6 (7.2)

ADRs in> 2% of patients, No. (%)

First-degree atrioventricular block 0 (0.0) 5 (6.0)

Tachycardia 0 (0.0) 2 (2.4)

Edema 0 (0.0) 2 (2.4)

Peripheral edema 0 (0.0) 2 (2.4)

Pyrexia 0 (0.0) 2 (2.4)

g-Glutamyltransferase increase 1 (1.1) 3 (3.6)

Glycosylated hemoglobin increase 1 (1.1) 2 (2.4)

Diabetes mellitus 0 (0.0) 3 (3.6)

Hyperglycemia 1 (1.1) 2 (2.4)

Headache 1 (1.1) 2 (2.4)

Rash 1 (1.1) 5 (6.0)

Hypertension 0 (0.0) 2 (2.4)

Hot flush 0 (0.0) 2 (2.4)

Abbreviations: ADR, adverse drug reaction; AE, adverse event; CI, confidence interval; SAE, severe adverse event.
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Identification of DAB2 and Intelectin-1 as Novel Positive
Immunohistochemical Markers of Epithelioid

Mesothelioma by Transcriptome Microarray Analysis
for its Differentiation From Pulmonary Adenocarcinoma
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Abstract: As there are currently no absolute immunohistochemical

positive markers for the definite diagnosis of malignant epithelioid

mesothelioma, the identification of additional “positive” markers

that may facilitate this diagnosis becomes of clinical importance.

Therefore, the aim of this study was to identify novel positive

markers of malignant mesothelioma. Whole genome gene ex-

pression analysis was performed using RNA extracted from

formalin-fixed paraffin-embedded tissue sections of epithelioid

mesothelioma and pulmonary adenocarcinoma. Gene expression

analysis revealed that disabled homolog 2 (DAB2) and Intelectin-1

had significantly higher expression in epithelioid mesothelioma

compared with that in pulmonary adenocarcinoma. The increased

mRNA expression of DAB2 and Intelectin-1 was validated by

reverse transcriptase polymerase chain reaction of RNA from

tumor tissue and protein expression was validated by Western

blotting of 5 mesothelioma cell lines. The utility of DAB2 and

Intelectin-1 in the differential diagnosis of epithelioid mesothelioma

and pulmonary adenocarcinoma was examined by an im-

munohistochemical study of 75 cases of epithelioid mesothelioma

and 67 cases of pulmonary adenocarcinoma. The positive rates of

DAB2 and Intelectin-1 expression in epithelioid mesothelioma

were 80.0% and 76.0%, respectively, and 3.0% and 0%,

respectively, in pulmonary adenocarcinoma. Immunohistochemi-

cally, the sensitivity and specificity of DAB2 was 80% and 97%

and those of Intelectin-1 were 76% and 100% for differentiation of

epithelioid mesothelioma from pulmonary adenocarcinoma. In

conclusion, DAB2 and Intelectin-1 are newly identified positive

markers of mesothelioma and have potential to be included in

future immunohistochemical marker panels for differentiation of

epithelioid mesothelioma from pulmonary adenocarcinoma.

Key Words: DAB2, Intelectin-1, gene expression analysis,

immunohistochemistry, epithelioid mesothelioma, pulmonary

adenocarcinoma

(Am J Surg Pathol 2017;00:000–000)

Malignant mesothelioma is a rare and fatal malignant
tumor.1 In Japan, the mesothelioma death rate is

increasing, approaching 1500 deaths in 2015, increased
from 500 in 1995 according to Vital Statistics data pub-
lished by the Ministry of Health, Labour and Welfare,
Japan.2 Similarly, the death rate due to mesothelioma is
increasing globally, including the UK and Ireland,3 the
United States and other developing countries.4 Asbestos
exposure is the main risk factor for malignant pleural
mesothelioma, including both occupational and environ-
mental exposure. The time interval between first exposure
to asbestos and diagnosis of mesothelioma is speculated
to range from 20 to 50 years. Apart from the relatively
long time it takes for asbestos to cause disease, delayed
onset of symptoms can contribute to late-stage diagnosis
and by then, the cancer spreads into the thoracic cavity
and is more difficult to treat. Therefore, accurate diag-
nosis of mesothelioma is essential for its correct man-
agement.

A common site of origin of malignant mesothelioma
is the pleura followed by other tissues including the per-
itoneum, pericardium, and tunica vaginalis. Malignant
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mesothelioma is classified into 3 major histologic subtypes:
epithelioid, sarcomatoid, and biphasic as described in the
2015 World Health Organization (WHO) histologic
classification of tumors of lung and pleura, 2015.5 Epi-
thelioid mesothelioma, which constitutes more than 60%
of all mesothelioma, is the most common histologic sub-
type, and has a relatively better prognosis than sarcoma-
toid or biphasic mesothelioma. Epithelioid mesothelioma
shows various histologic patterns including tubulopapil-
lary, micropapillary, acinar, adenomatoid, and solid. As
epithelioid mesothelioma closely resembles other malig-
nant tumors showing pseudomesotheliomatous growth
patterns, such as those of primarily lung carcinoma, breast
carcinoma, and cancer that affects the lining of internal
organs, the diagnosis of malignant mesothelioma is chal-
lenging, both histopathologically and clinically. Currently,
the final diagnosis of malignant mesothelioma requires
thorough reviewing of clinico-radiologic and pathologic
findings (gross examination and histologic findings in
tissue samples) with adequate immunohistochemical and/
or genetic analyses. As an immunohistochemical marker
with absolute sensitivity and specificity is not yet available,
the search for additional novel immunohistochemical
markers is critical.

The aim of this study was to identify novel positive
immunohistochemical markers by analysis of whole gene
expression data using microarray gene chips. We per-
formed gene expression analysis on epithelioid cells dis-
sected from formalin-fixed paraffin-embedded (FFPE)
tissue of epithelioid mesothelioma and pulmonary ad-
enocarcinoma and identified several novel genes that are
differentially expressed between epithelioid mesothelioma
and pulmonary adenocarcinoma. Of these, we identified
disabled homolog 2 (DAB2) and Intelectin-1 as potential
novel positive immunohistochemical markers of epi-
thelioid mesothelioma for differentiation from pulmonary
adenocarcinoma.

MATERIALS AND METHODS

Patients and Histologic Samples
The materials included in this study were obtained

from the archives of the Department of Pathology,
Hiroshima University. The study group consisted of 75
patients with epithelioid mesothelioma who had under-
gone thoracoscopic pleural biopsy, pleurectomy/decorti-
cation, extrapleural pneumonectomy, or autopsy between
2000 and 2016. Between 2005 and 2016, 67 pulmonary
adenocarcinoma cases were also obtained by thoraco-
scopic surgical segmentectomy or lobectomy of lung
harboring adenocarcinoma. All microscopic slides were
reviewed and reclassified using the current WHO histo-
logic classification of tumors of lung and pleura, 20156 by
4 pathologists (M.K., K.K., V.J.A., and Y.T.). Pathologic
diagnosis of each case was confirmed by histologic find-
ings and an immunohistochemical marker panel recom-
mended by Guidelines for Pathologic Diagnosis of
Malignant Mesothelioma: 2012 Update of the Consensus
Statement from the International Mesothelioma Interest

Group (IMIG)7 and current 2015 WHO histologic
classification of tumors of the lung, pleura, thymus, and
heart.6

Anonymized tissue samples were provided by the
Department of Pathology for gene expression and im-
munohistochemical analysis. This study was carried out
in accordance with the Ethics Guidelines for Human
Genome/Gene Research enacted by the Japanese Gov-
ernment for the collection of tissue specimens and was
approved by the institutional ethics review committee
(Hiroshima University E-974).

Gene Expression Analysis

Identification of Genes With Marked Difference
Between Epithelioid Mesothelioma and Pulmonary
Adenocarcinoma

FFPE sections from 6 epithelioid mesothelioma cases
and 6 pulmonary adenocarcinoma cases were used for gene
expression analysis. RNA extraction for gene expression
analysis was performed from papillary or solid growth of
tumor cells in each specimen. Five 10mm thick FFPE tumor
tissue sections, each approximately 1 cm in diameter, were
processed for total RNA extraction using the Maxwell RSC
RNA FFPE Kit (Promega KK, Tokyo, Japan) according to
the manufacturer’s protocol. Briefly, after deparaffinization
and lysis with proteinase K, the samples were treated with
DNase I for 15 minutes at room temperature. Following
this, RNA purification was carried out according to the
manufacturer’s protocol using a Maxwell RSC automation
instrument (Promega KK). RNA quality check and quan-
tification was performed as described previously8 and RNA
with an absorbance ratio of Z1.9 between 260 and 280nm
was used for microarray analysis. The Human Tran-
scriptome 2.0 GeneChip Array (Affymetrix, Santa Clara,
CA) containing gene transcript sets of 44,699 protein coding
and 22,829 nonprotein coding clusters was used to analyze
gene expression profiles. Total RNA was amplified and
labeled with a 30 IVT Labeling Kit (Affymetrix) before
hybridization onto the GeneChip. Briefly, 100ng total RNA
was amplified with GeneChip 30 IVT Pico kit (Affymetrix)
to generate 30mg of SenseRNA according to the manu-
facturer’s protocol. SenseRNA (25mg) was labeled with a 30

IVT Labeling Kit (Affymetrix) and hybridized to a Human
Transcriptome 2.0 GeneChip (Affymetrix) as described
previously.8 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 plot graphs and for
fold change of expression and hierarchical clustering.

Validation of Gene Expression Analysis

Real-time Reverse Transcriptase Polymerase Chain
Reaction

The same 6 cases of epithelioid mesothelioma and
pulmonary adenocarcinoma that were analyzed for gene
expression profiling were used to validate the microarray
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expression data by mRNA expression. The relative
mRNA expression of DAB2 and Intelectin-1 was assessed
with SYBR Green-based real-time reverse transcriptase
polymerase chain reaction (RT-PCR) using GAPDH as a
control. A total of 100 ng of RNA was used for mRNA
expression with a VeryQuest SYBR Green 1-step
RT-PCR Master Mix (Affymetrix) using a Stratagene
Mx3000P qPCR System (Agilent Technologies, Santa
Clara, CA). The primer pairs used for amplification of
DAB2 and Intelectin-1 were DAB2-F: GTA GAA ACA
AGT GCA ACC AAT GG, DAB2-R: GCC TTT GAA
CCT TGC TAA GAG A, ITLN1-F: ACG TGC CCA
ATA AGT CCC C, ITLN1-R: CCG TTG TCA GTC
CAA CAC TTT C. Primers for GAPDH were GAPDH-
F: ACA ACT TTG GTA TCG TGG AAG G, GAPDH-
R: GCC ATC ACG CCA CAG TTT C. Data analysis
was performed using the ddCT method for relative
quantification. Briefly, threshold cycles (CT) for GAPDH
(control) and DAB2 and Intelectin-1 (samples) were de-
termined in triplicate. The relative expression (rI) was
calculated using the formula: rI=2�(CT sample�CT normal).

Western Blotting
Total proteins were extracted from 5 commercially

available mesothelioma cell lines (ACC-MESO-1, CRL-
5915, ACC-MESO-4, CRL-5946, HMMME) using cell
lysis protein extraction reagent (Cell-LyEX1 kit, TOYO
B-Net, Tokyo, Japan). Approximately 25 mg of protein
was subjected to electrophoresis on a Novex 10% Bis-Tris
gel using a Bolt mini gel tank (Thermo Fisher Scientific,
Yokohama, Japan). The proteins were then transferred to
a Hybond-P PVDF membrane (GE Healthcare, Buck-
inghamshire, UK) using a Mini Blot Module (Thermo
Fisher Scientific). After treating with blocking buffer, the
transfer membrane was incubated with anti-DAB2 anti-
body (1:2000 rabbit polyclonal, catalog #HPA028888;
Sigma-Aldrich, St. Louis, MO), anti-Human Intelectin-1
(1:2000, mouse monoclonal 3G9; Immuno-Biological
Laboratories, Gunma, Japan) overnight at 41C. This
was followed by streptavidin-labeled anti-mouse or anti-
rabbit secondary antibodies (Cell Signaling Technology,
Tokyo, Japan) and Immunostar LD (Wako Pure Chem-
icals, Tokyo, Japan) as a chemiluminescent detection re-
agent. Anti-GAPDH antibody (rabbit polyclonal, Santa
Cruz Biotechnology, CA) was used as control. The blot
membrane was captured by scanning with C-DiGit Blot
Scanner (LI-COR) for detection of proteins of interest.

Immunohistochemical Procedures and Evaluation of
Expression of DAB2 and Intelectin-1

Immunohistochemistry was performed using 3mm
tissue sections prepared from the best representative FFPE
blocks of epithelioid mesothelioma and pulmonary
adenocarcinoma cases. Immunohistochemical staining was
performed using the Ventana Benchmark GX automated
immunohistochemical station (Roche Diagnostics, Tokyo,
Japan). Cell Condition buffer #1 at 951C for 32 minutes
(Roche Diagnostics) was used for antigen retrieval. The
sections were then incubated with primary antibodies to

calretinin (rabbit monoclonal, SP65, prediluted; Roche
Diagnostics), podoplanin (mouse monoclonal, D2-40,
Prediluted; Nichirei Bioscience, Tokyo, Japan), Wilms’
tumor gene product (WT1) (mouse monoclonal, 6F-H12,
1:25; Dako, Glostrup, Denmark), DAB2 (rabbit poly-
clonal, catalog #HPA028888, 1:200; Sigma-Aldrich), and
Intelectin-1 (mouse monoclonal, 3G9, 1:1000; Immuno-
Biological Laboratories). Incubation with the secondary
antibody and detection was performed with Ventana
ultraView Universal DAB Detection Kit.

Immunoreactivity was scored as either negative (no
immunostaining) or positive. Cells showing nuclear
staining for calretinin and WT1, cytoplasmic staining for
DAB2 and Intelectin-1, or membranous staining for po-
doplanin (clone: D2-40) were recorded as “positive.”
Positive immunoreactivity was further scored as 1+
for up to 10% of tumor cells showing positive im-
munostaining, 2+ for 10% to 50% positive tumor cells,
and 3+ for >50% positive tumor cells. Statistical anal-
yses were performed using the Fisher exact test. Sensi-
tivity, specificity, positive predictive value, negative
predictive value, and accuracy rate were calculated using
a simple 2�2 table.

RESULTS

Differential Gene Expression and Validation in
Epithelioid Mesothelioma and Pulmonary
Adenocarcinoma

Of the 44,699 protein coding and 22,829 nonprotein
coding transcripts on the Human Transcriptome 2.0
GeneChip Array, 902 statistically significant mRNA
transcripts were differentially expressed, with a greater
than 1.3-fold difference, between epithelioid mesothelioma
and pulmonary adenocarcinoma (Fig. 1). Hierarchical
clustering of 426 protein coding mRNA transcripts
revealed 197 upregulated mRNA transcripts in epithelioid
mesothelioma, including CALB2, WT1, DAB2, and
Intelectin-1, and 229 upregulated mRNA transcripts in
pulmonary adenocarcinoma, including CEACAM6 and
NAPSA (Fig. 2; Supplementary Table S1, Supplemental
Digital Content 1, http://links.lww.com/PAS/A504).

Real-time RT-PCR showed relative mRNA
expression of DAB2 and Intelectin-1 was significantly
higher in epithelioid mesothelioma than that in pulmo-
nary adenocarcinoma (data not shown). Western blot
analysis showed DAB2 and Intelectin-1 protein
expression in all 5 commercially available mesothelioma
cells lines with an electrophoretic band of 80 kDa with
DAB2 and 1 or 2 electrophoretic bands in the range of 30
to 40 kDa with the Intelectin-1 antibody (Fig. 3).

Immunohistochemical Expression Profiles in
Epithelioid Mesothelioma and Pulmonary
Adenocarcinoma

The expression of positive mesothelioma markers
are summarized in Table 1 and the representative images
for DAB2 and Intelectin-1 expression in epithelioid
mesothelioma and pulmonary adenocarcinoma are pre-
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sented in Figures 4 and 5, respectively. The staining pat-
tern for each marker in 2 tumor types is described in the
following sections.

DAB2 and Intelectin-1 Expression
The expression of DAB2 and Intelectin-1 was lo-

calized in the cytoplasm of tumor cells in epithelioid
mesothelioma cases. Positive DAB2 expression was ob-
served in 60 of 75 epithelioid mesotheliomas (80.0%) and
2 of 67 pulmonary adenocarcinomas (3.0%). In half of
epithelioid mesotheliomas, DAB2 immunoreactivity was
generally strong and diffuse (score 3+). In contrast,
pulmonary adenocarcinomas showing DAB2 expression
was focal (score 1+). In addition, DAB2 expression in
alveolar macrophages in pulmonary adenocarcinomas
was a helpful internal positive control. Positive Intelectin-
1 expression was observed in 57 of 75 epithelioid meso-
theliomas (76.0%), with most of them showing score 3+,
whereas none of the 67 pulmonary adenocarcinomas were
positive for Intelectin-1.

Calretinin, D2-40, and WT1 Expression
Positive calretinin expression was recorded for 74 of

75 epithelioid mesotheliomas (98.7%) and 17 of 67
pulmonary adenocarcinomas (25.4%). In epithelioid
mesotheliomas, immunoreactivity was generally strong
and diffuse (score 3+). In contrast, staining score in
pulmonary adenocarcinomas was 1+ and 2+. There
were no score 3+ cases in pulmonary adenocarcinomas.
Positive D2-40 expression was observed in 71 of 75 epi-
thelioid mesotheliomas (94.7%), with most of them
showing score 3+, whereas only 7 pulmonary ad-
enocarcinomas (10.4%) were focally positive (score 1+
and 2+) for D2-40. Positive WT1 expression was re-
corded in 62 of 75 epithelioid mesotheliomas (82.7%),
whereas none of 67 pulmonary adenocarcinomas (0%)
were positive for WT1.

Sensitivity and Specificity of Each Marker for
Differential Diagnosis of Epithelioid
Mesothelioma and Pulmonary Adenocarcinoma

The sensitivity and specificity of each marker for the
differential diagnosis between epithelioid mesothelioma
and pulmonary adenocarcinoma are shown in Table 2.
Sensitivity of Intelectin-1 (76%) was lowest among 5
positive markers; however, its specificity (100%) was ab-
solute. Sensitivity (80.0%) and specificity (97.0%) of

FIGURE 1. Scatter plot diagram showing differential ex-
pression of various genes between epithelioid mesothelioma
and pulmonary adenocarcinoma. Note, DAB2 and Intelectin-1
locate toward the epithelioid mesothelioma, in addition to
previously known mesothelioma positive markers, CALB2
(calretinin) and WT1, while NAPSA (Napsin-A) and CEACAM6
(major gene for CEA), positive pulmonary adenocarcinoma
markers, locate towards pulmonary adenocarcinoma.

FIGURE 2. Supervised hierarchical clustering of differentially
expressed genes between epithelioid mesothelioma and
pulmonary adenocarcinoma. The hierarchical clustering of
426 protein coding mRNA transcripts revealed 197 upregu-
lated mRNA transcripts in epithelioid mesothelioma and 229
upregulated mRNA transcripts in pulmonary adenocarcinoma.
See detailed data in Supplementary Table S1 (Supplemental
Digital Content 1, http://links.lww.com/PAS/A504).

FIGURE 3. Western blot showing DAB2 and Intelectin-1 ex-
pression in mesothelioma cell lines. DAB2 expression is present
in all 5 mesothelioma cell lines as a single band; however,
Intelectin-1 expression is present as either a single or double
band.
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DAB2 were nearly those of WT1. Specificity of calretinin
(74.6%) was lowest among 5 markers.

DISCUSSION
Pathologically, the role of immunohistochemistry in

distinguishing pleural epithelioid mesothelioma from
pulmonary adenocarcinoma has received much attention
especially in the last 20 years. Currently, there are many
immunohistochemical markers available for distinguish-
ing epithelioid mesothelioma from pulmonary ad-
enocarcinoma. Among these, calretinin, cytokeratin 5/6,
podoplanin (D2-40), and WT1 are the preferred positive
markers for epithelioid mesothelioma. Carcinoembryonic
antigen (CEA), MOC31 (epithelial-related antigen), Ber-
EP4, BG-8, thyroid transcription factor-1, claudin-4, and
napsin-A are the preferred positive markers for pulmo-
nary adenocarcinoma. The IMIG 2012 guidelines rec-
ommended the consideration of 2 mesothelial and 2
carcinoma markers, based on morphology at initial ob-
servation.7 In practice, immunohistochemical examina-
tion, most laboratories use calretinin, D2-40, and WT1
for diagnosis of epithelioid mesothelioma. However,
pathologists must interpret the results of staining by these
markers carefully, as specificity of calretinin (74.6% in
this study, 90% to 95% in IMIG 2012 guidelines) and
D2-40 (88.9% in this study, up to 85% in IMIG 2012
guidelines) is not absolute; additionally, WT1 shows low
sensitivity (82.7% in this study, approximately 90% to
100% in IMIG 2012 guidelines). Therefore, novel positive
immunohistochemical markers, other than calretinin, D2-
40, or WT1, are necessary for increasing the accuracy of
epithelioid mesothelioma diagnosis.

Recent development of molecular techniques enabled
gene expression analysis from RNA extracted from archival
FFPE tumor tissues using GeneChip technology. This
method is very useful to find new diagnostic markers, es-
pecially in rare tumors, including malignant mesothelioma.
We have recently reported the identification of a novel
marker, MUC4, for differentiating pleural sarcomatoid
mesothelioma from pulmonary sarcomatoid carcinoma by
analyzing gene expression data from a gene chip micro-
array.8 In this study, we performed gene expression mi-
croarray analysis of 6 cases of mesothelioma and 6 cases of
pulmonary adenocarcinoma to identify differentially ex-
pressed gene products in epithelioid mesothelioma and

pulmonary adenocarcinoma. We found that the expression
of DAB2 and Intelectin-1 in epithelioid mesothelioma
was significantly higher than that in pulmonary ad-
enocarcinoma and this was validated by real-time RT-PCR
analysis of mRNA extracted from the same tissue source
and Western blot analysis of proteins extracted from mes-
othelioma cell lines. Immunohistochemical analysis showed
that expression of DAB2 and Intelectin-1 in epithelioid
mesotheliomas was significantly higher than that in
pulmonary adenocarcinomas. These novel positive meso-
thelial markers, DAB2 and/or Intelectin-1, contribute in
accurate mesothelioma diagnosis, in addition to known
positive markers (calretinin, D2-40, and WT1). In the
present study, we analyzed gene expression analysis of only
6 cases of epithelioid mesothelioma and 6 cases of pulmo-
nary adenocarcinoma, and found many differentially
expressed genes mentioned in Supplementary Table S1
(Supplemental Digital Content 1, http://links.lww.com/
PAS/A504). As the analysis of substantially larger number
will make these findings more credible, we plan to include
more cases in the future.

DAB2, a mitogen-responsive phosphoprotein, is
expressed in normal ovarian epithelial cells, but is down-
regulated or absent from ovarian carcinoma cell lines, sug-
gesting its role as a tumor suppressor.9 Decreased DAB2
expression has been reported in various human cancers,
including esophageal,10 lung,11 ovarian,9 prostate,12 and
breast13 cancers. DAB2 downregulation in these cancers
were reported partly due to miRNA targeting DAB210,14 or
promoter hypermethylation.13,15 However, the biological
significance or expression of DAB2 has not yet been re-
ported in malignant mesothelioma. In the present study, we
found increased expression of DAB2 in epithelioid meso-
thelioma compared with that in pulmonary adenocarcinoma
by gene expression microarray analysis. We also confirmed
this increased expression of DAB2 in epithelioid meso-
thelioma by real-time RT-PCR and western blot. From the
differential analysis of DAB2 expression between epithelioid
mesothelioma and pulmonary adenocarcinoma by immuno-
histochemical study, we found higher sensitivity and speci-
ficity in epithelioid mesothelioma of >80%. In 2 of the 67
cases of pulmonary adenocarcinoma, DAB2 expression was
identified in tumor cells but with a low immunoreactivity
score. DAB2 expression in pulmonary adenocarcinomas was
present in inflammatory cell infiltration, mainly macro-
phages; therefore, precaution must be taken by the physician

TABLE 1. Immunohistochemical Findings for Epithelioid Mesothelioma and Pulmonary Adenocarcinoma

Epithelioid Mesothelioma Pulmonary Adenocarcinoma

Immunoreactivity Score* Immunoreactivity Score*

Marker n/N (%) 0 1+ 2+ 3+ n/N (%) 0 1+ 2+ 3+

DAB2 60/75 (80.0) 15 12 18 30 2/67 (3.0) 65 2 0 0
Intelectin-1 57/75 (76.0) 18 17 4 36 0/67 (0) 67 0 0 0
Calretinin 74/75 (98.7) 1 7 2 65 17/67 (25.4) 50 10 7 0
Podoplanin (D2-40) 71/75 (94.7) 4 5 6 60 7/67 (10.4) 60 5 2 0
WT1 62/75 (82.7) 13 18 7 37 0/67 (0) 67 0 0 0

*0, negative; 1+, <10% positive; 2+, 10% to 50% positive; 3+, 50%<positive.
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when interpreting pulmonary adenocarcinoma results for
DAB2 expression.

Human Intelectin-1, also known as omentin, is a
galactose-binding lectin that is usually expressed in the
heart and small intestine as a host defense lectin that
binds to bacterial galactofuranose.16 Intelectin-1 is mainly
expressed in the intestinal goblet cells and omentum, and
occasionally in the thymus, bronchus, heart, liver, kidney
collecting tubule cells, bladder umbrella, and mesothelial
cells.17 Recently, the overexpression of Intelectin-1 in
human malignant pleural mesothelioma and its secretion

into pleural effusions indicated toward it being a potential
biomarker.17,18 It was reported that Intelectin-1 was not
expressed in various cancers, except in some mucus-
producing adenocarcinomas.19 In the present study, we
observed high expression of Intelectin-1 mRNA in epi-
thelioid mesothelioma, definite expression of Intelectin-1
in mesothelioma cell lines by western blot analysis, and in
57 of 75 mesothelioma tissue samples by immuno-
histochemical analysis. In addition, we also found
Intelectin-1 expression in non-neoplastic mesothelial
lining cells and goblet cells in bronchi and bronchioles

FIGURE 4. DAB2 and Intelectin-1 expression in epithelioid mesothelioma. Various histomorphologic patterns of epithelioid
mesothelioma showing prominent expression of DAB2 (middle column) and Intelectin-1 (right column). Each row shows epi-
thelioid mesothelioma with corresponding DAB2 and Intelectin-1 immunohistochemistry.
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(data not shown). No Intelectin-1 expression was recorded
in any pulmonary adenocarcinoma cases, confirming its
potential as a novel positive mesothelial marker. The
functional roles of DAB2 and Intelectin-1 expression in
epithelioid mesothelioma need further analysis, which is
beyond the scope of this study.

In conclusion, we identified 2 novel positive markers
of epithelioid mesothelioma, DAB2 and Intelectin-1, by
using gene expression microarray analysis and confirmed
their utility to differentiate epithelioid mesothelioma from

FIGURE 5. DAB2 and Intelectin-1 expression in pulmonary adenocarcinoma. Various histomorphologic patterns of pulmonary
adenocarcinoma showing no expression of DAB2 (middle column) and Intelectin-1 (right column). Each row shows pulmonary
adenocarcinoma with corresponding DAB2 and Intelectin-1 immunohistochemistry. There is focal reactivity of DAB2 in alveolar
macrophages and lymphocytes, which need to interpreted with care.

TABLE 2. Sensitivity and Specificity of Immunohistochemical
Positive Markers for Differential Diagnosis of Epithelioid
Mesothelioma from Pulmonary Adenocarcinoma

Immunohistochemical Markers Sensitivity (%) Specificity

INT-1+ 76.0 100
DAB2+ 80.0 97.0
Calretinin+ 98.7 74.6
D2-40+ 94.7 89.6
WT-1+ 82.7 100
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pulmonary adenocarcinoma by immunohistochemical
study. Further validation of immunohistochemical stain-
ing of these markers by other institutes is warranted.
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A B S T R A C T

Introduction: S-1 is an oral fluoropyrimidine-based combination of tegafur, gimeracil, and oteracil potassium.
Although the combination of S-1 with carboplatin is a first-line chemotherapy regimen for advanced non-small
cell lung cancer (NSCLC), the efficacy and safety of the regimen in the elderly remain unknown.
Methods: The patient inclusion criteria were previously untreated advanced NSCLC, wild-type epidermal growth
factor receptor, aged 70 years or more, and a performance status (PS) of 0–2. The patients received oral S-1
(40 mg/m2, twice daily) for 2 weeks and carboplatin (area under the curve: 5) on day 1 every 4 weeks as
induction treatment. After four induction cycles, S-1 alone (40 mg/m2, twice daily) was administered for 2
weeks every 4 weeks as a maintenance therapy until disease progression. The primary endpoint was the overall
response rate (ORR), which was expected to exceed 20%, and the secondary endpoints included the disease
control rate (DCR), progression-free survival (PFS), overall survival (OS), and the toxicity profile. The associa-
tions between clinical outcomes and expression of genes such as thymidylate synthase and thymidine phos-
phorylase in the tumors were evaluated.
Results: Thirty-three patients were enrolled between March 2013 and June 2015. The median age was 78 (range
70–89) years, and 51.5% had a PS of 0. The ORR was 30.3% (95% confidence interval (CI): 14.6–46.0) and the
DCR 57.6% (95% CI: 40.7–74.4). Grade 3/4 toxicities included thrombocytopenia (42.4%), neutropenia
(33.3%), and anemia (27.3%). There was one treatment-related death due to aspiration pneumonia following
febrile neutropenia. The median PFS and OS were 134 days (95% CI: 79–173) and 479 days (95% CI: 250–571),
respectively. Low thymidine phosphorylase expression was associated with the DCR (P < 0.01).
Conclusion: This study met the predesigned primary endpoint, and the regimen seems to be a favorable treat-
ment option.
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1. Introduction

Lung cancer is the leading cause of cancer-related death worldwide
[1]. Non-small cell lung cancer (NSCLC) accounts for approximately
85% of lung cancers [2]. Oncogenic drivers such as epidermal growth
factor receptor (EGFR) mutations [3] and echinoderm microtubule-as-
sociated protein-like 4–anaplastic lymphoma kinase (EML4–ALK) [4]
have been identified in NSCLC. However, only two targeted drugs are
available clinically: EGFR-tyrosine kinase inhibitor (TKI) and ALK-TKI
[3,5]. Therefore, it is necessary to develop effective chemotherapies
without severe adverse effects for patients who do not benefit from
targeted therapy.

Lung cancer patients 60 years or older have relatively high cancer
mortality rates regardless of sex [1]. Monotherapy using cytotoxic
agents is the standard chemotherapy choice in elderly patients without
an EGFR mutation or the EML4–ALK fusion gene [6–9]. A subset ana-
lysis of a large phase III trial revealed that the survival benefit from
chemotherapy was not influenced by age, and the baseline quality of
life and functional status were the best indicators for selecting treat-
ment-fitted elderly patients [10]. Some recent phase III trials have
evaluated the effectiveness of platinum-doublet chemotherapy in the
elderly [11–13]. Their results were controversial because of early ter-
mination of the trials and differences in the regimens/schedules; how-
ever, combination chemotherapy in fit elderly patients was promising;
thus, the decision to use systemic chemotherapy should not be based on
age alone [14].

S-1 is an oral fluoropyrimidine anticancer agent combining tegafur,
gimeracil, and oteracil potassium. The overall response rate (ORR) and
disease control rate (DCR) for S-1 monotherapy were 22.6–27.6% and
65.5–70.0%, respectively. The median progression-free survival (PFS)
and overall survival (OS) were 3.1–4.0 and 11.2–12.1 months, respec-
tively [15–17]. Grade 3/4 toxicities were observed in 6.9–16.7% of the
patients [15–18]. In a study of long-term S-1 monotherapy following
docetaxel plus cisplatin therapy in patients with curatively resected
NSCLC, Niho et al. observed grade 3/4 toxicities during S-1 mono-
therapy, including anemia in 7.3% and neutropenia in 3.7% [18]. S-1
monotherapy appears to be effective and feasible. Two recent phase III
trials for advanced NSCLC showed the non-inferiority of S-1 combined
with carboplatin or cisplatin compared with standard platinum doublet
chemotherapy [19,20]. Although S-1 plus platinum is considered a
standard regimen for advanced NSCLC, its efficacy in the elderly re-
mains unclear.

We have reported clinical trials using S-1 for patients with locally
advanced NSCLC, including elderly patients (> 70 years old) [21–24].
We also examined the combination of docetaxel and S-1 in patients with
previously treated NSCLC, including the elderly [25]. We believe that S-
1 is efficacious and safe for NSCLC patients, even the elderly. Therefore,
we conducted this phase II study of carboplatin plus S-1 followed by S-1
monotherapy in elderly patients with NSCLC (Clinical trial number:
UMIN000009345).

2. Materials and methods

2.1. Patient selection

This multicenter phase II trial was conducted in accordance with the
Declaration of Helsinki and was approved by the institutional review
board of each participating institution.

Chemotherapy-naïve patients aged ≥70 years old with pathologi-
cally confirmed NSCLC harboring stage IIIB or IV wild-type EGFR, an
Eastern Cooperative Oncology Group performance status (PS) 2 or
lower, and a measurable lesion according to the Response Evaluation
Criteria in Solid Tumors (RECIST) criteria ver. 1.1 were eligible for this
study. EGFR mutations were analyzed in biopsied samples using com-
mercial assays, such as PNA-LNA PCR clamp, PCR-Invader, and
Scorpion-ARMS. Additional inclusion criteria were a white blood cell

count ≥3000/mm3, absolute neutrophil count ≥1500/mm3, platelet
count> 150,000/mm3, hemoglobin level ≥9.0 g/dL, serum bilirubin
level ≤1.5 mg/dL, aspartate aminotransferase and alanine amino-
transferase levels≤2.5-fold the normal ranges, creatinine level
≤1.5 mg/dL, and arterial oxygen pressure ≥60 mmHg. Patients were
excluded it they had symptomatic brain metastasis, interstitial lung
disease, a massive effusion requiring drainage, or severe comorbidities
such as uncontrolled diabetes or cardiac disease or if they were taking
warfarin sodium or dabigatran etexilate. All patients provided written
informed consent.

2.2. Treatment schedule

Carboplatin was given as an intravenous infusion (area under the
curve: 5) on day 1, and S-1 (80 mg/m2 divided into two doses, after
breakfast and dinner) was given orally on days 1–14, every 4 weeks.
After four cycles of the combination therapy, S-1 monotherapy (same
dose and schedule as that used for induction therapy) was continued
until disease progression. The S-1 dose was based on the body surface
area (BSA) as follows: BSA<1.25 m2, 80 mg/day; 1.25 m2 ≤
BSA<1.5 m2, 100 mg/day; and 1.5 m2 ≤ BSA, 120 mg/day. Although
a dose reduction for carboplatin was not permitted, the S-1 dose was
reduced from 120 to 100 mg/day, 100–80 mg/day, or 80–60 mg/day
based on toxicity. Only one dose reduction was allowed. Second-line
chemotherapy or further treatments were given at the physician’s dis-
cretion.

2.3. Patient assessment

Patient assessment, including a physical examination, chest x-ray,
complete blood count, and biochemical profile, was repeated once a
week during the first cycle and at least once per subsequent cycle.
Tumor response was evaluated by computed tomography using RECIST
ver. 1.1 at least once every two cycles until disease progression. A re-
sponse of at least 4 weeks duration was confirmed as a complete or
partial response, and stable disease was defined as disease lasting at
least 6 weeks from initiation of the treatment protocol. DCR was de-
fined according to the complete response, partial response, and stable
disease rates together. Response was confirmed by an independent
extramural review. Toxicities were assessed according to the National
Cancer Institute–Common Toxicity Criteria for Adverse Events ver. 4.0.

2.4. Gene profiling analysis

Tissue samples were collected from patients who participated in this
study and provided additional written informed consent. For quantifi-
cation, 10 μm slices from paraffin-embedded specimens were set aside.
RNA was isolated from tumor tissues using the RNeasy FFPE Kit
(Qiagen, Chatsworth, GA, USA). cDNA was prepared using the High
Capacity Reverse Transcription Kit from Life Technologies (Foster City,
CA, USA), according to the manufacturer’s instruction. The expression
levels of the following six genes were determined by TaqMan real-time
PCR (TaqMan array card; Life Technologies) after TaqMan assay-based
pre-amplification: thymidylate synthase (TS), thymidine phosphorylase
(TP), dihydropyrimidine dehydrogenase (DPD), orotate phosphoribosyl
transferase (OPRT), vascular endothelial growth factor (VEGF), and
excision repair cross-complementing gene 1 (ERCC1). The array card
included ACTB, GAPDH, and RPLP0 as reference genes based on their
validated roles as housekeeping genes [26,27]. The relationships be-
tween gene expression and outcomes, including the response, PFS, and
OS rates, were evaluated.

2.5. Statistical analysis

The primary endpoint of this study was the ORR, and secondary
endpoints included the DCR, PFS, OS, and toxicity profile. OS was
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evaluated from the date of study entry to death. The final analysis was
planned for 1 year after the last patient was registered.

Assuming that an ORR of 20% would support the potential useful-
ness of the therapy, whereas an ORR of 5% would be at the lower limit
of interest, with alpha = 0.10 and beta = 0.20, the estimated accrual
was 28 patients for this study. Given the possibility of variance inflation
due to censoring or protocol violation, the sample size was set at 32
patients. Survival was estimated using the Kaplan–Meier method. The
difference among survival curves was evaluated using the log-rank test.
Patient characteristics and gene expression profiles or treatment re-
sponse were compared between groups using the χ2 test. The statistical
analyses were performed using Stata for Windows, ver. 14.0 (Stata,
College Station, TX, USA).

3. Results

3.1. Patient characteristics

We enrolled 33 patients between Mar 2013 and June 2015 in this
study. Table 1 shows the baseline patient characteristics. The median
age was 78 (range 70–89) years. The proportion of males was 84.8%,
and patients with adenocarcinoma and squamous cell carcinoma com-
prised 57.6% (19/33) and 39.4% (13/33), respectively. Most patients
were current or former smokers (84.9%), and the median Brinkman
index was 840.

3.2. Treatment

The median number of induction treatment (carboplatin plus S-1)
cycles was 3 (range 1–4), and 15 patients (45.5%) subsequently re-
ceived maintenance S-1 monotherapy. Four cycles of combination
chemotherapy were completed by 42.4% (14/33) of the patients. The
main reasons for discontinuation during induction were prolonged
neutropenia and thrombocytopenia. Dose reduction was necessary
during the induction phase in 36.4% (12/33) of the patients, while no
reductions were necessary during the maintenance phase. At the time of
analysis on July 30, 2016, 21.2% (7/33) of patients were alive and
received subsequent chemotherapy, and one patient continued S-1
maintenance therapy.

3.3. Response and survival analyses

The response was assessed in 32 of the 33 enrolled patients; the
remaining patient dropped out of the study because of a grade 3 skin
toxicity during the first course of treatment before the radiological

evaluation. The proportion of patients who achieved a response was
30.3% (10/33; 95% confidence interval [CI]: 14.6–46.0, 90% CI:
17.2–43.4), which met the primary endpoint of an ORR ≥ 20% (lower
limit of 90% CI 17.2> the lower limit of interest 5%). The DCR was
57.6% (95% CI: 40.7–74.4, Table 2). Table 3 shows the subgroup
analysis of the treatment responses and survival according to histology.
There was no significant difference in the ORR between patients with
squamous cell carcinoma and those with adenocarcinoma (p= 0.94, χ2

test). The median follow-up was 808 (range 293–1204) days, the
median PFS was 134 days (95% CI: 79–173), and the median survival
time (MST) was 479 days (95% CI: 250–571). Fig. 1A and B show the
PFS and OS curves for all patients, respectively. The 1-year survival rate
was 54.1% (95% CI: 35.7–69.3). The PFS curves were similar between
patients with adenocarcinoma and those with squamous cell carcinoma
(Fig. 2A). Although the MST was longer in patients with adenocarci-
noma than in those with squamous cell carcinoma (571 vs. 250 days;
Fig. 2B), the difference was not significant (p = 0.06).

3.4. Post-study chemotherapy

Overall, 70.0% (23/33) of the patients received subsequent post-
study systemic chemotherapy (Table S1). Of these, 14 patients (42.4%)
received further chemotherapy. The median post-study treatment line
was 1 (range 0–5). Although most of the patients received single-agent
chemotherapy, four received combination chemotherapy (amrubicin
plus erlotinib, gemcitabine plus vinorelbine, or docetaxel plus bev-
acizumab). The patients were administered the following agents: doc-
etaxel (31.6%), pemetrexed (31.6%), nab-paclitaxel (23.7%), and

Table 1
Patient characteristics.

Characteristic n (%)

Age, median (range), years 78 (70–89)
Sex
Male 28 (84.9)
Female 5 (15.2)
ECOG performance status
0/1/2 17/13/3 (51.5/39.4/9.1)
Histology
Adenocarcinoma 19 (57.6)
Squamous cell carcinoma 13 (39.4)
Not otherwise specified 1 (3.0)
Tumor stage
Recurrence/IIIB/IV 3/5/25 (9.1/15.2/75.8)
Current/former/never smoker 2/26/5 (6.1/78.8/15.2)
Brinkman Index
< 400 8 (24.2)
≥400 25 (75.8)
Median (range) 840 (0–1800)

Abbreviations: ECOG, Eastern Cooperative Oncology Group.

Table 2
Objective treatment response and survival.

n %

Complete response 0 0.0
Partial response 10 30.3
Stable disease 9 27.3
Progressive disease 13 39.4
Not assessable 1 3.0
Overall response rate 10 30.3
(95% CI) (14.6–46.0)
Disease control rate 19 57.6
(95% CI) (40.7–74.4)
Survival
Median PFS (days) (95% CI) 134 (79–173)
Median OS (days) (95% CI) 479 (250–571)
1-y survival rate (%) (95% CI) 54.1 (35.7–69.3)

Abbreviations: CI, confidence interval; OS, overall survival; PFS, progression-free survival.

Table 3
Objective response and survival rates according to tumor histology.

ADC (n = 19) SCC (n = 13)

No. % No. %

Complete response 0 0.0 0 0.0
Partial response 6 31.6 4 30.8
Stable disease 5 26.3 4 30.8
Progressive disease 8 42.1 4 30.8
Not assessable 0 0.0 1 7.7
Overall response rate 6 31.6 4 30.8
(95% CI) (10.7–52.5) (0.06–55.9)
Disease control rate 11 57.9 8 61.5
(95% CI) (35.7–80.1) (35.1–88.0)
Survival
Median PFS (days) (95% CI) 148 (64–193) 95 (68–244)
Median OS (days) (95% CI) 571 (317–763) 250 (95–374)
1-y survival rate (%) (95% CI) 73.3 (47.2–87.9) 30.8 (9.5–55.4)

Abbreviations: ADC, adenocarcinoma; CI, confidence interval; OS, overall survival; PFS,
progression-free survival; SCC, squamous cell carcinoma.
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others (13.2%). One patient received alectinib, because the EML4–ALK
fusion gene was detected later. One patient received nivolumab.

3.5. Gene profiling analysis

Gene expression analyses were performed in 17 of the 33 patients.
The expression of six genes (TS, TP, DPD, OPRT, ERCC1, and VEGF)
was successfully measured in these 17 patients. Fig. S1 shows the PFS
and OS curves. The cut-off values were based on the median expression
level of each gene. In the histological subgroup analysis (Fig. S2), TS
expression was higher in the patients with squamous cell carcinoma,
albeit not significantly (p= 0.085, χ2 test). Low TP expression was
significantly correlated with a better DCR (p = 0.004, χ2 test). Figs. S3
and S4 show the distribution of gene expression stratified according to
response. There were no significant differences in the PFS or OS stra-
tified by each gene (Figs. S5 and S6).

3.6. Safety

Table 4 shows the adverse event profile. The majority of the grade 3
or higher adverse events were thrombocytopenia (42.4%), neutropenia
(33.3%), and anemia (27.3%). One patient developed grade 3 skin
toxicity (erythema multiforme) just before beginning the second cycle
of carboplatin/S-1. He recovered fully after discontinuing all suspected
drugs, including S-1, and received prednisolone 30 mg/day for several
days. Because we could not rule out S-1-related skin toxicity, we
decided to discontinue the protocol treatment. Two deaths (6.1%) oc-
curred during the study. One patient died after four cycles of main-
tenance S-1 monotherapy of a spontaneous pneumothorax due to rup-
tured bullae in the contralateral lung; death was thus considered to be
unrelated to the S-1 treatment. The other died of aspiration pneumonia
following febrile neutropenia and was deemed a treatment-related
death.

4. Discussion

This phase II trial met the pre-designed primary endpoint
(ORR ≥ 20%), with a favorable survival outcome and moderate toxi-
cities, in elderly patients with advanced NSCLC. Low TP expression in
tumors might serve as a marker predictive of a better DCR.

Standard chemotherapy regimens have been established for elderly
NSCLC patients in the last two decades. In 1999, an Italian group re-
ported the first results from a phase III trial of vinorelbine monotherapy
compared with supportive care alone for the elderly. The survival
outcome was significantly better in the chemotherapy arm (MST: 6.4

Fig. 1. Progression-free and overall survival curves for all patients.

Fig. 2. Progression-free and overall survival curves according to tumor histology.

Table 4
Incidence of adverse events.

Adverse event Grade 3 (%) Grade 3 or higher (%)

General
Fatigue 0.0 0.0
Anorexia 0.0 0.0
Nausea 0.0 0.0
Vomiting 0.0 0.0
Skin rash 0.0 0.0
Febrile neutropenia 9.1 12.1
Pneumothorax 0.0 3.0
Erythema multiforme 0.0 3.0

Hematological
Neutropenia 24.2 33.3
Anemia 27.3 27.3
Thrombocytopenia 33.3 42.4

Biochemical
AST/ALT elevation 0.0 0.0
Creatinine elevation 0.0 0.0

Abbreviations: ALT, alanine amino transferase; AST, aspartate amino transferase.
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months in the vinorelbine arm vs. 4.8 months in the supportive care
arm) [7]. Subsequently, a phase III trial comparing vinorelbine, gem-
citabine, and both drugs together showed no survival benefit in the
combination arm [8]. Thus, single-agent monotherapy was proposed as
the standard regimen for the elderly. A Japanese group evaluated the
efficacy of docetaxel versus vinorelbine. Previously untreated stage
IIIB/IV NSCLC patients, ≥70 years of age with a PS of 2 or lower, were
enrolled. Although there was no significant difference in OS between
the two treatment arms, PFS and ORR were significantly better in the
docetaxel arm than in the vinorelbine arm (median PFS: 5.5 months vs.
3.1 months, p < 0.001; ORR: 22.7% vs. 9.9%, p = 0.019) [9]. We also
found that docetaxel was effective in select elderly patients (> 75 years
old) with advanced NSCLC [28]. Thus, docetaxel monotherapy was
proposed as the standard treatment for the elderly in Japan.

Two phase III trials of S-1 combined platinum doublet che-
motherapy showed possible survival benefit in patients with squamous
cell carcinoma than those with adenocarcinoma [20,29]. On the con-
trary, possible survival benefit was observed in the adenocarcinoma
group in our study (Fig. 2B). Thus, it remains unclear whether the
combination of S-1 with platinum has different efficacy between ade-
nocarcinoma and squamous cell carcinoma. Further investigations are
warranted.

Chemotherapy-related adverse events are likely to arise in the el-
derly, probably because of their impaired organ functions and co-
morbidities compared with younger patients. Grade 3/4 neutropenia is
associated with serious complications. The previously reported [9] in-
cidence of grade 3/4 neutropenia (82.9%) caused by docetaxel mono-
therapy was greater than that in the present study (33.3%). Therefore,
the carboplatin/S-1 combination seems to be safer than docetaxel
monotherapy in terms of neutropenia.

Age is an important factor when choosing a chemotherapy regimen.
Although the benefits of chemotherapy are similar regardless of age,
toxicities generally are more common in the elderly [30]. In a rando-
mized phase III trial, Quoix et al. compared carboplatin and weekly
paclitaxel with monotherapy in elderly patients with advanced NSCLC
[31]. Grade 3/4 hematological toxicities were significantly more fre-
quent in the combination chemotherapy group than in the mono-
therapy group. The incidence of treatment-related deaths with the
combination therapy was also high (4.4% vs. 1.3%). However, both PFS
and OS were significantly longer in patients treated with the combi-
nation therapy (median PFS: 6.0 vs. 2.8 months, MST: 10.3 vs. 6.2
months) [31]. Table S2 shows the results from representative trials of
platinum combination therapy conducted in elderly (≥70 years) pa-
tients with NSCLC. The median PFS and MST ranged from 4.7 to 6.2
months and from 10.3 to 17.0 months, respectively. The survival ben-
efit observed in our study was comparable with that in those studies
[12,13,31,32]. The efficacy and safety of S-1 plus carboplatin have not
been evaluated in the elderly. In addition, no related subset analyses
have been reported [19,33–35]. Compared with those studies, the re-
sponse and survival benefit in our study were comparable or better, but
the incidence of adverse events was higher (Tables S2 and S3).

The expression of six genes, TS, TP, DPD, OPRT, VEGF, and ERCC1,
were evaluated in this study. High TS expression is often observed in
squamous cell carcinoma and is associated with a poor treatment re-
sponse to fluorouracil [36–38]. However, there were no significant
differences in PFS or OS according to TS expression, which might be
because of the small sample size. By contrast, lower TP expression was
significantly correlated with a better DCR. Low TP expression led to a
better response and survival in gastric cancer patients [37,39]. TP is an
enzyme involved in pyrimidine nucleotide metabolism, and low TP
expression might be advantageous for tumor shrinkage or stabilization
by S-1. TP was recently found to be the same molecule as platelet-de-
rived endothelial cell growth factor, which stimulates the chemotaxis of
endothelial cells and angiogenesis [40,41], and high TP expression was
correlated with increased angiogenesis and a poor prognosis [42–46].
Therefore, the importance of TP expression in NSCLC should be

clarified.
There were some limitations to our study. First, this was a single-

arm study. Patient selection bias could not be eliminated. Second, the
significance of S-1 maintenance has not been established. Only one
report has examined S-1 maintenance therapy for advanced NSCLC
[47], although it has been evaluated for other malignancies and in an
adjuvant setting for NSCLC [48–52]. Suzuki, et al. reported S-1 main-
tenance therapy following four cycles of carboplatin and S-1 induction
therapy in patients with advanced squamous cell lung cancer [47]. The
median age was 72 years (range, 57–89 years), and 19 patients (37.3%)
were aged>75 years. The treatment seemed feasible and tolerable
even in the population including elderly. Further studies are needed to
reveal the efficacy and survival benefit of S-1 maintenance therapy.
Third, tissue samples were collected for gene expression analysis in only
52% (33/17) of the subjects. The relationship between TP gene ex-
pression and treatment outcome should be verified in future studies.
Fourth, we could not evaluate quality of life, comorbidities, number of
medications, or functional and cognitive status, which should be eval-
uated in future studies of NSCLC in the elderly.

In conclusion, carboplatin plus S-1 had favorable efficacy and tol-
erable toxicity for the elderly with NSCLC. This study met the prede-
signed primary endpoint, and the regimen seems to be a treatment
option. We need to conduct further studies to evaluate whether this
combination is superior to the standard first-line treatment for the el-
derly.
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Abstract 

A 73-year-old man was referred to our hospital after a 2-week history of bloody sputum and 

cough. Computed tomography (CT) images of the chest showed a mass grouped with medi-

astinal lymph nodes, and bronchoscopy showed a projecting mass in the right main bron-

chus. After a transbronchial biopsy, the patient was diagnosed with squamous cell carcinoma 

(T4N2M0 stage IIIB). The patient was treated with systemic chemotherapy, consisting of cis-

platin (40 mg/m
2
, days 1 and 8) and docetaxel (30 mg/m

2
, days 1 and 8), and concurrent 

thoracic irradiation at a daily dose of 2 Gy. On day 35 of treatment, the patient complained of 

a sore throat and cough. A CT of the chest showed punctate low-attenuation foci between 

the esophagus and bronchus. Gastrointestinal endoscopy and bronchoscopy demonstrated a 

fistula in the middle intrathoracic esophagus and the left main bronchus. The patient’s symp-

toms gradually improved, and the fistula was closed after the suspension of chemoradiother-

apy. Radiotherapy was resumed and completed on day 82. However, on day 108, he devel-

oped a fever and cough, and a tumor with fistula was revealed in the right main bronchus. 

He had an esophageal stent inserted, but he later died of sudden hemoptysis. 

 © 2017 The Author(s) 

 Published by S. Karger AG, Basel 
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Introduction 

An esophagobronchial fistula represents a connection between the esophagus and the 
bronchus, resulting from direct neoplastic infiltration and necrosis between the esophagus, 
bronchi, and mediastinum [1]. A fistula could also be induced by necrosis or cytoreduction of 
the tumor, though there is no clear evidence that treatment modalities such as chemothera-
py or radiotherapy increase the incidence of fistula formation [2]. We report on a patient 
with squamous cell carcinoma of the lung who developed an esophagobronchial fistula twice 
in his clinical course. The first one developed during chemoradiotherapy, and the second one 
was thought to be due to extension of the tumor. 

Case Report 

A 72-year-old Japanese man was referred to our hospital after 2 weeks of bloody spu-
tum and cough. He had a history of hypertension but was not treated with medication. He 
had smoked between the ages of 20 and 72 years, and had been exposed to asbestos at ship-
yards for 15 years. Physical examination revealed a slight wheeze in the bilateral lungs, and 
no superficial lymph nodes were palpated. A blood test revealed elevated white blood cells, 
C-reactive protein, and serum calcium levels. Tumor markers were slightly elevated in carci-
noembryonic antigen (13.4 ng/mL) and cytokeratin 19 fragment (12.9 ng/mL). Computed 
tomography (CT) of the chest showed a 60-mm mass grouped with mediastinal lymph 
nodes, which invaded the right main bronchus (Fig 1a, b). After a transbronchial biopsy of 
the mass, the diagnosis of squamous cell carcinoma was made. The staging workup, includ-
ing magnetic resonance imaging of the brain and whole-body fluorine-18 2-fluoro-2-deoxy-
d-glucose positron emission tomography, revealed his disease as cT4N2M0, stage IIIB.  

The patient was treated with systemic chemotherapy, consisting of cisplatin (40 mg/m2, 
days 1 and 8) and docetaxel (30 mg/m2, days 1 and 8), and concurrent thoracic irradiation at 
a daily dose of 2 Gy. On day 35 of treatment, he complained of a sore throat and cough, and a 
CT of the chest showed punctate low-attenuation foci between the esophagus and bronchus 
(Fig. 1c). Gastrointestinal endoscopy and bronchoscopy demonstrated a fistula in the middle 
intrathoracic esophagus and the left main bronchus, respectively (Fig. 2a, b). After the sus-
pension of chemoradiotherapy and abstaining from eating, his symptoms gradually im-
proved and the fistula was closed on day 52 (Fig. 2c). Radiotherapy at 2 Gy was resumed 
every other day and 60 Gy was completed on day 82. The fistula remained closed and the 
patient was discharged after the second course of chemotherapy.  

However, he was referred to our hospital for a sore throat and fever again on day 108. A 
CT of the chest showed a clear connection between the esophagus and the right main bron-
chus (Fig. 3a), and there was ground glass opacity spread in the right lower lung. Bronchos-
copy demonstrated a mass with the fistula in the right main bronchus (Fig. 3b). Pathological 
analyses of the mass showed poorly differentiated squamous cell carcinoma. Based on these 
findings, the patient was diagnosed with a relapse of the cancer. He had an esophageal stent 
inserted; however, he died of sudden hemoptysis on day 146. An autopsy was not allowed. 
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Discussion 

The development of an esophagobronchial fistula is a devastating and life-threating 
complication. The incidence of fistula in lung cancer is rare compared with that in esophage-
al cancer (0.16 vs. 4.9%). A fistula may occur in lung cancer when the tumor makes contact 
with the esophagus [2]. In the current case, the tumor was located in the mediastinal space 
and close to the middle intrathoracic esophagus. The first fistula was considered the result of 
tumor necrosis and damage to the mucous membrane induced by chemoradiotherapy, be-
cause the fistula developed in the left main bronchus and the initial tumor in the right main 
bronchus disappeared at that time. This speculation was also supported by the finding that 
the fistula improved after 3 weeks’ interruption of chemoradiotherapy. On the other hand, 
the second fistula was considered the result of tumor progression, because the fistula was 
associated with a tumor that had the same histology as the initial tumor. To our knowledge, 
this is the first report of an esophagobronchial fistula developing twice in 1 patient by differ-
ent mechanisms. 

An esophagobronchial fistula is a serious complication and the survival time is around 8 
months [3]. Direct surgical closure, chemotherapy, and radiotherapy [4] may be used to 
close the fistula. However, the utility of these treatments was not established, and stent in-
sertion is currently recommended in such situations for symptomatic relief [5]. An esopha-
geal stent was inserted in the current case; however, long-term symptomatic relief was not 
obtained due to massive hemoptysis. 

Chemoradiotherapy is a standard treatment option for locally advanced lung cancer [6], 
even in cases where the tumor is located close to or invades the esophagus. In such cases, 
physicians should be extremely cautious about the development of esophagobronchial fistu-
la during and after treatment. In addition to the CT scanning, gastrointestinal endoscopy, 
before and during treatment, might be considered for early detection of a fistula. In conclu-
sion, we reported a case of squamous cell carcinoma of the lung in a patient who twice de-
veloped an esophagobronchial fistula that was caused by different mechanisms.  
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Fig. 1. Computed tomography (CT) of the chest at the initial presentation showing a mass grouped with 

mediastinal lymph nodes, which invaded the right main bronchus: axial view (a) and coronal view (b).  

c The CT of the chest on day 35 of treatment demonstrated punctate low-attenuation foci between the 

esophagus and bronchus. 
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Fig. 2. Gastrointestinal endoscopy and bronchoscopy demonstrated a fistula in the middle intrathoracic 

esophagus (a) and the left main bronchus (b), respectively. After the suspension of chemoradiotherapy and 

abstaining from eating, the fistula was closed (c). 

Fig. 3. a Computed tomography of the chest on day 108, showing a connection between the esophagus and 

the right main bronchus. b Bronchoscopy demonstrated a tumor with the fistula in the right main bron-

chus. 
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Abstract 

A 65-year-old woman visited our hospital due to right chest pain and dyspnea on exertion. 

Chest radiography revealed decreased permeability of the right lung. Computed tomography 

demonstrated a huge mass in the right upper lobe and right pleural effusion. Right pleural 

effusion cytology yielded a diagnosis of adenocarcinoma and was positive for mutation of 

epidermal growth factor receptor (EGFR; exon 21 L858R). Afatinib was selected for the initial 

treatment. Multiple tumors regressed remarkably, but then rapidly progressed 3 months 

later. We performed re-biopsy to detect the mechanism of resistance to afatinib. Histo-

pathology revealed a mixture of small cell carcinoma (SCC) and adenocarcinoma harboring 

same EGFR mutation. To the best of our knowledge, this is the first report of transformation 

to SCC after treatment with afatinib. © 2017 The Author(s) 

Published by S. Karger AG, Basel 
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Introduction 

Lung cancers harboring epidermal growth factor receptor (EGFR) mutations usually re-
spond to EGFR tyrosine kinase inhibitors (TKIs), but most acquire resistance [1, 2]. Trans-
formation of the tumor has been reported to be one of the mechanisms of acquired re-
sistance after treatment with first-generation EGFR-TKIs [3]. However, few reports have 
described transformation during treatment with the second-generation EGFR-TKI afatinib 
[4]. We report a case of adenocarcinoma of the lung that acquired resistance to afatinib via 
transformation to small cell carcinoma (SCC). 

Case Report 

A 65-year-old woman visited our hospital due to right chest pain and dyspnea on exer-
tion. A chest radiograph revealed decreased permeability of the right lung (Fig. 1a). Comput-
ed tomography (CT) demonstrated a huge mass in the right upper lobe (Fig. 1b) and right 
pleural effusion. In addition, multiple masses were detected on the left lung, liver, and left 
adrenal grand, as well as mediastinal lymphadenopathy. Pathological examination of the 
right pleural effusion and a transbronchial biopsy from the right upper bronchus yielded a 
diagnosis of adenocarcinoma of the lung. Because an EGFR mutation (exon 21 L858R) was 
detected, treatment with afatinib was initiated. 

Multiple tumors remarkably regressed in 1 month, but paronychia (grade 3) appeared 
in 2 months. Due to difficulties in daily life, the treatment was interrupted for 2 weeks. CT 
images 3 months after the initial treatment demonstrated growth of the tumors in the lung. 
We performed another transbronchial biopsy to determine the mechanisms of resistance to 
afatinib. Histopathological examination revealed a mixture of SCC and adenocarcinoma (Fig. 
2) harboring the same EGFR mutation as the initial biopsy specimen. Systemic chemothera-
py consisting of cisplatin and irinotecan was administered, but no tumor regression was 
evident and carcinomatous pericarditis occurred. In addition, the patient complained of con-
sciousness disorder and convulsions. Lumbar puncture identified adenocarcinoma cells in 
the cerebrospinal fluid. The patient was diagnosed with carcinomatous meningitis and erlo-
tinib treatment was administered. However, no symptomatic improvement occurred and the 
patient died 5 months after the initial diagnosis. Autopsy was not allowed. 

Discussion 

In lung cancers harboring EGFR mutations, EGFR-TKIs demonstrate a favorable re-
sponse, but drug resistance emerges in most cases. A transformation of adenocarcinoma to 
SCC is one of the resistance mechanisms in first-generation EGFR-TKIs and occurs in 14% of 
resistant cases, in which the same EGFR mutation is found before and after the changes [5]. 
An amplification of MET, a high affinity tyrosine kinase receptor for hepatocyte growth fac-
tor, and a T790M mutation have been reported as resistance mechanisms of the second-
generation EGFR-TKI afatinib [4]. However, to the best of our knowledge, this is the first 
report of transformation to SCC after afatinib treatment. 

In the current case, SCC cells were found 3 months after the initial treatment with afat-
inib. After the chemotherapy for SCC, the carcinomatous meningitis progressed rapidly. 
Thus, we hypothesized that a very early stage of SCC development was observed in the cur-
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rent case. Although there is a possibility that adenocarcinoma and SCC coexisted from the 
initial diagnosis, a transbronchial biopsy from the same spot demonstrated adenocarcinoma 
alone at the time of the initial diagnosis and adenocarcinoma and SCC at the re-biopsy. We 
consider these findings to support our hypothesis.  

When resistance to an EGFR-TKI occurs in lung cancer harboring an EGFR mutation, re-
biopsy is recommended to reveal the resistance mechanisms. For cases with a T790M muta-
tion in exon 20, osimertinib has been reported to be a promising treatment option [6]. Re-
cently, the utility of liquid biopsy has been reported for the detection of the T790M mutation 
[7]. However, to date, SCC transformation cannot be detected by liquid biopsy. In cases in 
which EGFR-TKI treatment fails, re-biopsy should be applied to reveal the resistance mecha-
nisms and aid in the selection an appropriate treatment. 

Favorable results of systemic chemotherapy consisting of platinum and etoposide or iri-
notecan have been reported in cases of SCC transformation [8], but little response was ob-
served in the current case and the adenocarcinoma progressed rapidly. The effect of EGFR-
TKIs for transformed SCC is reported to be limited [9]. A treatment strategy for transformed 
SCC and existing adenocarcinoma should be established. 

In conclusion, we reported a case of EGFR-mutated adenocarcinoma of the lung that 
transformed to SCC. 
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Fig. 1. a Chest radiograph showing decreased permeability of the right lung. b CT image of the chest 

demonstrating a huge mass in the right lung and right pleural effusion. 
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Fig. 2. Pathological analysis of the transbronchial re-biopsy specimen revealed adenocarcinoma (left circle) 

and small cell carcinoma (right circle). 
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Summary

The cause of pleural effusion remains uncertain in approximately 15% of

patients despite exhaustive evaluation. As recently described

immunoglobulin (Ig)G4-related disease is a fibroinflammatory disorder that

can affect various organs, including the lungs, we investigate whether

idiopathic pleural effusion includes IgG4-associated etiology. Between 2000

and 2012, we collected 830 pleural fluid samples and reviewed 35 patients

with pleural effusions undiagnosed after pleural biopsy at Yamaguchi-Ube

Medical Center. Importantly, IgG4 immunostaining revealed infiltration of

IgG4-positive plasma cells in the pleura of 12 patients (34%, IgG41 group).

The median effusion IgG4 level was 41 mg/dl in the IgG41 group and

27 mg/dl in the IgG42 group (P < 0�01). The light and heavy chains of

effusion IgG4 antibodies of patients in the IgG41 group were heterogeneous

by two-dimensional electrophoresis, indicating the absence of clonality of

the IgG4 antibodies. Interestingly, the j light chains were more

heterogeneous than the k light chains. The measurement of the j and k free

light chain (FLC) levels in the pleural fluids showed significantly different j
FLC levels (median: 28�0 versus 9�1 mg/dl, P < 0�01) and j/k ratios

(median: 2�0 versus 1�2, P < 0�001) between the IgG41 and IgG42 groups.

Furthermore, the j/k ratios were correlated with the IgG41/IgG1 plasma

cell ratios in the pleura of the IgG41 group. Taken together, these results

demonstrate the involvement of IgG4 in certain idiopathic pleural effusions

and provide insights into the diagnosis, pathogenesis and therapeutic

opportunities of IgG4-associated pleural effusion.

Keywords: fibrinous pleuritis, free light chain, IgG4-related disease, pleural

effusion

Introduction

Pleural effusion remains common, originating from a wide

range of pathologies including congestive heart failure,

pneumonia and cancer [1]. A diagnostic algorithm for the

differentiation of a pleural effusion proposed by Light et al.

has been widely accepted [2] and recommended in the

British Thoracic Society pleural disease guideline [3].

Nonetheless, the cause of the pleural effusion remains

unclear in a substantial percentage of patients with persis-

tently exudative effusions after the history, physical exami-

nation and biochemical and cytological tests of pleural

fluid [4–6]. No diagnosis has been established for up to

15% of patients, despite invasive procedures such as thora-

coscopy or open pleural biopsy [4,6,7]. Therefore, a new

approach is needed to detect the cause(s) of undiagnosed

pleural effusions [8–11]. Because immunoglobulin G4

(IgG4)-related disease is recognized as a fibroinflammatory

condition of unknown cause that can affect multiple organs

including the lungs and pleura [12,13], IgG4 might be

related to certain idiopathic pleural effusions.

Hamano et al. originally reported elevated serum IgG4

concentrations in patients with autoimmune pancreatitis

[14], and IgG4-related autoimmune disease has been pro-

posed as a new clinicopathological entity characterized by

IgG41 plasma cell infiltration [15]. High serum IgG4 levels

and infiltration of IgG41 plasma cells have also been

reported in other organs, including salivary and lacrimal

glands [15–18]. Although the criteria for diagnosis of
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IgG4-related disease in the lung have not been established,

elevated serum IgG4 concentrations and histopathological

examinations, such as marked lymphoplasmacytic infiltra-

tion including IgG41 cells and fibrosis, have been recom-

mended [19–21]. Taniguchi et al. have reported interstitial

pneumonia associated with autoimmune pancreatitis and

marked infiltration of IgG41 plasma cells in the pulmonary

alveolar septum [22]. Common radiological findings of

IgG4-related lung disease include hilar and mediastinal

lymphadenopathy, thickening of perilymphatic interstitium

with or without subpleural and/or peribronchovascular

consolidation, and the pathological examination reveals

lymphoplasmacytic infiltration with fibrosis, which corre-

lates well with the radiological manifestations [23].

It has been reported that pleural effusion may occur in

association with systemic IgG4-related disease [16,24–30].

Conversely, there have been a few case reports on isolated

IgG4-related pleural effusion [26,31,32], but little is known

about the involvement of IgG4 in the pleural effusion. In

this study, we hypothesize that idiopathic pleural effusions

include IgG4-associated aetiology and demonstrate pleural

infiltration of IgG41 plasma cells in a substantial percent-

age of patients with idiopathic pleural effusion.

Methods

Patients

Idiopathic pleural effusion was defined as any persistent,

exudative pleural effusion that remains undiagnosed after

the history and physical examination, biochemical and

cytological studies of pleural fluid, radiographic examina-

tions and histopathological analysis of biopsied specimens

[4,6]. Diagnosis of idiopathic pleural effusion was made

after a minimum of 1-year follow-up (range 5 1–10 years),

with detailed exploration including computed tomographic

(CT) scanning to exclude other causes of effusion such as

malignant pleural mesothelioma and carcinomatous pleur-

itis, according to previous studies that mainly performed

follow-up of 1–2 years [4,7,33–36]. In this retrospective

study, we accumulated 830 pleural fluid samples at

Yamaguchi-Ube Medical Center between 2000 and 2012

and reviewed 35 patients with undiagnosed pleural effu-

sions who underwent thoracoscopy and pleural biopsy,

after excluding three patients who had a malignancy during

follow-up. Biochemical data were obtained for the sera and

pleural fluids when thoracentesis was conducted. Biological

and bacterial analyses of sera and pleural fluids, CT scan,

cytological and histological examination did not demon-

strate malignancy or infectious disease in patients with

pleural effusions. The patients’ pleural fluids were stored at

2808C until use. This study was approved by the institu-

tional review board of NHO Yamaguchi-Ube Medical

Center (Approval no. 26–2). Written informed consent was

obtained from each patient or their family for the use of

data and samples.

IgG4 immunohistochemistry

The parietal pleura were obtained from biopsy specimens.

Immunostaining for IgG or IgG4 was performed by activa-

tion of the pleura with 0�1% trypsin, incubation with rab-

bit polyclonal anti-human IgG antibody (Dako, Glostrup,

Denmark; cat. no. A0423) or biotinylated mouse monoclo-

nal anti-human IgG4 antibody (clone HP-6025; Sigma

B3648; Sigma, St Louis, MO, USA) [37,38] and HistoFineVR

Simple StainTM Max PO Multi (Nichirei Biosciences,

Tokyo, Japan; cat. no. 724152), and development with 3,3’-

diaminobenzidine (Nichirei Bioscience; cat. no. 715301).

The average number of IgG41 plasma cells within three

high-power fields (HPFs) was calculated, and patients with

the presence of > 10 IgG41 plasma cells/HPF and an

IgG41/IgG1 cell ratio of > 40%, as described for biopsy

specimens [23,38,39], were assigned to the IgG41 group.

Immunoglobulin analysis of pleural fluids

IgG1, IgG2, IgG3, IgG4, IgM, IgA and IgE in pleural fluids

were quantitated with Bio-Plex Pro Assays Human Isotyp-

ing 7-Plex (Bio-Rad, Hercules, CA, USA), according to the

manufacturer’s instructions. Bio-Plex Suspension Array

System was operated with Bio-Plex Manager (version 6�0).

Purification of IgG4 antibodies from pleural fluids

IgG4 was purified from pleural fluids by diethylaminoethyl

(DEAE)-cellulose ion exchange chromatography and sub-

sequently by affinity chromatography on anti-IgG4 anti-

body-coupled Sepharose-4. Pleural fluid was dialyzed

against 0�01 M phosphate buffer (pH 7�0). DEAE-cellulose

(DE52; Whatman Biosystems, Chalfont St Giles, UK) in a

column (/1 3 30 cm) was equilibrated with 0�01 M phos-

phate buffer (pH 7�0). The dialyzed pleural fluid (20 ml)

was passed onto the DEAE column and the fall-through

fractions containing IgG were collected. IgG4 in the IgG of

the fall-through fractions was purified with anti-IgG4-

coupled Sepharose-4 that had been prepared by coupling

monoclonal anti-IgG4 antibody (clone HP-6025; Sigma) to

CNBr-activated Sepharose-4 (GE) according to the manu-

facturer’s instructions. The bound IgG4 was eluted with

0�1 M glycine-HCl (pH 2�7) and neutralized immediately

with 1 M Tris.

Two-dimensional electrophoresis (2-DE) of effusion
IgG4 antibodies

2-DE of purified IgG4 was performed as described previously

[40,41]. Briefly, isoelectric focusing (IEF) gel solution con-

tained 8�5 M urea, acrylamide/Bis (5% T, 3% C), 10% glyc-

erol, 1�3 mM lysine and a mixture of Pharmalyte pH 3–10

(1�25%) and pH 5–8 (1�25%) (GE), which was degassed and

polymerized by adding ammonium persulphate and TEMED
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to concentrations of 0�05 and 0�1%, respectively. Purified

IgG4 was reduced in the presence of 5% b-mercaptoethanol

at room temperature for 1 h, and urea was added to a con-

centration of 8�5 M immediately before loading onto the cap-

illary IEF gel (/1 mm 3 5 cm). IEF was run in Mini-

PROTEAN 2-D Electrophoresis Cell (Bio-Rad) at 200 V for

15 min, 400 V for 15 min and 750 V for 2�5 h. After IEF, cap-

illary gel was equilibrated with sodium dodecyl sulphate

(SDS) sample buffer containing 5% b-mercaptoethanol for

30 min. After washing the capillary gel with SDS running

buffer, SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

was performed at 25 mA constant per gel. After transferring

the proteins onto PVDF membranes, g4, j and k chains on

the blots were probed with biotinylated anti-IgG4 (Sigma;

cat. no. B3648)/horseradish peroxidase-conjugated Extavidin

(Sigma; cat. no. E2886), peroxidase-conjugated anti-j and

anti-k light chain antibodies (Bio-Rad; cat. nos STAR127P

and STAR129P), respectively.

Free light chain (FLC) analysis of pleural fluids

The levels of j and k FLCs in pleural fluids were measured

by latex-based immunoassay using Freelite kappa kit and

Freelite lambda kit (The Binding Site, Birmingham, UK).

The measurement with Freelite was performed by The BN

II System (Siemens, Munich, Germany) at a qualified clini-

cal laboratory of SRL Inc. (Tokyo, Japan). The diagnostic

ranges for serum j FLC, k FLC and j/k FLC ratio are 3�3–

19�4 mg/l, 5�7–26�3 mg/l and 0�26–1�65, respectively [42].

Statistical analysis

The Mann–Whitney U-test was used to assess differences in

the laboratory data, pleural fluid immunoglobulin levels

and FLC levels between the IgG41 and IgG42 groups. The

immunoglobulin data are expressed as median and inter-

quartile range (IQR) unless stated otherwise. A correlation

coefficient was obtained using Pearson’s equation. P< 0�05

was considered statistically significant. All statistical analy-

ses were conducted using IBM SPSS statistics (version 22�0;

IBM, Armonk, NY, USA).

Results

Characteristics of patients’ pleural fluids and pleura

Clinical and demographic information of 35 patients with

idiopathic pleural effusion was obtained from the medical

records (Tables 1 and 2). Biopsies from the parietal pleura of

these patients demonstrated diffuse sclerosing inflammation,

but no malignant cells were identified. Fibrosis was pro-

nounced on the side of the pleural cavity, while storiform

fibrosis was not seen. Diffuse lymphoplasmacytic infiltration

was observed in 16 of 35 patients (Fig. 1a,b). No obliterative

phlebitis was observed. IgG4 immunostaining was per-

formed to examine whether IgG41 plasma cells were present

in the pleura of the 35 patients (Fig. 1c–h). IgG41 plasma

cells were variably detected, and the cut-off for IgG4 positiv-

ity was set to 10 IgG41 plasma cell counts per HPF, as pro-

posed for biopsy specimens [23,39]. Of 35 patients, 12

patients showing > 10 IgG41 plasma cells/HPF were

assigned to the IgG41 group (median 5 31; range 5 20–70;

Tables 1 and 2) and 23 patients with � 10 IgG41 plasma

cells/HPF to the IgG42 group (median 5 0�3; range 5 0–5).

All patients in the IgG41 group showed IgG41/IgG1 cell

ratios greater than 40% (Table 2). The patients in the IgG41

group were older men with a median age of 76 years, and

biochemical analysis showed lower median effusion LDH

and CRP levels for this group (Table 1).

Immunoglobulin analysis of pleural fluids

Effusion IgG4 levels were significantly higher in the IgG41

group than in the IgG42 group (median 5 41 versus

27 mg/dl, P< 0�01, Fig. 2d). The proportion of IgG4 to the

total IgG was also higher in the IgG41 group than in

the IgG42 group (median 5 3�2 versus 1�9%, P< 0�01,

Fig. 2h), which confirms higher IgG4 production in the

pleura of the former group. The pleural fluid IgA levels

were also elevated in the IgG41 group (median 5 403 ver-

sus 193 mg/dl, Fig. 2f), in contrast to those of IgG1, IgG2,

IgG3, IgM and IgE (Fig. 2a–c,e,g).

Clonality of the IgG4 antibodies of patients in the
IgG41 group

To exclude the possibility of malignant lymphoma and

multiple myeloma, the clonality of the effusion IgG4

Table 1. Clinical characteristics of patients with pleural effusions of

unknown cause

IgG42 group

(n 5 23)

IgG41 group

(n 5 12) P

Age (years) 70 (63–78) 76 (73–80) 0�092

Sex (male/female) 22/1 12/0 0�851

Serum

Total protein (g/dl) 7�1 (6�4–7�3) 7�2 (6�7–7�6) 0�420

Albumin/globulin 1�00 (0�80–1�30) 1�05 (0�85–1�20) 0�932

LDH (IU/l) 186 (164–235) 181 (164–227) 0�797

CRP (mg/dl) 1�48 (0�75–2�14) 0�83 (0�27–1�83) 0�161

Pleural fluid

Total protein (g/dl) 4�3 (3�9–5�0) 4�5 (3�6–5�2) 1�000

LDH (IU/l) 356 (197–577) 221 (145–340) 0�049

CRP (mg/dl) 0�89 (0�51–1�24) 0�34 (0�17–1�31) 0�085

ADA (U/l) 21�7 (16�4–23�5) 21�5 (15�9–29�5) 0�719

LDH in pleural

fluid/serum

1�60 (1�29–3�00) 1�19 (0�77–1�95) 0�079

Data are presented as median (interquartile range).

LDH 5 lactate dehydrogenase; CRP 5 C-reactive protein;

ADA 5 adenosine deaminase. The normal ranges for total protein,

albumin/globulin ratio, LDH and CRP in serum are 6�0–8�3 g/dl,

1�0–2�0, 120–240 IU/l and < 0�3 mg/dl, respectively. The normal

range for pleural fluid ADA is < 30 U/l [2].

IgG4 in idiopathic pleural effusion
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antibodies of patients in the IgG41 group was examined by

2-DE (Fig. 3). The control human IgG4, j myeloma pro-

tein, was separated into four g4 H chain spots with differ-

ent isoelectric points and one j L chain spot, but no k L

chain spot (Fig. 3a–c). In contrast, the H and L chains of

the IgG4 antibodies of the patients were more heterogene-

ous in terms of isoelectric point and molecular weight

(Fig. 3d–i). In particular, both j and k L chains were

detected, indicating that their IgG4 antibodies are polyclo-

nal. The numbers of the spots of the j and k chains were

10 and 5–6, respectively, which suggests that the j chain

predominates in the effusion IgG4 antibodies of the

patients.

Free light chains (FLC) analysis of pleural fluids

As the j chain was associated predominantly with IgG4 H

chain in the patients (Fig. 3), it was presumed that the

j-type was also predominant in the FLCs of the pleural flu-

ids of the IgG41 group. FLCs are produced in excess of the

H chains during immunoglobulin synthesis and secreted

into the circulation. The FLC assay was developed originally

to support the diagnosis of L chain multiple myeloma, and

has been used to assess the excess of one L chain isotype

over another by using j/k ratio as a surrogate for clonal

expansion [43–45]. Interestingly, the j FLC levels were

higher in the patients of the IgG41 group than in the IgG42

group (median 5 30�1 versus 9�1 mg/dl, P < 0�01) (Fig. 4a),

whereas the median k FLC levels were not significantly dif-

ferent (Fig. 4b). Importantly, the median j/k FLC ratio was

above the normal range and significantly higher in the

IgG41 group than in the IgG42 group (2�0 versus 1�2,

P< 0�001) (Fig. 4c). In a comparison of patients between

the IgG42 and IgG41 groups, the receiver operating charac-

teristic (ROC) curve for the j/k FLC ratio had a sensitivity

of 0�87, a specificity of 0�83 at a cut-off value of 1�42 with an

area under the curve (AUC) of 0�88 (Fig. 5). In addition, the

j/k FLC ratios were found to be correlated with the IgG41

plasma cell counts/HPF and the IgG41/IgG1 cell ratios in

the pleura of the IgG41 group (Fig. 6). These results

are consistent with the predominance of the j chain in the

2-DE patterns of the effusion IgG4 antibodies (Fig. 3).

Discussion

The aetiology of exudative pleural effusion sometimes

remains unknown, despite thoracoscopy and histological

examination of pleural biopsy specimens. In this study, we

have shown that 34% of patients with idiopathic pleural

effusion are associated with IgG4. To our knowledge, this

study is the first to investigate the incidence of IgG4-

associated pleural effusion in patients with idiopathic pleu-

ral effusion. A pleural marker that might be related to this

pleural effusion is also discussed.T
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Pleural effusions are manifested in some systemic IgG4-

related disease. In previous case reports on IgG4-related dis-

ease, pleural effusion occurred as one of the symptoms of the

systemic disease involving pancreas, salivary glands, etc. Nod-

ular lesions and bronchovascular involvement are the most

common pulmonary manifestations, and various combina-

tions of pulmonary abnormalities are often found in the

same patients [23,46,47]. In contrast, the patients in this

study did not show multi-organ system involvement other

than pleuritis. Considering the elevated effusion IgG4 levels,

tissue IgG41 plasma cell numbers and IgG41/IgG1 plasma

cell ratios (Table 2), however, the IgG4-associated aetiology is

evident for the patients in the IgG41 group of this study. The

patients in the IgG41 group were elderly men and less

inflammatory compared with those in the IgG4– group

(Table 1), which is in agreement with characteristics of IgG4-

related disease that affects predominantly older men and pro-

gresses slowly with relatively weak inflammation signs [48].

IgG4 antibodies are considered generally to be anti-

inflammatory [49,50], but their pathogenic effects have also

been reported [51,52]. At present, it is unclear whether the

increased production of IgG4 antibody is a causative factor

of the pleural effusion or a bystander phenomenon associated

with chronic inflammatory reactions.

Fig. 1. Histopathological features of the

parietal pleura of patients with idiopathic

pleural effusion. (a,b) Fibrous thickening

of the pleura and prominent

lymphoplasmacytic infiltrate in the

subpleural fibrous and adipose tissue

(haematoxylin and eosin staining,

magnification 3100). (c–h)

Immunostaining for immunoglobulin

(Ig)G or IgG4, magnification 3200.

(a,e,f) Case 1, effusion IgG4:

1133�1 mg/dl. (b,g,h). Case 2, effusion

IgG4: 20�3 mg/dl (Table 2).

IgG4 in idiopathic pleural effusion
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In differential diagnosis, sarcoidosis and multi-centric

Castleman’s disease were ruled out by clinical and radiolog-

ical findings, including lack of mediastinal/hilar or extrap-

ulmonary lymphadenopathy in the chest X-ray and CT

scan examinations (Table 2). Although lymphoma/

myeloma needs to be suspected when the IgG4 levels are

markedly high, in this study the IgG4 antibodies were poly-

clonal and no patient developed malignancy during at least

1-year follow-up (median 5 years, Table 2). Interestingly,

the effusion IgG4 levels did not correlate with the extent of

pleural infiltration of IgG41 plasma cells (cases 1 and 2,

Fig. 1, Table 2). Although the effusion IgG4 level of case 2

Fig. 2. Comparison of pleural fluid levels of immunoglobulins between the immunoglobulin (Ig)G42 and IgG41 groups. (2), IgG42 group;

(1), IgG41 group. Median and interquartile ranges are shown.

Fig. 3. Analysis of the clonality of the effusion immunoglobulin (Ig)G4 antibodies of patients in the IgG41 group by two-dimensional

electrophoresis (2-DE). Control IgG4 j myeloma protein from Sigma (cat no. I4639) (a –c). Effusion IgG4 antibodies of representative cases

with abnormal IgG4 levels (d–i). The H and L chains were probed with anti-IgG4-Fc (left), anti-j chain (middle) and anti-k chain (right)

antibodies.

Y. Murata et al.
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in the IgG41 group was as low as 20�3 mg/dl, IgG4 immu-

nostaining exhibited dense infiltration of IgG41 plasma

cells in the pleura (Fig. 1h). The discrepancy between

serum IgG4 concentrations and immunohistochemical

findings has also been noted in IgG4-related disease [53].

Therefore, a biomarker other than IgG4 is needed to sup-

port the diagnosis of this pleural effusion. The measure-

ments of FLC in the pleural fluid may be considered.

Elevated FLC levels (Fig. 4a,b) are likely to reflect the

activation of polyclonal B cells that infiltrate in the pleura.

Higher j FLC levels and j/k ratios in the IgG41 group

than in the IgG42 group may be useful to discriminate the

IgG4-associated pleural effusion (Fig. 4). Over-production

of serum FLC and high serum j/k ratios have been shown

recently to correlate with the disease activity of systemic

lupus erythematosus [54], rheumatoid arthritis, primary

Sj}ogren’s syndrome [55] and IgG4-related disease [56].

However, the reason for the high j/k ratios in these dis-

eases is not known. One possibility to explain the high j/k
ratios in the IgG41 group is dominant selection of Vj
genes by possible antigen(s) that elicit pleuritis. It has been

reported that the j/k ratios of granulocyte–macrophage

colony-stimulating factor (GM-CSF) autoantibodies in the

sera of patients with autoimmune pulmonary alveolar pro-

teinosis are correlated with disease severity [57]. The study

suggests the occurrence of selective expansion of k-type

anti-GM-CSF antibody-positive B cell clones in the periph-

eral lymphatic tissues. However, neither autoantigens nor

disease-specific IgG4 autoantibodies have been identified

in IgG4-related disease [12]. A second possibility is a pref-

erential association of the j L chains with the g4 and a H

chains because the levels of IgG4 and IgA were elevated in

the pleural fluids (Fig. 2). The j L chains have been shown

to be associated preferentially with IgG4 and IgA H chains

from the analyses of subclass distribution in 659 IgG

myeloma sera [58] and 176 IgG and 62 IgA myeloma pro-

teins [59]. These studies show the mean j/k ratios for the

IgG4 myeloma proteins as 3�0 (n 5 24 [58]) and 2�7
(n 5 11 [59]) and that for IgA as 2�1 (n 5 42 [59]). The

correlations of the effusion j/k FLC ratios with the IgG41

cell counts and IgG41/IgG1 cell ratios in the pleura are in

agreement with this notion (Fig. 6). It has been reported

that FLC can confer mast cell-dependent hypersensitivity

in mice and that increased j FLC monomer and dimer lev-

els and high j/k ratios are often found in the cerebrospinal

fluid of patients with multiple sclerosis [60,61]. The pleural

effusions in the IgG41 group may be attributable to the

accumulation of j FLCs.

IgG4-related pleural lesions are reported to be steroid-

responsive [26,32,62]. Considering B cell activation as a

Fig. 4. Comparison of pleural

fluid levels of the j and k free

L chains (FLC) (a,b) and j/k
ratio (c). Median and

interquartile ranges are shown.

(2), Immunoglobulin (Ig)G42

group; (1), IgG41 group.

Fig. 5. Receiver operating characteristic (ROC) analysis on diagnostic

utility of immunoglobulin (Ig)G4 and j/k ratio for distinguishing

patients between the IgG42 and IgG1 groups. Cut-off value for j/k
ratio, 1�42; sensitivity, 0�87; specificity, 0�83. Area under the curve

(AUC), 0�88; 95% confidence interval (CI) for the AUC, 0�74 – 1�00.

Cut-off value for IgG4/IgG ratio, 2�75%; sensitivity, 0�75; specificity,

0�74; AUC, 0�80; 95% CI for the AUC, 0�66–0�94.
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possible mechanism for the pleural effusion in our study,

the same therapeutic strategy with immunosuppressive

agents may be applicable to our cases. One patient in the

IgG41 group who had suffered recurrent pleural effusions

(Case 1, Table 2) received corticosteroids, which amelio-

rated the pleural effusion. Conversely, pleural effusions

resolved spontaneously in a subset of patients, and so

watchful waiting may be appropriate in some patients with

mild pleural effusion or asymptomatic pleuritis, as

described for IgG4-related disease in other organs [63].

However, criteria to justify treatment of IgG4-related pleu-

ral lesions need to be established by future prospective

studies.

This study has several limitations. This is a retrospective

study with a small number of patients. One patient was

followed-up for 1 year, although more than 1-year follow-

up is recommended for detection of occult pleural malig-

nancy [7,33,36]. It was not possible in all patients to assess

the development of an extra-pleural IgG4-related lesion

during follow-up. As serum samples were not available, the

serum levels of IgG4, j and k FLCs could not be analysed.

Immunoglobulins including IgG4 were quantitated by a

capture sandwich immunoassay, which is different from

nephelometry used in the literature, and so the IgG4 con-

centrations in this study cannot be compared directly with

those in the previous reports on IgG4-related disease.
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a b s t r a c t

CD82 (also known as KAI1) belongs to the tetraspanin superfamily of type III 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
the anti-CD82 mAb 4F9 effectively inhibits phosphorylation of VEGF receptor 2 (VEGFR2), which is the
principal mediator of the VEGF-induced angiogenic signaling process in tumor angiogenesis, by regu-
lating the organization of the lipid raft microdomain signaling platform in human EC. Our present work
therefore suggests that CD82 on EC is a potential target for anti-angiogenic therapy in VEGFR2-
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

activation of downstream signaling processes [1]. We previously
showed that CD82 was preferentially expressed on CD4þCD45ROþ

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

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; [3H]-TdR, tritiated thymidine.
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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 [12e14]. 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 CD82mAb 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 SigmaeAldrich (USA) and R&D Systems (USA), respectively.
Human umbilical vein endothelial cells (HUVECs) were purchased
fromKURABO (Japan) and cultured according to themanufacturer'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-
eAldrich (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 samemethod 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 � 104 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 [3H]-thymidine ([3H]-
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� 104 cells per well. [3H]-TdR (1 mCi/mL) was added and the cells
were cultured for a further 18 h. Cells were then harvested and their
radioactivity level wasmeasuredwith a Liquid Scintillation Counter
(Wallac 1205 Beta Plate; PerkineElmer 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 suraminwere 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 mg/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 mg/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 TukeyeKramer post-hoc test. The level of signifi-
cancewas p< 0.05. The calculationswere 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.
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

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.

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 ¼ 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 mm (B) CD82-knockdown HUVECs (shCD82-300)
(shCD82 (þ)) 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 ¼ 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 (þ)) or control shRNA transfected HUVECs (shCD82 (�)) were incubated with 10 ng/ml of VEGF. Proliferation of HUVECs was
monitored by measuring [3H]-thymidine (TdR) incorporation at 24, 48 or 72 h of culture. The mean values of [3H]-TdR incorporation ± S.E. are shown (n ¼ 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.)

S. Nomura et al. / Biochemical and Biophysical Research Communications 474 (2016) 111e117 113



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

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

Fig. 2. Anti-CD82 mAb 4F9 inhibited HUVEC angiogenesis, migration and proliferation. (A) HUVECs were incubated with control mouse IgG (20 mg/ml, as indicated at 0 mg/ml of
4F9), 4F9 (5, 10, and 20 mg/ml) or suramin (50 mM), 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 ¼ 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 mm. (B) Following treatment with control mouse IgG (20 mg/ml, as
indicated at 0 mg/ml of 4F9), 4F9 (5, 10, and 20 mg/ml) or suramin (50 mM), 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 mg/ml, as indicated at 0 mg/ml of 4F9), 4F9 (0.1, 1.0, and 10 mg/ml), HUVECs were incubated with 10 ng/ml of VEGF. Pro-
liferation of HUVECs was monitored by measuring [3H]-TdR incorporation at 24 or 48 h of culture. The mean values of [3H]-TdR incorporation ± S.E. are shown (n ¼ 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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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 ECmigration, 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 ECmovement [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.

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 mg/
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 mg/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#) 3e5 or 9e11 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.
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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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A humanized anti-CD26 monoclonal 
antibody inhibits cell growth of malignant 
mesothelioma via retarded G2/M cell cycle 
transition
Mutsumi Hayashi1,2, Hiroko Madokoro1, Koji Yamada3, Hiroko Nishida1, Chikao Morimoto4, Michiie Sakamoto1 
and Taketo Yamada1,5*

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.
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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 

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 
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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 

anti-tumor effect via p27kip1 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 p27kip1 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 
35  V, 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 μg/mL of YS110. Based on this result, we used YS110 
at 2 μg/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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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 
Tyr15 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 cdc25A and cdc25B was observed (data not 
shown).

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 chk1, 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 μM 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 μM 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 μM 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. 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
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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 

(Fig.  6C-d), and both YS110 and PMX (Fig.  6C-e). 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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of G1 phase cells was reduced in NCI-H2452 cells treated 24 h with 
2 μg/mL of YS110. A representative experiment is shown. b The aver-
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decreased. Inhibitory phosphorylation of cdc2 Tyr15 and cdc25C 
Ser216 were elevated while there was no significant change in whole 
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normalized by the densitometry of control cells. All experiments were 
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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 

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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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 cdc25C 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 cyclinB1 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 
cdc25C 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 cdc25C 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 

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 IgG1 (Southern Biotech, Bir-
mingham, AL) was used as a control. Rabbit monoclonal 
antibody to cyclinB1, p21cip/waf1, cdc2, phospho-cdc2 
(Tyr15), cdc25c, phospho-cdc25c (Ser216), Erk1/2, 
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 β-actin or Glyceraldehyde 



Page 8 of 10Hayashi 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 μg/mL), and 5 % CO2 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  ×  103 NCI-H2452 cells were seeded in RPMI1640 
medium supplemented with 10 % heat inactivated FBS on 
96-well plate with or without 2 μg/mL YS110. After 48 h 
of incubation at 37  °C in 5 % CO2, 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 ×  105 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 μg/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  μg/mL YS110 for 24  h 

were lysed at 4 °C by lysis buffer with phosphatase inhibi-
tors (50 mM Tris–HCl, 150 mM NaCl, 1 % NP-40, 0.25 % 
deoxycholate, 500 μM 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 μg 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 p21cip/waf1 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  ×  106) were implanted sub-
cutaneously in the back flank of NOG mice. Mice were 
injected intratumorally with control human IgG1 (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 IgG1 (n  =  3) or 
YS110 (5  μg 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 μm. 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 % H2O2, 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-ß is a multifunctional cytokine that is involved in cell proliferation, differentiation and

function. We previously reported an essential role of the TGF-ß -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-ß 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-ß. Nedd9 expression was increased by TGF-ß and suppressed

by RANKL. Overexpression of Nedd9 partially rescued an inhibitory effect of a TGF-ß inhibi-

tor, while gene silencing of Nedd9 suppressed RANKL-induced osteoclastogenesis.

RANKL-induced osteoclastogenesis were reduced and stimulatory effects of TGF-ß 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-ß in osteoclastogenesis [2] [3]. TGF-ß 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-ß 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-ß 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-ß and TNF-α 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-ß-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 (NFATc1)
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-ß-Smad2/3 pathways.

Results

Identification of genes regulated by the TGF-β-Smad2/3 axis
To identify genes regulated by the TGF-ß-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-ß for 1.5 h. Total read number was 15,108,905, and 10,837,516 reads (71.7%)

A Smad2/3 Target Nedd9 Is Involved in Osteoclastogenesis
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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
TGF-ß-regulating genes such as Cdkn1a, Smad7 and Serpine1. We selected Smad2/3-binding
regions in 8 of these genes (Serpine1, Cdkn1a, Smad7, Smad6, Ski, Tmepai, Nedd9 and Pdgfb)
and confirmed a TGF-ß-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-β
To analyze TGF-ß-induced histone modification, BMMs treated with 1 ng/ml TGF-ß [desig-
nated as TGF-ß(+) BMMs] or 5 μM SB431542 [TGF-ß(-) BMMs] were subjected to ChIP-seq
analysis using anti-H3K4me3 or anti-H3K27me3 antibody. SB431542 is a potent and specific
kinase inhibitor of TGF-ß 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-ß(-) and TGF-ß(+) BMMs, respec-
tively. Smad2/3 target genes were significantly enriched in genes with K4(+)K27(+) marks in
TGF-ß(-) BMMs and K4(+)K27(-) marks in TGF-ß(+) (7.8 fold enrichment; P<10−5 by chi
square test) (Fig 2A). The average signal intensity of H3K4me3 around TSS was higher in
TGF-ß(+) BMMs than in TGF-ß(-) BMMs while that of H3K27me3 was lower (Fig 2B).
Indeed, mRNA expression of Smad target genes with K4(+)K27(+) marks in TGF-ß(-) BMMs
and K4(+)K27(-) marks in TGF-ß(+) BMM were up-regulated after TGF-ß stimulation (Fig
2C).

TGF-β 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-ß (Fig 3, upper and lower panels;
P< 10−5 by chi square test). Enrichment scores calculated by Gene Set Enrichment Analysis
(GSEA) [17] exhibited statistically significant enrichment (P< 10−6) (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< 10−5 by chi square test). In addition, genes whose histone modi-
fication was changed from K4(+)K27(+) to K4(+)K27(-) patterns by TGF-ß 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< 10−6) (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-ß for 1.5 h and cells were subjected to ChIP-
seq analysis using anti-Smad2/3 antibody. Three known TGF-ß 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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Identification 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-ß 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-ß stimulation in BMMs and then returned
to K4(+)K27(+) patterns in response to RANKL stimulation. In fact, Nedd9 gene expression
was upregulated by TGF-ß in BMMs and downregulated by RANKL stimulation (Fig 5B).

We then analyzed a potential function for Nedd9 in osteoclastogenesis. Retroviral overex-
pression of Nedd9 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 shNedd9markedly 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-ß 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-ß is indispensable for RANKL and M-CSF-induced osteo-
clastogenesis. However, the effector genes acting downstream of TGF-ß-Smad2/3 pathways
remain elusive. In the present study, we comprehensively analyzed Smad2/3-binding regions
and identified Smad2/3 target genes in BMMs by ChIP-seq analysis. Smad2/3 target genes
were enriched in TGF-ß 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-ß 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

of each SBR are shown by black bars. (B) Eight positive regions and two negative regions for Smad2/3 binding were selected from
ChIP-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 ChIP-seq analysis. Smad2/3 binding was
enriched around TSS.

doi:10.1371/journal.pone.0157992.g001
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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-ß(-) BMMs and K4(+)K27(-) marks in TGF-ß
(+) BMM. (B) The intensity of histone marks around TSS of Smad2/3 target genes. The signal intensity of H3K4me3 in BMMs treated with TGF-
ß was higher than those treated with SB431542, while the signal intensity of H3K4me27 was lower in TGF-ß(+) BMMs than that in TGF-ß(-)
BMMs. (C) mRNA expression of Smad target genes with K4(+)K27(+) marks in TGF-ß(-) BMMs and K4(+)K27(-) marks in TGF-ß(+) BMM.

doi:10.1371/journal.pone.0157992.g002
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K4(+)K27(-) patterns in response to TGF-ß. Nedd9, also known as CasL and HEF1, was origi-
nally identified as a 105 kDa protein that is tyrosine phosphorylated by the ligation of ß1 integ-
rins in peripheral T cells [18]. Nedd9 is induced by TGF-ß 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-ß 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

Fig 3. Identification of downstream effectors of TGF-ß in osteoclastogenesis. Upper: The expression
scores after TGF-ß 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-ß. 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 < 10−5).

doi:10.1371/journal.pone.0157992.g003
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Fig 4. Upper: TGF-ß(+) BMMs were treated with 5 nM GST-RANKL for 0, 3, 12, 24, 48, and 72 h. Relative
expression levels of Smad2/3 target genes as compared with those in time 0 are illustrated by a heat map. The
probes were sorted by the value at 72 h after RANKL treatment. Horizontal bars indicate Smad2/3 target genes
and genes with K4(+)K27(+) marks in TGF-ß(-) BMMs and K4(+)K27(-) marks in TGF-ß(+) BMMs. GSEA
enrichment scores are graphically shown in the right panel. Lower: Enrichment of Smad2/3 target genes in the
gene population whose relative expression levels were upregulated more than 2-fold or downregulated less
than 0.5-fold by RANKL. Smad2/3 target genes were significantly enriched in downregulated genes by RANKL.

doi:10.1371/journal.pone.0157992.g004
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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 Smad6 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-ß signaling in a negative feedback manner by
interacting with inhibitory Smads.

Fig 5. Epigenetic regulation of Nedd9 gene during osteoclastogenesis. (A) Smad2/3 binding and histone modification changes of
Nedd9 gene during osteoclastogenesis. Histone modification patterns in BMMs changed from K4(+)K27(+) to K4(+)K27(-) patterns by TGF-ß
and returned to K4(+)K27(+) patterns after RANKL treatment. (B)Nedd9mRNA expression after TGF-ß or RANKL stimulation. The
expression increased by TGF-ß stimulation and was reduced after RANKL treatment. The expression remained at low levels in the presence
of SB431542.

doi:10.1371/journal.pone.0157992.g005
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Fig 6. Nedd9 is critical for osteoclast differentiation. (A) Realtime PCR analysis of effects of retroviral
overexpression of Nedd9 gene on RANKL-induced osteoclastogenesis, as indicated by expression ofNedd9
andCathepsin KmRNAs. (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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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-ß on RANKL-induced osteoclastogenesis
was partially abrogated. However, we were unable to find the abnormal bone phenotypes in

RANKL-induced osteoclastogenesis. SB431542 suppressed osteoclastogenesis, which was partly recovered
by Nedd9 overexpression. Cultures were stained by TRAP. Bars = 100 μm. (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

Fig 7. (A) Effects of knockdown of Nedd9 gene by shRNA on osteoclastogenesis. BMMs infected with retrovirus vector
carrying shNedd9were 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 μm. *P < 0.05.

doi:10.1371/journal.pone.0157992.g007
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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-ß. Further studies are
required to fully understand the role of Nedd9 in the skeletal milieu.

Fig 8. Impaired osteoclastogenesis in Nedd9-/- BMMs. (A) BMMs were isolated from Nedd9 knockout (KO) and wild-type (WT) mice and
cultured in the presence of RANKL with or without TGF-ß. Osteoclastogenesis was evaluated by TRAP staining (A), the number of multi-
nuclear osteoclasts (B) and the expression of Cathepsin K protein (C).

doi:10.1371/journal.pone.0157992.g008
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Materials and Methods

Reagents
Recombinant human M-CSF was purchased from R&D Systems (Minneapolis, MN, USA),
and TGF-β 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 (α-
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

Fig 9. (A) Bone phenotypes of 12-week-old maleNedd9-/- 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
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fromMillipore (Polyclonal antibody, Rabbit, 07–449, Billerica, MA, USA), anti-β-actin was
from Sigma-Aldrich (Polyclonal antibody, Rabbit, A2066, St Louis, MO, USA).

Animals
Nedd9-/- mice with C57BL/6J (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 α-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-β-Smad
pathway on osteoclastogenesis, 1 ng/ml TGF-β or 10 μM 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-μg 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

PCRMaster 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 ß-actin serving as
an internal control. Primer sequences were as follows: Nedd9 forward, 50-CCACCCTCCTACC
AGAATCA-30; Nedd9 reverse, 50-ATACCCCTTGAGTGCTGTGG-30; 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 × 106 BOSC23 packaging cells were transfected with 6 μg of
vector using FuGENE 6 (Roche). After 24 h, the medium was replaced with fresh α-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 5×106 BMMs were incu-
bated with 8 ml of retroviral stock for 5 h in the presence of 6 μg/ml polybrene and 30 ng/ml
recombinant mouse M-CSF. After 5 h of retroviral infection, the medium was changed to α-
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 α-
MEM/10% FBS containing 2 μg/ml puromycin for 2 d and used for further experiments.
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RNA interference (RNAi)
RNAi expression vectors were constructed with piGENEmU6 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 μg/ml puromycin (Sigma-Aldrich) for 2 days. Primer sequences were as fol-
lows: shNedd9_1 (sense) 50-gtttGCATTAGATCTTTGGTCGACAgtgtgctgtccTGTTGGCC
AAAGGTCTGATGCttttt-30, shNedd9_1 (antisense) 50-atgcaaaaaGCATCAGACCTTTGGCC
AACAggacagcacacTGTCGACCAAAGATCTAATGC-30, shNedd9_2(sense) 50-gtttGCAGTG
CTAGGAGTGACATGTgtgtgctgtccACATGTTACTCCTGGTACTGCttttt-30, shNedd9_2
(antisense) 50-atgcaaaaaGCAGTACCAGGAGTAACATGTggacagcacacACATGTCACTCCT
AGCACTGC-30.

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 μg 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: 50-AGAAGGCAGAGGCAGCATA
A-30, Nedd9 reverse: 50-CCTGTGGCATCATCTCTAAGG-30, Pdgfb forward: 50- TTTCAAGG
CGATGAGGTCAC-30, Pdgfb reverse: 50- GGAGAGTGCCCCAGACCT -30, Smad6 forward:
50-CATGCAGGGTGTCTCTAGCA-30, Smad6 reverse: 50-GGCTACATGGATCACGATGG-
30, Tmepai forward: 50-AAACCTACTGCGACGACAGG-30, Tmepai reverse: 50-ATGAGAGG
CACTTTGCAACC-30, Ski forward: 50-TGGAGAGGCTCTGCTCTAGG-30, Ski reverse: 50-
CCTGCAGCTGGTTTGTGTAA-30, Cdkn1a forward: 50-TCTGT GTACGTGCGTGTGTG-30,
Cdkn1a reverse: 50-TAAATTCCCGCCTATGTTGG-30, Serpine1 forward: 50-AGCCCAATA
GAGAACTTCAAGTCC-30, Serpine1 reverse: 50-CAGTACACCTCAAAACCCAGCC-30,
Smad7 forward: 50-TGCGAAACACAATCGCTTT-30, Smad7 reverse: 50-CTCTGCTCGG
CTGGTTCC-30, Ppib forward: 50-ATGTGGTACGGAAGGTGGAGA-30, Ppib reverse: 50-
AGCTGCTTAGAGGGATGAGG-30, Hoxa13 forward: 50-TGGCATGTTTTAGGGACCTC-
30, Hoxa13 reverse: 50-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 t 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 techniques for mesotheliomas and other malignancies.
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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 

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].
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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 
Köhler, 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 

American Type Culture Collection (ATCC) (Manassas, 
VA). The lung cancer cell lines (A549, PC9, Lu24, and 
WA-hT), and the HuH-7 (hepatocellular carcinoma), 
MKN1 (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  ×  106 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 P3U1-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  % H2O2 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™ + 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  ×  104 cells/well) were incubated 
with 10  % FCS-RPMI supplemented with 0.005–0.4  µg/
ml of JMAM1–4 mAbs for 48 h at 37 °C in an atmosphere 
containing 5 % CO2. The culture was pulsed with 0.5 μCi 

of tritiated thymidine, [3H]-TdR, for the final 24  h. The 
incorporation of [3H]-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 µg/ml of 
anti-mesothelioma mAbs (JMAM1–4) or a control IgG 
(3  µg/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-μm 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  μM) 
were added into the lower chamber; then, 2 × 104 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 t 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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(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. JMAM1, 
JMAM2 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 JMAM 
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 JMAM2 
mAb. This result indicates that the JMAM2 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 JMAM1 
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 JMAM2 and JMAM3 mAbs to lung cancer cell 
lines varied. The JMAM4 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 JMAM2 mAb slightly or significantly stained 
all carcinoma cell lines tested. The JMAM3 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 JMAM1 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.

Table 1 Antibodies used in this study and immunocytochemical reactivity

Antibody Clone Source Dilution Specimen Case 1 Case 2 Case 3

JMAM1 Our labolatory Undiluted cell supernatant Cell smear + + +
JMAM2 Our labolatory Undiluted cell supernatant Cell smear + + +
JMAM3 Our labolatory Undiluted cell supernatant Cell smear + + +
JMAM4 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 II-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 − − −
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a

NCI-
H2452

NCI-
H226

MSTO-
211H

JMN

NCI-H28

ACC-
MESO-4

b

ACC-MESO-1

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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Alexa488 labeled JMAM mAb.                    
JMAM1 JMAM2 JMAM3 JMAM4

Mouse IgG1(MOPC-21)

Anti calretinin

Anti podoplanin (D2-40)

Anti GLUT-1

Anti CD25 (BC96)

Anti CD26 (1F7)

Anti CD26 (5F8)

Anti C-ERC/Mesothelin 
      (22A31)

JMAM1

JMAM2

JMAM3

JMAM4

Inhibitor

Cell: NCI-H226

Fig. 2 Competitive inhibition of JMAM mAbs with established mAbs. Staining profiles of JMAM mAbs without or with already existent mAbs are 
shown by green lines or red lines, respectively
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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.

Fig. 3 Reactivity of JMAM mAbs with other cell lines. Epithelial-type and small-cell-type lung cancer (a) and other cancer cell lines (b) were incu-
bated with hybridoma supernatants (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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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 JMAM1–4 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 JMAM1–4 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, c).

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 JMAM3 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 μg/ml of JMAM1 or JMAM3 mAbs, respectively. 

(See figure on previous page.)  
Fig. 4 Immunocytochemistry of clinical cases. a Papanicolaou; b Giemsa; c JMAM1; d JMAM2; e JMAM3; f JMAM4. Original magnification 400×. The 
malignant mesothelioma smear specimens, prepared from pleural effusions. Case 1 JMAM1, JMAM2, JMAM3, and JMAM4 mAbs stained membranes. 
JMAM2 mAb stained membranes and the cytoplasm. Case 2 All mAbs stained membranes. Case 3 JMAM1 and JMAM4 mAbs stained membranes; 
JMAM2 and JMAM3 mAbs stained membranes and cytoplasm

b

c

JMAM1 JMAM2 JMAM3 JMAM4- control

D2-40

a

H E

Papanicolaou Giemsa      JMAM1 JMAM2 JMAM3 JMAM4

JMAM1 JMAM2 JMAM3 JMAM4- controlH E

Fig. 5 Histopathology and cytological findings of reactive mesothelial cells, normal pleura and lung, with immunoreactive features. a Pleural effu-
sion (reactive mesothelial cells, 1000×). b Normal pleura (400×). c Normal lung (400×)
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The JMAM2 mAb inhibited cell proliferation to some 
extent. The JMAM4 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 JMAM1, JMAM2, and JMAM3 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 JMAM1–4 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). JMAM1 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. 

0
5000

10000
15000
20000
25000
30000
35000
40000
45000
50000

negative
control

0.005 0.025 0.1 0.4 
 

 
 

<JMAM1> <JMAM2>

<JMAM3> <JMAM4>

proliferation
(cpm)

proliferation
(cpm)

μg/ml

proliferation
(cpm)

* 

proliferation
(cpm)

μg/ml

μg/ml

0

5000

10000

15000

20000

25000

30000

35000

40000

negative
control

0.005 0.025 0.1 0.4

*:p=0.1

*:p=0.179

*:p=0.00002

*:p=0.000197

0

10000

20000

30000

40000

50000

60000

70000

80000

nega�ve
control

0.005 0.025 0.1 0.4
μg/ml 

* 

* * 

Fig. 6 Proliferation of MSTO-211H cells in the presence of JMAM1–4 mAbs. JMAM1–4 mAbs were added at the indicated concentrations to cultures 
of MSTO-211H mesothelioma cells. JMAM1, P < 0.05; JMAM2, P = 0.1; JMAM3, P < 0.05; JMAM4, P = 0.18
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Anti-mesothelin mAbs react with epithelial but not sarco-
matoid mesotheliomas [13]. In contrast, JMAM1, JMAM2, 
and JMAM3 mAbs 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. JMAM1 
mAb 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 JMAM1 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. JMAM1–4 also inhibited 
invasion of NCI-H226 cells to various degrees. Unfor-
tunately, we did not identify the target molecules of 
JMAM1–4 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. 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. 
*P < 0.05; treated versus IgG control
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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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research article entitled, “Transforming growth factor-β-induced
CUX1 isoforms are associated with fibrosis in systemic sclerosis
lung fibroblasts” (Ikeda et al. (2016) [2], http://dx.doi.org/10.1016/j.
bbrep.2016.06.022), which presents that TGF-β 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 α-
smooth muscle actin (α-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 α-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 α-SMA are co-
localized. In addition, at the fibrotic loci in the IPF lung tissue
sections, CUX1 localized within the α-smooth muscle actin (α-
SMA) positive cells.
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Confocal microscopy (Zeiss Axioscope light microscope, Carl Zeiss)
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Experimental
factors

For immunohistochemistry, sections were pretreated with methanol, fol-
lowed by antigen retrieval in heated 10-mM citrate buffer (pH 6).

Experimental
features

The primary antibodies were CUX1 antibody (0.2 mg/ml) and the mono-
clonal anti-α-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
location

London, United Kingdom

Data accessibility Data presented in this article

Value of the data

� The data provides the evidence that CUX1 isoforms localise within α-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 α-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 α-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 α-SMA-
positive cells but was not observed in the normal lung section (Fig. 1). In the SSc skin tissue sections,
CUX1 co‐localised with α-SMA at the granular cell layer, prickle cell layer and fibrotic loci in the
epidermis. In addition, CUX1 localised within α-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-α-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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Fig. 2. Systemic sclerosis (SSc) skin tissue sections stained with antibodies against CUX1 and α-smooth muscle actin (SMA).
The figure shows epidermis that were stained by CUX1 and α-SMA antibodies. The granular and prickle cells in the epidermis
were positive for CUX1 and α-SMA. CUX1 localised within α-SMA-positive cells. Normal skin sections were used as negative
control for CUX1 and α-SMA.

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

In the enhancer region of the human type I collagen alpha 2 (COL1A2) gene, we identified cis-elements
for the transcription factor CUX1. However, the role of CUX1 in fibrosis remains unclear. Here we in-
vestigated the role of CUX1 in the regulation of COL1 expression and delineated the mechanisms un-
derlying the regulation of COL1A2 expression by CUX1 in systemic sclerosis (SSc) lung fibroblasts. The
binding of CUX1 to the COL1A2 enhancer region was assessed using electrophoretic mobility shift assays
after treatment with transforming growth factor (TGF)-β. Subsequently, the protein expression levels of
CUX1 isoforms were determined using Western blotting. Finally, the expression levels of COL1 and fi-
brosis-related cytokines, including CTGF, ET-1, Wnt1 and β-catenin were determined. The binding of
CUX1 isoforms to the COL1A2 enhancer region increased after TGF-β treatment. TGF-β also increased the
protein levels of the CUX1 isoforms p200, p150, p110, p75, p30 and p28. Moreover, SSc lung fibroblasts
showed higher levels of CUX1 isoforms than normal lung fibroblasts, and treatment of SSc lung fibro-
blasts with a cathepsin L inhibitor (IW-CHO) decreased COL1 protein expression and reduced cell size, as
measured using immunocytochemistry. In SSc and diffuse alveolar damage lung tissue sections, CUX1
localised within α-smooth muscle actin-positive cells. Our results suggested that CUX1 isoforms play
vital roles in connective tissue deposition during wound repair and fibrosis.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

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

1. Introduction

Scleroderma, or systemic sclerosis (SSc), is a connective tissue
disease characterised by excessive type I collagen (COL1) deposi-
tion in many organs including the lungs, kidneys and skin [1].
Approximately 40% patients with diffuse SSc experience pulmon-
ary fibrosis, a major cause of mortality [1]. Although the aetiology
of this disease is poorly understood, tissue scarring occurs after
injury following the release of several mediators including TGF-β,
PDGF, CTGF, Wnt1 and ET-1 [2–6]. These factors stimulate fibro-
blasts to differentiate into myofibroblasts, which are characterised

by the expression of α-SMA and excessive production of extra-
cellular matrix molecules such as COL1 [7,8]. Overexpression of
these cytokines results in chronic fibroblast stimulation (fibrosis).
Moreover, genetically modified mice with altered TGF-β signalling
have been reported to exhibit fibrogenic pathology similar to that
observed in patients with SSc, indicating a key role of this cytokine
in the pathogenesis of fibrosis [9–11]. Elucidation of pivotal med-
iators or key signalling pathways that are overactive in fibrosis is
crucial for designing better therapeutic strategies for SSc and re-
lated disorders.

TGF-β is a potent pro-fibrotic cytokine that promotes myofi-
broblast differentiation, migration, extracellular matrix synthesis
and apoptosis resistance [12–14]. TGF-β induces the expression of
the gene encoding human collagen type I alpha 2 (COL1A2) via a
Smad-dependent pathway that acts on a TGF-β responsive ele-
ment (TbRE) in the human COL1A2 proximal promoter [15,16].
COL1 expression in vivo is exclusively controlled by an enhancer
sequence that contains several DNase I hypersensitive sites (HSs).
These encompass pivotal regulatory sites conferring tissue-, tem-
poral-, cell- and growth factor-specific expression of COL1 [15,16].
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The results of our recent study illustrated that TGF-β activates
COL1A2 via a non-canonical Smad-independent pathway, which
requires enhancer/promoter cooperation. Moreover, we identified
a novel TbRE in the human COL1A2 enhancer region and found
that it is necessary for COL1A2 activation [16]. Further, we reported
that high doses of TGF-β increased CUX1 binding in the proximal
promoter and suppressed COL1 expression [17].

In this study, we identified CUX1 binding sites near this TbRE of
the COL1A2 enhancer region using in silico analyses. These sites
exist at identity island 4 (IS4) near HS4 in the enhancer region [18]
In addition, this study demonstrated that CUX1 responds to TGF-β
stimulation and is a potential activator of COL1. Based on these
findings, we characterised the role of human CUX1 in the reg-
ulation of COL1 expression and subsequent release of pro-fibrotic
cytokines. We demonstrated that some isoforms of human CUX1
are strongly induced after TGF-β stimulation, which results in the
up-regulation of CTGF, Wnt1, ET-1, β-catenin and COL1 in vitro. In
addition, we investigated the expression pattern of human CUX1
isoforms in lung fibroblasts derived from normal cells and patients
with SSc. In lung fibroblasts derived from patients with SSc, pro-
tein levels of the CUX1 isoforms p200, p150, p110, p75, p30 and
p28 were increased compared with those in normal cells. Using
electrophoretic mobility shift assays (EMSAs) with nuclear extracts
from these cells, we demonstrated that CUX1 binding to the
COL1A2 enhancer region was increased. Cleavage sites for cathe-
psin L have been found between CR1 and CR2 and those for cas-
pases have been identified between CR3 and HR of CUX1 [19].
Therefore, we confirmed whether cathepsin L inhibitor (IW-CHO)
can regulate COL1. IW-CHO inhibited COL1 in both normal and SSc
lung fibroblasts. Taken together, our data strongly suggest that
CUX1 isoforms up-regulate COL1 and regulate key pro-fibrotic
activities of TGF-β. Our results could provide novel insights into
CUX1-mediated regulation of COL1A2 in human lung fibroblasts.
These results are an important contribution to the understanding
of processes involved in SSc-associated fibrosis.

2. Materials and methods

2.1. Cell culture

Cells were maintained in DMEM supplemented with 10% FBS,
100 U/ml penicillin and 100 mg/ml streptomycin and cultured in a
humidified atmosphere of 5% CO2. We isolated lung fibroblasts as
previously described [20]. The cells were cultured under standard
conditions in DMEM containing 10% FBS. Pulmonary fibroblasts
were obtained from patients who fulfilled the criteria of the
American College of Rheumatology for the diagnosis of SSc with
lung involvement. Informed consent and ethical approval were
obtained. None of the patients was receiving immunosuppressive
medication or corticosteroids at the time of biopsy.

2.2. Western blotting

Nuclear extracts and cytosolic fractions were prepared as pre-
viously described [16]. The cells were washed with phosphate-
buffered saline (PBS) and treated with Laemmli sample buffer. To
analyse collagen, the medium was removed and adjusted to 20%
(v/v) ammonium sulphate, followed by incubation at 4 °C over-
night. The samples were centrifuged, and the pellet was re-sus-
pended in Laemmli sample buffer with β-mercaptoethanol for
SDS-PAGE, followed by Western blotting. The following antibodies
were used: lamin A/C (sc20681, Santa Cruz), COL1 (rabbit anti-
mouse collagen 1, ref 20151, Novotec), ET-1 (T4049, Peninsula),
CUX1 (M-222, sc-13024, Santa Cruz), CTGF (L-20, sc14939, Santa
Cruz), GAPDH (ab8245-100, Abcam), β-catenin (ab6302-100,

Abcam) and Wnt1 (anti-human WNT1 S#500-p250, PeproTech,
Inc.).

N-(1-naphthalenylsulfonyl)-Ile-Trp-aldehyde (IW-CHO, 0.2 μM,
Alexis Biochemicals) was used as IW-CHO. TGF-β (R&D Systems)
was used at 4 ng/ml. The cells were serum-starved for 12 h and
incubated with or without TGF-β at 4 ng/ml for a further 24 h.

2.3. Plasmid transfection

Cells were seeded in six-well plates before transfection and
24 h later were transfected using FuGENE 6 (Roche, Basel, Swit-
zerland), according to the manufacturer's instructions; this
method was used to transfect sh-CUX1 vector as described pre-
viously [17].

2.4. EMSAs

Nuclear extracts were prepared from fibroblasts obtained from
patients with SSc using a previously described method [16].
Briefly, double-stranded oligonucleotides were synthesised, end-
labelled with 32P-gamma-ATP using T4 kinase and used in binding
reactions with nuclear extracts from the cells. Competition was
performed with unlabelled oligonucleotides (1.75 pmol/ml). Oli-
gonucleotides for the CUX1-19.51 kb probe (5′-attggcagtgagttact-
tagta-3′) were used. We employed the standard conditions re-
commended by the kit manufacturer (Promega) and separated the
reaction on a 4% polyacrylamide gel at 4 °C and 160 V. Consensus
oligonucleotides for CUX1 (CDP, sc2593, Santa Cruz) and SP1 (sc-
2502, Santa Cruz) were used.

2.5. Immunocytochemistry

The cells were washed in ice-cold PBS twice and fixed with 3%
paraformaldehyde in PBS for 15 min at room temperature. The
cells were blocked with 3% BSA for 30 min at 25 °C, followed by
incubation with CUX1 antibody (0.2 mg/ml) and monoclonal anti-
α-SMA clone 1a Cy3-conjugated antibody (0.7 mg/ml) (Sigma-Al-
drich) overnight at 4 °C. Subsequently, the cells were washed with
ice-cold PBS twice, incubated with an Alexa 488 secondary anti-
body overnight at 4 °C, washed with ice-cold PBS twice and in-
cubated with DAPI (Roche) for 30 min at room temperature. Slides
were viewed and photographed using a Zeiss Axioscope light
microscope (Carl Zeiss, Göttingen, Germany) with Axiovision
software.

2.6. Immunohistochemistry

For formalin-fixed paraffin-embedded specimens, tissues were
fixed and hydrated as previously described [10]. For im-
munohistochemistry, sections were pre-treated 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 monoclonal anti-α-SMA clone 1a Cy3-
conjugated antibody (0.7 mg/ml). Sections were sequentially in-
cubated with a 1/200 dilution of an Alexa 488 secondary antibody.
Slides were viewed and photographed using a Zeiss Axioscope
light microscope with Axiovision software.

2.7. Data analysis

Data are expressed as the mean7S.E of at least three in-
dependent experiments. Statistical analysis was performed using
Student's t-test. Values of Po0.05 were considered significant.

T. Ikeda et al. / Biochemistry and Biophysics Reports 7 (2016) 246–252 247



3. Results

3.1. CUX1 binds to the enhancer region of human COL1A2

The CUX1 cis-element CCAAT (Fig. 1A) was identified at IS4
near enhancer-containing DNase I HS4 using in silico analyses. Cut
repeats and homeodomains bind to this cis-element (Fig. 1A) [21].
To determine whether CUX1 interacts with the enhancer region of
human COL1A2, we performed EMSAs using transcription factor-
binding consensus oligonucleotides, CUX1 antibody and sh-CUX1.
In these experiments, we not only verified the binding of CUX1 at
CUX1 (�19.51 kb) probe sites but also demonstrated the binding
of several other transcription factors, including JunD (data not
shown). Nuclear extracts from normal lung fibroblasts incubated
with or without TGF-β were used, and CUX1 consensus oligonu-
cleotides, CUX1 antibody and sh-CUX1 decreased the intensity of
CUX1 bands (Fig. 1B). Furthermore, the binding of CUX1 at CUX1
(�19.51 kb) probe sites increased post-TGF-β treatment in both
normal and SSc lung fibroblasts (Fig. 2A).

3.2. TGF-β up-regulates the expression of CUX1 isoforms

CUX1, also known as CCAAT displacement protein (CDP),
CUTL1, CUT or Cux, belongs to a family of homeobox transcription
factors that are involved in the regulation of cell growth and dif-
ferentiation [22]. It is evolutionarily conserved and comprises four
DNA binding domains, three of which are known as Cut repeats
and one is known as the Cut homeodomain [21]. CUX1 mainly acts
as a transcriptional repressor, but it can also act as an activator
[23–25]. Transgenic mice with CUX1 overexpression have been

reported to exhibit multi-organ hyperplasia and organomegaly
[26]. Moreover, the CUX1 isoforms p200 and p110 can regulate
motility and invasiveness through a TGF-β-dependent mechanism
[27,28]. However, the role of CUX1 isoforms in the development of
fibrosis remains unclear. We performed Western blotting to de-
termine whether the expression levels of CUX1 isoforms were
induced by TGF-β. We found that the expression levels of CUX1
isoforms significantly increased in both normal and SSc lung fi-
broblasts post-TGF-β treatment (Fig. 2B, C). TGF-β treatment re-
sulted in the induction of p200 and p150 in normal lung fibro-
blasts. Moreover, TGF-β treatment resulted in the induction of
p200, p150, p110, p75, p30 and p28 in SSc lung fibroblasts. These
results suggested that TGF-β stimulate the expression of CUX1
isoforms. We also verified whether the expression levels of pro-
fibrotic proteins were up-regulated. ET-1, COL1, Wnt1, CTGF and β-
catenin levels increased post-TGF-β treatment in normal and SSc
lung fibroblasts (Fig. 2D).

3.3. Effects of cathepsin L inhibition on lung fibroblasts derived from
patients with SSc

Several studies have illustrated that CUX1 is cleaved into p150,
P110, p75 and other subunits by nuclear cathepsin L. To confirm
the effects of cathepsin L inhibition on SSc lung fibroblasts, we
measured the expression levels of COL1 in both normal and SSc
lung fibroblasts. IW-CHO (0.2 μM) was used because its IC50 is
1.9 nM. IW-CHO decreased the expression levels of COL1 in normal
and SSc lung fibroblasts (Fig. 2E). To further confirm the effects of
cathepsin L on SSc lung fibroblasts, we used im-
munocytochemistry to study CUX1 localization in these

Fig. 1. Electrophoretic mobility shift assays (EMSAs) revealed that CUX1 binds to the human type I collagen alpha 2 gene (COL1A2) enhancer. A. Schematic diagrams of the far
upstream enhancer region (FUE) with arrows indicating known DNase hypersensitive sites; the white box indicates the known identity islands of human COL1A2. CUX1 cis-
elements are indicated by bold letters. B. EMSA using the CUX1 (�19.51 kb) probe. NE, nuclear extract from normal lung fibroblasts. The right-hand graph of Fig. 1B shows
several bands detected using P32-labelled oligos in Lanes 2 and 3. Bands were confirmed using a cold competitor. Unlabelled competing oligo probes are shown in Lanes
4 and 5. Consensus oligo for CUX1, Lanes 8–9. Consensus oligo for SP1, Lanes 6–7. Antibody for CUX1, Lanes 11–13. Sh-CUX1, Lanes 15. FP, free probe.
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fibroblasts. As shown in Fig. 3, immunofluorescence analysis in-
dicated that SSc lung fibroblasts were CUX1- and α-SMA-positive,
with positivity increasing post-TGF-β treatment. CUX1 localised to
the nucleus and cytosol. In addition, SSc lung fibroblasts were
larger than normal lung fibroblasts (data not shown). IW-CHO
decreased the CUX localization in the nucleus and reduced the
large size of SSc lung fibroblasts with or without TGF-β treatment
(Fig. 3).

3.4. Immunohistochemical analyses of SSc and diffuse alveolar da-
mage (DAD) lung tissue sections stained with antibodies against
CUX1 and α-SMA

Immunocytochemistry revealed the presence of α-SMA-posi-
tive fibrotic loci (Fig. 4), which is characteristic of patients with SSc
and DAD. CUX1 localised at alveolar cells and fibrotic loci. In ad-
dition, CUX1 localised within α-SMA-positive cells (Fig. 4,
merged).

4. Discussion

This study demonstrated the binding of CUX1 to the IS4 do-
main of the COL1A2 enhancer region in both normal and SSc lung
fibroblasts. Further, our results demonstrated that TGF-β-induced
CUX1 isoforms function as transcriptional activators that increase
the expression of COL1 proteins. Previous studies implicated CUX1
in both the activation and suppression of several genes [23–25].
Our previous study found that CUX1 bound to the proximal pro-
moter of COL1A2 after treatment with high doses of TGF-β [22]. In
this study, we provide evidence that CUX1 also plays a major role
in COL1A2 activation both in vitro and ex vivo via the IS4 domain of
the COL1A2 enhancer.

Our data clearly demonstrated that TGF-β induces the expres-
sion of CUX1 isoforms, some of which were also up-regulated in
SSc lung fibroblasts. In association with this change, the binding of
CUX1 to the enhancer region of human COL1A2 increased in re-
sponse to TGF-β treatment in normal and SSc lung fibroblasts.
These results suggested that TGF-β up-regulates CUX1 protein
expression, resulting in an increased binding of CUX1 to the hu-
man COL1A2 enhancer and COL1 up-regulation.

Fig. 2. CUX1 isoforms in normal human and systemic sclerosis (SSc) lung fibroblasts. A. Electrophoretic mobility shift assay using normal lung fibroblast (N) nuclear extract
(NE) (Lanes 1–2) and SSc lung fibroblast NE (Lanes 3–4) treated with transforming growth factor (TGF)- β (Lanes 2 and 4) or untreated (Lanes 1 and 3) for the CUX1
(�19.51 kb) probe. FP, free probe. B. Effects of TGF-β on the expression of CUX1 isoforms as assessed using Western Blotting. TGF-β (4 ng/ml) was added to the fibroblasts
after 12 h of serum starvation. Then, the cells were cultured for 24 h. C. Graphs represent the results of Fig. 2B. D. Effects of TGF-β on the expression of collagen type I and
fibrosis-related proteins. Several fibrosis-related cytokines and proteins were detected using the cytosolic fraction as well as the medium and NEs from both normal and SSc
lung fibroblasts with or without TGF-β treatment. E. Effects of a cathepsin L inhibitor (IW-CHO, 0.2 mM) and sh-CUX1 on the expression of type I collagen (COL1) in normal
and SSc lung fibroblasts. Values represent mean7S.E.M., n¼3. *, significantly different from control, Po0.05 by Student's t-test. GAPDH and lamin A/C were used as internal
controls.
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Another important finding of this study was that TGF-β induces
the expression of the CUX1 isoforms p200, p150, p110, p75, p30
and p28 in SSc lung fibroblasts. Cleavage sites have been found for
cathepsin L between CR1 and CR2 and for caspase between CR3
and HR of CUX1 [19]. Previous studies have revealed the induction
of HA-tagged CUX-1 p200 and p110 in certain cell lines [19,29].
The CUX-1 antibody M-222 simultaneously recognises several
CUX1 isoforms in normal and SSc lung fibroblasts following TGF-β
treatment. As the molecular weight patterns observed in our study
are similar to those previously reported, we believe that all bands
observed in this study were specific for CUX1 isoforms.

Our data provide further evidence that CUX1 isoforms may play
crucial roles in COL1A2 regulation. First, the levels of all CUX1
isoforms increased in SSc lung fibroblasts compared with the le-
vels in normal lung fibroblasts. Moreover, compared with the
findings in normal lung fibroblasts, data from EMSA revealed
significantly increased binding of CUX1 at CUX1 (�19.51 kb) probe
sites of human COL1A2 in SSc lung fibroblasts. Several reports
studies have illustrated that CUX1 isoforms have different DNA
binding affinities and functions [19,23–25,30]. Second, COL1 ex-
pression decreased by cathepsin L inhibition in normal and SSc
lung fibroblasts, highlighting the importance of CUX1 isoforms in
fibrosis. Third, CUX1 localised at the nucleus and cytosol (Fig. 3).
CUX1 and α-SMA co-localised in the cytosol in SSc lung fibroblasts.

IW-CHO decreased the CUX localization in the nucleus and re-
pressed the large size of SSc lung fibroblasts with or without TGF-
β treatment (Fig. 3). In addition, in SSc and DAD lung sections,
CUX1 localised around fibrotic loci and alveolar cells. Some of
these cells were stained by both CUX1 and α-SMA (Fig. 4). Fur-
thermore, in the SSc skin and idiopathic pulmonary fibrosis (IPF)
sections, CUX1 localised within and around α-SMA positive cells
(See Figs. 1 and 2, reference [31]). These results indicated that
CUX1 isoforms are necessary for fibrosis.

In future, investigations on the mutagenesis of CUX1 cleavage
sites are required to determine which CUX1 isoforms are crucial. In
addition, we need to verify the effects of CUX1 isoforms on the
promoter region of α-SMA and pro-fibrotic cytokines. We spec-
ulate that some specific features of CUX1 isoforms are important
for the activation of human COL1A2 via the IS4 domain, which is
located in the COL1A2 enhancer.

In summary, our study demonstrated that the up-regulation of
CUX1 isoforms is associated with fibrosis in vitro in SSc lung fi-
broblasts as well as in tissue sections from patients with SSc and
DAD. Hence, these data indicate that the expression of CUX1 iso-
forms is possibly important for fibrosis and could be relevant to
the pathogenesis of SSc.

Fig. 3. Effects of IW-CHO on systemic sclerosis (SSc) lung fibroblasts. Immunofluorescence analysis performed using SSc lung fibroblasts treated with or without TGF-β. Cells
were stained using CUX1 antibody, DAPI and α-SMA antibody. IW-CHO treatment decreased the CUX localization in the nucleus and reduced the size of lung fibroblasts in
patients with SSc. In addition, in the presence of TGF-β, IW-CHO treatment reduced the size of lung fibroblasts in patients.

T. Ikeda et al. / Biochemistry and Biophysics Reports 7 (2016) 246–252250



Acknowledgements

This work was supported partly by a grant from the Japan
Society for the Promotion of Science (Grant No. 17109011). Further,
this work was supported by the Global COE Program ‘Center
of Education and Research for the Advanced Genome-Based
Medicine-For personalized medicine and the control of worldwide
infectious disease’, MEXT Japan. The authors would like to thank
Enago for the English language review.

Appendix A. Transparency document

Transparency document associated with this article can be
found in the online version at http://dx.doi.org/10.1016/j.bbrep.
2016.06.022.

References

[1] C.P. Denton, C.M. Black, D.J. Abraham, Mechanisms and consequences of fi-
brosis in systemic sclerosis, Nat. Clin. Pract. Rheumatol. 2 (2006) 134–144.

[2] X. Shi-Wen, A. Leask, D. Abraham, Regulation and function of connective tissue
growth factor/CCN2 in tissue repair, scarring and fibrosis, Cytokine Growth
Factor Rev. 19 (2008) 133–144.

[3] S.W. Xu, S.L. Howat, E.A. Renzoni, A. Holmes, J.D. Pearson, M.R. Dashwood,
G. Bou-Gharios, C.P. Denton, R.M. du Bois, C.M. Black, A. Leask, D.J. Abraham,
Endothelin-1 induces expression of matrix-associated genes in lung fibro-
blasts through MEK/ERK, J. Biol. Chem. 279 (2004) 23098–23103.

[4] C. Fonseca, G.E. Lindahl, M. Ponticos, P. Sestini, E.A. Renzoni, A.M. Holmes,
P. Spagnolo, P. Pantelidis, P. Leoni, N. McHugh, C.J. Stock, X. Shi-Wen, C.
P. Denton, C.M. Black, K.I. Welsh, R.M. du Bois, D.J. Abraham, A polymorphism
in the CTGF promoter region associated with systemic sclerosis, N. Engl. J.
Med. 357 (2007) 1210–1220.

[5] M.L. Whitfield, D.R. Finlay, J.I. Murray, O.G. Troyanskaya, J.T. Chi,
A. Pergamenschikov, T.H. McCalmont, P.O. Brown, D. Botstein, M.K. Connolly,
Systemic and cell type-specific gene expression patterns in scleroderma skin,
Proc. Natl. Acad. Sci. USA 100 (2003) 12319–12324.

[6] J. Yang-Snyder, J.R. Miller, J.D. Brown, C.J. Lai, R.T. Moon, A frizzled homolog
functions in a vertebrate Wnt signaling pathway, Curr. Biol. 6 (1996)

1302–1306.
[7] A. Desmouliere, Factors influencing myofibroblast differentiation during

wound healing and fibrosis, Cell Biol. Int. 19 (1995) 471–476.
[8] N.K. Harrison, A.C. Argent, R.J. McAnulty, C.M. Black, B. Corrin, G.J. Laurent,

Collagen synthesis and degradation by systemic sclerosis lung fibroblasts.
Responses to transforming growth factor-beta, Chest 99 (1991) 71S–72S.

[9] C.P. Denton, B. Zheng, L.A. Evans, X. Shi-wen, V.H. Ong, I. Fisher, K. Lazaridis, D.
J. Abraham, C.M. Black, B. de Crombrugghe, Fibroblast-specific expression of a
kinase-deficient type II transforming growth factor beta (TGFbeta) receptor
leads to paradoxical activation of TGFbeta signaling pathways with fibrosis in
transgenic mice, J. Biol. Chem. 278 (2003) 25109–25119.

[10] R.K. Hoyles, K. Khan, X. Shiwen, S.L. Howat, G.E. Lindahl, P. Leoni, R.M. du Bois,
A.U. Wells, C.M. Black, D.J. Abraham, C.P. Denton, Fibroblast-specific pertur-
bation of transforming growth factor beta signaling provides insight into
potential pathogenic mechanisms of scleroderma-associated lung fibrosis:
exaggerated response to alveolar epithelial injury in a novel mouse model,
Arthritis Rheum. 58 (2008) 1175–1188.

[11] S. Sonnylal, C.P. Denton, B. Zheng, D.R. Keene, R. He, H.P. Adams, C.S. Vanpelt, Y.
J. Geng, J.M. Deng, R.R. Behringer, B. de Crombrugghe, Postnatal induction of
transforming growth factor beta signaling in fibroblasts of mice recapitulates
clinical, histologic, and biochemical features of scleroderma, Arthritis Rheum.
56 (2007) 334–344.

[12] W.A. Border, N.A. Noble, Transforming growth factor beta in tissue fibrosis, N.
Engl. J. Med. 331 (1994) 1286–1292.

[13] J.C. Horowitz, D.S. Rogers, V. Sharma, R. Vittal, E.S. White, Z. Cui, V.
J. Thannickal, Combinatorial activation of FAK and AKT by transforming
growth factor-beta1 confers an anoikis-resistant phenotype to myofibroblasts,
Cell Signal. 19 (2007) 761–771.

[14] V.J. Thannickal, D.Y. Lee, E.S. White, Z. Cui, J.M. Larios, R. Chacon, J.C. Horowitz,
R.M. Day, P.E. Thomas, Myofibroblast differentiation by transforming growth
factor-beta1 is dependent on cell adhesion and integrin signaling via focal
adhesion kinase, J. Biol. Chem. 278 (2003) 12384–12389.

[15] T.T. Antoniv, S. Tanaka, B. Sudan, S. De Val, K. Liu, L. Wang, D.J. Wells, G. Bou-
Gharios, F. Ramirez, Identification of a repressor in the first intron of the hu-
man alpha2(I) collagen gene (COL1A2), J. Biol. Chem. 280 (2005) 35417–35423.

[16] M. Ponticos, C. Harvey, T. Ikeda, D. Abraham, G. Bou-Gharios, JunB mediates
enhancer/promoter activity of COL1A2 following TGF-beta induction, Nucleic
Acids Res. 37 (2009) 5378–5389.

[17] M. Fragiadaki, T. Ikeda, A. Witherden, R.M. Mason, D. Abraham, G. Bou-Ghar-
ios, High doses of TGF-beta potently suppress type I collagen via the tran-
scription factor CUX1, Mol. Biol. Cell 22 (2011) 1836–1844.

[18] T.T. Antoniv, S. De Val, D. Wells, C.P. Denton, C. Rabe, B. de Crombrugghe,
F. Ramirez, G. Bou-Gharios, Characterization of an evolutionarily conserved
far-upstream enhancer in the human alpha 2(I) collagen (COL1A2) gene, J. Biol.
Chem. 276 (2001) 21754–21764.

[19] L. Sansregret, A. Nepveu, The multiple roles of CUX1: insights from mouse
models and cell-based assays, Gene 412 (2008) 84–94.

Fig. 4. Systemic sclerosis (SSc) and diffuse alveolar damage (DAD) lung tissue sections stained with antibodies against CUX1 and α-smooth muscle actin (SMA). The figure
shows fibrotic loci that were stained by CUX1 and α-SMA antibodies. Alveolar cells around the loci were positive for CUX1 and α-SMA. CUX1 localised within α-SMA-positive
cells.

T. Ikeda et al. / Biochemistry and Biophysics Reports 7 (2016) 246–252 251

dx.doi.org/http://dx.doi.org/10.1016/j.bbrep.2016.06.022
dx.doi.org/http://dx.doi.org/10.1016/j.bbrep.2016.06.022
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref1
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref1
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref1
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref2
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref2
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref2
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref2
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref3
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref3
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref3
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref3
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref3
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref4
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref4
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref4
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref4
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref4
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref4
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref5
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref5
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref5
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref5
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref5
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref6
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref6
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref6
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref6
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref7
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref7
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref7
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref8
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref8
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref8
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref8
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref9
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref9
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref9
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref9
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref9
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref9
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref10
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref10
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref10
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref10
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref10
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref10
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref10
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref11
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref11
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref11
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref11
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref11
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref11
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref12
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref12
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref12
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref13
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref13
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref13
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref13
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref13
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref14
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref14
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref14
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref14
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref14
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref15
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref15
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref15
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref15
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref16
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref16
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref16
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref16
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref17
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref17
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref17
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref17
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref18
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref18
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref18
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref18
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref18
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref19
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref19
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref19


[20] X. Shi-Wen, C.P. Denton, A. McWhirter, G. Bou-Gharios, D.J. Abraham, R.M. du
Bois, C.M. Black, Scleroderma lung fibroblasts exhibit elevated and dysregu-
lated type I collagen biosynthesis, Arthritis Rheum. 40 (1997) 1237–1244.

[21] R. Harada, G. Berube, O.J. Tamplin, C. Denis-Larose, A. Nepveu, DNA-binding
specificity of the cut repeats from the human cut-like protein, Mol. Cell Biol.
15 (1995) 129–140.

[22] A. Nepveu, Role of the multifunctional CDP/Cut/Cux homeodomain tran-
scription factor in regulating differentiation, cell growth and development,
Gene 270 (2001) 1–15.

[23] B. Goulet, P. Watson, M. Poirier, L. Leduy, G. Berube, S. Meterissian, P. Jolicoeur,
A. Nepveu, Characterization of a tissue-specific CDP/Cux isoform, p75, acti-
vated in breast tumor cells, Cancer Res. 62 (2002) 6625–6633.

[24] N.S. Moon, P. Premdas, M. Truscott, L. Leduy, G. Berube, A. Nepveu, S phase-
specific proteolytic cleavage is required to activate stable DNA binding by the
CDP/Cut homeodomain protein, Mol. Cell Biol. 21 (2001) 6332–6345.

[25] M. Truscott, L. Raynal, P. Premdas, B. Goulet, L. Leduy, G. Berube, A. Nepveu,
CDP/Cux stimulates transcription from the DNA polymerase alpha gene pro-
moter, Mol. Cell Biol. 23 (2003) 3013–3028.

[26] A.W. Ledford, J.G. Brantley, G. Kemeny, T.L. Foreman, S.E. Quaggin, P. Igarashi,
S.M. Oberhaus, M. Rodova, J.P. Calvet, G.B. Vanden Heuvel, Deregulated

expression of the homeobox gene Cux-1 in transgenic mice results in down-
regulation of p27(kip1) expression during nephrogenesis, glomerular ab-
normalities, and multiorgan hyperplasia, Dev. Biol. 245 (2002) 157–171.

[27] P. Michl, J. Downward, CUTL1: a key mediator of TGFbeta-induced tumor in-
vasion, Cell Cycle 5 (2006) 132–134.

[28] P. Michl, A.R. Ramjaun, O.E. Pardo, P.H. Warne, M. Wagner, R. Poulsom,
C. D’Arrigo, K. Ryder, A. Menke, T. Gress, J. Downward, CUTL1 is a target of TGF
(beta) signaling that enhances cancer cell motility and invasiveness, Cancer
Cell 7 (2005) 521–532.

[29] S. Ceru, S. Konjar, K. Maher, U. Repnik, I. Krizaj, M. Bencina, M. Renko,
A. Nepveu, E. Zerovnik, B. Turk, N. Kopitar-Jerala, Stefin B interacts with his-
tones and cathepsin L in the nucleus, J. Biol. Chem. 285 (2010) 10078–10086.

[30] M. Truscott, L. Raynal, Y. Wang, G. Berube, L. Leduy, A. Nepveu, The N-terminal
region of the CCAAT displacement protein (CDP)/Cux transcription factor
functions as an autoinhibitory domain that modulates DNA binding, J. Biol.
Chem. 279 (2004) 49787–49794.

[31] T. Ikeda, M. Fragiadaki, X. Shi-Wen, M. Ponticos, K. Khan, C. Denton, P. Garcia,
G. Bou-Gharios, A. Yamakawa, C. Morimoto, and D. Abraham, Data on the
CUX1 isoforms in the Idiopatic Pulmonary Fibrosis (IPF) tissue section and
Systemic Sclerosis (SSc) skin tissue section, Data In Brief. (submitted).

T. Ikeda et al. / Biochemistry and Biophysics Reports 7 (2016) 246–252252

http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref20
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref20
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref20
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref20
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref21
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref21
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref21
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref21
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref22
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref22
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref22
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref22
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref23
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref23
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref23
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref23
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref24
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref24
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref24
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref24
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref25
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref25
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref25
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref25
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref26
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref26
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref26
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref26
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref26
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref26
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref27
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref27
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref27
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref28
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref28
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref28
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref28
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref28
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref29
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref29
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref29
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref29
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref30
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref30
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref30
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref30
http://refhub.elsevier.com/S2405-5808(16)30107-8/sbref30




193

Critical Reviews™ in Immunology, 36(3):163–237 (2016)

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

Role of IL-26+CD26+CD4 T Cells in Pulmonary 
Chronic Graft-Versus-Host Disease and Treatment 
with Caveolin-1-Ig Fc Conjugate
Kei Ohnuma,a,* Ryo Hatano,a Takumi Itoh,a Noriaki Iwao,b Nam H. Dang,c Chikao Morimotoa

aDepartment of Therapy Development and Innovation for Immune Disorders and Cancers, Graduate School of Medi-
cine, Juntendo University, 2-1-1, Hongo, Bunkyo-ku, Tokyo 113-8421, Japan; bDepartment of Hematology, Juntendo 
University Shizuoka Hospital, Nagaoka 1129, Izunokuni-city, Shizuoka 410-2295, Japan; cDivision of Hematology/On-
cology, University of Florida, 1600 SW Archer Road- Box 100278, Room MSB M410A, Gainesville, FL 32610, U.S.A.

*Address all correspondence to: Dr. K. Ohnuma, Department of Therapy Development and Innovation for Immune Disorders and Cancers, 
Graduate School of Medicine, Juntendo University, 2-1-1, Hongo, Bunkyo-ku, Tokyo 113-8421, Japan; Tel.: +81-3-3868-2310; Fax: +81-3-
3868-2310: E-mail: kohnuma@juntendo.ac.jp.

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-scidIL2rgnull 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 IL26 transgenic mice. 
In vitro analysis demonstrated a significant increase in IL-26 production by CD4 T cells following CD26 costimu-
lation, while immunoglobulin Fc domain fused with the N-terminal of caveolin-1, the ligand for CD26, (Cav-Ig) 
effectively inhibited production of IL-26. Administration of Cav-Ig before or after onset of GVHD impeded the 
development of clinical and histologic features of GVHD without interrupting engraftment of donor-derived human 
cells, with preservation of the 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 IV; 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-scidIL2rgnull; OB: obliterative 
bronchiolitis; PBL: peripheral blood lymphocyte; RA: rheumatoid arthritis; Tg: transgenic; TNF: tumor necrosis factor.

I. I. INTRODUCTION

Graft-versus-host disease (GVHD) is a severe 
complication and major cause of morbidity and 
mortality following allogeneic hematopoietic stem 
cell transplantation (alloHSCT).1 On the basis of 
differences in clinical manifestations and histopathol-

ogy, GVHD can be divided into acute and chronic 
forms.1 Acute GVHD (aGVHD) and chronic GVHD 
(cGVHD) are traditionally diagnosed primarily by 
time of onset, with cGVHD occurring after day 100 
of transplantation.2 However, cGVHD has distinct 
clinicopathologic features and is often diagnosed 
based on these features regardless of time of onset, 

Begell Author Proofs



Critical Reviews™ in Immunology

Ohnuma et al.194

being characterized by cutaneous fibrosis, involve-
ment of exocrine glands, hepatic disease, and oblit-
erative bronchiolitis (OB).3,4 OB, characterized by 
airway blockade, peribronchiolar and perivascular 
lympho-fibroproliferation and obliteration of bron-
chioles, is a late-stage complication of cGVHD.5 
Patients diagnosed with OB have a 5-year survival 
rate of only 10 to 40%, compared to more than 80% 
in patients without OB.6,7 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.4,8 In addition, immunosuppres-
sion potentially abrogates the graft-versus-leukemia 
(GVL) effect, associated with increased relapses fol-
lowing alloHSCT.9 Novel therapeutic approaches are 
thus needed to prevent cGVHD without eliminating 
the GVL effect.

 GVHD is initiated when donor-derived T 
cells are primed by professional antigen present-
ing cells (APCs) to undergo clonal expansion and 
maturation.1 Costimulatory pathways are required 
to induce T-cell proliferation, cytokine secretion, 
and effector function following antigen-mediated 
T-cell receptor activation,10 and the important role 
of costimulatory pathways in transplant biology 
has been established.1 CD26 is associated with 
T-cell signal transduction processes as a costimu-
latory molecule and is a marker of T-cell activa-
tion.11–14 We previously showed that CD26-mediated 
costimulation in human CD4 T cells exerts an 
effect on production of TH1-type proinflammatory 
cytokines such as interferon (IFN)-g.15 Moreover, 
CD26highCD4 T cells respond maximally to recall 
antigens with a high competence for trafficking to 
inflammatory tissues and for antibody synthesis of 
B cells.12,14,15 We also showed that CD26-caveolin-1 
interaction leads to activation of both CD4 T cells 
and APCs.16–18 More recently, we performed in 
vitro experiments to demonstrate that blockade of 
CD26-mediated T-cell costimulation by soluble Fc 

fusion proteins containing the N-terminal domain 
of caveolin-1 (Cav-Ig) diminished primary and 
secondary proliferative responses not only to recall 
antigen but also to unrelated allogeneic APC.19 
Other investigators recently reported that CD26high 
T cells contain TH17 cells and that CD26high TH17 
cells are enriched in inflamed tissues including 
rheumatoid arthritis (RA) and inflammatory bowel 
diseases (IBD).20 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 fibroproliferation of OB. We also showed 
that IL-26 of HuCB CD4 T cells 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.

II. 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.21 
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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manifestations together with features typical of 
aGVHD.21 Table 1 shows a summary of the signs 
and symptoms of cGVHD determined by the NIH 
consensus criteria.3,21 However, several issues 
regarding the diagnosis of cGVHD have been 
raised recently: (1) The presentation of cGVHD 

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 

TABLE 1: Signs and Symptoms of Chronic GVHD

Organ Diagnostic 
(sufficinet for diagnosis)

Distinctive  
(insufficient alone for 
diagnosis)

Common  
(in both acute and chronic 
GVHD)

Skin
Poikiloderma, Lichen 
planus-like, Sclerosis or 
Morphea

Depigmentation
Erythema,  
Maculopapular rash, 
Pruritus

Nails
Dystrophy, Logitudinal 
ridging or brittle, 
Onycholysis, Nail loss*

Scalp and body 
hair Alopcia, Scaling

Mouth Lichen planus-like, 
Hyperkeratic plaques

Xerostomia, Mucocele, 
Ulcer*, Psuedomembrane*

Gingivitis, Erythema, Mucositis, 
Pain

Eyes Keratoconjunctivitis**, Sicca 
syndrome

Genitalia Lichen planus-like, Vaginal 
scarring or stenosis Erosion*, Fissures*, Ulcers*

GI tract Esophageal web, Stricture 
or stenosis*

Anorexia, Nausea, Vomiting, 
Diarrhea

Liver Mixed hepatitis

Lung OB by biopsy OB by PFTs and radiology** BOOP

Muscle, fascia, 
joints

Fasciitis, 

Joint contractures
Myositis or polymyositis**

Hematopoietic 
and immune

Thrombocytopenia, 

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

Other 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).
***Pericardial, pleural effusions or ascites.
AIHA, autoimmune hemolytic anemia; BOOP, bronchiolitis obriterans with organizing pneumonia; GI,
gastrointestinal; GVHD, graft-versus-host disease; ITP, idiopathic thrombocytopenic purpura; OB, obliterative
bronchiolitis; PTFs, pulmonary function tests.

Begell Author Proofs



Critical Reviews™ in Immunology

Ohnuma et al.196

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 
cGVHD and carcinoma for mouth ulcerations.22 

B. Pathophysiology and Clinical 
Translation

In recent years, significant advances in our under-
standing of human cGVHD have been made. It 
is now evident that the clinical manifestations of 
cGVHD are the result of a highly complex immune 
pathologic process involving both donor T and B 
cells as well as other cells.4,23,24 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.25,26 The immune response 
occurring in chronic lichenoid GVHD showed a 
mixed TH1/TH17 signature with upregulated TH1/
TH17 cytokine/chemokine transcripts and elevated 
numbers of IFN-g and interleukin (IL)-17-producing 
CD8+ T cells.27 Moreover, patients with active 
cGVHD have a lower frequency of CD4+ regula-
tory T cells (Treg) than patients without cGVHD.28 
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.29 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 

B-cell networks in cGVHD.30 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.31,32 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.33 Taking into 
account the effect of donor T and B cells on the 
development of chronic GVHD,23 the effect of ATG 
on APCs such as B cells and dendritic cells (DCs) 
and the induction of Treg may have contributed to 
the significant reduction in chronic GVHD.34,35

C. Preclinical Models in cGVHD

Although many preclinical models mimicking 
human cGVHD including OB have been estab-
lished,36 control of OB after alloHSCT has not yet 
been achieved thoroughly.37 The clinical applica-
tion of murine data is 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.38 More-
over, transfer of autoantibodies from mice with 
GVHD to normal mice failed to cause autoimmune 
pathology.29 These limitations are due to preparative 
regimens, composition of donor graft, and genetic 
backgrounds of donor and recipient animals.36 In 
addition, recent work has demonstrated multiple 
differences in immunological functions between 
humans and mice.39,40 On the other hand, because 
in vivo T-cell depletion is the only prophylactic 
measure that effectively decreases the incidence of 
cGVHD,4,41 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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III. 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).42 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. Similarly, contaminated PBLs caused 
aggressive xenogeneic reactions in mice transplanted 
with human bone marrow cells, while depletion of 
T cells in human bone marrow cells led to graft 
failure in a humanized murine model.45 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 CD45RA+ naïve cells.43,44 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.43 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.45,46 Based on these findings, we hypothesized 
that HuCB naïve CD4 T cells gradually acquire 

a xenogeneic response via attenuated stimulatory 
signaling with indolent inflammation in the target 
organs, leading eventually to chronic inflammatory 
changes. We therefore sought to develop a 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.45

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-
scidIL2rgnull (NOG) mice as recipients and HuCB as 
donor cells. To establish a control that did not develop 
GVHD following hematopoietic reconstitution, we 
used T-cell–depleted CD34+ cells isolated from 
HuCB.47-49 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. 1A-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,45 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.46,48–50 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 bronchiolitis in sublethally irradiated NOG mice transplanted with human umbilical cord blood 
cells (HuCB). NOG mice were irradiated at a sublethal dose (200cGy); the next day they were transplanted with 
1X105 T-cell–depleted CD34+ cells purified from HuCB (CD34+ transplant) or with 1X107 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 (mean±SEM). 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 100mm. (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 (mg) 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).51

Begell Author Proofs



Volume 36, Issue 3, 2016

Q1XXXXXXX 199

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.21 
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,37 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 significant increase in peribronchiolar 
and perivascular collagen deposition and in total 
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 Pulmonary 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 

(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, IL17A, IL21, 
and IL26 significantly increased over the course of 
GVHD development following whole CB transplan-
tation, while IL2, TNF (TNF-a), IL4, IL6 and IL10 
decreased.51 In addition, substantial increases were 
seen in the levels of IFNG and IL26, with IL17A 
and IL21 remaining at a low level.51 It has been 
reported that IFN-g and IL-26 are produced by TH1 
cells,52 while IFN-g, IL-17A and IL-26 are produced 
by TH17 cells.53 Because both TH1 and TH17 cells 
strongly express CD26,15,20 we next analyzed the 
expression level of CD26/DPP4, demonstrating that 
DPP4 mRNA expression in human CD4 T cells 
infiltrating in the lung of mice with OB significantly 
increased.51 These findings on expression levels of 
mRNA were also confirmed by examining protein 
levels in sera of recipient mice utilizing ELISA.51

 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-g+, 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+CD4 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-g 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-g. In 
addition, while CD26+IFN-g+CD4 cells exclusively 
expressed IL-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 IFN-g+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 mm. (F) Representative 2-D 
dot plots of human CD26 and IFN-g or IL-26 cells by gating for human CD4+ cells (panel i) and of human IFN-g 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].51 
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dominantly IFN-g–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-g but 
do not belong to the TH17 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,54 IL-26 is now classified as belonging 
to the IL-10 family of cytokines.53 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 IL-24.55 The IL-26 protein 
is encoded by the IL26 gene located on chromo-
some 12q15 between genes for interferon IFN-g and 
IL-2252,56,57 and is conserved in several vertebrate 
species but not found in mice and rats.52 IL-26 
is a secreted protein produced by T, NK cells, or 
synoviocytes,58,59 and binding of IL-26 to a distinct 
cell surface receptor consisting of IL-20RA and 
IL-10RB results in functional activation via STAT3 
phosphorylation (Fig. 3).56 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),56,60 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.59,61-64 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 

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.64 Moreover, IL-26 derived from CD68+ 
alveolar macrophages and TH17 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-a.65,66 
Furthermore, it was reported that human TH17-cell–
derived IL-26 mediates protective immunity by direct 
microbicidal action due to its functional similarity 
to naturally occurring antimicrobial peptides. IL-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.66 Therefore, 
even when the limitations of current knowledge are 
taken into account, IL-26 emerges as an important 
player in host defense and inflammation, with the 
potential to represent a therapeutic 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),5,67 we sought to determine whether col-
lagen production was induced by IFN-g+ and/or IL-
26+CD26+CD4 T-cell infiltration in cGVHD lung. 
Although IFN-g is a key regulator of cellular immu-
nity, development of cGVHD lung has been reported 
to be independent of IFN-g.68 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 IFNG on chromosome 12q15, and the IL-26 
gene is absent in rodents,52,69 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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cells. We first showed that both IL-20RA and IL-
10RB, a functional receptor complex for IL-26, were 
expressed in the murine fibroblast cell-line NIH3T3 
as well as normal human lung fibroblast (NHLF).51 
We next showed that exogenous recombinant human 
IL-26 induced phosphorylation of STAT3 in both 
NHLF and NIH3T3.51 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).51 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 IL26 transgenic 
(Tg) mice. For this purpose, we used mice carry-
ing human IFNG and IL26 transgene (190-IFNG 
Tg mice) or mice carrying human IFNG transgene 
with deleting IL26 transcription (DCNS-77 Tg mice). 
190-IFNG Tg mice exhibited production of IL-26 
by CD4 T cells under TH1- or TH17-polarizing con-
ditions, while expression of IL-26 was completely 
abrogated in DCNS-77 Tg mice.52 In addition, pro-
duction of IFN-g by T or NK cells was equivalent 
in both 190-IFNG Tg and DCNS-77 Tg mice.57 As 
shown in Fig. 5A, lung histology of recipient NOG 
mice deriving from parental C57BL/6 (B6 WT) mice 

FIG. 3: Receptors and downstream signaling of IL-26 and other IL-10 family cytokines.
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FIG. 4: Multifaceted actions of IL-26 in host defense and autoimmune responses. Upon activation, various immune 
cells including TH1, TH17, NK cells and macrophages secrete IL-26. IL-26 exerts antibacterial and antiviral actions 
through direct killing of bacteria by forming membrane pores, and by priming immune cells such as neutrophils, 
NK cells and plasmacytoid dendritic cells. Other cytokines might act in synergy with IL-26 to enhance these host 
defense actions. IL-26 response requires tight regulation as increased expression of IL-26 has been reported in several 
autoimmune and inflammatory diseases.

or DCNS-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-IFNG 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-IFNG Tg mice was quantified by collagen 
assays and shown in Fig. 5B. These results suggest 
that human IL-26, but not human IFN-g, plays a 
critical role in pulmonary fibrosis associated with 
lung cGVHD.

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).70 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.71–73 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 IL26 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 DCNS-77 Tg (panels g-i) mice. Lungs of recipi-
ents of 190-IFNG BAC Tg mice showed areas of collagen deposition and IL-26+ cell infiltration, while recipients 
of WT or DCNS-77 Tg mice showed BO and septal infiltration without collagen deposition or IL-26+ cells. Original 
magnification is 100X. Scale bars indicate 100mm. (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 (±SEM) of total 
collagen contents (mg) per wet lung tissue weight (mg) was determined. Increased collagen contents were clearly 
observed in recipients of 190-IFNG Tg mice, compared to those in recipients of B6 WT or DCNS-77 Tg mice. Each 
dot indicates individual value and horizontal bars indicate mean value (reprinted with permission from The American 
Association of Immunologists, Inc., copyright 2015).51

human CD26 amino acid sequence has 85% amino 
acid identity with the mouse and rat CD26.72,73 The 
5’-flanking region does not contain a TATA box 
or CAAT box commonly found in housekeeping 
genes.74,75 CD26 does contain a 300-bp G-C–rich 
region with potential binding sites for NF-κB, AP2, 
or Sp1.76 CD26 expression is activated by IFNs and 
retinoic acid in chronic lymphocytic leukemia via 
Stat1α and the GAS (IFN-g activation site) response 
element (TTCnnnGAA located at bp -35 to -27) in 
the CD26 promoter.77

 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.78 Analysis of 
single amino acid point mutations in the b-propeller 
motif identified Glu205 and Glu206 to be essential 
for DPPIV enzyme activity, and the central tun-
nel and a/b-hydrolase domains both participate in 
DPPIV inhibitor binding.79–81 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.80,82,83 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.18 This region in CD26 contains 
a caveolin-binding domain (ΦXΦXXXXΦXXΦ; 
Φ and X depict aromatic residue and any amino 
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acid, respectively), specifically WVYEEEVFSAY 
in CD26. These observations strongly support the 
hypothesis that DPPIV enzyme activity is necessary 
for CD26-mediated T-cell costimulatory activation, 
as demonstrated in our previous work using CD26-
targeted mAbs.15,84 Single-amino-acid point-mutation 
analysis showed that His750 residue is responsible 
for dimerization,85 which is required for T-cell 
costimulation signaling.16

 In human peripheral blood, CD26 is found on 
CD4+ T memory cells and CD8+ effector/memory T 
cells.12,86,87 It has been reported that 0–5% of freshly 
isolated CD20+ B cells do express the CD26 antigen.88 
Following stimulation with phorbol 12-myristate 
13-acetate (PMA) or Streptococcus aureus protein, 
the fraction of CD26-positive cells increased to 
51%.12,89 Meanwhile, CD26 is not expressed or is 
found only at low levels on monocytes of healthy 
adults.90,91 Only a small fraction of peripheral NK 
cells was found to express CD26.92

 CD26 is a costimulatory molecule for T-cell 
signal transduction. Whereas CD26 expression is 
enhanced following activation of resting T cells, 
CD4+CD26high T cells respond maximally to recall 

antigens such as tetanus toxoid.12 In addition, CD4+ 
T cells with in vitro transendothelial migratory 
capacity appear to express high CD26.93 Moreover, 
CD26highCD8+ T cells in humans belong to early 
effector memory T cells, and CD26highCD8+ T cells 
exhibit increased expression of granzyme B, TNF-a, 
IFN-g and Fas ligand, and exert a cytotoxic effect 
with CD26-mediated costimulation.87

 The cytoplasmic tail of CD26 is responsible 
for T-cell costimulation induced by anti-CD3 plus 
caveolin-1.16 We found that CARMA1 binds to the 
cytoplasmic tail of dimeric CD26 and that a PDZ 
domain in CARMA1 is necessary for binding to 
CD26. Following its phosphorylation, CARMA1 
functions as a signaling intermediate downstream 
of protein kinase q (PKCq) and upstream of IkB 
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 CARMA1.16 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).17 Dimerization of CD26 is therefore not only 

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.
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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 CARMA1-Bcl10-MALT1-IKK complex, and 
this membrane-associated Bcl10 complex then acti-
vates IKK through ubiquitination of NF-kB essential 
modulator (NEMO).14

B. IL-26 Production via CD26-Mediated 
T-Cell Costimulation 

IL-26 is co-expressed with IFN-g by TH1 cells,53 
and CD26/DPPIV is preferentially expressed on TH1 

cells activated via CD26-mediated costimulation.15 
In addition, CD26+CD4 T cells in the cGVHD lung 
predominantly produced IL-26 rather than IFN-g (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 IL26 and DPP4 were sig-
nificantly increased following CD26 costimulation 
compared with those in CD28 costimulation, while 
expression levels of IL26 and DPP4 were enhanced 
by CD28 or CD26 costimulation.51 On the other hand, 
expression levels of IL2, IFNG, and IL17A were 
not increased following either CD26 costimulation 

FIG. 7: Molecular mechanisms of CD26-caveolin-1 interaction in memory antigen response. Antigen-presenting 
cells (APC) take up recall antigens such as tetanus toxoid via caveolae. Following antigen uptake, a portion of 
caveolin-1 is exposed on the outer cell surface and aggregates in the APC–T-cell contact area in lipid rafts, presum-
ably by homo-oligomerization. Aggregated caveolin-1 then binds to its specific ligand CD26, resulting in caveolin-1 
phosphorylation. Phospho-caveolin-1 transduces a signal into the APC leading to dissociation of 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 CARMA1 to the cytosolic portion of CD26. Ultimately, these steps lead to the activation of 
NF-kB, and T-cell proliferation and IL-2 production.
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or CD28 costimulation, due to the immaturity of 
HuCB T cells, as was previously reported.43,94 We 
next conducted costimulation experiments evaluating 
dose and time kinetics using the CD26 costimulatory 
ligand Cav-Ig as well as anti-CD26 or anti-CD28 
mAbs. We showed that production of IL-26 increased 
following CD26 costimulation with Cav-Ig or anti-
CD26 mAb in dose- and time-dependent manners, 
while a slight increase in IL-26 level was observed 
following CD28 costimulation only at higher doses 
of mAb and longer stimulation periods.51 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,95 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 

N-terminal of both human and murine caveolin-1, 
expression of caveolin-1 was detected in endothelial 
cells and macrophage-like cells of OB-like lesions 
in cGVHD lung (Fig. 8). Taken 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 

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).
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FIG. 9: Administration of Cav-Ig prevents obliterative bronchiolitis by reducing the level of IL-26+CD26+CD4 cells 
and collagen deposition. Sublethally irradiated NOG mice were transplanted with 1X107 mononuclear cells isolated 
from HuCB. Cav-Ig or control Ig (each 100mg/dose) was administered intraperitoneally thrice a week, beginning 
at day +1 after transplantation until day +28. (A) Overall survival and (B) clinical GVHD score (mean±SEM). (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 mean±SEM 
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 mm. (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 mm. (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 100mm. (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 (mg) 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).51
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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.24 We therefore sought to 
determine whether blockade of caveolin-1/CD26 
interaction effectively suppresses OB development 
following the appearance of 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-

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-g+ 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-g+ 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-Ig Preserves GVL 
Capability

Because GVHD and GVL effect are highly linked 
immune reactions,96 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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FIG. 10: Administration of Cav-Ig during early GVHD development impedes lethal GVHD by reducing the level of 
IL-26+CD26+CD4 cells and collagen deposition in the lung. Sublethally irradiated NOG mice were transplanted with 
1X107 mononuclear cells isolated from HuCB. Cav-Ig or control Ig (each 100mg/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 (mean±SEM). (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 mean±SEM 
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 mm. (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 100mm. (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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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 after transplantation (Figs. 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.

VII. PERSPECTIVES

While the human CD26 amino acid sequence has 
85% amino acid identity with the mouse CD26,72 
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.72,97 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-1,95 and the binding regions 

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,18 and caveolin-1 forms homodi-
mer or homo-oligomer via its N-terminal domain.95 
These collective data suggest that the administered 
Cav-Ig binds to the N-terminal of caveolin-1 on the 
cell surface of APCs as well as to CD26 in T cells, 
leading to suppression of cGVHD in HuCB-NOG 
mice via blockade of CD26-caveolin-1 interaction.

 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.1 In the present study, we found that 
donor-derived CD4 T cells predominantly infiltrated 
the OB lesions of HuCB-NOG mice and that IL-26 
as well as IFN-g 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,52,69 
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 DCNS-77 Tg mice demonstrated 
that human IL-26, not IFN-g, induced pulmonary 
fibrosis. In both 190-IFNG Tg and DCNS-77 Tg mice, 
production of IFN-g by T or NK cells is equivalent 
in both tissue culture studies and analysis of basal 
levels in various tissues including spleen, lymph 

fibrosis, at 10 weeks post transplantation (yellow arrows). Original magnification is 100X. Scale bars indicate 100mm. 
(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 (**, 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-g+ 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 (±SEM) 
of total collagen contents (mg) 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].51

Begell Author Proofs



Critical Reviews™ in Immunology

Ohnuma et al.212

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 1X104 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 100mg/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) In 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. 1X105 
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) In 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).

Begell Author Proofs



Volume 36, Issue 3, 2016

Q1XXXXXXX 213

node, and colon.57 On the other hand, expression of 
IL-26 is observed in TH1- or TH17-polarizing CD4 
cells of 190-IFNG Tg mice, whereas it is completely 
abrogated in DCNS-77 Tg mice.52 Although human 
and murine IFN-g share 40% amino acid identity, 
IFN-g exhibits species specificity with respect to 
receptor binding and biological activity.98,99 Taken 
together with the previous report that development of 
cGVHD lung is independent of IFN-g,68 the elevated 
human IFN-g in HuCB-NOG did not likely function 
as an inflammatory cytokine but rather as a TH1 and/
or TH17 cell marker of CD26+CD4 T cells.15,20,100 
Regarding its specific receptor, IL-26 primarily binds 
to IL-20RA, followed by recruitment of IL-10RB.56 
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.101 It 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 model showed that 
donor-derived B-cell activation and maturation with 
the aid of TfH were necessary for cGVHD and that 
bronchiolitis obliterans syndrome was reversed by 
the abrogation of IL-21 signaling.30 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.29 Furthermore, cGVHD of the visceral 
organs seemed to respond poorly to B-cell deple-
tion therapy such as rituximab.29,37 It is speculated 
that this observed discrepancy is due to differences 
in the B-cell maturation process between mice and 
human.40 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.102 A related 
issue concerns the process of B-cell development in 
humanized mice. Given the fact that HuCB contains 
ample HSCs as well as naïve lymphocytes, the use 
of HuCB as donor cells led to sustained recovery of 

lymphocytes in the recipient PBL, as had also been 
reported by other investigators.46,48,49,103 In 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.45,46,48,50 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,42 
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 CD26,43 and other investigators observed 
that CD34+CD38low/- or CD34+CD38+ hematopoietic 

stem/progenitor cells in HuCB preferentially express 
CD26.104 These findings suggest that treatment with 
anti-CD26 mAb in a HuCB transplant model may 
reduce the levels of hematopoietic stem/progenitor 
and/or CD4 T cells in the graft 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,95 its 
N-terminus is detected on endothelial cells as well 
as APCs following cellular activation.105 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,19,42 while 
CD28-dependent GVL effects are exerted after 
engraftment.106 

 Based on our study, it is conceivable that IL-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 IL-26 receptor. IL-26 has been reported to 
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exhibit antibacterial and antiviral effects as part of a 
host defense mechanism.66 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 IL-26 production. Moreover, 
IL-26+CD26+CD4 T-cell infiltration appears to play 
a significant role in cGVHD of the lung and skin. 
While complete suppression of cGVHD with current 
interventional strategies represents a difficult 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 and IBD, in which IL-26 plays 
an important role.
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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.

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.

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.

Both type 1 (T1DM) and type 2 diabetes (T2DM) are
characterized by a deficit of beta cell mass (BCM) (1).

Preservation or recovery of BCM is therefore an important
therapeutic strategy for both T1DM 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

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
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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?

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 HbA1c, 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)

Table 1. Characteristics of subjects.

Patients without diabetes (NDM) Patients with diabetes (DM)

TotalTotal Lean Obese Total Lean Obese
N (male/female) 50 (26/24) 40 (17/23) 10 (9/1) 49 (35/14) 40 (28/12) 9 (7/2) 99 (61/38)
Age (years) 64 � 14 64 � 14 63 � 13 67 � 9 67 � 8 67 � 13 65 � 12
BMI (kg/m2) 22.5 � 2.7 21.5 � 1.9 26.4 � 1.2* 21.9 � 3.5 20.7 � 2.4 27.6 � 1.6* 22.2 � 3.1
HbA1c (%)1) 5.6 � 0.5 5.7 � 0.5 5.6 � 0.6 7.8 � 1.6# 7.8 � 1.8# 7.5 � 0.9# 6.7 � 1.6
HbA1c (mmol/mol)1) 38 � 6 38 � 6 37 � 6 61 � 18# 62 � 19# 58 � 10# 50 � 18
GA (%)2) 14.8 � 1.8 14.8 � 1.8 N/A 21.2 � 4.4# 21.6 � 4.9# 20.1 � 2.7# 20.1 � 4.7
PG (mmol/liter)3) 6.24 � 1.20 6.21 � 1.21 6.37 � 1.23 8.33 � 2.52# 8.44 � 2.71# 7.83 � 1.41# 7.27 � 2.22
CPR (nmol/liter)3)4) 0.57 (0.37–0.96) 0.56 (0.36–0.69) 1.036) 0.51 (0.34–0.71) 0.54 (0.31–0.71) 0.50 (0.39–0.80) 0.56 (0.36–0.73)
CPR index ([nmol/liter]/[mmol/liter])4) 0.101 (0.060–0.155) 0.085 (0.058–0.115) 0.1746) 0.063 (0.045–0.086) 0.056 (0.044–0.085) 0.066 (0.055–0.102) 0.065 (0.047–0.103)
Duration of DM (years) - - - 8 � 9 7 � 9 9 � 6 -
Medication for diabetes, n (%)
Diet only - - - 14 (28) 13 (33) 1 (11) -
OHA - - - 20 (41) 13 (33) 7 (78) -
Insulin � OHA - - - 15 (31) 14 (35) 1 (11) -
Clinical diagnosis, n (%)
Neuroendocrine tumor 13 (26) 10 (25) 3 (30) 7 (14) 7 (18) 0 (0) 20 (20)
Pancreatic cancer 28 (56) 24 (60) 4 (40) 34 (70) 28 (70) 6 (67) 62 (63)
IPMN 9 (18) 6 (15) 3 (30) 7 (14) 5 (12) 2 (22) 16 (17)
Others5) 0 (0) 0 (0) 0 (0) 1 (2) 0 (0) 1 (11) 1 (1)
Operative procedure, n (%)
Distal pancreatectomy 40 (80) 31 (78) 9 (90) 33 (68) 29 (73) 4 (44) 73 (74)
Pancreatoduodenectomy 6 (12) 6 (15) 0 (0) 12 (24) 7 (17) 5 (56) 18 (18)
Total pancreatectomy 4 (8) 3 (7) 1 (10) 4 (8) 4 (10) 0 (0) 8 (8)

Data with normal distribution are expressed as mean � SD, 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/m2 (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
MicroImaging 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). A P 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.

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 �m2,
P � .03) and islet density (4.52 � 3.05 vs. 3.09 � 2.04
/mm2, 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 in the 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

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 �m.
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BCA was observed in patients with diabetes duration � 3
years and those with diabetes duration � 3 years (P � .65,
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 to BCA 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/

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 �m2, P � .01,
Supplemental Figure 5A), and was positively correlated
with BMI (R � 0.43, P � .002, Supplemental Figure 5H).
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 HbA1c and GA
before surgery (R � –0.42, P � .001 and R � –0.49, P �

.003, respectively, Figure 5A and B), while ACA was not
(R � –0.15, P � .15 and R � 0.20, P � .25, respectively).
The relationship between BCA and HbA1c remained sig-
nificant after adjustment for age, sex, BMI and presence of
PC (� � –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 HbA1c 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 HbA1c 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

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 (5, 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 transdifferentiationasamechanismof increasedACM
in diabetes (2). In the present study, we observed no sig-
nificant increase 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,wehere showed that therewasnoeffect
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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sidering the similar incidence of T2DM despite less degree
of obesity in Japanese compared with Caucasians (26), our
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

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-
eling with obesity in patients with
T2DM, which may cause further
beta cell loss in these patients.

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
observed in patients with a family
history of diabetes. We have previ-
ously reported that islet number
rather than islet size is a major de-
terminant of BCM, and islet density
was negatively correlated with
plasma glucose level in nondiabetic
humans (28). Reduced islet density
with greater islet size has also been
reported in nondiabetic subjects
with the TCF7L2 polymorphism
who are susceptible to T2DM (29).
Together with these prior studies,
the present study suggests that a ge-
netic factor is associated with T2DM
susceptibility through reduced islet
number.

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
HbA1c, 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

A B

C D
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G H

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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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.

The strengths of the present study
include 1) the relatively large sample
size with well-matched controls, 2)
detailed medical information before
and after surgery and 3) detailed in-
formation on history of obesity and
family history of diabetes obtained
by questionnaire. The major limita-
tion of this study was that the cases
had pancreatic diseases which might
have affected pancreatic morphol-
ogy. However, we confirmed the
same results in cases with and with-
out PC, and the findings of this study
were consistent with our prior report
using autopsy pancreas in which
cases with pancreatic disease were
excluded (7, 8, 28). Second, the pan-
creas samples were obtained from
different portions of the pancreas ac-
cording to the operative procedures.
However, it has been reported that
the proportion of endocrine cells is
constant throughout the pancreas
with the exception of the ventral por-
tion of the pancreatic head (37), and
we confirmed that there was no dif-
ference in either BCA or ACA be-
tween samples from the head and
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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Figure 4. Effects of first-degree family history of diabetes (FH) on beta cell area (BCA) (A and B),
alpha cell area (ACA) (C and D) and islet morphology (E-H). Gray and white circles show cases
with and without diabetes, respectively. Bars indicate mean.
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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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Anisakiasis mimics cancer recurrence: two
cases of extragastrointestinal anisakiasis
suspected to be recurrence of
gynecological cancer on PET-CT and
molecular biological investigation
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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
18fluoro-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 Anisakis-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-

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 18fluoro-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

TB 0.8 mg/dl (0.4–1.2) WBC 6000 /μl (3600–8900) AFP 1 ng/ml (<20)

AST 17 U/L (5–37) Neutro 55.2 % (37–72) PIVKA-II 12 mAU/ml (<40)

ALT 15 U/L (6–43) Lymph 37.6 % (25–48) CA19-9 <1 U/ml (<35)

ALP 245 U/L (110–348) Mono 3.7 % (2–12) CA125 16 U/ml (<37)

γGTP 13 U/L (0–75) Eosino 3.7 % (1–9)

BUN 11.6 mg/dl (9–21) Baso 2.2 % (0–2)

Cr 0.62 mg/dl (0.5–0.8) Hb 13.9 g/dl (11.2–15.2)

HCT 42 % (35.6–45.4)

Plt 2.43 106/μl (1.53 - 3.46)

TB total bilirubin, AST aspartate aminotransferase, ALT alanine aminotransferase, ALP alkaline phosphatase, gGTP γ 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-II

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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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.

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

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

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

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

Fig. 6 Primers used for genetic identification of Anisakis and sequences obtained
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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 (DDBJ) (http://
www.ddbj.nig.ac.jp/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/G6P, 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

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
and showed FDG uptake (SUVmax: 4.02 to 4.21)

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

TB 0.5 mg/dl (0.4–1.2) WBC 5400 /μl (3600–8900) sIL2R 381 U/ml (<20)

AST 13 U/L (5–37) Neutro 53.3 % (37–72) CA125 11 U/ml (<37)

ALT 7 U/L (6–43) Lymph 34.9 % (25–48)

ALP 237 U/L (110–348) Mono 5.8 % (2–12)

LDH 184 U/L (0–75) Eosino 5.4 % (1–9)

BUN 10.4 mg/dl (9–21) Baso 0.6 % (0–2)

Cr 0.6 mg/dl (0.5–0.8) Hb 13 g/dl (11.2–15.2)

HCT 39.1 % (35.6–45.4)

Plt 2.5 106/μl (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, Plt
platelet, sIL-2R soluble interleukin-2 receptor
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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

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].

Fig. 8 Intra-abdominal findings in exploratory laparotomy. The
lesion was located on the omentum with adhesion to the
parietal peritoneum

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)

Nogami et al. BMC Medical Imaging  (2016) 16:31 Page 7 of 11



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

Fig. 10 In case 1, macrophages around abscess (a HE, arrows) were positive for GLUT-1 on the cell membrane (b, c, 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)
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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

Fig. 11 In case 2, macrophages around abscess (a HE, arrows) were positive for GLUT-1 on the cell membrane (b, c, 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)

Nogami et al. BMC Medical Imaging  (2016) 16:31 Page 9 of 11



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.
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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

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 t-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.

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 cm, 1-3 cm, >3-5 cm, or >5 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

ANTICANCER RESEARCH 36: 1067-1072 (2016)
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Figure 1. The schema of the case collection of this study.



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
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Table I. 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 (34.4) 6 (54.5)
Moderate 12 (37.5) 2 (18.2)
Massive 7 (21.9) 1 (9.1) 0.066

Maximum dimension of nodular lesion <1 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 (36.4) 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 3 (9.4) 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 3 (9.4) 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

Figure 2. The breakdown of the confirmed pathological diagnosis of
enrolled patients.



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

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
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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).



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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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. 
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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 30–40 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 

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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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 

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 

Author's personal copy



Jpn J Radiol 

1 3

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, 

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. c 
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
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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, 

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 

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. c Irregular interlobar pleura: Tuberous 

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
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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 

Fig. 3  Procedures used to 
select computed tomography 
images of the cases with pleural 
mesothelioma

Table 1  CT images at the 
time of the diagnosis of pleural 
mesothelioma and pleural 
findings from CT images at the 
time of the diagnosis pleural 
mesothelioma compared to the 
T classification system in 327 
cases

CT computed tomography, no. number

Pleural findings No irregularity Mild irregularity High irregularity Mass formation

No. of cases 7 53 140 127

Percentage 2 16 43 39

T1–2 7 49 31 20

T3 0 4 89 58

T4 0 0 20 49
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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 N0), stage III, and stage IV 
tumors were 11.2 months (9.4–13.0 months), 7.9 months 

(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 

Table 2  Results of the statistical evaluation of the difference in CT 
findings between the epithelial type and non-epithelial type of meso-
thelioma

CT computed tomography, + positive, − negative

Epithelial Non-epithelial p value 
(χ2-test)

CT findings

 Asbestosis + 3 4 0.523

– 176 144

 Plaque + 119 94 0.575

– 60 54

 Rounded atelec-
tasis

+ 1 1 0.893

– 178 147

 Diffuse pleural 
thickening

+ 1 4 0.116

– 178 144

 Pleural effusion + 167 137 0.798

– 12 11

CT stages

 No irregularity 5 2 0.370

 Mild irregularity–mass 
formation

174 146

 No irregularity–mild 
irregularity

36 24 0.365

 High irregularity–mass 
formation

143 124

 No irregularity–high 
irregularity

75 52 0.212

 Mass formation 104 96
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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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1. Introduction

Angiosarcoma is an extremely rare malignant vessel 
tumor that comprises 1% of all soft tissue sarcomas 
(1). It 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).

2. Case report

An 81-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/m2) 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 

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 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.

Figure 2. Pathological analyses. (A) Resected tumor specimen showed disarrayed growth of hyperchromatic and vasoformative 
mesenchymal tumor cells with abnormal mitosis (×40). 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) (×40).
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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.

©  2016 Elsevier  Ireland  Ltd.  All  rights  reserved.

1. Introduction

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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ably later stages. Unfortunately, however, the diagnosis of MPM  is
often delayed, either because of nonspecific symptoms or the unre-
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

http://dx.doi.org/10.1016/j.ejrad.2016.06.013
0720-048X/© 2016 Elsevier Ireland Ltd. All rights reserved.
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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 II 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, (c) 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
AquilionTM32 (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.



1596 K. Kato et al. / European Journal of Radiology 85 (2016) 1594–1600

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 72.0 ± 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 ± 15.9 28.1 ± 14.7 16.6 ± 17.0 0.0009
Latency,  years (Mean ± SD) 31.3 ± 21.6 46.3 ± 11.5 24.0 ± 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
a regular thickening >1 cm,  an irregular 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 >1 cm.  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
>1 cm 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
≤1 cm,  and “High-level-irregularity” indicated a regular thickening >1 cm,  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 (�2 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 II
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 a representative case of a patient in
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].

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

Fig. 5. A representative 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

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.1–5 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.6

A diffuse pleurotropic growth pattern is charac-
teristic of MM.7,8 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.9–13 Although the majority of pseudomesothe-
liomatous lung carcinomas are adenocarcinomas
(ACs), a few pseudomesotheliomatous pulmonary
squamous cell carcinoma (SCC) cases have also
been reported.14 Lately, the incidence of peripheral-
type pulmonary SCC, but not central SCC, has been
increasing.15,16 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.7 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.17

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.18 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.19–22

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.23

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

P A T I E N T S A N D H I S T O L O G I C A L S A M P L E S

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.

A B

Figure 1. Representative

histological images of solid

epithelioid mesothelioma and

poorly differentiated squamous

cell carcinoma. (A) Solid

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).24 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.17,18

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).

I M M U N O H I S T O C H E M I C A L P R O C E D U R E S

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

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.

E V A L U A T I O N O F U T I L I T Y O F E A C H M A R K E R A N D

C O M B I N A T I O N S O F T W O M A R K E R S

Sensitivity, specificity, positive predictive values
(PPVs), negative predictive values (NPVs) and diag-
nostic accuracies were calculated for each marker
and combination of two markers.

Table 1. Primary antibodies used in this study

Marker Clone Manufacturer Dilution
Location of
evaluation

Calretinin SP65 Ventana Prediluted Nucleus

Podoplanin D2-40 Nichirei
Bioscience

Prediluted Membrane

WT1 6F-H2 Ventana Prediluted Nucleus

CK5/6 D5/16 B4 Dako 1:25 Membrane
and/or
cytoplasm

p40 BC28 Biocare
Medical

1:100 Nucleus

p63 DAK-p63 Dako 1:25 Nucleus

CEA COL-1 Nichirei
Bioscience

Prediluted Membrane
and/or
cytoplasm

ERA MOC31 Dako 1:25 Membrane

Claudin-4 3E2C1 Life
Technologies

1:100 Membrane

TTF-1 SPT24 Nichirei
Bioscience

Prediluted Nucleus

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.

© 2016 John Wiley & Sons Ltd, Histopathology
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Results

I M M U N O R E A C T I V I T Y O F A N T I B O D I E S F O R S E M

A N D P D S C C

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.

C A L R E T I N I N

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.

D 2 - 4 0

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+).

W T 1

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.

C K 5 / 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+).

P 4 0

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

Marker SEM, n (%)

SEM staining grade

PDSCC, n (%)

PDSCC staining grade

0 1+ 2+ 3+ 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.
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P 6 3

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+).

C E A

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+).

E R A

Approximately 33.3% of SEMs and 89.5% of PDSCCs
were positive for ERA. In the majority of the ERA-

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+).

C L A U D I N - 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+).

T T F - 1 A N D N A P S I N 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+).

A D

E

F

B

C

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).
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S E N S I T I V I T Y , S P E C I F I C I T Y , P P V S , N P V S A N D

D I A G N O S T I C A C C U R A C I E S O F E A C H A N T I B O D Y

F O R D I F F E R E N T I A L D I A G N O S I S B E T W E E N S E M

A N D P D S C C

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)

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.25 Nuclear
immunoreactivity for WT1 has been reported in
43–100% of EMs,20–22,26 whereas it is negligibly
expressed in pulmonary ACs and SCCs.20,21,23,27 In

A D

E

F

B

C

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).
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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.23 In this study, 72.2% of EMs

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,20,21 indicating
that the WT1 positivity rate is not different between
tubulopapillary and solid EMs. Additionally, we

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

Immunohistochemical findings Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Diagnostic
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 41.3 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 92.1 92.3 100 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

Combination of two markers
Sensitivity
(%)

Specificity
(%) PPV NPV

Diagnostic
accuracy

Calretinin-positive and D2-40-
positive

88.9 73.7 76.2 87.5 81.1

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 39.5 60.3 93.8 67.6

WT1, Wilms’ tumour gene product.
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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.28,29 Immunoreactivity for calretinin has
been reported in 55–100% of EM cases.22 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 (DNp63), a non-transactivating isoform of

p63, is a squamous/basal-type biomarker.30 p63 and
p40 are expressed in most SCCs, but are rarely
expressed in EMs; p40 shows higher sensitivity and
specificity than p63.30,31 In addition, Bishop et al.
reported that p63 was expressed in various propor-
tions of ACs and large-cell lymphomas, and p40
showed much higher specificity for SCC.32 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.33–35 Membranous immunoreactivity for
claudin-4 has been reported in 88–100% of carcino-
mas of various origins and in 0–29% of
EMs.33,34,36,37 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;38 because of its high sensitivity and
specificity, it is still considered to be one of the best
markers.39 Ordonez reported that CEA is also useful
for differentiating EM from lung SCC.23 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%).17,23 However, on the
basis of the results of the present study, we cannot
recommend the use of MOC31 as a negative maker

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

Combination of two markers Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Diagnostic
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.
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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,17 and
the new WHO classification recommends calretinin,
CK5/6, WT1 and D2-40 as the best mesothelial
markers.7 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.30–32 In contrast, claudin-4 is widely expressed in
both AC and SCC,33–35 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

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 Amatya1, Kei Kushitani1, Amany Sayed Mawas1,2, Yoshihiro Miyata3,
Morihito Okada3, Takumi Kishimoto4, Kouki Inai1,5 and Yukio Takeshima1

1Department of Pathology, Hiroshima University Graduate School of Biomedical and Health Sciences,
Hiroshima, Japan; 2Department 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; 4Department of Internal Medicine, Okayama Rosai Hospital, Okayama, Japan
and 5Pathologic Diagnostic Center, Inc., Hiroshima, Japan

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.1 It is histologically
classified into three subtypes: epithelioid, biphasic,

and sarcomatoid mesothelioma.2 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.4–7
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.6,7 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.8 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

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 Group3 and
current 2015 WHO histological classification of
tumours of the lung, pleura, thymus and heart.9
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.9 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-μm-thick
formalin-fixed paraffin-embedded tissue sections
containing 490% 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 497 000
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 30 μg 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
16 h 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

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
δδCT 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: rI = 2− (CT sample−CT normal).

Immunohistochemistry

Immunohistochemistry was performed using 3-μm
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 410–50% of the tumor cells,
and +3 for 450% 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 2×2 table.

Results

Differential Gene Expression and Validation in
Sarcomatoid Mesothelioma and Lung Sarcomatoid
Carcinoma

Out of the 97 000 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
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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

(calretinin, D2-40, WT1) and lung carcinoma mar-
kers (TTF-1, p40, Claudin-4) along with the cytoker-
atins AE1/AE3 and CAM5.2 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 450% of tumor cells, 9 cases in 10–50% of tumor
cells and 9 cases in o10% of tumor cells. Out of the
21 lung sarcomatoid carcinoma cases with MUC4

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.

LSC 10 LSC 11 LSC 8 LSC 12 SM 1 SM 2 SM 5 SM 6

Lung sarcomatoid carcinoma Sarcomatoid mesothelioma 

2

-2

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.

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 ×25 CC1, 60 min
Calretinin SP65 Ventana Prediluted CC1, 30 min
Podoplanin D2-40 Nichirei Prediluted CC1, 60 min
WT1 6F-H2 Dako ×25 CC1, 60 min
Pancytokeratin AE1/AE3 Ventana Prediluted Protease 8 min
Cytokeratin CAM5.2 Ventana Prediluted Protease 8 min
p40 BC28 Biocare Medical × 50 CC1, 60 min
TTF-1 SP141 Ventana Prediluted CC1, 60 min
Claudin-4 3E2C1 Life Technologies × 50 CC1, 60 min

Abbreviation: CC1, cell conditioning buffer 1 (Tris-based buffer, pH 8.5 from Ventana).
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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 490% 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

Table 2 Potential immunohistochemical markers for sarcomatoid mesothelioma and lung sarcomatoid carcinoma

Sarcomatoid mesothelioma Lung sarcomatoid carcinoma

Immunohistochemical scorea Immunohistochemical scorea

Antibody Positive cases (%) 0 1+ 2+ 3+ Positive cases (%) 0 1+ 2+ 3+ P-valueb P-valuec

MUC4 0/31 0 31 0 0 0 21/29 72 8 9 9 3 o0.01 o0.01
Calretinin 23/31 74 8 7 11 5 13/29 45 16 5 6 2 o0.05 o0.05
D2-40 22/31 71 9 9 12 1 9/29 31 20 9 0 0 o0.01 o0.01
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 o0.01 o0.01
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 o0.01 o0.01

Abbreviations: NA, not available; NS, not significant; TTF-1, thyroid transcription factor; WT1, Wilms’ tumor gene product.
aCalculated 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.
cImmunohistochemical score was semiquantified as follows: 0: 0%; 1+: 1–10%; 2+: 11–50%; 3+: 451% of spindled tumor cells.
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was o20%. 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.

Value of Immunohistochemical Marker Panel to
Differentially Diagnosis Sarcomatoid Mesothelioma
and Lung Sarcomatoid Carcinoma

MUC4 showed the highest sensitivity and specificity
among the immunohistochemical markers for differ-
entiatiation of sarcomatoid mesothelioma from lung

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.
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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

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.
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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%).7 Our past and present data on calretinin
and D2-40 were similar to reports by Ordonez et al4

and Padgett et al.6 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 carcinoma10,11
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.12 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,13,14 showed
limited value in lung sarcomatoid carcinoma cases.
In this study, only half of lung sarcomatoid

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 o0.01
Calretinin (+) 74 55 64 67 65 o0.05
D2-40 (+) 71 69 71 69 70 o0.01
WT1 (+) 19 97 86 53 57 NS
AE1/AE3 (+) 94 0 50 0 48 NS
CAM5.2 (+) 90 3 50 25 48 NS
TTF-1 (− ) 100 52 69 100 77 o0.01
p40 (− ) 94 21 56 75 58 NS
Claudin-4 (− ) 100 45 66 100 73 o0.01

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 o0.01
Claudin-4 (− )/TTF-1 (− )/p40 (− ) 94 90 91 93 92 o0.01
Claudin-4 (− )/TTF-1 (− ) 100 83 86 100 92 o0.01
MUC4 (− )/TTF-1 (− )/p40 (− ) 94 93 94 93 93 o0.01
MUC4 (− )/Claudin-4 (− ) 100 83 86 100 92 o0.01
MUC4 (− )/TTF-1 (− )/Claudin-4 (− ) 100 90 91 100 95 o0.01
MUC4 (− )/TTF-1 (− )/p40 (− )/Claudin-4
(− )

94 97 97 93 95 o0.01

Abbreviations: NPV, negative predictive value; PPV, positive predictive value.
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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.15 It is expressed in various normal
epithelium of the respiratory tract, particularly in
the trachea and bronchi16 and in the epithelium of
the digestive and urogenital tracts.17 MUC4 expres-
sion has been reported in various human

carcinomas, including pancreatic,18 breast19 and
lung adenocarcinoma.20 Llinares et al21 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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(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. 

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 In total, 30 patients aged 76 years or older, with 
untreated LD-SCLC were enrolled. Four courses of topote-
can (1.0 mg/m2, days 1–3) and cisplatin (20 mg/m2, days 
1–3) were administered, followed by thoracic radiotherapy 
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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 

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/m2, 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/
m2, 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/mm3, 
the neutrophil count to ≥1500/mm3, the platelet count to 
≥10 × 104/mm3, 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 α = 0.05 and 1 − β = 0.8, and 
the estimated accrual number was 30 patients. An interim 
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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 α = 0.05 and 1 − β = 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 

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 

Table 1  Clinical demographics of the 22 patients with LD-SCLC

LD-SCLC limited-disease small-cell lung cancer, ECOG Eastern 
Cooperative Oncology Group, PS performance status

Age, years (median, range) 79 (76–84)

Gender (male/female) 19 (86 %)/3 (14 %)

Staging (I/II/IIIA/IIIB) 3 (14 %)/3 (14 %)/7 (32 %)/9 
(41 %)

ECOG PS (0–1/2) 20 (91 %)/2 (9 %)

Smoking (never/ever) 4 (18 %)/18 (82 %)

Median Charlson score (range) 3 (2–6)

Fig. 1  Study flow. TRT thoracic 
radiotherapy, AE adverse event, 
MOF multiple organ failure
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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.

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 patients. 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 

Table 2  Overall response rate (n = 22)

Disease control rate was defined as the proportion of partial response, 
complete response, and stable disease

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

Fig. 2  a Progression-free survival curve (n = 22). b Overall survival 
curve (n = 22)

Table 3  Adverse events (n = 22)

Toxicity No. of patients

Grades Any grades 3 4 5

Hematological

Neutropenia 22 (100 %) 5 (23 %) 16 (73 %) 0 (0 %)

Thrombocytopenia 18 (82 %) 7 (32 %) 4 (18 %) 0 (0 %)

Anemia 17 (77 %) 7 (32 %) 1 (4.5 %) 0 (0 %)

Non-hematological

Febrile neutropenia 7 (32 %) 7 (32 %) 0 (0 %) 0 (0 %)

Creatinine elevation 5 (23 %) 1 (4.5 %) 0 (0 %) 0 (0 %)

AST/ALT increased 10 (45.5 %) 0 (0 %) 0 (0 %) 1 (5 %)

Nausea/vomiting 12 (54 %) 3 (13 %) 0 (0 %) 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 %)
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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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