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The dipeptidylpeptidase DPP4 is a homodi­
meric type II transmembrane glycoprotein 

expressed in many cell types and is identi­
cal with the leukocyte surface antigen CD26  
(ref. 1). It is also present in serum and other 
body fluids in a truncated form. It prefe­
rentially cleaves amino-terminal dipeptides 
from polypeptides with proline or alanine in 
the penultimate position and regulates the 
activities of various cytokines and chemokines.  
However, direct in vivo evidence of a role for 
DPP4 in tumor biology and its interaction 
with the tumor microenvironment (TME) has 
not yet been reported. In this issue of Nature 
Immunology, work by Barreira da Silva et al. 
highlights the interaction between DPP4 and 
its substrate, the chemokine CXCL10, to dem­
onstrate the function of DPP4-mediated post-
translational modification of chemokines in 
regulating tumor immunity2.

The TME consists of various cell types, 
along with the neoplastic cells themselves. 
Among these are effector lymphocytes that are 
able to infiltrate the tumor sites and are spe­
cifically required for the anti-cancer immune 
response3. Barreira da Silva et al. utilize a 
tumor-transplant model of the mouse mela­
noma cell line B16F10 to show that tumor 
growth is significantly delayed in Dpp4–/– 
mice relative to that in their heterozygous 
littermates. Moreover, their studies of wild 
type (Dpp4+/+) mice fed chow formulated to 
contain the DPP4-specific inhibitor sitagliptin 
demonstrate that inhibition of DPP4 results in 
diminished tumor growth (Fig. 1). In addition,  

DPP4 in anti-tumor immunity: going beyond the enzyme
Kei Ohnuma, Ryo Hatano & Chikao Morimoto

Effective anti-tumor immune therapy in solid tumors relies on the presence of effector T cells. Inhibition of the 
dipeptidylpeptidase DPP4 (CD26) enhances chemokine CXCL10–mediated infiltration of lymphocytes into the  
tumor parenchyma, which results in diminished tumor growth.

inhibition of DPP4 significantly reduces the 
number of lung metastases following intra­
venous injection of B16F10 cells. Although 
DPP4 is not expressed by B16F10 cells cultured  
in vitro, the authors detect high activity  
and expression of DPP4 in tumors resected 
from wild-type mice. However, they detect 
only a low level of tumor-associated DPP4 
activity when they implant B16F10 cells into  
Dpp4–/– mice. These findings suggest that 
DPP4 has a role in regulating tumor growth and 
that the contribution of DPP4 activity in vivo  
is from both tumor-induced effects on the 
stroma as well as the tumor cells themselves.

CXCL10 is a chemoatractant for cells of the 
immune system, such as monocytes, T cells 
and natural killer cells, and is secreted from a 
variety of cells, including monocytes, neutro­
phils, eosinophils, epithelial cells, endothelial 
cells, fibroblasts and keratinocytes, in response 
to interferon-γ4. Cellular analysis of tumor-in­
filtrating leukocytes shows that large amounts 
of CXCL10 correlate with a greater number of 
CD4+ and CD8+ T cells in wild-type mice given 
implantation of B16F10 cells and fed chow 
containing sitagliptin. Meanwhile, the authors 
observe no significant difference between mice 
fed chow containing sitagliptin and those fed 
control chow (lacking sitagliptin) in the number 
of tumor-infiltrating myeloid cells, natural killer 
cells, B cells or CD25hi regulatory T cells. The 
authors do not find the beneficial effect of the 
inhibition of DPP4 on the reduction in tumor 
growth in B cell– and T cell–deficient Rag2–/– 
mice fed sitagliptin-containing chow or control 
chow, which suggests that inhibition of DPP4 
activates anti-tumor immunity via chemokine-
mediated trafficking of T cells. Barreira da Silva 
et al. confirm this hypothesis by showing that 
mice deficient in the CXCL10 receptor CXCR3, 
mice deficient in CXCL10 and wild-type mice 
treated with a blocking antibody to CXCL10 

(anti-CXCL10) fail to exhibit diminished mela­
noma growth following inhibition of DPP4. The 
authors extend their initial observation to other 
tumor models by implanting CT26 mouse colon 
carcinoma cells into BALB/c mice fed sitagliptin- 
containing chow. Inhibition of DPP4 results in 
a marked delay of CT26 tumor growth, which 
correlates with increased infiltration of T cells 
and natural killer cells. Meanwhile, treatment 
with blocking anti-CXCR3 abrogates the reduc­
tion in CT26 tumor growth mediated by inhi­
bition of DPP4. These findings indicate that 
DPP4 in the TME acts to negatively regulate 
CXCR3-mediated anti-tumor immunity and 
effectively limit the infiltration of T cells into 
the tumor parenchyma.

Focusing on the anti-tumor response via 
TME-driven regulation of T cells provides 
scope for novel anti-cancer therapies; among 
these, adjuvant therapy, adoptive T cell–transfer  
therapy, and checkpoint-blockade therapy 
(with antibodies to the immunomodulatory 
receptors CTLA-4 (CD152) and PD-1) have 
led to important clinical advances. Barreira da 
Silva et al. demonstrate the efficacy of an anti-
cancer treatment that combines inhibition of 
DPP4 with the adjuvant oligodeoxynucleotide 
CpG, which induces the production of bioactive 
CXCL10 in plasma. Notably, CpG-mediated 
tumor immunity is dependent on interferon 
signaling and CXCR3 expression. Inhibition of 
DPP4 stabilizes the biologically active form of 
CXCL10, which results in enhanced migration 
of T cells into the TME as a strategy for enhanc­
ing adjuvant-based tumor immunity. The use 
of ovalbumin-expressing B16F10 melanoma 
cells that are recognized by CD8+ OT-I T cells 
(which transgenically express an ovalbumin-
specific T cell antigen receptor) demonstrates 
a synergistic effect on the reduction in tumor 
size when adoptive transfer of OT-I cells is 
combined with sitagliptin treatment. The most 

n e w s  a n d  v i e w s

mailto:morimoto@ims.u-tokyo.ac.jp


792	 volume 16   number 8   August 2015   nature immunology

In developing new assays for the intact 
form of CXCL10, Barreira da Silva et al. 
have also provided the first experimental 
evidence that amino-terminal truncation of 
post-translationally modified CXCL10 has an  
in vivo biological importance and that the reg­
ulation of this process through DPP4 affects 
lymphocyte migration and tumor immunity. 
Although DPP4 and CXCL10 have a plethora 
of biological functions in human tumor cells 
and the immune system, further detailed 
understanding of the role of these mole­
cules in various clinical settings could lead 
potentially to novel therapeutic approaches. 
Indeed, DPP4-specific inhibitors already used 
as anti-diabetic drugs worldwide and could 
in theory be readily repurposed to enhance 
existing anti-tumor immunotherapies.
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human immune system appears to differ  
from that in mice. Although the predicted 
amino acid sequence of human DPP4 shares 
approximately 85% homology with mouse 
DPP4, mouse DPP4 is neither a T cell–activation 
marker nor an adenosine deaminase–binding  
protein1. The differences between rodent 
DPP4 and human DPP4 therefore highlight 
the potentially limited utility of murine models 
for elucidating the function of human DPP4. 
Future work specifically focusing on the direct 
biological effects of DPP4 on human tumor 
cells will undoubtedly contribute to a more 
in-depth understanding of its role in various 
physiological states and as a possible anti-cancer  
therapeutic target.

Work on DPP4 in T cell immunity has 
reported that costimulation via the invariant  
signaling protein CD3 and CD26 (DPP4) 
induces the development of human type  
1 regulatory T cells from CD4+ T cells with 
substantial production of interleukin 10 and 
high expression of the coinhibitory recep­
tor LAG-3 (ref. 11). Preclinical models have 
shown that antibody-mediated blockade of 
LAG-3 as a potential anti-cancer therapy leads 
to enhanced activation of antigen-specific  
T cells at tumor sites and disruption of tumor 
growth12. Moreover, dual-blockade therapy 
with anti-LAG-3 and anti-PD-1 cured most 
mice of established tumors that were largely 
resistant to single antibody treatment12.  
Thus, it is conceivable that DPP4 itself might 
function as an inhibitory molecule of an  
immunological-checkpoint system in certain 
disease conditions, similar to LAG-3 or PD-1.

striking effects are produced by a combination 
of inhibition of DPP4 and checkpoint block­
ade: a triple therapy involving sitagliptin, anti-
CTLA-4 and anti-PD-1 results in rejection of 
CT26 tumors by 100% of mice, whereas double 
therapy of anti-CTLA-4 plus anti-PD-1 cures 
only 42% of the mice. Barreira da Silva et al. 
therefore provide direct evidence of DPP4 as 
an in vivo regulator of CXCL10-mediated T cell 
trafficking, with relevance for tumor immunity 
and immunotherapy.

CXCL10 seems to have a dual role in tumor 
growth, with its proliferative or anti-proliferative  
activity being dependent on the cell type as a 
result of differences in the subtype of its recep­
tor, CXCR3 (ref. 4). Expression of CXCR3 is 
rapidly induced on naive T cells following acti­
vation, and high CXCR3 expression is retained 
‘preferentially’ on CD4+ cells of the TH1 subset 
of helper T cells and on CD8+ cytotoxic T lym­
phocytes (CTLs), which results in enhancement 
of T cell migration to facilitate immunological 
responses to tumors5. Although strong TH1 
and CTL responses in the TME are beneficial 
for tumor suppression, these responses are 
counterbalanced to prevent unwanted tissue 
damage and immunopathology by disruption 
of the proinflammatory loop; indeed, CXCR3+ 
regulatory T cells have been identified that 
ameliorate just such harmful inflammation6.  
Such cells are generated by interferon-γ  
signaling, which upregulates their expression  
of the TH1-related transcription factor T-bet 
and in turn promotes their expression of 
CXCR3 in the inflammatory sites. Moreover, 
CXCR3 is also a marker of CD8+ cells that 
produce interleukin 10 and have suppressive 
activity in both mice and human7. The exact 
factors that determine whether CXCR3+ effec­
tor T cells and CXCR3+ regulatory lymphocytes 
oppose each other or act cooperatively with 
each other during the tumor growth process 
in vivo remain to be elucidated.

Direct biological effects of DPP4 on tumor 
cells are also relevant to the malignant activity of 
tumors. In several human malignancies, includ­
ing colorectal cancer, chronic myeloid leukemia 
and malignant mesothelioma, DPP4 expression 
is reported to be a marker of cancer stem cells8. 
Interestingly, the enzyme activity of DPP4 is 
important for regulating the growth of leuke­
mic stem cells in the CD34+CD38–Lin– fraction 
in chronic myeloid leukemia and is a potential 
therapeutic target9. Although a direct correla­
tion between disease aggressiveness and DPP4 
expression has been reported in human T cell 
malignancies, an inverse correlation between 
DPP4 expression and the degree of malignant 
activity has been shown in melanocytes10.  
In addition to differences among cell types, 
the expression and function of DPP4 in the 

Figure 1  Inhibition of DPP4 suppresses truncation of its ligand CXCL10, which leads to the 
recruitment of CXCR3+ T cells into tumor parenchyma. Barreira da Silva et al. use in vivo  
tumor-transplant models to show that inhibition of DPP4 diminishes tumor growth through the 
preservation of bioactive CXCL10 in the TME. In the normal physiological state, CXCL10 is rapidly 
degraded by DPP4, which results in less recruitment and migration of CXCR3+ T cells into the tumor 
parenchyma. In contrast, inhibition of DPP4 enhances tumor rejection by preserving the full-length 
biologically active form of CXCL10, which leads to increased trafficking of CXCR3+ T cells  
into the tumor parenchyma. This anti-tumor response is potentiated in combination with other  
anti-tumor immunotherapeutic approaches, including CpG adjuvant therapy, adoptive T cell–transfer 
therapy and checkpoint-blockade therapy (anti-CTLA-4 and anti-PD-1). ±, with or without.
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Regulation of Pulmonary Graft-versus-Host Disease by
IL-26+CD26+CD4 T Lymphocytes
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Obliterative bronchiolitis is a potentially life-threatening noninfectious pulmonary complication after allogeneic hematopoietic

stem cell transplantation and the only pathognomonic manifestation of pulmonary chronic graft-versus-host disease (cGVHD).

In the current study, we identified a novel effect of IL-26 on transplant-related obliterative bronchiolitis. Sublethally irradiated

NOD/Shi-scidIL2rgnull mice transplanted with human umbilical cord blood (HuCB mice) gradually developed clinical signs of

graft-versus-host disease (GVHD) such as loss of weight, ruffled fur, and alopecia. Histologically, lung of HuCB mice exhibited

obliterative bronchiolitis with increased collagen deposition and predominant infiltration with human IL-26+CD26+CD4 T cells.

Concomitantly, skin manifested fat loss and sclerosis of the reticular dermis in the presence of apoptosis of the basilar keratino-

cytes, whereas the liver exhibited portal fibrosis and cholestasis. Moreover, although IL-26 is absent from rodents, we showed that

IL-26 increased collagen synthesis in fibroblasts and promoted lung fibrosis in a murine GVHD model using IL-26 transgenic

mice. In vitro analysis demonstrated a significant increase in IL-26 production by HuCB CD4 T cells following CD26 costimu-

lation, whereas Ig Fc domain fused with the N-terminal of caveolin-1 (Cav-Ig), the ligand for CD26, effectively inhibited produc-

tion 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.

These results therefore provide proof of principle 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. The Journal of Immunology, 2015, 194: 3697–3712.

A
llogeneic hematopoietic stem cell transplantation
(alloHSCT) is a potentially curative treatment for many
diseases arising from hematopoietic cells (1). However,

chronic graft-versus-host disease (cGVHD) remains a significant
barrier to successful alloHSCT (2). In particular, the lung damage
in cGVHD causes potentially life-threatening complications (3).
According to the National Institutes of Health consensus criteria,

obliterative bronchiolitis (historically named bronchiolitis oblit-
erans by pathologists) is the only pathognomonic manifestation of
pulmonary cGVHD (4). It is recognized that obliterative bron-
chiolitis has been associated with an increased risk of death, and
patients diagnosed with obliterative bronchiolitis after alloHSCT
have a 5-y survival rate of only 10% (5).
Although many preclinical models mimicking human cGVHD

including obliterative bronchiolitis have been established (6),
control of obliterative bronchiolitis after alloHSCT has not yet
been achieved thoroughly (7). The clinical application of murine
data is limited because multiple, yet limited schema have arisen to
identify alloimmune reactions in cross-species comparisons. For
instance, one extensively used model of cGVHD clearly exhibited
immune-complex glomerulonephritis, which is rarely seen in hu-
man cGVHD (8). Moreover, transfer of autoantibodies from mice
with GVHD to normal mice failed to cause autoimmune pathology
(9). These limitations are based on preparative regimens, composi-
tion of donor graft, and genetic backgrounds of donor and recipient
animals (6). In addition, recent work has demonstrated multiple
differences in immunological functions between humans and mice
(10, 11). In contrast, because in vivo T cell depletion is the only
prophylactic measure that effectively decreases the incidence of
cGVHD (2, 12), donor T cells clearly play an important role in the
immune pathology of cGVHD. Taken together, to develop novel
therapeutic strategies for use in the clinical setting, the establishment
of a humanized murine model of cGVHD is urgently needed. We
previously analyzed a humanized murine acute GVHD (aGVHD)
model involving mice transplanted with human adult PBL, and
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 mAb (13). 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 ∼4 wk
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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 obliterative
bronchiolitis, a form of cGVHD of the lung.
CD26 is associated with T cell signal transduction processes as

a costimulatory molecule, as well as being a marker of T cell
activation in human adult PBL (14–16). In fact, patients with
autoimmune diseases such as multiple sclerosis and rheumatoid
arthritis (RA) have been found to have increased numbers of
CD26+CD4 T cells in both inflamed tissues and the peripheral
blood, with enhancement of CD26 expression in these autoim-
mune diseases correlating with disease severity (17). Previously,
we have demonstrated that caveolin-1 is a costimulatory ligand for
human CD26, and that CD26 on activated memory T cells inter-
acts with caveolin-1 on recall Ag-primed monocytes (18, 19).
More recently, we demonstrated in in vitro experiments 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 re-
sponses not only to recall Ag, but also to unrelated allogeneic APC
(20). In contrast to adult PBL, the human umbilical cord blood
(HuCB) lymphocytes have been reported to be immature, pre-
dominantly consisting of CD45RA+ naive cells (21, 22). We pre-
viously showed that, although all HuCB CD4 T cells consti-
tutively expressed CD26, CD26-mediated costimulation was con-
siderably attenuated in HuCB CD4 T cells, compared with the
robust activation via CD26 costimulation of adult PBL (21). Ad-
ditionally, HuCB CD4 T cells exhibited only slight activation after
long-sustained stimulation of CD26. These findings provided fur-
ther insights into the cellular mechanisms of immature immune
response in HuCB. Furthermore, it has been reported that hu-
manized mice transplanted with human hematopoietic stem cell
(HSC) isolated from HuCB exhibited human hematopoiesis re-
constitution as well as B cell engraftment with a similar Ab rep-
ertoire as observed in B cells in human (23, 24). Based on these
findings, we hypothesized that HuCB naive CD4 T cells gradually
acquire a xenogeneic response via attenuated stimulatory signal-
ing with indolent inflammation in the target organs, leading
eventually to chronic inflammatory changes. We therefore sought
to develop a humanized murine pulmonary cGVHD model uti-
lizing 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 (23).
In the current study, we established a xenogeneic pulmonary

cGVHD murine model induced by transplantation of HuCB, which
exhibited obliterative bronchiolitis as well as sclerodermatous skin
and primary biliary cirrhosis-like liver. Moreover, we determined
a novel effect of IL-26 produced by donor-derived human CD4
T cells on fibroproliferation of obliterative bronchiolitis, which
was also shown in the murine alloHSCT model using human IL26
transgenic mice. In addition, our findings indicated a decrease of
collagen deposition in the lung of xenogeneic pulmonary cGVHD
mice treated with anti–IL-26 neutralizing Ab. Our analysis of
a patient specimen demonstrated the predominant infiltration of
IL-26+CD26+CD4 T cells in the lung of obliterative bronchiolitis
after alloHSCT. In in vitro experiments, we showed that IL-26 of
HuCB CD4 T cells was produced via CD26 costimulation by its
ligand caveolin-1, whereas CD28 costimulation did not generally
enhance IL-26 production. Furthermore, abrogation of CD26 co-
stimulation by Cav-Ig before or during 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 pathophysiology of pulmonary cGVHD, and

that blockade of CD26 costimulation by Cav-Ig appears to be
a promising novel therapeutic strategy for the clinical control of
cGVHD.

Materials and Methods
Abs, reagents, and cells

Mouse mAbs to human CD3 (OKT3, IgG2b), CD26 (1F7, IgG1), and CD28
(4B10, IgG1) for costimulation experiments were developed in our labo-
ratory (25). Anti–IL-26 goat polyclonal Ab (pAb) (AF1375), which is
available for neutralizing experiments (26), was obtained from R&D
Systems (Minneapolis, MN). Human rIL-26 was purchased from R&D
Systems and stocked at 1 mg ml21 in PBS. Cav-Ig and its control Fc
protein were made in our laboratory, with previous references in the lit-
erature (27). Normal human lung fibroblast (NHLF) and the culture me-
dium FGF-2 were purchased from LONZA (Walkersville, MD). Mouse
fibroblast cell line NIH3T3 and mononuclear cells (MNCs) isolated from
HuCB with Ficoll density gradation method were purchased from RIKEN
BioResource Center (Tsukuba, Japan). T cell–depleted CD34+ cells were
purified from MNCs of HuCB using human CD34 MicroBead Kit (Mil-
tenyi Biotec, Bergisch Gladbach, Germany).

Mice

NOD/SCID/gc
2/2 NOD.Cg-Prkdcscid Il2rgtm1Sug/Jic mice (NOG mice)

(H-2d) were purchased from the Central Institute for Experimental Ani-
mals (Kawasaki, Japan). C57BL/6 (B6) mice (H-2b) were obtained from
CLEA Japan (Tokyo, Japan). B6 mice carrying a 190-kb bacterial artificial
chromosome (BAC) transgene with human IFNG and IL26 gene (190-
IFNG transgenic [Tg]) and a BAC Tg-deleting conserved noncoding se-
quence (CNS) positioned upstream of the IFNG transcription start site
(DCNS-77 Tg) were developed in Thomas Aune’s laboratory (28). All
mice were housed in a specific pathogen-free facility in microisolator
cages. Mice were used at 8–12 wk. Animal protocol was approved by the
Institutional Animal Care and Use Committee.

Transplantation and assessment of GVHD

On day 21, NOG mice received 200 cGy irradiation. On day 0, mice were
injected i.p. with 1 3 107 MNC (whole CB transplant) or 1 3 105 CD34+

cells (CD34+ transplant) purified from HuCB. Mice were assessed for
survival daily and weighed thrice weekly. In IL-26 blockade experiments,
mice were treated with anti–IL-26 pAb or control goat IgG at 50 mg per
dose i.p. thrice per week from day +21 until day +32 (total six doses).
In cGVHD prevention experiments, mice were given human Cav-Ig, or
control human Fc at 100 mg per dose i.p. thrice per week from day +1 until
day +28 (total 12 doses). In cGVHD treatment experiments, at onset of first
clinical signs of disease 28 d after HuCB transplantation, mice were given
human Cav-Ig, or control human Fc at 100 mg per dose i.p. thrice per week
from day +29 until day +56 (total 12 doses) after confirmation of en-
graftment. Engraftment of HuCB was confirmed by quantification of hu-
man CD45+ leukocytes in mouse peripheral blood using flow cytometry.
The clinical GVHD score was assessed at least weekly according to the
previous reference in the literature (29). For allogeneic bone marrow
transplantation experiments using Tg mice, sublethally irradiated (200
cGy) NOG mice were transplanted with 13 107 bone marrow and 13 106

splenocytes isolated from 190-IFNG Tg, DCNS-77 Tg or parental B6 (B6
wild-type) mice. Recipients were sacrificed at 4 wk posttransplantation,
and the lungs were removed for histopathological evaluation.

Tissue histopathology and immunohistochemistry

Skin from the upper back, the left lung, and liver specimens of recipients
were fixed in 10% formalin, embedded in paraffin, sectioned, mounted in
slides, and stained with H&E to determine pathology. The lung specimen of
a patient undergoing an allogeneic peripheral blood-stem cell transplant
(alloPBSCT) for acute lymphoblastic leukemia (ALL) was prepared for
histopathologic and immunohistochemical studies by the same method as
described above. Images were captured with an Olympus digital camera
DP21 attached to an Olympus BX43 microscope using CellSens software
(OLYMPUS, Tokyo, Japan). Slides were scored by a pathologist blinded to
experimental groups. The GVHD pathology score was assessed according
to the previous references in the literature (29–31). For detection of col-
lagen, slides were stained with Azan-Mallory staining. Abs used in im-
munohistochemistry were anti-human CD4 mAb (4B12, mouse IgG1) and
anti-human CD8 mAb (C8/144B, mouse IgG1) from Dako (Tokyo, Japan),
anti-human CD26 goat pAb (AF1180) from R&D Systems, anti–IL-26
rabbit pAb (bs-2626R) from Bioss (Wobum, MA), and anti–IL-17A rab-

3698 IL-26 MEDIATES PULMONARY GVHD

http://www.jimmunol.org/


bit pAb (H-132) from Santa Cruz Biotechnology (Santa Cruz, CA). Im-
munohistochemical staining for CD4, CD8, CD26, or IL-26 was per-
formed at the Department of Pathology, Keio University School of Medi-
cine (Tokyo, Japan), as described previously (32). Immunohistochemical
staining for IL-17Awas conducted at the laboratory of MorphoTechnology
(Sapporo, Japan).

Real-time quantitative RT-PCR

In experiments assessing expression of mRNA of effector molecules,
a single-cell suspension was isolated from the lung of recipient mice using
Lung Dissociation Kit (Miltenyi Biotec), followed by purification of human
CD4 T cells using human CD4MicroBeads (Miltenyi Biotec). Isolation and
quantification of mRNA were performed, as described previously (33).
Expression levels of mRNAwere calculated on the basis of standard curves
generated for each gene, and hypoxanthine phosphoribosyltransferase 1
(HPRT1) mRNA was used as an invariant control. Sequences of primers
used in real-time RT-PCR analysis are as follows: human IL-2, forward 59-
AGAAGGCCACAGAACTGAAAC-39, reverse 59-GCTGTCTCATCAG-
CATATTCAC-39; human IL-4, forward 59-CAGTTCTACAGCCACCAT-
GAGA-39, reverse 59-CGTCTTTAGCCTTTCCAAGAAG-39; human IL-6,
forward 59-GCCAGAGCTGTGCAGATGAG-39, reverse 59-TCAGCAGG-
CTGGCATTTG-39; human IL-10, forward 59-CTGGGGGAGAACCTGAA-
GAC-39, reverse 59-TGGCTTTGTAGATGCCTTTCTC-39; human IL-17A,
forward 59-ACATCCATAACCGGAATACCAA-39, reverse 59-ACATCCAT-
AACCGGAATACCAA-39; human IL-21, forward 59-GACACTGGTCCAC-
AAATCAAGCTC-39, reverse 59-TGCTGACTTTAGTTGGGCCTTC-39; hu-
man IL-26, forward 59-CAATTGCAAGGCTGCAAGAA-39, reverse 59-TC-
TCTAGCTGATGAAGCACAGGAA-39; human IFN-g, forward 59-GTGTG-
GAGACCATCAAGGAAG-39, reverse 59-ATGTATTGCTTTGCGTTGGA-39;
human TNF-a, forward 59-TCAGCCTCTTCTCCTTCCTG-39, reverse 59-TT-
TGCTACAACATGGGCTACA-39; human CD26, forward 59-GTACACAG-
AACGTTACATGGGTCTC-39, reverse 59-TCAGCTCTGCTCATGACTGTT-
G-39; and human HPRT1, forward 59-CAGTCAACAGGGGACATAAAAG-39,
reverse 59-CCTGACCAAGGAAAGCAAAG-39.

Flow cytometry

The following Abs were from BD Biosciences (San Jose, CA): anti-human
CD3 (UCHT1, mouse IgG1), anti-human CD4 (RPA-Ta, mouse IgG1), anti-
human CD8 (HIT8a, mouse IgG1), anti-human CD14 (M5E2, mouse IgG1),
anti-human CD19 (HIB19, mouse IgG1), anti-human CD26 (M-A261,
mouse IgG1), anti-human CD45 (HI30, mouse IgG1), anti-human CD56
(B159, mouse IgG1), anti-human IFN-g (B27, mouse IgG1), anti-human
IL-17A (N49-653, mouse IgG1) mAbs, and relevant control mAbs of the
same Ig isotype. Fluorescent conjugates were FITC, PE, PerCP-Cy5.5,
and allophycocyanin. Anti–IL-10RB rabbit pAb (bs-2602R) was purchased
from Bioss, and anti–IL-20RA rabbit pAb (06-1073) from Millipore
(Billerica, MA). Anti–IL-10RB and anti–IL-20RA pAbs recognize both
human and murine Ags. mAb staining of intracellular IL-26 (clone 510414,
mouse IgG1) was purchased from R&D Systems, being conjugated with
Alexa Fluor 647 using Antibody Labeling Kit (Invitrogen, Carlsbad, CA).
RBCs in samples of murine peripheral blood were lysed using BD FACS
Lysing Solution (BD Biosciences). For analyzing lymphocytes infiltrated in
the lung, a single-cell suspension was prepared using Lung Dissociation Kit,
followed by purification with human CD45 MicroBeads (Miltenyi Biotec).
For intracellular cytokine analysis, purified human CD45+ cells were re-
stimulated for 4 h with 25 ng ml21 PMA (Sigma-Aldrich, St. Louis, MO)
plus 1 mg ml21 ionomycin (Sigma-Aldrich) in the presence of BD GolgiPlug
(BD Biosciences). Intracellular flow cytometry was performed according to
the manufacturer’s instructions using Human Intracellular Cytokine Staining
Kit (BD Biosciences). Analysis was performed on two-laser FACSCalibur
(BD Biosciences), and files were analyzed in CellQuest software (BD Bio-
sciences).

Western blotting

To analyze expression of IL-20RA or IL-10RB, 10 mg lysates of NHLF
and NIH3T3 were prepared using radioimmunoprecipitation assay (RIPA)
buffer, being resolved by SDS-PAGE in reducing condition and immu-
noblotted using anti–IL-20RA (ab25922; Abcam, Cambridge, MA) or
anti–IL-10RB (bs-2602R; Bioss) rabbit pAbs recognizing both human and
murine Ags. For analysis of phosphorylated STAT3 induced by exogenous
IL-26, 1 3 105 cells were seeded in 96-well flat-bottom plate, and the next
day IL-26 (10 ng ml21 in PBS) was added to each well. Cells were har-
vested at each time point, and cell lysates were prepared in RIPA buffer
containing Halt Protease and Phosphatase inhibitor mixture (Thermo
Fisher Scientific, Waltham, MA). Each 10 mg lysate was resolved by SDS-
PAGE in reducing condition and immunoblotted with antiphosphorylated
STAT3 (pY-STAT3) (#11045; SAB, Collage Park, MD) recognizing both

human and murine Ags, followed by stripping and reprobing with anti-
STAT3 pAb (total STAT3) (GTX15523; GeneTex, Irvine, CA) recognizing
both human and murine Ags.

Measurement of cytokines and soluble CD26/dipeptidyl
peptidase IV

The collected sera were analyzed for inflammatory cytokines other than
human IL-26 using Bio-Plex Pro Human Cytokine Assay (Bio-Rad Lab-
oratories, Hercules, CA). IL-26 was assayed using Human IL-26 ELISAKit
(CUSABIO, Hubei, China). Assay for soluble CD26/dipeptidyl peptidase
IV (DPP4) was developed in our laboratory (34). All samples were run in
triplicates.

In vitro and in vivo collagen assay

NHLF or NIH3T3 cells were seeded in 96-well flat-bottom plate (1 3 105

/well), and the next day IL-26 (0.1, 2.0, 5.0, or 10 ng ml21 in PBS) or PBS
alone was added to each well. In neutralizing experiments, neutralizing
anti–IL-20RA rabbit pAb (06-1073; R&D Systems) or control rabbit Ig (10
mg ml21 each) was added to each well 1 h before exogenous IL-26 was
added. The supernatants were harvested 48 h after IL-26 was added, fol-
lowed by measuring soluble collagen using Sircol Collagen Assay Kit
(Biocolor, County Antrim, U.K.). The total collagen of the left lung was
extracted using acid–pepsin solution and measured according to the
manufacturer’s instructions of Sircol Collagen Assay Kit. All samples
were examined in triplicates.

In vitro costimulation assay

For analysis of mRNA expression, CD4 T cells were purified isolated from
HuCB MNCs, and 1 3 105 cells/well were seeded in 96-well flat-bottom
plate with immobilized anti-CD3 (0.05 mg ml21) plus anti-CD28 (10 mg
ml21) or anti-CD26 (10 mg ml21) mAbs. After 7 d of stimulation, cell
were harvested, mRNA was prepared, and transcript levels of human IL2,
IFNG, IL17A, IL26, and DPP4 were quantified by real-time RT-PCR. For
IL-26 production analysis via costimulation, 1 3 105 HuCB CD4 T cells
were stimulated with plate-bound anti-CD3, anti-CD28, anti-CD26 mAbs,
or Cav-Ig immobilized at the indicated concentration. The supernatants
were harvested 7 or 14 d after stimulation. For inhibition assay, 1 3 105

cells/well HuCB CD4 T cells were treated with blocking Cav-Ig or control
Ig at the various concentrations (0, 1, 5, 10, 20, or 50 mg ml21) prior to
stimulation. After 1-h blocking period, cells were stimulated with immo-
bilized anti-CD3 (0.05 mg ml21) plus Cav-Ig (20 mg ml21), anti-CD28 (20
mg ml21), or anti-CD26 (20 mg ml21) mAbs. After 7 d of stimulation, the
supernatants were harvested. HuCB CD4 T cells were cultured in AIM V
serum-free medium (Invitrogen).

Graft-versus-leukemia and bioluminescence imaging

Firefly luciferase-transfected A20 murine lymphoma cells (A20-luc) of
BALB/c background (H-2d) were provided by X. Chen (Medical College of
Wisconsin, Milwaukee, WI) (35). NOG mice were irradiated at sublethal
dose (200 cGy), inoculated the next day with 13 104 A20-luc cells via tail
vein, and then transplanted the following day with 1 3 107 MNCs isolated
from HuCB. Cav-Ig or control Ig (100 mg/dose) was administered i.p.
thrice per week, beginning at day +1 after transplantation until day +28
(total 12 doses). For other graft-versus-leukemia (GVL) experiments, NOG
mice were irradiated at sublethal dose (200 cGy), and the next day were
transplanted with 13 107 MNCs isolated from HuCB. Cav-Ig or control Ig
(100 mg/dose) was administered i.p. thrice per week, beginning at day +1
after transplantation until day +28 (total 12 doses). A total of 13 105 A20-
luc cells was inoculated via tail vein on day +28 posttransplantation. Tu-
mor dissemination was monitored every week using in vivo biolumines-
cence imaging, as previously described in the literature (36).

Statistics

Data were analyzed by two-tailed Student t test for two-group comparison
or by ANOVA test for multiple comparison testing, followed by the Tukey-
Kramer posthoc test. The p values #0.05 were considered statistically
significant. Survival rates were analyzed by log-rank test using Kaplan–
Meier method. Calculations were performed and graphed using GraphPad
Prism 6 (GraphPad Software, La Jolla, CA).

Study approval

Human study protocols were approved by the Ethics Committees at Juntendo
University (authorization number 2012077), and at Keio University (au-
thorization number 20120206). Informed consent was obtained from a pa-
tient. Animal experiments were conducted following protocols approved by
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the Animal Care and Use Committees at Juntendo University (authorization
number 1082).

Results
Establishment of obliterative bronchiolitis in mice transplanted
with HuCB

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 im-
mune cells in a murine model, we first attempted to establish a
humanized murine model utilizing 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–de-
pleted CD34+ cells isolated from HuCB (37–39). As shown in
Fig. 1A and Supplemental Fig. 1A, CD34+ transplant mice survived
for 5 mo without any sign or symptom of GVHD. Meanwhile, whole
CB transplant mice exhibited clinical signs/symptoms of GVHD as
early as 4 wk posttransplant (Fig. 1A), and demonstrated signifi-
cantly decreased survival rate (Supplemental Fig. 1A). Human cells
were engrafted similarly in both groups, as shown in Supplemental
Fig. 1B. Previous work with other humanized murine models
showed that reconstituted human CD45+ cells were overcome by
CD3+ T cells posttransplantation due to reduced B cell development
(23), which may impair the integrity of host immunity. In contrast,
we confirmed that NOG mice transplanted with HuCB maintained
a stable number of T and B cells (Supplemental Fig. 1C), consistent
with previously reported results (24, 38–40). 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 tar-
get organs. The lung of whole CB transplant mice showed peri-
vascular and subepithelial inflammation and fibrotic narrowing of
the bronchiole (Fig. 1B), whereas CD34+ transplant control group
displayed normal appearance of GVHD target organs such as the
lung (Fig. 1C, left panel). For the diagnosis of pulmonary
cGVHD, it is necessary to show concomitant active GVHD find-
ings in other organs, including skin and liver (4). Skin of whole
CB transplant mice manifested fat loss, follicular dropout, and
sclerosis of the reticular dermis in the presence of apoptosis of the
basilar keratinocytes, whereas the liver exhibited portal fibrosis
and cholestasis (Supplemental Fig. 2). These findings indicate that
whole CB transplant mice develop pulmonary cGVHD as well as
concomitant active GVHD in skin and liver. Because obliterative
bronchiolitis can be characterized as a fibroproliferative disease
(7), we also performed Mallory staining and lung collagen assays
to quantify collagen contents as a measurement of extent of dis-
ease. The lung of whole CB transplant mice displayed a significant
increase in peribronchiolar and perivascular collagen deposition
and in total lung collagen content, compared with CD34+ trans-
plant mice (Fig. 1C, 1D). Taken together, our data demonstrate
that the lung of whole CB transplant mice exhibits obliterative
bronchiolitis as manifestation of pulmonary GVHD.
To determine the potential cellular mechanisms involved in the

pathogenesis of pulmonary GVHD, we next analyzed the com-
position of human lymphocytes in the GVHD lung. In contrast to
data demonstrating that PBL contained human CD19+, CD33+, or
CD56+ as well as CD3+ cells (Supplemental Fig. 1C), human
CD3+ cells were the predominant cell type observed in the lung of
whole CB transplant mice, comprising .99% of the lymphocyte
population (Fig. 1E). Moreover, human CD4 T cell subset was
predominantly observed compared with CD8 T cells (Fig. 1F).
These findings were also confirmed by immunohistochemistry
studies of the lung specimens (Fig. 1G). These data suggest that

the development of obliterative bronchiolitis found in whole CB
transplant mice involves donor-derived human CD3 lymphocytes,
particularly CD4 T cells.

IL-26–producing CD4 T cell infiltration in the lung of mice
with obliterative bronchiolitis

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. As shown in Fig. 2A, IFNG,
IL17A, IL21, and IL26 were significantly increased over the
course of GVHD development following whole CB transplantation,
whereas IL2, TNF (TNF-a), IL4, IL6, and IL10 were decreased. In
addition, substantial increases were seen in levels of IFNG and
IL26, with IL17A and IL21 remaining at a low level. It has been
reported that IFN-g and IL-26 are produced by Th1 cells (41),
whereas IFN-g, IL-17A, and IL-26 are produced by Th17 cells (42).
Because both Th1 and Th17 cells strongly express CD26 (15, 43),
we next analyzed the expression level of CD26/DPP4. DPP4
mRNA expression in human CD4 T cells infiltrating in the lung of
mice with obliterative bronchiolitis was significantly increased
(Fig. 2A).
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. 2B,
levels of human IFN-g+ or IL-26+CD26+CD4 T cells were sig-
nificantly increased in whole CB transplant mice as compared
with CD34+ transplant control mice, whereas levels of IL-17A+

CD26+CD4 T cells were similarly very low in both groups. These
findings were also confirmed by immunohistochemistry studies of
the lung specimens (Fig. 2C). To determine whether CD26+CD4
T cells produced IL-26, IFN-g, and/or IL-17A, multicolor-staining
flow cytometric study was conducted. As shown in Fig. 2Di, CD26+

CD4 T cells in the lung of whole CB transplant mice predominantly
produced IL-26 rather than IFN-g. In addition, whereas CD26+IFN-
g+CD4 cells exclusively expressed IL-26, CD26+IL-26+CD4 cells
were predominantly IFN-g–negative cells, and IL-17A+ cells were
exclusively IL-26 negative (Fig. 2Dii). These data suggest that
CD26+CD4 T cells in the lung of mice with obliterative bron-
chiolitis express IL-26 as well as IFN-g, but do not belong to the
Th17 cell population.
To further confirm the above findings, we examined protein

levels of the relevant cytokines. In addition, because soluble CD26/
DPP4 level is correlated with T cell CD26 protein level and he-
matopoiesis (44, 45), we examined protein levels of human sol-
uble CD26/DPP4 in murine sera. As shown in Fig. 2E, serum
levels of human IFN-g, IL-26, and human soluble CD26/DPP4
were significantly increased in whole CB transplant mice as
compared with CD34+ transplant control mice. Meanwhile, serum
levels of human IL-2, IL-4, IL-6, IL-10, IL-17A, and TNF-a were
undetectable in both groups (data not shown). Taken together,
these findings strongly suggest that IFN-g+ and/or IL-26+CD26+

CD4 T cells play an important role in the pathophysiology of
obliterative bronchiolitis after HSCT.
To investigate the role of IL-26+CD26+CD4 T cells in humans,

we conducted immunohistochemistry studies of a human lung
specimen obtained from a patient with cGVHD. A 64-y-old woman
underwent an alloPBSCT for ALL after being treated with busulfan,
fludarabine, and melphalan as conditioning regimen. Tacrolimus
was administered for the prevention of GVHD. The patient devel-
oped acute skin GVHD (stage 2 and grade I) on day +33 post-
transplant. On day +95, the patient had dyspnea and the chest X-ray
revealed ground glass opacity bilaterally. Transbronchial lung bi-
opsy was performed on day +101. Histologic findings of the lung
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specimen revealed perivascular and subepithelial inflammation and
narrowing of the bronchiole with manifestation of peribronchiolar

and perivascular collagen deposition (Fig. 2F). The patient was

diagnosed as having pulmonary cGVHD with obliterative bron-

chiolitis. Immunohistochemistry studies showed predominant infil-

tration of IL-26+CD26+CD4 T cells. These findings suggest that IL-

26+CD26+CD4 T cells play an important role in the pathophysiol-

ogy of obliterative bronchiolitis after HSCT in human as well as

humanized murine model.

Contribution of IL-26 to collagen production in pulmonary GVHD

Because it has been reported that pulmonary GVHD development
is independent of IFN-g (46), we therefore focused on IL-26 as
a potential effector cytokine for pulmonary GVHD. As the IL-26
gene is absent in rodents (41, 47), 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 cells. In human cells, IL-26 binds initially to IL-20RA
to form the binary complex IL-26 plus IL-20RA, followed by

FIGURE 1. Obliterative bronchiolitis in sublethally irradiated NOG mice transplanted with HuCB cells. NOG mice were irradiated at sublethal dose (200

cGy) and the next day were transplanted with 13 105 T cell–depleted CD34+ cells purified from HuCB (CD34+ transplant) or with 13 107 MNCs isolated

from HuCB (whole CB transplant). (A) Clinical GVHD score (mean 6 SEM). Data are cumulative results from three independent experiments (for each,

n = 10). The p value was calculated by log-rank test. (B) H&E staining of the lung of whole CB transplant (8 wk posttransplantation). The left panel shows

lower original magnification (340) and the right panel shows higher original magnification (3100). Representative histology is shown from three in-

dependent experiments (for each, n = 10). (C) Collagen deposition was evaluated in the lung tissues of CD34+ or whole CB transplant (8 wk post-

transplantation) with an Azan-Mallory staining. The histology shown in whole CB transplant is a sequential section of (B). Dark blue areas indicating

collagen deposition are clearly observed in whole CB transplant mice, compared with those in CD34+ transplant mice. Representative histology is shown

from three independent experiments (for each, n = 10). Original magnification3100. Scale bars, 100 mm. (D) Collagen contents in the lung were quantified

by Sircol Collagen Assay. The mean number (6SEM) of total collagen contents (mg) per wet lung tissue weight (mg) was determined from three in-

dependent experiments (for each, n = 10). Increased collagen contents were clearly observed in whole CB transplant mice, compared with those in CD34+

transplant mice. Each dot indicates individual value, and horizontal bars indicate mean value. (E) Representative two-dimensional dot plots of human

lymphocyte composition in the lung of whole CB transplant mice (8 wk posttransplantation). Single-suspension cells isolated from the lung of whole CB

transplant mice (8 wk posttransplantation) were sorted by human CD45+ cells and then analyzed using flow cytometry. The upper panel shows repre-

sentative human CD3 and/or CD56 staining, and the lower panel shows representative human CD19 and/or CD14 staining. Numbers indicate relative

percentages per quadrant. Similar results were observed in independent experiments (n = 8). (F) Absolute cell numbers (mean 6 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. Data are cumulative results from three independent experiments (n = 10 at 4 wk, n = 8 at 8 wk, and n = 3 at 12 wk). *p, 0.0001

versus CD8+ cells. (G) Anti-human CD4 or CD8 immunohistochemistry of sequential sections of lung tissue of whole CB transplant mice (8 wk post-

transplantation). Predominant infiltration of CD4+ cells was observed, with similar results to those obtained by flow cytrometry, as shown in (F). Rep-

resentative histology is shown from three independent experiments (for each, n = 10). Original magnification 3100 or 3400 (inset in each panel).
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FIGURE 2. Predominant infiltration of IL-26+CD26+CD4 T cells in the lung of obliterative bronchiolitis. (A) Whole CB transplant mice were sacrificed

at 4, 8, and 12 wk posttransplantation, and the lungs were removed, followed by isolation of human CD4+ cells. mRNA expression of human cytokines or

CD26/DPP4 was quantified by real-time RT-PCR. Each expression was normalized to HPRT1. Data at 0 wk were obtained using freshly isolated HuCB

CD4 T cells of three different donors. Data are cumulative results from three independent experiments (n = 10 at 4 wk, n = 8 at 8 wk, and n = 3 at 12 wk).

*p , 0.0001 versus each at 0 wk. (B) Absolute cell numbers of human 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. Data are cumulative results from three independent experiments (for

each, n = 10 in CD34+ transplant group, and n = 10 at 4 wk, n = 8 at 8 wk, and n = 3 at 12 wk in whole CB transplant group). *p , 0.0001 versus

corresponding CD34+ transplant group. (C) Anti-human CD26, IL-26, or IL-17A immunohistochemical staining of sequential sections of the lung from

whole CB transplant mice (8 wk posttransplantation). 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. Representative histology is shown from three independent experiments (Figure legend continues)
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recruitment of the IL-10RB chain, leading to STAT3 phosphory-
lation (26). We thus confirmed that both IL-20RA and IL-10RB
were expressed in murine fibroblast cell line NIH3T3 as well as
NHLF (Fig. 3A, 3B). In both NHLF and NIH3T3, exogenous
human rIL-26 induced phosphorylation of STAT3 (Fig. 3C), in-
dicating that human IL-26 was active not only in NHLF, but also
in murine fibroblast. To examine a functional effect of IL-26 on
murine fibroblasts, we next conducted an in vitro assay for col-
lagen production. As shown in Fig. 3D, increased levels of col-
lagen production in NIH3T3 as well as in NHLF were observed in
a dose-dependent manner following the addition of exogenous
IL-26, and collagen production was inhibited by neutralizing anti–
IL-20RA pAb. These results strongly suggest that human IL-26
activates both human and murine fibroblasts via IL-20RA, leading
to increased collagen production.
To further extend the above in vitro results to an in vivo system,

we analyzed the lung of murine alloreactive GVHD using human
IL26 Tg mice. For this purpose, we used mice carrying human
IFNG and IL26 transgene (190-IFNG Tg mice) or mice carrying
human IFNG transgene with deleting IL26 transcription (DCNS-
77 Tg mice). The 190-IFNG Tg mice exhibited production of IL-
26 by CD4 T cells under Th1- or Th17-polarizing conditions,
whereas expression of IL-26 was completely abrogated in DCNS-
77 Tg mice (41). In addition, production of IFN-g by T or NK
cells was equivalent in both 190-IFNG Tg and DCNS-77 Tg mice
(28). As shown in Fig. 3E, lung histology of recipient NOG mice
deriving from B6 wild-type or DCNS-77 Tg mice showed peri-
bronchial infiltration and cuffing denoting GVHD, whereas col-
lagen deposit was not detected by Mallory staining, and IL-26+

cells were not detected. In contrast, histology of recipient NOG
mice deriving from 190-IFNG Tg mice showed peribronchial
infiltration and cuffing denoting GVHD with collagen deposition
and IL-26+ cell infiltration. Significant increase in collagen con-
tents of the lung of recipient NOG mice deriving from 190-IFNG
Tg mice was noted (Fig. 3F). These results suggest that human
IL-26, but not human IFN-g, plays a critical role in the pulmo-
nary fibrosis associated with obliterative bronchiolitis after
HSCT.
To further define the role of IL-26 in the pulmonary fibrosis

associated with HSCT, we conducted studies to evaluate whether
lung collagen contents were reduced by neutralizing IL-26 in whole
CB transplant mice. For this purpose, anti–IL-26 pAb or control
pAb was administered in sublethally irradiated NOG mice trans-
planted with whole CB on day +21 until day +32 thrice per week,
followed by resection of the lung to measure total collagen con-
tent. As shown in Fig. 3G, a significant decrease in collagen
contents of the lung of recipient NOG mice treated with anti–IL-

26 pAb was noted. Taken together, our data strongly suggest that
IL-26 plays a critical role in the pulmonary fibrosis observed
following HSCT.

IL-26 production via CD26-mediated T cell costimulation

IL-26 was preferentially expressed in CD26+CD4 T cells in the
lung of whole CB transplant mice experiencing obliterative
bronchiolitis (Fig. 2D), with increased expression of DPP4
(Fig. 2A). Although upstream stimulation of IL-26 synthesis has
not yet been determined, CD26/DPP4 as well as IFN-g is pref-
erentially expressed on Th1 cells activated via CD26-mediated
costimulation (15). We thus hypothesized that human CD4
T cells produce IL-26 following CD26 costimulation. To test this
hypothesis, we conducted in vitro costimulatory experiments
using HuCB CD4 T cells and analyzed expression of various
inflammatory cytokines. As shown in Fig. 4A, although expression
levels of IL26 and DPP4 were enhanced by CD28 (*) or
CD26 (**) costimulation, significantly greater increase in levels
of IL26 and DPP4 was observed following CD26 costimulation
than CD28 costimulation (***). In contrast, expression levels of
IL2, IFNG, and IL17A were not increased following either CD26
costimulation or CD28 costimulation (Fig. 4A), due to the im-
maturity of HuCB T cells, as was previously reported (21, 48).
We next conducted costimulatory experiments evaluating dose
effect and time kinetics using the CD26 costimulatory ligand Cav-
Ig as well as anti-CD26 or anti-CD28 mAbs, and assayed for
secreted IL-26. As shown in Fig. 4B, production of IL-26 was
increased following CD26 costimulation with Cav-Ig (*) or anti-
CD26 (**) mAb in dose- and time-dependent manners, whereas
a slight increase in IL-26 level was observed following CD28
costimulation only at higher doses of mAb and longer stimula-
tion periods (***). Blocking experiments were then performed
for further confirmation, 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 (Fig. 4C),
whereas no change was observed with CD28 costimulation
(Fig. 4C). These findings strongly suggest that production of IL-
26 by HuCB CD4 T cells is regulated via CD26-mediated co-
stimulation. Moreover, because the functional sequences of the
N-terminal of caveolin-1 are highly conserved between human
and mouse (49), allowing for the capability to bind human CD26
as a costimulatory ligand, it is conceivable that donor HuCB
T cells transferred into mice were activated via CD26 costimu-
lation triggered by murine caveolin-1. Taken together, CD26-
mediated IL-26 production triggered by caveolin-1 is identified
as a possible therapeutic target in pulmonary cGVHD through the
use of whole CB transplant mice.

(n = 10). Original magnification3100 or3400 (inset in each panel). Scale bars in the inset, 20 mm. (D) Representative two-dimensional dot plots of human

CD26 and IFN-g or IL-26 cells by gating for human CD4+ cells (Di), and of human IFN-g or IL-17A among IL-26+ cells by gating for human CD26+CD4+

cells (Dii). Single-suspension cells isolated from the lung of whole CB transplant mice (8 wk posttransplantation) were sorted by human CD45+ cells and

then analyzed using flow cytometry. Numbers indicate relative percentages per quadrant. Similar results were observed in independent experiments (n =

10). (E) Sera of CD34+ transplant or whole CB transplant mice were collected at the indicated week posttransplantation, and serum levels of human IFN-g,

IL-26, and soluble CD26/DPP4 were quantified. Data are cumulative results from three independent experiments (for each, n = 10 in CD34+ transplant

group, and n = 10 at 0–6 wk, n = 8 at 8 wk, n = 7 at 10 wk, and n = 3 at 12 wk in whole CB transplant group). *p , 0.0001 versus corresponding CD34+

transplant group. (F) H&E, Azan-Mallory, anti-human CD4, CD8, CD26, or IL-26 immunohistochemical staining of sequential sections of the lung from

a patient undergoing alloPBSCT for ALL. After having acute skin GVHD on day +33 posttransplant, the patient experienced dyspnea with ground glass

opacity detected on the chest X-ray examination on day +95. The lung specimen was obtained by transbronchial lung biopsy on day +101, showing

perivascular and subepithelial inflammation and narrowing of the bronchiole (H&E staining). Peribronchiolar and perivascular collagen deposition was

detected by Azan-Mallory staining. The lung was clearly infiltrated with CD4-, CD26-, or IL-26–positive cells (brown stained cells), with CD8-positive

cells found at a very low level. The histology shown in immunohistochemical staining is focused in the inset of the H&E staining panel. Original mag-

nification 3100 (H&E and Azan-Mallory) or 3400 (anti-CD4, CD8, CD26, and IL-26 staining).
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FIGURE 3. IL-26 stimulates fibroblast, and collagen deposition in the lung of obliterative bronchiolitis is induced in NOG mice receiving bone marrow

cells and splenocytes of IL26 Tg mice. (A) Western blot analysis of IL-20RA and IL-10RB in NHLF and NIH3T3 cells. Lysates (each, 10 mg) were

prepared using RIPA buffer, being resolved by SDS-PAGE in reducing condition and immunoblotted using anti–IL-20RA or anti–IL-10RB pAbs recog-

nizing both human and murine Ags. (B) Representative histogram of IL-20RA and IL-10RB of NHLF and NIH3T3 cells. Single-suspension cells were

stained with anti–IL-20RA or anti–IL-10RB pAbs recognizing both human and murine Ags, and analyzed using flow cytometry (bold line). Gray his-

tograms indicate isotype control (rabbit polyclonal IgG and anti-rabbit IgG-PE). (C) A total of 1 3 105 cells of NHLF or NIH3T3 was seeded in 96-well

flat-bottom plate, and the next day IL-26 (10 ng ml21 in PBS) was added to each well. Cells were harvested at each time point, and cell lysates were

prepared in RIPA buffer containing Halt Protease and Phosphatase inhibitor mixture, and 10 mg each lysate was resolved by SDS-PAGE in reducing

condition and immunoblotted with antiphosphorylated STAT3 (pY-STAT3) recognizing both human and murine Ags, followed (Figure legend continues)
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Prevention of obliterative bronchiolitis in whole CB transplant
mice by Cav-Ig administration

Given the role of CD26 costimulation in IL-26 production and IL-
26 regulation of collagen production, we therefore sought to de-
termine 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 obliterative bronchiolitis.
Recipients treated with Cav-Ig survived for 7 mo without any
clinical findings of GVHD (Fig. 5A, 5B). Meanwhile, the survival
rate of recipient mice treated with control Ig was significantly re-
duced (Fig. 5A), with clinical signs/symptoms of GVHD (Fig. 5B).
Human cells were engrafted similarly in both groups, as shown in
Supplemental Fig. 3A, 3B. Histologic findings of the lung showed
the development of obliterative bronchiolitis in control Ig, while
having normal appearances in Cav-Ig recipient mice, with none
having positive pathology scores (Fig. 5C, 5D). These effects of
Cav-Ig were also observed in other GVHD-target organs such as
the skin and liver (Supplemental Fig. 3C). Moreover, IL-26+CD26+

CD4 T cells in the lung and serum levels of human IL-26 and
soluble CD26/DPP4 were significantly decreased in Cav-Ig–ad-
ministered recipients than in control Ig (Fig. 5E, 5F). Furthermore,
collagen contents in the lung were reduced in Cav-Ig–administered
recipients (Fig. 5G, 5H). Taken together, the above results support
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.

Effect of Cav-Ig administration after onset of GVHD

Because pulmonary GVHD progresses in an indolent manner over
weeks and months, patients often are affected by the clinical
findings prior to being diagnosed with cGVHD (50). We therefore
sought to determine whether blockade of caveolin-1/CD26 inter-
action effectively suppresses obliterative bronchiolitis develop-
ment following the appearance of clinical signs/symptoms. For
this purpose, treatment began on day +29 following the appearance
of an increase in GVHD scores, indicating the early stages of
cGVHD development. Recipients treated with Cav-Ig survived for
7 mo with remission of GVHD symptoms (Fig. 6A, 6B). Meanwhile,
the survival rate of recipients treated with control Ig was signifi-
cantly decreased (Fig. 6A), with progression of clinical signs/
symptoms of GVHD (Fig. 6B). Human cells were engrafted simi-
larly in both groups (Supplemental Fig. 4A, 4B). In contrast to
progressive obliterative bronchiolitis of control Ig-treated recipients,
peribronchial inflammation shown at 5 wk posttransplantation was
attenuated at 10 wk posttransplantation in Cav-Ig–treated recipients

(Fig. 6C). Correspondingly, the pathologic scores of control Ig-
treated recipients were significantly increased at 10 wk, as com-
pared with those at 5 wk (Fig. 6D). Meanwhile, the pathologic
scores of Cav-Ig–treated recipients were significantly reduced at 10
wk, as compared with those at 5 wk (Fig. 6D), and were clearly
decreased as compared with those of control Ig-treated recipients
(Fig. 6D). These effects of Cav-Ig administration were observed in
the skin and liver (Supplemental Fig. 4C–F). 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 wk, as
compared with those at 5 wk (* of Fig. 6E). In contrast, levels of
human IFN-g+ and IL-26+CD26+CD4 T cells in the lung of Cav-Ig–
treated recipients were significantly reduced at 10 wk, as compared
with those at 5 wk (** of Fig. 6E), and were clearly decreased as
compared with those of control Ig-treated recipients (*** of Fig.
6E). Furthermore, total collagen contents in the lung were signifi-
cantly lower in Cav-Ig–treated recipients than control Ig-treated
recipients (Fig. 6F). Taken together, these data suggest that Cav-
Ig administration not only prevents the development of cGVHD, but
also provides a novel therapeutic approach for the early stages of
cGVHD by regulating levels of IL-26+CD26+CD4 T cells.

Treatment with Cav-Ig preserves GVL capability in recipient
mice

Because GVHD and GVL effects are highly linked immune
reactions (51), we evaluated the potential influence of Cav-Ig
treatment on GVL effect. For this purpose, cohorts of Cav-Ig–-
or control Ig-treated recipient mice of whole CB transplant were
irradiated at sublethal doses and then injected i.v. with luciferase-
transfected A20 (A20-luc) cells 1 d prior to whole CB trans-
plantation to allow for dissemination of tumor cells. The next day
following transplantation, treatment with Cav-Ig or control Ig
thrice per week began on day +1 until day +28. Mice inoculated
with A20 cells alone all died of tumor progression within 6 wk
(Fig. 7A, 7B). 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 wk (Fig. 7A, 7B). In
contrast, recipient mice treated with Cav-Ig displayed significantly
prolonged survival (Fig. 7A) without involvement of A20-luc cells
(Fig. 7B). To better characterize the potency of the GVL effect, we
repeated these studies with injection of A20-luc cells on day +28
after whole CB transplantation to allow for acquisition of immu-
nosuppression by Cav-Ig treatment. Mice inoculated with A20
cells alone all died of tumor progression within 2 wk after tumor
inoculation (Fig. 7C, 7D). Recipient mice treated with control Ig

by stripping and reprobing with anti-STAT3 pAb (total STAT3) recognizing both human and murine Ags. Representative data are shown from three in-

dependent experiments with similar results. (D) Collagen production of NHLF (Di) or NIH3T3 (Dii) cells stimulated with exogenous IL-26 in the presence

or absence of neutralizing anti–IL-20RA pAb or rabbit Ig (contl. pAb). Data are shown as mean6 SEM, resulting from three independent experiments with

triplicates. The amount of secreted soluble collagen increased with increasing level of exogenous IL-26 in a dose-dependent manner (*p , 0.0001 versus

corresponding control solvent), and production of collagen was inhibited by the presence of neutralizing anti–IL-20RA pAb (**p , 0.0001 versus cor-

responding contl. pAb). (E) H&E, Azan-Mallory staining, and anti–IL-26 immunohistochemical staining of sequential sections of the lung from NOG mice

at 4 wk after transplantation of BM and splenocytes isolated from parental B6 (B6 WT), 190-IFNG BAC Tg (190-IFNG Tg), or DCNS-77 Tg mice. The

lung of recipients of 190-IFNG Tg mice showed obliterative bronchiolitis with collagen deposition and IL-26+ cell infiltration, whereas recipients of B6 WT

or DCNS-77 Tg mice showed peribronchial and septal infiltration without collagen deposition or IL-26+ cells. Representative histology is shown from three

independent experiments (for each, n = 6). Original magnification 3100. Scale bars, 100 mm. (F) Recipient mice were sacrificed at 4 wk post-

transplantation, and the lungs were removed. Collagen contents in the lung were quantified by Sircol Collagen Assay. The mean number (6SEM) of total

collagen contents (mg) per wet lung tissue weight (mg) was determined from three independent experiments (for each, n = 10). Increased collagen contents

were clearly observed in recipients of 190-IFNG Tg mice, compared with those in recipients of B6 WT or DCNS-77 Tg mice. Each dot indicates individual

value, and horizontal bars indicate mean value. (G) Whole CB transplant mice were administered anti–IL-26 Ab or control Ab (each 50 mg/dose) i.p. thrice

per week, beginning at day +21 after transplantation until day +32. Recipient mice were sacrificed at 5 wk posttransplantation, and the lungs were removed.

Collagen contents in the lung were quantified by Sircol Collagen Assay. The mean number (6SEM) of total collagen contents (mg) per wet lung tissue

weight (mg) was determined from two independent experiments (for each, n = 5). Decreased collagen contents were clearly observed in the recipients of

anti–IL-26 Ab. Each dot indicates individual value, and horizontal bars indicate mean value.
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demonstrated clinical evidence of GVHD such as weight loss and
ruffled fur and died of GVHD without tumor progression within
13 wk after transplantation (Fig. 7C, 7D). In contrast, recipients
treated with Cav-Ig exhibited significantly prolonged survival
(Fig. 7C) without involvement of A20-luc cells (Fig. 7D). Col-
lectively, these results demonstrate that Cav-Ig treatment of re-
cipient mice of whole CB transplant was effective in reducing the
symptoms of cGVHD without a concomitant loss of the GVL
effect.

Discussion
In the current study, we demonstrated that obliterative bronchioli-
tis developed in NOG mice transplanted with HuCB (whole CB
transplant). Utilizing this humanized mouse model, we found that
donor-derived CD4 T cells predominantly infiltrated in the lung of
obliterative bronchiolitis, and that IL-26 as well as IFN-g levels
were enhanced significantly in the infiltrating human CD26+CD4
T cells.
Originally discovered in Herpesvirus saimiri–transformed

T cells (52), IL-26 is now classified as belonging to the IL-10
family of cytokines (42). IL-26 is a secreted protein produced

by T, NK cells, or synoviocytes (53, 54), 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
(26). IL-26 gene expression or protein production has been ana-
lyzed in patients with RA, inflammatory bowel diseases, and
hepatitis C virus infection (54–58). However, the effect of IL-26
on the pathophysiology of cGVHD has not yet been determined.
Moreover, 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 (41, 47). In this study,
we described a novel effect of IL-26 on fibroproliferation in
transplant-related obliterative bronchiolitis, using a humanized
pulmonary cGVHD murine model. Moreover, we demonstrated
that human IL-26, not IFN-g, induced collagen deposition in
obliterative bronchiolitis of murine allogeneic transplantation
model utilizing 190-IFNG Tg and DCNS-77 Tg mice. 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 node, and
colon (28). In contrast, expression of IL-26 is observed in Th1- or
Th17-polarizing CD4 cells of 190-IFNG Tg mice, whereas it is

FIGURE 4. CD26 costimulation enhances IL-26 production in HuCB CD4 T cells, and blockade by the CD26 ligand caveolin-1 reduces production of

IL-26. (A) HuCB CD4 T cells were stimulated with immobilized anti-CD3 (0.05 mg ml21) plus anti-CD28 (10 mg ml21) or anti-CD26 (10 mg ml21) mAbs.

After 7 d of stimulation, mRNA levels of human IL2, IFNG, IL17A, IL26, and DPP4 were quantified by real-time RT-PCR. Each expression was normalized

to HPRT1. Data are shown as mean 6 SEM, resulting from three independent experiments with triplicates. *p , 0.05, **,***p , 0.0001. (B) HuCB CD4

T cells were stimulated with plate-bound anti-CD3, anti-CD28, anti-CD26 mAbs, or Cav-Ig immobilized at the indicated concentration. The supernatants

were harvested 7 or 14 d after stimulation, and levels of human IL-26 were quantified. Data are shown as mean 6 SEM, resulting from three independent

experiments with triplicates (*,**p , 0.0001 or ***p , 0.05 versus corresponding samples at day 0). (C) HuCB CD4 T cells were treated with blocking

Cav-Ig (solid line) or control Ig (dotted line) at the indicated concentration. After 1 h of incubation with blocking Cav-Ig or control Ig, cells were stimulated

with immobilized anti-CD3 (0.05 mg ml21) plus Cav-Ig (20 mg ml21), anti-CD28 (20 mg ml21), or anti-CD26 (20 mg ml21) mAbs. After 7 d of stimulation,

the supernatants were harvested and levels of human IL-26 were quantified. Data are shown as mean 6 SEM, resulting from three independent experiments

with triplicates. *p , 0.0001 versus corresponding control Ig.
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FIGURE 5. Administration of Cav-Ig prevents obliterative bronchiolitis by reducing level of IL-26+CD26+CD4 cells and collagen deposition. Sublethally

irradiated NOG mice were transplanted with 1 3 107 MNCs isolated from HuCB. Cav-Ig or control Ig (each 100 mg/dose) was administered i.p. thrice per

week, beginning at day +1 after transplantation until day +28. (A) Overall survival and (B) clinical GVHD score (mean 6 SEM). Data are cumulative

results from three independent experiments (for each, n = 10). (C) H&E staining of the lung of recipients administered with control Ig or Cav-Ig group

(6 wk posttransplantation). Representative histology is shown from three independent experiments (for each, n = 10). Original magnification 3100. Scale bars,

100 mm. (D) Pathologic damage in the lung of recipients administered with Cav-Ig or control Ig was examined at 6 wk posttransplantation, using a semi-

quantitative scoring system. Each dot indicates individual value, and horizontal bars indicate mean value. (E) Absolute cell number of human IL-26+CD26+CD4

cells in the lung of recipients of Cav-Ig or control Ig group. Data are cumulative results from three independent experiments (for each, n = 10 in Cav-Ig group,

and n = 10 at 0–4 wk, n = 9 at 8 wk, and n = 2 at 12 wk in control Ig group). *p, 0.0001 versus corresponding control Ig group. (F) Sera of recipients of Cav-Ig

or control Ig group were collected at the indicated week posttransplantation, and serum levels of human IL-26 and soluble CD26/DPP4 were quantified. Data

are cumulative results from three independent experiments (for each, n = 10 in Cav-Ig group, and n = 10 at 0–6 wk, n = 9 at 8 wk, n = 7 at 10 wk, and n = 2 at 12

wk in control Ig group). *p, 0.0001 versus corresponding control Ig group. (G) Collagen deposition was determined in the lung tissues of recipients of Cav-Ig

or control Ig group (6 wk posttransplantation) with an Azan-Mallory staining. Representative histology is shown from three independent experiments (for each,

n = 6). Original magnification 3100. Scale bars, 100 mm. (H) Collagen contents in the lung of recipients of Cav-Ig or control Ig group (6 wk post-

transplantation) were quantified by Sircol Collagen Assay. The mean number (6SEM) of total collagen contents (mg) per wet lung tissue weight (mg) was

determined from three independent experiments (for each, n = 10). Decreased collagen contents were clearly observed in recipients of Cav-Ig group. Each dot

indicates individual value, and horizontal bars indicate mean value.
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FIGURE 6. Administration of Cav-Ig during early GVHD development impedes lethal GVHD by reducing level of IL-26+CD26+CD4 cells and collagen

deposition in the lung. Sublethally irradiated NOG mice were transplanted with 1 3 107 MNCs isolated from HuCB. Cav-Ig or control Ig (each 100 mg/

dose) was administered i.p. thrice per week, beginning at day +29 after transplantation until day +56. (A) Overall survival and (B) clinical GVHD score

(mean6 SEM). Data are cumulative results from three independent experiments (for each, n = 10). (C) H&E staining of the lung tissues of control Ig group

and Cav-Ig group at 5 or 10 wk posttransplantation. Representative histology is shown from three independent experiments (for each, n = 10 in Cav-Ig

group, and n = 10 at 5 wk and n = 5 at 10 wk in control Ig group). Arrows indicate perivascular and peribronchial inflammation of the small airway. Original

magnification 3100. Scale bars, 100 mm. (D) Pathologic damage in the lung of recipients administered with Cav-Ig or control Ig was examined at 5 and

10 wk posttransplantation using a semiquantitative scoring system. Each dot indicates individual value, and horizontal bars indicate mean value. Data are

cumulative results from three independent experiments (for each, n = 10 in Cav-Ig group, and n = 10 at 5 wk and n = 5 at 10 wk in control Ig group). *p ,
0.01, **,***p , 0.0001. (E) 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. Data

are cumulative results from three independent experiments (for each, n = 10 in Cav-Ig group, and n = 10 at 5 wk and n = 5 at 10 wk in control Ig group).

*,**,***p , 0.0001. (F) Collagen contents in the lung of recipients of Cav-Ig or control Ig group (5 and 10 wk posttransplantation) were quantified by

Sircol Collagen Assay. The mean number (6SEM) of total collagen contents (mg) per wet lung tissue weight (mg) was determined from three independent

experiments (for each, n = 10 in Cav-Ig group, and n = 10 at 5 wk and n = 5 at 10 wk in control Ig group). Each dot indicates individual value, and

horizontal bars indicate mean value. *,**p , 0.0001.
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completely abrogated in DCNS-77 Tg mice (41). Moreover, IFN-
g+CD4 T cells infiltrating in the lung of obliterative bronchiolitis
exclusively expressed IL-26, whereas IL-17A+CD4 T cells were
negative for IL-26. To characterize the role of IL-26+CD26+CD4
T cells in patients with obliterative bronchiolitis, we analyzed the
lung specimen of a patient with dyspnea and ground glass opa-
city detected on the chest X-ray examination on day +95 of
alloPBSCT for ALL. Although a limited number of samples was
obtained because invasive examinations including lung biopsy are
not necessary to diagnose lung cGVHD (4), our data obtained
from a human lung sample confirm the findings shown in the
above murine model. Collectively, our data imply that IL-26+

CD26+ Th1 cells play an important role in the pathogenesis of
obliterative bronchiolitis observed in a cGVHD patient as well as
in whole CB transplant mice. Regarding its specific receptor, IL-
26 primarily binds to IL-20RA, followed by recruitment of IL-

10RB (26). 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 as well as skin (59). It is thus con-
ceivable that IL-26–related fibroproliferation occurs in the lung
and skin.
It has been reported that allogeneic Th17 cells could induce

severe forms of acute GVHD associated with cutaneous and
pulmonary pathologic manifestations (60). Moreover, in studies
of lung transplant recipients using murine model and human
samples, IL-17 was shown to be involved in the pathogenesis of
obliterative bronchiolitis associated with chronic rejection (61,
62). In the current study, we demonstrated that levels of IL17A and
IL-17–producing cells were slightly increased in CD4 T cells in-
filtrating the obliterative bronchiolitis lung. Although the role of IL-
17 in cGVHD is still unclear (63), we could not exclude the pos-
sibility that small populations of IL-17+CD4 T cells are involved in

FIGURE 7. Cav-Ig preserves GVL effect. (A) NOG mice were irradiated at sublethal dose (200 cGy) and the next day were inoculated with 13 104 A20-

luc cells via tail vein, and then were transplanted the following day with 1 3 107 MNCs isolated from HuCB. Cav-Ig or control Ig (each 100 mg/dose) was

administered i.p. thrice per week, beginning at day +1 after transplantation until day +28. Overall survival is depicted from cumulative results from three

independent experiments (for each, n = 10). p, 0.0001 versus recipients of control Ig by log-rank test. (B) In vivo bioluminescence imaging was performed

at the indicated time points after treatment, as described in (A). Representative mice are shown. Ruffled fur consistent with skin GVHD is shown in

recipients of control Ig group at 10 wk posttransplant (middle panel). †Death of all mice in the group of tumor alone or control Ig groups. (C) Sublethally

irradiated NOG mice were transplanted with MNCs isolated from HuCB. Cav-Ig or control Ig was administered i.p. thrice per week, beginning at day +1

after transplantation until day +28. A total of 13 105 A20-luc cells was inoculated via tail vein on day +28 posttransplantation. Overall survival is depicted

from cumulative results from three independent experiments (for each, n = 10). p , 0.0001 versus recipients of control Ig by log-rank test. (D) In vivo

bioluminescence imaging was performed at the indicated time points after treatment, as described in (C). Representative mice are shown. Slightly ruffled fur

consistent with skin GVHD is shown in recipients of control Ig group at 6 wk posttransplant (middle panel). †Death of all mice in the group of tumor alone

or control Ig groups.
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the pathogenesis of obliterative bronchiolitis in cGVHD. In addi-
tion, Th17 cells display a great degree of context-dependent plas-
ticity, as they are capable of acquiring functional characteristics of
Th1 cells (64). This late plasticity may play a role in the develop-
ment of obliterative bronchiolitis regulated by CD26+CD4 Th1
cells, and may be associated with the emergence of IL-26+CD26+

Th1 cells.
Several causes of obliterative bronchiolitis after alloHSCT have

been proposed, including donor-derived T cell–mediated injury,
several profibrotic factors, and autoantibody deposition (7). Recent
report using a murine model showed that donor-derived B cell acti-
vation and maturation with the aid of T follicular helper cells were
necessary for cGVHD, and bronchiolitis obliterans syndrome was
reversed by the abrogation of IL-21 signaling (65). However, our
present model using human donor cells did not demonstrate the
presence of B cells in the lung of obliterative bronchiolitis, whereas
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 (9). Furthermore, cGVHD of
the visceral organs seemed to respond poorly to B cell depletion
therapy such as rituximab (7, 9). It is speculated that this observed
discrepancy is due to differences in the B cell maturation process
between mice and humans (11). 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 piv-
otal role in B cell maturation and activation in cGVHD (66).
A related issue concerns the process of B cell development

in humanized mice. Previous work has shown that reconstituted
human CD45+ cells in other models of humanized mice were
overcome by CD3+ T cells within several months of transplanta-
tion due to reduced B cell development (40). However, given the
fact that HuCB contains ample HSC as well as naive 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 (24, 38, 39, 67). In addition, it has been
demonstrated that specific Abs in human B cells generated in the
humanized mice transplanted with HSC isolated from HuCB are
effectively synthesized (23, 24, 38, 40). A potential concern re-
garding the applicability of results obtained from our model is the
lack of intestinal GVHD. Because recent work demonstrated that
neutrophils play an important role in intestinal GVHD (68), one
possible explanation for the lack of intestinal GVHD in our model is
that achieving effective engraftment of neutrophils in our model is
particularly difficult (40). Despite the limitations of cross-species
comparisons, our study provides insights into the pathogenesis of
clinical pulmonary cGVHD induced by human lymphocytes. Fur-
thermore, data obtained from our study have identified potential
novel therapeutic targets in the management of clinical cGVHD.
Because we previously showed an effectiveness of anti-CD26

mAb on an aGVHD model using adult PBL (13), we performed
preliminary testing of anti-CD26 mAb effect on recipient mice of
whole CB transplant, and found a high incidence of graft failure
(data not shown). Our speculation of the reason for this failure is
as follows: we previously reported that HuCB CD4 T cells broadly
express CD26 (21), and other investigators observed that CD34+

CD38low/2 or CD34+CD38+ hematopoietic stem/progenitor cells
in HuCB preferentially express CD26 (69). 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 fail-
ure. Meanwhile, it has been reported that endogenous CD26 expres-
sion on donor cells negatively regulates homing and engraftment (70),
and that inhibition of DPP4 enzyme activity enhances engraftment of

hematopoietic cells in mice and humans (71, 72). In the current study,
we observed no difference of engraftment between Cav-Ig– and
control Ig-treated mice. It is conceivable that continuous inhibi-
tion of DPP4 enzyme activity was not achieved by the alternate-
day schedule of administration of Cav-Ig used in the current study,
with the resultant lack of continuous inhibition of related che-
mokines, cytokines, and CSFs (71).
In addition to issues involving the use of anti-CD26 mAb, it is

important to point out that 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 (49), its N terminus is detected on endothelial cells as well as
APCs after activation (73). Therefore, it is possible that Cav-Ig
binds to cell surface caveolin-1 and is consumed in such endothe-
lial cells. Other issues relate to the GVL effects. Our data dem-
onstrated 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 (13, 20),
whereas CD28-dependent GVL effects are exerted after engraft-
ment (74). However, studying GVHD and GVL effects that require
similar CD4- or CD8-dependent pathways with the use of primary
leukemic cells rather than cell lines should help to generate reliable
models of GVL. Despite these concerns, our work revealed no
abnormal findings in the vessels and organs of Cav-Ig–treated re-
cipient mice with preservation of the GVL effect, hence suggesting
a potentially promising novel therapeutic approach for controlling
cGVHD.
The administration of Cav-Ig may potentially result in renal

damage because CD26 is also expressed in the kidney (44, 45).
However, we observed no pathological changes in the kidney in
mice treated with Cav-Ig (data not shown). These findings may be
partially due to the fact that CD26 in the kidney is mainly
expressed in the proximal tubules (75), and that immune complex
deposition of complexes consisting of Cav-Ig and membrane-
bound CD26 did not occur in the glomeruli to cause renal injury.
In conclusion, our present work demonstrates that caveolin-1

blockade can control pulmonary GVHD by suppressing the im-
mune functions of donor-derived T cells and decreasing IL-26 pro-
duction. Moreover, IL-26+CD26+CD4 T cell infiltration appears to
play a significant role in the lung of obliterative bronchiolitis. Al-
though complete suppression of cGVHD with current interventional
strategies represents a difficult challenge at the present time, our data
demonstrate that control of cGVHD clinical findings can be ach-
ieved in a murine experimental system by regulating IL-26+CD26+

CD4 T cells with Cav-Ig. Our work also suggests that Cav-Ig treat-
ment may be a novel therapeutic approach for chronic inflammatory
diseases, including RA and inflammatory bowel diseases, in which
IL-26 plays an important role.
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a b s t r a c t

Cas-L/NEDD9 is a cytoplasmic docking protein downstream of b1 integrin-mediated signaling pathway
and is essential for cellular migration and b1 integrin-mediated costimulation of T cells. We previously
found that increased number of Cas-L positive leukocytes migrated into the inflamed joints of HTLV-I tax
transgenic mice which spontaneously develop polyarthritis, suggesting a role of Cas-L in rheumatoid
arthritis (RA) pathophysiology. Our current study expanded these findings on the role of Cas-L/NEDD9 in
the development of RA by analyzing the pathophysiological changes in a Nedd9�/� mouse collagen-
induced arthritis (CIA) model. Nedd9�/� mice exhibited a decrease in arthritis severity as compared to
Nedd9þ/þ mice. In addition, as being conducted bone marrow transplantation experiments with a CIA
model, Nedd9�/�/Nedd9þ/þ transplant showed a decrease in the incidence and severity score of
arthritis, compared to those of Nedd9þ/þ/Nedd9�/� transplant. For analysis of serum levels of various
cytokines, IL-1b, IL-6, IL-17, TNF-a, IFN-g and anti-collagen antibody were decreased, while IL-4 and IL-10
levels were increased, in Nedd9�/� mice as compared to those in Nedd9þ/þ mice. Furthermore, collagen-
mediated cellular responses of lymphocytes isolated from spleen or affected lymph nodes of Nedd9�/�

mice were reduced. Our results strongly suggest that Cas-L/NEDD9 plays a pivotal role in the patho-
physiology of CIA, and that Cas-L/NEDD9 may be a potential molecular target for the treatment of RA.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

b1 integrins exhibit a variety of biological functions through
specific interaction with their ligands including fibronectin (FN)
[1]. We initially identified pp105 as the major phosphotyrosine-
containing protein in H9 T-cell line stimulated with b1-
integrins [2,3]. Sequence analysis of isolated cDNA clone
revealed homology with p130 Crk-associated substrate (Cas)/
breast cancer anti-estrogen resistance 1 (BCAR1) which was
identified as a tyrosine-phosphorylated protein in v-Crk and v-
Srcetransformed fibroblasts [4], thus designating pp105 as Crk-
associated substrate lymphocyte type (Cas-L). Cas-L is identical
to neural precursor celleexpressed, developmentally down-
regulated 9 (NEDD9) [5] and human enhancer of filamentation 1
(HEF1) [6]. Cas-L/NEDD9/HEF1 is an integrin signaling adaptor or
docking protein that consists of multiple preserved domains
common to Cas family members [7]. Cas-L/NEDD9 is phosphor-
ylated at its tyrosine residues by integrins and other stimuli.
Ligation of T- and B-cell antigen receptors caused tyrosine
phosphorylation of Cas-L/NEDD9, resulting in the association of
Crk, Crk-L, and C3G [8]. Integrin- or integrin/T cell receptor
(TCR)-elicited tyrosine phosphorylation of Cas-L/NEDD9 was
mediated by focal adhesion kinase (FAK) and Src family tyrosine
kinases [9]. Ectopic expression of Cas-L/NEDD9 conferred T cells
with enhanced motility on the co-engagement of TCR/CD3
complex and b1-integrins [10,11], suggesting a pivotal role of
tyrosine-phosphorylated Cas-L/NEDD9 in TCR- and integrin-
mediated cell motility.

We previously investigated the in vivo role of Cas-L/NEDD9 in
the pathophysiology of rheumatoid arthritis (RA) in a mouse
model of RA (using human T lymphotropic virus type I (HTLV-I)
tax transgenic mice) as well as in RA patients [12]. HTLV-I
transgenic mice that carry the env-pX gene developed high
incidence of inflammatory arthropathy [13]. Our previous study
demonstrated that Cas-L/NEDD9 involvement in the pathogen-
esis of RA-like disease in tax transgenic mice was mediated by its
overexpression and hyperphosphorylation, resulting in markedly
enhanced lymphocyte motility [12]. Moreover, we described the
infiltration of Cas-L/NEDD9epositive, CD3-positive T cells into
the affected joint lesion of RA patients [12]. These findings
strongly suggest that Cas-L/NEDD9 plays a role in the patho-
physiology of RA. However, it is unclear whether Cas-L/NEDD9
has a role in arthritis development in the absence of Tax since
Cas-L/NEDD9 associates with Tax in HTLV-I-transformed cells
[11]. To further characterize the role of Cas-L/NEDD9 in the
pathogenesis of RA, our current work utilized a collagen-induced
arthritis (CIA) model in Nedd9�/� mice to analyze the relevant
clinical signs/symptoms, histopathology, serum levels of anti-
collagen antibody and various cytokines, and lymphocytes
characteristics.

2. Materials and methods

2.1. Mice

Nedd9�/� mice derived of C57BL/6J (B6) were generously pro-
vided by Dr. Seo from the Department of Hematology and Oncology,
Graduate School of Medicine, University of Tokyo (Tokyo, Japan)
[14]. Mice were used at 8e12 weeks. Animal experiments were
conducted following protocols approved by the Animal Care and
Use Committees at the Institute of Medical Science, University of
Tokyo. All mice were housed in a specific pathogen-free facility in
micro-isolator cages. All surgery was performed under sodium
pentobarbital anesthesia, and all efforts were made to minimize
suffering.

2.2. Induction of CIA and bone marrow transplantation (BMT)

CIA was induced as previously described with minor modifi-
cations [15]. Briefly, mice were injected intradermally at the base
of tail with 200 mg of chicken type II collagen (CII) (Sigma, USA) in
10 mM acetic acid, emulsified in complete Freund's adjuvant (CFA)
(Difco Laboratories, USA). Twenty-one days after the first immu-
nization, the mice were boosted by the same methods. Day of the
first immunization was designated as day 0 for CIA induction.
Arthritis clinical scores in CIA mice were evaluated as described in
previously published literature [16]. For adoptive transfer experi-
ments, after 6hrs of total body irradiation (TBI) at 950 cGy,
Nedd9þ/þ or Nedd9�/� mice were injected intravenously with
1 � 106 CD34þ bone marrow (BM) cells isolated from Nedd9�/�

(Nedd9�/�/Nedd9þ/þ) or Nedd9þ/þ (Nedd9þ/þ/Nedd9�/�),
respectively. After 28 days and 49 days of transplantation, mice
were immunized and evaluated by the same methods as described
above.

2.3. Histopathology and immunohistochemistry (IHC)

Specimens of paw joints for histopathology and IHC were pre-
pared by the same method as described in our previous report [12].
Antibodies used in IHC assays were anti-CD3 rabbit monoclonal
antibody (mAb) (clone SP7) from Nichirei Bioscience (Japan), anti-
mouse CD45R, B220 mAb (clone RA3-6B2) from BD Pharmingen
(USA), and anti-Ly-6G/GR1 rat mAb (clone RB6-8C5) from Acris
Antibodies (Germany).

2.4. Measurement of cytokines and anti-CII antibody

The collected sera were analyzed for various cytokines using
Procarta Cytokine Assay (VERITAS, Tokyo, Japan) with Bio-Plex
Suspension Array System (Bio-Rad Laboratories, USA). The serum
antibody level to CII was evaluated using Mouse Anti-Chick Type II
Collagen IgG Antibody Assay Kit (Chondrex, USA). All samples were
run in triplicates.

2.5. Flow cytometry

The following antibodies were from BD Biosciences: Fluorescein
isothiocyanate conjugated anti-mouse CD4 rat mAb (clone
H129.19), phycoerythrin conjugated anti-mouse CD8a rat mAb
(clone 53-6.7), peridinin-chlorophyll-a Protein-Cy5.5 conjugated
anti-mouse CD19 rat mAb (clone 1D3), and allophycocyanin con-
jugated anti-mouse TCRb hamster mAb (clone H57-597). Analysis
was performed on 2-laser FACSCalibur (BD Biosciences) and files
were analyzed in FlowJo software (Tree Star, USA).

2.6. In vitro costimulation assay

For assay of proliferative responses to FN, CD4þT cells were
purified from splenocytes isolated from Nedd9þ/þ or Nedd9�/�mice
using mouse CD4þT cell Isolation Kit II (Miltenyi Biotec, Germany).
1� 105 cells per well were seeded in 96-well flat bottom plate with
immobilized 0.5 mg/ml of anti-mouse CD3ε hamster mAb (clone
145-2C11, BD Pharmingen) and/or 1.0 mg/ml of FN (BIOPUR,
Switzerland). The cells were cultured for 72hrs, and pulsed with
[3H]-thymidine (1mCi/well; PerkineElmer, USA) for the last 6hrs.
The incorporated radioactivity was measured using a microplate
beta counter (Micro Beta Plus; Wallac, USA). For assay of prolifer-
ative responses to CII, mononuclear cells were isolated from
brachial, axillary, inguinal and popliteal lymph nodes (LNs) of
Nedd9þ/þ orNedd9�/�mice after 6 days of CIA immunization. Single
suspension cells were prepared from LN lymphocytes using Spleen
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Dissociation Kit, mouse (Miltenyi Biotec). 2 � 105 cells per well
were cultured in the presence of 100 or 200 mg/ml of CII. Cell
proliferation was evaluated by the same [3H]-thymidine uptake
assay as described above.

2.7. Statistical analysis

All experiments were performed in triplicates and repeated at
least 3 times. 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. P values�0.05
were considered statistically significant. The calculations were
conducted using SPSS Statistics software (IBM, USA).

3. Results and discussion

3.1. Reduced severity of CIA in Nedd9�/� mice

We first compared clinical signs/symptoms of arthritis between
Nedd9þ/þ and Nedd9�/� mice following induction of CIA. The inci-
dence of onset of arthritis in Nedd9�/� CIA mice was significantly
decreased compared to that in Nedd9þ/þ CIA mice (Fig. 1A). More-
over, Nedd9�/� CIA mice exhibited decreased arthritis score
compared to Nedd9þ/þ CIA mice (Fig. 1B). In addition, the severity
and incidence of arthritis in Nedd9 hetero knockout Nedd9þ/� CIA
mice were in-between those of Nedd9þ/þ and Nedd9�/� CIA mice
(Fig. 1A and B). These data suggest that expression levels of Cas-L/
NEDD9 affect induction of CIA.

To further characterize the clinical pictureof the arthritis induced
in this mousemodel, we analyzed affected joints using planar X-ray
examination. In Nedd9�/� CIA mice, metatarsal and tarsal bones at
day 56 following the first immunization showed no significant
changes as compared to findings seen in non-immunized mice
(cricles inpanels b and c of Fig.1C),whilemetatarsal and tarsal joints
of Nedd9þ/þ CIA mice exhibited narrowing, deformation and syn-
ostosis (circle in panel a of Fig. 1C). For additional analysis of the
extent of arthritis, we conducted histopathologic examination using
specimens of affected joints obtained at day 56 following the first
immunization. As shown in Fig. 1D, Nedd9þ/þ CIA mice showed
obvious thinning of articular cartilage and hyperplasia of synovium
with infiltration of inflammatory cells (panels a and b), in contrast to
the normal structure found in non-immunized mice (panel c).
Meanwhile, the affected joint in Nedd9�/� CIA mice exhibited few
signs of inflammationwith slight thinning of articular cartilage and
synovitis (panel d of Fig. 1D). To characterize the subsets of inflam-
matory cells found in the affected joints, we performed IHC using
specimens of affected joints obtained at day 56 following the first
immunization. In the affected joint of Nedd9þ/þ CIA mice, Ly-6G-
positive granulocytes were predominantly found (panel a of
Fig. 1E), while CD3-poistive T and B220-positive B cells were at un-
detectable levels (panels b and c of Fig. 1E). On the other hand, in
Nedd9�/� CIA mice, inflammatory cells were not detected by IHC in
the affected joint (panels def of Fig.1E). Taken together, these results
suggest that Cas-L/NEDD9has an important role in the development
of inflammatory arthral changes in CIA.

To define the role of Cas-L/NEDD9 in leukocytes in the devel-
opment of CIA, we next conducted adoptive transfer experiments.
For this purpose, BM cells were harvested from Nedd9þ/þ or
Nedd9�/� mice, and transplanted into the opposite recipient
mice after TBI. Recipients Nedd9þ/þ mice of Nedd9�/� BM cells
(Nedd9�/�/Nedd9þ/þ) showed a decrease in the incidence and
severity score of arthritis, compared to those seen in recipients
Nedd9�/�mice of Nedd9þ/þ BM cells (Nedd9þ/þ/Nedd9�/�) (Fig. 1F
and G). Meanwhile, CIA in Nedd9þ/þ/Nedd9þ/þ BMT recipients
was induced at a similar level to that seen in Nedd9þ/þ CIA mice

as shown in Fig. 1 (data not shown), while CIA was induced
in Nedd9�/�/Nedd9�/� BMT recipients at lower levels than
Nedd9þ/þ/Nedd9þ/þ BMT recipients, which were similar to that
seen in Nedd9�/� CIA mice as shown in Fig. 1 (data not shown).
These data strongly suggest that the presence of Cas-L/NEDD9 in
leukocytes, but not in joint organs, is associated with the devel-
opment of CIA, and that the development of CIA is not affected by
BMT with TBI.

3.2. Decreased level of splenic lymphocytes in Nedd9�/� CIA mice

Since Cas-L/NEDD9 is involved in lymphocyte function [14,17],
we next analyzed the lymphocytes in spleen and LN of Nedd9�/�

CIA mice. For this purpose, spleen and LN cells were isolated from
Nedd9þ/þ and Nedd9�/� mice before and after immunization, and
we evaluated the cell numbers of each lymphocyte subset of spleen
and LN cells. In spleen cells of Nedd9�/� mice, decreased levels of
CD4þT, CD8þT and CD19þB cells were observed after immunization
(Table 1). On the other hand, in spleen cells of Nedd9þ/þ mice,
increased level of CD19þB cells was detected, while the levels of
CD4þT and CD8þT cells were almost similar before and after im-
munization (Table 1). Moreover, among the LN lymphocytes of
Nedd9�/� mice, increased level of CD19þB cells was observed after
immunization, while the levels of CD4þT and CD8þT cells were
almost similar before and after immunization (Table 1). Among the
LN lymphocytes of Nedd9þ/þmice, level of CD19þB cells was almost
similar before and after immunization, and the levels of CD4þT and
CD8þT cells were reduced after immunization (Table 1). Collec-
tively, these data suggest that both T and B cells are involved in CIA
of Nedd9�/� mice.

3.3. Decreased T and B cell functions in Nedd9�/� CIA mice

Given our previous findings that Cas-L/NEDD9 is involved in
costimulatory signaling to CD3/TCR pathway associated with
engagement of b1 integrins in T cells [2,9,18,19], we next examined
Tcell responses in Nedd9�/� orNedd9þ/þ CIAmice. For this purpose,
in vitro costimulation experiments using CD4þT cells purified from
spleen were conducted. As shown in Fig. 2A, CD4þT cells from
spleen of immunized or non-immunized Nedd9�/� mice exhibited
decreased cellular proliferation following TCR plus FN (a ligand for
b1 integrin) costimulation, compared to those from Nedd9þ/þmice.
Meanwhile, proliferative responses to PMA plus ionomycin were at
similar levels of full activation for CD4þT cells from both Nedd9þ/þ

and Nedd9�/� CIA mice, with or without immunization (Fig. 2A).
These data suggest that Cas-L/NEDD9 is involved in T cell activation
through TCR and engagement of b1 integrin. To further characterize
the role of Cas-L/NEDD9 in cell proliferation, we examined prolif-
erative response of lymphocytes to CII. As shown in Fig. 2B, LN
mononuclear cells isolated from Nedd9�/� CIA mice exhibited
decreased CII-mediated cell proliferation, compared to those from
Nedd9þ/þ CIAmice. Meanwhile, proliferative responses to PMA plus
ionomycin were at similar levels of full activation in both Nedd9þ/þ

and Nedd9�/� CIA mice (Fig. 2B).
Migration and adhesion of B cells in Nedd9�/� mice have been

shownpreviously tobe impaired [14]. To furtherdefine theroleofCas-
L/NEDD9 on the humoral response in CIA, we analyzed the immu-
nologic response to CII inNedd9�/� CIAmice. For this purpose, serum
levels of anti-CII antibody were assayed. As shown in Fig. 2C, serum
levels of anti-CII antibody in Nedd9�/� CIA mice were significantly
decreased as compared to those inNedd9þ/þ CIAmice, datawhich are
consistent with the findings regarding the incidence and severity of
clinical signs/symptoms of arthritis. Taken together, our data strongly
suggest that Cas-L/NEDD9 in T cells as well as in B cells plays an
important role in the development of arthritis in a CIA model.
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Fig. 1. Reduced incidence and severity of CIA in Nedd9�/� mice. A. The incidence of mice developing CIA was calculated as % ratio of mice with severity score �1 to total in each
cohort (each, n ¼ 9). Incidence of CIA decreased in Nedd9�/� cohort, compared to that in Nedd9þ/þmice. Incidence of CIA in immunized Nedd9þ/� subset (green line) was in-between
that found in Nedd9þ/þ (blue line) and Nedd9�/� (red line) cohorts. None of the non-immunized Nedd9þ/þ (purple line), Nedd9þ/� (orange line) or Nedd9�/� (light blue line) mice
developed CIA. * indicates P < 0.05 vs. immunized Nedd9þ/þ CIA cohort, and ** indicates P < 0.01 vs. immunized Nedd9þ/þ or Nedd9þ/� CIA cohort. B. The arthritis severity score was
evaluated as described in Materials and methods. Severity of CIA decreased in Nedd9�/� cohort, compared to that in Nedd9þ/þ mice. Level of arthritis severity score of immunized
Nedd9þ/� CIA cohort (green line) was in-between that of immunized Nedd9þ/þ (blue line) and Nedd9�/� (red line) CIA cohorts. None of the non-immunized Nedd9þ/þ (purple line),
Nedd9þ/� (orange line) or Nedd9�/� (light blue line) mice developed CIA. *indicates P < 0.05 vs. immunized Nedd9þ/þ CIA cohort, and ** indicates P < 0.01 vs. immunized Nedd9þ/þ or
Nedd9þ/� CIA cohort. Data were shown as mean ± standard deviation. C. Representative planar X-ray images of the upper limbs of Nedd9þ/þmice with or without CIA immunization
(panels a or b, respectively), and immunized Nedd9�/� CIA mice (panel c) on day 56 after the first immunization. D. H&E staining of the upper limbs of Nedd9þ/þ mice with or
without CIA immunization (panels a,b or c, respectively), and immunized Nedd9�/� CIA mice (panel d). The specimens were resected on day 56 after the first immunization.
Representative histology is shown from 3 independent experiments (each, n ¼ 6). C, JS or Sy denotes articular cartilage, joint space, or synovium, respectively. Panel b is focused in
the inset of panel a. Original magnification � 20 for panels a,c,d, and � 100 for panel b. E. Representative immunohistochemical images of the upper limbs of immunized Nedd9þ/þ

or Nedd9�/� CIA mice. Representative histology is shown from 3 independent experiments (each, n ¼ 6). Original magnification � 100. F. After total body irradiation, Nedd9þ/þ or
Nedd9�/� mice received BM cells of Nedd9�/� (Nedd9�/�/Nedd9þ/þ) or Nedd9þ/þ (Nedd9þ/þ/Nedd9�/�) mice, respectively (each, n ¼ 6). Recipient mice were immunized for CIA
after 28 and 49 days of BM transplantation (indicated in yellow triangles). The incidence of mice developing CIA was calculated as % ratio of mice with severity score �1 to total in
each cohort. Incidence of CIA decreased in Nedd9�/�/Nedd9þ/þ cohort (blue line), compared to that seen in the Nedd9þ/þ/Nedd9�/� group (red line). * indicates P < 0.01 vs.
Nedd9þ/þ/Nedd9�/� cohort. G. Mice were treated by the same method as described in F. The arthritis severity score was evaluated as described in Materials and methods. Severity
of CIA decreased in Nedd9�/�/Nedd9þ/þ cohort (blue line), compared to that seen in the Nedd9þ/þ/Nedd9�/� group (red line). * or ** indicates P < 0.05 or P < 0.001 vs. Nedd9þ/
þ/Nedd9�/� cohort, respectively. Data were shown as mean ± standard deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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3.4. Decrease of proinflammatory cytokines and increase of anti-
inflammatory cytokines in Nedd9�/� CIA mice

We previously reported that Cas-L/NEDD9 is involved in TGF-
b-related cell regulation [20]. However, it has been unclear
whether production of other cytokines is associated with Cas-L/

NEDD9. To examine whether Cas-L/NEDD9 has an affect on
cytokine production in CIA, we assayed for serum levels of various
cytokines in Nedd9þ/þ and Nedd9�/� CIA mice. As shown in
Fig. 3A, levels of proinflammatory cytokines such as IL-1b (panel
a), IL-6 (panel b), IL-17 (panel c), IFN-g (panel d), and TNF-a
(panel e) were significantly decreased in sera of Nedd9�/� CIA

Table 1
Number of CD19þ B, CD4þ and CD8þ T cells in spleen or lymph nodes of Nedd9þ/þ or Nedd9�/� mice before and after CIA immunization.

(Organ) (Subset) Nedd9þ/þ Nedd9�/�
Non-immunized Immunized Non-immunized Immunized

Spleen ( � 107/ml) CD19þB cell 2.60 ± 0.9 3.40 ± 1.4* 2.20 ± 0.7 1.20 ± 0.4**
CD4þT cell 0.90 ± 0.3 1.00 ± 0.4 1.00 ± 0.3 0.50 ± 0.1**
CD8þT cell 1.20 ± 0.4 1.40 ± 0.6 0.60 ± 0.2 0.35 ± 0.1**

Lymph node ( � 107/ml) CD19þB cell 0.17 ± 0.1 0.11 ± 0.0 0.10 ± 0.0 0.40 ± 0.1**
CD4þT cell 0.35 ± 0.2 0.15 ± 0.0** 0.21 ± 0.1 0.20 ± 0.0
CD8þT cell 0.34 ± 0.2 0.17 ± 0.0* 0.18 ± 0.1 0.19 ± 0.0

CIA was induced in Nedd9þ/þ or Nedd9�/� mice as described in Materials and methods. Spleen and regional lymph nodes of the affected joints were resected on day 56
following the first immunization. Cells were subjected to flow cytometric analysis as shown in Supplemental Figure. Data were shown as mean of absolute cell
number ± standard errors. of cumulative results from 3 independent experiments (each, n ¼ 9). * or ** indicates P < 0.05 or P < 0.01 vs. those in each non-immunized cohort,
respectively.

Fig. 2. Decreased proliferation of CD4þT cells and anti-collagen antibody levels in Nedd9�/� CIA mice. A. CD4þT cells were purified from spleen cells of Nedd9þ/þ or Nedd9�/� mice
before and after immunization. Cells were stimulated with plate-bound anti-CD3 monoclonal antibody (mAb) and/or fibronectin (FN) at indicated concentrations, and assayed for
cell proliferation by [3H]-thymidine (TdR) incorporation. Data were shown as mean±standard errors (each, n ¼ 6). * indicates P < 0.001, and N.S., not significant. B. Lymph node (LN)
mononuclear cells were isolated from the regional LNs of Nedd9þ/þ or Nedd9�/� mice after immunization. Cells were stimulated with type II collagen (CII) at indicated concen-
trations, and assayed for cell proliferation by [3H]-thymidine (TdR) incorporation. Cell proliferation by CII stimulation was significantly enhanced in Nedd9þ/þ mice (*). Data were
shown as mean±standard errors (each, n ¼ 6). * indicates P < 0.001, and N.S., not significant. C. Serum levels of anti-CII IgG antibody in Nedd9þ/þ or Nedd9�/�mice on day 0 and day
56 after immunization were measured using ELISA. Data were shown as mean±standard errors with triplicates (each, n ¼ 9). * indicates P < 0.001.
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Fig. 3. Increase of IL-10 level in Nedd9�/� CIA mice. A. Sera of Nedd9þ/þ or Nedd9�/� mice were collected at the indicated day after CIA immunization, and serum levels of IL-1b
(panel a), IL-6 (panel b), IL-17 (panel c), IFN-g (panel d), TNF-a (panel e), IL-4 (panel f) and IL-10 (panel g) were quantified. Data are shown as mean±standard errors of cu-
mulative results from 3 independent experiments (each, n ¼ 9). * indicates P < 0.001, and N.S., not significant. B. CD4þT cells were purified from spleen cells of Nedd9þ/þ or
Nedd9�/�mice before and after immunization. Cells were stimulated with plate-bound anti-CD3 mAb plus anti-CD28 mAb (panel a), or anti-CD3 mAb plus fibronectin (FN). After
72 h, the supernatants were harvested, and subjected to IL-10 assay. Data are shown as mean±standard errors with triplicates (each, n ¼ 6). * indicates P < 0.001, and N.S., not
significant.
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mice as compared to Nedd9þ/þ CIA mice. Meanwhile, levels of
anti-inflammatory cytokines such as IL-4 and IL-10 were signifi-
cantly increased in sera of Nedd9�/�CIA mice as compared to
Nedd9þ/þ CIA mice (panels f and g of Fig. 3A). These data suggest
that the decrease in T cell responses seen in Nedd9�/� mice is
mediated at least partly by increased production of the anti-
inflammatory cytokine IL-10.

To further evaluate this possibility, we conducted in vitro cyto-
kine production assay using CD4þT cells isolated from Nedd9�/�

and Nedd9þ/þ CIA mice. As shown in Fig. 3B, production of IL-10 by
CD3 plus CD28 costimulation was significantly enhanced in CD4þT
cells from Nedd9�/� CIA mice, compared to that of non-immunized
Nedd9�/� or Nedd9þ/þ mice and Nedd9þ/þ CIA mice (panel a).
Similarly, production of IL-10 by CD3 plus FN costimulation was
significantly enhanced in CD4þT cells from Nedd9�/� CIA mice,
compared to that of non-immunized Nedd9�/� or Nedd9þ/þ mice
and Nedd9þ/þ CIA mice (panel b of Fig. 3B). These results suggest
that the decreased incidence and severity of CIA seen in Nedd9�/�

mice are partly associated with an increase in IL-10 production by T
cells as well as a decrease in inflammatory T cell responses.

Collectively, our present results strongly suggest that Cas-L/
NEDD9 in lymphocytes plays a pivotal role in the pathogenesis of
CIA, and that targeting Cas-L/NEDD9 may be an effective novel
therapeutic approach for autoimmune diseases including RA.
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  Abstract 

  Objective.  Macrolide antibiotics have immunomodulatory properties that are distinct from 
their antibacterial functions. We synthesized 5-I, which is a new derivative of RXM with less 
antimicrobial activity, and evaluated its immunomodulatory eff ects through both  in vitro  and  
in vivo  studies. 
  Methods.  Proliferative response, cytokine production, and expression of mRNA of T cells stimu-
lated with anti-CD3 and anti-CD28 mAbs in the presence or absence of monocytes, cytokine 
production of monocytes stimulated with lipopolysaccharide, and transendothelial migration 
of T cells in various concentrations of 5-I were analyzed. The eff ect of 5-I treatment was also 
evaluated in a mouse model of collagen-induced arthritis. 
  Results.  5-I specifi cally inhibited production of Th1, Th17, and proinfl ammatory cytokines such 
as IL-2, IFN- γ , TNF- α , IL-6, and IL-17A. 5-I reduced the expression of  RORC  on CD4  �   T cells, which 
codes for ROR γ t, the master regulator of Th17, and it also inhibited migration of activated T cells. 
Importantly, administration of 5-I to mice with collagen-induced arthritis reduced the severity 
of arthritis, and this eff ect was also observed when treatment was delayed till after the onset of 
disease. 
  Conclusion.  Our fi ndings strongly suggest that 5-I may be useful as a potential therapeutic agent 
for human rheumatoid arthritis.  
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structure resembling that of erythromycin [8]. RXM is characterized 

by rapid and complete absorption after oral administration, result-

ing in high serum concentrations [9].  In vitro  studies revealed that 

RXM modifi es the function of neutrophils [10] and keratinocytes 

[11]. RXM also aff ects lymphocyte functions including proliferation 

induced by mitogens and purifi ed protein derivative [12], as well 

as proliferation and cytokine secretion induced by mitogens [13]. 

 We showed previously that RXM inhibited  in vitro  production 

of proinfl ammatory cytokines by T cells and macrophages, such as 

tumor necrosis factor- α  (TNF- α ) and interleukin 6 (IL-6), as well 

as suppressing T cell migration [14]. Interestingly, RXM treatment 

of mice with collagen-induced arthritis reduced the severity of 

arthritis and serum level of IL-6, along with leukocyte migration 

into the aff ected joints and destruction of bones and cartilages [14]. 

These results indicate that RXM may function both as an immu-

nomodulatory agent and an antibiotic. However, it is of concern 

that the long-term use of antibiotics such as RXM may potentially 

induce adverse eff ects including nausea, QT prolongation, and 

induction of bacterial resistance. Therefore, components isolated 

from RXM with immunomodulatory properties may potentially 

be used for the treatment for autoimmune diseases such as rheu-

matoid arthritis (RA). 
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  Introduction 

 Macrolide antibiotics have many biological activities apart from 

their antibacterial actions. Low-dose and long-term erythromycin 

treatment was recently shown to be eff ective in chronic respiratory 

tract disease, including diff use panbronchiolitis [1] and bronchial 

asthma [2], although the mechanism of action of this drug remains 

unclear. Moreover, macrolide antibiotics have reported activity in 

other extra-pulmonary diseases and selected biological conditions 

including rhinosinusitis [2], bone resorption and remodeling [3], 

infl ammatory bowel diseases [4], and psoriasis [5]. The immu-

nomodulatory eff ects of these agents are thought to result from 

processes involved in leukocyte activation such as stimulation of 

phagocytosis, natural killer cell activity, production of superoxide 

anion and neutrophil chemotaxis [6, 7]. Roxithromycin (RXM), 

a macrolide antibiotic, has a 14-member macrocyclin ring 
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 In the present study, we synthesized a new derivative named 

5-I from RXM with less antibiotic property. We then assessed 

the immunomodulatory activity of 5-I on human peripheral 

lymphocytes as well as its therapeutic eff ect on a mouse model 

of human RA.   

 Materials and methods  

 Roxithromycin and its derivative, 5-I 

 RXM was purchased from Sigma (R4393; St. Louis, MO) and 

5-I was supplied from Y ’ s Therapeutics Co., Ltd. (Ebisu, 

Tokyo, Japan). For all  in vitro  experiments, except for transen-

dothelial migration assay, RXM and 5-I were fi rst dissolved 

in methyl alcohol and further diluted in the culture medium 

consisting of RPMI-1640 medium supplemented with L-

glutamine and 10% fetal calf serum (FCS; Invitrogen, Carlsbad, 

CA). For assessment of transendothelial migration, RXM and 

5-I dissolved in methyl alcohol were further diluted in the assay 

medium consisting of RPMI-1640 medium with 0.6% bovine 

serum albumin (Sigma). For oral administration to mice in 

 in vivo  studies, RXM and 5-I were directly dissolved in 1% 

carboxymethylcellulose (CMC; Sigma)-containing saline (0.9% 

NaCl; Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) using a 

ground-glass homogenizer.   

 Preparation of peripheral blood mononuclear cells (PBMC) and 
 in vitro  culture 

 PBMCs were obtained from healthy volunteers. This study was 

approved by the institutional ethics committee at the Institute 

of Medical Science, University of Tokyo (No. 20-30-1009) and 

was conducted according to the principles of the Declaration of 

Helsinki; each healthy volunteer was provided with a written 

informed consent. PBMC were isolated by density gradient cen-

trifugation. CD3  �   T cells and CD4  �   T cells were isolated from 

PBMC by negative selection using human Pan T cell isolation 

kit II (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), 

and human CD4  �   T cell isolation kit (Miltenyi Biotec GmbH), 

respectively. CD14  �   monocytes were isolated from PBMCs by 

positive selection using human CD14 MicroBeads (Miltenyi 

Biotec GmbH). The purities of CD3  �   T cells, CD4  �   T cells, 

and CD14  �   monocytes were greater than 97%, 97%, and 98% 

by fl ow cytometry, respectively. PBMC or CD3  �   T cells were 

stimulated (2    �    10 5  cells/well) with immobilized anti-CD3 

(1  μ g/ml, OKT3, IgG2a) and soluble anti-CD28 (5  μ g/ml, 

4B10, IgG1) mAb in the presence or absence of RXM or 5-I 

at the indicated concentration (5, 10, 20 and 40  μ g/ml) in 96 

well fl at-bottom plates. Supernatants from triplicate cultures 

were collected after 24 h for assessment of IL-2 and IL-4 

production. For assessment of IL-5, IL-6, IL-17A, IFN- γ  and 

TNF- α , the supernatants were collected after 48 h. All cytok-

ines except for IL-17A were measured using BD OptEIA ELISA 

set (BD Biosciences, San Jose, CA). The production of IL-17A 

was measured using  “ Ready-set-go! ”  ELISA Kits (eBioscience, 

San Diego, CA). For assay of proliferative responses, PBMCs 

or purifi ed CD3  �   T cells (2    �    10 5  cells/well) were cultured with 

or without RXM or 5-I as described above for 72 h. The cells 

were pulsed with [ 3  H]-thymidine (1 mCi/well; Perkin-Elmer, 

Waltham, MA) for the last 18 h and harvested on a Micro 96 

Cell Harvester (Skatron, Sterling, VA). The incorporated radio-

activity was measured using a microplate beta counter (Micro 

Beta Plus; Wallac, Turku, Finland). For monocyte activation, 

purifi ed CD14  �   monocytes were stimulated with 0.1, 1, 5, 

or 10  μ g/ml of lipopolysaccharide (LPS; Sigma). After 24 h 

of culture, the supernatants were collected and subjected to 

ELISA for TNF- α  and IL-6.   

 Determination of minimal inhibitory concentration (MIC) 

 For MIC testing, gram-positive bacteria, including  Staphylococcus 
aureus  ( S. aureus ) (ATCC 29213) or  Streptococcus pneumoniae  

( S. pneumoniae ) (ATCC 49619) was incubated in 96-well fl at 

plates in the presence of RXM or 5-I for 24 h. Mueller-Hinton 

broth (MH broth; BD Difco, Franklin Lakes, NJ) and MH broth 

supplemented with 5% horse blood were used for  S. aureus , or  S. 
pneumoniae , respectively. The range of antibiotics concentration 

was set by two-fold serial dilution, specifi cally, 100, 50, 25, 12.5, 

6.25, 3.13, 1.56, 0.78, 0.39, 0.2, 0.1, and 0.05  μ g/ml. After 24 h of 

culture, growth inhibition was confi rmed by visual inspection.   

 Transendothelial-migration assay 

 Transendothelial migration activity was assessed as described 

previously [15], with some modifi cations. Human umbilical 

vein endothelial cells (HUVEC; from KURABO Industries Ltd., 

Osaka, Japan) were pre-cultured at 3    �    10 5  cells/well to make 

monolayer sheets on fi bronectin-coated Transwell Inserts with 

3.0 mm pore size (BD Biosciences, San Jose, CA) for 48 h. 

Purifi ed CD3  �   T cells (1    �    10 6  cells/ml) were stimulated 

10  μ g/ml of PHA in 24-well plates for 3 days. After 3 days of 

culture, PHA was washed out and IL-2 (100 units/ml; BD 

Pharmingen, San Diego, CA) was added, and the cells were 

cultured for an additional 2 days. At day 5, viable cells were 

isolated by density gradient centrifugation and stained with 

5 mM CMFDA (CellTracker  ®   Green, Molecular Probe, Eugene, 

OR). The assay medium was added to the culture plates in a 

fi nal volume of 1200  m l in the lower chamber. Pre-activated and 

stained CD3  �   T cells (1    �    10 6  cells/ml) were resuspended with 

the assay medium, and added to each insert in a fi nal volume 

of 600  m l in the presence or absence of RXM or 5-I for analy-

sis of cell migration. After 24 h of culture, cells that migrated 

transendothelially into the lower chamber were collected to plas-

tic tubes and stained with 7-amino-actinomycin D (7-AAD, BD 

Pharmingen) for exclusion of dead cells. FL1 high  7-AAD negative  

cells were counted at specifi c time limit (204 sec) and fl ow rate 

(high) by fl ow cytometry using FACSCalibur and CellQuest 

software (BD Biosciences).  

 Induction of collagen-induced arthritis (CIA), macrolides 
treatment, and clinical assessments of arthritis 

 CIA was induced as previously described with minor modifi ca-

tions [16]. Briefl y, male DBA/1 J mice (7 week old) were injected 

intradermally at the base of tail with 100 mg of bovine type II 

collagen (CII) (Collagen Research Center, Tokyo, Japan) in 0.05 

M acetic acid, emulsifi ed in complete Freund ’ s adjuvant (CFA) 

(Difco, Detroit, MI). Twenty-one days after primary immu-

nization, the mice were boosted in the same way. Day of the 

second immunization (boost) was designated as day 0. Five non-

immunized mice were included as the negative control group. 

The immunized mice were divided into four groups on the basis 

of body weight, and treated with the following regimens. Each 

group of mice was treated with either control saline (1% CMC, 

200  m l), 5-I (200, 400  μ g/body), or RXM (400  μ g/body), intrap-

eritoneally from day 0. The treatment was continued until day 20 

every other day. In the experiments involving delayed treatment, 

400  μ g/body of 5-I was administrated at alternate days from day 

4 to day 20. Each group consisted of 10 mice in all experiments. 

Mice were examined daily for the onset of CIA. The swelling of 

four paws was graded from 0 to 4 as follows: grade 0, no swell-

ing; grade 1, swelling of fi nger joints or focal redness; grade 2, 

mild swelling of wrist or ankle joints; grade 3, severe swelling 

of the entire paw; grade 4, deformity or ankylosis. Each paw 
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was graded, and the four scores were totaled so that the maxi-

mal score per mouse was 16. Incidence was expressed as the 

number of paws that showed swelling in the total number of 

mice examined, body weight was measured on day 0, 7, 14, and 

21, and the time of onset was expressed as the mean time when 

paw swelling was fi rst observed in individual mouse. Animal 

experiments were conducted following protocols approved by 

the Animal Care and Use Committees at the Institute of Medical 

Science, University of Tokyo.    

 Histological analysis 

 Mice were euthanized by CO 
2
  asphyxiation and hind paws were 

then removed from the mice 3 weeks after the second immuni-

zation. The paws were fi xed in 10% phosphate-buff ered formalin 

(pH7.4), decalcifi ed in 10% EDTA, and embedded in paraffi  n. 

Sections (4  μ m) were stained with hematoxylin and eosin.   

 Quantifi cation of mRNA by real-time RT-PCR 

 Purifi ed CD4  �   T cells were cultured with immobilized anti-

CD3 mAb (1  μ g/ml) and soluble anti-CD28 mAbs (10  μ g/

ml) in the presence or absence of RXM or 5-I for 6 h and 10 

h. Total cellular RNA from CD4  �   T cells (2    �    10 6 ) cultured 

as above were isolated using High Pure RNA Isolation Kit 

(Roche Diagnostics GmbH, Mannheim, Germany), according 

to the manufacturer ’ s instructions. The quality and quantity 

of total RNA were assessed by NanoDrop spectrophotometer 

(ND-1000, Thermo Fisher Scientifi c Inc., MA). Complemen-

tary DNA (cDNA) was synthesized from 1  μ g of total RNA 

using Transcriptor First Strand cDNA Synthesis Kit (Roche 

Diagnostics). The expression levels of  HPRT, TNFAIP6, 
WISP1  and  RORC  were evaluated by real-time RT-PCR using 

LightCycler  ®   TaqMan  ®   Master (Roche Diagnostics) with 

specifi c primers (Supplementary Table 1 available online at 

http://informahealthcare.com/doi/abs/10.3109/14397595.2014.

983262). Reaction condition was 95 ° C 10 min, 35 cycles of 

95 ° C 30 sec and 60 ° C 20 sec. TaqMan  ®   probe (Universal Probe 

Library, Roche Diagnostics) was used to detect specifi c PCR 

products. Amplifi cation and detection of TaqMan  ®   probe were 

performed with LightCycler  ®   ST300 (Roche Diagnostics). The 

human HPRT gene was used as a housekeeping reference gene 

to normalize expression levels between the samples.   

 Statistical analysis 

 Data were analyzed by two-tailed Student ’ s  t  test for two group 

comparison or by ANOVA test for multiple comparison testing 

followed by the Tukey-Kramer  post-hoc  test.  P  values less than or 

equal to 0.05 were considered statistically signifi cant.    

 Results  

 Determination of minimal inhibitory concentration for growth of 
RXM-susceptible bacteria 

 The chemical structures of Roxithromycin and its derivative 

5-I are outlined in Figure 1A and B, respectively. To ascer-

tain the relative defi ciency of antimicrobial activity of 5-I, 

we determined the MIC for growth of two RXM-susceptible 

bacterial strains,  S. aureus  and  S. pneumoniae , for 5-I as com-

pared to RXM. As shown in Figure 1C, the MICs of RXM for 

 S. aureus  and  S. pneumoniae  were observed at 0.05  μ g/ml 

and 0.78  μ g/ml respectively, whereas those of 5-I were observed 

at 100  μ g/ml and 25  μ g/ml, respectively. These data hence indi-

cated that 5-I was a defective derivative of RXM in antimicrobial 

activity, with 5-I antimicrobial activity being approximately 30 to 

2,000 fold lower than that of RXM.   

  Figure 1.     The antibiotic eff ects of Roxithromycin (RXM) and its new 

derivative 5-I. (A) The chemical structure of RXM. (B) The chemical 

structure of 5-I, a new derivative of RXM. (C)  Staphylococcus aureus  

or  Streptococcus pneumoniae  were incubated in 96-well fl at plates, in 

the presence of RXM or 5-I for 24 h. After 24 h of incubation, growth 

inhibition was confi rmed by visual inspection. X-axis represents the 

concentration of RXM or 5-I. One representative set of data from three 

independent experiments are shown.  

 Eff ect of RXM and 5-I on proliferative response and cytokine 
production 

 Since we previously demonstrated the inhibitory eff ect of RXM 

on the proliferation and cytokine production of purifi ed T cells 

[14], we therefore examined the eff ect of 5-I as well as RXM 

on CD3  �   T cells purifi ed from PBMC. Both RXM and 5-I had 

either no inhibitory eff ect on the proliferative responses of CD3  �   

T cells from diff erent donors at concentrations ranging from 5 to 

40  μ g/ml, with similar results being observed in PBMC which 

contain monocytes/macrophages as well as T cells (Supplemen-

tary Figure 1 available online at http://informahealthcare.com/

doi/abs/10.3109/14397595.2014.983262). To characterize the 

immunomodulatory properties of RXM and 5-I, we next assessed 

their eff ect on the production of various cytokines by purifi ed 

CD3  �   T cells alone, and CD3  �   T cells plus CD14  �   monocytes 

stimulated with anti-CD3 and anti-CD28 mAb, or CD14  �   mono-

cytes stimulated with LPS. Production of IL-2, IL-17A and INF- γ  

by CD3  �   T cells was reduced by the addition of RXM or 5-I 

(Figure 2A). TNF- α  production by CD3  �   T cells was slightly 

reduced by the addition of RXM and 5-I ( panel a  of Figure 2B), 

while IL-6 production by purifi ed CD3  �   T cells was below the 

level of detection in our  in vitro  system (data not shown). Since 

the main sources of TNF- α  and IL-6 were monocyte/macrophage 

cells, we next conducted co-culture experiment using CD3  �   T 

cells with CD14  �   monocytes at a ratio of 40:1, and assessed the 

production of TNF- α  and IL-6. As shown in Figure 2B, TNF- α  

( panel b ) and IL-6 ( panel c ) production was clearly suppressed 

by the addition of RXM or 5-I. When we examined the produc-

tion of TNF- α  and IL-6 by LPS-stimulated CD14  �   monocytes, 

our data indicated that levels of TNF- α  and IL-6 were signifi -

cantly inhibited (approximately 20%) by the addition of RXM or 

5-I (Figure 2C). Since Th2-type CD4  �   T cells may play a role 

in allergic disorders such as allergic rhinitis and bronchial asthma 

[17], we also examined the eff ect of RXM and 5-I on Th2-type 

cytokine production, and found that RXM and 5-I did not inhibit 
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  Figure 2.     Inhibitory eff ect of RXM and 5-I on cytokine production by CD3  �   T cells and/or CD14  �   monocytes. (A) Levels of IL-2 ( panel a ), IL-17A 

( panel b ), and IFN- γ  ( panel c ) in purifi ed CD3  �   T cells (2    �    10 5  cells) culture supernatants after stimulation with anti-CD3 (1  μ g/ml) and anti-CD28 (5 

 μ g/ml) mAbs in the presence or absence of vehicle (Met OH), RXM or 5-I at the indicated concentrations for 24 h (IL-2) and 48 h (IFN- γ  and IL-17A) 

are shown. Results of 2 donors in four independent experiments are shown as representative of 10 diff erent donors, with similar results being obtained. 

Statistically signifi cant diff erence compared to the MeOH-treated control is shown ( *  p     �    0.01). (B) Level of TNF- α  ( panel a ) in CD3  �   T cells (2    �    10 5  

cells) alone and level of TNF- α  ( panel b ) or IL-6 ( panel c ) in CD3  �   T cells (2    �    10 5  cells) plus CD14  �   monocytes (5    �    10 3  cells) culture supernatants 

after stimulation by the same method as described in panel (A) for 48 h are shown. Results of 2 donors in four independent experiments are shown as 

representative of 10 diff erent donors, with similar results being obtained. Statistically signifi cant diff erence compared to the MeOH-treated control is 

shown ( *  p     �    0.01). (C) Inhibition of TNF- α  and IL-6 production in LPS (0.1  μ g/ml)-stimulated CD14  �   monocyte culture supernatants in the presence 

of 20  μ g/ml of RXM (open column) or 5-I (closed column) are shown. Data are presented as means  �  SE of %inhibition to the MeOH-treated control 

from four experiments using 10 diff erent donors ( *  p     �    0.001).  

IL-4 or IL-5 production (Supplementary Figures 2A or 2B avail-

able online at http://informahealthcare.com/doi/abs/10.3109/1439

7595.2014.983262, respectively). Given the fact that IL-10 regu-

lates anti-infl ammatory responses via the activation of T cells, and 

exerts inhibitory eff ects on proinfl ammatory cytokine production, 

we also assessed the eff ect of RXM and 5-I on IL-10 production. 

As shown in Supplementary Figures 2C available online at http://

informahealthcare.com/doi/abs/10.3109/14397595.2014.983262, 

RXM and 5-I did not aff ect IL-10 production at any tested dose. 

Taken together, our results indicated that RXM and 5-I directly 

regulated T cell function by inhibiting the production of Th1- and 

Th17-type cytokines such as IL-2, IFN- γ  and IL-17A, and regu-

lated monocyte function by suppressing the production of proin-

fl ammatory cytokines such as TNF- α  and IL-6, without any eff ect 

on IL-10 mediated anti-infl ammatory pathway. Similar to RXM, 

5-I therefore modulated activation of both T cells and monocytes 

by regulating cytokine production without having direct growth 

inhibitory eff ect.   

 Eff ect of 5-I on transendothelial migration of activated T cells as 
compared to RXM 

 Having demonstrated previously that RXM inhibited the transend-

othelial migration of activated T cells, we thus examined the eff ect 

of 5-I on this biological activity of PHA-activated T lympho-

cytes. Pre-activated T cells spontaneously migrate from the upper 

chamber to the lower chamber through the endothelial mono-

layer, a process termed chemokinesis. As described in Materi-
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  Figure 4.     Measurement of gene expression by real-time RT-PCR. Purifi ed CD4  �   T cells were subjected to CD3/CD28-stimulation in the presence or 

absence of RXM and 5-I. After 24 h of culture, mRNA was extracted and alterations in gene expression in these cells were evaluated. Real-time PCR 

analysis for (A)  RORC , (B)  TNFAIP6 , and (C)  WISP1 . Y-axis indicates relative expression level of indicated genes in the cultured CD4  �   T cells (the 

expression level of control cells was set to 1.0). Data shown were representative of 4 independent experiments from 10 donors. Statistically signifi cant 

diff erence from control cells is shown ( *  p     �    0.01).  

  Figure 3.     Inhibitory eff ect of RXM and 5-I on transendothelial migration 

of PHA-activated T cells. (A) Defi nition of transendothelially migrated T 

cells by fl ow cytometry. T cells pre-stained with CMFDA were acquired by 

FSC-SSC (gated in the quadrangle area of the left panel) and the migrated 

live cells were quantifi ed by FL1 positive with 7-AAD negative as viable 

cells (gated in the circle area of the right panel). (B) The conditions of cell 

cultures were described as in Materials and Methods. Transendothelially 

migrated cells were counted by fl ow cytometry at specifi c time limit 

(204 sec) and fl ow rate (high). Bars show mean of cell numbers  �  SE 

of triplicate cultures. Data were obtained from 10 diff erent donors with 

four independent experiments. Statistically signifi cant diff erence from the 

control vehicle-treated group is shown ( *  p     �    0.05,  *  *  p     �    0.01).  

als and Methods, migrated viable cells were defi ned as FL1 high  

7-AAD negative  cells, which could be analyzed through fl ow cytom-

etry (Figure 3A). As shown in Figure 3B, T cell migration was 

signifi cantly inhibited by RXM and 5-I at concentrations of 

20  μ g/ml and 40  μ g/ml when these agents were present during 

the course of the endothelial migration assay. In contrast, when 

we pretreated HUVEC with various concentrations of RXM and 

5-I for 48 h, and HUVEC were then washed and exposed to PHA-

stimulated T cells, neither RXM nor 5-I aff ected the migration of 

activated T cells through HUVEC even at highest concentration 

(80  μ g/ml) (data not shown). These fi ndings suggested that inhibi-

tion of transendothelial migration of activated T cells was exerted 

by RXM or 5-I eff ect on T cells, but not on endothelial cells.   

 Regulation of mRNA expression by RXM and 5-I 

 To elucidate the cellular mechanisms involved in the immuno-

modulatory eff ect of RXM or 5-I on human lymphocyte activa-

tion, we examined the changes induced by RXM or 5-I in mRNA 

expression profi les of purifi ed CD4  �   T cells stimulated via CD3 

and CD28 pathways (RXM, 5-I or vehicle-treated). Since the 

addition of RXM or 5-I clearly inhibited production of Th1- and 

Th17-type cytokines, such as IL-2 and IL-17, and proinfl amma-

tory cytokines, such as TNF- α  and IL-6 (Figure 2), we particularly 

focused on the change of expression of Th-regulated genes. For this 

purpose, we conducted real-time RT-PCR analysis  of  the relevant 

transcription factors in purifi ed CD4  �   T cells. T-bet, GATA-3, and 

RORC are the master regulators of Th1, Th2, and Th17 subset, 

respectively. As shown in Figure 4A, the expression of  RORC  

was reduced within 10 h of RXM or 5-I treatment whereas we 

could not detect any enhancing or suppressive eff ect on  TBX21  

(T-bet) and  GATA3  mRNA expression (data not shown). To evalu-

ate the early transcriptional events of cytokine genes involved in 

the polarization of T helper subsets, the expressions of  IL23R  and 

 TGFBR2  for Th17,  IL13RA1  for Th2, and tumor necrosis factor 

 α -induced protein 6 ( TNFAIP6 ) mRNA were analyzed. Although 

Th1 and Th17-related cytokine genes were not altered (data not 

shown), the expression of  TNFAIP6  was diminished within 10 h of 

RXM or 5-I treatment (Figure 4B). Besides those genes aff ected 

by the addition of RXM or 5-I, our data indicated a decrease in the 

level of WNT1-inducible-signaling pathway protein 1 ( WISP1 ) 

(Figure 4C), a pro-mitogenic, pro-survival factor which mediates 

TNF- α -induced infl ammatory responses. These data suggested 

that RXM and 5-I inhibited the polarization into Th17 cells by 

suppressing or delaying  RORC  transcription, and decreased 

infl ammatory responses with subsequent TNF- α  secretion in the 

early phase of CD4  �   T cell activation.   

 Preventive and therapeutic eff ects of 5-I on CIA pathophysiology 

 Expanding on our fi ndings above, we next investigated the poten-

tial eff ect of 5-I on the development of CIA. For this purpose, 

DBA/1 J mice were immunized twice with bovine CII in CFA to 

elicit CIA. Four groups of mice were treated intraperitoneally with 

either 200, 400  μ g of 5-I, 400  μ g of RXM, or 200  μ l of saline 

as control solvent. Administration of RXM, 5-I, and saline was 

started at the time of secondary immunization of CII (day 0), and 

was continued on a schedule of every-other-day treatment up to 

day 20. As shown in Figure 5A, mice treated with control saline 

developed severe arthritis. In contrast, administration of 5-I 

signifi cantly ameliorated the clinical manifestations of arthritis 

in a dose-dependent manner (Figure 5A), similar to results observed 

with 400  μ g of RXM. The mean body weight of mice within 

each group was inversely correlated with their arthritis severity 

(Figure 5B). As summarized in Table 1, treatment with 400  μ g 

of 5-I signifi cantly decreased the mean arthritis score and the per-

centage of arthritic paw number. In addition, the mean body weight 

was markedly diff erent from the saline-treated group, although the 

day of onset was not aff ected. 

 To determine whether 5-I therapy would still be eff ective even 

after the onset of disease manifestation, we next conducted a study 

involving delayed treatment of 5-I. Since disease onset typically 

occurred on day 4, we initiated a treatment regimen similar to 

our earlier work from day 4 onward, and then evaluated the 

clinical scores of the tested animals. As shown in Figure 5C, 
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  Figure 5.     Eff ect of RXM and 5-I 

treatment on clinical score, body 

weight and histopathology of arthritis. 

Collagen-induced arthritis (CIA) 

was induced by primary (day    �    21) 

and secondary (day 0) immunization 

with bovine type II collagen (CII) 

in complete Freund ’ s adjuvant. (A) 

Four groups of mice were injected 

intraperitoneally with either control 

saline ( � ), 200  μ g of 5-I ( ▲ ), 400 

 μ g of 5-I ( △ ), or RXM ( □ ) every 

other day between day 0 and day 

20. Changes of the clinical arthritis 

score are shown. (B) Body weight 

change of CIA-mice in A compared 

with non-immunized mice ( – ). (C) 

For studies involving delayed 5-I 

treatment, two groups of mice were 

injected intraperitoneally with control 

saline ( � ) or 400  μ g of 5-I ( ■ ) every 

other day between day 4 and day 20. 

Changes of the clinical arthritis score 

are shown. (D) Body weight change 

of delayed treatment mice, compared 

with saline-treated mice ( � ) and 

non-immunized mice ( – ). Data were 

expressed as the mean of ten mice 

in each group. Data shown were 

representative of three independent 

experiments with similar results. 

Statistically signifi cant diff erence 

compared to the control saline-treated 

group ( *  p     �    0.05). (E) Administration 

of RXM, 5-I, and saline was started 

on the day of secondary immunization 

of CII (day 0), and continued on a 

schedule of every-other-day treatment 

up to day 20. The mice treated with 

saline as control solvent developed 

severe arthritis ( panels a  and  b ). In 

contrast, administration of 5-I or RXM 

signifi cantly ameliorated destruction 

of cartilage and bone ( panels c  and  d , 

or  e  and  f , respectively).  

delayed treatment with 5-I was also eff ective in reducing the clini-

cal arthritis scores. Moreover, as shown in Figure 5D, the mean 

body weight of the treated group was restored signifi cantly as com-

pared to the saline-treated control group. These results indicated 

that 5-I therapy started either before or after the onset of disease 

could reduce the severity of arthritis, suggesting that 5-I-mediated 

immunomodulatory eff ects improved the infl ammation associated 

with CIA. 

 We also performed histological studies of CIA mice. As shown 

in Figure 5E, mice treated with control saline developed arthritis 

with pannus formation ( panels a  and  b ). In contrast, RXM admin-

istration signifi cantly inhibited destruction of cartilages and bones 

( panels c  and  d  of Figure 5E). Although the superfi cial layers 

of cartilage were degraded slightly in the 5-I treated mice, bone 

destruction or pannus formation was not observed ( panels e  and 

 f  of Figure 5E). These fi ndings suggest that 5-I, as well as RXM, 

exert immunomodulatory eff ects  in vivo . 

 Finally, we examined serum levels of anti-CII antibody in CIA 

mice. As shown in Supplementary Figures 3 available online at 

http://informahealthcare.com/doi/abs/10.3109/14397595.2014.

983262, an anti-CII antibody was detected after Day 7 of the sec-

ond immunization of CII in each cohort, while titers for anti-CII 

antibody in CIA mice treated with RXAM or 5-I were similar 

to those of the control group. Taken together with the data of  

in vitro  experiments, our observations indicate that 5-I, as well as 

  Table 1. Eff ect of 5-I treatment on CIA a .  

Saline RXM 5-I

Day of onset 5.3    �    2.0 7.4    �    2.0 6.0    �    0.5
Clinical Score (day 14) 9.6    �    2.7 4.6    �    2.8 c 6.6    �    3.6 b 
Body weight (grams) (day 7) 19.3    �    1.8 21.1 g    �    0.7 b 21.0 g    �    1.3 b 
Arthritic paw (day 14) 90.9% 75.0% 77.5%

     a CIA was induced as described in Figure 5 and treated with either 400 

 μ g of RXM or 5-I, or control saline, for every other day from day 1 to 

day 21.   

  b,c Statistically diff erent from the control saline-treated group( b  p     �    0.05, 

 c  p     �    0.01).   
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infl ammation process [25, 28 – 30]. It is conceivable that 5-I, 

a derivative of RXM, may have the inhibitory eff ects on these 

pathways. Moreover, it will be elucidated in a future study whether 

5-I more eff ectively suppressed  RORC ,  TNFAIP6 , and  WISP1  than 

RXM. 

 In both CIA and RA, the infl amed synovium is characterized 

by elevated level of IL-6, TNF- α , and IL-17 [31 – 33]. A complex 

interaction among T cells, monocytes, and fi broblasts in the syn-

ovium leads to the development of arthritis. Specifi cally, activated 

T cells stimulate monocytes and synoviocytes through direct cell-

cell contact and release of cytokines such as IFN- γ  and IL-17. 

These cells in turn may amplify the infl ammatory cascade through 

the release of additional cytokines, such as IL-1 and TNF- α , which 

then stimulate mesenchymal cells to release IL-6 and other fac-

tors [31 – 33]. Local infl ammation is triggering and exacerbating 

cartilage destruction in the joint, and then promotes bone erosion. 

At the initial step of the perpetuation of this infl ammatory process, 

the  in vivo  eff ectiveness of 5-I in preventing CIA development 

likewise RXM, might be intimately linked to the ability of 5-I to 

inhibit T cell transendothelial migration and cytokine production 

by T cells and monocytes  in vitro . 

 Various costimulatory pathways, which regulate the production 

of IL-17, TNF- α , or IL-6, have been implicated in the pathogen-

esis of RA based on studies of human tissues and animal models 

[34 – 37]. Advances in understanding disease pathogenesis have led 

to the identifi cation of molecular targets for immuno-therapeutic 

intervention. Therapies inhibiting TNF- α  activity in patients with 

active RA result in rapid and sustained improvement in symptoms 

and signs of disease [38]. It is also conceivable that patients who 

fail to respond to therapy with specifi c TNF- α  inhibitors could 

have IL-17-driven disease. Concurrent or sequential inhibition of 

TNF- α  and IL-17 could enable two diff erent cell types with roles 

in disease pathogenesis to be simultaneously targeted, such as T 

cells and macrophages. 

 Other investigators reported that the regulatory mechanism of 

arthritis involved dysfunction of CII-reactive Th17 cell diff eren-

tiation by overexpression of T-bet [39]. While titers for anti-CII 

antibody in CIA mice treated with RXAM or 5-I were similar to 

those of the control group, we could not exclude the possibility that 

5-I or RXM exerts an eff ect on autoreactive lymphocytes, and this 

possibility will be investigated in a future study involving human 

cells as well as CIA mice. 

 Pharmacokinetics data on RXM provided by a pharmaceutical 

company indicated that the mean peak plasma concentration was 

6.6  μ g/ml and the AUC was 96  μ g.h/ml following the administra-

tion of a single oral dose of RXM 150 mg to healthy young adults 

[40]. At steady state following doses of 150 mg twice daily, the 

mean peak plasma concentration was 9.3  μ g/ml and the AUC was 

71  μ g.h/ml [40]. This information would suggest that the doses of 

RXM used in this study correspond to the potential physiological 

ranges. Although pharmacokinetics data on 5-I are not yet avail-

able, it is estimated that dosages for 5-I are comparable to those 

for RXM, based on similar molecular profi les. Therefore, it is con-

ceivable that the concentration ranges of RXM or 5-I used in this 

study are appropriate physiologically. 

 In conclusion, 5-I is a potent immunomodulatory macrolide that 

ameliorates CIA through anti-infl ammatory actions and suppres-

sion of Th1, Th17, and proinfl ammatory cytokines such as TNF- α  

and IL-6. Since 5-I therapy is also eff ective as delayed treatment 

following the clinical onset of disease, our results strongly suggest 

that it may have a role in the clinical setting as an eff ective thera-

peutic agent. Since RXM has been used successfully for bronchial 

asthma, infl ammatory bowel disease, and RA, 5-I may also be 

useful for treating diseases with Th17 having a signifi cant role in 

disease pathophysiology, such as multiple sclerosis [41], psoriasis 

[42], and Crohn ’ s disease [43].   

RXM, exert immunomodulatory eff ects resulted from inhibition of 

proinfl ammatory cytokines, and strongly suggested that 5-I may be 

useful as potential therapy for human RA.    

 Discussion 

 In this study, we evaluated the immunomodulatory eff ects of 

5-I, a newly synthesized derivative of RXM. We showed that 

5-I exhibited only weak antibacterial activity but clearly reduced 

production of Th1-, Th17-, and proinfl ammatory cytokines such 

as IL-6 and TNF- α  by activated T cells and monocytes. In addi-

tion, 5-I inhibited transendothelial migration of activated T cells, 

while suppressing transcription of ROR γ t mRNA from CD3- and 

CD28-stimulated CD4  �   T cells. In addition, and most importantly, 

5-I administration ameliorated the clinical manifestations of CIA, 

with its benefi cial eff ect being similarly seen when given after the 

onset of CIA-related arthritis symptoms. 

 Na ï ve CD4 T cells may diff erentiate into one of several 

lineages of Th cells, including Th1, Th2, Th17, and inducible 

regulatory T cells (iTreg), as defi ned by their pattern of cytokine 

production and functions [18], and these T cell subsets play 

important roles in T cell-dependent immune regulations. The 

cellular interactions involved in subset diff erentiation are gener-

ally well-defi ned, with both Th1 and Th2 cells controlling the 

diff erentiation of Th17 cells and with Th17 cells inhibiting Th1 

and Th2 development [19]. Since RXM and 5-I suppressed  in 
vitro  production of IL-17, we examined the expression of IL-17-

A-related mRNAs using real-time RT-PCR assays.  RORC , a 

transcription factor coding-gene for the orphan nuclear recep-

tor, retinoic orphan receptor  γ  t (ROR γ t), is uniquely expressed 

in IL-17A-producing mouse T cells and is required for the  in 
vitro  and  in vivo  upregulation of this cytokine in T cells [20]. 

It has been reported recently that ROR γ t has a central function 

in the diff erentiation of human Th17 cells from na ï ve CD4  �   T 

cells [21]. Therefore, data demonstrating suppression of  RORC  
expression by RXM or 5-I supported the  in vitro  results of RXM 

or 5-I-mediated inhibition of IL-17. 

 Several studies have identifi ed the critical roles of TGF- β  

and IL-6 as proximal factors essential for the induction of Th17 

development, and IL-23 has been shown to have a functional role 

subsequent to Th17 commitment, contingent upon the upregula-

tion of the inducible component of the IL-23 receptor [22]. Based 

on these reports, it is conceivable that RXM or 5-I may modu-

late the expression of cytokine receptors or transcription factors 

required for naive CD4  �   T cells to diff erentiate into Th1, Th2, or 

Th17 subset. We assessed the expression of  IL12RB  and  TBX21  

for Th1,  IL13RA  and  GATA3  for Th2, and  IL23R  and  TGFBR2  

for Th17. However, no detectable modulation in the expression 

of mRNAs encoding for these molecules, including  IL23R , was 

observed following treatment by RXM or 5-I (data not shown). 

A potential explanation for this observation may be the fact that 

the optimal time point following RXM or 5-I treatment to detect 

changes in specifi c gene expression has yet to be determined. We 

also performed gene profi ling microarray analysis of purifi ed 

CD4  �   T cells following  in vitro  treatment of RXM or 5-I (data 

not shown). Although the expression levels of mRNAs encoding 

numerous genes were altered by the addition of the macrolides, 

only  TNFAIP6  and  WISP1  mRNAs were consistently down-

regulated among all the diff erent donors, as detected by real-time 

RT-PCR assays. Since TNFAIP6 (also known as TSG-6) and 

WISP1 (also known as CCN4) have been reported to be involved 

in infl ammatory disorders including RA [23 – 27], it is conceivable 

that down – regulation of their expression levels by RXM or 5-I 

may be potentially benefi cial in reducing the joint infl ammation 

seen in conditions such as RA. Other investigators have reported 

that macrolides inhibit TNF or WNT signaling pathways in 



DOI 10.3109/14397595.2014.983262  CIA amelioration by the novel roxithromycin derivative 5-I  569

    Rosloniec   EF ,  Cremer   M ,  Kang   A ,  Myers   LK  .  Collagen-induced 16. 

arthritis . In:   Coligan   JE ,  Kruisbeek   AM ,  Margulies   AH ,  Shevach   EM , 

 Strober   W , eds.   Current Protocols in Immunology .  

    Endo   Y ,  Hirahara   K ,  Yagi   R ,  Tumes   DJ ,  Nakayama   T  .  Pathogenic 17. 

memory type Th2 cells in allergic infl ammation .  Trends Immunol.  

 2014 ; 35(2) : 69 – 78 .  

    Christie   D ,  Zhu   J  .  Transcriptional Regulatory Networks for CD4 T Cell 18. 

Diff erentiation .  Curr Top Microbiol Immunol.   2014 ; 381 : 125 – 72 .  

    Korn   T ,  Bettelli   E ,  Oukka   M ,  Kuchroo   VK  .  IL-17 and Th17 Cells . 19. 

 Annu Rev Immunol.   2009 ; 27 : 485 – 517 .  

    Ivanov ,  II ,  McKenzie   BS ,  Zhou   L ,  Tadokoro   CE ,  Lepelley   A , 20. 

 Lafaille   JJ ,  et   al  .  The orphan nuclear receptor ROR γ t directs the 

diff erentiation program of proinfl ammatory IL-17  �   T helper cells . 

 Cell.   2006 ; 126(6) : 1121 – 33 .  

    Manel   N ,  Unutmaz   D ,  Littman   DR  .  The diff erentiation of human 21. 

T 
H

 -17 cells requires transforming growth factor- β  and induction of the 

nuclear receptor ROR γ t .  Nat Immunol.   2008 ; 9(6) : 641 – 9 .  

    Bettelli   E ,  Oukka   M ,  Kuchroo   VK  .  T 22. 
H

 -17 cells in the circle of 

immunity and autoimmunity .  Nat Immunol.   2007 ; 8(4) : 345 – 50 .  

    Glant   TT ,  Kamath   RV ,  Bardos   T ,  Gal   I ,  Szanto   S ,  Murad   YM , 23. 

 et   al  .  Cartilage-specifi c constitutive expression of TSG-6 protein 

(product of tumor necrosis factor alpha-stimulated gene 6) provides a 

chondroprotective, but not antiinfl ammatory, eff ect in antigen-induced 

arthritis .  Arthritis Rheum.   2002 ; 46(8) : 2207 – 18 .  

    Bayliss   MT ,  Howat   SL ,  Dudhia   J ,  Murphy   JM ,  Barry   FP ,  Edwards   JC , 24. 

 Day   AJ  .  Up-regulation and diff erential expression of the hyaluronan-

binding protein TSG-6 in cartilage and synovium in rheumatoid 

arthritis and osteoarthritis .  Osteoarthritis Cartilage.   2001 ; 9(1) : 42 – 8 .  

    Milner   CM ,  Day   AJ  .  TSG-6: a multifunctional protein associated with 25. 

infl ammation .  J Cell Sci.   2003 ; 116(Pt 10) : 1863 – 73 .  

    Venkatachalam   K ,  Venkatesan   B ,  Valente   AJ ,  Melby   PC ,  Nandish   S , 26. 

 Reusch   JE ,  et   al  .  WISP1, a pro-mitogenic, pro-survival factor, mediates 

tumor necrosis factor-alpha (TNF- α )-stimulated cardiac fi broblast 

proliferation but inhibits TNF- α -induced cardiomyocyte death .  J Biol 

Chem.   2009 ; 284(21) : 14414 – 27 .  

    Mori   H ,  Nishida   K ,  Ozaki   T ,  Inoue   H ,  Setsu   K ,  Tsujigiwa   H ,  et   al  . 27. 

 Expression of WISP-1 (ccn4), WISP-2 (ccn5) and WISP-3 (ccn6) in 

rheumatoid arthritis synovium evaluated by DNA microarrays .  J Hard 

Tissue Biol.   2006 ; 15(3) : 89 – 95 .  

    Takahashi   H ,  Hashimoto   Y ,  Ishida-Yamamoto   A ,  Iizuka   H  . 28. 

 Roxithromycin suppresses involucrin expression by modulation of 

activator protein-1 and nuclear factor- κ B activities of keratinocytes . 

 J Dermatol Sci.   2005 ; 39(3) : 175 – 82 .  

    Asano   K ,  Tryka   E ,  Cho   JS ,  Keicho   N  .  Macrolide therapy in chronic 29. 

infl ammatory diseases .  Mediators Infl amm.   2012 ; 2012 : 692352 .  

    Du   Q ,  Geller   DA  .  Cross-Regulation Between Wnt and NF- 30. κ B Signaling 

Pathways .  For Immunopathol Dis Therap   2010 ; 1(3) : 155 – 81 .  

    Aarvak   T ,  Chabaud   M ,  Miossec   P ,  Natvig   JB  .  IL-17 is produced by 31. 

some proinfl ammatory Th1/Th0 cells but not by Th2 cells .  J Immunol.  

 1999 ; 162(3) : 1246 – 51 .  

    Chabaud   M ,  Durand   JM ,  Buchs   N ,  Fossiez   F ,  Page   G ,  Frappart   L , 32. 

 Miossec   P  .  Human interleukin-17: A T cell-derived proinfl ammatory 

cytokine produced by the rheumatoid synovium .  Arthritis Rheum.  

 1999 ; 42(5) : 963 – 70 .  

    Marinova-Mutafchieva   L ,  Williams   RO ,  Mason   LJ ,  Mauri   C ,  33. 

Feldmann   M ,  Maini   RN  .  Dynamics of proinfl ammatory cytokine 

expression in the joints of mice with collagen-induced arthritis (CIA) . 

 Clin Exp Immunol.   1997 ; 107(3) : 507 – 12 .  

    Durie   FH ,  Fava   RA ,  Foy   TM ,  Aruff o   A ,  Ledbetter   JA ,  Noelle   RJ  . 34. 

 Prevention of collagen-induced arthritis with an antibody to gp39, the 

ligand for CD40 .  Science.   1993 ; 261(5126) : 1328 – 30 .  

    Iwai   H ,  Kozono   Y ,  Hirose   S ,  Akiba   H ,  Yagita   H ,  Okumura   K ,  et   al  . 35. 

 Amelioration of collagen-induced arthritis by blockade of inducible 

costimulator-B7 homologous protein costimulation .  J Immunol.  

 2002 ; 169(8) : 4332 – 9 .  

    Webb   LM ,  Walmsley   MJ ,  Feldmann   M  .  Prevention and amelioration 36. 

of collagen-induced arthritis by blockade of the CD28 co-stimulatory 

pathway: requirement for both B7 – 1 and B7 – 2 .  Eur J Immunol.  

 1996 ; 26(10) : 2320 – 8 .  

    Yoshioka   T ,  Nakajima   A ,  Akiba   H ,  Ishiwata   T ,  Asano   G ,  Yoshino   S , 37. 

 et   al  .  Contribution of OX40/OX40 ligand interaction to the pathogenesis 

of rheumatoid arthritis .  Eur J Immunol.   2000 ; 30(10) : 2815 – 23 .  

    Lipsky   PE ,  van der Heijde   DM ,  St Clair   EW ,  Furst   DE ,  38. 

Breedveld   FC ,  Kalden   JR ,  et   al  .  Infl iximab and methotrexate in the 

treatment of rheumatoid arthritis .  Anti-Tumor Necrosis Factor Trial in 

Rheumatoid Arthritis with Concomitant Therapy Study Group. New 

Engl J Med.   2000 ; 343(22) : 1594 – 602 .  

 Acknowledgement 

 This study was supported in part by a grant of the Ministry of 

Education, Science, Sports and Culture, Japan (K.O. and C.M.), a 

grant of the Ministry of Health, Labour, and Welfare, Japan (C.M.) 

and a Grant-in-Aid (E2628 and S1311011) from the Foundation of 

Strategic Research Projects in Private Universities from the Minis-

try of Education, Culture, Sports, Science, and Technology, Japan 

(K.O. and C.M.).   

 Authorship contributions 

 Contributions: N.O., S.I. and R.H. performed the experiments, 

interpreted the data, O.H. assisted with the paper, K.O. and C.M. 

designed the research, interpreted the data and wrote the paper, 

N.H.D. interpreted the data, assisted with the paper, and proofread 

the manuscript, and T.Y. performed the experiments, analyzed path-

ological results, interpreted the data and assisted with the paper.   

 Confl ict of interest 

 None.                        

 References 

    Kudoh   S ,  Keicho   N  .  Diff use panbronchiolitis .  Semin Respir Criti Care 1. 

Med.   2003 ; 24(5) : 607 – 18 .  

    Gotfried   MH  .  Macrolides for the treatment of chronic sinusitis, asthma, 2. 

and COPD .  Chest.   2004 ; 125(2 Suppl) : 52S – 60S .  

    Park   CS ,  Park   YS ,  Park   YJ ,  Cho   JH ,  Kang   JM ,  Kim   SY  .  The 3. 

inhibitory eff ects of macrolide antibiotics on bone remodeling in 

chronic rhinosinusitis .  Otolaryngology – head and neck surgery . 

 2007 ; 137(2) : 274 – 9 .  

    Inoue   S ,  Nakase   H ,  Matsuura   M ,  Ueno   S ,  Uza   N ,  Kitamura   H ,  et   al  . 4. 

 Open label trial of clarithromycin therapy in Japanese patients with 

Crohn ’ s disease .  J Gastroenterol Hepatol.   2007 ; 22(7) : 984 – 8 .  

    Polat   M ,  Lenk   N ,  Yalcin   B ,  Gur   G ,  Tamer   E ,  Artuz   F ,  Alli   N  . 5. 

 Effi  cacy of erythromycin for psoriasis vulgaris .  Clin Exp Dermatol.  

 2007 ; 32(3) : 295 – 7 .  

    Fraschini   F ,  Scaglione   F ,  Ferrara   F ,  Marelli   O ,  Braga   PC ,  Teodori   F  . 6. 

 Evaluation of the immunostimulating activity of erythromycin in man . 

 Chemotherapy.   1986 ; 32(3) : 286 – 90 .  

    Anderson   R  .  Erythromycin and roxithromycin potentiate human 7. 

neutrophil locomotion  in vitro  by inhibition of leukoattractant-

activated superoxide generation and autooxidation .  J Infect Dis.  

 1989 ; 159(5) : 966 – 73 .  

    Chantot   JF ,  Bryskier   A ,  Gasc   JC  .  Antibacterial activity of roxithromycin: 8. 

a laboratory evaluation .  J Antibiot (Tokyo).   1986 ; 39(5) : 660 – 8 .  

    Young   RA ,  Gonzalez   JP ,  Sorkin   EM  .  Roxithromycin. A review of its 9. 

antibacterial activity, pharmacokinetic properties and clinical effi  cacy . 

 Drugs.   1989 ; 37(1) : 8 – 41 .  

    Noma   T ,  Hayashi   M ,  Yoshizawa   I ,  Aoki   K ,  Shikishima   Y ,  Kawano   Y  . 10. 

 A comparative investigation of the restorative eff ects of roxithromycin 

on neutrophil activities .  Int J Immunopharmacol.   1998 ; 20(11) : 

615 – 24 .  

    Wakita   H ,  Tokura   Y ,  Furukawa   F ,  Takigawa   M  .  The macrolide 11. 

antibiotic, roxithromycin suppresses IFN- γ -mediated immunological 

functions of cultured normal human keratinocytes .  Biol Pharm Bull.  

 1996 ; 19(2) : 224 – 7 .  

    Konno   S ,  Adachi   M ,  Asano   K ,  Okamoto   K ,  Takahashi   T  .  Inhibition of 12. 

human T-lymphocyte activation by macrolide antibiotic, roxithromycin . 

 Life Sci.   1992 ; 51(24) : PL231 – 6 .  

    Yoshimura   T ,  Kurita   C ,  Yamazaki   F ,  Shindo   J ,  Morishima   I ,  Machida  13. 

 K ,  et   al  .  Eff ects of roxithromycin on proliferation of peripheral blood 

mononuclear cells and production of lipopolysaccharide-induced 

cytokines .  Biol Pharm Bull.   1995 ; 18(6) : 876 – 81 .  

    Urasaki   Y ,  Nori   M ,  Iwata   S ,  Sasaki   T ,  Hosono   O ,  Kawasaki   H ,  et   al  . 14. 

 Roxithromycin specifi cally inhibits development of collagen induced 

arthritis and production of proinfl ammatory cytokines by human T 

cells and macrophages .  J Rheumatol   2005 ; 32 : 1765 – 74 .  

    Iwata   S ,  Yamaguchi   N ,  Munakata   Y ,  Ikushima   H ,  Lee   JF ,  Hosono  15. 

 O ,  et   al  .  CD26/dipeptidyl peptidase IV diff erentially regulates the 

chemotaxis of T cells and monocytes toward RANTES: possible 

mechanism for the switch from innate to acquired immune response . 

 Int Immunol   1999 ; 11 : 417 – 26 .  



570 N. Otsuki et al. Mod Rheumatol, 2015; 25(4): 562–570

    Zaba   LC ,  Cardinale   I ,  Gilleaudeau   P ,  Sullivan-Whalen   M , 42. 

 Suarez-Farinas   M ,  Fuentes-Duculan   J ,  et   al  .  Amelioration 

of epidermal hyperplasia by TNF inhibition is associated 

with reduced Th17 responses .  J Exp Med.   2007 ; 204(13) :

 3183 – 94 .  

    Yen   D ,  Cheung   J ,  Scheerens   H ,  Poulet   F ,  McClanahan   T , 43. 

 McKenzie   B ,  et   al  .  IL-23 is essential for T cell-mediated colitis 

and promotes infl ammation via IL-17 and IL-6 .  J Clin Invest.   2006 ;

 116(5) : 1310 – 6 .    

    Kondo   Y ,  Iizuka   M ,  Wakamatsu   E ,  Yao   Z ,  Tahara   M ,  Tsuboi   H ,  et   al  . 39. 

 Overexpression of T-bet gene regulates murine autoimmune arthritis . 

 Arthritis Rheum.   2012 ; 64(1) : 162 – 72 .  

   Product Information, RULIDE 40.   ®     &  RULIDE   ®    D .  http://www.sanofi .

com.au/products/aus_pi_rulide.pdf; 2012.   

    Kebir   H ,  Kreymborg   K ,  Ifergan   I ,  Dodelet-Devillers   A ,  Cayrol   R , 41. 

 Bernard   M ,  et   al  .  Human T 
H

 17 lymphocytes promote blood-brain 

barrier disruption and central nervous system infl ammation .  Nat Med.  

 2007 ; 13(10) : 1173 – 5 .  

Supplementary material available online

Supplementary Table 1 and Figures 1 – 3.





Journal of Clinical Laboratory Analysis 29: 106–111 (2015)

Comparison of Two Commercial ELISAs against an In-House
ELISA for Measuring Soluble CD26 in Human Serum

Kei Ohnuma,1∗ Tatsuhiko Saito,2 Ryou Hatano,1 Osamu Hosono,3 Satoshi Iwata,1

Nam H. Dang,4 Hiroki Ninomiya,5 and Chikao Morimoto1

1Department of Therapy Development and Innovation for Immune Disorders and Cancers, Graduate
School of Medicine, Juntendo University, Hongo, Bunkyo-ku, Tokyo, Japan

2Department of Diabetes and Metabolism Internal Medicine, Kobari General Hospital, Yokouchi, Noda City,
Chiba, Japan

3Department of Rheumatology and Allergy, Research Hospital, Institute of Medical Science, University of
Tokyo, Shrokanedai, Minato-ku, Tokyo, Japan

4Division of Hematology/Oncology, University of Florida, Gainesville, Florida,
5Kobari General Hospital, Yokouchi, Noda City, Chiba, Japan

Background: CD26 is a T-cell costimulatory
molecule with dipeptidyl peptidase IV (DP-
PIV) activity in its extracellular region. The
relevance of sCD26 levels and disease ac-
tivity has been reported in rheumatic or in-
fectious disease. For certain metabolic and
endocrine conditions, DPPIV inhibitors were
recently developed as a new class of antidi-
abetic drugs that act by inhibiting DPPIV, the
enzyme that inactivates incretin hormone.
Higher levels of sCD26 in diabetic patients
have been shown to be associated with a
poor clinical response to DPPIV inhibitors,
with sCD26/DPPIV being an adipokine that
may impair insulin sensitivity. With the in-
creasing use of serum sCD26 and DPPIV
enzyme activity as biomarkers with poten-
tial clinical implications, accurate measure-
ments of serum sCD26 levels and DPPIV
enzyme activity are needed. Methods: We
compare two commercially widely available
and an in-house enzyme-linked immunosor-

bent assays (ELISAs) for measurement of
serum sCD26 in healthy or diabetic human
sera. Results: The significant discrepancies
among the results obtained from commer-
cially available and the in-house sCD26 as-
says were found. We also observed that
a linear correlation between serum sCD26
level and DPPIV enzyme activity exists with
the in-house ELISA, while the commercial
ELISAs demonstrate a lack of consistency
between serum sCD26 level and DPPIV
enzyme activity. Conclusion: These data
strongly suggest that new commercial as-
says for sCD26 plasma levels need detailed
evaluation and validation with samples from
clinically well-characterized patients, and
results obtained from these newer assays
should be compared to those obtained from
well-established in-house assays such as
our assay or other validated sCD26 ELISA
assays. J. Clin. Lab. Anal. 29:106–111,
2015. C© 2014 Wiley Periodicals, Inc.
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INTRODUCTION

CD26 is a 110 kDa surface glycoprotein with dipeptidyl
peptidase IV (DPPIV, EC 3.4.14.5) activity, being a ser-
ine protease that cleaves dipeptides from the N-terminus
of peptides at the penultimate position (1). CD26 is also
associated with T-cell signal transduction processes as a
costimulatory molecule, as well as being a marker of T-cell
activation (2). We have previously reported that effector
CD26-mediated costimulatory activity is exerted via its
DPPIV enzyme activity (2, 3). More recently, we have
shown that serum-soluble CD26 (sCD26) and DPPIV

enzyme activity are inversely correlated with disease ac-
tivity of patients with systemic lupus erythematosus (4).
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Other investigators have reported that serum sCD26 level
was lower in rheumatoid arthritis (RA) patients than in
healthy control or in patients with osteoarthritis (OA)
(5, 6). sCD26 lacks transmembrane and cytolasmic do-
mains (the sequence starting at the 39th amino acid posi-
tion of the full-length of CD26) (7), although its molecular
weight is similar to that of the full-length transmembrane
CD26 since it exists as a homodimer in serum/plasma and
is heavily glycosylated between the 48 and 324th amino
acid positions (8). Meanwhile, DPPIV enzyme activity has
been widely studied in metabolic and endocrine disorders,
and DPPIV inhibitors have been developed as a new class
of antidiabetic drugs that act by inhibiting DPPIV, the en-
zyme that inactivates incretin hormone (9). For instance,
higher serum level of sCD26 was reported to be associ-
ated with a worse response to sitagliptin in patients with
type 2 diabetes (T2DM) controlled inadequately by met-
formin and/or sulfonylurea therapy (10). Moreover, other
investigators have reported that sCD26/DPPIV is one of
the adipokines that may impair insulin sensitivity (11).
The potentially important role played by CD26/DPPIV
in the clinical setting has led to rising interest in the
quantification of serum sCD26 level and DPPIV enzyme
activity over the past decade. This is also reflected in
the number of publications on this topic and in the re-
cent worldwide availability of commercial CD26 enzyme-
linked immunosorbent assays (ELISAs), which can help
researchers working in this area avoid the time-consuming
process of in-house assay development and maintenance.
However, it is our belief that these new commercial as-
says should be proven to deliver accurate, reliable, and
reproducible data prior to usage for analysis of valuable
patient-derived samples, even if the assay is certified by
the manufacturer. In addition, DPPIV enzymatic activity
has been correlated with sCD26 concentration (12), with
the enzymatic activity of DPPIV being determined with
the use of either chromogenic or fluorogenic substrates.
Meanwhile, commercially available DPPIV activity assay
kits have been shown to provide comparable results (13).
On the other hand, comparative studies of different assay
kits for sCD26 quantification have not yet been rigorously
performed using human samples. The aim of this study is
therefore to compare two commercially worldwide avail-
able sCD26 ELISA assays and our own in-house ELISA
for detecting both sCD26 level and specific DPPIV en-
zyme activity.

MATERIALS AND METHODS

Serum Collections and Storage

Peripheral blood samples were collected from healthy
adult volunteers and T2DM patients (regularly seen and
treated at the Kobari General Hospital), using BD Vacu-

tainer blood collection tube SSTII (BD, Franklin Lakes,
NJ). Serum was obtained from 5 ml whole blood by cen-
trifugation at 1,500 × g at 4◦C for 10 min, and stored at
−80◦C in 500 μl aliquots. Human study protocols were
approved by the Ethics Committees at the Kobari General
Hospital (Authorization Number 10) and Juntendo Uni-
versity (Authorization Number 2012192). Informed con-
sent was obtained from all patients. Patients’ gender and
age were matched between normal and T2DM groups. All
studies on human subjects were conducted according to
the principles set out in the Declaration of Helsinki.

ELISA Procedure

Serum samples were removed from the −80◦C freezer
and quickly thawed in a water bath at 37◦C. All samples
were centrifuged 3,000 × g for 5 min to discard debris,
and were then assayed in duplicate. Two commercial
ELISA kits (Human sCD26 Platinum ELISA Kit, or
Human DPPIV/CD26 Quantikine ELISA Kit) were
purchased from eBioscience (Vienna, Austria), or R&D
Systems, Inc. (Minneapolis, MN), respectively. Mea-
surement of sCD26 level was performed according to
the manufacturers’ instructions. An in-house sandwich
ELISA for sCD26 was established in our laboratory
(14). Briefly, Maxisorp ELISAimmunoplates (Nunc,
Roskilde, Denmark) were coated with 100 μl of 10 μg/ml
anti-CD26 monoclonal antibody (mAb) (clone: 5F8,
mouse IgG1) in 0.05 M carbonate/bicarbonate buffer, pH
9.6, by incubating overnight at 4◦C. Remaining binding
sites were blocked with 200 μl of 25% StartingBlock
Blocking Buffer (Thermo Scientific, South Logan, UT)
for 2 h at room temperature. Plates were then incubated
with 100 μl of serum appropriately diluted with 0.01
M phosphate buffered saline (PBS) containing 0.05%
Tween 20 at 4◦C overnight. Bound sCD26 molecules were
detected by incubating with 100 μl of biotin conjugated
anti-CD26 mAb (clone: 9C11, mouse IgG1) followed
by ExtrAvidin-alkaline phosphatase (Sigma-Aldrich, St.
Louis, MO). The plates were developed with 1 mg/ml p-
nitrophenyl phosphate in 10 mM diethanolamine buffer,
pH 9.6, containing 0.5 mM MgCl2. Color development
was monitored at 405 nm on an iMark Microplate
Reader (Bio-Rad Laboratories, Hercules, CA). Ab-
sorbance data were analyzed using Microplate Manager
6 Software (Bio-Rad Laboratories). In parallel with
sCD26 protein concentration, DPPIV enzyme activity of
bound sCD26 to 5F8 was detected by incubation with
glycylproline p-nitroanilide (Gly-Pro-p-NA, 1 mg/ml in
PBS; Sigma-Aldrich). Color development was measured
at 405 nm. These results were standardized by a standard
curve for p-nitroaniline (Sigma-Aldrich). Recombinant
CD26/DPPIV (R&D Systems, Inc.) for a standard curve
was used as the identical reagent in all three assays. 5F8
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TABLE 1. Details of ELISA Assays as Specified by ELISA Manufactures and In-House Protocols

R&D Quantikine eBioscience In-house

Kit format 12 by 8-well strips (flat-bottom) 12 by 8-well strips (flat-bottom) 96-well plate (flat-bottom)
Capture antibody Rat mAb (no further information) mAb (no further information) Mouse mAb (5F8), house-made
Sample dilution and

preparation
100-fold dilution Five-fold dilution 20-fold dilution

Volume/ELISA-well 150 μl 100 μl 100 μl
Dilution buffer Buffered protein base with blue dye

and preservative
No information 0.05% Tween 20-PBS

Sample incubation
temperature

Room temperature Room temperature 4◦C

Sample incubation period 2 h 3 h Overnight
Wash buffer Buffered surfactant with

preservative
1% Tween 20-PBS 0.05% Tween 20-PBS

Detection antibody HRP conjugated pAb Biotinylated mAb Biotinylated mouse mAb
(9C11)

Conjugate/substrate Direct conjugation to detection
pAb/TMB

Streptavidin-HRP/TMB ExtrAvidin-ALP/PNPP

Optical density values (nm) 450 450 405
Standarda Recombinant human DPPIV Recombinant human DPPIV Recombinant human DPPIV
Dynamic range (of

Standard curve)
0.00031–0.020 (μg/ml) 0.0156–0.5 (μg/ml) 0.005–3.0 (μg/ml)

Data reduction Log concentration of serial diluted
standard against OD values

Log concentration of serial diluted
standard against OD values

Log concentration of serial
diluted standard against OD
values

Precision (intra/interassay) 4–7.3%/8.2–9.1% (precision
supplied by manufacturer)

0.8–13.7%/3.3–14.7% (precision
supplied by manufacturer)

0.8–14.3%/4.1–15.9%

ALP, alkaline phosphatase; HRP, horseradish peroxidase; PBS, phosphate buffered saline; PNPP, p-nitrophenyl phosphate; TMB, tetramethylben-
zidine.
aRecombinant human DPPIV is composed of the 34–766th amino acids of human CD26/DPPIV, with a C-terminal 6xHis tag, produced with the
use of mouse myeloma cells NS0. This human DPPIV is highly glycosylated and shows 115 kDa in reducing sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, and presents as a homodimer in nonreducing condition.

was produced by immunizing BALB/cJ mice with a
phytohemagglutinin-stimulated T cell line derived from
the New World primate species Aotus trivirgatus (15).
9C11 was produced by immunizing mice with murine
pre-B 300–19 cell line of human CD26 transfectant (16).
Selected details for the three sCD26 assays including
assay precisions are summarized in Table 1.

Intra-assay and Interassay Variations

To analyze for intra-assay variation, three replicates of
three different samples were run in one assay. To analyze
for interassay variation, three different samples were run
in three independent assays. The intra-assay or interassay
variations were calculated using the following formula:

(SD of assay results)/(mean of assay results) × 100(%).

Statistical Analysis

The values measured are shown as mean ± standard
deviation (SD). The differences between groups were an-
alyzed by one-way repeated measures ANOVA. 95% CIs
were calculated and P values ≤ 0.05 were considered sta-

tistically significant. Correlation was calculated as Pear-
son product-moment correlation coefficient. Statistical
analysis was performed using Microsoft Excel 2011 (Mi-
crosoft Corp., Redmond, WA) or GraphPad PRISM ver-
sion 6 (GraphPad Software Inc., La Jolla, CA).

RESULTS AND DISCUSSION

As shown in Figure 1A, serum sCD26 concentrations
of healthy adults (n = 12) measured by the two commer-
cial kits and the in-house assay differed in all samples
by approximately fourfold (0.34 ± 0.14 μg/ml or 0.36 ±
0.15 μg/ml vs. 1.20 ± 0.31 μg/ml). The values measured
by our in-house assay were significantly higher than those
by the R&D Quantikine assay (P < 0.0001 [95% CI, 0.65–
1.03]), or eBioscience Platinum assay (P < 0.0001 [95% CI,
0.63–1.02]) (Fig. 1A). It has been reported that DPPIV
enzymatic activity has been correlated with the concen-
tration of sCD26 using the normal human sera (12). We
therefore evaluated for potential correlation between DP-
PIV enzymatic activity and sCD26 level in the serum sam-
ples 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 specific
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Fig. 1. Comparison of 12 normal serum samples, tested with three different ELISA assays for sCD26. (A) sCD26 levels in serum samples of 12
healthy adults were measured using the R&D Quantikine (solid squares), eBioscience Platinum (solid triangles), or in-house ELISA assays (solid
circles). Each dot indicates individual value. Data of same samples are connected with horizontal lines. (B) Correlation between levels of sCD26
and DPPIV enzyme activity in serum samples of 12 healthy adults. (a) Comparison between in-house and the R&D Quantikine ELISA assays.
(b) Comparison between in-house and the eBioscience Platinum ELISA assays. DPPIV enzyme activity was measured using our in-house capture
method as described in Materials and Methods. (C) DPPIV enzyme activity in serum samples of 12 healthy adults was measured using the R&D
Quantikine (solid squares), eBioscience Platinum (solid triangles), or in-house ELISA plates (solid circles). The samples were prepared and applied
to each plate by the same method as the in-house method. DPPIV enzyme activity was measured using our in-house capture method as described
in Materials and Methods. Data of same samples are connected with horizontal lines. N.S. denotes not significant.

to sCD26. It is conceivable that 5F8 is used for captur-
ing sCD26 without affecting DPPIV enzyme activity in
the plate since the epitope of human CD26 recognized
by 5F8 is in the extracellular region of the truncated hu-
man CD26 containing the N-terminal residues 1–449th
lacking DPPIV enzyme activity (16). Moreover, 5–10%
of DPPIV activity in normal plasma/serum has been re-
ported to be associated with other DPPIV-like peptidases
such as DASH (DPPIV activity and/or structure homo-
logues) proteins (17). Therefore, it is also possible to cor-
relate the DPPIV activity with sCD26 level by capturing
sCD26 molecules from the samples. As shown in Fig-
ure 1B, levels of sCD26 measured by our in-house assay
clearly correlated with DPPIV enzyme activity (r2 = 0.86;
slope, 0.08 ± 0.002) (solid circles in panels a or b), while
levels of sCD26 measured by the R&D Quantikine (solid
squares in panel a) or eBioscience Platinum assays (solid
triangles in panel b) did not correlate with DPPIV en-
zyme activity (r2 = 0.12; slope, 0.02 ± 0.003, or r2 = 0.01;

slope, 0.02 ± 0.003, respectively). To exclude the possibil-
ity that the incubation period of samples may influence
the results, assays for sCD26 using the R&D Quantikine
or eBioscience Platinum kits were conducted in which
the sample incubation period in the capture step was ex-
tended to overnight at 4◦C, which was the same method
as in our in-house sCD26 assay. However, the obtained
values were not influenced by extending the incubation
period in the capture step (data not shown). Moreover,
it was important to determine whether the values for
DPPIV enzyme activity measured by the in-house plate
were equal to those obtained from the commercial plates.
To address this point, we evaluated captured DPPIV en-
zyme activity on the plates coated with the capture an-
tibody in the R&D Quantikine or eBioscience Platinum
kits. As shown in Figure 1C, the values of the captured
DPPIV enzyme activity were similar for each assay. These
results suggest that the ability to capture sCD26 is similar
among the two commercial and our in-house plates, and
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Fig. 2. Comparison of 50 serum samples of patients with T2DM, tested with three different ELISA assays for sCD26. (A) sCD26 levels in serum
samples of 50 T2DM adults were measured using the R&D Quantikine (solid squares), eBioscience Platinum (solid triangles), or in-house ELISA
assays (solid circles). Each dot indicates individual value. Data of same samples are connected with horizontal lines. N.S. denotes not significant.
(B) Correlation between levels of sCD26 and DPPIV enzyme activity in serum samples of 50 T2DM patients. (a) Comparison between in-house
and the R&D Quantikine ELISA assays. (b) Comparison between in-house and the eBioscience Platinum ELISA assays. DPPIV enzyme activity
was measured using our in-house capture method as described in Materials and Methods.

that the observed variability among the assays may be due
to differences in the sCD26 detection process.

We next determined serum levels of sCD26 in T2DM
patients who were not being treated with DPPIV inhibitor
therapy (n = 50). As shown in Figure 2A, serum sCD26
concentrations of T2DM patients measured by the two
commercial and our in-house assays differed in all samples
by approximately four- to fivefold (0.30 ± 0.12 μg/ml or
0.40 ± 0.10 μg/ml vs. 1.45 ± 0.34 μg/ml). The two com-
mercial assays measured samples of T2DM patients in the
range of 0.15–0.74 μg/ml or 0.19–0.74 μg/ml (Fig. 2A),
values that were compatible with the previously reported
range of serum sCD26 concentrations of T2DM patients,
using commercial assays (10, 18). As observed in healthy
samples (Fig. 1A), the values measured by our in-house
assay were significantly higher than those by the R&D
Quantikine assay (P < 0.0001 [95% CI, 1.04–1.27]) or
eBioscience Platinum assay (P < 0.0001 [95% CI, 0.91–
1.19]) (Fig. 2A). Moreover, levels of sCD26 measured by
our in-house assay clearly correlated with DPPIV enzyme
activity (r2 = 0.94; slope, 0.08 ± 0.001) (solid circles in
panels a or b of Fig. 2B), while levels of sCD26 mea-
sured by the R&D Quantikine (solid squares in panel a of
Fig. 2B) or eBioscience Platinum (solid triangles in panel
b of Fig. 2B) assays did not correlate with DPPIV enzyme
activity (r2 = 0.43; slope, 0.02 ± 0.001, or r2 = 0.002;
slope, 0.02 ± 0.001, respectively). These data indicated
that serum sCD26 concentration in human samples may
be underestimated by the commercially available sCD26
assay, and that poor linearity between DPPIV enzyme
activity and sCD26 level may misinterpret the clinical rel-
evance of this molecule.

A critical issue for ELISAs is that the standard curve is
stably plotted among different assays. In the present as-

says, we used commercially available recombinant human
DPPIV derived from the same lot as the standard com-
pound for all three ELISAs (Table 1), and obtained almost
identical standard curves among various assays (data not
shown). Therefore, the differences seen in sCD26 levels
between the two commercial and our in-house ELISAs
were likely not to be due to differences in the quality of
the standard. To exclude the possibility that the clones
of the capture antibody may influence the results, the in-
house DPPIV enzyme activity assay was conducted with
1F7 as a capture antibody, a different epitope from 5F8.
However, the obtained values were not influenced by the
different epitope capture antibody (data not shown), sug-
gesting higher validity of the in-house DPPIV enzyme
activity assay. Moreover, it is theoretically possible that
single nucleotide polymorphisms (SNPs) may affect the
reactivity of the sandwich antibody sets of the commercial
kits. One nonsynonymous coding region SNP Arg492Lys
(G-≥A, exon 18) was reported, although its frequency
or functional significance has not yet been determined
(19). Since information regarding the clones of the cap-
ture and detection antibodies or the concentrations of
these antibodies used in the commercial assays is not pub-
licly available, the exact reasons for the observed incon-
sistencies seen with the commercial assays evaluated in
this article are not clear. The epitopes of the anti-human
CD26 mAbs used in our in-house assay are distinct from
each other (16), that is, 5F8 or 9C11 recognizes 359–449th
or 740–766th amino acids of human CD26, respectively.
Moreover, these epitopes are also distinct from that of the
humanized anti-CD26 mAb, which was developed in our
laboratory for clinical uses, such as in the potential treat-
ment of malignant methothelioma, or graft-versus-host
disease (20,21). Therefore, our in-house sCD26 assay can

J. Clin. Lab. Anal.



Comparison of Three Different Methods for Soluble CD26 in Human Sera 111

be used to detect sCD26 or DPPIV enzyme activity as
biomarkers of patients who are subjected to humanized
anti-CD26 mAb therapy.

CONCLUSIONS

Given emerging data indicating the importance of
serum levels of sCD26 in certain clinical settings, there
is an urgent need for precise measurement and correla-
tion of values obtained from different assays. In light of
the discrepancies noted with results obtained from com-
mercially available sCD26 assays in the current study, it
seems unlikely that the established associations between
sCD26 plasma levels and diseases such as T2DM, RA,
OA, chronic infection, or malignant diseases can be re-
liably reproduced by the commercial assays (1, 10, 17).
On the other hand, in view of the linearity observed be-
tween sCD26 level and DPPIV enzyme activity, our in-
house assay appears to be superior to the commercial
assays as a means to evaluate sCD26/DPPIV as clini-
cally relevant biomarkers. The current study strongly sug-
gests that new commercial assays for sCD26 plasma levels
need detailed evaluation and validation with samples from
clinically well-characterized patients, and results obtained
from these newer assays should be compared to those ob-
tained from well-established in-house assays such as our
assay or other validated sCD26 ELISA assays.
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CD26 is associated with T cell signal transduction processes as a costimulatory molecule, and CD26+ T cells have been suggested to

be involved in the pathophysiology of diverse autoimmune diseases. Although the cellular and molecular mechanisms involved in

CD26-mediated T cell activation have been extensively evaluated by our group and others, potential negative feedback mecha-

nisms to regulate CD26-mediated activation still remain to be elucidated. In the present study, we examine the expression of

inhibitory molecules induced via CD26-mediated costimulation. We show that coengagement of CD3 and CD26 induces prefer-

ential production of IL-10 in human CD4+ T cells, mediated through NFAT and Raf-MEK-ERK pathways. A high level of early

growth response 2 (EGR2) is also induced following CD26 costimulation, possibly via NFAT and AP-1–mediated signaling, and

knockdown of EGR2 leads to decreased IL-10 production. Furthermore, CD3/CD26-stimulated CD4+ T cells clearly suppress

proliferative activity and effector cytokine production of bystander T cells in an IL-10–dependent manner. Taken together, our

data suggest that robust CD26 costimulatory signaling induces preferential expression of EGR2 and IL-10 as a potential mech-

anism for regulating CD26-mediated activation. The Journal of Immunology, 2015, 194: 960–972.

C
D26 is a 110-kDa type II membrane-bound glycoprotein
with dipeptidyl peptidase IV (DPPIV) activity in its ex-
tracellular domain (1–3). CD26 is associated with T cell

signal transduction processes as a costimulatory molecule, as well
as being a marker of T cell activation (4, 5). Whereas CD26 ex-
pression is increased following activation of resting T cells, CD4+

CD26high T cells respond maximally to recall Ags such as tetanus
toxoid (6). Moreover, crosslinking of CD26 and CD3 with solid-
phase immobilized mAbs can induce T cell costimulation and IL-2
production by CD26+ T cells. Furthermore, high CD26 cell surface
expression in CD4+ T cells is correlated with the production of Th1
and Th17-type cytokines and high migratory activity (4, 7). In fact,
patients with autoimmune diseases, such as multiple sclerosis (MS),

Grave’s disease, and rheumatoid arthritis, have been found to have
increased numbers of CD4+CD26+ T cells in inflamed tissues as

well as in their peripheral blood, with enhancement of CD26 ex-

pression correlating with the autoimmune disease severity (8–10).

We have recently found that cytotoxic activity of CD8+ T cells is

also regulated via CD26-mediated costimulation, and that CD26+

T cells are deeply involved in the pathophysiology of acute graft-

versus-host disease (11, 12). These findings imply that CD26+

T cells play an important role in the inflammatory process and

subsequent tissue damage in such diseases.
Activation of T cells through costimulatory signals is essential

for an effective Ag-specific immune response, whereas the sup-

pressive control of excessive immune responses is also critical for

maintaining self tolerance and preventing autoimmunity. CD28 is

a representative T cell costimulatory molecule, required for optimal

production of cytokines and proliferation, and CD28-deficient mice

have markedly reduced responses to exogenous Ags (13, 14).

Alternatively, CTLA-4 functions as a potent negative regulator of

the T cell response, and CTLA-4–deficient mice develop massive

lymphadenopathy, autoimmunity, and early death (15, 16). Both

CD28 and CTLA-4 are members of the Ig supergene family and

are able to bind CD80 and CD86 expressed on APCs. CTLA-4 is

not expressed on naive T cells, but it is induced after activation.

CTLA-4 interacts with CD80 and CD86 with a 50- to 100-fold

higher binding avidity than CD28, leading to interference of CD28

signaling (17). In addition to the ligand competition, the cyto-

plasmic domain of CTLA-4 associates with phosphatases SHP2

and PP2A to negatively regulate T cell activation, and it also

inhibits the formation of lipid rafts (18). We have identified

caveolin-1 on APCs as a functional ligand for CD26, and the li-

gation of CD26 with caveolin-1 recruits a complex consisting of

CD26, CARMA1, Bcl10, MALT1, and IkB kinase to lipid rafts,

leading to NF-kB activation (19, 20). CD26 possesses DPPIV

enzyme activity, able to cleave dipeptides from polypeptides with

N-terminal penultimate proline or alanine. Molecules displaying

DPPIV-like enzymatic activity and/or structural similarity to the

DPPIV/CD26 have been grouped to a family of “dipeptidyl pep-
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tidase IV activity and/or structure homologs (DASH),” including
enzymatically active members such as fibroblast activation pro-
tein-a, quiescent cell proline dipeptidase/DPP-II/DPP7, DPP8,
DPP9, and enzymatically inactive members such as DPP6 and
DPP10 (21). However, a DASH family member that functions as
a negative regulator of CD26-caveolin-1–mediated T cell activa-
tion has not yet been reported.
Active suppression by regulatory T cells (Tregs) is essential for

the control of autoreactive cells. Tregs suppress immune responses
through either direct cell–cell interactions or the release of in-
hibitory cytokines. CD4+CD25high Tregs expressing FOXP3, a
master regulatory gene for the suppressive activity, suppress im-
mune cells mainly through soluble or membrane-bound TGF-b
(22). Recently, IL-35 has been reported as a new inhibitory cy-
tokine preferentially expressed by mouse Foxp3+ Tregs, and it is
required for their maximal suppressive activity (23). IL-35 is
a member of the IL-12 heterodimeric cytokine family, composed
of EBV-induced 3 and p35 (also known as IL-12a). Type 1 Tregs
(Tr1s) are characterized by high-level production of IL-10 with
regulatory activity (24). Lymphocyte-activation gene 3 (LAG3)
and early growth response 2 (EGR2) have been recently reported
as markers of Tr1-like cells (25). LAG3 binds to MHC class II
molecules with higher affinity than CD4, leading to transduction
of inhibitory signals for both T cells and APCs (26, 27). EGR2 is
an essential transcription factor that regulates the T cell anergy
program by directly upregulating diacylglycerol kinase a, and it
also plays an important role in the induction of LAG3 and IL-10
expression (28).
Although the signaling events involved in CD26-mediated T cell

activation or the cellular functions of CD26-expressing T cells have
been studied extensively by our group and others, the potential
negative feedback mechanism of CD26-mediated costimulation
still remains to be elucidated. The present study focuses on the
expression of inhibitory molecules induced in CD4+ T cells fol-
lowing CD26 costimulation and the signaling pathways involved
in this biological process.

Materials and Methods
Preparation of human T cells

Human PBMCs were collected from healthy adult volunteers after the
documented informed consent and Institutional Review Board approval
were obtained. This study has been performed according to the principles set
out in the Declaration of Helsinki. For purification, the MACS cell sepa-
ration system (Miltenyi Biotec, Bergisch Gladbach, Germany) and MACS
human CD4+ T cell isolation kit (Miltenyi Biotec) were used. Purity of
CD4+ T cells was $97% as confirmed by FACSCalibur (BD Biosciences,
San Jose, CA).

Abs and reagents

For T cell stimulation, anti-CD3 mAb (OKT3), anti-CD28 mAb (4B10),
anti-CD26 mAb (1F7), and the fusion protein of the N-terminal domain of
human caveolin-1 and human IgG1 Fc (Cav-Ig) developed in our laboratory
were used (20). The following human-specific Abs were used for flow
cytometry: FITC-labeled anti-LAG3 mAb (clone 17B4) and FITC-labeled
mouse IgG1, k isotype control (clone MOPC-21) were purchased from
Enzo Life Sciences (Farmingdale, NY). PE-labeled anti–CTLA-4 mAb
(clone L3D10) and PE-labeled mouse IgG1, k isotype control (clone
MOPC-21) were purchased from BioLegend (San Diego, CA). PE-labeled
anti–IL-10 mAb (clone JES3-9D7) and PE-labeled rat IgG1, k isotype
control (clone eBRG1) were purchased from eBioscience (San Diego,
CA). PerCP-labeled anti–latency-associated protein (LAP) mAb (clone
27232) and PerCP-labeled mouse IgG1 isotype control (clone 11711) were
purchased from R&D Systems (Minneapolis, MN). Alexa Fluor 647–la-
beled anti–IFN-g mAb (clone B27), Alexa Fluor 647–labeled anti-FOXP3
mAb (clone 259D/C7), and Alexa Fluor 647–labeled mouse IgG1, k iso-
type control (clone MOPC-21) were purchased from BD Biosciences.
Alexa Fluor 647–labeled anti-CD26 mAb (clone 19) recently developed in
our laboratory was used for the detection of CD26 even in the presence of

another anti-CD26 mAb, 1F7 (29). For Western blot analysis, mouse anti-
NFAT1 mAb (clone 639402), goat anti-NFAT2 polyclonal Ab, and rabbit
anti–p-ERK1 (pT202/pY204)/ERK2 (pT185/pY187) polyclonal Ab were
purchased from R&D Systems. Mouse anti–TATA-binding protein mAb
(clone mAbcam 51841) and rabbit anti-EGR2 mAb (clone EPR4004)
were purchased from Abcam (Cambridge, U.K.). Mouse anti–b-actin mAb
(clone AC-15) was purchased from Sigma-Aldrich (St. Louis, MO).
HRP-conjugated sheep anti-mouse IgG and donkey anti-rabbit IgG were
purchased from GE Healthcare (Buckinghamshire, U.K.), and HRP-
conjugated donkey anti-goat IgG was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). For neutralizing IL-10, anti–human IL-10
mAb (clone JES3-9D7), anti–human IL-10R mAb (clone 3F9), rat IgG1, k
isotype control (clone RTK2071), and rat IgG2a, k isotype control (clone
RTK2758) were purchased from BioLegend. Recombinant human IL-10
and the NFAT inhibitor cyclosporin A (CyA) were purchased from Sigma-
Aldrich. The MEK1/2 inhibitor U0126 and the NF-kB activation inhibitor
quinazoline were purchased from Merck Millipore (Billerica, MA).

Preparation of culture supernatant and measurement of
cytokines

Purified CD4+ T cells (1 3 105) were cultured in serum-free AIM-V
medium (Invitrogen, Carlsbad, CA) in 96-well flat-bottom plates (Costar;
Corning, Corning, NY), with stimulatory mAbs or Cav-Ig being bound in the
wells beforehand at the following concentrations: 0.5 mg/ml OKT3 and/or 2,
5, 10, 20, or 50 mg/ml 4B10 or 1F7 or Cav-Ig. Cells were cultured in 5%
CO2 and 100% humidified incubator at 37˚C for 48, 72, 96, or 120 h. After
incubation, supernatants were collected and cytokine concentrations were
examined using ELISA. BD OptEIA kits for human IL-2, IL-4, IL-5, IL-10,
TNF-a, IFN-g, or TGF-b1 were purchased from BD Biosciences, and the
Ready-SET-Go! kits for human IL-17A or IL-21 were purchased from
eBioscience. The absorbance at 450/570 nm was measured in a microplate
reader (Bio-Rad, Hercules, CA), and data were analyzed with Microplate
Manager 6 software (Bio-Rad).

Flow cytometry

Purified CD4+ T cells (1 3 105) were incubated with plate-bound OKT3
(0.5 mg/ml) and/or 2, 5, 10, 20, or 50 mg/ml of 4B10 or 1F7 in 96-well flat
bottom plates for 96 h, and cells were then collected and prepared for the
analysis of cell surface expression of CTLA-4, LAG3, and LAP. Acqui-
sition was performed using FACSCalibur, and data were analyzed with
FlowJo software (Tree Star, Ashland, OR). For the analysis of intracellular
FOXP3 and LAG3, a human FOXP3 buffer set (BD Biosciences) was used.
For the staining of intracellular cytokines, cells were treated with Golgi-
Stop (monensin) (BD Biosciences) for the last 5 h of culture in the pres-
ence or absence of 50 ng/ml PMA (Sigma-Aldrich) plus 1 mg/ml
ionomycin (Merck Millipore) and then stained using BD Cytofix/
Cytoperm Plus fixation/permeabilization kit (BD Biosciences) according
to the manufacturer’s instructions.

Preparation of lysates and Western blotting

To analyze nuclear expression of ERK or NFAT, purified CD4+ T cells (1.53
106 cells/well, three wells per sample) were incubated with plate-bound
OKT3 (0.5 mg/ml) and/or 4B10 (50 mg/ml) or 1F7 (50 mg/ml) in 24-well
flat-bottom plates (Costar) for 0.5, 1, or 2 h. After incubation, cells were
collected and nuclear extracts were prepared using EpiQuik nuclear ex-
traction kit (Epigentek, Farmingdale, NY) supplemented with 2% protease
inhibitor mixture (Sigma-Aldrich) and 13 PhosSTOP (Roche Diagnostics,
Tokyo, Japan). For the analysis of EGR2 expression, purified CD4+ T cells
(1.5 3 106 cells/well) were stimulated in the above conditions for 24 or
48 h. After incubation, cells were collected and whole-cell lysates were
prepared using RIPA buffer. Each sample was resolved by SDS-PAGE in
reducing condition. SDS-PAGE and Western blot analysis were conducted
as described previously (30). The images were taken using luminescent
image analyzer LAS 4000 (GE Healthcare), and data were analyzed with
image reader LAS 4000 and Multi Gauge software (GE Healthcare).

T cell proliferation assay

Purified CD4+ T cells (1 3 105) were incubated with plate-bound OKT3
(0.5 mg/ml) and/or 4B10 or 1F7 in 96-well flat-bottom plates for 96 h in
the presence or absence of signal inhibitor or culture supernatant. To
evaluate T cell proliferation, a cell proliferation ELISA, BrdU Kit (Roche
Diagnostics) was used. BrdU was added to each well for the last 2 h of
incubation, and proliferation was assessed by measuring BrdU incorpo-
ration by ELISA. The absorbance at 450/655 nm was measured in a
microplate reader, and data were analyzed with Microplate Manager 6
software. T cell proliferation was also assessed by using Cell Counting
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Kit-8 (Dojindo, Kumamoto, Japan). 2-(2-Methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium monosodium salt (WST-
8) was added to each well at a concentration of 1/10 volume for the last
3 h, and the absorbance at 450/595 nm was measured. For the analysis of
the number of cell divisions, a Vybrant CFDA SE cell tracer kit (Mo-
lecular Probes, Carlsbad, CA) was used. Purified CD4+ T cells labeled
with 2 mmol/l CFSE were incubated for 96 h with plate-bound stimulatory
mAbs as described above, and cells were then harvested and analyzed by
FACSCalibur.

Small interfering RNA against human EGR2

We selected two target sequences from nucleotides +1802 to 1820 (sense1)
and +1890 to 1908 (sense2) downstream of the start codon of human EGR2
mRNA: sense1 small interfering RNA (siRNA), 59-GAGUUGAUCUAA-
GACGUUUdTdT-39, and sense2 siRNA, 59-CACUUUAUGGCUUGGG-
ACUdTdT-39. siRNAs against EGR2 were purchased from Sigma-Aldrich,
and negative control siRNA (oligonucleotide sequences are not disclosed)
was purchased from Qiagen (Valencia, CA). Fifty picomoles siRNA
duplexes were transfected into 5 3 105 purified CD4+ T cells by using
HVJ-E vector (GenomONE-Si; Ishihara Sangyo Kaisha, Osaka, Japan)
according to the manufacturer’s instructions (19, 20).

Quantitative real-time RT-PCR assay

Purified CD4+ T cells or siRNA transfected CD4+ T cells (5 3 105) were
incubated with plate-bound OKT3 (0.5 mg/ml) and/or 4B10 or 1F7 or
Cav-Ig in 24-well flat-bottom plates for 6, 12, 24, 48, or 72 h in the presence
or absence of signal inhibitor or culture supernatant. After incubation,
cells were collected and total RNA was extracted by the use of an RNeasy
Micro kit according to the manufacturer’s instructions (Qiagen). cDNA
was produced by using a PrimeScript II first strand cDNA synthesis kit
(TaKaRa Bio, Shiga, Japan) with oligo(dT) primers. Quantification of
mRNA was performed using the 7500 real-time PCR System and SYBR
Select Master Mix (Applied Biosystems, Foster City, CA). The obtained data
were analyzed with 7500 System SDS software (Applied Biosystems), being
normalized to hypoxanthine phosphoribosyltransferase expression. Sequen-
ces of primers used in quantitative real-time RT-PCR analysis are shown in
Supplemental Table I.

Statistical analysis

Data were analyzed by the paired Student t test (two-tailed) for two group
comparison, or by the ANOVA test for multiple comparison testing. The
assay was performed in triplicate wells, and data are presented as mean 6
SD of triplicate samples of the representative experiment, or mean6 SE of
triplicate samples of independent experiments. Significance was analyzed
using MS Excel (Microsoft) and p values , 0.01 were considered sig-
nificant and are indicated in the corresponding figures and figure legends.

Results
CD26-mediated costimulation induces the development of
CD4+ T cells to a Tr1-like phenotype with high IL-10
production

To explore the negative feedback mechanism associated with
CD26-mediated costimulation, we first examined the cytokine
production profile of CD4+ T cells, focusing particularly on the
production of immunosuppressive cytokines such as TGF-b and
IL-10. To characterize the specific phenotype associated with
CD26 costimulation, we compared the level of cytokine produc-
tion following costimulation with either CD26 or CD28, a repre-
sentative T cell costimulatory pathway. As shown in Fig. 1A, only
a small amount of cytokines was produced following stimulation
with anti-CD3 mAb alone (gray lines), whereas both anti-CD3
plus anti-CD26 and anti-CD3 plus anti-CD28 costimulation
greatly enhanced cytokine production (red or blue lines). Pro-
duction of IL-10 by CD4+ T cells was preferentially increased
following CD26-mediated costimulation compared with CD28-
mediated costimulation over the tested time intervals (Fig. 1Aa).
IL-21 production was also greatly enhanced in the late phase of
CD26 costimulation (Fig. 1Ab). Alternatively, production of IL-2,
IL-5, or TNF-a was much lower following CD26 costimulation
than CD28 costimulation (Fig. 1Af–h). In contrast, no difference in
the production of IL-17A, IFN-g, or IL-4 was observed following

CD26- or CD28-mediated costimulation (Fig. 1Ac–e). Real-time
RT-PCR analysis was then conducted to confirm the above results.
As shown in Fig. 1B, IL-10 and IL-21 mRNA expression levels
were higher after 24 h of CD26 costimulation than CD28 co-
stimulation. Meanwhile, the amount of TGF-b1 was below the
detection limit (0.125 ng/ml), and mRNA expression level of IL-35
subunits (EBV-induced 3 and p35) was not elevated following
CD26- or CD28-mediated costimulation (data not shown). These
data indicate that CD26 and CD28 costimulation of CD4+ T cells
results in different profiles of cytokine production, with IL-10
production being preferentially enhanced following CD26 co-
stimulation.
To further characterize the biological process involved in IL-10

production following CD26 costimulation, we evaluated the effect
of a wide range of concentrations of anti-CD26 and anti-CD28
mAbs. Additionally, to assess whether caveolin-1, a physiologi-
cal ligand of CD26, can induce IL-10, we activated CD4+ T cells
with anti-CD3 mAb and Cav-Ig as described in Materials and
Methods. As shown in Fig. 2Aa, CD26-mediated costimulation by
both anti-CD3 plus anti-CD26 and anti-CD3 plus Cav-Ig greatly
enhanced IL-10 production compared with CD28-mediated co-
stimulation. It is noteworthy that the enhancement in CD26-
mediated IL-10 production via either anti-CD26 mAb or Cav-Ig
was dose-dependent, whereas IL-10 production decreased with
increasing doses of anti-CD28 mAb (Fig. 2Aa). IL-17A produc-
tion following CD26-mediated costimulation was similar to that
observed following CD28-mediated costimulation (Fig. 2Ab).
Although the amount of IL-2 produced by CD4+ T cells following
CD26 costimulation was 1–10 ng/ml and significantly higher than
anti-CD3 mAb alone, it was consistently lower than that induced
by CD28 costimulation (Fig. 2Ac, Supplemental Fig. 1A). T cell
proliferation in response to CD26 costimulation was significantly
decreased in the presence of neutralizing anti–IL-2 mAb, indi-
cating that a relatively small amount of IL-2 induced by CD26
costimulation was sufficiently functional for enhancing T cell
proliferation (Supplemental Fig. 1B). For further confirmation,
we analyzed the intracellular expression of IL-10 in CD4+ T cells
through flow cytometry. Because inhibition of protein transport by
monensin or brefeldin A is essential for intracellular cytokine
staining, we analyzed IL-10 expression in T cells stimulated by
anti-CD3 plus a high dose (50 mg/ml) of anti-CD26 or anti-CD28
with monensin for the last 5 h of culture. As shown in Fig. 2B, IL-
10 and IFN-g were equally induced in CD4+ T cells following
CD26 costimulation (Fig. 2Bb), whereas CD28 costimulation in-
duced only IFN-g but hardly induced IL-10 (Fig. 2Ba). Note that
only ∼2% of CD4+ T cells expressed IL-10 following CD26 co-
stimulation, but this induction was significant and was consistently
seen in all the repeated experiments. In contrast with IFN-g level,
which was clearly detected by restimulation with PMA plus ion-
omycin, detection of the IL-10 level was relatively difficult be-
cause restimulation with PMA plus ionomycin hardly affected the
percentage of IL-10–expressing cells following either CD26- or
CD28-mediated costimulation (the results with similar stimulatory
condition are shown in Fig. 6B). Previous work by Jonuleit et al.
(31) investigating IL-10 expression also demonstrated a relatively
low level of IL-10 expression when human peripheral blood CD4+

T cells from healthy volunteers were primed and restimulated with
allogeneic dendritic cells. We also noted that another anti-human
IL-10 mAb from BD Biosciences gave similar results (data not
shown). To define whether IL-10–expressing CD4+ T cells fol-
lowing CD26-mediated costimulation expressed CD26, we stained
cell surface CD26 and intracellular IL-10. For this purpose, as
described in Materials and Methods, we used an anti-human CD26
mAb recognizing a different epitope from the one recognized by
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the immobilized anti-CD26 mAb, 1F7, used for CD26 costimula-
tion. As shown in Fig. 2Bc, all of the IL-10–expressing CD4+

T cells were shown to express CD26. Taken together, these results
indicate that CD26-mediated costimulation in CD4+CD26+ T cells
preferentially induces IL-10, and this effect increases with en-
hancing intensity of CD26-mediated signaling.
We next examined the expression of selected molecules with

well-characterized immunosuppressive functions by flow cytom-
etry, including the cell surface expression of CTLA-4 and LAP
complexed with TGF-b1, and the intracellular expression of
transcription factor FOXP3. Because LAG3 has been reported to
be continuously recycled and rapidly translocated to the plasma
membrane in response to antigenic stimulation (32), we analyzed
both the cell surface and intracellular expression of LAG3. As
shown in Fig. 3, both the cell surface and intracellular expression
of LAG3 was clearly enhanced with increasing doses of anti-CD26
mAb, and CD26-induced enhancement of LAG3 was more pro-
nounced than the effect of CD28-mediated costimulation (Fig. 3Aa).
Alternatively, both CD26- and CD28-mediated costimulation en-
hanced the expression of CTLA-4 and FOXP3, with no significant
difference being detected between these two costimulatory pathways
(Fig. 3Ac, d). In contrast with CD28 costimulation, LAP was hardly
induced following CD26 costimulation (Fig. 3Ab). Although the

mean fluorescence intensity (MFI) results of LAP, CTLA-4, or
FOXP3 correlated with those of percentage of cells expressing
LAP, CTLA-4, or FOXP3 shown in Fig. 3A, the values of MFI,
especially for LAP and FOXP3, were low and the difference be-
tween CD26- and CD28-mediated costimulation was minimal (data
not shown). Alternatively, as shown in Fig. 3B, all of the CD4+

T cells expressed LAG3 following CD26 or CD28 costimulation,
and no difference was observed in the percentage of LAG3-
expressing cells, whereas the expression intensity of LAG3 after
CD26-mediated costimulation was higher than after CD28-mediated
costimulation. LAG3 also serves as a marker of IL-10–producing
Tregs (25), suggesting that signaling events via CD26 may induce
the development of CD4+ T cells to a Tr1-like phenotype.

NFAT and Raf-MEK-ERK signalings are indispensable for
CD26-mediated T cell activation

We next examined the signaling events associated with CD26-
mediated enhancement in IL-10 production in CD4+ T cells. Al-
though cytokine receptor signaling through JAK-STAT plays
a crucial role in T cell differentiation into specific effector subsets
or Tregs, the initial signaling events for inducing cytokine pro-
duction in T cells are associated with the TCR signaling pathway.
Therefore, we first examined the effect of signal inhibitors against

FIGURE 1. CD26-mediated costimulation of CD4+

T cells induces greater levels of IL-10 and IL-21 than

does CD28-mediated costimulation. Freshly purified CD4+

T cells were stimulated with anti-CD3 mAb alone, anti-

CD3 plus anti-CD28 mAbs (5 mg/ml), or anti-CD3 plus

anti-CD26 mAbs (5 mg/ml) for the indicated times. (A)

Concentrations of IL-10 (a), IL-21 (b), IL-17A (c), IFN-g

(d), IL-4 (e), IL-2 (f), IL-5 (g), and TNF-a (h) were ex-

amined by ELISA. (B) mRNA expression of IL-10 (a) and

IL-21 (b) was quantified by real-time RT-PCR. Each ex-

pression was normalized to HPRT1, and relative expres-

sion levels compared with resting CD4+ T cells (0 h) were

shown. Representative data of seven (A) and three (B) in-

dependent donors are shown as mean 6 SD of triplicate

samples, comparing values in anti-CD3 plus anti-CD26 to

those in anti-CD3 plus anti-CD28 (*p , 0.01), and similar

results were obtained in each experiment.
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NFAT, AP-1, or NF-kB, essential transcription factors for T cell
activation located at the terminal end of TCR signaling. We first
assessed T cell proliferation by measuring BrdU incorporation
by ELISA, which is generally accepted to be equivalent to the
[3H]thymidine incorporation assay. As shown in Fig. 4A, the
NFAT inhibitor CyA and the MEK1/2 inhibitor U0126 markedly
inhibited the proliferative activity of CD4+ T cells following
CD26 or CD28 costimulation. Of note, T cells activated with anti-
CD3 and anti-CD26 were much more sensitive to these inhibitors
as compared with CD28 costimulation, and a high dose of CyA
and U0126 suppressed the proliferation of T cells to the same level
of proliferative activity as anti-CD3 alone (Fig. 4A). Additionally,
we conducted a T cell proliferation assay by using tetrazolium
salt, and results similar to those obtained with the BrdU incor-
poration assay were observed (Fig. 4B). As shown in Fig. 4C, the
effects of NFAT and MEK1/2 inhibitors on IL-10 production were
very similar to those on T cell proliferation. Whereas the NF-kB
inhibitor quinazoline also suppressed T cell proliferation and IL-
10 production in a dose-dependent manner, its effect on CD4+

T cells following CD26 costimulation was less apparent as com-
pared with NFAT and MEK1/2 inhibitors (Fig. 4A–C). These three
inhibitors had similar effects on IL-17A and IFN-g production as
they did with IL-10 production (data not shown). These results
indicate that both NFAT- and Raf-MEK-ERK–related signals are
indispensable for CD26-mediated T cell activation, and they
suggest that the intensity or persistence of these two signal

pathways in CD4+ T cells are different between CD26 and CD28
costimulation.
To further define the difference between CD26- and CD28-

mediated costimulatory signaling pathways, we next examined
the amount of NFAT and p-ERK1/2 translocated to the nucleus of
CD4+ T cells following CD26 or CD28 costimulation. The NFAT
family consists of five members (NFAT1–5), and only NFAT5 is
regulated by osmotic stress, not by calcium–calcineurin signaling
(33). Because NFAT3 is reported to be absent in T cells, we an-
alyzed the expression of NFAT1, NFAT2, and NFAT4. As shown
in Fig. 4D, stimulation with both anti-CD3 plus anti-CD28 and
anti-CD3 plus anti-CD26 resulted in increased nuclear levels of
p-ERK1/2 and NFAT2 compared with anti-CD3 alone. Nuclear
levels of p-ERK1/2 peaked at 30 min and then gradually decreased
following CD28-mediated costimulation, whereas accumulation
of NFAT2 in the nucleus reached a maximum after 2 h of CD28
costimulation. Alternatively, CD26-mediated costimulation re-
sulted in greater enhancement of nuclear level of NFAT2 com-
pared with CD28 costimulation, whereas the maximum level of
p-ERK1/2 following CD26-mediated costimulation was lower
than that seen with CD28 costimulation, but the effect of CD26
costimulation on p-ERK1/2 persisted until 2 h after stimulation. In
contrast, no difference in nuclear level of NFAT1 was observed
following CD26 or CD28 costimulation. As shown in Fig. 4D,
when each sample was immunoblotted with anti-NFAT2, two
bands were detected in molecular mass regions at ∼110,000 and

FIGURE 2. CD26-mediated costimulation of CD4+

T cells greatly enhances IL-10 in a stimulation intensity–

dependent manner. (A) Freshly purified CD4+ T cells were

stimulated with anti-CD3 mAb alone, anti-CD3 plus anti-

CD28 mAbs, anti-CD3 plus anti-CD26 mAbs, or anti-CD3

mAb plus Cav-Ig at the indicated concentrations for 96 h.

Concentrations of IL-10 (Aa), IL-17A (Ab), and IL-2 (Ac)

were examined by ELISA. Representative data of five in-

dependent donors are shown as mean 6 SD of triplicate

samples, comparing values in anti-CD3 plus anti-CD26 or

anti-CD3 plus Cav-Ig to those in anti-CD3 plus anti-CD28

(*p , 0.01), and similar results were obtained in each ex-

periment. (B) Freshly purified CD4+ T cells were stimulated

with anti-CD3 plus anti-CD28 mAbs (50 mg/ml) (a) or anti-

CD3 plus anti-CD26 mAbs (50 mg/ml) (b and c) for 72 h.

Cells were treated with monensin in the absence of PMA

plus ionomycin restimulation for the last 5 h of culture, and

cell surface CD26, intracellular IFN-g, and IL-10 were

detected by flow cytometry. (Ba and b) Two-dimensional dot

plot of IFN-g or IL-10 staining gated for CD4+ T cells is

shown. (Bc) Following gating for CD4+IL-10+ population as

indicated in (Bb), the expression of CD26 was analyzed. The

data are shown as histogram of CD26 intensity, and the gray

area in the histogram show the data on the isotype control.

A representative plot or histogram of four independent

donors is shown, and similar results were obtained in each

experiment.
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130,000 Da. The band with the higher molecular mass is thought
to represent the constitutively expressed NFAT2 isoform, and the
one with the lower molecular mass probably represents the in-
ducible NFAT2 isoform (33). In contrast with NFAT4, which was
only slightly expressed both in the cytoplasm and the nucleus of
peripheral blood CD4+ T cells (data not shown), the protein level
of NFAT2 was abundant and clearly increased in response to
CD26 or CD28 costimulation compared with NFAT1, suggesting
that among the NFAT family, NFAT2 plays a crucial role in reg-
ulating human CD4+ T cell activation. NFAT protein is known to
synergistically interact with many transcription factors, including
AP-1, which is the main transcriptional partner of NFAT during
T cell activation. Alternatively, in the absence of AP-1, NFAT
directs transcription of a specific program of gene expression that
may be responsible for blocking TCR signaling (33). Taken to-
gether, these results strongly suggest that persistent NFAT–AP-1
cooperation is responsible for CD26-mediated T cell activation,
leading to a specific pattern of gene expression different from
CD28-mediated costimulation.

Increased EGR2 expression following CD26-mediated
costimulation is associated with preferential IL-10 production

The findings above suggest that persistent NFAT–AP-1 activation
following CD26-mediated costimulation is associated with en-
hanced IL-10 production. The molecular mechanisms involved
in the process of IL-10 transcription in T cells have been well
characterized, with the involvement of many transcription factors
having been reported previously. c-Maf and IFN regulatory factor
4 (IRF4) directly transactivate IL-10 gene expression through
binding to the IL-10 promoter (34, 35), whereas Blimp-1 posi-

tioned downstream of EGR2, GATA-3, and E4BP4 (also known as
NFIL3) enhances IL-10 expression epigenetically by acetylating
or methylating histones to change the chromatin structure at the
IL-10 locus (36–38). We hypothesized that preferential IL-10
production of CD4+ T cells following CD26-mediated costimu-
lation was associated with the induction of such transcription
factors. To validate the above assumption, we conducted a real-
time RT-PCR assay to analyze the expression levels of the tran-
scription factors discussed above following CD26 or CD28
costimulation. As shown in Fig. 5Aa, CD26 costimulation resulted
in greater enhancement of EGR2 expression in CD4+ T cells
during the tested time intervals as compared with CD28 cost-
imulation. Alternatively, both CD26 and CD28 costimulation
markedly increased the expression of IRF4 compared with unsti-
mulated T cells, but no difference was observed between these two
costimulatory pathways (Fig. 5Ab). In contrast, both CD26 and
CD28 costimulation of T cells led to a decrease in c-Maf or
Blimp-1 expression (Fig. 5Ac, d), as well as a decline in expres-
sion levels of GATA-3 and E4BP4 (data not shown), indicating
that EGR2 expression was preferentially induced following CD26-
mediated costimulation. Western blot analysis was then conducted
to confirm the above results. As shown in Fig. 5B, the protein level
of EGR2 was higher after 24 or 48 h of CD26 costimulation than
CD28 costimulation. Because it has been reported that EGR2
transcription is regulated by NFAT (39), we next examined the
potential involvement of NFAT in the induction of EGR2 ex-
pression following CD26 costimulation. As shown in Fig. 5C,
stimulation with both anti-CD3 plus anti-CD26 and anti-CD3 plus
Cav-Ig clearly enhanced EGR2 expression compared with CD28
costimulation, a process that was partially inhibited by the NFAT

FIGURE 3. CD26-mediated costimulation of CD4+

T cells induces greater LAG3 expression than does

CD28-mediated costimulation. (A) Freshly purified

CD4+ T cells were stimulated with anti-CD3 mAb

alone, anti-CD3 plus anti-CD28 mAbs, or anti-CD3

plus anti-CD26 mAbs at the indicated concentrations

for 96 h. Cell surface LAP (Ab), CTLA-4 (Ac), intra-

cellular LAG3 (Aa), and FOXP3 (Ad) gated for CD4+

T cells were detected by flow cytometry. Data are

shown as mean 6 SE of MFI (Aa) or percentage pos-

itive cells (Ab–d) from five independent donors, com-

paring values in anti-CD3 plus anti-CD26 to those in

anti-CD3 plus anti-CD28 (*p , 0.01), and similar

results were obtained in each experiment. (B) Freshly

purified CD4+ T cells were stimulated with anti-CD3

mAb alone, anti-CD3 plus anti-CD28 mAbs (50 mg/ml),

or anti-CD3 plus anti-CD26 mAbs (50 mg/ml) for 96 h.

After stimulation, cell surface (a) or intracellular (b)

expression of LAG3 gated for CD4+ T cells was ana-

lyzed by flow cytometry. Data are shown as histogram of

LAG3 and are representative of five independent donors.

The gray areas in each histogram show the data of iso-

type control.

The Journal of Immunology 965

http://www.jimmunol.org/


FIGURE 4. NFAT and Raf-MEK-ERK signaling events are indispensable for CD26-mediated CD4+ T cell activation. (A–C) Freshly purified CD4+

T cells were stimulated with anti-CD3 plus anti-CD26 mAbs (25 mg/ml) (a) or anti-CD3 plus anti-CD28 mAbs (25 mg/ml) (b) for 96 h in the presence of

increasing doses of vehicle (DMSO, 0.0025, 0.0075, 0.025%), NFAT inhibitor (CyA, 0.01, 0.1, 1 mM), MEK1/2 inhibitor (U0126, 0.5, 1.5, 5 mM), or NF-

kB inhibitor (quinazoline, 0.1, 0.5, 2.5 mM). (A) BrdU was added for the last 2 h of culture, and proliferation was assessed by measuring BrdU incor-

poration by ELISA. (B) Tetrazolium was added for the last 3 h of culture, and the absorbance at 450 nm was measured. (C) Concentration of IL-10 was

examined by ELISA. Representative data of two (A) and four (B and C) independent donors are shown as mean 6 SD of triplicate samples, and similar

results were obtained in each experiment. (D) Freshly purified CD4+ T cells were stimulated with anti-CD3 mAb alone, anti-CD3 plus anti-CD28 mAbs

(50 mg/ml), or anti-CD3 plus anti-CD26 mAbs (50 mg/ml) for the indicated times. Nuclear extracts were separated by SDS-PAGE (each at 5 mg), and

p-ERK1/2, NFAT1, or NFAT2 were detected by immunoblotting. The same blots were stripped and reprobed with Abs specific (Figure legend continues)
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inhibitor alone and completely abrogated by the combination of
the NFAT and MEK1/2 inhibitors. Furthermore, to determine
whether EGR2 expression was associated with IL-10 production,
we conducted knockdown experiments using siRNA against
EGR2 in primary CD4+ T cells. Expression level of EGR2 in
T cells following CD26 costimulation was determined by real-
time RT-PCR in the presence of control siRNA or two different
sequences of EGR2-siRNA. As shown in Fig. 5Da, b, EGR2-
siRNA treatment reduced EGR2 expression by ∼50% as com-
pared with control siRNA, which was associated with a significant
decrease in IL-10 production by CD4+ T cells. Because similar
results were also obtained with a different siRNA sense2 designed
to target a separate EGR2 site, data obtained with EGR2-siRNA
sense1 as described in Materials and Methods are shown. Because
it has been shown that EGR2-deficient CD4+ T cells in mice
produced high levels of IFN-g and IL-17 following TCR stimu-
lation (40), we therefore examined the effect of EGR2 knockdown
on IL-17A and IFN-g production by human CD4+ T cells. As
shown in Fig. 5Dc, d, production of both cytokines was vigorously
enhanced by EGR2-siRNA compared with control siRNA. These
results rule out the possibility that the decrease in IL-10 production
seen with EGR2-siRNA treatment was due to the nonspecific off-
target effects of siRNA. Taken together, these observations strongly
suggest that CD26-mediated costimulation of CD4+ T cells results
in enhanced NFAT/AP-1–dependent EGR2 expression, which is
associated with the preferential production of IL-10.

Supernatants of CD3/CD26-stimulated CD4+ T cells suppress
activation of bystander T cells in an IL-10–dependent manner

To address the functional significance of enhanced IL-10 pro-
duction by CD4+ T cells following CD26-mediated costimulation,
we prepared culture supernatant of CD4+ T cells stimulated with
anti-CD3 plus a high dose (50 mg/ml) of anti-CD26 or anti-CD28
as a control and then examined whether the supernatant of CD3/
CD26-stimulated T cells (CD26 sup) suppressed activation of
bystander T cells. We confirmed that higher levels of IL-10 and
lower levels of IL-2 were contained in CD26 sup as compared
with the supernatant of CD3/CD28-stimulated T cells (CD28 sup),
as shown in Fig. 2A. As shown in Fig. 6Aa, b, addition of CD26
sup to freshly purified CD4+ T cells incubated under stimulatory
condition with anti-CD3 plus anti-CD26 for 24 h resulted in
a significant reduction in expression levels of both IL-2 and IFN-g
as compared with AIM-V medium, and this inhibitory effect was
abrogated by the addition of anti–IL-10 plus anti–IL-10R. In
contrast, IL-10 expression in CD4+ T cells was significantly en-
hanced by CD26 sup, and this enhancing effect was almost
completely reversed by anti–IL-10 plus anti–IL-10R (Fig. 6Ac).
These results indicate that IL-10 contained in the CD26 sup
suppresses the expression of effector cytokines such as IL-2 and
IFN-g but upregulated the expression of IL-10. Alternatively,
treatment with CD28 sup markedly upregulated IL-2 expression,
suggesting the presence in CD28 sup of soluble factors such as
IL-2 that enhance the process of T cell activation (Fig. 6Aa). In
contrast, addition of anti–IL-10 plus anti–IL-10R in the presence
of CD28 sup increased the expression of IFN-g but decreased IL-
10 expression, suggesting that the relatively small amount of IL-
10 in the CD28 sup was sufficient to regulate CD4+ T cell cytokine
production (Fig. 6Ab, c). To analyze the effect of CD26 sup on the

proportion of IL-10 or effector cytokine-expressing cells, we next
performed intracellular staining of IL-10 and IFN-g in CD4+

T cells. As shown in Fig. 6Ba, d, stimulation of freshly purified
CD4+ T cells with anti-CD3 plus anti-CD26 in the presence of
CD26 sup for 3 d resulted in a decrease in the relative percentage
of IFN-g–expressing cells (from 18.5 to 11.1%) as compared with
AIM-V medium, whereas the proportion of IL-10–expressing cells
was hardly affected by CD26 sup. The effect of CD26 sup on the
proportion of IFN-g–expressing cells was reversed by anti–IL-10
plus anti–IL-10R (Fig. 6Be). Alternatively, addition of CD28 sup
to CD4+ T cells did not change the proportion of IFN-g–ex-
pressing cells, but CD28 sup treatment in the presence of anti–IL-
10 and anti–IL-10R led to an increase in the level of IFN-g+ cells
(Fig. 6Bb, c), suggesting that the CD28 sup contained both acti-
vating and inhibitory factors such as IL-10. These findings
strongly suggest that CD26 sup preferentially suppresses the
proliferation of effector cytokine–expressing cells in an IL-10–
dependent manner.
We next analyzed the effect of CD26 sup on T cell proliferation.

As shown in Fig. 7A, CD26 sup clearly inhibited the prolifera-
tive activity of freshly purified CD4+ T cells following CD26
costimulation. Although CD28 sup also slightly suppressed the
proliferation of T cells following CD26 costimulation, the sup-
pressive effect of CD26 sup was much more pronounced com-
pared with CD28 sup. Interestingly, the suppressive effect on
T cells following CD26 costimulation was more evident com-
pared with T cells following CD28 costimulation (Fig. 7A). To fur-
ther evaluate this observed difference, we conducted the same
T cell proliferation assay in the presence of rIL-10. As shown in
Supplemental Fig. 2A and 2B, T cells stimulated with anti-CD3
plus anti-CD26 were much more sensitive to the inhibitory effect
of IL-10 as compared with CD28 costimulation, and the difference
between CD26 and CD28 costimulation was markedly evident
in cytokine production compared with proliferative activity. We
further analyzed the expression of IL-10R on CD4+ T cells fol-
lowing CD26- or CD28-mediated costimulation but observed no
difference in the expression intensity of IL-10R between these two
costimulatory approaches (Supplemental Fig. 2C). To characterize
in more detail the effect of CD26 sup on T cell proliferation, we
analyzed the cell division process of CFSE-labeled CD4+ T cells
by flow cytometry. As shown in Fig. 7Ba, b, d, e, CD26 sup
exhibited a very potent suppressive effect on the proliferation of
T cells stimulated with anti-CD3 plus anti-CD26 compared with
CD28 sup, and this effect was partially reversed by addition of
anti–IL-10 plus anti–IL-10R. It is noteworthy that 10 ng/ml rIL-
10, a higher concentration than that found in CD26 sup, clearly
suppressed T cell proliferation, but this effect was not more potent
than CD26 sup (Fig. 7Bd, f). Alternatively, CD26 sup only slightly
inhibited the proliferation of T cells stimulated with anti-CD3 plus
anti-CD28, and these CD3/CD28-stimulated CD4+ T cells were
much less sensitive to the inhibitory effect of IL-10 as compared
with CD3/CD26-stimulated T cells (Fig. 7Cc, d). These results
correlated strongly with the proliferative activity shown in Fig.
7A. Taken together, these data strongly suggest that soluble fac-
tors secreted from CD4+ T cells following CD26-mediated co-
stimulation profoundly suppress bystander T cell proliferation,
with IL-10 having a synergistic effect on the suppressive activity
of these soluble factors.

for TATA-binding protein (TBP) as a loading control. Band intensity of p-ERK1/2, NFAT1, or NFAT2 was normalized to TBP, and relative intensity compared

with resting CD4+ T cells (0 h) is indicated in the bottom panel. Data are shown as mean 6 SE of relative intensity from three independent donors,

comparing values in anti-CD3 plus anti-CD28 or anti-CD3 plus anti-CD26 to those in anti-CD3 alone at the same stimulation period (ap , 0.01), and anti-

CD3 plus anti-CD26 to those in anti-CD3 plus anti-CD28 at the same stimulation period (bp , 0.01).

The Journal of Immunology 967

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402143/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402143/-/DCSupplemental
http://www.jimmunol.org/


Discussion
In the present study, we show that coengagement of CD3 and
CD26 induces the development of CD4+ T cells to a Tr1-like
phenotype with a high level of IL-10 production and LAG3 ex-
pression. CD26 costimulation also induces a high level of EGR2
associated with preferential IL-10 production, possibly via NFAT-
and AP-1–mediated signaling. Furthermore, supernatants of these
CD3/CD26-stimulated CD4+ T cells clearly suppress the prolif-
erative activity and effector cytokine production of bystander
T cells in an IL-10–dependent manner.
Because the maintenance of peripheral tolerance by Tregs is

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

as TGF-b for Foxp3+ Tregs or IL-27 for Tr1 cells (41), costim-
ulatory signals for the induction of Tregs have not been fully
understood. ICOS and CD46 have been reported as costimulatory
signals inducing Tr1-type cells (42, 43). ICOS costimulation
regulates c-Maf expression possibly through the enhancement of
NFAT2 signal (44). CD46 costimulation induces interaction of the
cytoplasmic tail of CD46 (CYT-1-BC1) with SPAK, leading to
sustained phosphorylation of ERK1/2 (45). The importance of
sustained phosphorylation of ERK1/2 has also been reported for
the development of IL-10–producing Th1 cells (46). However,
sustained phosphorylation of ERK1/2 alone is not sufficient to
explain the preferential IL-10 production, and transcription factors
such as c-Maf, IRF4, Blimp-1, GATA-3, and E4BP4 (NFIL3) may
be associated with the transcription of IL-10 (34–38). Our present
study indicates that EGR2 expression is enhanced in CD4+ T cells
following CD26-mediated costimulation (Fig. 5A, B), and EGR2

FIGURE 5. EGR2 expression strongly in-

duced via CD26-mediated costimulation is

associated with IL-10 production. (A and B)

Freshly purified CD4+ T cells were stimulated

with anti-CD3 alone, anti-CD3 plus anti-CD28

mAbs (25 mg/ml), or anti-CD3 plus anti-CD26

mAbs (25 mg/ml) for the indicated times. (A)

mRNA expression of EGR2 (a), IRF4 (b),

c-Maf (c), and Blimp-1 (d) was quantified by

real-time RT-PCR. Each expression was nor-

malized to HPRT1, and relative expression

levels compared with resting CD4+ T cells

(0 h) are shown. Representative data of four

independent donors are shown as mean 6 SD

of triplicate samples, comparing values in anti-

CD3 plus anti-CD26 to those in anti-CD3 plus

anti-CD28 (*p , 0.01). (B) Whole-cell lysates

were separated by SDS-PAGE (each 10 mg),

and EGR2 was detected by immunoblotting.

The same blots were stripped and reprobed

with Abs specific for b-actin as a loading

control. Data shown are representative of two

independent experiments with similar results.

(C) Freshly purified CD4+ T cells were stimu-

lated with anti-CD3 plus anti-CD28 mAbs

(25 mg/ml), anti-CD3 plus anti-CD26 mAbs

(25 mg/ml), or anti-CD3 mAb plus Cav-Ig

(25 mg/ml) for 6 h in the presence of vehicle

(DMSO, 0.025%), NFAT inhibitor (CyA,

1 mM), or NFAT inhibitor plus MEK1/2 in-

hibitor (U0126, 5 mM). mRNA expression of

EGR2 was quantified by real-time RT-PCR,

and the relative expression level is shown as in

(A). Representative data of three independent

donors are shown as mean 6 SD of triplicate

samples. (D) Freshly purified CD4+ T cells

were transfected with siRNA against EGR2 or

control siRNA (Ctrl) and stimulated with anti-

CD3 plus anti-CD28 mAbs (25 mg/ml) or anti-

CD3 plus anti-CD26 mAbs (25 mg/ml) for 24 h

(a) or 96 h (b–d). (Da) mRNA level of EGR2

is shown as in (A). (Db–d) Concentrations of

IL-10 (b), IL-17A (c), and IFN-g (d) were

examined by ELISA. Representative data of

four independent donors are shown as mean 6
SD of triplicate samples, comparing values

with EGR2 siRNA to those with control siRNA

(*p , 0.01), and similar results were obtained

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

ERK1/2 signaling in the induction of EGR2 expression has been
recently reported in osteoprogenitors or breast adipose fibroblasts
(48, 49), suggesting that the ERK signaling pathway is also as-
sociated with the transcription of EGR2 in T cells.
The importance of the anti-inflammatory effects of IL-10 has

been confirmed in IL-10–deficient mice. IL-10–deficient mice
develop spontaneous colitis at an early age, indicating that IL-10
is essential for intestinal homeostasis (50). IL-10–deficient mice
also exhibit severe neuroinflammation with loss of recovery in
experimental autoimmune encephalomyelitis (51). Furthermore,
the generation of Tr1 cells from peripheral CD4+ T cells has been
shown to be greatly impaired in MS patients in comparison with
healthy controls (52). Therefore, Tr1-mediated immunotherapy
may be a potentially effective approach for the treatment of many
autoimmune disorders, including inflammatory bowel disease or
MS. Several groups have attempted to generate large numbers of
Tr1 in vitro for clinical applications, and IL-27 is being considered
currently to be an essential factor for the generation of Tr1 cells
(53). In addition to IL-27, costimulatory signals through ICOS or
CD46 play an important role in the generation or expansion of Tr1
cells. Our present study raises the possibility that CD26 is a novel
costimulatory molecule inducing preferential IL-10 production in

FIGURE 6. Supernatants of CD3/CD26-activated CD4+ T cells suppress effector function of bystander T cells while augmenting IL-10 expression in an

IL-10–dependent manner. Culture supernatants of CD4+ T cells stimulated with anti-CD3 plus anti-CD28 mAbs (50 mg/ml) or anti-CD3 plus anti-CD26

mAbs (50 mg/ml) for 72 h were collected, and freshly purified CD4+ T cells were stimulated with anti-CD3 plus anti-CD26 mAbs (5 mg/ml) in the presence

of the supernatant (CD28 sup or CD26 sup) or AIM-V medium as a control. Prior to the onset of culture, the combination of anti-human IL-10 mAb and

anti-human IL-10 receptor mAb (aIL10/IL10R) or isotype control mAbs (isotype ctrl) were added to the culture wells to give a final concentration of 20

mg/ml each. (A) After 24 h of incubation, cells were harvested and mRNA expression of IL-2 (a), IFN-g (b), or IL-10 (c) was quantified by real-time RT-

PCR. Each expression was normalized to HPRT1, and relative expression levels compared with the sample of control medium are shown. Representative

data of three independent donors are shown as mean 6 SD of triplicate samples, comparing values in each sample to that in control medium. *p , 0.01,

**p , 0.0001. (B) On day 3, cells were restimulated with PMA plus ionomycin in the presence of monensin for the last 5 h of culture, and the intracellular

expression of IFN-g and IL-10 was detected by flow cytometry. Two-dimensional dot plot of IFN-g or IL-10 staining gated for CD4+ T cells is shown as

a representative plot of three independent donors, and similar results were obtained in each experiment.
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CD4+ T cells. Because CD26, ICOS, and CD46 belong to different
families and their downstream signaling events are considered to
be different, the combination of these costimulatory pathways
may have additive effects on the induction of Tr1 cells. For this
purpose, identification of the T cell subsets producing a high level
of IL-10 following CD26 costimulation is needed. Because the
CD4+ T cells used in this study contained all the T cell subsets
such as naive, Th1, Th2, Th17, follicular helper T, or Treg, we
conducted costimulation assays following purification of CD4+

naive, memory, or Treg subsets. Although the absolute amount of
IL-10 produced by CD45RO+ memory T cells was higher than
CD45RA+ naive T cells, both naive and memory CD4+ T cells
costimulated through CD26 produced greater levels of IL-10
compared with CD28 costimulation (Supplemental Fig. 3). In
contrast, purified CD4+CD25highCD127lowFOXP3+ cells appar-

ently produced a low level of IL-10 following CD26 costimulation
compared with other populations of CD4+ T cells (Supplemental
Fig. 3). These observations indicate that naturally occurring CD4+

CD25highCD127lowFOXP3+ cells are not the source of IL-10
production, and they suggest that the subpopulation included in
memory CD4+ T cells is the main source of IL-10, whereas naive
CD4+ T cells also produce IL-10 in response to CD26 costimu-
lation. Additionally, in vivo studies focusing on the suppressive
activity of this population of in vitro–differentiated CD4+ T cells,
or the stability or plasticity of this IL-10–producing phenotype,
need to be considered in future work.
CD28 is a representative T cell costimulatory pathway, and the

negative feedback mechanism through CTLA-4 is associated with
this pathway as a means of controlling excessive T cell activation.
CD26 also functions as a costimulatory molecule in human T cells,

FIGURE 7. Supernatants of CD3/CD26-activated CD4+ T cells significantly suppress the proliferation of bystander T cells through partial dependence on

IL-10. Culture supernatants were prepared by the same method as shown in Fig. 6. (A) Freshly purified CD4+ T cells were stimulated with anti-CD3 mAb

alone, anti-CD3 plus anti-CD28 mAbs (5 mg/ml), or anti-CD3 plus anti-CD26 mAbs (5 mg/ml) for 96 h in the presence of the supernatant (CD28 sup or

CD26 sup) or AIM-V medium as a control. Tetrazolium was added for the last 3 h of culture, and the absorbance at 450 nm was measured. Representative

data of five independent donors are shown as mean 6 SD of triplicate samples, comparing values with culture supernatants to those with control medium

(*p , 0.01). (B) CFSE-labeled freshly purified CD4+ T cells were stimulated with anti-CD3 plus anti-CD26 mAbs (5 mg/ml) in the presence of the

supernatant [CD28 sup (b and c) or CD26 sup (d and e)] or recombinant human IL-10 (rIL-10, 10 ng/ml) (f) or AIM-V medium (a) as a control. Prior to the

onset of culture, the combination of anti-human IL-10 mAb and anti-human IL-10 receptor mAb (aIL-10/IL-10R) (Bc and e) or isotype control mAbs

(isotype ctrl) (Bb and d) were added to the culture wells to give a final concentration of 20 mg/ml each. (C) CFSE-labeled freshly purified CD4+ T cells were

stimulated with anti-CD3 plus anti-CD28 mAbs (5 mg/ml) in the presence of the supernatant [CD28 sup (b) or CD26 sup (c)] or recombinant human IL-10

(rIL-10, 10 ng/ml) (d) or AIM-V medium (a) as a control. After 96 h of incubation, cells were harvested and analyzed by flow cytometry. The data are

shown as histograms of CFSE intensity gated for CD4+ T cells and are representative of three independent donors, and similar results were obtained in each

experiment. The gray areas in each histogram show the data of T cells cultured for 96 h without any stimulation.
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and CD26+ T cells have been suggested to be involved in the
pathophysiology of various immune disorders such as MS, rheu-
matoid arthritis, and graft-versus-host disease (8, 10, 12). Our
present study shows that stimulation through TCR and high-
intensity interaction of caveolin-1–CD26-mediated signaling in-
duces the development of CD4+ T cells to a Tr1-like phenotype.
Caveolin-1 is a ubiquitously expressed ligand of CD26 in many cell
types such as epithelial cells, endothelial cells, fibroblasts, macro-
phages, and neutrophils. We have previously shown that caveolin-1
was detected on the cell surface of monocytes 12–24 h after Ag
uptake, and that CD26 and caveolin-1 colocalized at the T cell/
monocyte contact site (19). Moreover, caveolin-1 expression is
regulated by NF-kB, and stimulation with LPS or TNF-a increases
the expression of caveolin-1 mRNA and protein (54), suggesting
that expression of caveolin-1 may be increased on cells accumu-
lated at sites of inflammation, leading to the transduction of in-
tensive CD26-mediated signaling in CD26+ T cells. Taken together,
our data strongly suggest that CD4+ T cells receiving robust cav-
eolin-1–CD26-mediated signaling at the inflammatory site produce
a high level of IL-10 and potentially other inhibitory factors to
curtail the inflammatory process. Because striking defects in the
induction of Tr1 cells through CD46 costimulation have been re-
ported in patients with MS (52), it is conceivable that negative
feedback mechanisms for regulating excessive CD26-mediated
activation may be impaired in patients with autoimmune diseases,
and further research is required to evaluate this hypothesis.
The cytoplasmic domain of CD28 has several common motifs

that bind to signaling molecules such as PI3K, growth factor re-
ceptor–bound protein 2, or IL-2–inducible T cell kinase, whereas
the cytoplasmic tail of CD26 consists of only 6 aa without any
conserved kinase or protein-binding motifs (18). We have previ-
ously shown that CD26 localizes into lipid rafts, and stimulation
with anti-CD3 plus anti-CD26 promotes aggregation of lipid rafts,
leading to colocalization of CD45 to TCR signaling molecules
such as p56Lck, ZAP-70, or TCRz (30). Our present data strongly
suggest that persistent NFAT–AP-1 cooperation is responsible
for CD26-mediated T cell activation, and sustained activation of
NFAT and ERK1/2 is possibly due to the aggregation of signaling
molecules in lipid rafts following CD26-mediated costimulation.
Furthermore, we have previously shown that DPPIV enzyme ac-
tivity is partially involved in the costimulatory activity of CD26
through studies using wild-type CD26 (DPPIV+) or mutant CD26
(DPPIV2)–transfected Jurkat T cell lines (55). Other groups re-
ported that the synthetic competitive DPPIV inhibitor Lys[Z(NO2)]
significantly suppressed the proliferation and production of IL-2,
IL-10, and IFN-g in PWM-stimulated human T cells (56). They
showed that these DPPIV inhibitors markedly increased the se-
cretion of latent TGF-b1 by PWM-stimulated T cells, resulting in
suppression of T cell activation. To further characterize the role of
DPPIVenzyme activity in T cell activation, we are now examining
the effect of the clinically used DPPIV specific inhibitor sita-
gliptin. Our preliminary data indicate that sitagliptin strongly
suppresses the proliferative activity and production of cytokines
including IL-10 of human CD4+ T cells following CD26-mediated
costimulation compared with CD28-mediated costimulation (data
not shown), with the precise molecular mechanisms involved in
this process being currently investigated.
In conclusion, intensive CD26 costimulatory signaling induces

the development of CD4+ T cells to a Tr1-like phenotype with
a high level of IL-10 production, possibly for regulating poten-
tially excessive CD26-mediated activation. Whether this possible
negative feedback mechanism of CD26 costimulation is normally
maintained or impaired in patients with autoimmune diseases is
the subject of future investigations.
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Hair follicles are unique structures in the mammalian skin that provide 
a niche for keratinocyte and melanocyte stem cells1,2. Various leukocyte 
subsets localize to hair follicles3. We recently demonstrated that hair fol-
licles recruit skin dendritic cells to sites of minor trauma4. Keratinocytes 
in the hair follicle infundibulum and isthmus produce the chemokines 
CCL2 and CCL20, recruiting myeloid cells after experiencing physical 
perturbation. A subset of keratinocytes in the suprabasal layer of the fol-
licular bulge region express another chemokine, CCL8, which prevents 
local Langerhans cell (LC) accumulation, a mechanism that may protect 
bulge stem cells from excessive leukocyte infiltration4. These data estab-
lish that hair follicles actively promote immune homeostasis.

T cells that reside in peripheral tissues have been described in recent 
years, and their importance is now well established5–9. Skin-resident 
TRM cells display an effector memory phenotype, and are generated 
after immunological insults such as viral infection6,8. In the context 
of infection, CD4+ memory T cells accumulate primarily in the der-
mis, whereas CD8+ TRM cells accumulate within the epidermis7. Both  
T cell subsets exhibited tropism to the hair follicles7. Skin TRM cells 
express CD69 and CD103 (ref. 10). CD69 suppresses sphingosine- 
1-phosphate receptor 1 expression, which prevents T cells from emi-
grating from lymphoid organs or other tissues into circulation11,12. 
CD103-mediated retention of T cells in the skin probably occurs by 
adhesion to E-cadherin13. The non-migratory nature of CD8+ TRM 
cells has been established in parabiotic mice8, and CD4+ TRM cells in 
human skin have been engrafted onto immunodeficient mice14.

Infiltration of T cells into the epidermis is a prominent feature in 
both inflammatory and neoplastic human diseases, including graft-
versus-host disease, drug eruptions and cutaneous T cell lymphoma 
(CTCL). In fixed drug eruption, CD8+ T cells attack the epidermis 
to cause keratinocyte cell death in the presence of the drug(s)15. 
After clinical resolution, CD8+ T cells with a memory phenotype 
persist within the epidermis15,16. The majority of CTCL is caused by 
CD4+ lymphoma cells17. In the classic form—mycosis fungoides—
lymphoma cells with a TRM cell phenotype infiltrate the epidermis, 
including the follicular epithelium18,19, and they slowly accumulate  
and proliferate to form tumors. Such epidermis- and follicle-infiltrating  
T cells are termed epidermotropic T cells20.

Given the importance of TRM cells in conferring long-term 
immunological memory6,8 and regulatory functions that maintain 
immunological homeostasis13,21,22, elucidation of mechanisms that 
support long-term persistence in the skin may provide insight into  
T cell homeostasis in health and disease. Here we demonstrate that the 
epidermotropism of TRM cells is supported by the hair follicle–derived 
cytokines IL-7 and IL-15.

RESULTS
CD4+ and CD8+ T cells in steady-state epidermis
To characterize TRM cells in the epidermis, we prepared verti-
cal sections of frozen skin samples taken from unmanipulated  
adult C57BL/6J mice, and then visualized CD4+ and CD8+ T cells 
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Hair follicle–derived IL-7 and IL-15 mediate skin-resident 
memory T cell homeostasis and lymphoma
Takeya Adachi1, Tetsuro Kobayashi1,2, Eiji Sugihara3, Taketo Yamada4,7, Koichi Ikuta5, Stefania Pittaluga6, 
Hideyuki Saya3, Masayuki Amagai1 & Keisuke Nagao1,2

The skin harbors a variety of resident leukocyte subsets that must be tightly regulated to maintain immune homeostasis.  
Hair follicles are unique structures in the skin that contribute to skin dendritic cell homeostasis through chemokine production.  
We demonstrate that CD4+ and CD8+ skin-resident memory T cells (TRM cells), which are responsible for long-term skin immunity, 
reside predominantly within the hair follicle epithelium of the unperturbed epidermis. TRM cell tropism for the epidermis and 
follicles is herein termed epidermotropism. Hair follicle expression of IL-15 was required for CD8+ TRM cells, and IL-7 for CD8+ 
and CD4+ TRM cells, to exert epidermotropism. A lack of either cytokine in the skin led to impaired hapten-induced contact 
hypersensitivity responses. In a model of cutaneous T cell lymphoma, epidermotropic CD4+ TRM lymphoma cell localization 
depended on the presence of hair follicle–derived IL-7. These findings implicate hair follicle–derived cytokines as regulators of 
malignant and non-malignant TRM cell tissue residence, and they suggest that the cytokines may be targeted therapeutically in 
inflammatory skin diseases and lymphoma. 
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using immunofluorescence microscopy. We routinely observed  
small numbers of both CD4+ and CD8+ T cells in the follicular  
epithelium (Fig. 1a). Visualization of the basement membrane using 
integrin α6 staining confirmed that both CD4+ and CD8+ T cells 
resided within the follicular epithelium (Supplementary Fig. 1a). 
Staining epidermal sheets revealed that CD8+ T cells were present both 
in hair follicles and in the interfollicular epidermis, whereas CD4+  
T cells were localized exclusively around hair follicles (Supplementary 
Fig. 1b). In flow cytometry analysis of epidermal cell suspen-
sions, exclusion of LCs and dendritic epidermal T cells enabled the  
identification of small numbers of CD4+ and CD8+ T cells, con-
sistent with the immunofluorescence microscopy results (Fig. 1b).  
The number of CD4+ T cells in the epidermis was comparable to  
that in the dermis (Fig. 1c). CD8+ T cells were found exclusively  
in epidermal cell suspensions (Fig. 1c)7. Contamination of the  

epidermal preparation with dermal leukocytes and vice versa seemed 
unlikely (Supplementary Fig. 1c,d).

Phenotypic analysis suggests that most of these CD4+ and  
CD8+ T cells are effector memory T cells, as assessed by their cell 
surface expression of CD44 and CD62L, and they are resident cells,  
as suggested by CD103 and CD69 co-expression (Fig. 1d). CD4+  
T cells in the epidermis expressed slightly lower levels of CD103  
than did those in the dermis (Fig. 1e). Furthermore, the epidermis 
contained fewer CD4+ FoxP3+ regulatory TRM cells than did the  
dermis (Fig. 1f), suggesting that the organization of CD4+ TRM cells in 
the two skin compartments may be differentially regulated. Hereafter, 
memory T cells that reside in the epidermis and the follicles will be 
referred to as epidermotropic TRM cells, not to indicate their entity 
as a distinct T cell subset, but solely to describe their localization  
in the skin.
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TRM cells associate with hair follicles during epidermal entry
TRM cells are generated during skin infection and accumulate not only 
at sites of primary inoculation, but also at distant sites8,23. To model 
this distribution of TRM cells, we adoptively transferred wild-type 
(WT) splenocytes into Rag2−/− mice, which lack lymphocytes. After 
being transferred into a lymphopenic environment, donor T cells 
undergo homeostatic proliferation, and we hypothesized that such  
T cells might distribute to peripheral tissues such as the epidermis 
and skin. Indeed, CD4+ and CD8+ T cells appeared in the epidermis 
of Rag2−/− recipients 10 d after transfer, and by day 14, their numbers 
had reached levels detectable in WT mice (Fig. 1g). Donor T cells 
displayed effector memory and resident cell phenotypes (Fig. 1h), 
and thus represent epidermotropic TRM cells.

Visualization of CD4+ and CD8+ TRM cells during active epi-
dermal repopulation revealed close association with hair follicles  
(Fig. 1i). CD4+ TRM cells initially appeared within the dermis,  
accumulated around hair follicles in frozen sections on day 7 after 
transfer, and then distributed within the epidermis and dermis  
thereafter (Supplementary Fig. 1e). In contrast to CD4+ TRM cells, 
CD8+ TRM cells appeared directly within the interfollicular epider-
mis, and then accumulated around the hair follicles (Supplementary  
Fig. 1e,f). Thus, the anatomical modes of entry for CD4+ and CD8+ 
TRM cells seem to be distinct.

Hair follicle keratinocytes express Il15 and Il7
IL-15 and IL-7 are important cytokines that enable the generation and 
maintenance of memory T cells24,25. Our previous study4 revealed that 
hair follicle keratinocyte subsets exhibit distinct chemokine expression 
profiles. To determine whether hair follicle keratinocytes expressed 
mRNA encoding IL-15 and IL-7, we sorted epidermal keratinocytes 

into those from the interfollicular epidermis, infundibulum, isthmus, 
basal layer bulge or suprabasal layer bulge4 (Fig. 2a). Similarly to 
previously described patterns of chemokine expression4, real-time 
PCR analysis revealed that both Il15 and Il7 mRNA were predomi-
nantly expressed by keratinocytes in the infundibulum and isthmus  
(Fig. 2b). Because most of the mouse pelage hair follicles are in  
telogen, we studied the vibrissae to determine whether cytokines 
were expressed during anagen. The transient portions of anagen hair  
follicles did not express Il7, but the bulb expressed low levels of  
Il15 (Supplementary Fig. 2a). We also analyzed cytokine mRNA 
expression in major leukocyte subsets in the epidermis and 
found that LCs, but not dendritic epidermal T cells, expressed 
Il15 (Supplementary Fig. 2b). Both leukocyte subsets lacked Il7  
expression (data not shown).

Epidermotropic TRM cells require hair follicle–derived cytokines
Analysis of CD4+ and CD8+ TRM cells using flow cytometry revealed 
that both T cell subsets expressed IL-15/2Rβ and IL-7Rα (Fig. 2c,d). 
Given the unavailability of an animal model enabling conditional 
ablation of IL-15, we generated bone marrow (BM) chimeric mice 
to determine whether epidermotropic TRM cells were influenced by 
hair follicle–derived cytokines. Reconstitution of WT or Il15−/− mice 
with BM from Rag2−/− mice led to the generation of lymphopenic 
mice that either expressed (WTRag) or lacked (Il15-knockout(KO)Rag)  
IL-15 in peripheral tissues, including the skin (Fig. 2e). We then trans-
ferred WT splenocytes into these BM chimeric mice and analyzed 
the numbers of epidermotropic TRM cells at day 14 after the transfer  
(Fig. 2e). The numbers of epidermotropic CD4+ TRM cells had slightly 
increased in recipient Il15-KORag mice, whereas epidermotropic CD8+ 
TRM numbers had been reduced (Fig. 2f). The numbers of CD4+ and 
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CD8+ T cells in the spleen were comparable in recipient Il15-KORag 
and WTRag mice (Supplementary Fig. 2c), indicating that the differ-
ence in the numbers of epidermotropic CD8+ TRM cells was due to 
the loss of IL-15 in the skin. The numbers of epidermotropic CD8+ 
TRM cells were tenfold higher than those of unmanipulated WT mice. 
Upregulation of IL-15 mRNA expression in keratinocytes in lethally 
irradiated mice may have contributed to the enhanced population of 
CD8+ TRM cells in the epidermis (Supplementary Fig. 2d).

Because LCs also expressed Il15 mRNA, we studied the effect of LC 
depletion on epidermotropic TRM cells using two different models. 
Neither constitutive loss nor depletion of LCs affected the numbers 
of epidermotropic TRM cells (Supplementary Fig. 3a–c). Thus, hair  
follicle–derived IL-15 is crucial for the maintenance of epidermotropic  
CD8+ TRM cells.

A different approach was taken to evaluate the contribution of hair 
follicle–derived IL-7, because T cells failed to undergo homeostatic 
proliferation when transferred into Il7-KORag mice (data not shown). 
We crossed K14-CreERT mice26 with Il7-floxed mice to generate 
mice in which ablation of IL-7 in the epidermis could be specifi-
cally induced in the skin of adult mice by administering tamoxifen 
injections (Supplementary Fig. 2e). Because of the potential for a 
continuous influx of newly generated TRM cells, which could alter 
total cell numbers during and after IL-7 ablation, we treated mice with 
FTY720, a sphingosine-1-phosphate receptor 1 inhibitor that inhibits 
lymphocyte egress from lymph nodes, thereby preventing the influx 
of endogenous TRM cells into the epidermis (Fig. 2g). Epidermal 
ablation of IL-7 reduced the numbers of both CD4+ and CD8+ TRM  
cells 14 d after the loss of IL-7, an effect that persisted for at least 28 d  
(Fig. 2h). The numbers of splenic T cells remained unaffected by 
the loss of IL-7 in the skin (Supplementary Fig. 2f). Therefore, hair  

follicle–derived IL-7 is required for both CD4+ and CD8+ TRM cells 
to persist in the epidermis.

Impaired contact hypersensitivity responses in the absence of 
IL-7 and IL-15
Impaired anatomical localization of TRM cells during the steady state 
in the absence of hair follicle–derived IL-15 and IL-7 might affect  
subsequent immune responses in the skin. To address this, we induced 
contact hypersensitivity (CHS) with a hapten in mice that lacked  
hair follicle–derived cytokines. To analyze the effect of IL-15  
deficiency in the context of CD8+ TRM cells, we generated WTRag  
and Il15-KORag mice using BM transplantation (Fig. 2e). These BM  
chimeric mice were injected with CD8+ T cells obtained from  
skin-draining lymph nodes of 1-fluoro-2,4-dinitrobenzene (DNFB)-
sensitized mice (Fig. 3a). Transferred CD8+ T cells are expected  
to undergo homeostatic proliferation and distribute to peripheral  
tissues, including the skin, in WTRag, but not in Il15-KORag mice 
(Figs. 1g and 2f). Recipient mice were then challenged with DNFB, 
and ear-swelling responses were monitored. Both ear swelling  
and lymphocytic infiltration were reduced in the absence of  
tissue-derived IL-15 (Fig. 3b,c).

The roles of hair follicle–derived IL-7 and TRM cells were assessed 
in the context of CD4+ T cell–mediated CHS. To generate lympho-
penic mice that constitutively lack IL-7 in the epidermis, K5-Cre 
mice and Il7-floxed mice27 were each crossed to the Rag2−/− back-
ground (Il7fl/flK5-Cre × Rag2−/− mice). CD4+ T cells isolated from  
skin-draining lymph nodes of DNFB-sensitized WT mice were 
transferred into Il7fl/flK5-Cre × Rag2−/− mice or control Rag2−/− 
mice. Recipient mice were challenged with DNFB 14 d after transfer, 
and ear-swelling responses were assessed (Fig. 3d). Ear swelling and  
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lymphocytic infiltration were both reduced in Il7fl/flK5-Cre × Rag2−/− 
mice on days 2 and 3 after the challenge (Fig. 3e,f). This transient 
effect might reflect the generation and influx of newly generated 
recipient TRM cells after DNFB challenge.

A CD4+ T cell lymphoma model with skin involvement
Epidermotropism of T cells is a histological hallmark in human CTCL. 
In particular, lymphoma cells in mycosis fungoides exhibit a TRM 
cell phenotype18,19,28. IL7 expression is increased in CTCL skin29. 
Whether lymphoma cells also require hair follicle–derived cytokines 
remains unclear. Thus, we extended our TRM cell repopulation model 
in Rag2−/− mice by generating a novel lymphoma model.

Mutations in, or upregulation of, the oncogene MYC30,31, as well 
as mutations in the tumor-suppressor gene INK4A/ARF (officially 
known as CDKN2A), have been implicated17,30 in human lymphoma 
and CTCL. Cdkn2a−/− mice are prone to tumor development, includ-
ing T cell lymphoma32,33. Cdkn2a−/− progenitor B cells transduced 
with Myc generate B cell lymphoma34. Taking advantage of these 
previous findings, we isolated CD4+ T cells from Cdkn2a−/− mice 
and retrovirally transduced them with Myc (Fig. 4a). Approximately 
50% of T cells were transduced, as determined by GFP expression 
(Myc+Cdkn2a−/− CD4+ T cells) (Fig. 4b). Recipient Rag2−/− mice 
developed erythroderma (redness and fine scaling of the entire skin 
surface) approximately 3 weeks after the transfer of Myc+Cdkn2a−/− 
CD4+ T cells (Fig. 4c). Flow cytometry analysis revealed increased 
numbers of epidermotropic CD4+ T cells in Rag2−/− mice that had 
been transferred with Myc+Cdkn2a−/− CD4+ T cells as compared to 
those transferred with WT CD4+ T cells (Fig. 4d). The majority of  

epidermotropic CD4+ T cells in Myc+Cdkn2a−/− CD4+ T cell– 
transferred mice expressed Myc-GFP (Fig. 4e) with increased IL-7Rα 
expression (Fig. 4e).

Histology revealed epidermotropism of lymphocytes with large, 
atypical nuclei, recapitulating that of human CTCL (Fig. 4f)17. 
Consistently, flow cytometry analysis revealed that Myc+Cdkn2a−/− 
CD4+ T cells were enlarged in size (Fig. 4g). Infiltrating lym-
phocytes expressed Ki-67, demonstrating that they were proliferative  
(Fig. 4h). Epidermotropic CD4+ T cells were of the TRM cell  
phenotype (Fig. 4i), and they accumulated around the hair folli-
cles (Fig. 4f,j). Collectively, Myc+Cdkn2a−/− CD4+ T cells that had  
been transferred into Rag2−/− mice infiltrated the skin and epidermis,  
exhibiting histologic features of human CTCL. These mice also 
exhibited lymphoma in the lymph nodes and spleen, and they died 
within 10 weeks after transfer (Supplementary Fig. 4), thereby  
also recapitulating an aspect of Sezary’s syndrome, a leukemic  
subtype of CTCL30.

Epidermotropism in CTCL depends on IL-7
To determine whether CD4+ lymphoma cells also relied on hair 
follicle–derived IL-7, we transferred Myc+Cdkn2a−/− CD4+ T cells 
into Rag2−/− or Il7fl/flK5-Cre × Rag2−/− mice (Fig. 5a). In contrast 
to Rag2−/− mice, Il7fl/flK5-Cre × Rag2−/− mice did not develop 
erythroderma (Fig. 5b). Furthermore, the absolute numbers of  
epidermotropic lymphoma cells were reduced in the absence of hair 
follicle–derived IL-7 (Fig. 5c), whereas significant differences were 
not observed in the lymph nodes and spleen (Fig. 5d). Histologic 
analysis of control Rag2−/− mice revealed abundant epidermotropic 
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lymphocytes with epidermal thickening, but histological changes 
were minimal in Il7fl/flK5-Cre × Rag2−/− mice (Fig. 5e). Visualization 
of CD4+ T cells in epidermal sheets confirmed these findings  
(Fig. 5f). Thus, epidermotropic CD4+ TRM cells continued to require 
hair follicle–derived IL-7 after neoplastic transformation.

In CTCL, IL-7 is upregulated in human hair follicles
To examine whether our findings could be extended to humans, we 
studied human hair follicles. Whereas hair follicles in the trunk skin 

of mice and humans are mostly found in telogen, the majority of those 
in human scalp are in anagen. The terminus end is called the bulb, 
and the portion between the bulb and the stem cell–containing bulge 
is referred to as the suprabulb (Fig. 6a and Supplementary Fig. 5).  
We dissected hair follicles from normal human scalp to isolate 
the interfollicular epidermis, infundibulum, bulge, suprabulb and  
bulb, and we obtained RNA from each of these sites (Fig. 6a)4.  
We then performed real-time PCR for IL15 and IL7. IL15 was  
predominantly expressed by hair follicle keratinocytes in the 
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suprabulb, and IL7 expression was highest in the infundibulum and  
suprabulb (Fig. 6b).

We additionally evaluated IL-7 expression in hair follicles from 
both normal human scalp and lesional scalp skin of patients with 
CTCL. Faint immunohistochemical staining for IL-7 was detected 
in normal human hair follicles. IL-7 expression was apparent in a  
CTCL-affected subject, in which the staining was detected in the 
infundibulum and the suprabulbar area (Fig. 6c), consistent with the 
real-time PCR data from normal human scalp. In other patients, IL-7 
staining was increased not only in hair follicle keratinocytes, but also in 
keratinocytes in the interfollicular epidermis (Supplementary Fig. 6).

Consistent with our observations in mice, IL-7R expression by  
T cells was increased in lesional CTCL epidermis in comparison to that 
on T cells in normal human scalp skin (Fig. 6d and Supplementary 
Fig. 5). IL-7R expression in lesional keratinocytes in CTCL seems to 
be increased relative to keratinocytes in normal scalp skin, although 
the significance of this has yet to be determined.

DISCUSSION
Epidermotropism of TRM cells, both non-malignant and malignant, 
is regulated by the hair follicle–derived cytokines IL-7 and IL-15. 
Previous studies6–8 have focused on TRM cell biology in the con-
text of viral infections. We studied the requirement of epidermo-
tropic TRM cells during the steady state by using non-malignant and  
malignant models. The lack of hair follicle–derived cytokines led to  
the failure of both CD4+ and CD8+ TRM cells to persist in skin. Impaired 
CHS responses in the absence of hair follicle–derived cytokines 
highlight the importance of homeostatic organization of TRM cells  
before inflammation.

The requirement of IL-7 and IL-15 for the generation and main-
tenance of memory T cells is well established24,25, but the fate of 
TRM cells in peripheral tissues that are deprived of these cytokines 
remains unclear. In particular, whether the cells undergo cell death or  
migration deserves further attention in the context of lymphoma.

The tropism that CD4+ TRM cells exhibit to the hair follicles dem-
onstrated in this study is compatible with and complementary to a 
previous report7 in which approximately 30% of virus-specific CD4+ 
memory T cells were found to associate with the hair follicles after 
herpes simplex virus skin infection. To date, TRM cells in the skin have 
mainly been characterized in the context of CD8+ T cells. Although 
CD4+ memory T cells may well be comparable to CD8+ TRM cells 
as skin residents on the basis of surface marker expression and past 
reports13,22, thorough studies on CD4+ memory T cells as bona fide 
TRM cells have yet to be performed. Our observation that epidermal 
and dermal TRM cells have subtle differences in CD103 expression, in 
conjunction with the higher observed ratio of CD4+ FoxP3+ TRM cells 
in the dermis, suggests that CD4+ TRM cells in these skin compart-
ments might be regulated through distinct mechanisms.

In conclusion, we have demonstrated the importance of hair  
follicle–derived IL-7 and IL-15 in TRM cell homeostasis in the epi-
dermis, which represents an attractive therapeutic target in inflam-
matory skin diseases and malignant lymphoma, and which may also 
be relevant in other peripheral tissues.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ABSTRACT

Ehlers–Danlos syndrome (EDS) is a clinically and genetically heterogeneous disorder. Using a customized tar-

geted exome-sequencing system we identified nonsense mutations in TNXB in a patient who had recurrent gas-

trointestinal perforation due to tissue fragility. This case highlights the utility of targeted exome sequencing for

the diagnosis of congenital diseases showing genetic heterogeneity, and the importance of attention to gastroin-

testinal perforation in patients with tenascin-X deficient type EDS.

Key words: customized targeted exome sequencing, Ehlers–Danlos syndrome, gastrointestinal perforation,

next-generation sequencer, tenascin-X.

INTRODUCTION

Ehlers–Danlos syndrome (EDS) is a heritable connective-tissue

disorder characterized by skin hyperextensibility, joint hyper-

mobility and tissue fragility. EDS is classified into six major

types and other minor forms according to clinical features

and causative gene mutations. A total of 22 types and 15

causative genes have been reported.1 EDS due to tenascin-X

(TNX) deficiency is a rare variant of EDS. TNX-deficient EDS

was first reported by Burch et al. in 1997,2 and only 18 cases

have been reported to date. TNX, encoded by TNXB located

on chromosome 6p, is a glycoprotein that is widely distributed

in the extracellular matrix of tissues throughout the body,

especially in muscle.3 TNX plays a role in collagen fibrillogen-

esis and regulation of type VI collagen synthesis.4 Herein, we

report the first Asian patient diagnosed with TNX-deficient

EDS. She had a history of recurrent gastrointestinal

perforation, and two novel nonsense mutations in TNXB were

detected by customized targeted exome sequencing for geno-

dermatoses.

CASE REPORT

A 45-year-old woman was initially referred to the dermatology

department of our hospital with a history suggestive of EDS.

She had had skin hyperextensibility, easy bruising, scoliosis

and recurrent subluxations since childhood. She underwent

multiple surgical procedures for subluxations of her hip joints.

In her 20s, recurrent periodontitis and abdominal pain were

recognized. Episodes of both spontaneous and secondary gas-

trointestinal ileus and perforations were repeatedly observed

commencing in her 40s with diverticular perforation of the sig-

moid colon, followed by incarcerated hernia at the drain tube

insertion site and ileus after stoma closure. At 45 years of age,

the patient experienced a spontaneous ileus followed by duo-

denal perforation (likely due to ileus tube insertion). An ovarian

cyst was observed at 41 years of age. There was no apparent

delay in wound healing of her skin or intestine, although both

were very fragile. In her 40s, she had felt numbness in her fin-

gers, neck pain and reduced grip strength. The family history

was uncertain because her parents had already died, but no

symptoms of joint hypermobility or skin hyperextensibility had

been recognized. Her elder sister (II-3 in Fig. 1a) had mild skin

hyperelasticity, mild joint hypermobility and pes planus. Her

niece (III-2 in Fig. 1a) had mild skin hyperelasticity and her

nephew (III-1 in Fig. 1a) had pes planus.

On examination, her face was slack-skinned with prominent

eyes and a thin nose (Fig. 1b). Periodontitis was observed

(Fig. 1b). Her hyperextensive skin was thin, translucent, soft

and velvety. Although she had mild joint hypermobility, her

Beighton score was 3 of 9 (a 9-point scale to define joint

hypermobility, with cut-off points for generalized joint hypermo-

bility of ≥4/9 for men and ≥5/9 for women). She had pes pla-

nus, piezogenic papules on her feet and deformity due to
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subluxation of the right little toe (Fig. 1b). There was non-atro-

phic broad scar formation on her knees and elbows. Ophthal-

mologic examination showed conjunctivochalasis in both eyes.

Computed tomography (CT) scan and echocardiography

revealed no cardiovascular abnormality. She was incapable of

opening a bottle cap due to numbness in her thumbs and

reduced grip strength (right, 10.0 kg; left, 6.8 kg). Electromyo-

gram and nerve conduction studies from her upper extremities

showed bilateral median, left musculocutaneous and mild left

radial sensory neuropathy. Skin biopsy from her left upper arm

showed thin and loosely assembled collagen bundles, espe-

cially apparent around the sweat glands (Fig. 1c). There was

marked hemorrhage around blood vessels in the dermis

(Fig. 1c). Fragmented and curly elastin fibers were confirmed

by elastica van Gieson staining as previously described

(Fig. 1d).5

We developed a custom panel for mutation screening of

approximately 450 genes of genodermatoses using the Sure-

Design program and Haloplex target enrichment system (Agi-

lent Technologies, Santa Clara, CA, USA). The custom panel

included 13 EDS-associated genes (Fig. 2a) with the exclusion

of two of these (B3GALT6 and DSE)1 that were identified after

the panel was established. Next-generation sequencing analy-

sis was performed using the panel according to the supplier’s

protocol, and two novel nonsense mutations in TNXB,
c.2539C>T (p.R847*) and c.3574C>T (p.Q1192*) were identi-

fied. No disease-associated mutations were identified in the

other 12 genes tested (Fig. 2a). The nonsense mutations in

TNXB were confirmed by Sanger DNA sequencing (Fig. 2b).

We further confirmed complete absence of TNX protein in the

patient’s serum and skin. Immunoblot analysis of the patient’s

serum using rabbit polyclonal anti-tenascin-X antibody

(a-hu30),6 detected with IRDye 680-conjugated donkey anti-

rabbit immunoglobulin (Ig)G (LI-COR Biosciences, Lincoln, NE,

USA) using an Odyssey infrared imaging system (LI-COR)

demonstrated the complete absence of soluble 75- and 140-

kDa forms of TNX protein (Fig. 3a).7 Immunostaining with an

anti-TNX antibody (AF6999 polyclonal sheep IgG; R&D Sys-

tems, Minneapolis, MN, USA) detected by means of rabbit

anti-sheep Ig conjugated with horseradish peroxidase (DAKO,

Glostrup, Denmark), VECTOR SG Kit (Vector Laboratories, Bur-

lingame, CA, USA) and 3,30-diaminobenzidine-tetrachloride

(DAB; Dojindo Laboratories, Kumamoto, Japan) revealed that

skin sections were negative for TNX expression (Fig. 3b).

Together with the results of genetic testing, the patient was

diagnosed with TNX-deficient type EDS due to probable com-

pound heterozygosity of the two novel nonsense mutations in

TNXB.

DISCUSSION

Tenascin-X-deficient type EDS is clinically characterized by

hyperextensibility, joint hypermobility, easy bruising, normal

wound healing and lack of atrophic scar formation. Neuromus-

cular complaints are seen in several types of EDS, and axonal

sensorimotor polyneuropathy is predominant in the TNX-defi-

cient type.8 Patients can also suffer from luxation, valvular

heart disease, pes planus and piezogenic papules on the feet.

Based on clinical features alone, it is difficult to distinguish

TNX-deficient type EDS from other types of EDS, and espe-

cially from classical EDS exhibiting a mild clinical phenotype.

Therefore, genetic testing is important for diagnosis of the EDS

type.

The genetic heterozygosity of EDS and the large size of

several of the causative genes (including TNXB) make it diffi-

cult to routinely diagnose EDS genetically. Targeted exome

sequencing has enabled comprehensive screening of causa-

tive mutations in a set of selected genes associated with dis-

ease. We developed a custom panel for next-generation

sequencing to screen mutations in approximately 450 causa-

tive genes for genodermatoses. With this system, 13 causative

genes for EDS and EDS-related diseases (including TNXB)
were sequenced comprehensively (Fig. 2a), enabling identifica-

tion of the two novel nonsense mutations of TNXB rapidly and

at low cost. Targeted exome sequencing is considered very

useful for the diagnosis of genodermatoses that show genetic

and clinical heterogeneity, such as EDS, epidermolysis

bullosa, ichthyosiform erythroderma and palmoplantar

keratoderma.

(a)

(b)

(c) (d)

Figure 1. (a) Patient pedigree. (b) The patient’s face was

slack-skinned with prominent eyes and a thin nose. She had

periodontitis, pes planus and deformity due to subluxation of
the right little toe. (c) Hematoxylin–eosin stain of the patient’s

skin (original magnification 9100). (d) Elastica van Gieson stain

of skin (9100).
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(a)

(b)

Figure 2. (a) Targeted exome sequencing analysis with next-generation sequencing (NGS) of 13 Ehlers–Danlos syndrome (EDS)-

associated genes, including TNXB. Single nucleotide polymorphisms including two nonsense mutations were identified. (b) Sanger

DNA sequencing analysis of TNXB revealed p.R847* and p.Q1192* nonsense mutations.

(a) (b)

Figure 3. (a) Western blot of the patient’s serum revealed complete deficiency of both the 140- and 75-kDa species of serum

tenascin-X (TNX). (b) TNX immunostaining of the patient’s skin and that of a control individual (original magnification 9100).
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Recurrent gastrointestinal perforation and fragility of the

intestinal tract were distinctive features in this patient. The

intestinal specimen obtained during the surgery for duode-

num perforation showed very loose interstitium. Of the six

major types of EDS, vascular type EDS patients are known

to have the highest risk of gastrointestinal complications,

namely, spontaneous and/or iatrogenic rupture of the sig-

moid colon.9 Upon review of the published work, we found

that five of 19 patients of TNX-deficient type EDS (including

this case) had gastrointestinal involvement (three hernias,10,11

three diverticuloses,10 two bowel perforations,10 one recurrent

rectal prolapse10 and one gastrointestinal bleeding12).

Mutations in TNXB were identified in three of the five

patients, and no apparent genotype–phenotype correlation

was observed compared with other patients.11,12 The high

incidence of gastrointestinal involvement in TNX-deficient

type EDS patients indicates the importance of attention to

invasive procedures and treatment of gastrointestinal disor-

ders, not only in vascular type EDS but also in TNX-deficient

type EDS.

TNXB haploinsufficiency is observed prevalently in heterozy-

gous females with TNXB deficiency showing generalized joint

hypermobility.13 Examination of 20 heterozygous family mem-

bers revealed that nine of 14 females and zero of six males

exhibited generalized joint hypermobility similar to hypermobili-

ty type EDS.13 TNXB haploinsufficiency is dominantly inherited

and appears to produce clinical findings primarily in females,

consistent with clinical descriptions of hypermobility type EDS.

In our case, the proband’s sister and her daughter revealed

mild skin hyperelasticity. However, as no genetic tests were

performed whether they were heterozygous for TNX deficiency

remains unknown.

In conclusion, we report the first Asian case of TNX defi-

ciency, diagnosed by customized targeted exome sequencing.

This case indicates the importance of attention to gastrointesti-

nal perforation due to tissue fragility in TNX-deficient type EDS

patients.
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Abstract
Despite the recent advances in the treatment of multiple myeloma (MM), MM patients with

high-risk cytogenetic changes such as t(4;14) translocation or deletion of chromosome 17

still have extremely poor prognoses. With the goal of helping these high-risk MM patients,

we previously developed a novel phthalimide derivative, TC11. Here we report the further

characterization of TC11 including anti-myeloma effects in vitro and in vivo, a pharmacoki-

netic study in mice, and anti-osteoclastogenic activity. Intraperitoneal injections of TC11 sig-

nificantly delayed the growth of subcutaneous tumors in human myeloma-bearing SCID

mice. Immunohistochemical analyses showed that TC11 induced apoptosis of MM cells in
vivo. In the pharmacokinetic analyses, the Cmax was 2.1 μM at 1 h after the injection of

TC11, with 1.2 h as the half-life. TC11 significantly inhibited the differentiation and function

of tartrate-resistant acid phosphatase (TRAP)-positive multinucleated osteoclasts in mouse

osteoclast cultures using M-CSF and RANKL. We also revealed that TC11 induced the apo-

ptosis of myeloma cells accompanied by α-tubulin fragmentation. In addition, TC11 and

lenalidomide, another phthalimide derivative, directly bound to nucleophosmin 1 (NPM1),

whose role in MM is unknown. Thus, through multiple molecular interactions, TC11 is a po-

tentially effective drug for high-risk MM patients with bone lesions. The present results sug-

gest the possibility of the further development of novel thalidomide derivatives by drug

designing.

Introduction
Multiple myeloma (MM) is a neoplasm of plasma cells that is accompanied by various clinical
manifestations including lytic bone lesions, hypercalcemia, renal dysfunction, immunodefi-
ciency, and anemia [1, 2]. Despite recent advances in the use of newly developed drugs
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including immune-modulatory drugs (IMiDs) such as thalidomide, lenalidomide, and pomali-
domide and proteasome inhibitors such as bortezomib, carfilzomib, and MLN9708, MM is
still an incurable disease [3–7]. In particular, MM patients harboring 17p deletion, t(14;16),
t(14;20), or t(4;14) are classified as a high-risk group and have shown significantly shorter sur-
vival [8–10]. For example, it is reported that even lenalidomide plus dexamethasone or borte-
zomib could not substantially improve the survival of refractory patients with del 17p [11, 12].
With the goal of helping prolong the survival of these high-risk MM patients, we screened 29
synthetic phthalimide derivatives and found a novel compound, 2-(2,6-diisopropylphenyl)-
5-amino-1H-isoindole-1,3-dione (TC11), which induced the apoptosis of KMS34 cells with t
(4;14) and del17p13 [13].

Bone lytic lesions, which are seen in 80%–90% of MM patients, have clinical manifestations
that include pain, pathologic fractures, spinal cord compression, and hypercalcemia, thus pro-
viding a negative impact on the quality of life of MM patients [1]. In the clinical setting, bis-
phosphonate, radiotherapy, and surgery are used to treat bone disease. Bisphosphonate can
significantly reduce skeletal-related events in MM patients [14], but side effects such as renal
impairment and osteonecrosis of the jaw are seen in some patients [15, 16]. The development
of novel agents to effectively treat bone lesions without severe side effects is thus necessary.

In the present study, we evaluate the anti-myeloma effects of TC11 in vitro and in vivo, and
we investigated the effects of TC11 on the differentiation of osteoclasts to determine whether
this new drug could be effective for treating high-risk MM patients with bone lesions. We also
examined nucleophosmin-1 (NPM1) as a molecule that binds directly to phthalimide, and the
results raised the possibility that α-tubulin is involved in the anti-myeloma effect of TC11.

Materials and Methods

Cell lines
Human myeloma cell lines KMS11, KMS 26, KMS28, and KMS34 were established by Dr. T.
Otsuki (Kawasaki Medical School, Kurashiki, Japan) from Japanese patients [17, 18] and these
cell lines were kindly provided by him. MUM24 was established from a patient with thalido-
mide-resistant MM [19]. These cell lines were maintained in RPMI1640 medium (Sigma-Al-
drich, St. Louis, MO) containing 10% fetal bovine serum (FBS). The human macrophage cell
line RAW264.7 was purchased from American Type Culture Collection (Rockville, MD) and
cultured in DMEMmedium (Sigma-Aldrich) containing 10% FBS (Hyclone Laboratories,
Logan, UT).

Reagents
We synthesizedTC11 [2-(2,6-diisopropylphenyl)-5-amino-1H-isoindole-1,3-dione] from
phthalic acid anhydride with a nitro group and amines, followed by catalytic hydrogenation
under a nitrogen atmosphere. The benzene ring moiety of TC11 is different from those of tha-
lidomide and lenalidomide (Fig. 1A). Dexamethasone sodium phosphate (MSD K.K., Tokyo)
was used for in vitro proliferation assay.

Patients’ samples
Bone marrow samples were obtained from patients with MM treated in Keio University Hospi-
tal. Mononuclear cells were isolated by Ficoll density gradient centrifugation and cryopreserved
in a liquid nitrogen tank until further use. All samples contained more than 30% myeloma
cells. This study was approved by the ethics committee of the Keio University School of
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Figure 1. TC11 inhibited the growth of MM cell lines. (A) The chemical structures of TC11, thalidomide, and lenalidomide. (B) The dose-dependent
inhibition of MM cells by TC11. Cell lines KMS11, KMS26, KMS28, KMS34, MUM24 with del 17p13 and/or t(4;14) were cultured for 48 h with the indicated
dose of TC11, followed by an assessment of cell viability using MTT assays. Mononuclear cells separated from bone marrow samples of three MM patients
were also treated with TC11 and examined by MTT assay. (C) Synergistic effects of TC11 with dexamethasone were examined by MTT assay. Bars indicate
means±SD. *p<0.05 (Student’s t-test). (D) The effect of TC11 on the number of hematopoietic progenitor cells was examined by colony assay. Mice bone
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Medicine (99–7 and 15–21) and Faculty of Pharmacy (G110107–1). Written informed consent
was obtained from all patients.

Cell viability assay
MM cells (2×104 cells per well) were seeded in 96-well plates and incubated with various con-
centrations of TC11 (0–50 µM) at 37°C for 48 h. The number of viable cells was assessed by
MTT dye absorbance (Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s
instructions.

Colony-forming cell assay
To evaluate the hematological toxicity of TC11, 4×104 cells/mL of bone marrow cells from
13-wk-old male ICR mice were cultured in methylcellulose medium (Stem Cell Technologies,
Vancouver, BC) containing FBS, 2-mercaptoethanol, 20 ng/mL mouse stem cell factor
(mSCF), 20 ng/mL mouse interleukin 3 (mIL-3), 10 ng/mL mouse interleukin-6 (mIL-6), and 1
U/mL human erythropoietin (hEPO) (kindly provided by Kyowa Hakko Kirin Co., Tokyo) in
the presence or absence of TC11. On day 14, various types of colony-forming cells were
counted.

In vivo tumor growth assay
All of the animal experiments were approved by the Ethics Committee for Animal Experiments
at Keio University Faculty of Pharmacy (Approval no.09118-(0), 09118-(1)). The in vivo
tumor-inhibitory activity assay was performed as described with several modifications [18].
Briefly, 3×107 KMS34 or KMS11 cells were subcutaneously inoculated into 5-wk-old male
ICR/SCID mice (Clea Japan, Tokyo) and plasmacytoma developed in 4–7 wks. In addition,
twenty mg/kg of TC11 dissolved in 10% DMSO (Sigma-Aldrich)-1% Tween80 at the concen-
tration of 2.5 mg/mL or only 10% DMSO-1% Tween80 as a control was injected intraperitone-
ally twice every 3 days for 15 days (n = 7). The tumor volume was calculated according to the
following formula as described [18]: width × length2 × 0.52.

Histopathologic examination
The histopathologic analysis was performed as described with several modifications [18].
When the subcutaneous tumors reached 50 mm3, the intraperitoneal injections of TC11 was
started. After 14 days of observation, the mice were sacrificed and the isolated tumors were
fixed with 10% formalin and embedded in paraffin. Sliced sections were stained with hematox-
ylin and eosin (H. E.). Anti-human cleaved PARP (Asp214) polyclonal antibody (Cell Signaling
Technology Japan, Tokyo), anti-cleaved caspase-3 (Asp175) polyclonal antibody (Cell Signal-
ing Technology Japan) and anti-human Ki-67 monoclonal antibody (clone MIB-1) (Dako
Japan, Tokyo) were used for immunohistochemistry.

Pharmacokinetics study
To evaluate the pharmacokinetics of TC11, we obtained peripheral blood with a heparinized
needle from the tail veins of 5-wk-old male ICR mice at 0.5, 1, 1.5, 4, 8, 12, and 24 h after an in-
jection of a low dose (20 mg/kg) or a high dose (100 mg/kg) of TC11. Blood samples were

marrow cells were plated in 1.2%methylcellulose medium containing 20 ng/mL mIL-3, 10 ng/mL mIL-6, 20 ng/mL mSCF and 1 U/mL hEPO in the presence
or absence of TC11. The numbers of colony-forming cells were counted after 14 days. Bars indicate means±SD. *p<0.05, **p<0.01 (Student’s t-test).

doi:10.1371/journal.pone.0116135.g001
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centrifuged immediately at 3400g for 15 min at 4°C. The plasma fraction was transferred to a
polypropylene tube and stored at −80°C until the assay. The plasma samples were thawed and
diluted with 10% ethanol in phosphate-buffered saline (PBS). A stock solution of TC11 was
prepared in ethanol at 1 mg/mL. A series of standard solutions at designated concentrations
were prepared by diluting the stock solution with ethanol. All of the samples were analyzed by
high-pressure liquid chromatography (HPLC; a Jasco HPLC system, Jasco, Tokyo). The C18
column (Sep-Pak; Waters Associates, Milford, MA) was used. The mobile phases were acetoni-
trile and 25 mM ammonium acetate (60:40).

Osteoclast differentiation assay
We prepared murine osteoclasts from bone marrow cells as described [20]. In brief, cells ob-
tained from the bone marrow of 5-wk-old male ICR mice were cultured in α-MEM containing
10% FBS with macrophage-colony stimulating factor (M-CSF; R&D Systems, Minneapolis,
MN) (10 ng/mL). After 3 days of culture, we removed the floating cells and used the attached
cells including bone marrow-derived macrophages (BMMs) as osteoclast precursors. To gener-
ate osteoclasts, BMMs were further cultured with M-CSF (10 ng/mL) and receptor activator of
nuclear factor κB ligand (RANKL; R&D Systems) (10 ng/mL). After an additional 3–6 days of
culture, the cells were fixed and stained for tartrate-resistant acid phosphatase (TRAP) as de-
scribed [20]. TRAP-positive multinucleated cells containing more than three nuclei were con-
sidered TRAP+ multinuclear osteoclasts (TRAP+ MNCs).

Pit formation assay
RAW 264.7 cells were incubated for 5–8 days with RANKL (10 ng/mL). After maturation into
osteoclasts, the cells were seeded on BioCoat Osteologic multi-test slides (BD Falcon, BD Bio-
sciences, San Jose, CA). Various concentrations of TC11, thalidomide (Wako, Osaka, Japan),
bortezomib (Toronto Research Chemicals Inc., ON, Canada), and osteoprotegerin (OPG; R&D
Systems) were added every 2 days for 7 days. Finally Von Kossa stain was conducted to visual-
ize resorption pits. The resorption pits were observed by fluorescence microscopy (BZ-9000,
Keyence, Tokyo). The pit area was quantified using Image J software (NIH).

Immunocytochemistry
KMS34 cells were treated with 5 µM TC11 for 4 h and attached to a slide using CYTOSPIN4
(Thermo Fisher Scientific, Rockford, IL), then fixed with 2% paraformaldehyde and permeabi-
lized with 0.5% Triton X followed by blocking with 1% bovine serum albumin (BSA) in PBS.
The sample was stained with antibody against α-tubulin (Sigma-Aldrich) followed by FITC-
conjugated anti-mouse IgG (Takara Bio, Shiga, Japan), and then observed by fluorescence mi-
croscopy (BZ-9000).

Surface plasmon resonance (SPR) analysis
We determined the binding kinetics by a surface plasmon resonance (SPR) analysis with the
Biacore 3000 system (GE Healthcare, Buckinghamshire, UK). All experiments were performed
at 25°C using TBS buffer (25 mM Tris-HCl, pH 7.4, 137 mM NaCl, 3 mM KCl). Recombinant
NPM1 was expressed in E. coli and purified. The NPM1 obtained (1.84 µM, 100 µL) was immo-
bilized onto the sensor chip NTA (GE Healthcare). The measurements were performed under
conditions of 662 resonance units of the ligand and at a flow rate of 30 µL/min. To determine
the dissociation constants, we injected three different concentrations of TC11 and lenalidomide
(Santa Cruz Biotechnology, Santa Cruz, CA). The injection periods for association and
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dissociation were 60 and 300 s, respectively. The binding data were analyzed with 1:1 binding
with the mass transfer model in the BIA evaluation software ver. 4.1 (Biacore).

Statistical analysis
The significance of differences was determined using Student’s t-test. The level of significance
was specified as p<0.05.

Results

TC11 inhibited the growth of MM cells with chromosomal abnormalities
in vitro
We examined whether TC11 could inhibit the growth of four different MM cell lines harboring
del 17p and/or t(4;14) in addition to previously reported KMS34 cells [13]. We also analyzed
TC11’s effect on the bone marrow cells obtained from three MM patients. In an MTT assay,
TC11 inhibited the proliferation of the KMS11, KMS26, KMS28, and MUM24 cells as well as
the proliferation of all of the bone marrow cells from the MM patients, in a dose-dependent
manner (Fig. 1B). TC11 was effective both for high risk and standard risk myeloma cells. As
shown in Fig. 1C, dexamethasone (Dex) potentiated TC11 anti-myeloma effect of TC11 in
KMS 11 as well as KMS34 cells.

Suppression of the growth of normal hematopoietic cells by TC11
To evaluate the effect of TC11 on normal hematopoiesis, we conducted a colony formation
assay using bone marrow cells from ICR mice (Fig. 1D). 1–5 µM of TC11 (IC50 values of most
MM cell lines were 3–5 µM) did not suppress the production of the total colonies of normal he-
matopoietic cells. 25 µM or higher concentrations of TC11 almost completely inhibited the col-
ony formation. TC11 did not inhibit the production of colony-forming unit-granulocyte
macrophage (CFU-GM), even though the number of burst-forming unit-erythroid (BFU-E)
was decreased by the addition of a 5 µM of TC11 (p<0.05) (Fig. 1D).

TC11 inhibited the growth of MM cells in the xenograft mouse model
through the induction of apoptosis in vivo
We evaluated the anti-myeloma effect of TC11 in vivo in the KMS34-bearing xenograft model.
KMS34 tumor xenografts (~50 mm3) were treated with intraperitoneal injections of 20 mg/kg
TC11 twice every 3 days for 2 wks, followed by a time-course analysis of the tumor volumes for
15 days. Fig. 2A shows that the tumor growth was significantly suppressed by the TC11 injec-
tions compared to the control (p<0.01). The average weight of the tumors of the TC11-treated
mice on day 14 was 153.94 mg, whereas that of the control mice was 314.14 mg (p<0.01)
(Fig. 2C). In addition, neither weight loss nor organ damage in lung, kidney or liver was ob-
served macroscopically after the administration of TC11 (data not shown). Higher dose of
TC11 (100 mg/kg) was injected to the xenograft model derived from another myeloma cell
line, KMS11. As shown in Fig. 2D, TC11 significantly delayed the tumor growth. In one xeno-
graft model, the tumor had almost disappeared after injection of TC11. During treatment of
higher dose of TC11, significant body weight loss was not observed in TC11-treated mice.

The hematoxylin-eosin (H.E.) staining of KMS34 and KMS11-derived tumor tissues re-
vealed elevated numbers of cells with aggregated chromatin in the TC11-treated mice com-
pared to the untreated mice (Fig. 2B and 2E). Immunohistochemical analyses showed that
cleaved PARP and cleaved caspase 3 were intensely stained in TC11-treated KMS11 tumors, es-
pecially in the cell death area (Fig. 2E). Ki-67 antigen, which is preferentially expressed during
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Figure 2. In vivo growth inhibition of myeloma cells by intraperitoneal injections of TC11. A total of 3×107 KMS34 or KMS11 cells were inoculated
subcutaneously into ICR/SCIDmice. When the tumors reached 50 mm3 (day 0), TC11 (20 mg/kg or 100 mg/kg) or vehicle was administered intraperitoneally
twice every 3 days for 2 wks. (A) Growth of KMS34-derived subcutaneous plasmacytomas was examined (n = 7). (B) Sections of dissected KMS34-derived
tumors were stained with hematoxylin and eosin. The arrows indicate nuclear fragmentation of TC11-treated cells. (C) The weights of KMS34-derived tumors
dissected from the KMS34-innoculated mice were measured on day 14. Bars: means ±SD.**p<0.01 (Students t-test). (D) Growth of KMS11-derived

A Novel Phthalimide for High-Risk Multiple Myeloma with Bone Lesion

PLOS ONE | DOI:10.1371/journal.pone.0116135 January 24, 2015 7 / 15



all active phases of the cell cycle but is absent in resting cells, was less weakly stained in TC11-
treated tumors (Fig. 2E). These results suggested that TC11 exhibited anti-tumor activity in
vivo through the inhibition of cell proliferation and the induction of apoptosis of myeloma
cells.

Pharmacokinetics of TC11 in the mouse model
For the pharmacokinetic study, we examined the plasma concentrations of TC11 in mice after
a single injection of 20 mg/kg or 100 mg/kg of TC11 using HPLC (Fig. 2F). The maximum con-
centration (Cmax) was 2.1 µM, which was observed at 1 hr after the injection (Tmax). The plas-
ma concentration of TC11 gradually decreased to 0.25 µM at 4 h and to 0.04 µM at 24 h. The
elimination half-life (T1/2) was estimated to be 1.2 h. When a higher dose of TC11 (100 mg/
kg) was injected, the Cmax was 18.1 µM and the Tmax was 1.5 h; the plasma concentration was
0.45 µM at 8 h and 0.16 µM at 24 h. The T1/2 was estimated to be 2.6 h.

TC11 inhibited the differentiation of osteoclasts and bone resorption
The hyperactivity of osteoclasts is considered one of the causes of lytic bone lesions, suggesting
that the control of osteoclast activity could be a key to treating bone lesions in MM patients.
We therefore examined the effects of TC11 on the differentiation and function of osteoclasts
using mouse bone marrow primary cell culture. We analyzed M-CSF and RANKL-treated oste-
oclasts by TRAP staining after treatment with various concentrations of TC11 (0.01µM–5 µM)
(Fig. 3A). The number of TRAP-positive multinuclear cells was significantly lower in the cells
treated with more than 0.5 µM of TC11 (Fig. 3B). In contrast, 10 µM of thalidomide or 1 nM of
bortezomib did not affect the number of TRAP-positive cells.

We next examined TC11’s effect on the bone resorption activity of TC11 in a pit formation
assay (Fig. 3C). After the treatment of RAW264.7 cells with TC11 (3 µM, 5 µM), the bone re-
sorption area was reduced in a dose-dependent manner (Fig. 3D). Treatment with thalidomide
(10 µM) or bortezomib (1 nM) did not change the resorption area compared to the control.

TC11 induced the fragmentation of α-tubulin
Because we previously found that TC11 binds to α-tubulin, we examined the tubulin formation
in KMS34 cells after TC11 treatment. The immunohistochemical analysis showed that TC11-
treated cells exhibited elevated levels of α-tubulin fragmentation (Fig. 4A). The percentage of
cells with tubulin fragmentation was 6.5% in the cells treated with TC11, which is significantly
higher compared to the 0.8% in the untreated cells (Fig. 4B).

Binding between NPM and TC11 or lenalidomide
We previously identified NPM1 as one of the TC11-binding proteins, by mRNA display. In
our previous observation, TC11 bound to the NH2-terminal 183-amino-acid (aa) region of
monomeric NPM1. In the present study, we assessed the binding capacity of both TC11 and
lenalidomide to the full length of NPM1. The SPR analysis showed that not only TC11 but also
lenalidomide could bind to NPM1 (Fig. 5A,B). The KD values of TC11 and lenalidomide were
6.23×10−8M and 7.66×10−7M, respectively.

subcutaneous plasmacytomas was examined. (E) Pathological examination of KMS11-derived tumors was shown. Immunohistochemical staining of the
KMS11-derived tumors were also shown. (F) Pharmacokinetics of TC11. Plasma concentrations of TC11 in mice after a single injection of 20 mg/kg or 100
mg/kg of TC11 determined by HPLC.

doi:10.1371/journal.pone.0116135.g002
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Discussion
MM remains difficult to treat and cure, and MM patients with high-risk cytogenetic changes in
particular have shown very poor prognosis when treated with existing drugs. To overcome this
unmet clinical need, in previous work we screened phthalimide derivatives and identified
TC11 as a novel candidate drug for MM. TC11 is different from other IMiDs in chemical struc-
ture, lacking glutarimide moiety. That is, TC11 is a phthalimide derivative containing a ben-
zene ring instead of a glutarimide structure (Fig. 1A). In the present study, we observed that
TC11 inhibited the growth of MM cell lines, even though some of the myeloma cells harbored
high-risk chromosomal abnormalities such as del17, or t(4;14). In addition, growth inhibition
of bone marrow cells obtained from the relapsed MM patients was also examined. TC11 more
or less inhibited proliferation of myeloma cells obtained from all the patients. Patient #3
showed t(4;14), and patient #2 had extramedullary disease in the liver. Even though these two
patients were high-risk cases, TC11 regulated proliferation of the tumor cells (Fig. 1B). More-
over, the growth of total colony-forming cells was not suppressed by the treatment with 1–5

Figure 3. TC11 inhibited both the maturation and function of bonemarrow-derived osteoclasts.Mice bone marrow cells were cultured with
M-CSF (10 ng/mL) for 3 days, then further cultured with M-CSF (10 ng/mL) and RANKL (10 ng/mL). After an additional 3–6 days of culture with the indicated
concentration of TC11, thalidomide, bortezomib, or DMSO, the cells were fixed and stained for TRAP as described in the Materials and Methods section.
TRAP-positive multinucleated cells containing more than three nuclei were considered TRAP+ multinuclear osteoclasts. (A) The number and size of TRAP+

multinuclear osteoclasts were decreased by treatment with 0.5–1µM of TC11. (B) The number of TRAP+ multinuclear osteoclasts in each well of a 96-well
plate was counted. Bars: means±SD. *p<0.05, **p<0.01 (Student’s t-test). (C) RAW 264.7 cells were incubated for 5–8 days with RANKL (10 ng/mL) and
seeded on multi-test slides. The indicated concentrations of TC11, thalidomide, bortezomib, or OPGwere added every 2 days for 7 days, followed by Von
Kossa staining. The resorption pits were observed by fluorescence microscopy and the number of the pits was quantified using Image J software. (B) Bone
resorption is indicated by white spots (pit). Bone resorption was suppressed by treatment with 3–5 µM of TC11. (D) The pit area was measured by ImageJ
software. The pit area of the DMSO-treated wells was used as the control ( = 1). Data shown are representative of three independent experiments. Bars:
means±SD. *p<0.05, **p<0.01 (Student’s t-test)

doi:10.1371/journal.pone.0116135.g003
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µM of TC11 even though TC11 significantly inhibited the growth of all MM cell lines in such
concentrations, suggesting low hematological toxicity. It is speculated that myeloma cells may
proliferate more dependently on TC11-associated molecules such as NPM1. Further study is
needed to discriminate the molecular function of TC11 on myeloma cells from that on normal
hematopoietic cells.

We also confirmed an in vivo anti-myeloma effect of TC11 by using intraperitoneal injec-
tions of TC11 to KMS34 and KMS11-bearing ICR/SCID mice. The tumor growth in these mice
was significantly delayed by the administration of 20 mg/kg or higher dose of TC11. The histo-
pathological examination revealed apoptosis of MM cells, which is consistent with our previous
study showing that TC11 induces apoptosis through the activation of caspase 3, 8 and 9 in vitro
[13]. In addition, no systemic side effects including weight loss occurred.

Our pharmacokinetics study indicated that TC11 was completely eliminated from the plas-
ma at 4 h after the injection of a low dose (20 mg/kg) of TC11 and at 8 h after the injection of a
high dose (100 mg/kg) of TC11. These data suggest that TC11 would not accumulate in pa-
tients by the administration of TC11 twice at a 3-day interval. To obtain stronger anti-tumor
effects, it might be necessary to develop a new drug-delivery system or change the schedule of
drug administration.

Figure 4. TC11 altered the α-tubulin formation of myeloma cells. KMS34 was treated with 5µM TC11 for 4 hours and attached to a slide by cytospin. The
sample was fixed and stained with antibody against α-tubulin followed by FITC-conjugated anti-mouse IgG (green). Nucleus was stained with DAPI (blue). A,
Representative mitotic cells with or without TC11 treatment. B, The percentage of cells with fragmented α-tubulin in 2500 cells was calculated independently
in 9 areas. **P<0.01 (Student t-test). A and B indicate representative data from 3 experiments.

doi:10.1371/journal.pone.0116135.g004
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Lytic bone disease in MM is thought to be associated with both enhanced activity of osteo-
clasts and impaired function of osteoblasts. It was reported that bortezomib could cause an in-
crease in bone formation by activating osteoblastic function, which leads to the improvement
of osteolytic lesions [21]. Here, we found that TC11 inhibited both the maturation and function
of osteoclasts. Osteoclasts are differentiated from hematopoietic stem cells through stimulation
with M-CSF and RANKL. Under normal conditions, the balance between bone formation and
bone resorption is well-controlled.

However, MM cells produce macrophage inflammatory protein-1 (MIP-1), which stimu-
lates osteoclasts to express receptor activator of nuclear factor-κB (RANK). RANK interacts
with RANKL on stromal cells or osteoblasts. This interaction leads to the activation of nuclear
factor-kappa B (NF- κB) and nuclear factor of activated T cell c1 (NFATc1) via an activation of
AP-1 [22]. In our M-CSF and RANKL-stimulated mouse bone marrow model, we observed
that the differentiation of osteoclasts was significantly suppressed by at least 0.5 µM TC11. We
also found that the function of osteoclasts was reduced by 3 µM TC11. These anti-osteoclastic
effects might be characteristic of TC11, because these effects were not seen in the cells treated
with thalidomide nor bortezomib. We also found that this effect was not due simply to the in-
duction of apoptosis of the bone marrow cells, but rather occurred by a direct inhibition of

Figure 5. NPM1 interacts with TC11 and lenalidomide. Recombinant NPM1 was expressed in E. coli and
purified. The NPM1 obtained was immobilized onto the sensor chip NTA followed by an SPR analysis.
Panels A and B show representative biosensorgrams of TC11 and lenalidomide, respectively.

doi:10.1371/journal.pone.0116135.g005
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osteoclast maturation, since apoptosis of osteoclasts was not observed after treatment with 3
µM TC11 (data not shown). It would be worthwhile to investigate the effects of TC11 on the
expression of osteoclast-related genes such as AP-1.

To clarify the mechanism of TC11’s anti-myeloma effect, we investigated the effects of
TC11 on NPM1, since we have found that NPM1 is one of the binding targets of TC11 by an
mRNA display (i.e., the IVV method) [13]. In the present study, the results obtained by the
SPR analysis indicated that TC11 binds to the full length of NPM1, with the KD value of
6.23 × 10−8 M. However, the pharmacological significance of the binding of TC11 to NPM1
has not been elucidated.

NPM1 is a nuclear phosphoprotein which plays a variety of roles in cancer cells by affecting
DNA repair, centrosome duplication, and molecular chaperoning [23–25]. NPM1 is also im-
portant in hematopoiesis by controlling the cell cycle of hematopoietic progenitor cells [26]. In
addition, mutation of NPM1 is found in one-third of acute myelogenous leukemia (AML) pa-
tients, which changes the localization of NPM1 from the nucleus to the cytoplasm [27–29].

Little is known about the role of NPM1 in MM patients. To our knowledge, there is only
one report on NPM and MM, showing an overexpression of NPM1 in hyperdiploid MM cells
[30]. All of the MM cell lines we used in the present study expressed NPM1 proteins, but
NPM1 gene mutation was not observed in these MM cell lines, and TC11 did not cause an ac-
cumulation of NPM1 in the cytoplasm of KMS34 as seen in leukemic cells (data not shown).

Another possibility explaining the role of NPM1 in TC11’s effects is that TC11 blocks the
oligomerization of NPM1, since the binding site of TC11 contains the oligomerization domain
of NPM1. NPM1 normally exists in oligomer form [31]. Therefore, TC11 might affect myelo-
ma cells by blocking the oligomerization of NPM1 and inhibiting its various functions. Qi et al.
showed that the inhibition of the oligomerization of NPM1 by a small-molecule inhibitor,
NSC348884, induces the apoptosis of cancer cells through the activation of p53 [32]. Balusu et
al. reported that NSC348884 could induce the apoptosis of AML cell lines [33].

It is also possible that TC11 impairs centrosomal disruption by binding to NPM1, because
NPM1 has been reported to be indispensable to normal centrosomal duplication [34]. The
NPM1 gene is located on chromosome 5q35, which is occasionally deleted in myelodysplastic
syndrome (5q−MDS) [35]. Considering our observation that lenalidomide could also bind to
NPM1, the contribution of these interactions to the anti-tumor effects should be further
investigated.

We then analyzed the effects of TC11 on α-tubulin’s structure, since we identified α-tubulin
as another TC11-binding protein using the IVV method in our previous work [13]. Alpha-
tubulin is a component of microtubules that is important for cell division and cellular trans-
port. Drugs that alter the formation of microtubules, such as vinca alkaloids, have been used in
cancer therapy. However, the target sites and effects of these drugs on microtubules are differ-
ent [36, 37]. In the case of TC11, we observed abnormal α-tubulin fragmentation in TC11-
treated KMS34 cells (Fig. 4), which suggests that the apoptosis induced by TC11 might be trig-
gered by an abnormal formation of microtubules. In the previous report, knockdown of NPM1
gene induced centrosomal disruption followed by activation of caspase-9 and significant reduc-
tion in cell viability [12]. Therefore, it is speculated that the principal actions of TC11 on mye-
loma cells are centrosomal disruption and abnormal microtubule assembly by binding to
NPM1 and α-tubulin, respectively. Consequently, TC11-treated myeloma cells fall into mitotic
catastrophe because NPM1 and tubulin families are key molecules for cell division. After these
series of actions initiated by TC11-treatment, those cells caused apoptosis. As a next step to
clarify exact signaling pathway after binding of TC11 to NPM1, we are trying to knock-down
of NPM1 gene in myeloma cells and examine the effects of TC11 on oligomerization and phos-
phorylation of NPM1 in myeloma cells.
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Cereblon (CRBN: cerebral protein with ion protease), a component of the E3 ubiquitin li-
gase complex, has been identified as a target of thalidomide-mediated teratogenicity [38, 39]. It
was shown that not only thalidomide but also lenalidomide and pomalidomide bind to CRBN,
attenuating the proliferation of myeloma cells through several pathways such as the down-
regulation of autoubiquitination of CRBN [40–41]. However, our experiments using the IVV
method failed to screen CRBN as a TC11-binding protein. The difference might be explained
by the structure of TC11, because CRBN was reported to bind to a glutarimide moiety of lenali-
domide or pomalidomide, which was not included in TC11. On the other hand, NPM1 may
bind to the phthalimide moiety which is a common component of TC11 and other IMiDs,
since our data showed both TC11 and lenalidomide could bind to NPM1.

Thus, TC11 exerts its anti-myeloma effect via molecular interactions which do not involve
CRBN. In addition, TC11 does not form racemate and is expected to lack teratogenicity. The
results of our present study suggest that new phthalimide derivatives other than thalidomide,
lenalidomide and pomalidomide could be developed by drug designing for the treatment of
MM.

In conclusion, we have demonstrated that TC11, a novel phthalimide derivative, has anti-
tumor activity against MM cells with high-risk genetic abnormality including del 17p and t
(4;14), in vitro and in vivo. This novel compound also down-regulates the differentiation and
function of osteoclasts. Our data provide a strong preclinical rationale for TC11 as a safe and
effective drug for the treatment of high-risk MM patients with bone disease. The actions of this
drug relating to α-tubulin and NPM1 remain to be further investigated.
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Pilot Analysis of Asbestos-induced Diffuse Pleural Thickening  
with Respiratory Compromise
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We investigated the clinical features of asbestos-induced diffuse pleural thickening (DPT) with severe 
respiratory compromise.  We conducted a retrospective study of consecutive subjects with asbestos-
induced DPT.  Medical data such as initial symptoms,  radiological findings,  respiratory function test 
results,  and clinical course were collected and analyzed.  There were 24 patients between 2003 and 
2012.  All were men,  and the median age at the development of DPT was 74 years.  The top occupa-
tional category associated with asbestos exposure was dockyard workers.  The median duration of 
asbestos exposure was 35.0 years,  and the median latency from first exposure to the onset of DPT was 
49.0 years.  There were no significant differences in respiratory function test results between the higher 
and lower Brinkman index groups or between unilateral and bilateral DPT.  Thirteen patients had a 
history of benign asbestos pleural effusion (BAPE),  and the median duration from pleural fluid accu-
mulation to DPT with severe respiratory compromise was 28.4 months.  DPT with severe respiratory 
compromise can develop after a long latency following occupational asbestos exposure and a history 
of BAPE.

Key words: asbestos,  pleural thickening,  MRC dyspnea scale,  respiratory function test,  costophrenic angle

sbestos-related health problems remain a major 
public health concern.  Asbestos-related pleural 

diseases include malignant pleural mesothelioma 
(MPM),  benign asbestos pleural effusion (BAPE),  and 
diffuse pleural thickening (DPT) [1]; cases of these 
diseases will continue to be seen in the next several 
decades due to past industrial asbestos use.  Asbestos-
induced DPT is considered to be a consequence of 
asbestos-induced inflammation of the visceral pleura,  
which leads to adhesion to the parietal pleura.  

However,  the actual pathogenesis is still unknown and 
the radiological definition of DPT is ambiguous.  
McLoud et al.  described DPT on chest X-rays as a 
smooth,  uninterrupted pleural density extending over 
at least one-quarter of the chest wall,  with or without 
involvement of the costophrenic angle (CPA) [2].  
Yates et al.  also proposed a definition of DPT based 
on dimensional criteria,  in which DPT is character-
ized by pleural thickening ofｧ5mm that extends over 
more than one-quarter of the chest wall,  with or 
without obliteration of the CPA [3].
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　 Several studies have examined the characteristics 
of DPT [2,  4-7].  A major limitation of these earlier 
studies is that their definitions of DPT varied; as 
such,  some studies may have included patients with 
pleural plaques,  BAPE,  and MPM,  mainly due to the 
difficulty of confirming a diagnosis of DPT based on 
chest X-ray without computed tomography (CT) images.
　 DPT often induces significant impairment of lung 
function [8].  In Japan,  patients with DPT are pro-
vided workerʼs compensation or given financial relief 
by the Act on Asbestos Health Damage Relief if they 
present severe respiratory compromise.  We recently 
retrospectively analyzed the clinical features and 
radiological findings of DPT,  and we reported that 
some of the radiological findings,  such as the involve-
ment of CPA and pleural thickness and the craniocau-
dal and horizontal extension of pleural thickening (as 
determined by chest CT) were correlated with 
impaired respiratory function in patients with DPT 
[9].  There are few reports concerning the features of 
DPT in patients with severe respiratory compromise,  
however.
　 The objectives of the present retrospective analy-
sis,  which was conducted in a single region of Japan,  
were to clarify the clinical features of DPT patients 
with severe respiratory compromise,  including the 
clinical course.  We focused on the association between 
BAPE and DPT.  We also investigated clinical issues 
associated with the diagnosis,  evaluation,  and handling 
of compensation for DPT.

Materials and Methods

　 Subjects. The consecutive subjects diagnosed 
as having asbestos-induced DPT in Okayama Rosai 
Hospital (Okayama,  Japan) between 2003 and 2012 
were identified.  The inclusion criteria were a history 
of occupational asbestos exposure,  pleural thickening
＞5mm on chest X-ray extending for more than one-
half of the lateral thoracic wall (LTW) in patients 
with unilateral DPT or more than one-quarter of the 
LTW in patients with bilateral DPT,  and impaired 
respiratory function (defined below).  The subjects had 
to have been followed up for at least 6 months after 
the diagnosis of DPT.  Medical data from these 
patients were collected and analyzed retrospectively.  
The medical information included age,  gender,  initial 
symptoms,  modified Medical Research Council (mMRC) 

dyspnea grade,  smoking history,  radiological findings,  
respiratory function test results,  and the clinical 
course.  Former smoker was defined as those quitted 
smoking for more than 6 months.  Information about 
the history of asbestos exposure was also collected.  In 
some patients who changed to local hospitals or clinics,  
we made inquiries about their information at outcome 
at the relevant medical institutions.
　 This study was done according to Ethical Guidelines 
for Epidemiological Research issued by the Japanese 
Ministry of Education,  Culture,  Sports,  Science and 
Technology and the Japanese Ministry of Health,  
Labour and Welfare.  This study was approved by the 
ethics committee of the Japan Labour Health and 
Welfare Organization and the institutional review 
board of Okayama Rosai Hospital.
　 Respiratory function test. Respiratory func-
tion tests were performed in clinical settings based on 
the guidelines set forth in the Official Statement of the 
American Thoracic Society [10].  The data obtained 
included the percentage of vital capacity (ｵVC) and 
the forced expiratory volume percentage in 1 sec 
(FEV1).  Blood gas data such as PaO2 (the partial 
pressure of O2 in arterial blood) and PaCO2 (the par-
tial pressure of carbon dioxide in arterial blood) were 
also extracted.  The data obtained closest in time to 
when the chest CT was performed were used for the 
analyses.  Impaired respiratory function was defined 
as (1) ｵVC＜60ｵ or (2) ｵVC 60-80ｵ,  FEV1ｦ
70ｵ,  and FEV1/forced vital capacity (FVC)＜50ｵ 
or PaO2 on arterial blood gas testｦ60 Torr.
　 Statistical analysis. Comparisons between 
groups were performed using a nonparametric analysis 
with the Wilcoxon rank-sum test.  The latency period 
of DPT was calculated as the time between the first 
exposure to asbestos and the onset of DPT.  In the 
patients with a history of BAPE,  the period from the 
detection of pleural effusion to the onset of DPT and 
the development of severe respiratory impairment were 
calculated.  Correlations were examined in a regres-
sion analysis.  The software package used for the 
statistical analyses was JMP 10.0.2 (SAS Institute,  
Cary,  NC,  USA).

Results

　 Patient characteristics. A total of 24 patients 
were analyzed retrospectively.  The patientsʼ demo-
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graphic details are listed in Table 1.  All of the 
patients were men,  and the median age at the diagno-
sis of DPT was 74 years.  More than 90ｵ of the 
patients smoked,  and the Brinkman index wasｧ600 
in 14 (58.3ｵ) of the patients.  Fifteen patients had 
visited a clinic or a hospital with symptoms,  5 had an 
abnormal shadow on a chest X-ray at a medical 
checkup,  and 4 were diagnosed with DPT while 
receiving medical treatment for other diseases.  The 
mMRC dyspnea grade at the diagnosis of DPT was 1 
in 3 patients,  2 in 15 patients,  3 in 3 patients,  and 4 
in 3 patients.
　 Occupational asbestos exposure history.
Occupational categories associated with asbestos 
exposure are listed in Table 2 and included dockyard,  
construction,  and heating trade work and more.  The 
median (range) duration of asbestos exposure was 
35.0 (3.0-50.0) years.  The median (range) latency 
period since the first exposure to the onset of DPT 
was 49.0 (37.0-64.0) years.
　 Radiological findings. Unilateral DPT was 
found in the thorax in 6 cases and bilateral DPT was 
found in 18 cases at the time of diagnosis.  In the 6 
cases with unilateral DPT,  DPT was found in the 
right thorax in 4 cases and in the left thorax in 2 
cases.  Radiographic findings associated with DPT are 
listed in Table 3.  All of the cases showed CPA 
involvement on chest X-ray.  Pleural plaques were 
detected in most of the patients.  Pulmonary asbestosis 
was diagnosed in 3 (12.5ｵ) cases,  and the profusion 
rate according to the International Labour 
Organization criteria [11] was 1 in 2 cases and 3 in 
one case.  Rounded atelectasis was detected in 18 
(75.0ｵ) cases on chest CT.  Crowʼs feet signs,  
defined as fibrous strands with accompanying circum-
scribed pleural thickening,  was detected in all cases 
on chest CT.
　 Respiratory function test. The median 
(range) value of ｵVC was 51.4ｵ (31.2-70.7ｵ); the 
ｵVC was＜60ｵ in 22 (91.7ｵ) patients.  The median 
(range) value for FEV1 was 82.9ｵ (47.7-100ｵ).  
Eighteen (75.0ｵ) patients showed restrictive ventila-
tory impairment,  and 6 (25.0ｵ) showed combined 
restrictive and obstructive ventilatory impairment.  
Blood gas data were available in 23 cases,  and the 
median (range) values for PaO2 and PaCO2 were 78.9 
(53-86) Torr and 43.3 (35.8-56.5) Torr,  respectively.
　 We then examined the association between respira-

tory function and smoking history.  First,  we com-
pared ｵVC and FEV1 between lower (＜600) and 
higher (ｧ600) Brinkman index groups (n＝10 and 
14,  respectively).  Never-smokers were included in 
lower Brinkman index group.  The median values for 
ｵVC in the lower (＜600) and higher (ｧ600) 
Brinkman index groups were 50.9ｵ and 51.4ｵ,  
respectively.  The median values for FEV1 in the 
lower (＜600) and higher (ｧ600) Brinkman index 
groups were 71.7ｵ and 85.4ｵ,  respectively.  There 
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Table 1　 Demographics of the study population (n＝24)

Characteristics No. of patients (%)

Median age (range) 74 (63-92) years
Gender Male 24 (100.0%)
Smoking Never 6 (25.0%)

Former 16 (66.7%)
Present 2 (8.3%)

Initial symptom Cough 14 (56.0%)
Chest pain 3 (12.0%)
Sputum 1 (4.0%)

mMRC＊ grade 0/1/2/3/4 0/3/15/3/3
＊modified Medical Research Council.

Table 2　 Occupational category of asbestos exposure (n＝24)

Occupation No. of patients

Dockyards 7
Construction 4
Heating trade 3
Demolition work 2
Asbestos product industry 2
Furnace installation 1
Electric work 1
Painting 1
Plumbing 1
Welding 1
Shipman 1

Table 3　 Radiographic findings associated with DPT

Findings No. of patients (%)

Asbestosis 3 (12.5%)
Pleural plaques (X-ray) 14 (58.3%)
Pleural plaque (CT＊) 22 (91.7%)
Rounded atelectasis 18 (75.0%)
Crowʼs feet sign 24 (100.0%)
Costophrenic angle involvement 24 (100.0%)
＊Computed tomography.  DPT: diffuse pleural thickening.



were no significant differences in ｵVC (p＝0.5780) 
and FEV1 (p＝0.5387) between the 2 Brinkman index 
groups (Fig.  1).  We also compared the ｵVC and 
FEV1 values between lower (＜400) and higher (ｧ400) 
Brinkman index groups (n＝6 and 18,  respectively).  
The median values for ｵVC in the lower (＜400) and 
higher (ｧ400) Brinkman index groups were 56.3ｵ 
and 50.1ｵ,  respectively.  The median values for 
FEV1 in the lower (＜400) and higher (ｧ400) 
Brinkman index groups were 68.1ｵ and 86.4ｵ,  
respectively.  There were no significant differences in 
ｵVC (p＝0.5709) and FEV1 (p＝0.0773) between 
these 2 Brinkman index groups.
　 We next examined the association between respira-
tory function and unilateral or bilateral DPT.  The 
median values for ｵVC in the unilateral (n＝6) and 
bilateral (n＝18) DPT cases were 53.3ｵ and 51.4ｵ,  
respectively.  The median values for FEV1 in the 
unilateral and bilateral DPT cases were 67.7ｵ and 
84.4ｵ,  respectively.  There were no significant dif-
ferences in ｵVC (p＝0.7642) or FEV1 (p＝0.3014) 
between the cases of unilateral and bilateral DPT.
　We compared respiratory function between 2 groups:  
those with longer asbestos exposure (ｧ30 years: n＝
16) and those with shorter asbestos exposure (＜30 
years: n＝8).  The median VC values in the longer- 
and shorter-exposure groups were 48.4ｵ and 54.2ｵ,  
respectively.  The median FEV1 values in the longer- 
and shorter-exposure groups were 76.4ｵ (41.3-70.7ｵ) 
and 85.4ｵ,  respectively.  The longer-exposure group 
showed more impaired respiratory function,  although 
the difference was not significant (p＝0.3123 for  

ｵVC and p＝0.4813 for FEV1).
　 Clinical course of DPT. Thirteen patients 
had a medical history of BAPE that preceded the 
diagnosis of DPT.  The date of the accumulation of 
pleural effusion was identified based on their medical 
records,  except in one case.  The median (range) 
duration from the accumulation of pleural effusion to 
the development of DPT was 28.4 (8.9-255.3) months.  
The median duration from the accumulation of pleural 
effusion to the development of impaired respiratory 
function was 35.1 (2.8-255.3) months.  We examined 
the correlation between the duration from the fluid 
accumulation to the onset of DPT and the duration of 
asbestos exposure using a regression analysis,  but 
there was no significant correlation (r＝0.09).  In 2 of 
the 6 cases with unilateral DPT,  the DPT had pro-
gressed to the other side of the thorax in 3.2 and 18.7 
months,  respectively.  At the time of the analysis,  15 
patients were alive and 9 patients had died.  Of the 9 
patients who had died,  4 died of respiratory failure,  
and 1 died of lung cancer.  The other 4 patients died 
of unknown causes.  There was no patient who devel-
oped MPM.

Discussion

　 We retrospectively analyzed the characteristic 
features of asbestos-induced DPT.  We focused in 
particular on DPT cases with severe respiratory 
compromise.  The criteria that we applied are those 
used for workerʼs compensation and the Act on 
Asbestos Health Damage Relief in Japan.  The top 
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Fig. 1　 Comparison of the percentage of vital capacity (%VC) (A) and the forced expiratory volume percentage in 1 sec (FEV1) (B),  
between the groups with lower and higher Brinkman index values.



occupational category in which the patients had been 
exposed to asbestos was dockyard workers,  as there 
is a dockyard facility in the suburbs of the Okayama 
area.  The median duration of asbestos exposure was 
35 years,  and the median latency period for the devel-
opment of DPT from the first asbestos exposure was 
49.0 years.  These results are similar to those of our 
previous study [9] and those from other groups [7,  
12].  The results of the present study confirm that 
DPT can develop after long latency periods following 
occupational asbestos exposure.
　 Making a diagnosis of DPT is challenging.  In the 
present study,  we defined DPT as pleural thickening 
of＞5mm on a posteroanterior chest X-ray,  extending 
for more than one-half of the LTW in the patients 
with unilateral DPT,  or over more than one-quarter 
of the LTW in the patients with bilateral DPT.  
These definitions were made based on dimensional 
criteria [3],  because these are the criteria that are 
applied when making a diagnosis for the certification 
of workerʼs compensation or the Act on Asbestos 
Health Damage Relief in Japan.  However,  these cri-
teria are based on chest X-rays and are ambiguous and 
subjective.
　 Ameille et al.  reported that obliteration of the 
CPA was a far more reliable sign than dimensional 
criteria in the characterization of DPT [13].  
Accordingly,  the revised International Labor Office 
(ILO) Classification of Radiographs of Pneumoconiosis 
provided clearer criteria,  in which involvement of the 
CPA had to be demonstrated for DPT [11].  We 
recently reported that the involvement of the CPA was 
negatively correlated with ｵVC [9].  This finding 
supports the use of CPA involvement not only for 
making a diagnosis of DPT,  but also for assessing the 
severity of DPT.  There is still room for discussion 
regarding the most relevant radiological diagnostic 
criteria for DPT.
　 Our present findings demonstrated that breathless-
ness,  cough,  and chest pain were the most frequent 
symptoms of DPT; this finding was similar to that of 
Yates et al.  [3].  Moreover,  75.0ｵ of the patients 
showed restrictive ventilatory impairment,  and 25.0ｵ 
of the patients showed combined ventilatory impair-
ment.  The characteristic features of DPT with respect 
to respiratory function testing are a restrictive venti-
lator defect,  decreased compliance,  a reduction in 
total lung capacity,  and impairment of gas transfer 

[8].  We suggest that the obstructive ventilatory 
impairment demonstrated in some of the patients in our 
study may be due to a history of smoking,  although we 
could find no clear association between respiratory 
function and smoking history.
　 Unilateral DPT has been reported to cause less 
severe ventilatory impairment than bilateral DPT [8].  
However,  there were no differences in ventilatory 
impairment between the patients with unilateral or 
bilateral DPT in the present study and in our previous 
study [9].  However,  caution should be used when 
drawing conclusions from these results,  since the 
sample size was small.  In the present study,  FEV1 in 
unilateral DPT was lower than that in bilateral DPT.  
In fact,  among 6 cases with unilateral DPT,  there 
were 3 cases with mild pulmonary emphysema,  1 case 
with asbestosis,  and 1 case with pulmonary emphy-
sema and bronchial asthma.  We consider that these 
concomitant diseases contributed to lower FEV1 in 
unilateral DPT.
　 Severe respiratory compromise is the key factor 
for approval for workerʼs compensation,  and thus the 
most appropriate method for assessing respiratory 
impairment associated with DPT should be investi-
gated further.
　 In the present study,  we focused on the sequence 
of DPT and BAPE (also known as asbestos pleuritis).  
Epler et al.  advocated the following diagnostic criteria 
for BAPE: (1) previous asbestos exposure,  (2) deter-
mination of pleural effusion by chest X-ray or thora-
centesis,  and (3) absence of other causes of effusion 
[4].  We examined the patientsʼ history of pleural fluid 
accumulation based on the medical information avail-
able and their subsequent clinical courses.  We found 
that 54.2ｵ of the 24 DPT cases had a history of 
pleural fluid accumulation,  and they subsequently 
developed DPT at a median of 28.4 months.  In addi-
tion,  these patients developed severe respiratory 
compromise at a median of 35.1 months following the 
episode of pleural fluid accumulation.  In a previous 
report,  40ｵ of DPT cases were preceded by the 
development of pleural effusion [7].  However,  in the 
present study,  there were some cases in which it was 
difficult to determine the radiological change from 
BAPE to DPT,  especially in patients with BAPE in 
the organizing stage.  Diagnostic criteria for differen-
tiating between BAPE in the organizing stage and 
DPT would be of critical importance with respect to 
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workerʼs compensation in Japan.
　 Our present findings demonstrated that the main 
cause of death was respiratory failure.  Karjalainen et 
al.  reported that asbestos-induced benign pleural dis-
ease raised the risk of MPM,  but the risk of lung 
cancer was only slightly elevated [14].  In our study,  
only one of the 24 patients died of lung cancer and 
there were no patients with MPM.  Associations 
between DPT and MPM or lung cancer should be 
clarified in a large-scale,  long-term study.
　 In conclusion,  our results indicate that DPT can 
develop after a long latency period following occupa-
tional asbestos exposure and a history of BAPE.  
Radiological diagnostic criteria that are suitable for 
practical use and appropriate methods for assessing 
respiratory impairment due to DPT should be estab-
lished.  Clinical,  pathological,  and temporal altera-
tions that occur in the transition from BAPE to DPT 
should be clarified,  and the association between DPT 
and MPM or lung cancer should be examined in large-
scale,  long-term prospective studies.
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Abstract. Malignant pleural mesothelioma (MPM) is a 
highly aggressive tumor with an extremely poor prognosis. 
The incidence of MPM is increasing as a result of widespread 
exposure to asbestos. The molecular pathogenesis of MPM 
remains unclear. The present study analyzed the frequency 
of various genomic copy number gains (CNGs) in MPM 
using reverse transcription‑quantitative polymerase chain 
reaction. A total of 83 primary MPMs and 53 primary lung 
adenocarcinomas were analyzed to compare the CNGs of 
EGFR, KRAS, MET, FGFR1 and SOX2. In MPM, the CNGs 
of EGFR, KRAS, MET, FGFR1 and SOX2 were detected in 
12 (14.5%), 8 (9.6%), 5 (6.0%), 4 (4.8%) and 1 (1.2%) of the 
samples, respectively. In lung adenocarcinomas, the CNGs 
of EGFR, KRAS, MET, FGFR1 and SOX2 were detected in 
21 (39.6%), 12 (22.6%), 5 (9.4%), 10 (18.9%) and 0 (0.0%) 
of the samples, respectively. The CNGs of EGFR, KRAS 
and FGFR1 were significantly less frequent in the MPMs 
compared with the lung adenocarcinomas (P=0.0018, 
0.048 and 0.018, respectively). Overall, the MPMs exhibited 
these CNGs less frequently compared with the lung adeno-
carcinomas (P=0.0002). The differences in CNGs between 
the two tumor types suggested that they are genetically 
different.

Introduction

Malignant pleural mesothelioma (MPM) is a tumor derived 
from the mesothelial cells lining the pleural spaces. MPM 
has highly invasive and aggressive clinical characteristics. 
Approximately 80% of MPM patients have a history of 
occupational asbestos exposure, which is considered to 
be a risk factor for the development of the disease (1). The 
molecular pathogenesis of MPM is not well understood. The 
most common mutations in MPMs are losses in 9p21, 1p36, 
14q32 and 22q12, and gains in 5p, 7p and 8q24, which have been 
detected by comparative genomic hybridization analysis (2,3). 
Homozygous deletion of the 9p21 locus encoding two critical 
cyclin‑dependent kinase inhibitors, p16INK4a and p15INK4b, 
have been reported in up to 80% of MPMs, and this muta-
tion may be of diagnostic utility (4,5). The tumor suppressor 
neurofibromin  2 is encoded by the NF2 gene, located on 
chromosome 22q12. Mutations in NF2 are found in ~40% of 
MPMs, and heterozygous loss of NF2 is identified in ~74% of 
MPMs (6,7). Mutations are rare in the TP53 and RAS genes, 
which are frequently present in epithelial solid tumors (8,9). 
Epigenetic alterations, such as DNA methylation, have been 
found in MPMs, which have a different profile compared with 
lung cancer  (10‑12). MPMs, particularly of the epithelioid 
subtype, may be hard to differentiate from adenocarcinoma 
arising in the lung periphery, and epidemiological evidence 
indicates that asbestos and smoking are shared risk factors for 
these diseases (2,13,14). Currently, the differential diagnosis of 
MM is based on a range of morphological analyses, including 
a combination of histological and immunohistochemical 
staining, and electron microscopy (13,15,16).

Cytogenetic studies have been performed on MPMs and 
adenocarcinomas arising in the lung periphery, however, no 
chromosomal aberrations specific to either of the tumor types 
have been identified (2,14).

Reverse transcription‑quantitative polymerase chain reac-
tion (RT‑qPCR) is a method for evaluating DNA copy number 
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changes, including losses, gains and amplifications of DNA 
sequences (17‑19). Copy number gains (CNGs) of EGFR and 
KRAS have been observed in lung cancer, particularly in 
adenocarcinoma (18,20). Furthermore, CNGs of FGFR1 and 
SOX2 have been observed in lung cancer, particularly in 
squamous cell carcinoma (21‑25). c‑Met was recently reported 
to be activated in MPM by overexpression or mutations in 
MET (26), and MET amplification is a known cause of resis-
tance to EGFR‑tyrosine kinase inhibitor (TKI) treatment in 
lung cancer (27). RT‑qPCR was used in the present study on 
83 primary MPM and 53 primary lung adenocarcinomas to 
compare the CNGs of EGFR, KRAS, MET, FGFR1 and SOX2.

Materials and methods

Tumor samples. Surgically resected specimens of 53  lung 
adenocarcinomas and 83 MPMs (57 epithelioid, 8 sarcoma-
toid, 15 biphasic, 2 desmoplastic and 1  lymphohistiocytic) 
were obtained. All the lung adenocarcinomas and 11 of the 
MPM samples were obtained from Okayama University 
Hospital (Okayama, Japan). Another 18 MPMs were obtained 
from Yamaguchi‑Ube Medical Center (Ube, Japan), 2 were 
obtained from Okayama Rosai Hospital (Okayama, Japan) 
and the remaining 52 were obtained from Karmanos Cancer 
Center (Detroit, MI, USA). All Japanese samples were 
collected between March 2002 and September 2011, and all 
samples from the USA were collected >10 years ago. Resected 
tumors were stored at ‑80˚C until DNA extraction. Permission 
from the Institutional Review Board and informed consent 
were obtained at each collection site.

DNA extraction. Genomic DNA was obtained from primary 
tumors by standard phenol:chloroform (1:1) extraction, 
followed by ethanol precipitation, or using a DNeasy Tissue 
kit (Qiagen, Inc., Valencia, CA, USA).

RT‑qPCR for copy number evaluation. CNGs of EGFR, 
KRAS, MET, FGFR1 and SOX2 genes were determined by 
RT‑qPCR assays using Power SYBR® Green PCR Master Mix 
(Thermo Fisher Scientific, Waltham, MA, USA), as previously 
described (18,19). Briefly, samples of 1 µl were analyzed per 
assay using with StepOne Plus Real‑Time PCR System (Themo 
Fisher Scientific). PCR conditions were initial denaturation at 
95˚C for 10 min followed by 40 cycles of amplification at 95˚C for 
15 sec and 60˚C for 60 sec. The samples were analyzed in tripli-
cate using StepOne Plus RT PCR software (version 2.0; Themo 
Fisher Scientific) and the LINE1 gene was used as a reference 
gene for all copy number analyses, as this is the most abundant 
autonomous retrotransposon in the human genome, constituting 
17%. Each amplification reaction was checked for the absence 
of non‑specific PCR products by performing a melting curve 
analysis. The copy number calculation was conducted using 
the comparative cycle threshold (Ct) method following valida-
tion of the PCR reaction efficiency of EGFR, KRAS, MET, 
FGFR1, SOX2 and LINE1. The PCR primer sequences for 
EGFR, KRAS, MET and LINE1 primers have previously been 
described (17‑19). The PCR primer sequences for FGFR1 and 
SOX2 were designed by Primer 3 plus software and by modi-
fication of the sequences. The PCR primer sequences were as 
follows: FGFR1 forward, 5'‑AGC CAC CAC ATG GCA TAC 

TT‑3' and reverse, 5'‑GGT GAC AAG GCT CCA CAT CT‑3'; 
and SOX2 forward, 5'‑CGT CAC ATG GAT GGT TGT CT‑3' 
and reverse, 5'‑GCC GCC GAT GAT TGT TAT TA‑3'. The rela-
tive copy number of each sample was determined by comparing 
the ratio of the target gene to LINE1 in each sample with the 
ratio of these genes in normal human genomic DNA (EMD 
Biosciences, Darmstadt, Germany) prepared from a mixture of 
human blood cells from 6‑8 donors, as a diploid control. Our 
previous study defined a copy number of ≥4 as a gene gain in 
cell lines (17,18). However, considering the contamination by 
non‑malignant cells in primary samples (estimated mean per 
tumor, 50% tumor cells and 50% non‑malignant cells), the 
cut‑off value of 3 copy numbers rather than 4 was used for 
primary tumors in this study (17). 

Detection of EGFR mutations. The EGFR mutational status 
was determined using a PCR‑based length polymorphism and 
restriction fragment length polymorphism assay, as previously 
described (28). Briefly, the common deletions of exon 19 were 
distinguished from the wild‑type based on PCR product length 
polymorphisms using 12% polyacrylamide gel electrophoresis 
(PAGE) and ethidium bromide staining. For the exon 21 L858R 
mutation, Sau96I digestion, which specifically digests the 
mutant type, was performed prior to 12% PAGE.

Statistical analyses. Differences between the two groups were 
assessed using the χ2 test or Fisher's exact test as required. All 
data were analyzed using JMP software version 9.0.0 (SAS 
Institute Inc., Cary, NC, USA). For all analyses, P<0.05 was 
considered to indicate a statistically significant difference.

Results

CNGs in MPMs and lung adenocarcinomas. In the 83 MPM 
samples, the CNGs of EGFR, KRAS, MET, FGFR1  and 
SOX2 were detected in 12 (14.5%), 8 (9.6%), 5 (6.0%), 4 (4.8%), 
and 1 (1.2%) of the samples, respectively. In the epithelioid 
subtype of MPM (n=57), the CNGs of EGFR, KRAS, MET, 
FGFR1  and SOX2  were detected in 7  (12.3%), 5  (8.8%), 
3 (5.3%), 4 (7.0%) and 0 (0.0%) of the samples, respectively. 
In the other subtypes of MPMs (n=26), the CNGs of EGFR, 
KRAS, MET, FGFR and SOX2 were detected in 5 (19.2%), 
3 (11.5%), 2 (7.7%), 0 (0%) and 1 (3.8%) of the samples, respec-
tively. In the 53 lung adenocarcinomas, the CNGs of EGFR, 
KRAS, MET, FGFR1 and SOX2 were detected in 21 (39.6%), 
12 (22.6%), 5 (9.4%), 10 (18.9%) and 0 (0.0%) of the samples, 
respectively (Table  I; Fig.  1). Three cases of MPMs were 
demonstrated to have numerous CNGs of EGFR (269, 62 and 
14, respectively). The CNGs of EGFR, KRAS and FGFR1 were 
significantly less frequent in the MPMs compared with the lung 
adenocarcinomas (P=0.0018, 0.048 and 0.018, respectively). In 
the epithelioid subtype of MPMs, the CNGs of EGFR were 
significantly less frequent than those in the lung adenocarci-
nomas (P=0.0018), and in other subtypes of MPMs, the CNGs 
of FGFR1 were significantly less frequent compared with 
those of the lung adenocarcinomas (P=0.026). In the MPMs, 
an absence and presence of CNGs were observed in 64 (77.1%) 
and 19 (22.9%) of the 83 cases, respectively. In the epithelioid 
MPMs, absent/present CNGs were observed in 47 (82.5%) and 
10 (17.5%) of the 57 cases, respectively. In the other subtypes of 
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the MPMs, the absence and presence of CNGs were observed 
in 17 (65.4%) and 9 (34.6%) of the 26 cases, respectively. In 
the lung adenocarcinomas, the absence and presence of CNGs 
were observed in 24 (45.3%) and 29 (54.7%) of the 53 cases, 
respectively (Table II). The MPMs and the epithelioid subtypes 

of the MPMs had less frequent CNGs than the lung adenocar-
cinomas (P=0.0002 and P=0.0001, respectively).

EGFR mutations. No EGFR mutation was detected in the 
83 MPMs. In the lung adenocarcinomas, EGFR mutations 

Figure 1. EGFR gene copy number, determined by reverse transcription‑quantitative polymerase chain reaction in malignant pleural mesotheliomas (MPMs) 
and lung adenocarcinomas. Copy numbers >3 were considered as copy number gain (CNG). Three cases of MPMs were shown to have high CNGs of EGFR 
(269, 62 and 14, respectively).

Table I. CNGs of EGFR, KRAS, MET, FGFR1 and SOX2 in MPMs and lung adenocarcinomas.

	 MPMs (n=83)	
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	
			   Epithelioid	 Other	 Lung
	 All (n=83)	 subtype (n=57)	 subtypes (n=26)	 adenocarcinoma (n=53)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑   
Genes	 No.	 %	 No.	 %	 No.	 %	 No.	 %

EGFR	 12a	 14.5	 7a	 12.3	 5	 19.2	 21	 39.6
KRAS	 8b	 9.6	 5	 8.8	 3	 11.5	 12	 22.6
MET	 5	 6.0	 3	 5.3	 2	 7.7	 5	 9.4
FGFR1	 4b	 4.8	 4	 7.0	 0b	 0.0	 10	 18.9
SOX2	 1	 1.2	 0	 0.0	 1	 3.8	 0	 0.0

CNGs of FGFR1 and KRAS were significantly less frequent in MPMs compared with lung adenocarcinomas. In epithelioid MPMs, CNGs 
of EGFR were found to be significantly less frequent compared with lung adenocarcinomas. In other types of MPMs, CNGs of FGFR1 were 
found to be significantly less frequent compared with lung adenocarcinomas (aP<0.05; bP<0.01). CNGs, copy number gains; MPMs, malignant 
pleural mesotheliomas.

Table II. Frequency of the absence or presence of CNGs in MPMs and lung adenocarcinomas.

	 Absence of CNGs	 Presence of CNGs
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Cancer type	 No.	 %	 No.	 %

Malignant pleural mesothelioma (n=83)a	  64a	 77.1 	 19	 22.9 
Epithelioid subtype (n=57)a	  47a	 82.5	 10	 17.5 
Other subtypes (n=26) 	 17	 65.4	   9	 34.6
Lung adenocarcinoma (n=53)	 24	 45.3	 29	 54.7

Frequency of none of CNGs in MPMs and epithelioid MPMs was significantly higher compared with lung adenocarcinomas (aP<0.01). CNGs, 
copy number gains; MPM, malignant pleural mesothelioma.
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were detected in 21 (39.6%) cases; 14 cases exhibited an exon 
19 deletion and 7 cases exhibited an exon 21 mutation (L858R).

Discussion

The main finding of the present study is that the pattern of 
DNA CNGs of MPM is different from that in lung adenocar-
cinoma. MPMs exhibited less CNGs of the genes examined 
in compared with the lung adenocarcinomas. The epithelioid 
subtype of MPM, which is often difficult to distinguish from 
lung adenocarcinoma, similarly exhibited these CNGs less 
frequently compared with the lung adenocarcinomas. To the 
best of our knowledge, only a limited number of studies have 
previously analyzed the presence and frequency of EGFR 
CNGs in MPMs (2,29‑32), and no studies have focused on 
CNGs of KRAS, MET, FGFR1 or SOX2  in MPM. A large 
number of samples (n=83) were screened in the present study, 
whereas the previous studies were based on smaller sample 
sizes and may have underestimated the true frequency of such 
CNGs.

Although CNGs of SOX2 were seldom observed in the 
MPMs and lung adenocarcinomas, the CNGs of the remaining 
four genes were detected in the MPM samples to a certain 
extent. The fact that the CNGs of four genes in the MPMs 
were less frequent in comparison to the lung adenocarcinomas 
suggested that CNG may not be a pivotal mechanism for the 
activation of oncogenes in MPMs, and that different mecha-
nisms may be of greater importance. It has been previously 
reported that EGFR is overexpressed in 60‑70% of MPM tissue 
specimens; however, it is not overexpressed in the normal 
mesothelium (29,33). Furthermore, exposure to asbestos fibers 
is known to cause EGFR aggregation (34). In the present study, 
EGFR, located at 7p12‑p13, was the most frequent gene to 
exhibit CNGs (12 out of 83 MPMs and 20 out of 53 lung adeno-
carcinomas). Bjorkqvist et al (2) reported similar results, such 
as gains of genetic material in 5p, 6p and 7p between MPMs 
and lung adenocarcinomas. The study detected a gain in 7p in 
7 out of 34 MPMs and 11 out of 30 lung adenocarcinomas (2). 
MPMs rarely harbor EGFR mutations (31,35‑37). There were 
no EGFR mutations detected in MPMs in the present study, as 
expected. Upon analysis, three cases of MPMs exhibited high 
EGFR gene amplification (CNG>10), and these cases were all 
epithelioid MPMs, which was consistent with the previous 
studies by Okuda et al (29) and Enomoto et al (31). It remains 
unclear whether high‑level amplification of EGFR is more 
prominent in MPMs compared with lung adenocarcinomas, 
although the frequency of CNGs for EGFR is lower in MPMs 
compared with lung adenocarcinomas. In MPMs with EGFR 
amplification, the inhibition of EGFR pathways should exert 
an antitumor effect. In lung cancer, the results of two random-
ized phase III trials that compared a placebo to erlotinib or 
gefitinib treatment indicated that EGFR copy number detected 
by fluorescence in situ hybridization was the best predictor of 
survival (38). Patients with colorectal cancer who responded 
to anti‑EGFR treatment with cetuximab or panitumumab 
exhibited an increased EGFR copy number (39). Although two 
phase II studies of single‑agent EGFR‑TKI therapy to treat 
MPMs failed to demonstrate their clinical efficacy, in the gefi-
tinib trial, 2 of 43 MPM patients responded to gefitinib (40,41). 
These data suggest that a small proportion of patients (with 

EGFR gene amplification) may be candidates for anti‑EGFR 
treatment (29).

In conclusion, the present study detected novel CNGs 
in genes other than EGFR. MPM samples exhibited these 
CNGs less frequently compared with lung adenocarcinomas. 
The differences in DNA CNG between the two tumor types 
suggested that they are genetically different.
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There is no detailed information about benign asbestos pleural effusion (BAPE). The aim of the study was to clarify the clinical
features of BAPE. The criteria of enrolled patients were as follows: (1) history of asbestos exposure; (2) presence of pleural effusion
determined by chest X-ray, CT, and thoracentesis; and (3) the absence of other causes of effusion. Clinical information was
retrospectively analysed and the radiological images were reviewed. There were 110 BAPE patients between 1991 and 2012. All were
males and the median age at diagnosis was 74 years. The median duration of asbestos exposure and period of latency for disease
onset of BAPE were 31 and 48 years, respectively. Mean values of hyaluronic acid, adenosine deaminase, and carcinoembryonic
antigen in the pleural fluid were 39,840 ng/mL, 23.9 IU/L, and 1.8 ng/mL, respectively. Pleural plaques were detected in 98 cases
(89.1%). Asbestosis was present in 6 (5.5%) cases, rounded atelectasis was detected in 41 (37.3%) cases, and diffuse pleural thickening
(DPT) was detected in 30 (27.3%) cases. One case developed lung cancer (LC) before and after BAPE. None of the cases developed
malignant pleural mesothelioma (MPM) during the follow-up.

1. Introduction

Asbestos-related pathological changes of the pleura include
pleural plaques, malignant pleural mesothelioma (MPM),
diffuse pleural thickening (DPT), and benign asbestos pleural
effusion (BAPE). BAPE is a nonmalignant pleural disease
initially described in 1964 [1]. It is also termed asbestos
pleuritis. Once a patient is diagnosed with BAPE, he or she
is compensated by workers’ compensation in Japan. Epler
et al. [2] advocated diagnostic criteria for BAPE, which

include (1) previous asbestos exposure, (2) determination
of pleural effusion by chest X-ray or thoracentesis, and (3)
the absence of other causes of effusion. They also stated
that follow-up assessments for at least 3 years were essential
to confirm the diagnosis and to exclude the development
of malignant diseases such as MPM or lung carcinomatous
pleuritis. Later, Hillerdal and Ozesmi [3] described that a
1-year follow-up would be sufficient based on a detailed
exploration including computed tomographic (CT) scanning.
Most of the previous studies included small numbers of
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patients and were undertaken in the 1980s, so no detailed
information is available about the disease.

In the current study, we retrospectively analysed the
clinical features of BAPE in patients in Japan. The aim of
the study was to clarify the clinical features of BAPE and to
suggest more practical diagnostic standard for the disease.

2. Patients and Methods

2.1. Subjects. Enrolled patients were referred to Rosai Hos-
pital and affiliated hospitals in Japan for an examination
for pleural effusion and were finally diagnosed with BAPE.
The criteria of enrolled patients were as follows: (1) previ-
ous history of asbestos exposure obtained by an in-person
questionnaire or interview; (2) presence of pleural effusion
determined by chest X-ray, CT, and thoracentesis; and (3)
the absence of other causes of effusion. The pleural fluid was
collected by thoracentesis or thoracoscopy, and information
on cell classification, cytological analysis, and the biochem-
ical examination was extracted from the medical records.
Hyaluronic acid (HA), adenosine deaminase (ADA), and
carcinoembryonic antigen (CEA) were included among the
clinical laboratory tests. The HA concentration was deter-
mined using a latex agglutination turbidimetric immunoas-
say. ADA was measured using an enzymatic technique. CEA
was measured using a chemiluminescent immunoassay.

2.2. Data Collection and Analysis. Clinical and demographic
information was obtained from the medical records at each
facility. The information included age, gender, smoking sta-
tus, initial symptoms, and results of laboratory testing of
the pleural effusion. The work histories, those of the family
members, and residential histories were investigated to assess
the patient’s history of asbestos exposure.

The radiological images were sent to Okayama Rosai
Hospital for review. Characteristic radiological findings asso-
ciated with asbestos exposure were assessed as the presence
of pleural effusion, asbestosis, rounded atelectasis, pleural
plaques, and DPT. Asbestosis was classified on chest X-rays
according to perfusion rate (PR) based on the International
Labour Organization (ILO) criteria [4]. DPT was defined
as pleural thickening of more than 5mm on chest X-rays,
extending for more than half of the lateral thoracic wall
(LTW) in cases of unilateral DPT or more than quarter
of the LTW in cases of bilateral DPT [5]. The presence of
pleural effusion, rounded atelectasis, and pleural plaques was
assessed on chest CT.

Survival data were determined from the day pleural
effusion was detected to the day of death or last follow-up
and analysed using the Kaplan-Meier method with SPSS 11.0
software (SPSS, Inc., Chicago, IL, USA).

This study was done according to the Ethical Guidelines
for Epidemiological Research by the Japanese Ministry of
Education, Culture, Sports, Science, and Technology and the
Ministry of Health, Labour, and Welfare. This study was
approved by Japan Labour Health and Welfare Organization
and the institutional review boards of each institution. Patient
confidentialitywas strictlymaintained.This studywas carried

Table 1: Patient characteristics.

Age (𝑛 = 110)
Median (range) 74 (36–90)

Gender (𝑛 = 110)
Male/female 110/0

Smoking history (𝑛 = 63)
Ever/current 56
Never 7

Symptoms (𝑛 = 65, multiple answers)
Dyspnea 34
Cough 15
Chest pain 13
Fever 3
Palpitation 2
Sputum 1
Wheezing 1
Back pain 1
Weight loss 1
Fatigue 1

out according to the principles set out in the Declaration of
Helsinki.

3. Results

3.1. Patient Characteristics. One hundred ten patients from
9 institutions fulfilled the enrolled criteria based on the
descriptions in their medical records and review of the radio-
graphs between 1991 and 2012. Characteristics of the patients
are shown in Table 1. Smoking history was obtained in 63
cases including 56 ever/current smokers and 7 never smokers,
with the median (range) pack-years of 34.5 (0–112). Pleural
effusion was found in 56 cases in the right, 25 in the left, and
27 in both thoracis. Sixty-five patients visited the clinic for
subjective symptoms, and pleural effusion was detected at the
regular medical check-up in 35 cases without any symptoms.
Pleural effusion was detected during the treatment of other
diseases in another 15 cases. Thoracentesis was performed in
all patients to collect pleural fluid.Thoracoscopic exploration
was done in 78 patients to exclude carcinomatous pleuritis or
MPM and to confirm the diagnosis of BAPE.

3.2. Asbestos Exposure History. A history of asbestos expo-
sure was reported by 109 patients, with one patient whose
detailed information of asbestos exposure was not obtained.
Among the 109 patients, 108 patients had a history of
occupational asbestos exposure and one patient had a history
of environmental asbestos exposure. The occupational cate-
gories associatedwith asbestos exposure are shown inTable 2.
The median (range) age of the first exposure to asbestos was
21.5 (14–58) years. The median (range) duration of asbestos
exposure was 31 (0.75–50) years and the median (range)
period of latency for disease onset of BAPE was 48 (17–76)
years.
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Table 2: Occupational category related to asbestos exposure.

Shipbuilding 25
Construction 20
Chemical facility 10
Asbestos products manufacturing 8
Electrical work 8
Plumbing 7
Asbestos transportation 5
Moisturizing work 4
Asbestos spraying 3
Steel production 3
Demolition work 2
Automobile manufacturing 2
Heat insulation 2
Firebrick manufacturing 2
Glasswork 1
Metallic product manufacture 1
Furnace installation 1
Coating industry 1
Shipman 1
Others 2
Total 108

3.3. Characteristics of the Pleural Effusion. Information
regarding the pleural effusion was obtained in 104 cases.
The gross impression of the pleural fluid was bloody in 75
cases, light yellow in 27, and light brown and dark red in
1 case each. The effusions were exudative in all cases. A
cellular classification of the fluid was obtained in 57 cases
and the median proportions of lymphocytes, macrophages,
neutrophils, and eosinophils were 77.7%, 9.7%, 8.0%, and
8.0%, respectively. The HA concentration was determined in
106 cases and the mean (standard deviation) concentration
was 39,840 (40,228) ng/mL.Mean (standard deviation) values
of ADA and CEA were 23.9 (24.9) IU/L and 1.8 (1.3) ng/mL,
respectively.

3.4. Concomitant Asbestos-Related Findings. As shown in
Table 3, pleural plaques were detected in 98 cases (89.1%),
among which 76 cases were calcified. Asbestosis was present
in 6 cases, rounded atelectasis was detected in 41 cases
(37.3%), andDPTwas detected in 30 cases (27.3%). One of the
cases developed lung cancer (LC) before and after diagnosis
of BAPE. The patient had undergone right upper lobectomy
for LC two years before his BAPE diagnosis and left partial
lobectomy for another LC two years after his BAPE diagnosis.

3.5. Clinical Course. In most of the cases, thoracentesis
and/or thoracotomy were done to collect the fluid and drain
the pleural effusion. Oral steroids were prescribed in 5
cases and one of them demonstrated temporal decrease of
the effusion. Survival data was obtained in 70 cases from
Okayama Rosai Hospital. As shown in Figure 1, median
overall survival was 104.2 months (95% confidence interval
(CI), 67.3–141.0 months) after amedian observation period of

Table 3: Concomitant asbestos-related radiological findings.

Findings 𝑛 %
Pleural plaques 98 89.1
Calcified 76
Asbestosis 6 5.7

PR†
1 3
2 2
3 1

Rounded atelectasis 41 37.3
DPT‡ 30 27.3
†Perfusion rate, ‡diffuse pleural thickening.
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Figure 1: Overall survival of patients with benign asbestos-related
pleural effusions at Okayama Rosai Hospital.

73.0months (95%CI, 16.2–268.2months).Therewere 17 dead
cases out of 70 cases at the analysis. The causes of death were
determined in 11 cases including 7 respiratory failure cases
and each 1 of renal failure, suicide, septic shock due to urinary
tract infection, and death of old age. There were 9 cases that
developed DPT out of the 17 cases, including the 7 dead cases
of respiratory failure. At the time of the analysis, none of the
cases had developed MPM.

4. Discussion

In the current study, we examined the clinical features of
BAPE and demonstrated that BAPE developed after long-
term asbestos exposure. In a previous report, BAPE occurred
15–20 years after exposure andwasmore common in younger
patients aged 21–40 years [6]. In another report, the interval
between asbestos exposure and presentation of BAPE varied
between 5 and more than 30 years, and early onset was cor-
related with higher asbestos exposure [7]. Wagner reported
that BAPEs were usually unilateral, and the most common
manifestation of asbestos-related pleural disease occurred 10
to 20 years after exposure [8]. A limitation of these earlier
studies is that the diagnosis criteria of BAPE were ambiguous
in the studies. The median latency period between asbestos
exposure and BAPE development in the current study was
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Table 4: Proposed diagnostic criteria of benign asbestos pleural effusion.

Diagnostic criteria
(1) Asbestos exposure history.
(2) Exudative effusion.
(3) Exclusion of other pleuritides such as lung cancer, MPM†, and tuberculous pleuritis by radiological examination and pleural biopsy via
thoracoscopy.
Additional diagnostic information
(1) In cases thoracoscopy could not be undergone, the diagnosis should be discussed based on the bacteriological examination and
biochemical markers below.

(a) Elevated carcinoembryonic antigen (>5 ng/mL) suggests carcinomatous pleuritis.
(b) Elevated adenosine deaminase (>35 IU/L) suggests tuberculous pleuritis.
(c) Elevated hyaluronic acid (>100,000 ng/dL) suggests MPM.

(2) In cases with some concomitant medical problem such as autoimmune diseases, the activity of the disease should be carefully evaluated.
†Malignant pleural mesothelioma.

48 years, which was similar to that observed for MPM (41
years), LC (47 years), and asbestos-induced DPT (46 years)
in our previous reports [4, 9, 10]. We consider that BAPE
develops after a long latency period in those with a history of
asbestos exposure. There is one point, however, that most of
the patients of BAPE in the current study have associatedwith
other asbestos-related lesions such as rounded atelectasis
and/or diffuse pleural thickening. It is possible that BAPE
might have been developed earlier in these cases, and this
could be an explanation of the longer latency of BAPE than
previously published. The current study suggests that BAPE
can develop after moderate-to-high levels of exposure to
asbestos, because the occupational category of the subjects in
the current study included those of relatively high levels of
asbestos exposure such as asbestos product manufacturing,
construction, and shipbuilding, although the correlation
between the exposure amount and development of BAPE is
unclear.The subjects in the current study included substantial
portion of those with smoking history. To our knowledge, the
correlation between BAPE and smoking history has not been
reported.

The diagnosis of BAPE should be based on a history
of asbestos exposure and an exclusion of other causes of
effusion such as tuberculous pleuritis, bacterial pleuritis,
collagen diseases, heart failure, and malignant conditions
such as MPM and LC. In our analysis, the gross impression
of the pleural fluid was bloody in 72% of the cases, and
cellular classification of the fluid demonstrated lymphocyte
dominancy. These results are similar to those of a previous
report showing that the effusion was exudative and could be
hemorrhagic, as well as predominantly eosinophilic [11].

In cases of LC, tumor cells are detected in the fluid in
more than 60% of cases [12]. In cases with MPM, tumor
cells can be detected in the pleural fluid, but the detection
rate has been reported as less than 30% [13]. Tuberculosis
pleuritis or bacterial pleuritis could be diagnosed by staining
for acid-fast bacteria, polymerase chain reaction detection, or
bacterial culture, although the detection rate is usually low.
These analyses may not always determine the diagnosis but
should be undergone to exclude MPM, LC, and tuberculosis
or bacterial pleuritis and to make the diagnosis of BAPE.

In addition, we analysed some markers such as HA
concentration, ADA, and CEA. Recently, we reported the
clinical usefulness of HA for the differential diagnosis of
MPM and BAPE [14]. In cases with tuberculosis pleuritis,
elevated values of ADA could help in the diagnosis [15].
However, elevated ADA may not be limited to tuberculous
pleuritis, as it is also present in LC or MPM [16]. In
cases with elevated CEA values, carcinomatous pleuritis is
strongly suggested [17].These markers should be determined
to exclude these conditions and to confirm a diagnosis of
BAPE.However, the differential diagnosis ofMPMandBAPE
is especially difficult, even when based on these markers.
Especially in cases with exudative pleural effusions, thoraco-
scopic exploration and pleural biopsy should be performed to
exclude MPM and confirm the diagnosis of BAPE [18].

Based on the findings in the current study and previ-
ous reports, we propose more practical diagnostic standard
for the diagnosis of BAPE including (1) asbestos exposure
history, (2) exudative effusion, and (3) exclusion of other
pleuritides such as LC, MPM, and tuberculous pleuritis
by radiological examination and pleural biopsy via thora-
coscopy. Additional diagnostic information is as follows: (1)
in cases thoracoscopy could not be undergone, the diagnosis
should be discussed based on the bacteriological examination
and biochemical markers such as CEA, ADA, and HA; in
cases with elevated CEA (>5 ng/mL), ADA (>35 IU/L), or
HA (>100,000 ng/dL), carcinomatous pleuritis, tuberculous
pleuritis, or MPM is more likely, respectively; and (2) in
cases with some concomitant medical problem such as
autoimmune diseases, the activity of the disease should be
carefully evaluated, because autoimmune diseases such as
systemic lupus erythematosus or rheumatoid arthritis could
involve the pleura and cause pleural effusion (Table 4).

“Benign” is meant to refer to a nonmalignant process, but
these effusions can be associated with significant morbidity
[19]. The effusion generally takes a long time to resolve. It
may resolve spontaneously or be followed by DPT, which
causes extrapulmonary restriction and may thereby ulti-
mately become disabling. Previous studies reported that a
considerable number of patients with BAPE subsequently
developed DPT [2, 3]. Actually, in our previous study, half
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the patients with asbestos-induced DPT had a history of
BAPE [4]. Furthermore, in the current study one patient
developed LC before and after being diagnosed with BAPE.
The risks of developing MPM or LC in patients with BAPE
are increased compared with those of the general population
because of their past history of asbestos exposure. Particular
attention should be paid to the management of patients with
BAPE.

There are a few limitations to the current study. First,
this was a retrospective study. Second, pathological analy-
ses including immunohistochemistry were not reviewed. In
addition, there are recent reports that increased uptake of
fluorodeoxyglucose (FDG) by positron emission tomography
(PET) may be a useful marker to distinguish MPM from
benign pleural disease [20, 21]. In addition, recent reports
revealed that biomarkers such as soluble mesothelin-related
peptides (SMRP) are selectively elevated in patients with
MPM [22, 23]. A clinical study to evaluate the utility of
PET and/or SMRP for the differentiation between MPM and
BAPE is warranted.

5. Conclusions

BAPE develops after a long latency period after past asbestos
exposure. The diagnosis of BAPE should be based on the
exclusion of other pleural diseases. A thorough evaluation,
including diagnostic thoracentesis and cytological and bac-
terial analysis, must be performed. Clinical markers such
as HA, ADA, and CEA might help with the differential
diagnosis. However, thoracoscopic exploration and pleural
biopsy should be performed to confirm a diagnosis of BAPE.
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Abstract The brain is a rare site of metastasis in malig-

nant pleural mesothelioma (MPM), and its clinical features

and prognosis remain unclear. The aim of this study was to

investigate the incidence, prognosis, and risk factors for

brain metastases (BM) in MPM patients. Between July

1993 and October 2014, 150 patients with histologically

proven MPM were included in this retrospective study. The

cumulative incidence of BM was estimated with the

Kaplan–Meier method, and differences between groups

were analyzed by the log-rank test. Multivariate logistic

regression analysis was applied to assess risk factors for

BM. The median follow-up time was 11 months (range

0–154.0 months). A total of eight patients (5.3 %) devel-

oped BM during the course of their illness. Multivariate

analysis identified age\65 years (odds ratio [OR] = 5.83,

p = 0.038) and International Mesothelioma Interest Group

stage IV (OR = 1.69, p = 0.040) as independent factors

related to increased risk of developing BM. The 1-and

2-year cumulative rates of BM were 4.0 % (95 % confi-

dence intervals [CI] 1.4–8.5 %) and 5.3 % (95 % CI

2.3–10.2 %), respectively. Our study showed that the

overall survival (OS) of patients with BM was worse than

that of patients without BM (median OS 6.5 vs.

11.0 months, p = 0.037). The prognosis for BM in MPM

patients is poor. Clinicians should perform careful

screening for BM, especially in patients with risk factors.

Keywords Asbestos � Malignant pleural mesothelioma �
Brain metastases � Central nervous system � Brain

Abbreviations

MPM Malignant pleural mesothelioma

BM Brain metastasis

ECOG Eastern Cooperative Oncology Group

PS Performance status

IMIG International Mesothelioma Interest Group

EPS European Organization for Research and

Treatment of Cancer Prognostic Score

CALGB Cancer and Leukemia Group B

MRI Magnetic resonance imaging

CT Computed tomography

OS Overall survival

Introduction

Malignant pleural mesothelioma (MPM) is a rare but

aggressive primary pleural neoplasm that is associated with

asbestos exposure [1]. Its prognosis remains poor, as most

patients have unresectable disease at the time of diagnosis.

Although several treatment options are available to patients

with MPM, the median survival time is approximately

12 months [2].

Brain metastasis (BM) is the most common type of

intracerebral neoplasm and occurs in 10–30 % of adult
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patients with systemic cancer [3]. The incidence of BM

may be increasing, because of improved imaging tech-

niques to detect BM and more effective systemic treatment

that can prolong the tumor-bearing period of time, per-

mitting the cancer to disseminate to the brain. Lung cancer,

breast cancer, and malignant melanoma are the neoplasms

most frequentlyassociated with BM [4].

MPM typically spreads by local invasion or extension.

Distant metastasis may occur; however, BM is quite rare

and the majority of reported cases were identified by

postmortem examination. The incidence of BM was

reported to be only 3 % of MPM patients [5]. To date, there

have been few reports on BM in patients with MPM.

Recently, Chari et al. a case report and review of the lit-

erature on the topic [6], however, its clinical features and

prognosis remain unclear. The aim of this single-institution

retrospective study was to evaluate the incidence, risk

factors, and survival outcome associated with BM inpa-

tients with MPM.

Materials and methods

Patient population

The study included 150 consecutive patients with histo-

logically proven MPM who were seen between July 1993

and October 2014 at Okayama Rosai Hospital, Japan.

Baseline demographic and clinicopathological variables

were collected retrospectively from patients’ medical

records. These included age at initial diagnosis, gender,

histological subtype, clinical stage, and baseline Eastern

Cooperative Oncology Group (ECOG) performance status

(PS).Clinical staging was determined according to the

International Mesothelioma Interest Group (IMIG) stag-

ing system [7]. The European Organization for Research

and Treatment of Cancer Prognostic Score (EPS) was

used to subcategorize patients into low- or high-risk

groups based on age, gender, histology, probability of

diagnosis, and leukocyte count [8]. We also used the

Cancer and Leukemia Group B (CALGB) score, which

incorporates the presence of nonepithelial histology,

weight loss, chest pain, high platelets and WBC, low

hemoglobin, high serum lactate dehydrogenase, advanced

age, and PS [9]. The patients were divided based on their

CALGB score into three groups (i.e., groups 1/2, 3/4, or

5/6), because of the small numbers in the even-numbered

groups [10].

Diagnosis of BM in MPM was based on magnetic res-

onance imaging (MRI) or contrast-enhanced computed

tomography (CT) scans. Routine brain imaging was per-

formed at the diagnosis but not during the follow-up per-

iod, unless BM was suspected. Leptomeningeal metastases

were not included in the actuarial incidence of BM in this

study.

This study was approved by the Japan Labour, Health

and Welfare Organization and the institutional review

board of Okayama Rosai Hospital. Patient confidentiality

was strictly maintained.

Statistical analysis

A comparison of patient characteristics at diagnosis was

performed by Fisher’s exact test or Student’s t test, as

appropriate. Overall survival (OS) was calculated from

the date of initial diagnosis to the date of last follow-up

or death from any cause. OS was obtained by using

Kaplan–Meier methods, and between-group differences

were compared with the log-rank test. To determine risk

factors associated with the development of BM, univariate

and multivariate logistic regression models with a step-

wise selection procedure were generated. A two-tailed

p value of\0.05 was considered statistically significant.

All statistical analysis was performed with STATA soft-

ware (version 12.1; StataCorp, College Station, TX,

USA).

Results

Patient characteristics

The median follow-up time for the 150 study participants

was 11.0 months (range 0–154.0 months). Eight of the

patients developed BM: three at diagnosis of MPM and five

during the clinical course of MPM. Thus, the crude inci-

dence rate of BM was 2.0 % (95 % confidence interval

[CI] 0.4–5.7 %) at diagnosis and 5.3 % (95 % CI

2.3–10.2 %) overall. The median time from initial diag-

nosis to development of BM was 4.5 months (range

0–24.0 months); the 1-and 2-year cumulative rates for BM

were 4.0 % (95 % CI 1.4–8.5 %) and 5.3 % (95 % CI

2.3–10.2 %), respectively.

In the cohort of patients with BM (n = 8), the median

(±SD) age was 61.3 (±6.3) years and all patients were

men. The majority of the histological types were epithe-

lioid (62.5 %) followed by sarcomatous (37.5 %). Three

patients (37.5 %) had stage III disease, and five patients

(62.5 %) had stage IV disease. Four patients (50 %) had

symptoms of BM, such as ataxia (n = 2), headache

(n = 1), and sensitivity disorders (n = 1). BM were in

various locations including 5 in parietal lobe (62.5 %), 3 in

frontal lobe (37.5 %), and each 2 in temporal lobe (25.0 %)

and the cerebellum (25.0 %). The size of BM was 2 cm or

less in all cases. At the time of detection of BM, four
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patients (50 %) had developed other distant metastases,

including adrenal gland (n = 3), lung (n = 2), lymph node

(n = 2), liver (n = 2), muscle/soft tissue (n = 1), and bone

(n = 1). The patients’ baseline characteristics and thera-

pies are presented in Table 1.

The clinicopathological characteristics of the patients

with BM were compared with those of patients without BM

(non-BM) (Table 2). Age at diagnosis was younger in BM

than in non-BM patients (p = 0.034), and there were more

patients with pleural effusion at initial diagnosis in BM

compared to non-BM patients (p = 0.044). There was no

difference between the two groups with respect to histo-

logical subtype.

Treatment and survival

Of the three patients who presented BM at initial diagnosis,

one patient underwent whole brain radiotherapy and one

underwent radiosurgery. The remaining patient had

asymptomatic BM and received systemic chemotherapy.

Of the four patients who developed BM after initial sys-

temic chemotherapy, two were treated with whole brain

radiotherapy and two underwent radiosurgery. The final

patient developed asymptomatic BM during the observa-

tion period after initial surgery and received systemic

chemotherapy.

The median OS of the non-BM and BM groups was

11.0 months (range 0–154.0 months) and 6.5 months (range

2.0–27.0 months), respectively (p = 0.037) (Fig. 1). All

patients died of progressive disease, with a median survival

of 3.5 months (range 1.0–5.0 months) after the development

of BM.

Risk factors

Univariate analysis revealed that age\65 years (odds ratio

[OR] 6.06, 95 % CI 1.17–31.19, p = 0.031), absence of

pleural effusion (OR 4.56; 95 % CI 1.03–20.01,

p = 0.044), and IMIG stage IV (OR 1.72, 95 % CI

1.05–2.81, p = 0.031) were potential risk factors for BM.

In the multivariate analysis, age\ 65 years (OR 5.83;

95 % CI 1.10–30.73, p = 0.038) and IMIG stage IV (OR

1.69 95 % CI 1.02–2.80, p = 0.040) remained associated

with a high risk of BM (Table 3).Based on the results of

multivariate analysis, we analyzed the effect of these two

factors on the incidence of BM. For patients age C65 years

and stage I–III, age \65 years and stage I–III, age

C65 years and stage IV, and age\65 years and stage IV,

the cumulative incidence rates of BM were 0, 8.1, 8.3, and

18.7 %, respectively (p = 0.003, Fisher’s exact test)

(Fig. 2).T
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Discussion

MPM is an uncommon tumor of the thorax; typically, there

is pernicious local invasion and extension into the pleural

space and surrounding organs. The brain is a rare site for

metastasis from MPM, and the majority of reported cases

were identified in postmortem studies. To the best of our

knowledge, this is the first report to have focused on the

incidence, risk factors, and survival outcome associated

with BM in patients with MPM.

In our patient cohort, eight out of 150 patients (5.3 %)

developed BM. Falconieri et al. reviewed 171 cases of

MPM at postmortem examination and discovered that

54 % of patients had distant metastases. The most fre-

quently involved organs were the liver (55.9 %), adrenal

glands (31.1 %), kidney (30.1 %), and contralateral lung

(26.8 %). Intracranial (brain and meningeal) metastases

Table 2 Patient characteristics
Characteristic Brain metastases (n = 8) No brain metastases (n = 142) p value

Median age, years (range) 61.3 ± 6.7 68.9 ± 9.9 0.034

Men 8 (100 %) 132 (93 %) 0.568

ECOG PS[ 2 2 (25 %) 19 (13 %) 0.311

Pleural effusion at diagnosis 0.044

Yes 3 (38 %) 104 (73 %)

No 5 (62 %) 38 (27 %)

Histological subtype 0.584

Epithelioid subtype 5 (63 %) 92 (65 %)

Nonepithelioid subtype 3 (37 %) 50 (35 %)

Calretinin 0.07

Positive 5 (63 %) 121 (85 %)

Negative 2 (25 %) 9 (6 %)

Missing 1 (12 %) 12 (8 %)

IMIG stage 0.051

I–II 0 (0 %) 54 (38 %)

III–IV 8 (100 %) 88 (62 %)

EORTC prognostic score 0.712

High risk 4 (50 %) 87 (61 %)

Low risk 4 (50 %) 55 (39 %)

CALGB score 0.076

1–2 0 (0 %) 49 (35 %)

3–4 5 (63 %) 63 (44 %)

5–6 3 (37 %) 30 (21 %)

Treatment modality 0.630

Surgery 1 (12 %) 43 (30 %)

Systemic chemotherapy alone 6 (75 %) 80 (56 %)

Radiotherapy 0 (0 %) 3 (2 %)

Best supportive care 1 (13 %) 16 (11 %)

ECOG Eastern Cooperative Oncology Group, PS performance status, IMIG International Mesothelioma

Interest Group, CALGB Cancer and Leukemia Group B, EORTC European Organisation for Research and

Treatment of Cancer

Fig. 1 Overall survival in malignant pleural mesothelioma patients

with and without brain metastases
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were found in only 3 % of cases [5]. Furthermore,

pooling analysis of seven postmortem studies consisting

of 655 patients revealed that the rate of intracranial

metastases from malignant mesothelioma (including those

of pleural, pericardial, and tunica vaginalis testis origin)

was 2.7 % [11]. Our study demonstrated that the inci-

dence of BM was approximately 5 %, which is higher

than that in previous studies. The previous studies were

limited to autopsy cases, and not all MPM patients were

included. We believe that the true incidence of BM may

be higher.

In our study, multivariate analysis showed that age

\65 years and IMIG stage IV were independently asso-

ciated with BM. An increased risk for BM in younger

patients was reported in several studies on other malig-

nancies [12–15]; however, the reason why younger patients

are at a higher risk of BM is not well understood. Further

Table 3 Cox regression model

for factors associated with

incidence of brain metastases

Variable Univariate Multivariate

Odds ratio (95 % Cl) p value Odds ratio (95 % CI) p value

Age at initial diagnosis

C65 years 1 1

\65 years 6.06 (1.17–31.19) 0.031 5.83 (1.10–30.73) 0.038

ECOG PS

B1 1 NI

[1 2.15 (0.40–11.48) 0.367

Pleural effusion at diagnosis

Yes 1 NI

No 4.56 (1.03–20.01) 0.044

Histological subtype

Epithelioid 1 NI

Nonepithelioid 1.10 (0.25–4.81) 0.895

Calretinin

Positive 1 NI

Negative 5.02 (0.85–29.62) 0.075

IMIG stage

I–III 1 1

IV 1.72 (1.05–2.81) 0.031 1.69 (1.02–2.80) 0.040

Surgery

Yes 1 NI

No 0.32 (0.03–2.75) 0.305

CALGB score

1–3 1 NI

4–6 2.22 (0.53–9.31) 0.273

EORTC prognostic score

Low risk 1 NI

High risk 1.58 (0.37–6.58) 0.529

ECOG Eastern Cooperative Oncology Group, PS performance status, IMIG International Mesothelioma

Interest Group; CALGB Cancer and Leukemia Group B, EORTC European Organisation for Research and

Treatment of Cancer; NI not included

Fig. 2 Cumulative incidence of brain metastases in malignant pleural

mesothelioma patients characterized by identified risk factors. BM

brain metastases
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investigations are needed to determine the biological fac-

tors associated with BM in younger patients.

Among the clinicopathological features of MPM, his-

tological subtype is one of the most important factors

influencing survival and sarcomatous histology has the

worst prognosis [16]. Miller et al. showed that the sarco-

matous subtype predominates in patients with BM [11];

however, another study observed that the rate of extra

thoracic dissemination does not differ among histology

subtypes [17]. Our findings also demonstrated that histol-

ogy was not a risk factor for BM.

The current study showed that outcomes for BM were

equally poor regardless of treatment modalities. Surgery,

stereotactic therapies, and systemic chemotherapy may

play a role in selected situations; however, rapid recur-

rence after surgical excision [18] or after regression in

response to systemic chemotherapy [19] has been repor-

ted. Clarification regarding the most appropriate treatment

strategy for BM is urgently needed. The next best policy

would be to identify patients with MPM who are at

greater risk of developing BM. Based on our results, it

may be reasonable to perform brain imaging on MPM

patients with risk factors such as age\65 years and IMIG

stage IV, even in the absence of neurological signs and

symptoms.

There are a few limitations to the current study. First,

this was a retrospective single-institution study. Second,

due to the relatively small number of patients and events,

statistical analysis was limited. Another limitation is that

most BM were detected based on patients’ symptoms.

Therefore, asymptomatic BM may have been missed.

In conclusion, the prognosis for MPM patients with BM

is poor. The incidence of MPM is predicted to reach a peak

between 2015 and 2025 [20], and the development of BM

has a severe effect on patients’ quality of life and survival.

Clinicians should perform careful screening for BM,

especially in patients with risk factors.
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Abstract
We report the case of a patient with lymphohistiocytoid mesothelioma (LHM) with a response to
systemic chemotherapy consisting of cisplatin and pemetrexed. A 72-year-old man was referred to
our hospital because of abnormal shadows seen on chest X-rays. He had been exposed to asbestos at
shipyards for 3 years. Computed tomography (CT) images of the chest showed multiple masses on the
parietal pleura, diaphragm, and the interlobar pleura of the right. CT-guided percutaneous needle
biopsy was performed and the biopsy specimen demonstrated fibrous thickening of the pleura with
abundant lymphocyte infiltration. Immunohistochemical analyses revealed that the cells were
positive for calretinin, WT-1, and CAM5.2, and negative for CEA, TTF-1, CK5/6, AE1/AE3, desmin,
CD3, CD20, CD30, and CD68. Based on these findings, the diagnosis was confirmed as LHM. Systemic
chemotherapy consisting of cisplatin (75 mg/m2) and pemetrexed (500 mg/m2) was delivered. After
6 courses of chemotherapy, multiple tumors had remarkably regressed, and the patient remains on
maintenance treatment with pemetrexed. There are few reports of chemotherapy for LHM. The
combination of cisplatin and pemetrexed could be a good treatment option for LHM.
& 2015 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Malignant pleural mesothelioma (MPM) is an aggressive malig-
nancy arising from the mesothelial cells lining the pleura [1]
and is generally associated with a history of asbestos exposure

[2]. Lymphohistiocytoid mesothelioma (LHM) is a rare subtype
of MPM and there are few reports on the efficacy of systemic
chemotherapy for this subtype. We report the case of a
patient with LHM who had a response to systemic chemother-
apy consisting of cisplatin and pemetrexed.

Figure 1 Computed tomography images at diagnosis (A, B) and after the 6 cycles of systemic chemotherapy consisting of cisplatin
and pemetrexed (C, D). Black arrows indicate the tumors on the pleura.

Figure 2 Whole-body fluorine-18 2-fluoro-2-deoxy-D-glucose (FDG) positron emission tomography and CT images demonstrating
abnormal FDG uptake (shown in red) in multiple masses on the pleura.
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2. Case report

A 72-year-old man was referred to our hospital because of
abnormal shadows seen on his chest X-ray determined at a
regular medical checkup. He had a history of appendicitis
and been diagnosed with type II diabetes mellitus. He had
smoked between the ages of 18 and 35 years, and as a
teenager had been exposed to asbestos at shipyards for
3 years. His physical examination revealed nothing specific
and no superficial lymph nodes were palpable. Blood tests
revealed a slight elevation in C-reactive protein and glucose
levels. There were no increases in tumor markers. A chest
X-ray revealed permeability decay in the right lower lung
field, and computed tomography (CT) images of the chest
showed multiple masses on the parietal pleura, diaphragm,
and the interlobar pleura of the right (Figure 1A and B).
Multiple masses on the pleura showed a contrast effect from
the early stage of the arterial phase on enhanced CT
images. Anterior mediastinal and gastric cardia lymphade-
nopathy were also detected and suspected to be lymph

node metastases. Whole-body fluorine-18 2-fluoro-2-deoxy-
D-glucose (FDG) positron emission tomography and CT
revealed abnormal FDG uptake in multiple masses and
enlarged lymph nodes (Figure 2). CT-guided percutaneous
needle biopsy was performed and the biopsy specimen
demonstrated fibrous thickening of the pleura with an
abundant lymphocyte infiltration (Figure 3). Among them
were scattered polygonal cells with a nucleus containing
clear oval nucleoli. Immunohistochemical analyses revealed
that the cells were positive for calretinin, WT-1, and
CAM5.2, and negative for CEA, TTF-1, CK5/6, AE1/AE3,
desmin, CD3, CD20, CD30, and CD68 (Figure 4). Based on
these findings, the diagnosis was confirmed as LHM. The
patient's disease was diagnosed as stage IV (T1bN2M1) based
on the International Mesothelioma Study Group staging
system [3].

Systemic chemotherapy consisting of cisplatin (75 mg/m2)
and pemetrexed (500 mg/m2) was delivered. After 6 courses of
the chemotherapy, multiple tumors had remarkably regressed
(Figure 1C and D). Mediastinal and intraperitoneal lymph nodes
were also significantly diminished. The patient has been on
maintenance treatment with pemetrexed and his disease
remains stable.

3. Discussion

We report a case of LHM, which is a rare variant of MPM, in a
patient who had a remarkable response to systemic che-
motherapy consisting of cisplatin and pemetrexed. LHM was
first identified in 1988 by Henderson et al. and character-
ized as having neoplastic cells with a histiocytoid appear-
ance that are surrounded by a marked lymphocytic
infiltration. LHM comprises less than 1% of mesotheliomas
[4] and was categorized previously as a sarcomatous subtype
of MPM [5]. However, in a recent report Galateau-Salle

Figure 3 Percutaneous needle biopsy specimen demonstrating
fibrous thickening of the pleura with abundant lymphocyte
infiltration.

Figure 4 Immunohistochemical analyses of the biopsy specimen revealed that the cells were positive for (A) calretinin and (B) D2-
40 and negative for (C) CEA and (D) TTF-1.

3Lymphohistiocytoid mesothelioma with a response



Table 1 Literature review of reported cases of lymphohistiocytoid mesothelioma.

Author Year Age/
sex

Asbestos
exposure

Surgery Radiotherapy Chemotherapy Pleurodesis Survival
(months)

Khalidi et al.
[8]

2000 60/M Unlikely — + — — 72

Khalidi et al.
[8]

2000 74/F Unknown N.D. N.D. N.D. N.D. 10

Khalidi et al.
[8]

2000 67/M Unlikely N.D. N.D. N.D. N.D. 3

Gallateau S
et al. [6]

2007 56/F Probably — + — + 12

Gallateau S
et al. [6]

2007 78/M Probably — — — + 3

Gallateau S
et al. [6]

2007 62/M Possibly Pleurectomy + — — 5

Gallateau S
et al. [6]

2007 59/M Probably Pleurectomy — + — 4

Gallateau S
et al. [6]

2007 78/M Unlikely Palliative surgery + — + 8

Gallateau S
et al. [6]

2007 71/M Unlikely Palliative surgery + — + 40

Gallateau S
et al. [6]

2007 80/F Probably — + — + 8

Gallateau S
et al. [6]

2007 66/M Probably — + + + 11

Gallateau S
et al. [6]

2007 78/F Unlikely Palliative surgery — — — 8

Gallateau S
et al. [6]

2007 75/F Unlikely N.D. N.D. N.D. N.D. 11

Gallateau S
et al. [6]

2007 77/F Unlikely — + — + 4

Gallateau S
et al. [6]

2007 65/M Probably — — — — 37

Gallateau S
et al. [6]

2007 74/F Unlikely — — + — 25

Gallateau S
et al. [6]

2007 67/M Possibly Pleurectomy — — — 32

Gallateau S
et al. [6]

2007 58/M Probably Palliative surgery + + — 7

Gallateau S
et al. [6]

2007 82/M Unknown — — + — 8

Gallateau S
et al. [6]

2007 76/M Probably — + — + 11

Gallateau S
et al. [6]

2007 68/M Probably — — + — 20

Gallateau S
et al. [6]

2007 70/M Probably — — + — 11

Gallateau S
et al. [6]

2007 77/F Probably — — — + 6

Gallateau S
et al. [6]

2007 50/M Possibly — — — +

Gallateau S
et al. [6]

2007 63/F Probably Palliative surgery — + + 8

Kawai et al. [4] 2010 59/F Unknown Thoracotomy N.D. N.D. N.D. 12
Kawai et al. [4] 2010 52/M Unknown Thoracotomy N.D. N.D. N.D. 36
Kawai et al. [4] 2010 61/M Unknown — N.D. N.D. N.D. 3
Kawai et al. [4] 2010 63/M Probably Extrapleural

pneumonectomy
N.D. N.D. N.D. 19(alive)

Present case 2015 72/M Probably — — + — 14(alive)

N.D.; not described.

Y. Miyamoto et al.4



et al. suggested that the survival of LHM was more similar to
that of the epithelioid or biphasic subtype of MPM [6].
Whether LHM should be categorized as an epithelioid or
sarcomatous subtype of MPM is still controversial.

Concerning chemotherapy for MPM, the combination of
pemetrexed and cisplatin has shown significantly prolonged
survival compared with cisplatin alone in a phase III study
[7]. However, it was not clear whether or not LHM cases
were included in the study. In fact, there are few reports of
chemotherapy for LHM. We reviewed the reported cases of
LHM particularly concerning the delivered treatment mod-
alities in Table 1. These previous reports mainly discussed
the pathological differentiation and there were few descrip-
tion of treatment. There were 8 cases those were delivered
systemic chemotherapy, but the treatment regimen or the
tumor responses to those chemotherapy was not described.
To our knowledge, the current case might be the first case
with a significant response to the treatment regimen.
Cisplatin plus pemetrexed could therefore be a good treat-
ment option for LHM.

In conclusion, we present a case of LHM, a rare variant of
MPM, in a patient with a significant response to systemic
chemotherapy.
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Abstract

We report a very rare case of primary endobronchial peripheral T-cell lymphoma
(PTCL) not otherwise specified (NOS), which presented as an endobronchial
tumor obstructing the main airway. An 81-year-old man was referred to our
hospital for a 1-month history of productive cough and wheeze. Computed
tomography revealed chronic pyothorax with calcified foci in the right lung and
a mass inside the bronchus intermedius. Flexible bronchoscopy identified an
endobronchial tumor obstructing the bronchus intermedius. The biopsy speci-
men showed an infiltration composed predominantly of small atypical lympho-
cytes. Immunohistochemical analyses demonstrated that the proliferating cells
were positive for CD3, CD4, and CD5 and negative for CD8 and CD20. Patho-
logical tests confirmed that the case was PTCL-NOS. PTCL-NOS should be con-
sidered in the differential diagnosis of endobronchial tumors.

Introduction

Peripheral T-cell lymphoma (PTCL) is one of the subtypes
of T-cell lymphoma (TCL); it comprises a heterogeneous
group of nodal and extranodal mature TCLs. Among the
PTCLs, a subset is specifically defined as PTCL not other-
wise specified (PTCL-NOS). PTCL-NOS do not correspond
to any of the known T-cell entities. Primary pulmonary
lymphoma (PPL) is a distinct entity that arises de novo in
lung tissue [1]. We report an extremely rare case of primary
endobronchial PTCL-NOS that presented as a tumor
obstructing the main airway.

Case Report

An 81-year-old Japanese man was referred to our hospital
for a 1-month history of productive cough and wheeze. He
was a smoker (approximately 56 packs per year) and had a

medical history of pulmonary tuberculosis at the age of
17 years. He had been diagnosed with chronic pyothorax
and treated with intravenous injection of antibiotics 1 year
prior to being seen at our facility. Upon examination,
his body temperature was 37.2°C and a physical examina-
tion revealed wheeze and reduced air entry in the right
mid-lung. No superficial lymph nodes were palpated.
Blood assays revealed leukocytosis (12,500 leukocytes
per microliter) and normal lactate dehydrogenase values
(223 IU/L). Carcinoembryonic antigen and soluble
interleukin-2 receptor values were slightly elevated to
5.8 ng/mL and 575 U/mL, respectively. A chest X-ray
showed hypolucency of the right middle lung field, which
suggested fluid accumulation. Computed tomography
(CT) revealed chronic pyothorax with calcified foci in
the right-hand portion of the right lung and a mass inside
the bronchus intermedius (Fig. 1A). No mediastinal
lymphadenopathy was detected. Flexible bronchoscopy
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identified an endobronchial tumor obstructing the bron-
chus intermedius (Fig. 1B). The biopsy specimen showed
an infiltration composed predominantly of small atypical
lymphocytes (Fig. 2A). Immunohistochemical analyses
demonstrated that the proliferating cells were positive for
CD3 (Fig. 2B), CD4, CD5 (Fig. 2C), and CD7 and negative
for CD8 (Fig. 2D), CD20 (Fig. 2E), and CD30. The Ki-67
labeling index was low. Based on these findings, we diag-
nosed the tumor as PTCL-NOS. Positron emission tomog-
raphy (PET) with [18F] fluoro-2-deoxyglucose and CT
revealed uptake at the endobronchial tumor, with a
maximum standardized uptake value of 20.6 (Fig. 1C).
There was no evidence of abnormal uptake at the
pyothorax, mediastinal lymph node, or other extrathoracic
organs. His disease was considered stage IE, and the patient
was treated with systemic chemotherapy (pirarubicin,
cyclophosphamide, vincristine, and prednisone). After the
first course of the chemotherapy, the endobronchial
tumor markedly diminished on chest CT (Fig. 1D) and
bronchoscopy. However, because of complication with

refractory pyothorax, fenestration surgery was undertaken
in a definitive fashion. Systemic chemotherapy was not
delivered thereafter; however, the patient is free of recur-
rence 1 year after diagnosis.

Discussion

PPL is defined as lymphomas that affect the lungs (paren-
chyma, bronchi, and/or trachea) with no evidence of
extrapulmonary extension in 3-month follow-up [2]. It is a
rare condition that comprises only 3–4% of extranodal
non-Hodgkin lymphomas (NHL), less than 1% of all NHLs
[2], and 0.5–1% of primary pulmonary malignancies [3].
The majority of the reported cases have been of the B-cell
type, so-called mucosa-associated or bronchus-associated
lymphoid tissue lymphomas [4]. The current patient pre-
sented with a solitary endobronchial tumor, which is an
extremely rare manifestation of PPL. Solomonov et al.
reported that in a series of 441 patients with newly diag-
nosed NHL over a 7-year period, eight patients presented

A B

C D

Figure 1. Imaging findings of the case. (A) Computed tomography (CT) revealed chronic pyothorax with calcified foci on the right and a mass
inside the bronchus intermedius. (B) Flexible bronchoscopy identified an endobronchial tumor obstructing the bronchus intermedius. (C) Positron
emission tomography with [18F] fluoro-2-deoxyglucose and CT revealed uptake at the endobronchial tumor. (D) CT after the chemotherapy dem-
onstrated that the endobronchial tumor markedly diminished.
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with a primary endobronchial B-cell lymphoma [1]. To
our knowledge, this is the first report of PTCL-NOS pre-
senting as a primary endobronchial tumor. PTCL-NOS is a
diagnosis made based on the results of a tissue biopsy that
demonstrates evidence of a TCL that does not meet the
criteria for other subtypes of TCL including anaplastic
large-cell lymphoma, angioimmunoblastic TCL, extranodal
NK/TCL, nasal type, subcutaneous panniculitis-like TCL,
enteropathy-associated TCL, and hepatosplenic TCL. The
differential diagnosis is based on histologic examination
and immunophenotype evaluation such as immunohisto-
chemical panel (CD20, CD3, CD10, BCL6, Ki-67, CD5,
CD30, CD2, CD4, CD8, CD7, CD56, CD57, CD21, CD23,
ALK) or cell surface marker analysis by flow cytometry
(kappa/lambda, CD45, CD3, CD5, CD19, CD10, CD20,
CD30, CD4, CD8, CD7, CD2), and in difficult or equivocal
cases, polymerase chain reaction-based assay for molecular
detection of a clonal T-cell receptor rearrangement. The
limitation of the current case was that the pathological
diagnosis was based on small specimen through flexible
bronchoscopy, so not all these markers were examined.
However, we are confident of the diagnosis based on multi-
ple immunohistochemical analyses.

The current case was complicated by chronic pyothorax.
Pyothorax-associated lymphoma is a category in which a
lymphoproliferative disorder develops in the pleural cavity
after a long-standing history of pyothorax; it represents
an entity distinct from other malignant lymphomas [5]. In

our case, PET/CT revealed a hypermetabolic mass at the
endobronchial tumor, but there was no abnormal uptake at
the pyothorax. Endoscopic examination showed a smooth-
surfaced, round tumor with a stalk; these features do not
correspond to an outer parietal invasion. However, the
coronal CT showed dense scar-like tissue between the wall
of pyothorax and bronchus intermedius. These findings
might suggest the relationship between the lymphoma and
pyothorax. We think that the chronic inflammation could
have contributed to the development of the disease.

In conclusion, we have reported upon what is, to the best
of our knowledge, the first case of PTCL-NOS, which was
confined to the bronchus. PTCL-NOS should be considered
in the differential diagnosis of endobronchial tumor.
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Figure 2. Biopsy specimen showed an infiltration comprised predominantly of small atypical lymphocytes (hematoxylin-eosin, 40×) (A). Immunohis-
tochemical analyses demonstrated that the proliferating cells were positive for CD3 (B) and CD5 (C), and negative for CD8 (D) and CD20 (E).
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a b s t r a c t

A 72-year-old man visited our hospital due to right pleural effusion. He had worked as a welder at a
shipbuilding company and had been exposed to asbestos. Cytological examination and thoracoscopic
pleural biopsy yielded a diagnosis of epithelial malignant pleural mesothelioma (MPM); extrapleural
pneumonectomy (EPP) was performed. Two years later, he became aware of right-back swelling that
became a fist-sized mass over 2 months. Microscopy of a tissue specimen revealed no malignant cells,
but did indicate foreign body granuloma. Subcutaneous lesions that develop after EPP do not necessarily
result from the recurrence of MPM, but could have benign etiologies.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Malignant pleural mesothelioma (MPM) is an aggressive ma-
lignancy arising from the mesothelial cells lining the pleura and is
generally associated with a history of asbestos exposure [1]. The
clinical benefits of radical surgery for MPM remain controversial.
Extrapleural pneumonectomy (EPP) has been performed for pa-
tients with earlier disease and good physical condition, but the
disease often recurs at wide intervals. Here we report a case of
foreign body granuloma (FBG) that mimicked a postoperative
recurrence of MPM.

2. Case report

A 72-year-old man visited our hospital for examination of right
pleural effusion. He had worked as a welder at a shipbuilding
company and had been exposed to asbestos for 43 years. His pleural

effusion had been detected at a medical checkup for subjects with
an occupational history of past asbestos exposure. Cytological ex-
amination of the effusion revealed the aggregated atypical meso-
thelial cells with nuclear enlargement and nucleus irregularity.
Immunohistochemical analyses demonstrated that these cells were
positive for calretinin, CAM5.2, CK5/6, AE1/AE3, WT-1, and EMA,
and negative for CEA and TTF-1. These findings gave the diagnosis
of epithelial subtype of MPM, and thoracoscopic pleural biopsy
confirmed the diagnosis. EPP was performed; the pericardium and
the diaphragm were also removed because the tumor had invaded
the diaphragm. The pericardium and the diaphragm were recon-
structed with Gore-Tex® mesh (1 mm in thickness, 20 cm � 15 cm,
and 2 mm in thickness, 24 cm � 15 cm, respectively). The disease
was categorized as T2N0M0, stage II, based on the staging system of
the International Mesothelioma Study Group [2]; adjuvant
chemotherapy consisting of carboplatin and pemetrexed was
delivered. Talc was not used to treat the effusion during the course.

Two years later, the patient became aware that his right back
was swelling. This swelling became a fist-sizedmass over 2months.
Computed tomography (CT) of the chest visualized a tumor of soft-
tissue density that expanded from the right pleural cavity into the
subcutaneous tissue (Fig. 1A). Fluorine-18 2-fluoro-2-deoxy-D-
glucose (18F-FDG) positron emission tomography (PET)-CT

Abbreviations: MPM, malignant pleural mesothelioma; EPP, extrapleural pneu-
monectomy; FBG, foreign body granuloma; CT, computed tomography; 18-F-FDG,
fuorine-18 2-fluoro-2-deoxy-D-glucose; PET, positron emission tomography.
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revealed an accumulation of 18F-FDG in the mass and along the
pleura (Fig. 1B). It was near the chest tube site after the EPP. We
suspected a recurrence of MPM, so we performed percutaneous
needle biopsy. Microscopy of the tissue specimen showed no ma-
lignant cells; rather, we observed granulomas accompanied by gi-
ant cells, histiocytes, and inflammatory cells (Fig. 2). Immuno
histochemical analyses revealed that these cells were negative for
calretinin, CK AE1/3, or CAM5.2. Because the possibility of recur-
rence of MPM could not be ruled out with small specimen of needle
biopsy, a tumorectomy was carried out. The tumor involved the
Gore-Tex® mesh, so the mesh was removed with the tumor. Sub-
sequent microscopy confirmed the diagnosis of FBG without evi-
dence of MPM recurrence.

3. Discussion

A standard treatment for MPM has not yet been established.
Patients exhibiting earlier stages of this disease have undergone
EPP. However, a significant proportion of patients experience local
recurrence as the first site of disease recurrence [3]. When patients
who have undergone EPP display subcutaneous tumors, it is logical
to suspect a recurrence of MPM.

FBG is a tumor-like mass or nodule of granulation tissue, with
actively growing fibroblasts and capillary buds, consisting of a
collection of modified macrophages resembling epithelial cells,
surrounded by a rim of mononuclear cells, chiefly lymphocytes, and
sometimes a center of giant multinucleate cells. It is due to a
chronic inflammatory process associated with infectious disease or
invasion by a foreign body such as surgical materials or pieces of
stone or wood from a trauma. In the current case, we suspected that

the causative foreign material was the Gore-Tex® mesh that was
used to reconstruct the patient's diaphragm. It is quite rare that
Gore-Tex mesh induced inflammatory reactions, however, in the
current case, the Gore-Tex mash was involved in the tumor, so we
considered that the granuloma was originated in the mesh.

Clinical diagnosis of FBG is challenging; it is difficult to identify
FBG through physiological findings and CT. PET-CT is often applied
to detect malignant lesions, but inflammatory lesions or granu-
lomas (including FBG) would also accumulate 18F-FDG [4],
rendering it difficult to diagnose FBG by imaging alone. The diag-
nosis should be confirmed through other means, such as percuta-
neous biopsy or surgery.

To our knowledge, this is the second report of FBG mimicking
the recurrence of MPM; Shrestha et al. recently reported cases with
pseudo-tumors that mimicked indwelling pleural catheter-tract
metastases of MPM [5]. These cases remind physicians that sub-
cutaneous lesions that develop after EPP do not necessarily result
from the recurrence of MPM, but could have benign etiologies.
Diagnostic procedures should be considered in such cases.

Conflict of interest

I declare on behalf of my co-authors and myself that we do
not have any conflict of interest to declare.

Sources of funding

This studywas supported by Research and Development and the
Dissemination of Projects Related to the Nine Fields of Occupational
Injuries and Illnesses of the Japan Labour Health and Welfare Or-
ganization. This work is also supported by grants-in-aid from the
Ministry of Health, Labor and Welfare, Japan. These study sponsors
had no involvement in study design, writing of the manuscript, the
collection of data, and decision to submit the manuscript.

References

[1] K. Gemba, N. Fujimoto, K. Kato, K. Aoe, Y. Takeshima, K. Inai, et al., National
survey of malignant mesothelioma and asbestos exposure in Japan, Cancer Sci.
103 (2012) 483e490.

[2] V.W. Rusch, A proposed new international TNM staging system for malignant
pleural mesothelioma. From the International Mesothelioma Interest Group,
Chest 108 (1995) 1122e1128.

[3] A.S. Tsao, I. Wistuba, J.A. Roth, H.L. Kindler, Malignant pleural mesothelioma,
J. Clin. Oncol. 27 (2009) 2081e2090.

[4] M. Hara, Y. Shibamoto, T. Tamaki, M. Nishio, A. Iida, N. Shiraki, The intermediate
level of FDG-PET accumulation among various kinds of pulmonary and medi-
astinal diseases, Radiology 197 (Suppl.) (2003).

[5] R.L. Shrestha, B.A. Wood, Y.C. Lee, Pseudo-tumor mimicking indwelling pleural
catheter tract metastasis in mesothelioma, J. Bronchol. Interv. Pulmonol. 21
(2014) 350e352.

Fig. 1. Subcutaneous tumor on the right back of the patient. (A) CT of the chest revealed a tumor of soft-tissue density that expanded from the right pleural cavity into the
subcutaneous tissue. (B) 18F-FDG PET-CT showed accumulation of 18F-FDG in the mass.

Fig. 2. Microscopy of the tissue specimen revealed a FBG accompanied by foreign-
body giant cells, histiocytes, and inflammatory cells (�10).
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Figure 1. Coronal and axial chest computed tomography images of a 63-year-old man on admission showed diffuse bilateral ground-glass attenuation
(A and B) without evidence of ossification (C). Chest computed tomography images 2 weeks after admission showed widespread areas of ground-glass
attenuation and consolidation (D and E) with disseminated pulmonary ossification (arrowheads) in the subpleural zone (F). One month after administration
of steroid therapy, bilateral consolidation and pulmonary ossification were dramatically decreased (G–I).

A 63-year-old man with a history of atrial fibrillation that had been treated with apixaban was admitted to our hospital for dyspnea and
hemoptysis. Chest computed tomography showed diffuse bilateral ground-glass attenuation (Figures 1A–1C). Bronchoalveolar lavage
fluid was bloody and contained hemosiderin-laden macrophages, suggesting apixaban-induced alveolar hemorrhage. Two
weeks after cessation of the drug, acute respiratory failure occurred. Repeated chest computed tomography showed worsening
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bilateral airspace opacities with patchy diffuse sub-pleural pulmonary ossification (Figures 1D–1F). Surgical lung biopsy specimens
revealed organizing pneumonia and branching bone within the fibrous stroma and alveolar spaces, typical of dendriform pulmonary
ossification (DPO) (Figure 2). Daily prednisolone (1.0 mg/kg) was admin-istered, and the bilateral consolidation and pulmonary
ossification had markedly de-creased 1 month later (Figures 1G–1I).

DPO is a rare condition, defined by the finding of branching lung in the air spaces of the distal lung. Patients are generally
asymptomatic, and the condition is usually discovered after postmortem examination (1). Its pathogenesis is unclear, but DPO
can occur after lung injuries such as pulmonary fibrosis and alveolar hemorrhage (2). There are no reports of DPO responding to
steroids, and effective treatment for DPO has not yet been established (3, 4). However, this case suggests remission is possible
with corticosteroid medications. n

Author disclosures are available with the text of this article at www.atsjournals.org.
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Figure 2. A surgical lung biopsy specimen shows dendriform mature bone formation within an area of scarring and widened alveolar septa (arrow). The
background alveolar spaces are filled with numerous fibroblastic plugs (arrowhead) (hematoxylin and eosin, 3200).
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a b s t r a c t

Primary effusion lymphoma (PEL) is a subtype of non-Hodgkin lymphoma that presents as serous ef-
fusions without detectable masses or organomegaly. Here we report a case of PEL-like lymphoma in a
patient with past asbestos exposure. A 65-year-old manwas referred to our hospital due to dyspnea upon
exertion. He had been exposed to asbestos for three years in the construction industry. Chest X-ray and
CT images demonstrated left pleural effusion. Cytological analysis of the pleural effusion revealed large
atypical lymphocytes with distinct nuclear bodies and high nucleus-to-cytoplasm ratio. Immunohisto-
chemical analyses showed that the cells were CD20þ, CD3�, CD5�, and CD10�. These findings led to a
diagnosis of diffuse large B-cell lymphoma. PEL or PEL-like lymphoma should be considered a potential
cause of pleural effusion in subjects with past asbestos exposure.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Primary effusion lymphoma (PEL) is a subtype of non-Hodgkin
lymphoma that presents as serous effusions without detectable
masses or organomegaly. PEL usually occurs in the setting of im-
munodeficiency and is associated with human herpesvirus (HHV) -
8. Here we report a case of PEL-like lymphoma in a subject with a
history of asbestos exposure.

2. Case report

A 65-year-old man was referred to our hospital due to dyspnea
upon exertion. He was an occasional smoker and had been exposed
to asbestos from 18 to 20 years old while employed in the con-
struction industry, cutting asbestos-containing building material.
Chest X-ray showed left pleural effusion (Fig. 1A), and computed
tomographic (CT) images revealed left pleural effusion and calcified
pleural plaques without pleural tumor (Fig. 1B). Thoracoscopic

exploration revealed redebrown pleural effusion and plaques, but
no tumorwas detected on the pleura. Culture of the pleural effusion
was negative, and cytological examination revealed a cellular dis-
tribution of 1.0% macrophages, 1.5% neutrophils, and 97.5% lym-
phocytes. Other examinations of the fluid showed nonspecific
findings. Pleural biopsy showed no evidence of malignancy.

During follow-up, the patient repeatedly exhibited accumulation
of left pleural effusion, which was treated each time with thor-
acentesis. Four years after the first admission, analysis of pleural
effusion from the fourth thoracentesis revealed large atypical lym-
phocytes with distinct nuclear bodies and a high nucleus-to-
cytoplasm ratio (Fig. 2). Malignant lymphoma was suspected and
thoracoscopic pleural biopsy was performed again, and the biopsy
specimen from the fibrin tissues attached to the parietal pleura
showed several groups of small round atypical lymphocytes. All of
acid-fast bacteria stain, PCR analysis of tuberculosis, and culture for
acid fast bacillus were negative. A culture test for standard plate
count bacteria was also negative. Immunohistochemical analyses
revealed that these cells were CD20þ (Fig. 3), CD3�, CD5�, and
CD10�. Based on these findings, the diagnosis was confirmed as
diffuse large B-cell lymphoma (DLBCL). Contrast-enhanced CT im-
aging of whole body (neck to pelvis) revealed no lymphadenopathy
or tumor. Serological tests for hepatitis-C virus, human T-cell lym-
phoma virus-1, and EpsteineBarr virus were negative, as was the

Abbreviations: PEL, primary effusion lymphoma; HHV, human herpesvirus; CT,
computed tomography; DLBCL, diffuse large B-cell lymphoma.
* Corresponding author. Department of Medical Oncology, Okayama Rosai Hos-

pital, 1-10-25 Chikkomidorimachi, Okayama 7028055, Japan.
E-mail address: nobufujimot@gmail.com (N. Fujimoto).
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immunohistochemical analysis for HHV8. The patient has been
followed-up, and has shown no disease progression for 3 years.

3. Discussion

The 2001 World Health Organization classification defines PEL
as a disease entity representing a part of diffuse large B-cell lym-
phoma [1]. PEL is commonly associated with HHV8 infection [2];
however, PEL-like disease processes have recently been reported in

HHV8-negative patients. Those cases are considered a rare disease
entity called HHV8-unrelated PEL-like lymphoma [3]. Advanced
age [4] remains the only known risk factor for PEL-like lymphoma,
and the pathogenic mechanisms remain unclear. It has been re-
ported that patients with HHV8-unrelated PEL-like lymphoma
show better outcomes than patients with PEL [5].

In our present case, the patient was elderly and had a past
occupational history of asbestos exposure, but showed no immu-
nological deterioration. To our knowledge, this is the first report of
PEL-like lymphoma in a subject with past asbestos exposure. While
no association has been established between lymphoproliferative
disorder and asbestos exposure, it is possible that asbestos-induced
chronic inflammation, in addition to advanced age, may have
triggered lymphoproliferative disorder in the current case, though
we cannot deny the possibility that the disease developed inde-
pendently, considering relative short term of asbestos exposure.

In conclusion, here we report a rare manifestation of PEL-like
lymphoma from a subject with past asbestos exposure. Subjects
with past asbestos exposure sometimes develop pleural effusion,
and suspected diagnoses include malignant pleural mesothelioma,
lung cancer, benign asbestos pleural effusion, or tuberculous
pleuritis. Our present case suggests that PEL or PEL-like lymphoma
should also be considered as a potential cause of pleural effusion in
subjects with past asbestos exposure.
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