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Abstract

To clarify the mechanism for development of Epstein-Barr virus (EBV)-positive T- or NK-cell neoplasms, we focused on the
costimulatory receptor CD137. We detected high expression of CD137 gene and its protein on EBV-positive T- or NK-cell
lines as compared with EBV-negative cell lines. EBV-positive cells from EBV-positive T- or NK-cell lymphoproliferative
disorders (EBV-T/NK-LPDs) patients also had significantly higher CD137 gene expression than control cells from healthy
donors. In the presence of IL-2, whose concentration in the serum of EBV-T/NK-LPDs was higher than that of healthy donors,
CD137 protein expression was upregulated in the patients’ cells whereas not in control cells from healthy donors. In vitro
EBV infection of MOLT4 cells resulted in induction of endogenous CD137 expression. Transient expression of LMP1, which
was enhanced by IL-2 in EBV-T/NK-LPDs cells, induced endogenous CD137 gene expression in T and NK-cell lines. In order to
examine in vivo CD137 expression, we used EBV-T/NK-LPDs xenograft models generated by intravenous injection of
patients’ cells. We identified EBV-positive and CD8-positive T cells, as well as CD137 ligand-positive cells, in their tissue
lesions. In addition, we detected CD137 expression on the EBV infected cells from the lesions of the models by immune-
fluorescent staining. Finally, CD137 stimulation suppressed etoposide-induced cell death not only in the EBV-positive T- or
NK-cell lines, but also in the patients’ cells. These results indicate that upregulation of CD137 expression through LMP1 by
EBV promotes cell survival in T or NK cells leading to development of EBV-positive T/NK-cell neoplasms.
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quito bites, or hydroa vacciniforme-like eruption accompanied by
clonal proliferation of EBV-infected cells [3,4]. Because most
reported cases were children or young adults, and were mainly of
the T-cell-infected type, the disorders were designated “EBV-
positive T-cell lymphoproliferative diseases of childhood” in the
WHO classification, although adult and NK-cell types have been
reported [4-6]. The common clinical properties of EBV-T/NK-
neoplasms are the presence of severe inflammation, resistance to
chemotherapy, and a marked geographic bias for East Asia and
Latin America, suggesting a genetic context for disease develop-
ment [4]. Since these EBV-T/NK-neoplasms overlap [4],
common mechanisms are thought to exist in the background

Introduction

Epstein-Barr virus (EBV) infection can be found in lymphoid
malignancies not only of B-cell lineage, but also of T- or NK-cell
lineages. These EBV-positive T or NK-cell neoplasms, such as
extranodal NK/T-cell lymphoma nasal type (ENKL), aggressive
NK-cell leukemia (ANKL), and EBV-positive T- or NK- cell
lymphoproliferative diseases (EBV-T/NK-LPDs), are relatively
rare but lethal disorders classified as peripheral T/NK-cell
lymphomas according to the WHO classification of tumors of
hematopoietic and lymphoid malignancies. ENKL is a rapidly
progressive lymphoma characterized by extranodal lesions with

vascular damage and severe necrosis accompanied by infiltration
of neoplastic NK or cytotoxic T cells [1]. ANKL is a markedly
aggressive leukemia with neoplastic proliferation of NK cells [2].
EBV-T/NK-LPDs is a fatal disorder presenting sustained
infectious mononucleosis-like symptoms, hypersensitivity to mos-
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and contribute to disease development.

It is well known that EBV infects B cells and makes the infected
cells immortal resulting in B-cell lymphomas. Similarly it is
suspected that EBV may also cause T- or NK-cell neoplasms.
However, why and how EBV latently infects T or NK cells,
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whether or not EBV directly causes these malignancies, and the
mechanism of action responsible for the disease development
remain to be clarified. Although new chemotherapy and stem cell
transplantation have achieved good results for EBV-T/NK
neoplasms recently [7-9], prognosis of the diseases 1s still poor.
The mechanisms for development of the disease need to be
determined to establish an optimal treatment.

To clarify the molecular mechanism underlying the develop-
ment of EBV-T/NK-neoplasms, we focused on the costimulatory
receptor CD137. CD137, also known as 4-1BB, is a member of the
tumor necrosis factor (I'NF) receptor superfamily, and expressed
on the surface of activated T and NK cells [10]. In association with
TCR stimulation, it plays a pivotal role in proliferation, survival,
and differentiation of these cells as a costimulatory molecule [11].
Recently, it was reported that CD137 is expressed on tumor cells
from adult T-cell leukemia/lymphoma (ATLL) and from T-cell
lymphomas [12,13]. Here we found CD137 expression on EBV-
positive cells in EBV-T/NK-neoplasms and investigated its role
for the lymphomagenesis using established cell lines as well as cells
from EBV-T/NK-LPDs patients.

Results

CD137 expression in EBV-T/NK-cell lines

Six EBV-positive T- and NK-cell lines, SNT8, SNT15, SNT16,
SNK1, SNK6, and SNK10 had been established from primary
lesions of ENKL patients (SN'T8 and SNK6) and PB of EBV-T/
NK-LPDs patients (SNT15, SNT16, SNK1, and SNK10) [14].
We investigated CD137 mRNA expression in the cell lines by RT-
PCR. CD137 mRNA was expressed in all of them, whereas EBV-
negative T-cell lines (Jurkat, MOLT4, and HPB-ALL) and NK-
cell line (KHYG1) were negative for the expression (Figure 1A).
The mRNA was detected but weak in an EBV-negative NK-cell
line, MTA, and in EBV-negative B-cell lines, BJAB, Ramos, and
MD901. We also investigated 3 EBV-positive B cell lines, Raji, a
lymphoblastoid cell line (LCL), and HS-sultun. The expression
was detected in Raji. The expression was weak in LCL, and
negative in HS-Sultan. We next investigated CDI137 protein
expression on the cell surface. Figure 1B shows that CD137
protein was expressed on the cell surface of all EBV-positive T- or
NK-cells. In contrast, EBV-negative T-, NK-, and B-cell lines
were negative for CD137 expression. On the basis of these results,
we concluded that CD137 expression was induced at the mRNA
and protein levels in EBV-T/NK cell lines. The expression was
detected in 2 of 3 examined EBV-positive B cell lines, Raji and
LCL, whereas negative in HS-Sultan. The expression in EBV-
positive B cells was insignificant in comparison with EBV-positive
T or NK cells. We were unable to detect CD137L expression on
the surface these EBV-positive T- or NK-cells lines. The
expression was negative on them (Figure S1).

EBV induces CD137 expression in T and NK cells

To clarify whether EBV could directly induce CDI137
expression, we performed i vitro EBV infection of an EBV-
negative cell line MOLT4. EBV DNA copy number of EBV-
infected MOTL4 cells was 8.8x10° copies/ugDNA. EBV
infection was verified by the presence of EBV nuclear antigen
(EBNA) 1 protein expression (Figure 2A). Most cells were positive
for EBNAIL. The infection was also confirmed by the presence of
the viral mRNA, LMP1 and EBNAI, and the absence of EBNA2
by RT-PCR (Figure 2B). This expression pattern was classified as
latency type 2. CD137 mRNA was also expressed in EBV-infected
MOTLA4 cells (Figure 2B and 2C). In addition, Figure 2D showed
that CD137 protein expression was detected on EBV-infected
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MOLT4 cells. We therefore concluded that EBV infection
induced mRNA and surface protein expression of CD137 in

MOLT4% cells.

CD137 expression in cells from EBV-T/NK-LPDs patients

The above results were validated using EBV-T/NK cells
derived from patients. In EBV-T/NK-LPDs, EBV infection could
be detected in a particular fraction of PBMCs and isolated at high
purity using antibody-conjugated magnetic beads as described in
“Materials and Methods”. Seventeen patients (aged 8-72 years; 7
males, 10 females; 10 T- and 7 NK-cell types; CD4 type n=4,
CD8 type n=5, yd type n=1, and CD56 type n=7) were
diagnosed with EBV-T/NK-LPDs according to the criteria as
described in “Materials and Methods”. We determined the EBV-
positive fraction of the lymphocytes in the PB at the diagnosis. The
phenotype of the infected cells and EBV DNA load of them were
presented in Table 1. EBV DNA was negative or relatively low in
CD19-positive cell which EBV can infect (Table 1).

To examine CD137 expression in the EBV-positive fraction, the
fractions were isolated by the magnetic beads and obtained for
CD137 mRNA detection in 10 patients. Figure 3A shows the
CD137 mRNA levels in the freshly isolated cells of EBV-positive
cell fraction in PBMCs of each patient. CD137 mRNA levels in
CD4-, CD8-, and CD56-positive cell fractions of 5 healthy donors’
PBMCis were also demonstrated. The mRINA levels in the patients’
cells were significantly higher than those in the cells of healthy
donors. Next we examined the expression of CD137 protein by
flow cytometry. It showed low expression in freshly isolated
PBMC:s from both patients and 5 healthy donors (data not shown).
However, after culture with IL-2 for 3 days, the expression was
increased on the surface of PBMCs from 15 patients but still low
on the cells isolated from 5 healthy donors (Figure 3B). The
average of CD137 protein levels of EBV-T/NK-LPDs patients
was significantly higher than that of healthy donors (Figure 3C).
Two-color flow cytometry using antibodies to CD137 and to
surface proteins expressed on EBV-positive cells could be
performed in 7 patients, and a double-staining pattern was
observed in them, whereas fractions from a healthy donor barely
expressed the CD137 protein. (Figure S2).

EBV LMP1 induces CD137 expression in T and NK cells
through LMP1 induced by IL-2

We investigated the mechanism of enhanced-CD137 expression
by IL-2. First we performed luciferase reporter assay with a
plasmid containing the CDI37 gene promoter. As shown in
Figure 2A, EBV-infected MOLT4 cells were shown to express
EBV-encoded proteins including LMP1, and EBNAI, considered
to be latency type 2. So, MOLT4 cells were cotransfected with
expression plasmids capable of expressing either of EBV-encoded
proteins, LMP1, LMP2A, LMP2B or EBNAI. As shown in
Figure 4A, LMP1 induced significant upregulation of CDI37
promoter activity, whereas the other molecules did not. Further-
more, in a transient expression assay with these viral proteins in
MOLT4 cells, transcription of endogenous CDI137 mRNA was
detected only in the LMPI-transfected cells (Figure 4B). These
results indicated that, among the EBV proteins, LMP1 transacti-
vated CDI37 expression in T and NK cells. Next we examined
whether LMP1 expression was enhanced by IL-2 and might
contribute to upregulation of CD137 expression in patients’ cells.
We isolated PBMCs from EBV-T/NK-LPDs patient (CD4-1) and
cultured them with or without IL-2. As shown in Figure 4C, semi-
quantitative RT-PCR demonstrated that LMPI mRNA was
increased in IL-2-treated PBMCs. CDI37 mRNA was also
increased in the IL-2-treated cells (Figure 4D). To confirm the
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Figure 1. CD137 expression in Epstein-Barr virus (EBV)-positive T- or NK-cell lines. (A) Transcripts of CD137 (the upper panel) and GAPDH
(the lower panel) in EBV- positive T- or NK-cell lines were examined by RT-PCR. EBV negative T-, NK, B-cell lines, and EBV-positive B-cell lines were also
obtained for the examination. (B) Surface expression of CD137 was examined by flow cytometry using an antibody to CD137 (open histogram) or
isotype-matched control immunoglobulin (gray, shaded histogram). The mean fluorescent intensity of CD137 was normalized by that of isotype-
matched control and expressed as mean fluorescence intensity rate (MFIR). Each experiment was independently performed more than 3 times and

their average data are presented.
doi:10.1371/journal.pone.0112564.g001

in vivo contribution of IL-2 for CD137 expression, we examined
the serum concentration of IL-2 in 7 EBV-T/NK-LPDs patients
and 5 healthy donors. The concentration in the patients was 0.9-
2.4 U/mL in 6 of 7 patients, whereas it was undetectable in 4 of 5
healthy donors (Table 2). These results suggested that CD137
expression was enhanced in the presence of IL-2 most likely
through enhanced-expression of LMP1 in EBV-T/NK-LPDs
patient cells.

CD137 was detected in EBV-positive cells infiltrating in
the tissue lesion of EBV-T/NK-LPDs xenograft model
Next, we examined the CD137 expression on the EBV-positive
cells infiltrating into the tissue of EBV-T/NK-LPDs. Since we
could not perform the examination for human specimen due to
difficulty of obtaining the samples, we used the xenograft models
generated by intravenous injection of PBMCs from CD8-3 patient
[15]. The injected cells were 2 x10° in number for each mouse and

PLOS ONE | www.plosone.org 3

include CD8-positive EBV-infected cells with clonally proliferation
from CD8-3 patient. EBV DNA load of the infected cells were
more than 1.0x10* copies/ugDNA. After engraftment, which was
defined as detection of EBV DNA in the PB of the model, we
performed autopsy. Nine mice were examined and the represen-
tative data were shown. As shown in Figure 5A-D, infiltration of
EBV-positive and CD8-positive cells into the periportal regions in
the liver was detected. 79.2% (396/500) of the infiltrating cells
were EBER-positive, and 77.4% (387/500) of the cells were CD8-
positive. These results indicated that most infiltrating cells were
both positive for CD8 and EBER. Although CD137L-positive cells
were also detected in the lesion, the number was markedly smaller
than that of EBV-positive cells (IFigure 5D). In order to determine
CD137 expression on EBV-infected cells, we performed immune-
fluorescent staining for the infiltrating cells in the lesions. As shown
in Figure 5E, EBNAl-positive and CD137-positive cells were
detected in the cells isolated from the lesions. LMPI expression

November 2014 | Volume 9 | Issue 11 | e112564
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Figure 2. EBV induces CD137 expression in T cells. In vitro EBV infection assay performed in MOLT4 cells. (A) EBNA1 protein expression was
examined by immune fluorescence staining, 48 hours after the infection, the time when CD137 expression was examined. (B) Expression of the CD137
gene was examined by RT-PCR. The infection was confirmed by detecting mRNAs of the viral proteins, EBNA1 and LMP1. (C) Transcripts of CD137 and
GAPDH were quantified by real time RT-PCR. Relative copy number was obtained by normalizing the CD137 transcripts to those of those of GAPDH.
(D) Surface expression of CD137 of MOLT4 cells and EBV-infected MOLT4 cells was examined by flow cytometry.

doi:10.1371/journal.pone.0112564.9g002

was confirmed in them (Figure S3). These results indicated that
the infiltrating EBV-positive cells were both CD8- and CD137-
positive.

Stimulation of CD137 decreases etoposide-induced cell

death of EBV-T/NK cells

To explore the contribution of CD137 expression on EBV-T/
NK cells to the development of EBV-T/NK-LPDs, we investi-
gated the effects of CD137 on the survival. CHO-CD137L cells
with stable expression of human CD137L on their surface were
prepared for CD137 stimulation of EBV-T/NK cells (Figure 6A).

First we performed the assay for EBV-positive T- and NK-cell
lines. We cocultured the cells with PKH-26-stained CHO cells in
the presence of IL-2 with or without etoposide. Jurkat cells were
used as a negative control. After the time indicated, we removed
the cells and determined the number of living cells by detecting
PKH-26 and DiOC6. PKH-26-negative cells were EBV-positive
T/NK-cells and Jurkat cells. DiOC6-positive cells were living cells.
In the presence of etoposide, the relative number of living EBV-
positive T/NK-cells cultured with CHO-CDI137L cells was
significantly higher than that cultured with control CHO cells
(Figure 6B). In contrast, T-cell line Jurkat cells, on which CD137

PLOS ONE | www.plosone.org

was not detected (Figure 1B), did not show a difference when
cocultured with the 2 types of CHO cells (Figure 6B). In the
absence of etoposide, CD137L had no significant effect on the
viability of these cells (Figure 6B).

Next we performed the same assay for the primary cells from
EBV-T/NK-LPDs patients. We cocultured PBMCs from 2
patients, CD4-2 and CD56-7 with PKH-26-stained CHO cells
in the presence of IL-2 with or without etoposide. In the presence
of etoposide, the relative number of living cells from EBV-T/NK-
LPDs patients cultured with CHO-CD137L cells was significantly
higher than that cultured with control CHO cells (Figure 6C). In
contrast, cells form a healthy donor did not show a difference
when cocultured with the 2 types of CHO cells (Figure 6C). These
findings indicated that stimulation of CDI137 significantly
suppressed etoposide-induced cell death of the EBV-T/NK-LPDs
cells.

Discussion

CD137 is expressed following activation of T or NK cells and
mediates molecular signals for proliferation, survival, and cytokine
production by acting as a costimulatory molecule of the CD3-
TCR complex [11,16,17]. However, few data for its roles in
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Figure 3. CD137 expression in EBV-positive T or NK cells of patients with EBV-T/NK-lymphoproliferative disorders (EBV-T/NK-
LPDs). (A) Transcripts of CD137 and GAPDH of freshly isolated EBV-positive cell fractions from 9 EBV-T/NK-LPDs patients, or cells of the same fractions
from healthy donors were quantified by real-time RT-PCR. Relative copy number was obtained by normalizing the CD137 transcripts to those of
GAPDH. The relative copy number of the EBV-T/NK-LPDs patients’ cells and healthy donor cells were compared. (B) CD137 protein expression in
peripheral blood mononuclear cells (PBMCs) from 15 EBV-T/NK-LPDs patients or 5 healthy donors. PBMCs were cultured with IL-2 for 3 days and
examined by flow cytometry. The mean fluorescent intensity of CD137 was normalized by that of isotype-matched control and expressed as MFIR
(mean fluorescence intensity rate). (C) A bar graph for the relative MFIRs. Each point represents the MFIR of each sample.

doi:10.1371/journal.pone.0112564.g003

development of T or NK cell neoplasms have been reported to
date. In this study we examined EBV-positive T or NK cells, and
demonstrated that not only the cell lines but also freshly isolated
cells of EBV-positive fractions from EBV-T/NK-LPDs patients
expressed high levels of CD137 mRNA. CD137 expression was
also detected in EBV-positive cells isolated from the tissue lesions
of EBV-T/NK-LPDs xenograft models. We demonstrated that
EBV could directly induce CD137 expression most likely through
LMP! in T and NK cells. In addition, stimulation of CD137 by its

PLOS ONE | www.plosone.org

ligand could suppress etoposide-induced cell death in EBV-
positive and CD137-expressing T or NK cells. These results
suggested that EBV could promote survival of T and NK cells by
inducing CDI137 and might be a cause for EBV-T/NK-
neoplasms.

In the present study, CD137 gene expression was significantly
higher in freshly isolated EBV-positive T or NK cells from PB of
patients compared with lymphocytes from healthy donors. In vitro
IL-2 treatment enhanced CD137 expression in the EBV-infected

November 2014 | Volume 9 | Issue 11 | e112564
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Figure 4. CD137 expression was upregulated by LMP1 whose expression was enhanced by IL-2 in EBV-T/NK-LPDs cells. (A) CD137
transcription was examined using the assay described. Briefly, MOLT4 cells were transfected with 10 pug of the expression plasmids of the viral
proteins, EBNA1, LMP1, LMP2A, LMP2B, or an empty vector as indicated, along with 10 ug of PGL3-4-1BB and 1 ug of pRLSV40. Twelve hours after
transfection, the cells were harvested for a dual luciferase assay. Luciferase activity was normalized by Renilla luciferase activity and expressed in
arbitrary units. The data are expressed as mean * S.D. of 3 independent experiments. (B) MOLT4 cells were transfected with 10 pg of the expression
plasmids of the viral proteins, EBNA1, LMP1, LMP2A, LMP2B, or an empty vector. Transcripts of CD137 (the upper panel) and GAPDH (the lower panel)
in these cells were examined by RT-PCR. Jurkat-CD137 cells were used as a positive control. (C) RNAs were obtained from PBMCs from a EBV-T/NK-
LPDs patient (CD4-1) which had been cultured with or without IL-2 for 3 days. Semi-quantitative RT-PCR assay for LMP was performed. Transcripts of
LMP1 (the upper panel) and GAPDH (the lower panel) were presented. (D) Transcripts of CD137 and GAPDH were quantified by real time RT-PCR for
the sample of 4C. Relative copy number was obtained by normalizing the CD137 transcripts to those of GAPDH.
doi:10.1371/journal.pone.0112564.9004

Table 2. IL-2 concentration of the serum from EBV-T/NK-LPD patients.
EBV-T/NK-LPD (U/ml) Healthy donor IL-2 (U/ml)
Case IL-2 (U/ml)

CD4-2 <0.8 <0.8

CD4-3 1.9 <0.8

CD4-5 0.9 <0.8

CD4-6 24 <0.8

CD8-2 2.1 1

CDs8-3 1.1

CD56-2 0.9

CD56-3 0.9

The concentration of IL-2 of the serum from EBV-T/NK-LPDs patients and from healthy donors. The lowest detection limit was 0.8 U/ml.
doi:10.1371/journal.pone.0112564.t002
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Figure 5. Histopathological specimen from the liver of the xenograft models. We generated the models by transplanting the cells from
CD8-3 patient. Nine mice were examined and the representative data were shown. (A) Hematoxylin and eosin staining showed periportal infiltration
of lymphocytes. (B) Immunochemical staining with anti-CD8 antibody (brown) showed that the infiltrating lymphocytes were positive for CD8. (C) In
situ hybridization of Epstein-Barr virus-encoded mRNA (EBER) (brown). Infiltration of EBV-positive cells was detected in the periportal space. (D)
Immunochemical staining with anti-CD137L antibody (brown) showed that CD137L-positive cells existed in the periportal space although the
number of the cells was smaller than that of EBER positive cells. (original magnification, x400). (E) Immune-fluorescent staining with anti-EBNA1 and
anti-CD137 antibodies of cells isolated from the lesions. Mononuclear cells were obtained from the tissue lesions of a model mouse, stained with the

antibodies. The cells were analyzed by confocal microscopy.
doi:10.1371/journal.pone.0112564.9g005

cells of the patients, whereas not in control cells of the healthy
donors. IL-2 treatment also increased LMP1 gene expression in
EBV-positive cells of EBV-T/NK-LPDs. Takahara and colleagues
previously reported that IL-2 enhanced LMP1 expression in EBV-
positive ENKL cell lines [18]. Since CD137 promoter activity was
enhanced by LMPI, we suggested that IL-2-induced CD137
protein expression was mediated by LMPI. In addition, the
concentration of IL-2 in the serum of EBV-T/NK-LPDs patients
was higher than that of healthy donors. Actually the concentration
was lower than that of the culture medium, which we used in the
assay. Ohga and colleagues, however, reported that the transcrip-
tion of /L-2 gene was upregulated in EBV-positive T- or NK-cells
[19]. This finding suggested that the level might be high in the

PLOS ONE | www.plosone.org

tissue lesion where large amount of EBV-positive T- or NK-cell
were infiltrating. We detected CD137 protein expression in EBV-
positive cells isolated from the lesion. The high expression level of
CDI137 mRNA in the circulating EBV-positive cells may
contribute to rapid and strong induction of the protein expression
in the lesions.

We suggested that EBV enhanced CD137 mRNA expression
through LMP1. Expression level of LMP1 in ENKL is actually
variable and other factors, such as miRNA, may play roles for
lymphomagenesis in EBV-positive T- or NK-neoplasms [20].
However, all EBV-positive T- or NK-cell lines examined in the
present study, expressed LMPI according to our results (data not
shown) and the report [14]. LMP1 activates c-JUN N-terminal
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Figure 6. Stimulation of CD137 decreases etoposide-induced cell death of cells from patients with EBV-T/NK-LPDs. (A) CD137L
expression on control Chinese Hamster Ovary (CHO) and CHO-CD137L cells. The expression was analyzed by flow cytometry using an antibody to
CD137L (open histogram) or isotype-matched control immunoglobulin (gray, shaded histogram). (B) Jurkat cells and EBV- positive T- or NK-cell lines
were cultured with 175 U/ml of IL-2 for 48 hours. Then they were cultured on control CHO or CHO-CD137L cells, which had been stained with PKH-
26, with or without 2 uM of etoposide for 48 hours. They were then removed for assessment of viability. The cells were stained with DIOC6 and living
EBV-T/NK-LPDs cells were detected as PKH-26-negative and DiOC6-positive cells by flow cytometry. The graph chart represents the relative numbers
of living cells normalized by those of control cells which were cultured without etoposide. The data are expressed as mean *+ S.D. of 3 independent
experiments. (C) The PBMCs of EBV-T/NK-LPDs patients and healthy donors were cultured with 175 U/ml of IL-2 for 48 hours. Then they were cultured
on control CHO or CHO-CD137L cells. They were then removed for assessment of viability as in B. The graph chart represents the relative numbers of
living cells normalized by those of control cells which were cultured without etoposide. The data are expressed as mean * S.D. of 3 independent

experiments.
doi:10.1371/journal.pone.0112564.9006

kinase (JNK) [21], p38 mitogen-activated kinase (p38) [22], and
Erk [23], which mediate the AP-l-activating pathway, and also
activates NF-kB [24]. It was reported that CD137 expression was
regulated by AP-1 and NF-xB in activated T cells [25]. LMP1 can,
therefore, induce CD137 expression through AP-1 and NF-xB in
T cells. In addition, we reported previously that EBV infection
induced ectopic CD40 expression in T-cells [26,27]. CD40 is
known to activate NF-xB, JNK, p38 and Erk [28,29]. Also, CD40-
induced CD137 expression was recently reported [30]. These
results indicate that EBV-induced CD137 expression can be
mediated by LMP1, directly as well as through CD40.

Some questions, however, remain to be answered. The first
concerns the localization of the CD137L. CD137L expression is
induced in T cells when they are activated. [10] Its expression is
also detected on various cancer cells [31]. Furthermore, expression
of CD137 and CDI137L is induced by the viral protein, Tax in
ATLL cells and mediates autocrine survival signals, leading to
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proliferation of the infected cells and tumor development [12]. We
therefore investigated CD137L expression on EBV-T/NK-cells
themselves. However, we could not detect CD137L expression
clearly on the surface of EBV-T/NK-LPDs cells. CDI137L
expression is usually detected not only on the surface of activated
B and T cells, but also on antigen-presenting cells (APCs) such as
dendritic cells, monocytes, and macrophages [32,33]. EBV-
negative cells, including histiocytes and macrophages are detected
in EBV-T/NK-LPDs lesions surrounding EBV-infected cells [3].
These cells may express CD137L on their surface. Interestingly,
CD137L-positive cells were certainly present in the lesions of
EBV-T/NK-LPDs (Figure 5D). Since the number of CD137L-
positive cells was markedly smaller than that of EBV-positive cells,
they were considered to be different cell types. As we previously
described, we generated the models by injection of the PBMCs
from the patients [15]. Further investigations is required to
determine the phenotype of the CD137L-positive cells in the
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lesions and to clarify whether these cells have some effects on
EBV-positive cells, thereby contributing to disease progression. In
addition, soluble CD137L (sCD137L) needs to be investigated.
sCD137L is produced by lymphocytes or monocytes, with studies
showing that it is present in PB of healthy donors and its level is
increased in that of patients with hematological malignancies [34]
and autoimmune diseases [35]. sCD137L may also have a role in
hematopoietic neoplasm development, with its serum levels
potentially being a prognostic factor in acute myeloid leukemia
and myelodysplastic syndrome [36].

The next question is the actual role of CD137 in the disorders.
EBV-T/NK neoplasms are not only lymphoid malignancies, but
also have aspects of severe inflammatory diseases accompanied by
high fever, cytokinemia, hemophagocytic syndrome and so on
[3,18,37-39]. As CD137 mediates survival, proliferation, and
cytokine production of CD137-expressing T cells, it may cause
inflammation associated with the disease. In addition, CD137 acts
as a “ligand” for CD137L. CD137L stimulation by CD137 also
mediates intracellular signaling in CD137L-expressing cells [40].
In monocytes expressing CD137L, stimulation of the molecule
induces proliferation and differentiation into DCs [41,42]. In B
cells expressing CD137L, the stimulation induces proliferation,
differentiation and production of immunoglobulins [43,44]. EBV-
T/NK-neoplasms are associated with local and systemic inflam-
mation, cytokinemia, or polyclonal gammopathy [38,39]. CD137
may therefore contribute to disease development by inducing not
only survival of the infected cells but also inflammation. Inhibition
of CD137-mediating signals by targeting CD137 or CDI137L
should be conducted in order to clarify their roles.

It is well known that CD137 activates survival-promoting
molecules including NF-kB in activated T cells [10]. However, the
role of the CD137-CD137L interaction in vivo is still controver-
sial. Recently, an agonistic CD137 antibody was created and used
for xenograft models of human disease, cancer, or autoimmune
diseases. In some mouse cancer models, agonistic CD137 antibody
induces tumor suppression by upregulating the immune reaction
of cytotoxic T-cells against tumor cells [45,46]. On the other hand,
in disease models of hyperimmune reactions such as asthma,
GVHD, and autoimmune disease, the same antibody had the
effect of suppressing T cells [47]. These findings show that CD137
regulates T-cell reactions both positively and negatively, and that
the mechanism of the action in vivo is extremely complicated. As
mentioned previously, EBV-T/NK-LPDs have two aspects:
suppressed immune-reaction against EBV-T/NK-cells and a
hyper-immune reaction as an inflammatory disease. The conflict-
ing roles of the CD137-CD137L axis may be compatible with
these clinical findings of EBV-T/NK-LPDs.

Our results indicate that upregulation of CD137 expression
through LMP1 by EBV promotes cell survival in T or NK cells.
This effect may contribute to the development of EBV-T/NK-
neoplasms and suggests an attractive therapeutic target for the
diseases.

Materials and Methods

Cells and reagents

The EBV-positive T/NK-cell (EBV-T/NK cell) lines SNT8,
SNT15, SNT16, SNK1, SNK6, and SNK10 were cultured in
RPMI containing 10% FCS and 175 U/ml of human IL-2 [14].
The EBV-negative T- and NK-cell lines, Jurkat, MOLT4, HPB-
ALL, and MTA were cultured in RPMI containing 10% fetal calf
serum (10% FCS-RPMI), whereas the EBV-negative NK-cell line,
KHYG1 was cultured in 10% FCS-RPMI containing 175 U/ml of
human interleukin-2 (IL-2). The B- cell lines, BJAB, Ramos, Raji,
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MD901 [48], HS-Sultan, and LCL were cultured in RPMI
containing 10% FCS-RPMI. Jurkat, MOLT4, BJAB, Ramos, HS-
Sultan and Raji cells were obtained from the American Type
Culture Collection. LCL was established as previously described
[26]. The expression of the viral proteins in LCL was demon-
strated in Figure S4. MTA cells were obtained from Japanese
Collection of Research Bioresources Cell Bank. Jurkat-CD137 and
Chinese Hamster Ovary (CHO)-CD137L were generated as
previously described [30]. Human recombinant IL-2 was pur-
chased from R&D systems (Abington, UK) and etoposide from
Wako (Osaka, Japan).

PCR assay for CD137

The sequences of the PCR primers used for detection of the
CD137 gene were as follows: forward, 5'-GTGCCAGATTT-
CATCATGGG-3" (exon 2 of CDI137) and reverse, 5'-CAA-
CAGCCCTATTGACTTCC-3' (exon 9 of CD137). The expres-
sion levels of the CD137 gene were determined by quantitative
PCR, as described previously [13].

Diagnosis of EBV-T/NK-LPDs

EBV-T/NK-LPDs was diagnosed according to the following
criteria: the presence of characteristic symptoms, an increase in
EBV DNA load in peripheral blood (PB), and the detection of
clonally proliferating EBV-positive T or NK cells [4,49].

Detection and isolation of EBV-positive cells in EBV-T/NK-
LPDs patients

Detection and isolation of EBV-infected cells were performed as
described previously [27]. Briefly, peripheral blood mononuclear
cells (PBMCs) from EBV-T/NK-LPDs patients were isolated by
density gradient centrifugation using Separate-L. (Muto Pure
Chemical, Tokyo, Japan) and sorted into CD19-, CD4-, CD8-, or
CD56-positive fractions by antibody-conjugated magnetic beads
(IMag Human CD19, 4, 8, and 56 Particles-DM; BD Biosciences,
Sparks, MD, USA). The fraction which was negative for these
markers was considered Y0 T cell fraction. The EBV DNA load in
cach fraction was then measured by the real-time RT-PCR [50]
on the basis of the TagMan system (Applied Biosystems, Foster
City, CA, USA). The fraction with the highest titer was assumed to
be that with EBV-positive cells. In order to examine CDI37
mRNA expression in the infected cell, we isolated EBV-positive
cells from PBMCs by magnetic beads conjugating antibodies for
the surface markers of the infected cells.

Antibodies

Mouse antthuman CD137-PE, CD4-FITC, CD8-FITC, CD56-
FITC and CD137L-PE as well as their control isotype antibodies
were purchased from Becton, Dickinson and Company (Franklin

Lakes, NJ, USA).

In vitro EBV infection assay

MOLT# cells were infected with EBV as described previously
[26]. Briefly, EBV was prepared from culture medium of B95-8
cells as described [51], and then concentrated (200-fold) in RPMI
medium 1640 supplemented with 10% FCS. The virus suspension
was filtered (0.45 um) and the recipient cells (2x10° to 1x107)
were incubated in 1 or 5 ml of the suspension for 1 h, and then
rinsed twice with culture medium (10% RPMI). The efficiency of
infection was >90% as judged by EBNAI staining. For
inactivation of the EBV genome, 1 ml of virus suspension in a
100-mm dish was irradiated with UV (254 nm) at 1 Juem? using a
FUNA-UV-LINKER FS-800 (Funakoshi, Tokyo). Infection was
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verified by EBV DNA quantification, and immune fluorescence
staining of EBNAI staining of the cells as described using
Polyclonal Rabbit Anti-Human C3c Complement/FITC antibody
(Dako, Glostrup, Denmark) [52].

PCR assay for EBV proteins

RT-PCR for detection of mRNA for the viral proteins, LMP1I,
LMP2A4, LMP2B and EBNAI was performed according to the
previous report [15].

Plasmids

The reporter plasmid PGL3-4-1BB for the detection of CD137
promoter activation was kindly provided by Dr. Pichler [12]. The
reporter plasmid for detection of NF-kB activation, pNF-kB-Luc,
was purchased from Stratagene (Santa Clara, CA, USA), and the
control Renilla luciferase plasmid pRL-SV40 from Promega
(Madison, WI, USA). Plasmids containing EBV-encoded proteins,
LMP1, LMP2A, LMP2B and EBNAIL were generated from the
EBV-infected cell line B95-8 [53].

Luciferase reporter assays
The assays of transiently transfected cells were performed as
described previously [54].

Measurement of serum IL-2
The concentration of IL-2 in the serum was examined by SRL,

Inc. (Tokyo, Japan) using enzyme-linked immunosorbent assay
(ELISA). The lowest detection limit was 0.8 U/ml.

Generation of the xenograft model of EBV-T/NK-LPDs

Male NOD/Shi-scid/IL-2Rynull (NOG) mice were obtained
from the Central Institute for Experimental Animals (Kawasaki,
Japan) and maintained under specific pathogen-free conditions.
The model was generated by injection of PBMCs from patients to
six weeks old mice through the tail vein as described previously
[15]. Intravenous anesthesia by tribromoethanol was performed in
order to minimize suffering. Engraftment was determined by
detecting EBV DNA in the peripheral blood. After engraftment,
mice were euthanized via COj inhalation and applied for
pathological and virological analyses.

Immunohistochemistry

The 4 pm thick paraffin-embedded formalin-fixed tissue
sections were de-paraffinized, and heat-based antigen retrieval
was performed in 0.1 M citrate buffer (pH 6.0). Endogeneous
peroxidase activity was inhibited using hydrogen peroxide. The
primary antibodies for CD137 (ab3169) and CD137L (ab64912)
were purchased from Abcam (Cambridge, MA, USA). The
detection system was the streptavidin-biotin-peroxidase complex
technique (ABC kit; Vector Laboratories, Burlingame, CA, USA)
with diaminobenzidine (DAB; Nichirei Bioscience, Tokyo, Japan)
as the chromogen. In situ hybridization (ISH) of Epstein—Barr
virus-encoded mRNA (EBER) was performed for detection of
EBV in tissue sections by Epstein-Barr Virus (EBER) PNA Probe/
Fluorescein (DAKO, Carpinteria, CA, USA) and second antibody
for Fluorescein (Dako, Glostrup, Denmark).

Immune-fluorescent staining

The expression of CD137 protein on EBV-infected cells was
examined by immune-fluorescent staining. Cells were fixed on
slides by immersing in 4% paraformaldehyde for 10 min, followed
by washing three times in PBS and incubation with mouse
monoclonal anti-CD137, goat polyclonal anti-EBNAI) antibodies
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(Abcam, Cambridge, MA, USA), Cy5-conjugated Affinipure
donkey anti-mouse antibody, and FITC-conjugated donkey anti-
goat antibody (Jackson ImmunoResearch Laboratories, Inc. PA,
USA). Nuclei were counterstained with ProLong Gold and DAPI
(Invitrogen, Carlsbad, CA, USA), and the cells were analyzed by
confocal microscopy (Fluoview FV10i, Olympus).

Stimulation of CD137 by ligand-expressing cells and
detection of cell viability

The PBMCs were isolated from patients of EBV-T/NK-LPDs.
Control CHO or CHO-CD137L cells were stained with PKH-26
(PKH-26 Red Fluorescent Cell Linker Kit; Sigma-Aldrich, St.
Louis, MO, USA) according to the manufacturer’s instructions,
and plated on the wells. The PBMCs were then overlaid on pre-
seeded control CHO or CHO-CD137L cells, and cultured with or
without etoposide in 10% FCS-RPMI containing 175 U/ml of IL-
2. After 48 h incubation, the cells were stained with DiOC6
(Invitrogen, Carlsbad, CA, USA) and removed. The cells were
analyzed using a FACS Calibur flow cytometer (Becton, Dickinson
and Company, Franklin Lakes, NJ USA), with PKH-26-negative
and DiOC6-positive cells considered as living EBV-T/NK cells.

Statistical analysis

For statistical analyses of Figure 3A and 3B, Mann-Whitney test
was performed using GraphPad Prism 5 (GraphPad Software, La
Jolla, CA, USA). Student ¢ test was performed for Figure 6B and
6C.

The study complied with the principles of the Declaration of
Helsinki and was approved by the ethical committee of Tokyo
Medical and Dental University (ITMDU). Written informed
consent was obtained from each patient. The experiments with
NOG mice are in accordance with the Guidelines for Animal
Experimentation of the Japanese Association for Laboratory
Animal Science, as well as ARRIVE guidelines [55]. The
experiments were approved by the Institutional Animal Care
and Use Committee of TMDU (No. 0140087A).

Supporting Information

Figure S1 CDI137L expression in EBV-positive cell lines.
Surface expression of CD137L was examined by flow cytometry
using an antibody to CDI137L (open histogram) or isotype-
matched control immunoglobulin (gray, shaded histogram). The
mean fluorescent intensity of CD137 was normalized by that of
isotype-matched control and expressed as MFIR (mean fluores-
cence Intensity rate) in arbitrary units. CHO-CD137L cells were
used as positive control.

(TIF)

Figure S2 CDI137 expression in PBMCs from EBV-
positive T-NK-lymphoproliferative patients and those
from healthy donors (HD). After collection, the cells were
cultured with IL-2 for 3 days. The expression was analyzed by flow
cytometry using an antibody to CD137 and to surface protein
expressed on EBV-positive cells.

(TIF)

Figure $3 Immune-fluorescent staining with anti-LMP1
antibody of cells isolated from the lesions. Mononuclear
cells were obtained from the tissue lesions of a model mouse,
stained with the antibody. The cells were analyzed by confocal
Mmicroscopy.

(TIF)

Figure S4 LCL that we used in the study was established
as previously described [26]. The infection was confirmed by
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RT-PCR for EBNA. We also examined and detected the
expression of the lytic protein, BZLF1 [56]. Akata cells [57]
stimulated with IgG were used as a positive control for BZLF1
expression. Since BZLF1 was not expressed in them, we concluded
that the infection was latent.

(TIF)

Acknowledgments

We are grateful to Dr. Klemens Pichler for providing PGL3-4-1BB. We are
also grateful to Dr. Kohei Yamamoto, Ms. Yukana Nakaima, Ms. Kaori
Okada, and Ms. Kazumi Fujimoto for excellent technical assistance.

References

1. Chan JKC, Quintanilla-Martinez L, Ferry JA, Peh S-C (2008) Extranodal NK/
T-cell lymphoma, nasal type. In: Jaffe E, Harris N, Stein H, editors. World
Health Organization Classification of Tumors Pathology and Genetics of
Tumours of Haematopoictic and Lymphoid Tissues. Lyon IARC Press. pp.
285-289.

2. Chan JKC, Jaffe ES, Ralfkiacr E, Ko Y-H (2008) Aggressive NK-cell leukemia.
In: ES J, NL H, H S, editors. World Health Organization Classification of
Tumors Pathology and Genetics of Tumours of Haematopoietic and Lymphoid
Tissues. Lyon: IARC Press. pp. 276-277.

3. Quintanilla-Martinez L, Kimura H, Jaffe ES (2008) EBV-positive T-cell
lymphoproliferative disorders of childhood. In: Jaffe E, Harris N, Stein H,
editors. World Health Organization Classification of Tumors Pathology and
Genetics of Tumours of Haematopoietic and Lymphoid Tissues.Lyon IARC
Press. pp. 278-280.

4. Kimura H, Ito Y, Kawabe S, Gotoh K, Takahashi Y, et al. (2012) EBV-
associated T/NK-cell lymphoproliferative diseases in nonimmunocompromised
hosts: prospective analysis of 108 cases. Blood 119: 673-686.

. Kimura H, Hoshino Y, Kanegane H, Tsuge I, Okamura T, et al. (2001) Clinical
and virologic characteristics of chronic active Epstein-Barr virus infection. Blood
98: 280-286.

6. Arai A, Imadome K, Watanabe Y, Yoshimori M, Koyama T, et al. (2011)
Clinical features of adult-onset chronic active Epstein-Barr virus infection: a
retrospective analysis. Int J Hematol 93: 602-609.

7. Kawa K, Sawada A, Sato M, Okamura T, Sakata N, et al. (2011) Excellent
outcome of allogeneic hematopoietic SCT with reduced-intensity conditioning
for the treatment of chronic active EBV infection. Bone Marrow Transplant 46:
77-83.

8. Yamaguchi M, Kwong YL, Kim WS, Maeda Y, Hashimoto C, et al. (2011)
Phase II study of SMILE chemotherapy for newly diagnosed stage IV, relapsed,
or refractory extranodal natural killer (NK)/T-cell lymphoma, nasal type: the
NK-Cell Tumor Study Group study. J Clin Oncol 29: 4410-4416.

9. Yamaguchi M, Tobinai K, Oguchi M, Ishizuka N, Kobayashi Y, et al. (2012)
Concurrent Chemoradiotherapy for Localized Nasal Natural Killer/T-Cell
Lymphoma: An Updated Analysis of the Japan Clinical Oncology Group Study
JCOGO211. J Clin Oncol.

10. Croft M (2009) The role of TNF superfamily members in T-cell function and
diseases. Nat Rev Immunol 9: 271-285.

11. Pollok KE, Kim YJ, Zhou Z, Hurtado J, Kim KK, et al. (1993) Inducible T cell
antigen 4-1BB. Analysis of expression and function. J Immunol 150: 771-781.

12. Pichler K, Kattan T, Gentzsch J, Kress AK, Taylor GP, et al. (2008) Strong
induction of 4-1BB, a growth and survival promoting costimulatory receptor, in
HTLV-1-infected cultured and patients’ T cells by the viral Tax oncoprotein.
Blood 111: 4741-4751.

13. Anderson MW, Zhao S, Freud AG, Czerwinski DK, Kohrt H, et al. (2012)
CD137 is expressed in follicular dendritic cell tumors and in classical Hodgkin
and T-cell lymphomas: diagnostic and therapeutic implications. Am J Pathol
181: 795-803.

14. Zhang Y, Nagata H, Ikeuchi T, Mukai H, Oyoshi MK, et al. (2003) Common
cytological and cytogenetic features of Epstein-Barr virus (EBV)-positive natural
killer (NK) cells and cell lines derived from patients with nasal T/NK-cell
lymphomas, chronic active EBV infection and hydroa vacciniforme-like
eruptions. Br ] Haematol 121: 805-814.

15. Imadome K, Yajima M, Arai A, Nakazawa A, Kawano F, et al. (2011) Novel
Mouse Xenograft Models Reveal a Critical Role of CD4 T Cells in the
Proliferation of EBV-Infected T and NK Cells. PLoS Pathog 7: ¢1002326.

16. TanJT, Ha J, Cho HR, Tucker-Burden C, Hendrix RC, et al. (2000) Analysis of
expression and function of the costimulatory molecule 4-1BB in alloimmune
responses. Transplantation 70: 175-183.

17. Lee HW, Park SJ, Choi BK, Kim HH, Nam KO, et al. (2002) 4-1BB promotes
the survival of CD8+ T lymphocytes by increasing expression of Bel-xL and Bfl-
1. J Immunol 169: 4882-4888.

18. Takahara M, Kis LL, Nagy N, Liu A, Harabuchi Y, et al. (2006) Concomitant
increase of LMP1 and CD25 (IL-2-receptor alpha) expression induced by IL-10
in the EBV-positive NK lines SNK6 and KAI3. Int J Cancer 119: 2775-2783.

o

PLOS ONE | www.plosone.org

EBV-Induced CD137 Expression in T or NK Cells

Author Contributions

Conceived and designed the experiments: MY KII SY SF OM AA.
Performed the experiments: MY KII LW HK YS TF MK TK NS AA.
Analyzed the data: MY KII LW HK YS TF MK TK NS SF OM AA.
Contributed reagents/materials/analysis tools: MY KII YS SY TF TK SF
OM AA. Wrote the paper: MY KII SY TK SF OM AA. Contributed to
the modification of the draft and approved the final submission: MY KII
HK LW YS SY TF MK TK NS SF OM AA.

19. Ohga S, Nomura A, Takada H, Thara K, Kawakami K, et al. (2001) Epstein-
Barr virus (EBV) load and cytokine gene expression in activated T cells of
chronic active EBV infection. J Infect Dis 183: 1-7.

20. Yamanaka Y, Tagawa H, Takahashi N, Watanabe A, Guo YM, et al. (2009)
Aberrant overexpression of microRNAs activate AKT signaling via down-
regulation of tumor suppressors in natural killer-cell lymphoma/leukemia. Blood
114: 3265-3275.

21. Kutz H, Reisbach G, Schultheiss U, Kieser A (2008) The c-Jun N-terminal
kinase pathway is critical for cell transformation by the latent membrane protein
1 of Epstein-Barr virus. Virology 371: 246-256.

22. Eliopoulos AG, Gallagher NJ, Blake SM, Dawson CW, Young LS (1999)
Activation of the p38 mitogen-activated protein kinase pathway by Epstein-Barr
virus-encoded latent membrane protein 1 coregulates interleukin-6 and
interleukin-8 production. J Biol Chem 274: 16085-16096.

23. Dawson CW, Laverick L, Morris MA, Tramoutanis G, Young LS (2008)
Epstein-Barr virus-encoded LMP1 regulates epithelial cell motility and invasion
via the ERK-MAPK pathway. J Virol 82: 3654-3664.

24. Kaye KM, Izumi KM, Li H, Johannsen E, Davidson D, et al. (1999) An Epstein-
Barr virus that expresses only the first 231 LMP1 amino acids efficiently initiates
primary B-lymphocyte growth transformation. J Virol 73: 10525-10530.

25. Kim JO, Kim HW, Back KM, Kang CY (2003) NF-kappaB and AP-1 regulate
activation-dependent CD137 (4-1BB) expression in T cells. FEBS Lett 541: 163
170.

26. Imadome K, Shirakata M, Shimizu N, Nonoyama S, Yamanashi Y (2003) CD40
ligand is a critical effector of Epstein-Barr virus in host cell survival and
transformation. Proc Natl Acad Sci U S A 100: 7836-7840.

27. Imadome K, Shimizu N, Arai A, Miura O, Watanabe K, et al. (2005)
Coexpression of CD40 and CD40 ligand in Epstein-Barr virus-infected T and
NK cells and their role in cell survival. J Infect Dis 192: 1340-1348.

28. Mukundan L, Bishop GA, Head KZ, Zhang L, Wahl LM, et al. (2005) TNF
receptor-associated factor 6 is an essential mediator of CD40-activated
proinflammatory pathways in monocytes and macrophages. J Immunol 174:
1081-1090.

29. Song Z, Jin R, Yu S, Rivet JJ, Smyth SS, et al. (2011) CD40 is essential in the
upregulation of TRAF proteins and NF-kappaB-dependent proinflammatory
gene expression after arterial injury. PLoS One 6: €23239.

30. Nakaima Y, Watanabe K, Koyama T, Miura O, Fukuda T (2013) CD137 Is
Induced by the CD40 Signal on Chronic Lymphocytic Leukemia B Cells and
Transduces the Survival Signal via NF-kB Activation. PLoS One 8: ¢64425.

31. Salih HR, Kosowski SG, Haluska VF, Starling GC, Loo DT, et al. (2000)
Constitutive expression of functional 4-1BB (CD137) ligand on carcinoma cells.
J Immunol 165: 2903-2910.

32. Alderson MR, Smith CA, Tough TW, Davis-Smith T, Armitage RJ, et al. (1994)
Molecular and biological characterization of human 4-1BB and its ligand.
Eur J Immunol 24: 2219-2227.

33. Pollok KE, Kim Y], Hurtado J, Zhou Z, Kim KK, et al. (1994) 4-1BB T-cell
antigen binds to mature B cells and macrophages, and costimulates anti-mu-
primed splenic B cells. Eur J Immunol 24: 367-374.

34. Salih HR, Schmetzer HM, Burke C, Starling GC, Dunn R, et al. (2001) Soluble
CD137 (4-1BB) ligand is released following leukocyte activation and is found in
sera of patients with hematological malignancies. J Immunol 167: 4059-4066.

35. Jung HW, Choi SW, Choi JI, Kwon BS (2004) Serum concentrations of soluble
4-1BB and 4-1BB ligand correlated with the disease severity in rheumatoid
arthritis. Exp Mol Med 36: 13-22.

36. Hentschel N, Krusch M, Kiener PA, Kolb HJ, Salih HR, et al. (2006) Serum
levels of sCD137 (4-1BB) ligand are prognostic factors for progression in acute
myeloid leukemia but not in non-Hodgkin’s lymphoma. Eur J Haematol 77: 91—
101.

37. Kimura H (2006) Pathogenesis of chronic active Epstein-Barr virus infection: is
this an infectious disease, lymphoproliferative disorder, or immunodeficiency?
Rev Med Virol 16: 251-261.

38. Kasahara Y, Yachic A, Takei K, Kanegane C, Okada K, et al. (2001)
Differential cellular targets of Epstein-Barr virus (EBV) infection between acute
EBV-associated hemophagocytic lymphohistiocytosis and chronic active EBV
infection. Blood 98: 1882-1888.

November 2014 | Volume 9 | Issue 11 | e112564



39.

40.

41.

42,

43.

44.

46.

47.

48.

Fox CP, Shannon-Lowe C, Gothard P, Kishore B, Neilson J, et al. (2010)
Epstein-Barr virus-associated hemophagocytic lymphohistiocytosis in adults
characterized by high viral genome load within circulating natural killer cells.
Clin Infect Dis 51: 66-69.

Shao Z, Schwarz H (2011) CD137 ligand, a member of the tumor necrosis factor
family, regulates immune responses via reverse signal transduction. ] Leukoc

Biol 89: 21-29.

Lee SW, Park Y, So T, Kwon BS, Cheroutre H, et al. (2008) Identification of

regulatory functions for 4-1BB and 4-1BBL in myelopoiesis and the development
of dendritic cells. Nat Immunol 9: 917-926.

Laderach D, Wesa A, Galy A (2003) 4-1BB-ligand is regulated on human
dendritic cells and induces the production of IL-12. Cell Immunol 226: 37-44.
Pauly S, Broll K, Wittmann M, Giegerich G, Schwarz H (2002) CD137 is
expressed by follicular dendritic cells and costimulates B lymphocyte activation
in germinal centers. J Leukoc Biol 72: 35-42.

Middendorp S, Xiao Y, Song JY, Peperzak V, Krijger PH, et al. (2009) Mice
deficient for CD137 ligand are predisposed to develop germinal center-derived
B-cell lymphoma. Blood 114: 2280-2289.

. Melero I, Shuford WW, Newby SA, Aruffo A, Ledbetter JA, et al. (1997)

Monoclonal antibodies against the 4-1BB T-cell activation molecule eradicate
established tumors. Nat Med 3: 682-685.

Narazaki H, Zhu Y, Luo L, Zhu G, Chen L (2010) CD137 agonist antibody
prevents cancer recurrence: contribution of CD137 on both hematopoietic and
nonhematopoietic cells. Blood 115: 1941-1948.

Seo SK, Choi JH, Kim YH, Kang W], Park HY, et al. (2004) 4-1BB-mediated
immunotherapy of rheumatoid arthritis. Nat Med 10: 1088-1094.

Miki T, Kawamata N, Arai A, Ohashi K, Nakamura Y, et al. (1994) Molecular
cloning of the breakpoint for 3q27 translocation in B-cell lymphomas and
leukemias. Blood 83: 217-222.

PLOS ONE | www.plosone.org

13

49.

50.

51.

52.

53.

54.

EBV-Induced CD137 Expression in T or NK Cells

Okano M, Kawa K, Kimura H, Yachie A, Wakiguchi H, et al. (2005) Proposed
guidelines for diagnosing chronic active Epstein-Barr virus infection. Am J He-
matol 80: 64-69.

Kimura H, Morita M, Yabuta Y, Kuzushima K, Kato K, et al. (1999)
Quantitative analysis of Epstein-Barr virus load by using a real-time PCR assay.
J Clin Microbiol 37: 132-136.

Sinclair AJ, Palmero I, Peters G, Farrell PJ (1994) EBNA-2 and EBNA-LP
cooperate to cause GO to G1 transition during immortalization of resting human
B lymphocytes by Epstein-Barr virus. EMBO J 13: 3321-3328.

Reedman BM, Klein G (1973) Cellular localization of an Epstein-Barr virus
(EBV)-associated complement-fixing antigen in producer and non-producer
lymphoblastoid cell lines. Int J Cancer 11: 499-520.

Shirakata M, Imadome KI, Okazaki K, Hirai K (2001) Activation of TRAF5
and TRAF6 signal cascades negatively regulates the latent replication origin of
Epstein-Barr virus through p38 mitogen-activated protein kinase. J Virol 75:
5059-5068.

Nosaka Y, Arai A, Miyasaka N, Miura O (1999) CrkL. mediates Ras-dependent
activation of the Raf/ERK pathway through the guanine nucleotide exchange
factor C3G in hematopoietic cells stimulated with erythropoietin or interleukin-
3. J Biol Chem 274: 30154-30162.

. MacCallum CJ (2010) Reporting animal studies: good science and a duty of

care. PLoS Biol 8: ¢1000413.

. Iwasaki Y, Chong JM, Hayashi Y, Ikeno R, Arai K, et al. (1998) Establishment

and characterization of a human Epstein-Barr virus-associated gastric carcinoma

in SCID mice. J Virol 72: 8321-8326.

. Takada K, Horinouchi K, Ono Y, Aya T, Osato T, et al. (1991) An Epstein-

Barr virus-producer line Akata: establishment of the cell line and analysis of viral
DNA. Virus Genes 5: 147-156.

November 2014 | Volume 9 | Issue 11 | e112564



