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Abstract

Epstein–Barr virus (EBV) has been detected in several T- and NK-cell neoplasms such as

extranodal NK/T-cell lymphoma nasal type, aggressive NK-cell leukemia, EBV-positive

peripheral T-cell lymphoma, systemic EBV-positive T-cell lymphoma of childhood, and

chronic active EBV infection (CAEBV). However, how this virus contributes to lymphoma-

genesis in T or NK cells remains largely unknown. Here, we examined NF-κB activation in

EBV-positive T or NK cell lines, SNT8, SNT15, SNT16, SNK6, and primary EBV-positive

and clonally proliferating T/NK cells obtained from the peripheral blood of patients with

CAEBV. Western blotting, electrophoretic mobility shift assays, and immunofluorescent

staining revealed persistent NF-κB activation in EBV-infected cell lines and primary cells

from patients. Furthermore, we investigated the role of EBV in infected T cells. We per-

formed an in vitro infection assay using MOLT4 cells infected with EBV. The infection

directly induced NF-κB activation, promoted survival, and inhibited etoposide-induced

apoptosis in MOLT4 cells. The luciferase assay suggested that LMP1 mediated NF-κB acti-

vation in MOLT4 cells. IMD-0354, a specific inhibitor of NF-κB that suppresses NF-κB acti-

vation in cell lines, inhibited cell survival and induced apoptosis. These results indicate that

EBV induces NF-κB-mediated survival signals in T and NK cells, and therefore, may contrib-

ute to the lymphomagenesis of these cells.
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Introduction

Epstein-Barr virus (EBV) is positive in some T- and NK-cell neoplasms, including extranodal

NK/T-cell lymphoma nasal type (ENKL) [1], aggressive NK-cell leukemia (ANKL) [2], EBV-

positive peripheral T-cell lymphoma, systemic EBV-positive T-cell lymphoma of childhood,

and chronic active EBV infection (CAEBV) [3]. Systemic EBV-positive T-cell lymphoma of

childhood and CAEBV were described for the first time as EBV-positive T-lymphoprolifera-

tive diseases (EBV-T-LPDs) of childhood in the WHO classification in 2008 [4]. In the classifi-

cation revised in 2016, EBV-T-LPDs of childhood were divided into 2 disorders: systemic

EBV-positive T-cell lymphoma of childhood, an aggressive one, and CAEBV, a more indolent

one [3]. CAEBV is a disorder presenting persistent inflammation: fever, hepatitis, lymphadeni-

tis, and vasculitis. CAEBV also harbors 2 characteristic skin symptoms: hypersensitivity to

mosquito bites, and hydroa vacciniforme-like eruption [5]. The EBV-infected cells in CAEBV

are clonally proliferating and under type 2 latency of the viral infection.

EBV is well known to infect B cells, thus promoting their survival and occasionally leading

to B-cell neoplasm development. Therefore, EBV has been proposed to associate also with the

development of EBV-positive T- or NK-cell neoplasms, although its role in disease develop-

ment has not been elucidated. To clarify the role of EBV in the development of EBV-positive

T- and NK-cell neoplasms, we focused on NF-κB. NF-κB is a dimeric transcription factor of

the REL family members, RelA, RelB, c-Rel, p50, and p52 that mediates inflammatory and

anti-apoptotic molecular signals [6, 7]. Once activated, NF-κB translocates to the nucleus,

binds DNA, and regulates gene expression. Notably, NF-κB is constitutively activated in vari-

ous types of cancer cells, including EBV-positive B-cell lymphoma cells and contributes to

tumor development [8, 9]. Expression profiling and histochemical studies have reported that

p50, a component of NF-κB, was located in the nucleus and may be potentially activated in the

EBV-positive NK-cell neoplasm ENKL [10–13]. In EBV-positive B-cell lymphomas, EBV

directly activates NF-κB via the viral protein LMP1 [8, 9]. As LMP1 is also expressed in EBV-

positive T- and NK-cell neoplasms, we hypothesized that NF-κB is also constitutively activated

by EBV in EBV-infected T- or NK-cells and thus would contribute to the development of the

neoplasms.

In this study, we investigated the activation and roles of NF-κB in EBV-positive T or NK

cells (EBV-T/NK-cells). We examined the direct effects of EBV on cell survival related NF-κB

activity.

Materials and methods

Cells and reagents

The EBV-T/NK-cell lines SNT8, 15, and 16 and SNK6, established from EBV-T or NK-cell

neoplasms, were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium con-

taining 10% fetal calf serum (10% FCS–RPMI) and human interleukin-2 (IL-2) as described

previously [14]. MOLT4-DL cells harbor integrated forms of two lentivirus vectors: CS-

κB-R2.2, which expresses the firefly luciferase gene in an NF-κB-dependent manner, and

pCERp, which constitutively expresses the renilla luciferase gene under the control of the elon-

gation factor-1α enhancer/promoter [15]. IL-2 was purchased from R&D systems (Abington,

UK). The EBV-negative T cell lines Jurkat and MOLT4 were cultured in 10% FCS–RPMI,

whereas the EBV-negative NK cell line KHYG1 was cultured in 10% FCS–RPMI supplemented

with 175 U/ml of human recombinant IL-2. Phorbol 12-myristate 13-acetate (PMA) was pur-

chased from Wako Pure Chemical Industries (Osaka, Japan). The specific inhibitor for NF-κB,

IMD-0354 was purchased from Sigma-Aldrich (St. Louis, MO, USA)
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Diagnosis of CAEBV

CAEBV was diagnosed according to the following criteria: the presence of characteristic symp-

toms, an increased EBV DNA load in the peripheral blood (PB), and the detection of clonally

proliferating EBV-positive T/NK-cells [5, 16]. Pathologically diagnosed ENKL,ANKL, and

PTCL-NOS were excluded.

Detection and isolation of EBV-infected cells from CAEBV patients

Detection and isolation of EBV-infected cells were performed as described previously [15].

Peripheral blood mononuclear cells (PBMCs) from patients with CAEBV were isolated by

density gradient centrifugation using Separate-L (Muto Pure Chemical, Tokyo, Japan); the

cells were then separated into CD4-, CD8-, and CD56-positive fractions using antibody-conju-

gated magnetic beads (IMag Human CD4, CD8, and CD56 Particles-DM; BD Biosciences,

Sparks, MD, USA) according to the manufacturer’s instructions. The EBV DNA load in each

fraction was then measured via real-time -polymerase chain reaction (PCR) [17] using a Taq-

Man system (Applied Biosystems, Foster City, CA, USA). We have described the marker used

to isolate the infected cells from each patient in Table 1.

Western blotting

Proteins were separated into cytoplasmic and nuclear fractions, as described below. After

washing with phosphate buffered saline (PBS), cells were lysed in hypotonic buffer (50 mM

Tris-HCl (pH 7.5), 5 mM EDTA, 10 mM NaCl, 1 mM NaF, 1 mM Na3VO4, and 0.05% NP-

40). Lysates were centrifuged at 700 × g for 2 min, and the supernatants were collected as cyto-

plasmic protein fractions. Pellets were washed thrice with hypotonic buffer and lysed in SIP

buffer (50 mM Tris-HCl (pH 7.5), 5 mM EDTA, 100 mM NaCl, 50 mM NaF, 1 mM Na3VO4,

40 mM β-glycerophosphate, and 1% Triton X-100). Lysates were centrifuged at 15000 rpm for

10 min, and supernatants were used as the nuclear protein fractions. Proteins were quantified

using DC protein assay kit (Bio-Rad, Hercules, CA, USA) and equivalent protein quantities

were subjected to western blotting. A p52 antibody was purchased from Upstate Biotechnology

(Temecula, CA, USA). Antibodies against p50, RelA, RelB, c-Rel, α-tubulin, HSP-90, and YY1

were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Immunofluorescence staining

Cells were fixed on slides via immersion in 4% paraformaldehyde for 10 min, followed by 3

washes in PBS and incubation with mouse monoclonal anti-LMP1, p52, p50, RelA, or RelB

antibodies at room temperature. Next, slides were treated at room temperature with a Cy5-

conjugated Affinipure donkey anti-mouse antibody (Jackson ImmunoResearch Laboratories,

Inc., West Grove, PA, USA) to label anti-p52 and anti-RelA antibodies or a PE-conjugated

goat anti-rabbit antibody (Southern Biotech, Birmingham, AL, USA) to label anti-p50 and

anti-RelB antibodies. Nuclei were counterstained with ProLong Gold and DAPI (Invitrogen,

Carlsbad, CA, USA).

Image acquisition

Cytological analysis was performed using a confocal microscope (Fluoview FV10i-DOC,

Olympus, Tokyo, Japan). Photographs were taken using a 60X objective lens (NA 1.35).
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Electrophoretic mobility shift assay (EMSA) and super-shift assay

EMSA was performed as described previously [18]. Briefly, nuclear extracts were incubated for

30 min at room temperature in binding buffer (10 mM N-2-hydroxyethylpiperazine-N’-2-

ethanesulfonic acid (HEPES), 100 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA),

1 mM dichlorodiphenyltrichloroethane (DTT), 2.5% glycerol, 0.5 μg of poly dI-dC) mixed

with 0.5 ng of a 32P-labeled κB factor (KBF-1) probe derived from the H-2Kb promoter26

probe. For super-shift assays, nuclear extracts were incubated with anti-p50, anti-p52, anti-

RelA, anti-RelB antibodies, purified rabbit IgG and mouse IgG (Cedarlane Laboratories Ltd.,

Burlington, NC, USA), or anti-cRel antibody (N) (Santa Cruz Biotechnology) for 30 min on

ice before incubation with the labeled κB factor probe. Samples were run on a polyacrylamide

gel containing 2.5% glycerol in 0.5× Tris-borate-EDTA buffer (TBE).

In vitro EBV infection assay

MOLT4 or MOLT4-DL cells were infected with EBV as described previously [19, 20]. Briefly,

spontaneously produced EBV was prepared from the culture medium of B95-8 cells. Specifi-

cally, 3 × 107 cells were incubated in 200 mL of 10% FCS RPMI for 7 days. The virus-contain-

ing supernatant was centrifuged at 10,000 g and 4˚C for 1 h to precipitate the virus. The pellet

was suspended in 1 mL of 0.5 mM phosphate buffer (pH 8.0), loaded on a discontinuous (5–

30%) dextran gradient, and centrifuged at 35,000 × g and 4˚C for 2 h. The 15% dextran frac-

tion, which contained the virus, was removed with a syringe. One mL of 10% FCS–RPMI was

added to the fraction, which was subsequently filtered (pore size: 0.45 μm). Recipient cells

(2 × 106 to 1 × 107) were incubated in 1 or 5 mL of this suspension for 1 h, rinsed twice with

culture medium (10% RPMI), and used in the assay. Infection was verified by EBV DNA quan-

tification and immunofluorescence staining of EBV nuclear antigen1 (EBNA1) as described

previously with a polyclonal FITC-conjugated rabbit anti-human C3c complement antibody

(Dako, Glostrup, Denmark) [21].

PCR assay for EBV protein-encoding mRNA

RT-PCR for the detection of mRNA encoding the viral proteins LMP1, LMP2A, LMP2B, and

EBNA1 was performed according to previous reports [20, 22].

Plasmids

Plasmids for EBV-encoded proteins were generated from the EBV-positive cell line B95-8 as

described previously [23]. The reporter plasmid used to detect NF-κB activation, pNF-κB-Luc,

was purchased from Stratagene (Santa Clara, CA, USA); the control Renilla luciferase plasmid

pRL-SV40 was purchased from Promega (Madison, WI, USA).

Transfection

MOLT4 cells were transfected with plasmids encoding the viral proteins by electroporation as

described previously [23]. SNT8, SNT15, SNT16, and SNK6 cells were transfected with the

reporter plasmids by nucleofector kit using T-023 and X-001 program (Lonza Japan, Tokyo,

Japan).

Luciferase reporter assay

Assays of transiently transfected cells were performed as described previously using Dual-

Luciferase Reporter Assay System (Promega, Tokyo, Japan) according to the manufacturer’s

instructions. [24].
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XTT assay

The XTT assay was performed according to the sodium 3V-[1-(phenylaminocarbonyl)-3,4-tet-

razolium]-bis(4-methoxy-6-nitro)-benzene sulfonic acid hydrate (XTT) colorimetric method

and employed the Cell Proliferation Kit II (Roche Molecular Biochemicals, Indianapolis, IN,

USA) according to the manufacturer’s instructions.

Viability detection assay

Cell viability was examined by trypan blue staining.

Apoptosis detection assay

Apoptosis detection was performed using the TACS1 Annexin V-FITC apoptosis detection

kit (Trevigen, Gaithersburg, MD, USA) according to the manufacturer’s instructions.

Statistical analysis

For the statistical analyses, the Mann–Whitney test was performed using Kyplot 5.0 software

(KyensLab Inc., Tokyo, Japan).

Ethics statement

This study was approved by the ethical committee of Tokyo Medical and Dental University.

The approval number was 213. Written informed consent was obtained from each patient.

Results

NF-κB activation in EBV-positive T and NK cell lines and EBV-positive T

and NK cells obtained from patients

We investigated NF-κB activation in EBV-T/NK cell lines established from EBV-positive T- of

NK-cell lymphoid neoplasms patients. First we performed the immunoblotting assay. In these

cells, we found that p50, p52, RelA, and RelB existed in the nucleus under maintenance condi-

tions, while KHYG1, Jurkat and MOLT4 cells, which were EBV-negative NK and T cell lines,

did not show or showed a little nuclear localization of these molecules under these conditions

(Fig 1A). We also investigated the intracellular localization of the proteins by immune-fluores-

cence staining. As shown in Fig 1B, p50, p52, RelA, and RelB were detected in the nucleus in the

EBV-positive cell lines, whereas not or very weak in the EBV-negative cell lines. In addition,

electrophoretic mobility shift assay (EMSA) using oligonucleotide probes encoding for the NF-

κB-binding sequence revealed increased DNA-binding activity of nuclear NF-κB in SNT8 and

SNK6 cells (Fig 1C, the leftmost lane in each panel). Supershifted bands demonstrated that NF-

κB–DNA binding complexes in these cells involved p50, p52, RelA (4th to 6the lanes in each

panel). Thus, NF-κB was activated in these EBV-T/NK cell lines under maintenance conditions.

Next we examined NF-κB activation in EBV-positive primary cells from CAEBV patients,

whose EBV-positive T- or NK-cells were detected in the peripheral blood (PB). In this study, 8

CAEBV patients (aged 18–65 years; 1 males, 7 females; 5 T- and 3 NK-cell types; CD4 type:

n = 2, CD8 type: n = 3, and CD56 type: n = 3) were investigated. The clinical findings, the phe-

notype of the infected cells, and the EBV DNA load of them were presented in Table 1. The

flow cytometry of the peripheral blood lymphocytes from each patient was demonstrated in S1

Fig. Clonal proliferation of the infected cells was detected in all patients. EBV DNA load of

PMBCs of the patients was 1.8 ×103–2.6 ×105 (mean 6.9×104) copies/μg DNA. According to

Kimua et al., the mean EBV DNA load of PMBCs of immunocompetent individuals was 101.2
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Fig 1. NF-κB activation in Epstein-Barr virus positive T or NK cells. (A) Western blotting for NF-κB
protein localization in Epstein-Barr virus (EBV)-positive T or NK cell (EBV-T/NK cell) lines. The same samples
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copies/μg DNA and that of CAEBV was 103.7 copies/μg DNA [17]. Our cases had greater viral

load than the cases characterized in this previous work. EBV DNA was detected not only in

T-or NK-cell fraction but also in CD19-positive cell fraction in CD8-2, CD8-3, and CD56-1

patients. However, the LPD lesions of these patients contained mostly EBV-positive CD8- or

CD56-positive cells (S2 Fig). Therefore, we concluded that these patients did not have B-cell

neoplasms. The EBV positive T or NK cell fractions were purified from the peripheral blood of

six patients by antibody-conjugated magnetic beads as described in Table 1, fractionated into

nuclear and cytoplasmic fractions, and subjected to western blotting. As shown in Fig 2A,

nuclear localization of p50 and p52 was detected in these samples. Immune fluorescence stain-

ing for the infected cells purified as described above showed the localization of p50, and RelB

in the nucleus similar to that observed in the cell lines, whereas no nuclear localization of these

proteins was seen in PBMCs from the healthy donors (Fig 2B). EMSA for the purified infected

cells of case CD8-1 also demonstrated DNA binding activity of nuclear NF-κB. Supershifted

bands demonstrated that NF-κB–DNA binding complexes involved p50, p52, RelA, and RelB.

These results indicated that NF-κB was activated not only the cell lines, but also in the EBV-

positive T- or NK-cells from CAEBV patients.

To confirm the latent infection, we investigated the expression of BZLF1 gene that is expressed

in the production infection of EBV, in PB of the patients. As shown in S3 Fig, we did not detect

BZLF1 mRNA. The results indicated that high EBV DNA load in PB of the patients was not due

to the viral production, but indicated the proliferation of EBV-infected T- or NK-cells.

EBV infection induces NF-κB activation through LMP1 and suppresses

serum depletion- or VP16-induced apoptosis in MOLT4 cells

From these results, we hypothesized that EBV could directly induce NF-κB activation in T or

NK cells, similar to that observed in B cells. To investigate this, we performed an in vitro EBV

infection assay using the EBV-negative MOLT4 T cell line and the virus obtained from B95-8

cells. The average EBV-DNA copy number in the infected cells was 8.8 × 105 copies/μg DNA.

We used immunofluorescence staining to confirm the infection in MOLT4 cells according to

EBNA1 (Fig 3A) expression. We used these infected cells for assays within 7 days. After infec-

tion, nuclear localization of P50, p52, RelA, and RelB was detected (Fig 3B). LMP1 expression

was confirmed in the infected cells. We also examined NF-κB activity post-infection using a

reporter assay. We performed an in vitro EBV infection assay with MOLT4-DL cells that

express the firefly luciferase gene in an NF-κB -dependent manner and renilla luciferase gene

under a constitutive promoter. In these cells, NF-κB activity can be monitored using a dual

luciferase assay in which firefly luciferase activity can be normalized to renilla luciferase activ-

ity. Infection was performed and confirmed by EBV DNA detection via quantitative RT-PCR

and EBNA1 protein detection in cells via immunofluorescence staining (Fig 3A). Results from

these assays demonstrated that approximately 60% of the cells were EBV-positive. The average

were electrophoresed twice and transferred onto two membranes: one membrane for anti-p50 staining, and

the other for p52, RelA, and RelB antibody staining. HSP90 and YY1 were proteins that localized to the

cytoplasm and nucleus, respectively. (B) Immunofluorescent staining for NF-κB protein localization in EBV-T/

NK cell lines. Immunofluorescent staining with anti-p50, p52, RelA, and RelB antibodies was performed as

indicated. DAPI was used for nuclear staining. The EBV-negative cell lines, KHYG1, Jurkat, and MOLT4,

were used as negative controls. Cells were analyzed via confocal microscopy. (C) Electrophoretic mobility

shift assay of SNT8 (i) and SNK6 (ii) cells. Nuclear extracts were obtained, incubated with a KBF-1 probe

containing the NF-κB binding sequence with or without indicated antibodies, and subjected to the assay. The

thin, black arrows indicate KBF-1-binding NF-κB proteins. The thick, black arrows indicate supershifted

bands. Nuclear extracts of Jurkat cells and HeLa cells treated with 10 ng/ml of TNF-α for 30 min were used as

controls.

https://doi.org/10.1371/journal.pone.0174136.g001
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Fig 2. NF-κB activation in Epstein-Barr virus positive T or NK cells from patients with EBV-positive T or

NK cell lymphoproliferative disorders. (A) Western blotting for p50 and p52 protein localization in EBV-positive
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EBV DNA copy number in the EBV-infected MOLT4-DL cells was 1.6 × 105 copies/μg DNA.

As shown in Fig 3C, EBV-infected MOLT4-DL cells expressed mRNAs encoding the EBV pro-

teins LMP1, LMP2A, LMP2B, and EBNA1 and were considered latency type 2. We used these

cells to investigate NF-κB-dependent transcriptional activity via dual luciferase assay. As

shown in Fig 3D, NF-κB-dependent transcriptional activity increased significantly in the EBV-

infected MOLT4-DL cells compared with that in uninfected cells, indicating that EBV infec-

tion induced NF-κB activation in MOLT4 cells. To investigate the molecular mechanism of

this activation, we examined how the viral proteins LMP1, LMP2A, LMP2B, and EBNA1,

expressed as latency type 2 in EBV-T/NK-cells, affected NF-κB. In MOLT4 cells, reporter

assays involving expression vectors for these proteins revealed that LMP1, and to a lesser

extent LMP2A, most significantly up-regulated NF-κB-dependent reporter gene expression,

whereas the other viral proteins had no effect (Fig 3E). These results suggest that LMP1, and

potentially LMP2A, is the main mediator of NF-κB activation in T cells.

Next, we examined the effects of EBV-infection on MOLT4 cell survival. We examined the

time-dependent viability of the original and EBV-infected MOLT4 cells cultured in the serum

free medium. As shown in Fig 3F, the viability of the original MOLT4 cells was decreased in

time dependent manner, whereas that of EBV-infected MOLT4 cells was maintained. Next we

performed an Annexin V apoptosis assay to detect etoposide-induced apoptosis in these cells.

As shown in Fig 3G, the rate of apoptosis was significantly lower in the EBV-infected cells than

in the original cells. Taken together, these results suggest that EBV induced NF-κB activation

in T or NK cells to promote cell survival.

IMD-0354 suppresses NF-κB activity and induces apoptosis in EBV-T/

NK-cells

To explore the contribution of NF-κB to EBV-infected cell survival, we used the specific inhib-

itor for NF-κB, IMD-0354 [25]. We investigated the effects of IMD-0354 on NF-κB activation

in the EBV-positive cell lines. Luciferase reporter assays demonstrated the treatment sup-

pressed NF-kB activation in the cells (Fig 4B). As shown in Fig 4C, the XTT assay revealed that

the treatment reduced the number of living cells in the EBV-positive cell lines in a dose-depen-

dent manner. Immunofluorescence staining also demonstrated that treatment with IMD-0354

inhibited the nuclear translocation of p50, p52, RelA, and RelB in EBV-positive cell lines (Fig

4A). The Annexin V assay showed that treatment with IMD-0354 remarkably induced apopto-

sis in the EBV-positive cell lines (Fig 4D). These results indicate that IMD-0354 suppressed

NF-κB activity and induced apoptosis in EBV-T/NK cell lines.

Discussion

The role of EBV in the lymphomagenesis of T and NK cells has remained undermined. The

present study demonstrated a direct contribution of EBV infection to NF-κB activation in

T or NK cells purified from patient peripheral blood mononuclear cells (PBMCs) using antibody-conjugated

magnetic beads and immediately used in the assay. (B) Immunofluorescent staining for NF-κB protein localization

in patient PBMCs. EBV-positive T or NK cells purified from patient PBMCs using antibody-conjugated magnetic

beads were immediately subjected to immunofluorescent staining with anti-LMP1 and anti-p50 or anti-LMP1 and

RelB antibodies. DAPI was used for nuclear staining. PBMCs from healthy donors were used as negative controls.

Cells were analyzed via confocal microscopy. (C) Electrophoretic mobility shift assay of PBMCs from CD8-1.

Nuclear extracts were obtained, incubated with KBF-1 containing the NF-κB binding sequence with or without

indicated antibodies, and subjected to the assay. Thin, black arrows indicate KBF-1-binding NF-κB proteins.

Thick, black arrows indicate supershifted bands. Nuclear extracts of Jurkat cells and HeLa cells treated with 10 ng/

ml of TNF-α for 30 min were used as controls.

https://doi.org/10.1371/journal.pone.0174136.g002
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Fig 3. The effects of Epstein-Barr virus infection on MOLT4 cells (A) The original (left), Epstein-Barr virus (EBV)-

infected MOLT4 (middle), and EBV-infected MOLT4-DL cells (right) were obtained for EBNA1 staining. Green
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these cells. IMD-0354, an NF-κB inhibitor, suppressed the survival of EBV-positive T/NK cells

in a dose-dependent manner. These results indicate that EBV may contribute to the lympho-

magenesis of these cells through NF-κB activation.

We demonstrated the upregulation of NF-κB activation following LMP1 expression in a T-

cell line. The mechanism of EBV-induced NF-κB activation has been mainly studied in LCLs.

LMP1 is a viral membrane protein that resembles the proteins in the TNF receptor superfamily

and induces NF-κB activation through interactions with the TNF receptor-associated factor

(TRAF) and TNFR1-associated death domain protein (TRADD), which are associated with

the TES1 and TES2 domains of LMP1, respectively [26, 27]. TRAF and TRADD induce NF-κB

activation through NF-κB-inducing kinase and IκB kinases in the canonical and non-canoni-

cal pathways [26, 27]. Whether the same pathways contribute to EBV-induced NF-κB activa-

tion in T/NK cells remains unknown. Further evaluations such as a LMP1 knockdown assay

are necessary for confirming the actual roles of this protein in CAEBV cells.

Some molecules whose expression is upregulated in EBV-infected cells may play indirect

roles in NF-κB activation. SNK6 cells reportedly produce TNF-α [28], which activates NF-κB

in T and NK cells. The serum TNF-α concentration was found to be significantly higher in

patients with CAEBV than in healthy donors [29]. Secreted TNF-α can stimulate EBV-T/NK

cells in an autocrine manner, thus promoting their survival, and may play a role in disease

development, particularly in EBV-positive T- or NK-cell neoplasms. Furthermore, roles of the

costimulatory molecules CD40 and CD137 should be examined. We previously reported that

EBV infection induced ectopic but endogenous CD40 expression n T and NK cells thereby

promoting their survival in an autocrine manner via a CD40 ligand, CD154, which was ini-

tially expressed on the surface of EBV-T/NK cells [19, 30]. In addition, we reported that EBV

infection induced CD137 expression on the surface of T cells, which subsequently mediated

anti-apoptotic signals [20]. Because NF-κB can be activated downstream of CD40 and CD137

[31, 32], EBV-induced CD40 or CD137 expression may play a role in NF-κB activation in

EBV-T/NK cells.

Our present results indicate that EBV infection protects the infected cells from apoptosis

and can render them immortal; however, EBV infection did not upregulate the proliferation of

the infected cells (data not shown). This suggests that additional factors are necessary for the

EBV-induced transformation of T or NK cells. Nakamura et al. reported that activation-

induced cytidine deaminase (AID) expression was upregulated in PBMCs from patients with

CAEBV. AID acts as a DNA and RNA editor and is essential for the somatic hypermutation

fluorescent cells are EBNA1-positive. (B) Immunofluorescent staining for NF-κB protein localization in EBV-infected

MOLT4 cells (MOLT4-EBV). The original and MOLT4-EBV cells were subjected to immunofluorescent staining with

anti-p50, p52, RelA, and RelB antibodies as indicated. DAPI was used for nuclear staining. Cells were analyzed via

confocal microscopy. (C) Reverse-transcriptase PCR analysis of EBV protein-encoding gene expression in EBV-

infected MOLT4-DL cells. Infection was confirmed via detection of mRNAs encoding the viral proteins EBNA1, LMP1,

LMP2A, and LMP2B. EBNA2 expression was not detected, and the infection type was considered latency type 2. (D)

Dual luciferase assay for NF-κB in EBV-infected MOLT4-DL cells. As a positive control, MOLT4-DL cells were treated

with 20 nM phorbol 12-myristate 13-acetate (PMA) for 18 h. (E) Luciferase reporter gene assay using expression

vectors for EBV proteins in MOLT4 cells. MOLT4 cells were transfected with 10 μg of EBNA1, LMP1, LMP2A, LMP2B,

or empty vector as indicated, along with 10 μg of pNF-κB-luc and 1 μg of pRLSV40. Twelve hours after transfection,

cells were harvested for the dual luciferase assay. Luciferase activity was normalized to Renilla luciferase activity and

expressed as an increase relative to the control. Data are shown as the means ± standard deviations of 3 independent

experiments. (F) The original and EBV-infected MOLT4 cells were cultured in 10% FCS–RPMI or FCS-free RPMI. The

time-dependent viable cell numbers were examined by trypan-blue staining. Data are shown as the means ± standard

deviations of 3 independent experiments. (G) The original and EBV-infected MOLT4 cells were cultured for 24 h in 10%

FCS–RPMI with or without 2 μM VP16. The viable and apoptotic cell numbers were then determined by Annexin V

staining, and the percentage of Annexin V-positive cells was determined. * p = 0.03245. Each experiment was

independently performed 3 times, and the average data are presented.

https://doi.org/10.1371/journal.pone.0174136.g003
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Fig 4. The effects of IMD-0354 on NF-κB activity and cell survival in Epstein-Barr virus positive T- or NK-cells. (A)

Dual luciferase assay for NF-κB in SNT8, SNT15, SNT16, and SNK6 cells treated with IMD-0354. The cells were
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and class-switch recombination of immunoglobulin genes. Dysregulated AID expression

induces genomic mutation, leading to the development of B cell lymphoma. Interestingly, NF-

κB can induce AID expression in B cells. The activation of NF-κB in T or NK cells following

EBV infection may lead to the upregulation of AID. Ohshima et al. suggested a model for

EBV-positive T- or NK-cell neoplasm development in which the malignant potential and sub-

sequent lymphoma development increase gradually [33]. AID may contribute to EBV-induced

tumor development in T or NK cells by cooperating with NF-κB-induced survival promoting

pathways.

Conclusions

EBV promotes cell survival and can induce neoplasm development via NF-κB activation not

only in B cells but also in T and NK cells. The prognosis of EBV-positive T or NK-cell neo-

plasms remains poor, and further study is needed to clarify the mechanism of disease develop-

ment and to apply these findings clinically.

Supporting information

S1 Fig. Flow cytometry for PBMCs from EBV-positive T- or NK-cell lymphoproliferative

disorders patients.

(TIF)

S2 Fig. Histopathological specimen from the patients whose CD19-positive fraction in the

peripheral blood was positive for EBV. (A-D) The lymph node of CD8-1. (A) Hematoxylin

and eosin staining showed the 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. (D) Immunochemical staining with anti-CD20 antibody

(brown). In comparison with CD8- and EBER-positive cells, CD20-positive infiltrating cells

were markedly small in number. (original magnification, × 400).

(E-H) The skin lesion of CD8-2. (E) Hematoxylin and eosin staining showed the infiltration of

lymphocytes. (F) Immunochemical staining with anti-CD8 antibody (brown) showed that the

infiltrating lymphocytes were positive for CD8. (G) In situ hybridization of EBER (brown).

Infiltration of EBV-positive cells was detected. (H) Immunochemical staining with anti-CD20

antibody (brown). In comparison with CD8- and EBER-positive cells, CD20-positive infiltrat-

ing cells were markedly small in number. (original magnification, × 400).

(I-L) The skin lesion of CD56-1. (I) Hematoxylin and eosin staining showed the infiltration of

lymphocytes. (J) Immunochemical staining with anti-CD56 antibody (brown) showed that the

infiltrating lymphocytes were positive for CD56. (K) In situ hybridization of EBER (brown).

Infiltration of EBV-positive cells was detected. (L) Immunochemical staining with anti-CD20

antibody (brown). In comparison with CD56- and EBER-positive cells, CD20-positive

transfected with 10 μg of pNF-κB-luc and 1 μg of pRLSV40. Twelve hours after transfection, cells were treated with IMD-

0354 for 24 hours and harvested for the dual luciferase assay. Luciferase activity was normalized to Renilla luciferase

activity and expressed as an increase relative to the control. (B) SNT8, SNT15, SNT16, and SNK6 cells were treated

with IMD-0354 for 24 hours and the viable cell numbers were estimated using the XTT assay and expressed in arbitrary

units. Data are shown as the means ± standard deviations of 3 independent experiments. (C) SNT8, SNT15, SNT16, and

SNK6 cells were treated with IMD-0354 as indicated for 24 h and subjected to immunofluorescent staining. NF-κB protein

expression and localization were examined by immunofluorescent staining using anti-p50, p52, RelA, and RelB antibodies

as indicated. DAPI was used for nuclear staining. Cells were analyzed via confocal microscopy. (D) SNT8, SNT15, SNT16,

and SNK6 cells were treated with IMD-0354 as indicated for 24h and used in the assay. Cells were stained with Annexin V

and PI and subsequently analyzed by flow cytometry.

https://doi.org/10.1371/journal.pone.0174136.g004
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infiltrating cells were markedly small in number. (original magnification, × 400).

(TIF)

S3 Fig. Reverse-transcriptase PCR analysis of BZLF1 gene expression in CAEBV patients.

B95-8 cell and Jurkat cell were positive and negative control, respectively.

(TIF)
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