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ABSTRACT

Epstein-Barr virus (EBV) is a well-established B-cell-tropic virus associated with various lymphoproliferative diseases of both
B-cell and non-B-cell origin. EBV is associated with a number of T-cell lymphomas; however, in vitro studies utilizing prototypi-
cal EBV type 1 (EBV-1) laboratory strains have generally failed to readily infect mature T cells in culture. The difficulties in per-
forming in vitro T-cell experiments have left questions regarding the role of EBV in the pathogenesis of EBV-positive T-cell lym-
phoproliferative diseases largely unresolved. We report here that the EBV type 2 (EBV-2) strain displays a unique cell tropism
for T cells. In remarkable contrast to EBV-1, EBV-2 readily infects primary T cells in vitro, demonstrating a propensity for CD8*
T cells. EBV-2 infection of purified T cells results in expression of latency genes and ultimately leads to T-cell activation, substan-
tial proliferation, and profound alteration of cytokine expression. The pattern of cytokine production is strikingly skewed to-
ward chemokines with roles in lymphocyte migration, demonstrating that EBV-2 has the ability to modulate normal T-cell pro-
cesses. Collectively, these novel findings identify a previously unknown cell population potentially utilized by EBV-2 to establish
latency and lay the foundation for further studies to elucidate the role of EBV in the pathogenesis of T-cell lymphoproliferative

diseases.

IMPORTANCE

The ability of EBV to infect T cells is made apparent by its association with a variety of T-cell lymphoproliferative disorders.
However, studies to elucidate the pathogenic role of EBV in these diseases have been limited by the inability to conduct in vitro
T-cell infection experiments. Here, we report that EBV-2 isolates, compromised in the capacity to immortalize B cells, infect
CD3™ T cells ex vivo and propose a working model of EBV-2 persistence where alteration of T-cell functions resulting from
EBV-2 infection enhances the establishment of latency in B cells. If indeed EBV-2 utilizes T cells to establish a persistent infec-
tion, this could provide one mechanism for the association of EBV with T-cell lymphomas. The novel finding that EBV-2 infects
T cells in culture will provide a model to understand the role EBV plays in the development of T-cell lymphomas.

hile Epstein-Barr virus (EBV) establishes lifelong latency in

B cells and is associated with B-cell malignancies, it is also
associated with malignancies and diseases that originate from T
cells, including NK/T-cell lymphomas (1), hemophagocytic lym-
phohistiocytosis (2), hydroa vacciniforme (HV) (3), and chronic
active EBV (CAEBV) (4, 5). In these diseases, EBV can be detected
in CD4™ T cells, CD8" T cells, or y8 T cells (6, 7), with the virus
predominantly existing as a latent infection (8, 9). The etiology of
these T-cell diseases, and in particular whether EBV infection of T
cells is an aberrancy in a virus known for its B-cell tropism in vitro
and in vivo, remains unknown.

Based on genetic differences in the Epstein-Barr nuclear anti-
gen 2 (EBNA-2), EBNA-3a, and EBNA-3c latent genes, EBV has
been classified into two major strains (10—14), which are referred
toas EBV type 1 (EBV-1) and type 2 (EBV-2) (14). The two strains
not only differ in their genotypes, they also have functional differ-
ences in their transforming capacities. EBV-1 readily transforms B
cellsin culture, leading to the outgrowth of immortalized lympho-
blastoid cell lines (LCL), while EBV-2 is poorly transforming (11,
14). The genetic differences in EBNA-2, -3A, and -3C are thought
to lead to these phenotypic differences (11, 15-18). The potential
of EBV to cause proliferation and ultimately to immortalize B cells
in culture is thought to be the in vitro manifestation of the ability
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of EBV to establish latency in vivo (19). Thus, the fact that EBV-2
transformation of B cells is inefficient is contradictory to the ob-
servation that EBV-2 persists in the human population (20-22),
suggesting that EBV-2 could utilize unique mechanisms to estab-
lish a persistent infection in vivo.

In this study, we show that, in contrast to EBV-1, EBV-2 readily
infected primary T cells in culture with the expression of the latent
genes. In addition, we show that CD8™ T cells were the predomi-
nant cell type infected, which resulted in their activation and in the
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induction of several cytokines known to alter lymphocyte traffick-
ing. These results provide a possible mechanism by which EBV-2
may utilize the T-cell compartment during the primary stage of
infection to enhance the establishment of latency, thus allowing
EBV-2 to be retained in the human population.

MATERIALS AND METHODS

Production of EBV. The EBV cell lines B95.8, Akata, Jijoye, and BL5 were
used in this study for production of virus. The B95.8 and Akata cell lines
have previously been typed and found to carry EBV-1, and the Jijoye cell
line carries EBV type 2 (10). The BL5 cell line, a gift from W. Harrington,
University of Miami, was typed by PCR for a region of EBNA-3c as pre-
viously described (23) and was determined to carry EBV-2. EBV stocks
were generated as previously described (24). Briefly, the B95.8, Jijoye,
BL5, and Ramos cell lines were treated with sodium butyrate and tetra-
decanoyl phorbol acetate (TPA) (at 4 mM and 24 ng/ml, respectively),
and the Akata cell line was treated with anti-human Ig (50 wg/ml). Super-
natants were centrifuged at 4,000 X g for 10 min and passed overa 0.7-pm
filter to remove cellular debris. Viral particles were pelleted by ultracen-
trifugation at 16,000 X g for 90 min and resuspended in 1/100 the initial
volume using complete RPMI. Virus stocks were quantified following
DNase treatment by quantitative PCR (qPCR) using a method previously
described to amplify EBV BALF5 (25). For some experiments, virus de-
rived from the Jijoye cell line was UV irradiated in a Bio-Rad GS Gene
linker for 5 min. The Ramos cell line is an EBV-negative Burkitt’s lym-
phoma (BL) cell line and was used to generate mock-infected superna-
tants.

T-cell purification and infection. After obtaining informed consent,
peripheral blood was obtained from healthy U.S. adult donors as ap-
proved by the Institutional Review Board of SUNY Upstate Medical Uni-
versity and according to the Declaration of Helsinki. The blood was lay-
ered over Ficoll-Paque (GE Healthcare, Little Chalfont, United Kingdom)
to isolate peripheral blood mononuclear cells (PBMCs). T cells were iso-
lated from peripheral blood mononuclear cells by negative enrichment
using the human Pan T-cell Isolation Kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) or, where indicated, by depleting PBMCs of B cells
using a CD19 MicroBead kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). T-cell subsets were isolated by negative enrichment using CD4 ™
or CD8™" T-cell isolation kits (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). Following magnetic enrichment, purity analysis was performed
via flow cytometry with CD3-allophycocyanin (APC), CD19-peridinin
chlorophyll protein (PerCp)-Cy5.5, CD8-phycoerythrin (PE)-Cy7, and
CD4-APC-Cy7 antibodies. At the time of isolation, all T-cell cultures were
found to have a purity of >94%, with <0.07% B-cell contamination.
Notably, the majority of the T-cell cultures had a purity of >97%. In all
experiments, cells were plated at 10° cells/ml in complete RPMI contain-
ing 1 wg/ml cyclosporine to inhibit the T-cell receptor-mediated activa-
tion of EBV-specific T cells and infected at a multiplicity of infection
(MOI) of 10 genomes per cell. Cell cultures were maintained at 37°C and
supplemented with 5% CO,.

Cell imaging. (i) Immunofluorescent staining. LMP-1 (clone SC 1-4)
antibody was biotinylated utilizing an EZ-Link Sulfo-NHS-LC Biotinyla-
tion kit (Thermo Scientific, Waltham, MA) according to the manufactur-
er’s instructions. Mock- or Jijoye-infected T-cell cultures were harvested
at 7 days postinfection (p.i.) and washed in staining buffer containing
phosphate-buffered saline (PBS), 1% bovine serum albumin, and 0.1%
sodium azide. The cells were Fc blocked (human Fc binding inhibitor;
eBiosciences, San Diego, CA) in staining buffer for 20 min. After washing,
the cells were incubated at 37°C for 1 h with the primary antibodies CD3-
fluorescein isothiocyanate (FITC) (clone BW264/56) and LMP-1-biotin
(clone SC 1-4). Following incubation with primary antibodies, the cells
were washed 3 times and incubated with streptavidin-APC for 1 h at room
temperature. After washing, the cells were fixed in 4% paraformaldehyde
for 10 min at room temperature, transferred to slides with a cytospin
centrifuge, and stained with DAPI (4',6-diamidino-2-phenylindole). Cell
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images were acquired using a Nikon Eclipse Ti inverted microscope and
imaging system, using NIS-Elements Br software (Nikon, Tokyo, Japan).
Cell images were taken at X100 magnification.

(ii) White-light images. Cell aggregation was measured microscopi-
cally using a Nikon Eclipse Ti inverted microscope and imaging system,
using NIS-Elements Br software (Nikon, Tokyo, Japan). Cell images were
taken at X 10 magnification, and the autoexposure function was used to
select the exposure time for each image.

Flow cytometry and cell proliferation and activation. Cells were
stained prior to infection with e450 Cell Proliferation Dye (eBioscience,
San Diego, CA) according to the manufacturer’s protocol. Cultures were
harvested at the indicated times and washed twice in flow cytometry buf-
fer containing phosphate-buffered saline, 1% bovine serum albumin, and
0.1% sodium azide. The cells were Fc blocked in flow buffer for 20 min.
After washing, the cells were stained for 20 min with the following anti-
bodies: CD3-APC, CD19-PerCp-Cy5.5, CD8-PE-Cy7, CD4-APC-Cy7,
and CD69-FITC (Biolegend, San Diego, CA). All experiments were run on
a BD LSR-Fortessa flow cytometer equipped with FACS Diva software
(BD Biosciences, San Jose, CA). Flow analysis was performed in FlowJo
v9.5.2 (Tree Star, Ashland, OR).

Quantitative PCR to determine EBV copy numbers. Following mag-
netic purification, T cells were placed in culture and infected as stated
above with no drugs or with the addition of acyclovir (50 uM) or phos-
phonoacetic acid (PAA) (1 mM). Cells were harvested at the indicated
time points and subsequently washed three times in PBS to remove any
cell-free virus. DNA was extracted from the cells using a Qiagen DNeasy
kit (Qiagen) according to the manufacturer’s protocol. EBV DNA levels
were determined as previously described using primers and probes de-
signed to detect a 70-bp region of the EBV BALF5 gene and the B-actin
gene as a control for DNA input (25, 26).

Immunoblotting of EBV proteins. Cell lysates were made using a 1:1
ratio of PBS and Laemmli buffer with 2-mercaptoethanol and heating for
5 min in boiling water, and 80 g of total cellular protein from each
sample was separated using SDS-PAGE on 10% acrylamide gels, followed
by immunoblotting. Membranes were blocked in a 10% milk-Tris-buff-
ered saline (TBS)-Tween 20 solution, followed by overnight incubation
with primary antibody (anti-EBNA-1 [clone 1B5], anti-EBNA-2 [clone
PE2], anti-LMP-1 [clone SC 1-4], anti-LMP-2 [clone 14B7], or anti-f3-
actin [clone mAbcam8224] [Abcam, Cambridge, MA]). The blots were
then incubated with the secondary antibody goat anti-rat IgG horseradish
peroxidase (HRP) or goat anti-rabbit IgG HRP. Antibody-labeled protein
bands were detected using an ECL chemiluminescence substrate (GE
Healthcare Life Sciences).

Limiting-dilution PCR. For limiting-dilution PCR analyses, T cells
were harvested at 7 days p.i. and serially 10-fold diluted in a background of
uninfected PBMCs. A total of 10,000 cells were plated in a 96-well PCR
plate at 12 wells per dilution. Samples containing 10, 1, 0.1, or no copies of
EBV-2 EBNA3c DNA were included as controls. Following lysis with pro-
teinase K, real-time PCR was performed using primers for EBNA-3c (for-
ward, 5" AGAAGGGGAGCGTGTGTTG 3'; reverse, 5’ GGCTCGTTTTT
GACGTCGG 3’) and an EBV-2-specific probe (CCGTGTGACTGGAAG
ACATGGCACTCC). The real-time PCR conditions were as follows:
95°C for 3 min, followed by 45 cycles of 95°C for 10 s and 55°C for 30 s. All
reactions were performed with the iTaq Universal Probes Supermix (Bio-
Rad). Wells were scored for the presence of the EBV-2 genome by the
threshold cycle (C;) value. The frequency of T cells positive for the viral
genome was calculated by Poisson distribution analysis using mean data
from tests of infection on 3 independent PBMC donors.

Cytokine measurement. Cultures were harvested at the indicated
times, and cells were removed from the supernatants by centrifugation
at 300 X g for 7 min. Cytokines were measured using a 25-plex cyto-
kine Bio-Plex assay (Life Technologies, Carlsbad, CA) according to the
manufacturer’s instructions and run on a Bio-Rad Bio-Plex 200 system
(Bio-Rad, Hercules, CA). Cytokines were quantified using a standard
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FIG 1 EBV type 2 induces T-cell proliferation in cultured peripheral blood mononuclear cells. PBMCs were labeled with €450 proliferation dye and infected with
EBV-1 (B95.8- or Akata-derived virus) or EBV-2 (Jijoye- or BL5-derived virus) or not infected (medium). At 7 days postinfection, cells were harvested and
stained for flow cytometry. Lymphoblasts and lymphocytes were gated initially based on FSC/SSC, followed by CD19" B and CD3™" T cells, and subsequently,
proliferated cells were determined by e450 dilution. (A) Representative histograms of CD19™" B-cell and CD3™ T-cell proliferation measured by fluorescence
intensity of the e450 proliferation dye from 3 to 9 replicates of 4 independent experiments. (B) Mean frequencies of B- and T-cell proliferation. The error bars

represent means = standard errors. ***, P < 0.001, and ns, P > 0.05, using a two-way ANOVA with Bonferroni’s posttest.

curve of known concentrations of all the cytokines tested, and the
background fluorescence was subtracted.

Statistical analysis. All statistics were performed using GraphPad
Prism v5.0b (GraphPad, La Jolla, CA). Multiple groups were compared
using one- or two-way analysis of variance (ANOVA), as appropriate,
with Bonferroni’s posttest correction. Significance was determined as a P
value of <0.05.

RESULTS

EBV-2 induces T-cell proliferation in cultured peripheral blood
mononuclear cells. EBV-1 induces substantial proliferation of B
cells following primary infection in vitro, while EBV-2 induces
only a moderate level of B-cell proliferation (16). To confirm this
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early observation, PBMCs were labeled with a proliferation dye
(e450) and then infected with either EBV-1 or EBV-2 at an MOI of
10 genome copies per cell. EBV-1 was isolated from either the
B95-8 cell line or the Akata cell line, while EBV-2 was isolated
from the Jijoye cell line or the BL5 cell line. After 7 days, cells were
harvested and stained with fluorescence-labeled anti-CD19 or an-
ti-CD3 monoclonal antibodies to assess proliferation in B cells or
T-cell compartments, respectively. We observed that, as expected,
all EBV strains induced proliferation of CD19™ B cells (Fig. 1A
and B). Additionally, the CD19™" B cells infected with B95-8- or
Akata-derived EBV-1 had undergone multiple rounds of replica-
tion, as indicated by the dilution of the e450 dye. In contrast, no
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FIG 2 EBV type 2 infects T cells. T cells were purified from PBMCs of 3 or 4 independent donors. (A) T cells were infected with EBV-2 isolated from the Jijoye
or BL5 cell line or were cultured in medium only. (B) T cells were infected with EBV-2 (Jijoye derived) in the absence of drugs or in the presence of acyclovir or
PAA. (A and B) T cells were harvested 1, 4, 7, and 12 days postinfection for DNA extraction, and multiplex qPCR for the EBV genome and actin was performed
to determine the EBV copy number per microgram of DNA (n = 3 for each time point). (C) Real-time limiting-dilution PCR for the viral genome was utilized
to determine the frequency of T cells that harbored EBV-2. Primers and probes specific for EBV-2 EBNA-3c were used to detect the EBV-2 genome. The frequency
of cells positive for the viral genome was calculated by Poisson distribution analysis of mean data (n = 3). Samples containing 10, 1, 0.1, or no copies of EBNA3c
DNA were included as controls. The line at 63.2% indicates the point at which one viral genome-positive cell per reaction was predicted to occur. The x axis shows
the numbers of cells per reaction; the y axis shows the percentages of 12 reactions positive for the viral genome. The error bars represent means = standard errors.
(D) Immunofluorescent staining of T cells was performed at 7 days p.i. Mock- and Jijoye-infected T cells were stained to visualize CD3 (green) and LMP-1 (red)
on the cell surface and with DAPI to visualize nuclei (blue). The images were captured with a 100X objective using a Nikon Eclipse Ti inverted microscope. (E)
Whole-cell lysates from EBV-2- and mock-infected T cells were prepared at 1, 4, 7, and 12 days postinfection (dpi) and subjected to immunoblotting to detect
LMP-1 (42 kDa), LMP-2 (50 kDa), EBNA-1 (70 kDa), EBNA-2 (75 kDa), and actin (42 kDa). The data shown are for noninfected (media) and EBV-2

(Jijoye)-infected samples from 1 of 4 individual donors for each time point. As shown, an EBV-2 LCL was used as a positive-staining control.

more than 2 rounds of replication were observed in CD19™ B cells
infected with Jijoye- or BL5-derived EBV-2 (Fig. 1A). No prolif-
eration of CD3™ T cells was observed following infection with
either B95-8- or Akata-derived EBV-1. However, infection with
either Jijoye- or BL5-derived EBV-2 resulted in induction of pro-
liferation in over 30% of the CD3™ T cells, suggesting that EBV-2
can infect T cells and that the infection of T cells is not dependent
on the source of EBV-2 (Fig. 1A and B). Mock treatment of
CD19" B cells or CD3™ T cells did not result in proliferation,
indicating that any residual TPA or Na-butyrate in the media fol-
lowing isolation of EBV from cell lines was not responsible for cell
proliferation.

EBV-2 latently infects T cells. To further characterize the in-
fection of T cells by EBV-2, the EBV genome load was measured by
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qPCR following infection of purified CD3™ T cells over 12 days.
EBV-2 derived from either Jijoye or BL5 cells, was found to infect
T cells, with the viral load logarithmically increasing through 7
days p.i. and stabilizing at later time points (Fig. 2A). In contrast,
the viral genome was not detected at concentrations above those
in noninfected cells at any time point in EBV-1-infected T-cell
samples (data not shown), suggesting infection of T cells is unique
to EBV-2.

The increase in the viral genome load could be due to lytic viral
replication. To test this possibility, purified CD3™ T cells were
infected with EBV-2 or EBV-2 in the presence of acyclovir or PAA,
two well-known inhibitors of gammaherpesvirus lytic replication
(27, 28). Interestingly, the increase in the viral load over time
was not diminished by the presence of acyclovir or PAA (Fig. 2B),
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strongly suggesting that increased EBV-2 genome copy numbers
over time occur via expansion of latently infected cells. Although
we infected the CD3™" T cells at an MOI of 10 genome copies/cell,
it is unlikely that all the cells in the culture were infected. We per-
formed limiting-dilution PCR at 7 days p.i. to assess the frequency of
latently infected cells following infection of CD3™ T cells with EBV-2
(Fig. 2C). We found approximately 1 in 14 EBV-2-infected CD3" T
cells, indicating that approximately 70,000 cells/10° total CD3" T
cells in the culture were infected with EBV-2.

Although minimal B-cell contamination was detected in the
purified T-cell cultures (day 0, <0.07%, and day 7, <0.95%) and
the viral genome was not detected in T-cell cultures infected with
EBV-1, we wanted to confirm that these results were due to the
direct infection of T cells by EBV-2 and not to infection of con-
taminating cells present in the cultures. To accomplish this, we
performed immunofluorescence microscopy on mock- and EBV-
2-infected T-cell cultures to visualize the pan-T-cell marker CD3
and the EBV latency protein LMP-1, which is known to be ex-
pressed in EBV-positive T cell lymphomas (29). At 7 days post-
EBV-2 infection, we detected LMP-1 and CD3™ double-positive
cells, demonstrating that EBV-2 clearly infects T cells. Notably, we
also observed a marked decrease in the concentration of CD3 on
the surfaces of EBV-2-infected T cells compared to T cells from
mock-infected cultures (Fig. 2D). Downregulation of CD3 is a
characteristic of activated T cells, suggesting that subsequent to
infection, EBV-2 induces the activation of T cells.

As the data so far were suggestive of a latent EBV infection, we
next confirmed the presence of the viral latency proteins EBNA-1,
EBNA-2, LMP-1, and LMP-2 during primary infection of T cells.
Western blot analysis was performed on EBV-2-infected T cells
from 4 different donors. Shown in Fig. 2E is a representative anal-
ysis for a single donor. Even at 1 day p.i., all four latency proteins
could be detected. All four latency proteins were detected through
12 days post-EBV-2 infection, further suggesting that EBV-2 ini-
tiates a latent infection following primary infection of CD3" T
cells. Notably, samples from different time points were run on sepa-
rate gels and, with the exception of actin, were visualized using differ-
ent exposure times; thus, it is currently unknown how the concentra-
tions of the latency proteins differ over time. As controls, Western
blots of mock-infected CD3™ T cells showed no viral proteins, while
analysis of an EBV-2 LCL showed that the antibodies used were able
to detect EBV-2-derived latent proteins (Fig. 2E).

EBV-2 induces proliferation of CD8* T cells. We next wanted
to determine whether EBV-2 infected the CD8" or CD4" T-cell
subset by first measuring T-cell subset proliferation following
EBV-2 infection. CD3 " T cells were isolated from PBMCs, stained
with the e450 proliferation dye, and infected with EBV-1 (derived
from B95-8 cells), EBV-2 (derived from Jijoye cells), or medium
alone; mock infected; or infected with UV-inactivated EBV-2 (UV
Jijoye). At 7 days p.i., CD4" and CD8™" T-cell subsets were ana-
lyzed via flow cytometry for cell proliferation, as indicated by di-
lution of the e450 proliferation dye (Fig. 3A shows a representative
analysis, and Fig. 3B, C, and D shows summarized results from 3
experiments with 3 [mock infected and UV Jijoye] to 8 [medium,
B95.8, and Jijoye] donors). EBV-2-infected CD4 ™ T cells showed
minimal proliferation at 7 days postinfection, with less than 14%
of the total CD4™" T-cell population undergoing only 1 round of
cell division (Fig. 3B and C). In contrast, infection of CD8™ T cells
with EBV-2 resulted in 50% of the cells undergoing up to 4 rounds
of division by 7 days postinfection (Fig. 3B and D). Both mock-
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infected and UV-inactivated EBV-2-infected CD8* T cells
showed a modest one round of proliferation, which was signifi-
cantly less than the proliferation induced by infection with EBV-2,
suggesting that infection with EBV-2 and not binding to the cells
or residual TPA was inducing the cellular proliferation.

EBV-2 induces T-cell activation. Primary infection of B cells
by EBV is known to drive the cells to become activated lympho-
blasts. EBV accomplishes this by expression of nine latent genes
referred to as the growth program (30). The pattern of EBV pro-
tein production observed in EBV-2-infected T cells suggests that
the growth program is also initiated following infection of T cells.
T-cell activation is accompanied by increased CD69 expression,
decreased CD3 expression, and increased cell size. To determine
whether EBV-2 infection induces T-cell activation, we assessed
cell size and expression of CD3 and CD69 in both CD4™ and
CD8™ T cells by flow cytometry following infection. At 7 days p.i.,
EBV-2-infected CD4 " and CD8" T cells displayed significant in-
creases in the percentages of CD69-positive and CD3-low or -neg-
ative cells relative to EBV-1-infected T cells (Fig. 4A to C). This
finding is consistent with our earlier observation of decreased
amounts of CD3 on the surfaces of infected T cells (Fig. 2D). More-
over, based on forward (FSC) and side (SSC) scatter analysis, EBV-2-
infected CD8" and CD4 ™ T cells increased in size by 7 days p.i. (data
not shown). Collectively, these data demonstrate that EBV-2 induces
activation of CD8" and CD4™ T cells. These effects were observed for
both the CD4" and CD8™ T cells (Fig. 4A to C), demonstrating that
EBV-2 activates both T-cell subsets, in contrast to cell proliferation,
where only CD8" T cells were significantly induced to proliferate.
These data establish that upon primary infection, EBV-2 significantly
induces the activation of T cells.

EBV-2 preferentially infects and induces aggregation of
CD8* T cells. In vitro, EBV-induced activation of B cells results in
aggregation and proliferation of the infected cells. Thus, purified
CD4" or CD8™ T-cell cultures were infected with B95-8-derived
EBV-1 or Jijoye or BL5-derived EBV-2 or with medium alone and
subsequently microscopically observed for aggregation. Consis-
tent with the finding that EBV-2 uniquely induces T-cell activa-
tion, EBV-2-treated T cells, but not EBV-1- or medium-treated T
cells, induced an aggregated cell phenotype (Fig. 5A). Cell aggre-
gation was observed following infection with either Jijoye- or BL5-
derived EBV-2, indicating that this effect was common to EBV-2
and not unique to a particular viral isolate. Moreover, observation
of the CD4™ and CD8™ T-cell subsets revealed that the aggrega-
tion phenotype was induced only in the CD8™ T-cell population
(Fig. 5B). Because we observed different effects of EBV-2 infection
on CD4" and CD8™ T cells, we wanted to determine whether the
increases we observed in EBV genome loads in CD3™ T cells rep-
resented infection of CD4* or CD8" T-cell subsets. Purified
CD4" or CD8" T cells were infected with EBV-2, and the viral
load was determined by qPCR over 7 days p.i. The EBV genome
could be detected in both CD4" and CD8" T cells at all time
points. However, a 13-fold-higher viral load was detected in the
CD8" T-cell population than in the CD4* T-cell population at 1
day p.i., with the differences increasing over time to 37-fold-
higher viral loads in the CD8" T cells by 7 days p.i. (Fig. 5C).
Collectively, these data demonstrate that EBV-2 can infect both
CD8" and CD4 " T cells but preferentially infected CD8 " T cells.

EBV-2 causes dysregulated cytokine production during
CD8* T-cell infection. The finding that EBV-2 infects T cells
raises another important question: does infection cause functional
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FIG 3 EBV type 2 induces CD8 T-cell proliferation. T cells were labeled with e450 proliferation dye and subsequently infected with EBV-1 (B95.8) or EBV-2 (Jijoye). T
cells cultured with medium only, mock infected, or exposed to UV-irradiated Jijoye-derived virus were included as controls. T-cell populations were analyzed at 7 days
postinfection for proliferation, as measured by dilution of the fluorescence intensity of the e450 proliferation dye. (A) Representative histograms of CD4" and CD8™
T-cell proliferation from 5 independent donors. (B) The percentages of proliferated CD4* and CD8™" T cells were compared for all experimental groups. (C and D)
Percentages of CD4" and CD8 " T cells that underwent 0, 1,2, 3, and =4 rounds of proliferation. The data are presented as means = standard errors. CD4 ™ T cells, Jijoye
versus medium, P < 0.05; Jijoye versus mock, P > 0.05; Jijoye versus B95.8, P < 0.05; Jijoye versus UV Jijoye, P > 0.05. CD8™" T cells, Jijoye versus medium, P < 0.001;
Jijoye versus mock, P < 0.001; Jijoye versus B95.8, P < 0.001; Jijoye versus UV Jijoye, P < 0.001.

changes in T cells? To address this question, CD8" T cells were
purified and cytokine production was analyzed following mock or
EBV-2 infection using a multiplex Luminex assay. Virtually no
increase in cytokines was observed following mock infection of
CD8™ T cells, with the exception of a very low level of CCL5
(RANTES) and interleukin-1RA (IL-1RA) at 7 days p.i. (Fig. 6A
and B). In supernatants from EBV-2-infected CD8 T cells, large
increases in several chemokines, including CCL5 (RANTES),
CCL3 (MIP-1a), CCL4 (MIP-1B), CCL2 (MCP-1),and IL-1RA
were observed at 1, 4, and 7 days p.i., with mean levels reaching be-
tween 1 and 4 ng/ml during the course of infection (Fig. 6). EBV-2
infection also induced increased expression of IL-2R and IL-8, to
levels ranging from 0.092 ng/ml to 0.555 ng/ml. High-level produc-
tion of these chemotactic cytokines suggests that EBV-2 infection
drives the expression of specific cytokines in infected T cells.

DISCUSSION

EBV is known to persist in the human population by establishing
a latent infection in B cells. The immortalization of B cells in
culture is thought to reflect the ability of EBV to establish latency
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in vivo (19). Thus, the impaired ability of EBV-2 to immortalize B
cells is contradictory to the observation that EBV-2 persists in the
human population, suggesting EBV-2 could be utilizing addi-
tional cell types and alternative mechanisms to establish a persis-
tent infection. EBV is able to infect T cells in vivo, as evidenced by
its association with a variety of T-cell lymphoproliferative disor-
ders; however the role EBV plays in the pathogenesis of these
diseases is currently unknown. Additionally, whether EBV infec-
tion of T cells is intentional or aberrant remains uncertain. In this
study, we found that EBV-2 isolates preferentially infected CD8™"
T cells, induced their proliferation and activation, and altered
their cytokine profiles. In contrast, while EBV-1 derived from the
B95.8 or Akata strain readily infects B cells, these EBV-1 viruses
did not infect T cells ex vivo. Based on these observations, we
propose a working model of EBV-2 persistence where alteration of
T-cell functions resulting from EBV-2 infection, such as produc-
tion of lymphotactic cytokines, enhances the establishment of la-
tency in B cells (the model is shown in detail in Fig. 7). Although
not addressed in this report, as we focused here on characterizing
the primary infection of T cells, our finding that EBV-2 latently
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CD8

infects T cells suggests that T cells could also enhance EBV-2 per-
sistence by acting as an additional latency reservoir. If indeed
EBV-2 utilizes T cells at any stage of infection to establish a per-
sistent infection, this could provide one mechanism for the asso-
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FIG 4 EBV type 2 induces T-cell activation. T cells purified from PBMCs were infected with B95.8-derived EBV-1 or Jijoye-derived EBV-2. T cells cultured with medium
only, mock infected, or exposed to UV-irradiated Jijoye-derived EBV-2 were included as controls. At 7 days postinfection, cells were harvested and analyzed using flow
cytometry. (A) Representative histograms of CD3 and CD69 surface expression on CD4" and CD8" T cells for all experimental groups. (B) The percentages of
CD3-negative and -low CD4 and CD8 T cells at day 7 postinfection were plotted. (C) The percentages of CD69-positive CD4 and CD8 T cells at 7 days postinfection were
plotted. The data are shown as means = standard errors from 3 independent donors (n = 3). CD8 ™", CD69, Jijoye versus medium, P < 0.001; CD3, Jijoye versus medium,
P<0.001.CD4™, CD69, Jijoye versus medium, P < 0.001; CD3, Jijoye versus medium, P < 0.001. CD8*,CD69, Jijoye versus mock, P < 0.001; CD3, Jijoye versus mock,
P <0.001.CD4", CD69, Jijoye versus mock, P < 0.001; CD3, Jijoye versus mock, P < 0.01. CD8", CD69, Jijoye versus B95.8, P < 0.001; CD3, Jijoye versus B95.8, P <
0.001. CD4™, CD69, Jijoye versus B95.8, P < 0.001; CD3, Jijoye versus B95.8, P < 0.01. CD8*, CD69, Jijoye versus UV Jijoye, P < 0.001; CD3. Jijoye versus UV Jijoye,
P < 0.001.CD4", CD69, Jijoye versus UV Jijoye, P < 0.001; CD3, Jijoye versus UV Jijoye, P < 0.05.
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ciation of EBV with T-cell lymphoproliferative diseases. The dis-
covery that EBV-2 readily infects T cells in culture will enable
studies to better understand the pathogenic role EBV plays in the
development of these lymphomas.
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FIG 5 EBV type 2 induces T-cell aggregation and preferentially infects CD8 T cells. T cells were purified using an untouched pan-T-cell, untouched CD4, or
untouched CD8 isolation kit. (A and B) T cells were infected with EBV-1 strain B95.8 or Akata or EBV-2 strain Jijoye or BL5. Noninfected controls were T cells
treated with medium only and mock-infected T cells. EBV-induced T-cell aggregation was observed microscopically at 7 days p.i. Representative images of T-cell
aggregation are shown for total T cells (A) and T-cell subsets (B). (C) CD4 " and CD8* T cells were harvested 1, 4, and 7 days postinfection for DNA extraction.

Multiplex gPCR for the EBV genome and -actin was performed to determine the EBV-2 copy number per pg of DNA (1 = 2 for each time point).

Distinct patterns of EBV latent gene expression are observed in
different EBV-associated lymphoproliferative disorders and are
thought to reflect the latency programs utilized by EBV to estab-
lish a persistent infection. The current paradigm suggests that fol-
lowing primary infection of naive B cells, EBV initiates the growth
program (also known as latency III). At this time, all latency-
associated genes are expressed, providing the surrogate signals
that naive B cells normally receive upon antigen encounter. This
results in lymphoblast formation and establishment of germinal
centers, where latent viral gene expression is restricted to EBNA-1
and LMP-1 and -2 (latency II). These cells subsequently differen-
tiate to become memory B cells, where the virus latently resides
long term (31, 32). Our results suggest that EBV-2 also expresses
the growth program following primary infection of T cells in vitro,
as EBNA-2, the latency protein that initiates transcription of the
growth program (33), was expressed throughout the first 12 days
of infection. Notably, this is the first observation of the growth
program in cells of non-B-cell origin. EBV-associated T-cell lym-
phomas have previously been shown to exhibit viral gene expres-
sion restricted to EBNA-1, LMP-1, and LMP-2 (latency II) (29).
However, studies of primary EBV T-cell infection, including the
pattern of viral gene expression, have been severely limited due to
previous difficulties in infecting primary T cells in culture with
EBV-1. Some success has been achieved following infection of
immature thymocytes with EBV-1, which resulted in expression
of EBNA-2 transcripts and the lytic transcript BZLF1 (34), as well
as inducing their proliferation (35). An important additional
question is whether EBNA-2 expression is sustained in T cells
beyond 12 days p.i. Long-term T-cell culture experiments are on-
going to elucidate the roles EBNA-2 and the growth program play
at different stages of EBV-2 T-cell infection. Addition of two well
known lytic cycle inhibitors, acyclovir and PAA, showed no dif-
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ference in the increase in EBV genome copy numbers over time,
suggesting that the infection of T cells is primarily a latent infec-
tion. As a second measure, we also stained EBV-2-infected CD3™
T cells with an anti-gp350 antibody, and no cells were seen to be
positive (data not shown). Notably, previous studies of EBV pri-
mary B-cell infection have established a temporal pattern of latent
gene expression spanning the first 2 weeks of infection, with
EBNA-2 transcripts detected within 24 h, EBNA-1 transcripts
reaching peak levels by 2 to 3 days, and LMP-1 and LMP-2 tran-
scripts peaking at approximately 2 weeks postinfection (36-38).
Following initial infection of T cells, we detected consistent levels
of all four of these latent proteins from 24 h through 12 days
postinfection, demonstrating a unique pattern of EBV gene ex-
pression during primary T-cell infection.

Attempts to generate an appropriate ex vivo system to study
EBV infection of T cells have been hampered by the use of
EBV-1 strains, such as the prototypical laboratory strain,
B95.8, to perform in vitro studies. Thus, the discovery that
EBV-2 readily infects T cells provides an in vitro system to
study EBV infection of T cells. The data we present here suggest
that infection of T cells ex vivo could be unique to the EBV-2
subtype, as two independent EBV-2 strains were found to read-
ily infect primary T cells in culture. However, the cellular ori-
gin of EBV has previously been shown to have an impact on
viral tropism (39). The EBV-2 strains used in this study were all
raised in human Burkitt’s lymphoma cell lines, whereas the
classic EBV-1, B95.8, was raised in tamarin monkey B cells. To
control for this, we also tested EBV-1 derived from the Akata
BL cell line and found that, similar to B95.8 virus, Akata-de-
rived EBV-1 also failed to infect T cells. Alternatively, EBV-1
and EBV-2 isolates also differ in their glycoprotein genes (40),
which have been shown to affect cellular tropism. EBV infects B
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FIG 6 EBV type 2 causes dysregulated cytokine production during CD8* T-cell infection. CD8" T cells were purified and infected with Jijoye (EBV-2) or not
infected (media). Supernatants were collected from replicate wells for Bio-Plex cytokine measurement at 1, 4, and 7 days postinfection. Cytokine production was
standardized for cell proliferation and compared to a standard curve of known cytokine concentrations for all 25 cytokines analyzed. All the cytokines analyzed
were plotted against each other for the medium control and Jijoye-infected T cells and compared using one-way ANOVA with Bonferroni’s posttest at each time
point studied. The data are representative of 3 separate donors (n = 3).*, P < 0.05; ***, P < 0.001; and no asterisk, P > 0.05 for EBV-2 versus medium control.

The error bars represent means * standard errors.

cells through binding of the viral gp350 to CD21 (41, 42). We
and others have observed that peripheral blood T cells do not
normally express the EBV receptor CD21 (43, 44; E. M. Wohl-
ford and R. Rochford, unpublished data). EBV infection of
epithelial cells differs radically from B-cell infection, as there is
no requirement for viral gp350 (45) and infection is not depen-
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dent on CD21 (46). This suggests that EBV likely uses alterna-
tive viral glycoproteins and cellular receptors to infect T cells.
The observation that EBV-2 is able to infect and activate both
CD4" and CD8" T cells suggests that the receptor used by
EBV-2 to infect T cells is expressed on both T-cell subsets;
however, the finding that EBV-2 induces proliferation of only
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FIG 7 Working model of EBV type 2 latency establishment and persistence based on our in vitro T-cell infection studies. Following primary exposure to EBV-2,
CD8™ T cells, in addition to B cells, in the tonsil are infected, and the growth program is initiated, resulting in the activation and proliferation of the infected
lymphocytes. At this time, EBV-2-infected CD8" T cells could enhance the ability of the virus to establish latency in the B-cell compartment. EBV-2 may
accomplish this by inducing alteration of T-cell cytokine production that could hamper the antiviral response, recruit additional target cells to the site of
infection, enhance the activation and survival of lymphocytes, and/or induce expression of critical viral genes. Another, non-mutually exclusive possibility is that,

in addition to memory B cells, T cells serve as a latency reservoir.

the CD8" T-cell subset and of an ~1-log-unit-higher viral
copy number demonstrates a fundamental difference in the
course of infection following viral entry.

Infection of T cells by EBV-2 caused profound differences in
chemokine expression. CD8" T cells infected with EBV-2 pro-
duced significantly higher levels of MIP-1a,, MIP-183, MCP-1, IL-
1Ra, IL-2R, RANTES, and IL-8 than mock-infected T cells. These
cytokines have been shown to be simultaneously produced by ac-
tivated CD8™ T cells (47). This is consistent with our finding that
EBV-2 preferentially infects CD8™ T cells. Notably, the majority
of the cytokines detected at elevated concentrations in superna-
tants of EBV-2-infected T cells have lymphotactic properties (48—
50). Production of lymphotactic cytokines has been hypothesized
to be a strategy used by EBV to recruit additional lymphocyte
targets during infection to enhance the establishment of a persis-
tent infection (51). Indeed, EBV LMP-1, which was detected at all
time points studied during EBV-2 T-cell infection, has been
shown to upregulate production of IL-8, RANTES, and MIP-1a
(52-55). Whether LMP-1 is directly responsible for the high levels
of these cytokines observed in EBV-2-infected T-cell cultures and
how expression of the cytokines affects the infectious process in
vivo have yet to be determined.

To generate the virus stocks, we needed to use TPA and Na-
butyrate, two compounds that could also indirectly induce some
of the phenotypes we observed following EBV-2 infection. To
control for this, we generated a mock infection using an EBV-
negative BL cell line, Ramos, which was treated exactly the
same as the EBV-infected cell lines were to generate virus.
Treatment of T cells with mock-infected supernatant did not
result in significant induction of proliferation, activation, or
aggregation, providing further support for the idea that the
effects on T cells we were seeing were due to infection with
EBV-2. In addition, UV-inactivated virus did not induce sig-
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nificant cell proliferation or activation in CD4* or CD8* T
cells, indicating that this is not due to binding of the virus to T
cells. However, we cannot rule out the possibility that infected
cells were inducing changes in noninfected cells, as not all cells
in CD3™ cultures were infected.

Overall, our results provide the first evidence that EBV-2 effi-
ciently activates and causes proliferation of T cells during primary
infection. We also show that EBV-2 infection of T cells alters cy-
tokine production. The inability of EBV-2 to efficiently transform
B cells in vitro suggests that, unlike EBV-1, EBV-2 is impaired in
the ability to independently drive B-cell differentiation and estab-
lish latency in the memory B-cell compartment. Our results pro-
vide a possible mechanism by which EBV-2 could be maintained
in the human population, through T-cell infection and immune
disruption (Fig. 7). In vivo studies are needed to determine
whether EBV-1 and EBV-2 have different effects during primary
infection of humans and, importantly, if EBV-2 is predominant in
EBV-associated T-cell lymphomas and lymphoproliferative dis-
eases.
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