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Epstein-Barr virus (EBV) oncogenes exert potent B cell proliferative effects. EBV infection gives rise to B cell lines that readily
proliferate in culture. This ability of EBV represents a powerful tool to study cell proliferation. In efforts to delineate the contri-
bution of signal transducer and activator of transcription 3 (STAT3) toward EBV-driven cell proliferation, we have discovered
that B cells from patients with autosomal dominant hyper-IgE syndrome (AD-HIES) resist such EBV oncogene-driven out-
growth of cells. Patients with AD-HIES have a dominant negative mutation in their STAT3 gene which renders most of the pro-
tein nonfunctional. Exposure of healthy subject-derived B cells to EBV resulted in early activation of STAT3, rapidly followed by
increased expression of its mRNA and protein. STAT3 upregulation preceded the expression of EBNA2, temporally one of the
first viral oncogenes to be expressed. We found that STAT3 was necessary for subsequent survival and for proliferation of EBV-
infected cells past the S phase of the cell cycle. Consequently, B cells from AD-HIES patients were prone to dying and accumu-
lated in the S phase, thereby accounting for impaired cell outgrowth. Of importance, we have now identified a cohort of patients
with a primary immunodeficiency disorder whose B cells oppose EBV-driven proliferative signals. These findings simultane-
ously reveal how EBV manipulates host STAT3 even before expression of viral oncogenes to facilitate cell survival and prolifera-

tion, processes fundamental to EBV lymphomagenesis.

Epstein—Barr virus (EBV) is an oncovirus that infects B cells and
epithelial cells (1-3). EBV establishes lifelong latency in mem-
ory B lymphocytes; periodic activation into the lytic cycle can lead
to asymptomatic shedding of virus in saliva. Upon infection of
primary B cells, EBV must first drive cell proliferation in order to
establish latency (3). Latency contributes to viral persistence. Al-
though most of mankind is persistently infected with EBV, only a
small fraction develops EBV-related cancers of B and epithelial
cells (3, 4). While this propensity for development of cancer, par-
ticularly posttransplant lymphoproliferative disorders, is promi-
nently associated with loss of EBV-directed T cell immunity (3, 5,
6), the pathogenesis of other forms of EBV-cancers, such as en-
demic Burkitt lymphoma and nasopharyngeal cell carcinoma, is
more complex. Not surprisingly, the contribution of host cellular
proteins toward EBV-driven cell proliferation and potentially to
EBV-related diseases is important (3, 7-9). Most of our under-
standing of the involvement of cellular proteins and mechanisms
that may contribute to pathogenesis derives from investigations
on downstream effects of EBV latent membrane proteins and the
nuclear antigens (7, 8). Such studies have included new infection
of B cells in culture, examination of EBV-derived B cell lines (lym-
phoblastoid cell lines [LCL]), and expression of individual viral
proteins in culture. We are interested in understanding whether
EBV can manipulate the host during the early stages of infection,
possibly even before viral latency proteins are expressed.

Signal transducer and activator of transcription 3 (STAT3) is a
transcription factor that is well known for its prosurvival and
proproliferative functions (10-13). STATS3 is also constitutively
active in many human cancers, including EBV-related cancers
(11, 13-15). While STAT?3 can be transcriptionally induced by the
EBV oncoprotein LMP1 in already transformed B cells (16),
whether STAT3 contributes to cell proliferation early after infec-
tion of primary B cells with EBV has not been investigated. Anec-
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dotally, we have observed that B cells from patients with auto-
somal dominant hyper-IgE syndrome (AD-HIES or Job’s
syndrome) are difficult to transform with EBV. Patients with AD-
HIES have a heterozygous dominant negative mutation in their
STAT3 gene that renders the majority of cellular STAT3 nonfunc-
tional despite normal levels of STAT3 protein (17). Such patients
have a rare primary immunodeficiency characterized by eczema,
skin and lung infections, extremely elevated serum IgE, and a va-
riety of skeletal, connective tissue, and vascular abnormalities
(18). In the setting of EBV infection in culture, we have observed
that LCL from AD-HIES patients are slower to emerge than those
from healthy subjects, but sometimes LCL cannot be generated
even after repeated attempts, suggesting that there are inherent
differences between B cells derived from AD-HIES patients and
those from healthy subjects. Also of importance, studies have
demonstrated that patients with AD-HIES have significant deficits
in effector and memory T and B cell responses (19-23); however,
the precise mechanisms underlying such defects remain unclear.
These observations prompted us to examine the response of AD-
HIES B cells to EBV infection and ask whether and when STAT3
contributes toward EBV-driven B cell proliferation.

We now demonstrate using primary B cells that cellular STAT3
is required for the initial phase of EBV-driven growth transforma-
tion. We also show that during EBV infection, STAT3 is exploited
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TABLE 1 Characteristics of AD-HIES patients

Age STAT3  Ability to
Patient ID (yrs)  Gender Mutation domain  generate LCL
J002 (daughter) 30 Female 1865 C-T  SH2 Yes
J002 (father) 62 Male 1865 C-T  SH2 Yes
Jo11 38 Female 1909 G-A  SH2 Yes
J022 43 Female 1909 G-A  SH2 Yes
J074 59 Female 1954 G-A  SH2 No
J098 22 Male 1909 G-T  SH2 Yes
J100 28 Female 1909 G-A  SH2 Yes
A010 15 Female 1027 G-T  DBD Yes
AO011 10 Male 1294 G-A  DBD Yes
A014 39 Female 1144 C-T DBD Yes
Jo15 43 Female 1861 T-G  SH2 Yes

early by EBV to facilitate viral oncogene-driven cell proliferation.
Notably, B cells derived from AD-HIES patients are impaired in
their susceptibility to EBV-driven growth transformation because
of a combination of factors that include early death of EBV-in-
fected cells as well as accumulation of infected cells in the S phase
of the cell cycle, described herein.

MATERIALS AND METHODS

Patient materials. Blood was obtained from study subjects following in-
formed consent. The study of human subjects was approved by the Insti-
tutional Review Boards at Stony Brook University and the NIAID.
Healthy EBV-seronegative volunteers ranged from 18 to 28 years of age.
Blood was obtained from a total of 11 AD-HIES patients followed at the
NIAID (summarized in Table 1). Eight of these had a mutation in the SH2
domain (17); three had a mutation in the DNA binding domain (patients
not previously reported). Of note, AD-HIES patients most commonly
have a mutation in either the SH2 domain or the DNA binding domain of
their STAT3 gene.

Isolation of primary B lymphocytes. Peripheral blood mononuclear
cells (PBMC) were harvested from blood, and B cells were isolated by
negative selection using CD3 depletion (Stem Cell Technologies). Nega-
tive selection was performed to minimize nonspecific activation of B cells.
Freshly isolated B cells were used in all experiments.

EBV preparation and infection of B cells. EBV was isolated from the
supernatant of EBV-infected B95-8 cells as described previously (24). In-
fectivity of virus preparations was assessed as described previously (25),
and virus titer was calculated. Infections were performed using EBV as
described previously (26) at a multiplicity of infection of 1 to 5. For UV
inactivation of the EBV genome, 1 ml of virus suspension in a 100-mm
dish was irradiated with UV (254 nm) at 10 mJ/cm? using a Stratalinker
2400 (Stratagene). For mock infection, culture medium was added instead
of EBV suspension.

Culture conditions. Cells were cultured at 37°C under 5% CO, in
RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin sodium, and 100 pg/ml streptomycin sulfate. For experiments
using AG490 (25 wM; Cayman Chemical) and acyclovir (200 wM; Sigma),
chemicals were added at time zero to cultures. For long-term outgrowth
cultures, chemicals were supplemented at the initial concentration every
fourth day. We had experimentally determined 25 pM AG490 to be min-
imally toxic to EBV-infected B cell lines. To measure the impact of STAT3
on long-term outgrowth of cells, freshly isolated CD3™ primary B cells
were infected with EBV and placed in culture. Cells were harvested at
various times thereafter, and live cells were counted by Trypan blue stain-
ing. Total number of live cells was calculated for each time point to derive
growth curves.

Antibodies. The following primary antibodies (Ab) were used for immu-
nologic applications: rabbit anti-human phosphoSTAT3 (Y705; catalog
number 9145; Cell Signaling), rabbit anti-human STAT3 (catalog number
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SC482; Santa Cruz), mouse anti-human B-actin (catalog number A5316;
Sigma), mouse anti-LMP1 (catalog number M897; Dako), allophycocyanin
(APC)-conjugated mouse anti-human CD23 (catalog number 558690; BD),
fluorescein isothiocyanate (FITC)-conjugated anti-human CD58 (catalog
number MCA2126F; ABD Serotec), and rat anti-EBNA2 (clone R3) (27).
Secondary antibodies included horseradish peroxidase (HRP)-conjugated
anti-mouse Ab (catalog number A4416; Sigma), HRP-conjugated anti-rabbit
ADb (catalog number A0545; Sigma), HRP-conjugated anti-rat Ab (catalog
number A9037; Sigma), phycoerythrin (PE)-conjugated anti-mouse IgG1
(catalog number 550083; BD), PE-conjugated anti-mouse IgG (catalog num-
ber 550589; BD), FITC-conjugated anti-mouse IgG (catalog number F0257;
Sigma), FITC-conjugated anti-rabbit IgG (catalog number A10526; Invitro-
gen), and Alexa 647-conjugated anti-rabbit IgG (catalog number A21245;
Invitrogen). Isotype-matched control antibodies, including mouse IgG1 (cat-
alog number M5284; Sigma) and normal rabbit sera (catalog number R9133;
Sigma) were used as negative controls for fluorescence-activated cell sorting
(FACS) staining. Apoptosis was detected using annexin V biotin (catalog
number 556418; BD) followed by FITC-conjugated avidin (catalog number
43-4411; Invitrogen).

Flow cytometry. Cells were fixed and permeabilized using Cytofix/
Cytoperm (BD), incubated with saturating amounts of either directly
conjugated antibody or primary antibody followed by fluorochrome-con-
jugated secondary antibody as previously described (28). For all flow cy-
tometry experiments, matched isotype control-labeled cells were used to
set cutoffs between cells negatively and positively stained with antibodies
of interest during analyses. For assessment of cell cycle distribution, cells
were stained with 50 pg/ml propidium iodide supplemented with 1 pg/ml
RNase A. Samples were then acquired using FACSCalibur (BD), and data
analyses were carried out using FlowJo software (Tree Star, Inc.), after
gating on live cells based on forward scatter and side scatter values and
exclusion of doublets. Statistical analyses were performed using Student ¢
test.

Immunoblotting. Total extracts from 1 X 10%/ml cells were analyzed
by immunoblotting as previously described (29). Briefly, cells were elec-
trophoresed using 10% SDS-polyacrylamide gels and transferred to
nitrocellulose membranes. Nonspecific binding sites were blocked by
incubating membranes overnight in 0.05% Tween 20 (vol/vol in Tris-
buffered saline [TBS]) supplemented with 5% nonfat powdered milk
or bovine serum albumin (BSA). Following incubation with primary
antibody, membranes were incubated with the appropriate HRP-con-
jugated secondary antibody. Signals were detected using extended
chemiluminescence. The abundance of B-actin was monitored to en-
sure equal loading.

Quantitative RT-PCR. RNA was isolated, and relative transcript levels
were determined with gene-specific primers as previously described (29).
Sequences of primers are as previously published: 18SrRNA, STATS3,
LMPI (30), Bcl-xL (31), and Bcl-2 (32). Primer sequences for IRFI are as
follows: forward, 5’ AAAAGGAGCCAGATCCCAAGA; reverse, 5’ CATC
CGGTACACTCGCACAGS3'. Relative expression levels were calculated
using the threshold cycle (AAC;) method by normalizing to 18S rRNA
and comparing among uninfected, EBV-infected, vehicle-treated, or
chemical-treated cells with StepOne software version 2.2 (Applied Biosys-
tems). Individual samples were assayed in triplicate.

Statistical analyses. P values were calculated by comparing the means
of two groups of interest using an unpaired Student ¢ test.

RESULTS

Exposure to EBV results in early phosphorylation and increased
expression of STAT3. We addressed whether exposure of B cells
to EBV results in activation of STAT3. Within 30 min of exposure
of primary B cells from healthy EBV-naive individuals to EBV, we
observed phosphorylation of STAT3 at Y705 (Fig. 1A), an event
typically associated with activation of STAT3 via the Janus kinase
(JAK)-STAT pathway (33). Phosphorylation continued to be ob-
served thereafter, although the amount of phospho-STAT3
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FIG 1 Exposure of primary B lymphocytes to EBV results in phosphorylation
and increased levels of STAT3. Primary B cells from healthy EBV-seronegative
subjects were exposed to EBV for the indicated times, and phosphorylation of
STAT3 at Y705 (A) and total levels of STAT3 and EBV EBNA2 (B) were deter-
mined by immunoblotting. Fold change, STAT3 levels at time points postex-
posure compared to time zero after normalization to B-actin; U, uninfected
cells harvested after 72 h in culture. These experiments were performed 3
times.

>

dropped off after 2 h of infection. Because activated STAT3 is
known to drive STAT3 gene expression (15), we then examined
levels of STAT3 protein after exposure to EBV. We found a modest
but more sustained increase (2- to 3.4-fold) in STAT3 protein
levels by 8 h after exposure to EBV compared to cells immediately
after exposure to EBV (time zero; Fig. 1B). Uninfected cells har-
vested at 72 h had undetectable STAT3 protein consistent with
loss of cell viability in culture. In determining the temporal rela-
tionship between increased expression of STAT3 and expression
of EBNA2, one of the first EBV oncoproteins to be expressed, we
found that EBNA2 was expressed by 24 h after EBV exposure (Fig.
1B). This timing was consistent with earlier observations on
EBNA2 expression (34). Thus, exposure to EBV results in both
activation and increased expression of STAT3, events that tempo-
rally precede expression of the EBV latency oncoprotein EBNA2.
Similar to STAT3, early expression of other cellular proteins, such
as CD23 and CD40, has also been observed within several hours of
EBV infection (35, 36).

Early events following EBV exposure result in a transient in-
crease in STAT3 transcript levels. Because activated STAT3 tran-
scriptionally activates its own expression (15), we examined the
levels of STAT3 mRNA at various times after exposure to EBV.
Figure 2A shows that there was an almost 70-fold increase in
STAT3 transcript level by 1 h after exposure to EBV; this increase
temporally followed STAT3 activation at 30 min (Fig. 1A). After
the first hour, STAT3 continued to be expressed at much lower
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FIG 2 An early signaling event following exposure to EBV triggers an initial burst in STAT3 gene expression. (A to C) Primary B cells from healthy subjects were
uninfected (U) or exposed to EBV (EBV), EBV and acyclovir (EBV+ACV), EBV and AG490 (EBV+AG490), or UV-inactivated EBV (uv-EBV). Cells were placed
in culture and harvested at the indicated times for determination of relative amounts of STAT3 mRNA using qQRT-PCR (transcript levels were compared to that
at time zero) in panel A, phospho-STAT3 (Y705) in panel B, and total STAT3 in panel C. Fold changes in panel C were compared to time zero after normalization
to B-actin. (D) Cells were harvested at 24 h for measurement of EBNA2 mRNA by qRT-PCR. Data from two experiments and three technical qRT-PCR replicates
are incorporated for each data point. All error bars = standard errors of the means (SEM).
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FIG 3 STATS3 is necessary for emergence of LMP1™" B cells after infection with EBV. Primary B cells from healthy subjects were infected with EBV in the absence
(E) or presence (E+A) of AG490; B cells from AD-HIES patients were similarly infected with EBV (AD-HIES). Cells were harvested on day 4, and percentage of
cells expressing EBV oncoprotein LMP1 was enumerated by flow cytometry (% within dot plots). Representative data are shown in panel A, and aggregate data
from six healthy and six AD-HIES patients are shown in panel B. Error bars = SEM.

levels. The dramatic increase in STAT3 mRNA compared to a
more modest increase in STAT3 protein (Fig. 1B), while surpris-
ing, has also been observed previously (37, 38). Almost instanta-
neous activation and increase in STAT3 expression, particularly
before expression of EBNA2, suggested that very early events un-
related to viral gene expression were causal to the observed
changes in STAT3. As shown in Fig. 2A to C, we observed an
increase in phospho-STAT3, STAT3 mRNA, and total STAT3 de-
spite UV inactivation of EBV. As expected, there was significant
suppression of the EBNA?2 transcript level consistent with loss of
viral gene expression resulting from UV treatment (Fig. 2D). Since
EBV lytic gene expression may contribute to EBV-driven cell pro-
liferation and tumorigenesis (35, 39, 40), we tested the effect of
acyclovir on STAT3 mRNA. Acyclovir selectively inhibits EBV
DNA replication during the lytic cycle. The early increases in
phospho-STAT3, STAT3 transcript level, and total STAT3 were
unaffected by treatment with acyclovir (Fig. 2A to C). Since phos-
phorylation of STAT3 at Y705 is mediated by Janus kinases, we
reasoned that AG490, a Janus kinase inhibitor that blocks activa-
tion of STAT3 (29, 41), should suppress STAT3 mRNA. Not sur-
prisingly, we observed a near-total loss of STAT3 mRNA and ab-
sence of increases in phospho-STAT3 and total STAT3 following
treatment with AG490 (Fig. 2A to C). These findings suggest that
an early event such as virus binding or internalization triggers
activation followed by increased expression of STATS3, likely via
the JAK-STAT pathway. The lack of effect of acyclovir on STAT3
suggests that completion of the EBV lytic cycle is not necessary for
the initial burst in STAT3 expression. Taken together, experi-
ments shown in Fig. 1 and 2 suggest that EBV may be setting the
stage for B cell proliferation even before expression of viral
proproliferative oncoproteins.

STATS3 is necessary for outgrowth of EBV-infected prolifer-
ating B cells. To assess the contribution of STAT3 toward out-
growth of EBV-infected cells, we used complementary ap-
proaches. First, AG490 was included during EBV infection to
pharmacologically impair STAT3. Second, to safeguard against
potential off-target effects of AG490 and to evaluate their response
to EBV, B cells from patients with AD-HIES were used. Using
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LMP1, a critical latency oncoprotein, to mark individual EBV-
infected cells, we found that approximately 7-fold-fewer LMP1 ™"
cells resulted 4 days after EBV infection when AG490 was added
(Fig. 3A and B). Similarly, there was a 2.3-fold reduction in
LMP1" cells when AD-HIES B cells were infected compared to
when healthy B cells were infected. We then asked if the significant
fall in LMP1" cells upon impairment of STAT3 had an effect on
the outgrowth of LCL. Figure 4 shows that outgrowth of trans-
formed B cell lines (LCL) either failed, in the case of AG490, or was
delayed, for AD-HIES B cells; the latter is consistent with a dose
effect due to a functional “STAT3 knockdown” in AD-HIES cells.
While we were able to generate LCL from 10 of 11 patients tested
(Table 1), these were slow to grow out. Thus, STAT3, which is
upregulated before viral oncogene expression, is required for
emergence of LMP17 cells and for the initial outgrowth of LCL.
Suppression of STAT3 causes death of EBV-infected B cells.
Fewer LMP1 ™ cells derived from AD-HIES patients or in the pres-
ence of AG490 suggested prosurvival effects of STAT3. This led us
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FIG 4 STATS3 is necessary for outgrowth of proliferating B cells following EBV
infection. Primary B cells from a healthy subject were infected with EBV in the
absence (E) or presence (E+A) of AG490; primary B cells from two patients with
AD-HIES [AD-HIES (1) and AD-HIES (2), with different mutations in the SH2
domain] were also infected with EBV. Cells were harvested at various times after
EBV infection, and live cells were counted by Trypan blue staining. Representative
growth curves are shown. Experiments were performed more than three times.
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FIG 5 Impairment of STAT3 function causes death of EBV-infected cells and lower transcript levels of STAT3 targets but not of LMPI. (A) B cells from healthy
EBV-seronegative subjects were infected with EBV in the absence (black bars) or presence (open bars) of AG490; B cells from AD-HIES patients were also infected
with EBV (gray bars). Cells were harvested on day 2 and evaluated by flow cytometry for expression of LMP1 and staining with annexin V. Percent annexin V*
cells within LMP1" and LMP1 ™~ populations was calculated, and aggregate data from six healthy and six AD-HIES patients are shown. (B and C) Cells were
harvested 24 h after infection of healthy B cells, and relative levels of LMPI mRNA (B) and mRNA from genes that are known transcriptional targets of STAT3
(Bcl-xL and Bcl-2) and STAT1 (IRF1) (C) were determined by qRT-PCR. Solid bars, EBV; open bars, EBV+AG490. Data from three experiments and three
technical qRT-PCR replicates are incorporated for each data point. All error bars = SEM; N.S., not significant. (D) Infections were performed as described for
panels B and C. Twenty-four hours after infection, intracellular levels of STAT3 were determined by flow cytometry. Solid line, EBV; dashed line, EBV +AG490.

to examine the effect of STAT3 on cell survival during EBV infec-
tion. Figure 5A shows that as early as 2 days after EBV infection,
there were approximately 7-fold more LMP1" cells but not
LMP1™ cells undergoing apoptosis by annexin V staining in the
presence of AG490. There was also an increase in LMP17 cells
undergoing apoptosis when derived from AD-HIES patients. This
change, though not significant compared to LMP1" healthy B
cells, taken together with increase in death compared to that for
AD-HIES-derived LMP1™ cells, supports the observation of in-
creased cell death in the presence of AG490. To understand if
STAT3-mediated suppression of LMPI gene expression contrib-
utes to death of and therefore fewer LMP1™ cells, we examined
LMPI transcript levels. As levels of LMPI message were not sig-
nificantly suppressed in the presence of AG490 (Fig. 5B), impaired
LMP]I transcription did not significantly contribute to the reduc-
tionin LMP1 " cells observed upon interference with STAT3 func-
tion. We have shown earlier that suppression of STAT3 in LCL
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increases lytic activation (29), raising the possibility that cell death
in AG490-treated cells could be a consequence of lytic activation
in newly infected cells. We were unable to detect BZLFI (the ear-
liest lytic gene) expression in the presence of AG490 (data not
shown), suggesting that lytic activation in newly infected cells does
not contribute significantly to cell death when STAT3 is impaired.

In addressing the effect of STAT3 on transcription of prosur-
vival genes and to confirm that AG490 interfered with STAT3 level
and its functions, we found that AG490 suppressed the level of
STATS3 protein (Fig. 5D). Consistent with death of LMP1™" cells,
AG490 also suppressed mRNA levels of antiapoptotic genes Bcl-xL
and Bcl-2, both transcriptional targets of STAT3 (Fig. 5C). In con-
trast, the transcript level of IRF1, a STAT1-responsive gene, was
not affected. These results support the concept that infection with
EBV causes early activation and expression of host STAT3, which
promotes cell survival contributing toward EBV-mediated B cell
transformation.
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FIG 6 Impairment of STATS3 results in fewer proliferating cells and delay in S phase. Primary B cells from healthy EBV-seronegative subjects were infected with
EBV alone (E) or in the presence of AG490 (E+A) in panels A to C; B cells from two AD-HIES patients [AD-HIES (1) and (2)] were also infected with EBV in
panel C. Cells were harvested on day 4. (A and B) CD23" CD58* proliferating cells were enumerated by flow cytometry. U, uninfected cells in culture for 4 days.
Representative data (percent CD23" CD58" cells depicted in boxes) are shown in panel A, and aggregate data from 6 experiments are shown in panel B. (C)

LMP1™"

cells were evaluated for cell cycle profile by flow cytometry, and percent cells in G, phase (open bars), S phase (black bars), and G,/M phase (gray bars)

are shown. U, total uninfected B cells on day 0. Percentages represent G,/(S + G,). Experiment shown in panel C was performed twice.

Suppression of STAT?3 results in impaired cell proliferation
due to delay in S phase. Because outgrowth of LCL is likely to be a
net result of cells undergoing proliferation and death, and because
STATS3 is well known for its proproliferative effects, we asked if
STATS3 contributes toward transformation also by facilitating cell
proliferation. We and others have shown that only a small fraction
of EBV-infected cells undergo proliferation (9, 36, 42). In our
earlier efforts to predict which EBV-infected cells undergo prolif-
eration, we discovered a cell surface marker pattern specific to
proliferating cells. These cells, identified by the marker profile
CD23" CD58*, expressed LMP1, were detectable as early as 3 days
after EBV infection, and subsequently underwent proliferation
(36). Figures 6A and B show that in the presence of AG490, there
was a 10-fold reduction in CD23" CD58™ cells compared to un-
treated EBV-infected cells. Fewer CD23™ CD58™ cells could be
due to death of EBV-infected cells, a defect in proliferation of
EBV-infected cells, or both. We therefore examined cell cycle pro-
files after EBV infection of B cells derived from healthy subjects
and AD-HIES patients. We observed more LMP1" cells in S
phase, both in the presence of AG490 and when AD-HIES cells
were infected, compared to infected healthy B cells. An increased
number of cells in S phase could be the result of increased transit
of cells from G, to S phase and/or decreased transit of cells from S
to G, phase. Compared to cells with intact STAT3 (Fig. 6C, “E”),
when AG490 was used to suppress STAT3 expression (Fig. 6C,
“E+A”), there was a 13% reduction in the fraction of G, cells
compared to a 26% increase in the fraction of S phase cells. This
reduction did not account for the remaining 13% increase (26% —
13%) observed in S phase in the presence of AG490; however,
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this increase correlated with a concomitant 12% fall in the fraction
of cells in G, phase in E+A cells compared to E cells. Therefore,
while increased transit of cells from G, to S could partially con-
tribute to an increase in cells in S phase, it is unlikely that loss of
STATS3, a proproliferative protein, which causes loss of cell out-
growth (Fig. 4), would cause a paradoxical increase in cell progress
from G, to S phase. Therefore, these observations are most con-
sistent with delay in transit of cells from S to G, phase upon im-
pairment of STAT3. To quantitate this delay in S phase, we calcu-
lated the fraction of cells with >2 N nuclear DNA that was in G,
[G,/(S + G,)]. Suppression of STAT3 resulted in a smaller frac-
tion than in cells with intact STAT3 (0.2% for E+A and 9.7% and
9.6% for AD-HIES patients, compared to 27.7% for E). As ex-
pected, uninfected cells in culture did not proliferate (Fig. 6A and
B) and neither did LMP1~ cells (data not shown). These data
demonstrate that following infection with EBV, early upregula-
tion of STAT3 is necessary for promoting cell proliferation be-
yond the S phase and that its impairment results in arrest/delay in
S phase.

DISCUSSION

This study functionally links STAT3 to EBV oncogene-driven B cell
proliferation by showing that STAT3 is necessary for cell survival and
for progress of cells past the S phase to facilitate cell proliferation. EBV
targets STAT3 almost immediately after exposure of B cells to virus.
The kinetics of STAT3 phosphorylation, of expression of its gene
products, and of expression of EBNA2, taken together with infection
in the presence of inhibitors and with UV-inactivated virus, indicate
that early events, such as virus binding or internalization, lead to
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activation of STAT3, possibly by the JAK-STAT signaling pathway.
Using B cells from rare patients with AD-HIES adds to the biological
and clinical relevance of these findings while simultaneously provid-
ing much-needed insights into the ability of B cells from AD-HIES
patients to proliferate.

We have now identified a cohort of individuals who are at least
partially resistant to EBV-mediated cell proliferation; to our
knowledge, this is a first for EBV. This identification now also
provides a powerful tool to further understand the contribution of
STAT3 toward susceptibility to EBV-driven cell proliferation, es-
tablishment of latency, and lytic activation from latency. While it
is practically impossible to exclude all other causes, we believe the
underlying cause for this resistance to EBV-driven cell prolifera-
tion to be functional knockdown of STAT3 function. This conten-
tion is supported by similar responses to EBV infection by cells
from several AD-HIES patients, despite the presence of a distinct
and unique mutation in the STAT3 gene in each patient. It is
further supported by similar outcomes in the presence of AG490.
Whether patients with AD-HIES are less susceptible to EBV infec-
tion is unknown because of very low disease frequency. Whether
AD-HIES patients are less susceptible to EBV cancers is also not
known; available data would support death of EBV-infected cells
due to increased lytic activation on the one hand (22, 29), with
impaired clearance of EBV-infected cells because of poor effector
and memory T cell responses on the other (20-22). On rare occa-
sion, EBV lymphomas have been described in AD-HIES patients.
However, in a recent cohort of 60 AD-HIES patients, 7% devel-
oped lymphomas, none associated with EBV (43). Whether defi-
ciency of STAT3 in these patients may impact clinical outcomes of
EBYV infection also remains a question.

The contribution of STAT3 toward the life cycle of other herpes-
viruses has been described for Kaposi’s sarcoma-associated herpesvi-
rus (KSHV) and varicella zoster virus (VZV) (44—46). In the case of
infection of endothelial cells with KSHV, an oncogenic gamma-her-
pesvirus-like EBV, STAT3 is activated in a biphasic manner. The early
phase of activation is attributed to virus binding and entry leading to
signaling via the JAK-STAT pathway (45). More recently, the late
phase of activation has been shown to be associated with phosphor-
ylation of STAT3 at S727, mediated by the KSHV latency protein
kaposin B (44). Although currently the status of p(S727)STATS3 is
unexplored for EBV, lack of substantial p(Y705)STAT3 beyond 2 to 4
h following exposure to EBV in our experiments could be consistent
with ongoing activation of STAT3 via phosphorylation at only S727,
similar to that observed for KSHYV, especially since high levels of
STAT3 protein continue to persist.

The contribution of EBV latency proteins as well as cellular targets
downstream of these proteins to cell proliferation has been exten-
sively studied. EBV latency proteins LMP1, LMP2a, EBNA2,
EBNA3A, EBNA3B, EBNA3C, and EBNA-LP intersect with and ma-
nipulate several cell signaling pathways which ultimately contribute
toward successful EBV-mediated B cell proliferation. These activities
are aided further by epigenetic regulation of cellular gene expression
via some of the above-mentioned proteins (7, 8). STAT3 activation
described here and its downstream effects are set in motion before the
oncoprotein EBNA2 and therefore before EBNA3 proteins, EBNA-
LP, or LMP1 are expressed. However, this does not exclude the pos-
sibility that at later times, these and other viral proteins may contrib-
ute toward or modulate STAT3-mediated functions; indeed, LMP1
has been shown to transcriptionally activate STAT3 in LCL (16).
Conversely, STAT3 may affect viral gene expression, including that of
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LMP1, whose promoter contains a STAT3 binding site (47). In our
experiments, while there was a suggestion that STAT3 might regulate
LMP1I gene expression (Fig. 5B), the ultimate effect on LMP1 protein
levels (Fig. 3A, intensity of staining on y axis) was not convincing, a
finding consistent with that of Zhang et al. (16).

STATS3 is a well-studied transcription factor whose overexpres-
sion or activation is linked to many cancers (11, 13-15). As such,
STATS3 has been recognized as a target for anticancer drug devel-
opment (13). Our earlier discovery that impairment of STAT3
increases lytic susceptibility in EBV cancer and EBV-transformed
cells (29), combined with our present finding that suppression of
STATS3 limits the ability of EBV to drive B cell proliferation, now
provides experimental evidence that pharmacologic manipula-
tion of STAT3 is likely to target EBV-infected B cells by at least two
independent mechanisms. Certainly, these findings warrant fur-
ther investigations into the mechanisms by which STAT3 contrib-
utes toward EBV-driven cell proliferation and lytic activation,
both critical to development of EBV-related diseases.
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