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Herpes simplex virus (HSV)-specific T cells are essential for viral clearance. However, T cells do not prevent
HSYV latent infection or reactivation, suggesting that HSV has the potential to modulate T-cell function. T-cell
receptor (TCR) stimulation is a potent and specific means of activating T cells. To investigate how HSV affects
T-cell function, we have analyzed how HSV affects TCR-stimulated intracellular signaling and cytokine
synthesis in mock-infected and HSV-infected T cells. Mock-infected T cells stimulated through the TCR
synthesized a broad range of cytokines that included the proinflammatory cytokines tumor necrosis factor
alpha, gamma interferon, and interleukin-2. In contrast, HSV-infected T cells stimulated through the TCR
selectively synthesized interleukin-10, a cytokine that suppresses cellular immunity and favors viral replica-
tion. To achieve selective interleukin-10 synthesis, HSV differentially affected TCR signaling pathways. HSV
inhibited TCR-stimulated formation of the linker for activation of the T-cell signaling complex, and HSV
inhibited TCR-stimulated NF-kB activation. At the same time, HSV activated the p38 and JNK mitogen-
activated protein kinases as well as the downstream transcription factors ATF-2 and c-Jun. HSV did not inhibit
TCR-stimulated activation of STAT3, a transcription factor involved in interleukin-10 synthesis. The activation
of p38 was required for interleukin-10 synthesis in HSV-infected T cells. The ability of HSV to differentially
target intracellular signaling pathways and transform an activating stimulus into an immunosuppressive
response represents a novel strategy for pathogen-mediated immune modulation. Selective, TCR-stimulated

interleukin-10 synthesis may play an important role in HSV pathogenesis.

The herpes simplex viruses (HSV-1 and HSV-2) are preva-
lent human pathogens that cause substantial global morbidity
(28). Primary HSV infection progresses to persistent latency in
the sensory neural ganglia, and viral reactivation produces
painful, recurrent oral and genital mucocutaneous lesions in
one-third of those infected (55). Serious complications of HSV
infection include stromal keratitis, a leading cause of corneal
blindness (64), neonatal encephalitis (12), and an increased
risk for human immunodeficiency virus transmission (7).

HSV-specific T cells are a critical component of the adaptive
immune response generated by HSV infection. Adoptive trans-
fer experiments have demonstrated that HSV-specific cyto-
toxic T cells are required to resolve the epithelial manifesta-
tions of HSV infection (3, 59). However, T cells do not prevent
viral latency, reactivation, or transmission (54). In part, this
may be due to HSV-encoded mechanisms that modulate the
immune response. For example, HSV has been reported to
inhibit the type I interferon response, impair complement, and
interfere with neutralizing antibody (14, 26, 41, 47). HSV has
also been reported to modulate T-cell function. HSV-infected
cells can evade T-cell recognition by interfering with antigen
presentation (15), and HSV-infected cells can resist T-cell-
induced apoptosis (25). We have previously shown that infec-
tion of T cells with HSV inhibits T-cell receptor (TCR)-stim-
ulated effector functions (60, 61).

TCR stimulation triggers a sequential cascade of protein
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phosphorylations and translocations that propagate the TCR
signal from the plasma membrane to the T-cell nucleus. For-
mation of the membrane-anchored linker for activation of T
cells (LAT) signaling complex, a proximal event in TCR signal
propagation, is an essential link between the membrane and
cytoplasmic TCR signaling machinery (39). Following TCR
stimulation, LAT is phosphorylated at four critical C-terminal
tyrosine residues by ZAP-70. Binding of phosphorylated LAT
to phospholipase C vyl (PLCvyl) activates inositol trisphos-
phate and diacylglycerol, resulting in calcium mobilization
(13). Binding of phosphorylated LAT to growth factor recep-
tor-binding protein 2 (Grb2) and Grb2-related adaptor down-
stream of Shc (GADS) activates the three major mitogen-
activated protein kinase (MAPK) pathways: extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase
(JNK), and p38 kinase (p38) (38, 74). When completely acti-
vated, the MAPKSs activate a network of transcription factors
that can up-regulate both proinflammatory and immunosup-
pressive cytokines.

Cytokines can be divided into two groups, T helper 1 (Thl)
and Th2. Th1 and Th2 cytokines have opposing functions (46).
Th1 cytokines (e.g., gamma interferon [IFN-y], tumor necrosis
factor alpha [TNF-a], and interleukin-2 [IL-2]) induce major
histocompatibility complex molecules and activate T cells. Al-
ternatively, Th2 cytokines (e.g., IL-4, IL-5, IL-6, and IL-10)
activate B cells and stimulate antibody development. The Th1
cytokine IL-2 has been shown to suppress Th2 cytokine devel-
opment, whereas IL-10, a Th2 cytokine, has been shown to
suppress Thl development. We have previously reported that
HSV inhibits TCR-stimulated synthesis of Thl cytokines (61).
A Thl environment favors recognition and removal of virus-
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infected cells, and HSV may gain a growth advantage by in-
hibiting TCR-stimulated Th1 cytokines. As a possible mecha-
nism to explain inhibition of Thl cytokine synthesis, we have
reported that HSV inhibits TCR-stimulated phosphorylation
of LAT at C-terminal tyrosine residues (60). Interestingly,
mice homozygous for mutations in the equivalent C-terminal
tyrosine residues of LAT have altered T-cell development
characterized by reduced levels of Th1 cytokines and increased
levels of Th2 cytokines, such as IL-10 (1, 51). IL-10 is a par-
ticularly attractive candidate for pathogens to affect, as it can
dramatically inhibit the proinflammatory environment. For ex-
ample, IL-10-deficient mice develop chronic enterocolitis as a
result of excessive immune responses to intestinal bacterial
antigens (35).

In this report, we demonstrate that HSV inhibits formation
of the LAT signaling complex by inhibiting TCR-stimulated
binding of LAT to Grb2, GADS, and PLCyl. In addition, we
demonstrate that HSV selectively activates the p38 and JNK
pathways. The net result of LAT inhibition and p38 activation
is isolated IL-10 synthesis in HSV-infected T cells stimulated
through the TCR. As IL-10 has been shown to suppress the
T-cell response and favor viral replication (45), elucidation of
HSV-induced TCR signal remodeling may improve manage-
ment of HSV pathogenesis. In a broader sense, we believe that
this process represents a previously unreported form of patho-
gen-mediated immune modulation.

MATERIALS AND METHODS

Cells, virus, and infections. Peripheral blood mononuclear cells (PBMC) were
isolated from the whole blood of healthy adult volunteers or from Pall leukocyte
filters obtained from the Puget Sound Blood Center using Ficoll-Hypaque (Am-
ersham Pharmacia) density centrifugation. PBMC were incubated for 2 h at
37°C, and nonadherent cells were used for subsequent steps. Naive CD4™ T cells
were isolated from nonadherent PBMC using a magnetic-activated cell sorter
(MACS) CD4* T-cell isolation kit following the manufacturer’s instructions
(Miltenyi Biotec). The Jurkat immortalized T-cell clone E6-1, purchased from
the American Type Culture Collection, was maintained between 2 X 10° and
1 X 10° cellsyml in RPMI 1640 supplemented with 4 mM HEPES, 3 mM
L-glutamine, 10% fetal calf serum. Human fibroblasts, obtained from human
foreskin samples, were used from passage 5 to 12 and maintained in Dulbecco’s
modified Eagle’s medium, 10% fetal calf serum, 50 U/ml penicillin, and 50 mg/ml
streptomycin. Vero cells were obtained from ATCC and grown in the same
medium as fibroblasts. Cells were screened regularly for mycoplasma by the
Biologics Production Facility at the Fred Hutchinson Cancer Research Center.

The wild-type virus HSV-1 (strain F; obtained from J. A. Blaho) was propa-
gated and titers were determined on Vero cells as previously described (60).
Fibroblasts were split 24 to 48 h prior to HSV infection. At the time of infection,
fibroblasts were 100% confluent in individual six-well plates. All infections and
subsequent steps were done in the presence of 25 wM acyclovir. These conditions
prevent viral replication but permit transfer of HSV proteins between the HSV-
infected monolayers and the T cells (60).

In all of the experiments described in this paper, PBMC or T cells were
infected with HSV by coincubating them with mock-infected or HSV-infected
fibroblasts to permit efficient cell-to-cell transmission of virus. T cells were not
directly infected with HSV. Fibroblasts were first infected with HSV at a multi-
plicity of infection of 10 infectious viral particles per cell for 6 h. Fibroblasts were
then washed twice, and 1 to 2 million PBMC or T cells were added to each well
for 16 h. PBMC or T cells were then removed from the monolayers by gentle
aspiration and counted before continuing with TCR stimulation and subsequent
analysis for cytokine production or intracellular signaling events. In experiments
that investigated the effects of p38 inhibition on TCR-stimulated production of
IL-10, PBMC were preincubated with 10 uM SB203580 (Sigma) or dimethyl
sulfoxide (0.1%) as carrier control, and SB203580 was included throughout the
coincubation with HSV-infected fibroblasts and subsequent TCR stimulation.

Cytokine detection. PBMC or T cells were transferred from mock-infected or
HSV-infected fibroblast monolayers to control wells or wells coated with 10
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pg/ml immobilized anti-CD3 antibody (clone OKT3; University of Washington
Pharmacy). CD3 is a TCR-associated molecule required for TCR signal trans-
duction. We have determined that HSV affects TCR signaling whether we stim-
ulate with immobilized anti-CD3, cross-linked anti-CD3, or cross-linked anti-
CD3 plus costimulation with anti-CD28 (data not shown). PBMC or T cells were
incubated for 48 h, and the medium was removed. Cell-free supernatants were
submitted to the Cytokine Analysis Shared Resources Laboratory at the Fred
Hutchinson Cancer Research Center, and an enzyme-linked immunosorbent
assay (ELISA) was used to determine cytokine concentrations in triplicate wells.

LAT immunoprecipitation and Western blotting. Jurkat T cells were removed
from mock-infected or HSV-infected fibroblasts, washed in serum-free medium,
and rested at 37°C for 1 h. Cells were stimulated through the TCR with anti-CD3
antibody at 10 pg/ml for 2 min at 37°C. Cells were then washed in ice-cold buffer
containing protease and phosphatase inhibitors (50 mM Tris-HCI pH 7.4, 150
mM NaCl, 1 mM EGTA, 1 mM NaF, 1 mM Na;VO,, 1 mM phenylmethylsul-
fonide, 1 wg/ml N-tosyl-L-phenylalanine chloromethyl ketone, and 1 wg/ml N-
tosyl-lysine chloromethyl ketone), pelleted, and resuspended in lysis buffer (same
buffer plus 1% Brij-97 detergent o. Lysates were incubated for 1 h with rotation
at 4°C and pelleted at 10,000 X g for 5 min at 4°C. Lysate supernatants (250 pg
each) were immunoprecipitated with the following antibodies: 5 pg anti-GADS
(Upstate), 10 pg anti-Grb2 (Santa Cruz), and 2 pg anti-PLCvy1 (Cell Signaling).
Lysates were incubated for 1 h on ice, and 50 pl of protein G-coupled magnetic
MicroBeads (Miltenyi) was added, following the manufacturer’s protocol. Ly-
sates were run through pMACS columns, washed with lysis buffer, and eluted
with 1.3X sodium dodecyl sulfate loading buffer (Invitrogen) preheated to 95°C.
Samples were boiled for 5 min, loaded on 4 to 12% bis-Tris-sodium dodecyl
sulfate-polyacrylamide gels (Invitrogen), transferred to nitrocellulose mem-
branes, and blocked with phosphate-buffered saline (PBS)-5% milk. Membranes
were probed with anti-phosphotyrosine (clone 4G10; Upstate Biotechnology),
anti-phospho-LAT (no. 3581; Cell Signaling Technology), anti-LAT (clone 2E9;
Upstate), or with the immunoprecipitation antibodies described above for 16 h
at 4°C in PBS-5% milk. Horseradish peroxidase-conjugated secondary antibody
(Cell Signaling) was added for 1 h at 25°C. Signals were developed with Super-
Signal chemiluminescent substrate (Pierce) and detected using autoradiographic
film.

MAPK and transcription factor phosphorylation analysis by flow cytometry.
Jurkat T cells were removed from mock-infected or HSV-infected fibroblasts and
incubated on ice for 10 min. Cells were incubated with anti-CD3 antibody (clone
OKT3) and anti-CD28 antibody (clone L293; BD Biosciences) at 10 ug/ml and
cross-linked with goat anti-mouse antibody (Jackson Immunoresearch) at 17
pg/ml for 15 min on ice. Cells were TCR stimulated by incubating at 37°C for 10
min to detect phosphorylation of p38, INK, ERK, ATF-2, and NF-«B or for 20
min to detect phosphorylation of c-Jun, STAT1, and STAT3. Cells were fixed by
adding fresh 2% methanol-free formaldehyde (Polysciences, Inc.) and incubation
for 10 min at 37°C. Cells were permeabilized with drop-wise addition of ice-cold
methanol while vortexing and incubated for 20 min on ice. Cells were washed
twice in 0.8% bovine serum albumin in PBS by centrifugation at 400 X g for 4
min. Rabbit antibodies against the phospho-specific forms of p38 (catalog no.
9215; 1:25 dilution), JNK (no. 9251; 1:25), ERK (no. 9101; 1:50), ATF-2 (no.
5112; 1:50), c-Jun (no. 9261; 1:100), NF-kB (no. 3033; 1:50), STATI-Tyr
(no. 9167; 1:100), STAT1-Ser (no. 9177; 1:50), and STAT3 (no. 9145; 1:25) (all
from Cell Signaling Technology) were added for 30 min at 25°C. Cells were
washed, and donkey anti-rabbit, allophycocyanin-conjugated secondary antibody
(no. 711-136-152; Jackson Immunoresearch) was added at a dilution of 1:50 for
30 min at 25°C. Cells were washed, resuspended in wash buffer, and analyzed on
a FACSCalibur flow cytometer (BD Biosciences).

RESULTS

HSV-infected T cells stimulated through the TCR selectively
synthesize IL-10. HSV has been shown to infect primary T cells
and immortalized Jurkat cells, a human T-cell line that is
frequently used to study TCR signal transduction (4, 21). We
have reported that entry of HSV into T cells, either by direct
infection or by contact with HSV-infected cell monolayers,
reduced LAT phosphorylation and inhibited Th1 cytokine syn-
thesis (60, 61). To examine how HSV affected T-cell-derived
Th2 cytokine production, human PBMC or CD4-enriched T
cells from PBMC were incubated with mock-infected or HSV-
1-infected human fibroblasts to allow sufficient cell-to-cell viral



12506 SLOAN AND JEROME J. VIROL.

Mean Median transmission. As described previously, we confirmed that T
s cells were infected with HSV after coincubating them with
TNFa i HSV-infected fibroblasts by using a viral construct that ex-
presses green fluorescent protein (60). Mock-infected T cells
and HSV-infected T cells were removed and either left un-
treated or specifically stimulated through the TCR for an ad-
ditional 48 h, the time of maximal cytokine secretion. Cell
supernatants were then analyzed for the following secreted
cytokines: TNF-a and IL-2 (Thl), granulocyte-macrophage
colony-stimulating factor (GM-CSF; Th1/Th2), and the Th2
cytokines IL-4, IL-5, IL-6, and IL-10. We have previously re-
ported that HSV inhibits TCR-stimulated synthesis of the Th1
cytokine IFN-y (61). As a control to confirm that the cytokines
detected were not derived from the HSV-infected fibroblasts,
we detected background levels of each cytokine when PBMC
or T cells were not added (data not shown).

Prior to TCR stimulation, the coincubation of PBMC with
HSV-infected fibroblasts did not significantly affect synthesis of
any of the cytokines tested. In mock-infected PBMC stimu-
lated through the TCR, there was a statistically significant
increase in TNF-a, GM-CSF, IL-4, IL-5, and IL-10 (Fig. 1),
first versus third bars) (P < 0.05, Student’s ¢ test). Compared to

mock-infected PBMC stimulated through the TCR, HSV-in-
fected PBMC stimulated through the TCR had a significant
reduction in synthesis of TNF-a, GM-CSF, IL-4, IL-5, and IL-6
(Fig. 1, third versus fourth bars) (P < 0.05). In contrast, HSV
did not inhibit TCR-stimulated synthesis of IL-10. As with the
other cytokines tested, HSV infection alone did not stimulate
] IL-10 synthesis. To further assess the effects of HSV on TCR-

:
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stimulated cytokine synthesis and confirm the results seen with
IL-10, we isolated T cells from PBMC using CD4-coupled
magnetic beads. Infection of CD4" T cells with HSV signifi-
cantly inhibited TCR-stimulated synthesis of IL-2, a Th1 cyto-
kine. However, infection of CD4" T cells with HSV did not
inhibit TCR-stimulated synthesis of IL-10 (Fig. 2). These find-
ings suggest that HSV infection of resting human primary T
cells results in the selective TCR-stimulated synthesis of IL-10.

HSYV inhibits LAT-mediated TCR signal transduction in T
cells. Our previous findings demonstrated that HSV infection
of T cells reduced phosphorylation of LAT at tyrosine residues
involved in TCR signal transduction without affecting the total
levels of LAT (60). However, the reduced phosphorylation
pattern of LAT was incomplete, and it was not known how
downstream binding events were affected. In an effort to un-
derstand how HSV facilitates selective synthesis of IL-10, we
examined how HSV affected binding of LAT to Grb2, GADS,

Concentration {pg/mil)

Concentration (pg/ml)

FIG. 1. HSV-infected human PBMC selectively synthesize IL-10 in
response to TCR stimulation. Human PBMC were incubated with
mock-infected or HSV-infected human fibroblasts, as described in
Materials and Methods. PBMC were removed by aspiration and trans-
ferred to plates that were untreated or coated with immobilized anti-
CD3 antibody to specifically stimulate T cells through the TCR. Forty-
eight hours later, supernatant was analyzed for cytokine production in
triplicate using an ELISA format. The results from five separate ex-
periments for TNF-a, GM-CSF, 1L-4, IL-5, and IL-6 and from eight
separate experiments for IL-10 are depicted as mean cytokine levels

HSV. -+ -+ -+ - * (left column) and median cytokine levels (right column). *, P < 0.05,
TCR &tm - - + + = um e ok Student’s ¢ test.

Concentration (pg/mi)
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FIG. 2. HSV-infected human T cells selectively synthesize IL-10 in
response to TCR stimulation. CD4™ T cells were isolated from human
PBMC using CD4-coupled magnetic beads. T cells were incubated
with mock-infected or HSV-infected fibroblasts as described in Mate-
rials and Methods, removed, and stimulated through the TCR. Se-
creted IL-2 and IL-10 were measured using an ELISA. The results
from four separate experiments for IL-2 and IL-10 are depicted as
mean cytokine levels (left column) and median cytokine levels (right
column). *, P < 0.05, Student’s ¢ test.

and PLCy1 2 min after TCR stimulation, as maximal binding
of LAT to Grb2, GADS, and PLCy1 in mock-infected T cells
was observed 2 min after TCR stimulation. In lysates from
mock-infected T cells stimulated through the TCR and immu-
noprecipitated with LAT, we were able to detect PLCyl but
not Grb2 or GADS (data not shown). Therefore, we immuno-
precipitated lysates with Grb2, GADS, and PLCy1. Using this
approach, we detected equivalent amounts of Grb2, GADS,
and PLCy1 in lysates from mock-infected and HSV-infected
Jurkat T cells (Fig. 3A to C, bottom panels, respectively).
Immunoprecipitated lysates were probed for LAT using an
anti-phospho-tyrosine antibody (P-Tyr) or with an antibody
that recognizes LAT phosphorylated at tyrosine residue 191
(P-LAT). While P-LAT was used to confirm the correct size of
the doublet recognized by P-Tyr, P-Tyr is a superior detection
reagent, as it can recognize LAT phosphorylated at all four
C-terminal tyrosine residues. The characteristic 36- and 38-
kDa LAT doublet present in mock-infected cells stimulated
through the TCR (column 3) was absent in immunoprecipi-
tated lysates from HSV-infected T cells (Fig. 3A to C, column
5). A higher-molecular-weight band was observed in HSV ly-
sates immunoprecipitated with Grb2 and PLCy1. For this rea-
son, we performed a further probe with total LAT antibody,
which confirmed that this band did not represent a hyperphos-
phorylated form of LAT (Fig. 3A and C). These results suggest
that an HSV-induced reduction in LAT phosphorylation is
sufficient to disrupt LAT-dependent TCR signal transduction
by inhibiting TCR-stimulated binding of LAT to Grb2, GADS,
and PLCvyl.
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FIG. 3. HSV inhibits binding of LAT to Grb2, GADS, and PLCy1
in TCR-stimulated T cells. Jurkat T cells were incubated with mock-
infected fibroblasts or HSV-infected fibroblasts. T cells were removed
and either unstimulated or TCR stimulated. T-cell lysates were immu-
noprecipitated (IP) with antibodies against Grb2 (A), GADS (B), and
PLCy1 (C), run on 4 to 12% acrylamide denaturing gels with molec-
ular mass standards (M), transferred to nitrocellulose, and blotted
(WB) with antibodies against phospho-tyrosine (P-Tyr), phospho-LAT
(P-LAT), or total LAT (LAT). Equivalent levels of protein from each
immunoprecipitation were confirmed by blotting with Grb2, GADS,
and PLCy1 antibodies. The results are representative of three exper-
iments each.

HSYV induces phosphorylation of p38 and JNK in T cells.
Maximal activation of p38, INK, and ERK by TCR stimulation
involves phosphorylated LAT binding to Grb2 and GADS. An
alternative pathway exists whereby TCR-activated ZAP-70 can
directly activate the p38 pathway in a LAT-independent man-
ner (57). We have reported that TCR-stimulated phosphory-
lation of ZAP-70 is not inhibited by HSV (60). We were there-
fore interested in investigating how HSV affects the p38
pathway in unstimulated and TCR-stimulated T cells. For
these studies, we used antibodies against the phospho-specific
forms of each MAPK to determine how HSV infection of
Jurkat T cells affected MAPK activation at 10 min after TCR
stimulation, the time of maximal phosphorylation in mock-
infected T cells. As an initial control, we determined that
compared to mock infection, HSV infection did not alter the
total protein levels of each MAPK (data not shown). Com-
pared to mock-infected T cells, HSV-infected T cells had in-
creased phosphorylation levels of p38 and JNK but not ERK
prior to TCR stimulation (Fig. 4). HSV inhibited TCR-stimu-
lated phosphorylation of p38, JNK, and ERK, but only inhibi-
tion of ERK phosphorylation reached statistical significance
(P < 0.05) (Fig. 4). To examine whether the phosphorylation
of p38 and JNK that occurred in HSV-infected T cells was
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FIG. 4. HSV differentially affects MAPK activation in T cells. Jurkat T cells were incubated with mock- or HSV-infected fibroblasts and
removed. T cells were TCR stimulated, fixed, and permeabilized. T cells were stained with phospho-specific antibodies against the MAPKs p38,
JNK, and ERK. The histogram plots depicted are representative of three independent flow cytometry experiments each. Plots of the mean
fluorescence intensities from these experiments are depicted in the bar graphs on the right. *, P < 0.05, Student’s ¢ test.

sufficient to activate these pathways, we subsequently analyzed
how HSV affected the phosphorylation of downstream tran-
scription factors.

HSYV induces phosphorylation of ATF-2 and c-Jun in T cells.
Activation of the JNK pathway has been shown to be primarily
responsible for activation of the transcription factor c-Jun (9).
Although activation of p38 and JNK can both activate ATF-2,
p38 activation is primarily responsible for ATF-2 activation in
T cells (19, 73). Prior to TCR stimulation, there was increased
phosphorylation of ATF-2 and c-Jun in HSV-infected T cells
relative to mock-infected T cells (Fig. 5). Following TCR stim-
ulation for 10 min (ATF-2) or 20 min (c-Jun), the phosphory-
lation levels of ATF-2 and c-Jun were roughly equivalent in
HSV-infected and mock-infected T cells. Unlike ATF-2 and
c-Jun activation, activation of the transcription factor NF-kB is
not dependent on activation of p38 or JNK. TCR-stimulated
NF-kB activation involves IKK-induced degradation of the
inhibitory protein IkB, a complex process that includes LAT-
dependent activation of protein kinase C and calmodulin-de-
pendent kinase (8, 23). In contrast to ATF-2 and c-Jun, HSV
had no effect on phosphorylation of NF-kB in unstimulated T
cells. Furthermore, HSV significantly inhibited TCR-stimu-
lated phosphorylation of NF-kB (Fig. 5) (P < 0.05), most likely

due to inhibition of LAT-mediated signal transduction. Taken
together, these findings suggest that the phosphorylation of
p38 and JNK by HSV is sufficient to activate ATF-2 and c-Jun,
transcription factors that have both been implicated in IL-10
synthesis in T cells (37, 69).

TCR stimulation induces phosphorylation of STAT3 in
HSV-infected T cells. Although HSV activated ATF-2 and
c-Jun in T cells, selective IL-10 synthesis required TCR stim-
ulation. TCR stimulation in HSV-infected T cells did not sub-
stantially enhance ATF-2 or c-Jun phosphorylation, suggesting
that activation of additional transcription factors might be in-
volved. Signal transducer and activator of transcription 3
(STAT3) is activated by TCR stimulation (16), and activated
STATS3 has been implicated in IL-10 synthesis in T cells (30).
We were therefore interested in determining how HSV af-
fected STAT3 phosphorylation. STAT3 and STAT1 are both
activated by IL-10 (70), and activated STAT1 has been shown
to repress IL-10 expression (67). Furthermore, p38 activation
has been reported to increase STAT1 serine phosphorylation
(33). For these reasons, we also examined STAT1 phosphory-
lation.

While HSV infection of T cells moderately induced STAT1
phosphorylation at serine residue 727 and tyrosine residue 705,
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FIG. 5. HSV induces ATF-2 and c-Jun activation in T cells. Jurkat T cells were incubated with mock- or HSV-infected fibroblasts and removed.
T cells were TCR stimulated, fixed, and permeabilized. T cells were stained with phospho-specific antibodies against the transcription factors
ATF-2, c-Jun, and NF-«B. The histogram plots depicted are representative of three independent flow cytometry experiments each. Plots of the
mean fluorescence intensities from these experiments are depicted in the bar graphs on the right. *, P < 0.05, Student’s ¢ test.

there was less HSV-induced phosphorylation of STAT3 (Fig.
6). At 20 min after TCR stimulation, HSV did not significantly
inhibit phosphorylation of STAT1 or STAT3. When compar-
ing phosphorylation levels between unstimulated and TCR-
stimulated HSV-infected T cells, only STAT3 showed a statis-
tically significant increase (P < 0.05) (Fig. 6). Taken together,
these results suggest that STAT3 activation may play a role in
the selective synthesis of IL-10 in HSV-infected T cells stimu-
lated through the TCR.

Activation of the p38 pathway is required for TCR-stimu-
lated IL-10 synthesis in HSV-infected T cells. The p38 pathway
has been implicated in the production of multiple Th2 cyto-
kines, including IL-10 (32). However, it has not been reported
whether TCR-stimulated IL-10 synthesis requires p38 activa-
tion in the context of viral infection. In HSV-infected T cells,
we observe activation of p38 and activation of transcription
factors downstream of p38. We were therefore interested in
determining how inhibition of p38 activity affected TCR-stim-
ulated IL-10 synthesis. In these experiments, PBMC were un-
treated or treated with a specific inhibitor of p38 kinase prior
to HSV infection. As seen previously, HSV significantly inhib-
ited TCR-stimulated synthesis of TNF-a but not IL-10 (Fig. 7).

In the presence of the p38 inhibitor SB203580, there was sig-
nificant inhibition of TCR-stimulated IL-10 synthesis but not
TNF-a synthesis in both mock- and HSV-infected cells (Fig. 7)
(P < 0.05). These results suggest that HSV-infected T cells
require p38 activity to selectively synthesize IL-10 in response
to TCR stimulation.

DISCUSSION

The ability of IL-10 to potently suppress the cellular immune
response and increase host susceptibility has made it a strategic
target for intracellular human pathogens. The immunosup-
pressive ability of IL-10 was recently demonstrated in mice
infected with cytomegalovirus (CMV), where IL-10 receptor
blockade resulted in reduced viral load in the salivary glands
(24). Increased IL-10 synthesis is thought to play an important
role in persistent infections caused by viruses, bacteria, and
parasites. Pathogens have been shown to induce IL-10 synthe-
sis as well as encode their own IL-10 homologues (42). For
example, the Herpesviridae family members CMV and Epstein-
Barr virus (EBV) each encode functional viral homologues of
IL-10 (56, 63). HSV does not encode an IL-10 homologue, nor
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%, P < 0.05, Student’s ¢ test.

does it directly induce significant levels of IL-10 in T cells.
Instead, in an elegant example of convergent evolution, HSV
has developed an alternative strategy. By differentially target-
ing intracellular signaling pathways, HSV transforms an acti-
vating stimulus into the isolated synthesis of an immunosup-
pressive cytokine that favors viral replication. Whereas other
pathogens have been reported to directly induce cellular cyto-
kines or encode cytokine homologues, the strategy employed
by HSV represents a novel and sophisticated mechanism of
immune modulation that involves an altered intracellular re-
sponse to an extracellular stimulus.

To achieve selective TCR-stimulated IL-10 synthesis, HSV
markedly remodels intracellular signal pathways in T cells by
simultaneously inhibiting signaling through LAT and inducing
signaling through p38 and JNK. Our evidence suggests that
IL-10 synthesis requires p38 activity in HSV-infected T cells, a
finding that is consistent with reports in uninfected T cells (11,
32). Although it is unclear how HSV activates p38 and JNK in
T cells, our previous reported findings suggest that HSV does
not directly activate ZAP-70 (60). HSV may induce activation
of Racl and/or MEKK, as these upstream kinases are both
required for p38 and JNK activation (27). The HSV genes

UL48 and UL54 are required and sufficient to activate the p38
and JNK pathways in nonhuman fibroblasts (22, 71). In human
T cells, UL48 and UL54, as well as Us3 or UL13 (HSV-encoded
kinases), may be involved in p38 and JNK activation. Activa-
tion of the MAPKSs is not specific to HSV. For example, other
herpesviruses have been shown to phosphorylate p38 and JNK
(EBV) or phosphorylate p38 and ERK (CMV) (22). However,
inhibition of TCR signaling appears to be specific to HSV, as
other herpesviruses (e.g., cytomegalovirus and varicella-zoster
virus) do not affect TCR-stimulated effector functions (G.
Zahariadis and K. R. Jerome, unpublished data).

IL-10 gene expression is a complex process that involves
transcriptional and posttranscriptional regulation. In addition,
regulation of IL-10 expression varies depending on the stimu-
lus and the type of cell, i.e., T cells versus monocytes and
macrophages (45). Although a comprehensive analysis of the
transcription factors required for IL-10 expression in T cells is
beyond the scope of this report, our results demonstrate that
infection of T cells with HSV activates the p38 pathway. Fur-
thermore, we demonstrate that p38 activation is required for
IL-10 synthesis in HSV-infected T cells stimulated through the
TCR. ATF-2 and c-Jun, transcription factors downstream of
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FIG. 7. TCR-stimulated cytokine synthesis of IL-10 requires p38 in
HSV-infected T cells. Fibroblast monolayers were infected with HSV
as before. Human PBMC were preincubated with 10 wM SB203580, a
p38-specific inhibitor, or with the control carrier. PBMC were added to
fibroblasts, and SB203580 was maintained throughout the assay. Su-
pernatants were removed, and TNF-a and IL-10 were detected using
an ELISA. Data represent the mean cytokine levels from four inde-
pendent experiments. *, P < (.05, Student’s ¢ test.

p38, have been implicated in IL-10 expression in T cells (37,
69). Furthermore, ATF-2 activation has been associated with
increased IL-10 synthesis in the context of parasitic infection
(6). Although HSV appears to maximally activate ATF-2 and
c-Jun, IL-10 synthesis is only induced after TCR stimulation in
HSV-infected T cells, suggesting that additional transcription
factors may be involved. In contrast to ATF-2 and c-Jun, HSV
infection alone does not activate STAT3. Furthermore, we
have demonstrated that HSV does not inhibit TCR-stimulated
phosphorylation of STAT3, suggesting that STAT3 may play a
role in the TCR-stimulated synthesis of IL-10 in HSV-infected
T cells. STAT3 activation has been associated with IL-10 syn-
thesis in T cells (29, 30). STAT3 is phosphorylated by TCR
stimulation on serine and tyrosine residues (16, 49). We fo-
cused on STAT3 tyrosine phosphorylation, as STAT3 serine
phosphorylation requires ERK activation, which HSV inhibits
in T cells. It is quite possible that additional transcription
factors implicated in IL-10 expression, e.g., AP-1 (34) and Spl
(65), may also play a role in the selective synthesis of IL-10 in
HSV-infected T cells stimulated through the TCR.

We previously reported that a tyrosine phosphatase inhibitor
restored TCR-stimulated calcium flux in HSV-infected T cells,
suggesting that HSV-induced tyrosine phosphatase activity
may contribute to reduced LAT phosphorylation (60). The
ability of HSV to inhibit TCR-stimulated formation of the
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LAT signaling complex sheds new light on results seen in vivo
in mutant LAT knock-in models. Mice homozygous for a mu-
tation in a LAT C-terminal tyrosine residue have impaired
T-cell development. These mice accumulated T cells that
chronically secreted significant amounts of IL-4 and IL-10, and
they eventually developed disease states related to an elevated
Th2 environment (e.g., eosinophilia and immunoglobulinemia)
(1). In similar experiments involving point mutations in three
out of the four C-terminal LAT tyrosine residues, there was a
block in T-cell maturation, and T cells accumulated in the
spleens and lymph nodes of experimental mice. In this model,
there were also large amounts of Th2 cytokines chronically
produced (51). Infection of T cells with HSV effectively inhib-
its LAT-dependent TCR signaling, and the isolated IL-10 phe-
notype that results is reminiscent of the phenotype observed in
the aforementioned LAT mutant mouse models. In LAT-de-
ficient Jurkat T cells, an alternative pathway for TCR-stimu-
lated activation of p38 by ZAP-70 has been reported (57). HSV
does not inhibit TCR-stimulated ZAP-70 phosphorylation
(60), and TCR-simulated p38 activation in HSV-infected T
cells may involve ZAP-70 activation.

We contend that HSV induces dual and enzymatically op-
posed kinase and phosphatase activities in T cells to skew TCR
stimulation toward selective IL-10 production. Intracellular
signal remodeling likely requires an HSV protein(s) that can
induce phosphatase activity to inhibit LAT and an additional
HSV protein(s) that can induce kinase activity to facilitate p38-
and JNK-mediated signaling. This added level of complexity
could enhance regulation by limiting IL-10 production to sites
of viral reactivation, such as the herpetic ulcer, an anatomic
site where T cells may become infected and activated. A study
of herpetic ulcers in vivo demonstrated increased levels of
IL-10 as well as increased beta chemokines IL-1, IL-6, and
IL-12 (44). In in vivo mouse models, the role of IL-10 in HSV
infection appears to vary depending on the site of inoculation
as well as the site of persistent infection studied. For example,
significant levels of IFN-y, IL-2, IL-6, and IL-10 proteins were
detected in the trigeminal ganglion of ocular-inoculated mice
(20), whereas T cells isolated from the cornea of ocular-inoc-
ulated mice with active herpetic stromal keratitis could be
stimulated to synthesize IFN-y and IL-2 but not IL-10 (50). In
another model of herpetic stromal keratitis, mice pretreated
with IL-10 prior to HSV ocular inoculation had significantly
reduced corneal inflammation and the incidence of blindness
was reduced by 60% (66). In contrast, a mouse model of
herpetic encephalomyelitis has implicated HSV-induced in-
creased Th2 cytokine synthesis, including IL-10, with increased
disease severity (48).

Although the origin of IL-10 in HSV infection has not been
determined, in vitro studies of HSV-infected cells have dem-
onstrated that epithelial cells and antigen-presenting cells may
be an important source of HSV-induced cytokines. One study
demonstrated that immortalized mouse keratinocytes infected
with HSV had increased levels of IL-10 mRNA (72). However,
these investigators did not analyze IL-10 protein levels, and
mRNA and protein levels do not always correlate with one
another. For example, a study of HSV-infected dendritic cells
(DC) reported increased IL-10 mRNA that did not translate
into increased IL-10 protein secretion (17). Infection of human
PBMC and DC with HSV induced IL-6 synthesis (17, 52, 53),
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and infection of human corneal epithelial cells with HSV in-
duced IFN-a, IL-6, IL-8, and TNF-a synthesis (36). In this
latter study, there was increased activation of p38, JNK, and
NF-kB. NF-kB activation has also been implicated in IL-12
induced in HSV-infected macrophages (40) and in TNF-« in-
duced in HSV-infected DC (43). In HSV-infected T cells, we
have demonstrated a distinct pattern characterized by p38 and
JNK activation and NF-kB inhibition. HSV-induced NF-xkB
inhibition may play a role in inhibition of Thl cytokine syn-
thesis, as NF-«kB activation has been associated with increased
Th1 cytokine synthesis (10). While epithelial cells and antigen-
presenting cells may be a source of IL-10 in HSV infection,
ours is the first report demonstrating that HSV-infected T cells
may be an additional, important source of IL-10 produced
during HSV infection.

A fascinating feature of the natural history of HSV infection
and reactivation is that significant levels of virus can be shed in
the absence of noticeable herpetic ulcers. In fact, asymptom-
atic shedding is believed to be the most common cause of
horizontal and vertical HSV transmission in immunocompe-
tent individuals (31). While this is clinically relevant, it may
also indicate the potential for pervasive modulation of immune
function by HSV. Like HSV, additional members of the Her-
pesviridae family (e.g., CMV, EBV, varicella-zoster virus, and
human herpesvirus 6 [HHV-6]) are characterized by their abil-
ity to establish latent infection and reactivate despite eliciting
innate and adaptive immune responses. The herpesviruses
have large genomes, encoding 70 to 80 open reading frames.
However, only a fraction of these genes are required for viral
replication in vitro, suggesting that a substantial number of
herpesvirus proteins may have immune modulation function.
While the herpesviruses share many features, they have each
evolved distinct mechanisms to cope with immune surveillance.
This is particularly evident in studies that report differential
induction and inhibition of cytokine synthesis between the
different herpesvirus members. For example, one study re-
ported that infection of PBMC with EBV induced IL-6 and
inhibited TNF-«, whereas HSV had a minimal effect on either
cytokine, and HHV-6 inhibited IL-6 and induced TNF-a (18).
In other studies, infection of macrophages with HHV-6 inhib-
ited IFN-y-induced IL-12 synthesis but not TNF-a (62), and
infection of monocytes with varicella-zoster virus induced se-
lective IL-6 synthesis, a process that required activation of
NF-«B (68).

By inhibiting LAT-mediated signaling while activating the
p38 pathway, HSV inhibits antiviral Thl cytokines and
skews the TCR-stimulated T-cell response toward a Th2
environment dominated by IL-10. The selective synthesis of
IL-10 that results from the remodeling of TCR signaling by
HSV may facilitate viral latency and reactivation, and iden-
tification of the mechanisms involved in the remodeling of
TCR signaling by HSV may improve the management of
HSV disease. Other potential benefits of studying mecha-
nisms to remodel TCR signaling include the specific and
selective targeting of proinflammatory T-cell function that
has been implicated in a variety of human disease states,
such as cancer, transplant rejection, and autoimmunity (2, 5,
58).

J. VIROL.
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