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The virological synapse (VS) is a specialized molecular structure that facilitates the transfer of certain
lymphotropic viruses into uninfected T cells. However, the role of the VS in the transfer of nonlympho-
tropic viruses into T cells is unknown. Herpes simplex virus (HSV) has been shown in vitro to infect T cells
and modulate T-cell receptor function, thereby suppressing T-cell antiviral function. However, whether
such infection of T cells occurs in vivo is unknown. Here, we examined whether T-cell infection could be
observed in human HSV disease and investigated the mechanism of HSV entry into T cells. We found that
HSV-infected T cells were readily detectable during human disease, suggesting that infection and modu-
lation of T-cell function plays a role in human immunopathology. HSV infection of both CD4* and CD8*
T cells occurred much more efficiently via direct cell-to-cell spread from infected fibroblasts than by
cell-free virus. Activation of T cells increased their permissivity to HSV infection. Cell-to-cell spread to T
cells did not require HSV glycoproteins E and I (gE and gI), which are critical for cell-to-cell spread
between epithelial cells. Transfer of HSV to T cells required gD, and the four known entry receptors
appear to be contributing to viral entry, with a dominant role for the herpesvirus entry mediator and
nectin-1. VS-like structures enriched in activated lymphocyte function-associated antigen 1 (LFA-1) were
observed at the point of contact between HSV-infected fibroblasts and T cells. Consistent with spread
occurring via the VS, transfer of HSV was increased by activation of LFA-1, and cell-to-cell spread could
be inhibited by antibodies to LFA-1 or gD. Taken together, these results constitute the first demonstration
of VS-dependent cell-to-cell spread for a predominantly nonlymphotropic virus. Furthermore, they sup-
port an important role for infection and immunomodulation of T cells in clinical human disease. Targeting
of the VS might allow selective immunopotentiation during infections with HSV or other nonlymphotropic

viruses.

The virological synapse (VS) is a specialized molecular
structure that facilitates the transfer of certain lymphotropic
viruses, such as human immunodeficiency virus (HIV) and
human T-cell leukemia virus type 1 (HTLV-1), into uninfected
T cells (22, 28, 38). Entry and infection of T cells by HIV or
HTLV-1 via the VS is far more efficient than infection by
cell-free virus, and thus this structure plays a critical role in the
pathogenesis of these viruses. The organization of the VS is in
many respects similar to the immunological synapse (IS), in
particular, to the immature IS. The VS is highly enriched in the
adhesion molecule lymphocyte function-associated antigen 1
(LFA-1) and its ligands intercellular adhesion molecule 1
(ICAM-1) and ICAM-3 (29); however, it does not possess the
CD3-enriched central region associated with the mature IS
(28, 47). While the VS is critical to the pathogenesis of HIV
and HTLV-1, it remains an unanswered question whether the
VS is also involved in T-cell infection by other viruses, espe-
cially those not typically considered lymphotropic.

Herpes simplex virus (HSV) is a remarkably successful hu-
man pathogen that establishes lifelong latency in neurons of
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the dorsal root ganglia. HSV can efficiently reactivate from the
latent state and transmit to new hosts despite the presence of
preformed immunity. HSV is thought to achieve this feat by
employing a number of sophisticated immune evasion mecha-
nisms (33), many of which are directed at the cellular arm of
the immune response. In one such potential mechanism, HSV
has evolved the ability to enter and infect T cells. Although T
cells do not support efficient viral replication (25), infection by
HSV profoundly modulates T-cell receptor (TCR) signaling,
which prevents T-cell cytotoxic function (55) and alters cyto-
kine production profiles toward an interleukin-10-dominated
immunosuppressive phenotype (54). However, it is unknown
whether and to what extent HSV infection of T cells occurs
during human HSV disease. Furthermore, the dominant mech-
anisms by which HSV might gain access to lesion-infiltrating T
cells have not been elucidated.

Here, we evaluated T-cell infection during human HSV in-
fections, the mechanisms by which HSV enters T cells, the
relative involvement of cell-cell spread versus cell-free virus in
T-cell infection, and the role of the VS in the infection of T
cells by HSV. The demonstration of infection of T cells in
human HSV disease and of a dominant role for the VS in entry
of HSV into T cells suggests that the VS is important in the
pathogenesis of nonlymphotropic as well as lymphotropic vi-
ruses. Thus, the VS may be a unique pharmacologic target to
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allow improved immune control of a wide variety of viral in-
fections.

MATERIALS AND METHODS

Cells and viruses. Vero cells, maintained in 10% fetal bovine serum (FBS) in
Dulbecco’s modified Eagle’s medium (10% FBS-DMEM), and Jurkat T cells,
maintained at between 2 X 10° and 1 X 10° cells/ml in RPMI 1640 medium
supplemented with 4 mM HEPES, 5 mM L-glutamine, 5 mM sodium pyruvate,
and 10% FBS (10% FBS-RPMI medium), were obtained from ATCC. VD60
(35), VB38, and VL303, derived from Vero cells, are complementing cell lines
expressing the glycoprotein D (gD), gB, and gL, respectively. B78H1-A10 is a
mouse melanoma cell line expressing HSV entry mediator (HVEM) (39), and
42H9-9 (also designated H-gD-1) is an HEp-2-derived cell line expressing gD
from HSV-1(KOS) (27). The CD8" T-cell clone SKH13 was a kind gift of E. H.
Warren (5). Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-
Hypaque separation from blood obtained from healthy donors. Primary human
fibroblasts were maintained in 10% FBS-DMEM up to passage 14.

The following viruses have been used in this study. The HSV-1(F) wild-type
strain was obtained from J. Blaho, and the HSV-2(HG52) wild-type strain was
obtained from J. Vieira. FAGE-GFP and FAgI-GFP, recombinant viruses in
which green fluorescent protein (GFP) sequences coupled to the cytomegalovi-
rus promoter replace gE and gl coding sequences, respectively, were obtained
from D. Johnson (16). The HSV-1(KOS) mutants with a deletion of gB (K082),
originally obtained from N. A. DeLuca (University of Pittsburgh School of
Medicine, Pittsburgh, PA) (7); gL (gL.86), in which the Escherichia coli lacZ gene
with the cytomegalovirus promoter replaces part of the gL open reading frame
(40); and gC (AgC2-3) (21) have been previously described. The gD mutant virus
VRR1097, which has much of the gD coding sequences replaced by GFP se-
quences (50), was obtained from R. Roller. The gD mutant virus D30P (63),
A7-21 virus(64) (along with the parental virus FRT-gD; FRT is Flp recognition
target), and KOSRidl virus (12) (along with the parental viruses KOS and
KOStk12) have been described previously. D30P virus has a mutation in gD that
abolishes the interaction of gD with the known HSV entry receptors HVEM,
nectin-2, and 3-O-sulfated heparan sulfate but not with nectin-1. The mutant
forms of gD in the A7-21 and KOSRidl mutants are unable to interact with
HVEM but can still interact with nectin-1 and, to some extent, with nectin-2 and
3-O-sulfated heparan sulfate (63, 64). Viruses A3CY38C and Y38R, which have
mutant gD alleles flanked by FRT sites as previously described (59), were derived
from the parental virus KOStk12 and retain the wild-type ability to bind HVEM
but not nectin-1, nectin-2, or 3-O-sulfated heparan sulfate (M. Yoon and P.
Spear, unpublished observations). K26GFP is a mutant virus that carries the
GFP gene fused in frame with the UL35 open reading frame coding for the
capsid protein VP26. This recombinant virus produces a VP26-GFP fusion pro-
tein and was obtained from P. Desai (13). Except as indicated below, the viruses
were grown and titers were determined on Vero cells. For VRR1097, K082, and
gL86, VD60 (gD-expressing cells), VB38 (gB-expressing cells), and VL303 (gL-
expressing cells) cells, respectively, were used for preparation of viral stocks and
titering. The resulting virus stocks were named gD—/+, gB—/+, and gL—/+ to
designate viruses with a deletion of either the gD, gB, or gL coding sequence but
carrying gD, gB, or gL protein (expressed by the corresponding complementing
cells) incorporated in the virion. A3CY38C and Y38R viruses were grown and
titers were determined on B78HI-HVEM cells; KOSRid1 virus was grown on
42H9-9 cells, and titers were determined on Vero cells.

Antibodies. The polyclonal rabbit anti-gD (R8) (23) and anti-gHt-gL (R137; 1
mg/ml) (44) antibodies as well as the monoclonal antibodies (MAbs; 1 mg/ml)
anti-gD (HD1) (41, 45), DL11 (10, 41), DL6 (15, 23), 1D3 (18), anti-nectin-1
(CK41) (34), and anti-gB (SS10) (3) were kindly provided by G. H. Cohen and
R.J. Eisenberg. The rabbit polyclonal anti-HVEM was described previously (40).
Antibodies to T-cell markers CD3, CD4, CDS, and CD25, conjugated to either
fluorescein isothiocyanate (FITC), phycoerythrin, allophycocyanin, peridinin
chlorophyll protein, or peridinin chlorophyll protein-Cy5.5, were from Becton
Dickinson. Anti-CD3 labeled with energy-coupled dye was also used (Beckman
Coulter). Anti-HSV-2 rabbit polyclonal antibody was purchased from Dako
Cytomation, and rabbit immunoglobulin G (IgG) was from R&D Systems. Anti-
LFA-1 antibodies used were anti-CD18 (activation epitope; clone MEM-148) for
the immunofluorescence staining (AbD Serotec) and anti-CD11a (clone MEM-
25) for the blocking experiment and immunofluorescence staining (Invitrogen).
FITC- and allophycocyanin-conjugated donkey anti-rabbit and Cy3-conjugated
donkey anti-mouse were used as secondary antibodies (Jackson Immuno-
Research).

Specimen collection and processing. Collection of vesicle fluid and lesion
biopsies was approved by the University of Washington Institutional Review
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Board. Vesicle fluids were collected in 10% human serum-RPMI medium con-
taining acyclovir (50 pM) as described previously (32) and immunostained for
T-cell markers and HSV antigens, followed by flow cytometry analysis. One
quarter of a punch biopsy (3 mm) from lesions (labia majora or buttock) and
from normal contralateral skin was obtained. Single-cell suspensions were made
by mechanical dissociation and enzymatic digest as described by Radoja et al.
(49), followed by immunostaining for T-cell markers and HSV antigens and flow
cytometry analysis. Virus from each of the lesions was typed as HSV-2 by the
University of Washington Virology Laboratory.

T-cell infections. Infection of T cells with cell-free viruses was performed at a
multiplicity of infection (MOI) of 10 (or as otherwise indicated in the figure
legends) by addition of viruses to the cell-containing medium, followed by incu-
bation at 37°C overnight until further analysis. Infection of T cells through
cell-cell spread was done by infecting monolayers of primary human fibroblasts
at an MOI of 10 for 16 h or the indicated time at 37°C. The virus inoculum was
then removed from the cell monolayer, T-cell-containing medium was added,
and cells were incubated at 37°C overnight or the time indicated, until further
analysis.

Flow cytometry analysis. The staining for T-cell markers as well as HSV
antigens was done as follows. After infection, the cells were collected by centrif-
ugation, washed in 1% bovine serum albumin-containing phosphate-buffered
saline (1% BSA-PBS), and stained for T-cell markers and HSV antigens in 0.1%
Tween containing 1% BSA-PBS with the antibodies indicated in the figure
legends for 30 min at room temperature. At the end of the incubation period, the
cells were washed with 1% BSA-PBS, resuspended in 1% paraformaldehyde-
containing PBS, and stored at 4°C until analysis on a FACSCalibur flow cytom-
eter (Becton Dickinson). The data collected were analyzed using FlowJo soft-
ware.

T-cell activation. Activation was performed by incubating PBMC in 10%
FBS-RPMI medium supplemented with either Staphylococcus enterotoxin B
(SEB; 5 ug/ml; Sigma) or phytohemagglutinin ([PHA] 200 ng/ml; Sigma) for 2 to
5 days. Phorbol myristate acetate ((PMA] 50 ng/ml; Sigma) was also used for
T-cell activation.

Blocking/increase of HSV cell-cell spread from fibroblasts to T cells. PBMC
were washed with PBS, resuspended in HEPES buffer (20 mM HEPES buffer, 2
mg/ml glucose, and 140 mM NaCl, pH 7.4) alone or supplemented with 5 mM
MgCl,, 1 mM EGTA, 50 ng/ml PMA or 50 ng/ml PMA, and 1 mM CaCl, for 20
min; PBMC were added to infected fibroblasts for 1 h at 37°C, removed, washed
with citrate buffer (40 mM citric acid, 135 mM NaCl, 10 mM KCI, pH 3) and
PBS, and then further incubated at 37°C overnight in 10% FBS-RPMI medium
before being stained for flow cytometry analysis. Cell-cell spread inhibition using
anti-LFA-1, anti-HVEM, anti-nectin-1, and antibodies directed against HSV
glycoproteins were performed as follows. LFA-1, HVEM, and nectin-1 blocking
experiments were done using 2 X 10° T cells or PBMC that were preincubated
with or without either anti-LFA-1 blocking antibody (anti-CD11a), anti-HVEM,
or anti-nectin-1 (CK41) at the concentration indicated in the figure or legend for
20 min at 37°C and then added to HSV-1(F) fibroblasts infected at an MOI of 10
for 16 h. After a 2-h coincubation at 37°C, the PBMC were collected, washed
with citrate buffer and PBS, further incubated overnight at 37°C in 10% FBS-
RPMI medium, and stained for flow cytometry analysis. Blocking experiments
with antibodies directed against HSV glycoproteins were done by coincubating 2
%10° T cells or PBMC with HSV-1(F)-infected fibroblasts (MOI of 10 for 16 h)
that had been preincubated with the anti-HSV glycoprotein antibody added at
the indicated dilution 20 to 30 min prior to the coincubation period. After 2 h at
37°C, the T cells or PBMC were collected, washed with citrate buffer and PBS,
further incubated overnight at 37°C in 10% FBS-RPMI medium, and stained for
flow cytometry analysis. Blocking of cell-free virus infection was performed by
adding the indicated dilution of anti-gD or blocking anti-LFA-1 to 2 X 10° T cells
or PBMC for 20 to 30 min at 37°C; cell-free virus was added at the indicated MOI
for 2 h at 37°C, followed by washes with citrate buffer and PBS, with further
incubation overnight at 37°C in 10% FBS-RPMI medium and staining for flow
cytometry analysis.

Immunofluorescence. Monolayers of fibroblasts grown overnight at 37°C on
glass coverslips were infected with either HSV-1(F) or K26GFP at an MOI of 2
for 16 h at 37°C. After the culture medium was removed and cells were washed
with PBS, 1 X 10° to 2 X 10° PBMC stimulated with PHA (5 pg/ml) for 2 days
at 37°C were added to the HSV-infected fibroblasts. Flow cytometry analysis was
performed on stimulated cells and confirmed that greater than 90% of CD3" T
cells were positive for the CD25 activation marker (data not shown). After a 1-h
incubation at 37°C, the cells were fixed with 2% methanol-free formaldehyde
(Polysciences Inc.) for 20 min at room temperature, washed with PBS, incubated
overnight in blocking solution (10% donkey normal serum and 1% BSA-con-
taining PBS). Cells were stained at room temperature in blocking solution. For
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HSV-1(F) infection, the following combinations of antibodies were used: anti-gD
(1:1,000) and either anti-activated LFA-1 (CD18act; 1:1,000) or anti-total LFA-1
(CD11a; 1:1,000), followed by FITC-conjugated anti-rabbit, Cy3-conjugated anti-
mouse, and Hoechst 333422 (10 pg/ml). For K26GFP infection, the cells were
stained with anti-activated LFA-1 (CD18act; 1:1,000) or anti-total LFA-1
(CD11a; 1:1,000), followed by Cy3-conjugated anti-mouse and Hoechst 333422
(10 pg/ml). After PBS washes, the coverslips were mounted on slides in 0.1%
Mowiol (antifade agent; Sigma) and 2.5% 1,4-diazabicyclo[2,2,2]-octane (anti-
oxidant; Sigma) and sealed with clear nail polish. The slides were left at least
overnight at 4°C before being viewed using a DeltaVision microscope system
(Fred Hutchinson Cancer Research Center scientific imaging shared resources).
Stacks of optical sections were acquired at 0.2-pum spacing with an Olympus 60X<
oil immersion objective (1.4 numerical aperture), with an additional magnifica-
tion achieved through use of a 1.5X tube lens, on an Applied Precision Delta-
Vision RT microscope system (Applied Precision, Issaquah, WA). Stacks were
deconvolved using a constrained iterative algorithm with DeltaVision SoftWorx
software. The images presented in Fig. 6 are the projection of the high-fluores-
cence intensity signals from five optical sections.

RESULTS

HSV-infected T cells can be detected in human HSV lesions.
In vitro, HSV infection of T cells leads to profound changes in
TCR signaling and T-cell function, suggesting that HSV infec-
tion of T cells might be a critical determinant of HSV immune
evasion (53-55). To determine whether such a mechanism
might be operative in vivo, we obtained biopsies or lesion fluid
from volunteers with HSV lesions. HSV lesions are markedly
infiltrated by CD4" and CD8" T cells (11), and we were
readily able to isolate T cells from both the biopsies and the
vesicle fluid. Consistent with the idea that our in vitro obser-
vations are relevant to clinical human disease, we detected
HSV antigens in approximately 12% of T cells from the vesicle
fluid and 6 to 27% of T cells from the lesion biopsies (Fig. 1).

Infection of T cells by HSV is much more efficient via cell-
cell spread than by cell-free virus. We have previously shown
that the Jurkat T-cell line, a leukemic T-cell line, is readily
infected by HSV (25). On the other hand, primary T cells have
been reported to be only poorly susceptible to HSV infection
and/or permissive for HSV replication (62). Since we have
previously reported that HSV can induce signaling alterations
in primary T cells, we investigated the extent to which HSV
could infect these cells. In agreement with our previous results,
Jurkat T cells were efficiently infected with cell-free HSV (Fig.
2A). However, when either primary CD8" T cells (clone
SKH13) or PBMC were exposed to cell-free HSV, very few
cells became infected (Fig. 2B and C). We then asked whether
coincubation of T cells with infected fully permissive cells
might allow more efficient infection of T cells. Indeed, while
Jurkat T cells were easily infected with cell-free viruses (Fig.
2A), an even higher fraction of Jurkat T cells became infected
after exposure to HSV-infected human fibroblasts for the same
length of time (Fig. 2D). Even more strikingly, after coincu-
bation of primary T cells or PBMC with HSV-infected fibro-
blasts, a large fraction of T cells became infected with HSV
(Fig. 2E and F). In PBMC, CD4" and CD8" T cells were
infected by HSV with similar efficiencies (Fig. 2F, inset).
HSV-1 and HSV-2 both readily infected T cells from PBMC,
and both viruses infected CD4* and CD8" T cells with equal
efficiencies (Fig. 2F).

Activation of T cells is required for high permissivity to HSV
infection. It has previously been reported that T-cell permis-
siveness for HSV replication is increased in activated T cells
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FIG. 1. HSV is detectable in T cells from human herpes lesions.
(A) Vesicle fluid collected from a herpetic lesion was stained and
analyzed by flow cytometry for the presence of infected T cells using
MAbs to CD3, CD4, and CD8 and rabbit polyclonal anti-HSV-2.
Staining control was performed using rabbit Ig control instead of
anti-HSV-2. The box in each dot plot contains the T cells positive for
HSV antigens; numbers represent the percentage of T cells expressing
HSV antigen. (B) A biopsy of a herpetic lesion from a second patient
was stained with anti-CD3 and rabbit polyclonal anti-HSV-2 or rabbit
Ig control. (C) Biopsies of a herpetic lesion (lesion skin) or control
uninfected skin (normal skin) from a third patient were stained for the
presence of infected T cells using anti-CD3 and rabbit polyclonal
anti-HSV-2.

(4). To investigate the effect of T-cell activation on permissivity
to HSV via the cell-free virus and cell-to-cell spread methods
of infection, we activated T cells in PBMC using PHA or SEB.
The activation status of the T cells was confirmed by staining
for CD25 (Fig. 3A, inset) and CD38 (data not shown). Acti-
vation with either SEB or PHA increased the efficiency with
which T cells in PBMC could be infected with cell-free virus
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FIG. 2. HSV infection of human T cells occurs preferentially via cell-cell spread. The Jurkat T cell line (A and D), a CD8" T-cell clone (B and
E), or PBMC (C and F) were either infected with cell-free HSV-1(F) at an MOI of 10 at 37°C (A to C) or coincubated at 37°C with human
fibroblasts infected with HSV-1(F) or HSV-2(HG52) at an MOI of 10 for 5 h at 37°C (D to F). At 16 to 18 h postinfection or exposure, cells were
collected, stained for T-cell markers and HSV antigens, and analyzed by flow cytometry. The percentage of HSV-positive T cells (CD3* HSV
positive) is indicated below each window. For PBMC infected by coincubation with HSV-infected fibroblasts, the inset shows the percentage of
CD4" (upper left quadrant) and CD8" (lower right quadrant) cells among infected CD3™ T cells.
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FIG. 3. Activation of T cells increases the efficiency of HSV infec-
tion. (A) Jurkat T cells, PBMC, or PBMC activated for 4 days at 37°C
with either SEB (200 ng/ml) or PHA (5 pg/ml) were infected with
cell-free HSV-1(F) at an MOI of 10 for 16 to 18 h at 37°C, stained for
T-cell markers (CD3, CD4, and CD8) and HSV antigens, and analyzed
by flow cytometry. Bars indicate the percentage of T cells (CD3™")
positive for HSV antigens. The inset shows flow cytometry analysis of
T cells (CD3") for CD2S5 prior to infection of either untreated (no Tx)
PBMC or SEB- or PHA-activated PBMC. (B) Jurkat T cells, PBMC,
or PBMC activated for 2 days with PHA (5 pwg/ml) were infected with
cell-free HSV-1(F) at the indicated MOI for 24 h at 37°C, stained for

Jurkat
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although the percentage of infected CD4" and CD8" T cells
after infection at an MOI of 10 (~10%) was still far less than
that of Jurkat T cells (~80%) (Fig. 3A). The poor infectivity of
activated primary T cells could be overcome to some degree by
dramatically increasing the MOI; however, even at an MOI of
100, infectivity remained less than 50% (Fig. 3B). Activation of
T cells from PBMC dramatically increased their ability to be
infected via cell-to-cell spread (Fig. 3C). In fact, T cells from
PBMC activated using PHA were as infectible as Jurkat T cells
(~80%).

Cell-cell spread of HSV to T cells requires gD, gB, and
gH/gL. Several HSV proteins are known to be required for
infection of cells. HSV gB, gD, gH, and gL are all required for
infection by either the cell-free or cell-to-cell spread routes of
infection (8). Additionally, gE and gl are required for efficient
cell-to-cell spread of virus between epithelial cells (14). We
therefore evaluated the role of the HSV glycoproteins in the
cell-cell spread of HSV to T cells. Consistent with the known
role of gD, infection by cell-free virus could not occur in the
absence of gD (data not shown), and deletion of this protein
abrogated the ability of HSV to spread from infected fibro-
blasts to T cells (Fig. 4A to E). Similarly, deletion of gB or gL
(which forms an obligate heterodimer with gH for HSV entry)
also abrogated the ability of HSV to spread to T cells (Fig. SE).
However, deletion of gE or gl had no effect on the ability of
virus to spread to T cells by either route (Fig. 4A to D and data
not shown), suggesting that cell-cell spread to T cells is mech-
anistically different than spread between epithelial cells.

HSV gD is known to bind at least four cellular receptors,
HVEM, nectin-1, nectin-2, and 3-O-S heparan sulfate (57).
HVEM is expressed on the surface of T cells, including Jurkat
T cells, and is involved in the regulation of T-cell function (19).
Specifically, HVEM mediates costimulation of T cells via its
interaction with LIGHT, a tumor necrosis factor superfamily
member expressed mainly on lymphoid cells (19, 37), and can
also negatively regulate T-cell proliferation and activation
through interactions with members of the Ig superfamily (31).
We therefore evaluated whether the interaction of gD with
HVEM was required for the cell-cell spread of HSV to T cells.
For these experiments, we used HSV variants containing mu-
tations in gD altering their receptor tropism. Wild-type HSV-1
efficiently uses nectin-1 or HVEM for entry into cells and
inefficiently uses also either nectin-2 or 3-O-sulfated heparan
sulfate. The HSV mutant D30P fails to bind HVEM, nectin-2,
or 3-O-sulfated heparan sulfate but retains wild-type binding to
nectin-1 (63). The D30P mutant was severely defective in its
ability to spread to T cells (Fig. 4A to D and F), suggesting that

CD3 and HSV antigens, and analyzed by flow cytometry. Bars indicate
the percentage of T cells (CD3 ™) positive for HSV antigens. (C) Jurkat
T cells, PBMC, or PBMC activated for 4 days at 37°C with either SEB
(200 ng/ml) or PHA (5 pg/ml) were coincubated for 16 to 18 h at 37°C
with human fibroblasts infected with HSV-1(F) at an MOI of 10 for 5 h
at 37°C, stained for T-cell markers (CD3, CD4, and CD8) and HSV
antigens, and analyzed by flow cytometry. Bars represent the percent-
age of T cells (CD3™ cells) positive for HSV antigens. Panels A and C
show the results from one representative experiment, and panel B
shows the mean * standard deviation of triplicate wells for each
condition from one experiment.
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FIG. 4. gD, but not gE or gl, is required for cell-cell spread of HSV to T cells. Jurkat T cells (A), unstimulated PBMC (B), or PBMC activated
with either SEB (C) or PHA (D, E, and F) were coincubated at 37°C for either 16 to 18 h with uninfected human fibroblasts (no virus) or fibroblasts
infected at an MOI of 10 for 5 h at 37°C with the indicated viruses (A to D); alternatively, cells were coincubated for 2 h with uninfected human

fibroblasts (no virus) or fibroblasts infected at an MOI of 10 for 16 h at

37°C with the indicated viruses, removed, washed with citrate buffer and

PBS, and further incubated in culture medium at 37°C for 24 h (E and F). After collection, the T cells were stained either for both HSV antigens

and CD3 (A, E, and F) or for HSV antigens, CD3, CD4, and CDS8 (B to

D), followed by flow cytometry analysis. The graphs show the percentage

of CD3™" T cells positive for HSV antigens (A, E, and F) or CD3" CD4" (black bars) and CD3" CD8" (gray bars) T cells positive for HSV antigens
(B to D). In panels E and F, additional wells of fibroblasts were infected in parallel with the wells of infected fibroblasts used for the cell spread
experiment; fibroblasts were collected at the end of the coincubation period of the cell spread experiment and stained for HSV antigens and
analyzed by flow cytometry. Black bars indicate the percent infection of fibroblasts; gray bars indicate the percent infection of T cells. The table
indicates the ability (+) or inability (—) of mutant viruses to use the known HSV entry receptors. HSV(F) is the parental virus for FgE— (deletion

of gE), Fgl— (deletion of gI), and gD—/+; FRT-gD is the parental virus

for D30P and A7-21; KOS is the parental virus for A3CY38C, Y38R, and

the gB, gC, and gL mutants in panel E. Panels A and B show the average of two independent experiments, panel C or D shows the results from
one experiment, and panels E and F show the results of one representative experiment with duplicate wells.

the interaction of gD with nectin-1 is not sufficient for efficient
cell-cell spread of virus to T cells. Two additional HSV mu-
tants, D7-21 and Ridl, also fail to bind HVEM and have
wild-type binding to nectin-1 and 3-O-sulfated heparan sulfate.
However, Ridl has significantly enhanced ability to use nec-

tin-2 for cell entry (64). D7-21 and Ridl were more efficient
than D30P in cell-cell spread of virus to T cells (Fig. 4A to D
and F), suggesting that nectin-2 or 3-O-sulfated heparan sul-
fate may contribute to cell-cell spread of HSV to T cells. The
HSV mutants A3CY38C and Y38R, which can bind HVEM
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FIG. 5. Blocking of HSV spread with either antibody directed against known HSV entry receptors or HSV glycoproteins. (A) PBMC stimulated
with PHA (1 pg/ml for 2 days at 37°C) were coincubated for 2 h at 37°C with fibroblasts infected with HSV-1(F) at an MOI of 10 for 16 h in the
presence of various dilutions of antibody. For anti-HVEM and anti-nectin-1, the diluted antibodies were added to the PBMC and incubated for
20 min at 37°C before coincubation with the infected fibroblasts. For anti-gB, anti-gD, and anti-gH-gL, the diluted antibodies were added to the
infected fibroblasts and incubated for 20 min at 37°C before coincubation with the PBMC. After the 2-h coincubation, the T cells were removed,
washed with citrate buffer and PBS, further incubated at 37°C in culture medium for 24 h, stained for CD3 and HSV antigens, and analyzed by
flow cytometry. The table indicates the reactivity of the different antibodies used in the experiment. Antibody binding and the ability to block
infection were confirmed by direct infection of control HEp-2 cells in the presence of antibody and ranged from ~90% to ~40% inhibition of
infection relative to cells in the absence of antibody (R8 > SS10 > R137 ~ CK41 =~ HVEM) (data not shown). (B) PBMC stimulated with PHA
as described in panel A were coincubated for 2 h at 37°C with fibroblasts infected with HSV-1(F) at an MOI of 10 for 16 h in the presence of MAb
dilutions directed against different gD epitopes. The diluted antibodies were added to the infected fibroblasts and incubated for 20 min at 37°C
before coincubation with the PBMC. After the 2-h coincubation, the T cells were removed, washed with citrate buffer and PBS, further incubated
at 37°C in culture medium for 24 h, stained for CD3 and HSV antigens, and analyzed by flow cytometry. The table indicates the ability of the
different MAbs to block gD binding to HVEM and/or nectin-1. Antibody binding and the ability to block infection were confirmed by performing
direct infection of control HEp-2 cells in the presence of antibody and ranged from ~90% to ~20% inhibition of infection (DL11 > 1D3 ~ HD1
~ DL6) (data not shown). Both panels show results from duplicate wells from one representative of two independent experiments.

but not nectin-1, nectin-2, or 3-O-sulfated heparan sulfate, also
had reduced but not absent ability for cell-cell spread to T cells
(Fig. 4F). Taken together, these results suggest that each of the
known gD receptors may contribute to cell-cell spread of HSV
to T cells but that for fully efficient transfer the binding of gD
to multiple cellular receptors is required.

To confirm the roles of the HSV glycoproteins and their
cellular receptors in cell-cell spread to T cells, we used a panel
of antibodies previously shown to inhibit the interaction be-
tween these glycoproteins and their receptors. The interaction
of each of the essential glycoproteins with its receptor could be
inhibited by antibody although gD was more readily inhibited
than gB or gH/gL, which showed inhibition only at the highest
antibody concentrations (Fig. 5A). Taken together with the
lack of T-cell infection by viruses with a deletion of gB, gD, or

gH/gL (Fig. 4E), these results confirm the essential role of
these glycoproteins. Neither antibody to HVEM nor antibody
to nectin-1 could block cell-cell spread of HSV to T cells,
possibly due to rapid recycling of these receptors or high re-
ceptor density on T cells.

To confirm the importance of gD binding to HVEM and nec-
tin-1, we used antibodies to gD known to specifically block these
interactions. While antibody HD1 blocking the gD-nectin-1 in-
teraction had only a minor effect on cell-cell spread of HSV to T
cells, blockade of the gD-HVEM interaction with antibodies 1D3
and DL11 had a more dramatic effect (Fig. 5B). The most effec-
tive inhibitory effect was seen with antibody DL11, which blocks
the interaction of gD with both HVEM and nectin-1. These data
support the previous findings that multiple cellular receptors fa-
cilitate the cell-cell spread of HSV to T cells.
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Cell-cell spread of HSV to T cells occurs via the VS. Infec-
tion of T cells by HIV occurs efficiently via cell-to-cell spread
(46). Transmission of virus has been reported to occur at a
structured area of contact between the T cell and the infected
cell, which has been termed the VS (28). LFA-1 is central to
the formation of the VS, and the intermediate and/or active
conformations of LFA-1 promote synapse formation and HIV
infection (1). In the case of adhesion between lymphocytes and
target cells, Neeson et al. demonstrated the important role of
the active form of LFA-1 on the lymphocyte cell surface for
conjugate formation with the ICAM-1-expressing cell (42). To
determine whether such a structure might account for the
highly efficient cell-to-cell spread of HSV into T cells, we first
evaluated the localization of LFA-1 and HSV components
during cell-to-cell spread of the virus to T cells. Activated
LFA-1 was found to be enriched at the site of contact between
the infected fibroblast and the T cell (Fig. 6A and D) while
total LFA-1 was more evenly distributed over the T cell (Fig.
6C and F). The distribution of active and total LFA-1 on T
cells interacting with HSV-infected fibroblasts was similar to
that of T cells interacting with uninfected fibroblasts (Fig. 6G
and H). HSV gD was present over the entire surface of the
infected fibroblast, including at the site where the two cell
types (fibroblasts and T cells) were in contact (Fig. 6A). Con-
sistent with the formation of a virological synapse, the HSV
protein VP26, a marker of viral nucleocapsids, was observed in
some T-cell-fibroblast conjugates to be localized to the area of
cell-cell contact, suggesting that this structure might be in-
volved in the efficient transfer of virus from infected fibroblasts
to T cells (Fig. 6D). However, localization of VP26 to the area
of contact was not observed in all conjugates, suggesting that
polarization of VP26 is either incomplete or occurs only during
a portion of the total duration of T-cell-fibroblast interaction.
The role of the synapse in HSV transfer to T cells is supported
by the observation of gD and VP26 within T cells having
intimate contact with infected fibroblasts (Fig. 6B and E).

To confirm the role of VS-like structures in cell-cell spread
of HSV from infected fibroblasts to T cells, we first used the
anti-LFA-1 antibody MEM25. This antibody antagonizes the
interaction between LFA-1 and ICAM-1 and has previously
been shown to inhibit the infection of T cells by ICAM-1-
bearing HIV virions (60). Consistent with a role for the VS in
transfer of HSV to lymphocytes, anti-LFA-1 effectively inhib-
ited the infection of cloned CD8" T cells after contact with
infected fibroblasts while antibody to the irrelevant lymphocyte
surface marker CD28 had no effect (Fig. 7A). In contrast,
anti-LFA-1 had no effect on the direct infection of T cells
expanded from PBMC (data not shown), suggesting that the
role of LFA-1 is limited to HSV spread via the VS. Like all
other known means of HSV entry, spread via the VS required
gD since antibody to gD strongly inhibited cell-cell spread to
lymphocytes (Fig. 7B). A similar effect was seen in T cells from
PBMC as either anti-gD or anti-LFA could block cell-cell
spread of HSV from infected fibroblasts to PMA-activated
PBMC (Fig. 7C). Importantly, while cell-cell spread appeared
to be the nearly exclusive mechanism of infection of primary T
cells, direct infection was quite efficient in Jurkat T cells (Fig.
7D), and thus anti-LFA-1 had little inhibitory effect on the
infection of Jurkat T cells after coincubation with infected
fibroblasts (data not shown). These data imply that Jurkat T

J. VIROL.

cells are not an appropriate model for mechanistic studies of
HSV entry into T cells.

We next asked whether the increased susceptibility of acti-
vated T cells to cell-cell spread of virus might relate to the
activation state of LFA-1. T-cell activation is known to pro-
mote the conformational change of LFA-1 into an active form,
manifest by clustering of LFA-1 on the cell surface and in-
creased avidity to its ligand (58). Pretreatment of PBMC with
Mg2™" in the absence of Ca2* increases the activation of
LFA-1, resulting in enhanced interaction with its ligand (6, 58).
Consistent with LFA-1 being a major determinant of the sus-
ceptibility of T cells to cell-cell spread of HSV, treatment with
Mg2" increased the infectivity by severalfold (Fig. 7E).

Finally, we sought to determine when during the HSV rep-
lication cycle infected fibroblasts are most efficient at transmit-
ting virus to T cells and whether the VS accounted for the
major route of transmission at all times. Consistent with the
known kinetics of viral replication and the formation of infec-
tious virions, infectivity began to increase at about 9 h postin-
fection and reached a maximum at about 16 h postinfection
(Fig. 7F). Treatment with anti-LFA-1 effectively blocked in-
fection of T cells at all time points, suggesting that cell-cell
spread is the dominant mechanism of T-cell infection through-
out the viral life cycle.

DISCUSSION

Understanding the mechanisms by which chronic viral infec-
tions evade the host immune response is key for developing
new and more effective vaccine and therapeutic approaches. In
clinical HSV disease, the failure of T cells to adequately con-
trol reactivating virus is a defining characteristic. It is likely that
such mechanisms also explain the failure of vaccination efforts
directed at HSV. It is in this context that we demonstrate that
HSV-infected T cells are present in human HSV lesions.
Moreover, we show that HSV can efficiently infect both CD4 ™"
and CD8" T cells via direct transfer from infected somatic cells
by means of the virological synapse. This mechanism of spread
is notably distinct from the previously described cell-cell
spread between epithelial cells. Together with the prior obser-
vation that entry of HSV into T cells remodels TCR signaling
(resulting in reduced cytotoxicity and an altered cytokine syn-
thesis profile dominated by the immunosuppressive cytokine
interleukin-10), this likely constitutes a new and important
means of immune modulation by HSV and is likely to play an
important role in the pathogenesis of human HSV disease.

Viruses have evolved a plethora of mechanisms to deal with
the human immune response (17). Since the cellular immune
response is uniquely designed to detect and deal with intracel-
lular pathogens such as viruses, many of these immune evasion
mechanisms are directed at T cells. Many viruses inhibit pep-
tide loading or otherwise downregulate major histocompatibil-
ity complex (MHC) class I, thus reducing the recognition of
infected cells by T cells. As is common for the host-pathogen
interaction, the host typically has its own countermeasures, in
this case often via the action of interferon, which overcomes
the viral inhibitors and upregulates MHC class I expression.
Once infected cells are recognized by T cells, a second tier of
viral immune evasion mechanisms comes to the fore. Expres-
sion of viral antiapoptotic proteins can protect infected cells
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FIG. 6. Detection of LFA-1 at the site of contact between HSV-infected fibroblasts and T cells. (A to C) PBMC stimulated with PHA (5 pg/ml
for 2 days at 37°C) were coincubated for 1 h at 37°C with fibroblasts infected with HSV-1(F) at an MOI of 2 for 16 h, fixed, and stained for either
active LFA-1 (red) and gD (green) (A and B) or total LFA-1 (red) and gD (green) (C). (D to F) PBMC stimulated with PHA as above were
coincubated for 1 h at 37°C with fibroblasts infected with HSV-1(K26GFP) at an MOI of 2 for 16 h, fixed, and stained for either active LFA-1 (red)
(D and E) or total LFA-1 (red) (F). K26GFP produces and incorporates into the virion the capsid protein VP26 fused to GFP (VP26-GFP). (G
and H) PBMC stimulated with PHA as above were coincubated for 1 h at 37°C with uninfected fibroblasts, fixed, and stained for either active

LFA-1 (red) (G) or total LFA-1 (red) (H). In all panels, the nuclei were stained with Hoechst.
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FIG. 7. Role of the VS during HSV cell-cell spread to T cells. (A) A CD8" T-cell clone was preincubated for 20 min at 37°C with either anti-LFA-1
blocking antibody (CD11a) or anti-CD28 antibody at the indicated concentrations before addition to uninfected fibroblasts (no virus) or fibroblasts
infected with HSV-1(F) at an MOI of 10 for 16 h at 37°C. After 2 h at 37°C, the T cells were removed, washed with citrate buffer, further incubated at
37°C for 16 h, stained for CD3 and HSV antigens, and then analyzed by flow cytometry. (B) A CD8" T-cell clone was coincubated at 37°C with
mock-infected fibroblasts or fibroblasts infected with HSV-1(F) at an MOI of 10 for 16 h at 37°C in the absence or presence of neutralizing anti-gD
antibody at the indicated dilutions. After 2 h, the T cells were removed, washed with citrate buffer, further incubated at 37°C for 16 h, stained for CD3
and HSV antigens, and then analyzed by flow cytometry. (C) PBMC were incubated for 20 min at 37°C with either culture medium (untreated; no Tx),
culture medium with PMA (50 ng/ml), or culture medium with PMA and anti-LFA-1 blocking antibody (PMA+anti-LFA-1), and then added for 2 h to
fibroblasts infected with HSV-1(F) at an MOI of 10 for 16 h. In one group the HSV-infected fibroblasts were preincubated with neutralizing anti-gD
antibody (1:50 dilution) for 20 min prior to the addition of PMA-stimulated PBMC (PMA+anti-gD). After the 2-h coincubation, the T cells were
removed, washed with citrate buffer and PBS, further incubated at 37°C in culture medium for 24 h, stained for CD3 and HSV antigens, and analyzed
by flow cytometry. (D) Jurkat T cells, unstimulated PBMC, and PHA-activated PBMC (5 pg/ml 2 days at 37°C) were exposed for 2 h at 37°C to either
fibroblasts that were infected with HSV-1(F) at an MOI of 10 for 16 h at 37°C and washed with PBS prior to the addition of T cells (Cell) or the medium
(16 to 18 h postinfection) collected from fibroblasts that were infected with HSV-1(F) at an MOI of 10 for 16 h, washed with PBS, and incubated in
medium for 2 h (16 to 18 h postinfection) (Supernatant). In both cases after a 2-h incubation, T cells were removed, spun, washed with citrate buffer and
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from T-cell-induced apoptosis (2, 26). In addition, certain vi-
ruses can modulate TCR signaling, either to prepare the T cell
to itself support viral replication or to disarm antiviral mech-
anisms, thus ameliorating the threat posed by virus-reactive T
cells (24).

Despite the in vitro demonstration of numerous mechanisms
by which viruses could affect the efficacy of the immune re-
sponse, it has proven difficult to demonstrate that these mech-
anisms are operative in vivo. For human viruses, this has been
especially problematic because certain immune evasion mech-
anisms are highly species dependent. For example, while the
HSV protein ICP47 efficiently prevents peptide loading of
MHC class I in humans, it is poorly functional in mouse cells
(61). Only recently have HSV mutants been engineered that
inhibit MHC class I loading in mice; such mutants are more
pathogenic in mice than those unable to block MHC class I
loading (43). For viral inhibitors of apoptosis, it has been
difficult in model systems to separate the immune-modulatory
effects of apoptosis inhibition from the other effects such as
increased production of progeny virus from protected cells.
Furthermore, some antiapoptotic gene products are multifunc-
tional and play critical roles in other aspects of viral replication
(48). In the human situation, direct evidence for the relevance
of viral immune evasion is even scarcer. Viruses are inherently
efficient with their genetic material, and it seems unlikely that
the powerful effects observed in vitro are irrelevant to viral
biology in vivo. In this context, we predicted that infection of T
cells might be observable in human HSV lesions, and, indeed,
this proved to be the case. While the human system does not
allow us to evaluate the extent to which this infection contrib-
utes to immune evasion by HSV, our evidence supports the
contention that the signaling alterations we have previously
described (53-55) are likely to be relevant to human disease.

A large number of viruses are known to infect T cells. For
lymphotropic viruses, T cells constitute an important cell type
for viral replication or for the establishment of latency or
persistence. For nonlymphotropic viruses, T cells may become
infected but do not efficiently support viral replication. Super-
ficially, such infection might seem unimportant. However, for
many viruses of both the lymphotropic and nonlymphotropic
groups, emerging evidence shows that infection of T cells can
disrupt or otherwise alter T-cell function (24). In the specific
case of HSV infection, T cells very poorly support viral repli-
cation, but infection of T cells leads to inhibition of cytotoxic
function and the skewing of cytokine synthesis toward an im-
munosuppressive phenotype.

In this report we demonstrate that the infection of T cells by
HSV occurs during human HSV disease. Since we could not
control the microscopic location of the T cells we analyzed and
since bulk biopsies of clinical lesions contain many T cells
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residing in the deep dermis, which presumably have not con-
tacted HSV-infected cells, our observations may underesti-
mate the infection rate of T cells infiltrating into areas of active
epithelial cell infection. Given the profound effect HSV infec-
tion has on signaling pathways and, thus, the effector function
of T cells, we believe it is likely that the effects we describe here
significantly influence the ability of the immune system to
control recurrent HSV disease.

One important aspect of the cell-cell spread of HSV into T
cells described here is that it appears to be mechanistically
distinct from previous examples of cell-cell spread by HSV.
While cell-cell spread between epithelial cells requires HSV
gE and g, entry into T cells is distinct in that neither gE nor gl
is required. On the other hand, each of the four HSV glyco-
proteins known to play an essential role in HSV entry, by
either cell-free virus or cell-cell spread between epithelial cells
(gB, gD, gH, and gL), is required for cell-cell spread to T cells.
Furthermore, each of the known receptors for gD appears to
contribute to HSV infection of T cells. Viruses containing
mutant forms of gD defective in the ability to bind either
HVEM or nectin-1 show impaired infection of T cells via
cell-cell spread but retain some ability compared to gD null
viruses. The gD-HVEM interaction appears to play a domi-
nant role as disruption of this interaction via mutagenesis or
antibody blocking had the strongest effect on the ability of the
virus to infect T cells, while disruption of the gD-nectin-1
interaction had a somewhat lesser effect. Disruption of gD
interactions with nectin-2 and 3-O-sulfated heparan sulfate, in
the context of a disrupted gD-HVEM interaction, led to a
nearly complete abrogation of cell-cell spread to T cells (equiv-
alent to gD null virus), suggesting that these receptors also play
a role. Interestingly, pooled antisera from HSV-1-seropositive
individuals, but not control HSV-1-seronegative individuals,
could reduce inactivation of T-cell effector function by about
50% (D. D. Sloan and K. R. Jerome, unpublished observa-
tions). Since T-cell inactivation requires virus entry into T cells
(53-55), this suggests that at least some infected persons
mount an antibody response that can partially block HSV
infection of T cells. Precisely defining the requirements for
HSV infection of T cells may therefore allow therapeutic vac-
cination approaches tailored to produce effective blocking an-
tibodies, thereby facilitating efficient T-cell control of recur-
rent lesions.

An emerging body of work has implicated the virological
synapse as a critical structure for the transfer of HIV from
infected antigen presenting cells (APCs) to uninfected T cells
(9, 20, 28, 47, 56). The virological synapse formed during HIV
transfer is reminiscent of the immunological synapse formed
between APCs and T cells. The mature immunological synapse
is characterized by a central region, the central supramolecular

PBS, further incubated at 37°C for 24 h, stained for CD3 and HSV antigens, and analyzed by flow cytometry. (E) PBMC were resuspended for
30 min in either HEPES buffer, HEPES buffer plus Mg2 *-EGTA, HEPES buffer plus PMA-Ca2*, or HEPES buffer plus PMA and then incubated
for 1 h at 37°C with fibroblasts infected with HSV-1(F) at an MOI of 10 for 16 h. At the end of the coincubation, the PBMC were removed, washed
with citrate buffer and PBS, further incubated in culture medium for 24 h, stained for CD3 and HSV antigens, and analyzed by flow cytometry.
(F) PHA-activated PBMC (5 pg/ml 2 days at 37°C) were added for 2 h at 37°C to either uninfected fibroblasts (24 h; Mock) or HSV-infected
fibroblasts (MOI of 10) at different times postinfection in the absence (no Ab) or presence of anti-LFA-1 blocking antibody (+LFA-1); PBMC
were then removed, washed with citrate buffer and PBS, further incubated at 37°C for 20 to 25 h, stained for CD3 and HSV antigens, and then

analyzed by flow cytometry. hpi, hours postinfection.
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activation cluster (SMAC), containing the TCR and associated
signaling molecules (51). Surrounding the central SMAC is the
peripheral SMAC, composed predominantly of LFA-1, which
mediates adhesion of T cells with APCs bearing ICAM-1. A
similar LFA-1-containing synapse forms between HIV-in-
fected APCs and T cells, and viral proteins such as Gag and
Env can be visualized at the synapse (28). The role of the VS
in the cell-cell transmission of HIV is supported by studies
using fluorescent virus, which suggest that transfer of virus to T
cells via the VS is up to 18,000-fold more efficient than infec-
tion by cell-free virus (9).

These studies raised questions of whether the VS might be
utilized by viruses that are not classically considered lympho-
tropic and whether the VS would be limited to the interaction
between T cells and professional APCs. In addition to the
synapses formed between T cells and professional APCs such
as dendritic cells or B cells, T cells can also form synapses with
other cell types, notably during the interaction of cytotoxic T
lymphocytes with potential targets (59). These synapses are
more transient than those with professional APCs and form as
T cells scan the surface of cells with which they come in con-
tact. The initial formation of the immunological synapse by
cytotoxic T lymphocytes, including the clustering of LFA-1, is
antigen independent (36). Since we have previously shown that
the cell-cell spread of HSV to T cells was antigen independent
(55), it was reasonable to ask whether a synapse-like structure
might facilitate the transfer of virus. Our data confirm that this
is the case in that HSV utilizes an LFA-1-dependent structure
to transfer from infected fibroblasts to T cells. In fact, our data
suggest that this is likely the dominant mechanism of T-cell
infection in vivo since the direct infection of T cells by cell-free
HSV is extremely inefficient. Our results thus point to a gen-
eral role for the VS in both lymphotropic and nonlymphotropic
virus infection of T cells.

While the VS as utilized by HSV has similarity to the VS
utilized by retroviruses such as HIV or HTLV-I, there are also
areas of distinction. First, HSV appears to utilize a synapse
normally formed as T cells scan potential target cells since the
distributions of total and activated LFA-1 were similar in T
cells during contact with infected versus uninfected cells. This
contrasts with the VS used by HIV during spread from infected
T cells to uninfected T cells, in which the formation of T cell-T
cell conjugates and the VS appears to be actively driven by the
virus (28) since stable contacts between uninfected CD4" T
cells are rare (30). On the other hand, active virus induction of
the VS is not always the case for HIV. For example, clustering
and synapse formation between T cells and dendritic cells
occur normally under uninfected conditions, and thus active
viral induction of the VS between these cell types is unneces-
sary. We believe this latter condition more closely approxi-
mates the situation with HSV. Second, we observed only minor
enrichment of HSV gD at the point of contact with infected
fibroblasts, in contrast with the much greater enrichment of
HIV Env protein reported at the point of contact with infected
cells (52). However, we observed greater polarization of the
nucleocapsid protein VP26 toward the VS, and both gD and
VP26 could be observed within T cells after contact with HSV-
infected fibroblasts. Thus, we argue for an inclusive definition
of the VS, with the defining characteristic being viral transfer
via a synapse formed between the T cell and a potential target

J. VIROL.

cell or professional APC. Whether other nonlymphotropic vi-
ruses utilize the VS and the degree to which VS-mediated
infection is mechanistically distinct from the other pathways of
entry by these viruses remain unanswered questions. Emerging
evidence suggests that T cells can be infected by many non-
lymphotropic viruses, and this infection can have profound
influences on the function of T cells (24). If the VS proves to
be widely used by many viruses, pharmacological targeting of
the VS may provide a unique target to minimize T-cell infec-
tion and the concomitant immune modulatory effects.
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