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Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) are common human pathogens. In this report we
demonstrate the capacity of HSV-2, but not HSV-1, to inhibit the activity and cell surface expression of Fas
ligand, an important molecule involved in T-cell apoptosis and cell-mediated cytotoxicity. Cells infected with
HSV-2 retained Fas ligand intracellularly instead of expressing it on the cell surface. Addition of anti-Fas
antibodies markedly inhibited HSV-2 viral production, suggesting that the capacity of the virus to regulate Fas
ligand expression, and thereby programmed cell death, may represent a powerful mechanism for the virus to
enhance viral replication.

Because cytotoxicity is an important modality in viral immu-
nity, the cytotoxic process has been targeted for disruption by
many viruses. For instance, adenoviruses prevent surface ex-
pression of major histocompatibility complex (MHC) class I
molecules on infected cells, thereby limiting antigenic recog-
nition by cytotoxic T cells (1, 2, 5, 17, 36). Similarly, hepatitis B
virus and human immunodeficiency virus inhibit cytotoxicity by
producing variant peptides of immunogenic epitopes; the vari-
ant peptides bind to MHC molecules but antagonize the initi-
ation of T-cell-mediated cytotoxicity (3, 21).
Herpes simplex viruses type 1 and type 2 (HSV-1 and

HSV-2) are important human pathogens that cause persistent
and recurrent infections (7, 22, 39). As with adenoviruses,
HSV-1 and HSV-2 have been shown to prevent the expression
of MHC class I molecules on the cell surface and thereby
inhibit antigenic recognition by cytotoxic T lymphocytes (15,
42). The mechanism mediating this effect involves the binding
of ICP47, an intermediate-early protein of HSVs, to the trans-
porter associated with antigen processing, known as TAP (12,
16).
Besides the capacity of viruses to disrupt cytotoxicity by

preventing antigenic recognition, viruses also have the capacity
to infect T lymphocytes and directly affect the machinery of
cytotoxicity (6, 9, 25, 26). For instance, parainfluenza virus type
3 inhibits granzyme B mRNA in infected T lymphocytes (35).
Granzyme B is a component of cytotoxic granules important in
mediating cytotoxicity by granular exocytosis; consequently,
parainfluenza virus type 3 infection of T cells inhibits their
capacity to mediate cytotoxicity (35).
In addition to the exocytosis of lytic granules, cytotoxicity of

Fas-bearing cells is caused by the ligation of Fas with Fas
ligand on effector cells (14, 18, 23). These two pathways have
been shown to account for essentially all cytotoxicity mediated
by T lymphocytes.
The Fas-Fas ligand pathway is also important as a regulator

of apoptosis. Apoptosis of cells infected with viruses is a pos-
sible mechanism to decrease viral production since viruses
require live cells for their own replication (35a, 38). Analogous

to the evasion of cytotoxicity by viruses, several viruses (includ-
ing adenoviruses, herpesviruses, and poxviruses, among oth-
ers) possess mechanisms to inhibit cellular apoptosis (30).
We have assessed the possibility that HSV-1 or HSV-2 in-

fluences Fas ligand activity and have found that HSV-2 but not
HSV-1 potently inhibits Fas ligand surface expression in in-
fected cells and thereby suppresses Fas ligand-mediated cell
death.

MATERIALS AND METHODS

Viruses. Respiratory synctial virus, HSV-1, and HSV-2 were obtained from
patient samples, grown on CV-1 monolayers or ZY(LCL) cells, and typed by
immunohistology. Human herpesviruses 6 and 7 were generously supplied by P.
Pellett (Centers for Disease Control and Prevention, Atlanta, Ga.) and R. Gallo
(National Institutes of Health, Bethesda, Md.). Influenza virus was obtained
from J. Nedrud, and vesicular stomatitis virus was obtained from S. Vande Pol
(both of Case Western Reserve University, Cleveland, Ohio). HSV-1 and HSV-2
were titered on CV-1 monolayers.
Cell lines. K562 and ZY(LCL) cells were maintained in RPMI 1640 with 10%

fetal bovine serum. CV-1 monolayers were grown in Dulbecco modified Eagle
medium with 10% fetal bovine serum. K562 cells infected with a retrovirus that
codes for the expression of human Fas ligand (KFL) were obtained with the
cDNA for human Fas ligand and the LXSN vector (35b). Jurkat and K562 cells
were maintained in culture with RPMI 1640 supplemented with 10% fetal bovine
serum, glutamine, and antibiotics. K562 cells were infected with a recombinant
retrovirus, derived from pLXSN generously supplied by Dusty Miller, University
of Washington. An expression construct for human Fas ligand was produced by
recombining the coding sequence (obtained in Bluescript from Shigekazu Na-
gata, Osaka Bioscience Institute) with pLXSN by using the EcoRI-BamHI site.
The packaging cell lines PE501 and PA317 were used consecutively to obtain
recombinant, infectious virus coding for human Fas ligand. KFL cells were
obtained by culturing the cells in neomycin and subcloning.
DNA fragmentation assay. DNA fragmentation assays (24) were performed as

previously described (35). Jurkat cells (106 ml21 in RPMI 1640 with 10% fetal
bovine serum) were labeled with tritiated thymidine (2.5 mCi ml21) for 4 h at
378C. For measurement of Fas-dependent killing by peripheral blood mononu-
clear cell (PBMC) effectors, 2 mg of either an anti-Fas monoclonal antibody that
inhibits apoptosis mediated through the Fas ligand-Fas pathway (Immunotech,
Westbrook, Maine) or an isotype-matched control monoclonal antibody per ml
was added to the Jurkat cells during the last hour of this incubation. The target
cells were washed and added to effector cells along with 500 ng of antibody. After
a 14-h incubation at 378C, the cells were harvested and their levels of radioac-
tivity were determined by liquid scintillation counting. Percent specific apoptotic
cell death was calculated by subtracting the experimental counts per minute from
the spontaneous counts per minute, dividing this number by the spontaneous
counts per minute, and multiplying by 100. Fas-dependent killing was deter-
mined by subtracting the value for cytotoxicity with anti-Fas inhibitory antibodies
from the value for cytotoxicity with the control antibody.
Reverse transcriptase PCR. Reverse transcriptase PCR was performed as

previously described (10) with slight modifications. Total RNA was isolated from
PBMC and reverse transcribed to cDNA with an oligo(dT) primer and Moloney
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murine leukemia virus reverse transcriptase (Gibco-BRL, Gaithersburg, Md.) at
378C for 60 min. Two micrograms of RNA was amplified by PCR specific for Fas
ligand with the following primers: 59 CAGCTCTTCCACCTACAGAAGG (for-
ward direction) and 59 AGATTCCTCAAAATTGACCAGAGAGAG (reverse
direction). b-Actin primers were also used (35). Ten-millimolar concentrations
of nucleotides were added to the RNA and the primers, and 2.5 U of Taq
polymerase was added to the reaction mixture after the reaction temperature
reached 948C. The conditions for the PCR follow: 40 cycles of 948C for 1.5 min,
608C for 1 min, and 728C for 2 min. The products were resolved on a 1.2%
agarose gel and visualized with ethidium bromide under UV light.
Flow-cytometric analysis. Isolated human PBMC were processed for flow-

cytometric analysis of surface markers as previously described (35). To assess Fas
ligand surface expression, we used a biotinylated mouse monoclonal antibody
specific for human Fas ligand, NOK-1 (19), and biotinylated control immuno-
globulin G1 (IgG1) antibodies (Dako, Carpinteria, Calif.). Monoclonal antibod-
ies specific for human CD40 and CD54 were obtained from Immunotech. For
total cellular expression of Fas ligand, cells were fixed in 0.25% paraformalde-
hyde for 1 h at 48C and then frozen at2708C in phosphate-buffered saline (PBS)
supplemented with 1% bovine serum albumin (BSA) and 10% dimethyl sulfox-
ide. Following freezing, the cells were thawed at 378C, washed in PBS containing
0.1% BSA, resuspended in PBS supplemented with 0.2% Tween 20, and kept at
378C for 15 min. The same volume of PBS containing 2% fetal bovine serum and
0.1% sodium azide was added. The cells were washed and resuspended in PBS
supplemented with 0.01% HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesul-
fonic acid), 0.1% BSA, 10 mg of streptavidin per ml, 10% dialyzed human
plasma, and 5% clarified mouse ascites containing mouse IgG1 and IgG2a. After
overnight incubation at 48C, the cells were washed and resuspended in PBS
supplemented with 10% dialyzed human plasma and 1 mM biotin for 30 min at
48C. The cells were incubated with biotinylated NOK-1 antibody for 45 min at
48C, washed in PBS containing 0.5% BSA and 0.1% sodium azide, and then
incubated with streptavidin red for 30 min at 48C. The cells were washed and
analyzed for bound fluorescence by flow cytometry.

RESULTS

Inhibition of Fas ligand activity by HSV-2. To investigate
the potential of HSV-1 and HSV-2 to regulate Fas ligand
activity, we examined the effects of viral infection on a human
Fas ligand-transfected K562 cell line, KFL. We found that
HSV-2, but not HSV-1, dramatically inhibited the ability of the
KFL cells to mediate cytotoxicity against the Fas antigen-ex-
pressing Jurkat cell line (Fig. 1). After a single day of exposure
to HSV-2, cytotoxicity was markedly inhibited. With another
day of incubation, Fas ligand-mediated killing was absent. Ad-
ditional HSV-1 and HSV-2 clinical isolates gave similar results
(data not shown).
Although HSV-1 and HSV-2 were equally able to cause

infection of KFL cells, as determined by immunohistology
(with approximately 40% of the cells expressing viral proteins
after 2 days in culture with either virus), only HSV-2-infected
cells demonstrated a defect in Fas ligand-dependent killing.
Moreover, no other virus tested (respiratory syncytial virus,
influenza A virus, parainfluenza virus type 3, vaccinia virus,
Epstein-Barr virus, and vesicular stomatitis virus) inhibited Fas
ligand (data not shown).
Because Fas ligand is expressed in T lymphocytes and be-

cause HSV-2 is known to be able to infect T cells (4, 20, 29, 32),
we tested whether the virus could inhibit Fas ligand activity in
these cells. PBMC were activated with anti-CD3 monoclonal
antibodies, and after 3 days of culture the cells were infected
with HSV-2. After an additional 3 days, the cells were assessed
for Fas ligand activity (Fig. 2). HSV-2-infected PBMC demon-
strated a marked reduction in Fas-dependent killing activity. In
contrast, human herpesvirus 6B, which also readily infects T
cells (11, 34), was unable to inhibit Fas ligand activity (Fig. 2).
We also tested human herpesviruses 6A and 7 and found that
activated PBMC infected with these viruses did not demon-
strate any inhibition (data not shown). Human herpesviruses
6A, 6B, and 7 infected approximately 20% of the activated
PBMC, as judged by cytopathic effect.
Inhibition of Fas ligand surface expression by HSV-2. To

characterize the defect in Fas ligand activity associated with

HSV-2-infected KFL cells, we examined mRNA levels for Fas
ligand and b-actin by reverse transcriptase PCR analysis. Data
shown in Fig. 3 demonstrate that the level of Fas ligand mRNA
was not affected by either HSV-1 or HSV-2 infection. Thus, the
defect in Fas ligand activity associated with HSV-2 was not
related to transcriptional regulation.

FIG. 1. Inhibition of Fas ligand activity by HSV-2. KFL cells were cultured
with the indicated viruses at 3 PFU per cell for 24 and 48 h and then assayed for
Fas ligand activity in a DNA fragmentation test. Untransfected K562 cells did
not kill the Jurkat targets. Cytopathic effects due to viral production and subse-
quent infection of target cells accounted for less than 10% of the observed
cytotoxicity. E:T, effector-to-target cell ratio.

FIG. 2. Inhibition of Fas ligand activity in PBMC by HSV-2. PBMC from
healthy adult volunteers were activated with anti-CD3 and infected 3 days later
with either HSV-2 (left panel) or human herpesvirus 6b (HHV6) (right panel).
Fas ligand activity was assessed after an additional 3 days of incubation. E:T,
effector-to-target cell ratio.
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To ascertain cell surface protein expression of Fas ligand in
HSV-1- and HSV-2-infected KFL cells, we analyzed the in-
fected cells with a specific monoclonal antibody and by flow
cytometry (19). Figure 4 demonstrates that the cell surface
expression of Fas ligand was markedly inhibited by HSV-2
(91%) but not by HSV-1. Thus, the lack of cell surface expres-
sion of Fas ligand explains the observed functional defect.
HSV-2-mediated inhibition of Fas ligand surface expression
was specific; the expression of four other cell surface molecules
was not inhibited: CD40 and CD54 (Fig. 4) and CD55 and
CD69 (not shown). These findings indicate that the defect in
Fas ligand surface expression mediated by HSV-2 infection
was selective and not a consequence of global protein synthesis
inhibition.
The lack of surface expression could be explained by either

release from the cell surface or intracellular retention. Release

of human Fas ligand from the surface has been shown to be
mediated by a matrix metalloproteinase (19). However, a spe-
cific inhibitor of this enzyme, BB94 (19), did not prevent
HSV-2 inhibition of surface expression (data not shown).
Moreover, soluble Fas ligand was not observed in the super-
natant of HSV-2-exposed KFL cells (data not shown).
To test the possibility that HSV-2 caused intracellular trap-

ping of Fas ligand, we examined total cellular expression of Fas
ligand in HSV-2-infected KFL cells that had been fixed and
permeabilized (Fig. 5). Our findings indicate that HSV-2 did
not inhibit total cellular levels of Fas ligand, although surface
expression was markedly inhibited (67% inhibition). Thus, al-
though Fas ligand was produced, HSV-2 infection prevented
the protein from reaching the cell surface.
The role of the Fas apoptotic pathway as an antiviral mech-

anism. The inhibition of Fas ligand surface expression by
HSV-2 suggests that the Fas-Fas ligand interaction plays a role
in the antiviral defense mechanism against this virus. The ef-
fects of an intact cellular suicide pathway on viral titers were
assessed. K562 cells were infected with 0.5 PFU of HSV-2 per
cell and treated with either anti-Fas IgM or control IgM at 100
ng/ml. (It is important to note that K562 cells are not suscep-
tible to Fas-mediated apoptosis unless they are infected with a
virus [35a]). After 4 and 7 days, viral titers were measured
(Table 1). Anti-Fas treatment significantly decreased levels of
HSV-2 in the culture media. These data suggest that the Fas-
Fas ligand pathway of apoptosis may act as an antiviral im-

FIG. 3. Fas ligand mRNA levels in HSV-1- and HSV-2-infected KFL cells.
KFL cells were infected at 3 PFU per cell and incubated for 24 h. RNA was
isolated and assessed for Fas ligand and b-actin messages.

FIG. 4. Inhibition of Fas ligand cell surface expression by HSV-2. KFL cells were infected with either HSV-1 or HSV-2 at 3 PFU per cell and incubated for 3 days
at 378C. Cells were stained for Fas ligand surface expression. Control histograms in the left column represent staining of untransfected parental K562 cells. KFL cells
were also stained for CD40 and CD54. Control histograms in the center and right columns represent staining of KFL cells with control IgG1 antibodies.
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mune mechanism; and consequently, the HSV-2-mediated in-
hibition of Fas ligand surface expression may have relevance to
the pathogenesis of the infection.

DISCUSSION

Viruses modulate immunity in order to serve the needs of
their own life cycles. For instance, tumor necrosis factor has
been shown to possess a significant antiviral effect by selec-
tively killing infected cells (27, 40) and adenovirus produces a
specific protein that inhibits tumor necrosis factor-mediated

cytolysis of infected cells, presumably thereby enhancing viral
production (8, 13).
Fas ligand belongs to the tumor necrosis factor family of

molecules (37). We have found that activation of the Fas ap-
optotic pathway has an antiviral effect for HSV-2 and that this
virus inhibits the surface expression and consequently the ac-
tivity of Fas ligand. The early death of an infected cell is an
effective means of limiting viral replication. Our findings sug-
gest that the capacity of HSV-2 to thwart programmed cell
death of infected cells is an important mechanism for the virus
to enhance its capacity to produce virus.
It is interesting that the defect in Fas ligand cell surface

expression mediated by HSV-2 is not related to a defect in
mRNA expression or to protein production but instead in-
volves disruption in intracellular transport. This mechanism
may be similar to the inhibition of surface MHC class I expres-
sion mediated by adenovirus (1, 2, 5, 17, 36) or HSV-1 (12, 16,
42). Thus, alterations in host proteins at an intracellular level
may be an important mechanism for viruses to influence im-
munity.
HSV-2 inhibition of Fas ligand is likely to be involved in

natural infections, since keratinocytes, a primary target of
HSV-2 infection, are able to express Fas antigen in vivo in a
number of clinical situations, including herpes zoster virus
infection (28, 33, 41). Additionally, Fas ligand-expressing T
cells migrating into herpesvirus lesions are potential targets for
HSV-2-mediated Fas ligand inhibition, since activated T cells
can be infected by HSV-2 (4, 20, 29, 32) and since we have
shown that HSV-2 inhibits Fas ligand activity in these cells.
The data shown in this report suggest that Fas-Fas ligand

interactions are important in HSV infections. Although both
HSV-1 and HSV-2 have the capacity to induce Fas antigen
expression in cells exposed to virus, only HSV-2 appears to be
capable of regulating Fas ligand expression. HSV-1 and HSV-2
are closely related, with a high degree of sequence similarity;
nevertheless, their clinical manifestations are distinct. HSV-2
infections are more severe than HSV-1 infections, and they
have a greater tendency to recur (7, 22, 31, 39). We propose
that the ability of HSV-2 to regulate Fas ligand activity may
contribute to its greater propensity for recurrence and en-
hanced severity of infection in comparison with those charac-
teristics of HSV-1.
We have recently postulated that Fas-mediated apoptosis

may be a potent antiviral immune mechanism (35a). Many
different viruses, including HSV-1 and HSV-2, rapidly en-
hanced the expression of Fas antigen, and treatment of pro-
ductively infected cells with a Fas agonist markedly reduced
the production of infectious virions. Inhibition of Fas ligand
expression by HSV-2 may represent a potent mechanism for
the virus to enhance viral replication in vivo.
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