JOURNAL OF VIROLOGY, Jan. 2001, p. 612-621
0022-538X/01/$04.00+0 DOI: 10.1128/JV1.75.2.612-621.2001

Vol. 75, No. 2

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Role of CD28/CD80-86 and CD40/CD154 Costimulatory Interactions

in Host Defense to Primary Herpes Simplex Virus Infection

KURT H. EDELMANN' anp CHRISTOPHER B. WILSON'-2*

Program in Molecular and Cellular Biology," and Department of Immunology,>
University of Washington, Seattle, Washington 98195

Received 26 July 2000/Accepted 12 October 2000

Dependence of the primary antiviral immune response on costimulatory interactions between CD28/CD80-86
and between CD40/CD154 (CD40 ligand) has been correlated with the extent of viral replication in two models
of systemic infection, lymphocytic choriomeningitis virus and vesicular stomatitis virus. To determine the role
of these costimulatory interactions in the context of an acute cytolytic, but locally replicating viral infection,
herpes simplex virus (HSV) infection was assessed in mice that had the CD28/CD80-86 or CD40/CD154
interactions disrupted either genetically or with blocking reagents (CTLA4Ig and MR1, respectively). CTLA4Ig
treatment greatly reduced paralysis-free survival during primary acute HSV infection. This reflected an almost
total ablation of the anti-HSV CD4* and CD8" T-cell responses due to anergy and reduced cell numbers,
respectively. Disruption of CD40/CD154 interactions impaired survival, but the effect was less severe than that
observed in CTLA4Ig-treated mice, with reductions observed in the CD4™ T-cell but not CD8* T-cell re-
sponses. These two costimulatory pathways functioned in part independently, since disruption of both further
impaired survival. The dependence on these costimulatory interactions for the control of primary HSV
infection may represent a more widespread paradigm for nonsystemic viruses, which have restricted sites of
replication and which employ immunoevasive measures.

Herpes simplex virus (HSV), a member of the alphaherpes-
virus family, has a complex life cycle involving both lytic and
latent phases, ultimately resulting in lifelong infection of the
host. Replication of HSV occurs in the target tissues, e.g.,
epithelial cells and the nervous system, rather than systemi-
cally. This property, in combination with its ability to disrupt
antigen presentation in fibroblasts (2, 21, 59, 63) and to impair
cell maturation and migration in infected dendritic cells (DC)
(48), presumably enables HSV to impede detection by the
immune system. A protective immune response to HSV is
critical in resolving the highly lytic primary HSV infection,
since failure to do so can result in encephalitis and ultimately
death, a condition observed in newborns and immunocompro-
mised hosts (13). Although roles exist for cells of the innate
immune system in controlling initial viral spread (1, 37, 58) and
for the CD8" cytotoxic T-lymphocyte (CTL) response in con-
trolling viral infection in the central nervous system (22, 44, 51,
52), CD4" T cells appear to be the most important cells in
protection against primary HSV infection based on studies in
CD4" T-cell-depleted or -deficient mice (32, 38, 39, 56). Since
the magnitude of the memory response correlates with that of
the primary immune response (40), understanding the require-
ments for the initial protective response may contribute to
understanding long-term immunity to HSV.

The antigen-specific response to a viral pathogen is initiated
when a T cell recognizes a viral peptide presented in the
context of major histocompatibility complex (MHC) on anti-
gen-presenting cells (APC). This primary signal results in the
activation of the T cell, the extent of activation being a function
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of both the affinity and duration of this interaction (23, 27).
Low affinity or brief primary signals can result in insufficient
T-cell activation unless augmented by secondary interactions
called costimulatory signals (CS). The best-characterized CS
determined to be important in the initiation of the immune
response are the CD28/CD80-86 and CD40/CD154 (CD40 li-
gand) receptor-ligand interactions (9, 19, 41). In addition to
their essential role in the development of the antigen-specific
humoral response, they appear to facilitate T-cell activation in
response to low-affinity or low-abundance antigens by lowering
the threshold required for activation and by promoting survival
of activated T cells (5, 6, 27, 53, 60).

A number of groups have studied the roles of these two CS
in the immune responses to viral pathogens by exploring the
effects of blocking CS in the well-characterized lymphocytic
choriomeningitis virus (LCMV) and vesicular stomatitis virus
(VSV) models in mice. Both of these models result in systemic
infections, but the extents to which these viruses replicate differ
greatly: LCMV replicates to high titers, while VSV replicates
poorly. The dependency of the antiviral CD8* T-cell responses
on costimulation parallels the differences in titers. The primary
CD8™" T-cell response to LCMYV is largely intact, but the CD8™"
T-cell response to VSV is impaired when these CS are blocked
(3, 11, 27, 43). Antiviral CD4™ T-cell responses to both viruses
are moderately dependent on these CS (62); however, the
reduction in CD4™ T cells has a greater effect on the protective
immune response to VSV, which is heavily dependent on an-
tibody, compared to that of LCMV, which is solely dependent
on CD8" T cells.

To determine the relevance of costimulatory interactions in
the context of an acute cytolytic but locally replicating viral
infection, the roles of these two receptor-ligand interactions
were assessed in mice infected with HSV. Using reagents
which block the CD28/CD80-86 and CD40/CD154 interactions
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FIG. 1. Outcome of HSV-1 (KOS) infection in mice which CD28/B7, CD40/CD154, or both interactions have been disrupted. Outcome was
measured as the fraction of mice surviving without neurological impairment (paralysis or gross motor ataxia) over time in days after mice were
inoculated via dermal abrasion with 2.5 X 10° (a and b) or 5 X 10° (c) PFU of HSV/hindfoot.

in combination with mice with genetic deficits in either CD28
or CD154, we observed the following: treatment of mice with
CTLAA4Ig greatly reduced paralysis-free survival during pri-
mary acute HSV infection, primarily due to an almost total
ablation of the anti-HSV responses by both CD4" and CD8"
T cells over the first 10 days of infection; and disruption of
CD40/CD154 interactions had a less severe effect on outcome
and primarily impaired the CD4™" T-cell response. Our results

indicate that these CS are required for successful resolution of
the primary HSV infection in mice and further highlight their
roles in the generation of antiviral CD4" and CD8" T-cell
responses.

MATERIALS AND METHODS

Reagents. Soluble murine CTLA4Ig and a hamster immunoglobulin G (IgG)
monoclonal antibody (MAb) to murine CD154 (MR1) were generously provided
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FIG. 2. Representative IFN-vy intracellular staining of large activated cells from the draining LN of day 5 HSV-infected B6 mice in response
to various stimuli. IFN-v staining of cells stimulated in vitro with aCD3+PMA (A) or HSVgB 44 505 (B) are plotted in relation to CD8" staining;

cells stimulated with UVHSV (C) are shown with respect to CD4™ staining.
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FIG. 3. Characterization of the cellular immune response to HSV over days 4 to 10 postinoculation in CD154~/~ (O) and control (®) mice.
Mice were inoculated via intradermal injection with 5 X 10° PFU of HSV/hindfoot, and draining LN cells were collected from three mice per group
on each day. Absolute numbers of large activated CD4" (a) and CD8™ (b) cells were determined via fluorescence-activated cell sorting analysis.
The fraction and absolute number of HSV-specific CD4* cells were determined via IFN-y intracellular staining of cells in response to UVHSV
as antigen (Ag) (¢ and e). The fraction and absolute number of HSV-specific CD8" cells were determined from IFN-y production of cells
stimulated with HSVgB,gs 505 (d and f). Insets in panels e and f depict IFN-y staining of either CD4" or CD8" cells in response to maximal
aCD3+PMA stimulus. ANOVA single-variant statistical analysis was used for determining significance between groups. P values: a, 0.055; b, 0.506;

¢, 0.004; d, 0.036; e, 0.010; £, 0.013.
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FIG. 4. Characterization of the cellular immune response to HSV over days 4 to 10 postinoculation in CTLA4Ig-treated (CJ) and control (®)
mice. Mice were treated and data are plotted as described for Fig. 3. ANOVA single-variant statistical analysis was used for determining
significance between groups. P values: a, <0.0001; b, <0.0001; c, 0.17 (the variable CD4" T-cell response at day 7 reflected one CTLA4Ig-treated
mouse with high numbers of IFN-y-producing cells [P < 0.0001 with censoring of this data point]; d, 0.0002; e, 0.0020; f, <0.0001.

by Bristol-Myers Squibb, Inc. (31). Mice were treated intraperitoneally with 200
ng of CTLA4Ig, 200 p.g of control isotype-matched antibody L6, 500 pg of MR1,
or 500 g control hamster IgG 24 h before and 48 and 96 h after infection. These
doses are equal to or greater than those previously described to be effective at
blocking the corresponding receptor-ligand interactions in vivo (16, 26, 31).

Mice. All mice were of the H-2° haplotype. Wild-type C57BL/6 (B6) mice were
obtained from Taconic or Jackson Laboratories. CD154 /" mice on a B6 X 129
background were obtained from Richard Flavell (Yale University) and compared
to CD154 wild-type or CD154 %/~ littermates. B6 congenic CD28 '~ mice were
obtained from Jackson Laboratories. CD28/~ CD154/~ mice were generated
by intercrossing of CD28 '~ and CD154~/~ mice and were compared to het-
erozygous littermate controls. Genotypes of mice were determined via PCR
analysis of tail DNA. All mice were housed under specific-pathogen-free condi-
tions.

Virus. HSV type 1 (HSV-1; KOS strain) was grown and titered in Vero cells
as described elsewhere (22). HSV antigen consisted of virus inactivated with UV
light, and control antigen (mock) consisted of lysate of uninfected Vero cells
(22). Virus stocks were kept at —80°C and thawed immediately prior to use.

Analysis of paralysis free-survival from HSV infection. Mice were infected
with 2.5 X 10° PFU/foot as described elsewhere (22, 55) and were evaluated daily
for evidence of footpad lesions and hind limb paralysis. Mice that developed
bilateral hind limb paralysis were immediately euthanized, as we have previously
found that >80% die within 24 h (22). Statistical differences between groups
were determined using life table analysis and log rank tests.

Analysis of HSV-specific cellular immune responses. Mice were infected by
intradermal injection into the hind footpads of 5 X 10° PFU of HSV in 50 ul of
serum-free RPMI. Draining popliteal lymph node (LN) cells from HSV-infected
mice were collected on days 4 to 8 and 10 after inoculation. Cells were cultured
in Iscove’s medium (Life Technologies) containing 10% fetal bovine serum 5 X
107> M 2-mercaptoethanol, and antibiotics (complete Iscove’s medium). Intra-
cellular gamma interferon (IFN-vy) staining was performed by the method of
Flynn et al. (17). Briefly, cells were cultured for 6 h in the presence of brefeldin
A (10 pwg/ml) with or without 1 .M HSV gB peptide comprising amino acids 498
to 505 (SSIEFARL) (HSVgB,9s_s05; United Biochemical Research, Inc., Seattle,
Wash.). Parallel cultures of cells were stimulated for 6 to 8 h with UV-inactivated
whole HSV (UVHSV), mock antigen, or anti-murine CD3 (1452C11 culture
supernatant) plus 5 ng of phorbol myristate acetate per ml («CD3+PMA).
Brefeldin A (10 pg/ml) was added for the final 3 h. These cells were then
analyzed for expression of CD4, CDS, and intracellular IFN-vy using three-color
flow cytometric analysis. Anti-CD4, anti-IFN-y, and anti-CD8« antibodies were
from Caltag. Cells were also stained with MHC class I (MHC-I) K/HSVgB 04 505
tetramer (NIAID Tetramer Core Facility, Emory University). Staining with tet-
ramers was carried out at 37°C for 30 min on unstimulated cells. Profiles were
acquired on a FACScan flow cytometer, and the data were analyzed using
CELLQuest software (Becton-Dickinson Immunocytometry Systems, San Jose,
Calif.). ANOVA (analysis of variance) was used for statistical analysis.

In vitro culture conditions and CD8 CTL assays. LN cells were isolated from
HSV-infected mice at the indicated days. Cells were cultured for 3 days in
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FIG. 5. Fractions of cells from day 5 HSV-infected mice which produced IFN-y in response to HSVgB 5 505 and which stained positive for
MHC-I K*/HSVgB,o5 505 tetramer closely paralleled each other directly ex vivo (a) and after 3 days in culture with or without IL-2 (b). Tetramer
staining was performed on unstimulated cells after 6 h of culture. IFN-vy staining was done on cells incubated with HSVgB,q4 55 for 6 h.

complete Iscove’s medium with the presence or absence of recombinant inter-
leukin-2 (IL-2; 5 ng/ml), CTLA4Ig (20 pg/ml), or rat anti-mouse IL-2 MAb
(Pharmingen clone JES6-5H4; 10 wg/ml). After the culture period, cells were
analyzed by FACScan or were tested for lytic function in CTL assays. A standard
5.5-h CTL assay was performed using >'Cr (100 pCi)-labeled EL4 or EL4-
HSVgB (ELA4 cells stably expressing HSV gB) as target cells. Targets were plated
at 5 X 10° cells/well. All variables were tested in triplicate. Values indicated were
derived as follows: 100 X (experimental release — spontaneous release)/(maxi-
mum release-spontaneous release). Spontaneous release was less than 12% in all
assays.

RESULTS

Disruption of costimulatory interactions impairs the sur-
vival of mice infected with HSV-1. To investigate the roles of
the CD40/CD154 and CD28/CD80-86 receptor-ligand interac-
tions in the control of a primary HSV-1 infection, we tested
mice in which one or both of these costimulatory interactions
were disrupted either genetically or via treatment with block-
ing reagents. Mice were infected in the hind footpads. In this
model of infection, virus spreads from the footpad to the spinal
ganglia and central nervous system. Infection is controlled by a
T-cell-dependent mechanism that controls active viral replica-
tion between days 5 and 10 postinoculation. Failure to control
infection leads to paralysis and death.

Paralysis-free survival was modestly impaired in CD154~/~
mice compared to control mice (P = 0.046) (Fig. 1a). Treat-
ment with murine CTLA4Ig, which efficiently blocks CD80 and
CDS86 interactions with CD28 (Fig. 1a), clearly impaired pa-
ralysis-free survival of wild-type (WT) mice (P = 0.001) and
further impaired paralysis-free survival in CD154~/~ mice
(P = 0.016). As a complementary approach, we also evaluated
CD28/~ mice treated with either control hamster Ig or MR1,
a blocking MADb to CD154 (Fig. 1b). By contrast to the results

for CTLA4Ig-treated mice, results for CD28 '~ mice did not
differ from controls (Fig. 1b). Nonetheless, the incidence of
paralysis and death in CD28/~ mice treated with MR1 was
40% greater than in CD28 /" mice treated with hamster Ig
(Fig. 1b, P = 0.001), whereas treatment of WT mice with MR1
did not impair their ability to control HSV infection. The
failure of MR1 treatment to impair outcome in WT mice
differs from the findings in CD154 '~ mice. These results
suggest that inhibition of CD154/CD40 interactions by MR1
was incomplete and insufficient to affect outcome in control
mice but sufficient to impair outcome in CD28 '~ mice. These
findings also suggest that CD28 '~ mice compensate for the
genetic deficiency of CD28 by relying more heavily than WT
mice on alternative CD154-mediated costimulatory pathways.
To further test this notion, CD28/~ CD154 "/~ mice were
infected with HSV (Fig. 1¢). Compared to CD28*/~ CD154*/~
littermate control mice, paralysis-free survival was reduced
>40% in CD28 '~ CD154~/~ mice (P = 0.076).

Together these findings indicate important and partly inde-
pendent roles for these two costimulatory pathways in the
control of primary HSV-1 infection in mice. Because genetic
deficiency of CD154 and treatment with CTLA4Ig more effec-
tively revealed the roles for CD40/CD154 and CD28/CD80-86
interactions in protection from primary HSV infection, these
two approaches for disrupting CS were used to further explore
the mechanisms by which they acted.

Costimulatory interactions play an important role in the
CD4* and CD8" T-cell responses to HSV. The HSV-specific
T-cell response in the draining LN of mice peaks around days
5 to 6 postinfection and wanes dramatically by day 10 (14). To
assess the CD4" and CD8" T-cell responses, cells from the
draining LN were collected on the indicated days and analyzed
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FIG. 6. CTLA4Ig treatment causes anergy in HSV-specific CD4* T cells but not in CD8* T cells. Day 5 draining LN cells from CD154 /" mice
(@), CTLA4Ig-treated mice (m), and corresponding controls (8) were analyzed directly ex vivo or after 3 days in culture with or without IL-2 (5
ng/ml) for HSV-specific IFN-y production in response to UVHSV or HSVgB,o_s(s. Plots represent fractions of IFN-y-producing HSV-specific
CD4* or CD8™ cells in large CD4" or CD8" populations in CD154~/~ (a) or CTLA4Ig-treated (b) mice.

for cell surface markers and intracellular IFN-y production
after stimulation in vitro. The HSV-specific CD8* T-cell re-
sponse in C57BL/6 mice, which are of the H-2 MHC haplo-
type, is almost solely directed against HSVgB,qo5 505 and me-
diated by T cells that utilize the VB10 T-cell receptor (14, 15).
The HSV antigens recognized by CD4™" T cells are not defined.
Accordingly, we used HSVgB,q5_ 505 to activate HSV-specific
CD8™ T cells and UVHSV to activate HSV-specific CD4" T
cells. aCD3+PMA was used to activate IFN-y-producing, ef-
fector CD4" and CD8™ T cells in an antigen-nonspecific man-
ner. Comparison of the fraction of cells producing IFN-y in
response to antigen versus aCD3+PMA was used to gauge the
fraction of effector cells that were HSV specific (Fig. 2).
CD154 deficiency appeared to have little effect on the num-
bers of total (data not shown) and large, activated (CD44™")
CD4" and CD8" T cells recovered from the LN of HSV-
infected mice (Fig. 3a and b). There was also little difference
between CD154~/~ mice and controls in the fraction or num-
bers of CD8" T cells that produced IFN-y in response to
HSVgB peptide (Fig. 3d and f). However, in CD154 /" mice,
the fraction and numbers of CD4™ T cells that produced IFN-y
in response to UVHSV or aCD3+PMA were substantially
reduced at the time of the peak response (Fig. 3c and e).

Consistent with its more marked effect on survival, CTLA4Ig
treatment profoundly impaired all aspects of the CD4" and
CD8™ T-cell response. CTLA4Ig-treated mice had markedly
decreased numbers of total (data not shown) and large, acti-
vated CD4 " and CD8" cells in the draining LN at the peak of
the response (Fig. 4a and b). This was closely paralleled by a
reduction in the numbers of CD4" and CD8" T cells that
produced IFN-y in response to HSV antigens or to «CD3+PMA
(Fig. 4c to f).

The reduction in IFN-y-producing CD8" T cells in CTLA4Ig-
treated mice could reflect a reduction in HSV-specific effector
T-cell numbers or an impairment in the ability of these cells
to produce IFN-y in response to stimulation in vitro. To eval-
uate these possibilities, we compared the fraction of cells
isolated from the draining LN that stained with MHC-I K"/
HSVgB,o5_s05 tetramers to the fraction that produced IFN-
v in response to HSVgB,o5 505 peptide. Tetramer staining and
IFN-y production closely paralleled each other for cells from
CD154~/~, CTLA4Ig-treated, and the corresponding control
mice (Fig. 5a).

In vitro assessment of the roles of CD28/CD80-86 interac-
tions and IL-2 in CD4" and CD8* T-cell responses to HSV.
Previous studies have shown that culturing of cells explanted
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FIG. 7. The effect of CTLA4Ig on HSV-specific cells is mediated
through IL-2. Cells from day 5 HSV-infected mice were analyzed
either directly or after 3 days in culture with or without (5 ng/ml), IL-2,
CTLAA4Ig, (20 pg/ml), and IL-2-specific blocking antibody (20 pg/ml).
Plots represent fractions of IFN-y-positive CD4* or CD8™ cells in
large CD4* and CD8" populations in response to UVHSV or HS-
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from draining LN of HSV-infected mice results in their expan-
sion and in the generation of cytolytic CD8" CTL, which
cannot be detected directly ex vivo (42). To explore the basis
for the differences in HSV-specific CD4" and CD8* T-cell
responses, we explanted cells from the draining LN and cul-
tured them for 3 days in vitro under various conditions.

When cells from control and CD154 '~ mice were cultured
in medium alone, the number and fraction of CD4* and CD8*
T cells that produced IFN-vy in response to UVHSV and HS-
VgB,o5 505 increased (Fig. 6a and c). Addition of IL-2 did not
result in an increase in IFN-y-producing CD4" T cells com-
pared to medium alone, whereas IFN-y-producing CD8" T
cells were increased by the addition of IL-2. By contrast, when
cells from CTLA4Ig-treated mice were cultured in vitro, there
was little or no expansion of IFN-y-producing CD4" T cells
compared to controls (Fig. 6b). However, addition of IL-2
largely overcame this deficit. In control and CTLA4Ig-treated
mice that produced IFN-y in response to HSVgB,o5 505 after
culture in vitro, the fractions of CD8" T cells increased in
parallel upon the addition of IL-2 (Fig. 6d).

J. VIROL.

When cells were cultured in the presence of CTLA4Ig in
vitro, the expansion of HSV-specific CD4" and CD8" T cells
was blocked in CD154/~ and CTLA4Ig-treated mice (data
not shown) and in controls (Fig. 7). Addition of IL-2 to cul-
tures partially and fully overcame this inhibition for CD4" T
cells and CD8" T cells, respectively, while addition of anti-
mouse [L-2 (10 pg/ml) reproduced the effects of adding
CTLAA4Ig to the cultures (Fig. 7). Under each of the conditions
noted above, the fraction of cells that stained with MHC-I
KP/HSVgB,o5_s,5 tetramers was similar to the fraction that pro-
duced IFN-vy in response to HSVgB,4¢ 505 peptide (Fig. 5b).

IFN-y production by CD8* T cells correlates with lytic
function after culture in vitro. In HSV-infected mice, CD8* T
cells acquire cytolytic activity after they are cultured for 3 days
in vitro in medium alone (33). Furthermore, the acquisition of
cytolytic activity is CD4™ T-cell dependent and resides in the
CD25 (IL-2Ra) ™ subset of CD8™ T cells (33). Consistent with
this and the results noted above, acquisition of cytolytic activity
was enhanced by the addition of IL-2 to cultures of cells from
the draining LN of infected mice (Fig. 8a). HSV gB-specific
cytolytic activity of CTLA4Ig-treated cells was also enhanced
by IL-2 but consistently less than in controls except at day 4,
which suggests that CTL precursors were reduced at later time
points.

DISCUSSION

This study demonstrates that CD40/CD154 and CD2§/
CD80-86 receptor-ligand interactions contribute to host de-
fense against primary HSV infection. Disruption of either of
these interactions reduced paralysis-free survival, and disrup-
tion of both had an even greater effect. Both costimulatory
pathways contributed to the generation of HSV-specific CD4*
T-cell and T-cell-dependent antibody responses, whereas the
CD28/CD80-86 pathway also played a critical role in genera-
tion of the HSV-specific CD8" T-cell response.

We used complementary approaches to disrupt CD40/
CD154 and CD28/CD80-86 interactions, which allowed us to
study the functional interrelationship between these two co-
stimulatory pathways in the response to HSV infection. Sur-
vival was impaired in WT mice treated with CTLA4Ig and in
CD154~/~ mice. CD154 may act in antiviral defense in part by
up-regulation of CD80 and CD86 expression on APC. How-
ever, we found that treatment of CD154/~ mice with
CTLAd4Ig or of CD28 '~ mice with MR1 further impaired
survival, indicating that the CD28/CD80-86 and CD40/CD154
interactions act, at least in part, independently. By contrast to
the results in WT mice treated with CTLA4Ig, CD28 '~ mice
did not demonstrate impaired survival to HSV, suggesting that
these mice were able to compensate for this deficiency. This
compensation, however, was mediated through CD40/CD154-
dependent costimulatory pathways that did not act through
CD28; such pathways may include the induction of 4-1BBL,
OX40L, and integrins (5, 28, 35, 49, 57, 61).

Analysis of the HSV-specific cellular immune response dur-
ing the first 10 days after infection revealed a role for both CS
in the development of T-cell-mediated immunity to HSV. Our
results provide further evidence that both CD40/CD154 and
CD28/CD80-86 interactions are important for the generation
of an effective antiviral CD4" T-cell response. Similar results
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FIG. 8. (a) HSVgB,ys_s50s-specific IFN-y production correlates with HSV gB-specific lytic activity after 3 days in culture with or without IL-2
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as targets in the CTL assay. (b) HSV gB-specific lytic activity of cells from CTLA4Ig-treated mice is reduced at later time points during infection
compared to controls (left panel). Lytic activity at an effector/target (E:T) ratio of 12.5:1 was determined in day 5 cells. Symbols represent effector
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symbols).

have been obtained by others in studies of mice with LCMV
and VSV infection (3, 57, 62). Our studies extend those pre-
viously reported by evaluating the response to HSV infection
and by directly comparing the magnitude of and mechanisms
for impaired CD4 " T-cell responses when these costimulatory
pathways are blocked.

Activation of naive CD4™" T cells through the T-cell receptor
in the absence of a CD28-mediated CS induces anergy, as
indicated by an inability of these cells to produce IL-2 and to
proliferate. Culturing such cells in IL-2 induces proliferation
and reverses the anergic state (45). In the context of antiviral
responses, previous reports indicate that CD28/CD80-86 inter-
actions help to activate CD4 " T cells that are specific for weak
antigenic peptides, thereby increasing the overall diversity of
responding cells (5, 6, 10, 25). This would imply that CTLA4Ig
treatment might impair the initial priming and survival of
HSV-specific CD4" T cells and do so in part by inducing
anergy. We tested this hypothesis by culturing cells in vitro with
and without exogenous IL-2 and then identifying IFN-y-pro-
ducing CD4 ™ effector T-cells after stimulation with UVHSV or
aCD3+PMA. CTLAA4Ig treatment affected the ability of ef-
fector CD4™ T cells to expand in vitro, resulting in cells which
failed to expand or gain effector function in the absence of

exogenous IL-2. Addition of IL-2 fully restored the develop-
ment of IFN-y-producing effector T cells, indicating that the
antigen-specific CD4™" T cells that were present were anergic.
In contrast to the results in CTLA4Ig-treated mice, IFN-y-
producing effector CD4™" T cells in CD154 /" mice were only
marginally reduced when tested directly ex vivo and expanded
substantially when cultured for 3 days with or without IL-2.
Thus, unlike the results in CTLA4Ig-treated mice, CD154 de-
ficiency did not result in CD4* T-cell anergy.

Consistent with the impaired CD4* T-cell response, the
T-cell-dependent IgG anti-HSV antibody response was sub-
stantially impaired in CTLA4Ig-treated and CD154 '~ mice
(data not shown). However, it is unlikely that impaired anti-
body production was the major factor in the impaired outcome
of these mice, since mice in which B-cell development has been
suppressed control acute HSV-1 infection with normal kinetics
(50). Furthermore, while antibody responses were equally im-
paired in CD154 '~ and CTLA4Ig-treated mice, the outcomes
were not.

Unlike the CD4" T-cell response, the CD8" response was
substantially impaired in CTLA4Ig-treated mice but not in
CD154~/~ mice. Under all conditions, the percentage of cells
which produced IFN-y in response to HSVgB,45_s,s Wwere com-
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parable to the percentage of cells which stained positive for the
MHC-I K® /HSVgB,os 505 tetramers. This suggests that the
reduction of IFN-y-responsive CD8™ T cells in the CTLA4Ig-
treated mice was due not to impaired development of effector
function but rather to a reduction in the overall numbers of
responding HSV-specific CD8* T cells.

The impaired CD8" T-cell response in CTLA4Ig-treated
mice may reflect both direct and indirect roles for the CD28-
CD80/86 interaction in the generation of CD8" T cells. CD28-
mediated enhancement of T-cell proliferation is largely but not
solely IL-2 dependent (4). By contrast to CD4" T cells, HSV-
specific CD8* T cells from CTLA4Ig-treated mice expanded in
culture in the absence of exogenous IL-2. This expansion was
both CD28 and IL-2 dependent, which is consistent with the
observation that HSV-specific CD8" CTL precursors express
high levels of CD25 (24, 34). Therefore, our in vitro results
suggest that CD28-mediated CD8™" T-cell expansion was me-
diated largely by enhancement of endogenous IL-2 production.

The CD8™" T-cell response to HSV is at least in part CD4™"
T-cell dependent (24, 36, 56); thus, impairment of the CD4*
T-cell response in CTLA4Ig-treated mice may indirectly retard
the ability of primed CD8™ T cells to expand and develop optimal
effector function. These CD8" T cells do not appear anergic,
given their ability to expand in the absence of exogenous IL-2.
However, IL-2 was a limiting factor for the expansion of these
cells in vitro, and so the decreased HSV-specific CD4* helper
T-cell response may limit the potential expansion of the respond-
ing CD8™ T cells in vivo. Alternatively, impairment of the CD4™"
T-cell response could result in inefficient APC activation and
thereby reduce the generation of CD8" T cells (29, 46).

The primary anti-HSV immune response is similar to the
anti-VSV response in its dependency on costimulation medi-
ated both by CD28/CD80-86 and CD40/CD154 interactions.
Unlike the case for LCMYV infection, the antiviral responses to
VSV and HSV depend heavily on robust CD4" T-cell re-
sponses to promote both humoral and CD8" T-cell responses
(12, 30, 32, 54, 56). The essential role of CS in the response to
VSV but limited role in response to LCMV is thought to
reflect the very limited replication of the VSV in mice and the
limited ability of this virus to drive the maturation of DC in
vivo (27), which contrasts with the extensive replication and
efficient priming of DC in LCM V-infected mice (3, 47). Unlike
VSV, HSV replicates to high titers in vivo. However, HSV
replicates locally rather than systemically, and so the amounts
of antigen reaching the secondary lymphoid organs may be
limited. Further, HSV impairs the maturation and migration of
infected DC (48). These effects of HSV may impede the de-
livery and presentation of viral antigens to T cells in the sec-
ondary lymphoid organs and place a greater reliance on cross-
presentation of viral antigens by uninfected DC, a process
requiring costimulation (7, 8, 20). Finally, the role for costimu-
lation in the human anti-HSV immune response might be even
more important, considering that HSV-mediated downregula-
tion of antigen presentation in humans occurs much more
efficiently than in mice (2, 18).
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