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The type I interferon (IFN) cascade is critical in controlling viral replication and pathogenesis. Recognition
pathways triggered by viral infection rapidly induce the type I IFN cascade, often in an IFN regulatory factor
3 (IRF-3)-dependent fashion. This dependence predicts that loss of IRF-3 would render early recognition
pathways inoperative and thereby impact virus replication, but this has not been observed previously with
herpes simplex virus type 1 (HSV-1) in vitro. In this study, HSV-1-infected IRF-3~'~ bone marrow-derived
dendritic cells (BMDCs) and macrophages supported increased HSV replication compared to control cells. In
addition, IRF-3-deficient BMDCs exhibited delayed type I IFN synthesis compared to control cells. However,
while IFN pretreatment of IRF-3~/~ BMDCs resulted in reduced virus titers, a far greater reduction was seen
after IFN treatment of wild-type cells. This suggests that even in the presence of exogenously supplied IFN,
IRF-37/~ BMDCs are inherently defective in the control of HSV-1 replication. Together, these results dem-
onstrate a critical role for IRF-3-mediated pathways in controlling HSV-1 replication in cells of the murine

immune system.

Herpes simplex virus type 1 (HSV-1) is a ubiquitous human
pathogen with high seroprevalence in adults (51). HSV-1 is
associated with numerous human diseases ranging from the
common cold sore in immunocompetent individuals to her-
petic encephalitis in neonatal and immunocompromised hosts.
A member of the Alphaherpesvirus family, HSV-1 exhibits two
distinct phases of infection (49). Acute infection typically oc-
curs at peripheral epithelial sites and is characterized by lytic
infection and spread. In contrast, the virus shifts from lytic to
latent infection in sensory neurons, which is characterized by
limited gene expression and the persistence of viral genomes in
a transcriptionally active state. Following certain stimuli, peri-
odic reactivation of latency occurs and may result in shedding
of infectious virus at the initial site of acute infection. Reacti-
vation may also be associated with immunopathological dis-
eases, most notably ocular herpetic stromal keratitis.

A role for interferons (IFNs) in controlling viral replication
is well established. In recent years, viral research has focused
on cellular recognition of pathogen-associated molecular pat-
terns and subsequent IFN induction, leading to the discovery
of Toll-like receptors (TLRs) and retinoic acid inducible gene
1 (RIG-I)-like sensing molecules (18). Such molecules respond
to several virally derived pathogen-associated molecular pat-
terns. These include MDA-5 and TLR-3, which recognize dou-
ble-stranded RNA (13, 24); DAI and TLR-9, which recognize
double-stranded DNA (14, 45); TLR-7, which recognizes sin-
gle-stranded RNA (9); and RIG-I, which recognizes triphos-
phate and double-stranded RNA (16, 31, 53). Subsequent work
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identified the adaptor molecules necessary for antiviral path-
way signaling, including MyD88, TRIF, and IPS-1 (19, 46, 52).
Not surprisingly, numerous gene products from viruses such as
hepatitis C virus, West Nile virus (WNV), influenza virus, and
vaccinia virus have been identified to antagonize these path-
ways and serve to promote viral replication and virulence by
degradation, interference, or sequestration of early recognition
components (3, 11).

These newly identified recognition pathways utilize IRF-3,
IRF-7, and NF-kB to induce IFN transcription through cog-
nate binding sites on the IFN-B promoter (38). During initial
induction of IFN, IRF-3, and NF-«kB, which are constitutively
expressed, become activated and translocate to the nucleus,
where they bind the IFN-f promoter to form the IFN enhance-
some (54). The initial IFN-B produced acts upon the IFN-a3
receptor in both an autocrine and paracrine manner to upregu-
late IFN-stimulated genes (ISGs), most notably IRF-7 (38). In
concert with IRF-3, IRF-7 amplifies and facilitates expression
of the full type I IFN cascade. In the absence of IRF-3, IFN-
production is reduced but the IFN-a levels remain normal,
suggesting that IRF-7 activity can compensate for the loss of
IRF-3 (15). In contrast, IRF-7 deficiency results in significant
reduction in serum IFN levels with a corresponding increase in
susceptibility to virus infection. IRF-7 was therefore dubbed
“the master regulator” of type I IFN-dependent immune re-
sponses (15). IRF-7/~ mice challenged with HSV-1 showed
increased mortality compared to control and IRF-37/~ mice,
but no increases in virus titers were observed in IRF-3- or
IRF-7-deficient cells in vitro (15). A possible explanation for
this lack of phenotype in vitro is that HSV-1 may control IRF-3
activation so thoroughly that this pathway is neutralized during
infection. UV-inactivated HSV-1 induces IRF-3 dimerization
and activation, leading to IFN induction, suggesting that very
early events in infection are responsible for triggering this
cascade in the absence of viral gene expression (6, 23). ICPO,
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an immediate-early gene of HSV-1, interacts with IRF-3 and
plays a critical role in preventing the induction of the IFN
response (10, 23, 27, 28, 30, 42). Additional HSV genes such as
the virion host shutoff protein, ICP34.5, and ICP27 also inter-
fere with the activity of IRF-3 (23, 26, 48). However, the
increased susceptibility of IFN receptor knockout mice to
HSV-1 compared to wild-type (WT) mice suggests that despite
so many genes regulating this pathway, the virus does not
maintain total control over the type I IFN cascade (22, 32). In
addition, numerous recognition molecules have been impli-
cated in HSV-1 identification and the subsequent immune
response (for example, TLR-3, TLR-2, TLR-9, and RIG-I),
but the loss of any of these components does not result in any
significant increase in viral replication in vitro (21, 35, 37, 55).

In these studies, we examined the impact of IRF-3-mediated
pathways on HSV-1 replication using cells from IRF3-deficient
(IRF-3"/") mice. The absence of IRF-3 was predicted to pre-
clude the function of early recognition pathways and thereby
impact HSV-1 replication. No changes in HSV-1 replication in
IRF-3-deficient mouse embryonic fibroblasts (MEFs) had
been observed previously, but we reasoned that, relative to
MEFs, cells of the immune system might induce more vigorous
IRF-3-dependent antiviral responses, manifesting with a sig-
nificant impact upon viral replication. Using IRF-3-deficient
bone marrow-derived dendritic cells (BMDCs) and macro-
phages (BMM) we have demonstrated that IRF-3 mediated
pathways are critical for control of HSV-1 replication. More-
over, control of HSV-1 replication is dependent on the type I
IFN cascade in these cell types induced via IRF-3-mediated
pathways.

MATERIALS AND METHODS

Cells and viruses. Viral stocks were grown and titers were determined on Vero
cells (34). HSV-1 WT strain KOS was the background strain for the present study
(41).

BMDCs were generated from 6 to 8-week-old C57/BL6 (Charles River Lab-
oratories, Wilmington, MA) or 129S6 (Taconic, Germantown, NY) mice (25,
56). Briefly, bone marrow was flushed from femurs of mice and cells were
cultured as described below. For the generation of BMDCs, bone marrow was
cultured in RPMI with 10% fetal calf serum, Glutamax, sodium pyruvate, non-
essential amino acids, 250 U of penicillin/ml, 250 U of streptomycin/ml, and
2% granulocyte-macrophage colony-stimulating factor for 6 to 8 days at 37°C.
BMDCs were then collected, counted, and divided into aliquots for infection at
several multiplicities of infection (MOIs) by the addition of virus in a minimal
volume of medium for 30 min at 37°C. Cells were then spun at low speed, and
inocula were removed, washed, resuspended, and plated in 35-mm wells for the
duration of the experiment. BMDCs were also generated from IRF-37/~ (15),
IRF-77/~ (15), STAT-1"/~ (29) (Taconic, Germantown, NY), and IFN-a/B/y
receptor/~ (AG129) mice (47).

BMM were cultured as described previously (56). Briefly, bone marrow was
cultured in Dulbecco modified Eagle medium supplemented with 10% fetal calf
serum, 5% heat-inactivated horse serum, 20% L.-929 conditioned medium, 250 U
of penicillin/ml, 250 U of streptomycin/ml for 7 days on non-tissue-culture-
treated plates. At day 7, cells were washed with a 0.02% EDTA solution, col-
lected, and counted. The cells were plated in 35-mm wells and rested for 3 days.
The BMM were infected at MOIs of 0.01 and 1 by the addition of virus in a
minimal volume of medium for 30 min at 37°C, removal of inoculum, and
followed by the addition of complete medium.

IFN-B ELISA. BMDCs were mock treated or infected at an MOI of 5 with
HSV-1 and cultured in 1 ml of medium. Cultured supernatants were harvested at
3,6, 9, and 12 h postinfection and spun at low speeds to remove cells. Superna-
tants were stored at —20°C before assay of IFN-B in the medium using 50 pl of
harvested medium in a mouse IFN-B enzyme-linked immunosorbent assay
(ELISA) as described in the kit protocol (PBL Biomedical Laboratories, Pisca-
taway, NJ).
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Antibody blockade. MAR1-5A3, an immunoglobulin G1 (IgG1) monoclonal
antibody specific to the IFN-a receptor (IFNaR; Leinco Technologies, St. Louis,
MO) was utilized as described previously (39). Briefly, after infection, cells were
plated in 1 ml of complete medium with 5 pg of MAR1-5A3/ml for the duration
of the experiment. At specified times, cells were harvested, and the titers were
determined on Vero cells under methylcellulose.

Mixing experiment. BMDCs were collected, counted, and divided into aliquots
for infection. WT and IRF-37/~ BMDCs were mixed at a ratio of 1:1 such that
the cell numbers equaled those of nonmixed controls. The mixed and nonmixed
populations were then immediately infected as previously described.

IFN-B pretreatment. BMDCs were treated for 16 h with 100 U of mouse
IFN-B (PBL Biomedical Laboratories, Piscataway, NJ)/ml or mock in phosphate-
buffered saline. BMDCs were then collected, counted, and divided into aliquots
for infection as previously described. No additional TFN-B was added after
infection.

Statistics. All statistical calculations were determined by using the Student ¢
test and are relative to control cells unless otherwise stated.

RESULTS

Control of HSV-1 replication in BMDCs is IRF-3 dependent
in vitro. A previous study using IRF-3- and IRF-7-deficient
MEFs demonstrated that the absence of either signaling mol-
ecule did not significantly alter HSV-1 replication (15). Work
performed in this laboratory is in agreement with these previ-
ous observations (data not shown). BMDCs were chosen for
infection in the present study due to their function as immune
sentinels, their strong responses to IFN, and their critical role
in controlling HSV-1 infection in vivo (17, 43, 44). IRF-3/~
BMDC:s yielded at least 10 times more HSV-1 than control
cells at both 24 and 48 h postinfection at each MOI tested (Fig.
1). In contrast, HSV-1-infected IRF-7 "/~ BMDCs did not
yield any increased virus titers compared to WT control BM-
DCs. These results suggested that pathways for control of
HSV-1 replication in BMDCs are dependent on IRF-3 but
independent of IRF-7.

BMM require IRF-3 for control of HSV-1 replication. Pri-
mary BMM were infected in order to further assess the role of
IRF-3-mediated pathways in immune cells (2, 5). These adher-
ent BMM were also tested to exclude the possibility that the
replication pattern of HSV differed between MEFs and
BMDC:s because of differences in adherence to plastic substrates
in culture. The results, however, demonstrated that the pattern
of viral replication in the IRF-37/~ BMM resembled that seen
in BMDCs, with increased viral yields compared to control
cells (Fig. 2). Increases of 10- to 100-fold in viral yields were
demonstrated at both 24 and 48 h postinfection at MOIs of
0.01, 1, and 5 (data not shown). Interestingly, IRF-7~/~ BMM
also supported increased viral replication. In contrast to BM-
DCs, IRF-7-deficient BMM permitted a 10- to 100-fold in-
crease in viral replication compared to controls at 24 and 48 h
postinfection. This increase in virus titers was greater in mag-
nitude at the lower MOI, but the impact of IRF-7 loss on HSV
replication in BMM was less than the impact of loss of IRF-3.
These data suggest a role for both IRF-3 and IRF-7 in control
of HSV-1 replication in BMM. BMDCs, however, have no
requirement for IRF-7 in controlling HSV-1 replication, dem-
onstrating a difference in the innate immune response between
macrophages and dendritic cells. Overall, in both cell types,
IRF-3-mediated pathways are required to control HSV-1 rep-
lication in vitro.

BMDC:s lacking IFN receptors permit increased viral rep-
lication in a STAT-1-dependent manner. Having identified a
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FIG. 1. In vitro replication in bone marrow derived dendritic cells.
Primary BMDCs were infected with WT HSV-1 at an MOI of 1 or
0.01. At indicated times postinfection, cells and supernatants were
harvested and virus titers assayed on Vero cells. The results shown
are the mean titers of three independent experiments. *, P < 0.05; **,
P < 0.01.

role for IRF-3-mediated pathways in controlling HSV-1 repli-
cation in BMDCs and BMM, the focus was shifted to differ-
entiating between two non-mutually exclusive mechanisms by
which IRF-3 could be controlling HSV-1 replication. First, it is
possible that IRF-37/~ BMDCs have delayed or reduced type
I IFN responses, disrupting the type I IFN cascade, and result-
ing in increased viral replication. Second, it is possible that
other IRF-3-dependent processes or gene products are directly
controlling HSV-1 replication. To address these possibilities,
BMDC:s lacking both type I and type II IFN receptors were
infected with HSV-1 (Fig. 3). These cells lack IFN binding and
signaling but contain IRF-3 and thereby maintain elements of
the early recognition pathway via IRF-3-dependent gene ex-
pression. The IFN receptor-deficient BMDCs permitted in-
creased viral growth in a similar fashion to IRF-37/~ BMDCs
and suggested that the type I IFN cascade was responsible for
controlling HSV-1 replication (Fig. 3). Similar increases in
viral replication were also seen in STAT-1"/~ BMDCs. To-
gether, these data confirm that viral replication is significantly
limited in these cell types through IFN-driven STAT-1 signal-
ing. Although these data do not completely exclude other IRF-
3-dependent processes, the results strongly suggest that the
increased viral yields in IRF-3~/~ BMDCs and BMM are due
to a delayed or defective type I IFN cascade.

IRF-3-MEDIATED CONTROL OF HSV-1 REPLICATION
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FIG. 2. In vitro replication in bone marrow derived macrophages.
Primary BMM were infected with WT HSV-1 at an MOI of 1 or 0.01.
At the indicated times postinfection, cells and supernatants were har-
vested, and virus titers were assayed on Vero cells. The results shown
are mean titers of four independent experiments. *, P < 0.05; #*, P <
0.01; #%%, P < 0.001.

IRF-3-deficient BMDCs have a defect in IFN-3 induction
compared to WT control cells. IFN-B plays a critical role in
inducing an antiviral state and controlling viral infection (18). A
deficit or a delay in IFN-B induction would likely allow increased
viral replication, as seen in IRF-3~/~ BMDCs. In order to exam-
ine this question, IFN-B protein levels were determined by
ELISA in control and IRF-3"/~ BMDCs after infection with
HSV-1 (Fig. 4). BMDCs were infected at an MOI of 5 to ensure
uniform infection and minimize the contribution of bystander
IFN. Even at this high MOI, IRF-3~/~ BMDCs yielded a statis-
tically significant increase in HSV-1 titer at 12 and 24 h postin-
fection. Examining IFN-B protein, IRF-37/~ BMDCs exhibited
decreased and delayed IFN-B production relative to WT control
BMDCs. WT BMDCs produced detectable levels of IFN-B as
early as 6 h postinfection and continued to escalate at 9 and 12 h
postinfection. In contrast, IRF-3-deficient BMDCs only produced
measurable levels at 12 h postinfection, suggesting a defect in the
initiation of IFN-B production. The IRF-3~/~ BMDCs were,
however, capable of producing IFN-B late in the experimental
infection, thereby potentially allowing control of viral replication
at these later times.

IFN«aR-blocking antibody augments viral growth in WT
control and IRF-3-deficient BMDCs. To demonstrate that pro-
duction of type I IFN was a primary defect, WT and IRF-37/~
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FIG. 3. In vitro replication in BMDCs lacking IFN signaling. Pri-
mary BMDCs derived from WT and IFN-o/B/y receptor-deficient
(AG129) or STAT1-deficient mice were infected with WT HSV-1 at an
MOI of 1 or 0.01. At indicated times postinfection, cells and superna-
tants were harvested, and virus titers were assayed on Vero cells. The
results shown are the mean titers of three independent experiments. *,
P < 0.05; %, P < 0.01; #%%, P < 0.001.

BMDCs were infected and then treated with antibodies that
block the IFNaR or with control IgG1 antibody (Fig. 5 and
data not shown). We postulated that if the restriction of HSV-1
replication in this system was dependent on type I IFN induc-
tion, then WT and IRF-3-deficient BMDCs should yield sim-
ilar virus titers in the presence of the blocking antibody. Con-
trol IgG1 had no impact on viral replication in either cell type
(data not shown). In contrast, the addition of IFNaR blocking
antibodies allowed both WT and IRF-3~/~ BMDCs to produce
higher yields of HSV-1 such that viral growth curves for these
two disparate cell types were similar under these conditions
(Fig. 5). It was also notable that untreated IRF-3~/~ BMDC
cultures yielded titers similar to those of antibody-treated
BMDC:s at 24 h postinfection. In contrast, by 48 h postinfec-
tion, antibody-treated IRF-37/~ BMDCs yielded 10-fold more
virus than untreated cultures. Together, these data demon-
strate that the type I IFN cascade is responsible for controlling
HSV-1 replication in WT BMDCs and that, at late time points,
IRF-3-deficient BMDCs can exert partial type I IFN-depen-
dent control of HSV-1 replication.

IFN induction from WT BMDC:s fails to restore control of
HSV-1 replication to IRF-3-deficient BMDCs in vitro. The
preceding data suggested that IFN induction was defective in
IRF-3-deficient BMDCs but that these cells were still capable

J. VIROL.
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FIG. 4. IFN-B secretion by infected BMDCs. Primary BMDCs
were infected with WT HSV-1 at an MOI of 5. At indicated times
postinfection, cells and supernatants were harvested. Cells were re-
moved by low-speed centrifugation, and supernatants were assayed for
IFN-B by ELISA. The results in the upper panel are mean totals from
three independent experiments. Cells and supernatants were also as-
sayed for virus titers at 6, 12, and 24 h postinfection, and virus titers
were assayed on Vero cells. The results in the lower panel shown are
the mean titers of three independent experiments. *, P < 0.05.

of controlling viral infection once the type I IFN cascade had
been initiated. The question arose, therefore, if the initial
IFN induction and synthesis were restored, could IRF-37/~
BMDC:s limit HSV-1 replication to levels seen in WT control
cells? We therefore investigated whether bystander IFN, pro-
duced by WT cells, could restore control of viral replication to
IRF-37/~ BMDCs by mixing them in culture at a 1:1 ratio. The
mixed cell population was then infected with HSV-1 at an MOI
of 0.01 and viral replication measured (Fig. 6). Viral growth
kinetics under these conditions were intermediate between
those observed in WT (low viral growth) and IRF-37/~ (high
viral growth) BMDCs. At 48 h postinfection, the mixed BMDC
population gave a 10-fold increase in viral yield over WT cells
alone and a 10-fold decrease in viral yield over IRF-37/~
BMDCs alone. The results show that IRF-37/~ BMDCs are
incapable of controlling viral replication even in the presence
of bystander IFN induced by viral infection of WT cells. An-
other possibility, although less likely, is that the presence of
IRF-37/~ BMDCs resulted in a reduced total type I IFN con-
centration, thereby permitting increased replication in WT
BMDOC:s. In either case, HSV-1 replication in IRF-3-deficient
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FIG. 5. IFNaR blockade in BMDCs. Primary BMDCs were in-
fected with WT HSV-1 at an MOI of 0.01. After infection, BMDCs
were plated in media containing 5 pg of IFNaR blocking antibody
(MARI1-5A3)/ml for the duration of the experiment. At the indicated
times postinfection, cells and supernatants were harvested, and virus
titers were assayed on Vero cells. The results shown are the mean titers
of three independent experiments. *, P <, 0.05; **, P < 0.01.

BMDCs was not limited in the context of bystander cell-pro-
duced IFN.

IRF-3-deficient BMDCs primed with IFN partially restore
control of HSV-1 replication. The results from the cell mixing
experiments suggested that IRF-37/~ BMDCs were unable to
respond fully to IFN production by WT cells. However, the
ability to generate a delayed IFN-B response coupled with the
IFN-dependent decrease in virus titers at late time points sug-
gested that IRF-37/~ BMDCs were capable of inducing the
type I IFN cascade, but with low efficiency. One possible model
is that cells lacking IRF-3 are inherently slowed in their re-
sponse to IFN and need additional time to properly prime in
order to fully control HSV-1 replication in vitro. To test this,
WT and IRF-37/~ BMDCs were pretreated overnight with
IFN-B and challenged with HSV-1, and viral yields were mea-
sured (Fig. 7). IFN pretreatment of IRF-3~/~ BMDCs signif-
icantly decreased HSV-1 replication compared to untreated
IRF-37/" cells with a >100-fold decrease in virus titers at 48 h
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FIG. 6. In vitro replication after mixing BMDC populations. Pri-
mary WT and IRF-37/~ BMDCs were mixed at a 1:1 ratio and infected
at an MOI of 0.01. At the indicated times postinfection, cells and
supernatants were harvested, and virus titers were assayed on Vero
cells. The results shown are the mean titers of three independent
experiments. *, P < 0.05.
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FIG. 7. In vitro replication after IFN-B pretreatment of BMDCs.
Primary WT and IRF-3"/~ BMDCs were pretreated with 100 U of
mouse IFN-B/ml for 16 h. Cells were then infected with WT HSV-1 at
an MOI of 0.01. At the indicated times postinfection, cells and super-
natants were harvested, and virus titers were assayed on Vero cells.
The results shown are the mean titers of three independent experi-
ments. *, P < 0.05; %%, P < 0.01.

postinfection. Titers observed were comparable to those in
untreated WT control BMDCs. However, pretreatment of WT
control cells resulted in further decreases in viral replication,
to levels at, or below, the level of detection. These results
together suggest that IRF-3-deficient BMDCs were capable of
strongly responding to IFN, but the overall immune response
in controlling HSV-1 replication was still defective compared
to WT control cells.

DISCUSSION

Despite mice or cells lacking IFN receptors being signifi-
cantly more susceptible to viral infection (22, 32), loss of IRF-3
and IRF-7 had surprisingly little impact on HSV-1 replication
in vitro (15). Several groups have suggested the lack of a
growth phenotype in IRF3™/~ cells may be due to HSV-1
maintaining strict control over IRF-3-dependent pathways
through various viral genes, including ICP0, ICP27, ICP34.5,
and vhs, thereby neutralizing the impact of IRF-3-mediated
pathways (6, 10, 23, 26-28, 30, 35, 42). In the present study, we
have demonstrated that HSV-1 replication was controlled in
an IRF-3-dependent manner in two types of immune cells.
This control was dependent on type I IFN and STAT-1 signal-
ing with a primary defect in IFN production in IRF-37/~ cells.
Even in the presence of exogenously supplied IFN, however,
HSV-1 replication was only partially controlled in IRF-37/~
BMDCs. Overall, the data presented here provide evidence
that IRF-3-mediated pathways have a significant impact on
HSV-1 replication in certain cell types.

Previous studies examining HSV-1 and IRF-37/~ used
highly permissive MEFs, whereas in the present study dendritic
cells and macrophages were chosen. Given the roles of den-
dritic cells and macrophages as sentinels of the immune system
capable of controlling viral infection in vivo, it is likely that
these cells induced a more vigorous immune response and
were thereby less permissive to infection than MEFs (2, 5, 17,
43, 44). In the case of HSV, a virus with multiple mechanisms
to subvert IFN responses, loss of IRF-3 can only manifest with
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increased virus titers in cells that respond strongly to IFN. This
idea is supported by studies with WNV (12). Only at late time
points do IRF-37/~ MEFs support nearly a 4-log increase in
WNV titers compared to control cells, suggesting robust IRF-
3-dependent responses in control MEFs late in infection. In
contrast, examination of WNV in BMM cultures demonstrated
increased viral replication in IRF-3 ~/~ BMM immediately, as
early as 24 h postinfection, and this continued through 72 h
postinfection (7). A similar difference in viral replication
between MEFs and immune cells was reported with mouse
norovirus in the context of STAT1 deficiency (50). These data
support the hypothesis that immune cells have a more vigorous
antiviral response than MEFs and loss of IRF-3 on viral rep-
lication may be more accurately measured in more restrictive
immune cell types. This hypothesis is especially relevant to
HSV-1, which compared to WNV and mouse norovirus, has
more genes for IFN regulation, produces less double-stranded
RNA, and exhibits less sensitivity to type I IFN.

Not surprisingly, in the absence of IRF-3, BMDCs and
BMM were unable to efficiently control HSV-1 replication
(Fig. 1 and 2). Although the IFN receptors are intact in these
cells, the early recognition signaling likely cannot proceed ef-
ficiently without IRF-3, leading to a delay in the type I IFN
cascade. Later, once secondary rounds of infection have begun,
alternate recognition pathways, most likely mediated through
IRF-7, can lead to the induction of type I IFN. This recognition
by a secondary pathway is supported by the observed late
production of IFN-B (Fig. 4) and the concomitant decreased
viral replication in IRF-37/~ BMDCs at late time points (Fig.
5). Although IRF-3 is constitutively expressed in both BMDCs
and BMM, basal expression of IRF-7 varies according to cell
type (33). Plasmacytoid dendritic cells (pDCs) constitutively
express IRF-7, while IRF-7 expression is reduced in conven-
tional BMDCs compared to IRF-3. BMM exhibited basal ex-
pression of both IRF-3 and IRF-7, potentially explaining
increased replication in IRF-7/~ BMM but not in IRF-7"/~
BMDC:s (8). These studies observed a parallel trend in WNV
replication in IRF-7 '~ BMM and BMDCs, as seen here with
HSV-1. However, in both cell types, the presence of IRF-7
cannot compensate for the loss of IRF-3-mediated pathways.
These results suggest that IRF-3-mediated pathways provide
the major pathway of control of HSV-1 replication.

Together, our results demonstrate that the early recognition
response through IRF-3-mediated pathways controls HSV-1
replication in BMDCs and leads to the following model (Fig.
8). Upon virus entry, an as-yet-undetermined sensor recog-
nizes HSV-1 and triggers a signaling cascade that activates
IRF-3. IRF-3 activation leads to production of IRF-3-depen-
dent gene products, type I IFN, and an ensuing type I IFN
cascade, resulting in control of the HSV-1 infection. In the
absence of the type I IFN cascade, achieved by knockout (Fig.
3) or receptor blockade (Fig. 5), BMDCs are unable to control
viral replication. Similarly, ablating IRF-3 and the early recog-
nition response results in increased viral replication due to
delayed and reduced IFN-B production (Fig. 1, 2, and 4).
Exogenous IFN provided by bystander cells (Fig. 6) or pre-
treatment (Fig. 7) partially restores control of HSV-1 replica-
tion in IRF-37/~ BMDCs, and yet these cells remain defective
in their control of HSV-1 replication compared to treated WT
cells.
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FIG. 8. Model for continued defect in IRF-3-deficient BMDCs.
Postattachment, HSV-1 infection is recognized through an unknown
sensor mechanism that leads to activation of IRF-3. The early recog-
nition pathway mediates the production of type I IFN- and IRF-3-
dependent ISGs, leading to the control of HSV-1 replication via the
type I IFN cascade. However, pretreatment with IFN does not restore
HSV-1 replication in IRF-37/~ BMDCs to WT levels. The continued
defect is potentially due to three, nonexclusive mechanisms outlined in
white squares: defective IFN amplification, defective antiviral trigger
signaling, and IRF-3-dependent gene synergy with the antiviral re-
sponse. One or more of these mechanisms leads to continued defect in
the control of HSV-1 replication in IRF-3~/~ BMDCs compared to
WT BMDC:s after IFN treatment.

Several non-mutually exclusive possibilities exist to explain
this persistent defect in the ability of IRF-3/~ BMDCs to
control HSV-1 replication (Fig. 8). One possibility is a defec-
tive autocrine and paracrine IFN amplification response.
While WT BMDCs quickly respond to IFN through STAT-1
and IRF-3 signaling pathways, IRF-37/~ BMDCs can only
respond through STAT-1-dependent, but IRF-3-independent
pathways. The absence of IRF-3 thereby severely decreases or
ablates the expression of several gene products, including
IFN-B, IFN-a4, and IFN-a5 (1), resulting in less robust IFN
signaling. A second possibility is that IRF-3-dependent ISGs
synergize with type I IFN receptor-dependent ISGs and con-
trol HSV-1 replication but fail to be produced robustly in
IRF-37/~ BMDCs. A third possibility is that virus recognition
may be required to augment the ongoing immune response.
IFN primed IRF-3~/~ BMDCs may produce IFN effectors, but
a lack of viral recognition signaling results in a delayed effector
response from ISGs. IRF-37/~ BMDCs may therefore require
HSV-1 recognition signaling through a secondary pathway be-
fore fully committing to a complete IFN effector response, and
this delay could result in the observed increased viral replica-
tion compared to WT controls.

Together, these data demonstrate that immune cells lacking
IRF-3 are inherently defective in the control of HSV infection.
These data, however, conflict with previously published in vivo
data following intravenous (i.v.) infection (15). A possible ex-
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planation is that after i.v. infection, IFN was being produced by
pDCs. pDCs, typically found in the lymph nodes away from the
site of infection, are a major producer of type I IFN, and they
rely on TLR-9 and IRF-7 pathways to induce IFN in response
to HSV-1 (4, 20, 40). After i.v. infection, therefore, pDC pro-
duction of type I IFN likely overcomes the IFN deficit and
thereby is able to control HSV-1 replication in the absence of
IRF-3. Previous in vitro studies in MEFs suggested a role for
HSV-1 gene components in interfering with and neutralizing
the activity of IRF-3 (10, 23, 26-28, 30, 36, 42, 48). In the cell
types used in the present study, heightened immune responses
likely reduced the efficacy of one or more viral immunoregu-
latory components or presented too great of a challenge for the
viral activities to counter. Therefore, the efficacy of HSV-1
genes in antagonism of IRF-3 likely depends on the overall
capacity of the infected cell to mount an immune response to
the incoming virus. Ongoing experiments in our laboratory
seek to determine the precise molecules responsible for HSV-1
recognition. As mentioned previously, several candidates in
the early recognition pathways have been implicated (21, 35,
37, 55), and cells lacking these components are currently being
tested for their ability to control viral replication in BMDCs.
Furthermore, in vivo studies in IRF-3 deficient animals are
currently under way in order to examine HSV-1 replication
and pathogenesis in peripheral and neuronal tissues.
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