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We investigated the mechanism of resistance to genital herpes simplex virus type 2 (HSV-2) infection in mice
transfected with the murine alpha-1 interferon (IFN-�1) transgene. In situ transfection of mice with the
IFN-�1 transgene resulted in an elevation in an IFN-responsive gene, RNA-dependent protein kinase (PKR),
but not 2�,5�-oligoadenylate synthetases (OAS), in vaginal tissue. Coupled with the finding that mice lacking
a functional PKR pathway were no longer resistant to genital HSV-2 infection following transfection with the
IFN-�1 transgene in comparison to wild-type mice or mice lacking a functional OAS pathway, these results
suggest that PKR is the dominant antiviral pathway activated by the IFN-�1 transgene.

A mouse model has been developed to study genital herpes
simplex virus type 2 (HSV-2) infection and immune events
associated with resistance to infection (5, 22). The basis of this
model relies on progesterone-induced immunosuppression,
which has an impact on Th1 development (19) and local HSV-
2-specific immunoglobulin levels (14). Relative to the cellular
immune response, neutrophils (16), NK cells (4), T lympho-
cytes (15, 23), and, to a lesser extent, B lymphocytes (7) contrib-
ute to controlling genital HSV-2 infection. Gamma interferon
(IFN-�), through the up-regulation of major histocompatibility
complex class II antigen expression and recruitment of leuko-
cytes, has also been found to be instrumental in the regulation
of HSV-2 replication and spread in vaginal tissue (11, 18, 24,
25).

A tegument component of HSV-2, virion host shutoff (vhs)
protein, is instrumental in the pathogenesis of HSV-2 (28)
antagonizing the action of IFN in a double-stranded RNA-
dependent protein kinase (PKR)-independent manner (20).
However, IFN is effective in reducing HSV-2 replication in
vitro (3), suggesting that IFN-inducible pathways can partially
block HSV-2-mediated countermeasures. Previously, we re-
ported that the administration of the murine IFN-�1 transgene
into the vaginal lumen increased resistance to HSV-2 infection
(12). The resistance was associated with a reduction in viral
titer in the spinal cord and brain stem and enhanced survival.

To gain further insight into the mechanism by which the
IFN-� transgene operates, we conducted a study focusing on
two prominent IFN-inducible, antiviral pathways, 2�,5�-oli-
goadenylate synthetases (OAS) and RNA-dependent protein

kinase (PKR) (29). Initially, plasmid constructs with or without
the murine IFN-�1 transgene (21) were applied to the vagina
of Depo-Provera-treated ICR mice (22) 24 h prior to infection
with HSV-2 (clinical isolate; New Orleans, LA), and the mice
were monitored for (i) survival over 30 days, (ii) virus titer in
infected tissue by plaque assay (12), and (iii) expression of
OAS and PKR by real-time PCR (2). Consistent with previous
results, mice administered the IFN-�1 transgene showed en-
hanced survival with genital HSV-2 infection in comparison to
mice treated with the plasmid vector alone or vehicle (Fig. 1A).
However, the plasmid alone afforded some degree of protec-
tion, since 33% of the plasmid-treated mice survived the in-
fection compared to none of the vehicle control-treated mice
(Fig. 1A). The enhanced survival associated with the IFN-�1
transgene-treated group corresponded with a significant reduc-
tion in the quantity of infectious virus recovered from the
spinal cord and brain stem 7 days postinfection for the IFN-�1
transgene-treated group compared to the plasmid vector-
treated mice (Fig. 1B). Although IFN-� is known to induce or
up-regulate both OAS and PKR (29), only PKR mRNA was
significantly elevated in the vaginal tissue of the IFN-�1 trans-
gene-treated group compared to the plasmid vector-treated or
vehicle-treated animals 24 h posttransfection (Fig. 1C). OAS
mRNA levels in the vaginal tissue of all groups of treated
animals were similar (Fig. 1C).

To further evaluate the contribution of OAS and PKR in
genital HSV-2 infection, mice deficient in the downstream
effector molecule of OAS, RNase L (RL�/�) (31), mice defi-
cient in PKR (PKR�/�) (30), and mice devoid of both RNase
L and PKR (PKR/RL�/�) (32) were infected with HSV-2 and
monitored for the development of vaginal lesions and survival.
Since the gene-deficient mice are on a C57BL/6 background,
we also evaluated the antiviral efficacy of the IFN-�1 transgene
with C57BL/6 wild-type (WT) mice (Jackson Laboratory, Bar
Harbor, ME). The application of the IFN-�1 transgene into
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the lumen of mice subsequently infected with HSV-2 did not
suppress the development of lesions in either C57BL/6 WT
mice or mice deficient in IFN-responsive genes (data not
shown). However, consistent with what we found using ICR
outbred mice, C57BL/6 WT mice transfected with the IFN-�1
transgene showed enhanced survival compared to the plasmid
vector-treated control WT animals infected with HSV-2 (Fig.
2A). Likewise, the absence of RNase L alone did not reduce
the antiviral effect of the transgene (Fig. 2B). In contrast, for
PKR�/� (Fig. 2C) or PKR/RL�/� (Fig. 2D) mice, the efficacy
of the IFN-� transgene was lost in measuring cumulative sur-
vival. Along with our findings showing a selective increase in

PKR mRNA expression in the vaginal tissue of IFN-�1-trans-
fected recipient mice (Fig. 1C), the results point to a central
role for the PKR pathway in controlling genital HSV-2 infec-
tion following transfection with the IFN-� transgene. A previ-
ous report using mice deficient in PKR found no significant
increase in susceptibility to genital HSV-2 infection measuring
viral titers in the central nervous system (20). However, these
mice were on a 129 background and infected with a laboratory
strain of HSV-2. Results from our lab find that mice deficient
in PKR alone (on a C57BL/6 background) are also highly
susceptible to the clinical isolate of HSV-2 as measured by
cumulative survival, reinforcing the importance of PKR in gen-

FIG. 1. The murine IFN-�1 transgene enhances survival of HSV-2-infected mice. Depo-Provera-treated female ICR mice (n � 15/group) were
intravaginally administered 100 �g of plasmid vector DNA (Vector) alone or plasmid containing the IFN-�1 transgene (IFN-�1). (A) Twenty-four
hours posttreatment, the mice were infected intravaginally with 2,400 PFU of HSV-2/mouse, and they were monitored for survival over 30 days.
Phosphate-buffered saline (Vehicle)-treated mice served as the control. This figure is a summary of three experiments; n � 5 mice/group/
experiment. Bars represent standard errors of the means (SEM). *, P � 0.05, comparing the IFN-�1 transgene-treated to the vector-treated group,
as determined by the nonparametric Mann-Whitney rank order test. (B) Depo-Provera-treated female ICR mice (n � 6/group) were intravaginally
administered 100 �g of plasmid vector DNA (Vector) alone or plasmid containing the IFN-�1 transgene (IFN-a1). Twenty-four hours posttreat-
ment, the mice were intravaginally infected with 2,400 PFU of HSV-2/mouse. On day 5 or 7 postinfection (p.i.), the mice were euthanized and the
tissue was removed, processed, and assayed for viral titer by plaque assay. This is a summary of two experiments; n � 3 mice/group/experiment.
Bars represent SEM. *, P � 0.05, comparing the IFN-�1 transgene-treated to vector-treated group as determined by analysis of variance and
Tukey’s post hoc t test. (C) Depo-Provera-treated mice (n � 5 to 7/group) were transfected with the IFN-�1 transgene (100 �g/vagina).
Twenty-four hours posttransfection, the mice were euthanized and the vaginal tissue was removed. RNA extracted from the tissue was evaluated
for OAS and PKR gene expression by real-time PCR. The results are a summary of two experiments. *, P � 0.05 comparing the IFN-�1-transfected
tissue to vector-transfected or saline-treated vaginal tissue for PKR, as determined by analysis of variance and Tukey’s post hoc t test.
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ital HSV-2 infection (D. J. J. Carr, unpublished observation).
CD4� T lymphocytes from PKR-deficient mice have been re-
ported to produce greater amounts of interleukin 4 (13), which
suppresses IFN-� production by monocytes (9). Therefore,
one interpretation of these findings is that PKR expression
favors a Th1 profile that is conducive to the control of HSV-2
(17).

The application of the IFN-�1 transgene into the vaginal
lumen of C57BL/6 WT, RL�/�, PKR�/�, or PKR/RL�/� mice
did not reduce the morbidity of infection as measured by the
development of vaginal lesions. In our experiments, the devel-
opment of these lesions begins to appear on day 5 postinfec-
tion. While we cannot rule out the contribution of the cyto-
pathic effect elicited by the replicating virus in generating
tissue pathology, it is equally likely that the host immune re-
sponse plays a significant role in lesion development. The ab-
sence of a significant impact on vaginal lesion development by
the IFN-� transgene but elevated survival rates and lower virus
titer in the central nervous system following genital HSV-2

infection indicates that the efficacy is directed at sites distal
from the original site of application. In fact, we have previously
found that the plasmid traffics to the draining lymph node and
spinal cord of mice within 48 h post-vaginal transfection and
may, therefore, facilitate an effective host response to the in-
fection at these sites (12).

Since the in situ transfection of vaginal tissue with the IFN-�
transgene would result in transient expression, we chose a
more robust system of tissue-specific expression using a trans-
genic mouse in order to determine whether IFN-� could re-
duce lesion development. These transgenic mice (on a B6/129
background) express the IFN-�1 transgene under a glial fibril-
lary acidic protein (GFAP) promoter (GIFN39) and are highly
resistant to virus infection (1). Following genital HSV-2 infec-
tion, B6/129 WT and GIFN39 transgenic mice were monitored
for the appearance of vaginal lesions, virus titer in infected
tissue, and cumulative survival. Unlike WT C57BL/6 mice
transfected with the IFN-�1 transgene, GIFN39 transgenic
mice showed a significant reduction in the appearance of gen-

FIG. 2. PKR is required for IFN-�1 transgene efficacy against genital HSV-2 infection. (A) Depo-Provera-treated female C57BL/6 mice (WT)
(n � 15 to 20 mice/group) were intravaginally administered 100 �g of plasmid vector DNA alone (Vector) or plasmid containing the IFN-�1
transgene (IFN-�1). Twenty-four hours posttreatment, the mice were intravaginally infected with 2,400 PFU of HSV-2/mouse and monitored for
survival. This figure is a summary of results of four experiments (n � 4 to 5 mice/group/experiment). (B) Conditions were the same as for panel
A except that mice deficient in RNase L (RL�/�) (n � 15/group from three experiments) were employed. (C) Conditions were the same as for
panel A except that mice deficient in PKR (PKR�/�) were evaluated (n � 13 from three experiments). (D) Conditions were the same as for panel
A except that mice deficient in both RNase L and PKR (PKR/RL�/�) (n � 10 to 15/group from three experiments) were surveyed. *, P � 0.05
comparing the IFN-�1 transgene- to vector-transfected mice, as determined by the nonparametric Mann-Whitney rank order test.
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ital lesions (Fig. 3A) and the absence of virus recovered in the
brain stem (Fig. 3B) in comparison to the B6/129 WT coun-
terparts. Moreover, more than 60% of the B6/129 WT mice
succumbed to the infection, compared to 0% mortality for the
GIFN39 transgenic animals (Fig. 3C). Collectively, the results
point to the potent antiviral nature of the IFN-�1 transgene
against genital HSV-2 infection.

In the ICR outbred mice, the application of the plasmid
vector alone showed partial protection against HSV-2-medi-
ated mortality. This protective effect may be linked to CpG
motifs within the plasmid DNA that have previously been
reported to enhance or protect against HSV-2 infection (8, 10,
26). The partial protection by the plasmid DNA may be the
result of differences in the amounts of immunostimulatory
DNA added. In the present study, 100 �g of DNA was admin-
istered in the vaginal lumen. By comparison, considerably
more (60 to 100 �g) purified CpG-containing oligonucleotides
were topically applied to mice in order to elicit a protective
effect (10, 26). Since the antiviral efficacy of the IFN-� trans-

gene was significantly enhanced compared to that found with
the plasmid alone, we interpret these results to indicate that
the resistance found in mice transfected with the transgene is
independent of the immunostimulatory effects of CpG-con-
taining motifs within the plasmid DNA backbone.

The present results reflect tissue tropism for some IFN-
stimulatory genes in response to IFN-�1 transgene application.
Although both OAS and PKR are detected in vaginal tissue,
only PKR expression was enhanced following transfection with
the IFN-�1 transgene. Collectively, the results illustrate the
contribution of innate immunity in genital HSV-2 infection
and the role of PKR in the antiviral efficacy associated with the
IFN-�1 transgene. Since IFNs elicit a number of genes (6),
determining which genes in addition to PKR regulate genital
HSV-2 infection or other viral infections is critical to under-
standing the host response to infection and developing addi-
tional or alternative strategies to increase resistance of the host
to the pathogen. As an example, IFN regulatory factor 1 (IRF-
1), IRF-3, and IRF-7 employed as adjuvants have been found

FIG. 3. Mice expressing the IFN-�1 transgene under the glial fibrillary acidic protein promoter are highly resistant to genital HSV-2 infection.
Depo-Provera-treated female IFN-�1 transgenic mice (GIFN39) or nontransgenic B6/129 control mice (WT) (n � 13 to 18/group) were
intravaginally infected with 2,400 PFU of HSV-2/mouse. (A) From day 4 to 10 p.i., the mice were monitored for perivaginal lesions and scored
as positive or negative. *, P � 0.05 comparing the transfected to nontransfected mice or the GIFN39 to nontransgenic controls at the indicated
time p.i. Results are expressed as means 	 SEM. (B) Depo-Provera-treated female IFN-�1 transgenic mice (GIFN39) or nontransgenic B6/129
control mice (WT) (n � 3/group) were infected as described for panel A. At day 7 postinfection, the mice were euthanized and the vaginal tissue,
spinal cord, and brain stem from the animals were isolated, homogenized, and assessed for infectious virus content by plaque assay using Vero cells.
The results are representative of two experiments. (C) Depo-Provera-treated female IFN-�1 transgenic mice (GIFN39) or nontransgenic B6/129
control mice (WT) (n � 13 to 18/group) were infected as described for panel A and monitored for survival until day 30 p.i. Results are expressed
as means 	 SEM. The results are a summary of three experiments; n � 4 to 7 mice/group/experiment. *, P � 0.05, comparing the GIFN39 to
nontransgenic controls.
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to bias T-cell responses and benefit the host in the production
of antibody (27). Therefore, by identifying those unique genes
that help establish an antiviral environment, it may be possible
to directly introduce the candidate genes into tissue, reducing
the unnecessary and sometimes unwarranted effects associated
with exposure to IFN-�.
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