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Innate immune activation by central nervous system (CNS)-resident cells is criti-
cal for controlling herpes simplex virus 1 (HSV-1) replication. In particular, the

type I interferon (IFN) response has been shown to limit early replication and
reduce mortality in mouse models of herpes simplex encephalitis (HSE) (1, 2).
However, the relative importance of different CNS cell populations in eliciting a
complete type I IFN response during HSE remains largely understudied.
Microglia are well known to have an important role in the innate response to
neurotropic pathogens, but recent work in our laboratory and others demon-
strated that cross talk between microglia and astrocytes also plays an important
role in the immune response to HSV-1 (3, 4). Astrocyte-specific production of
type I IFNs has also been shown to be protective in an ocular model of HSV-1
infection (5).

To assess the effect that type I IFN signaling in astrocytes has on HSE pathoge-
nesis, we generated astrocyte-specific IFN-a receptor (IFNAR) knockout (KO) mice
by crossing a mouse line expressing Cre recombinase driven by the glial fibrillary
acidic protein (GFAP) promoter with a mouse line containing floxed IFNAR1 loci
(IFNARfl/fl) (6, 7). The specificity of Cre expression in astrocytes has previously
been demonstrated (8). GFAP-Cre1/IFNARfl/fl mice had significantly worse survival
than littermate controls when intracranially (i.c.) infected with the low-virulence
strain KOS in a model of HSE previously used in our laboratory (Fig. 1A) (9).
Importantly, HSV-1 replicated to high levels in the brains of all GFAP-Cre1/IFNARfl/fl mice
that succumbed to infection, indicating that type I IFN signaling in astrocytes is im-
portant for the clearance of viral replication in HSE (Fig. 1B). GFAP-Cre1/IFNARfl/fl

mice had significantly lower expression levels of IFN-b in their brains at 24 h post-
infection (hpi) than IFNARfl/fl littermate controls as measured by quantitative PCR
(qPCR) (Fig. 1C). Levels of interleukin-6 (IL-6), a proinflammatory cytokine produced
independently of type I IFN signaling, did not significantly differ between GFAP-
Cre1/IFNARfl/fl mice and littermate controls at either time point (Fig. 1D).

To assess the contribution of microglia to the astrocyte type I IFN response
during infection, primary microglia and astrocytes were isolated from mice and
infected with HSV-1 at a multiplicity of infection (MOI) of 0.1 as previously
reported (4). Microglia robustly upregulated IFN-b at 24 hpi as measured by qPCR
(Fig. 2A), whereas astrocytes were poor producers of IFN-b , with no significant
upregulation at any time point (Fig. 2B). These results suggest that microglia, not
astrocytes, are the primary drivers of IFN-b expression during infection among
these cell types. We next collected UV-inactivated microglia-conditioned medium
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(MCM) from mock- and HSV-1-infected primary microglia and pretreated astro-
cytes with MCM before infection. Wild-type (WT) astrocytes pretreated with MCM
from HSV-1-infected microglia had significantly lower HSV-1 replication than
astrocytes treated with MCM from mock-infected microglia as measured by a pla-
que assay (Fig. 2C). However, there was no significant difference in HSV-1 replica-
tion in IFNAR2/2 astrocytes pretreated with MCM from infected or mock-infected
microglia (Fig. 2D). Interestingly, viral titers in IFNAR2/2 astrocytes may be lower
at baseline than those in WT astrocytes, which suggests a reduced ability of
IFNAR2/2 astrocytes to support HSV-1 replication (Fig. 2C and D). These results
suggest that functional IFNAR signaling in astrocytes is critical for controlling viral
replication and that soluble factors produced by microglia act on astrocytes
through IFNAR to suppress viral replication. While microglia have been studied
extensively in the context of the immune response to HSV-1, our work shows that
astrocytes and their immune interactions with other cell types are deserving of
further study.

This study was carried out in adherence to the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health (10). The
protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of
Northwestern University (protocol IS00003204).
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FIG 1 Astrocyte IFNAR signaling is required for survival and contributes to early IFN production
following HSV-1 infection. (A and B) Survival (A) and viral titers in brains at mortality or the
experimental endpoint at day 14 (B) of IFNARfl/fl or GFAP-Cre/IFNARfl/fl mice inoculated i.c. with 103

PFU of HSV-1 KOS at 8 to 10 weeks of age. dpi, days postinfection. (C and D) IFN-b (C) and IL-6 (D)
mRNA levels quantified by qPCR following i.c. inoculation with 103 PFU HSV-1 (KOS) in IFNARfl/fl or
GFAP-Cre/IFNARfl/fl mice at different time points (day 1 [D1] and day 3 [D3]). Samples were
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression for each group
(n = 3 to 4 for qPCR experiments). *, P # 0.05; **, P # 0.01; ***, P # 0.001; ****, P # 0.0001; ns, not
significant. Values are expressed as means 6 standard errors of the means (SEM). Kaplan-Meier
survival curves were compared using log rank analysis. Viral titers were compared using Student’s t
test. Gene expression was analyzed using multiple t tests with the Holm-Sidak correction for multiple
comparisons.
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FIG 2 IFN signaling from microglia contributes to viral control in astrocytes. WT astrocytes and microglia were isolated from 7-day-
old mice and cultured for 7 days prior to infection with HSV-1 KOS at an MOI of 0.1. (A and B) IFN-b mRNA levels from microglia (A)
and astrocytes (B) were quantified by qPCR following HSV-1 infection at 24, 48, and 72 h postinfection (hpi). Samples were
normalized to GAPDH gene expression in mock-treated cells at each time point (n = 3 per group). Microglia-conditioned medium
(MCM) was collected from microglia 24 h after infection with HSV-1 KOS at an MOI of 1 or mock. (C and D) WT (C) and IFNAR2/2 (D)
astrocytes were pretreated with 20% MCM for 24 h before infection with HSV-1 KOS at an MOI of 0.1. Supernatants were collected
from HSV- or mock-infected astrocytes, and HSV-1 was quantified by a plaque assay (n = 3 to 5 per group). *, P # 0.05; **, P # 0.01;
***, P # 0.001; ****, P # 0.0001. Values are expressed as means 6 SEM. For viral titers and gene expression analysis, multiple t tests
were performed with the Holm-Sidak correction for multiple comparisons.
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