
Both TRIF and IPS-1 Adaptor Proteins Contribute to the Cerebral
Innate Immune Response against Herpes Simplex Virus 1 Infection

Rafik Menasria,a Nicolas Boivin,a Manon Lebel,b Jocelyne Piret,a Jean Gosselin,b Guy Boivina

Research Center in Infectious Diseases, CHUQ-CHUL, and Department of Microbiology-Infectiology and Immunology, Laval University, Quebec City, QC, Canadaa;
Laboratory of Innate Immunology, CHUQ-CHUL, and Department of Molecular Medicine, Laval University, Quebec City, QC, Canadab

Toll-like receptors (TLRs) and RNA helicases (RLHs) are important cell sensors involved in the immunological control of viral
infections through production of type I interferon (IFN). The impact of a deficiency in the TRIF and IPS-1 adaptor proteins, re-
spectively, implicated in TLR3 and RLH signaling pathways, was investigated during herpes simplex virus 1 (HSV-1) encephali-
tis. TRIF�/�, IPS-1�/�, and C57BL/6 wild-type (WT) mice were infected intranasally with 7.5 � 105 PFU of HSV-1. Mice were
monitored for neurological signs and survival over 20 days. Groups of mice were sacrificed on days 3, 5, 7, 9, and 11 postinfection
for determination of brain viral replication by quantitative PCR (qPCR), plaque assay, and immunohistochemistry and for al-
pha/beta interferon (IFN-�/�) levels and phosphorylation of interferon regulatory factors 3 and 7 (IRF-3 and -7) in brain ho-
mogenates by enzyme-linked immunosorbent assay (ELISA) and Western blotting, respectively. TRIF�/� and IPS-1�/� mice had
higher mortality rates than WT mice (P � 0.02 and P � 0.09, respectively). Viral antigens were more disseminated throughout
the brain, correlating with a significant increase in brain viral load for TRIF�/� (days 5 to 9) and IPS-1�/� (days 7 and 9) mice
compared to results for the WT. IFN-� production was reduced in brain homogenates of TRIF�/� and IPS-1�/� mice on day 5
compared to results for the WT, whereas IFN-� levels were increased on day 7 in TRIF�/� mice. Phosphorylation levels of IRF-3
and IRF-7 were decreased in TRIF�/� and IPS-1�/� mice, respectively. These data suggest that both the TRIF and IPS-1 signaling
pathways are important for the control of HSV replication in the brain and survival through IFN-� production.

Herpes simplex virus 1 (HSV-1) is a frequent human pathogen,
most commonly associated with orolabial, genital, and ocular

infections. Furthermore, HSV-1 is also the most frequent cause of
sporadic viral encephalitis in Western countries. Despite antiviral
treatment, mortality rates associated with herpes simplex enceph-
alitis (HSE) reach 20 to 30% (1). The cerebral innate immune
system is critical to control HSV replication in the brain early after
infection, but it may also lead to an exaggerated inflammatory
response that could be detrimental to the host.

Mammalian cells sense HSV via distinct pattern recognition
receptors (PRRs) to control viral replication (2–4). These include
the Toll-like receptors (TLRs) and the RNA helicases (RLHs), the
latter comprising both the retinoic acid-inducible gene I (RIG-I)
and melanoma differentiation-associated gene 5 (MDA-5) path-
ways. Several TLRs, in particular TLR2, -3, and -9, participate in
early recognition of HSV components (5–9). HSV particles are
first sensed by TLR2, which is expressed on the cell surface and
recognizes the virus surface glycoproteins (10). After entry, viral
genomic DNA, which contains abundant CpG motifs, is detected
by TLR9 (11). Then, replication of the viral genome leads to ac-
cumulation of intermediate double-stranded RNAs (dsRNAs),
which are sensed by TLR3 (12). Most TLRs use the myeloid dif-
ferentiation primary response gene 88 (MyD88)-dependent path-
way to activate nuclear factor kappa B (NF-�B), resulting in pro-
inflammatory cytokine production (13). In contrast, TLR3
utilizes a MyD88-independent pathway, which activates inter-
feron regulatory factor 3 (IRF-3), resulting in the production of
type I interferon (IFN). More precisely, TLR3, which is found in
the endosomal compartment, triggers a signal through the Toll/
interleukin 1 (IL-1) receptor (TIR) domain-containing adaptor
inducing beta IFN (IFN-�) (TRIF) (14). This adaptor protein ac-
tivates inducible inhibitor of �B kinase 1 (I�K-1) and TANK-
binding kinase 1 (TBK-1), leading to the phosphorylation of

IRF-3. Once activated, IRF-3 translocates to the nucleus, where it
binds to type I IFN promoters to induce their expression.

On the other hand, RIG-I and MDA-5, which are localized in
the cytoplasmic compartment, respectively, sense shorter dsRNA
or 5=-triphosphate single-stranded RNA (ssRNA) structures and
longer dsRNA (15). These sensors recognize HSV dsRNA (16–18)
and interact with the IFN-� promoter stimulator 1 (IPS-1) adap-
tor protein to activate the IRF-3 and IRF-7 pathways (19–21).
Phosphorylated IRF-3 and IRF-7 can form homodimers or het-
erodimers which translocate to the nucleus and differentially
modulate the expression of type I IFN gene family members. The
initial type I IFN produced acts in both autocrine and paracrine
manners through the alpha/beta IFN (IFN-�/�) receptor
(IFNAR), which activates components of the Janus kinase-signal
transducer and activator of transcription (JAK/STAT) signaling
pathway (22). This cascade results in the synthesis of antiviral
effectors important to limiting viral spread and to establishing an
antiviral state in the infected cells and in neighboring noninfected
cells (23).

The relative contributions of the endoplasmic TLR3 and cyto-
plasmic RIG-I/MDA-5 signaling pathways to the cerebral innate
immune response during HSE and their respective involvement in
type I IFN production are not well understood. In this study, we
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investigated the influence of these sensors following intranasal
HSV-1 infection of mice deficient for the TRIF and IPS-1 adaptor
proteins. The kinetics of viral replication, IFN-�/� production,
and activation of downstream effectors (i.e., levels of phosphory-
lated IRF-3 and IRF-7) were evaluated in brain homogenates by
quantitative PCR (qPCR)/plaque assays, enzyme-linked immu-
nosorbent assay (ELISA), and Western blot analysis, respectively.
The localization of HSV-1 proteins on thin slices obtained from
different brain regions was also assessed by immunohistochemis-
try. Altogether, our results suggest that the activation of TRIF and
IPS-1 signaling pathways is required for the induction of an effec-
tive cerebral innate immune response against HSV-1 infection.

MATERIALS AND METHODS
Animals and experimental procedures. Five- to six-week-old male
C57BL/6 wild-type (WT), TRIF�/�, and IPS-1�/� mice were used in this
study. C57BL/6 WT mice were purchased from Charles River Canada
(St-Constant, Quebec, Canada). TRIF�/� and IPS-1�/� mice (both pro-
vided by S. Akira, Osaka University, Osaka, Japan) were generated and
maintained in a C57BL/6 background as described previously (14, 24).
Animals were housed five per cage and acclimated to standard laboratory
conditions. All experimental procedures were approved by the Animal
Care Ethics Committee of Laval University.

For survival curve experiments, C57BL/6 WT, TRIF�/�, and IPS-1�/�

mice were infected intranasally with HSV-1 (7.5 � 105 PFU of the H25
clinical strain) as described previously (25). HSE-related signs, namely,
ruffled fur, ocular swelling, shaking movements, and swollen forehead, as
well as weight loss and mortality, were monitored for 20 days. Animals
were sacrificed when a �20% weight loss or a combination of two other
obvious sickness signs were observed.

For determination of the viral DNA load, infectious viral titers, IFN-
�/� levels, and phosphorylated IRF-3 and IRF-7 amounts, a subset of 3 to
8 mice per group was sacrificed on days 3, 5, 7, 9, and 11 following infec-
tion by intracardiac perfusion with 0.9% cold saline. Brains were then
harvested and homogenized in phosphate-buffered saline (PBS) contain-
ing protease (cOmplete) and phosphatase (PhosSTOP) inhibitor cocktails
(Roche Applied Science, Laval, Quebec, Canada).

For immunohistochemistry studies, 3 mice per group were sacrificed
by intracardiac perfusion with 0.9% cold saline followed by a 4% parafor-
maldehyde solution in 0.1 M borax buffer at pH 9.5 at 4°C. Brains were
removed, postfixed in a paraformaldehyde solution for 20 to 24 h, and
then placed in a 10% sucrose solution prepared in a 4% paraformalde-
hyde-borax buffer at 4°C for a maximum of 48 h. Brains were cut in
30-�m coronal sections on dry ice. Sections were then collected in a cold
cryoprotectant solution (0.05 M sodium phosphate buffer at pH 7.3 con-
taining 30% ethylene glycol and 20% glycerol) and stored at �20°C.

Viral DNA load and infectious virus titer measurements. Viral DNA
was extracted from brain homogenates using the Magnapure LC total
nucleic acid isolation kit (Roche Molecular Systems, Laval, Quebec, Can-
ada) and eluted in 100 �l of elution buffer. Real-time PCR was performed
using 5 �l of extracted DNA, and external standards were run in parallel as
previously described (26). Titers of virus in brain homogenates were de-
termined by a standard plaque assay. Briefly, monolayers of African green
monkey kidney (Vero) cells were infected with serial dilutions of brain
homogenates for 90 min in a 5% CO2 humidified incubator at 37°C. The
viral suspension was then removed, and cells were incubated with mini-
mal essential medium (MEM) containing 2% fetal bovine serum (FBS)
and 0.4% SeaPlaque agarose for 48 h. Cells were fixed and stained, and the
number of PFU was determined under an inverted microscope. The limit
of detection of the plaque assay is 5 PFU per well.

IFN-� and IFN-� protein levels. Brain homogenates were centri-
fuged at 10 000 � g for 10 min at 4°C. Protein levels of IFN-� and IFN-�
were measured in the supernatants by ELISA (Verikine, PBL, Piscataway,
NJ), following the manufacturer’s recommendations.

Phosphorylated IRF-3 and IRF-7 levels. Western blot analysis was
performed with protein samples extracted from brain homogenates. Sam-
ples were first homogenized in ice-cold cell lysis buffer (Cell Signaling
Technology, Danvers, MA) containing protease (cOmplete) and phos-
phatase (PhosSTOP) inhibitor cocktails (Roche Applied Science, Laval,
Quebec, Canada). Protein concentrations were determined by the bicin-
choninic acid (BCA) assay (Pierce, Rockford, IL). Equal amounts of pro-
teins (40 �g) were separated by 10% SDS-PAGE, transferred onto poly-
vinylidene difluoride (PVDF) membranes, and immunoblotted overnight
with selected rabbit anti-phospho-IRF-3 (Ser396) or anti-phospho-IRF-7
(Ser471/472) antibodies (Bioss, Worburn, MA). Membranes were washed
in Tris-buffered saline (TBS)– 0.1% Tween 20 solution (Thermo Fisher
Scientific, Rockford, IL) prior to incubation with a secondary horseradish
peroxidase (HRP)-conjugated goat anti-rabbit antibody (Jackson Immuno-
Research, West Grove, PA). HRP activity was revealed by incubation
with the LumiGLO chemiluminescent substrate (Gaithersburg, MD)
as described in the manufacturer’s instructions. Chemiluminescence
reactions were visualized and quantitatively analyzed by use of Al-
phaView software (Alpha Innotech Corp., San Leandro, CA). Relative
intensity values were calculated by normalizing each band to its total
IRF loading control and expressed as the fold change from results for
noninfected control mice.

Immunohistochemistry. Brain sections (30 �m thick) were washed
three times for 15 min (each) in potassium phosphate-buffered saline
(KPBS) and incubated for 20 min in KPBS containing 0.4% Triton X-100,
4% goat serum, and 1% bovine serum albumin (BSA) to block nonspecific
sites. The sections were then incubated for 2 h with the primary viral
antibody (polyclonal rabbit anti-HSV-1/2, diluted 1:750 [Abd Serotec,
Kidlington, United Kingdom]) at room temperature. After 3 consecutive
washes for 15 min (each) with KPBS, sections were incubated in the dark
for 2 h with the fluorochrome-conjugated secondary antibody (Alexa
594-conjugated goat anti-rabbit [Invitrogen, Carlsbad, CA]). Sections
were rinsed 3 times for 15 min (each) in KPBS and then incubated with
0.2% 4=,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Eugene, OR)
at a dilution of 1:3,000 for 5 min and rinsed 3 more times for 15 min (each)
in KPBS. Brain sections were mounted on SuperFrost slides (Fisher Sci-
entific, Nepean, Ontario, Canada) and coverslipped with Fluoromount-G
(Electron Microscopy Sciences, Hatfield, PA). All images were captured
using a Nikon Eclipse 80i microscope (Nikon, Melville, NY) equipped
with a digital camera (QImaging, Surrey, British Columbia, Canada).

Silencing of IRF-3 and IRF-7 pathways with small interfering RNAs
(siRNAs) in murine embryo fibroblasts. Murine embryonic fibroblasts
(MEFs) were obtained from 13- to 14-day-old C57BL/6 WT mouse em-
bryos digested with 0.5% trypsin-EDTA solution for 30 min at 37°C (27).
MEFs were cultured in MEM supplemented with 20% heat-inactivated
FBS. Cells were transfected with 1.5 �g of vehicle alone, IRF-3, IRF-7, or
both IRF-3 and IRF-7 siRNAs (Silencer select predesigned siRNAs; Am-
bion, Burlington, Ontario, Canada) using the Lipofectamine RNAiMAX
reagent (Invitrogen, Burlington, Ontario, Canada). Forty eight hours
posttransfection, MEFs were infected with HSV-1 (strain H25) at a mul-
tiplicity of infection (MOI) of 1 or stimulated with polyinosinic:poly(C)
(poly I·C; InvivoGen, San Diego, CA) (1 �g/ml, digested or not with
RNase III) for 12 h. Cell-free supernatants were then collected and as-
sessed for IFN-� secretion by ELISA.

Statistical analyses. Differences in group survival rates were com-
pared using a log-rank (Mantel-Cox) test. Viral DNA loads and infectious
viral titers were analyzed by a Kruskal-Wallis one-way analysis of variance
(ANOVA) with Dunn’s posttest. IFN-�/� levels and phosphorylated
IRF-3 (p-IRF-3) and p-IRF-7 amounts in brain homogenates, as well as
IFN-� levels in MEFs, were analyzed by one-way ANOVA with Tukey’s
multiple-comparison posttest. All statistical analyses were carried out us-
ing the GraphPad Prism software program, version 5.00 (GraphPad Soft-
ware, San Diego, CA).
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RESULTS
TRIF�/� and IPS-1�/� mice are more susceptible than WT mice
to HSV-1 infection of the brain. In order to evaluate the role
played by the TRIF and IPS-1 signaling pathways in our model of
HSE, the survival rate of C57BL/6 WT mice was first compared
with those of TRIF�/� and IPS-1�/� mice after intranasal infec-
tion with HSV-1. Mice were infected with an inoculum of 7.5 �
105 PFU and examined daily up to 20 days postinfection (p.i.). All
mice started to show sickness signs by days 3 to 8 p.i. Moreover,
mice deficient for TRIF and IPS-1 exhibited a swollen forehead,
starting on day 5 p.i., which was not seen in C57BL/6 WT mice
(Fig. 1A). Both knockout (KO) mice had lower survival rates than
the WT group (80% for WT mice, versus 36% for TRIF�/� mice
[P � 0.02] [Fig. 1B] and 79% for WT mice, versus 50% for IPS-
1�/� mice [P � 0.09] [Fig. 1C]). These results suggest that the
TRIF and IPS-1 signaling pathways are important for survival of
infected mice and that both adaptor proteins play a role in the
mouse cerebral innate immune response against HSV-1 infection.

TRIF and IPS-1 signaling pathways contribute to control
HSV-1 replication in the CNS. The relative influence of TRIF and
IPS-1 signaling pathways in controlling viral replication in the
brain was then evaluated in WT, TRIF�/�, and IPS-1�/� mice

infected with HSV-1. The viral DNA load was measured in brain
homogenates on days 3, 5, 7, 9, and 11 following intranasal infec-
tion. As shown in Fig. 2A, there was no difference in the brain viral
loads on day 3 p.i. for the different strains of mice. However, the
viral load increased significantly in TRIF�/� mice compared to
those in WT and IPS-1�/� mice on days 5 and 7 p.i., and it was still
significantly higher than that of the WT on day 11 p.i. In IPS-1�/�

mice, an increase in the viral load was observed at later time points
(i.e., on day 7 and especially on day 9 p.i.). Infectious viral titers
were in line with viral DNA load data; in TRIF�/� mice, higher
titers of virus were recovered on days 5 to 9 p.i. than for the WT,
whereas viral titers significantly increased in brains of IPS-1�/�

mice on days 7 and 9 p.i. (Fig. 2B). Overall, our results suggest that
both the TRIF and IPS-1 signaling pathways contribute to con-
trolling HSV-1 replication in the central nervous system (CNS),
with the former pathway involved at earlier time points after in-
fection. In addition, both deficient mice exhibited a more dissem-

FIG 1 Swollen forehead of HSV-1-infected mice on day 7 postinfection (A)
and survival rates of TRIF�/� (B) or IPS-1�/� (C) mice compared to those of
C57BL/6 WT mice. Ten to fourteen animals per group were infected intrana-
sally with HSV-1 (7.5 � 105 PFU in 20 �l). Mice were carefully examined for
HSE-related signs and mortality (�20% of weight loss and/or neurological
signs or mortality were considered endpoints). Group survival rates were com-
pared using a log-rank (Mantel-Cox) test. Survival rates were significantly
different between TRIF�/� and C57BL/6 WT mice (P � 0.02) but not between
IPS-1�/� and C57BL/6 WT mice (P � 0.09).

FIG 2 Herpes simplex virus 1 replication in the brains of TRIF�/�, IPS-1�/�,
and C57BL/6 WT mice. (A) Viral DNA loads were measured in brain homog-
enates by qPCR. Results are expressed as copies/ng of extracted DNA. (B) Viral
titers were measured in brain homogenates by a standard plaque assay on Vero
cells and are reported as PFU/�l of brain homogenate. Statistical analyses were
performed using a Kruskal-Wallis one-way ANOVA test with Dunn’s posttest.
Statistically significant results compared to those for the WT group are indi-
cated as follows: �, P � 0.05; ��, P � 0.01; ���, P � 0.001. ND, not detected.
Data from two independent experiments (of 4 to 6 mice per group) with
similar results are combined.
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inated HSV-1 infection of the brain as revealed by immunohisto-
chemistry analysis (Fig. 3). Indeed, HSV proteins were restricted
to the olfactory bulb in WT mice, whereas their distribution was
disseminated to the pons and medulla brain regions in both types
of KO mice.

TRIF- and IPS-1-deficient mice have delayed production of
IFN-� in the CNS. In order to evaluate the involvement of the
innate sensors in type I IFN production during HSE, the levels of
IFN-� in brain homogenates of WT, TRIF- and IPS-1-deficient
mice were measured at different time points following infection
(Fig. 4A). No significant difference in IFN-� production was seen
between groups of mice before day 5 p.i. Interestingly, on day 5
p.i., we observed a significant increase in IFN-� production in the
WT group compared to levels for noninfected and infected TRIF-
and IPS-1-deficient mice. In contrast to declining levels in WT
mice on day 7 p.i., both deficient mice subsequently produced
significantly higher levels of IFN-� on days 7 and 9 p.i. Overall,
these results suggest that a deficiency in the TRIF or IPS-1 signal-
ing pathway is associated with altered production of IFN-� at an
early time point that could be critical to controlling HSV-1 infec-
tion. Indeed, the mortality observed in KO mice occurred pre-
dominantly in the first 6 days after infection.

The levels of IFN-� in brain homogenates of WT, TRIF�/�,
and IPS-1�/� mice were assessed at the same time points de-
scribed above following infection with HSV-1 (Fig. 4B). No sig-
nificant difference was observed before day 7 p.i. between the dif-
ferent groups of mice. However, the level of IFN-� measured for
TRIF�/� mice was significantly increased over those for WT and
IPS-1�/� mice on day 7 p.i. (P � 0.05). A nonsignificant increase
of IFN-� was also detected in brain homogenates from TRIF- and
IPS-1-deficient mice compared to results for the WT on day 9 p.i.

FIG 3 Representative micrographs illustrating the localization of HSV-1 proteins in different regions of the brains of WT, TRIF�/�, and IPS-1�/� mice (3 mice per
group) on day 5 postinfection. Slices (30 �m thick) of brain were processed for immunohistochemistry with a primary polyclonal rabbit anti-HSV-1/2 antibody and a
secondary Alexa 594-conjugated goat anti-rabbit antibody (red), followed by staining with DAPI (blue). In WT mice, HSV-1 proteins were restricted to the olfactory bulb
and could not be detected in the pons. In TRIF�/� and IPS-1�/� mice, viral antigens were detected in the olfactory bulb and the pons. Magnification, �20.

FIG 4 Levels of IFN-� (A) or IFN-� (B) in brain homogenates from TRIF�/�,
IPS-1�/�, and C57BL/6 WT mice. IFN-�/� levels (expressed in pg/ml) were
measured in brain homogenate supernatants by ELISA prior to and on days 3,
5, 7, 9, and 11 following infection. Statistical analyses were performed using a
one-way ANOVA test with Tukey’s multiple-comparison posttest. Statistically
significant results compared to those for the WT group are indicated as fol-
lows: �, P � 0.05; ���, P � 0.001. Data from three independent experiments
(of 3 to 6 mice per group) with similar results are combined.
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before returning to baseline values on day 11 p.i. These results
suggest that the absence of a functional TRIF pathway could be
partially compensated by a production of IFN-� possibly medi-
ated through IPS-1 or other cellular sensors that can participate in
the recognition of HSV-1.

Expression levels of phosphorylated IRF-3 and IRF-7 in the
CNS are increased during HSE. IRF-3 and IRF-7 are transcrip-
tion factors essential for the activation of type I IFN genes follow-
ing triggering of the adaptor proteins TRIF and IPS-1. Thus, the

levels of phosphorylated IRF-3 and IRF-7 in brain homogenates
obtained on days 3, 5, and 7 p.i. were determined by Western
blotting (Fig. 5). As expected, we observed a significant increase
(P � 0.05) in both IRF-3 and IRF-7 phosphorylation levels for
HSV-1-infected WT mice compared to those for the noninfected
group (Fig. 5A and D). The levels of phosphorylated IRF-3
reached a maximum value on day 5 following the infection (P �
0.05), whereas IRF-7 phosphorylation increased steadily with
time and peaked on day 7 p.i. (P � 0.01). Conversely, levels of
phosphorylated IRF-3 significantly decreased (P � 0.01) for all
time points following infection in TRIF�/� mice compared to
results for the noninfected group (Fig. 5B), whereas there was a
significant increase (P � 0.05) in the phosphorylation of IRF-7 on
days 3 and 5 p.i. (Fig. 5E). In IPS-1-deficient mice, there was no
change in the phosphorylation levels of IRF-3 following the infec-
tion (Fig. 5C), whereas levels of phosphorylated IRF-7 were sig-
nificantly decreased on days 5 and 7 p.i. (P � 0.01 compared to
results for noninfected IPS-1�/� mice) (Fig. 5F). Thus, TRIF and
IPS-1 signal mainly through IRF-3 and IRF-7, respectively, in
brain of HSV-1-infected mice. These results suggest that the pro-
duction of type I IFN in TRIF�/� and IPS-1�/� mice, which was
higher and sustained compared to that in WT mice at later times,
might be due to the activation of other cellular sensors in response
to increased viral replication.

Blocking IRF-3 and IRF-7 pathways decrease IFN-� produc-
tion in MEFs. The implication of downstream effectors of TRIF
and IPS-1 pathways in the production of IFN-� has been further
investigated with WT MEFs silenced for the expression of IRF-3
and IRF-7 with siRNAs. In all cases, positive controls of stimula-
tion were used, i.e., poly(I·C) (recognized mainly by TLR3) and
digested polyI·C (recognized mainly by RIG-I). Silencing of the
expression of IRF-3 or IRF-7 caused a significant decrease in the
production of IFN-� following stimulation of MEFs with poly I·C
(digested or not) or with the virus (Fig. 6). Furthermore, silencing
of both IRF-3 and IRF-7 expression resulted in nondetectable
IFN-� levels regardless of the stimulating agents. These results
suggest that both IRF-3 and IRF-7 significantly contributed to the

FIG 5 Levels of phosphorylated IRF-3 (A, B, and C) or IRF-7 (D, E, and F) in
C57BL/6 WT (A and D), TRIF�/� (B and E), or IPS-1�/� (C and F) mice.
Animals were infected intranasally with 7.5 � 105 PFU of HSV-1. Proteins
were extracted from brain homogenates prior to and on days 3, 5, and 7 fol-
lowing infection. Left panels show immunoblots for phosphorylated IRF-3
(p-IRF-3) and p-IRF-7 and total IRF-3 and IRF-7 respective loading controls.
Relative intensity values were calculated by normalizing each band to its total
IRF control. Right panels show the fold increases of normalized p-IRF-3 and
p-IRF-7 values relative to those obtained for noninfected (N.I.) mice. Values
for each condition represent the means 	 standard deviations obtained for 8
different animals. Statistical analyses were performed by one-way ANOVA
with Tukey’s multiple-comparison posttest. Statistically significant results
compared to those for N.I. mice are indicated as follows: �, P � 0.05; ��,
P � 0.01.

FIG 6 Secretion of IFN-� in WT MEFs silenced for IRF-3, IRF-7, or both
IRF-3 and IRF-7 expression and infected with HSV-1 or stimulated with
poly(I·C). MEFs were transfected with 1.5 �g/ml of vehicle alone (control),
IRF-3, IRF-7, or both IRF-3 and IRF-7 siRNAs. At 48 h posttransfection, cells
were infected or not with HSV-1 at an MOI of 1 or treated with poly(I·C) or
poly(I·C) digested with RNase III (both at 1 �g/ml). Cell culture supernatants
were collected 12 h later and assessed for IFN-� production by ELISA. Statis-
tical analyses were performed by a one-way ANOVA with Tukey’s multiple-
comparison posttest. Statistically significant results compared to those for the
respective control MEFs are indicated (���, P � 0.001). ND, not detected.
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production of IFN-� in response to HSV-1 infection in this ex vivo
system.

DISCUSSION

In the present study, we used an experimental model of HSV-1
infection to monitor the development of encephalitis in mice de-
ficient for TRIF and IPS-1 adaptor proteins. IPS-1�/� and espe-
cially TRIF�/� mice had increased sickness signs and mortality
rates following HSV-1 infection compared to findings for WT
mice. These results highlight the crucial role of both signaling
pathways in the cerebral innate immune response during HSE. To
our knowledge, this report is the first showing the implication of
IPS-1 in that context. The production of IFN-� in the brains of
deficient mice was impaired at a critical time after infection com-
pared to that of WT mice, and this was associated with a significant
increase in the brain viral load and with virus dissemination
throughout the brain. These results demonstrate that activation of
TRIF and IPS-1 signaling pathways requires a tight coordination
to initiate a timely production of IFN-� for effective control of
viral replication during HSE.

Protection of the host against viral infections relies on the de-
tection of pathogens followed by efficient activation of the innate
immune system through type I IFN production, which is one of
the earliest responses to viral invasion (28). Recognition of HSV
has previously been proposed to occur in a dual manner through
sensing of viral glycoproteins and CpG-rich viral DNA by TLR2
and TLR9, respectively (29). In that respect, TLR2 and especially
TLR9 were shown to be important for the control of HSV replica-
tion in mouse brain and trigeminal ganglia (30). It was also re-
ported that childhood HSE could be associated with mutations in
key components of the TLR3 signaling pathway, including
Unc93B (a protein that facilitates translocation of TLR3, -7, -8,
and -9 from the endoplasmic reticulum to the endosomes), TRIF,
tumor necrosis factor receptor-associated factor 3 (TRAF3) adap-
tor molecule, and TBK-1 (representing a total of 9 cases among 80
studied children with HSE) (8, 31–33). These inherited deficien-
cies are responsible for an impaired activation of TLR3 signaling
upon recognition of HSV dsRNA, leading to an altered type I IFN
production. In addition to endosomal TLR3, the implication of
cytoplasmic RIG-I and MDA-5 in the sensing of HSV dsRNA was
also found using cell culture models (16–18), but their role during
HSE had not yet been investigated. On the one hand, TLR3 signals
through TRIF and induces IRF-3 phosphorylation and transloca-
tion to the nucleus, which leads to type I IFN production (14). On
the other hand, RIG-I and MDA-5 signal through IPS-1 to activate
IRF-3 and IRF-7 (19), which act as transcriptional factors to bind
IFN promoters (34). However, the relative contributions of these
two signaling pathways in type I IFN production during HSE has
not yet been elucidated.

The increased susceptibility of IPS-1�/� and especially
TRIF�/� mice to HSV-1 infection demonstrated that both adap-
tor proteins are crucial in the signaling pathways that control viral
replication in the CNS and mouse survival. In brain tissue, TLR3 is
found in the endosomal compartment of different cell types, such
as microglia, astrocytes, oligodendrocytes, and neurons. More-
over, we have recently demonstrated a recruitment of monocytes/
macrophages from the blood to the CNS during HSE (35), and
these cells also expressed TLR3. Our results suggest that TLR3 is
essential for the recognition of HSV-1 in the brain and that viral
clearance and survival of mice are linked to appropriate signaling

through TRIF. Previous studies have demonstrated that HSV is
recognized by IPS-1-dependent RLHs in MEFs and also possibly
in macrophages, which accumulate dsRNA in their cytoplasm (12,
16–18). To our knowledge, our results are the first to underscore
the role of the IPS-1 signaling pathway during HSE. As with
TRIF�/� mice, the brain viral load and mortality rate for IPS-1�/�

mice were increased, but these consequences were less important
than for TRIF�/� mice. We thus suggest that the IPS-1 signaling
pathway contributes to the control of HSV-1 infection of the CNS
but to a lesser extent than the TRIF pathway. In both types of
deficient mice, the increased mortality rates could be attributed to
a more disseminated infection extending to the pons and medulla
regions of the brain, which correlated with significantly higher
viral loads on days 5, 7, and 9 in TRIF�/� mice and on days 7 and
9 in IPS-1�/� mice than for WT mice. These results suggest that
the involvement of the two signaling pathways may be sequential,
with TRIF implicated earlier in the course of HSV infection, fol-
lowed by IPS-1.

The production of IFN-� was increased at an earlier time point
(i.e., on day 5) for WT mice than for the deficient mice, and such
timely production may be critical to control viral replication in the
brain. Indeed, we have previously demonstrated that the intrana-
sal administration of an agonist of TLR3 (poly I·C) to mice before
HSV-1 challenge reduced viral replication in the brain, leading to
decreased HSE severity and mortality (36). In contrast, poly(I·C)
given after the infection exerted no beneficial effect (unpublished
data). We thus suggest that the cerebral innate immune response
produced during HSE is a double-edged sword, since it is critical
to controlling HSV replication in the brain early after infection
but if uncontrolled may result in an overzealous inflammatory
response that could be detrimental to the host. Thus, these results
suggest that the activation of the TRIF and IPS-1 signaling path-
ways in mouse brain requires close coordination to produce
IFN-� in a timely manner to effectively control viral replication.
Such cooperation between IPS-1 and TLR9 has already been de-
scribed for the production of type I IFN in response to HSV-2
infection of macrophages and fibroblasts (17) and to HSV-1 in-
fection of MEFs (16).

In WT mice, levels of phosphorylated IRF-3 and IRF-7, which
are important downstream effectors in the IFN-� production cas-
cade, increased over time following HSV-1 infection. Silenced ex-
pression of IRF-3 or IRF-7 in WT MEFs confirmed that both
downstream effectors participate in IFN-� secretion in response
to HSV-1 infection. The delayed production of IFN-� in TRIF-
and IPS-1-deficient mice was higher and sustained compared to
that in WT mice. Interestingly, TRIF�/� mice also produced sig-
nificantly larger amounts of IFN-� on day 7 postinfection than
WT and IPS-1�/� mice. However, the levels of phosphorylated
IRF-3 and/or IRF-7 did not increase on day 7 p.i. but could pos-
sibly be higher at later times. Taken together, these data suggest
that the production of type I IFN in TRIF�/� and IPS-1�/� mice is
not compensated by the functional IPS-1 or TRIF pathway and
that other cellular sensors, independent of these signaling path-
ways, may also be implicated. These sensors may be activated in
response to the increased viral replication in the CNS. In this re-
spect, active viral replication correlates with the amount of IFN-�
produced over time in the brains of deficient mice. Other signaling
pathways involved in IFN-� production following HSV-1 infec-
tion have been described, but the data are complex, conflicting,
and incomplete. TLR9 has been reported to be involved in early
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type I IFN responses following HSV infection in vitro and in vivo
(6, 11). In contrast, another study has demonstrated that TLR9
knockout mice have type I IFN responses and survival rates com-
parable to those of WT mice following HSV infection (37). Fur-
thermore, another DNA sensor (IFI16) has also been shown to
induce the production of IFN-� following HSV-1 corneal infec-
tion, and its expression in epithelial cells is thought to allow for
resistance to virus infection (38, 39). Future studies examining the
roles of other cellular sensors and their cooperation following
HSV-1 infection are thus needed to better characterize the cere-
bral innate immune response.

We cannot exclude, however, that other inflammatory media-
tors may also affect the outcome of HSE in both types of deficient
mice. In fact, triggering of the IPS-1 adaptor protein leads to
NF-�B activation and proinflammatory cytokine production.
Therefore, the deficiency in IPS-1 could result in an impaired
activation of NF-�B, which in turn may alter the production of
innate immune cytokines and affect the control of HSV replica-
tion in the CNS. In that regard, production of antigen-specific
antibodies is severely decreased in IPS-1-deficient mice, and cyto-
toxic T cell expansion is also reduced in both TRIF�/� and IPS-
1�/� mice (40).

In conclusion, our data suggest that the increased mortality
rate observed in TRIF adaptor protein knockout mice is associated
with delayed and sustained IFN-� production during HSE. Inter-
estingly, a higher and delayed IFN-� production, possibly through
a compensatory mechanism involving IPS-1 or other cellular sen-
sors, was seen in TRIF�/� mice. However, this pathway(s) is not
sufficient to control HSV-1 replication in the CNS, and TRIF
might thus be crucial in the brain, as found in patients showing
deficiencies in the TLR3 pathway (8). Therefore, the TRIF adaptor
molecule seems to be more implicated in the innate immune re-
sponse to HSE than IPS-1. Nevertheless, IPS-1 also plays a pivotal
role in the brain immune response against HSV-1 infection. We
thus propose that the cerebral innate immune response against
HSV-1 infection could be initiated by TLR3 via TRIF and there-
after by RIG-I/MDA-5 via IPS-1 to induce type I IFN gene tran-
scription. Such coordination between TLR and RLH pathways
could promote a rapid and effective immune response following
HSV-1 infection, suggesting that these receptors could constitute
potential therapeutic targets for improving the treatment of HSE.
Moreover, our results also suggest the activation of other cellular
sensors in response to the increased viral replication in the brains
of both types of deficient mice. Studies using double (TRIF �
IPS-1) knockout mice should further elucidate the role of those
sensors in the cerebral innate immune response to HSV-1 and
could confirm the potential implication of other IFN-signaling
pathways independent of TRIF and IPS-1.
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