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Interferon Regulatory Factor 3 Attenuates Reovirus Myocarditis
and Contributes to Viral Clearance�
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Apoptosis is a pathological hallmark of encephalitis and myocarditis caused by reovirus in newborn mice.
In cell culture models, the antiviral transcription factor interferon regulatory factor 3 (IRF-3) enhances
reovirus-induced apoptosis following activation via retinoic acid inducible gene I and interferon promoter-
stimulating factor 1. To determine the role of IRF-3 in reovirus disease, we infected newborn IRF-3�/� and
IRF-3�/� mice perorally with mildly virulent strain type 1 Lang (T1L) and fully virulent strain type 3 SA�
(T3SA�) and monitored infected animals for survival. Both wild-type and IRF-3�/� mice succumbed with
equivalent frequencies to infection with T3SA�. However, the absence of IRF-3 was associated with signifi-
cantly decreased survival rates following infection with T1L. The two virus strains achieved similar peak titers
in IRF-3�/� and IRF-3�/� mice in the intestine, brain, heart, liver, and spleen. However, by day 12 postin-
oculation, titers in all organs examined were 10- to 100-fold higher in IRF-3�/� mice than those in wild-type
mice. Increased titers were associated with marked pathological changes in all organs examined, especially in
the heart, where absence of IRF-3 resulted in severe myocarditis. Cellular and humoral immune responses were
equivalent in wild-type and IRF-3�/� animals, suggesting that IRF-3 functions independently of the adaptive
immune response to enhance reovirus clearance. Thus, IRF-3 serves to facilitate virus clearance and prevent
tissue injury in response to reovirus infection.

Pathological consequences of viral infection are determined
by interactions between viral virulence factors and host antivi-
ral responses. Viral replication and immune evasion strategies
facilitate viral dissemination and transmission but are coun-
tered by both innate and adaptive immune responses that limit
virus growth and facilitate virus clearance. The interplay be-
tween these processes determines whether viral infection is
asymptomatic or progresses to produce disease. While virus-
host interactions are becoming increasingly well defined using
cell culture models, mechanisms that contribute to viral patho-
genesis at the organismal level are less well understood.

Mammalian orthoreoviruses (reoviruses) have been used as
models for studies of viral pathogenesis. Reoviruses are en-
teric, nonenveloped viruses with a double-stranded RNA
(dsRNA) genome (29). Peroral (p.o.) inoculation of newborn
mice with reovirus leads to a disseminated infection that causes
damage to the central nervous system (CNS), heart, and liver
(40). Strain-specific differences in reovirus tropism and viru-
lence are linked to both viral and host factors. Viral factors
include receptor utilization (1, 3, 42) and sensitivity to type 1
interferons (IFNs) (32), while host factors include components
of innate and adaptive immunity (38, 39). Protection against

reovirus infection is mediated by both cell-mediated and hu-
moral immune mechanisms. Depletion of either CD4� or
CD8� T cells abrogates or severely inhibits cell-mediated im-
mune protection against reovirus infection (30), whereas ex-
ogenously administered anti-reovirus antibodies limit reovirus
spread to the CNS (36). These adaptive immune mechanisms
are for the most part serotype independent and display differ-
ences in efficacy depending on the tropism of the infecting
strain (39).

Innate immune responses also can limit systemic spread of
reovirus and modulate reovirus-induced tissue injury. Type 1
IFNs produced by Peyer’s patch conventional dendritic cells
control intestinal reovirus infection and prevent systemic
spread (15). Additionally, the innate immune transcription fac-
tor nuclear factor-�B (NF-�B) mediates organ-specific differ-
ences in reovirus cell injury and disease (24). NF-�B is
required for reovirus-induced apoptosis in the CNS and
contributes to the development of encephalitis (8, 24),
whereas it functions in prosurvival mechanisms in the heart
via the induction of type 1 IFNs (24). These observations
suggest that in addition to, or in conjunction with, adaptive
immune pathways, innate immune pathways influence reo-
virus pathogenesis. However, the coordinated action of
these processes is complex and not well defined.

Several reports have characterized cellular sensors and mo-
lecular pathways that activate the innate immune response
induced by reovirus infection. Despite the dsRNA nature of
the reovirus genome, Toll-like receptor 3 (TLR3) is not re-
quired for limiting reovirus infection in mice (9, 15). Instead,
the cytoplasmic RNA sensor, retinoic acid inducible gene I
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(RIG-I), and the RIG-I adaptor, interferon promoter-stimu-
lating factor 1 (IPS-1), are required for activation of innate
immune response transcription factors, including interferon
regulatory factor 3 (IRF-3) and NF-�B, which direct the in-
duction of a broad network of antiviral genes (5, 13, 19, 25). A
major component of this response is the secretion of the anti-
viral cytokine, beta IFN (IFN-�). Mechanisms of IFN induc-
tion and function following reovirus infection are cell type
specific (23, 43). In newborn mice, IFN-� protects against
reovirus-mediated myocardial injury (24, 32). Concordantly,
the capacity of reovirus strains to induce IFN-�, along with
their sensitivity to this cytokine, is inversely correlated with
myocarditis severity (32), suggesting that IFN-dependent pro-
cesses are key determinants of reovirus pathogenesis.

In addition to the induction of type 1 IFNs, both IRF-3 and
NF-�B are required for reovirus-induced apoptosis in cell cul-
ture (5, 13). Ablation of the p50 and p65 (RelA) subunits of
NF-�B renders fibroblast cells resistant to reovirus-induced
apoptosis (5). Proapoptotic activation of p50 and p65 requires
signaling via inhibitor of �B kinase � (IKK�) and NF-�B
essential modulator (NEMO) but not NF-�B-inducing kinase
(NIK) (12). This proapoptotic role for NF-�B in reovirus in-
fection also has been observed in the murine CNS but not in
the heart (24). Additionally, IRF-3 is required for enhanced
apoptosis in response to reovirus infection in cultured cells
(13). However, the function of IRF-3 in reovirus infection of
newborn mice is not known.

Several RNA viruses induce the expression of type 1 IFNs
via the activation of both IRF-3 and the related transcription
factor IRF-7 (21, 27, 28). IRF-3-deficient mice are more sus-
ceptible to lethal infection by some neurotropic RNA viruses,
such as encephalomyocarditis virus (27) and West Nile virus
(7). However, induction of type 1 IFNs following infection with
these viruses does not substantially differ in IRF-3-deficient
mice in comparison to that in wild-type controls (7, 14). These
reports indicate that IRF-3 regulates cell-specific responses
that protect against RNA virus infection by both induction of
type 1 IFNs and IFN-independent mechanisms, such as alter-
ing the basal expression of innate immune response genes,
including RIG-I, melanoma differentiation associated gene-5
(Mda-5), and antiviral interferon-stimulated genes (ISGs) (7).

In this study, we examined the functional consequences of
IRF-3 deficiency in reovirus pathogenesis. We found that
IRF-3 influences survival following reovirus infection in a se-
rotype-dependent manner. Mice lacking IRF-3 displayed a di-
minished type I IFN response at the primary site of infection at
early times postinoculation. Peak viral titers at sites of second-
ary replication were equivalent in wild-type and IRF-3-defi-
cient animals. However, viral titers and virus-induced pathol-
ogy at these sites were more substantial in the absence of
IRF-3 at late times postinoculation, suggesting that IRF-3-
dependent responses are required for efficient reovirus clear-
ance. Differences in viral titer and tissue damage did not cor-
relate with ineffective priming of the adaptive immune
response, as CD8� T-cell IFN-� responses and serum IgG
levels were equivalent in infected wild-type and IRF-3-defi-
cient mice. Together, these results suggest a novel, cell-intrin-
sic role for IRF-3 in IFN-independent innate immune pro-
cesses that influence viral clearance.

MATERIALS AND METHODS

Cells and viruses. Murine L929 cells were maintained in Joklik’s minimal
essential medium supplemented to contain 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U/ml penicillin, 100 �g/ml streptomycin, and 25 ng/ml ampho-
tericin B (Sigma-Aldrich). Murine C57SV fibroblasts were maintained in RPMI
1640 medium (Sigma-Aldrich) supplemented to contain 10% FBS, 2 mM L-
glutamine, 100 U/ml penicillin, 100 �g/ml streptomycin, and 25 ng/ml ampho-
tericin B. Reovirus strain type 1 Lang (T1L) is a laboratory stock. Strain type 3
SA� (T3SA�) was generated by reassortment of reovirus strains T1L and type
3 clone 44-MA (3).

Purified reovirus virions were generated from second- or third-passage L-cell
lysate stocks of twice-plaque-purified reovirus as described previously (36). Viral
particles were Freon extracted from infected cell lysates, layered onto 1.2- to
1.4-g/cm3 CsCl gradients, and centrifuged at 62,000 � g for 18 h. Bands corre-
sponding to virions (1.36 g/cm3) were collected and dialyzed in virion storage
buffer (150 mM NaCl, 15 mM MgCl2, 10 mM Tris-HCl [pH 7.4]).

Mice. Control IRF-3�/� mice (C57BL/6-J) and IRF-3�/� mice (IRF-3 KO B6)
(27) were obtained from Jackson Laboratory and Karen Mossman (McMaster
University, Hamilton, Ontario, Canada), respectively. Two-day-old mice were
inoculated either intracranially (i.c.) or p.o. with purified reovirus diluted in
phosphate-buffered saline (PBS). Intracranial inoculations were delivered to the
left cerebral hemisphere in a volume of 5 �l, using a Hamilton syringe (BD
Biosciences) and a 30-gauge needle (33). Peroral inoculations were delivered in
a volume of 50 �l by passage of a polyethylene catheter 0.61 mm in diameter
(BD) through the esophagus and into the stomach (26). The inoculum contained
0.3% (vol/vol) green food coloring to allow the accuracy of delivery to be judged.
For analysis of viral virulence, mice were monitored for weight loss and symp-
toms of disease for 21 days. For survival experiments, mice were euthanized
when found to be moribund (defined by rapid or shallow breathing, lethargy, or
paralysis). For determination of viral titer and immunohistochemical staining,
mice were euthanized at various intervals following inoculation, and organs were
resected. For analysis of virus growth, organs were collected in 1 ml of PBS and
homogenized by freezing, thawing, and sonication. Viral titers in organ homog-
enates were determined by plaque assay using L929 cells (36). For immunohis-
tochemical staining, organs were fixed overnight in 10% formalin, followed by
incubation in 70% ethanol. Fixed organs were embedded in paraffin, and 5-�m
histological sections were prepared. Consecutively obtained sections were
stained with hematoxylin and eosin (H&E) for evaluation of histopathologic
changes or processed for immunohistochemical detection of reovirus antigens or
activated caspase-3 (24). For extraction of RNA, organs were homogenized in
Trizol reagent (Invitrogen) and processed according to the manufacturer’s pro-
tocol. Animal husbandry and experimental procedures were performed in accor-
dance with Public Health Service policy and the recommendations of the Asso-
ciation for Assessment and Accreditation of Laboratory Animal Care and
approved by the Vanderbilt University School of Medicine Institutional Animal
Care and Use Committee and by the North Carolina State University Institu-
tional Animal Care and Use Committee.

Generation and infection of primary cardiac myocyte cultures. Primary car-
diac myocyte cultures were generated from term fetuses or 1-day-old neonates by
successive trypsinization of the apical two-thirds of the heart and selective plating
as described previously (43). Cardiac myocytes (106) were plated onto 24-well
plates (Costar) and incubated for 2 days. Overlying medium was removed,
duplicate wells of cells were incubated with either medium or CsCl-purified
reovirus at a multiplicity of infection (MOI) of 10 PFU/cell for 1 h, additional
medium was added, and cells were incubated for 8 or 24 h. Immunofluorescence
microscopy of similar cultures by the use of anti-myomesin and anti-vimentin
antibodies revealed 	5% fibroblast contamination of the myocyte cultures (43).

RNA isolation and quantitative reverse transcription-PCR (qRT-PCR). Pri-
mary cardiac myocyte cultures were infected with reovirus and incubated for
various intervals. Medium overlying the myocytes cultures was removed, total
RNA was harvested using RNeasy (Qiagen), and contaminating genomic DNA
was eliminated using RNase-free DNase I (Qiagen). cDNA was generated using
oligo(dT) and AMV reverse transcriptase (Promega) and amplified using prim-
ers specific for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (forward,
GGG TGT GAA CCA CGA GAA AT; reverse, CCT TCC ACA ATG CCA
AAG TT), IFN-� (forward, GGA GAT GAC GGA GAA GAT GC; reverse,
CCC AGT GCT GGA GAA ATT GT), and ISG56 (forward, TGG CCG TTT
CCT ACA GTT TC; reverse, TCC TCC AAG CAA AGG ACT TC) in Quan-
titech master mix (Qiagen) by using an iCycler iQ fluorescence thermocycler
(Bio-Rad Laboratories) as described previously (43). Quantification and melt
curve analyses were performed according to the manufacturer’s protocol. For
each sample, the CT (threshold cycle) for the gene of interest was normalized to
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that for GAPDH. Fold induction was calculated by comparing normalized CT

values for duplicate infected samples to those of uninfected samples at the same
time point.

Splenocyte isolation. Newborn mice were inoculated p.o. with either PBS
(mock) or 107 PFU of reovirus T1L and euthanized 8 days postinoculation.
Spleens were resected into 0.5 ml of murine red blood cell lysis buffer (16.96 mM
Tris [pH 7.65] in 69.92 mM ammonium chloride) and individually placed into
single wells of a 24-well plate on ice. Spleens were macerated for 1 min using the
plunger end of a sterile 1-ml syringe, and the contents were transferred to a 15-ml
conical tube on ice. The total volume was adjusted to 15 ml, and splenocytes were
incubated on ice for 5 min to allow debris to settle. Debris was removed using a
sterile transfer pipette, and cells were washed once with RPMI 1640 medium.

Intracellular cytokine staining. One day prior to assay, 5 � 106 C57SV fibro-
blasts were either mock infected or infected with reovirus T1L at an MOI of 500
PFU/cell and incubated at 37°C overnight. Cells were removed from culture
dishes by trypsin treatment and washed once with RPMI 1640 medium. Freshly
isolated splenocytes (105) and fibroblasts (105) were coincubated in a volume of
0.2 ml in the wells of 96-well plates (Costar) in RPMI 1640 medium supple-
mented with 1 �l/ml of GolgiPlug (BD Biosciences) and 10 ng/ml recombinant
human interleukin-2 (hIL-2; BD Biosciences) and incubated at 37°C for 5 h.
Splenocytes were removed to the wells of fresh 96-well plates and washed once
with flow cytometry buffer (FACS buffer; PBS containing 5% FBS, 0.1% sodium
azide, and 0.02% EDTA). Cells were incubated with a 1:100 dilution of anti-
CD8-phycoerythrin (PE) (BD Biosciences) at 4°C for 30 min and washed twice
with FACS buffer. Cells were incubated with 0.1 ml of Fix/Perm solution (BD
Biosciences) at 4°C for 30 min, washed twice with 1� Perm/Wash buffer (BD
Biosciences), and incubated with a 1:200 dilution of anti-IFN-�–fluorescein iso-
thiocyanate (FITC) in Perm/Wash buffer at 4°C for 30 min. Cells were washed
twice with Perm/Wash and incubated in FACS buffer prior to flow cytometric
analysis by using a BD LSRII flow cytometer (BD Biosciences).

Whole-virus ELISA. Whole-blood samples from euthanized mice were col-
lected into sterile Eppendorf tubes and incubated at 4°C overnight to allow the
blood to clot. Clotted blood was centrifuged at 10,000 � g for 5 min, and the
serum was transferred to fresh tubes and stored at �80°C. Either CsCl-purified
reovirus T1L (1010 particles) or an equivalent volume of mock-infected CsCl-
purified lysate was adsorbed to the wells of a 96-well enzyme immunoassay
(EIA)/radioimmunoassay (RIA) plate (Costar) in 50 �l of 50 mM carbonate-
bicarbonate buffer (pH 9.6) and incubated at 4°C overnight. Wells were washed
once with enzyme-linked immunosorbent assay (ELISA) wash buffer (PBS con-
taining 0.05% Tween 20) and incubated in 0.2 ml of ELISA blocking buffer (PBS
containing 0.05% Tween 20 and 5% nonfat milk) at room temperature for 3 h.
The plates were washed twice with wash buffer and incubated with 4-fold serial
dilutions of serum in blocking buffer at 4°C overnight. The plates were washed
three times with wash buffer and incubated with a 1:1,000 dilution of secondary
antibody (horseradish peroxidase [HRP]-conjugated anti-mouse IgG [GE
Healthcare]) in 0.1 ml of ELISA blocking buffer at room temperature for 1 h.
Wells were washed four times with wash buffer and incubated with 0.1 ml of
TMB substrate (One-Step Ultra TMB-ELISA [Pierce]) for 15 min. The reaction
was stopped by adding 50 �l of 2 M sulfuric acid to each well, and the A450 was
determined by using a SpectraMax PLUS384 spectrophotometer (Molecular
Devices).

RESULTS

IRF-3 is required for the induction of type I IFNs following
reovirus infection of primary murine fibroblasts (13) and car-
diac myocytes (23) and efficient induction of apoptosis in reo-
virus-infected cells (13). To determine the role of IRF-3 in
reovirus pathogenesis, we first examined whether IRF-3 influ-
ences the survival of newborn mice following inoculation with
reovirus strains T1L and T3SA�. T1L and T3SA� differ in
pathogenicity following infection of newborn mice. T1L is a
prototype strain that displays modest virulence, causing hydro-
cephalus and mild myocarditis (16, 31, 39). T3SA� is a reas-
sortant virus containing nine gene segments from T1L and the

1-encoding S1 gene from strain T3C44-MA. T3SA� is highly
virulent, causing lethal encephalitis and biliary injury (3, 24).
We inoculated 2-day-old IRF-3�/� and IRF-3�/� C57BL/6-J
mice p.o. with either 107 PFU of T1L or 104 PFU of T3SA�

(Fig. 1). Mice were monitored for signs of disease daily for 21
days and euthanized when moribund. Following inoculation
with the mildly virulent strain T1L, approximately 45% of the
IRF-3�/� animals succumbed to infection, whereas no IRF-
3�/� mice developed detectable clinical signs (Fig. 1A) (P 	
0.001). In contrast, the majority of IRF-3�/� and IRF-3�/�

mice succumbed to infection with the highly virulent strain
T3SA� (Fig. 1B). These results suggest that IRF-3 attenuates
the virulence of a moderately pathogenic but not a highly
pathogenic reovirus strain.

To determine whether IRF-3 influences reovirus virulence
following direct inoculation into a site of secondary replication,
we monitored survival after i.c. inoculation of 2-day-old IRF-
3�/� and IRF-3�/� mice with 104 PFU of T1L. Following this
route of inoculation, T1L caused lethal disease in �20% of
wild-type mice, whereas �80% of IRF-3-deficient mice suc-
cumbed to infection (Fig. 1C) (P 	 0.001). Thus, IRF-3 atten-
uates reovirus virulence independent of the site of inoculation.

To test whether differences in survival following p.o. inocu-
lation of T1L are attributable to differences in the capacity of
this strain to disseminate from the initial site of replication, we
quantified viral titers at sites of primary and secondary repli-
cation at various times after inoculation (Fig. 2). Reovirus T1L

FIG. 1. IRF-3 attenuates reovirus virulence. Two-day-old IRF-3�/�

and IRF-3�/� mice were inoculated with 107 PFU of T1L p.o. (A), 104

PFU of T3SA� p.o. (B), or 104 PFU of T1L i.c. (C). Mice (n  25 to
39) were monitored for survival for 21 days. �, P 	 0.001 as determined
by log-rank test in comparison to IRF-3�/� mice; d, days.
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produced significantly higher titers in IRF-3-deficient animals
at the site of primary replication in the intestine than it did in
wild-type animals at all time points measured. Virus titers at
sites of secondary replication were 10- to 100-fold higher in
IRF-3-deficient animals at day 2 postinoculation, yet peak ti-
ters did not differ significantly. However, titers remained 10- to
1,000-fold higher in IRF-3-deficient animals than in wild-type
animals on days 12 and 16 postinoculation, suggesting that
IRF-3�/� mice manifest a defect in viral clearance.

Similar differences in viral titers were observed following
infection of T1L by the i.c. route (data not shown). Peak titers
after i.c. inoculation were slightly higher in the CNS, heart, and
liver of IRF-3�/� mice than in those of wild-type animals.
Additionally, IRF-3�/� mice had high virus titers in these

organs at late times postinoculation when virus was not de-
tected in wild-type mice. Together, these results suggest that
IRF-3 dampens viral growth at sites of primary and secondary
replication during acute infection and contributes to virus
clearance independent of the inoculation route.

IFN-� is a potent antiviral cytokine that is produced in
response to reovirus infection of cultured cells and in vivo (32).
IFN-� protects neighboring cells from becoming infected by
inducing an antiviral state and primes adaptive antiviral im-
mune responses to facilitate viral clearance (6, 15, 18, 20).
IRF-3 regulates the production of IFN-� in response to reo-
virus infection in mouse fibroblasts (13). We hypothesized that
differences in viral titer observed at early times at the site of
primary replication in mice might be attributable to altered

FIG. 2. IRF-3 facilitates reovirus clearance. Two-day-old IRF-3�/� and IRF-3�/� mice were inoculated p.o. with 107 PFU of T1L. Mice were
euthanized at the times shown, and the indicated organs were resected and homogenized by freeze-thawing and sonication. Viral titers in organ
homogenates were determined by plaque assay. Results are expressed as viral titer in organs of single infected animals as indicated by closed
(IRF-3�/�) or open (IRF-3�/�) circles. Horizontal black lines indicate mean viral titers. �, P 	 0.05; ��, P 	 0.01; and ���, P 	 0.001, by Student’s
t test in comparison to IRF-3�/� mice at the same time postinoculation.
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IFN-� production. To test this hypothesis, we quantified IFN-�
mRNA levels in the intestine on days 1 through 4 postinocu-
lation by using qRT-PCR (Fig. 3). On day 1 postinoculation,
IFN-� expression levels were significantly elevated in response
to T1L infection in wild-type mice, whereas expression levels in
IRF-3-deficient mice were similar to those in mock-infected
controls. On days 2 and 3 postinoculation, IFN-� transcript
abundance decreased to levels just above background, al-
though levels in wild-type mice were significantly greater than
those in IRF-3-null mice. By day 4, significant differences in
transcript abundance in the two mouse strains were not ob-
served. These results suggest that IRF-3 influences the initial
induction of IFN-� in the intestine in response to reovirus
infection, which might explain the higher reovirus titers de-
tected at that site in IRF-3-deficient mice at early times post-
inoculation.

IFN-� is an essential component of host defense against
reovirus-induced myocarditis. Nonmyocarditic reovirus strains
induce myocarditis in mice depleted of IFN-�/� (32), and
reconstitution of IFN-� into mice lacking the p50 subunit of
NF-�B diminishes viral titer and reduces myocardial lesions
caused by reovirus (24). Dominant negative mutants of IRF-3
inhibit IFN-� induction in primary cardiac myocyte cultures
(23), indicating that IRF-3 is an important inducer of the type
1 IFN response in heart tissue. Therefore, we reasoned that
diminished production of IFN-� in IRF-3-deficient mice might
lead to increased viral damage to the heart in comparison to
that observed in wild-type mice. To test this hypothesis, we
examined reovirus-induced cardiac pathology in wild-type and
IRF-3-deficient animals. Following p.o. inoculation of T1L, a
mildly myocarditic strain, inflammatory lesions were visible on
the hearts of IRF-3-deficient mice by day 12 postinoculation,
whereas the hearts of wild-type mice appeared normal (Fig.

4A). Histologic sections of hearts resected from wild-type an-
imals infected with T1L showed inflammatory lesions that dis-
tribute within regions of cells that stain for reovirus antigen
and the activated form of caspase-3, consistent with mild myo-
carditis (Fig. 4B). In contrast, sections of the hearts from
IRF-3-deficient mice displayed large lesions with almost com-
plete tissue destruction and numerous cells that stain for reo-
virus and activated caspase-3. Regions that contained activated
caspase-3 immunoreactivity also were positive by terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling (TUNEL) assay (data not shown), which marks apop-
totic DNA fragments, confirming that apoptosis is associated
with these cardiac lesions. These findings suggest that IRF-3
attenuates reovirus-induced myocarditis.

Damage to the heart induced by reovirus infection of IRF-
3�/� mice was independent of the route of inoculation. Fol-
lowing i.c. inoculation of mice with T1L, neither wild-type nor
IRF-3-null animals displayed signs of CNS disease, and reovi-
rus tropism in the CNS was not altered by the absence of IRF-3
(data not shown). In contrast, gross pathological lesions were
observed in the hearts of i.c.-inoculated IRF-3-null mice (data
not shown), suggesting that these animals succumbed to reo-
virus myocarditis.

Inhibition of reovirus-induced cardiac pathology in wild-type
animals could be caused by a systemic IFN response induced at
the initial site of replication or a localized response within
cardiac tissue. To distinguish between these possibilities, we
assayed IFN-� in the serum of reovirus-infected wild-type and
IRF-3-null animals by ELISA. In these experiments, IFN-�
was not detected in the serum of either mouse strain (data not
shown). Therefore, we examined the induction of IFN-� and
the IRF-3- and IFN-inducible gene, ISG56 (11), in cultures of
primary myocytes derived from wild-type and IRF-3-deficient
mice. Cultured myocytes were either mock infected or inocu-
lated with T1L at an MOI of 10 PFU/cell, and RNA was
extracted from the cultures at 8 and 24 h postinoculation. Both
IFN-� and ISG56 were induced following infection of wild-
type myocytes, whereas neither gene was induced in IRF-3-defi-
cient myocytes (Fig. 5). These observations suggest that the ob-
served differences in reovirus-induced myocarditis are in part
attributable to decreased expression of IFN-� in myocytes.

In addition to their role in innate antiviral immunity, type I
IFNs can prime the adaptive immune response (6, 18, 20).
Therefore, the delay in clearance of reovirus in IRF-3-deficient
mice might be due to dysregulated adaptive immune re-
sponses. To assess the functional capacity of the cell-mediated
adaptive immune response elicited by reovirus in the presence
and absence of IRF-3, we quantified IFN-�-producing CD8� T
cells following antigenic stimulation. On day 8 postinoculation,
spleens were resected from mock- and T1L-infected wild-type
and IRF-3-deficient animals, and splenocytes were isolated.
Splenocytes were incubated with mock- or T1L-infected hap-
lotype-matched fibroblasts in the presence of IL-2 and a pro-
tein secretion inhibitor. Splenocytes were fixed and stained
using fluorescently conjugated anti-CD8 and IFN-� antibodies
and analyzed by flow cytometry (Fig. 6A). No significant dif-
ferences were observed in the number of activated CD8� T
cells in spleens from wild-type and IRF-3-deficient mice, indi-
cating that the capacity of CD8� T cells to mount a cytokine
response to antigen was not altered by the lack of IRF-3.

FIG. 3. IRF-3 is required for efficient IFN-� induction in the in-
testine at early times postinoculation. Two-day-old IRF-3�/� and IRF-
3�/� mice were inoculated p.o. with 107 PFU of T1L. Mice were
euthanized at the times shown, and the intestines were resected and
homogenized. RNA was extracted from homogenized intestines, and
IFN-� mRNA levels were determined by qRT-PCR relative to
GAPDH. Results are expressed as normalized IFN-� mRNA copies
(�105) in intestines of single infected animals as indicated by closed
(IRF-3�/�) or open (IRF-3�/�) circles. Horizontal black lines indicate
the mean number of normalized IFN-� mRNA copies. �, P 	 0.05;
��, P 	 0.01 by Student’s t test in comparison to IRF-3�/� mice at the
same time postinoculation.
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To determine whether the humoral immune response was
affected by the absence of IRF-3, we quantified reovirus-spe-
cific serum IgG titers in wild-type and IRF-3-deficient mice at
days 8 and 12 postinoculation using a whole-virus ELISA (Fig.
6B). Serum IgG levels in wild-type and IRF-3-deficent mice
did not differ at either of these time points. Collectively, these
data suggest that neither CD8� T-cell nor B-cell functions are
altered in IRF-3-deficient mice and suggest that a cell-intrinsic
factor under IRF-3 control is required for efficient clearance of
reovirus infection.

DISCUSSION

In this study, we found that innate immune response tran-
scription factor IRF-3 attenuates disease caused by a mildly
pathogenic reovirus strain, T1L, but not a highly pathogenic

strain, T3SA�. Remarkably, T1L produces fulminant myocar-
ditis in IRF-3-deficient mice regardless of the inoculation
route (Fig. 4 and data not shown), indicating that IRF-3 exerts
a key protective effect in the heart. IRF-3 also serves a critical
function in reovirus clearance, which appears to be indepen-
dent of IRF-3 effects on the development of an adaptive im-
mune response. These findings point to a cell-intrinsic role for
IRF-3 in the resolution of acute viral infection.

Innate immune responses serve a critical function in host
defense against reovirus. Type I IFN protects mice from fatal
reovirus challenge (15) and limits reovirus myocarditis (24, 32).
In both primary murine fibroblasts and cardiac myocytes,
IRF-3 is required for IFN-� expression in response to reovirus
(13, 23). Our data demonstrate that IRF-3 is required for
maximal induction of IFN-� mRNA in the intestine following
reovirus infection, which correlates with lower viral titers at

FIG. 4. IRF-3 attenuates reovirus myocarditis. Two-day-old IRF-3�/� and IRF-3�/� mice were inoculated p.o. with 107 PFU of T1L. On day
12 postinoculation, mice were euthanized, and hearts were resected and either photographed (A) or fixed in formalin, embedded in paraffin,
sectioned, and stained with H&E, polyclonal reovirus-specific antiserum, or activated caspase-3-specific antibody (B).
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that site. However, mice lacking IRF-3 are capable of express-
ing some IFN-� mRNA, albeit at levels significantly lower than
those expressed by wild-type mice. It is possible that other
mechanisms, such as constitutive expression of IRF-7 in some
cell types, may compensate for the lack of IRF-3 in these
animals. These findings are consistent with studies of other
RNA viruses in which near wild-type levels of IFN-� are ob-
served following infection of IRF-3-deficient mice (7, 14).

Clearance of reovirus from the intestine is mediated by com-
ponents of both cell-mediated and humoral immunity (2, 10,
14). In newborn mice, monoclonal IgG antibodies can protect
against reovirus disease, even if administered following inocu-
lation of the virus (30, 34). However, adoptive transfer of
immune splenocytes limits reovirus replication in the neonatal
intestine even more efficiently than treatment with monoclonal
antibodies (37). Slightly different results were gathered in in-
fection studies using adult SCID mice. In this model, CD8�

T-cell deficiency has no effect on intestinal clearance of reovi-
rus (2), and neither NK cells nor macrophages can prevent
lethal infection (10). Instead, B cells and systemic IgG appear
to mediate intestinal clearance (2). In addition to cell-medi-
ated and humoral immunity, innate immune mechanisms also
contribute to clearance of reovirus. IFN produced by Peyer’s
patch conventional and plasmacytoid dendritic cells is required
for efficient reovirus clearance and control of intestinal infec-
tion (15). Together with results presented here, these data
suggest that the adaptive immune response is not sufficient to
effect viral clearance and that innate immune processes are
required for both the initiation of the immune response and
resolution of infection.

Innate immune processes can dictate organ- and cell-type-
specific differences in reovirus disease. Cell culture models of
reovirus infection have ascribed proapoptotic functions to both
NF-�B and IRF-3 in a variety of cell types, including both
immortalized cell lines and primary murine embryonic fibro-
blasts (5, 12, 13). NF-�B also mediates a proapoptotic response
to reovirus infection in the CNS of neonatal mice (24). We did
not observe differences in CNS pathology in wild-type and
IRF-3-deficient mice, likely because T1L is not neurotropic

and does not induce apoptosis in the CNS. However, in the
myocardium, NF-�B protects against apoptotic injury (24), and
our results suggest that IRF-3 has a similar function.

There are three possible mechanisms that might account for
the discrepancy between the requirement for NF-�B and
IRF-3 in apoptosis induction in cell culture versus the neonatal
heart. First, virus-induced activation of cell-intrinsic apoptotic
processes might differ in cardiac myocytes and other cell types.
In myocytes, activation of NF-�B and IRF-3 may skew the
cellular response toward initiating and maintaining an antiviral
state rather than promoting apoptosis. This antiviral function
may spare cardiac myocytes, a nonregenerating cell popula-
tion, from viral injury as a means of maintaining cardiac
function. In the absence of these antiviral pathways, virus rep-
lication is prolonged, as suggested by the increased virus titers
in the heart at late times postinfection. Prolonged infection
also may alter other cellular metabolic or signaling pathways
capable of initiating programmed cell death.

Second, apoptosis observed in myocardial lesions may result
from extrinsic cell-death pathways induced by inflammatory

FIG. 5. IRF-3 is required for IFN-� and ISG expression in primary
cardiac myocytes. Duplicate wells of primary cardiac myocyte cultures
were either mock infected or inoculated with T1L at an MOI of 10
PFU/cell. At the indicated times postinoculation, total RNA was har-
vested for qRT-PCR. The CTs for IFN-� and ISG56 were normalized
to those for GAPDH for each sample. Reovirus-infected samples were
compared to mock-infected samples harvested at the same time post-
inoculation to calculate fold induction. Results are expressed as the
mean fold induction for duplicate wells. Error bars indicate the stan-
dard deviation (SD). Results are representative of duplicate experi-
ments.

FIG. 6. IRF-3 deficiency does not alter the functional capacity of
the adaptive immune response to reovirus. Two-day-old IRF-3�/� and
IRF-3�/� mice were inoculated p.o. with PBS or 107 PFU of T1L.
(A) On day 8 postinoculation, mice were euthanized, spleens were
resected, and splenocytes were isolated. Splenocytes were incubated
with mock-infected or T1L-infected fibroblasts for 5 h and stained with
CD8-PE and anti-IFN-�–FITC. Results are expressed as the mean
percentage of IFN-�-positive CD8� T cells from three independent
experiments of five mice each. Error bars indicate SD. (B) On days 8
and 12 postinoculation, mice were euthanized, and blood samples were
collected. IgG titer in sera was determined by whole-virus ELISA.
Results are expressed as the mean percentage of the maximal optical
density (OD) for 4-fold dilutions, starting at 1:100, for six to seven
mice. Error bars indicate the standard error of the mean (SEM).
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mediators, such as tumor necrosis factor, or cell-mediated kill-
ing. Although reovirus myocarditis is usually associated with
only modest inflammatory infiltrates (24, 30) and does not
require adaptive immune components (30), the absence of
IRF-3-dependent gene expression may exacerbate these mech-
anisms. These inflammatory processes, which are not relevant
in cell culture, also may be accentuated by the prolonged
presence of reovirus antigen, similar to the coxsackievirus B
model of persistent myocardial injury (17).

Third, and finally, IRF-3 might induce an early proapoptotic
response to reovirus infection in cardiac cells, which functions
to enhance immune-mediated clearance of infected cells. This
apoptotic response may be at the threshold of detection by
immunohistochemical staining, as few caspase-3- or TUNEL-
positive cells were observed in heart sections of wild-type mice
during early stages of infection, perhaps because apoptotic
cells are rapidly cleared to prevent virus spread. In this sce-
nario, the lack of an early proapoptotic IRF-3 response would
prolong viral replication in the heart and lead to the observed
defect in virus clearance at late times postinfection. Impor-
tantly, in each of these possibilities, the IRF-3/IFN-� response
is essential for controlling levels of virus replication and myo-
cardial damage.

Within the heart, cell types such as myocytes and fibroblasts
respond differently to reovirus infection, based on basal ex-
pression levels of components of the IFN signaling circuit (43)
and additional undefined differences (22). Cell-type-depen-
dent basal expression of ISGs, such as ISG56, and pattern
recognition proteins, such as RIG-I, is controlled by IRF-3 (7).
Our results indicate that induction of both IFN-� and ISG56 is
reduced in IRF-3-null cardiac myocytes. These data suggest
that the IFN response limits T1L-mediated disease. Moreover,
T1L induces much lower levels of IFN-� mRNA than does
prototype type 3 strain type 3 Dearing in wild-type myocytes, as
measured by qRT-PCR (data not shown). Although this ex-
periment does not address whether differences in IFN-� in-
duction result from differences in the total number of cells
producing IFN or levels of IFN produced by individual cells,
these findings suggest that even minimal IFN induction can
lead to protection. Since adaptive immune responses to reovi-
rus appear unaffected by the absence of IRF-3, it is likely that
these cell-intrinsic functions of IRF-3 are required for efficient
reovirus clearance.

Differences in cell-intrinsic innate immune responses also
appear to influence the relative pathogenicity of reovirus se-
rotypes. Reovirus strain T1L is mildly pathogenic following
p.o. inoculation in the presence of an intact innate immune
system, but the absence of IRF-3 renders this virus capable of
causing a lethal infection. In contrast, while IRF-3 deficiency
exacerbates infection with the highly pathogenic strain
T3SA�, leading to increased titers in several organs (data not
shown), activation of IRF-3 is not sufficient to overcome the
increased pathogenicity of this strain. It is possible that differ-
ences in cell tropism exhibited by T1L and T3SA� account for
the differential effects of IRF-3. In the murine CNS, T1L
infects ependymal cells lining the cerebral ventricles, whereas
T3SA� infects neurons and causes lethal encephalitis (3, 41,
42). IRF-3 expression may restrict T1L infection of its cellular
targets, whereas it may not be sufficient to limit T3SA� infec-
tion at the sites it infects. This effect is likely IFN independent,

because in some cell types, including cardiac myocytes, T1L
has a greater replication capacity and is less sensitive to the
antiviral effects of IFN than are type 3 strains. Additionally,
T1L antagonizes the IFN signaling response (44), suggesting
that IRF-3 impedes T1L replication independently of IFN.
Alternatively, IRF-3 deficiency may alter the capacity of T1L
to induce apoptosis. T1L is a weak inducer of apoptosis in cell
culture (35) and does not induce apoptosis in primary rat
cardiac myocytes (4). However, myocardial lesions caused by
T1L in IRF-3-null mice contain activated caspase-3 and are
TUNEL positive (Fig. 4 and data not shown), suggesting that
T1L-mediated pathogenicity is caused by a greater capacity to
induce apoptotic injury in the absence of IRF-3.

Results presented here suggest that IRF-3 mediates the ini-
tiation of antiviral responses early in infection and facilitates
clearance of reovirus. The latter effect appears to be indepen-
dent of the development of antiviral CD8� T-cell responses
and serum IgG. Together with previous reports, these data
suggest that cell-intrinsic effects of IRF-3 are essential for
containment of viral infection.
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