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Abstract
IRF3 is an innate anti-viral factor whose role in limiting Theiler’s Murine Encephalomyelitis
Virus (TMEV) infection and preventing TMEV-induced disease is unclear. Acute disease and
innate immune responses of macrophages were examined in IRF3 knockout mice compared with
C57Bl/6 mice following in vitro or intracranial infection with either TMEV GDVII or DA. IRF3
deficiency augmented viral infection, as well as morbidity and mortality following intracranial
infection with neurovirulent TMEV GDVII. In contrast, IRF3 deficiency prevented hippocampal
injury following intracranial infection with persistent TMEV DA. The extent of TMEV infection
in macrophages from C57Bl/6 mice was significantly less than that in IRF3 deficient
macrophages, which was associated with poor IFN-γ and IL-6 expression in response to TMEV.
Reestablishing IRF3 expression in IRF3 deficient macrophages increased control of TMEV
replication and increased expression of IFN-γ and IL-6. In addition, IRF3 deficient macrophages
failed to exhibit IL-6 antiviral effects, which was associated with inability to sustain IL-6-induced
STAT1 activation compared with C57BL/6 macrophages. Altogether, IRF3 contributes to early
control of TMEV replication through induction of IL-6 and IFN-γ and support of IL-6 antiviral
effects, but contributes to TMEV-induced hippocampal injury.

1. Introduction
Theiler’s murine encephalomyelitis virus (TMEV) is a picornavirus that infects most feral
and laboratory strains of mice. Intracranial (i.c.) infection of nearly all mice with as little as
100 PFU of the GDVII strain causes acute severe encephalitis that results in death within 10
days p. i. In contrast, i.c. infection with the DA strain of TMEV causes less severe, acute
encephalitis with various outcomes depending upon mouse strain. C57BL/6 (B6) and B10.s
mice clear TMEV DA i.c. infections with robust innate and adaptive immune antiviral
responses (Monteyne et al., 1999). However, TMEV DA infection in these mice result in
hippocampal damage, learning deficits (Buenz et al., 2009; Howe et al., 2012), and recurrent
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seizures (Libbey et al., 2008). In contrast, SJL/J mice have inadequate innate and adaptive
immune responses to TMEV and fail to completely clear TMEV-DA from central nervous
system (CNS)-infiltrating macrophages. As a result SJL/J mice develop a chronic TMEV
infection in the CNS without acute hippocampal damage (Howe et al., 2012) but develop
late demyelinating disease (Lipton et al., 1984). Because TMEV has a short half-life in vivo
due to low viral particle production from infected cells and virus-induced apoptosis, viral
replication is required to maintain persistence (Lipton et al., 2005). Therefore, resistance to
persistent TMEV infection may be related to innate immune control of virus replication in
macrophages.

The ability to control TMEV replication in macrophages is related to production of
interferon-γ (IFN-γ) (Nguyen et al., 2002) and IL-6 (Moore et al., 2012), and induction of
interferon stimulated genes (ISGs). Expression of these antiviral factors depends upon
activation of interferon response factor-3 (IRF3), which is constitutively expressed.
Activation of IRF3 in TMEV infection of macrophages occurs through TLR3, TLR7(Al-
Salleeh and Petro, 2007), and MDA5 signaling pathways(Jin et al., 2011). Once activated,
IRF3 functions as a transcription factor to induce IFN-γ, IL-6 and ISGs. The effects of IRF3
on IFN-γ γproduction have been well documented. After its secretion, IFN-γ signals through
the type I IFN receptor leading to STAT1 and STAT2 phosphorylation, expression of
additional IRFs and interferon stimulated genes (ISGs) (Marijanovic et al., 2007). We have
seen that IL-6 signaling through its receptor also leads to STAT1 activation in macrophages
(Moore et al., 2012). Although IRF3 is involved in expression of antiviral genes and control
of virus replication, it is unclear if it is involved in TMEV-induced IL-6 expression, in the
resistance of B6 macrophages to TMEV, and development of TMEV-induced disease.

In this report we demonstrate that replication of the TMEV RNA genome is significantly
higher in macrophages from IRF3 knockout (IRF3KO) mice and in the brains of IRF3KO
mice following intracranial infection compared with B6 mice. IRF3 deficiency caused
greater morbidity and mortality during intracranial TMEV GDVII infection, less TMEV-
induced IFN-γ and IL-6 expression, less sustained IL-6 induced STAT1 activation, and less
TMEV-DA induced damage to the hippocampus compared to B6 mice. IRF3-expressing
plasmids were able to restore IL-6 and IFN-γ expression in response to TMEV and restore
control of TMEV replication in IRF3KO macrophages.

2. Results
2.1 IRF3 deficiency ameliorates TMEV DA-induced acute hippocampal injury but
exacerbates TMEV GDVII-induced acute lethal encephalitis

Intracranial infection of B6 mice with TMEV DA results in immune responses that bring
about viral clearance. However, these same immune responses are responsible for
hippocampal injury within one week of infection with TMEV DA (Howe et al., 2012). To
determine whether IRF3 had a role in TMEV-induced hippocampal injury, B6 and IRF3KO
mice were i. c. infected with TMEV DA. SJL/J mice, which have a poor immune response
to TMEV DA, were also i.c. infected with TMEV DA and served as a negative control for
hippocampal damage. Intracranial infection with TMEV DA resulted in severe hippocampal
injury in B6 mice at day 4 p. i. as measured by evaluating CA1 regions of H & E stained
hippocampi (Fig. 1A), which is consistent with previous reports (Howe et al., 2012). In
contrast, i.c. infection with TMEV DA caused minimal and undetectable hippocampal injury
in IRF3KO or SJL/J mice. Therefore, IRF3 is involved in early immune responses to TMEV
DA during the encephalitis phase of infection that brings about acute tissue damage.

While i.c infection of B6 mice with TMEV DA results in nonlethal encephalitis that helps to
clear the virus but damages the hippocampus, i.c. infection of B6 mice with TMEV GDVII
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results in severe encephalitis and death within 10 days (Lipton, 1980). To determine the role
of IRF3 in lethal encephalitis, B6 and IRF3KO mice were i. c. infected with TMEV GDVII.
Intracranial infection with TMEV GDVII resulted in more severe encephalitic outcomes in
IRF3KO mice compared with B6 mice as measured by weight loss and the pace at which
mortality ensued after infection (Fig. 1B & C). To confirm that the increased mortality rate
in IRF3KO mice was due to increased susceptibility to TMEV GDVII infection we extracted
brains from B6 and IRF3KO mice that had been i.c. infected 3 days prior, and determined
TMEV GDVII pfu in each. The number of pfu/gm of brain tissue was significantly higher in
i.c. infected IRF3KO mice compared with B6 mice, correlating disease outcomes with
TMEV GDVII infection (Fig. 1D). Therefore activation of IRF3 following TMEV infection
lessens the severity of morbidity and mortality during TMEV–GDVII induced encephalitis
but contributes to hippocampal damage during TMEV-DA induced encephalitis.

2.2 IRF3 activation controls TMEV replication and promotes early IFN-γ and IL-6
expression in macrophages

We have previously shown that resistance to TMEV infection in macrophages from B10.S
mice is correlated with high levels of IL-6 expression (Moore et al., 2012). We hypothesize
that TMEV does not replicate well in macrophages from B6 mice because IRF3 promotes
the production of early anti-viral cytokine responses, such as IL-6, which are antiviral but
could play a role in hippocampal damage (Sparkman et al., 2006). To investigate the role of
IRF3 in controlling TMEV infection and TMEV-induced cytokine expression, sterile
thioglycollate-induced inflammatory macrophages were harvested from B6 and IRF3KO
mice (Sato et al., 2000) and then infected with TMEV in vitro. Cell lysates were collected at
3, 7, 9 and 24 h p. i. and TMEV genomic RNA was measured by qRT-PCR. TMEV RNA,
presented as percent of that found in B6 macrophages at 3 h, was detectable but limited in
B6 macrophages at 7, 9 and 24 h p. i. (Fig. 2A). In contrast, TMEV RNA in macrophages
from IRF3KO mice was similar to those of B6 macrophages at 3 h but was significantly
greater than that found in B6 macrophages as early as 7 h p. i. progressing to even higher
levels by 24 h p. i. This indicates that IRF3 is required to resist replication of the TMEV
genome. B6 inflammatory macrophages expressed similar basal levels of IFN-γ but
significantly greater basal expression of IL-6 compared with IRF3KO macrophages.
However, B6 macrophages expressed more TMEV-induced IFN-γ (Fig. 2B) and IL-6 (Fig.
2C) at 3 h p. i. compared to IRF3KO macrophages. This difference was apparent up to 9 h p.
i. (data not shown). These depressed IL-6 mRNA at 3 h in IRF3KO macrophages was
reflected in significantly decreased IL-6 protein accumulation at both 3 and 24 h from
IRF3KO macrophages compared with B6 macrophages (Fig. 2D). Interestingly, by 24 h p.
i., TMEV-induced IFN-γ and IL-6 mRNA expression in IRF3KO macrophages exceeded
that in B6 macrophages, presumably due to higher TMEV RNA levels driving IRF3
independent IL-6 and IFN-γ gene expression (Fig. 2B, 2C). TMEV induced late expression
of IRF1 could drive induction of IFN-γ at 24 h p. i. (Dahlberg et al., 2006; Miyamoto et al.,
1988). However, increased IL-6 mRNA at 24 h p.i. in IRF3KO macrophages was not
reflected in higher IL-6 protein secretion at 24 h (Fig. 2D). These results suggest that IRF3
activation is required for the immediate IL-6 and IFN-γ response of macrophages to TMEV
infection. Moreover, the IRF3 role in IL-6 expression may be the basis for its contribution to
hippocampal injury during TMEV infection.

Because IRF3 is activated through both the TLR3- or TLR4- pathways and the control of
certain viral infections requires TLR4 in addition to TLR3 pathways (Ehl et al., 2004), B6
and IRF3KO macrophages were treated with poly I:C, a TLR3 agonist that triggers IRF3
activation, or LPS, a TLR4 agonist that also triggers IRF3 activation. B6 macrophages
expressed more IL-6 mRNA than IRF3KO macrophages in response to poly I:C, but not
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LPS (Fig. 2D), suggesting that IRF3 is involved in the expression of IL-6 in response to
TLR3 but not necessarily TLR4 pathways in macrophages.

To determine the impact of IRF3 on TMEV infection of inflammatory macrophages in vivo,
B6 or IRF3KO mice were injected i.p. with sterile thioglycollate and three days later
challenged with 1×106 PFU of TMEV i.p. After 24 h, peritoneal cells were harvested and
TMEV RNA was measured by qRT-PCR. Consistent with in vitro experiments, TMEV
RNA was approximately 30 fold higher in thioglycollate-injected IRF3KO mice compared
to thioglycollate-injected B6 mice (Fig. 2E). Therefore, IRF3 is required for the control of
TMEV infection in macrophages in vitro and in vivo.

2.3 IRF3 expression correlates with IL-6 production in TMEV infected macrophages
Previously, we have shown that IL-6 is able to directly prevent TMEV replication in
macrophages (Moore et al., 2012). To further analyze the role of IRF3 in TMEV induced
IL-6 expression we used sh-IRF3 plasmids (Al-Salleeh and Petro, 2008) to knockdown IRF3
expression in the RAW264.7 macrophage cell line, in which TMEV replicates well (Petro,
2005b; Steurbaut et al., 2006). Following transfection of sh-IRF3 plasmids, expression of
IRF3 was confirmed by western blot to be approximately 50% of that with transfection of
shRNA control plasmid (data not shown) and was consistent with decreased IRF3
expression we previously observed with this sh-IRF3 plasmid (Al-Salleeh and Petro, 2008).
Decreased IRF3 expression in TMEV-infected RAW264.7 cells significantly reduced
expression of IL-6 mRNA (Fig. 3A) and IL-6 protein (Fig. 3B) compared with RAW264.7
cells transfected with a sh-RNA control plasmid. To confirm that IRF3 contributes to control
of TMEV infection and induction of IL-6 expression in response to TMEV infection,
IRF3KO macrophages were transfected with an IRF3 expression vector (pIRF3) or pGFP
(control expression vector). Transfection rates were ~30–40% as indicated by fluorescent
microscopy of GFP+ cells (data not shown). Twenty-four h following TMEV infection,
TMEV RNA was significantly decreased in IRF3KO macrophages transfected with pIRF3
compared with IRF3KO macrophages transfected with pGFP (Fig. 3C). In addition,
expression of IRF3 in IRF3KO macrophages significantly increased TMEV-induced early
expression of IFN-γ (Fig. 3D) and IL-6 (Fig. 3E). These results confirm that IRF3 is a key
factor controlling TMEV replication most likely due to immediate-early expression of IFN-γ
and IL-6 in response to TMEV.

2.4 Exogenous IL-6 cannot reduce TMEV replication in IRF3KO macrophages
Previously we showed that control of TMEV replication in B10.S macrophages but not SJL/
J macrophages is associated with heightened IL-6 expression in B10.S macrophages.
Moreover, addition of exogenous IL-6 reduced TMEV replication in SJL/J macrophages
(Moore et al., 2012). Therefore we hypothesized that exogenous IL-6 could decrease TMEV
replication in IRF3KO macrophages as well. To test this, B6 or IRF3KO macrophages were
treated with 1 or 10 ng/ml recombinant IL-6 for 30 min prior to in vitro infection with
TMEV. In contrast to what we previously showed with IRF3+/+ macrophages (Moore et al.,
2012), exogenous IL-6 was unable to reduce 24 h TMEV replication in IRF3KO
macrophages(Fig. 4A). In fact, a dose-dependent increase in TMEV replication was
observed in IRF3KO macrophages treated with exogenous IL-6. In our previous report we
showed that the antiviral effect of IL-6 was in part due to its ability to quickly stimulate
expression of IFN-γ and IRF7 within 6 h after TMEV infection (Moore et al., 2012).
Therefore, we evaluated IRF7 and IFN-γ expression in IL-6-treated B6 and IRF3KO
macrophages 7 h post TMEV infection. As we saw previously at 7 h p. i., IL-6 treatment
enhanced expression of IRF7 (Fig. 4B) and IFN-γ (Fig. 4D) in TMEV-infected B6
macrophages but IL-6 failed to stimulate any expression of IFN-γ and IRF7 in IRF3KO
macrophages that were infected. However, exogenous IL-6 was able to enhance TMEV-
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induced IL-6 mRNA expression in both B6 and IRF3KO macrophages (Fig. 4C), which is
consistent with our data and others showing that IL-6 enhances IL-6 expression (Akira,
1997) . Altogether, these results suggest that IRF3 is a component of the IL-6 receptor
signaling pathway that accounts for its antiviral activity.

While it is well-established that IL-6 activates STAT3 in macrophages, we have previously
shown that IL-6 also stimulates phosphorylation of STAT1, a key transcription factor for
several antiviral interferon stimulated genes (ISGs) (Moore et al., 2012). Because IRF3
deficiency in macrophages resulted in loss of the IL-6 anti-viraln effect, it is possible that
IRF3 is a component of the IL-6 receptor signaling pathway leading to STAT1 activation.
Therefore, B6 or IRF3KO macrophages were treated with or without 1 or 10ng/ml IL-6 for
30 min or 4 h. SJL/J macrophages were used as an additional control. SJL/J, B6, and IRF3
KO macrophages exhibited similar STAT1 and STAT3 phosphorylation at 30 min following
addition of exogenous IL-6 (Fig. 5A). STAT1 phosphorylation was sustained for 4 h in B6
macrophages but not IRF3KO macrophages following IL-6 stimulation (Fig. 5B). We also
evaluated activation of STAT1 and STAT3 at 8 h post IL-6 treatment with or without
TMEV infection. STAT1 and STAT3 activation in SJL/J macrophages was still detectable
and was greater than that seen in B6 macrophages at 8 h post IL-6 treatment or post TMEV
infection (Fig. 5C). While STAT1 activation in IRF3KO macrophages at 8 h p. i. was
detectable, STAT1 activation in IL-6 treated IRF3KO macrophages at 8 h was undetectable.
Therefore, IRF3 activation is required to sustain IL-6-induced STAT1 phosphorylation and
IL-6 antiviral activity in macrophages.

3. Discussion
We have previously shown that TMEV infection of macrophages activates IRF3 through
TLR3 and TLR7 (Al-Salleeh and Petro, 2007) and others have shown that IRF3 is also
activated by TMEV infection through cytoplasmic MDA5(Jin et al., 2011). The results
herein demonstrate that IRF3 deficiency enables high TMEV RNA replication in
macrophages of B6 mice, exacerbates acute encephalitis during TMEV GDVII infection,
and yet ameliorates TMEV-induced hippocampal injury during acute TMEV-DA infection.
These outcomes are similar to vigorous human immune responses that clear virus but cause
damage to adjacent tissue (Koyuncu et al., 2013; Virgin et al., 2009). Our data are consistent
with a recent report indicating that i.c. TMEV infection in B6 or B10.S mice, but not SJL/J
mice, induces hippocampal injury by day 4 p. i. (Howe et al., 2012). In that report, adoptive
transfer of B10.S macrophages into SJL/J mice conferred susceptibility to TMEV-induced
hippocampal damage. A previous report showed that TMEV-induced hippocampal injury in
B6 mice was the result of inflammatory macrophage induction of neuron apoptosis (Buenz
et al., 2009; Howe et al., 2012). We show herein for the first time that IRF3 is a significant
factor in the hippocampal injury following TMEV DA infection. We also showed that IRF3
deficiency impairs IL-6 expression from infected macrophages. Sustained and heightened
IL-6 expression during neuroinflammation has been shown previously to cause damage to
the hippocampus (Sparkman et al., 2006). Our data suggest that IRF3 role in TMEV-induced
hippocampal damage is through its role in IL-6 expression.

In contrast to i. c. infection with TMEV DA, i. c. infection with the TMEV GDVII causes
severe acute encephalitis in nearly all laboratory strains that is exhibited in significant
morbidity and mortality within weeks after infection. Here we show that morbidity and
mortality to i.c. infection with TMEV-GDVII are significantly earlier in IRF3 deficient mice
compared with B6 mice. This enhancement in susceptibility to TMEV GDVII is associated
with significantly higher viral titers in the CNS compared with B6 mice. Therefore, during
viral infections in the CNS the beneficial aspects of the immune responses to lessen
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catastrophic outcomes such as morbidity and mortality could contribute to damage due to
the immune responses.

We have demonstrated here that IRF3 is involved in the early expression of IL-6 in response
to TMEV, which is a cytokine that helps control viral replication but which are also
involved in CNS pathology. A recent report showed that besides hippocampal injury IL-6
expression in the CNS in response to TMEV infection may be a contributing factor in
seizures that develop in B6 mice following infection (Cusick et al., 2013). It is unclear if the
hippocampal damage we observed in B6 mice infected with TMEV-DA is somehow related
to the TMEV-induced seizures observed in B6 mice (Libbey et al., 2011).

Nonetheless, even though the IL-6 and IFNγ responses to TMEV at 3 h p. i. are impaired in
IRF3KO macrophages, by 24 h p. i. elevated TMEV RNA can induce expression of these
cytokines despite the lack of IRF3. Furthermore, elevation of IL-6 and IFN-γ at 24 h has
little impact on TMEV because high viral replication is maintained in IRF3KO
macrophages. These results suggest that the antiviral effects of both IL-6 and IFN-γ require
IRF3 downstream of their receptors and are consistent with recent reports showing that IFN-
γ expression exacerbates chronic viral infections when given later during infection (Teijaro
et al., 2013; Wilson et al., 2013).

We expected that exogenous IL-6 would be able to control TMEV replication in IRF3KO
macrophages because our previous work showed that exogenous IL-6 helped control TMEV
replication in SJL/J and RAW264.7 macrophages (Moore et al., 2012). However, the results
herein show that exogenous IL-6 was unable to control TMEV replication in IRF3KO
macrophages. This suggests that IRF3, in addition to inducing anti-viral factors such as
ISG56, IFN-γ , and IL-6, somehow mediates their anti-viral effect as well. We observed that
IL-6, which sustained STAT1 phosphorylation in wild-type macrophages, failed to sustain
STAT1 phosphorylation in IRF3KO macrophages. It is likely that sustained IL-6-induced
STAT1 phosphorylation requires IRF3-dependent expression of IFN-γ , IRFs, or ISGs.
However, the precise requirement of IRF3 in IL-6-induced anti-viral activity remains
unclear.

We have also demonstrated that overexpression of IRF3 in IRF3KO macrophages restores
resistance to TMEV replication. This is important because IRF3KO mice also have a
mutation in the BCL2L12 gene, which could be involved in apoptosis (Nakajima et al.,
2009). Interestingly, in addition to its role in the nucleus as a transcription factor for
induction of anti-viral genes, in the cytoplasm activated IRF3 has also been shown to
dimerize with Bax, localize to mitochondria, and induce apoptosis in virus infected cells
(Chattopadhyay et al., 2010; Sharif-Askari et al., 2007). Although it is likely that IRF3
controls TMEV replication in macrophages through multiple mechanisms, it is possible that
IRF3-dependent virus induced apoptosis also plays a role in controlling TMEV infection.

Altogether, results herein show that IRF3 is required for early IL-6 and IFN-γ expression,
control of virus RNA replication in TMEV-infected macrophages, and severity of TMEV
induced morbidity and mortality. In contrast, it appears that IRF3 is also involved in
hippocampal damage in mice that clear the virus. These results are important because
TMEV GDVII infection of the mouse CNS is a model of lethal virus-induced encephalitis
while TMEV DA infection of the mouse CNS is a model of non-lethal viral encephalitis and
persistence leading to disease. Furthermore, while IRF3 is involved in early IL-6 expression
following TMEV infection of macrophages it appears not to be involved in chronic IL-6
expression. It is postulated that chronic late expression of IL-6 that cannot control TMEV
replication contributes to chronic inflammation and disease.
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4. Methods
4.1 Mice, virus, cell lines, and reagents

C57BL/6 (B6) mice were obtained from Jackson Laboratories and used at 6–8 weeks age.
IRF3 deficient mice (IRF3KO) on the B6 background were offspring of breeder pairs
obtained from Dr. Karen Mossman (Sato et al., 2000). SJL/J mice were obtained from
Harlan Laboratories and used at 6–8 weeks of age. RAW264.7 cells were obtained from the
American Type Culture Collection (Rockville, MD) and maintained in DMEM with 10%
FBS with 50 µg/ml gentamycin. E. coli LPS O127:B8 was obtained from Sigma Chemical
Co.(St. Louis, MO), and poly I:C was obtained from InvivoGen (San Diego, CA). The DA
strain of TMEV was obtained from Dr. Kristen Drescher, Department of Medical
Microbiology and Immunology, Creighton University, Omaha, Nebraska. The GDVII strain
of TMEV was obtained from Dr. Howard Lipton, University of Illinois at Chicago. TMEV
was grown in BHK-21 cells. The titer of stock cultures of TMEV was 1 × 107 PFU/ml and
macrophage cultures were infected with 1 × 106 PFU of TMEV unless otherwise stated.
Mice were infected intraperitoneally (i. p.) or intracranially (i. c.) with 1 × 106 PFU of
TMEV DA strain or 50 PFU of the TMEV GDVII strain. Plaque forming units in brains of
day 3 GDVII-infected mice were performed by overlaying dissociated brains onto 70%
confluent BHK21 cells, incubating at 37°C for 1 h, aspirating media, adding 4% agarose in
DMEM with 2% FBS, and incubating at 37°C. After 2 days, plaques were visualized by
adding MTT reagent and reincubating for 4 h at 37°C.

4.2 Macrophage preparations
Inflammatory macrophages were elicited by i.p. injection of 2 ml sterile thioglycollate broth
into mice. Three days later, the peritoneal cavities were flushed with 2 ml DMEM and cells
were incubated at 1 × 106 cells/2 ml of DMEM cell culture medium (Invitrogen, Carlsbad,
CA) containing 10% fetal bovine serum (FBS) (Invitrogen), and 50 µg/ml gentamycin
(Invitrogen). After 24 h, non-adherent cells were removed and 1 ml of culture medium
added. Adherent cells were greater than 90% Mac-1+ as determined by FACS analysis
(Petro, 2005a). These macrophages were either untreated or pretreated for 30 min with 1 or
10 ng/ml recombinant IL-6 (BD-Pharmingen, San Diego, CA). Untreated or pretreated
macrophages were uninfected, infected with 1 × 106 PFU of TMEV, stimulated with 1 µg/ml
LPS, stimulated with 50 µg poly I:C or left unstimulated. After 3, 7, 9, or 24 h of infection
or stimulation, cell extracts were collected for RNA preparation and qRT-PCR.

4.3 Transfections and RNA interference
Validated inhibitory shRNA targeting mouse IRF3 or control shRNA (Al-Salleeh and Petro,
2008) was transfected into RAW264.7 cells according to manufacturer’s specifications using
the nucleofection kit V of Amaxa (Lonza, Cologne,Germany). Transfections were 48 h prior
to challenge with TMEV or treatment with poly I:C/IFN-γ . For transfection of primary
macrophages, pB10.s-IRF3 (Moore et al., 2011) or pmaxGFP (pGFP), were transfected into
thioglycollate-elicited macrophages from IRF3KO mice using the Mouse Macrophage
Nucleofector Kit (Amaxa). Cells were rested for 24 hours at 3×105 cells per well, then
infected with 1 MOI TMEV, after which cell lysates were collected for qRT-PCR at 24 h p.
i.

4.4 RNA preparation and qRT-PCR
RNA was extracted from cells using the PerfectPure kit from 5Prime (Gaithersburg, MD), or
the Purelink kit from Ambion/Invitrogen (Carlsbad, CA), according to the manufacturer’s
specifications. One-hundred ng to one µg of RNA was reverse transcribed in 0.5 mM each of
dATP, dGTP, dTTP, and dCTP, 20 U of RNAse inhibitor with Superscript II reverse
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transcriptase (Invitrogen) at 42°C for 1.5 h followed by 95°C for 5 min. The cDNA was
diluted 1:2 and 1 µL was incubated with 0.4 µM of the following primer pairs (Invitrogen):

IFN-γ sense 5’ ATGAACAACAG GTGGATCCTCC 3’

and anti-sense 5’ AGGAGCTCCTGACATTTCCGAA 3’;

IL-6 sense 5’ ATGAAGTTCCT CTCTGCAAGAGACT 3’

and antisense 5’ CACTAGGTTTGCC GAGTAGATCTC 3’;

TMEV sense 5’ CTTCCCATTC TACTGCAATG 3’;

and antisense 5’ GTGTTCCTGG TTTACAGTAG3’;

or GAPDH sense 5’-TTGTCAGCAA TGCATCCTGCAC-3’;

and antisense 5’-ACAGCTTTCCA GAGGGGCCATC-3’. Quantitative (q) PCR reactions
were run on an ABI Prism 7000 thermal cycler at 50 °C for 2 min, 95 °C for 10 min, 45
cycles of 95°C for 15 s/60 °C for 30 s. Cycle thresholds (CT) of sample were normalized to
the CT of GAPDH for that sample (ΔCT) and then normalized to the average ΔCT of the
control samples (ΔΔCT), after which data were expressed as relative levels of mRNA using
2ΔΔCT

4.5 ELISAs
ELISA plates were coated with 1 µg/ml antibodies to mouse IL-6 (MP5–20F3), the plates
were blocked with PBS/10% FBS. After washes, cell culture supernatants or serial dilutions
of recombinant IL-6 were added to wells. After 2 h, 1 µg/ml biotinylated antibody to mouse
IL-6 (MP5–32C11) was added to each well. After 1 h, streptavidin horseradish peroxidase
(1:1000) was added for 30 min and then Tetramethylbenzindine substrate/hydrogen peroxide
solution was added to each well. All ELISA reagents were purchased from BD-Pharmingen.
IL-6 was measured by determining optical densities at OD 450 nm wavelength with
reference OD 570 nm using an ELISA spectrophotometric plate reader.

4.6 Clinical evaluation
Four days after i. c. infection with the DA strain of TMEV, brains from individual mice
were extracted, inverted, and a region cut from the midbrain to the basal forebrain was
placed into 4% formalin, embedded in paraffin, sectioned, rehydrated and stained with
hematoxylin and eosin. Evaluation of acute encephalitis following i. c. infection with the
TMEV GDVII strain began on day 1 p. i. with determination of percentage weight loss for
individual mice and evaluation of percent survivors for each mouse strain(Reddi et al.,
2004).

4.7 Statistical analyses
Statistical analyses were performed using GraphPad Prism Software. Student’s two-tailed
unpaired t test was used to determine the significance of differences between means; p <
0.05 was considered significant. For clinical evaluation Anova was used to determine the
significance of main effects; p < 0.05 was considered significant.
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Abbreviations

IFN interferon

IRF interferon response factor

TMEV Theiler’s murine encephalomyelitis virus

i. c. intracranial

i. p. intraperitoneal

KO knockout

ISGs interferon stimulated genes

B6 C57BL/6

p. i. post infection

CNS central nervous system
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Highlights

IRF3 is essential to control acute TMEV infection

IL-6 expression in response to TMEV infection depends on IRF3

IRF3 contributes to TMEV induced hippocampal damage

STAT1 activation in response to IL-6 requires IRF3
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Fig 1.
IRF3 contributes to hippocampal injury following acute TMEV encephalitis but promotes
viral clearance that prevents symptoms of chronic demyelinating disease following TMEV
infection. C57BL/6, IRF3KO, and SJL/J mice were infected via the i.c. route with 1 × 106

pfu TMEV DA strain (A) or C57BL/6 and IRF3KO mice were infected via the i.c. route
with 50 pfu TMEV GD-VII strain (B,C, D). (A) After 4 days of TMEV DA infection
hippocampi were removed from a cohort of infected mice, fixed in formalin, and subjected
to H&E stain. 4X images show the Dentate Gyrus, CA3, CA2, and CA1 regions while the
20X inset images show a portion of the CA1 region. Of mice infected i.c. with the TMEV
GD-VII strain (B) Kaplan Meyer plots of survival (n=6–9), (C) Percent weight loss in
individual mice(n=6–9), (D) TMEV pfu/g brain of individual mice (n=4) at 3 days post
infection (dpi) with GD-VII. Data are means +/− SEM. *P<.05.
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Fig 2.
IRF3 activation controls TMEV replication and promotes early IFN-γ and IL-6 in TMEV
infected macrophages. Thioglycollate elicited macrophages from B6 or IRF3KO mice were
cultured at 1 × 106 cells and then challenged with 1 MOI TMEV DA. B6 (black circle or
bar) or IRF3KO (white circle or bar) macrophages infected with 1 MOI TMEV, and (A)
TMEV RNA was measured by qRT-PCR at 3, 7, 9, and 24 hours p. i. Data are means of %
TMEV genome (log 10) compared to TMEV genome found in B6 macrophages at 3 h.
Expression of (B) IFN-γ and (C) IL-6 were measured by qRT-PCR at 3 or 24 hours p. i.
Data are means of relative cytokine expression compared to uninfected B6 macrophages at 3
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h p. i. (D) IL-6 protein was measure by ELISA at 3 or 24 h p. i.. (F) Macrophages were
treated with 50 µg/ml poly I:C or 1 µg/ml LPS for 24 hours and IL-6 mRNA expression was
measured by qRT-PCR. (F) B6 or IRF3 KO mice were injected i.p. with 2ml thioglycollate
for 3 days and then challenged with 1×106 PFU TMEV for 24 hours and TMEV RNA was
measured in peritoneal wash by qRT-PCR. Data are means +/− SEM of 3 to 4 samples each
analyzed by a two-tailed t test. *P<.05, ***P<.01, ****P<.001
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Fig 3.
IRF3 is required for IFN-γ, IL-6 production and control of TMEV infection in RAW264.7
cells and restores control of TMEV infection in IRF3KO macrophages. RAW264.7 cells
were transfected with sh-IRF3 or sh-control plasmids for 48 hours, then infected with
TMEV (A,B) for 24 hours and IL-6 mRNA and protein was measured by qRT-PCR and
ELISA, respectively. IRF3KO macrophages were transfected with 2 µg pIRF3 or pGFP
expression vectors. After 24 hours, transfected IRF3KO macrophages were infected with 1
MOI TMEV for 24 hours and TMEV RNA (C), IFN-γ mRNA (C), or IL-6 mRNA (E) was
measured by qRT-PCR. Data are means +/− SEM of 3 to 4 samples each analyzed by a two-
tailed t test. *P<.05.
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Fig 4.
Antiviral effect of exogenous IL-6 is absent in IRF3 KO macrophages. B6 or IRF3 KO
macrophages were pretreated with 1 or 10 ng/ml IL-6 for 30 minutes then infected with 1
MOI TMEV for 24 hours and TMEV RNA (A), IRF-7(B), IL-6 (C), and IFN-γ (D) were
measured by qRT PCR. TMEV genome data are means of % TMEV RNA of untreated
TMEV-infected B6 macrophages. Data are means +/− SEM of 3 to 4 samples each analyzed
by a two-tailed t test.
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Fig 5.
IRF3 KO macrophages do not sustain STAT1 phosphorylation after treatment with
exogenous IL-6. SJL/J, B6, or IRF3KO macrophages were pre-treated with 10ng/ml IL-6
with or without TMEV infection for 30 min (A), 4 h (B), or 8 h (C). Total and phospho (p)
STAT1 and pSTAT3 were analyzed by western blot. A non-specific band was used as a
control. Unstimulated controls for (C) are in (A).
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