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The DA strain of Theiler’s murine encephalomyelitis virus (TMEV), a member of the Cardiovirus genus of
the family Picornaviridae, causes persistent infection in susceptible mice, associated with restricted expression
of viral proteins, and induces a demyelinating disease of the central nervous system. DA-induced demyelinating
disease serves as a model of human multiple sclerosis because of similarities in pathology and because host
immune responses contribute to pathogenesis in both disorders. In contrast, the GDVII strain of TMEV causes
acute lethal encephalitis with no virus persistence. Cardiovirus L is a multifunctional protein that blocks beta
interferon (IFN-�) gene transcription. We show that both DA L and GDVII L disrupt IFN-� gene transcription
induction by IFN regulatory factor 3 (IRF-3) but do so at different points in the signaling pathway. DA L blocks
IFN-� gene transcription downstream of mitochondrial antiviral signaling protein (MAVS) but upstream of
IRF-3 activation, while GDVII L acts downstream of IRF-3 activation. Both DA L and GDVII L block IFN-�
gene transcription in infected mice; however, IFN-� mRNA is expressed at low levels in the central nervous
systems of mice persistently infected with DA. The particular level of IFN-� mRNA expression set by DA L as
well as other factors in the IRF-3 pathway may play a role in virus persistence, inflammation, and the restricted
expression of viral proteins during the late stage of demyelinating disease.

The Cardiovirus genus of the Picornaviridae family comprises
two species, Encephalomyocarditis virus, which includes en-
cephalomyocarditis virus (EMCV) and mengovirus, and Thei-
lovirus, which includes Theiler’s murine encephalomyelitis vi-
rus (TMEV) and Saffold virus. TMEV strains fall into two
subgroups based on their different pathogenicities (reviewed in
reference 45). Members of the GDVII subgroup of TMEV
cause an acute lytic neuronal disease and do not persist. In
contrast, the DA strain and other members of the TO sub-
group cause a subclinical neuronal disease that is followed by
a chronic inflammatory demyelinating process that is thought
to be immune mediated. The TO subgroup strains persist in
the central nervous system (CNS) for the life of the mouse,
with restricted expression of viral proteins (6), and cause a
disease that is remarkably different from that seen with other
picornaviruses. DA virus-induced chronic demyelinating dis-
ease serves as a model of multiple sclerosis (MS) because of
similarities in the demyelinating pathology and because the
host immune response appears to contribute to the pathogen-
esis of both disorders.

Because of its role in the inflammatory demyelinating dis-
ease induced by TO subgroup strains, the host immune re-
sponse has been a focus of investigations of TMEV. However,
little is known of the innate immune response to infections
with either GDVIII or DA subgroup viruses, despite the im-

portance of early innate immune responses for the acquired
immune response and for the pathogenesis of virus infections
and autoimmune disease.

Type I interferons (IFNs) are produced following recogni-
tion of viral pathogens by cellular receptors, including Toll-like
receptors and cytoplasmic DEX(D/H) box helicases, such as
those encoded by retinoic acid-inducible gene I (RIG-I) and
melanoma-differentiation-associated gene 5 (MDA-5). Among
cytosolic receptors, MDA-5 is principally responsible for rec-
ognition of picornaviruses, including cardioviruses, and TMEV
in particular (21, 27). Binding of viral RNA by MDA-5 results
in its association with mitochondrial antiviral signaling adaptor
protein (MAVS, also known as IPS-1, VISA, and CARDIF) on
the outer mitochondrial membrane. MAVS associates with
tumor necrosis factor (TNF) receptor-associated factor 3
(TRAF-3). TRAF-3 recruits and activates two IKK-related
kinases, TANK-binding kinase 1 (TBK1) and inducible IkB
kinase (IKKε), leading to phosphorylation of interferon regu-
latory factor 3 (IRF-3) and resulting in IRF-3 dimerization and
subsequent translocation to the nucleus. IRF-3 activation leads
to the transcription of the IFN-� gene, which requires the
formation of an enhanceosome on the IFN-� gene promoter
involving IRF-3 as well as the activation transcription factor
2/c-jun complex (ATF-2/c-Jun) and NF-�B. This IFN-� gene
promoter-enhancer region contains four positive regulatory
domains (PRDI to -IV) and one negative regulatory domain
(NRDI). PRDI and -III contain the binding sites for IRF-3, as
well as for other IRF members; PRDII is recognized by NF-�B
and PRDIV by ATF-2/c-Jun heterodimers. Virus infection
leads to the recruitment of histone acetyltransferase coactiva-
tors (GCN5 and CBP/p300), as well as a high mobility group
protein [HMG 1(Y)], which bind to the IFN-� gene enhancer
and contribute to the stability of the enhanceosome. Interfer-
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ence with the activation of any of the coactivators of the IFN-�
gene enhanceosome abrogates IFN-� gene transcription com-
pletely (38). IFN-� subsequently acts in an autocrine/paracrine
fashion via Jak-STAT signaling to induce other type I IFNs
(e.g., IFN-�) as well as a large number of IFN-stimulated
genes (ISGs). Transcription of a small subset of ISGs may also
be stimulated directly by IRF-3.

The importance of the type I IFN response in virus infec-
tions is demonstrated by increases in mortality and level of
infectious virus in mice deficient in the IFN-�/� receptor in the
case of many infections, including those by DA (16, 42), and
the number of viral gene products, including picornaviral gene
products, that have been found to antagonize this response.
For example, hepatitis A virus targets its viral 3ABC protease
precursor to the mitochondria, where it cleaves MAVS (55)
and poliovirus cleaves MDA-5 by an apoptotic activity trig-
gered by the infection (2).

L designates a picornavirus protein located between the start
of the polyprotein and the P1 capsid proteins. Not all picor-
navirus genera have an L protein. The cardiovirus L has a
unique sequence compared to those of other picornaviruses,
suggesting that it has a special function. The fact that the L
coding region is located at the beginning of the long open
reading frame of the gene for the polyprotein ensures that it
will be robustly synthesized, even in the event of the ribosome
falling off the viral genome. Interestingly, there are prominent
differences in sequences of L proteins even among cardiovi-
ruses: the nucleotide sequences of the L protein genes of
EMCV and mengovirus differ from that of the TMEV L gene
at �42% of base positions, while the amino acid sequences of

the proteins differ by �23%. Part of this difference results from
the presence of a Ser-Thr domain in TMEV L that is absent in
EMCV and mengovirus L proteins (Fig. 1A). Furthermore,
comparison of DA viral proteins with GDVII viral proteins
shows that L is the protein with the greatest difference in
amino acid sequences (36).

The L proteins of cardioviruses have recently been shown to
have multiple functions of interest, including inhibition of type
I IFN gene transcription (23, 42), regulation of apoptosis (15,
44), and interference with nucleocytoplasmic transport and
host cell translation (13, 40). L is critically important in
TMEV-induced demyelinating disease (TMEV-IDD) since
TMEV with a mutation in L is cleared (5, 39), at least partly
because of a lack of inhibition of the type I IFN response.
Here, we describe studies of the type I IFN response to TMEV
infection. We demonstrate that there are important differences
in this early innate immune response between DA and GDVIII
viruses. The different mechanisms by which the L proteins of
these viruses disrupt the induction of IFN-� synthesis through
IRF-3 and the level of IFN-� in the CNS may play an impor-
tant role in TMEV-IDD.

MATERIALS AND METHODS

Cells and viruses. BHK-21 cells (baby hamster kidney cells) were used for
plaque assays and the growth of virus stocks, as previously described (8). Studies
examining IRF-3 and the IFN-� pathway were performed in L-929 cells and
HeLa cells.

Viruses. Wild-type (wt) DA was derived from a full-length infectious cDNA
clone known as pDAFL3 (46). DA�L, which has a deletion of amino acids 2
to 67, was prepared by introducing MluI restriction sites in pDAFL3 at the
site of the 2nd and the 67th codons of the L coding region using the

FIG. 1. Cardiovirus L protein sequence and interference with IFN-� mRNA. (A) Sequence of L proteins of different cardioviruses. The zinc
finger, acidic domain, and serine threonine domain are noted, and the locations of amino acids that vary among TMEV strains are highlighted.
(B) IFN-� mRNA levels determined by qRT-PCR in cell lysates harvested 9 h following cardiovirus and SV infection. The difference between the
levels following infection with TMEV L mutants versus wt cardioviruses was significant (*, P � 0.001). HeLa cell cytoplasmic lysates used for the
qRT-PCR were probed in a Western blot for TMEV VP1 and �-actin, as shown. The bars (B to G) represent means � standard errors (SE).
(C) pISG56-luc activation following infection. Cells were transfected with pISG56-Luc and pRL-TK1 (to normalize transfection) and then infected
16 h later with various viruses. Luciferase levels following infection with TMEV L mutants were significantly higher than those following infection
with wt TMEV and EMCV (*, P � 0.001). The same lysates in which the RLUs were determined were Western blotted and probed with
anti-TMEV VP1 antibody and anti-�-actin antibody. M corresponds to uninfected cells. (D to F) Experiments in mice infected with TMEV. Levels
of IFN-� mRNA (D and F) and virus genome (E and G) in brain 1 day (D and E) and 5 days (F and G) after infection with TMEV wt or �L viruses.
The levels of IFN-� mRNA and virus genome were different following infection with DA versus DA�L virus (P � 0.001) as well as GDVII versus
GDVII�L virus (P � 0.001). The data are from 4 mice in each group. Note the different scales in the different panels. M corresponds to uninfected
cells (B and C) or mice (D to G).
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QuikChange XL site-directed mutagenesis kit (Stratagene, La Jolla, CA). For
generation of the MluI site at the second codon, the forward primer was
CCTTTTTATTACTATTGACACTATGACGCGTGCTTGCAAACATGG
ATAC and the reverse primer was GTATCCATGTTTGCAAGCACGCGT
CATAGTGTCAATAGTAATAAAAAGG. For the MluI site insertion at the
67th codon, the forward primer was GGACTGACTTACCGCTCACGGCT
GTACGCGATATTGTGATG and the reverse primer was CATCACAATA
TCGCGTACACGCGTGAGCGGTAAGTCAGTCC. The mutated pDAFL3
was then digested with MluI and religated with T4 DNA ligase. The resulting
MluI site was eliminated using the QuikChange XL site-directed mutagenesis
kit with forward primer CCTTTTTATTACTATTGACACTATGGTACGCG
ATATTGTCATG and reverse primer CATGACAATATCGCGTACCATA
GTGTCAATAGTAATAAAAAGG. DALZn has a mutated Zn finger with-
out a change in the sequence of L* (8). It was prepared by mutating
nucleotides (nt) 63, 1096, 1099, and 1105 in the L gene coding region using
the QuikChange XL site-directed mutagenesis kit with forward primer CAT
GGATACCCAGATGTGCGCACTATTCGCACAGCCGTTGACG and re-
verse primer CGTCAACGGCTGTGCGAATAGTGCGCACATCTGGGTA
TCCATG. wt GDVII was derived from pGDFL2 (20). GDVII�L, in which L
has a deletion of amino acids 2 to 71, was a gift from M. K. Rundell and was
previously called dl-L (5). EMCV was a gift from Ann Palmenberg. DA/
LGDVII and DA/LEMCV, in which DA L in the DA backbone was replaced by
GDVII L and EMCV L, respectively, have been previously described (28).
Sendai virus (SV), Cantell strain (Charles River Laboratory), was used as a
control; 160 hemagglutination units was usually used to infect a 60-mm plate.

The viruses were generated from transfection of in vitro-derived transcripts of
their respective infectious cDNA clone, as previously described (46). The L
coding regions of the plasmids and viruses were sequenced in order to make
certain that the anticipated sequence was present. Viruses were infected at a
multiplicity of infection (MOI) of 10.

Plasmids. pDAL, which is a eukaryotic expression construct of DA L with myc/
His epitope tags at the carboxyl terminus, was prepared by amplifying the L se-
quence with a Superscript PCR mix (Invitrogen, Carlsbad, CA) using pDAFL3 as a
template with forward primer GGGAATTCATGGCTTGCAAACATGGATAC
CCAG and reverse primer CCGGATCCCTGGGGTTCCATGACAATATC. The
amplified fragment was ligated into EcoRI/BamHI-digested pcDNA3.1/myc-His A
(Invitrogen). pGDVIIL, a eukaryotic expression construct of GDVII L myc/His, was
prepared similarly to pDAL except that the following primers were used: forward,
GGGAATTCATGGCTTGCAAACACGGATACCCAGACG; reverse, CCGGA
TCCCTGGGGTTCCATGACAGTATC. pRL-TK1 (Promega, Madison, WI),
which has a Renilla luciferase reporter driven by the thymidine kinase promoter, was
used as an internal control for transfection efficiency. pISG56-Luc expresses firefly
luciferase as a means of quantitating the level of activation of IFN-� response gene
56 (ISG56). p4xPRDI/III-Luc expresses firefly luciferase as a means of quantitating
IRF-3-dependent binding to the PRDI/III elements of the IFN-� promoter (14).
pIRF-3(5D) expresses a constitutively active phosphomimetic form of IRF-3 be-
cause of mutations in five clustered residues among amino acids 396 to 405 of IRF-3
to glutamic acid (29, 30). pTBK-1 expresses TBK-1. pIKKε expresses IKKε.

Quantitative studies. TMEV RNA and IFN-� RNA in homogenates of HeLa
cells or CNS tissues were assayed by quantitative reverse transcription-PCR
(qRT-PCR). RNA was extracted from HeLa cells using the RNeasy Plus minikit
(Qiagen, Valencia, CA) and from homogenates of mouse brain and spinal cord
using TRIzol (Invitrogen). The RNA was DNase treated (Qiagen, Valencia,
CA). qRT-PCR was performed using a Superscript III Platinum two-step qRT-
PCR kit with SYBR green (Invitrogen). cDNA was prepared from TMEV RNA
and IFN-� RNA according to the protocol of the qRT-PCR kit. A region of DA
cDNA between nt 1485 and nt 1684 was amplified using forward primer: TAC
TATGGCACCTCTCCTCTTGGA and reverse primer CAGCCGCAAGAACT
TTATCCGTTG. A region of GDVII cDNA between nt 1946 and nt 2171 was
amplified using forward primer GCCTTCAGACCCATTTACCA and reverse
primer TGCATGTTGAGTCCAAGAGC. Serial dilutions of pDAFL3 and
pGDVIIFL2 plasmids were used to extrapolate the amount of virus genome present
in the spinal cords and brains of infected mice. The human IFN-� gene was
amplified from HeLa cell cDNA using forward primer CGACACTGTTCGTG
TTGTCA and reverse primer GAAGCACAACAGGAGAGCAA; this primer
pair and those that follow did not amplify genomic DNA. The murine IFN-�
gene was amplified using forward primer ATGAACAACAGGTGGATCCTCC
and reverse primer AGGAGCTCCTGACATTTCCGAA. The �-actin gene was
used as a housekeeping gene for normalization and for determination of the
quality of the total mRNA. A region between nt 294 and nt 1131 of the human
�-actin gene was amplified using forward primer ATCTGGCACCACACCTTC
TACAATGAGCTGCG and reverse primer CGTCATACTCCTGCTTGCTGA
TCCACATCTGC. A region between nt 182 and nt 721 of the murine �-actin

gene was amplified using forward primer GTGGGCCGCTCTAGGCACCAA
and the reverse primer CTCTTTGATGTCACGCACGATTTC. qRT-PCR was
conducted on iCycler or MyIQ real-time detection systems (Bio-Rad) using a hot
start (95°C for 10 min), 40 amplification cycles (95°C for 15 s, 60°C for 1 min),
and a melt curve analysis. The ��CT method of relative quantitation was used
to calculate fold change of IFN-�, with �-actin serving as the endogenous control
for normalization.

Immunofluorescence studies of IRF-3 nuclear entry. L-929 cells on coverslips
were infected at an MOI of 10, harvested at various times, fixed with 4%
paraformaldehyde for 10 min at room temperature (RT), and then permeabil-
ized with 100% ice-cold methanol for 30 min at 4°C. The coverslips were then
incubated overnight at 4°C with anti-rabbit IRF-3 antibody (Invitrogen) to lo-
calize IRF-3 and anti-VP1 mouse monoclonal antibody (also called GDVII
mAb2), which reacts against VP1 capsid proteins of all TMEV strains (34). The
cells were then washed 3 times for 5 min, incubated with Alexa Fluor 488-
conjugated goat anti-rabbit IgG (Invitrogen) or Cy5-conjugated goat anti-mouse
IgG (Chemicon, Bullerica, MA) in phosphate-buffered saline (PBS)–5% bovine
serum albumin (BSA) for 1 h at RT. The cells were washed 3 times for 5 min and
then incubated for 15 min with POPRO-3 iodide (Invitrogen) for nuclear stain-
ing. Coverslips were washed for 5 min and mounted in antifade mounting solu-
tion (Fisher, Pittsburgh, PA) prior to imaging. Images were captured using an
SP2 A OBS laser scanning confocal microscope (Leica, Bannockburn, IL). Im-
ageJ (National Institutes of Health) and Adobe Photoshop 7.0 (Adobe Systems,
Inc.) software was used to process the images, add pseudocolors, and merge the
images.

Western blots. For detection of phosphorylation of IRF-3 at Ser396, cell
lysates were subjected to electrophoresis on 10% SDS-polyacrylamide gels and
transferred to polyvinylidene difluoride (PVDF) membranes (Whatman, Stan-
ford, ME). Membranes were first blocked overnight at 4°C in 5% (wt/vol) skim
milk in Tris-buffered saline (TBS)–0.1% Tween 20, followed by three washings
with TBS–0.1% Tween 20, and then incubated for 1 h at RT with rabbit anti-
phospho-IRF-3(Ser396) antibody (Cell Signaling Technology, Danvers, MA) in
TBS–0.1% Tween 20 with 5% BSA. Membranes were then washed three times,
followed by 1 h of incubation at RT with horseradish peroxidase-conjugated
anti-rabbit IgG antibody (Cell Signaling Technology) in 5% (wt/vol) skim milk in
TBS–0.1% Tween 20.

For detection of monomers and dimers of IRF-3 as well as phosphorylation of
IRF-3 at Ser386, lysates were diluted with native sample buffer (125 mM Tris-
HCl [pH 6.8], 30% glycerol, 0.01% bromophenol blue) and then separated on
Ready Gels J (7.5%; Bio-Rad, Hercules, CA). After electrophoresis and transfer,
the membranes were processed as described above except that rabbit anti-IRF-3
antibody (FL-425 clone; Santa Cruz, CA) or rabbit anti-phospho-IRF-3(Ser386)
antibody (IBL Biosciences, Gunma, Japan) was used as the primary antibody.

Promoter reporter assays. HeLa cells were transfected with various combina-
tions of a firefly luciferase reporter plasmid (p4xPRDI/III-Luc or pISG56-Luc)
along with the control Renilla luciferase plasmid pRL-TK1 using Lipofectamine
2000 (Invitrogen). In some cases, cells were also transfected with pTBK-1,
pIKKε, or pIRF-3(5D). In some experiments, pDAL or pGDVIIL was also
transfected, and the transfected cells were harvested 16 h later. In other exper-
iments, cells were infected 16 h after transfection with various viruses and then
harvested 9 h after infection. Luciferase activities of cell lysates were determined
using the Dual-Glo luciferase assay system (Promega, Madison, WI) with the
firefly luciferase activity normalized to Renilla luciferase activity in order to
control for transfection efficiency. The RLU, which represents the firefly lucif-
erase activity relative to Renilla luciferase activity, was calculated (55). Each
experiment was carried out in triplicate.

Animal studies. Weanling (3- to 4-week-old) SJL/J mice (Jackson Laboratory,
Bar Harbor, ME) were inoculated intracerebrally with 0.03 ml (2 � 106 PFU) of
DA or GDVII wt or �L viruses. Mice were sacrificed at 1 and 5 days postinfec-
tion (dpi) or 6 weeks pi. CNS tissue was harvested and processed for quantitation
of the amounts of IFN-� mRNA and virus genome.

RESULTS

TMEV L interferes with IFN-� gene transcription. We mea-
sured IFN-� mRNA levels in HeLa cells by quantitative re-
verse transcription-PCR (qRT-PCR) following infection
(MOI, 10) with DA, GDVII, DA�L, DALZn (7), GDVII�L,
EMCV, and a control virus, SV (Fig. 1B). There were low
levels of IFN-� mRNA 9 h after infection with DA, GDVII,
and EMCV, compared to levels seen following infection with
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TMEV L mutant viruses and SV (P � 0.001). Similar results
were obtained at time points prior to 9 h; cell death became
prominent subsequent to this time. As shown, there was no
evidence of VP1 in a Western blot of GDVII�L-infected HeLa
cells. This failure in growth of GDVII�L in IFN-competent
cells was noted before (5) and at that time attributed to a virus
assembly defect. The absence of VP1 staining in this Western
blot (and subsequent ones that follow) of EMCV-infected cells
is due to the lack of immunoreactivity of the anti-TMEV VP1
monoclonal antibody for EMCV VP1. These results suggest
that cardiovirus L interferes with IFN-� gene transcription, as
previously published (23, 53).

We next examined production of IFN-stimulated gene 56
(ISG56), which is induced by IFN-� or directly activated by
IRF-3 (22), by using a pISG56-Luc construct, which has a
firefly luciferase reporter gene driven by the ISG56 promoter
(17) (Fig. 1C). After cotransfection with pISG56-Luc and
pRL-TK1, cells were infected with cardioviruses that were wt
or had L mutations. The results showed that infection with
either DA or GDVIII viruses, like EMCV, failed to activate
the ISG56 promoter, with no significant difference compared
to mock-infected cells, while TMEV L mutant viruses had a
luciferase activation that was similar to that seen with SV and
significantly higher than that seen with the respective wt pa-
rental strains (P � 0.001) (Fig. 1C). Since the ISG56 promoter
can be directly activated by IRF-3 (22), these results suggest
that L proteins of both TMEV strains either block IRF-3
activation or restrict its ability to stimulate IFN-� gene tran-
scription.

We next investigated whether there was evidence that L
interferes with IFN-� gene transcription following TMEV in-
fection of mice. IFN-� mRNA and viral RNA levels were
measured in total RNA extracted from brains by qRT-PCR
following infection with DA, GDVII, DA�L, and GDVII�L
viruses. IFN-� mRNA levels in the brains of mice 1 day after
infection with DA�L and GDVII�L viruses were significantly
higher than those following infection with wt DA and GDVII
viruses (Fig. 1D), supporting a role for TMEV L in blocking
IFN-� gene transcription. Viral RNA levels were inversely
correlated with IFN-� mRNA abundance and significantly
lower with DA�L and GDVII�L viruses than with wt DA and
GDVII viruses (Fig. 1E), presumably because the high-level
IFN response restricts replication of the L mutants. At 5 dpi,
high levels of viral RNA continued in the brains of mice in-
fected with wt DA virus (Fig. 1G), with continuing low levels of
IFN-� mRNA (Fig. 1F; note the different scales in panels D
and F); previous studies have shown that a high level of virus
is maintained for 5 dpi (43). In contrast the DA�L virus had
been cleared from the brain. The mice infected with GDVII
virus succumbed before 5 dpi, consistent with acute lytic neu-
ronal disease caused by this virus (19).

There is a block in IRF-3 nuclear entry following infection
with wt DA virus and EMCV, but not wt GDVII or TMEV L
mutant viruses. The above studies demonstrate a block in
IFN-� gene transcription following cardiovirus infection and
suggest that this occurs at the level of IRF-3. Cardiovirus
infections are sensed by most cell types via the cytosolic patho-
gen recognition receptor MDA-5 (21, 27), leading to IRF-3
phosphorylation, dimerization, and subsequent nuclear entry,
culminating in IFN-� gene transcription. We initially examined

this pathway by determining whether IRF-3 enters the nucleus
following infection with wt or L mutant virus.

The localization of IRF-3 after infections with various vi-
ruses is shown in Fig. 2. IRF-3 was localized to the cytoplasm
in mock-infected cells but was present in the nucleus by 9 h
after SV infection. In contrast, there was no nuclear translo-
cation of IRF-3 after DA virus infection; however, infection
with DA�L virus led to IRF-3 nuclear entry. The L zinc finger

FIG. 2. IRF-3 enters the nucleus after infection with wt GDVII,
GDVII�L, DALZn, DA�L, or SV, but not wt DA. Following infection
with the indicated virus or mock infection, cells were immunostained
with anti-IRF-3 antibody for IRF-3 (green) and anti-TMEV VP1 an-
tibody for virus capsid (blue) and POPRO-3 was used for nuclear
staining (red). The panels in the bottom row show merged images.
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was necessary for blocking IRF-3 nuclear entry since DALZn
virus infection also led to IRF-3 nuclear entry. Surprisingly,
and in sharp contrast to results for DA, substantial nuclear
translocation of IRF-3 occurred after GDVII virus infection,
similar to that seen following SV infection, demonstrating that
GDVII infection does not prevent IRF-3 nuclear entry. IRF-3
also entered the nucleus after GDVII�L virus infection.
EMCV infection led to some translocation of IRF-3 to the
nucleus, as previously reported for mengovirus (23), but not as
much as seen with GDVII virus infection.

IRF-3 phosphorylation and dimerization are blocked follow-
ing infection with wt DA virus and EMCV, but not wt GDVII
or TMEV L mutant viruses. The above studies demonstrate
that infection with wt DA virus, like EMCV, does not induce
IRF-3 nuclear translocation and that this is due specifically to
the L protein and dependent upon the Zn finger of L. In
contrast, GDVII infection leads to IRF-3 nuclear entry but
fails to stimulate either the IFN-� gene or ISG56 promoter.
This suggests that GDVII L blocks IFN-� gene transcription
downstream of IRF-3 phosphorylation, which leads typically to
its nuclear translocation. In contrast, the DA virus appears to
block the activation of IRF-3. To confirm this difference in the
two viruses, we examined whether infection with the wt or L
mutant viruses induces IRF-3 phosphorylation of IRF-3 at
Ser396 and S386, amino acids that are critical targets for acti-
vation of IRF-3 following infection (48) and dimerization.

As expected, SV infection induced IRF-3 phosphorylation at
S386 and S396 and its dimerization (Fig. 3A to H). In contrast,
DA virus infection failed to induce IRF-3 phosphorylation of
IRF-3 at S386 or S396 and dimerization (Fig. 3A to C), while
infection with the DALZn and DA�L mutants induced both
IRF-3 phosphorylation and dimerization (Fig. 3A to C). Since
the wt DA virus replicates robustly in these HeLa cells, as
indicated by VP1 protein expression (Fig. 3C), these results
suggest that the DA L protein interferes with the IFN-� in-
duction pathway upstream of IRF-3 phosphorylation. In con-
trast, robust IRF-3 S386 and S396 phosphorylation and dimer-
ization occurred as early as 6 h after GDVII virus infection
(Fig. 3D to F). Phosphorylation and dimerization of IRF-3
were also induced by GDVII�L virus infection (Fig. 3D to F),

although the amount of phosphorylated and dimerized IRF-3
was less than that seen with wt GDVII, possibly because of
different virus replication kinetics. Interestingly, there was ev-
idence of an additional less-well-defined band above the main
phosphorylated band in the case of infection with GDVII (Fig.
3F) and DA�L virus (Fig. 3A), presumably corresponding to
IRF-3 hyperphosphorylation, as previously described (48).
Similar to DA virus, EMCV failed to induce IRF-3 phosphor-
ylation or dimerization (Fig. 3D to F); however, the block did
not seem as complete as that seen following DA virus infec-
tion.

These findings suggested that DA L disrupts the IFN-�
induction pathway at a different step than GDVII L. We con-
firmed this finding by constructing mutant DA viruses in which
the DA L coding region was replaced by that of GDVII L or
EMCV L to make DA/LGDVII virus and DA/LEMCV virus,
respectively. DA/LGDVII and DA/LEMCV viruses, like wild-type
DA virus, grew to 	107 PFU/ml in HeLa cells at 9 h postin-
fection; however, there was a lag in DA/LEMCV virus growth at
7 h compared to that of wild-type DA virus (data not shown).
Infection with DA/LGDVII virus, but not infection with wt DA
virus, led to IRF-3 phosphorylation at S396 and dimerization
(Fig. 3G and H). Thus, the GDVII L protein imposes a block
at a different point within the IFN-� pathway than DA L, even
when placed in the backbone of the DA genome: DA L inter-
feres with IRF-3 phosphorylation and dimerization, while
GDVII L does not. These results also demonstrate that the
difference in the site at which the pathway is disrupted is due
entirely to L and not an interaction of L with another coding
region. The results for DA/LEMCV virus infection were more
difficult to interpret, since infection led to a greater amount of
IRF-3 phosphorylation at S386 and dimerization than that
seen following wt DA virus infection, but less than that ob-
served with DA/LGDVII virus (Fig. 3G and H). This may reflect
the slowed growth of this virus as well as an impairment in
processing at the L-P1 junction (since there is a change in the

4 position at this junction), as demonstrated by a decreased
abundance of VP1 in DA/LEMCV chimeric virus-infected cells
(Fig. 3H, VP1).

FIG. 3. DA and GDVII L proteins target different sites in the IFN-� pathway. Western blots of cell lysates harvested 6 and 9 h pi and
immunostained with anti-IRF-3 antibody (A, D, and G), anti-phospho-IRF-3(Ser386) antibody (B and E), and anti-phospho-IRF-3(Ser396)
antibody (C, F, and H) are shown. The same lysates were probed with anti-TMEV VP1 antibody and anti-�-actin antibody. IRF-3 was dimerized
and phosphorylated after infection with DA�L, wt GDVII, GDVII�L, DA/LGDVII, and SV, but not wt DA. The arrowheads show the locations
of dimers, while the asterisks show monomers. In panel A, less protein was loaded in the SV lane than in other lanes. Note that DA/LGDVII and
DA/LEMCV viruses (G) were not probed with anti-phospho-IRF-3(Ser386) antibody. M corresponds to uninfected cells.
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DA L blocks IFN-� gene transcription downstream of
MAVS but upstream of IRF-3 phosphorylation. As shown
above, IRF-3 is not phosphorylated or dimerized and does not
enter the nucleus following DA virus infection. We continued
to refine the site of the block by DA L by examining the effect
of overexpression of the IRF-3-activating kinases, TBK-1 and
IKKε. DA and GDVII virus (but not the related �L viruses)
blocked activation of the IFN-� gene promoter caused by
TBK-1 (Fig. 4A) and IKKε (Fig. 4B) overexpression, suggest-
ing that both the DA and GDVII L proteins block the activa-
tion of the IFN-� gene promoter downstream of TBK-1 and
IKKε. These results are consistent with the data presented in
Fig. 3C to F that demonstrate that GDVIII L does not inhibit
IRF-3 phosphorylation or nuclear entry. In contrast, since DA
L blocks IRF-3 activation (Fig. 3A to C), it appears to impose
a block at the level of IRF-3 phosphorylation by TBK1 and
IKKε.

GDVII L blocks IFN-� gene transcription at a site between
IRF-3 nuclear entry and IRF-3 binding to the PRDIII/I ele-
ment of the IFN-� gene promoter. To further investigate the
site of the block in the IFN-� pathway by GDVII L, we deter-
mined the effect of virus infection on IFN-� gene promoter
activation by an ectopically expressed IRF-3 phosphomimetic
mutant, IRF-3(5D) (30). We infected cells with DA or GDVII
virus 16 h after transfection with pIRF-3(5D) and the IFN-�–
Luc reporter construct. Overexpression of IRF-3(5D) led to
activation of the IRF-3-dependent IFN-� construct in unin-
fected cells, as previously described (29) (Fig. 4C). This acti-
vation was inhibited in cells infected with GDVII virus (P �
0.001) (Fig. 4C); the inhibition was a result of GDVII L since
no inhibition was seen following infection with GDVII�L virus
(Fig. 4C). DA (and DA�L) virus failed to inhibit the activation
by IRF-3(5D) (Fig. 4C), presumably because the disruption in
the IFN-� pathway caused by DA L is at the level of the
kinases responsible for IRF-3 phosphorylation. Consistent with
these results, overexpression of GDVII L inhibited IFN-� ac-
tivation by IRF-3(5D) (P � 0.001), while no inhibition was
seen with DA L (Fig. 4D). Thus, while DA L interferes with
IFN-� gene transcription upstream of IRF-3 activation,
GDVII L interferes with IFN-� gene transcription within the
nucleus, downstream of IRF-3 activation.

Since interference with the activation of any of the coacti-
vators of the IFN-� enhanceosome can abrogate IFN-� gene
transcription (38), we determined whether GDVII L specifi-
cally interferes with IRF-3-dependent IFN-� gene transcrip-
tion (rather than a non-IRF-3 pathway required for formation
of the IFN-� gene enhanceosome) by transfecting cells with
p4xPRDI/III-Luc (14), in which the luciferase reporter is
driven by multiple copies of the PRDIII and PRDI IRF-3-
binding sites. As expected, p4xPRDI/III-Luc was activated af-
ter infection with TMEV L mutant viruses and SV, but not DA
virus (or EMCV). GDVII virus infection also failed to activate
the p4xPRDI/III-Luc reporter (Fig. 4E), indicating that the
GDVII L protein inhibits the ability of activated IRF-3 to
stimulate the IFN-� gene promoter. These data confirm that
GDVII (and DA and EMCV) L interferes with the IRF-3
pathway that leads to activation of IFN-�.

DA virus-infected mice have low but measurable levels of
IFN-� mRNA in the CNS during persistent infection. We
questioned whether a particular level of IFN-� might be im-

FIG. 4. DA and GDVII L proteins target different sites in the IRF-
3-dependent IFN-� pathway. IFN-�-dependent luciferase activity in cells
infected with wt TMEV or �L viruses following transfection with pIFN-
�-Luc, pRL-TK1, and either pTBK-1 (A) or pIKKε (B) is shown. Fol-
lowing transfection, the cells were infected with various viruses. Cells
infected with DA and GDVII virus showed a significantly lower RLU
than cells infected with TMEV �L viruses or overexpressing TBK-1 or
IKKε alone (*, P � 0.001). M corresponds to cells that were transfected
with the reporter plasmids (pIFN-�-Luc and pRL-TK1) but were not
infected or transfected with expression constructs. C corresponds to cells
that were transfected with the reporter plasmids and either pTBK-1
(A) or pIKKε (B) but were not infected. Bars (all panels) represent
means � SE. (C and D) IFN-�-dependent luciferase activity in cells
transfected with an activated form of IRF-3, IRF-3(5D), along with pIFN-
�-Luc and pRL-TK1 and then infected with wt TMEV or �L viruses
(C) or transfected with DA or GDVII L (D). Cells infected with GDVII
virus (C) showed a significantly lower RLU than cells infected with DA or
TMEV �L viruses or cells overexpressing IRF-3(5D) alone (*, P �
0.001). Cells transfected with GDVII L (D) showed a significantly lower
RLU than cells transfected with DA L or cells overexpressing IRF-3(5D)
alone (*, P � 0.001). M corresponds to cells that were transfected with the
reporter plasmids but were not infected or transfected with IRF-3(5D). C
corresponds to cells that were transfected with the reporter plasmids and
IRF-3(5D) but not infected. (E) Luciferase-dependent binding of IRF-3
to the PRDI/III elements of the IFN-� promoter following transfection
with p4XIRF-3-Luc and pRL-TK1 and then infection with various vi-
ruses. Significant differences in RLU for DA versus DA�L infection (**,
P � 0.01) and for GDVII versus GDVII�L and SV infection (*, P �
0.001) were seen. M corresponds to cells that were transfected with the
reporter plasmids but were not infected or transfected with IRF-3(5D). C
corresponds to cells that were transfected with the reporter plasmids and
p4XIRF-3-Luc. Error bars are not visible in the case of GDVII (C) and
pGDVIIL (D) because the standard errors differ so minimally from the
mean.
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portant during persistent infection and play a role in the re-
striction in DA virus protein expression. To assess this possi-
bility, we measured IFN-� mRNA and viral RNA levels in
CNS tissue homogenates collected from mice 6 weeks after
inoculation, when persistent infection with DA virus was well
established. Although the level of IFN-� expression was pre-
sumably too low to clear virus, IFN-� mRNA levels were
significantly elevated compared to those in mock-infected an-
imals (P � 0.001) (Fig. 5A). The high levels of DA virus
genome present in the spinal cord at this time (Fig. 5B) are
known to be accompanied by low levels of infectious virus and
small amounts of viral antigen (i.e., the expression of viral
proteins is restricted) (reviewed in reference 45).

DISCUSSION

The DA strain and other members of the TO subgroup of
TMEV cause a late inflammatory demyelinating disease in
which the immune system contributes to the pathology; virus
persists in the CNS for the life of the mouse, with restricted
expression of virus proteins (6). In contrast, the GDVII strain
and other members of the GDVII subgroup of TMEV cause
an acute neuronal infection and neither persist nor cause de-
myelination.

Attention has recently focused on the cardiovirus L protein
in TMEV-IDD pathogenesis because of its multiple important
functions, including inhibition of the type I IFN response.
Initial studies showed that DA�L and GDVII�L viruses rep-
licate well in BHK-21 cells but had significantly decreased
growth in L-929 cells and in mice (5, 28). Subsequent studies
demonstrated that DA and GDVII L proteins interfered with
transcription of the IFN-� gene (53), providing an explanation
for the cell-type-specific differences in growth (since L-929
cells are type I IFN competent, while BHK-21 cells have a
known defect in IFN production [10]). L proteins of DA,
EMCV, and mengovirus were subsequently found to interfere
with nucleocytoplasmic transport, including IRF-3 entry into
the nucleus (13, 40). Additional investigations showed that L of
the BeAn strain, a TMEV TO subgroup strain that causes
persistent infection and demyelinating disease like that seen
with DA, is proapoptotic in murine macrophage cell lines and
BHK-21 cells (15). DA L expression also leads to oligoden-
drocyte death in the CNS of transgenic mice (G. Ghadge, G.

Baida, and R. P. Roos, unpublished data). On the other hand,
infection of BHK-21 cells with wt mengovirus versus mengo-
virus with L mutations demonstrated that mengovirus L was
antiapoptotic (44). Recent investigations probing the mecha-
nism by which the L protein blocks IFN-� expression have
found that mengovirus virus infection leads to IRF-3 phosphor-
ylation, but not IRF-3 dimerization, while infection with men-
govirus with a deletion of L or mutation in the L protein zinc
finger leads to both IRF-3 phosphorylation and dimerization
(23) and that IRF-3 fails to dimerize following DA virus in-
fection of L-929 cells while IRF-3 dimerizes following infection
with DA virus that has a Zn finger mutation or deletion of L
(42). IRF-3 phosphorylation following DA infection has not
been investigated.

Although both DA L and GDVII L interfere with IFN-�
gene transcription, we have shown that they target different
points in the IFN-� induction pathway. The DA L-mediated
block in the IFN-� pathway is at the level of phosphorylation
of IRF-3 by TBK-1 and IKKε. This process, which involves a
complex with TRAF3, is an attractive point at which to block
signaling and is targeted by a number of viral proteins (see,
e.g., reference 49). In contrast to these findings related to DA
L, our work shows that the block imposed in the IFN-� path-
way by GDVII L is downstream of IRF-3 nuclear entry and
upstream of IRF-3 binding to PRDIII/I elements of the IFN-�
gene promoter. This could occur by several different mecha-
nisms. L could act directly by binding and sequestering acti-
vated IRF-3 or CBP/p300, as reported for herpes simplex virus
ICP0 (32). Alternatively, L could induce ubiquitination and
proteasomal degradation of IRF-3 without interfering with its
activation, as reported for bovine viral diarrhea virus Npro (9);
this possibility seems unlikely, however, as IRF-3 expression
levels were not reduced by DA virus infection (Fig. 3). Finally,
L could bind directly to PRDIII/I sites in the promoter,
thereby interfering with binding of IRF-3 and assembly of the
enhanceosome complex.

The different mechanisms by which DA and GDVII L pro-
teins block the IFN-� pathway were confirmed in experiments
with a chimeric DA virus in which DA L was replaced by
GDVII L (Fig. 3G and H). GDVII L and DA L, two proteins
76 amino acids in length, differ by 11 amino acids, with 6 of
these changes in the Ser-Thr domain (Fig. 1A). It will be of
interest to clarify which of these amino acids are responsible
for differences in disrupting IFN-� gene transcription and to
determine whether these differences are associated with other
L protein activities. It may be that the differences in sites that
are targeted by DA versus GDVII L are important in the
subgroup-specific disease phenotypes. Studies of intertypic re-
combinant DA/GDVII viruses suggested that GDVII L can
replace DA L with no change in the persistence of virus (39);
however, it is possible that the disease phenotype (DA-induced
demyelination versus GDVII neurovirulence) varies depend-
ing on the presence of DA or GDVII L.

Like DA virus-infected cells, EMCV-infected cells exhibit a
block in IRF-3 dimerization and S396 and S386 phosphoryla-
tion (Fig. 3D to F). These findings contrast with those reported
by Hato et al., who described IRF-3 phosphorylation following
mengovirus infection (23). We suspect that the reason under-
lying this difference is our use of antibodies specific for IRF-3
phosphorylation at S386 and S396 rather than an anti-IRF-3

FIG. 5. There are low levels of IFN-� mRNA in the spinal cords of
DA virus-infected mice that are significantly elevated compared to
controls. Levels of IFN-� mRNA (A) and virus genome (B) in spinal
cord and brain 6 weeks pi. Low levels of IFN-� mRNA, which are
significantly elevated compared to controls, are present in the spinal
cord 6 weeks following infection with wt DA virus (*, P � 0.001). The
data are from 4 mice in each group. Mock corresponds to uninfected
mice. Bars (both panels) represent means � SE.
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antibody that does not specifically recognize a phosphorylation
site, as used in the previous investigation. Although we did not
specifically test EMCV L mutants, we presume that EMCV L
is responsible for the block in IFN-� gene transcription, as
previously reported for mengovirus (23). Although the disrup-
tion of IRF-3 signaling following EMCV infection appears to
be similar to that following DA infection, the results we ob-
tained with the chimeric DA/LEMCV virus suggest there may be
differences in the activities of EMCV and DA L proteins.
Further studies are in progress to clarify this point, as well as
to investigate the activity of the L protein of Saffold virus. It is
of interest that the mechanism by which the L proteins block
IFN-� varies among different cardioviruses, despite close ho-
mology in the sequences of these proteins (Fig. 1A). This
variation demonstrates how viral proteins with similar struc-
tures may evolve distinct functions.

A number of published studies have suggested a role for
IFN-� in TMEV-IDD. TMEV-infected dendritic cells, micro-
glia, and astrocytes of SJL/J mice, which are highly susceptible
to the late demyelinating disease, produce more type I IFN
than those of resistant mice (24, 26). Investigations of DA
virus-infected mice showed that pathogenic chemokine expres-
sion in the CNS of demyelinated mice correlated with the
innate immune response in the CNS rather than the presence
of T cells (41). The effect of (parenteral) IFN-� on TMEV-
IDD has been assessed in two previous studies (35, 37). Early
IFN-� treatment around the time of the initiation of infection
ameliorated the late demyelinating disease (37). Later treat-
ment during the demyelinating stage had more complicated
effects: a short-term treatment promoted remyelination, while
a longer treatment enhanced demyelination (35). One impor-
tant issue related to the above investigations is that the paren-
teral route may affect IFN-� levels systemically and in CNS
endothelial cells but have little or no effect on levels in neural
cells. It is likely that that a critical balance of IFN-� and
proinflammatory cytokines is important in TMEV-IDD, as re-
cently proposed for other autoimmune disorders (31). This
critical balance may depend on the IFN-� concentration (re-
viewed in reference 4), the timing of its expression (24, 33)
(especially in the case of DA infection, where IFN-� may be
protective early but pathogenic late), and the duration of the
expression (47).

There has been increasing attention directed to the role of
IFN-�, a mainstay of treatment (administered parenterally) of
MS, and the innate immune system in the immunopathology
of this disease (54). Studies have reported that some patients
with relapsing-remitting MS have upregulation of type I IFN
genes in peripheral blood cells (11, 50) and that MS patients
with this IFN signature are unlikely to benefit from IFN-�
treatment (11, 51); an IFN signature in a number of autoim-
mune diseases has also been described (1, 3). Recent investi-
gations identified the IRF-8 locus (12) and other genes that
have a close relationship to type I IFN (reviewed in reference
25) as being important in MS susceptibility.

In order to investigate the importance of the IFN-� response
in TMEV-IDD, we measured IFN-� mRNA levels in the CNS
following inoculation with DA virus. At 6 weeks pi, a time of
prominent demyelination, we found a low abundance of IFN-�
mRNA in the mouse CNS (Fig. 5A). Nonetheless, these
mRNA levels were significantly increased over those in mock-

infected mice. This low level of IFN-� mRNA may be insuffi-
cient to clear virus but possibly sufficient to induce chemo-
kines, cytokines, and an acquired immune response that
contribute to autoimmune inflammation during the demyelin-
ating disease. The IFN-� response in mice persistently infected
with DA virus could also inhibit viral translation, leading to the
restriction in virus protein expression that is characteristically
seen in the CNS of mice with demyelinating disease. The
restricted expression of viral proteins may allow evasion of the
host’s immune system, thereby fostering virus persistence
(which is necessary for demyelination). In addition, the type I
IFN response, along with the inhibition by L of host cell
mRNA exit from the nucleus (42), could restrict expression of
host proteins in oligodendrocytes, the cells that make myelin
and sites in which the viral genome persists; this restriction
could lead to demyelination since oligodendrocytes are very
susceptible to defects in translation (52).
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