JOURNAL OF VIROLOGY, Jan. 2007, p. 568-574
0022-538X/07/$08.00+0 doi:10.1128/JV1.01512-06

Vol. 81, No. 2

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Mouse Hepatitis Virus Does Not Induce Beta Interferon Synthesis and
Does Not Inhibit Its Induction by Double-Stranded RNA"

Haixia Zhou and Stanley Perlman*

Department of Microbiology, University of lowa, Iowa City, lowa 52242

Received 14 July 2006/Accepted 25 October 2006

Mouse hepatitis virus (MHYV) does not induce interferon (IFN) production in fibroblasts or bone marrow-
derived dendritic cells. In this report, we show that the essential IFN-f3 transcription factors NF-kB and IFN
regulatory factor 3 are not activated for nuclear translocation and gene induction during infection. However,
MHYV was unable to inhibit the activation of these factors and subsequent IFN-f3 production induced by
poly(I:C). Further, MHV infection did not inhibit IFN-3 production mediated by known host pattern recog-
nition receptors (PRRs) (RIG-I, Mda-5, and TLR3). These results are consistent with the notion that double-
stranded RNA, produced during MHYV infection, is not accessible to cellular PRRs.

Coronaviruses, including mouse hepatitis virus (MHV), are
large, enveloped, positive-strand RNA viruses which induce a
wide variety of diseases in both humans and animals. Several
strains of MHV induce acute encephalitis and acute and
chronic demyelinating diseases in mice. MHYV, like other vi-
ruses, must evade the innate immune response in order to
replicate in a normal animal. We and others have shown pre-
viously, by using a vesicular stomatitis virus (VSV)-based bio-
assay, that MHV does not induce interferon (IFN) in infected
fibroblasts and bone marrow (BM)-derived dendritic cells
(DCGs) (15, 41, 62). Similarly, the coronavirus (CoV) associated
with severe acute respiratory syndrome also does not induce
type I IFN (IFN-a/B) (8, 26, 63). Double-stranded RNA
(dsRNA), generated during RNA virus replication, is a potent
inducer of IFN-B. IFN-B, in turn, binds to the IFN-a/B recep-
tor, resulting in activation of additional members of the type I
IFN family and of other proteins involved in creating an anti-
viral state (reviewed in reference 40). Consistent with the im-
portant role of type I IFN in inhibiting virus replication, mice
genetically deficient in the expression of the IFN-a/B receptor
are highly susceptible to most viral infections, including MHV
(7, 33).

The initial induction of IFN-f transcription involves activa-
tion of three transcription factors, IFN regulatory factor 3
(IRF-3), NF-kB, and activated transcription factor 2-c-Jun
(ATF2-c-Jun) (28). IRF-3 is constitutively localized to the cy-
toplasm of noninfected cells. Upon stimulation, C-terminal
serine residues of IRF-3 are phosphorylated, resulting in
dimerization of IRF-3 and its translocation into the nucleus
(13, 23). IRF-3 recruits p300/CREB binding protein (CBP)
and, in conjunction with activated NF-kB and ATF2-c-Jun,
initiates IFN-B transcription (58). Viral dsRNA is detected by
multiple pattern recognition receptors (PRRs), including Toll-
like receptor 3 (TLR3) and cytoplasmic RNA helicases, such
as retinoic acid-inducible gene (RIG-I) and melanoma differ-

* Corresponding author. Mailing address: Department of Micro-
biology, University of Iowa, Bowen Science Building 3-730, Iowa
City, IA 52242. Phone: (319) 335-8549. Fax: (319) 335-9999. E-mail:
Stanley-Perlman@uiowa.edu.

¥ Published ahead of print on 1 November 2006.

568

entiation-associated gene 5 (Mda5) (19, 61; reviewed in refer-
ences 21 and 40). Although initial studies suggested that TLR3
was responsible for the majority of IFN induction in response
to dsRNA (1, 54), more-recent studies suggest that RIG-I and
Mda5 are more important in virus-infected cells (11, 61).
TLR3 is detected primarily in the endosomal compartment
(29). Ligand binding to TLR3 results in the activation of
IRF-3, NF-kB, and ATF2-c-Jun via the adaptor molecule
TRIF (57). Alternatively, RIG-I or Mda5 binding to dsRNA
recruits IPS-1 via CARD domain interactions, which results
in the phosphorylation and translocation of IRF-3 (22, 31,
48). A recent report suggests that RIG-I and Mda5 recog-
nize different types of dsRNA, i.e., RIG-I detects in vitro-
transcribed dsRNA, and Mda5 recognizes poly(I:C). Fur-
ther, they are critical for the response to different viral
infections. For example, RIG-I is necessary in the response
to paramyxoviruses, influenza virus, and Japanese encepha-
litis virus, whereas Mda$5 is involved in picornavirus detec-
tion (20).

Due to the importance of type I IFN in the antiviral immune
response, many viruses encode proteins that block interferon
production through specific inhibition of factors involved in
IFN-B induction, including IRF-3 (reviewed in references 14,
17, 40, and 44). Most studies have focused on the inhibition of
the IFN response elicited by negative-strand RNA viruses (17).
The V protein of paramyxoviruses, such as simian virus 5 and
Sendai virus (SenV), targets Mda5 and subsequently inhibits
IRF-3 and NF-«kB activation (2). NS1 and NS2 proteins of
respiratory syncytial virus, a pneumovirus, inhibit IRF-3 phos-
phorylation without affecting NF-kB activation (52). Ebola
virus encodes a protein, VP35, which prevents IRF-3 activation
mediated by either the TLR3 or the RIG-I pathway (6).

Some information about activation of these factors in MHV-
infected cells is available. Banerjee et al. showed that MHV
activated two mitogen-activated protein kinases (MAPKSs), p38
MAPK and c-Jun N-terminal protein kinase (5). Since ATF2 is
a target for phosphorylation by MAPK, it is likely that ATF2 is
activated in infected cells. A recent report also suggests that
levels of NF-kB mRNA are decreased and those of the
inhibitor IkB are increased in infected cells (56), but it is not
known whether NF-kB is activated after MHV infection.
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Finally, nothing is known about IRF-3 activation during
MHYV infection.

As a positive-strand RNA virus, MHYV is known to produce
dsRNA replication intermediates. Thus, the lack of IFN-
induction in MHV-infected cells indicates that the virus either
must actively inhibit some step of the induction process or,
alternatively, is invisible to cellular PRRs. Here, by using two
different strains of MHV, we found that MHYV infection does
not result in activation of NF-«kB or IRF-3. Furthermore, we
investigated whether MHV inhibited IFN-B production in-
duced by poly(I:C) or by overexpression of RIG-I, Mda-5, or
TLR3.

MATERIALS AND METHODS

Cell cultures and viruses. 17Cl-1 cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 5% fetal calf serum and 5% tryptose phos-
phate broth. Recombinant and nonrecombinant MHV-JHM.IA (34), called
MHV-JHM herein, and MHV-AS59 were grown in 17CI-1 cells, and titers were
determined on HeLa cells expressing the MHV receptor CEACAM1a (16) (HeLa-
MHVR cells). In all experiments in which virus titers were measured, cells and
supernatants were combined prior to determination of titers. JHM.GFP (where
r denotes the recombinant virus and GFP is green fluorescent protein) was
constructed as previously described (62). rA59.GFP was kindly provided by K.
MacNamara and S. Weiss (University of Pennsylvania, Philadelphia). Cells were
infected with MHV-JHM at a multiplicity of infection (MOI) of 10 or with
MHV-A59 at an MOI of 100, unless stated otherwise in the manuscript. A
recombinant virus in which gene 4 was disrupted (rJHM.gene4KO) was engi-
neered as previously described (35). A naturally occurring gene 2a deletion
mutant of MHV-JHM, Wb-1 (47), was obtained from S. Siddell (Bristol Uni-
versity, Bristol, United Kingdom) and J. Leibowitz (Texas A & M University,
College Station). In some experiments, cells were infected with 100 hemagglu-
tination activity units of SenV (Cantell strain; Charles River Laboratories, Wil-
mington, MA).

Plasmids. pLuc-IFN-B, empty vector pEF-BOS, pEF-Flag-RIG-I, and pEF-
Flag-Mda5 were kindly provided by T. Fujita (Tokyo Metropolitan Institute of
Medical Science, Tokyo, Japan) (57, 58). pLuc-(PRDII), and pLuc-(PRDIII-I)5
(13) were kindly provided by T. Maniatis (Harvard University, Cambridge, MA).
pEF-Flag-TRIF and pEF-Flag-TLR3 were kindly provided by K. Fitzgerald
(University of Massachusetts Medical School, Worcester) (13). pcDNA-CEAC
AM1a was kindly provided by T. Gallagher (Loyola University Medical Center,
Maywood, IL) (16).

IFN bioassay. 1.929 or 17CI-1 cells were infected with MHYV, and levels of IFN
were measured using a bioassay based on inhibition of VSV growth in 1929 cells.
Supernatants were harvested and exposed to UV light to inactivate infectious
virus. 1.929 cells infected with 1,000 PFU VSV were treated with dilutions of
supernatants or recombinant murine IFN-B (PBL Biomedical Laboratories, Pis-
cataway, NJ) at 30 min postinfection (p.i.). Titers of VSV were determined on
Vero cells. IFN levels were calculated based on the standard curves generated
with recombinant IFN-B. To verify production of IFN by 1929 and 17CI-1 cells,
samples were transfected with 25 pg poly(I:C) (Amersham Biosciences, Piscat-
away, NJ) or infected with 100 hemagglutination activity units of SenV and
supernatants assayed.

Transfection and luciferase assay. Cells were transfected with vector DNA
(0.25 pg) or poly(I:C) (25 pg) by use of Lipofectamine 2000 (Invitrogen, Carls-
bad, CA). At the completion of the experiments, cells were disrupted by freeze-
thawing and luciferase activity was measured using a dual-luciferase reporter
assay system (Promega, Madison, WI) and a luminometer. As an internal control
for the dual-luciferase assay, the Renilla luciferase construct pRL-TK (Promega)
was used. In all experiments analyzing luciferase activity, data represent relative
firefly luciferase activity normalized to Renilla luciferase activity. Error bars
indicate standard errors of triplicate transfections in individual experiments.

Immunofluorescence analysis. Cells were cultured on Labtek chamber slides,
fixed with 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100 in
phosphate-buffered saline. Cells were reacted with antinucleocapsid (anti-N)
monoclonal antibody (5B188.2; kindly provided by M. Buchmeier, The Scripps
Research Institute, La Jolla, CA) and polyclonal anti-IRF-3 antibody or anti-
NF-kB p65 antibody (Santa Cruz Biotechnology, Santa Cruz, CA), followed by
fluorescein isothiocyanate-conjugated donkey anti-mouse antibody and Cy3-con-
jugated donkey anti-goat or donkey anti-rabbit antibody (Jackson Immunore-
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FIG. 1. IFN is not induced in MHV-infected cells, as measured by
bioassay. 17Cl-1 cells were infected with MHV-A59 or MHV-JHM for
12 h. As controls, cells were transfected with poly(I:C) or infected with
SenV for the same period of time. The amount of IFN was measured
by a VSV-based bioassay as described in Materials and Methods.
Data are representative of two independent experiments. ND, not
detectable.

search, West Grove, PA). Cells were examined using a Zeiss confocal micro-
scope.

RESULTS

MHYV does not induce IFN-B production. Previously, we
showed that IFN was not induced when either murine BM-
derived DCs or 1929 fibroblasts were infected with MHV-
JHM (41, 62). In those experiments, both neurovirulent and
attenuated strains of MHV-JHM were studied, with identical
results. The closely related strain MHV-AS59 grows to higher
titers than MHV-JHM. Many of the experiments described
herein required that most cells be infected with virus, making
MHV-A59 most useful in our assays. Additionally, MHV-A59
causes the development of smaller syncytia than MHV-JHM,
resulting in less cell loss at later times after infection. To show
that MHV-A59 also does not induce IFN, we infected 1.929
cells at an MOI of 100 and measured IFN production by using
a VSV-based bioassay as described in Materials and Methods.
Whereas transfection with poly(I:C) resulted in IFN produc-
tion (84.3 = 10.4 U/ml, n = 3), less than 1.0 U IFN/ml was
detected in the supernatants of MHV-A59-infected cells. Ad-
ditionally, SenV induced significant amounts of IFN (1,236.7 =
94.7 U/ml, n = 3) in infected L1929 cells. Since 17Cl-1 cells are
more susceptible to MHV than are L1929 cells, we used them
for most of our assays. We found that MHV-JHM and MHV-
A59 did not induce detectable levels of IFN production in
infected 17CI-1 cells at 12 h p.i.; poly(I:C) transfection or SenV
infection induced significant amounts of IFN (Fig. 1).

To further confirm that MHV does not induce IFN-B,
17CI-1 cells were transiently transfected with a luciferase re-
porter construct containing the natural IFN-B enhancer pro-
moter (pLuc-IFN-B) (13). Cells were then infected with MHV-
JHM or MHV-AS9 for 12 or 24 h. Consistent with the bioassay
data, equivalent levels of IFN-B were detected in mock- and
virus-infected cells as measured by luciferase activity (Fig. 2A
and B). As positive controls, cells were either transfected with
poly(I:C) or infected with SenV, which resulted in a 10- to
20-fold or 100-fold increase, respectively, in luciferase activity
compared to that for mock-treated samples. Further, cells in-
fected with lower MOIs of MHYV did not produce IFN-B (Fig.
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FIG. 2. MHYV does not induce IFN-B production, as measured by
luciferase assay. 17CI-1 fibroblasts were transfected with pLuc-IFN-3
for 16 to 18 h and then infected with MHV-A59 at an MOI of 100 or
MHV-JHM at an MOI of 10 for 12 h (A) or 24 h (B). 17CI-1 cells were
also tested after MHYV infection at an MOI of 0.1 or 1 (C). 293T cells
were transfected with pcDNA-CEACAM1a and pLuc-IFN-B and then
infected with MHV-A59 or MHV-JHM for 12 h (D). As positive
controls, cells were transfected with poly(I:C) or infected with SenV
for the same period of time. As an internal control, a Renilla luciferase
construct was transfected concomitantly with pLuc-IFN-B. Cells were
harvested and subjected to a dual-luciferase assay as described in
Materials and Methods. Data were analyzed, and the ratio of firefly
luciferase expression to Renilla luciferase activity is shown. Each sam-
ple was assayed in triplicate. Levels of luciferase in poly(I:C)-trans-
fected or SenV-infected cells were significantly greater than levels in
mock- or MHV-infected cells (P < 0.005). Data are representative of
at least three independent experiments.

2C). We also confirmed these results with 293T cells, which are
highly susceptible to transfection. Because 293T cells are re-
sistant to MHYV infection, we cotransfected these cells with a
plasmid encoding the MHYV receptor molecule CEACAMI1a
(16) and pLuc-IFN-B and then infected them with recombi-
nant MHYV that expressed GFP (rtJHM.GFP or rA59.GFP).
Fifty to seventy percent of cells were infected and expressed
GFP at 16 h p.i., but levels of luciferase activity were the same
as those for the mock-infected cell cultures. Infection with
SenV or transfection with poly(I:C) resulted in increased lu-
ciferase activity (Fig. 2D).

MHY does not activate NF-kB or IRF-3. IFN-f transcription
requires the activation of NF-«kB, IRF-3, and ATF2-c-Jun and
their subsequent binding to the IFN-B enhancer. In resting
cells, NF-kB heterodimers are present in the cytoplasm, bound
to IkB. Activation of NF-«kB by stimuli such as poly(I:C) results
in its release from this complex, translocation from the cyto-
plasm to the nucleus, and binding to the IFN-B promoter (30).
We first measured NF-«kB activation by using a luciferase re-
porter gene containing repeated NF-«kB binding sites from the
IFN-B promoter element [pLuc-(PRDII),] (13). Luciferase ex-
pression in MHV-AS59- or MHV-JHM-infected cells was sim-
ilar to that detected in mock-infected cells; however, poly(1:C)
transfection or SenV infection induced significantly higher lev-
els of luciferase expression (Fig. 3A). We also investigated
MHV-induced activation of NF-kB by using confocal micros-
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FIG. 3. MHYV does not activate NF-kB or IRF-3. (A) 17Cl-1 fibro-
blasts were transfected with pLuc-(PRDII), or pLuc-(PRDIII-I); and
then infected with MHV-A59 or MHV-JHM for 12 h prior to harvest
for luciferase analysis. MHV did not induce luciferase activity. Levels
of luciferase in poly(I:C)-transfected or SenV-infected cells were sig-
nificantly greater than levels in mock- or MHV-infected cells (P <
0.005). (B) Cells were infected with MHV-A59 or MHV-JHM for 8 h.
Cells were fixed with 4% paraformaldehyde and then permeabilized
with 0.1% Triton X-100-phosphate-buffered saline. Samples were
stained with anti-MHV (green) and anti-NF-kB p65 or anti-IRF-3
(red) antibodies. In uninfected (negative control) and in MHV-in-
fected cells, NF-kB and IRF-3 remained in the cytoplasm. NF-«B and
IRF-3 localized to the nucleus after poly(I:C) transfection (positive
control). Initial magnification, X40. Data are representative of at least
three independent experiments.

copy. As expected, transfection of 17CI-1 cells with poly(1:C)
resulted in accumulation of NF-kB in the nucleus. However,
after MHYV infection, we observed that NF-kB remained cyto-
plasmic, with no evidence of activation and translocation to the
nucleus (Fig. 3B).

Similarly, IRF-3 is also constitutively expressed in the cyto-
plasm. After receiving signals from upstream molecules, IRF-3
is rapidly phosphorylated, resulting in dimerization and subse-
quent migration into the nucleus (13, 23). In order to deter-
mine if IRF-3 activation is also inhibited after MHYV infection,
we investigated IRF-3 function by using a luciferase reporter
gene containing repeated IRF-3 binding sites [pLuc-(PRDIII-
I)5] (13). 17CI-1 cells were transfected with this plasmid and
then infected with MHV-JHM or MHV-A59. We found that
luciferase activity was minimal after infection with either virus,
showing that IRF-3 was not activated (Fig. 3A). By contrast,
transfection with poly(I:C) or infection with SenV resulted in
high levels of luciferase activity. IRF-3 binding to the IFN-
promoter is the terminal step in IFN transcription. In order to
determine whether MHYV inhibits IRF-3 binding to IFN- pro-
moter binding sites or whether the virus inhibits signaling up-
stream of IRF-3, the intracellular localization of IRF-3 was
investigated after virus infection. IRF-3 remained localized in
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FIG. 4. MHV does not inhibit poly(I:C)-induced IRF-3 or NF-kB
activation and IFN-B production. (A) Cells transfected with pLuc-
IFN-B (a) or pLuc-(PRDIII-I); (b) were infected with MHV-A59 or
MHV-JHM for 5 h and then transfected with poly(I:C) for an addi-
tional 6 h. Cells were harvested and subjected to luciferase activity
analysis at 11 h p.i. MHV did not inhibit poly(I:C)-induced activation
of these reporter genes (P > 0.05). (B) Six hours after MHV infection,
cells were transfected with poly(I:C) for an additional 2 h prior to
fixation as described above. Cells were then stained with anti-N (green)
and anti-IRF-3 (a) or anti-NF-kB p65 (b) (red) antibodies. MHV
infection did not inhibit IRF-3 and NF-«kB nuclear accumulation oc-
curring after stimulation with poly(I:C). Of note, NF-kB and IRF-3
appear to remain in the cytoplasm in some infected cells, but it is likely
that these cells were not successfully transfected with poly(I:C). Initial
magnification, X40. Data are representative of at least three indepen-
dent experiments.

the cytoplasm and did not accumulate in the nucleus (Fig. 3B).
In contrast, transfection of 17CI-1 cells with poly(I:C) induced
IRF-3 translocation to the nucleus.

MHY does not inhibit poly(I:C)-mediated IFN-B induction.
Several viruses that evade the type I IFN response are also able
to inhibit poly(I:C)-induced IFN-B production. For example,
in cells infected with hepatitis A virus or rhinovirus, poly(1:C)
was unable to activate IRF-3 (12, 37). In order to determine
whether MHV actively inhibits poly(I:C)-mediated IRF-3 ac-
tivation and IFN-B synthesis, 17Cl-1 fibroblasts transfected
with pLuc-IFN-B or pLuc-(PRDIII-I); were infected with
MHV-A59 or MHV-JHM. Five to six hours after infection,
cells were transfected with poly(I:C) for an additional 6 h. As
shown in Fig. 4A, similar levels of luciferase were produced
after poly(I:C) stimulation in MHV- or mock-infected cells,
when either pLuc-IFN-B or pLuc-(PRDIII-I); was transfected
as a reporter gene. We chose this time point because MHV
inhibits host cell protein synthesis beginning at approximately
6 to 7 h p.i. and the luciferase assay is dependent upon de novo
protein synthesis (39, 49). To validate these results at the
single-cell level, IRF-3 and NF-«B localization in MHV-in-
fected cells was assessed by confocal microscopy after
poly(I:C) transfection for 2 h. We assayed cells at 2 h after
transfection because, unlike luciferase expression, which re-
quires treatment for 6 h to be detected, IRF-3 and NF-«B
translocation can be detected after a shorter incubation period.
In these experiments, cells were dually labeled with antibodies
against MHV and IRF-3 or NF-kB. Evidence for IRF-3 and
NF-«kB translocation into the nucleus was clearly detected in

MHV DOES NOT INDUCE BETA INTERFERON 571

A N protein

overlap

JHM

N protein overlap

FIG. 5. MHYV does not inhibit poly(I:C)-induced IRF-3 or NF-kB
activation at 10 h p.i. 17CI-1 cells were infected with MHV-A59 or
MHV-JHM for 10 h and then transfected with poly(I:C) for an addi-
tional 2 h. Cells were stained with anti-N (green) and anti-IRF3 (A) or
anti-NF-«kB p65 (B) (red) antibodies. Poly(I:C) transfection resulted in
nuclear accumulation of IRF-3 and NF-kB, even at 10 h p.i.

single infected cells and in those that were incorporated into
syncytia after either MHV-A59 or MHV-JHM infection (Fig.
4B). It is possible that the putative viral protein that inhibits
poly(I:C)-induced activation of IRF-3 and NF-«B was not ex-
pressed at sufficiently high levels at 6 h p.i. To test this possi-
bility, these experiments were repeated at 10 h p.i. (Fig. 5),
when viral proteins were expressed at high levels. Transfection
with poly(I:C) still resulted in IRF-3 and NF-kB translocation
into the nuclei of infected cells. In these experiments, poly(1:C)
transfection did not significantly inhibit MHYV replication since
similar numbers of syncytia were detected in the presence or
absence of poly(I:C), even if cells were transfected as early as
2 h p.i. (data not shown).

MHYV does not inhibit RIG-I-, Mda5-, or TLR3-mediated
IFN-B production. These results show that infection with
MHYV did not induce IFN-B or inhibit poly(I:C)-mediated ac-
tivation of this response. As described above, at least three
PRRs (RIG-I, Mda5, and TLR3) are involved in dsRNA-
mediated IFN-B induction, and these PRRs signal through
different adaptor molecules. Different viruses inhibit different
steps in these pathways (reviewed in references 14, 17, and 40).
Since it is possible that MHV inhibits one pathway while
poly(I:C) induces IFN-B production through another pathway,
we next determined whether MHV inhibited IFN-B produc-
tion mediated by RIG-I, Mda$5, or TLR3. For this purpose, we
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FIG. 6. IFN-B production mediated by intracellular helicases is not
inhibited by MHV. Cells were transiently transfected with pLuc-IFN-
together with empty vector pEF-BOS (vector control), pEF-RIG, or
pEF-Mda5. The ratio of plasmids was 1:1. These cells were then
infected with MHV-AS59 for 5 h prior to transfection with poly(I:C) for
an additional 6 h. Cells were harvested at 11 h p.i. and subjected to
luciferase assays. Data are representative of at least three independent
experiments.

overexpressed each molecule, as overexpression results in
IFN-B induction in the absence of ligand (dsRNA) binding (60,
61). In most reports, constructs encoding these molecules were
transfected into previously infected cells. However, our exper-
iments were complicated by the rapid cytopathic effects in-
duced by MHV and the comparatively long time required to
induce IFN-B transcription after plasmid transfection. Thus,
we were not able to test the ability of RIG-1, Mda$5, or TLR3
to induce IFN-B production by transfecting infected cells with
these constructs.

As an alternative approach, we transfected 17CI-1 cells with
plasmids encoding RIG-I or Mda5 together with pLuc-IFN-8
16 to 18 h prior to infection with MHV-A59. To determine
whether expression of these factors inhibited MHV replica-
tion, we infected cells with a recombinant virus that expressed
GFP (rA59.GFP). In preliminary experiments, we observed
that transfection did not decrease the number of GFP-positive
cells (data not shown). Cells were then transfected with lipo-
somal poly(I:C) at 5 h p.i., when viral protein expression can be
detected (42). As described above, cells were transfected at
this time to minimize the effect of virus-induced inhibition of
host cell protein synthesis. MHV-AS59 was used in these exper-
iments because, unlike MHV-JHM, MHV-A59 infected more
than 90% of the cells in the culture (data not shown), making
it likely that most transfected cells were also infected. Cells
were harvested at 11 h p.i. and subjected to a luciferase activity
assay. Consistent with previous reports (60), poly(I:C) aug-
mented IFN-@B production in cells that overexpressed RIG-I or
Mda5. However, infection with MHV did not decrease this
poly(I:C)-mediated enhancement of luciferase activity (Fig. 6).

This approach could not be applied to analysis of the TLR3
pathway because we were unable to demonstrate enhancement
of luciferase activity in TLR3-expressing cells after poly(1:C)
transfection. Since transfection with TLR3 or its downstream
adaptor molecule, TRIF, did not generally induce reporter
gene expression for at least 12 h (data not shown), we
transfected 17Cl-1 cells with TLR3 or TRIF and pLuc-
IFN-B 6 to 10 h prior to infection with MHV-AS59. Cells
were harvested at 12 h p.i. and analyzed for luciferase ac-
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FIG. 7. TLR3-mediated IFN-B production is not inhibited by
MHYV. Cells were transfected with pLuc-IFN-f together with empty
vector pEF-BOS (vector control), pEF-TRIF, or pEF-TLR3 for 6 to
10 h prior to MHV-A59 infection. Cells were harvested at 12 h p.i. and
then subjected to luciferase assays. Data are representative of at least
three independent experiments.

tivity. As shown in Fig. 7, transfection with TLR3 or TRIF
cDNA enhanced luciferase expression compared to levels
for cells transfected with empty vector. This enhancement
was not decreased by MHV infection.

Nonessential proteins encoded by MHV-JHM gene 2a or
gene 4 are not required for inhibition of IFN synthesis. Our
results suggested that MHV did not actively inhibit IFN pro-
duction by any known pathway. To further investigate MHV-
mediated inhibition, we analyzed whether viruses deleted in
gene 2a or gene 4 were able to induce IFN. The proteins
encoded by these genes are neither essential for growth in
tissue culture cells nor required for the development of
MHV-induced encephalitis (35, 47, 59; unpublished data).
For this purpose, we used a recombinant virus in which gene
4 was deleted (rTHM.gene4KO) (35) and a naturally occurring
deletion variant lacking gene 2a protein expression (Wb-1)
(47). 1929 cells were infected with rJHM.gene4KO or Wb-1 at
10 PFU/cell. Supernatants were harvested at 20 h p.i., and IFN
production was measured using the VSV-based bioassay as
described above. Infection with the viruses deleted in either
gene 2a or gene 4 induced less than 1.0 U IFN/ml. These
results show that neither protein is involved in inhibition of
IFN-«/B induction.

DISCUSSION

Our results confirm previous reports showing that MHV-
JHM and MHV-AS9 do not induce interferon production in
infected cells (15, 41, 62). However, we could not demonstrate
a specific step in any known pathway that was inhibited by the
virus. MHV did not inhibit the induction of IFN- by poly(I:C)
or by overexpression of RIG-I, Mda5, or TLR3/TRIF (Fig. 4 to
7). MHYV replication, like that of other RNA viruses, has an
obligatory requirement for the generation of dsRNA, which is
a potent inducer of type I IFN. Our results are consistent with
the possibility that MHV does not induce IFN because viral
dsRNA, generated as part of viral replication, is “invisible” to
the immune system. The replication of many positive-strand
RNA viruses, like MHV, occurs on intracytoplasmic double-
membrane vesicles (DMV) (18, 45, 46, 50, 55). DMV in coro-
navirus-infected cells may originate from the endoplasmic re-
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ticulum or may occur as a result of autophagy (42, 51). These
structures have been visualized previously by electron micros-
copy (46, 55), and it is possible that the sites of replication are
isolated from the cytoplasm or endosomes, where RIG-I,
Mda$5, and TLR3 are located.

Other group 2 coronaviruses, such as severe acute respira-
tory syndrome CoV (53) and human CoV-OC43 (unpublished
data), also do not induce IFN. However, group 1 coronavi-
ruses, such as human CoV-229E and transmissible gastro-
enteritis virus (TGEV), do induce IFN. In the case of TGEV,
IFN induction requires the transmembrane (M) protein, and
mutation of a single amino acid abrogates its interferogenic
ability (25). Induction is also dependent upon the glycosylation
status of the M protein. M proteins from group 1 coronaviruses
are N glycosylated whereas those from group 2 are O glycosy-
lated. Comparisons of isogenic viruses expressing either N- or
O-glycosylated M proteins showed that virus expressing N-
glycosylated M protein induced IFN to a greater extent than
virus expressing either O-glycosylated or unglycosylated M
protein (9). Glycosylated viral proteins mediate IFN-«a pro-
duction by binding to mannose receptors present on den-
dritic cells (32). Of relevance to our results, IFN was not
induced when virus expressed mutant versions of the M
protein, showing that the presence of dsRNA in TGEV-
infected cells, as in MHV-infected cells, was not sufficient
for this induction. Arteriviruses, which are also members of
the nidovirus family, similarly replicate on double-mem-
brane vesicles (36). However, unlike MHV, porcine repro-
ductive and respiratory syndrome virus, an arterivirus, does
stimulate NF-kB activation in infected cells (27).

While MHV may not induce IFN because it is “hidden”
from host dsRNA sensors, other positive-strand RNA viruses
actively prevent IFN-B induction. In one example, Meylan et
al. showed that the serine protease NS3/4A of hepatitis C virus
inhibits IFN-B induction by cleavage of IPS-1, an adaptor pro-
tein required for RIG-I- and Mda5-mediated activation of
IRF-3 (31). Hepatitis A virus inhibits RIG-I- and TLR3-me-
diated pathways of IFN-B induction at a step before IRF-3
phosphorylation (12), perhaps at the same step as hepatitis C
virus. Two pestiviruses, classical swine fever virus (CSFV) and
bovine viral diarrhea virus, also inhibit IFN production. How-
ever, unlike MHV, CSFV is able to inhibit IFN production
induced by a heterologous virus or poly(I:C). This effect is
mediated in part by the N-terminal protease of CSFV, NP™,
which blocks IRF-3 transcription (24). Bovine viral diarrhea
virus, on the other hand, blocks IRF-3-DNA complex forma-
tion, even when induced by a heterologous virus (3, 4). Since
most positive-strand RNA viruses are postulated to replicate
on DMV (46), these results collectively suggest that replication
on these structures is not sufficient to shield viral RNA from
detection by dsRNA sensor molecules. Alternatively, it is pos-
sible that DMV induced by coronaviruses and by other posi-
tive-strand RNA viruses have different properties.

While MHV does not induce IFN in vitro, IFN- mRNA
(and presumably protein) is detected in the central nervous
system of mice infected with either MHV-A59 or MHV-JHM
(43). The etiology of this IFN-B RNA and protein is not clear.
While infected fibroblasts and BM-derived DCs do not pro-
duce IFN (41, 62), it is possible that other cells, such as plas-
macytoid DCs (pDCs) or glial cells, respond to infection with
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MHYV by secreting IFN-o/B; astrocytes are a well-described
target for MHV (10, 38). Alternatively, type I IFN may be
induced in pDCs and other phagocytic cells after these cells
ingest apoptotic bodies or viral products generated from in-
fected cells. Of note, MHV-AS59-infected pDCs were recently
shown to produce type I IFN in vitro in a TLR7-dependent
process (7).

In summary, our results show that MHV does not induce
IFN-B production. While it is possible that this indicates that
another, undefined IFN induction pathway is inhibited by
MHYV, we favor the conclusion that MHV RNA and proteins
are shielded from detection by cellular sensor molecules. Fur-
ther work will be directed at understanding the nature of this
method of immune evasion.
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