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The recent emergence of several new coronaviruses, including the etiological cause of severe acute respira-
tory syndrome, has significantly increased the importance of understanding virus-host cell interactions of this
virus family. We used mouse hepatitis virus (MHV) A59 as a model to gain insight into how coronaviruses affect
the type I alpha/beta interferon (IFN) system. We demonstrate that MHYV is resistant to type I IFN. Protein
kinase R (PKR) and the alpha subunit of eukaryotic translation initiation factor are not phosphorylated in
infected cells. The RNase L activity associated with 2’,5’'-oligoadenylate synthetase is not activated or is
blocked, since cellular RNA is not degraded. These results are consistent with lack of protein translation
shutoff early following infection. We used a well-established recombinant vaccinia virus (VV)-based expression
system that lacks the viral IFN antagonist E3L to screen viral genes for their ability to rescue the IFN
sensitivity of the mutant. The nucleocapsid (N) gene rescued VVAE3L from IFN sensitivity. N gene expression
prevents cellular RNA degradation and partially rescues the dramatic translation shutoff characteristic of the
VVAE3L virus. However, it does not prevent PKR phosphorylation. The results indicate that the MHV N

protein is a type I IFN antagonist that likely plays a role in circumventing the innate immune response.

The Coronaviridae family consists of a large number of wide-
spread, medically important viruses that cause primarily respi-
ratory and enteric infections in humans and many animals.
Economically important diseases are caused by bovine, por-
cine, and avian coronaviruses (CoV). Approximately 30% of
common colds are caused by human coronaviruses (43). In late
2002 a new coronavirus was identified as the etiological agent
that causes severe acute respiratory syndrome (SARS). Almost
9,000 people were infected, with a mortality rate overall of
~10% and a significantly higher mortality rate of ~40% in
individuals older than 60 years (18). Since SARS-CoV was
discovered, at least two new human coronaviruses that are
distinct from that virus have been identified from patients with
respiratory tract infections. These viruses include HCoV-NL63
and HCoV-HKUI, related to the coronavirus groups I and II,
respectively (29). SARS-CoV has not reemerged at this point,
but the isolation of related viruses from bats and other animals
(26, 35, 37, 48) and the routine circulation of coronaviruses in
domesticated animals suggest that animal-to-human transmis-
sion of virulent viruses may occur again. Understanding the
molecular biology of these viruses and factors that contribute
to their pathogenesis is thus important.

Coronaviruses are enveloped and contain single-stranded,
positive-sense RNA genomes that range from ~27 to 31 kb in
length. Coronavirus genomes are the largest known among
RNA viruses. The RNA genome is capped at the 5’ end and
polyadenylated at the 3’ end. Approximately two-thirds of the
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5" end of the genome consists of two overlapping open reading
frames (ORFla and ORF1b) that are translated as two
polyproteins that are co- and posttranslationally processed by
virus-encoded proteinases into as many as 16 nonstructural
proteins (NSPs), including the RNA-dependent RNA poly-
merase. The genome is encapsidated by the multifunctional
phosphorylated N protein. In addition to being the most abun-
dant viral structural protein, N also plays not fully defined roles
in viral transcription and/or replication and possibly in trans-
lation. At least three proteins are anchored in the envelope,
the membrane (M), spike (S), and envelope (E) proteins. The
S protein is the viral receptor binding protein, which initiates
infection through fusion of the viral and cellular membranes
and is the major target of neutralizing antibodies (22). The
major envelope component is the M protein, which plays im-
portant roles in virus assembly (16). The E protein is a minor
component of the viral envelope that also plays an important
role in virus assembly (16).

The innate immune response is part of the first line of
defense against viruses, which also signals development of the
adaptive cellular and humoral immune responses. Type I in-
terferons (IFNs), IFN-« and IFN-B, are key components of the
innate immune system that are induced after initial virus-host
cell interactions. Type I IFN in turn triggers JAK/STAT-me-
diated signal transduction pathways that stimulate expression
of more than 100 interferon-stimulated gene (ISG) products,
which leads to the establishment of an antiviral state (17). A
number of the ISGs encode enzymes with antiviral functions,
which includes 2',5'oligoadenylate synthetase (2'-5' OAS),
protein kinase R (PKR), Mx, PML, p56, and many others (58).
PKR and 2'-5" OAS are present in most cells at basal levels
even in the absence of IFN (58). PKR synthesis is induced by
IFN, but double-stranded RNA (dsRNA) triggers dimerization
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and activation of PKR, which result in its autophosphorylation.
Activated PKR in turn phosphorylates the alpha subunit of
eukaryotic translation initiation factor 2 (eIF2a). These events
can ultimately lead to the inhibition of protein synthesis, thus
blocking viral replication and virion progeny production. IFN-
induced 2'-5" OAS is also activated by dsRNA. The enzyme
polymerizes ATP into 2',5'-linked oligoadenylates that, in
turn, activate latent RNase L, which results in degradation of
mRNA and rRNA. Many, if not all, animal viruses encode
gene products that antagonize the antiviral response, thus al-
lowing the viruses to circumvent the early cellular IFN defense
(21, 28, 30).

We used the prototypic mouse hepatitis virus A59 (MHV
A59), a group 2 coronavirus, as a model system to begin gain-
ing insight into how coronaviruses affect the innate immune
system by focusing on two downstream ISG pathways. We have
determined that MHV AS59 is resistant to type I IFN treatment
in tissue culture. Our results show that the PKR and 2'-5" OAS
pathways are not activated in virus-infected cells, resulting in
the lack of eIF2a phosphorylation and cellular RNA degrada-
tion, consistent with lack of protein translation shutoff during
early infection. Most significantly, we have shown that the
MHYV N protein is an IFN antagonist. Expression of the N
gene in a recombinant vaccinia virus in place of the viral
antagonist E3L demonstrated that the protein rescues 2'-5’
OAS/RNase L activity, but it does not prevent PKR phosphor-
ylation. Our results indicate that some aspect of the MHV A59
viral life cycle, or possibly multiple viral gene products, are
responsible for circumventing the innate immune response
through interactions with at least two IFN-stimulated path-
ways.

MATERIALS AND METHODS

Cells and viruses. Mouse 17Cl1 (60) and rabbit RK13 (ATCC) cells were
grown in Dulbecco’s modified Eagle medium (DMEM) containing 5% heat-
inactivated fetal calf serum (FCS) and penicillin-streptomycin-glutamine. HeLa
MHVR cells expressing the MHV A59 CEACAM (carcinoembryonic antigen
cell adhesion molecule isoform 1a) receptor were kindly provided by Tom Gal-
lagher (Loyola University Medical Center, Maywood, IL) and maintained as
previously described (50). BHK cells (ATCC) were cultured in Glasgow modified
Eagle medium supplemented with 5% heat-inactivated FCS and 10% tryptose
phosphate broth. MHV A59 was grown in mouse 17Cl1 cells. Vaccinia virus
(VV) Copenhagen strain (63) and VVAE3L (6) were grown in BHK cells. MHV-
and vesicular stomatitis virus (VSV)-infected cells were overlaid with 1.5%
low-melting-point agarose (SeaKem) in modified Eagle medium containing 10%
FCS for plaque assays. Vaccinia viruses were analyzed for IFN sensitivity by
plaque titration in RK-13 cells. Plaques were visualized by crystal violet staining.

Metabolic labeling. Cells were mock treated or treated with 100 IU/ml of
universal type I IFN (recombinant human alpha A/D) (PBL Biomedical Labo-
ratories, Piscataway, NJ) for 24 h before infection with viruses at a multiplicity of
infection (MOI) of 5 or 10. Infected cells were further incubated in the presence
(100 TU/ml) or absence of IFN at 37°C prior to metabolic labeling. Cells were
starved at 6 h postinfection (hpi) in Dulbecco’s modified Eagle medium without
methionine and cysteine for 30 min prior to being labeled with 50 pCi of
Expre®*$*S (Perkin-Elmer). Labeled cells were lysed in phosphate-buffered
saline containing 1% Triton X-100, 0.5% sodium deoxycholate, and 0.1% sodium
dodecyl sulfate (SDS). Equal amounts of cell lysates were resolved by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by autoradiog-
raphy. For transient expression of proteins, HeLa MHVR cells were transfected
with a pCAGGS-based vector (46) by using Lipofectamine (Invitrogen Life
Technologies). Cells were infected 48 h later with VVAE3L at an MOI of 30.
Cells were labeled and analyzed at 6 hpi as described above. Protein products
were quantified by densitometric scanning of fluorograms and analyzed using
ImageQuant software (Molecular Dynamics).
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Western blotting. Cells were lysed in phosphate-buffered saline containing 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1X Complete Mini EDTA-free
Protease Inhibitor Cocktail, and phosphatase inhibitor cocktails 1 and 2 (Sigma).
Lysates were analyzed on 10% or 7.5% SDS-PAGE gels for eIF2a and PKR,
respectively. Proteins were transferred to nitrocellulose membranes and ana-
lyzed with the appropriate antibodies specific for total eIF2a (Santa Cruz Bio-
technology), phosphorylated eIF2« (Biosource), and PKR (Santa Cruz Biotech-
nology) and detected by chemiluminescence (Pierce).

RNA degradation. Total RNA was isolated from cells with TRIzol reagent
(Invitrogen), and 10 pg of RNA was resolved on a 1% formaldehyde gel,
followed by staining with ethidium bromide.

Construction of vaccinia virus recombinants. The coronavirus structural pro-
tein genes (N, M, S, and E) were PCR amplified from the MHV G clone (70),
a cDNA that encompasses the ~3’ one-third of the MHV A59 genome that is
one of the cassettes used to construct full-length infectious clones of the virus.
PCR-amplified products were subcloned into the VV insertion plasmid,
pMPAE3L. Conservative codon changes were introduced to eliminate potential
vaccinia virus transcription termination sequences. All sequences were con-
firmed before recombination into the E3L locus. Recombination and selection of
recombinant viruses were carried out as previously described (6). The inserted
genes in the recombinant viruses were confirmed by PCR and sequencing fol-
lowing isolation of recombinant viruses. Western blotting was used to confirmed
expression of the encoded proteins.

Construction of I ORF deletion mutant. A mutant virus lacking the I ORF
within the N gene was constructed by whole-plasmid PCR using high-fidelity Pfu
polymerase (Stratagene). The start codon for the I ORF was eliminated by a T-to-C
(underlined) change in the start codon and introduction of a stop codon by a C-to-A
(underlined) change in the fourth codon with forward primer 5'-CCTCTGTAAA
CCGCGCTGGTAACGGAATCCTAAAGAAGACCACTTGGGC-3' and re-
verse primer 5'-CGGTTTGGTCAGCCCAAGTGGTCTTCTTTAGGATTCCGT
TACCAGCGCGG-3'. Mutations were confirmed by sequencing the entire insert
before subcloning into the MHV G clone cassette that is a component of the
MHYV A59 full-length infectious clone kindly provided by Ralph Baric (Univer-
sity of North Carolina, Chapel Hill) (70). Full-length cDNA clones were assem-
bled as previously described with a few modifications (64). Plasmids containing
the cDNA cassettes spanning the MHV genome were purified using QIAfilter
Maxi cartridges (QIAGEN) and digested with the appropriate restriction en-
zymes. The fragments were gel purified and ligated overnight in a reaction
volume of 100 to 200 wl. Ligated DNA products were extracted with phenol-
chloroform and ethanol precipitated. RNA transcripts were transcribed from the
ligated full-length template using the mMessage mMachine T7 transcription
reagents supplemented with additional GTP (Ambion). The MHV nucleocapsid
gene was transcribed from pMHV-A59 N using T7 RNA polymerase. N gene
transcripts were polyadenylated using Ambion’s poly(A) tailing system. Full-
length genomic transcripts were coelectroporated with the N transcripts into
BHK-MHVR cells suspended at a concentration of 107 cells/ml. RNA transcripts
were electroporated with three electrical pulses of 850 V at 25 wF using a
Bio-Rad Gene Pulser Xcell Electroporator. Cells were seeded and incubated at
37°C. Cells were monitored for appearance of syncytium formation for ~24 to
48 h postelectroporation.

An aliquot of the medium from electroporated cells was passaged onto L2
cells. The medium was harvested from the infected cells at approximately 24 hpi.
Total RNA extracted from cells remaining on the flasks was treated with DNase
I prior to being reverse transcribed using oligo(dT) as a primer. PCR was carried
out using the forward primer 5'-CCACCTCTACATGCAAGGTGTTAAGC-3’
and reverse primer 5'-GGTCTGCCACAACCTTCTCTATCT-3' to obtain N
subgenomic specific products. PCR products were cleaned up and sequenced
directly.

RESULTS

MHYV A39 is resistant to type I IFN. To determine if MHV
AS9 is sensitive to type I IFN, mouse 17CI1 cells were pre-
treated with increasing amounts (0 to 10* TU) of IFN-«/ for
24 h prior to infection. Cells were then infected with MHV or
IFN-sensitive VSV and analyzed by plaque assay. IFN treat-
ment with 10° TU had no inhibitory effect on MHV (Fig. 1).
Some reduction in plaques was observed at the higher (10*-1U)
dosage. Under the same conditions a significant reduction in
VSV plaques was seen after treatment with as little as 10 IU,
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FIG. 1. Effect of IFN treatment on MHV AS59 infection. Monolay-
ers of 17CI1 cells were treated with increasing amounts (1 to 10* units)
of type I IFN 24 h before infection. Cells were infected with MHV A59
or VSV at an MOI of 5.

and a dramatic inhibitory effect was observed with 100 IU (Fig.
1). The results clearly demonstrated that MHV A59 replication
is not sensitive to the action of type I IFN and suggested that
the virus might interfere with the innate immune response.
Protein synthesis is not significantly inhibited in MHV-
infected cells. A primary antiviral response of host cells to viral
infections is inhibition of translation (53). Since IFN was un-
able to inhibit MHYV replication, this suggested that the virus
could be evading antiviral responses that affect translation. We
had previously observed that host protein synthesis is not sig-
nificantly inhibited, at least early, during MHV A59 infection.
To confirm this, MHV-infected 17CI1 cells were labeled with
Expre®°S**S protein labeling mix for 30 min at different times
after infection and cell extracts were analyzed by SDS-PAGE
(Fig. 2A). Viral protein synthesis was clearly present by 6 hpi
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as indicated by the appearance of the N protein. Viral protein
synthesis continued through the remainder of the time course
without significant effects on global host protein synthesis until
~12 hpi, the point at which virus replication peaks.

The effect of MHV infection on protein synthesis was fur-
ther examined after IFN treatment. At this point we chose to
compare MHV with the well-characterized type I IFN-resis-
tant VV and the IFN-sensitive VV that lacks its viral IFN
antagonist gene E3L (VVAE3L) (7). The effect of vaccinia
virus infection on protein synthesis is well characterized in
HeLa cells. Thus, HeLa MHVR cells that express the MHV
receptor were either mock pretreated or pretreated with IFN
before infection with MHV, wild-type (WT) VV, and VVAE3L.
Cells were pulse-labeled at 6 hpi and analyzed by SDS-PAGE and
autoradiography (Fig. 2B). In both the absence (lane 4) and
presence (lane 9) of IFN, MHV-infected cell protein synthesis
exhibited limited inhibition compared with uninfected cells (lanes
1 and 6). IFN-sensitive VVAE3L exhibited marked inhibition of
protein synthesis (lanes 3 and 8), whereas cells infected with WT
VV exhibited the normal viral protein synthesis profile (lanes 2
and 7), consistent with the well established phenotypes of these
viruses (6). These results confirmed that overall protein synthesis
is not shut down during MHV A59 infection, with or without IFN
treatment. Additional data for AE3L N in Fig. 2 (lanes 5 and 10)
and subsequent figures will be discussed below.

PKR and elF2a are not phosphorylated in MHV AS59-in-
fected cells. The PKR and 2'-5" OAS pathways are two of the
major pathways activated by IFN in response to dsSRNA during
viral infections (53). Both result in inhibition of protein syn-
thesis that in turn limits virus replication. Activation of PKR
results in autophosphorylation and subsequent phosphoryla-
tion of eIF2«, which inhibits translation initiation. OAS acti-
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FIG. 2. Protein synthesis in MHV A59-infected cells. (A) Time course of uninfected (U) and MHYV infected (I) 17Cl1 cells. Cells were infected
with WT virus at an MOI of 5. Cells were radiolabeled with [**SJmethionine-cysteine for 30 min at the indicated times. Intracellular proteins were
analyzed by SDS-PAGE and autoradiography. Positions of molecular weight markers in thousands (left) and of viral proteins (right) are indicated.
(B) HeLa MHVR cells were mock pretreated or pretreated with IFN prior to infection with MHV, VV, VVAE3L, or VVAE3L N at an MOI of
5. Cells were pulse-labeled at 6 hpi for 30 min. Intracellular proteins were analyzed by SDS-PAGE and autoradiography. Proteins in each lane were
quantified by densitometry and analyzed using ImageQuant software. Protein expression levels shown below each lane are expressed as the

percentage of that measured for uninfected cells.
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FIG. 3. Detection of eIF2«a phosphorylation in MHV A59- and VV-infected cells. HeLa MHVR (A) and mouse 17CI1 (B) cells were infected
with viruses as indicated above each lane. Cells were mock or IFN treated prior to infection. At 6 hpi cell lysates were analyzed for eIF2a by
Western blotting with antibodies specific for the phosphorylated form of elF2a and those that recognize both the phosphorylated and unphos-

phorylated forms (total eIF2a) of the protein. (C) Cell lysates from 17CI1
elF2a phosphorylation.

vates RNase L that degrades rRNA and mRNAs, which results
in inhibition of protein synthesis. During CoV replication and
transcription, dsSRNA intermediates are produced. Therefore,
we investigated whether the ability of MHV A59 to maintain
protein synthesis is due to its ability to interfere with or block
the activation of either pathway. Again, the impact of MHV on
the pathway was compared with those of WT VV and the
VVAE3L mutant.

Mock- or IFN-treated HeLa MHVR and mouse 17CI1 cells
were infected with MHV, WT VV, or VVAE3L. At 6 hpi, cell
lysates were analyzed for eIF2a and PKR phosphorylation. No
phosphorylated elF2a was detected in MHV-infected HeLa
MHVR (Fig. 3A, lane 5) or mouse 17Cl1 cells (Fig. 3B, lane 4)
in the presence or absence of IFN treatment. N protein ex-
pression was confirmed in MHV-infected cells (data not
shown). Analysis of eIlF2a over a time course of up to 8 hpi
revealed no change in the phosphorylation block in MHV-
infected cells (data not shown). As expected, no eIF2a phos-
phorylation was detected in mock or WT VV infected cells
(Fig. 3A and B, lanes 1 and 2). Consistent with previous stud-
ies, elF2a was phosphorylated in VVAE3L-infected cells (Fig.
3A and B, lane 3). Blots were stripped and analyzed for total
elF2a to confirm that comparable amounts of protein were
loaded and that eIF2a was not degraded.

To determine whether the lack of eIF2a phosphorylation in
MHV-infected cells results from lack of PKR activation, we
assayed for PKR phosphorylation in both HeLa MHVR and
mouse 17Cl1 cells in the presence or absence of IFN (Fig. 4).
Cell lysates from mock-infected and infected cells were ana-

cells infected with VVAE3L or VVAE3L N viruses were analyzed for

lyzed by SDS-PAGE, followed by Western blotting with a
PKR-specific antibody. Phosphorylated PKR exhibits a slightly
slower electrophoretic mobility compared with the nonphos-
phorylated protein when analyzed by SDS-PAGE (25, 27). No
differential mobility was seen with PKR from MHV-infected
HeLa MHVR cell lysates, since the protein comigrated with
that from mock-infected and WT VV-infected cells (Fig. 4A,
lanes 1 to 3). WT VV is known to inhibit PKR phosphorylation
(6). In contrast, a slower-migrating PKR band, indicative of
phosphorylation, was present in the HeLa cells infected with
VVAE3L (Fig. 4A, lane 4). The same results were seen in
mouse 17CI1 cells (Fig. 4B). However, mouse PKR consis-
tently migrated as two bands. No decrease in gel mobility was
seen with either WT VV or MHYV (lanes 1 to 3), but both forms
of mouse PKR exhibited slower mobility in the VVAE3L-
infected cells (lane 4). Taken together, these results demon-
strate that MHV AS59 fails to activate or inhibits the IFN-
induced dsRNA-activated PKR pathway. The results are
consistent with the lack of significant protein synthesis inhibi-
tion in the virus-infected cells. This provides further support
for a mechanism by which the virus counteracts the antiviral
effect of IFN.

MHY A59 prevents RNase L activity. To determine if MHV
interferes with the 2'-5" OAS pathway, we monitored rRNA
degradation in virus-infected cells. RNase L activation results
in TRNA cleavage (67). RNA extracts were prepared from
HeLa MHVR cells that were infected in both the presence and
absence of IFN. Uninfected cells and cells infected with either
WT VV or MHV had intact 28S and 18S rRNAs (Fig. 5, lanes
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FIG. 4. PKR phosphorylation in MHV A59- and VV-infected cells.
Immunoblot analysis of PKR phosphorylation in HeLa MHVR
(A) and mouse 17CI1 (B) cells that were pretreated or not with IFN
prior to infection with the viruses indicated above each lane is shown.
PKR was detected by Western blotting. The slower-migrating phos-
phorylated PKR is indicated by arrows. Results from two independent
experiments are shown for HeLa MHVR-infected cells with IFN treat-
ment in panel A.

1,2,4,6,7, and 9). In contrast, RNase L-induced RNA deg-
radation was clearly evident in VVAE3L-infected cells in both
the absence and presence of IFN, consistent with earlier ob-
servations (lanes 3 and 8) (51). These results suggest that
MHYV somehow blocks the IFN-induced dsRNA-dependent
2'-5" OAS pathway. rRNA integrity was monitored over a time
course of up to 24 hpi, and no significant degradation was
observed at 6 and 12 hpi. Some degradation of 28S RNA was
observed at 24 hpi (data not shown). The latter is consistent
with the RNase L-independent cleavage of 28S rRNA ob-
served in MHV-infected DBT cells (2), which is distinct from
the RNase L activity we describe here.

IFN antagonist activity is associated with the MHV A59 N
gene. Having determined that MHV fails to activate or inter-
feres with both the PKR and 2'-5" OAS pathways, it was
reasonable to hypothesize that MHV might express an innate
immune response antagonist. To test this idea, we made use of
an approach that was previously developed and used to identify
genes from other viruses that counteract the antiviral effects of
IFN (6, 27, 34). VVAE3L recombinant viruses with genes of
interest recombined into the E3L locus in place of the IFN
antagonist are generated. The recombinant viruses are then
used to identify genes that rescue or complement the VVAE3L
IFN sensitivity phenotype.

We inserted the N, M, S, and E structural genes from MHV
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FIG. 5. Regulation of 2'-5" OAS activity in MHV A59- and VV-
infected cells. HeLa MHVR cells were infected with the viruses as
indicated above each lane. Equal amounts of total RNA from cells at
6 hpi were analyzed by formaldehyde agarose gel electrophoresis and
visualized by ethidium bromide staining. The positions of 18S and 28S
rRNAs are indicated.

AS59 into the shuttle vector and selected for recombinant vi-
ruses. Only N and S recombinants, designated VVAE3L-N and
VVAE3L-S, were ultimately isolated. To screen the recombi-
nant viruses for their ability to rescue the IFN-sensitive AE3L
phenotype, rabbit kidney RK-13 cells were pretreated with 0 to
10* TU IFN-o/p prior to being infected with VVAE3L-N,
VVAE3L-S, parental VVAE3L, or WT VV. VVAE3L repli-
cates in RK-13 cells, but the virus is sensitive to the effects of
IFN in these cells. The cells do exhibit PKR activity after
treatment with IFN (31). During single-step growth experi-
ments VVAE3L-N exhibited IFN resistance similar to that of
WT VV, whereas VVAE3L-S exhibited sensitivity to IFN like
VVAE3L (Fig. 6). A dramatic decrease in VVAE3L and

——VV

% Plaques Relative to Untreated
(=)
=

40 1 - AE3L
—— AE3L S
20 1 —>—AE3LN
0 —a
0 1 10 100 1000 10000

IFN (IU)

FIG. 6. IFN sensitivity of VV recombinant viruses in RK-13 cells.
Monolayers of RK-13 cells were treated with increasing amounts (0 to
10* units) of type I IFN 24 h before infection. Plaque counts are
expressed as a percentage of the untreated parallel control value for
each virus. The data represent the averages of duplicate infections.
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FIG. 7. N protein is a type I IFN antagonist. (A) Monolayers of 17Cl1 cells were treated with increasing amounts (1 to 10* units) of type I IFN
24 h before infection. Cells were infected with the parental infectious clone-derived MHV AS59 or Al virus at an MOI of 5. Plaques were stained
with crystal violet at 48 hpi. (B) HeLa MHVR cells were mock or IFN treated prior to infection with MHV Al and WT MHV. At 6 hpi cell lysates
were analyzed for elF2a by Western blotting with antibodies specific for the phosphorylated form of eIF2a (two upper panels) and those that
recognize both the phosphorylated and unphosphorylated forms of the protein for total eIF2a (lower two panels). The lanes shown were analyzed
in parallel with results shown in Fig. 3A. (C) HeLa MHVR cells were infected with the viruses as indicated above each lane. Equal amounts of
total RNA from cells at 6 hpi were analyzed by formaldehyde agarose gel electrophoresis and visualized by ethidium bromide staining. The
positions of 18S and 28S rRNAs are indicated. (D) HeLa MHVR cells were transfected with either empty pCAGGS vector (C) or vector containing
the WT N and AI N genes. Transfected cells were infected with VVAE3L at 48 hpi and labeled 6 h later. Intracellular proteins were analyzed by
SDS-PAGE and autoradiography. Proteins in each lane were quantified by densitometry. Measurements from three independent experiments were
averaged. Error bars represent the standard deviations of the individual measurements.

VVAE3L-S growth was observed in the presence of only 100
IU of IFN. These results suggested that the MHV A59 N gene
encodes an IFN antagonist.

The MHV N gene partially rescues protein synthesis and
inhibits 2’-5" OAS/RNase L activity but does not inhibit PKR
pathway activation. To gain insight into how the N gene an-
tagonizes IFN activity, we used the VVAE3L-N recombinant
virus to examine the effects on global protein synthesis, as well
as PKR and eIF2a phosphorylation and 2'-5" OAS/RNase L
activity. All analyses were carried out in IFN-pretreated and
parallel untreated cells infected with MHV A59, WT VV,
VVAE3L, and VVAE3L-N viruses. Expression of the N pro-
tein was confirmed by Western blotting in all experiments
(data not shown).

VVAE3L-N partially rescued viral and cellular protein

translation (Fig. 2B, lanes 5 and 10). This indicated that ex-
pression of the N gene likely interferes with activation of PKR
and/or the 2'-5" OAS pathways, since protein synthesis shutoff
in VVAE3L-infected cells is known to be due to activation of
these pathways (6, 7, 12, 51). However, in both the absence and
presence of IFN treatment, PKR phosphorylation was not in-
hibited during VVAE3L-N infection (Fig. 4A and B, lane 5).
This suggests that the N gene does not prevent activation of
PKR. Consistent with the PKR phosphorylation results, eIF2a
was phosphorylated in the VVAE3L-N infected cells (Fig. 3C).

We then examined the status of rRNA in VVAE3L-N in-
fected cells. Interestingly, the RNA degradation seen in the
parental VVAE3L virus-infected cells was clearly not present
in cells infected with the N recombinant virus (Fig. 5, lanes 5
and 10). Altogether, the results strongly indicate that a prod-
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uct(s) of the MHV N gene interferes with the 2'-5’ OAS
RNase L-induced activity but that it is not able to prevent PKR
phosphorylation.

The I ORF within the N gene is not responsible for the
antagonist activity. In addition to the N ORF, the N gene
carries a second, internal (I) ORF. The encoded ~23-kDa I
protein is expressed from the ORF in MHV 59- as well as
bovine CoV-infected cells (20, 54). To determine if the I gene
product is required for the antagonist activity observed with
the N gene, we used reverse genetics to construct an MHV 1
ORF knockout virus. The I ORF start codon was eliminated,
and the fourth codon was changed to a stop codon by intro-
duction of conservative changes that do not change the amino
acids encoded in the N ORF. Recovered plaque-purified vi-
ruses were analyzed for their ability to resist type I IFN treat-
ment and their impact on the downstream PKR and 2'-5" OAS
pathways as described above. The MHV Al virus exhibited
resistance to IFN treatment comparable to that of the parental
WT infectious clone virus (Fig. 7A). Translation factor elF2a
was not phosphorylated in cells infected with the Al virus (Fig.
7B). RNA degradation was not observed in cells infected with
the virus, consistent with what was observed for the WT MHV
and AE3L N recombinant viruses (Fig. 7C). This clearly dem-
onstrated that the I ORF is not required for the antagonist
activity that prevents PKR and RNase L activation during
MHY infection. However, since there are possibly other viral
genes or redundant processes used by the virus to antagonize
these pathways, the contribution of the I ORF may be masked
in the knockout virus background. To further address this, we
transiently expressed the WT N and N Al proteins in VVAE3L
virus-infected cells. The N protein expressed from the gene
lacking the I ORF rescued translation comparably to the WT
N gene (Fig. 7C). This indicates that the N protein is the
antagonist.

DISCUSSION

The present study clearly demonstrates that MHV A59 cir-
cumvents the effects of type I IFN. Our results indicate that the
virus interferes with both the IFN-induced PKR and 2'-5" OAS
pathways (Fig. 8). PKR is not phosphorylated, and the RNase
L activity associated with induction of 2'-5" OAS is not ob-
served in MHV-infected cells. We have identified the N pro-
tein as a contributor to the resistance of MHV to type I IFN
treatment. The results are significant since this is one of the
first coronavirus genes to be identified that antagonizes the
antiviral effects of type I IFN. While this paper was in revision,
three SARS-CoV protein antagonists (ORF 3b, ORF 6, and
N) that inhibit IFN-B production were reported (32). The
recent report demonstrates that SARS-CoV N inhibits IFN
production, while the ORF 3b and ORF 6 proteins are able
to inhibit both production and interferon signaling, but the
mechanisms are not known. Our results clearly demonstrate
that MHV AS59 N protein mediates its function by interfer-
ing with the RNase L activity associated with the induction
of 2'-5" OAS.

Viral antagonists that modulate the innate immune response
have been identified for other RNA viruses, including influ-
enza viruses, paramyxoviruses, rhabdoviruses, filoviruses, bor-
naviruses, flaviviruses, and picornaviruses. Many of the viral
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FIG. 8. MHV A59 interference with type I IFN pathways. MHV
AS59 interferes with the downstream 2'-5" OAS/RNase L and PKR
pathways following treatment of cells with type I IFN. The N protein
blocks the RNase L activity associated with 2'-5" OAS. Recent results
indicate that MHV A59 does not induce IFN-B expression (71).

antagonists are nonstructural proteins. Influenza virus NS1
(23), respiratory syncytial viruses NS1 and NS2 (38, 56), rota-
virus NSP1 (4), and hepatitis C NSP5 (27) are examples of
nonstructural proteins that modulate the innate immune re-
sponse. Among the structural proteins of RNA viruses that
have been implicated as IFN antagonists, only one nucleocap-
sid protein, the core protein of hepatitis C virus, is known at
this time to play a role in immune evasion. Expression of
hepatitis C virus core protein is associated with increase in
suppressor of cytokine signaling 3 (SOCS-3) in cultured cells
(9). Recently, induction of SOCS-1 and SOCS-3 was shown to
be involved in hepatitis C virus core-gc1qR complex induction
of T-cell inhibition (68).

Our results demonstrate that the N protein, not the internal
ORF protein, is responsible for interference with the RNase L
activity associated with the 2'-5" OAS pathway. Essentially all
of the group II coronaviruses, including a large number of
MHYV strains, bovine coronavirus, and human coronavirus
OC43, have an internal open reading frame in the N gene. In
the case of MHV A59, the I ORF is in the +1 reading frame
relative to the N ORF. The ~23-kDa I protein is expressed in
virus-infected cells and is present in purified virions (20, 55),
but the function of the protein is not understood. It was pre-
viously shown that expression of the I ORF is not essential for
replication of MHYV in tissue culture or in mice, and the mu-
tant virus was reported to be equivalent to the parental MHV
AS59 virus in sensitivity to the effects of low doses of IFN, even
though data were not shown for the latter (20). This suggested
to us that the I ORF gene product was probably not the
antagonist. Nonetheless, it was important to show that this is
the case, since there is precedent for internally encoded pro-
teins that function as IFN antagonists. The phosphoprotein (P)
genes of a number of viruses in the Paramyxovirinae subfamily
encode type I IFN antagonists (reviewed in reference [28]).
The P protein is a cofactor of the viral polymerase and, like the

AlUN 199N Aq STOZ ‘v Areniga- uo /Bio wise IAl//:dny wody papeojumoq


http://jvi.asm.org/

VoL. 81, 2007

coronavirus N protein, is involved in RNA replication and/or
transcription. The V and C proteins are encoded within the P
gene and are expressed by mRNA editing. Examination of the
MHYV AI virus lacking the ORF suggested that the I ORF
product is not responsible for the interferon-resistant pheno-
type of MHV A59 and that the N protein is responsible for
interference with the RNase L activity. The virus may have
redundant processes by which it antagonizes the 2’-5" OAS
pathway which would mask any contribution of the I ORF in
the MHV background. However, our results demonstrating
that the N gene without the I ORF rescues translation com-
parably to the WT N gene indicates that the N protein is
responsible for the antagonist activity.

The coronavirus N proteins are multifunctional viral gene
products that encapsidate the viral genome. The protein is a
major structural component of virions that plays a role in virus
assembly through interactions with the viral RNA and the M
protein and through N-N interactions (19, 33, 44). The protein
also plays a not yet fully understood role in viral RNA synthe-
sis. Recovery of infectious cloned coronaviruses is increased
when N protein transcripts are included during RNA transfec-
tion (1, 10, 69). Recent data strongly support earlier studies by
providing direct evidence that N is involved in viral RNA
replication and/or transcription (52). N may also be involved in
translation of viral mRNAs (62).

Coronavirus N proteins share functional and structural fea-
tures, and some motifs within the proteins are conserved. All N
proteins are phosphorylated and highly basic, with isoelectric
points of 10.3 to 10.7 (36). However, the proteins are not highly
conserved at the amino acid level. MHV AS59 N protein shares
93% identity with the proteins from the closely related JHM
and MHYV 1 strains. The homologies between MHV A59 N
and the proteins from two other well-characterized group II
viruses, bovine CoV and human CoV OC43, are 68% and 69%,
respectively. The homology with SARS-CoV N is 34%, similar
to the 31 to 32% homology to group I transmissible gastroen-
teritis virus, human coronavirus 229E, and group III infectious
bronchitis virus. It remains to be determined whether the N
proteins from other coronaviruses function as IFN antagonists,
but the expectation is that some will, especially in light of the
recent identification of the SARS-CoV N antagonist.

Coronavirus N proteins bind RNA (3, 13, 42, 59). Aside
from encapsidating the genome that is packaged into virions
(14, 39), MHV N interacts with both genomic RNA and sub-
genomic mRNAs, as well as RNA intermediates containing
both positive- and negative-stranded RNAs in virus-infected
cells, since all of these can be coimmunoprecipitated with N-
specific antibodies (3). RNA binding is not absolutely re-
stricted to viral RNA, since N also binds non-MHV RNA
transcripts when expressed in virus-infected cells and in in vitro
binding assays (13, 42, 45). However, the protein binds coro-
navirus RNAs more efficiently than nonviral RNAs (13). Be-
cause of its RNA binding properties, it is attractive to specu-
late that N might exert its interference with the PKR and 2'-5’
OAS pathways through its binding to dsRNA. Both the PKR
and 2'-5" OAS pathways are activated by dsRNA.

The argument that the N protein may exert its antagonist
activity through binding to dsRNA is suggested by the fact that
the N gene rescues the IFN-sensitive AE3L vaccinia virus mu-
tant, which lacks the E3L gene, that exerts its antagonist ac-
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tivity in part by binding to dsRNA (12). The MHV N gene
clearly blocks the RNase L activity both in MHV-infected cells
and in the VV background when replacing the E3L gene.
However, expression of the N gene alone only partially restores
protein synthesis and does not appear to prevent phosphory-
lation of PKR in the VV background. This suggests either that
N does not antagonize the PKR pathway or that it may not be
a sufficiently strong enough dsRNA binding protein to strongly
inhibit PKR, at least in the VVAE3L background.

Many viruses have evolved mechanisms to interfere with the
function of PKR. Viral antagonists have been identified that
target PKR function by interfering with dsRNA activation,
preventing dimerization, blocking kinase activity or down-
stream substrate interactions, promoting degradation or pro-
tein expression, or interfering with downstream substrates or
processes (21). PKR does not appear to be degraded in MHV-
infected cells, since the amount of total PKR is not diminished.
We think that it is unlikely that PKR dimerization is disrupted.
PKR in MHV-infected cell lysates was heavily phosphorylated
in an in vitro kinase assay, though we cannot exclude the
possibility that an inhibitor(s) might have been lost during
immunoprecipitation (data not shown). It is possible that PKR
is phosphorylated during MHV infection but that it is dephos-
phorylated by a phosphatase. A phosphatase might not be
coimmunoprecipitated or nonfunctional in the in vitro kinase
reaction. We have coimmunoprecipitated N with PKR from
virus-infected cells, but the significance of this remains to be
determined.

In addition to VV, a number of other viruses have also
evolved strategies to counteract the 2'-5" OAS pathway. An
RNase L inhibitor protein which down regulates the 2'-5’
OAS/RNase L pathway is induced during human immunode-
ficiency virus type 1 infection of T cells (40). Encephalomyo-
carditis virus also down regulates RNase L activity through
increased expression of the RNase L inhibitor (41). Herpes
simplex virus type 1 infection induces synthesis of 2'-5" OAS
derivatives that antagonize RNase L activation (11). Studies to
determine the mechanism by which the N protein interferes
with the pathway are under way.

One possible mechanism by which MHV may circumvents
the effects of IFN is through the inaccessibility of dsRNA
intermediates to activate the PKR and 2'-5" OAS pathways
during MHYV infection. CoV RNA replication takes place in
the cytoplasm in double-membrane vesicles that contain the
viral replicase proteins and N (49). These complexes could
sequester dSRNA and prevent PKR and 2'-5" OAS activation.
Since expression of the N protein alone does not inhibit phos-
phorylation of PKR, it is possible that another viral protein(s)
is involved. One or more of the 15 or 16 replicase proteins that
result from processing of the gene 1 polyprotein early in in-
fection are potentially good candidates that may provide a
second viral antagonist function that also plays a role in help-
ing subvert the antiviral response.

Little is known about how coronaviruses affect the innate
immune system. A large number of murine coronavirus iso-
lates, variants, and subtypes exist, which exhibit different tro-
pism and pathogenesis (for recent reviews, see references 8, 47,
and 66). Some coronaviruses are known to induce IFN expres-
sion, and the type of glycosylation linkage on the M protein
affects induction (5, 15). Early studies indicated that sensitivity
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to type I IFN is strain specific (24, 61). A recent report indi-
cates that MHV JHM and MHV A59 do not induce expression
of IFN in infected cultured cells and that IFN-$ transcription
factors NF-kB and IRF-3 are not activated (71). Microarray
analysis suggest that NF-kB mRNA levels decreased during
MHYV infection (65). Minimal transcriptional activation of the
PKR and 2'-5" OAS genes was recently reported for MHV 1
(72).

SARS-CoV inhibits IFN-B expression through interference
with IRF-3 activation (32, 57). The three SARS virus antago-
nists that were recently identified inhibit the IFN response at
different levels (32). NF-«B is inhibited by the SARS N pro-
tein. The ORF 3b and ORF 6 gene products interfere with
expression from an IFN-stimulated response element. ORF 6
protein inhibits STAT1 nuclear translocation.

Understanding the molecular mechanism by which corona-
viruses interfere with type I IFN activity and identification of
other viral parameters and/or genes that are involved are ob-
viously important. Our results provide insight into one part
of the picture, the response of MHV A59 to IFN treatment and
the impact of the virus on two downstream pathways (Fig. 8).
The innate immune response is complex, involving induction of
IFN expression and many potential downstream signaling
pathways. It is likely that MHV, as well as other coronaviruses,
use a combination of mechanisms that target multiple steps to
avoid the antiviral effects of the IFN system. Ultimate under-
standing of the overall interactions between coronaviruses and
the host innate response will provide insight into the patho-
genesis of the viruses. Additionally, the information may aid in
the design of antiviral reagents and attenuated virus vaccines.
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