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Previous studies have demonstrated that the murine coronavirus mouse hepatitis virus (MHV) nonstructural protein 2 (ns2) is a
2=,5=-phosphodiesterase that inhibits activation of the interferon-induced oligoadenylate synthetase (OAS)-RNase L pathway.
Enzymatically active ns2 is required for efficient MHV replication in macrophages, as well as for the induction of hepatitis in
C57BL/6 mice. In contrast, following intranasal or intracranial inoculation, efficient replication of MHV in the brain is not de-
pendent on an enzymatically active ns2. The replication of wild-type MHV strain A59 (A59) and a mutant with an inactive phos-
phodiesterase (ns2-H126R) was assessed in primary hepatocytes and primary central nervous system (CNS) cell types—neurons,
astrocytes, and oligodendrocytes. A59 and ns2-H126R replicated with similar kinetics in all cell types tested, except macrophages
and microglia. RNase L activity, as assessed by rRNA cleavage, was induced by ns2-H126R, but not by A59, and only in macro-
phages and microglia. Activation of RNase L correlated with the induction of type I interferon and the consequent high levels of
OAS mRNA induced in these cell types. Pretreatment of nonmyeloid cells with interferon restricted A59 and ns2-H126R to the
same extent and failed to activate RNase L following infection, despite induction of OAS expression. However, rRNA degrada-
tion was induced by treatment of astrocytes or oligodendrocytes with poly(I·C). Thus, RNase L activation during MHV infection
is cell type specific and correlates with relatively high levels of expression of OAS genes, which are necessary but not sufficient for
induction of an effective RNase L antiviral response.

The murine coronavirus mouse hepatitis virus (MHV) is an
enveloped, positive-strand RNA virus of the coronavirus fam-

ily within the nidovirus order. MHV is a collection of strains with
tropisms for different organs, including the liver and central ner-
vous system (CNS), and thus provides models for the study of
acute encephalitis and hepatitis, as well as chronic demyelinating
disease. The MHV-A59 strain (A59) used in this study induces
mild encephalitis and moderate hepatitis. Studies of the patho-
genesis of MHV strains and recombinant chimeric MHVs have
shown that postentry virus-host interactions have significant im-
pact on organ tropism and virulence in MHV-infected mice (1, 2).

The type I interferon (IFN) response is an early innate response
that is crucial to survival of mice following infection with many
viruses, including MHV (3–5). During infection, viral double-
stranded RNA (dsRNA) is recognized by pattern recognition re-
ceptors, such as MDA5 in the case of MHV in most cell types
(3–5); this leads to the synthesis of type I IFN (Fig. 1). Alpha/beta
IFN (IFN-�/�) induces expression of interferon-stimulated genes
(ISGs) encoding pattern recognition receptors, transcription fac-
tors, and antiviral effectors, including multiple oligoadenylate
synthetase (OAS) proteins. Viral dsRNA directly binds to and ac-
tivates OAS to synthesize 2=,5=-linked oligoadenylates (2-5A),
which induce RNase L dimerization and activity (6–9). RNase L is
a particularly potent antiviral effector in that it both directly
cleaves viral and host RNA, thereby reducing the amount of viral
RNA available for replication and packaging of the genome into
progeny virus, and inhibits host and viral protein synthesis. In
addition, RNase L-mediated cleavage generates additional small
RNAs that can be recognized by cytoplasmic pattern recognition
receptors, further amplifying IFN synthesis (7). Importantly, and
unlike most other IFN-induced activities, activation of the OAS-
RNase L pathway requires both viral infection (production of

dsRNA) and type I IFN exposure (upregulation of OAS) in the
same cell in order to produce sufficient 2-5A to activate RNase L.

Many viruses, including MHV, have evolved mechanisms to
avoid and/or antagonize host type I IFN responses (10), including
the OAS-RNase L pathway (7). We have shown previously that the
A59 accessory protein nonstructural protein 2 (ns2) is a type I IFN
antagonist. ns2 has 2=,5=-phosphodiesterase activity that cleaves
2-5A, thereby antagonizing the activation of the OAS-RNase L
pathway (11). An ns2 mutant of A59 (ns2-H126R), expressing an
inactive phosphodiesterase, was unable to replicate efficiently in
macrophages derived from C57BL/6 (B6) mice, indicating that an
active ns2 is required for robust replication of A59 in that cell type.
However, ns2-H126R was able to replicate efficiently in macro-
phages derived from mice deficient in either type I interferon re-
ceptor expression (IFNAR�/�) or RNase L expression (RNase
L�/�) (2, 11). These and other published data (2, 11) led us to
conclude that ns2 antagonizes IFN signaling by downregulating
RNase L activation. Furthermore, in vivo, ns2 acts as an organ-
specific virulence factor that is required for efficient hepatic virus
replication and pathology in B6 mice (2, 12). Macrophage deple-
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tion promoted the replication of ns2-H126R in the liver to a level
close to that of wild-type virus. This observation emphasizes the
crucial role of the type I IFN response in macrophages in protect-
ing the host from MHV-induced hepatitis (2).

In contrast to its infection of the liver, ns2-H126R can replicate
efficiently, to an extent similar to that of A59, in the CNS of B6
mice, as well as in cell lines and some primary cells (2). Here, we
have further investigated the mechanisms underlying the organ-
and cell-type-specific requirements for ns2-mediated IFN antag-
onism in the efficient replication of MHV. We have compared the
OAS mRNA expression levels, as well as the replication of A59 and
ns2-H126, between the liver and the brain, and also among mac-
rophages and brain and liver parenchymal cell types. Our data
suggest that activation of the OAS-RNase L pathway depends in
part on the levels of expression of OAS genes. Furthermore, acti-
vation of this pathway is most robust in myeloid lineage cells, and
successful replication in myeloid cells is a prerequisite for replica-
tion in the liver, but not in the CNS.

MATERIALS AND METHODS
Cell lines, viruses, and mice. Murine L2 fibroblasts were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), HEPES (10 mM), and 1% penicillin-streptomy-
cin. Plaque assays were performed on L2 cells as described previously (13).
The recombinant coronaviruses inf-MHV-A59 (referred to as A59 here)
and inf-ns2-H126R (referred to as ns2-H126R here) were obtained from
Stuart Siddell (University of Bristol, Bristol, United Kingdom) and have
been described previously (2, 11, 12). C57BL/6 mice were purchased from
the National Cancer Institute (Frederick, MD). RNase L�/� mice (bred
for 10 generations to obtain a B6 background) were described previously
(9) and were further bred in the facility at the University of Pennsylvania.
Sendai virus (SeV) strain Cantell (14) was obtained from Carolina Lopez,
University of Pennsylvania; LaCrosse virus (15) was obtained from Sa-
mantha Soldan, University of Pennsylvania; encephalomyocarditis virus
(EMCV) (16) was obtained from Ian M. Kerr (Cancer Research United
Kingdom, London, United Kingdom), and Newcastle disease virus ex-
pressing green fluorescent protein (NDV-GFP) (17) was obtained from
Adolfo Garcıa-Sastre (Mount Sinai School of Medicine, New York, NY).

Infection of mice. Four- to 5-week-old B6 mice or RNase L�/� mice
were anesthetized with isoflurane (IsoFlo; Abbott Laboratories) and inoc-
ulated intracranially in the left cerebral hemisphere with 200 PFU in 25 �l
or intranasally in each nostril with 105 PFU of A59 or ns2-H126R in 20 �l
of PBS containing 0.75% BSA. Organs were harvested at day 5 postinfection,

and viral titers were determined by plaque assay on L2 cells. The University of
Pennsylvania IACUC approved all experimental procedures.

qRT-PCR. RNA was isolated with an RNeasy minikit (Qiagen, Valen-
cia, CA). Quantitative real-time reverse transcriptase PCR (qRT-PCR)
was performed as described previously (2). Briefly, 200 ng (cells) or 350 ng
(tissue) of total RNA was transcribed into cDNA using reverse trans-
criptase (Superscript III; Invitrogen) in a total volume of 20 �l. Then,
2 �l of cDNA was combined with 12.5 �l of iQ5 SYBR green mix
(Bio-Rad, Hercules, CA), 6.5 �l diethyl pyrocarbonate (DEPC)-
treated water, and 4 �l primer mix (5 �M each). DNA was amplified
using an iQ5 iCycler (Bio-Rad), and cycle threshold (CT) values were
recorded. mRNA levels were quantified as �CT values relative to actin
mRNA [�CT � CT(gene of interest) � CT(�-actin)]. Relative mRNA expres-
sion levels were expressed using the formula 2��CT.

Primary cell cultures. (i) Bone marrow-derived macrophages. Pri-
mary bone marrow-derived macrophages (BMM) were generated from
the hind limbs of B6 or RNase L�/� mice as described previously (11, 18)
and cultured in DMEM supplemented with 10% FBS and 20% L929 cell-
conditioned medium for 6 days before infection. Cultures were routinely
�99% pure as assessed by positive staining for expression of CD11b and
negative staining for expression of CD11c.

(ii) Neurons. Hippocampal neurons were prepared from embryonic
day 15 (E15) to E16 mouse embryos, seeded onto poly-L-lysine-coated
tissue culture plates, and cultured in neurobasal medium containing B-27
supplement (Invitrogen), 1% penicillin-streptomycin, 2 mM L-glu-
tamine, and 4 �g/ml glutamate for 4 days in the absence of an astrocyte
feeder layer, as previously described (19). After 4 days in vitro, the neuron
cultures were infected and/or treated with IFN-� as described above. Neu-
ron cultures were routinely 95 to 98% pure, as determined by positive
immunostaining for MAP2 and negative immunostaining for CD11b
(microglia-specific marker), glial fibrillary acidic protein (GFAP) (astro-
cyte-specific marker), and OLIG2 (oligodendrocyte-specific marker)
(19).

(iii) Astrocytes. Primary astrocyte cultures were generated from the
brains of 1- to 3-day-old neonatal B6 mice. Tissue was dissociated by
mechanical disruption through nylon mesh and plated in complete me-
dium consisting of minimal essential medium (MEM) supplemented with
10% FBS, 1% nonessential amino acid solution, 2 mM L-glutamine, 1%
penicillin-streptomycin, and 10 mM HEPES. After 9 to 11 days in culture,
the flasks were shaken to remove nonadherent cells, and the remaining
adherent cells were �95% pure astrocytes, as determined by positive im-
munostaining for GFAP (2).

(iv) Microglia. Primary microglia cultures were generated from neo-
natal mice similarly to astrocyte cultures. However, the cells were plated in
complete medium consisting of DMEM supplemented with 10% FBS, 2
mM L-glutamine, 50 U/ml penicillin, and 50 �g/ml streptomycin. After 12
days in culture, the flasks were shaken at 200 rpm for 45 min to remove
nonadherent cells, including microglia. These cells were plated, and after
30 min, the medium was replaced to remove any floating cells. Microglia
cultures were �95% pure, as determined by positive immunostaining for
CD11b and negative staining for GFAP (2).

(v) Oligodendrocytes. To establish cultures of mouse oligodendro-
cytes, a mixed population of cells was isolated from forebrains of C57BL/6
mice and seeded on 100-mm petri dishes in a serum-free growth medium
with platelet-derived growth factor (PDGF), fibroblast growth factor 2
(FGF2), and NT-3, as previously described (20). Once confluent, oligo-
dendrocyte lineage cells were purified using a modified wash-down pro-
cedure to remove astrocytes and other contaminating cells (20). The oli-
godendrocyte precursors were plated on polylysine-coated 12-mm
coverslips in 24-well dishes. The growth medium was removed from the
cultures, and the cells were fed with “differentiation medium” (DM) (21).
Immature oligodendrocytes appeared within 2 days, at which time cells
were infected or treated with IFN as described below and in Results.

(vi) Hepatocytes. Mouse primary hepatocytes were isolated using a
two-step collagenase perfusion technique involving sequential perfusion

FIG 1 Canonical type I IFN induction and signaling pathway. (Gray) MHV
RNA is recognized by MDA5, leading to expression of IFN-�. IFN-� mediates
the transcription of antiviral ISGs. (Black) OAS-RNase L pathway. dsRNA
activates OAS, which synthesizes 2-5A. The oligonucleotide activates RNase L
to degrade viral and cellular RNA. MHV ns2 can degrade 2-5A.
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of the liver with EDTA and collagenase (Invitrogen). Hepatocytes were
plated on collagen-coated plates (BD Biosciences) in William E medium
(Sigma), a modified MEM used for long-term culture of adult liver epi-
thelial cells, supplemented with 10% fetal bovine serum and antibiotics.
The cells were allowed to attach for 2 h before switching to William E
medium supplemented with 1% (vol/vol) nonessential amino acids (3).

Infections of cell cultures. Virus was added to cells at a multiplicity of
infection (MOI) of 1 PFU/cell and allowed to adsorb for 1 h at 37°C.
Cultures were washed with PBS (3 times) and then fed with medium as
described for each cell type. The culture supernatants were harvested at
the times indicated for the specific experiments, and the titers were deter-
mined by plaque assay on L2 cells.

Bioassay for interferon. Supernatants recovered from cells that were
infected with A59 at an MOI of 1 PFU/cell were exposed to 6,000 J/m2 UV
light in a Stratalinker 1800 (Stratagene) to inactivate the virus. L2 mouse
fibroblasts were treated with the UV-inactivated supernatants for 24 h and
then infected with NDV-GFP at an MOI of 1 PFU/cell. Control cells were
treated with 100 U/ml universal IFN-� for 24 h and then infected with 1
PFU/cell of NDV-GFP. At 24 h postinfection (p.i.), cells were examined
for enhanced-GFP (EGFP) expression under a Nikon Eclipse 2000E-
Ufluorescence microscope, and images were acquired using SPOT imag-
ing software (Diagnostic Instruments).

Interferon sensitivity assay. Neurons, astrocytes, oligodendrocytes,
and microglia were pretreated with 100 U/ml of universal human IFN-�.
After treatment for 16 to 24 h, the medium was removed, and the cells
were infected with MHV at an MOI of 1. At the indicated time points,
supernatants were harvested and stored at �80°C. The titers of released
virus were determined by plaque assay on L2 cells.

RNase L-mediated rRNA cleavage. For quantification of rRNA cleav-
age, total RNA from virus-infected cells was isolated using an RNeasy kit
(Qiagen) and quantified using a Nanodrop analyzer. Equal amounts of
RNA were separated on RNA chips and analyzed with an Agilent Bioana-
lyzer 2100 (Agilent Technologies) as described previously (11, 22).

Immunofluorescent staining. Hepatocytes were fixed in PBS con-
taining 4% paraformaldehyde (Electron Microscopy Sciences), blocked
with 1.5% normal goat serum, and immunolabeled with a mouse mono-
clonal antibody (1.16.1) directed against the MHV nucleocapsid protein
(a gift from Julian Leibowitz, Texas A&M University). Primary antibody
was detected with goat anti-mouse Alexa Fluor 488 (Invitrogen). Fluores-
cence was visualized with a Nikon Eclipse 2000E-Ufluorescence micro-
scope, and images were acquired using SPOT imaging software (Diagnos-
tic Instruments).

Poly(I·C) transfection. Confluent astrocyte and neuron cultures in
12-well plates were transfected with 10 �g/ml of poly(rI)·poly(rC)
[poly(I·C)] (Sigma) using Lipofectamine 2000 (Life Technologies) ac-
cording to the manufacturer’s protocol. The cells were harvested 6 h after
transfection and lysed with TRIzol to isolate RNA for Bioanalyzer analysis,
also referred to as RNA chip analysis.

Statistical analysis. An unpaired two-tailed t test was used to deter-
mine statistical significance. All data were analyzed with GraphPad Prism
software (GraphPad Software, Inc., CA).

RESULTS
MHV replication depends on ns2-phosphodiesterase activity in
an organ-specific manner. MHV strain A59 infects predomi-
nantly the CNS and the liver, resulting in mild encephalitis and
moderate hepatitis (23). We have shown previously that amino
acid substitution at either of the predicted catalytic phosphodies-
terase residues, H46A or H126R, of the A59 ns2 protein confers
attenuation of viral replication and pathogenicity in the liver, but
not in the brain, in B6 mice (2). We have now compared replica-
tion of wild-type A59 and mutant ns2-H126R in the brain and
liver between RNase L�/� mice and B6 mice by quantifying the
infectious viral titers in each organ 5 days following intracranial

inoculation with 200 PFU/mouse of each virus, which corre-
sponds to the peak of viral infection (Fig. 2A). The infectious virus
titers did not differ significantly between the brains of B6 and
RNase L�/� mice infected with either A59 or mutant ns2-H126R.
In contrast, titers of ns2-H126R were more than 100-fold lower
than those of A59 (P � 0.0052) in the livers of infected B6 mice at
5 days p.i., consistent with previously observed results of intrahe-
patic inoculation (2, 11). The titers of ns2-H126R and A59 in the
livers of RNase L�/� mice were not significantly different, further
illustrating the role of ns2 as an antagonist of RNase L activation.

FIG 2 Replication of A59 and ns2-H126R in the liver and the brain in B6 and
RNase L�/� mice. (A) B6 and RNase L�/� mice were inoculated intracranially
with 200 PFU/mouse of A59 or ns2-H126R (n � 5). The mice were sacrificed
at 5 days p.i., the brains and livers were harvested, and the virus titers were
determined by plaque assay. (B) B6 and RNase L�/� mice were inoculated
intranasally with 2 � 105 PFU/mouse of A59 or ns2-H126R (n � 5). The mice
were sacrificed at 5 days p.i., the brains and livers were harvested, and the virus
titers were determined by plaque assay. Dashed lines designate the lower limit
of detection. (C) RNA was extracted from the livers and brains of uninfected
mice (n � 5); expression levels of OAS1a, OAS2, OAS3, and RNase L mRNAs
were assessed by qRT-PCR. mRNA expression levels relative to that of �-actin
mRNA were expressed as 2��CT [�CT � CT(gene of interest) � CT(�-actin)]. The
data are from one representative of two experiments performed and are shown
as the means � standard errors of the mean (SEM). ***, P 	 0.001.
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We reasoned that host defenses might be higher when virus
enters the brain by a more natural route of infection (24). Thus, to
further investigate the requirement for ns2 expression for MHV
replication in the CNS, B6 mice were infected intranasally with
2 � 105 PFU A59 or ns2-H126R and the virus titers in the brain
and liver 5 days p.i. were quantified (Fig. 2B). Again, the titers in
the brain did not differ significantly between A59- and ns2-
H126R-infected mice 5 days p.i., while the titers of A59 in the liver
were significantly greater than those of ns2-H126R (P � 0.0006).
The A59 titers in the liver were approximately 1,000-fold higher
than the minimal titers of ns2-H126R. Thus, dispensability of ns2
activity for replication in the brain was independent of the route of
inoculation.

RNase L activation depends on the level of 2-5A, which is pro-
duced by several OAS proteins upon activation by viral dsRNA.
We used qRT-PCR to compare the basal levels of expression of
three active OAS genes, OAS1a, OAS2, and OAS3 genes, between
the brains and livers of uninfected B6 mice (11) (Fig. 2C). We
found that the basal mRNA expression levels of OAS1a, OAS2,
and OAS3 genes in naive mice were significantly higher in the liver
than in the brain, as we reported previously for other IFN-induced
genes (2). This suggests that the basal level of OAS might influence
the host’s ability to activate RNase L and restrict MHV infection in
an organ-specific manner. The basal levels of RNase L mRNA
expression were similar between the brain and liver (Fig. 2C) and
do not likely contribute to the differences in the effects of viral
phosphodiesterase activity.

Efficient replication of MHV in hepatocytes does not require
antagonism of the OAS-RNase L pathway. We previously ob-
served that macrophages, unlike transformed fibroblast lines and
other primary cell types tested, restrict replication of ns2-H126R
more effectively than that of A59 and that in vivo depletion of
macrophages allowed ns2-H126R to cause hepatitis in B6 mice
(2). Based on these data, we hypothesized that liver parenchymal
cells were less well prepared than macrophages to restrict MHV.
To test this hypothesis, we compared replication of A59 and ns2-
H126R in hepatocytes, the most abundant cell type in the liver
parenchyma, and in macrophages. Primary hepatocyte cultures
(Fig. 3A) and BMM (Fig. 3B) were infected with A59 or ns2-
H126R, and the replication kinetics were compared between the
isolates for each cell type. While BMM severely restricted ns2-
H126R replication relative to A59, the viruses replicated with sim-
ilar kinetics and to similar final titers in primary hepatocytes. In
addition, both viruses produced syncytia in hepatocytes, as ob-
served by staining the cultures with an antibody directed against
the MHV nucleocapsid protein (Fig. 3C). We next compared the
effects of IFN pretreatment on replication of A59 and ns2-H126R
in hepatocytes. Cultures were treated with 100 U/ml of IFN-� for
24 h before infection. Virus was quantified from the supernatant
at several times postinfection. IFN treatment of hepatocytes de-
creased viral titers 100-fold relative to control wells by 16 h p.i.
(Fig. 3D). However, ns2-H126R and A59 replicated to similar lev-
els in IFN-treated cells, indicating that IFN treatment of hepato-
cytes induces a robust anti-MHV response that is not dependent
on RNase L activation. Consistent with this observation, RNase
L-mediated degradation of rRNA was not detected in hepatocytes
infected with A59 or ns2-H126R, as assessed by Bioanalyzer anal-
ysis (see Materials and Methods) (Fig. 3E).

We reasoned that an adequate level of expression of OAS, the
producer of 2-5A, would be a requirement for the activation of

FIG 3 Replication of A59 and ns2-H126R in primary hepatocytes. (A and B)
Primary hepatocyte (A) or BMM (B) cultures were infected with A59 or ns2-
H126R (1 PFU/cell); at the times indicated, the virus titer was determined from
the supernatant. (C) Primary hepatocyte cultures were infected with A59 or
ns2-H126R (1 PFU/cell); at 16 h p.i., the cells were stained with DAPI (4=,6-
diamidino-2-phenylindole) to locate cellular nuclei (blue) and an antibody
directed against MHV nucleocapsid protein to visualize virus (green). The
cultures were examined under a Nikon Eclipse 2000E-U-fluorescence micro-
scope. (D) Primary hepatocyte cultures were treated with 100 U/ml IFN for 24
h and then infected with A59 or ns2-H126R and treated as for panel A. The
hepatocytes used in panels A and D were prepared from the same mouse.
(E) RNA was extracted from infected hepatocytes and BMM (16 h postin-
fection), and rRNA degradation was assessed with a Bioanalyzer. The data
are from one representative of two experiments. The growth curves were
performed in BMM in triplicate and in hepatocytes in duplicate and are
shown as the means � SEM. **, P 	 0.01; ***, P 	 0.001.
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RNase L and, furthermore, that the level of OAS could vary among
cell types. To further investigate the mechanisms underlying the
difference in RNase L activation between macrophages and hepa-
tocytes, we compared the basal levels of expression of several genes
encoding active OAS proteins and found that OAS mRNA levels
were 100- to 1,000-fold higher in macrophages than in hepato-
cytes (Fig. 4A). Even following MHV infection, at 16 h p.i., OAS1a
mRNA levels remained comparatively low in hepatocytes relative
to macrophages (Fig. 4B). In addition, while MHV infection of
BMM significantly induced IFN-� mRNA expression at 16 h p.i.
relative to mock infection, mRNA levels remained low in infected
hepatocytes (Fig. 4C). Similar to the pattern of OAS mRNA ex-
pression, the basal levels of ISG mRNAs encoding a group of pat-
tern recognition receptors, transcription factors, and antiviral
genes involved in the host response to viruses (Fig. 4D) were also
higher in BMM than in hepatocytes, which may in part explain the
weak induction of IFN-� mRNA in hepatocytes relative to BMM.
The levels of RNase L mRNA were not significantly different in
BMM and hepatocytes (data not shown).

MHV replication is restricted by the OAS-RNase L antiviral
pathway in microglia but not in neurons, astrocytes, or oligo-
dendrocytes. As shown above, antagonism of RNase L is not re-
quired for efficient MHV replication in the brain. Thus, we inves-
tigated the ability of each of the major CNS cell types to restrict
A59 and ns2-H126R infection (Fig. 5). Primary cultures of hip-
pocampal neurons, oligodendrocytes, astrocytes, and microglia
were each prepared as described in Materials and Methods and
previously (3, 19, 20). Cultures were infected at an MOI of 1 PFU/
cell, and cells were harvested at optimal times postinfection for

FIG 4 OAS and IFN-� mRNA expression in hepatocytes and BMM. (A) RNA
was extracted from BMM and hepatocytes, and basal levels of OAS1a, OAS2,
and OAS3 mRNA expression were quantified by qRT-PCR. (B) Hepatocytes
and BMM were infected with A59 or ns2-H126R (1 PFU/cell); RNA was ex-
tracted at 16 h p.i., and OAS1a mRNA expression was quantified by qRT-PCR.
(C) IFN-� mRNA levels were quantified by qRT-PCR using the same RNAs as
in panel B. (D) Basal levels of ISG mRNAs, including MDA5, STAT1, IRF-7,
IFIT1, and ISG15, were quantified in BMM and hepatocytes by qRT-PCR.
mRNA expression levels relative to �-actin mRNA were expressed as 2��CT

[�CT � CT(gene of interest) � CT(�-actin)]. The data are from one representative of
two experiments, performed in triplicate, and are shown as means � SEM.

FIG 5 Infection of primary neural cells with A59 and ns2-H126R. Primary cell cultures of neurons (A), oligodendrocytes (B), astrocytes (C), microglia (D), and
RNase L�/� microglia (E) were infected with A59 and ns2-H126R (1 PFU/cell). The virus titer was determined from the supernatant at the times indicated. The
data are from one of two replicate experiments (panel E, one experiment) performed in triplicate and are shown as means � SEM. **, P 	 0.01.
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assessing the growth kinetics of the virus in each cell type. There
were no significant differences in titers between A59 and ns2-
H126R in neuron (Fig. 5A), oligodendrocyte (Fig. 5B), or astro-
cyte (Fig. 5C) cultures at the times examined. However, in micro-
glia (Fig. 5D), the titer of ns2-H126R was 10-fold lower than that
of A59 at 24 h postinfection. Thus, like BMM, microglia preferen-
tially restricted ns2-H126R. Furthermore, ns2-H126R replicated
to the same extent as A59 in microglia derived from RNase L�/�

mice (Fig. 5E), indicating that restriction of ns2 mutant virus in B6
microglia was due to activation of RNase L, as observed previously
in BMM (11).

Activation of RNase L activity correlates with high basal and
induced levels of OAS genes and IFN signaling. To investigate
the possibility that the basal levels of ISGs contribute to and/or
predict viral restriction, we quantified the basal mRNA expression
levels of OAS genes (Fig. 6A), as well as a selection of other ISGs
(Fig. 6B), in the major cell types of the CNS parenchyma. The
levels of basal ISG mRNA (Fig. 6A and B) were greater in microglia
than in other CNS cell types, as might be expected for cells of
macrophage lineage. The basal levels of ISG mRNAs, especially the
OAS mRNAs, expressed in neurons and oligodendrocytes (Fig.
6A) were low, near the limit of detection and at least 100- to
1,000-fold lower than in microglia, while astrocytes expressed in-
termediate mRNA levels. Next, we examined the OAS mRNA lev-
els after viral infection of these CNS cell types (Fig. 6C). At 24 h

postinfection with A59 or ns2-H126R, the OAS mRNA levels in
neuron and oligodendrocyte cultures were still at or near the limit
of detection by qRT-PCR, indicating that MHV does not directly
induce the expression of OAS in these two cell types. However, in
astrocytes and microglia, infection induced significant upregula-
tion of OAS mRNAs, up to 50-fold for OAS2. However, the levels
in astrocytes were still 10- to 100-fold lower than in microglia. A59
and ns2-H126R elicited similar levels of induction.

We reasoned that the lack of preferential restriction of ns2-
H126R in CNS cell types other than microglia was due to subop-
timal levels of OAS, leading to insufficient production of 2-5A and
the consequent lack of activation of RNase L. In order to directly
assess the degree of RNase L activity induced during infection of
CNS cells, we compared the extents of rRNA cleavage in neurons,
oligodendrocytes, astrocytes, and microglia infected at 24 h p.i.
with either ns2-H126R or A59 (Fig. 7A). Bioanalyzer analysis of
RNA from infected cells showed that neither virus induced detect-
able rRNA cleavage in neurons, oligodendrocytes, or astrocytes,
consistent with the lack of preferential restriction of ns2-H126R in
these cell types. In contrast, ns2-H126R, but not A59, induced
rRNA cleavage in microglia.

We had observed that MHV failed to induce expression of type
I IFN in many cell types (3, 25) and hypothesized that low OAS
mRNA levels in MHV-infected primary cultures (Fig. 6C) could
be attributed to insufficient IFN production. Indeed, analysis of

FIG 6 OAS expression in primary neural cell cultures. (A) RNA was extracted from neurons, oligodendrocytes, astrocytes, and microglia, and OAS1a, OAS2, and
OAS3 mRNA expression levels were quantified by qRT-PCR. (B) MDA5, RIG-I, STAT1, IRF-7, IFIT1, IFIT2, and ISG15 mRNA levels were quantified from the
same RNAs as in panel A. (C) Primary cell cultures were infected with A59 or ns2-H126R or mock infected; at 24 h p.i., RNA was extracted and OAS1a mRNA
was quantified. mRNA expression levels relative to �-actin mRNA were expressed as 2��CT [�CT � CT(gene of interest) � CT(�-actin)]. The data are from one
representative of two experiments performed in triplicate and are shown as means and SEM. Dashed lines designate the lower limit of detection.
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IFN-� mRNA levels by qRT-PCR showed that induction by both
A59 and ns2-H126R was more than 100-fold greater in microglia
than in the other cell types tested (Fig. 7B). A bioassay for antiviral
activity (Fig. 7C) confirmed that both A59 and ns2-H126R in-
duced detectable IFN expression in microglia, but not in other cell
types. Thus, these data suggest that activation of the OAS-RNase L
pathway correlates with the ability of MHV to induce IFN produc-
tion and underscores the requirement for simultaneous type I IFN
signaling and viral infection in cells with low basal OAS mRNA
levels.

To assess the effects of IFN pretreatment of cells on ISG mRNA
levels and replication of A59 and ns2-H126R, primary CNS cul-
tures were pretreated with IFN-� (100 U/ml). At 24 h posttreat-
ment, OAS mRNA expression, as quantified by qRT-PCR, was
significantly induced in all cell types, as expected; the OAS1a and
OAS2 mRNA levels in oligodendrocytes were similar to those in
microglia (Fig. 8A). We then assessed replication of A59 and ns2-
H126R in each cell type following IFN pretreatment. IFN pretreat-
ment severely restricted A59 replication in all neural cell types, up
to 1,000-fold in microglia, 100-fold in astrocytes and oligoden-
drocytes, and 10-fold in neurons (Fig. 8B to E), indicating induc-
tion of IFN-dependent antiviral activities. As reported previously
(2), ns2-H126R displayed enhanced sensitivity to IFN pretreat-
ment in microglia similar to that in BMM (Fig. 8E), implying that
RNase L had been activated. In contrast, ns2-H126R displayed
sensitivity to IFN similar to that of A59 in neurons, oligodendro-
cytes, and astrocytes (Fig. 8B to D), suggesting that RNase L had
not been activated despite the increase in OAS levels following IFN
treatment.

Several other viruses also fail to activate RNase L in astro-
cytes, while poly(I·C) activates RNase L in astrocytes and oligo-
dendrocytes. In order to determine whether the failure to activate
RNase L in neurons, astrocytes, and oligodendrocytes was a char-
acteristic of these cell types or specific to MHV, we infected astro-
cytes with three other viruses, EMCV (16), LaCrosse virus (LACV)
(15), and SeV (14) (EMCV and LACV are neurotropic, while SeV
is pneumotropic). We had found that RNase L restricted both SeV
and EMCV in macrophages (11) and that SeV induced IFN-� in
astrocytes (3). However, like A59 and ns2-H126R, EMCV, SeV,
and LACV all failed to induce RNase L-mediated degradation of
rRNA in astrocytes (Fig. 9A), indicating that the failure to activate
RNase L in astrocytes is not specific to MHV.

We next investigated whether neurons or astrocytes, which did
not exhibit RNase L-mediated rRNA degradation in the context of
viral infection, can regulate RNase L activity in response to
poly(I·C). Poly(I·C) serves as a surrogate for dsRNA for both the
induction of type I IFN expression and the activation of OAS. We
treated primary neuron and astrocyte cultures with IFN-� and
transfected them with poly(I·C). RNA was extracted from treated
cells 6 h after poly(I·C) treatment and analyzed for the degrada-
tion of rRNA. rRNA degradation was evident in both cultures,
indicating that RNase L was activated (Fig. 9B). Thus, astrocytes
and neurons have the potential to upregulate RNase L activity, but
this pathway is not activated during infection with a variety of
viruses, including an ns2-H126R mutant expressing an inactive
phosphodiesterase (Fig. 9B).

DISCUSSION

Type I IFN, produced by infected cells, acts in an autocrine and
paracrine manner to induce antiviral activities in both virus-in-

fected cells and neighboring uninfected cells. The OAS-RNase L
pathway is one such antiviral activity induced by IFN. RNase L
mRNA and protein are constitutively expressed in most cell types,
and the activity of RNase L is controlled primarily at the posttran-
scriptional level by the availability of 2-5A (26). Activation of the
OAS-RNase L pathway thus depends on whether the level of OAS
expression, which is induced at the transcriptional level by type I
IFN and activated at the protein level by dsRNA, is sufficient to
synthesize adequate amounts of 2-5A (6–9) (Fig. 1). The cellular
enzyme 2=-phosphodiesterase (2=-PDE) (also known as PDE12)
can cleave 2=,5=-phosphodiesterase linkages. 2=-PDE has been
proposed to degrade 2-5A in vivo and thereby downregulate the
activity of RNase L, presumably to prevent excessive tissue dam-
age (27). A59 can both activate the OAS-RNase L pathway in cer-
tain cell types by recognition of viral RNA by MDA5 and antago-
nize the pathway by expression of its 2=,5=-phosphodiesterase
(ns2) (11), allowing replication in RNase L-activating cells. In
contrast, ns2-H126R activates but cannot antagonize the pathway
and is restricted in such cells. Thus, the outcome of infection de-
pends on the viral genetics, as well as the balance of activation and
antagonism, which in turn is cell type specific.

Previous studies from our laboratory (2, 11) and others (28–
30) have shown that basal, as well as virus- and/or IFN-induced,
levels of ISG expression are important determinants of permis-
siveness to viral infection and the resulting cellular and organ
tropism. We have reported previously that the basal expression
levels of mRNAs encoding ISG proteins, including MDA5,
STAT1, and other molecules crucial for recognizing viral invasion
and producing an antiviral environment, were greater in the liver
than in the CNS and also higher in myeloid cells than in other cell
types (2, 11, 31). Similarly, microglia isolated from naive mice or
mice infected with an attenuated neurotropic strain of MHV ex-
pressed higher basal and induced levels of ISG mRNA than did
oligodendrocytes (32). We show here that the expression levels of
OAS mRNAs follow similar patterns. The basal mRNA expression
levels of the active OAS species OAS1a, -2, and -3 are 100- to
1,000-fold higher in the liver than in the brain, suggesting that the
low level of OAS expression in the brain precludes activation of the
OAS-RNase L pathway and allows the replication of ns2-H126R.
Similarly, among the cell types examined, myeloid cells express
the highest basal levels of OAS and are the only cell type thus far
tested in which MHV needs an enzymatically active ns2 to ensure
efficient replication. Bone marrow dendritic cells, also of myeloid
lineage, preferentially restrict ns2-H126R (data not shown).

After infection with A59 or ns2-H126R, neurons and oligoden-
drocytes showed little increase in OAS mRNA expression, while
the OAS expression levels in astrocytes were significantly upregu-
lated, although not to the levels in myeloid cells (Fig. 6C). Virus
replication in oligodendrocytes and astrocytes is robust, with ti-
ters similar to those produced in microglia or in the L2 cell line.
Indeed, A59 causes cytopathic effect (syncytia) in primary micro-
glia and astrocyte cultures. While virus remains more cell associ-
ated in neurons, it appears to spread rapidly cell to cell in infected
primary neuronal cultures (19). Thus, the lack of activation of
RNase L is not due to a low percentage of infected cells. Pretreat-
ment of these cultures with IFN-� to induce the expression of OAS
mRNAs, as might occur in vivo (Fig. 7B to E), did not produce
activation of RNase L in any nonmyeloid cell type (data not
shown), including hepatocytes, and all consequently permitted
ns2-H126R to replicate similarly to A59. Interestingly, other in-
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terferon-stimulated antiviral activities were clearly effective in all
cell types, as the viral titers were lower in pretreated cultures by
approximately 100-fold for astrocytes and oligodendrocytes and
to a lesser extent for neurons compared to about 1,000-fold in
microglia. Similarly, West Nile virus replication was significantly
less restricted by IFN pretreatment of primary neuronal cultures
than of macrophages, and this correlated with relatively low levels
of ISG expression in the neuronal cultures (30, 33).

One possible explanation for the lack of activation of the OAS-
RNase L pathway in nonmyeloid cells despite the induction of
other antiviral effectors is the requirement for viral dsRNA to be
accessible to induce the synthesis of 2-5A by OAS. Indeed, the lack
of induction of type I IFN response in nonmyeloid primary cell
types (Fig. 7B), as well as in several transformed cell lines, during
MHV infection provides further evidence that viral RNA may not
be accessible for detection by MDA5 in nonmyeloid cells (25, 34,
35). It has been speculated that MHV (34, 35), as well as other
viruses, such as tick-borne encephalitis virus (36), induces a rear-
rangement of intracellular membranes that could potentially cre-
ate a compartment that would protect viral dsRNA from detection
by cytoplasmic sensors (37–41). However, to our knowledge, no
studies of MHV-induced membrane rearrangement or localiza-
tion of viral transcription complexes and dsRNA have been car-
ried out in myeloid cells. Our future plans include comparing the
localization of transcriptional complexes and viral dsRNA be-
tween macrophages and other cell types.

The liver is exposed to numerous pathogens and debris flowing
though the small blood vessels, or sinusoids. This ongoing antigen
exposure may induce type I IFN expression and thus maintain
higher basal levels of ISG expression in the liver than in the brain,
as described above and previously (2, 42). The liver parenchyma is
composed mainly of hepatocytes, while the nonparenchymal
Kupffer cells (KC), the resident macrophages of the liver, and liver
sinusoidal endothelial cells (LSEC) are located within the sinu-
soids (43). We have proposed that KC serve as gatekeepers to
restrict entrance from the sinusoids into the liver parenchyma to
infect hepatocytes (2, 31, 42). We suggest that upon infection of
KC, the IFN response, including importantly the OAS-RNase L
pathway, creates an antiviral state restricting infection and limit-
ing the spread of virus to the parenchymal hepatocytes, conse-
quently preventing hepatitis. This hypothesis is supported by the
following observations. Infection of mice with CD11b
 cell-type-
specific ablation of type I interferon receptor expression (IF-
NAR�/� mice) demonstrated that IFN signaling in macrophages
is crucial for control of hepatitis induced by MHV (44), as well as
by lymphocytic choriomeningitis virus (45). Expression of an ac-
tive ns2 phosphodiesterase by A59 facilitates viral replication in
macrophages by antagonizing the OAS-RNase L pathway, thus
downregulating the IFN response, and this promotes replication
in the liver parenchyma, leading to hepatitis (2). Depletion of
macrophages promotes replication of ns2-H126R and the conse-
quent development of liver pathology in B6 mice (2), demonstrat-
ing that replication in KC is not required for the induction of
hepatitis, but rather, that KC protect the host from viral infection.
In addition, KC have the highest basal and IFN-induced levels of
OAS among liver cell types (46). It is not known whether LSEC
also play a role in restricting virus from the liver parenchyma. We
are currently investigating the levels of ISG mRNA expression in
LSEC, as well as replication of A59 and ns2-H126R in that cell
type.

FIG 7 RNase L activity and IFN-� expression following infection of primary
neural cells. (A) Primary neurons, oligodendrocytes (Oligos), astrocytes (As-
tro), and microglia were infected with A59 and ns2-H126R (1 PFU/cell). RNA
was harvested 24 h p.i. and analyzed for rRNA degradation with a Bioanalyzer.
The positions of 28S and 18S rRNAs are indicated. (B) IFN-� mRNA expres-
sion was quantified in RNAs prepared from infected cultures as in panel A.
mRNA expression levels relative to �-actin mRNA were expressed as 2��CT

[�CT � CT(gene of interest) � CT(�-actin)]. Dashed line designates the lower limit
of detection. (C) Supernatants from primary CNS cultures, as in panel A, were
treated with UV light and incubated with L2 mouse fibroblasts for 24 h, fol-
lowed by infection with NDV-GFP (1 PFU/cell). As a positive control, L2 cells
were treated with IFN-� for 24 h and then infected with NDV-GFP. At 24 h p.i.,
cells were examined under a Nikon Eclipse 2000E-U-fluorescence microscope.
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The brain is considered immune privileged and differs from
the liver and other peripheral organs in response to infections, in
part due to the blood brain barrier and a lack of dendritic cells in
the naive brain. Furthermore, as the CNS is composed predomi-
nantly of nonrenewable cells, such as neurons, unregulated im-
mune responses could be irreparably destructive to the CNS. In-
deed, high levels of IFN-� can be pathogenic in the CNS, as
illustrated by individuals with Aicardi-Goutières syndrome, who
produce high levels of IFN-� in their cerebrospinal fluid and ex-
hibit symptoms of chronic encephalitis (47, 48). Unregulated

FIG 8 OAS mRNA expression and virus replication in primary neural cell
cultures following IFN-� treatment. (A) Primary cell cultures were treated
with 100 U/ml of IFN-� (or mock treated) for 24 h. RNA was extracted, and
expression levels of OAS1a, OAS2, and OAS3 were assessed by qRT-PCR.
mRNA expression levels relative to �-actin mRNA were expressed as 2��CT

[�CT � CT(gene of interest) � CT(�-actin)]. Dashed lines designate the lower limit

of detection. (B to E) Primary cultures were pretreated with IFN and infected
with A59 and ns2-H126R. The virus titer was determined from the superna-
tants at the indicated times (shown in black). Also, shown in gray are the titers
from untreated cultures (B to D), with data from Fig. 5. The data are from one
representative of two experiments performed in triplicate and are shown as
means and SEM. *, P 	 0.05; **, P 	 0.01.

FIG 9 Activation of RNase L by other viruses and poly(I·C). (A) BMM and
astrocytes were infected with A59, ns2-H126R, EMCV, LACV, and SeV (1
PFU/cell of SeV and LACV and 0.1 PFU/cell of EMCV). RNA was extracted
from infected cells, and rRNA degradation was assessed with a Bioanalyzer.
The positions of 28S and 18S rRNAs are indicated. The data shown are taken
from three separate chips: (i) BMM RNA; (ii) SeV-infected cell RNA; and (iii)
mock-, A59-, ns2-H126R-, EMCV-, and LACV-infected cell RNA. (B) Astro-
cyte and neuron cultures were treated with 100 U/ml IFN for 24 h and trans-
fected with 10 �g/ml poly(I·C) with Lipofectamine 2000. Six hours later, RNA
was extracted, and rRNA degradation was assessed with a Bioanalyzer. Astro-
cyte and neuron RNAs were analyzed on separate chips. The data are from one
representative of two experiments.
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RNase L-mediated degradation has been reported to promote
apoptosis potentially damaging to nonrenewable cells (49). The
failure to respond to ns2-H126R infection by activation of the
OAS-RNase L pathway in neurons may reflect the relatively low
basal levels of ISG expression, which may limit the damaging ef-
fects of excessive IFN signaling (2, 42).

A59 infects all major CNS cell types in vivo (19, 50), as well as in
vitro (Fig. 5). Intracranial infection provides immediate access to
all cell types. Neurons, the most abundant cell type in the murine
brain, generally express low levels of ISG mRNA and minimal
basal levels of OAS mRNA, allowing robust virus replication. As-
trocytes and oligodendrocytes are similarly susceptible to infec-
tion. However, brain-resident macrophages, called microglia, also
restrict ns2-H126R replication, albeit less than BMM (Fig. 3B and
5D) (25, 51, 52), and would be expected to limit replication in the
brain in vivo. We suggest that microglia are not able to signifi-
cantly restrict ns2-H126R in the CNS in part because they repre-
sent a minority of infected cells (53). In addition, by the time
microglia and infiltrating macrophages have secreted IFN, which
is late during A59 infection (25, 51, 52), it may be too late to
induce OAS-RNase L in other parenchymal cell types already in-
fected by virus. Furthermore, our in vitro data suggest that IFN
pretreatment of neurons, astrocytes, and oligodendrocytes also
fails to promote an effective RNase L response in MHV-infected
cells. Our data, however, do not rule out the possibility that a
combination of IFN exposure and infection may trigger RNase L
activity in the CNS in vivo. Indeed, expression of OAS was re-
ported for neurons in brains that had been injected with IFN-�
(54). Consistent with our results, an attenuated MHV-JHM iso-
late with tropism restricted to oligodendrocytes replicated to sim-
ilar titers in the CNSs of RNase L�/� and B6 mice; however, in-
creased foci of infected microglia were observed in the gray matter
in RNase L�/� mice, implying OAS-RNase L did provide some
protection against viral infection of microglia in that model (55).

In order to investigate whether introduction of MHV through
a less artificial route of infection would induce a protective RNase
L response, we inoculated virus intranasally. Olfactory bulb neu-
rons may be specialized to control viruses, as they are most ex-
posed to environmental factors. In addition, they continue to rep-
licate in vivo in adult mice (56) and thus may tolerate higher levels
of ISG expression. Indeed, ISG induction has been reported in the
olfactory bulb, most likely in neurons, in response to vesicular
stomatitis virus (VSV) (45, 57). Similarly, VSV infection was re-
stricted by the IFN-stimulated gene product of IFIT2 following
intranasal, but not intracranial, inoculation, suggesting that IFN
produced during infection of olfactory bulb neurons induced
IFIT2 expression throughout the brain (24). However, when in-
oculated via the intranasal route, ns2-H126R was not preferen-
tially restricted relative to A59 (Fig. 2), implying that the cells of
the nasal epithelium and the olfactory neurons were not better
able to prevent viral invasion. Consistent with these data, we
found no significant differences in the basal levels of OAS mRNA
among RNA samples extracted from the olfactory bulbs and from
other regions of the brain (data not shown). Interestingly, how-
ever, it has recently been reported that cultured granular neurons
of the cerebellum express higher basal levels of ISG mRNA than
cortical neurons and are consequently more restrictive of infec-
tion with several viruses, including MHV-A59 (42).

It is possible that the endothelial cells that line the blood vessels
and/or the ependymal cells that line the ventricles of the brain may

express relatively high levels of interferon-stimulated genes, in-
cluding OAS, and thus provide a barrier to viral entry into the
brain parenchyma that is bypassed by intracranial and intranasal
inoculation. Indeed, while MHV does not spread into the brain
after peripheral inoculation in B6 mice, intrahepatic inoculation
readily produces encephalitis in mice impaired in type I interferon
signaling (either IFNAR�/� or MDA5�/� mice) (unpublished
data). Furthermore, ependymal cells have been shown to express
higher levels of OAS than other CNS cells in vivo (54). Future
studies will be directed at investigating the possibility that one or
both of these cell types may play a gatekeeping role similar to the
function we propose for KC in the liver and thus prevent the
spread of peripheral viral infections into the brain.
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