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The coronavirus mouse hepatitis virus (MHYV) induces a minimal type I interferon (IFN) response in several
cell types in vitro despite the fact that the type I IFN response is important in protecting the mouse from
infection in vivo. When infected with MHV, mice deficient in IFN-associated receptor expression (IFNAR™'™)
became moribund by 48 h postinfection. MHYV also replicated to higher titers and exhibited a more broad tissue
tropism in these mice, which lack a type I IFN response. Interestingly, MHV induced IFN-{} in the brains and
livers, two main targets of MHYV replication, of infected wild-type mice. MHYV infection of primary cell cultures
indicates that hepatocytes are not responsible for the IFN-3 production in the liver during MHYV infection.
Furthermore, macrophages and microglia, but not neurons or astrocytes, are responsible for IFN-f3 production
in the brain. To determine the pathway by which MHY is recognized in macrophages, IFN-3 mRNA expression
was quantified following MHYV infection of a panel of primary bone marrow-derived macrophages generated
from mice lacking different pattern recognition receptors (PRRs). Interestingly, MDAS, a PRR thought to
recognize primarily picornaviruses, was required for recognition of MHV. Thus, MHV induces type I IFN in
macrophages and microglia in the brains of infected animals and is recognized by an MDAS5-dependent
pathway in macrophages. These findings suggest that secretion of IFN-3 by macrophages and microglia plays

a role in protecting the host from MHYV infection of the central nervous system.

The type I interferon (IFN) response, consisting of IFN-o/p3,
represents one of the first lines of defense against viral infec-
tion. During viral infection of a cell, pathogen-associated mo-
lecular patterns, such as double-stranded RNA (dsRNA), are
exposed and recognized by pattern recognition receptors
(PRRs). These PRRs include Toll-like receptors (TLRs), such
as TLR3, that reside on the cell membrane or in endosomal
compartments and the cytoplasmic receptors RIG-I (retinoic
acid-inducible gene I) and MDAS (melanoma differentiation-
associated protein 5) (8). Recognition by PRRs leads to the
activation of IRF-3 (IFN regulatory factor 3), which dimerizes
and translocates to the nucleus. In the nucleus it associates
with the promoter region of the IFN-B gene along with NF-«B,
AP-1, and CBP/p300, driving IFN-B transcription. Once IFN-
is produced, it is secreted from infected cells and is able to bind
to the IFN-associated receptor (IFNAR) on neighboring cells,
amplifying the production of IFN-B and inducing the expres-
sion of IFN-a and many IFN-stimulated genes (37, 41). This
series of events generates an antiviral milieu that helps to limit
viral spread. Therefore, it is not surprising that many viruses
have developed mechanisms to subvert or alter the type I IFN
response, making it more difficult for the host to combat viral
infection (8, 20).

Mouse hepatitis virus (MHV), a group 2 coronavirus (CoV),
is a positive-strand RNA virus. Depending on the strain, MHV
can infect both the brain and the liver and cause both acute
and chronic disease of various degrees of severity. Therefore,
it is used as a model for viral hepatitis, viral encephalitis, and
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demyelinating diseases such as multiple sclerosis (51). While
little is yet known about how MHYV induces and responds to a
type I IFN response in vivo (16, 39, 40, 60), recent data have
begun to shed light on the complex interactions between MHV
and the IFN response in vitro. Several studies have shown that
MHYV is a poor inducer of type I IFN in vitro (7, 47, 48, 57, 58)
and induces IFN-B mRNA only late during infection of mouse
fibroblast cells (40). However, MHYV is able to induce IFN-a in
plasmacytoid dendritic cells (pDCs), the major IFN-producing
cells in vivo (7). MHV also employs several mechanisms to
subvert the type I IFN response in vitro. MHV does not induce
the production of IFN-B protein (40) and is resistant to the
antiviral effects of IFN-B in vitro (40, 45, 52, 58), suggesting
that it can alter IFN signaling or its downstream effects. More
specifically, MHV nucleocapsid (N) protein has been shown to
inhibit RNase L activity, a downstream effect of type I IFN
signaling (52), and the nsp1 protein of MHV has been reported
to also play a role in interfering with the type I IFN response
(60). Interestingly, the N protein of severe acute respiratory
syndrome (SARS-CoV), a related CoV, is able to inhibit type
I IFN synthesis, and the proteins encoded by Orf3 and Orf6
inhibit both type I IFN synthesis and signaling (22). In addi-
tion, the nspl protein of SARS induces mRNA degradation in
infected cells, preventing the accumulation of IFN-B mRNA
(17), and inhibits type I IFN signaling by decreasing STAT1
phosphorylation (50).

We have further investigated the pathway by which MHV
induces type I IFN and the cell types that produce type I IFN
during viral infection in vivo. We demonstrate that macro-
phages and macrophage-like microglia produce IFN-B in
the brains of MHV-infected animals and that, in macro-
phages, MHV induces type I IFN by an MDAS-dependent
pathway.
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MATERIALS AND METHODS

Viruses. Recombinant RA59 (RA59) (34), recombinant RTHM (RJHM) (31),
MHV-2 (43), and MHV-3 (49) have been described previously. Sendai virus
(SeV) Cantell strain (3) and Newcastle disease virus expressing green fluorescent
protein (NDV-GFP) (33) were provided by Adolfo Garcia-Sastre (Mount Sinai
School of Medicine, New York, NY), and Sindbis virus expressing GFP (5) was
provided by Sara Cherry (University of Pennsylvania, Philadelphia, PA). Lysate
from 17CI1 mouse fibroblast cells was used in mock infections.

Mice. Virus-free C57BL/6 mice were purchased from the National Cancer
Institute (Frederick, MD) and 129x1/Sv] mice were purchased from Jackson
Laboratories (Bar Harbor, ME). IFNAR™/~ interleukin-12 receptor (IL-
12R)*/~ mice and IL-12R*/~ mice, both on a C57BL/6 background, were pro-
vided by Hao Shen (University of Pennsylvania, Philadelphia, PA). IFNAR~/~
IL-12R*/~ mice are referred to below as IFNAR ™/~ mice.

Infection of IFNAR™/~ mice. Four- to five-week-old IFNAR ~/~, IL-12R "/~
and wild-type (WT) C57BL/6 mice were infected by intracranial (i.c) inoculation
with 500 PFU of RA59 or 10 PFU of RJHM virus. At 2 days postinfection (p.i.),
animals were sacrificed, and brains, livers, spleens, lungs, kidneys, hearts, stom-
achs, and intestines were harvested and placed in isotonic saline containing
0.167% gelatin (gel saline) and homogenized. Viral titers were determined by
plaque assay on L2 fibroblasts (11).

IFN-B expression in the brain and liver. To measure IFN- mRNA and
protein expression in the brains of infected mice, 3- to 4-week-old C57BL/6 mice
were infected by i.c. inoculation with 50 PFU of RAS59 or RJHM virus and brains
were harvested at 5 days p.i. To measure IFN-B expression levels in the liver, 3-
to 4-week-old C57BL/6 mice were infected by intrahepatic (i.h.) inoculation with
500 PFU of RA59, RIJHM, MHV-2, or MHV-3, and livers were harvested at 3
days p.i. RNA was isolated from brains and livers as previously described (40).
IFN-B mRNA levels in the brain were measured by real-time quantitative PCR
(qPCR), using a custom-designed low-density array card in collaboration with
Centocor Inc. (Radnor, PA). IFN-B mRNA levels in the liver were measured by
real-time qPCR with primers specific for the IFN-B gene (40). Cycle threshold
(Cy) values were normalized to 18S rRNA levels, resulting in a AC; value [AC =
Crarnpy — Crass)l- AACy values were calculated [AACy = ACr gngecieay —
AC7(mocky]> and all results are expressed as relative change over the value in mock-
infected animals (2744CT),

IFN-B protein levels in tissue and cells. To measure IFN-B protein, flash-
frozen tissues were homogenized in cold phosphate-buffered saline supple-
mented with Complete protease inhibitors (Roche Applied Science). Protein
samples were diluted to 1 mg/ml total protein, and IFN-B protein levels were
measured using a mouse IFN-B enzyme-linked immunosorbent assay (ELISA)
kit (PBL Biomedical Laboratories). IFN-B protein levels in infected animals are
normalized to protein levels in mock-infected animals. IFN-B protein in primary
hepatocyte culture supernatants was measured by IFN-B ELISA (PBL Biomed-
ical Laboratories) as per the manufacturer’s instructions.

Generation of primary hepatocyte cultures. Primary hepatocyte cultures were
generated from 8- to 10-week-old C57BL/6 mice. Mice were anesthetized with
2,2,2-tribromoethanol (Avertin), and livers were perfused and digested in situ
through the portal vein with liver perfusion medium (Invitrogen) and liver
digestion medium (Invitrogen), respectively. Tissue was dissociated further by
mechanical disruption through nylon mesh and centrifuged through 45% Percoll.
Hepatocytes were cultured on BioCoat collagen I-coated plates (BD Bio-
sciences) in RPMI 1640 medium containing 10% fetal bovine serum (FBS). After
1 day in culture, hepatocytes were inoculated with 2 PFU/cell of RA59, RTHM,
MHV-2, MHV-3, or SeV.

Generation of brain-derived primary cell cultures. Primary hippocampal neu-
ron cultures were prepared from embryonic day 15 to 16 C57BL/6 mice (35) and
cultured in neurobasal medium supplemented with B27 supplement (Invitrogen),
100 U/ml penicillin, 100 ng/ml streptomycin, 2 mM L-glutamine, and 4 pg/ml
glutamate in the absence of an astrocyte feeder layer. Cells were cultured for 4
days prior to infection with MHV and were approximately 90 to 95% pure, as
determined by positive immunostaining for microtubule-associated protein 2
(data not shown). Neuron cultures were inoculated with 5 PFU/cell of RA59 or
RJHM or 50 PFU/cell of GFP-expressing Sindbis virus.

Primary astrocyte cultures were generated from the brains of 1- to 3-day-old
neonatal C57BL/6 mice. Tissue was dissociated by mechanical disruption
through nylon mesh and plated in complete medium consisting of minimal
essential medium supplemented with 10% FBS, 1% nonessential amino acid
solution, 2 mM L-glutamine, 50 U/ml penicillin, 50 wg/ml streptomycin, and 10
mM HEPES. After 5 days in culture, flasks were shaken to remove nonadherent
cells, and remaining adherent cells were =95% pure astrocytes, as determined by
positive immunostaining for glial fibrillary acidic protein (data not shown).
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Primary microglia cultures were generated from neonatal mice similarly to
astrocyte cultures. However, cells were plated in complete medium consisting of
Dulbecco’s modified Eagle’s medium supplemented with 10% FBS, 2 mM L-
glutamine, 50 U/ml penicillin, and 50 pg/ml streptomycin. After 12 days in
culture, flasks were shaken at 200 rpm for 45 min to remove nonadherent cells
including microglia. Cells were plated, and 30 min later, medium was replaced to
remove any floating cells. Microglia cultures were =95% pure as determined by
positive immunostaining for CD11b and negative staining for glial fibrillary
acidic protein (data not shown). Astrocyte and microglia cultures were infected
with 1 PFU/cell of RA59, RTHM, or SeV.

Generation of primary macrophage cultures. Primary bone marrow-derived
macrophages (BMM) were isolated as previously described (6) from the hind
limbs of 6- to 8-week-old C57BL/6, 129x1/SvJ, RIG-1™/~, MyD88~/~, TLR3 ™/,
and MDAS5™/~ mice. Hind limbs from MDA5~/~ (129x1/SvJ background) (10)
and TLR3™/~ (C57BL/6 background) (2) mice were provided by Michael Dia-
mond (Washington University in St. Louis, St. Louis, MO), hind limbs from
MyD88 '~ (C57BL/6 background) mice (1) were provided by Larry Turka (Uni-
versity of Pennsylvania, Philadelphia, PA), and hind limbs from RIG-I"/~
(ICR X 129x1/Sv] X C57BL/6 background) mice (19) were provided by Michael
Gale (University of Washington School of Medicine, Seattle, WA). Macrophages
were cultured in macrophage medium consisting of Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS, 20% L cell-conditioned medium, 1 mM
sodium pyruvate, 100 U/ml penicillin, 100 pg/ml streptomycin, and 25 mM
HEPES. Cells were harvested 7 days after plating and were =99% pure
(CD11b* CD11c™), as determined by surface straining followed by flow cytom-
etry (data not shown). BMM cultures were infected with 0.5 PFU/cell of RA59,
RJHM, or SeV.

Real-time qPCR analysis of primary cell culture RNA. RNA was isolated from
primary cell cultures 24 h p.i. using an RNeasy mini kit (Qiagen), and IFN-B8
transcript levels were determined by real-time qPCR as previously described
(40). mRNA?7 levels were measured using the following primers: F, 5'-TATAA
GAGTGATTGGCGTCC-3'; R, 5'GAGTAATGGGGAACCACACT-3'. All
real-time PCR data are expressed as the relative change over values in mock-
infected animals as described above.

Intracellular IFN-B staining and flow cytometric analysis. Primary BMM
cultures were inoculated with 0.5 PFU/cell of RA59 or RJTHM and harvested at
24 h p.i. Brain-derived mononuclear cells were isolated at day 5 p.i. from mice
infected with 5,000 PFU of RA59 or 10 PFU of RJHM virus or mock infected.
Brains were homogenized, and cells were passaged through 35% Percoll onto a
70% Percoll cushion. Fc receptors were blocked prior to staining. Cells were then
stained for surface expression of CD45 and CD11b. Macrophages were charac-
terized by high surface expression of CD11b and CD45 (CD11b" CD45"), while
microglia were characterized by intermediate expression of CD11b and CD45
(CD11bi™ CD45™). After surface staining, cells were fixed and permeabilized
with the Cytofix/Cytoperm kit (PharMingen), and intracellular IFN-B was de-
tected with a fluorescein isothiocyanate-conjugated rat anti-mouse IFN-B anti-
body (clone RMMB-1; PBL Biomedical Laboratories). Data were collected
using a FACSCalibur flow cytometer (Becton Dickinson) and analyzed using
FlowJo software (Tree Star, Inc.).

IFN-B bioassay. Supernatants from BMM infected with 0.5 PFU/cell of RA59,
RIJHM, or SeV were exposed to 6,000 J/m? UV light in a Stratalinker 1800
(Stratagene) to inactivate the virus. L2 mouse fibroblast cells were treated with
the UV-inactivated supernatants for 24 h and then infected with 1 PFU/cell of
NDV-GFP. At 24 h p.i., cells were examined under a Nikon Eclipse 2000E-U
fluorescence microscope.

RESULTS

MHY replication is accelerated, and tissue tropism is ex-
tended in mice with a defective type I IFN response. Replica-
tion of many viruses is restricted by the type I IFN response in
vivo, limiting it to specific tissues (15, 28, 29, 42). To examine
if the type I IFN response restricts MHV replication in vivo,
WT C57BL/6 mice and IFNAR '~ mice were infected i.c. with
either the RAS9 or the RJHM strain of MHV. These are
recombinant versions of two prototypic MHV strains. RAS9 is
dual tropic, infecting the brain and the liver, while RTHM is a
highly neurotropic strain, restricted to replication in the brain
(51). MHV-infected IFNAR ~/~ mice were moribund by day
2 p.i., consistent with previous results (7). Therefore, viral
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FIG. 1. MHYV replication in IFNAR-deficient mice. WT C57BL/6
or IFNAR /= (KO) mice were infected i.c. with either 500 PFU of
RAS59 or 10 PFU of RJHM. At 2 days p.i., mice were sacrificed, and
viral titers in the brain (br), liver (liv), spleen (sp), lung (lu), heart
(hrt), kidney (kid), stomach (st), and intestines (int) were determined
by plaque assay on L2 cells. Data shown are averages of two mice per
group and are derived from one representative experiment of two.

replication and spread were assessed at 48 h p.i. by quantifying
viral titers in organs of infected WT C57BL/6 and IFNAR ~/~
mice. As expected, RAS9 was detected in the brains, livers, and
spleens of infected WT C57BL/6 mice (Fig. 1, RAS9 WT). In
contrast, infection of IFNAR /= mice with RAS59 led to in-
creased levels of viral replication in all organs examined (Fig.
1, RA59 KO). Similar results were obtained with RJHM.
While virus was not detectable in any organs tested from
RJHM-infected WT C57BL/6 mice at day 2 p.i. (Fig. 1, RITHM
WT), RTHM was detected in the brains, livers, and spleens of
RJHM-infected IFNAR /" mice (Fig. 1, RITHM KO). Thus,
the type I IFN response plays an important role in early re-
striction of MHV replication and tissue tropism.

MHY induces IFN-B in brains and livers of infected ani-
mals. Since the type I IFN response limits viral replication and
spread of MHYV in vivo, we investigated whether MHV induces
a type I IFN response in the two main targets of replication in
C57BL/6 mice, the brain and the liver. To examine the type I
IFN response in the brains of infected animals, WT C57BL/6
mice were infected i.c. with either RA59 or RTHM. At 5 days
p.i., the peak of viral replication, IFN-8 mRNA levels were
assessed by real-time qPCR (Fig. 2A). Both RA59 and RTHM
induced IFN-B mRNA levels to 10*- to 10°-fold over that in
mock-infected animals. This is consistent with previous studies
that show that MHV induces IFN-B mRNA in the brains of
infected animals (38, 39). To measure IFN-3 protein levels in
the brains of infected animals at day 5 p.i., total protein was
isolated, and IFN-B protein was quantified by ELISA (Fig.
2B). As expected from the levels of IFN- mRNA, both RA59
and RJHM induced measurable levels of IFN-B protein in the
brain. It should be noted that IFN-3 protein levels were below
the level of detection in mock-infected brains.

In order to measure the levels of type I IFN in the livers of
infected animals, WT C57BL/6 mice were infected i.h. with
RAS59, RJHM, or one of the highly hepatotropic strains,
MHV-2 and MHV-3. IFN-B mRNA levels in the liver were
measured at day 3 p.i. by real-time qPCR using primers specific
to the IFN-B gene (Fig. 2C). As animals infected with MHV-2
and MHV-3 died prior to day 5, samples were analyzed at day
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FIG. 2. IFN-B induction in the brain and liver of MHV-infected
mice. (A and B) C57BL/6 mice were infected with 50 PFU of RA59 or
RJHM or mock-infected by i.c. inoculation. (A) RNA was isolated
from brains at day 5 p.i. (RA59, n = 9; RITHM, n = 6; mock, n = 10),
and IFN-B mRNA was measured by real-time qPCR. (B) Total protein
was isolated from brains of infected mice at day 5 p.i. (RAS9, n = 5;
RJHM, n = 2; mock, n = 5), and IFN-B protein levels were mea-
sured using a mouse IFN-B ELISA. Data from panel A and B
represent averages from two independent experiments and are re-
plotted from Roth-Cross et al. (35). (C and D) C57BL/6 mice were
infected with 500 PFU of RA59, RJHM, MHV-2, or MHV-3 or
mock-infected by i.h. inoculation. (C) IFN- mRNA and (D) IFN-B
protein levels in livers at day 3 p.i. (RA59, n = 5; RIHM, n = §;
MHV-2, n = 3; MHV-3, n = 4; mock, n = 5). IFN-B mRNA data are
represented as relative induction over mock-infected animals. IFN-$
protein data are normalized by subtraction of IFN-B protein levels in
mock-infected animals (IFN-Biyrectea = IFN-Bmock)- Error bars repre-
sent the standard error of the mean, and data are derived from one
representative experiment of two.

3 p.i. instead of day 5 p.. Similar to what was observed for
IFN-B expression in the brain, MHV induced IFN-B mRNA in
the liver, with the highly hepatotropic strains of MHV inducing
significantly higher levels of IFN-B mRNA (P < 0.05). Notably,
RJHM, which replicates very poorly in the liver (31), induced
little to no IFN-B mRNA (Fig. 2C). IFN-B protein levels,
quantified by ELISA from total liver protein isolated from
infected animals, corresponded to IFN-B mRNA levels, with
RJHM inducing little to no IFN-B protein and RA59, MHV-2,
and MHV-3 inducing measurable levels of IFN-@B protein (Fig.
2D). Together, these data indicate that while the type I IFN
response prevents spread of MHV to organs such as the kid-
neys and heart, MHV is able to replicate and induce IFN-B in
both the brains and livers of infected animals.

MHYV does not induce IFN-f3 in primary hepatocyte cul-
tures. To determine which cell types produce type I IFN during
MHY infection of the liver, primary hepatocyte cultures were
derived from WT C57BL/6 mice. Hepatocytes were infected
with RA59, RTHM, MHV-2, or MHV-3. At 24 h p.i. RNA was
isolated from infected cells, and IFN-B mRNA induction was
quantified by real-time qPCR (Fig. 3A). IFN-B induction by
SeV was used as a control for the ability of primary hepatocyte
cultures to produce IFN-B during viral infection. While SeV
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FIG. 3. IFN-B induction in MHV-infected primary hepatocyte cul-
tures. Primary hepatocyte cultures were infected with 2 PFU/cell of
RAS59, RIHM, MHV-2, MHV-3, or SeV or mock infected. At 24 h p.i.,
whole-cell RNA was isolated and IFN-B mRNA (A) and mRNA7
levels (C) were quantified by real-time qPCR. (B) At 24 h p.i, total
released IFN-B protein was measured by ELISA (limit of detection is
15.6 pg/ml). Real-time qPCR data are represented as relative induc-
tion over mock-infected cells. IFN-B protein data are normalized by
subtraction of IFN-f3 protein levels in mock-infected cells (IFN-B;,rectea —
IFN-B,,0ck)- Error bars represent the standard error of the mean of
three replicates, and data are derived from one representative exper-
iment of three.

induced high levels of IFN-B mRNA, none of the MHYV strains
examined induced significant amounts of IFN-B mRNA. Sim-
ilar results were seen at 48 h p.i. (data not shown). Since there
was only a low level of IFN-B mRNA detected, we determined
whether this mRNA was sufficient for IFN-B protein produc-
tion. Supernatants from infected cells were subjected to
ELISA to quantify IFN-B protein levels (Fig. 3B). However,
none of the MHV strains examined induced IFN-$ protein to
levels over the limit of detection (15.6 pg/ml, as per the man-
ufacturer), while SeV induced ample amounts of IFN-B pro-
tein.

To ensure that the lack of an IFN response to MHV was not
due to the inability of MHYV to replicate in primary hepatocyte
cultures, mRNA?7 levels were measured by real-time qPCR

J. VIROL.

(Fig. 3C). mRNA7, which encodes the N gene, is the most
abundant subgenomic mRNA generated during MHV replica-
tion (44) and is thus used as a measure of the level of MHV
replication. RA59, MHV-2, and MHV-3 replicated well in
primary hepatocyte cultures, as determined by induction of
mRNA7 transcription. Interestingly, RTHM also induced high
levels of mRNA?7 transcription in primary hepatocyte cultures
even though it was unable to establish an infection in the livers
of infected animals. Thus, although MHYV is able to replicate in
primary hepatocyte cultures, it does not induce a type I IFN
response. Therefore, it is unlikely that hepatocytes represent
the major IFN-producing cells in the livers of infected animals.

MHY induces IFN-f in primary microglial cultures but not
in primary neuron or astrocyte cultures. To determine which
cells are responsible for producing type I IFN in the brains of
MHV-infected animals, primary hippocampal neuron cultures
were derived from WT C57BL/6 embryonic mice, and primary
astrocyte and microglial cultures were derived from WT
C57BL/6 neonatal mice. Cultures were infected with RAS9 or
RJHM, RNA was isolated at 24 h p.i., and IFN-8 mRNA levels
were quantified by real-time qPCR (Fig. 4). In addition, pri-
mary neuron cultures were infected with Sindbis virus, a virus
known to infect neurons in vivo, and primary astrocyte and
mixed glial cultures were infected with SeV to serve as positive
controls for type I IFN induction. While Sindbis virus induced
high levels of IFN-B mRNA in primary neuron cultures, nei-
ther RA59 nor RJHM induced a type I IFN response (Fig.
4A). Similarly, RA59 and RJHM induced minimal levels of
IFN-B mRNA in primary astrocyte cultures compared to SeV
(Fig. 4C). To ensure that the lack of IFN-B induction was not
due to the inability of MHV to replicate in primary neuron and
astrocyte cultures, mRNA7 levels were measured by real-time
qPCR. RA59 and RJHM induced significant levels of mRNA7
transcript in both primary neuron (Fig. 4B) and astrocyte (Fig.
4D) cultures, indicating that MHV can replicate in these cells
(26, 35).

Both RA59 and RJHM induced IFN-B mRNA to levels
comparable to SeV in primary microglial cultures (Fig. 4E).
Consistent with previous observations (26), MHV was also
able to replicate in microglial cultures (Fig. 4F). It should be
noted that, although it is unlikely, the presence of a small
percentage of oligodendrocytes could not be discounted. Thus,
the data in Fig. 4 demonstrate that microglia, but not neurons
or astrocytes, produce type I IFN in the brains of MHV-
infected animals.

Macrophages and microglia produce IFN-3 in response to
MHY infection. Since microglia are macrophage-like cells, we
investigated the ability of MHV to induce a type I IFN re-
sponse in another macrophage cell population. To this end,
primary BMM cultures were derived from WT C57BL/6 mice.
BMM were infected with RA59, RTHM, or SeV as a positive
control for IFN induction. RNA was isolated at 24 h p.i. and
used to measure IFN-B mRNA levels by real-time qPCR (Fig.
5A). Similar to what was observed in microglial cultures, MHV
induced IFN-B mRNA in BMM. However, in these cells,
MHY induced IFN-B mRNA to levels significantly higher than
SeV in BMM (P < 0.05). To determine if MHV induced IFN-B
protein production in BMM, cells were stained for intracellular
IFN-B and analyzed by flow cytometry (Fig. 5B). Infection with
either RAS59 or RJTHM resulted in a shift in the mean fluores-
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FIG. 4. IFN-B induction in MHV-infected brain-derived primary cell cultures. (A and B) Primary hippocampal neuron cultures were infected
with 5 PFU/cell of RAS9 or RTHM or 50 PFU/cell of Sindbis (Sin) virus or mock infected. At 24 h p.i., whole-cell RNA was isolated, and IFN-3
mRNA (A) and mRNA7 (B) levels were measured by real-time gPCR. Primary astrocyte cultures (C and D) and primary mixed glial cultures (E
and F) were infected with 1 PFU/cell of RA59, RJHM, or SeV or mock infected. At 24 h p.i., IFN-B mRNA (C and E) and mRNA7 (D and F)
levels were measured by real-time qPCR. Real-time qPCR data are represented as the relative induction over mock-infected cells. Error bars
represent the standard error of the mean of three replicates, and data are derived from one representative experiment of two.

cence intensity (MFI) of the IFN-B signal compared to mock-
infected cells, with RAS9 causing a slightly greater shift than
RJHM. Importantly, the majority of cells, 85.2% of RAS59-
infected and 68.9% of RJHM-infected cells, exhibited positive
staining for IFN-f compared with only 5.78% of mock-infected
BMM. It should be noted that the fluorescence seen in mock-
infected cells represents background fluorescence, consistent
with manufacturer’s product specifications. The magnitude of
the positive shift in fluorescence seen with MHV-infection is
also in agreement with product specifications. This result indi-
cates that MHV induces the production of IFN-B protein in
these BMM.

To further examine the cell types that contribute to the type
I IFN response in the brains of MHV-infected animals, mono-
nuclear cells were isolated from the brains of RA59- and
RJHM-infected WT C57BL/6 mice at day 5 p.i. Brain-derived

A B Mock

mononuclear cells were surface stained for CD45, CD11b,
CDl1l1c, and CD3. Cells were then permeabilized, stained for
intracellular expression of IFN-B, and analyzed by flow cytom-
etry (Fig. 6). Cells were gated based on CD45 and CD11b
expression, with CD11b™ CD45" cells defined as macrophages
and CD11b™ CD45™ cells defined as microglia (Fig. 6A), and
examined for IFN-B expression (Fig. 6B and C). Consistent
with previous results (14, 38, 39), MHV infection resulted in a
significant infiltration of macrophages, with more being re-
cruited during RJHM infection than with RA59 infection.
While neither CD11c¢™ DCs nor CD3™ T cells expressed IFN-3
in the brains of infected mice (data not shown), a higher
percentage of CD11b" CD45™ macrophages from RAS59-in-
fected (23.2%) and RJHM-infected (33.3%) brains expressed
IFN-B than cells from mock-infected brains (14.6%) (Fig. 6B).
Similar results were obtained for CD11b™ CD45™" microglia

RA59 RJHM
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FIG. 5. IFN-B expression in primary BMM macrophages during MHV infection. (A) Primary BMM were infected with 0.5 PFU/cell of RA59,
RIJHM, or SeV or mock infected. At 24 h p.i., whole-cell RNA was isolated, and IFN-B mRNA levels were measured by real-time qPCR. Real-time
qPCR data are represented as the relative induction over mock-infected cells. Error bars represent the standard error of the mean of three
replicates, and data are derived from one representative experiment of two. Statistical analysis was performed using a Student’s ¢ test. *, P < 0.05.
(B) BMM were infected with 0.5 PFU/cell of RA59 or RTHM. At 24 h p.i., cells were isolated, surface stained for CD11b and CD11c, and then
stained for intracellular IFN- for flow cytometric analysis. Contour plots and histograms represent CD11b™ CD11c™ cells.

1sanb Aq GTOZ ‘TT Ateniga- uo /Blo wse’Ialy:dny wol papeojumod


http://jvi.asm.org/

9834 ROTH-CROSS ET AL.

A Mock RA59 RJHM

36.2

1 198
al
==
=
al-
(8]
"o 146] "o 232] "o 333
1o 768] lo 66.7
— 146 — — 232 — 33.3 —
{
»~
IFN-B
"o 223 0 44.9 0 387
77.7 .10 55.1 .10
23— ] 44.9 — 38.7 —
-
»~
IFN-B

FIG. 6. IFN-B expression in brain-derived macrophages and micro-
glia during MHYV infection. Pooled brain-derived mononuclear cells
were isolated from C57BL/6 mice infected i.c. with 500 PFU of RA59
(n = 12) or 10 PFU of RJHM (n = 10) or mock infected (n = 14) at
day 5 p.i. Cells were surface stained for CD11b, CD11c, and CD45 and
then stained for intracellular IFN-B for flow cytometric analysis.
(A) Gating of CD11b" CD45™" cells. FACS analysis was performed for
CDl11c™ CD11b" CD45" (B) and CD11c™ CD11b™ CD45™ (C) cells.
Density plots and the corresponding histograms are from one repre-
sentative experiment of four.

(Fig. 6C). A higher percentage of microglia from RAS59-in-
fected (44.9%) and RJHM-infected (38.7%) brains expressed
IFN-B protein than cells from mock-infected brains (22.3%).
Thus, infiltrating macrophages and resident microglia produce
type I IFN in the brain during MHV infection. It should be
noted that MHYV infection resulted in a slight downward shift
in the IFN-@ signal, such that the MFI of the IFN-B-negative
(IFN-B ™) population of cells from MHV-infected brains was
slightly lower than the MFTI of cells from mock-infected brains.

J. VIROL.

While the mechanism behind this shift is unclear, we hypoth-
esize that we are underestimating the percentage of IFN-
positive (IFN-B*) macrophages and microglia from MHV-
infected samples and subsequently overestimating the percent-
age of IFN-B* cells from mock-infected samples as there is
little to no IFN-B protein in the brains of mock-infected ani-
mals (40).

MHY induces IFN-B in primary BMM by an MDAS-depen-
dent pathway. To determine which PRR(s) is used for recog-
nition of MHV in macrophages, primary BMM cultures were
derived from WT C57BL/6, WT 129x1/Sv], MyD88 "/~
(C57BL/6 background), TLR3 ™/~ (C57BL/6 background),
RIG-I"/~ (ICR X 129x1/Sv] X C57BL/6 background), and
MDAS /"~ (129x1/SvJ background) mice. BMM were infected
with RA59, RJHM, or SeV, and RNA was isolated at 24 h p.i.
to measure IFN-B mRNA by real-time qPCR (Fig. 7). Expres-
sion of MyD88 (Fig. 7A) or TLR3 (Fig. 7B) was not necessary
for the induction of IFN-B mRNA by either MHV or SeV.
However, while MHV induction of IFN-8 mRNA was inde-
pendent of RIG-I in BMM, induction by SeV was significantly
reduced in RIG-1"/~ BMM cultures (Fig. 7C). This is consis-
tent with previous data showing that RIG-I is essential for type
I IFN induction by SeV in mouse embryonic fibroblasts
(MEFs) (19).

In contrast to IFN-B mRNA induction in WT 129x1/Sv]
BMM cultures, neither RAS9 nor RJHM was able to induce
IFN-B gene transcription in the MDAS5 ~/~ BMM cultures (Fig.
7D). This indicates that MHV induces a type I IFN response by
an MDAS-dependent pathway in BMM. Interestingly, the abil-
ity of SeV to induce a type I IFN response was reduced in
MDAS '~ BMM cultures. This is consistent with recent data
that suggest that MDAS is involved in early recognition of SeV
in MEFs (27) and DCs (56). To verify that the reduction of
IFN-B mRNA in MDAS5~/~ BMM cultures results in a de-
crease of IFN-B protein, an IFN bioassay was performed on
the supernatants of infected BMM (Fig. 7F). While superna-
tants from MHV- or SeV-infected WT BMM were able to
inhibit replication of the IFN-sensitive NDV, only superna-
tants from SeV-infected MDAS5 '~ BMM inhibited replication
of NDV, indicating that neither RA59 nor RJHM induced
IFN-B protein production in these cells. Although IFN-B8
mRNA levels induced by SeV were reduced in the absence of
MDAS, there was enough IFN-B mRNA present to make
IFN-B protein, leading to inhibition of NDV replication. To
ensure that RA59 and RJHM can replicate in MDAS5 ™/~
BMM cultures, RNA was isolated at 24 h p.i.,, and mRNA7
levels were quantified by real-time qPCR (Fig. 7E). Both
RAS59 and RJHM could replicate to equivalent levels in WT
and MDAS5S ™/~ BMM cultures. Taken together, these data
indicate that MDAS is essential for the recognition of MHV
and the subsequent induction of the type I IFN response in
macrophages.

DISCUSSION

The type I IFN response represents a vital part of the innate
immune system that forms the first line of defense against viral
infection. Type I IFN plays a crucial role in reducing viral
replication in vivo, as well as restricting the spread of the virus
into organs that are not infected in immunocompetent WT
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FIG. 7. IFN-B expression in MHV-infected primary BMM cultures isolated from WT and PRR knockout mice. Primary BMM cultures isolated
from WT C57BL/6 (B6), WT 129x1/SvJ (129), MyD88/~, TLR3 /", RIG-I"/~, and MDA5 '~ mice were infected with 0.5 PFU/cell of RAS9,
RJHM, or SeV or mock infected. At 24 h p.i., whole-cell RNA was isolated, and IFN-B8 mRNA (A to D) and mRNA?7 (E) levels were measured
by real-time qPCR. Real-time qPCR data are represented as the relative induction over mock-infected cells. Error bars represent the standard
error of the mean of three replicates. Statistical analysis was performed using a Student’s ¢ test. #, P < 0.02; %, P < 0.00003; **, P < 0.004.
(F) Primary BMM cultures isolated from WT 129x1/Sv] and MDAS5 '~ mice were infected with 0.5 PFU/cell of RA59, RTHM, or SeV or mock
infected. At 24 h p.i., supernatant was collected, subjected to UV radiation to inactive virus, and applied to L2 fibroblast cells for an IFN-f bioassay.
At 24 h posttreatment, L2 cells were infected with 1 PFU/cell of NDV-GFP. NDV-GFP replication was visualized by fluorescence microscopy at
24 h p.i. Original magnification, X40. All data are derived from one representative experiment of two.

mice (15, 28, 29, 42). Infection of IFNAR-deficient mice with
the RAS59 or RTHM strains of MHV by i.c. inoculation resulted
in enhanced replication and tissue tropism compared to infec-
tion of WT mice. This is in agreement with previous studies
examining MHV replication in IFNAR-deficient mice. Using
an attenuated glial-tropic variant of JHM, JHM v2.2-1, Ireland
et al. (16) showed increased susceptibility of IFNAR ~/~ mice and
an increase in cellular tropism in the central nervous system
(CNS) of these animals. In addition, intraperitoneal inocula-
tion of IFNAR ™/~ mice with RA59 resulted in dissemination
of the virus to the brain, spleen, and lungs and death by day
2 p.i. (7). Since the IFNAR '~ mice are also heterozygous at
the IL-12R locus (IL-12R*/7), congenic IL-12R*/~ mice were
infected to determine if this heterozygosity contributed to the
increased viral replication in the IFNAR /™ mice. Viral rep-
lication and spread among organs in IL-12R™~ and WT
C57BL/6 mice were the same (data not shown), indicating that
the increased spread in the IFNAR '~ mice is due to the lack
of a type I IFN response.

Interestingly, MHYV induces the expression of IFN-@ in the
brains and livers of infected WT animals, both of which are
principle targets of MHV replication. The neurotropic RA59
and RJHM strains of MHV induce IFN-B mRNA and protein
expression in the brains of infected animals, and the hepato-
tropic strains (RA59, MHV-2, and MHV-3) induce IFN-B
expression in the livers of infected animals, as measured by
real-time qPCR and ELISA. While the type I IFN response
appears to be sufficient to control spread to many organs, as
demonstrated by the increased tissue tropism of MHV in mice
deficient in IFNAR expression, it does not prevent replication
of MHYV in the brains and livers of WT mice.

While it is unclear why type I IFN can restrict MHV spread
to some organs but not others, there is evidence that treatment
of MHV-infected athymic mice with recombinant IFN-@ after
an infection has been established is ineffective in controlling
disease progression; however, treatment prior to infection can
protect the mouse from disease (46). Therefore, it is possible
that MHV is able to establish a robust infection in certain
organs, such as the brain and the liver, before the type I IFN
response is induced. Even if type I IFN is induced, MHV has
already replicated to a high enough level that it overwhelms
the effects of the type I IFN response. In addition, there is
evidence that some cell types are “prearmed” with basal levels
of IFN-B expression and are therefore resistant to viral infec-
tion. In a study of cardiac antiviral responses during reovirus
infection, Zurney et al. (59) found that cardiac myocytes ex-
pressed basal levels of IFN-B and were protected against viral
infection. Thus, it is possible that cells in organs outside of the
typical MHV targets may be primed with basal expression of
type I IFN, and MHYV is therefore unable to establish an
infection.

While primary cultured neurons and astrocytes do not pro-
duce IFN-B in response to MHV infection, microglial cultures
expressed high levels of IFN-B mRNA in response to MHV
infection. Since microglia are macrophage-like cells, we inves-
tigated whether another population of macrophages, primary
BMM, also secreted IFN-B in response to MHV. These cells
also produced IFN-B mRNA and IFN- protein in response to
MHYV infection, as determined by real-time qPCR and fluo-
rescence-activated cell sorting (FACS) analysis.

To examine the ability of inflammatory macrophages and
resident microglia in the CNS of infected mice to express
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IFN-B and to determine if other immune cells produce IFN-
during MHYV infection of the CNS, we isolated brain-derived
mononuclear cells and subjected them to intracellular IFN-
staining and FACS analysis. CD11c™ DCs did not express
IFN-B protein in MHV-infected brains (data not shown), in
agreement with previous data showing that MHV is unable to
induce type I IFN production in conventional DCs (7, 58). In
addition, CD3" T cells did not express IFN-@ protein (data not
shown). However, CDI11b™ CD45™ macrophages and
CD11b™ CD45™ cells from MHV-infected brains expressed
IFN-B protein.

Microglia play a crucial role during MHV pathogenesis in
the CNS. Using the attenuated variant of JHM, JHM v2.2-1,
that causes a demyelinating disease similar to RAS59, studies
have shown that major histocompatibility complex class I is
upregulated on activated microglia in MHV-infected animals
(4, 16). Major histocompatibility complex class I upregulation
is dependent upon type I IFN, and the authors suggest that this
is crucial for optimizing antigen presentation in the CNS dur-
ing early infection with MHV (16). In addition, macrophages
comprise a major component of inflammatory cells contribut-
ing to the innate immune response in the CNS as well as to the
CNS pathology during acute MHV encephalitis (38, 39). The
data presented here suggest that one mechanism by which
macrophages contribute to host protection is through secretion
of type I IFN.

This is the first study to demonstrate type I IFN induction by
MHYV in cells other than pDCs, the major IFN-a-producing
cells in vivo. Cervantes-Barragan et al. (7) demonstrated that
pDCs rapidly produce high levels of IFN-a in response to
MHYV. Furthermore, this was necessary for control of virus
replication as pDC depletion led to significant increases in viral
replication in several organs, though levels did not reach the
levels of viral replication observed in IFNAR-deficient mice (7,
58). However, IFN-a mRNA levels were below the level of
detection in the brains and livers of MHV-infected animals
(data not shown). Therefore, while pDCs likely play an impor-
tant role in controlling MHYV replication, the results obtained
herein indicate that they are not the only source of type I IFN
during MHV infection. We show here that macrophages and
macrophage-like microglia contribute to the type I IFN re-
sponse in MHV-infected animals.

Type I IFN induction by macrophages during viral infection
plays an important role in shaping the pathogenesis of several
viruses. Mopeia virus, along with herpes simplex virus types I
and II (30), induces type I IFN expression in monocyte-derived
macrophages, which may play an important role in controlling
early viral replication in vivo (32). In addition, intranasal in-
fection with NDV leads to the rapid expression of IFN-a in
alveolar macrophages in vivo (23), suggesting that type I IFN
expression is important for early control of NDV replication.
Notably, SARS-CoV can induce the expression of type I IFN in
human peripheral macrophages (53), suggesting that other
CoVs may induce type I IFN in a cell type similar to MHV.

The lack of IFN-B induction in primary hepatocytes follow-
ing MHYV infection suggests that this cell type is probably not
responsible for MHV-induced type I IFN in the liver. How-
ever, cultured primary cells may not completely reflect gene
expression of hepatocytes in vivo, so hepatocytes cannot be
completely ruled out as a source of IFN-B in vivo. Although
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hepatocytes are the major parenchymal cells in the liver, the
liver sinusoidal endothelial cells and the macrophage-like
Kupffer cells (KCs) are the important immune cells in the liver,
playing a crucial role in antigen uptake and presentation (21).
While we have thus far been unable to identify the IFN-pro-
ducing cells in the liver, our results from analysis of IFN-
producing cells in the brain suggest that KCs are likely the
IFN-producing cells of the liver. In fact, KCs are the largest
population of macrophages in the body (21).

Viruses are recognized by PRRs that reside on the plasma
membrane or in endosomes (TLRs) or in the cytoplasm
(RIG-I and MDAS). Typically, RNA viruses produce dsRNA
and are therefore recognized by either RIG-I or MDAS. Both
RIG-I and MDAS5 contain an RNA helicase domain, which
binds to dsRNA, and a caspase recruitment domain that is
required to bind the adaptor IPS-1 (IFN-B promoter stimula-
tor 1). When bound to dsRNA, RIG-I and MDAS can bind to
IPS-1, which resides in the mitochondrial membrane, resulting
in the transmission of signals that lead to the activation of
IRF-3 and the production of IFN-B (24, 54, 55). Recent data
have suggested that RIG-I recognizes not only small dsSRNA
moieties (18) but also single-stranded RNA containing 5’
triphosphates (12, 13, 36), usually found on the genomes of
negative-strand RNA viruses. MDAS appears to recognize
long dsRNA moieties (18), including polyriboinosinic-polyri-
bocytidylic acid (10, 19), while it does not recognize RNA
containing 5’ triphosphates.

Quantification of IFN-B mRNA levels in a panel of MHV-
infected primary BMM deficient in various PRRs indicates
that MHYV is recognized by MDAS and that MDAS is neces-
sary for IFN-8 mRNA induction following MHYV infection in
these cells. While MHYV induced equivalent amounts of IFN-
in MyD88~/~, TLR3 ™/, and RIG-I"/~ BMM cultures, IFN-B
production was almost completely ablated in MDAS5 ™/~ BMM
cultures, indicating that MDAS is essential to the recognition
of MHV in these cells. While viruses in the rhabdovirus,
paramyxovirus, orthomyxovirus, and flavivirus families have
been shown to be recognized primarily by RIG-I, only mem-
bers of the picornavirus family have been shown to induce type
I IFN by a strictly MDAS-dependent pathway prior to this
study (10, 19, 27). Thus, this is the first study to demonstrate
the use of MDAS as the main PRR for a family of viruses other
than picornaviruses. It is not surprising that MHV is recog-
nized by MDAS and not by RIG-I as both the genomic mRNA
and subgenomic mRNAs generated during MHV replication
contain a 5’ methylated cap (25), similar to host cell mRNAs,
blocking recognition of the 5’ triphosphate moiety. As MHV
generates ample amounts of dSRNA during replication (47), it
is likely that MDAS senses this dSRNA, leading to the produc-
tion of type I IFN. It should be noted, however, that MHV
induces IFN-a expression by a TLR7-dependent mechanism in
pDCs (7), as is common for IFN induction in pDCs. It is
unclear why MHV is able to induce type I IFN expression in
macrophages and microglia but not in other primary cell types,
as shown in this study, or in L2 fibroblast cells (40) or other
immortalized cell lines (9, 47, 48, 57). However, preliminary
data suggest that MDAS mRNA expression levels are signifi-
cantly lower in L2 fibroblast cells and in some primary cell
types, including neurons, than in macrophages (data not
shown). This suggests that the level of MDAS mRNA ex-
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pressed in uninfected cells is one factor that determines
whether MHV infection results in type I IFN induction in a
particular cell type. Future work will be directed at further
understanding the recognition of MHV by MDAS.
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