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ABSTRACT

Coronaviruses (CoVs) have shown neuroinvasive properties in humans and animals secondary to replication in peripheral or-
gans, but the mechanism of neuroinvasion is unknown. The major aim of our work was to evaluate the ability of CoVs to enter
the central nervous system (CNS) through the blood-brain barrier (BBB). Using the highly hepatotropic mouse hepatitis virus
type 3 (MHV3), its attenuated variant, 51.6-MHV3, which shows low tropism for endothelial cells, and the weakly hepatotropic
MHV-A59 strain from the murine coronavirus group, we investigated the virus-induced dysfunctions of BBB in vivo and in
brain microvascular endothelial cells (BMECs) in vitro. We report here a MHV strain-specific ability to cross the BBB during
acute infection according to their virulence for liver. Brain invasion was observed only in MHV3-infected mice and correlated
with enhanced BBB permeability associated with decreased expression of zona occludens protein 1 (ZO-1), VE-cadherin, and
occludin, but not claudin-5, in the brain or in cultured BMECs. BBB breakdown in MHV3 infection was not related to produc-
tion of barrier-dysregulating inflammatory cytokines or chemokines by infected BMECs but rather to a downregulation of bar-
rier protective beta interferon (IFN-�) production. Our findings highlight the importance of IFN-� production by infected
BMECs in preserving BBB function and preventing access of blood-borne infectious viruses to the brain.

IMPORTANCE

Coronaviruses (CoVs) infect several mammals, including humans, and are associated with respiratory, gastrointestinal, and/or
neurological diseases. There is some evidence that suggest that human respiratory CoVs may show neuroinvasive properties.
Indeed, the severe acute respiratory syndrome coronavirus (SARS-CoV), causing severe acute respiratory syndrome, and the
CoVs OC43 and 229E were found in the brains of SARS patients and multiple sclerosis patients, respectively. These findings sug-
gest that hematogenously spread CoVs may gain access to the CNS at the BBB level. Herein we report for the first time that CoVs
exhibit the ability to cross the BBB according to strain virulence. BBB invasion by CoVs correlates with virus-induced disruption
of tight junctions on BMECs, leading to BBB dysfunction and enhanced permeability. We provide evidence that production of
IFN-� by BMECs during CoV infection may prevent BBB breakdown and brain viral invasion.

The blood-brain barrier (BBB) is a highly selective barrier crit-
ical for central nervous system (CNS) homeostasis in control-

ling peripheral blood-brain exchange and preventing neurotoxins
and pathogens from access to the CNS. The functional and struc-
tural integrity of the BBB mainly relies on specific features of the
brain microvascular endothelial cells (BMECs) lining the brain
capillaries. These cells are tightly connected by a unique assembly
of adherens junctions composed of transmembrane cadherin and
tight-junction complexes (e.g., claudins and occludin) anchored
to actin filaments via adaptor molecules, such as zona occludens
(ZO) (1).

The BBB is known to provide significant protection against
hematogenously spread viruses, as several viruses inoculated in
periphery were shown to induce neuropathology only after me-
chanically or chemically mediated disruption of the BBB (2–4).
However, some infectious blood-borne viruses primarily target-
ing peripheral organs have evolved strategies to thwart the BBB,
including direct infection of BMECs, “Trojan horse” invasion via
the traffic of infected immune cells in the CNS or paracellular
entry through alteration of tight junctions (1). Disruption of tight
junctions, resulting from either viral products or host immune
factors (5–8), may lead to an increase in extravasation of immune

cells and poorly regulated flux of molecules as well as ions across
the BBB, which are critical events in neuropathogenesis (9).

Coronaviruses (CoVs) are enveloped, positive-sense, single-
stranded RNA viruses that infect several mammals, including hu-
mans. There is some evidence that suggests that respiratory CoVs
may show neuroinvasive properties. The severe acute respiratory
syndrome coronavirus (SARS-CoV), which causes severe acute
respiratory syndrome in humans, and the human CoVs OC43 and
229E were found in the brains of SARS patients and multiple scle-
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rosis patients, respectively (10–13). However, the mechanism of
neuroinvasion by hematogenously spread CoVs is elusive.

The different serotypes of viruses in the mouse hepatitis virus
(MHV) coronavirus group induce hepatic, respiratory, or enteric
diseases, followed by neurological disorders (14), and thus, the
mouse is a relevant animal model for the study of neuroinvasion
by CoVs. The highly hepatotropic mouse hepatitis virus type 3
(MHV3) is known as the most virulent MHV strain, causing ful-
minant hepatitis and death of susceptible C57BL/6 mice within 3
to 5 days postinfection (p.i.) (15) and neurological disease follow-
ing nonlethal hepatitis in semisusceptible C3H mice characterized
by meningitis, ependymitis, and encephalitis beginning 3 to 4
weeks p.i. after intraperitoneal (i.p.) infection (15, 16). This sug-
gests brain invasion by MHV3 through the BBB endothelium in
the acute phase of infection. The attenuated 51.6-MHV3 variant
has lost the ability to replicate in liver endothelial cells (17) and
induces acute hepatitis and death of susceptible C57BL/6 mice
within 5 to 9 days p.i. (18), suggesting an important role for en-
dothelial cells in disease outcome. The weakly hepatotropic
MHV-A59 causes no mortality and moderate hepatitis without
neurological disease in C57BL/6 mice when i.p. inoculated (19).
Brain invasion and disease by the MHV-A59 serotype is however
enabled following intranasal infection and depends on the olfac-
tory nerve, instead of the BBB, as the portal of viral entry into the
CNS (19–21) suggesting a restriction of CNS invasion at the BBB
level (19, 22).

BMECs have already been reported as potential cell targets for
MHVs, as they express the MHV receptor, carcinoembryonic an-
tigen 1a (CEACAM1a) (23). Primary mouse BMECs were shown
to support MHV3 replication in vitro (24), but conflicting results
regarding viral replication of MHV-A59 in BMECs have been re-
ported (22, 25, 26). Since all MHV strains use the same cell recep-
tor (CEACAM1a), and both MHV3 and MHV-A59 can bind to
BMECs (22, 24), another factor(s) might be involved in BBB in-
vasion according to MHV serotype.

We demonstrated here that the highly hepatotropic MHV3
strain, but not the MHV-A59 or 51.6-MHV3 variant, elicited an in
vivo and in vitro breakdown of functional and structural integrity
of the BBB, enabling viral invasion of the brain. The MHV strain-
specific ability to cross the BBB during acute liver infection corre-
lated with enhanced BBB permeability due to alteration of tight
junctions zona occludens protein 1 (ZO-1), VE-cadherin, and oc-
cludin but not claudin-5 expression on BMECs. Barrier disrup-
tion in MHV3 infection was not related to the release of inflam-
matory cytokines or chemokines by infected BMECs but rather to
a downregulation of barrier protective beta interferon (IFN-�)
production.

MATERIALS AND METHODS
Mice. Female C57BL/6 (Charles River, St. Constant, Quebec, Canada)
mice were housed in a HEPA-filtered air environment. All experiments
were conducted with mice between 8 to 10 weeks of age in compliance
with the regulations of the Animal Committee of the University of Quebec
at Montreal, Canada.

Viruses. Highly pathogenic MHV3 is a cloned substrain isolated from
the liver of an infected DBA2 mouse and maintained in L2 cells for less
than three passages, as described previously (27). The mildly virulent
MHV-A59 strain was obtained from the American Type Culture Collec-
tion (ATCC) (Rockville, MD, USA). The lower-virulence 51.6-MHV3 is
an escape mutant, selected from the pathogenic MHV3 virus in the pres-
ence of S protein-specific A51 and A37 monoclonal antibodies, having lost

tropism for liver sinusoidal endothelial cells (17). All viruses were pro-
duced in L2 cells, and their pathogenic properties were assessed routinely.

Cells. bEnd.3 (ATCC CRL-2390), an immortalized mouse brain en-
dothelial cell line, was cultured in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum (FCS) and antibiotics (Wysent, St.
Bruno, Quebec, Canada). Freshly trypsinized bEnd.3 cells were seeded in
collagen-treated 24-well plates at 6 � 104 cells/cm2 or collagen-treated
6.5-mm-diameter Transwell polycarbonate membrane inserts (Fisher
Scientific, Ontario, Canada) and incubated until they reached confluence.
The cells were then infected with MHV3, MHV-A59, or 51.6-MHV3 at a
multiplicity of infection (MOI) of 0.1 for 24 to 72 h or up to 8 days
according to the particular experiment. In some experiments, cells were
concomitantly treated with IFN-� (100 pg/ml) or anti-IFN-� (1 �g/ml)
(R&D Systems, Minneapolis, MN). Cell culture supernatant was collected
for enzyme-linked immunosorbent assays (ELISAs) and virus titration,
and total RNA was extracted for quantitative reverse transcription-PCR
(qRT-PCR) analyses. In vitro studies were conducted in triplicate.

In vivo viral infections. Groups of six wild-type C57BL/6 mice were
infected intraperitoneally (i.p.) with 103 50% tissue culture infective doses
(TCID50) of MHV3, MHV-A59, or 51.6-MHV3. Mock-infected mice re-
ceived a similar volume of phosphate-buffered saline (PBS) (Wysent, St.
Bruno, Quebec, Canada). Mice were sacrificed by CO2 anoxia 72 h postin-
fection (p.i.). The brain and liver were collected and frozen at �80°C for
further analyses.

RNA isolation and qRT-PCR. Total RNA from frozen brain samples
was extracted using TRIzol reagent (Invitrogen, Burlington, Ontario,
Canada), and residual genomic DNA was removed with the Turbo DNA-
free kit (Ambion, Austin, TX). RNA from bEnd.3 cells was extracted using
a NucleoSpin RNA II kit (Macherey-Nagel, Bethlehem, PA) according to
the manufacturer’s instructions. One microgram of RNA was reverse
transcribed into cDNA using the high-capacity cDNA reverse transcrip-
tion kit (Applied Biosystems, Foster City, CA). Real-time PCR amplifica-
tion was carried out on 25 ng cDNA using the HotStart-IT SYBR green
qPCR master mix (USB Corporation, Cleveland, OH) on an ABI 7300
system (Applied Biosystems, Foster City, CA). Primer sets used are listed
in Table 1. Threshold cycle (CT) values were collected and used for ��CT

analysis. Gene expression was normalized to expression of the hypoxan-
thine phosphoribosyltransferase (HPRT) gene as an endogenous control
and expressed as a ratio of gene expression in mock-infected mice or
bEnd.3 cells. The specificity of the PCR products was confirmed by melt-
ing curve analyses. All qPCR analyses of samples from in vitro and in vivo
experiments were run in duplicate.

ELISAs. Determination of the levels of IFN-� (PBL, Piscataway, NJ),
interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-�) (BD, Missis-
sauga, Ontario, Canada), CXC chemokine ligand 10 (CXCL10), CC
chemokine ligand 2 (CCL2) (eBiosciences, San Diego, CA), and CXCL1
(R&D Systems, Minneapolis, MN) in bEnd.3 cell culture supernatants
was carried out according to the manufacturer’s instructions.

Virus titration. Virus titration was performed on brain lysates from
infected mice and infected bEnd.3 cell culture supernatants by 10-fold
serial dilutions on L2 cell monolayers cultured in 96-well plates. Cyto-
pathic effects, characterized by syncytia and cell lysis, were recorded at 72
h p.i., and virus titers were determined according to the Reed-Muench
method and expressed as log10 TCID50.

In vivo assessment of BBB integrity. Changes in blood-brain barrier
permeability were assessed using sodium fluorescein (NaF) (Sigma-Al-
drich) as previously described (28). Briefly, mice were infected for 72 h
and i.p. injected with 100 �l of 10% NaF in PBS 1 h prior to euthanasia.
Cardiac blood was collected, transcardial perfusion with 15 ml PBS was
performed, and brains were removed, weighed, and homogenized in PBS
(1:10 [wt/vol]). NaF content was measured on a Synergy 4 microplate
fluorometer (Biotek, Winooski, VT) with excitation at 485 nm and emis-
sion at 530 nm using standards ranging from 0.78 �g/ml to 5 �g/ml. The
NaF concentration in the brain was normalized to serum NaF concentra-
tions for each mouse to allow comparisons among mice and calculated as
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follows: (microgram of NaF in the brain/milligram of brain)/(microgram
of NaF in sera/microliter of blood). Data are expressed as fold increase in
fluorescence compared to the levels in uninfected mice.

siRNA transfections. bEnd.3 cells were seeded in collagen-treated 24-
well plates at 60,000 cells/ml and transfected with 25 nM small interfering
RNA (siRNA) Flexitube premix (Qiagen, Cambridge, MA) targeting Toll-
like receptor 2 (TLR2) mRNA (target sequence, CTCGTTCTCCAGCAT
TTAAA), CEACAM1a mRNA (target sequence, CACACTCATGCATTC
ACTCTA), caveolin-1 mRNA (target sequence, ATGGTTTGTCTTGAT
CAAGAA), or clathrin mRNA (target sequence, CACGTGTTATGGAGT
ATATTA) or transfected with the AllStars negative-control siRNA
(Qiagen, Cambridge, MA) as a nonsilencing transfection control for 36 h
prior to infections.

Transendothelial electrical resistance and in vitro permeability as-
says. bEnd3 cell monolayers were grown on collagen-treated 6.5-mm-
diameter Transwell polycarbonate membrane inserts (6 � 104 cells/cm2)
(0.4-�m pore size; Costar, Corning, Tewksbury, MA) assembled into 24-
well plates and infected for 24 to 72 h. Transendothelial electrical resis-
tance (TEER) (ohms per square centimeter), reflecting barrier integrity,
was recorded using an EVOM volt ohmmeter (World Precision Instru-
ments, Sarasota, FL) and calculated by subtracting the resistance of blank
inserts from that of the inserts with cells and multiplying the subtracted
values by the area of the insert. Barrier function was further analyzed by
measuring the permeability of the cell monolayer to sodium fluorescein
(molecular mass of 376 Da) and Evans blue (EVB)-labeled albumin (mo-
lecular mass of 67 kDa) (Sigma-Aldrich, St. Louis, MO). Ringer-HEPES
was added to the abluminal side, while the luminal side was loaded with
Ringer-HEPES containing 200 �g/ml NaF, 170 �g/ml EVB, and 10 mg/ml
bovine serum albumin (BSA). The cells were incubated at 37°C for 30 min,
and the levels of NaF and EVB in the abluminal side were measured using
a fluorometer (Biotek, Winooski, VT) with an excitation/emission wave-
length ratio of 485/530 nm for NaF and an excitation/emission wave-
length ratio of 540/680 nm for EVB. NaF and EVB concentrations were
determined using a standard curve.

Immunochemistry. bEnd.3 cells were seeded in collagen-treated two-
well Labtek chamber slides and infected for 48 h. The cells were fixed with
3.7% paraformaldehyde (PFA) for 10 min at room temperature, perme-
abilized with 0.3% Triton X-100, and blocked with 3% BSA. The cells
were incubated with primary antibodies (ZO-1, occludin, and VE-
cadherin antibodies diluted 1:100; all antibodies from LSBio, Seattle,
WA) overnight at 4°C, then incubated with fluorescein isothiocyanate
(FITC)-labeled goat anti-rabbit secondary antibody (1:500) (1 h at
room temperature), and mounted in antifade medium containing
4=,6=-diamidino-2-phenylindole (DAPI) counterstain (Invitrogen,
Ontario, Canada). Fixed cells were imaged with a Zeiss LSM700 static
Observer Z1 confocal microscope (63�) (Zeiss, Toronto, Ontario, Can-
ada) and analyzed using ZEN 2009 software. For brain immunolocaliza-
tion of ZO-1, VE-cadherin, and occludin, mouse brain sections (5 �m)

were fixed in paraformaldehyde and embedded in paraffin and the anti-
gens were retrieved by incubating the sections with primary antibodies (1,
2.5, and 10 �g/ml, respectively; all antibodies from LSBio, Seattle, WA)
for 1 h in a Ventana automated machine (Ventana Medical Systems, Tuc-
son, AZ), and OmniMap anti-rabbit secondary antibodies conjugated to
horseradish peroxidase (HRP) (RUO) for 16 min. The sections were then
counterstained with hematoxylin.

Statistical analyses. Data are expressed as means � standard errors of
means. In vitro statistical analyses were performed with Student’s t test
comparing the values for mock-infected cells to the values for MHV-
infected cells; for experiments with siRNAs, the values for treated MHV-
infected cells were compared to the values for untreated MHV-infected
cells. In vivo statistical analyses were conducted with a one-way analysis of
variance (ANOVA) test followed by a posthoc Tukey analysis using soft-
ware program PASW version 18 (IBM SPSS Inc., Chicago, IL). MHV-
infected mice were compared to mock-infected mice or MHV3-infected
mice were compared to MHV-A59- and 51.6-MHV3-infected mice ac-
cording to experiments. P values of �0.05 were considered significant.

RESULTS
Brain invasion by hematogenously spread MHVs correlates
with strain virulence and tropism for liver. The discrepancies
regarding brain invasion by the highly hepatotropic MHV3 or the
weakly hepatotropic MHV-A59 following hematogenous spread
of viruses (i.p. inoculation) suggest strain-specific abilities to traf-
fic across the BBB (15, 16, 22, 25, 29). To verify this hypothesis,
C57BL/6 mice were i.p. infected for 72 h with MHV3, its attenu-
ated 51.6-MHV3 variant or MHV-A59, and the brains were har-
vested, stained for histopathological analyses, and assayed for viral
detection. Examination of hematoxylin-eosin (HE)-stained brain
sections revealed the low-level presence of inflammatory cells in
the meninges, microvasculature, and ependymal tissue lining the
ventricles in the brains of MHV3-infected mice (Fig. 1A). No in-
flammatory cells or abnormalities in the neural tissue and choroid
plexus were detected in the brains of 51.6-MHV3- or MHV-A59-
infected mice. In addition, no multinucleate or rounding cells
usually observed in the livers of MHV-infected mice were noted in
the brains of all infected mice. Histopathological analysis of the
liver was also done from 24 to 72 h p.i. to confirm that viral infec-
tion first occurred in the liver following i.p. inoculation in all
groups of mice. Multiple foci of inflammatory infiltrations and
hepatocyte necrosis were noted as soon as 24 h p.i. and extended
until 72 h p.i. in the livers of MHV3-infected mice, while only a
few localized foci of necrotic cells were present in the livers of
MHV-A59- or 51.6-MHV3-infected mice (results not shown).

TABLE 1 Primer sets used for quantitative reverse transcription-PCR

Gene

Primer sequence

Forward primer Reverse primer

HPRT 5=-GAAAGACTTGCTCGAGATGTCATG-3= 5=-CACACAGAGGGCCACAATGT-3=
IFN-� 5=-CGGACTTCAAGATCCCTATGGA-3= 5=-TGGCAAAGGCAGTGTAACTCTTC-3=
IL-6 5=-TCGGAGGCTTAATTACACATGTTC-3= 5=-TGCCATTGCACAACTCTTTTCT-3=
TNF-� 5=-TCCCAGGTTCTCTTCAAGGGA-3= 5=-GGTGAGGAGCACGTAGTCGG-3=
CCL2 5=-GCAGCAGGTGTCCCAAAGAA-3= 5=-GGTCAGCACAGACCTCTCTCTTG-3=
CXCL10 5=-GGCCATAGGGAAGCTTGAAAT-3= 5=-TCGTGGCAATGATCTCAACAC-3=
Occludin 5=-TGTGGGATAAGGAACACATTTATGA-3= 5=-CAGACACATTTTTAACCCACTCTTCA-3=
Claudin-5 5=-TCTGCTGGTTCGCCAACAT-3= 5=-CGGCACCGTCGGATCA-3=
ZO-1 5=-TGAACGCTCTCATAAGCTTCGTAA-3= 5=-ACCGTACCAACCATCATTCATTG-3=
VE-cadherin 5=-GCGCAGCATCGGGTACTC-3= 5=-GCTTGGTTATTCGGAAGAATTGG-3=
MHV N 5=-TGGAAGGTCTGCACCTGCTA-3= 5=-TTTGGCCCACGGGATTG-3=
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Trafficking of virus to the brain was assessed by detection of
MHV nucleoprotein (N) RNAs and titration of infectious parti-
cles. Viral RNAs and virus titers were detected only in the brains of
highly hepatotropic MHV3-infected mice, while no evidence of

replication of MHV-A59 and 51.6-MHV3 was noted (Fig. 1B and
C). Viral replication level in the brain after 72 h p.i., was, however,
too low to permit significant immunolabeling of virally infected
cells. Similarly, infectious viruses were titrated at 72 h p.i. in the
livers of all groups of mice and demonstrated that MHV3 repli-
cated higher (6.3 � 0.1 log10 TCID50/g liver) than MHV-A59
(3.9 � 0.16 log10 TCID50/g liver) and 51.6-MHV3 (3.6 � 0.17
log10 TCID50/g liver). These results suggest that only the highly
hepatotropic MHV3 may have the ability to invade the brain by
hematogenous spread and to cross the BBB.

Breakdown of the BBB and alteration of tight junctions oc-
cur only in the brains of highly hepatotropic MHV3-infected
mice. To further investigate whether MHV3 but not 51.6-MHV3
or MHV-A59 viral replication in the brain following liver infec-
tion was due to a breakdown of the BBB, assessment of BBB per-
meability was performed in mice infected for 72 h with each virus
and injected i.p. with 10% NaF dye 1 h prior to euthanasia. The
leakage of NaF from the peripheral circulation into the brain is
allowed only when the BBB is compromised (30). As shown in Fig.
2A, NaF levels increased in the brains of MHV3-infected mice,
indicating a breakdown of the BBB (P � 0.05). No significant
difference in NaF uptake was observed in mice infected with
MHV-A59 and 51.6-MHV3.

Since the integrity of the tight junctions is crucial for maintain-
ing the function of the BBB, we asked whether breakdown of the
BBB following MHV3 infection resulted from decrease in tight-
junction proteins. To assess this, mRNA expression of tight-junc-
tion proteins (claudin-5, VE-cadherin, occludin, and ZO-1) was
evaluated in the brains of infected mice at 72 h p.i. by qRT-PCR.
Compared to brains from mock-infected mice, the level of expres-
sion of occludin mRNA was significantly reduced by about 50% in
the brains of MHV3-infected mice, but not MHV-A59- or 51.6-
MHV3-infected mice (P � 0.01) (Fig. 2B). The levels of expres-
sion of ZO-1 and VE-cadherin mRNA were also impaired in the
brains of MHV3-infected mice and to a lesser extent in MHV-
A59-infected mice (P � 0.05 to 0.01), but not in 51.6-MHV3-
infected mice (Fig. 2C and D). No significant change in claudin-5
expression was evidenced in mice infected with either virus
(Fig. 2E).

To confirm that reduction in tight-junction mRNA expression
in the brain was in accordance with a concomitant decrease in
protein expression, immunohistochemistry (IHC) stainings using
specific antibodies to each protein were conducted on brain tissue.
VE-cadherin, occludin, and ZO-1 staining intensities were lower
in brain microvessels from MHV3-infected mice than in brain
microvessels from mock-infected mice, as shown by the black ar-
rows (Fig. 2F). Lower reduced expression of VE-cadherin and
ZO-1 was also detected in the brains of MHV-A59-infected mice,
while no change in tight-junction protein expression was induced
by 51.6-MHV3 infection.

BMECs (bEnd.3 cell line) are more permissive to MHV3 rep-
lication than to 51.6-MHV3 and MHV-A59 replication. De-
crease in tight-junction protein expression may result from direct
permissivity of BMECs to viral replication and subsequent virus-
induced cell damage (31). To determine whether specific MHV3-
induced breakdown of the BBB and alteration of tight-junction
expression resulted from a differential permissivity of BMECs to
MHV infections, in vitro infections with MHV3, 51.6-MHV3, and
MHV-A59 at an MOI of 0.1 were conducted on a BMEC cell line
(bEnd.3 cells) known to exhibit properties similar to those of pri-

FIG 1 Brain invasion by hematogenously spread MHVs correlates with viru-
lence. (A) Groups of six or seven mice were i.p. mock infected (PBS) or in-
fected with 1,000 TCID50 (50% tissue culture infective doses) of MHV3,
MHV-A59, and 51.6-MHV3 for 72 h, and harvested brains were subjected to
hematoxylin-eosin-safranin staining for histopathological analyses. (B) Viral
detection of MHV3, MHV-A59, and 51.6-MHV3 at 72 h p.i. in brain samples
of infected mice determined by qRT-PCR analysis of the viral nucleoprotein
(N) expression and viral titration (TCID50). The viral detection threshold is 1.6
TCID50/ml. Values are means plus standard errors of means (error bars). Val-
ues that are significantly different (P 	 0.001) are indicated (***).
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mary BMECs (32, 33). The kinetics of viral replication showed
that production of infectious MHV3 increased from day 2 to day 3
p.i. and then stabilized up to day 8 p.i. (Fig. 3A). Viral titers of
MHV-A59, unlike MHV3, steadily decreased over time after a
rapid increase in the first 3 days (P � 0.01). As expected, the
51.6-MHV3 variant, expressing low tropism for liver endothelial
cells (17), showed a delayed replication in bEnd.3 cells, as evi-

denced by the absence of infectious virus production until day 3
p.i., followed by a lower viral replication level (P � 0.01). Occur-
rence of few foci of cytopathic effects, characterized by rounded
cells instead of typical “cobblestone” morphology, were noted in
MHV3- and MHV-A59-infected cell cultures, but no typical
MHV-induced giant syncytial cells or cell lysis was observed (not
shown).

FIG 2 MHV3, but not MHV-A59 and 51.6-MHV3, induces BBB breakdown. Groups of six or seven mice were i.p. mock infected (PBS) or infected with 1,000
TCID50 of MHV3, MHV-A59, and 51.6-MHV3 for 72 h. (A) Determination of BBB permeability assessed by sodium fluorescein (NaF) uptake 1 h prior to
euthanasia. (B to E) mRNA expression of occludin (B), ZO-1 (C), VE-cadherin (D), and claudin-5 (E) was evaluated in brain samples by qRT-PCR. Values
represent fold change in gene expression relative to mock-infected mice after normalization with HPRT expression. All samples were run in duplicate. Values that
are significantly different from the value for mock-infected mice are indicated by asterisks as follows: *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001. (F) Immunohis-
tochemistry stainings of VE-cadherin, occludin, and ZO-1 on brain sections of MHV3-, MHV-A59- and 51.6-MHV3-infected mice.
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In order to confirm low or no major changes in cellular metab-
olism in the first 72 h of infection in MHV3-, MHV-A59-, or
51.6-MHV3-infected BMECs, the metabolic activity of infected
bEnd.3 cells was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sul fophenyl)-2H-
tetrazolium inner salt) (MTS)-phenazine methosulfate (PMS)
colorimetric assay from 24 h to 72 h p.i. and compared to unin-
fected control cells. The percentage of optical density (OD), com-
pared with control cells, slowly decreased (about 15%) in the first
72 h p.i. only in MHV3-infected bEnd.3 cells (P � 0.01) (Fig. 3B).
In addition, the loss of cell activity did not increase when cells were
infected with a higher MOI (MOIs of 1 and 5) (results not shown).

Higher permissivity of BMECs to MHV3 depends on
CEACAM1a and TLR2 ligation and on both clathrin- and caveo-
lin-dependent endocytosis for entry, in contrast to 51.6-MHV3
and MHV-A59. It was previously shown that the protective role of
the BBB against brain invasion by blood-borne MHV-A59 was
related to a specific blockade of viral entry in BMECs (22). Fixa-
tion and entry of MHVs in target cells generally depend on fixa-
tion of viral S protein to the common MHV receptor CEACAM1a
and further endocytosis or fusion with the host cell (23). However,
we have also previously demonstrated that S protein from MHV3
can ligate to TLR2 on the macrophage cell surface (34). To provide
insight into how MHV3 exhibits differential viral fixation and/or
entry into BMECs compared to MHV-A59 and 51.6-MHV3, the
levels of MHV nucleoprotein (N) RNA, as an indicator of viral
entry and/or subsequent replication, were evaluated in bEnd.3
cells following abrogation of CEACAM1a or TLR2 expression
by specific siRNAs. As shown in Fig. 3C, abrogation of the
CEACAM1a expression resulted in a substantial decrease of MHV
N RNA expression in BMECs infected with all viruses (P � 0.001).
Knockdown of TLR2 expression, however, provoked a higher de-
crease of viral replication in MHV3-infected cells (P � 0.01) than

in MHV-A59- and 51.6-MHV3-infected cells (P � 0.01 and P �
0.05, respectively), suggesting a more important role for TLR2 in
the fixation or entry of MHV3 in BMECs.

It has already been demonstrated that restriction of the BBB to
weakly hepatotropic MHV-A59 virus entry was abrogated by SDS
detergent treatment (22), suggesting that restriction of MHV-A59
entry in BMECs occurred at the endocytosis step (35). It is thus
proposed that MHV3, in contrast to MHV-A59, takes advantage
of caveolin- and/or clathrin-dependent endocytic pathways to in-
fect BMECs. To address this, bEnd.3 cells were treated with
siRNAs for clathrin or caveolin-1 prior to infection by all MHV
strains. As shown in Fig. 3D, MHV N RNA levels decreased in
MHV3-infected cells when clathrin or caveolin-1 expression was
abrogated (P � 0.05 to 0.01), while MHV N RNA levels of MHV-
A59 were altered only in clathrin-deficient, infected cells (P �
0.05), suggesting that MHV3, in contrast to MHV-A59, may use
both endocytic pathways for viral entry into BMECs. No signifi-
cant effect was observed in 51.6-MHV3-infected cells, due to no or
low viral RNA level.

MHV3, but not MHV-A59 and 51.6-MHV3, enhances in
vitro permeability of BMECs, leading to viral transendothelial
migration. We further investigated whether MHV3 infection
might affect in vitro the barrier functions of BMECs, such as ob-
served in vivo above. To address this, an in vitro model of BBB was
constructed using bEnd.3 cell monolayers growing on Transwell
inserts as previously described (32, 33). First, cells were infected
with MHV strains for 24 to 72 h, and transendothelial electrical
resistance (TEER), reflecting BBB integrity, was monitored. TEER
decreased at 48 and 72 h p.i. in MHV3-infected BMECs (P � 0.05
to 0.01), while it was weakly affected at 72 h p.i. only in MHV-
A59-infected cells (P � 0.05) (Fig. 4A). The 51.6-MHV3 infection
did not alter the TEER.

Thereafter, to determine whether such alteration of TEER in

FIG 3 MHV3 exhibits higher tropism for BMECs than MHV-A59 and 51.6-MHV3 do. Mouse bEnd.3 immortalized brain microvascular endothelial cells
(BMECs) were infected with MHV3, MHV-A59, or 51.6-MHV3 at an MOI of 0.1. (A) Kinetics of MHV infections up to 8 days p.i. (B) Metabolic activity of
infected BMECs as determined by MTS-PMS colorimetric assay from 24 h to 72 h p.i. (C) Roles of CEACAM1a and TLR2 in MHV entry into BMECs. (D) Roles
of caveolin-1 (CAV-1) and clathrin (CLT) in MHV endocytosis by BMECs. bEnd.3 cells were treated with specific siRNA to each molecule prior to infection for
24 h, and MHV nucleoprotein (N) mRNA expression was determined by qRT-PCR. All experiments were conducted in triplicate. Results are representative of
two or three independent experiments. Values are means � standard errors of means (error bars). Values that are significantly different are indicated by asterisks
as follows: *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001. CTRL and Ctrl, control (uninfected cells).
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MHV3-infected bEnd3 cells correlated with enhanced paracellu-
lar permeability, extravasation of the fluorescent NaF dye through
infected bEnd.3 cell monolayers was evaluated in the basolateral
chamber. NaF uptake was significantly increased in MHV3-in-
fected monolayers as soon as 24 h p.i. and extended to 48 h p.i.,
indicating considerable effects on BBB paracellular permeability
(P � 0.05 to 0.01) (Fig. 4B). MHV-A59 infection, however, in-
duced a slight increase of NaF uptake at 48 h p.i. only (P � 0.05).
To further characterize the extent of damage induced by MHV3
infection on BMEC permeability, extravasation of the high-mo-
lecular-weight Evans blue (EVB) dye was assessed. Albeit to a
lesser extent than NaF, a higher uptake of EVB was found in
MHV3-infected bEnd.3 monolayers (P � 0.01) than in MHV-
A59-infected bEnd.3 monolayers (P � 0.05) (Fig. 4C). No effect
on the permeability to either dye was noted in 51.6-MHV3-in-
fected cells. Finally, we postulated that MHV3-induced enhance-
ment of permeability would allow the virus to transmigrate across
the bEnd.3 monolayer, so we assessed infectious virus titers in the
basolateral chamber. As shown in Fig. 4D, MHV3 viral titers
(more than 1.6 log10 units), but not MHV-A59 or 51.6-MHV3
viral titers, were detected at 48 and 72 h p.i. in the basolateral
chamber, indicating that only MHV3 exhibited the ability to cross
the in vitro BMEC barrier.

Breakdown of the in vitro BMEC barrier by MHV3 results
from decreased expression of occludin, VE-cadherin, and ZO-1
tight-junction proteins. To further determine whether MHV3-
induced impairment of barrier function of BMECs was associated
with alteration of tight junctions in BMECs, such as observed
above in the brains of infected mice, the levels of expression of
claudin-5, ZO-1, VE-cadherin, and occludin mRNA were evalu-
ated in infected bEnd.3 cells by qRT-PCR at 48 h p.i. Significant
reduction of occludin, VE-cadherin, and ZO-1 mRNA expression
occurred in MHV3-infected BMECs only (P � 0.05) (Fig. 5A, B,
and C). Claudin-5 mRNA expression in BMECs, however, was not
affected by MHV3 or other virus strains (Fig. 5D).

To confirm that such reduction in mRNA expression of tight
junctions was consistent with a reduction in protein expression,
immunofluorescence staining was performed on infected cells. In
comparison to uninfected cells (control), the intensity of surface
staining of VE-cadherin and ZO-1 as well as cytoplasmic and nu-
clear staining of occludin decreased in MHV3-infected BMECs,
while no apparent difference was noted in either MHV-A59- or
51.6-MHV3-infected cells (Fig. 5E).

MHV3-induced breakdown of the in vitro BMEC barrier
does not depend on inflammatory factors. BBB disruption dur-
ing viral infection may be indirectly provoked by virus-induced
inflammatory mediators, such as the cytokines TNF-� and IL-6 or
chemokines CCL2 and CXCL10 (1, 5–8). Accordingly, we hypoth-
esized that MHV3 infection, but not MHV-A59 and 51.6-MHV3
infections, may increase the production of autocrine inflamma-
tory factors by BMECs that might subsequently compromise BBB
integrity. To address this, the levels of TNF-�, IL-6, CCL2, and
CXCL10 were evaluated in MHV-infected bEnd.3 cells by qRT-
PCR and ELISAs at 24 h p.i. As shown in Fig. 6A and B, mRNA
levels of TNF-� did not increase in MHV3-infected cells, in con-
trast to 51.6-MHV3- and MHV-A59-infected cells (P � 0.05),
although protein expression was not detected by ELISA. Tran-
scription and production of IL-6, however, increased in 51.6-
MHV3- and MHV-A59-infected cells (P � 0.05 to 0.001) (Fig. 6C
and D), but not MHV3-infected cells. The production of CCL2
increased only in 51.6-MHV3-infected cells (P � 0.01 to 0.001)
(Fig. 6E and F), while CXCL10 levels were not induced in any
MHV-infected cells (Fig. 6G and H). Taken together, these results
suggest that barrier breakdown by MHV3 infection does not cor-
relate with induction of inflammatory factors, which are instead
produced by 51.6-MHV3- and MHV-A59-infected cells.

MHV3-induced breakdown of in vitro BMEC barrier is re-
lated to impaired production of IFN-� by infected cells. It was
demonstrated that IFN-� promotes BBB integrity and prevents
virus-induced barrier breakdown (36, 37). Accordingly, we hy-

FIG 4 MHV3, but not MHV-A59 and 51.6-MHV3, alters in vitro BMEC barrier integrity. An in vitro model of BBB was constructed using bEnd.3 cell monolayers
grown on Transwell inserts, and cells were infected with MHV3, MHV-A59, or 51.6-MHV3 at an MOI of 0.1. (A) Transendothelial electrical resistance (TEER),
reflecting barrier integrity, was monitored from 24 to 72 h. (B and C) Evaluation of the paracellular permeability of bEnd.3 monolayers to NaF (B) or Evans blue
(C) dye at 24 and 48 h p.i. Blank corresponds to maximal permeability (insert without cells). (D) Determination of viral transmigration across the bEnd.3
monolayer. Viral titers were recorded in the basolateral chamber from 24 to 72 h p.i. The Viral detection threshold is 1.6 TCID50. All experiments were conducted
in triplicate. Results are representative of two independent experiments. Values that are significantly different are indicated by asterisks as follows: *, P 	 0.05;
**, P 	 0.01.
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pothesized that MHV-A59 or 51.6-MHV3, but not MHV3, in-
duced barrier protective IFN-� production by BMECs. As ex-
pected, higher levels of mRNA and secreted IFN-� were detected
in 51.6-MHV3- and MHV-A59-infected cells (P � 0.05 to 0.001)
than in MHV3-infected cells (P � 0.05) (Fig. 7A and B).

To confirm that barrier disruption during MHV3 infection
results from the absence of IFN-� production, we evaluated the
barrier properties of bEnd.3 cell monolayers upon MHV infec-
tions in the presence of IFN-� (100 pg/ml) or anti-IFN-� antibod-
ies (1 �g/ml) at 48 h p.i. As observed in Fig. 7C, addition of IFN-�
increased the TEER both in control (uninfected) and MHV-in-
fected cultures, which is in concordance with its barrier enhancing
properties (P � 0.05 to 0.01). TEER decreased only in MHV3-
infected cells but was completely restored by IFN-� treatment
(P � 0.01) (Fig. 7C). However, addition of anti-IFN-� antibodies
did not decrease TEER in spite of a nonsignificant decrease in
51.6-MHV3-infected cells. Moreover, previously observed en-
hancement of paracellular permeability to NaF and EVB in

MHV3-infected cells and to a lesser extent in MHV-A59-infected
cells at 72 h p.i. was abolished following the addition of IFN-�
(P � 0.01 and P � 0.05, respectively) (Fig. 7D and E), while anti-
IFN-� treatment increased paracellular permeability in weakly
hepatotropic MHV-A59- and 51.6-MHV3-infected BMECs com-
pared with untreated infected cells (P � 0.01 and P � 0.05, respec-
tively).

In order to confirm that the rescued barrier properties of in-
fected bEnd.3 cells following IFN-� treatment result from preser-
vation of tight-junction protein expression, the levels of expres-
sion of occludin, ZO-1, and VE-cadherin mRNA were analyzed by
qRT-PCR. As shown in Fig. 7F to H, the addition of IFN-� to
MHV3-infected cells abolished the decreases in expression of oc-
cludin, ZO-1, and VE-cadherin genes (P � 0.05 to 0.01) and
blocked MHV3 trafficking across the bEnd.3 monolayer, as no
infectious viruses were detected in the basolateral chamber (not
shown).

On the other hand, neutralization of IFN-� potentially pro-

FIG 5 MHV3, but not MHV-A59 and 51.6-MHV3, alters tight-junction expression on BMECs. (A to D) bEnd.3 cells were infected for 48 h with MHV3,
MHV-A59, and 51.6-MHV3 at an MOI of 0.1, and the levels of expression of occludin (A), VE-cadherin (B), ZO-1 (C), and claudin-5 (D) mRNA were evaluated
by qRT-PCR. Values represent fold change in gene expression relative to uninfected cells (control [CTRL]) after normalization with HPRT expression. All
samples were run in duplicate. All experiments were conducted in triplicate. Results are representative of two independent experiments. Values that are
significantly different (P 	 0.05) are indicated (*). (E) Immunofluorescence stainings of the tight-junction (green) VE-cadherin, occludin, and ZO-1 and the
nucleus (blue) in uninfected (CTRL) and infected bEnd.3 cells. Images presented are from one representative experiment out of three independent experiments.
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duced in MHV3-infected culture did not worsen virus-induced
barrier permeability or reduction of tight junctions (Fig. 7D to H),
which is in accordance with the low levels of IFN-� produced by
MHV3-infected cells. However, as shown in MHV-A59- and 51.6-
MHV3-infected cultures, neutralization of IFN-� increased bar-
rier permeability to NaF and EVB (P � 0.05 to 0.01), correlating
with concomitant reduction of TEER (P � 0.05) (Fig. 7C to E) and
decreased expression of occludin and VE-cadherin in 51.6-
MHV3-infected cells, but not in MHV-A59-infected cells (P �
0.05) (Fig. 7F to H).

To verify whether such improvement of barrier integrity by
IFN-� might indirectly result from its antiviral rather than its
barrier protective properties, virus titers were assessed in both
IFN-�-treated and untreated MHV-infected cells. Viral replica-
tion of MHV3 was not blocked by IFN-� treatment, since viral
titers remained similar in untreated and IFN-�-treated infected
cells (4.6 � 0.3 and 4.3 � 0.3 log10 TCID50/ml, respectively), while

MHV-A59 replication was completely abolished in IFN-�-treated
cells (from 3.9 � 0.33 to 	1.6 log10 TCID50/ml). Moreover, neu-
tralization of IFN-� increased viral titers in MHV-A59- and 51.6-
MHV3-infected cells (from 3.9 � 0.33 to 5 � 0.04 log10

TCID50/ml and from 	1.6 to 4 � 0.1 log10 TCID50/ml, respec-
tively). In addition, neutralization of IFN-� allowed transit of
MHV-A59, but not 51.6-MHV3, across the cell monolayer as ev-
idenced by titers in the basolateral chamber (3.175 � 0.25 log10

TCID50/ml). These results suggest that the amount of IFN-� pro-
duced by BMECs upon infection with MHV-A59 and 51.6-
MHV3, but not MHV3, may both control viral replication in these
cells and prevent induction of BBB breakdown.

DISCUSSION

In this work, we report for the first time that BBB integrity can be
impaired during acute liver infection by highly hepatotropic
MHV3, but not by weakly hepatotropic MHV-59 and attenuated

FIG 6 MHV3-induced breakdown of BMEC barrier does not depend on inflammatory factors. (A to H) bEnd.3 cells were infected with MHV3, MHV-A59, and
51.6-MHV3 at an MOI of 0.1, and mRNA expression (A, C, E, and G) and protein levels (B, D, F, and H) of TNF-�, IL-6, CCL2, and CXCL10 were evaluated by
qRT-PCR and ELISAs, respectively, at 24 h p.i. All samples were run in duplicate. All experiments were conducted in triplicate. Results are representative of two
independent experiments. Values that are significantly different are indicated by asterisks as follows: *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001.
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51.6-MHV3 strains, enabling MHV3 invasion of the CNS. We
demonstrated here that MHV strain-specific ability to cross the
BBB during acute liver infection correlated with enhanced BBB
permeability as evidenced in vivo and in vitro. Enhanced BBB per-
meability in MHV3 infection only is associated with higher viral
tropism for BMECs and disruption of ZO-1, VE-cadherin, and
occludin tight junctions. Such impairment of tight-junction ex-
pression was independent of virus-induced barrier-dysregulating
TNF-�, IL-6, CCL2, and CXCL10 but rather related to inhibition
of barrier protective IFN-� production by BMECs.

Some human respiratory strains of CoVs have shown neuroin-
vasive properties and were proposed as potential etiological agents
for multiple sclerosis (10–12), but their mechanism of neuroinva-
sion is unclear. The major aim of our work was to investigate the

ability of CoVs to enter the CNS through the BBB during the acute
phase of infection in peripheral organs. We provide evidence that
brain invasion by blood-borne MHVs correlate with strain viru-
lence and peripheral replication in the liver. As previous studies
reported the inability of the weakly hepatotropic MHV-A59 strain
to induce neurological disease following i.p. infection in contrast
to the highly hepatotropic MHV3 (16, 22), we presumed a strain-
specific restriction of CNS invasion at the BBB level according to
virulence. In agreement, brain examination of i.p. acutely infected
mice revealed that viral replication occurred only in the brains of
MHV3-infected mice, indicating a specific ability of this strain to
enter the CNS by the hematogenous route. Moreover, no replica-
tion in the brain of the 51.6-MHV3 variant, having no tropism for
endothelial cells (17), suggested that permissivity of cerebral en-

FIG 7 MHV3-induced breakdown of BMEC barrier is related to downregulation of barrier protective IFN-� production by infected BMECs. (A and B) bEnd.3
cells were infected with MHV3, MHV-A59, and 51.6-MHV3 at an MOI of 0.1, and mRNA expression (A) and protein expression (B) of IFN-� was evaluated at
24 h p.i. by qRT-PCR and ELISAs, respectively. All samples were run in duplicate. All experiments were conducted in triplicate. (C to H) Evaluation of barrier
integrity of bEnd.3 monolayers infected for 48 h with MHV3, MHV-A59, and 51.6-MHV3 at an MOI of 0.1 in the presence of recombinant IFN-� (100 pg/ml)
or anti-IFN-� monoclonal antibodies (1 �g/ml). (C) Recordings of TEER in infected bEnd.3 cultures. (D and E) Evaluation of the paracellular permeability of
infected bEnd.3 monolayers to NaF (D) or Evans blue (E) dyes. (F to H) mRNA expression levels of occludin (F), ZO-1 (G), and VE-cadherin (H) in bEnd.3 cells
evaluated by qRT-PCR. Values represent fold change in gene expression relative to uninfected cells (control [CTRL]) after normalization with HPRT expression.
Results are representative of two independent experiments. Values that are significantly different are indicated by asterisks as follows: *, P 	 0.05; **, P 	 0.01;
***, P 	 0.001.
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dothelial cells to MHV3 infection played a major role in brain
invasion. This strain-specific ability of MHV3 to cross the BBB
in vivo has been confirmed in vitro on a modeled BBB of a
bEnd.3 cell monolayer grown on a Transwell system. As ex-
pected, only MHV3 transmigrated across the bEnd-3 cell mono-
layer and reached the basolateral chamber. BBB invasion by
MHV3 during acute infection results from enhanced barrier per-
meability, as evidenced by a higher decrease of TEER and leakage
of both the low-molecular-weight NaF and the high-molecular-
weight Evans blue dyes in the brains of infected mice and/or
BMECs. We would reasonably assume that virus-induced BBB
impairment preceded viral brain invasion in vivo, since no virus
titers were found until 72 h p.i. in the brains, while infectious
viruses were detected as soon as 24 h p.i. in the livers of MHV3-
infected mice (results not shown). Taken together, these results
demonstrate the strain-specific ability of the highly hepato-
tropic MHV3 to cross the BBB, but not the attenuated 51.6-
MHV3 or weakly hepatotropic MHV-A59.

BBB disruption by blood-borne viruses after primary replica-
tion in peripheral organs is a common feature of several acute viral
infections, but the mechanisms involved have not yet been com-
pletely elucidated. Several of these acute viral infections, including
murine adenovirus type 1 (MAV-1), human immunodeficiency
virus type 1 (HIV-1), West Nile virus (WNV), and lymphocytic
choriomeningitis mouse virus (LCMV) infections were reported
to trigger increases in BBB permeability through disruption of
tight junctions (1, 31, 36). We showed here for the first time that a
coronavirus, MHV3, can increase BBB permeability in impairing
tight-junction ZO-1, VE-cadherin, and occludin expression in
BMECs and the brain. The MHV-A59 or 51.6-MHV3 strain, how-
ever, induced no or a slight reduction of ZO-1 and VE-cadherin
expression that may reflect their weak tropism for BMECs. No
decrease of claudin-5 expression was observed, suggesting that
either claudin was not specifically altered by viral infection or that
a small decrease in claudin-5 might be masked by the higher num-
ber of other claudin family members (38).

Viral replication and/or viral products are rarely directly im-
plicated in BBB disruption (1), but MAV-1 infection itself and the
gp120 from HIV were shown to disrupt tight junctions on BMECs
(31, 39). Replication of MHV3 in BMECs did not reach high titers
and was associated with low cell damage and loss of activity. As
expected, ligation to CEACAM1a viral receptor was essential for
infection of BMECs by all MHVs, but MHV3 exhibited an addi-
tional ability to take advantage of both caveolin- and clathrin-
dependent endocytic pathways for entry into BMECs. MHV-A59
entry via clathrin-dependent endocytosis, but not caveolin-de-
pendent endocytosis, has also been previously reported in other
cell types (40, 41). TLR2 is located in enriched caveolin-1-associ-
ated lipid raft microdomains at the cell surface (42). We have
shown that TLR2 engagement by MHV3 on BMECs favored viral
replication, which is in agreement with our previous findings that
viral S protein of MHV3 can ligate to both CEACAM1a and TLR2
on macrophages (34), in contrast to MHV-A59 (43). Interest-
ingly, as TLR2 activation was shown to increase permeability and
downregulate tight-junction protein expression on BMECs (44),
TLR2 ligation by viruses or soluble viral coat proteins may repre-
sent a new mechanism of BBB disruption by viruses.

Viral fixation and endocytosis pathways also trigger activation
of inflammatory cytokines, chemokines, and type 1 interferon ac-
cording to TLR and/or helicase-dependent downstream signaling

pathways (5, 34, 36). Loss of tight junctions in several viral infec-
tions can indirectly result from virus-induced barrier-dysregulat-
ing cytokines or chemokines, such as IL-6, TNF-�, CCL2, or
CXCL10 by BMECs themselves or other CNS cell types (1, 5–8). It
was previously shown that MHV3 fixation to TLR2 in macro-
phages increased TNF-� and IL-6 production (34), but herein, no
induction of cytokine and chemokine production by MHV3-in-
fected BMECs was observed. However, cytokine and chemokine
production was noted instead in BMECs infected with 51.6-
MHV3 and MHV-A59, indicating that BBB breakdown cannot
result from virus-induced host inflammatory factors, since BBB
was not significantly altered by these two strains. Nevertheless, we
cannot rule out the possibility that cytokines and chemokines may
be produced in vivo by recruited inflammatory cells in the CNS
during MHV3 infection and thus contribute to BBB disruption.
However, only a few inflammatory cells have been evidenced by
hematoxylin-eosin-safranin (HES) staining at 72 h p.i. in the
brains of MHV3-infected mice, and the levels of IL-6, TNF-�,
CCL2, and CXCL10 were lower in the brains of MHV3-infected
mice than in the brains of MHV-A59- and 51.6-MHV3-infected
mice (results not shown), thus minimizing the role of inflamma-
tory factors in BBB breakdown.

Postinfection BBB breakdown has already been observed fol-
lowing intracerebral infection of mice with the strictly neu-
rotropic MHV-JHM strain and has been primarily associated with
matrix metalloproteinase 9 (MMP-9) produced by infiltrating
neutrophils (45). However, in this study, in vivo enhancement of
BBB permeability was observed only by day 4 p.i. Such discrepan-
cies with our data may result from differences in the route of
inoculation and the MHV strain used. It is possible that intrace-
rebral inoculation, which bypasses BBB transit, may have not been
conducive to infection of the endothelium by the virus. Herein, we
report that MHV3 infection of BMECs can directly alter BBB in-
tegrity without assistance of neutrophils and MMPs. We cannot,
however, rule out the possibility that later recruited neutrophils
may further affect BBB integrity by MMP production once it has
been first compromised by viral infection of BMECs. Preliminary
data, however, revealed that expression of MMP1a and MMP3 by
BMECs was not affected by in vitro infection with MHV3, 51.6-
MHV3, or MHV-A59 strain.

Unlike inflammatory mediators, IFN-� is known to promote
tight-junction formation and stability (37). The differential
IFN-� production by BMECs upon infection by MHVs may pos-
sibly represent one key factor in MHV strain specificity to induce
BBB breakdown. We have shown that 51.6-MHV3 and, to a lesser
extent MHV-A59, compared to MHV3, elicited IFN-� produc-
tion by BMECs, supporting the hypothesis that IFN-� could act as
a protective factor in preventing barrier damage and brain inva-
sion by these strains. The lower IFN-� production by cells infected
with MHV-A59 may reflect posttranscriptional inhibitory mech-
anisms of IFN-� production by viral factors (reviewed in refer-
ence 46). Induction of IFN-� by WNV has already been reported
to prevent its trafficking across a BBB model in vitro (36). The
specific mechanism of barrier protection by IFN-� is unknown,
but Daniels et al. (36) recently reported that IFN-� was able to
rescue barrier dysfunction elicited by inflammatory cytokines.
Thus, one could speculate that IFN-� production by MHV-A59-
and 51.6-MHV3-infected BMECs may counteract cytokine-me-
diated barrier damage or that low levels of inflammatory cytokines
produced by infected BMECs may not be sufficient to induce BBB
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breakdown. In accordance, activation of type I IFNs by dengue
virus was reported to ameliorate inflammatory cytokine-driven
barrier dysfunction in peripheral endothelium (47). The impor-
tance of IFN-� downregulation in MHV3-induced BBB break-
down is supported by our results showing that the addition of
IFN-� antagonized MHV3-mediated permeability and disruption
of tight junctions in BMECs independently of its antiviral prop-
erties, as viral replication was not altered. Resistance of MHV3 to
antiviral properties of type I IFN in vitro has already been observed
(48). On the other hand, barrier integrity in MHV-A59- and 51.6-
MHV3-infected BMEC monolayers was lost when IFN-� was
neutralized with monoclonal antibodies, confirming that preven-
tion of BBB breakdown during MHV-A59 and 51.6-MHV3 infec-
tion is due at least partly to IFN-� production. Moreover, in con-
trast to MHV3, replication of MHV-A59 and 51.6-MHV3 was
lowered by IFN-�, suggesting that BMECs can control replication
of these viral strains through IFN-� production. This is in agree-
ment with previous findings showing no appearance of produc-
tive replication of MHV-A59 in BMECs in vivo (22, 25).

Hence, the results of this study show for the first time that
hematogenously spread mouse coronaviruses can invade the CNS
at the BBB level following peripheral primary replication. Earlier
and higher replication of MHV3 in the liver (not shown), com-
bined with higher permissivity of BMECs to MHV3 infection, may
potentiate BBB breakdown and further brain invasion. On the
other hand, preservation of BBB integrity in MHV-A59 and 51.6-
MHV3 infection prevents their trafficking from the periphery to
the CNS. This hypothesis is supported by a previous report show-
ing that MHV-A59 spread to the brain is allowed only after intra-
venous (i.v.) injection of sodium dodecyl sulfate detergent into
the mice, which is presumed to alter BBB integrity (22).

In human infections, the mechanism involved in CNS invasion
by CoVs following primary infection in the upper respiratory tract
is unclear. The CoV 229E strain was previously reported to infect
BMECs (49), suggesting that BBB invasion by human CoVs is
probable.

The mechanism(s) used by MHV3 to block the production of
IFN-� by BMECs is not yet known. The absence of cytokine and
chemokine production by MHV3-infected BMECs, in contrast to
MHV-A59- and 51.6-MHV3-infected BMECs, suggests that
MHV3 may specifically evade detection by TLRs or helicases
and/or signaling downstream pathways in BMECs. Accordingly,
Mazaleuskaya et al. (50) have recently shown that stimulation of
TLR-2, TLR-4, and TLR-7 by specific agonists had no effect on
MHV3 replication. Further research is needed to confirm viral
evasion mechanisms used by MHV3 in BMECs and their effects
on BBB disruption.
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