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Severe acute respiratory syndrome (SARS) is characterized by substantial acute pulmonary inflammation
with a high mortality rate. Despite the identification of SARS coronavirus (SARS-CoV) as the etiologic agent
of SARS, a thorough understanding of the underlying disease pathogenesis has been hampered by the lack of
a suitable animal model that recapitulates the human disease. Intranasal (i.n.) infection of A/J mice with the
CoV mouse hepatitis virus strain 1 (MHV-1) induces an acute respiratory disease with a high lethality rate that
shares several pathological similarities with SARS-CoV infection in humans. In this study, we examined virus
replication and the character of pulmonary inflammation induced by MHV-1 infection in susceptible (A/J,
C3H/HeJ, and BALB/c) and resistant (C57BL/6) strains of mice. Virus replication and distribution did not
correlate with the relative susceptibilities of A/J, BALB/c, C3H/HeJ, and C57BL/6 mice. In order to further
define the role of the host genetic background in influencing susceptibility to MHV-1-induced disease, we
examined 14 different inbred mouse strains. BALB.B and BALB/c mice exhibited MHV-1-induced weight loss,
whereas all other strains of H-2° and H-2 mice did not show any signs of disease following MHV-1 infection.
H-2* mice demonstrated moderate susceptibility, with C3H/HeJ mice exhibiting the most severe disease.
C3H/HeJ mice harbor a natural mutation in the gene that encodes Toll-like receptor 4 (TLR4) that disrupts
TLR4 signaling. C3H/HeJ mice exhibit enhanced morbidity and mortality following i.n. MHV-1 infection
compared to wild-type C3H/HeN mice. Our results indicate that TLR4 plays an important role in respiratory

CoV pathogenesis.

Severe acute respiratory syndrome (SARS) is a disease that
was initially observed in 2002 and led to approximately 8,000
affected individuals in multiple countries with over 700 deaths
(1, 24, 47, 48). The causative agent of SARS was subsequently
identified as a novel coronavirus (CoV) termed SARS-CoV (8,
17, 22, 27, 32, 37). Although SARS-CoV infections following
the initial outbreak in 2002 and 2003 have been limited pri-
marily to laboratory personnel, the identification of an animal
reservoir for the virus raises concern about the potential for
future outbreaks (25).

The pathogenesis of SARS has been difficult to study, in part
because no animal model is able to fully recapitulate the mor-
bidity and mortality observed in infected humans (35). Infec-
tion of a number of inbred mouse strains, including BALB/c,
C57BL/6, and 129S, with primary human isolates of SARS-
CoV results in the replication of the virus within the lung tissue
without the subsequent development of readily apparent clin-
ical disease (11, 16, 41). Infection of aged BALB/c mice results
in clinically apparent disease that more closely mimics some
aspects of SARS in humans (36). However, immune responses
in aged mice are known to be altered (5, 15), and thus, the
mechanisms that control the induction of disease may differ
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between adult and aged mice. Recent work has demonstrated
that serial passage of SARS-CoV in mice results in a mouse
adaptation that leads to more profound replication of the virus
in the lung (28, 34). However, the time to death from this
mouse-adapted SARS-CoV is 3 to 5 days, which is much more
rapid than the time to mortality observed in fatal cases of
SARS in humans.

Phylogenetic analysis has revealed that SARS-CoV is most
closely related to group 2 CoVs, which include the mouse
hepatitis virus (MHV) family (39). Thus, information gathered
by infection of mice with closely related members of the group
2 CoVs may further contribute to our understanding of SARS-
CoV pathogenesis in humans. While many strains of MHV
induce primarily hepatic and central nervous system diseases
(6, 7, 12, 18, 21, 23, 40), a recent study demonstrated that
intranasal (i.n.) infection of A/J mice with MHV type 1
(MHV-1) induces pulmonary injury that shares several patho-
logical characteristics with SARS-CoV infection of humans (2,
3,9, 29, 43).

In the current study, we examined the relationship between
MHV-1 replication in the lungs and the severity of disease in
four inbred strains of mice: A/J, BALB/c, C57BL/6, and C3H/
Hel. Our results demonstrate that MHV-1 replicates to similar
levels in the lung in each of these inbred strains of mice re-
gardless of their relative levels of susceptibility, as measured by
weight loss and clinical illness. Both A/J and C3H/HelJ mice
exhibited enhanced weight loss and clinical illness following i.n.
MHV-1 infection compared to BALB/c and C57BL/6 mice.
Analysis of many different inbred mouse strains confirmed A/J
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and C3H/HelJ mice as the most susceptible to i.n. MHV-1
infection. Interestingly, C3H/HeJ mice harboring a natural
mutation in the gene that encodes Toll-like receptor 4 (TLR4)
that disrupts its normal function exhibited greatly increased
morbidity and mortality after i.n. MHV-1 infection compared
to wild-type C3H/HeN mice. Our results indicate that TLR4
plays an important role in respiratory CoV pathogenesis.

MATERIALS AND METHODS

Mice. A/JCr, BALB/cAnNCr, C3H/HeJCr, C3H/HeNCr, and C57BL/6NCr
mice were purchased from the National Cancer Institute (Frederick, MD).
B10.BR-H2* H2-T18%SgSnJ (B10.BR), B10.D2-Hc” H2¢ H2-T18%0SnJ
(B10.D2), CBA/I, C.B10-H2"/LilMcd] (BALB.B10), C.C3-H2"/LilMcdJ
(BALB.K), C57BL/10ScNCr, C57BL/10SnJ, DBA/2J, and NZB/BINJ mice were
purchased from The Jackson Laboratory (Bar Harbor, ME). Female mice aged
6 to 12 weeks were used for all experiments. The University of lowa Animal Care
and Use Committee approved all experimental procedures involving the use of
animals.

Viruses and infection of mice. MHV-1 was purchased from the ATCC (Ma-
nassas, VA) and propagated in DBT cells. While under light anesthesia with
isoflurane, mice were inoculated i.n. with 5 X 10> PFU of MHV-1 in a total
volume of 50 pl. The weight of each mouse was determined and recorded daily.
Each mouse was assessed a daily illness score based on the following scale: 0, no
apparent illness; 1, slightly ruffled fur; 2, ruffled fur, active; 3, ruffled fur, inactive;
4, ruffled fur, inactive, hunched posture; 5, moribund or dead.

BAL and lung cell isolation. Collection of bronchoalveolar lavage (BAL) fluid
and the preparation of single-cell suspensions from the BAL fluid and lung tissue
were performed as previously described (30). Preparation and quantitation of
lymphocytes in the BAL fluid were performed as previously described (30).

Intracellular-cytokine staining. Lung mononuclear cells (2 X 10° cells/ml)
were stimulated with 50 ng/ml of phorbol myristate acetate (Sigma Aldrich, St.
Louis, MO) and 500 ng/ml of ionomycin (Sigma) in the presence of 10 pwg/ml of
brefeldin A (Sigma) for 5 h at 37°C in RPMI 1640 medium (Gibco, Grand Island,
NY) supplemented with 10% bovine growth serum (HyClone, Logan, UT), 10 U
of penicillin G/ml, 10 pg of streptomycin sulfate/ml, 2 mM L-glutamine (Gibco),
5 X 107> M 2-mercaptoethanol, 1 mM sodium pyruvate (Gibco), 0.1 mM non-
essential amino acids (Gibco), and 10 mM HEPES (Gibco). After incubation, the
cells were blocked with purified anti-FcyRII/III monoclonal antibody (clone 93;
eBioscience, San Diego, CA) and stained with monoclonal antibodies against
CD4 (clone RM4-5; eBioscience) and CD8 (clone 53-6.7; eBioscience). Fluores-
cence-activated cell sorter lysing solution was used to fix the lung mononuclear
cells and lyse the red blood cells. The cells were then washed with permeabili-
zation buffer (staining buffer containing 0.5% saponin; Sigma) and stained with
anti-gamma interferon (IFN-y) monoclonal antibody (clone XMG1.2; eBio-
science). The stained cells were analyzed on a FACSCanto (Becton Dickinson,
San Jose, CA). Single-color controls were used for compensation. Lymphocytes
were gated based on forward-scatter and side-scatter properties and were sub-
sequently analyzed using FlowJo software (Tree Star Inc., Ashland, OR). Back-
ground staining was determined by using cells that were left unstimulated.

Histology. Whole lungs with the heart attached were harvested from mice at
various time points after MHV-1 infection. The lungs were fixed in 10% neutral
buffered formalin (Fisher Scientific, Pittsburgh, PA) prior to being processed and
paraffin embedded at the University of lowa Comparative Pathology Laboratory.
The paraffin blocks were sectioned at 5-wm thickness. The sections were stained
with hematoxylin and eosin at the University of Iowa Central Microscopy Core.

Histopathologic examination and scoring. A board-certified veterinary pathol-
ogist who was blinded to the study groups examined the tissue sections. Tissues
were initially screened to define the breadth of morphological parameters that
were of interest for subsequent histopathologic grading. Edema formation and
cellular inflammation were graded (1 to 4 per animal) for distribution and
severity in tissue sections. Histopathologic grading of lesions was modified from
previous descriptions (4, 14, 38). The distribution of lesions was graded as
follows: 1, absent to rare detection; 2, localized focus to multifocal, involving less
than ~1/3 of the lung parenchyma; 3, multifocal to coalescing foci, involving
~1/3 to 2/3 of the lung parenchyma; and 4, coalescing to diffuse, involving more
than ~2/3 of the lung parenchyma. Edema was defined as eosinophilic seropro-
teinaceous fluid within the alveolar lumen. The edema severity was graded as
follows: 1, absent to rare detection; 2, mild, partially filling the alveoli with lacy
to wispy fluid; 3, moderate, with partial filling of alveoli by pools of eosinophilic
fluid; and 4, severe, with complete filling of alveoli by eosinophilic fluid with

ROLE OF TLR4 IN MHV-1 INFECTION 8947

absence of detectable air space. During infection, pulmonary inflammation was
primarily composed of lymphocytes, macrophages, and variable numbers of
neutrophils. This infiltrate was localized to interstitial and perivascular spaces
with a general lack of airway involvement. Accordingly, the severity of cellular
infiltration was graded as follows: 1, absent to rare detection of interstitial
inflammatory cells; 2, mild, with increased cellularity with minimal alteration of
alveolar septa/interstitium thickness; 3, moderate, with increased cellularity of
alveolar septa/interstitium with increased wall thickness and perivascular aggre-
gates of inflammatory cells; 4, severe, with coalescing aggregates of perivascular
inflammatory cells, increased cellularity and thickness of the alveolar septa/
interstitium with increased inflammation “spillover” into the alveolar lumen.
Total edema and total inflammation scores were assessed as the summation of
the respective parameter distribution and severity grades.

Plaque assays. Whole lungs were harvested from MHV-1-infected A/J,
BALB/c, C3H/HelJ, and C57BL/6 mice; weighed; and disrupted using an Ultra-
Turrax T 25 basic homogenizer (IKA, Wilmington, NC). Supernatants were
collected and stored at —80°C prior to further analysis. HeLa cells (ATCC)
stably transfected with the MHV receptor (10) were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Gibco, Grand Island, NY) supplemented with
10% fetal calf serum (FCS) (Atlanta Biologicals, Norcross, GA), 10 U/ml pen-
icillin G (Gibco, Grand Island, NY), and 10 wg/ml streptomycin sulfate (Gibco).
Serial dilutions of the supernatants were performed in serum-free DMEM
(Gibco) supplemented as described above and subsequently incubated on HeLa
cells expressing the MHV receptor for 30 min at 37°C. The plates were rocked
every 10 min and overlaid overnight with 2 ml DMEM (Gibco) containing 10%
FCS (Atlanta Biologicals) and supplemented as described above. The next day,
the plates were stained with 2X minimal essential medium (Invitrogen, Carlsbad,
CA) supplemented with 4% FCS (Atlanta Biologicals), 0.26% sodium bicarbon-
ate (Gibco), 10 U/ml penicillin G (Gibco), 10 pg/ml streptomycin sulfate
(Gibco), 1.8% SeaKem ME agarose (Cambrex, North Brunswick, NJ), and
0.01% neutral red (Sigma, St. Louis, MO). Plaques were counted after 2 to 4 h
with the assistance of a light box.

Measurement of airway function. Airway function was measured in conscious,
unrestrained, and spontaneously breathing mice using a barometric whole-body
plethysmograph (Buxco Electronics, Wilmington, NC) as described previously
(13). Baseline enhanced-pause (Penh) values for each mouse were averaged over
5 min and recorded prior to and on a daily basis following MHV-1 infection.

Statistics. All statistical analyses were performed using GraphPad (San Diego,
CA) InStat software. Experiments involving three or more groups and demon-
strating a Gaussian distribution were analyzed with a one-way analysis of vari-
ance (ANOVA) and a Bonferroni multiple-comparison posttest. Experiments
with three or more groups that failed to demonstrate a Gaussian distribution
were analyzed using a Kruskal-Wallis test and a Dunn multiple-comparison
posttest. Experiments involving two groups with a Gaussian distribution were
analyzed using an unpaired ¢ test. Survival data were analyzed using a Mantel-
Cox log rank test. A P value of <0.05 was considered significant.

RESULTS

MHYV-1 replication in the lungs does not correlate with
weight loss and systemic disease. Since A/J and C3H/St mice
infected with MHV-1 exhibited increased mortality compared
to BALB/cJ and C57BL/6J mice (2), we first determined if
relative susceptibility was correlated with enhanced weight loss
and signs of overt clinical illness, such as ruffled fur, inactivity,
and a hunched posture. The mice were weighed and scored for
illness daily for 9 days following i.n. infection with 5 X 10° PFU
of MHV-1. A/J and C3H/HeJ mice exhibited extensive weight
loss between days 3 and 9 postinfection (p.i.) (Fig. 1A). In
addition, both strains of mice exhibited high mortality rates
between days 7 and 9 p.i. In contrast, BALB/c mice lost a
moderate amount of weight between days 2 and 3 p.i., with
slow recovery evident over the next 6 days. C57BL/6 mice
exhibited no weight loss following MHV-1 infection.

The mice were also monitored daily for overt signs of clinical
illness. A/J and C3H/HeJ mice first exhibited signs of clinical
illness by days 2 and 3 after infection with MHV-1, respec-
tively, that increased in severity through day 9 p.i. (Fig. 1B).
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FIG. 1. MHV-1-induced weight loss and systemic disease. (A) A/J,
BALB/c, C3H/HelJ, and C57BL/6 mice were infected i.n. with MHV-1,
and their weights were monitored daily. The results are depicted as the
mean percentage of the starting weight (n = 4 mice per group). The
error bars indicate the standard errors of the mean (SEM). The ex-
periment was performed twice with similar results. Each plus repre-
sents the loss of an individual mouse on the indicated day. *, P < 0.05
for A/J versus BALB/c and C57BL/6 mice as determined by ANOVA.
(B) The mice shown in panel A were observed daily and assigned a
clinical illness score as described in Materials and Methods. The re-
sults are expressed as the mean illness score (n = 4 mice per group).
The error bars indicate the SEM.

BALB/c mice exhibited moderate clinical illness between days
2 and 8 p.i., whereas C57BL/6 mice never exhibited any signs of
clinical illness following MHV-1 infection.

To determine if the magnitude of MHV-1 replication in the
lungs was correlated with the relative amount of weight loss
and systemic illness, lung virus titers were determined at days
4,9, 14, and 21 p.i. The amount of virus recovered from the
lung did not correlate with either weight loss or the develop-
ment of clinical illness (Fig. 2). At day 4 p.i., all four strains of
mice exhibited high titers of MHV-1 in the lungs, with A/J mice
exhibiting significantly (P < 0.05) higher virus titers than C3H/
HelJ mice. There was no significant (P > 0.05) difference in the
virus titers between A/J mice and either BALB/c or C57BL/6
mice. Interestingly, C57BL/6 mice, which did not exhibit
weight loss or show any signs of clinical illness, had levels of
virus that were not statistically different (P > 0.05) than those
of C3H/HeJ and BALB/c mice, which both exhibited weight
loss and clinical disease at this time point (Fig. 1). Titers in the
lung dropped by 10- to 100-fold by day 9 p.i., remaining low but
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detectable in the lungs of some BALB/c and C57BL/6 mice
through day 21 p.i. A/JJ and C3H/HeJ mice exhibited high
mortality rates between days 7 and 10 p.i.; however, virus titers
measured from the surviving mice at days 9, 14, and 21 p.i. did
not differ significantly from those of either BALB/c or
C57BL/6 mice. Virus replication was also examined in the
spleen, liver, and brain. Small amounts of virus could be re-
covered from the spleen and brain at day 4 p.i. and subse-
quently fell below detection limits by day 9 p.i. in all four
strains of mice. Low virus titers were also observed in the liver
in all four strains of mice through day 9 p.i., subsequently
decreasing below the limit of detection by day 21 p.i. (data not
shown). These results indicate that the relative severity of
MHV-1-induced disease does not correlate with the virus titer.
Histological examination of lung sections. Lungs from A/J,
BALB/c, C3H/Hel, and C57BL/6 mice infected with MHV-1
were harvested at days 5, 7, and 9 p.i. and stained with hema-
toxylin-eosin. Figure 3A to D shows a representative section
taken at day 9 p.i. from each strain of mice at low power to
demonstrate the relative amount of edema that developed in
the lungs of each strain. In all mouse strains examined, MHV-1
infection induced a diffuse mononuclear cell infiltration in the
lungs that was primarily localized to interstitial and perivascu-
lar spaces with a general lack of airway involvement. We did
not observe significant strain-dependent differences in the dis-
tribution of inflammatory cells in the lung. However, A/J and
C3H/HeJ mice exhibited more prominent pathological
changes in the lung, including hyaline membrane formations,
syncytia, fibrin depositions, cellular necrosis, and severe pul-
monary edema (Fig. 3E to H). A/J mice exhibited significantly
higher (P < 0.05) total inflammatory scores at days 5 and 9 p.i.
than C57BL/6 mice (Fig. 4A). We did observe increased edema
in A/JJ and C3H/HeJ mice that had survived to day 9 p.i.
compared to BALB/c and C57BL/6 mice, neither of which
exhibited either signs of clinical disease or weight loss at this
time point (Fig. 4B). In particular, at day 9 p.i., C57BL/6 mice
exhibited significantly less (P < 0.05) total edema than either
A/J or C3H/HeJ mice. Our results demonstrate that both A/J
and C3H/HelJ mice develop increased MHV-1-induced pulmo-
nary edema compared to BALB/c and C57BL/6 mice.
Magnitude and kinetics of pulmonary inflammation. The
increased morbidity and mortality exhibited by A/J and C3H/
HelJ mice occurred during the time frame when a virus-specific
adaptive immune response would develop. Therefore, we next
determined the magnitude and examined the character of the
pulmonary inflammation induced by MHV-1 infection. To de-
termine more precisely the relative magnitude of the pulmo-
nary inflammation induced by MHV-1 infection, we examined
the cellularity in the BAL fluid and lung parenchyma. Increas-
ing numbers of mononuclear cells were observed in the BAL
fluid between days 5 and 9 p.i. in all strains (Fig. 5A). In
contrast, total mononuclear cell counts in the lungs of A/J,
BALB/c, and C57BL/6 mice were similar between days 5 and
9 p.i., whereas C3H/HeJ mice exhibited a sharp increase in the
number of mononuclear cells at days 7 to 9 p.i. (Fig. 5B).
Examination of the character of the inflammatory cells within
the BAL fluid of BALB/c and C57BL/6 mice revealed that the
majority of the infiltrating cells were lymphocytes and macro-
phages (Fig. 6A to C). In contrast, A/J mice showed a higher
proportion of neutrophils at day 5 p.i., which subsequently
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FIG. 2. Kinetics of MHV-1 replication in the lungs. The data represent the PFU/g of lung tissue for individual mice of the indicated strains at
days 4 (A), 9 (B), 14 (C), and 21 (D) p.i. with MHV-1. The mean of each group is indicated by a short horizontal line. The fractions represent
the number of surviving mice over the number of initial mice for each strain at each time point. The limit of detection at each time point is indicated
by the long horizontal line. Combined data from two independent experiments are shown (n = 7 to 8 mice per group). *, P < 0.05 for A/J versus

C3H/Hel mice as determined by ANOVA.

declined by days 7 and 9 p.i. Interestingly, a high proportion of
neutrophils were found in the BAL of C3H/HeJ mice at all
time points examined. These results indicate that the increased
severity of disease exhibited by A/J and C3H/HelJ mice is not
the result of an increased magnitude of pulmonary inflamma-
tion compared to BALB/c and C57BL/6 mice.

Airway function. To determine the effect of MHV-1 infec-
tion on airway function, we monitored baseline Penh in A/J,
BALB/c, C3H/HeJ, and C57BL/6 mice between days 3 and 7
following i.n. MHV-1 infection. A/J mice exhibited elevated
baseline Penh between days 3 and 7 p.i. (Fig. 7). C3H/HelJ mice
exhibited increased Penh relative to BALB/c and C57BL/6
mice starting between days 5 and 7 p.i. BALB/c and C57BL/6
mice exhibited only small or no increases in Penh between days
3 and 5 p.i,, consistent with the clinical measures described
above (Fig. 1). Thus, our results demonstrate that both A/J and
C3H/HelJ mice exhibit increased Penh following acute MHV-1
infection compared to BALB/c and C57BL/6 mice.

Relative MHV-1 susceptibilities of inbred mice. We sought
to further define the host genetic factors that mediate suscep-
tibility to MHV-1-induced disease in inbred mice. To examine
both major histocompatibility complex (MHC)-linked, and
non-MHC-linked factors, disease severity was evaluated in 10
additional strains of inbred mice to determine their relative

susceptibilities to i.n. MHV-1 infection. C57BL/6 mice (H-2"
MHC) were resistant to MHV-1-induced disease as measured
by weight loss (Fig. 8A). In contrast, BALB.B10 mice (also
H-2" MHC, with BALB/c background genes) exhibited a mod-
erate amount of weight loss early (days 3 and 4) after infection
followed by rapid recovery. Among strains of mice expressing
the MHC H-2 haplotype, BALB/c mice lost approximately
10% of their starting weight by day 3 p.i., gradually recovering
weight over the next 2 weeks (Fig. 8B). B10.D2, DBA/2J, and
NZB/BINJ mice failed to lose substantial weight following
MHV-1 infection, indicating that they are resistant to MHV-
1-induced weight loss. Among H-2* mice, CBA/J and B10.BR
mice exhibited moderate weight loss between days 3 and 9 p.i.
Moreover, like BALB/c and BALB.B10 mice, BALB.K mice
exhibited a moderate loss of weight between days 3 and 5 p.i.,
rebounding quickly afterwards. As expected, infection of the
mixed MHC haplotype A/J mice also resulted in rapid weight
loss and high mortality. The above-mentioned results indicate
that most strains expressing either the H-2” or the H-2Y MHC
haplotype are resistant to MHV-1-induced disease. Strains that
carry the BALB/c background genes exhibit moderate suscep-
tibility to MHV-1-induced weight loss independent of their
MHC disposition. All mice expressing H-2* MHC haplotypes
exhibit moderate susceptibility to MHV-linduced weight loss
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), BALB/c (B and F), A/J (C and G), and

C3H/HeJ (D and H) mice were harvested at day 9 p.i. with MHV-1. The lungs were fixed in 10% neutral buffered formalin, embedded in paraffin,
and sectioned prior to being stained with hematoxylin and eosin. Final magnification, X40 (A to D) and X200 (E to H). The images are
representative of lung sections obtained from two separate experiments (» = 5 to 8 mice per group).

independent of their background genes. Thus, these results
indicate that both MHC-linked and non-MHC-linked genes
can contribute to susceptibility to MHV-1-induced disease.
Because C3H/HeJ mice lack a functional TLR4 gene, we
wanted to further assess the role of TLR4 in susceptibility to
MHYV-1-induced disease. We first examined either wild-type or
TLR4-deficient mice on the C57BL/10 (H-2> MHC haplotype)
background. Like C57BL/6 mice, C57BL/10SnJ mice were re-
sistant to MHV-1-induced weight loss (Fig. 9A). C57BL/10ScN
mice, which are homozygous for a null mutation of the TLR4

gene (31, 45), did not exhibit weight loss that was significantly
different from that of C57BL/10SnJ mice. Thus, TLR4 defi-
ciency does not render a resistant strain susceptible to MHV-
1-induced disease. We next examined the effect of TLR defi-
ciency within the susceptible C3H H-2* mice. C3H/HeJ mice
lost approximately 20% of their body weight by day 8 p.i. (Fig.
9B). In addition, C3H/HeJ mice also exhibited a high mortality
rate, with the majority of the mice dying between days 7 and
10 p.i. C3H/HeN mice (wild-type TLR4) followed a weight loss
trend similar to that of C3H/HeJ mice during the first 7 days of
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FIG. 4. Pulmonary inflammation. Whole lungs were harvested at
day 5, day 7, and day 9 after MHV-1 infection for each of the indicated
mouse strains. The lungs were fixed in 10% neutral buffered formalin,
embedded in paraffin, and sectioned prior to being stained with he-
matoxylin and eosin. The slides were scored for total inflammation
(A) and total edema (B) according to the scales described in Materials
and Methods. The results from two combined experiments are ex-
pressed as the mean of a total five to eight mice per group. The error
bars indicate the standard deviations. *, P < 0.05 as determined by
ANOVA for the comparisons indicated.

infection, but C3H/HeN mice then exhibited more robust re-
covery than C3H/HeJ mice. These results indicate that TLR4
deficiency increases susceptibility to MHV-1-induced disease
within C3H mice.

Role of TLR4 in susceptibility to MHV-1-induced disease.
The results described above show, most remarkably, marked
differences in mortality between the C3H/HelJ mice that lacked
a functional TLR4 gene and their C3H/HeN controls that
contained a fully functional TLR4 gene. C3H/HeJ mice exhib-
ited an approximately 70% mortality rate by day 14 p.i.,
whereas C3H/HeN mice exhibited only 20% mortality during
this time frame (Fig. 10). Increased mortality was not associ-
ated with an increase in virus replication in the lung, as virus
titers were not significantly different between the C3H/HeJ and
C3H/HeN mice at day 4 or 7 p.i. (data not shown). TLR4 has
recently been implicated as an important factor in controlling
the development of acute lung injury (20). Therefore, we mon-
itored Penh daily in C3H/HeJ and C3H/HeN mice following
i.n. MHV-1 infection. Surprisingly, C3H/HeN mice exhibited
increased baseline Penh compared to C3H/HeJ mice between

ROLE OF TLR4 IN MHV-1 INFECTION 8951

>

o 9 E=A Day 7
=
ha Il Day 9
2] '
I
50 9
E Y
% 3 5
5G4
,gce
[]
[~
]
= H

=)

Al BALB/c C3H/HeJ C57BL/6

vy)
<

Total # of Lung
Mononuclear Cells (107)

°

Al BALB/c

FIG. 5. Tempo of pulmonary inflammation. BAL fluid and lung
cells were harvested on day 5, day 7, and day 9 after MHV-1 infection
for each of the indicated mouse strains. Total mononuclear cells in the
BAL fluid (A) and lung (B) were counted using a hemocytometer. The
results are expressed as the mean of four mice per group. The error
bars indicate the standard deviations. The experiment was performed
twice with similar results. *, P < 0.05 for day 9 C3H/HeJ mice versus
day 9 A/J, day 9 BALB/c, and day 9 C57BL/6 mice as determined by
ANOVA.

days 2 and 7 p.. (Fig. 11). These results demonstrate that
despite exhibiting improved airway function, C3H/HeJ mice
that lacked a functional TLR4 gene exhibited increased sus-
ceptibility to MHV-1-induced morbidity and mortality.

The cell types that trafficked into the lungs of wild-type
C3H/HeN and TLR4-deficient C3H/HeJ mice were examined
by flow cytometry at days 5 and 7 following acute MHV-1
infection (Fig. 12). No significant differences were observed for
CD4" CD3" or CD8" CD3™" T cells or CD19" CD3™ B cells.
C3H/HeJ mice exhibited increased total numbers of NK cells
(DX-5" CD3" cells; P < 0.05 at day 7 only), neutrophils
(CD11b" CD11c™ Ly6C* Ly6G™ cells; P < 0.05 at day 5 only),
and alveolar macrophages (CD11b* CD11c* MHC class 1'%
Siglec F* cells). These results suggest that C3H/HeJ mice
exhibit increased numbers of pulmonary NK cells and granu-
locytes following acute MHV-1 infection compared to wild-
type C3H/HeN mice.

We next sought to determine if the adaptive immune re-
sponse to MHV-1 was altered in TLR4-deficient mice in order
to better understand the enhanced mortality observed in mice
that lacked functional TLR4 signaling. Because the immuno-
dominant T-cell epitopes are not currently defined for MHV-1,
we quantified the frequency of CD4 and CD8 T cells capable
of making IFN-vy following stimulation with phorbol myristate
acetate and ionomycin. We compared the total numbers of



8952 KHANOLKAR ET AL.

Day 5

807 ] LYMPHOCYTES
701 I B3 MACROPHAGES
l .

Il NEUTROPHILS
60

50-
401
301
201

Percent Cells in BAL

104

A/J BALB/c C3H/HeJ C57BL/6

Day 7

Percent Cells in BAL
=Y
o

30-
20-
*
101 E
0 s & i_
Al BALB/c C3HHeJ C57BL/6
C Day 9
801

Percent Cells in BAL
F=y
o

A BALB/c  C3H/Hed

FIG. 6. Character of the pulmonary inflammation. BAL was per-
formed at day 5 (A), 7 (B), or 9 (C) after MHV-1 infection. BAL fluid
cells were cytospun and subsequently stained with Diff-Quik. The
percentages of lymphocytes, macrophages, and neutrophils were de-
termined from counts obtained under a light microscope. No eosino-
phils were observed in any of the mice. The results are expressed as the
mean of four mice per group. The error bars indicate the standard
deviations. The experiment was performed twice with similar results. *,
P < 0.05 as determined by ANOVA for the comparisons indicated.

C57BL/6

IFN-vy-producing cells in the lung at day 7 after MHV-1 infec-
tion of C3H/HeN versus C3H/HeJ mice (Fig. 13). C3H/Hel
mice had a significantly (P < 0.05) higher total number of
IFN-y-producing CD4 T cells in the lung than C3H/HeN mice.
The two strains had similar total numbers of IFN-y-producing
CDS8 T cells in the lung at this time point. These results indi-
cate that in the absence of signals through TLR4, the CD4
T-cell response in the lung is increased following MHV-1 in-
fection of C3H mice, which may contribute to enhanced mor-
bidity and mortality.
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FIG. 7. MHV-1-induced alterations in airway function. Penh was
determined by whole-body plethysmography and assessed daily after
i.n. MHV-1 infection of A/J, BALB/c, C3H/HelJ, and C57BL/6 mice.
The results are expressed as the mean baseline Penh for three or four
mice per group. The error bars indicate the standard errors of the
mean. The experiment was performed twice with similar results. *, P <
0.05 for A/J versus BALB/c and C57BL/6 mice as determined by
ANOVA.

DISCUSSION

The underlying immune mechanisms that contribute to the
development of SARS in humans remain poorly understood, in
part because few cases of the disease have occurred since the
initial outbreak in 2002 and 2003. Mice represent an excellent
model system for the study of virus-host interactions due to the
generation of inbred strains of mice and the ability to manip-
ulate the genome. Thus, the successful development of a small-
animal model that closely resembles the key pathological find-
ings of the human disease would significantly improve our
ability to examine the pathogenesis of SARS. However, to
date, no animal model fully recapitulates the morbidity and
mortality observed in infected humans (36).

A recent report examined the abilities of several MHV
strains to produce productive infections in the lung following
i.n. administration (2). MHV-1 was shown to replicate in the
lung and produce pulmonary pathology in A/J mice that shared
several key characteristics with the lung pathology noted in
human SARS cases (3, 9, 29, 43). In the current study, we
examined the disease induced by i.n. administration in several
strains of mice and showed that i.n. infection of A/J and C3H/
HelJ mice resulted in increased weight loss, clinical illness, and
Penh compared to either BALB/c or C57BL/6 mice. Several
observations indicate that the adaptive immune response may
play an important role in the enhanced morbidity and mortality
we observed in A/J and C3H/HeJ mice. First, BALB/c mice
mirror the weight loss observed early after MHV-1 infection of
A/J and C3H/HeJ mice. However, by day 5 p.i., when the
adaptive immune response would start to become apparent,
BALB/c mice start to regain weight whereas A/J and C3H/Hel
mice continue to lose weight. In addition, our preliminary data
indicate that depletion of both CD4 and CDS8 T cells prevents
MHV-1-induced mortality in either A/J or C3H/HeJ mice (A.
Khanolkar, S. M. Hartwig, S. M. Varga, and J. T. Harty, un-
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FIG. 8. MHV-1-induced weight loss in congenic strains of mice. H-2"
C57BL/6 and BALB.B10 (A); H-2 BALB/c, B10.D2, DBA/2J, and NZB/
BINJ (B); and H-2"* A/J and H-2* BALB.K, CBA/J, and B10.BR (C) mice
were infected i.n. with MHV-1, and their weights were monitored daily. Each
plus represents the loss of an individual mouse on the indicated day. The
results are expressed as the mean percentage of the starting weight for three
or four mice per group. The error bars indicate the standard deviations. The
experiment was performed twice with similar results.

published data). The factors that drive the weight loss in A/J
and C3H/HeJ mice are currently unknown; however, the cyto-
kine tumor necrosis factor alpha (TNF-«) represents a likely
candidate. Macrophages and T cells are the primary producers
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FIG. 9. TLR4 deficiency enhances the susceptibility of C3H mice to
MHYV-1-induced weight loss. H-2” C57BL/10SnJ and C57BL/10ScNCr
(A) and H-2* C3H/HeJCr and C3H/HeNCr (B) mice were infected i.n.
with MHV-1, and their weights were monitored daily. Weight loss was
not recorded on days 11 and 12 in panel B. Each plus represents the
loss of an individual mouse on the indicated day. The results are
expressed as the mean percentage of the starting weight for four mice
per group. The error bars indicate the standard deviations. The exper-
iment was performed twice with similar results.

of TNF-a, and when it is released in large quantities, TNF-a
production has been associated with cachexia in mice. Anti-
body-mediated TNF-a depletion has been shown to ameliorate
the weight loss observed following infection with either respi-
ratory syncytial virus (RSV) or influenza virus (19). Thus,
TNF-«a likely contributes to the development of weight loss
following MHV-1 infection; however, this has yet to be for-
mally tested.

Although MHYV strains can cause mortality associated with
liver disease, we do not believe A/J and C3H/HelJ mice were
succumbing to liver disease. Infection of either A/J or C3H/
Hel mice with a higher dose (2 X 10° PFU) of MHV-1 ad-
ministered intraperitoneally does not induce disease or mor-
tality in either mouse strain. In addition, we also examined the
liver via histology during the course of these studies, and we
did not find liver pathology that would be consistent with the
time frame during which our mice succumbed to the infection
(data not shown).

The increased mortality observed in the A/J and C3H/Hel
mice appears to be primarily due to respiratory failure caused
by severe pulmonary edema. A recent study suggests that sig-
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FIG. 10. TLR4 deficiency enhances susceptibility to MHV-1-in-
duced mortality. Wild-type C3H/HeN and TLR4-deficient C3H/HeJ
mice were monitored daily after i.n. MHV-1 infection. The cumulative
results from six separate experiments representing 25 C3H/HeN mice
and 22 C3H/Hel mice are shown. The data are plotted as a Kaplan-
Meier survival curve. *, P < 0.0001 for C3H/HeN versus C3H/HeJ as
determined by a Mantel-Cox log rank test.

naling through TLR4 may be critical for the induction of oxi-
dative stress and the subsequent development of acute lung
injury (20). TLR4-deficient mice were found to be resistant to
increased lung elastance and pulmonary edema following ei-
ther acid-induced or inactivated H5N1 influenza virus-induced
acute lung injury (20). Consistent with findings reported by
Imai et al. (20), we observed that TLR4-deficient mice exhib-
ited improved lung function compared to wild-type controls
(Fig. 11).

TLR4 polymorphisms in humans have been linked to an
increase in disease severity following infection with RSV (26,
33, 42). However, the mechanism that controls this disease
enhancement following RSV infection is currently not well
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FIG. 11. Improved airway function in TLR4-deficient mice follow-
ing acute MHV-1 infection. Wild-type C3H/HeN and TLR4-deficient
C3H/Hel mice were infected i.n. with MHV-1. The mice were moni-
tored daily by whole-body plethysmography. Each plus represents the
loss of an individual mouse on the indicated day. The results are
expressed as the mean baseline Penh for four mice per group. The
error bars indicate the standard errors of the mean. The experiment
was performed twice with similar results. *, P < 0.05 for C3H/HeN
versus C3H/HeJ mice as determined by Student’s ¢ test.
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FIG. 12. Effect of TLR4 deficiency on MHV-1-induced pulmonary
infiltrates. Wild-type C3H/HeN and TLR4-deficient C3H/HeJ mice
were infected i.n. with MHV-1. Lung mononuclear cells were har-
vested on day 5 (A) and day 7 (B) after MHV-1 infection for each of
the indicated strains. The results are expressed as the mean total
number of the indicated cell type per lung for seven mice per group on
day 5 and eight mice per group on day 7. The error bars indicate the
standard errors of the mean. The experiment was performed twice with
similar results. *, P < 0.05 for C3H/HeN versus C3H/Hel] mice as
determined by Student’s ¢ test.

understood. We found that TLR4-deficient mice exhibited in-
creased mortality following i.n. MHV-1 infection compared to
wild-type controls. The C3H/HeJ mice succumbed to the in-
fection primarily between days 7 and 10 p.i., suggesting that the
TLR4 deficiency impacted a critical event influencing the
adaptive immune response that led to the death of these mice.
Consistent with a role for the adaptive immune response in
mediating the enhanced mortality observed in C3H/HeJ mice,
we demonstrated that the total number of IFN-y-producing
CD4 T cells is significantly increased in C3H/HeJ mice com-
pared to C3H/HeN mice (Fig. 13).

Consistent with previous work, our results indicate that the
genetic background of the host exerts a profound effect on
susceptibility to MHV-1-induced disease. C57BL/6 and
C57BL/10 mice are extremely resistant to MHV-1-induced dis-
ease. TLR4-deficient C57BL/10ScN did not exhibit any in-
crease in MHV-1-induced morbidity. Our results indicate that
the host genetic background influences the requirement for
TLR4-mediated signals during MHV-1 infection and that the
genetic influences that result in resistance to MHV-1-induced
disease are dominant over the requirement for TLR4-medi-
ated signals.
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FIG. 13. Increased CD4 T-cell responses in TLR4-deficient mice
following acute MHV-1 infection. Lung mononuclear cells were har-
vested from wild-type C3H/HeN and TLR4-deficient C3H/HeJ mice
on day 7 after MHV-1 infection. The cells were stimulated with phor-
bol myristate acetate and ionomycin for 5 h in the presence of brefel-
din A prior to being fixed, permeabilized, and stained for CD4, CDS,
and IFN-y. The total numbers of IFN-y-producing CD4 (A) and CDS§
(B) T cells within the lung for each individual are shown. The results
represent two combined experiments with six mice per group. The
horizontal line indicates the mean. *, P < 0.05 as determined by
Student’s ¢ test. n.s., not significantly different (P > 0.05).

With the identification of several new CoVs within the last
few years, including SARS-CoV (1, 24, 47, 48), human CoV
HKUI1 (46), and human CoV NL63 (44), it has become in-
creasing apparent that CoVs can be the cause of significant
virus-induced respiratory disease in humans. However, studies
examining the immunobiology of CoV infections in the respi-
ratory tract remain scarce. Mice infected i.n. with MHV-1
represent an excellent model of CoV-induced lung injury that
may provide additional insights into the pathogenesis of CoV
infection in humans.
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