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Intranasal mouse hepatitis virus type 1 (MHV-1) infection of mice induces lung pathology similar to that
observed in severe acute respiratory syndrome (SARS) patients. However, the severity of MHV-1-induced
pulmonary disease varies among mouse strains, and it has been suggested that differences in the host immune
response might account for this variation. It has also been suggested that immunopathology may represent an
important clinical feature of SARS. Little is known about the host immune response to MHV-1 and how it
might contribute to some of the pathological changes detected in infected mice. In this study we show that an
intact type I interferon system and the adaptive immune responses are required for controlling MHV-1
replication and preventing morbidity and mortality in resistant C57BL/6J mice after infection. The NK cell
response also helps minimize the severity of illness following MHV-1 infection of C57BL/6J mice. In A/J and
C3H/HeJ mice, which are highly susceptible to MHV-1-induced disease, we demonstrate that both CD4 and
CD8 T cells contribute to morbidity during primary infection, and memory responses can enhance morbidity
and mortality during subsequent reexposure to MHV-1. However, morbidity in A/J and C3H/HeJ mice can be
minimized by treating them with immune serum prior to MHV-1 infection. Overall, our findings highlight the
role of the host immune response in contributing to the pathogenesis of coronavirus-induced respiratory
disease.

Severe acute respiratory syndrome (SARS) is caused by a
zoonotic coronaviral infection that reached epidemic propor-
tions beginning in late 2002 (37, 52, 55, 76, 84, 86). The etio-
logic agent, SARS-coronavirus (CoV), is a novel group 2 CoV
that emerged in the human population exposed to infected
animals that were present in wet markets in various provinces
of southern China (16, 22, 35, 45, 57, 61). Although the out-
break was quickly contained by the application of aggressive
public health measures, it highlighted the deadly potential of
this novel pathogen as more than 8,000 people in more than 25
countries were affected, and almost 800 infected individuals
died (37, 76, 84, 86). Although there have not been additional
outbreaks of this disease in the general population since 2003,
due to the continued presence of related viruses in bats and
other animals and to cultural practices prevalent in the local
population in southern China, the reemergence of this patho-
gen in the human population may occur in the future (40).

Currently, there are no rigorously tested efficacious prophy-
lactic or therapeutic agents targeting this pathogen. Given the
lethal potential of this virus, it is imperative to develop specific

antiviral therapies that can be rapidly and universally applied.
One of the serious drawbacks in the field is the paucity of
appropriate animal models that faithfully reproduce the clini-
cal features of SARS (52, 60). Although a mouse-adapted
strain of this virus is available, studies with this strain need to
be performed in biosafety level 3 facilities (48, 59). Logistical
issues associated with such requirements hamper the rapidity
and ease with which one can perform a comprehensive and
detailed systemic examination of the dynamics of host-patho-
gen interactions. Recently, it was reported that intranasal in-
fection of certain strains of mice with a related group 2 respi-
ratory CoV, mouse hepatitis virus type 1 (MHV-1), induced
pulmonary disease that was very similar to that observed in
human subjects infected with SARS-CoV (11). In addition to
the phylogenetic proximity of MHV-1 and SARS-CoV, they
also share similarities in genome organization and in mecha-
nisms of replication (63, 68). Hence, it is likely that the patho-
physiology observed in MHV-1-infected mice mimics impor-
tant pathological features associated with SARS-CoV infection
in humans. A dysregulated immune response characterized by
aberrant cytokine production is postulated to contribute to
clinical disease in patients with SARS (8, 26, 55, 58, 72, 75, 82,
83). MHV-1 infection of susceptible strains of mice is also
associated with an altered cytokine profile, and published re-
ports suggest that the host immune response to the virus is an
important contributor to the pathology observed in susceptible
strains of mice (11). Examination of the immune response to a
pathogen is critical for the purpose of designing rational and
effective vaccination approaches. In addition, it also helps
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identify potentially deleterious effects of the immune response
that can subsequently be manipulated to the advantage of the
host, thereby maximizing recovery and minimizing morbidity.

In the present study we have carried out a comprehensive
analysis of the immune response to MHV-1 following intrana-
sal infection of both resistant and susceptible strains of inbred
mice. Our observations in alpha/beta interferon (type I IFN)
receptor-knockout (IFN-��R-KO) mice and NK cell-depleted
mice shed light on the protective role of these components of
the innate immune response in resistant C57BL/6J (B6) mice.
And our examination of the adaptive immune responses to
MHV-1 shows that they function as a double-edged sword,
mediating protection in resistant strains and contributing to
pathology in susceptible strains of mice.

MATERIALS AND METHODS

Mice. Five- to seven-week-old female A/J (H-2a), C3H/HeJ (H-2k), BALB/c
(H-2d), and B6 (H-2b) mice were purchased from the National Cancer Institute
(NCI, Frederick, MD). B6-IFN-��R-KO mice (47) were originally obtained
from Matthew Mescher (University of Minnesota, Minneapolis, MN). B6 tumor
necrosis factor alpha -deficient (B6-TNFKO) mice (51) were originally obtained
on a 129/SV�B6 background from George Kollias and were backcrossed to B6
mice �12 generations to generate B6-TNFKO mice. B6-IFN-�-deficient (B6-
GKO) mice, B6-perforin-deficient (B6-PFP) mice, and B6-Rag1-knockout (B6-
Rag1-KO) mice were originally purchased from the Jackson Laboratory (Bar
Harbor, ME). Knockout strains of mice were maintained by brother-sister mat-
ing, and all mice were housed under specific-pathogen-free conditions at the
University of Iowa (Iowa City, IA) animal care unit until the time of infection, at
which point the mice were transferred to housing at the appropriate biosafety
level. All animals were maintained in accredited facilities at the University of
Iowa (Iowa City, IA) and used in accordance with the guidelines established by
the University of Iowa animal care and use committee. Mice were infected at 8
to 9 weeks of age.

Virus. Parent stock of MHV-1 was obtained from the American Type Culture
Collection (ATCC, Manassas, VA). To propagate this virus, DBT cells were
infected with this parent stock at a multiplicity of infection of 0.1. Briefly, DBT
cells were grown to about 80 to 90% confluence in T25 flasks in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Grand Island, NY) supplemented
with 10% fetal calf serum (FCS; Atlanta Biologicals, Norcross, GA), 10 U/ml
penicillin G (Gibco, Grand Island, NY), and 10 �g/ml streptomycin sulfate
(Gibco) (referred to herein as complete DMEM). At the time of infection, the
medium in the flask was removed, and the appropriate amount of virus was
diluted in 1 ml of serum-free DMEM and added to the monolayer. The virus was
allowed to adsorb onto the cells for 30 min with gentle rocking every 10 to 15
min. After 30 min, 11 ml of complete DMEM was added to the flask, and cells
were incubated at 37°C for 24 h. The culture was subsequently subjected to
multiple freeze-thaw cycles; the cell suspension was harvested and spun, the
supernatant containing the virus particles was aliquoted, and virus titers were
determined.

Virus titers. Titers of replicating virus were determined by a standard plaque
assay. HeLa cells (ATCC) stably transfected with the MHV receptor (18) were
grown to 90% confluence in six-well plates using complete DMEM. Serial 10-fold
dilutions of either virus stock or organ homogenates from infected mice were
prepared in serum-free DMEM and added onto the monolayers (100 �l/well)
and allowed to adsorb for 30 min, following which 2 ml of complete DMEM was
added to each well. After 24 h a 1:1 overlay mixture consisting of 2� minimal
essential medium (Invitrogen, Carlsbad, CA) supplemented with 4% FCS (At-
lanta Biologicals), 10 U/ml penicillin G, 10 �g/ml streptomycin sulfate, 0.26%
sodium bicarbonate solution (Gibco), and 1.8% SeaKem ME agarose (Cambrex,
North Brunswick, NJ) was prepared. To this mixture was added 0.01% neutral
red (Sigma, St. Louis, MO). The supernatant from each well was aspirated and
replaced with the overlay mixture and incubated at 37°C for 2 to 4 h, following
which plaques were counted with the assistance of a light box. Mean neutraliza-
tion antibody titers were determined by a constant virus-variable serum plaque
reduction assay performed as previously described (56).

Virus infection of mice. For intranasal infections, mice were anesthetized with
avertin (2,2,2-tribromoethanol; Aldrich, Milwaukee, WI) intraperitoneally (i.p.)
and administered a sublethal dose of MHV-1 intranasally in a volume of 50 �l.
The sublethal dose was determined to vary among strains, and this dosage was

recalibrated for subsequent experiments and was based on the estimation of the
lethal dose as follows: for B6 and BALB/c mice, �105 PFU; for A/J mice, �104

PFU; and for C3H/HeJ mice, �(5 � 103) PFU. Evaluation of disease in B6-PFP,
B6-GKO, and B6-TNFKO mice was done after intranasal infection with 105 PFU
of MHV-1 in a volume of 20 �l. For adoptive transfer studies, memory spleno-
cytes were obtained from donor mice that had been previously infected with 2 �
105 PFU of MHV-1 i.p. For the evaluation of weight loss after infection, the
weight of each mouse was normalized to 100% at the time of infection (day 0),
and subsequent weight measurements were recorded at defined time points after
infection. Weight data are presented as the mean percentage of the starting
weight � standard error of the mean (SEM).

Antibody treatments. Depletion of specific subsets of immune cells was in-
duced by antibody treatment of mice. NK cells were depleted in B6 mice using
a purified monoclonal antibody targeting NK1.1 (clone PK136; a gift from
Jonathan Heusel, University of Iowa, Iowa City, IA). Mice were injected with 200
�g administered i.p. 48 and 24 h prior to infection. Control mice in the same
experiment were treated with purified mouse monoclonal antibody SF1-1.1.10
(anti-H-2Kd; ATCC, Manassas, VA). Depletion of CD4 and CD8 T cells was
induced by treating mice i.p. with 400 �g/mouse of purified rat anti-mouse CD4
(clone GK1.5; ATCC, Manassas, VA) and CD8 (2.43; ATCC, Manassas, VA),
respectively, on days 	1, �1, and �7 with respect to infection. Control mice
received identical amounts of purified rat immunoglobulin G (IgG) (MP Bio-
medicals, Solon, OH).

Passive immunization. Serum was obtained by serially bleeding A/J and C3H/
HeJ mice that had been intranasally infected with MHV-1 3 to 6 months previ-
ously. Naïve recipients were administered 300 �l/mouse of undiluted pooled
serum from syngeneic donors 1 day prior to infection. Control recipients received
identical amounts of undiluted pooled serum from naïve syngeneic donors prior
to infection.

Adoptive transfer. Naïve recipients received 2 � 107 bulk splenocytes from
either naïve or previously immunized syngeneic donors. In some experiments
recipient mice were treated with physiologically relevant numbers of CD4 (4.3 �
106 cells/mouse) or CD8 (1.8 � 106 cells/mouse) T cells purified from the spleens
of previously immunized donor mice using negative selection on an Automacs
machine (Miltenyi-Biotec, Germany).

Lung function. Development of baseline airway resistance as determined by
the measurement of the parameter enhanced pause (Penh) was evaluated using
a whole-body plethysmograph from Buxco Electronics, Inc (Troy, NY).

Lung histology. Whole lungs with the heart attached were harvested from
C3H/HeJ mice treated with rat IgG or anti-CD4 and anti-CD8 antibodies at day
10 after intranasal MHV-1 infection. Lungs were fixed in 10% neutral buffered
formalin (Fisher Scientific, Pittsburgh, PA) prior to being processed and paraffin
embedded at the University of Iowa Comparative Pathology Laboratory. Paraffin
blocks were sectioned at a 5-mm thickness. Sections were stained with hematox-
ylin and eosin at the University of Iowa Central Microscopy Core.

Histopathologic examination and scoring. The tissue sections were examined
by a board-certified veterinary pathologist who was blinded to the study groups.
Tissues were initially screened to define the breadth of morphological parame-
ters that were of interest for subsequent histopathologic grading. Lesions in
connecting airways, alveoli, and interstitia; vascular leukocyte margination; and
development of alveolar fibrin and edema were evaluated and graded for distri-
bution and severity in tissue sections. The distribution of lesions in alveoli,
interstitia, and vessels was graded as follows: 1, normal to rare change; 2, less
than one-third affected; 3, more than one-third but less than two-thirds affected;
4, more than two-thirds affected. Edema was defined as eosinophilic seropro-
teinaceous fluid within the alveolar lumen. A similar grading scale was used to
describe the extent of tissue fields affected by alveolar fibrin deposition and
edema formation.

Enzyme-linked immunosorbent assay (ELISA). Nunc-Immuno plates (Nalge
Nunc International) were coated overnight at 4°C with 2 �g/ml of capture
antibody (R&D Systems) in 0.1 M Na2HPO4 (pH 9.0). After plates were washed
with phosphate-buffered saline–0.5% Tween 20 (Sigma Aldrich), they were
blocked with RPMI 1640 medium supplemented as described for at least 2 h at
room temperature. Whole lungs were harvested and homogenized using glass
douncers (Kontes Glass) in 1 ml of RPMI 1640 medium supplemented as de-
scribed and containing a 1/200 dilution of protease inhibitor mix (Sigma Aldrich).
Lung homogenates were centrifuged, and 50 �l of supernatant was added to the
wells and incubated overnight at 4°C. Recombinant murine IFN-�, 
NF-�,
MCP-1 (monocyte chemotactic protein 1), and interleukin-10 (IL-10) (R&D
Systems) were diluted in phosphate-buffered saline plus 10% FCS and used to
calculate standard curves. Cytokine was detected by incubation with 0.1 �g/ml
biotinylated anti-chemokine/cytokine antibody (R&D Systems) for 2 h at room
temperature. Avidin-peroxidase (1:400 dilution; Sigma-Aldrich) was added for
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30 min before plates were developed with 3,3�,5,5�-tetramethylbenzidine dihy-
drochloride (Sigma-Aldrich). The reaction was stopped after 5 min with 2N
H2SO4 (Ricca Chemical). Plates were read at 450 nm using an ELx800 plate
reader and analyzed using KC Junior software (both from Bio-Tek Instruments).

Immunophenotyping. Lungs were harvested following perfusion from C3H/
HeJ mice treated with rat IgG or anti-CD4 and anti-CD8 antibodies at day 10
after intranasal MHV-1 infection. Single-cell suspensions of lungs of individual
mice were prepared by mashing through metal screens. Red blood cells were
removed using ammonium chloride-kalium lysis buffer, and cells were resus-
pended on ice in RPMI 1640 medium containing 10% FCS, penicillin-strepto-
mycin, L-glutamine, and 2-mercaptoethanol. Cells were stained with the
following fluorochrome-conjugated rat anti-mouse monoclonal antibodies:
CD4-fluorescein isothiocyanate (FITC; clone RM4-4), CD8�-phycoerythrin
(PE), CD3ε-allophycocyanin, CD19-FITC, B220-peridinin chlorophyll protein-
Cy5.5, DX5-PE, Ly6C-FITC, Ly6G-PE, CD11c-allophycocyanin, major histo-
compatibility complex class II-peridinin chlorophyll protein-Cy5.5, CD11b-PE-
Cy7 (all from eBioscience, San Diego, CA), and Siglec-F-PE (BD Pharmingen,
San Diego, CA). Samples were acquired on a FACSCanto flow cytometer (Bec-
ton Dickinson, San Jose, CA) and analyzed using FlowJo software (Tree Star,
Inc, Oregon).

Statistical analysis. All statistical analyses were performed using GraphPad
software (San Diego, CA). Statistical significance was determined using an un-
paired Student’s t test. A P value of �0.05 was considered statistically significant.

RESULTS

C3H/HeJ mice are most susceptible to intranasal MHV-1
infection-induced disease. It has been previously established
that intranasal MHV-1 infection of certain inbred strains of
mice serves as a clinically relevant small-animal model to study
SARS (11). MHV-1-induced pulmonary disease of varying se-
verity occurred in BALB/cJ, B6, C3H/St, and A/J mice (11). Of
these strains, A/J mice were found to be the most susceptible,
whereas the B6 mice appeared to be the most resistant (11).

Consistent with the results of De Albuquerque et al. (11),
our initial study (30) also demonstrated a similar susceptibility
in A/J mice, partial resistance in BALB/cJ mice, and complete
resistance in B6 mice following intranasal MHV-1 infection
(5 � 103 PFU/mouse). Additionally, our analysis revealed that
C3H/HeJ mice are also very susceptible to MHV-1-induced
disease.

Based on these observations, we initiated a virus-dose titra-
tion analysis to identify viral input doses that would induce
overt signs of disease and mortality in both resistant and sus-
ceptible strains of mice. This analysis indicated that morbidity
and mortality following infection varied considerably among
the strains, depending on the input dose of the virus. B6 mice
easily tolerated doses in excess of 105 PFU/mouse, displaying
only mild weight loss (
10% of starting weight) early after
infection, followed by recovery by day 7 to 8 postinfection (data
not shown). In contrast, significant mortality was observed in
C3H/HeJ mice with a dose of 104 PFU/mouse (data not
shown). For all studies done subsequently, mice were inocu-
lated with the appropriate dose that established a predomi-
nantly sublethal infection that ensured that the majority of the
mice survived the pathogenic insult (see “Virus infection of
mice” above for lethal doses).

We previously showed that the strain-specific differences in
susceptibility to disease were not due to differences in the
kinetics of virus clearance or tissue tropism (30). However, we
did observe an early onset of morbidity in C3H/HeJ, A/J, and
even BALB/c mice at days 2 to 4 postinfection, with a subse-
quent peak in the severity of symptoms between days 7 to 10
postinfection (30). In addition, we observed occasional mor-

tality following sublethal infection within this latter window.
These findings support earlier observations suggesting a po-
tential link between the immune response and disease devel-
opment in MHV-1-infected mice (11), and they further indi-
cated a potential role for both the early innate immune
responses as well as the later adaptive immune responses in the
pathogenesis of MHV-1-induced disease.

Type I IFN-mediated signaling is an important contributor
to the innate resistance of B6 mice to intranasal MHV-1 in-
fection-induced disease. Several reports suggest that type I
IFNs play a critical role in the context of CoV infections (9, 13,
87). In one study SARS patients treated with IFN-� experi-
enced faster improvement in clinical signs and symptoms than
patients maintained on corticosteroid therapy alone (42). An-
other study reported that the infected lungs from resistant B6
mice displayed increased expression of type I IFN genes com-
pared to the lungs of the susceptible A/J mice following intra-
nasal MHV-1 infection (11). To directly examine the role of
type I IFNs in the context of intranasal MHV-1 infection, we
compared weight loss and survival between resistant wild-type
B6 mice and B6 mice genetically deficient in the receptor for
IFN-��. These knockout mice are capable of producing type I
IFNs, but the absence of the relevant receptor abolishes type I
IFN-mediated signaling (47). We observed that the absence of
type I IFN-mediated signaling severely compromised the in-
nate resistance of the B6 mice as the type I IFN-��R-KO mice
progressively lost weight, and all mice died by day 5 postinfec-
tion (Fig. 1). Furthermore, analysis of tissues harvested from
mice at day 3 postinfection revealed that the titers of replicat-
ing virus were higher in the IFN-��R-KO mice than in the
wild-type controls (Fig. 2A to D).

Infection of mice with the JHM strain of MHV is associated
with an early recruitment of functional NK cells although they
are not considered to be essential for mediating viral clearance
and affecting the outcome of infection in mice with an intact
immune system (66, 67, 74). A recent report showed that one
of the important functions of type I IFNs may include the
optimal priming and effector activity of NK cells (44). Based on
this information and our data from infected IFN-��R-KO
mice, we next investigated whether depleting NK cells in B6
mice would impact the course of MHV-1-induced disease.
B6 mice were treated with either a control antibody or the NK
cell-depleting antibody PK136 at 48 and 24 h prior to infection.
This monoclonal antibody targets the NK1.1 molecule, a
pan-NK cell marker expressed in B6 mice. Analysis of the
spleens of antibody-treated naïve mice on the day of infection
(day 0) indicated that PK136 treatment resulted in an 80%
reduction in the fraction of detectable CD3	 DX5� CD122�

cells (data not shown). All NK cell-depleted B6 mice lost more
body weight after MHV-1 infection, and this weight loss was
significantly greater than that in control antibody-treated mice
at days 7 and 10 postinfection. However, the majority of NK
cell-depleted B6 mice survived the infection and showed signs
of recovery (Fig. 1). This enhanced morbidity of the NK cell-
depleted mice was not the result of a compromised ability to
control virus as plaque assay data showed that virus titers were
similar to those of the control antibody-treated mice (Fig. 2).
These results are similar to previously published reports show-
ing that NK cells do not play an important role in the clearance
of the JHM strain of MHV (66, 67, 74). In contrast, the ability
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of NK cells to reduce morbidity in resistant B6 mice after
MHV-1 infection is opposite to their minimal contribution to
resistance following infection with the JHM strain of MHV.
Collectively, our data show that both type I IFN-mediated
signaling and NK cells contribute to reducing morbidity and
mortality in MHV-1-infected B6 mice.

Susceptibility to MHV-1-induced disease is enhanced in B6-
Rag1-KO mice. In addition to the innate immune response, the
adaptive immune response is also critical for the rapid resolu-
tion of infections (2, 20, 31, 64, 89). This phase of the host
response is detectable a few days after the initiation of the
innate response, and it is comprised of B and T cells that
identify pathogen-specific determinants expressed by cell-free
and cell-associated forms of the pathogen (2, 7, 20, 31, 64, 89).
Our previous data showed that B6 mice reveal no overt signs of
disease following intranasal infection with 5 � 103 PFU/mouse
of MHV-1 (30). This resistant phenotype is largely preserved
even at doses as high as 105 PFU/mouse, but at this higher dose
the mice did experience 
10% loss in body weight up until
days 5 to 6 postinfection, after which they rapidly regained
weight to preinfection levels (Fig. 3A). In order to examine the
contribution of the adaptive immune response in preserving
the resistant phenotype of the B6 mice, we analyzed both
wild-type B6 mice and B6-Rag1-KO mice, which lack both T
and B cells (46), following intranasal MHV-1 infection (105

PFU/mouse). Similar to the control wild-type mice, the B6-
Rag1-KO mice experienced about a 10% loss in body weight
up to day 7 postinfection. Beyond this time point the wild-type
mice rapidly recovered as expected; however, the Rag1-KO

mice continued on a downhill course, progressively losing more
weight and exhibiting increased mortality starting around day
13 postinfection (Fig. 3A and B). Quantifying the virus titers in
these mice showed that, whereas the titers were similar to
those of wild-type controls measured at day 3 postinfection, the
lack of an appropriate adaptive immune response markedly
impaired the ability of the B6-Rag1-KO mice to control virus
replication in tissues at a later time point (day 10 postinfection)
(Fig. 2). Overall, these data demonstrate not only that the
resistance of B6 mice to MHV-1-induced disease is influenced
by the innate immune response to the virus but also that
MHV-1-specific T- and B-cell responses exert a crucial protec-
tive function that helps minimize morbidity.

It has been shown that perforin and IFN-� are required for
CD8 T-cell-mediated control of JHM-MHV-mediated central
nervous system (CNS) infections and associated morbidity (3,
41, 50). These molecules are expressed by both innate and
adaptive components of the host immune system and collec-
tively are vital to their ability to eliminate a number of patho-
genic invaders (19, 20). We also evaluated the outcome of
intranasal MHV-1 infection in B6 mice that lacked either
IFN-�, TNF-�, or perforin. Interestingly, we observed that the
absence of any of these molecules individually did not com-
promise the resistance of B6 mice to MHV-1 infection (Fig.
3C). These results suggest the presence of a redundancy in the
host immune system whereby one effector molecule can effec-
tively compensate for the selective absence of another to com-
bat MHV-1-induced disease.

FIG. 1. Protective role of type I IFN during intranasal MHV-1 infection of B6 mice. B6 wild-type (WT) mice were treated with either 200 �g
of purified mouse IgG2a or anti-mouse NK1.1 (clone PK136) monoclonal antibody at 48 and 24 h prior to intranasal MHV-1 infection (105

PFU/mouse). Untreated B6-IFN-��R-�� mice were also included in this analysis. A total of 5 to 10 mice were evaluated in each group for weight
loss and survival for 10 days following infection. (A) Changes in body weight after infection were measured at the indicated time points. Statistically
significant differences between the mean weights of B6 mice treated with mouse IgG2a and the other two groups of mice at each time point were
determined using an unpaired Student’s t test and are indicated by an asterisk. (B) Kaplan-Meier survival curves depict the percentage of surviving
mice in each group at the indicated time points following infection.
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Adoptive transfer of immune serum into naïve hosts signif-
icantly reduces morbidity and systemic viral burden in mice
susceptible to MHV-1-induced disease. Based on our data ob-
tained from B6-Rag1-KO mice, we wanted to further dissect
the role of the adaptive immune system in the context of
MHV-1 infection. We decided to focus this investigation using
susceptible strains of mice as this would allow us to more

decisively discern the exact role of T and B cells in mediating
the development of disease. In order to define the contribution
of the MHV-1-specific antibody response during the course of
infection, naïve C3H/HeJ and A/J recipients were treated with
either immune serum or serum obtained from syngeneic naïve
hosts 24 h prior to infection. Immune serum was obtained from
syngeneic mice that had been infected intranasally 3 to 6

FIG. 2. MHV-1 replication is controlled by both innate and adaptive immune responses. Virus titers were measured by plaque assays in the
lungs, livers, spleens, and brains of wild-type (WT) B6 mice, anti-NK1.1-treated B6 mice, B6-Rag1-KO mice, and B6-IFN-��R-KO mice 3 days
(D3) and 10 days (D10) after intranasal infection with MHV-1 (105 PFU/mouse). All B6-IFN-��R-KO mice succumbed to infection prior to day
10. Five mice per group were analyzed at each time point, and data are represented as the number of PFU/g of tissue from individual mice.
Statistically significant differences in titers between wild-type B6 mice and the rest of the experimental groups were determined using an unpaired
Student’s t test and are indicated by an asterisk. The limit of detection is indicated in each graph by the horizontal line parallel to the x axis; mouse
groups are indicated on the x axes of panels D and H, and values in graphs above are aligned similarly.
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months previously with MHV-1. Mice were followed for weight
loss, and 4 days after infection the recipient mice were sacri-
ficed to determine systemic viral burden. We observed that the
mice that were treated with naïve serum progressively lost a
significant amount of weight following infection, whereas the
mice that received immune serum did not exhibit weight loss
(Fig. 4A). Additionally, the virus titers were significantly re-
duced in the lungs, livers, and spleens of A/J mice treated with
immune serum compared to mice that did not receive immune
serum. Similarly, virus titers were significantly reduced in the
lungs and spleens of C3H/HeJ recipients of immune serum,
and the titers were also markedly reduced in the livers of these
mice in comparison to controls. However, owing to the greater

variation in the levels of replicating virus measured in the livers
of passively immunized C3H/HeJ mice, this reduction did not
achieve statistical significance (Fig. 4B to D). In order to es-
tablish that this protective effect in immune-serum-recipient
mice was mediated by MHV-1-specific neutralizing antibodies,
we calculated the mean neutralizing antibody titer in the
pooled sera of previously immunized donor mice by perform-
ing a constant virus-variable serum plaque reduction assay
(56). The neutralization titer is the reciprocal of the dilution of
immune serum yielding a 50% reduction in the number of
MHV-1 PFU on HeLa-MHV-R cells. This titer was 1:4,943 in
C3H/HeJ mice and greater than 1:10,000 in A/J mice. These
data reveal that intranasal MHV-1 infection generates a robust
neutralizing antibody response that is very effective at combat-
ing subsequent MHV-1 infections, reducing viral burden, and
alleviating morbidity.

T-cell responses contribute to the development of disease in
MHV-1-infected C3H/HeJ and A/J mice. It has been previously
documented that the transfer of T cells into MHV-infected
Rag1-KO mice induces demyelination in the CNS (23, 77).
However, T-cell-mediated immunopathology has not been de-
scribed in immunocompetent mice infected with CoVs. In or-
der to examine the role of T cells following intranasal MHV-1
infection of mice that possess an intact T-cell compartment, we
treated naïve C3H/HeJ and A/J recipients with 400 �g of
depleting anti-mouse CD4 and CD8 antibodies delivered i.p.
on days 	1 and 0 and then again on day 7 postinfection. The
efficacy of depletion was previously tested in a separate group
of naïve mice where antibody treatment on two consecutive
days resulted in a 93% reduction in the fraction of CD4 T cells
and 99% reduction in CD8 T cells measured in peripheral
blood mononuclear cells 2 days after the last treatment. Anal-
ysis of peripheral blood mononuclear cells of these mice 17
days after the last treatment revealed that depletion was main-
tained at 88% for the CD4 T cells and at 98% for the CD8 T
cells (data not shown). Control mice received identical
amounts of purified rat IgG at the same time points. The mice
were followed for weight loss and illness and were also moni-
tored for changes in Penh at selected time points after infec-
tion. Both the control group and T-cell-depleting antibody-
treated groups exhibited morbidity and progressively lost
weight following infection. The control group of mice contin-
ued to steadily lose weight up until day 10 postinfection, after
which they began to gradually recover. In contrast, the mice
that had been treated with the T-cell-depleting antibody re-
covered faster and began regaining the lost weight around day
7 postinfection (Fig. 5A and C). Depleting T cells had a ben-
eficial effect on lung function, as evidenced by a more rapid
reduction in Penh values in these mice compared with the
control group of mice (Fig. 5B and D).

We also evaluated mice that were treated with either the
CD4- or CD8-depleting antibody. Depletion of just one subset
in both A/J and C3H/HeJ mice yielded an illness/recovery
pattern that was intermediate between the control group and
the group that received both depleting antibodies simulta-
neously (Fig. 5). These data suggest that both CD4 and CD8 T
cells might be contributing to the development of lung pathol-
ogy following intranasal MHV-1 infection.

Unexpectedly, we did observe some mortality in both A/J
and C3H/HeJ mice during the course of this experiment. Three

FIG. 3. Susceptibility to MHV-1 infection is enhanced in Rag1-KO
mice. B6 wild-type (WT), B6-PFP, B6-GKO, B6-TNFKO, and B6-
Rag1-KO mice were intranasally infected with 105 PFU/mouse of
MHV-1. A total of 5 to 10 mice were evaluated in each group, and
mice were followed for weight loss (A and C) and survival (B) for 15
days following infection. Statistically significant differences in the mean
weights of mice between the two groups were determined using an
unpaired Student’s t test and are indicated by an asterisk. Survival data
are represented by Kaplan-Meier curves indicating the percentage of
mice that survived the infection.

VOL. 83, 2009 IMMUNE RESPONSES TO MHV-1 9263



FIG. 4. Passive immunization can control infection and morbidity following intranasal MHV-1 infection in susceptible strains of mice. A/J and
C3H/HeJ mice (5 mice/group) received 300 �l of serum pooled from either naïve syngeneic donors or from syngeneic donor mice that had been
infected intranasally 3 to 6 months previously with MHV-1. One day later all mice were intranasally infected with 1.5 � 104 PFU/mouse of MHV-1.
(A) Weight loss in recipient mice was measured at the time points indicated. Statistically significant differences between the weights of mice treated
with naïve serum and those treated with immune serum were determined using an unpaired Student’s t test and are indicated by an asterisk. (B
to D) Mice were euthanized on day 4 (D4) after infection, and virus titers were determined by plaque assays in lungs, livers, and spleens and are
represented as the number of PFU/g. Statistically significant differences between virus titers in mice treated with naïve serum (NS) and those
treated with immune serum (IS) were determined using an unpaired Student’s t test and are indicated by an asterisk. The limit of detection is
indicated in each graph by the horizontal line parallel to the x axis. The limit of detection in the spleens of C3H/HeJ mice is lower than that in
the spleens A/J mice and is indicated by the dashed line.
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out of 15 A/J mice that received the control antibody and 1 out
of 10 A/J mice that received the T-cell-depleting antibody died.
One C3H/HeJ mouse from the control group and two that
received the T-cell depletion treatment also did not survive. All
of the deaths in the T-cell-depleting antibody-treated mice
occurred between days 8 and 10 postinfection. Whereas a small
degree of mortality is observed following sublethal infection,
the occurrence of mortality in the T-cell-depleted mice was
unexpected, given their overall faster improvement in disease
status. Experiments are currently under way to investigate the
potential cause(s) of death in the T-cell-depleted mice.

These results demonstrate that, in contrast to the protective
role of the adaptive immune response in resistant B6 mice
after MHV-1 infection, in A/J and C3H/HeJ mice, which are
susceptible to MHV-1 induced disease, T cells contribute sig-
nificantly to the development of disease. Overall, these results

are suggestive of an inherent duality in the nature of the host
immune responses. Whereas the T-cell responses can contrib-
ute to the reduction in systemic viral burden, the elaboration of
their effector functions including potentially massive cytokine
release can also induce immunopathology that contributes to
morbidity and mortality in the affected host (1, 36).

T-cell-depleting monoclonal antibody treatment of mice re-
duces pathology in the lungs of MHV-1-susceptible mice. Our
evaluation of MHV-1-susceptible C3H/HeJ and A/J mice re-
vealed that depletion of CD4 and CD8 T cells at the time of
primary infection minimized morbidity, as determined by mea-
suring weight loss and the development of airway resistance,
suggesting that T cells were contributing to the pathology in
these mice following infection (Fig. 5). To determine how T
cells exacerbated pathology, we harvested lungs for tissue his-
tology, cytokine/chemokine production, and immunopheno-

FIG. 5. Reduced morbidity of MHV-1-infected A/J and C3H/HeJ mice following depletion of CD4 and CD8 T cells. A/J or C3H/HeJ mice (5
mice/group) were treated with 400 �g of either purified rat IgG or rat anti-mouse CD4 (clone GK1.5) or rat anti-mouse CD8 (clone 2.43) or both
rat anti-mouse CD4 and CD8 1 day prior to, on the day of, and 7 days after intranasal infection with 5 � 103 PFU/mouse of MHV-1. (A and C)
Changes in body weight were monitored at the indicated time points. Statistically significant differences in the mean weights of mice treated with
the control antibody and mice treated with both anti-CD4 and anti-CD8 antibodies were determined using an unpaired Student’s t test and are
indicated by an asterisk (*). Statistically significant differences between the mean weights of mice treated with the control antibody and the group
of mice treated with the anti-CD4 antibody are indicated by a plus (�) symbol. No statistically significant differences were observed between the
mean weights of mice treated with the control antibody and the groups of mice treated with the anti-CD8 antibody. These weight loss data are
representative of two independent experiments. (B and D) Penh was determined using a whole-body plethysmograph at the indicated time points.
Data are shown as means � SEM, and statistically significant differences between the Penh values of control mice and mice depleted of both CD4
CD8 T cells were determined using an unpaired Student’s t test and are indicated by an asterisk (*). Statistically significant differences between
the Penh values of mice treated with the control antibody and the groups of mice treated with the anti-CD4 antibody are indicated by a plus (�)
symbol. No statistically significant differences were observed between the Penh values of mice treated with the control antibody and the groups
of mice treated with the anti-CD8 antibody. �, anti.
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typic analysis from control or T-cell-depleted MHV-1-infected
C3H/HeJ mice. The lungs were harvested on day 10 postinfec-
tion as our initial evaluation had revealed the biggest differ-
ence in morbidity between control and T-cell-depleted mice
and at this time point. Tissue histology was examined by a
board-certified veterinary pathologist who was blinded to the
study groups. The mice that were treated with rat IgG had
more severe pathology than the mice treated with anti-CD4�

anti-CD8 monoclonal antibodies based on morphology, prin-
cipally on the extent of edema with admixed fibrin and necrosis
(Fig. 6). Airways were, in comparison to alveoli/interstitial

compartments, less affected and had variable accumulation of
cellular debris, leukocytes, mucus, and occasional obstruction
by edema in some distal airways. We also measured the level of
cytokines/chemokines in supernatants of lung homogenates
obtained from similarly treated MHV-1-infected mice. Our
analysis revealed that levels of IFN-� as determined by ELISA
were lower in the lungs of mice treated with both anti-CD4 and
anti-CD8 monoclonal antibodies although this difference did
not reach statistical significance (data not shown). We did not
observe any statistically significant difference between the
groups for the presence of MCP-1 and TNF-�. IL-10 levels

FIG. 6. T-cell-dependent development of pulmonary pathology in MHV-1-infected mice. Whole lungs were harvested at day 10 postinfection
with MHV-1 from C3H/HeJ mice treated with either rat IgG or anti-CD4 plus anti-CD8 monoclonal antibody as described in Materials and
Methods. Hematoxylin and eosin sections were prepared as described in Materials and Methods (A and B). Slides were evaluated for fibrin
deposition in alveoli and the development of pulmonary edema according to the severity grading scale described in the Materials and Methods (C).
Data are shown as means � SEM, and statistically significant differences between control mice and mice treated with both anti-CD4 and anti-CD8
monoclonal antibodies were determined using an unpaired Student’s t test and are indicated by an asterisk. �, anti.
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were below the limit of detection in both groups (data not
shown). Interestingly, our phenotypic analysis of cellular sub-
sets in the bulk lung population of control mice and those
treated with T-cell-depleting antibodies demonstrated a signif-
icantly higher (P � 0.05) proportion and total number of al-
veolar macrophages (CD11c� Siglec-F positive [Siglec-F�])
(65) in the lungs of the latter group even though bulk lung
cellularity was numerically similar between the two groups
(Fig. 7). No significant differences were observed in the pro-
portion and numbers of B cells, NK cells, neutrophils, and
CD11c	 F4/80-positive macrophages between the two groups
of mice (data not shown). Overall these data suggest that the
presence of T cells is associated with the development of overt
pathology in the lungs of MHV-1-infected mice. Furthermore,
the lungs of control mice have fewer alveolar macrophages.
This might also influence local pathology and subsequent mor-
bidity as alveolar macrophages are documented to modulate
local inflammation by secreting immunosuppressive cytokines
such as transforming growth factor � and IL-10 (62, 65).

Adoptive transfer of memory splenocytes into naïve hosts
can contribute to morbidity and mortality following intranasal
MHV-1 challenge. One of the cardinal features of the adaptive
immune response is the development of immunological mem-
ory (2, 29, 64, 89). Memory T and B cells act as sentinels of the
immune system and respond very rapidly to control a second-
ary infection in an effort to reduce morbidity (2, 29, 64, 89).
Our T-cell depletion experiments showed that these cells exert
a pathological effect following primary MHV-1 infection. In
order to characterize their behavior following MHV-1 infec-
tion after their transition into memory cells, we adoptively
transferred bulk memory splenocytes obtained from C3H/HeJ
mice that had been infected more than 50 days previously into
naïve recipients. The control group of mice received an equiv-
alent number of splenocytes from naïve syngeneic donors. In
addition, separate groups of recipient mice were injected with
either purified memory CD4 T cells or CD8 T cells obtained
from immune donors. The recipient mice were intranasally
challenged with a sublethal dose of MHV-1 1 day after the
adoptive transfer and were evaluated for weight loss and sur-
vival. All four groups of mice displayed signs and symptoms of
disease, but whereas greater than 65% of the mice that re-
ceived naïve splenocytes survived, only 29% of the mice that
received bulk memory splenocytes recovered from the chal-
lenge (Fig. 8). None of the mice that received purified CD4
memory T cells survived the infectious challenge, while 
10%
survival was observed in mice that received purified CD8 mem-
ory T cells (Fig. 7). The mortality rates in the recipients of the
purified CD4 and CD8 memory T cells were not significantly
different (P � 0.05) from each other as well as from mice that
received bulk memory splenocytes, as determined by a Fisher’s
exact test. Data from preliminary studies comparing morbidity
and mortality in MHV-1-infected memory cell-recipient mice
revealed no significant differences between those that received
bulk memory splenocytes and the mice that received CD19-
depleted memory splenocytes, suggesting that T cells, and not
B cells, were contributing to disease (data not shown). Taken
together, our data suggest that repeat exposure to MHV-1
could be associated with an adverse outcome for a host unable
to mount an effective neutralizing antibody response and
therefore relying primarily on memory T-cell responses to

FIG. 7. Increased numbers of alveolar macrophages in the lungs
of MHV-1-susceptible mice treated with T-cell-depleting antibod-
ies. Lungs were harvested following perfusion from MHV-1-in-
fected C3H/HeJ mice that were treated with either rat IgG or both
anti-CD4 and anti-CD8 monoclonal antibodies as described in Ma-
terials and Methods. Single-cell suspensions were prepared, and
bulk lung cells were counted using trypan blue exclusion (A). The
single-cell suspensions were subsequently stained with a panel of
monoclonal antibodies as described in Materials and Methods, ex-
amined by flow cytometry for the presence of alveolar macrophages
(CD11c� Siglec-F�), and enumerated by multiplying the percent-
age of CD11c� Siglec-F� cells by the numbers of cells measured in
the bulk lung cell population (B and C). Results are representative
of two experiments (n � 3 to 5 per group). Data are shown as
means � SEM, and statistically significant differences between con-
trol mice and mice treated with both anti-CD4 and anti-CD8 mono-
clonal antibodies were determined using an unpaired Student’s t
test and are indicated by an asterisk. �, anti.
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combat the infection. Additionally, these data suggest that
both CD4 and CD8 memory T cells are capable of inducing
immunopathology in the context of MHV-1 infection.

DISCUSSION

Intranasal MHV-1 infection of susceptible strains of inbred
mice, such as C3H/HeJ and A/J, has been described as a useful
small-animal model to study SARS (11, 30). In this report we
have utilized this model to define the role of the innate and
adaptive components of the host immune response in the de-
velopment of disease following intranasal MHV-1 infection.
We find that C3H/HeJ mice rather than the A/J mice are the
most susceptible to MHV-1-induced disease and that, as pre-
viously reported, B6 mice are the most resistant. Type I IFN-
mediated signaling, NK cells, and the adaptive immune re-
sponse play crucial roles in mediating protection in B6 mice
following MHV-1 infection. In contrast to results obtained
with the neurotropic JHM-MHV strain (3, 41, 50), a closely
related group 2 CoV that preferentially infects the CNS in-
stead of the lungs after intranasal infection, analysis of specific
effector pathways employed by immune cells shows that the
selective absence of perforin, IFN-�, or TNF-� does not com-
promise the resistance of B6 mice to MHV-1-induced disease.
However, the role of the immune response in the susceptible

strains of mice appears to be complex. C3H/HeJ mice, despite
being deficient in Toll-like receptor 4 (TLR4), can clear the
virus but develop overt signs and symptoms of MHV-1-induced
disease, including severe weight loss and increased Penh. This
infection induces the development of an effective neutralizing
antibody response in mice that survive as serum from previ-
ously immunized mice was able to effectively protect naïve
hosts after exposure to MHV-1. Interestingly, short-term an-
tibody-mediated depletion of T cells at and around the time of
primary infection appears to markedly alleviate morbidity in
the C3H/HeJ mice. Another notable finding of our study is that
memory T cells appear to contribute considerably toward mor-
bidity and mortality following intranasal MHV-1 infection in
the absence of preformed antibody.

One of the findings of our study is that C3H/HeJ mice are
more susceptible than A/J mice to MHV-1-induced disease. A
previous report had shown that A/J mice were more suscepti-
ble to MHV-1-induced disease than C3H/St mice that dis-
played intermediate susceptibility (11). In our hands the viral
dose required to establish a sublethal infection in A/J mice is
104 PFU/mouse. Infecting C3H/HeJ mice with this dose re-
sulted in 80% mortality (data not shown), requiring us to scale
down the amount of input virus to 5 � 103 PFU/mouse in
C3H/HeJ mice. One of the reasons for the difference between
our data and the earlier report could be the different suscep-
tibilities of substrains of C3H mice used in the studies. De
Albuquerque et al. (11) evaluated the effects of MHV-1 infec-
tion in C3H/St mice, whereas we utilized C3H/HeJ mice that
are deficient in TLR4-mediated signaling (49). Similar sub-
strain-specific differences in susceptibility to MHV-1-induced
disease were also observed in our previous study that examined
C3H/HeNCr mice that possess an intact TLR4-associated sig-
naling pathway and are more resistant to MHV-1-induced dis-
ease than the C3H/HeJ mice (30).

Several reports have indicated that type I IFN responses play
an important protective role in the context of CoV infections
(9, 13, 17, 87). Antigen-presenting cells such as macrophages
and conventional dendritic cells (DCs) are important targets of
CoVs, and it has been suggested that plasmacytoid DC-derived
type I IFN mediates initial control of viral replication in sec-
ondary lymphoid organs, thus allowing for the induction of
successful adaptive immune responses that provide additional
control of viral replication and limit systemic spread of infec-
tion (9, 55, 70, 88). Additionally, there are reports in the
literature that show that type I IFNs provide a crucial third
signal that induces the elaboration of optimal T-cell responses
(33). Our data with MHV-1 confirm that an intact type I IFN
pathway plays an important protective role as infection of B6
mice that lacked type I IFN-mediated signaling resulted in
severe morbidity and rapid mortality. This outcome most likely
resulted from an inability to efficiently induce IFN-stimulated
genes including important antiviral molecules such as protein
kinase RNA activated, RNase L, Mx, inducible nitric oxide
synthase, and IFN-stimulated gene-15 (38, 39), leading to un-
restrained replication in the respiratory tract and subsequent
systemic spread.

NK cells constitute an important first line of defense in the
host response against viral infections (27, 28, 44, 80, 81), and
this response usually comes into play within 18 to 36 h follow-
ing infection. Destruction of the infected target cells is medi-

FIG. 8. Memory splenocytes induce enhanced morbidity and mor-
tality following intranasal MHV-1 infection. Naïve C3H/HeJ hosts
received 2 � 107 splenocytes/mouse by intravenous injection from
either naïve C3H/HeJ donors (filled squares; n � 12) or C3H/HeJ mice
that had been immunized with MHV-1 50 to 224 days previously (open
squares; n � 8). The data shown for bulk naïve and memory splenocyte
adoptive transfers are representative of three independent experi-
ments. Additionally, separate groups of naïve recipients also received
physiologically relevant input numbers of either purified bulk CD4
(4.3 � 106 cells/mouse; filled circles; n � 8) or bulk CD8 (1.8 � 106

cells/mouse; open circles; n � 8) T cells obtained from donor mice that
had been immunized with MHV-1 �200 days previously. The follow-
ing day the recipient mice were intranasally challenged with 5 � 103

PFU/mouse of MHV-1. Survival data for the four groups of mice are
represented by Kaplan-Meier curves indicating the percentages of
mice that survived the challenge.
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ated by the release of effector molecules such as perforin,
granzymes, and IFN-� (27, 28, 44, 80, 81). There is published
evidence to suggest that NK cells can modulate disease severity
and survival in recombinant MHV (CXCL10-expressing strain
A59)-infected Rag1-KO mice by controlling viral replication
(69, 71). However, in JHM-MHV-infected mice that possess
an intact immune system, NK cells are not critical for control-
ling viral clearance and disease (66, 67, 74). There is increasing
evidence to suggest that optimal NK cell effector function is
strongly influenced by type I IFN-mediated signaling (44).
When DCs sense the presence of pathogens through pattern
recognition receptors such as TLRs, they produce type I IFN
which binds to type I IFN receptors on the surface of the DC
itself, leading to the production and trans-presentation of IL-15
by the DCs to the NK cells that are then optimally primed to
execute their effector functions (44). Based on this paradigm,
we wondered if the rapid onset of morbidity and mortality and
unrestrained viral replication in MHV-1-infected type I IFN-
��R-KO B6 mice was the result of a suboptimal NK cell
response. However, our analysis of NK cell-depleted B6 mice
revealed that although there was no difference in viral titers
compared to wild-type controls, NK cell depletion resulted in
increased morbidity, as evidenced by loss of body weight fol-
lowing infection. This finding is interesting, given that previ-
ously published reports indicate that the NK cell response in
JHM-MHV-infected immunocompetent hosts does not impact
the course of disease (66, 67, 74). An inability to see an in-
crease in viral titers following NK cell depletion suggests either
that the type I IFN response in itself is adequate to exert early
control over viral replication or that it is possible that residual
NK cells that persisted following antibody treatment (our an-
tibody treatment resulted in 80% depletion of NK cells in the
spleens) were sufficient to control the viral infection. The in-
creased morbidity we observed in the NK cell-depleted in-
fected mice might be the result of an increased inflow of
neutrophils and macrophages into the lungs of these mice. It
has been reported that macrophages are present in large num-
bers in the lungs of SARS-CoV-infected patients (55). Addi-
tionally, we have previously shown that macrophage infiltration
is observed in the lungs of infected B6 mice (30). NK cell
depletion might allow for a proportionally increased fraction of
tissue damage-inducing macrophages to traffic into the lungs of
MHV-1-infected B6 mice, thereby contributing to enhanced
morbidity and mortality. Experiments are currently under way
to examine these possibilities.

We also examined the role of specific effector molecules
such as perforin, IFN-�, or TNF-� in their ability to influence
the outcome of MHV-1-induced disease in resistant B6 mice.
It has been established that perforin and IFN-� expressed by
CD8 T cells are required to control virus replication and CNS
disease after JHM-MHV infection of mice (3, 41, 50). How-
ever, our analysis revealed that the individual absence of per-
forin, IFN-�, or TNF-� was not sufficient to suppress the re-
sistance of B6 mice to MHV-1-induced disease after intranasal
infection. These data suggest that at least in the context of
MHV-1 infection, no single effector pathway seems to play a
dominant role in controlling the course of disease.

CoV infection of mice results in the generation of neutral-
izing antibodies that are predominantly directed against the
receptor-binding domain of the viral spike protein (4, 5, 6, 10,

14, 21, 43, 73, 79). Neutralizing antibodies are especially effec-
tive at preventing or minimizing infection of cells following
reexposure to the pathogen (4, 5, 6, 10, 14, 21, 43, 73, 79).
However, in the context of some CoVs, such as feline infec-
tious peritonitis virus infection of previously immunized cats,
and MHV-JHM infection of Rag1-KO mice, the presence of
neutralizing antibodies induces opsonization of the virus par-
ticles, favoring uptake of these antigen-antibody complexes by
Fc-receptor-bearing macrophages (12, 32, 55). This results in
enhanced infection and subsequent activation of these cells,
which then go on to mediate tissue destruction and worsen
disease symptoms. However, data from SARS studies in mice
demonstrate that antibodies generated following immuniza-
tion with a DNA vaccine expressing the full-length spike pro-
tein of the human CoV-SARS Urbani strain effectively neu-
tralized the 2002 and 2003 human SARS-CoV strains without
enhancing infection (34, 79). Our data with MHV-1 demon-
strate a similar protective effect of MHV-1-specific neutraliz-
ing antibodies when we challenged either C3H/HeJ or A/J
mice that had been treated with immune serum obtained from
previously immunized syngeneic donors. These results lend
further support to the observation that MHV-1 infection of
mice is a useful model to study SARS and have important
implications for vaccine design to combat future SARS out-
breaks.

Although there are a growing number of reports in the
literature that have examined CD4 and CD8 T-cell responses
following SARS-CoV infection in small-animal models and
human subjects (15, 24, 25, 53, 54, 78, 85), there is no conclu-
sive evidence to suggest that these responses actually contrib-
ute to immunopathology. However, there is evidence from
studies involving MHV-JHM and MHV-A59 infections of
Rag1-KO mice that implicate adoptively transferred CD4 and
CD8 T cells as contributors to immunopathology in the CNS
(23, 77). The T-cell responses elaborate a number of proin-
flammatory cytokines and chemokines that activate macro-
phages, which traffic into the brains of infected mice and in-
duce myelin destruction. Accumulation of activated
macrophages has also been reported in the lungs of SARS-
CoV-infected patients (55). In order to directly ascertain the
role of CD4 and CD8 T cells in the development of disease
following intranasal MHV-1 infection, we resorted to anti-
body-mediated depletion of CD4 and CD8 T cells during the
course of primary infection of susceptible A/J and C3H/HeJ
mice. Depletion of both CD4 and CD8 T cells simultaneously
resulted in a significant improvement in the disease severity
and, specifically, airway function in the susceptible mice. De-
pleting only CD4 or CD8 T cells also improved the clinical
outcome following infection, but the improvement was not as
impressive as that observed when both subsets were depleted.
Furthermore, the lungs of mice treated with both anti-CD4
and anti-CD8 monoclonal antibodies displayed significantly
reduced alveolar fibrin deposition and edema formation and
also had lower levels of IFN-�, as measured by ELISA. These
findings are suggestive of the fact that the presence of T cells
is associated with the development of overt pathology in the
lungs. Additionally, the lungs of mice treated with the T-cell-
depleting antibodies had more alveolar macrophages than the
lungs of control mice. Alveolar macrophages act as sentinels of
the alveolar-blood interface, sensing the presence of pathogens
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to secrete cytokines/chemokines that can recruit immune cells
to initiate local inflammatory responses (62, 65). But the alve-
olar macrophages play an equally important role in resolving
inflammation by phagocytosing apoptotic inflammatory cells
and producing anti-inflammatory cytokines such as transform-
ing growth factor � and IL-10 (62, 65). Collectively, these data
suggest that both CD4 and CD8 T cells might be important
contributors to the pathology observed in the lungs of infected
animals.

One of the hallmarks of the adaptive immune response is the
establishment of memory T and B cells that respond vigorously
in the event of reexposure to the same pathogen (2, 29, 64, 89).
This response is responsible for rapidly eliminating the patho-
gen and therefore potentially minimizing morbidity (2, 29, 64,
89). One of the most interesting findings of our study is that
both memory CD4 and CD8 T-cell responses actually en-
hanced morbidity and mortality following MHV-1 rechallenge
of C3H/HeJ mice in the absence of preformed antibody. Pri-
mary intranasal infection of naïve C3H/HeJ mice with a sub-
lethal dose of MHV-1 induces robust antigen-specific CD4 and
CD8 T-cell responses (unpublished observations). These anti-
gen-specific CD4 and CD8 T cells are very efficient at produc-
ing IFN-� as well as other proinflammatory cytokines. During
a recall response that occurs in hosts lacking preformed neu-
tralizing antibody (such as virally challenged naïve recipient
mice adoptively transferred with memory splenocytes), it is
very likely that the magnitude of the ensuing secondary T-cell
response is much stronger than that observed during a primary
response. This most likely plays an important role in the en-
hancement of morbidity and mortality we see in these mice.
These data are also consistent with studies utilizing JHM strain
of MHV that suggest that both CD4 and CD8 T cells can
mediate CNS disease following infection.

Collectively, our data from primary MHV-1 infection studies
in C3H/HeJ mice suggest that T-cell responses in MHV-1-
susceptible strains contribute significantly to the severity of
disease. Furthermore, their propensity to induce immunopa-
thology is retained as these cells differentiate into memory
cells, and their participation in recall responses amplifies their
pathological behavior. Overall, these findings are compelling
as they demonstrate T-cell-mediated immunopathology in
CoV-infected mice that possess an intact T-cell compartment,
and they corroborate previous data from T-cell adoptive
transfer studies with MHV-JHM- and MHV-A59-infected
Rag1-KO mice (23, 77).

In conclusion, in this study we have presented a detailed
examination of the immune responses to MHV-1 following
intranasal infection of susceptible and resistant strains of mice.
Our analysis highlights the protective and pathological roles of
the host immune response to MHV-1. These findings have
important implications for the pathogenesis of SARS and offer
insights into potential strategies that could be exploited for
vaccine design. Future studies will focus on identifying MHV-
1-specific CD4 and CD8 T cells and delineating effector path-
ways that could be involved in either mediating resistance or
contributing to disease.
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