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Intranasal inhalation of the severe acute respiratory syndrome coronavirus (SARS CoV) in the immunocompetent mouse strain 129SvEv resulted in infection of conducting airway epithelial cells followed by rapid
clearance of virus from the lungs and the development of self-limited bronchiolitis. Animals resistant to the
effects of interferons by virtue of a deficiency in Stat1 demonstrated a markedly different course following
intranasal inhalation of SARS CoV, one characterized by replication of virus in lungs and progressively
worsening pulmonary disease with inflammation of small airways and alveoli and systemic spread of the virus
to livers and spleens.
The presentation of humans with severe acute respiratory
syndrome (SARS) in several regions of Asia and Canada recently led to the isolation of related strains of a novel coronavirus (7, 10). Epidemiologic studies strongly suggest that these
new coronaviruses (called SARS coronaviruses, or SARS
CoV) are the causative agents of SARS (7, 10). This report
describes the use of mouse models to study the pathogenesis of
SARS CoV infection with respect to Stat1-dependent host
responses.
Stat1⫺/⫺ mice and the parental strain (129SvEv) were infected with SARS CoV of the Toronto-2 strain via intranasal
inhalation (6 ⫻ 106 PFU/30 l). Animals were necropsied 1, 3,
5, 8, 11, 15, and 22 days after SARS CoV challenge. Livers,
spleens, and lungs were either homogenized and evaluated for
the presence of SARS CoV by PFU assay and SARS CoV
genomes by TaqMan reverse transcription (RT)-PCR or fixed
in formalin and analyzed for histopathology and expression of
SARS CoV antigens by immunohistochemistry. Animals were
also monitored for clinical sequelae through direct observation
and measurement of body weights.
SARS CoV and SARS CoV genomes were detected at
equivalent levels in both strains of mice 1 day after administration, although the subsequent kinetics of virus replication
evolved very differently in 129SvEv (Fig. 1A) and Stat1⫺/⫺
(Fig. 1B) mice. Virus was rapidly cleared from lungs of
129SvEv mice to undetectable levels by day 8. Levels of viral
genomes increased slightly in lungs of 129SvEv mice between
days 1 and 3 and thereafter declined with kinetics similar to
those of the virus. Livers and spleens harbored low levels of
viral genomes in 129SvEv mice soon after infection; a few
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animals demonstrated an increase in levels of viral genomes in
lungs, spleens, and livers at the day-22 time point. Replication
of SARS CoV was clearly demonstrated in lungs of Stat1⫺/⫺
mice, with increases in levels of virus and viral genomes of 2
logs in lungs of Stat1⫺/⫺ mice between days 1 and 3. In these
mice, substantial levels of lung-associated SARS CoV genomes
persisted without diminution between days 5 and 22. Numbers
of viral genomes associated with spleens and livers rapidly
increased from 100 genomes/g of RNA at day 1 to 105 to 106
genomes/g of RNA at day 22 in all Stat1⫺/⫺ animals. To
determine whether these genomes were transcriptionally active, total RNA was analyzed for the formation of subgenomic
transcripts by using a PCR strategy (Fig. 1C) (13). Tissues that
were positive for SARS CoV RNA by TaqMan PCR showed
formation of the nucleoprotein subgenomic mRNA, indicating
the presence of transcriptionally active SARS CoV genomes
(Fig. 1D).
Tissues were harvested and analyzed for evidence of pathology and cellular distribution of SARS CoV infection. Immunohistochemical analyses using a pool of polyclonal antibodies
to spike protein revealed epithelial cells of noncartilaginous
conducting airways (i.e., bronchioles) as the primary site of
SARS CoV infection immediately following virus administration in both strains of mice (Fig. 2A and B). Immunofluorescence staining with confocal imaging revealed two patterns:
subcellular localization of spike protein in epithelial cells of
conducting airways as focal intracellular aggregates, a pattern
which is consistent with the formation of virus in pre-Golgi
compartments (Fig. 3A) (6, 11, 14), and diffuse distribution
throughout the cytoplasm (Fig. 3B).
SARS CoV infection resulted in self-limited bronchiolitis in
129SvEv mice. Mixed inflammatory infiltrates initially surrounded bronchioles (Fig. 4A). Over the ensuing 5 days, these
lesions evolved to include bronchiolitis with migration of in-
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flammatory cells into the surface epithelia and sloughing of
epithelial cells (Fig. 4B) as well as interstitial inflammation in
adjacent alveolar septa (Fig. 4C). Immunohistochemistry with
cell-specific markers indicated that many of the peribronchio-

lar inflammatory cells were macrophages (data not shown).
Over the next 2 weeks, the bronchiolitis and patchy interstitial
pneumonia completely resolved (Fig. 4D). The 129SvEv mice
showed no abnormal clinical findings (data not shown). The
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FIG. 1. 129SvEv (A) and Stat1⫺/⫺ (B) mice were infected with SARS CoV, and tissues were harvested, homogenized, and analyzed for levels
of SARS CoV by using a limiting-dilution plaque assay (i.e., PFU) on Vero E6 cells and for levels of SARS CoV genomes by using TaqMan
RT-PCR. Stat1⫺/⫺ mice were initially generated by Meraz et al. (8) by mating the original chimera directly to a 129SvEv mouse to produce 129SvEv
heterozygotes which were intercrossed to obtain the desired homozygotes on a pure 129SvEv background. The animals were purchased from
Taconic Animal Models. The Toronto-2 strain of SARS CoV was initially isolated in Canada from a human patient with a fatal case of SARS; the
stock used for infection was a third passage recovered from supernatants of infected Vero E6 cells (titer ⫽ 1.2 ⫻ 108 PFU/ml). One microgram
of total-tissue RNA was reverse transcribed using the high-capacity cDNA archive kit (Applied Biosystems, Foster City, Calif.) by following the
manufacturer’s instructions. Crude SARS CoV RNA that was extracted from infected Vero E6 cells served as a control in each RT-PCR run. For
the real-time PCRs, primer and probe sets were designed to target the N gene of the SARS CoV. The restriction fragment of the N gene isolated
from a plasmid construct was serially diluted and used as a template to establish the standard curves. One-tenth of each RT reaction mixture was
used in TaqMan PCRs, which were carried out on an ABI PRISM 7700 sequence detector (Applied Biosystems). Each data point represents the
result from a separate animal. Recovery of virus is presented as numbers of PFU per lung and is represented by blue triangles, and viral genome
levels are presented as numbers of copies per microgram of total RNA for lungs, livers, and spleens. Animals were harvested at the indicated times.
(C and D) Analysis of total cellular RNA for the presence of the subgenomic mRNA encoding nucleoprotein. The strategy was to amplify RNA
by PCR using probes specific to the leader and nucleoprotein sequences. If the nascent RNA was processed into a subgenomic transcript, the PCR
should yield a band of approximately 350 bp in length (C). One microgram of each total-tissue RNA was diluted in water in a final volume of 50
l, and the RNA was reverse transcribed using the high-capacity cDNA archive kit (Applied Biosystems) in a 100-l reaction mixture. RNAsecure
(Ambion, Austin, Tex.) was added to the RT reaction mixtures to ensure the inactivation of RNase in solutions. The RT reaction was carried out
in the GeneAmp PCR System 9600 thermal cycler in two incubation steps, an initial 25°C incubation for 10 min followed by a final 37°C incubation
for 2 h. A no-reverse transcriptase control was included in the RT reactions. For the PCR step, two primers were designed to target the common
leader sequence region (PCR-L, 5⬘ GGAAAAGCCAACCAACCTCGATCTC 3⬘) and the body sequence (PCR-N, 5⬘ TCGGGTAGCTCTT
CGGT AGTAGCC 3⬘) of the N gene open reading frame. The N gene-specific sequence in the PCR amplicon is 280 bp in length. Since there is
no published sequence for the transcript between the leader sequence and the start codon of subgenomic mRNA for the N gene, we estimated
that the entire amplicon should be 300 to 400 bp by using the two primers described above. (D) An aliquot of each RT reaction mixture (5 l)
from 11 samples (input virus control, input virus control without reverse transcriptase, three day-3 lung samples from three 129SvEv [129] mice,
day-22 lung and spleen samples from one 129SvEv mouse each, a day-3 lung sample from one Stat1⫺/⫺ [stat1] mouse, and day-22 lung, liver, and
spleen samples from one Stat1⫺/⫺ mouse) was subjected to PCR in 25-l reaction mixtures under the standard PCR conditions. Ten microliters
each of PCR products was electrophoresed on a 1.2% agarose gel and visualized by ethidium bromide staining. TRS, transcription regulatory
sequence; Seq-N, SARS virus N gene sequence; PI, postinoculation.
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FIG. 2. Immunohistochemical analysis of SARS CoV infections. Tissues were harvested from Stat1⫺/⫺ mice and analyzed for expression of
SARS CoV antigens (A to E) and markers of inflammatory cells (F to I) by immunohistochemistry. Several antisera were used that were directed
against the spike and nucleocapsid proteins on sections from paraffin-embedded tissues, including commercial antibodies (from Imgenex and
Abgent) and rabbit sera made in our laboratory. Best results were obtained with a mix of six of our rabbit sera raised against spike. Antisera used
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in these experiments were generated in rabbits as follows. Gel-purified glutathione-S-transferase fusions of the S1 domain, the S2 domain, or the
full-length spike glycoprotein (250 g each) were mixed with Titermax and injected intramuscularly into rabbits that were later given a booster with
another 125 g of spike protein. Sera from six rabbits (two for each form of spike) were pooled. The sera were mixed and used at a dilution of
1:1,000 each. Sections were treated with trypsin (10 min at 37°C with Digest-All from Zymed) before incubation with antibodies. To detect bound
antibodies, an ABC Elite kit (Vector Laboratories) was used, which employs biotinylated secondary antibodies followed by avidin-peroxidase
complexes and diaminobenzidine as a chromogen. Sections were slightly counterstained with hematoxylin to show nuclei. (A, B, and C) Lung
harvested on day 3 (40⫻ lens objective). (D) Liver harvested on day 22 showing an inflammatory nodule (4⫻ lens objective). A 40⫻ lens objective
view of a section within the nodule is shown in the inset. (E) Representative section of spleen from a day-22 animal (40⫻ lens objective). Similar
distribution of spike expression was noted in lungs of 129SvEv mice. No expression of spike was found in spleens and livers of 129SvEv mice. Lung
tissues were also analyzed for specific inflammatory cells. Stat1⫺/⫺ mice were necropsied 5 (F and H) and 22 (G and I) days after SARS CoV
challenge and analyzed for expression of the T-cell marker CD3 (F and G) and the macrophage marker F4/80 (H and I) by using immunohistochemical analyses with a peroxidase-conjugated secondary antibody. No reaction was seen when an irrelevant primary antibody was used. Similar
findings were obtained with tissues of 129SvEv mice.
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FIG. 3. Immunofluorescent analysis of spike expression in lung and liver. Tissues harvested from Stat1⫺/⫺ mice at various time points after
SARS CoV challenge were analyzed for spike expression as indicated. (A and B) Spike expression (green) in epithelial cells of the conducting
airways with propidium iodide used to illustrate nuclei (red) from lungs of Stat1⫺/⫺ mice harvested on day 3 after challenge. Lumens of airways
are indicated. (C and D) Results of double immunofluorescence studies using antibodies to spike (green) and the macrophage marker Mac-2 (red)
from lungs harvested 30 days after challenge. (E and F) Similar analyses for livers harvested from Stat1⫺/⫺ mice 22 days after challenge by using
antibodies against F4/80 antigen (panel E; red) and Mac-2 (panel F; red) to visualize macrophages (spike is in green). Similar findings were
demonstrated with lungs of 129SvEv mice in terms of macrophage and epithelial cell localization. No expression of spike was shown in livers of
129SvEv mice.
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FIG. 4. Histopathology in lungs following SARS CoV challenge in 129SvEv and Stat1⫺/⫺ mice. (A to D) Histologic sections of lungs from 129SvEv
animals harvested on days 1 (A), 3 (B), 5 (C), and 22 (D) after SARS CoV challenge. All sections were viewed at an original magnification of ⫻60 and
are shown at a magnification of ⫻54. (E to H) Histologic sections of lungs from Stat1⫺/⫺ animals harvested on days 1 (panel E; original magnification,
⫻60; present magnification, ⫻54), 6 (panel F; original magnification, ⫻60; present magnification, ⫻54), 10 (panel G; original magnification, ⫻40; present
magnification, ⫻36), and 15 (panel H; original magnification, ⫻2; present magnification, ⫻1.8) after SARS CoV challenge.
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CoV-infected macaques treated with interferon shed less virus
(4). The results for the Stat1⫺/⫺ animals highlight the importance of innate immunity in controlling SARS CoV infection
and suggest potential therapeutic strategies that augment the
innate immune response in the context of interferon action.
This work was funded by Southern Research Institute and GlaxoSmithKline Pharmaceuticals.
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disease in Stat1⫺/⫺ mice began as described for 129SvEv mice;
however, progression to diffuse interstitial pneumonia with
focal airspace consolidation was observed. Mild peribronchiolar mononuclear inflammation observed on day 1 (Fig. 4E)
progressed to acute bronchiolitis with abundant peribronchiolar macrophages (Fig. 2H) and interstitial pneumonia on days
6 to 10 (Fig. 4F and G) despite striking sparing of airspaces
(Fig. 4G). A low-magnification view of lung tissue at day 15
shows the diffuse nature of the disease, with bridging infiltrates
emanating from bronchioles with subpleural consolidation
(Fig. 4H). The inflammatory process progressed with infiltration of T cells throughout the lungs (Fig. 2G) and diminution
of peribronchiolar macrophages (Fig. 2I); inflammation eventually extended into the anterior mediastina (data not shown).
The Stat1⫺/⫺ mice progressively lost weight (data not shown).
Expression of SARS CoV antigens was noted within cells of
the inflammatory pulmonary infiltrates (Fig. 2C). Livers of
Stat1⫺/⫺ mice harvested at day 22 demonstrated nodules of
dense mononuclear inflammation containing SARS CoV-infected cells (Fig. 2D); the identity of these infected cells is
unclear, although they were not macrophages (Fig. 3E and F).
The architecture of the spleens remained normal in Stat1⫺/⫺
mice, although SARS CoV-infected cells appeared at late time
points (Fig. 2E).
Our studies clearly demonstrate replication of SARS CoV in
mice following intranasal inoculation, and this finding is consistent with those in two recent reports (12, 16). Our observation of bronchiolitis in both 129SvEv mice and Stat1⫺/⫺ mice
with resolution in the former and progression to interstitial
pneumonia and mediastinitis in the latter parallels the histopathology described in postmortem examination of humans
who died from SARS. Although the 24 human cases studied
demonstrated only diffuse alveolar damage, with edema, pneumocyte necrosis, and hyaline membrane formation or organization depending on the duration of illness before death (1, 3,
9, 15), the most detailed study led by expert pulmonary pathologists also noted bronchiolar disease with respiratory epithelial
cell necrosis, loss of cilia, and intrabronchiolar fibrin deposits
(3). In fact, early diffuse alveolar damage is thought to start at
the level of the respiratory bronchioles, irrespective of the
etiology. Thus, although the pathology noted in the mouse
models may appear quite different from that in humans in that
intra-alveolar edema, pneumocyte necrosis, or hyaline membranes were not observed in mice, one should not understate
the common finding of bronchiolar injury with focal respiratory
epithelial cell necrosis. The progression of the mice to interstitial pneumonia without development of diffuse alveolar
damage may reflect real species-specific differences in host
responses. Similarly, not all humans exposed to SARS CoV
develop SARS. It is also possible that diffuse alveolar damage
in humans is preceded by fulminate bronchiolitis but that histologic tissue examination from the first three days of illness
has not yet been reported.
The mechanism by which Stat1-deficient signaling compromises the ability of the animals to clear SARS CoV infection
remains unclear. A likely explanation is the abnormality in
interferon activity that characterizes these animals (2, 8). In
fact, data generated in our laboratory and the laboratories of
others suggest that alpha/beta interferons strongly inhibit the
replication of SARS CoV in vitro (5, 11a). Indeed, SARS
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