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We characterized the cellular immune response to severe acute respiratory syndrome coronavirus (SARS-
CoV) infection in 12- to 14-month-old BALB/c mice, a model that mimics features of the human disease.
Following intranasal administration, the virus replicated in the lungs, with peak titers on day 2 postinfection.
Enhanced production of cytokines (tumor necrosis factor alpha [TNF-«] and interleukin-6 [IL-6]) and
chemokines (CXCL10, CCL2, CCL3, and CCL5) correlated with migration of NK cells, macrophages, and
plasmacytoid dendritic cells (pDC) into the lungs. By day 7, histopathologic evidence of pneumonitis was seen
in the lungs when viral clearance occurred. At this time, a second wave of enhanced production of cytokines
(TNF-«, IL-6, gamma interferon [IFN-y], IL-2, and IL-5), chemokines (CXCL9, CXCL10, CCL2, CCL3, and
CCL5), and receptors (CXCR3, CCR2, and CCRS5), was detected in the lungs, associated with an influx of T
lymphocytes. Depletion of CD8* T cells at the time of infection did not affect viral replication or clearance.
However, depletion of CD4™ T cells resulted in an enhanced immune-mediated interstitial pneumonitis and
delayed clearance of SARS-CoV from the lungs, which was associated with reduced neutralizing antibody and
cytokine production and reduced pulmonary recruitment of lymphocytes. Innate defense mechanisms are able
to control SARS-CoV infection in the absence of CD4™ and CD8* T cells and antibodies. Our findings provide
new insights into the pathogenesis of SARS, demonstrating the important role of CD4" but not CD8™ T cells

in primary SARS-CoV infection in this model.

The global outbreak of severe acute respiratory syndrome
(SARS) in 2003 that infected more than 8,000 people in 29
countries across five continents, with 774 deaths reported by
the World Health Organization (54), was caused by a highly
contagious coronavirus designated SARS-CoV (33). The el-
derly were more likely to die from SARS-CoV infection than
younger people (7), with a case-fatality rate of 50% in people
older than 65 years (14, 53). Disease pathogenesis in SARS is
complex, with multiple factors leading to severe pulmonary
injury and dissemination of the virus to other organs. High
viral load; systemic infection; a cytokine storm with high levels
of CXCL10/IP-10, CCL3/MIP-1a, and CCL2/MCP-1; massive
lung infiltration by monocytes and macrophages; and rapid
depletion of T cells are hallmarks of SARS (5, 13, 15, 21, 28,
35). The role of neutralizing antibodies (Abs) in protection
from SARS-CoV infection has been well documented. Virus-
specific neutralizing Abs reduce viral load, protect against
weight loss, and reduce histopathology in animal models (42,
47, 48). Although the role of type I interferons (IFNs) in the
natural history of SARS is controversial (5, 9, 59), the innate
defense system appears to be critical for controlling SARS-
CoV replication in mice (23, 41). Mice lacking normal innate
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signaling due to STAT1 or MyD88 deficiency are highly sus-
ceptible to SARS-CoV infection. Virus-specific T-cell re-
sponses are present in convalescent patients with SARS (27,
55). However, little is known about the role of T cells in the
acute phase of SARS.

Several mouse models have been developed for the in vivo
study of SARS pathogenesis. However, no single model accu-
rately reproduces all aspects of the human disease. SARS-CoV
replicates in the upper and lower respiratory tracts of 4- to
8-week-old mice and is cleared rapidly; infection is associated
with transient mild pneumonitis, and cytokines are not detect-
able in the lungs (20, 42, 49). A SARS-CoV isolate that was
adapted by serial passage in mice (MA-15) replicates to a
higher titer and for a longer duration in the lungs than the
unadapted (Urbani) virus and is associated with viremia and
mortality in young mice (36), but the histologic changes in the
lungs are caused by high titers of virus and cell death without
significant infiltrates of inflammatory cells. The heightened
susceptibility of elderly patients to SARS led us to develop a
pneumonia model in 12- to 14-month-old (mo) BALB/c mice
using the Urbani virus. In this model, pulmonary replication of
virus was associated with signs of clinical illness and his-
topathological evidence of disease characterized by bronchi-
olitis, interstitial pneumonitis, diffuse alveolar damage, and
fibrotic scarring (3), thus resembling SARS in the elderly. We
evaluated the host response to SARS-CoV infection by exam-
ining the gene expression profile in the senescent mouse model
and found a robust response to virus infection, with an in-
creased expression of several immune response and cell-to-cell
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signaling genes, including those for tumor necrosis factor alpha
(TNF-o), interleukin-6 (IL-6), CCL2, CCL3, CXCL10, and
IFN-y (1).

In this study, we characterize the cellular immune response
to SARS-CoV infection in 12- to 14-mo BALB/c mice in terms
of the protein and gene expression of inflammatory mediators,
migration of inflammatory cells, and virus-specific T-cell re-
sponses in the lungs during the course of disease. We evaluated
the role of T cells in disease pathogenesis and viral clearance
by depleting T-cell subsets at the time of infection and found
an important role for CD4" T cells (but not CD8" T cells) in
primary infection with SARS-CoV in this model.

MATERIALS AND METHODS

Virus. SARS-CoV (Urbani strain), a generous gift from L. J. Anderson and
T. G. Ksiazek (Centers for Disease Control and Prevention, Atlanta, GA), was
propagated in Vero cells, with a titer of 10°° 50% tissue culture infective doses
(TCIDsq)/ml. Vero cells were maintained in OptiPro SFM (Invitrogen, CA). All
work with infectious virus was performed inside a biosafety cabinet in a biosafety
level 3 facility.

Mouse model of SARS. The animal studies were approved by the National
Institutes of Health Animal Care and Use Committee. Female BALB/c mice, 12
to 14 mo, were purchased from Taconic (Germantown, NY). We administered
10° TCIDs5, of SARS-CoV intranasally (i.n.) to mice as previously described (42).
Leibovitz 15 medium was used to mock infect control groups of mice. Lungs were
harvested at serial time points without perfusion for virus titration, cytokine
assays, histopathology, and flow cytometry.

Depletion of T-cell subsets. Monoclonal antibodies (MAb) Gk1.5 specific for
mouse CD4, 2.43 specific for mouse CD8, and SFR3-DRS5 specific for human
leukocyte antigen as an isotype control were used for in vivo depletion as
described previously (17). All MAbs are rat IgG2b and were prepared as ascites
fluid and delipified by the National Cell Culture Center (Biovest International).
Mice received 1 mg/ml of MAD for each dose, given intraperitoneally (i.p.) 3 days
before and 3, 7, and 10 days after infection.

Passive transfer of serum Ab. Postinfection hyperimmune SARS (HIS) anti-
serum was generated in BALB/c mice following SARS-CoV infection. Mice
treated with anti-CD4 or anti-CD4 and anti-CD8 MADbs were given an i.p.
injection of 500 wl of serum on day 7 postinfection (p.i.). The control group
received normal (nonimmune) BALB/c mouse serum (Harlan, Indianapolis, IA);
the experimental groups received either undiluted HIS or a 1:4 dilution (in
phosphate-buffered saline [PBS]) of HIS. Lungs were harvested on day 9 p.i.

Virus titration. Supernatants of 10% (wt/vol) lung homogenates were pre-
pared and titrated on Vero cell monolayers in 24- and 96-well plates as previously
described (42). Virus titers are expressed as TCIDs, per g of tissue. The lower
limit of detection was 10" TCIDs/g.

Histopathology and immunohistochemistry (IHC). Mice were euthanized by
cervical dislocation on days 7, 9, and 12 p.i. The lungs were inflated with 10%
formalin and embedded in paraffin wax. Lung tissue sections were prepared for
histopathological examination and evaluated by using conventional hematoxylin
and eosin (H&E) staining and an immunoalkaline phosphatase staining tech-
nique. The primary Ab was a polyclonal rabbit Ab against SARS-CoV nucleo-
capsid used at a dilution of 1/1,000 as described previously (37). The scoring
system was developed prior to the experiment and allowed for blinded review.
Mild multifocal interstitial inflammation was scored as 1 to 2, moderate disease
as 3 to 4, and severe disease as 5.

BD CBA and ELISA for protein expression. Supernatants of 10 or 20%
(wt/vol) lung homogenates were used for detection of cytokine and chemokine
protein expression using BD cytometric bead array (CBA) kits (BD Biosciences),
the Bio-plex Protein Array system (Bio-Rad, CA), Quantikine immunoassay kits
(R&D, MN), and IFN-a and IFN-B enzyme-linked immunosorbent assay
(ELISA) kits (PBL, NJ). Data are expressed as pg or ng of protein per g of tissue.
The lower limit of detection for each protein is included in the kit protocol.

Quantitative RT-PCR. Total RNA (0.5 pg) was isolated from lung samples
using the RNeasy mini kit (Qiagen) and reverse transcribed into cDNA using
StrataScript first-strand synthesis (Stratagene). The following primers were used:
18S forward (5'-GGTACAGTGAAACTGCGAAT-3") and 18S reverse (5'-CA
GTTATCCAAGTAGGAGAG-3"), CCR2 forward (5'-GTTACCTCAGTTCA
TCCA-3") and CCR2 reverse (5'-CAAGGCTCACCATCATCGTAGTC-3'),
CCRS5 forward (5'-TTGCAAACGGTGTTCAATTTTC-3") and CCRS5 reverse
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(5'-TCTCCTGTGGATCGGGTATAGAC-3"), CXCR3 forward (5'-GCTAGA
TGCCTCGGACTTTGC-3") and CXCR3 reverse (5'-CGCTCTCGTTTTCCCC
ATAA-3'), CCL2 forward (5'-GCTGGAGCATCCACGTGTT-3') and CCL2
reverse (5'-ATCTTGCTGGTGAATGAGTAGCA-3"), CCL3 forward (5'-CCA
AGTCTTCTCAGCGCCAT-3") and CCL3 reverse (5'-GAATCTTCCGGCTG
TAGGAGAAG-3'), CCL5 forward (5'-GTGCCCACGTCAAGGAGTAT-3')
and CCLS reverse (5-GGGAAGCTATACAGGGTCA-3"), CXCL9 forward
(5'-TGCACGATGCTCCTGCA-3") and CXCL9 reverse (5'-AGGTCTTTGAG
GGATTTGTAGTGG-3"), and CXCLI10 forward (5'-GACGGTCCGCTGCAA
CTG-3") and CXCLI10 reverse (5'-GCTTCCCTATGGCCCTCATT-3"). Quan-
titative reverse transcription-PCR (RT-PCR) was performed by heating cDNA
samples mixed with primers and Brilliant SYBR green QPCR master mix (Strat-
agene) at 95°C for 10 min, followed by 40 cycles of amplification at 95°C for 30's,
55 to 65°C for 1 min, and 72°C for 1 min using an Mx4000 multiplex quantitative
PCR system (Stratagene). All infected samples and mock controls were tested at
the same time to enable comparisons of 18S rRNA-normalized values. Negative
control samples without RT or RNA were included. Each data point was exam-
ined for integrity by analysis of the amplification plot and dissociation curves. For
data analysis, the amount of reaction product was determined using the com-
parative threshold cycle method, as described elsewhere (30). mRNA levels for
each primer pair were normalized to the 18S rRNA housekeeping gene, and fold
changes were calculated against mock-infected controls.

Preparation of lung single-cell suspensions. To obtain single-cell suspensions,
lungs were incubated in RPMI 1640 containing 10% fetal bovine serum (FBS)
and 2 mg/ml collagenase A (Sigma) at 37°C for 30 to 45 min. A single-cell
suspension was prepared after red blood cell (RBC) lysis, filtered through a
40-nm cell strainer (BD), and used for fluorescence-activated cell sorter (FACS)
analysis.

Flow cytometry. All Abs used in this study were purchased from BD Bio-
sciences, except PCDA-1, which was obtained from Miltenyi (Auburn, CA), and
F4/80, which was from eBioscience (San Diego, CA). Leukocytes isolated from
lungs were cultured in the presence of 1 pM peptide (KCYGVSATKL, an
H-2%restricted CD8™" T-cell epitope) (24) and 25 TU per ml of IL-2 at 37°C for
5 h, incubated with anti-CD107a—fluorescein isothiocyanate (FITC) and anti-
CD107b-FITC MAbs (0.1 and 0.5 pg per well), respectively. After treatment
with an Fc block for 15 min on ice, cells were surface stained with anti-CD8—
allophycocyanin (ALPC) for 30 min on ice and were fixed and permeabilized
using a Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer’s
instructions. For intracellular staining, phycoerythrin (PE)-conjugated anti-
mouse IFN-y MAb (clone XMG1.2) was used. To evaluate the CD4™ T-cell
response, lung cells were stimulated with anti-CD28 and anti-CD49d MAbs (0.1
pg per well) and SARS-CoV spike (S) protein (0.5 pg per well; Protein Sciences
Corporation, Meriden, CT) for 16 h, with Golgi-plug, Golgi-stop, and anti-
CD107a/b MAbs added for the last 8 h. Cells were then stained with anti-CD4-
peridinin chlorophyll protein (PerCP)- and PE-conjugated rat anti-mouse IFN-y
MADs (clone XMG1.2) using the Cytofix/Cytoperm kit for the detection of
IFN-y-positive CD4" lymphocytes. The final analysis and graphical output were
performed using FlowJo software (Tree Star, Inc.). Cell populations were iden-
tified as CD11c™ PDCAL1™" for plasmacytoid dendritic cells (pDC), CD3~ DX5"
for NK cells, CD3" DX5* for NK T cells, CD11b™ F4/80* for macrophages, and
CDl1lc™ Grl™ for neutrophils.

Neutralizing Ab assay. Twofold dilutions of heat-inactivated serum were
tested in a microneutralization assay using 100 TCIDs, of SARS-CoV as previ-
ously described (42). The presence of viral cytopathic effect was read on days 3
and 4.

ELISA for Ab. Microtiter plates were coated with 100 ng per well of recom-
binant truncated SARS-CoV § protein (Protein Sciences Corp., Meriden, CT).
Serially diluted heat-inactivated mouse sera were incubated overnight. Bound
Abs were detected with alkaline phosphatase-conjugated goat anti-mouse 1gG
and p-nitrophenyl phosphate (Sigma, MO) substrate. An optical absorbance of
>(0.2 at 405 nm was considered positive.

Statistical analysis. Statistically significant differences between groups of mice
were determined by Student’s ¢ test and the Mann-Whitney U test. P values of
<0.05 were considered significant.

RESULTS

SARS-CoV infection is associated with pneumonitis in 12- to
14-mo BALB/c mice. Pulmonary viral infection was induced in
senescent BALB/c mice by i.n. administration of 10° TCIDs,
SARS-CoV. High titers of virus (10%° TCIDs,/g) were de-
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tected in the lungs as early as day 2 p.i. Titers remained high
for several days (~10° TCIDs,/g on day 7), after which titers
decreased significantly and were just above the limit of detec-
tion (10" TCIDs,/g) by day 9 p.i. (data not shown).

Histologic examination of the lungs on day 2 p.i. showed
focal perivascular infiltrates comprised predominantly of mac-
rophages and some lymphocytes and airway lesions character-
ized by bronchiolar epithelial necrosis and luminal necrotic
debris (data not shown). On day 7 p.i., multifocal interstitial
infiltrates comprised predominantly of mononuclear cells were
identified, while high titers of virus remained in the lungs.
Perivascular infiltrates persisted on day 9. Diffuse alveolar
damage and fibrotic scarring were seen on day 9 and day
12 p.i., as described previously (references 37 and 38 and data
not shown).

SARS-CoV infection induces a biphasic pattern of increased
expression of inflammatory mediators in the lungs. To identify
the inflammatory mediators involved in the pathogenesis of
SARS-CoV-induced pneumonitis, we measured the protein
levels of cytokines and chemokines in lung homogenates (Fig.
1A and B). We describe events in the first 1 to 5 days p.i. as
early and those during 6 to 13 days p.i. as late events and noted
four patterns, with early, late, biphasic, or no increases, respec-
tively. First, a modest increase in the levels of IFN-a and
IFN-B was detected in the lungs early (on day 3) following
SARS-CoV infection, but no statistical difference was found
compared to mock-infected control samples (P > 0.05). Sec-
ond, a marked increase in inflammatory chemokines CCL5/
RANTES and CXCL9/MIG, accompanied by an increase of
inflammatory cytokines IFN-vy, IL-2, and IL-5, was detected in
the lungs predominantly at day 7, the late stage of infection
(P < 0.05). Third, a biphasic pattern of significantly increased
production of proinflammatory cytokines TNF-a and IL-6 and
chemokines CCL2/MCP-1, CCL3/MIP-1a, and CXCL10/IP-10
was seen both early and late following infection (P < 0.05).
The first wave of these cytokines and chemokines was detected
as early as day 2 p.i. High levels of these cytokines and che-
mokines remained on day 3 and decreased dramatically on day
5 p.i. By day 7, when pneumonitis was observed, we detected a
second peak of production of these proteins. Fourth, IL-4,
IL-10, and IL-12 were not detectable throughout the course of
disease (data not shown).

Consistent with the findings of chemokine protein levels, a
biphasic pattern of increased expression of chemokine mRNA
was observed in the lungs early and late in infection (Fig. 1C).
An increase in mRNA transcripts for CCL2/MCP-1, CCL3/
MIP-1a, and CXCL10/IP-10 was detected in the lung early on
days 2 and 3 p.i., when peak viral replication occurred. Com-
pared to those in mock-infected animals, these mRNA tran-
scripts in SARS-CoV-infected lungs significantly increased at
day 2 p.i., declined thereafter, and then showed a moderate
increase on day 7. In contrast, mRNA transcripts for CCL5/
RANTES and CXCLY9/MIG increased predominantly late in
infection on days 5 and 7, when histopathologic evidence of
pneumonitis was seen in the infected lungs.

An increase in mRNA transcripts for CCR2, CCRS, and
CXCR3, which are receptors for the upregulated chemokines
(CCR2 for CCL2/MCP-1, CCRS5 for CCL3/MIP-1a and CCL5/
RANTES, and CXCR3 for CXCL9/MIG and CXCL10/IP-10),
was also found in the lungs after infection with SARS-CoV

PATHOGENESIS OF SARS-CoV INFECTION IN SENESCENT MICE 1291

(Fig. 1C). Compared to those in mock-infected lungs, a 4-fold
increase in CCR2 mRNA and a >9-fold increase in CCRS or
CXCR3 mRNA were detected around days 7 to 9 p.i. The
profile of increased expression of these receptor transcripts
correlated closely with the upregulation of their ligands in the
SARS-CoV-infected lung in the late phase of infection.

SARS-CoV infection induces two waves of recruitment of
inflammatory cells into the lungs. To analyze the cellular re-
sponses to SARS-CoV infection, we evaluated cell migration
into the lungs. FACS analyses revealed a local accumulation of
leukocytes in the lungs following infection (Fig. 2A and B). We
observed a significant increase in the number of CD45" leu-
kocytes in the lungs of SARS-CoV-infected mice 7 days p.i.
(P = 0.0015). The number of CD45" leukocytes slightly in-
creased as early as day 2 p.i.,, reaching a peak on day 7 and
progressively declining by days 9 and 12 p.i. Three patterns of
cell migration were detected in the lungs following SARS-CoV
infection. First, plasmacytoid DC (pDC) migrated into the
lungs at the early phase of infection. The number of pDC
peaked on day 2 (P = 0.001), followed by a sharp decline by
day 7 and day 9 p.i. (P < 0.001). Second, the pulmonary
migration of inflammatory cells (such as NK T cells, NK cells,
macrophages, and CD4" T cells) began on day 2, increased
rapidly to reach a peak on day 7 and/or 9 (P < 0.01), and
declined thereafter. Third, neutrophils and CD8" T cells mi-
grated into the lungs at the late phase of infection. A large
number of neutrophils were detected in the lungs of mock-
infected senescent mice, and these numbers increased mod-
estly on day 7 p.i. (P < 0.05). The number of CD8" T cells
increased sharply on days 7 and 9 (P < 0.05), remaining at a
high level or declining by day 12 p.i. The two waves of inflam-
matory cells recruited into the lungs at the early and late
phases of infection correlated well with the biphasic expression
of chemokines and the receptors in the lungs of SARS-CoV-
infected mice (Fig. 1B and C).

SARS-CoV infection induces an enhanced virus-specific T-
cell response in the lungs. To determine the function of T cells
in response to SARS-CoV infection, we measured the number
and frequency of IFN-y-producing CD8* and CD4™" T cells iso-
lated from the lungs of mock- and SARS-CoV-infected mice on
day 7 p.. by intracellular staining, with and without exogenous
stimulation with phorbol myristate acetate (PMA)/ionomycin or
viral peptides (Fig. 2C and D). FACS analysis revealed an in-
creased frequency of CD8" IFN-y* and CD4" IFN-y ™" cells seen
in the lungs of SARS-CoV-infected mice following exogenous
stimulation with SARS-CoV S protein and to a lesser extent
nucleocapsid (N) proteins and PMA/ionomycin. Compared to
that in mock-infected mice, the number of CD8" IFN-y™" cells
increased from 1.6 X 10* to 4.3 X 10* cells/lung in SARS-CoV-
infected mice following stimulation with PMA/ionomycin and
from 0 to 1 X 10° cells/lung when stimulated with a pool of
overlapping peptides from the SARS-CoV S protein. The num-
ber of CD4* IFN-y* cells increased from 1.1 X 10* cells/lung in
mock-infected mice to 3.7 X 10* cells/lung in SARS-CoV-infected
mice when stimulated with PMA/ionomycin and from 0 to 1.9 X
10° cells/lung when stimulated with SARS-CoV $ peptides. Stim-
ulation with a pool of overlapping peptides from the SARS-CoV
N protein did not significantly increase IFN-y production by T
cells. This result indicates that antigen-specific T-cell responses
occurred to the SARS-CoV S protein but not to the N protein.
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FIG. 1. Kinetics of inflammatory mediators in the lungs following SARS-CoV infection. Protein levels of cytokines (A) and chemokines (B) and
fold increase in gene transcripts of chemokines and the receptors (C) were measured in the lungs at the indicated time points following i.n.
inoculation of 10° TCIDs, SARS-CoV. Data are shown as mean =+ standard error of the mean (SEM) for four mice at each time point, and the
units are reported next to the name of the protein. *, P < 0.05 for the comparison between mock- and SARS-infected groups by Student’s ¢ test.
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FIG. 2. Presence of inflammatory cells in the lungs of mice following SARS-CoV infection. (A) FACS analysis of inflammatory cells (CD11c™
PDCAL1" for pDC, CD3~ DX5* for NK, CD3" DX5" for NKT, CD11b" F4/80" for macrophages, and CD11lc™ Grl™" for neutrophils) in
mock-infected and SARS-CoV-infected lungs. Cells for analysis are gated on a CD45™ population. (B) Total number of inflammatory cells isolated
from the lungs on the indicated day p.i. Data are the means = SEMs for three to five mice analyzed at each time point. Results from one
representative experiment out of three are shown. *, P < 0.05; **, P < 0.01 (for the comparison between mock-and SARS-CoV-infected groups)
by Student’s 7 test. (C) FACS analysis of IFN-y-producing CD8" and CD4™" T cells isolated from the lungs of SARS-CoV-infected mice on day
7 p.i., with or without ex vivo stimulation with PMA/ionomycin or SARS-CoV S or N peptides. Cells for analysis are gated on a CD3™ population.
(D) Total number of CD8" and CD4" T cells producing IFN-vy in the lungs of mock- or SARS-CoV-infected mice, with or without ex vivo
stimulation with PMA/ionomycin or SARS-CoV S or N peptides. Data are from pools of cells from four mice analyzed at day 7 p.i. Results from
a representative experiment out of two is shown.

with the development of pneumonitis and was accompanied by
viral clearance (see Fig. 7 and data not shown). These data indi-
cate that T cells may play an important role in SARS-CoV infec-
tion.
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FIG. 3. Delayed viral clearance in the lungs of SARS-CoV-infected mice depleted of CD4Jr T cells. (A) Depletlon of T-cell subsets in senescent
mice infected with SARS-CoV. Mice were treated with MAbs i.p. at 3 days before and 3 and 7 days after SARS-CoV infection. (B) FACS analysis
of CD4 and CD8 expression on lymphocytes isolated from lungs and spleen on day 9 p.i. The recorded numbers denote the percentages of CD4*
or CD8" cells in the total lymphocyte population. (C) Virus titers in the lungs were determined on the indicated day p.i. The limit of detection
was 10" TCIDs,/g of tissue (dashed line). Data are means = SEMs for four mice at each time point. (D) IHC staining of SARS-CoV antigen in
the lungs of mice depleted of T-cell subsets. By day 9 p.i., SARS-CoV antigens (red) are extremely sparse or entirely absent from the lungs of
infected mice (a) and are rare in the lungs of mice depleted of CD8" T cells (c); however, abundant viral antigens remain in the lungs of mice
depleted of CD4™ T cells (b) or both CD4" and CD8" T cells (d) at day 9 (immunoalkaline phosphatase stain with naphthol-fast red and

hematoxylin counterstain).

Depletion of CD4™ T cells (but not CD8* T cells) results in
delayed pulmonary viral clearance. To evaluate the role of T
cells in disease pathogenesis and clearance of SARS-CoV, we
depleted T-cell subsets before and after infection by intraper-
itoneal (i.p.) injection of MADbs against CD4™ and/or CD8" T
cells (Fig. 3A). To determine the completeness of the deple-
tion on days 8, 9, 10, 11, and 12 p.i.,, we used clones RM4-5
(anti-CD4) and 53-6.7 (anti-CDS8) for cell staining, which are
different from the anti-CD4 (GK1.5) and anti-CD8 (2.43)
clones used for T-cell depletion. FACS analysis revealed that
treatment with the MAbs at the time of infection led to a
nearly complete depletion of T-cell subsets from the lungs and
spleen (Fig. 3B).

SARS-CoV replicated efficiently in the lungs of mice that
received the isotype control Ab and reached a peak titer on day
2 p.i. Levels of virus remained high through day 7 and declined
below the limit of detection of 10'* TCIDs,/g by day 9 p.i. (Fig.
3C, top). The mice depleted of CD8" T cells cleared the virus
from the lungs as well as the isotype control-treated animals
did and exhibited a near complete clearance of virus by day
9 p.i. However, depletion of CD4" T cells resulted in delayed
viral clearance from the lungs. High titers of virus were de-
tected in the lungs of mice depleted of CD4" or CD4* and
CD8" cells on day 9 p.i. (P = 0.00001 compared to isotype
control-treated animals by Student’s ¢ test). By day 12, one of

four mice depleted of both CD4™" and CD8" T cells still had
virus detectable in the lungs. The kinetics of viral clearance
was further evaluated by daily examination from day 7 to day
12 p.i. (Fig. 3C, bottom). Complete clearance of virus was
observed by day 9 in isotype control-treated animals and in
mice depleted of CD8" T cells. Prolonged viral replication
was detected in mice depleted of CD4™ or CD4" and CD8™"
T cells, with a decline of virus titer below the limit of
detection by day 11 and day 12 p.i., respectively. IHC stain-
ing for SARS-CoV antigen on day 9 p.i. confirmed the
presence of viral antigen in the lungs of mice depleted of
CD4™" T cells or both CD4" and CD8" T cells (Fig. 3D).
Depletion of CD4™ T cells results in a diminished virus-
specific Ab response. In order to identify the mechanism(s) by
which CD4™" T cells control SARS-CoV infection, we mea-
sured neutralizing Ab titers in the sera of mice infected with
SARS-CoV following depletion of T-cell subsets (Fig. 4A).
Titers of SARS-CoV-specific neutralizing Abs were detected
in isotype control-treated mice on day 7 p.i., reached a peak
titer of 2°7 on day 10, and plateaued. Depletion of CD8" T
cells did not affect production of neutralizing Abs, and the
virus-specific neutralizing Ab response seen in both isotype
control-treated and CDS8-depleted mice coincided with viral
clearance on day 9 p.i. However, depletion of CD4* cells
resulted in a diminished neutralizing Ab response along with
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FIG. 4. Reduced Ab production in mice depleted of CD4™" T cells. Mice were treated with isotype control and MAbs against T-cell subsets as
described in Materials and Methods. (A) Neutralizing Ab titers in the serum were determined on the indicated day p.i. Geometric mean
neutralizing Ab titers from four mice per group are expressed as log,. (B) Virus-specific IgG titers in the serum were determined by ELISA on
the indicated day p.i. Data are means = SEMs for four mice at each time point. (C) HIS or NMS (500 .l per mouse) was given i.p. to mice depleted
of CD4" or CD4" and CD8" T cells on day 7 p.i., and virus titers in the lungs were determined on day 9 p.i. The limit of detection was 10
TCIDs/g of tissue (dashed line). Data are means = SEMs for four mice at each time point.

delayed viral clearance from the lungs. Compared to isotype
control-treated animals, a significantly lower neutralizing Ab
titer was detected from day 8 to day 12 p.i. in mice depleted of
CD4™" or both CD4™" and CD8™ cells (P < 0.05 by Student’s ¢
test). In addition, mice depleted of CD4" or both CD4" and
CD8" cells exhibited reduced SARS-CoV S protein-specific
ELISA IgG Ab production (Fig. 4B) from day 8 to day 11 p.i.
(P < 0.05 by Student’s ¢ test), while a high titer of S protein-
specific ELISA IgG Ab was detected in isotype control-treated
and CDS8-depleted mice. These data show a close relationship
between the CD4-dependent virus-specific Ab response and
viral clearance, indicating the important role that Abs play in
the control of SARS-CoV infection.

Passive transfer of SARS-specific Abs restores viral clear-
ance in mice depleted of CD4* T cells. We have previously
shown that passive transfer of HIS can protect senescent mice
from SARS-CoV infection (48). We passively transferred HIS
into mice depleted of CD4™" or both CD4* and CD8" cells on
day 7 p.i. and assessed virus titers in the lungs 2 days later to
determine whether Abs could clear the virus in the absence of
T cells. On day 9 p.i., high titers of virus were detected in the
lungs of mice that received normal mouse serum (NMS) that
did not contain neutralizing Abs. Passive transfer of HIS dra-
matically reduced pulmonary virus titers in mice depleted of
CD4" or both CD4" and CD8™ cells (Fig. 4C). Thus, passive
transfer of neutralizing Abs can control virus infection and
restore viral clearance in mice depleted of CD4" T cells.

Depletion of CD4™ T cells reduces production of both Thl
and Th2 cytokines. To determine whether depletion of CD4™*
T cells affects control of virus infection through cytokine pro-
duction, protein levels of cytokines and chemokines were mea-
sured in lung homogenates on day 7 p.i. (Fig. 5A). Depletion of
CD8™ cells did not affect cytokine production, but depletion of
CD4™" cells resulted in a decrease in the production of both

Th1 and Th2 cytokines. Compared to the isotype-treated con-
trols, levels of cytokines IFN-vy, IL-2, IL-4, and IL-5 and che-
mokine MIP-2/CXCL2 were lower in mice depleted of CD4™
T cells (P < 0.05 by Student’s ¢ test), and IL-2, IL-4, and
MIP-2/CXCL2 levels were lower in mice depleted of both
CD4" and CD8™ T cells (P < 0.05 by Student’s ¢ test).

Depletion of CD4* T cells reduces cell recruitment to the
lungs. FACS analysis revealed that depletion of CD4* T cells
resulted in decreased number of leukocytes infiltrating into the
lungs on day 9 p.i. (Fig. 5B), consistent with the decreased
chemokine production. Total cell counts in the lungs were
significantly lower in mice depleted of CD4™ T cells than in
isotype control-treated animals (P < 0.05 by Student’s ¢ test).
Depletion of CD4* T cells resulted in reduced CD8" cell
counts in the lungs (not significant compared to the isotype
control-treated animals), while depletion of CD8" T cells did
not lead to reduced cell recruitment into the lungs. FACS
analysis also revealed that depletion of CD4™ T cells resulted
in fewer IFN-y-producing CD8* T cells infiltrating into the
lungs on day 9 p.i., while depletion of CD8" T cells did not
noticeably affect pulmonary recruitment of virus-specific IFN-
y-producing CD4™ T cells (Fig. 5C).

Depletion of CD4* T cells does not affect the cytolytic ac-
tivity of CD8* CTLs. To determine whether depletion of T
cells affected cytotoxic T lymphocyte (CTL) activity, in a novel
assay for CTL activity (58) we measured the surface expression
of CD107 on virus-specific T cells isolated from the lungs on
day 9 p.i. (Fig. 5D). CD107 was expressed predominantly on
IFN-vy-producing T cells, exhibiting 74% on CD8" cells and
less (31%) on CD4™" cells specific to the virus. Depletion of
CD4™" T cells did not dramatically alter CD107 expression on
virus-specific CD8" T cells (82%), and depletion of CD8" T
cells moderately increased CD107 expression by virus-specific
CD4™ T cells (52%). These data indicate that CD8™, but not
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FIG. 5. Reduced T-cell responses in the lungs of SARS-CoV-infected mice depleted of CD4" T cells. Mice were treated with isotype control
and MAbs against T-cell subsets as described in Materials and Methods. (A) Cytokines and chemokines were determined in lung homogenates
by Cytokine Beads Array and Bioplex on day 7 p.i. Data are shown as means = SEMs for four mice. (B) Number of cells isolated from the lungs
of mice treated with MAbs for FACS analysis by day 9 p.i. Data are presented as means = SEMs for four mice from a typical experiment.
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b), anti-CDS8 (c and d), anti-CD4 (e and f), and anti-CD4 and CD8 Ab (g and h) as described in Materials and Methods. Compared to isotype
control-treated mice (a), perivascular lymphocytic infiltrates are diminished in mice by treatment with anti-CD8 (c), anti-CD4 (e), and anti-CD4
and CD8 Ab (g) MAbs. Multifocal interstitial infiltrates are identified in the lungs of all infected mice (b, d, f, and h) but are most prominent in
the mice depleted of CD4™ T cells (f). (B) Pathology scores of pulmonary inflammation in the lungs were assessed on day 9 p.i. Data represent

means = SEMs for four mice at the indicated time point.

CD4™, T cells are the major population of CTLs in SARS-CoV
infection and that CD8" cytolytic activity reflected by CD107
staining is CD4 independent. The fact that viral clearance is
delayed in mice depleted of CD4™ T cells further indicates that
CD8" CTLs alone are not sufficient to control SARS-CoV
infection.

Depletion of CD4™ T cells results in enhanced interstitial
pneumonitis. Histologic examination of the lungs was carried
out to determine whether depletion of T-cell subsets affected
disease severity. Lung histopathology on day 9 p.i. revealed
reduced perivascular lymphocytic infiltrates in mice depleted

of T-cell subsets compared with isotype control-treated ani-
mals (Fig. 6A, panels a, c, e, and g). These data are consistent
with our findings on FACS analysis (Fig. 3B and 5B). Inter-
estingly, enhanced multifocal interstitial inflammation was
seen in mice depleted of CD4" cells (Fig. 6A, panel f, and B),
and this was associated with high titers of virus in the lungs
(Fig. 3C). However, although virus titers were also high at day
9 p.i. in mice depleted of both CD4* and CD8" T cells, the
severity of interstitial pneumonitis was noticeably less than that
in mice lacking CD4" T cells alone (Fig. 6A, panels h and f,
respectively). The correlation between enhanced disease sever-

(C) Intracellular staining for IFN-y on CD4" and CD8" T cells isolated from the lungs by day 9 p.i., with ex vivo stimulation with SARS-CoV
antigen. Data are presented as means * SEMs for four mice. (D) FACS analysis of CD107 expression on IFN-y-negative (subset A) and
IFN-vy-positive (subset B) T cells isolated from the lungs on day 9 p.i., with ex vivo stimulation with viral antigen. The recorded numbers denote
the percentages of IFN-y-positive CD4" or CD8" T cells expressing CD107.
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ity and depletion of CD4" T cells alone suggests that CD8-
mediated virus-specific lung immunopathology occurs in the
absence of CD4™ T cells in senescent mice.

Clearance of SARS-CoV in the absence of both T cells and
Abs. Mice depleted of both CD4" and CD8" T cells, which
therefore lacked both T-cell and Ab responses to the virus,
were able to control SARS-CoV replication in the lungs by day
12 p.i., suggesting an immune mechanism independent of Abs
and T cells. We studied the cytokine and chemokine profiles in
lung homogenates at day 10 and day 12 p.i. and detected a
more intense cytokine response in mice depleted of both
CD4" and CD8™ cells than in isotype control-treated animals.
Compared to isotype control-treated animals, we detected a
trend toward increased expression of cytokines IL-la and
IL-1pB on day 10 p.i., in association with increased expression of
chemokines MCP-1/CCL2 and MIP-2/CXCL2 (data not
shown), which are critical for tissue recruitment of monocytes
and neutrophils (2, 39). MIP-1b/CCL4, RANTES/CCLS, and
MIG/CXCL9 were not increased in mice depleted of both
CD4" and CD8" cells (data not shown). Although the total
number of cells in the lungs of mice depleted of both T-cell
subsets was similar to that for isotype control Ab-treated ani-
mals on day 10, complete depletion of CD4™ and CD8™ T cells
was observed in these mice (data not shown). Increased num-
bers of pDC and fewer granular CD11b" CD11c™ Ly-6G™
Gr-1" cells were detected in mice depleted of both CD4* and
CD8™ cells on day 10 (data not shown), and this was followed
by viral clearance by day 12. Of interest, an increase in NK cells
and macrophages was not seen in the lungs of mice depleted of
both CD4" and CD8" cells. These data indicate that in the
absence of both T cells and Abs, innate defense mechanisms
are able to control SARS-CoV infection. Consistent with our
findings in mice, high neutrophil and low lymphocyte counts
were reported in the peripheral blood of SARS patients (29).
The cellular mechanisms underlying Ab- and T-cell-indepen-
dent control of SARS-CoV infection in this model require
further investigation.

DISCUSSION

In a pneumonia model of SARS in senescent mice, we have
identified a biphasic cellular immune response to SARS-CoV
and found that CD4" T cells (but not CD8" T cells) are
important in the control of disease pathogenesis and SARS-
CoV replication.

The first important finding of our study is the biphasic ex-
pression of inflammatory mediators in the lungs of SARS-
CoV-infected mice, associated with two waves of influx of
inflammatory cells. The cytokines TNF-a and IL-6, associated
with chemokines CCL2/MCP-1, CCL3/MIP-1a, and CXCL10/
IP-10, were preferentially induced on days 2 to 3, when virus
titers peaked in the lungs, and were likely produced by infected
cells, such as airway epithelial cells and alveolar macrophages
(26, 43, 56). An early accumulation of pDC, a major source of
IFN-a in SARS-CoV infection (6), was accompanied by a
modest type I IFN response early after infection. Early recruit-
ment of other inflammatory cells, such as CD4™, NK T cells,
NK cells, and macrophages, was also detected in the lungs
following the first wave of increased expression of chemokines.
The activation of the innate defense system at the early phase

J. VIROL.

of infection appears to play an important role in the control of
SARS-CoV replication. A second wave of inflammatory medi-
ators noted on day 7 p.i. involved an increase of the cytokines
TNF-a and IL-6 and chemokines CCL2/MCP-1, CCL3/MIP-
1o, CCLS/RANTES, CXCL9/MIG, and CXCL10/IP-10 and an
increase of T-cell-mediated inflammatory cytokines IFN-vy,
IL-2, and IL-5. The peak of the second wave of cytokines,
chemokines, and their receptors correlated with infiltration of
the lungs by T cells and neutrophils. By day 7 after infection, an
intense virus-specific T-cell response (particularly CD4" T
cells), in association with the second wave of inflammatory
mediators, coincides with the onset of pneumonitis and is fol-
lowed by complete viral clearance by day 9. Weight loss ceases
by the time the virus is cleared from the lungs (Fig. 7). These
findings indicate that leukocyte-mediated antiviral responses
may contribute to the clearance of SARS-CoV, but they can
contribute to pneumonitis.

Although relatively little is known about the early events in
human SARS, local and systemic elevations of the inflamma-
tory mediators reported in SARS patients are consistent with
our findings in the senescent mouse model of SARS pneumo-
nia. Very high levels of cytokines and chemokines in the blood
and lungs of SARS patients were reported on autopsy. Protein
or RNA expression of IL-6, CCL2/MCP-1, and CXCL10/1P-10
was detected by IHC and RT-PCR in the lungs of patients with
fatal SARS cases (26). Elevation of IL-6 and IL-8 during the
acute phase of disease and persistent expression of CCL2/
MCP-1, CXCL9/MIG, and CXCL10/IP-10 in both acute and
fatal cases were consistently detected in the blood of SARS
patients (25, 26, 34, 43, 51). Moreover, increased serum levels
of CXCL10/1P-10, IL-2, and IL-6 correlated significantly with
SARS pneumonitis in patients (10), and this observation par-
allels our finding of the second wave of increased expression of
these cytokines/chemokines coinciding with the onset of pneu-
monitis in mice.

Chemokine receptors play a crucial role in directing inflam-
matory cells to the sites of infection (8, 40). Previous studies
have documented the importance of chemokine receptors in
protection from SARS-associated disease. CCR1-, CCR2-, and
CCRS5-deficient mice developed severe disease and mortality
without inflammatory cell recruitment to the lungs (41). In
contrast, upregulation of chemokines MCP-1/CCL2 (CCR1),
MIP-1a/CCL3 (CCR2), and RANTES/CCLS5 (CCRS) in the
lungs of wild-type mice coincided with pulmonary recruitment
of inflammatory cells and protected the mice from mortality.
The protective role of CXCR3 (CXCL9/MIG and CXCL10/
IP-10) in cell-mediated viral clearance of West Nile virus
(WNV) infection has been documented, where CXCR3-defi-
cient mice exhibited significantly enhanced mortality (57). In
our experiments with SARS-CoV infection in senescent mice,
the biphasic increased expression of chemokines (MCP-1/
CCL2, MIP-1a/CCL3, RANTES/CCLS5, MIG/CXCLD9, and IP-
10/CXCL10) and their receptors (CCR2, CCRS, and CXCR3)
is coincident with the appearance of inflammatory cells in the
lungs. Taken together, these data suggest an important role for
immune-mediated inflammation and chemokine recruitment
of inflammatory cells in severe SARS-CoV disease.

The second novel finding of our study is that CD8" T cells
are not required but CD4™" T cells are important for the con-
trol of viral replication in primary SARS-CoV infection in
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FIG. 7. Time course of host responses to primary SARS-CoV infection in senescent mice. A biphasic expression of inflammatory mediators
associated with cellular infiltration into the lungs of infected mice, coincident with peaks in viral replication and clearance, respectively, is seen.
Clinical illness such as weight loss was observed coincident with pulmonary viral replication, while lung pathology (pneumonitis) was associated

with T-cell infiltration when virus was cleared from the lung.

senescent mice. CD8" CTLs alone are not sufficient to clear
SARS-CoV in the absence of both CD4" T cells and Abs.
Depletion of CD8" T cells alone does not affect clearance of
the virus. These findings are rather surprising because CD8" T
cells are required for the control of influenza virus and other
respiratory viruses (3, 16, 45). Depletion of CD8" T cells
results in prolonged replication of influenza virus and is asso-
ciated with 100% mortality in mice (3, 16). Transfer of virus-
specific CD8" T cells can provide protection and indepen-
dently mediate viral clearance (45). CD4" T cells are less
efficient than CD8™ T cells at clearing influenza virus (19), and
CD4" T-cell-mediated protection occurs through Ab-depen-
dent mechanisms (46) and Ab-independent direct Kkilling
mechanisms that require perforin (4). In the senescent mouse
model for SARS, depletion of CD4™" T cells results in reduced
production of neutralizing Ab and Thl and Th2 cytokines and
pulmonary recruitment of inflammatory cells. Passive transfer
of neutralizing Ab against SARS-CoV can control viral repli-
cation in mice depleted of CD4 ™" T cells. These findings imply
that the CD4-mediated control of SARS-CoV infection most
likely operates through Ab and cytokine-dependent mecha-
nisms.

It is of interest that mice depleted of both CD4* and CD8*
T-cell subsets were able to clear the virus from the lungs by day
12 p.i. in the absence of neutralizing Ab and T-cell responses.
High levels of cytokine IL-1a and chemokine MCP-1/CCL2
and MIP-2b/CXCL2 were detected in the lungs, coincident
with a local accumulation of neutrophils and DCs, and this was
followed by viral clearance by day 12 p.i. MCP-1/CCL2 and
MIP-2b/CXCL2 are known to play a critical role in the tissue
migration of neutrophils, mononuclear phagocytes, and mono-
cytes (2, 31, 39). Recent studies using MADbs to deplete neu-
trophils suggest that neutrophils can play a protective role in
influenza virus infection in vivo by limiting influenza virus rep-

lication and controlling disease severity (18, 31, 44). Although
the cellular mechanism remains unclear, our data suggest that
an extended innate antiviral response may be responsible for
the clearance of SARS-CoV in the senescent mouse in the
absence of both T-cell and neutralizing Ab responses.

Another important insight revealed by our study is the im-
portance of CD4" T cells in reducing the severity of SARS-
associated pneumonitis. Depletion of CD4™ T cells alone led
to enhanced interstitial pneumonitis associated with high titers
of SARS-CoV in the lungs. Thus, in the absence of CD4* T
cells and virus-specific Abs, CD8" T cells mediate virus-spe-
cific lung pathology. CD8" CTLs have also been implicated in
the exacerbation of lung pathology in mice infected with influ-
enza virus (32) and in IFN-y-deficient mice depleted of CD4™
T cells following infection with lymphocytic choriomeningitis
virus and influenza virus (11, 12, 50). Moreover, consistent with
our findings in mice, the rapid development of lymphopenia in
SARS patients during acute infection involved a greater reduc-
tion in CD4" than CD8" T cells and was associated with
adverse disease outcome (22, 52). Although the mechanism for
SARS-mediated lymphopenia remains unclear, the observa-
tions in mice and humans of a correlation between a reduction
in CD4 " T cells and increased severity of disease indicates that
CD4™" T cells are important for the control of SARS-associ-
ated disease.

In summary, we describe the biphasic expression of inflam-
matory mediators (cytokine, chemokine, and receptor) at pro-
tein and mRNA levels in the lungs of 12- to 14-mo SARS-
CoV-infected BALB/c mice, in association with two waves of
recruitment of inflammatory cells into the lungs. We demon-
strate that CD4" T-cell (but not CD8" T-cell)-mediated im-
munity plays an important role in controlling viral replication
and disease severity in primary SARS-CoV infection in senes-
cent mice, possibly through Ab- and/or cytokine-dependent
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mechanisms. Our findings provide new insights into the cell-
mediated immune response to SARS-CoV infection and high-
light the role of CD4™ T cells in the clearance of SARS-CoV.
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