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A dysregulated innate immune response and exuberant cytokine/chemokine expression are believed to be
critical factors in the pathogenesis of severe acute respiratory syndrome (SARS), caused by a coronavirus
(SARS-CoV). However, we recently showed that inefficient immune activation and a poor virus-specific T cell
response underlie severe disease in SARS-CoV-infected mice. Here, we extend these results to show that
virus-specific T cells, in the absence of activation of the innate immune response, were sufficient to significantly
enhance survival and diminish clinical disease. We demonstrated that T cells are responsible for virus
clearance, as intravenous adoptive transfer of SARS-CoV-immune splenocytes or in vitro-generated T cells to
SCID or BALB/c mice enhanced survival and reduced virus titers in the lung. Enhancement of the number of
virus-specific CD8 T cells by immunization with SARS-CoV peptide-pulsed dendritic cells also resulted in a
robust T cell response, earlier virus clearance, and increased survival. These studies are the first to show that
T cells play a crucial role in SARS-CoV clearance and that a suboptimal T cell response contributes to the
pathological changes observed in SARS. They also provide a new approach to SARS vaccine design.
other coronaviruses, such as mouse hepatitis virus (MHV)
(31), or other pulmonary pathogens, such as influenza A virus
or Sendai virus (7, 29). Although some studies using the Urbani strain showed that virus clearance was T cell independent
(5, 34), mice infected with this strain develop only mild pneumonitis, so that the requirement for a virus-specific T cell
response for protection in SARS-CoV-infected animals remains unclear.
Young BALB/c mice infected with MA15 virus develop severe respiratory disease, with substantial mortality, dependent
upon virus dosage (22). We recently showed that the pulmonary immune response is inefficiently activated in these mice at
early times after infection, resulting in a barely detectable
antivirus T cell response in mice with a lethal infection (35).
Survival correlated with the development of a SARS-CoVspecific CD4 and CD8 T cell response. Poor activation of the
immune response could be reversed by depletion of inhibitory
alveolar macrophages with clodronate, a drug that depletes
phagocytic cells (28, 30), or by treatment with poly(I-C) or
CpG, both of which activate macrophages and dendritic cells
(DCs). Disease could also be ameliorated by adoptive transfer
of activated DCs, which are able to traffic to the lung draining
lymph nodes (DLN) and prime the antivirus T cell response.
These interventions effect two changes in the host immune
response: they result in activation of the innate immune system
and facilitate the development of a robust virus-specific T cell
response. From these results, we could not determine the relative importance of these two limbs of the immune response in
protection. Here, we examined whether a robust antivirus T
cell response was sufficient to protect mice in the absence of
interventions that activated the innate immune response. Our
results indicate that virus-specific T cells are necessary and
sufficient for virus clearance and for protection from clinical
disease in MA15 virus-infected mice.

Severe acute respiratory syndrome (SARS), caused by a
novel coronavirus (SARS-CoV), resulted in over 8,000 cases of
respiratory disease, with 10% mortality, in 2002 and 2003 (18).
Patients with severe disease developed acute lung injury (ALI),
concomitant with neutrophilia, lymphopenia, and prolonged
expression of several proinflammatory cytokines (4, 17, 18, 32).
Virus was cleared slowly from these patients and could be
detected in respiratory secretions for as long as 21 days postinfection (p.i.) (14, 17).
SARS has not recurred to a significant extent since 2003, so
most studies have used animal infections to investigate the
mechanism of severe disease. These studies have been facilitated by the isolation and characterization of SARS-CoV variants that cause severe respiratory disease in mice or rats after
adaptation to these hosts by serial passage (15, 16, 22). One
strain, isolated after 15 passages through the lungs of BALB/c
mice, caused respiratory disease in young BALB/c mice (MA15
virus) (22). As in humans with severe disease, cytokine expression is elevated and prolonged in animals with severe disease,
whether caused by the human Urbani or rodent-adapted
strains of SARS-CoV, and is accompanied by delayed kinetics
of virus clearance (1, 5, 15, 23, 26, 35). This elevated expression
of proinflammatory mediators is believed to be a major contributory factor in the development of pneumonia and, subsequently, ALI.
These studies did not address the role of the antivirus T cell
response in disease. T cell responses are critical for virus clearance and protection from clinical disease in mice infected with
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Mice, cells, and virus. Pathogen-free BALB/c, SCID (severe combined immunodeficiency; BALB/c background), and C57BL/6 (B6) mice were purchased
from the National Cancer Institute (Frederick, MD). RAG1⫺/⫺ (recombination
activation gene) mice were maintained in the animal care facility at the University of Iowa. All animal studies were approved by the University of Iowa Animal
Care and Use Committee. African green monkey kidney-derived Vero E6 cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Grand
Island, NY) supplemented with 25 mM HEPES and 10% fetal bovine serum
(FBS) (Atlas Biologicals, Fort Collins, CO). Mouse-adapted SARS-CoV
(MA15) was a kind gift from Kanta Subbarao (NIH, Bethesda, MD) (22). Virus
was passaged once on Vero E6 cells.
Peptides. A peptide library, covering all 4 structural proteins of SARS-CoV,
was provided by BEI Resources (Manassas, VA). Virus-specific peptides were
synthesized by BioSynthesis, Inc. (Lewisville, TX).
Virus infection and titration. Mice were lightly anesthetized with isoflurane
and infected intranasally (i.n.) with 3 ⫻ 104 or 3 ⫻ 103 PFU (BALB/c and SCID
mice) or 3 ⫻ 105 PFU (B6 and RAG1⫺/⫺ mice) of MA15 virus in 50 l of
DMEM. Mice were monitored for weight loss and mortality daily. All work with
MA15 virus was conducted in the University of Iowa biosafety level 3 (BSL3)
Laboratory Core Facility. To obtain lungs for virus titers, animals were sacrificed
at the time points postinfection (p.i.) indicated in the figures and lungs were
removed into phosphate-buffered saline (PBS). Tissues were homogenized using
a manual homogenizer, and titers were determined on Vero E6 cells. For plaque
assays, cells were fixed with 10% formaldehyde and stained with crystal violet 3
days postinfection. Viral titers are expressed as PFU/g tissue.
Preparation of cells from lungs, DLN, and spleens. Cells were prepared from
lungs, DLN, and spleens as previously described (35). Briefly, mice were euthanized with 100 l pentobarbital (50 mg/ml; Lundbeck, Inc., Deerfield, IL) and
perfused with 5 ml PBS. Lungs, DLN, and spleens were then removed. Lungs
were minced and digested with 1 mg/ml collagenase D (Roche, Indianapolis, IN)
and 0.1 mg/ml DNase (Roche) for 30 min at room temperature (RT). DLN and
spleens were minced and pressed though a wire screen. Single cell suspensions
were prepared and counted prior to use in assays.
To enhance numbers of virus-specific T cells in the lungs of BALB/c mice,
alveolar macrophages were depleted by treatment with 75 l of liposomes containing dichloromethylene bisphosphonate (clodronate) 1 day prior to infection,
as described previously (35).
Flow cytometry. The following monoclonal antibodies were used for these
studies: rat anti-mouse CD4 (RM4-5), rat anti-mouse CD8␤ (53-6.7), rat antimouse CD16/32 (2.4G2), rat anti-mouse interleukin-2 (IL-2) (JES6-5H4), rat
anti-mouse IL-10 (JES5-16E3), rat anti-mouse IL-17A (TC11-18H10), all from
BD Biosciences (San Diego, CA), and rat anti-mouse gamma interferon (IFN-␥)
(XMG1.2) and rat anti-mouse tumor necrosis factor alpha (TNF-␣) (MP6XT22), both from eBioscience (San Diego, CA).
For intracellular cytokine staining (ICS), cells were cultured at 1 ⫻ 106 per
96-well plate at 37°C for 5 h or for the time periods indicated in the figures in the
presence of brefeldin A (BD Biosciences). Cells were then labeled with surface
antibodies, fixed and permeabilized with cytofix/cytoperm solution (BD Biosciences), and labeled with anti-IFN-␥ antibody. All flow cytometry data were
acquired on a BD FACSCalibur (BD Biosciences) flow cytometer and were
analyzed using FlowJo software (Tree Star, Inc., Ashland, OR).
In vivo cytotoxicity assays. In vivo cytotoxicity assays were performed on day 6
after MA15 virus infection, as previously described (3, 35). Briefly, splenocytes
from naive mice were costained with PKH26 (Sigma-Aldrich, St. Louis, MO) and
either 1 M or 100 nM carboxyfluorescein diacetate succinimidyl ester ([CFSE]
Molecular Probes, Eugene, OR) and then pulsed with the peptides (3 M)
indicated in the figures at 37°C for 1 h. Cells (5 ⫻ 105) from each group were
mixed together (1 ⫻ 106 cells in total) and transferred i.n. into mice. At 12 h after
transfer, total lung cells were isolated. Target cells were identified on the basis of
PKH26 staining and were distinguished from each other by differential CFSE
staining. After gating on PKH26-positive cells, the percent killing was calculated
as previously described (35).
Generation of SARS-CoV-specific T cell lines. DLN or spleens were removed
from mice 7 to 9 days after immunization with DCs coated with S366 peptide
(CD8 T cell line) or with N353 peptide in complete Freund’s adjuvant (CD4 T
cell line), and single cell suspensions were prepared in RPMI 1640 (Gibco,
Grand Island, NY) containing 10% fetal calf serum (FCS) (Atlanta Biologicals,
Lawrenceville, GA). Following washing, cells (4 ⫻ 106/well) were seeded in
24-well Costar plates (Nunc, Roskilde, Denmark) supplemented with 1 M
peptides as indicated in the figures. After 5 days of culture at 37°C, cells were
harvested and viable cells (4 ⫻ 105/well) recultured in the presence of peptides

9319

and recombinant human IL-2 (rhIL-2) (5 to 10 IU/ml) (NIH AIDS Research and
Reference Reagent Program, Germantown, MD) in the presence of irradiated
(3,000 rad) syngeneic splenocytes (4 ⫻ 106/well). T cell lines were maintained on
a 10- to 14-day refeed cycle.
Generation of BMDCs and BMDC/peptide immunization. Bone marrow-derived DCs (BMDCs) were generated as previously described (35). Briefly, bone
marrow cells were red blood cell depleted and plated at a density of 1 ⫻ 106/ml
in X-vivo 15 medium (Lonza Walkersville, Walkersville, MD) supplemented with
recombinant granulocyte-macrophage colony-stimulating factor (1,000 U/ml; BD
Pharmingen) and recombinant interleukin-4 (50 U/ml; eBioscience). After 6
days, BMDCs were stimulated with 1 g/ml lipopolysaccharide (LPS) for 18 h
and further incubated with or without 1 g/ml S366 peptide for 2 h at 37°C.
CD11c⫹ DCs were purified using CD11c microbeads and a Miltenyi autoMACS
magnetic cell sorter (Miltenyi Biotec, Cologne, Germany). Purity was confirmed
by flow cytometry. BALB/c mice were then injected with 5 ⫻ 105 BMDCs in 200
l PBS intravenously (i.v.).
Statistical analysis. Student’s t test was used to analyze differences in mean
values between groups. All results are expressed as means ⫾ standard errors of
the means (SEM). P values of ⬍0.05 were considered statistically significant.

RESULTS
Identification and characterization of SARS-CoV T cells by
using lung-derived MA15 virus-infected BALB/c and B6 lymphocytes. Initially, we identified virus-specific CD4 and CD8 T
cell epitopes recognized in three mouse strains, BALB/c, B6,
and C3H. Epitopes were initially identified using a matrixbased screening strategy (6) and a panel of overlapping peptides that covered the four virus structural proteins (envelope
protein [E], transmembrane protein [M], nucleocapsid protein
[N], and spike glycoprotein [S]). Minimal CD8 T cell epitopes
were established by alignment with well-described consensus
motifs (19–21) for those epitopes not previously identified in
published reports and confirmed subsequently using peptides
corresponding to these minimal epitopes. Data for B6 mice are
shown in Fig. 1A since this strain was used herein; epitopes
recognized in BALB/c mice were reported previously (35).
We identified virus-specific cells by using intracellular IFN-␥
expression assays. We identified three CD8 (S366-374 [amino
acid positions 366 to 374 of the S protein], S521-529, and
S1061-1071) and one CD4 (N353-370) T cell epitope in
BALB/c mice (35) and seven CD8 (S436-443, S525-532, S497504, S627-642, S641-658, N219-228, and M173-180) but no
CD4 T cell epitopes in B6 mice (Fig. 1A). Some of these
epitopes were previously identified (8, 12, 36), while others
were not previously described. Further, some epitopes shown
to be targets for SARS-CoV-specific T cells in these studies
were not recognized by T cells in our assays. These differences
occurred most likely because we used lung-derived T cells in
our assays; it is possible that these other epitopes were present
at levels insufficient to induce a detectable T cell response.
To further assess the functionality of these cells, we measured TNF, IL-2, IL-17A, and IL-10 expression. TNF is produced by most IFN-␥-positive cells during acute viral infections, while coexpression of IL-2 is indicative of optimal
effector function (24). IL-17A is expressed by Th17 cells (9),
while IL-10, an anti-inflammatory cytokine, is expressed in the
influenza A virus-infected lung (27) and may contribute to the
poor T cell activation that we observed in BALB/c mice. For
these experiments, BALB/c mice were infected with a sublethal
dose of virus (3 ⫻ 103 PFU). In both BALB/c and B6 mice, the
majority of virus-specific CD4 and CD8 T cells dually expressed IFN-␥ and TNF (shown in Fig. 1B for BALB/c CD8
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FIG. 1. T cell epitope identification and cytokine production in MA15 virus-infected BALB/c and B6 mice. (A) B6 mice (6 to 8 weeks old) were
infected intranasally with 3 ⫻ 105 PFU MA15 virus in 50 l DMEM. BALB/c mice were treated with clodronate, because in its absence, most
BALB/c mice do not mount a virus-specific T cell response after infection with this virus dosage (35). At day 8, single cell suspensions were
prepared from lungs and stimulated with 1 M SARS-CoV-specific CD8 or CD4 T cell peptides for 5 h in the presence of brefeldin A. Frequencies
of MA15 virus-specific T cells (determined by IFN-␥ intracellular staining) are shown. Data are representative of three independent experiments,
with 5 to 8 mice/group. (B) BALB/c or B6 mice (6 to 8 weeks old) were infected intranasally with 3 ⫻ 103 PFU or 3 ⫻ 105 PFU MA15 virus,
respectively, in 50 l DMEM. At day 7, single cell suspensions were prepared from lungs, LNs, and spleens and stimulated with SARS-CoV CD8
or CD4 T cell peptides for 5 h in the presence of brefeldin A. IL-2, TNF-␣, and IFN-␥ expression levels are shown. Data are summarized in Fig. 2A.

[S366] and CD4 [N353] and B6 CD8 [S436 and S525] T cell
epitopes). A small proportion of these cells also expressed
IL-2, but virtually none produced IL-10 or IL-17 (data not
shown). Lastly, virus-specific CD8 T cells from both strains of
mice were equivalently cytolytic, as assessed in in vivo cytotoxicity assays (Fig. 2B).
While there were greater total numbers of virus-specific

FIG. 2. Characterization of T cell response in MA15 virus-infected
BALB/c and B6 mice. (A) Numbers of MA15 virus-specific T cells are
shown. Data are representative of two independent experiments, with
4 mice/group. (B) In vivo cytotoxicity assays were performed on day
6 p.i. as described in Materials and Methods. Data are representative
of three independent experiments, with 3 or 4 mice/group.

CD8 T cells in B6 mice than in BALB/c mice, the distributions
of virus-specific CD4 and CD8 T cells were also different in the
two strains (Fig. 2A). Comparable numbers of virus-specific
CD8 T cells were present in the lungs and spleens of BALB/c
mice, whereas 10- to 15-fold more virus-specific CD8 T cells
were present in the spleens than in the lungs of infected B6
mice. These differences likely reflected differences in clinical
illness, i.e., a greater proportion of virus-specific T cells trafficked to the site of infection in BALB/c mice, which develop
symptomatic respiratory disease.
Transferred SARS-CoV-specific T cells clear virus and ameliorate clinical disease in both immunocompetent and immunocompromised mice. To directly assess the ability of virusspecific T cells to clear virus and improve clinical outcomes, we
transferred cells from the spleens or lungs of infected BALB/c
mice to SCID mice, which lack T and B cells, and then infected
them with MA15 virus. Splenocyte transfer enhanced survival
and virus clearance in these infected SCID mice (Fig. 3A and
B). To examine the roles of CD4 versus CD8 T cells in this
process, we purified CD4 or CD8 T cells from the lungs of
lethally infected mice that were pretreated with clodronate to
deplete alveolar macrophages. This treatment resulted in an
increased frequency of virus-specific T cells in the lungs (35).
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FIG. 3. SARS-CoV-specific T cell transfer cleared virus and ameliorated clinical disease in both immunocompromised and immunocompetent
mice. Donor BALB/c mice were treated with clodronate 1 day prior to infection with 3 ⫻ 104 PFU MA15 virus. Donor B6 mice were infected with
3 ⫻ 105 PFU MA15. Mice were sacrificed 8 days p.i. and cells harvested from the infected lungs and spleens. Recipient SCID (A and B), B6 and
RAG1⫺/⫺ (C and D), or BALB/c (E and F) mice (6 to 8 weeks old) received 2.5 ⫻ 107, 5 ⫻ 107, or 10 ⫻ 107 splenocytes, 2 ⫻ 107 total lung cells,
or 5 ⫻ 106 lung-derived CD4 or CD8 T cells at day ⫺1 or no cells and were then infected intranasally with 3 ⫻ 104 PFU (SCID and BALB/c mice)
or 3 ⫻ 105 PFU (B6 and RAG1⫺/⫺ mice) MA15 virus in 50 l DMEM at day 0. Mortality and weight were monitored daily. (A) Recipient SCID
mice. Eleven mice were in the control group, 9 mice received 5 ⫻ 107 total splenocytes, and 10 mice received lung-derived CD4 or CD8 T cells.
Survival was significantly greater in recipients of CD4 (P ⬍ 0.05) or CD8 (P ⬍ 0.01) T cell transfer and nearly significantly greater after total
splenocyte transfer (P ⫽ 0.06). (C) B6 and RAG1⫺/⫺ mice. Eight mice were in each group. B6 and RAG1⫺/⫺ mice showed mild weight loss but
remained asymptomatic after MA15 virus infection even in the absence of adoptively transferred cells. (E) BALB/c mice. Eight mice were in the
control group; 8, 16, or 8 mice received 2.5 ⫻ 107, 5 ⫻ 107, or 10 ⫻ 107 splenocytes, respectively; and 8 mice received total lung cells. Survival was
significantly greater after transfer of 5 ⫻ 107 or 10 ⫻ 107 splenocytes (P ⬍ 0.007 for both) or lung cells (P ⬍ 0.007). For virus titers, infected SCID
(B), RAG1⫺/⫺ (D), or BALB/c (F) mice received adoptively transferred cells or no cells and were sacrificed at the indicated time points. Lung
homogenates were prepared, and titers were determined on Vero E6 cells. Viral titers are expressed as PFU/g tissue. There were 4 mice/group.
AT, adoptive transfer. The horizontal line denotes the limit of detection.

Cells were then transferred into infected SCID mice. Lungs
were used as the source for transferred cells because SARSCoV-specific T cells in BALB/c mice were present at this site
in greater numbers and higher frequency than in the spleen
(Fig. 2A). As shown in Fig. 3A and B, CD4 or CD8 T cells, in
the absence of the other subset, enhanced survival and resulted
in accelerated kinetics of virus clearance in recipient SCID
mice. Although RAG1⫺/⫺ mice, like the parental B6 mice,
remain asymptomatic after MA15 virus infection (Fig. 3C),
virus is not cleared by day 9 (25). Thus, to further evaluate a

role for SARS-CoV-specific T cells in virus clearance, we
transferred splenocytes from SARS-CoV-immune B6 mice to
infected RAG1⫺/⫺ mice. As expected, virus titers were unchanged for up to 21 days p.i. in untreated RAG1⫺/⫺ mice but
were below the limit of detection by day 7 p.i. in mice that
received transferred cells (Fig. 3D).
Finally, the protective ability of virus-specific T cells in lethally infected BALB/c mice was determined under conditions
in which approximately 70% of mice succumb to the infection.
For these experiments, we transferred 2.5 ⫻ 107, 5 ⫻ 107, or
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10 ⫻ 107 splenocytes or 2 ⫻ 107 lung-derived lymphocytes from
infected mice. Approximately 15% of spleen cells in the infected mouse are CD8⫹ and 1% are epitope S366 specific (Fig.
1B), resulting in transfer of approximately 3.75 ⫻ 104, 7.5 ⫻
104, or 15 ⫻ 104 epitope S366-specific CD8 T cells when mice
received 2.5 ⫻ 107, 5 ⫻ 107, or 10 ⫻ 107 splenocytes, respectively. A total of 2 ⫻ 107 lung-derived cells contains approximately 20 ⫻ 104 epitope S366-specific CD8 T cells. One hundred percent of mice that received 10 ⫻ 107 splenocytes or 2 ⫻
107 lung-derived cells survived the infection, while 75 to 90%
were protected from lethal disease after transfer of lower numbers of splenocytes. Mice that received transferred lung-derived lymphocytes or splenocytes developed milder clinical disease than mice that did not receive cells (Fig. 3E). Virus titers
diminished from 105 to undetectable after adoptive transfer of
lung-derived cells (Fig. 3F). With numbers of epitope S366specific CD8 T cells used as a surrogate marker for the total T
cell response, these results suggest that transfer of 10 ⫻ 104 to
20 ⫻ 104 epitope S366-specific CD8 T cells is sufficient for
protection.
Similar results were obtained when in vitro-cultured virusspecific CD8 T cells were transferred to infected BALB/c mice.
These cells were harvested from SARS-CoV-immune BALB/c
spleens and lymph nodes, stimulated with peptide S366, and
propagated in vitro as described in Materials and Methods.
Most of the CD8 T cells produced IFN-␥ after stimulation with
S366 peptide (Fig. 4A). Epitope S366-specific CD8 T cells
were cytolytic as measured by an in vivo cytotoxicity assay (Fig.
4B). Transfer of these cells to infected BALB/c mice resulted
in a change in survival from 20% to ⬎90% (Fig. 4C), reduced
clinical disease (Fig. 4C), and more-rapid virus clearance (Fig.
4D). We detected transferred CD8 T cells (Fig. 4E) in both the
lungs and the spleens of infected mice as early as days 1 and
2 p.i., although the frequency of virus-specific cells was 20- to
30-fold higher in the lungs, the site of infection. The majority
of these cells expressed IFN-␥ (Fig. 4E). Remarkably, these
transferred cells, by effecting virus clearance, also reversed the
poor immune response detected in untreated BALB/c mice.
Thus, we detected host-derived CD8 T cells that responded to
epitope S366 (Fig. 4F) at day 6 p.i. at levels equivalent to those
previously detected after treatment with clodronate or
poly(I-C) (35). Transfer of in vitro-cultured virus-specific CD4
T cells also resulted in protection (8/11 survived, compared to
2/8 control mice; P ⫽ 0.07) (Fig. 4C). Collectively, these data
show that transferred SARS-CoV-immune T cells, in the absence of activation of the innate immune response, enhanced
survival and virus clearance and enabled activation of the endogenous T cell response.
Immunization with DC/peptide S366 complexes induced
protective CD8 T cell responses. Immunization with DCs
coated with peptide rapidly induces a potent antipeptide CD8
T cell response, with cells entering the memory T cell pool by
7 days p.i. (2). DC immunization also has the advantage of not
causing an inflammatory reaction, so only the CD8 T cell limb
of the immune response is activated. To determine whether
DC immunization could protect BALB/c mice from lethal
MA15 virus-induced disease, DC/peptide S366 complexes were
prepared and administered to mice 1 week prior to infection.
Control mice received no DCs or uncoated DCs. DC/peptide
S366 immunization prior to MA15 virus infection resulted in
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the rapid ingress of peptide-specific cells into the lung, so that
they comprised over 35% of the CD8 T cells by day 5 p.i. The
majority of these cells expressed both IFN-␥ and TNF (Fig.
5A). A significant, but lower, number of peptide S366-specific
CD8 T cells was also present in the spleen (Fig. 5A and B). DC
immunization resulted in nearly complete protection from
MA15 virus-induced fatal disease and greatly diminished
weight loss in these mice compared to results for controls (Fig.
5C). Further, the kinetics of virus clearance was more rapid in
mice that received peptide S366-coated DCs than in controls
(Fig. 5D).
DISCUSSION
Most previous studies of patients with SARS or animals
experimentally infected with SARS-CoV have focused on the
innate immune response. This approach was based on observations that humans developed severe disease during the process of virus clearance, were lymphopenic, and exhibited evidence of dysregulated cytokine and chemokine responses (4,
14, 17, 18, 32). Although one study showed that a robust
anti-SARS-CoV antibody response developed in recovered patients (4), the role of the adaptive immune response in the
initial host response to the infection is largely unexplored. In
our previous paper, we showed that the components of the
innate immune response required for an antivirus T cell
response are not activated in MA15 virus-infected BALB/c
mice, resulting in a virtual absence of these cells at the site of
infection (35). This absence precluded studies of the role of T
cells in protection and pathogenesis in these infected mice.
For a normal T cell response to a pulmonary pathogen,
inhibitory alveolar macrophages and dendritic cells must be
activated and DCs must migrate to DLN (10, 33). We previously showed that dendritic cells are not activated and do not
migrate to DLN in the MA15 virus-infected BALB/c lung.
However, depletion of inhibitory macrophages facilitated respiratory DC activation and migration, resulting in a potent
anti-SARS-CoV T cell response, more-rapid virus clearance,
and protection from clinical disease. Similar effects occurred if
DCs were activated by poly(I-C) or CpG or if mice received
adoptively transferred activated DCs (35). From these initial
results, it was impossible to determine the contribution of the
T cell response to this improvement in clinical disease. Here,
using several approaches, we show that the virus-specific T cell
response is required for virus clearance and is able to mediate
protection from clinical disease, even in the absence of exogenous activation of the innate immune response. Delivery of
either MA15 virus-immune splenocytes or epitope-specific in
vitro-cultured CD8 T cells significantly improved survival (Fig.
3A and 4C). Immunization with DCs coated with peptide S366,
which also protected mice (Fig. 5C), does not induce an inflammatory response (2), so the effect of this intervention
should be only to prime a CD8 T cell response, with minimal
activation of the innate immune response.
An effective and well-regulated innate immune response,
critical for the development of a protective T cell response, is
not mounted efficiently in MA15 virus-infected BALB/c mice.
However, transfer of antivirus T cells reverses this process, by
at least two likely mechanisms. First, the transferred cells directly augment the kinetics of virus clearance, thereby decreas-
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FIG. 4. Transfer of SARS-CoV-specific CD8 T cell lines decreased virus titers and ameliorated clinical disease in BALB/c mice. Epitope
S366-specific CD8 or epitope N353-specific CD4 T cell lines (TCLs) were propagated in vitro as described in Materials and Methods. (A) TCLs
were stimulated with SARS-CoV CD8 peptide for 5 h in the presence of brefeldin A and examined for expression of IFN-␥. (B) In vivo cytotoxicity
assays were performed 1 day after transfer of CD8 T cells as described in Materials and Methods. Data are representative of two independent
experiments, with 3 or 4 mice/group. (C) CD8 or CD4 T cells (1 ⫻ 107) were transferred to 6- to 8-week-old BALB/c mice 1 day prior to i.n.
infection with 3 ⫻ 104 PFU MA15 virus. Mortality was monitored daily. Eight mice were in the control group, 14 mice received CD8 T cells (P ⫽
0.002), and 11 mice received CD4 T cells (P ⫽ 0.07). (D) For virus titers, lungs were homogenized at the indicated time points and titers were
determined on Vero E6 cells. Viral titers are expressed as PFU/g tissue. There were 4 mice/group. The horizontal line indicates the limit of
detection. *, P ⬍ 0.05. (E) Single cell suspensions were prepared from the lungs and spleens of infected BALB/c mice that had received 1 ⫻ 107
CD8 T cells. Cells were stimulated with SARS-CoV-specific CD8 T cell peptide S366 for 5 h in the presence of brefeldin A. IFN-␥ expression
frequencies of transferred T cells are shown. (F) Endogenous CD8 T cell responses at day 6 p.i. in recipients of transferred CD8 T cells were
determined by IFN-␥ intracellular staining. Data are representative of two independent experiments, with 4 mice/group.

ing the stimulus for the development of a dysregulated immune
response. Second, expression of cytokines such as IFN-␥, TNF,
and IL-2 by the transferred cells after exposure to infected cells
in the recipient animal modifies the inflammatory milieu of the
lungs, countering a putative dysregulated immune response.
Release of these cytokines resulted in activation of respiratory
DCs and, subsequently, an enhanced endogenous T cell response (Fig. 4F). In support of this role for T cell-expressed
cytokines, treatment of SARS-CoV-infected BALB/c mice
with IFN-␥ protected animals from lethal disease (15; our
unpublished results).

However, the T cell response must act coordinately with
other arms of the immune response. Thus, the T cell response
may, under some circumstances, also contribute to immunopathological disease in MA15 virus-infected mice. Although
most infected SCID mice die after MA15 virus infection, the
time to death is greater than that for BALB/c mice (compare
Fig. 3A and E). Further, the few SCID mice that die after T
cell transfer die at earlier times p.i. than untreated SCID mice
(Fig. 3A). A likely explanation for these results is that the
suboptimal T cell response detected in lethally infected
BALB/c mice or in some recipients of transferred T cells is not
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FIG. 5. Immunization with DC/peptide S366 complexes induced protective CD8 T cell responses. BALB/c mice (6 to 8 weeks old) were
immunized with BMDCs pulsed with peptide S366. Seven days later, mice were infected intranasally with 3 ⫻ 104 PFU MA15 virus. Single cell
suspensions were prepared from lungs and spleens at the indicated time points and stimulated with SARS-CoV S366 peptide for 5 h in the presence
of brefeldin A. TNF-␣ and IFN-␥ expression frequencies (A) and numbers (B) of SARS-CoV-specific T cells are shown. (C) Mortality was
monitored daily. Ten mice were in the control group, and 10 and 19 mice were immunized with uncoated BMDCs (empty) and peptide S366-coated
BMDCs, respectively. Survival was significantly greater in recipients of S366-coated BMDCs than in those receiving no (control) or empty BMDCs
(P ⬍ 0.02). (D) For virus titers, lungs were homogenized at the indicated time points and titers were determined on Vero E6 cells. Viral titers are
expressed as PFU/g tissue. There were 4 mice/group. The horizontal line denotes the limit of detection.

able to clear virus but rather causes an immunopathological
disease resulting in an earlier death than that which occurs in
SCID mice lacking any T cell response.
SARS has not recurred in the last 5 years, but SARS-like
CoVs continue to circulate in bats and other wild animals (11,
13). Thus, recurrence of SARS or another coronavirus-mediated disease remains a possibility. When the disease was still
present, vaccine development was considered a high priority
and was heavily influenced by the observation that antivirus
neutralizing antibodies were protective. While passively administered antibody can be used to protect small populations
of exposed individuals, our results suggest that immunogens
used for mass vaccination should induce a potent T cell response, both to affect virus clearance and to negate the effects
of a dysregulated innate immune response.
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