
Virus-Specific Memory CD8 T Cells Provide Substantial Protection
from Lethal Severe Acute Respiratory Syndrome Coronavirus Infection

Rudragouda Channappanavar,a Craig Fett,a Jincun Zhao,a David K. Meyerholz,b Stanley Perlmana

Departments of Microbiology,a and Pathology,b University of Iowa, Iowa City, Iowa, USA

ABSTRACT

Severe acute respiratory syndrome coronavirus (SARS-CoV) caused an acute human respiratory illness with high morbidity and
mortality in 2002-2003. Several studies have demonstrated the role of neutralizing antibodies induced by the spike (S) glycopro-
tein in protecting susceptible hosts from lethal infection. However, the anti-SARS-CoV antibody response is short-lived in pa-
tients who have recovered from SARS, making it critical to develop additional vaccine strategies. SARS-CoV-specific memory
CD8 T cells persisted for up to 6 years after SARS-CoV infection, a time at which memory B cells and antivirus antibodies were
undetectable in individuals who had recovered from SARS. In this study, we assessed the ability of virus-specific memory CD8 T
cells to mediate protection against infection in the absence of SARS-CoV-specific memory CD4 T or B cells. We demonstrate that
memory CD8 T cells specific for a single immunodominant epitope (S436 or S525) substantially protected 8- to 10-month-old
mice from lethal SARS-CoV infection. Intravenous immunization with peptide-loaded dendritic cells (DCs) followed by intrana-
sal boosting with recombinant vaccinia virus (rVV) encoding S436 or S525 resulted in accumulation of virus-specific memory
CD8 T cells in bronchoalveolar lavage fluid (BAL), lungs, and spleen. Upon challenge with a lethal dose of SARS-CoV, virus-spe-
cific memory CD8 T cells efficiently produced multiple effector cytokines (gamma interferon [IFN-�], tumor necrosis factor al-
pha [TNF-�], and interleukin 2 [IL-2]) and cytolytic molecules (granzyme B) and reduced lung viral loads. Overall, our results
show that SARS-CoV-specific memory CD8 T cells protect susceptible hosts from lethal SARS-CoV infection, but they also sug-
gest that SARS-CoV-specific CD4 T cell and antibody responses are necessary for complete protection.

IMPORTANCE

Virus-specific CD8 T cells are required for pathogen clearance following primary SARS-CoV infection. However, the role of
SARS-CoV-specific memory CD8 T cells in mediating protection after SARS-CoV challenge has not been previously investigated.
In this study, using a prime-boost immunization approach, we showed that virus-specific CD8 T cells protect susceptible 8- to
10-month-old mice from lethal SARS-CoV challenge. Thus, future vaccines against emerging coronaviruses should emphasize
the generation of a memory CD8 T cell response for optimal protection.

Coronaviruses belong to a group of pathogens that periodically
emerge from zoonotic sources to infect human populations,

often resulting in high rates of morbidity and mortality (1–3).
Severe acute respiratory syndrome coronavirus (SARS-CoV) and
Middle East respiratory syndrome coronavirus (MERS-CoV) are
two notable examples of novel coronaviruses that emerged during
the last decade (1, 2, 4). Infection with these coronaviruses can
result in the acute respiratory distress syndrome (ARDS), which
has a high rate of morbidity and mortality (3, 5). SARS-CoV in-
fected humans during 2002-2003 and caused a global epidemic,
spreading rapidly to more than 30 countries and killing approxi-
mately 800 people (3). Both SARS-CoV and MERS-CoV infect
airway and alveolar epithelial cells, resulting in acute respiratory
illnesses (6). While there was 10% mortality among all SARS-
CoV-infected patients, individuals aged 60 and above suffered
worse outcomes, with a mortality rate of �50% (3). On a similar
note, the newly emerging MERS-CoV infection is associated with
an approximate mortality rate of 30% in humans (5). Although
there has not been any known new incidence of SARS-CoV infec-
tion in humans, the recent emergence of MERS-CoV in humans
and identification of SARS-like coronaviruses in bats and wild
animals illustrate the potential threat of such pathogens.

Neutralizing (NT) antibody responses generated against spike
(S) glycoprotein of SARS-CoV provide complete protection
against SARS-CoV infection. Several potential vaccine candidates,

such as attenuated virus vaccines, subunit constructs, and recom-
binant DNA plasmids, were shown to be protective in mouse
models of SARS-CoV infection, largely by inducing a robust NT
antibody response (7–11). Recent studies from our laboratory
showed that attenuated mouse-adapted SARS-CoV (MA15) (12),
which lacks the E protein (rMA15-�E), was safe and completely
protective in susceptible 6-week-old and 12-month-old BALB/c
mice. In addition to inducing NT antibody responses, rMA15-�E
induced strong T cell responses (11, 13, 14). Cytotoxic T cells
(CTL) play a crucial role in clearing respiratory viruses and can
provide long-term protective cellular immunity (15, 16). SARS-
CoV infection induces a potent and long-lived T cell response in
surviving humans (17, 18). The majority of immunodominant T
cell epitopes reside primarily in three structural proteins, the S, M,
and N proteins, of SARS-CoV. Immunodominant CD8 T cell
epitopes recognized in C57BL/6 (B6) mice include S525 and S436
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(encompassing residues 525 to 532 and 436 to 443 of the spike
protein) (19, 20).

Young (6- to 10-week-old) B6 mice are resistant to MA15 in-
fection; however, as mice age, there is a steep increase in the sus-
ceptibility such that mice �6 months old are highly susceptible to
the infection (21). As in many infections, virus-specific CD4 and
CD8 T cells protect susceptible young and aged BALB/c and aged
B6 mice following MA15 infection (19, 21, 22). The age-depen-
dent susceptibility to MA15 is associated with a poor antiviral
CD8 T cell response. We showed that increased PGD2 levels in the
lungs of aged mice after MA15 infection was responsible, at least in
part, for this poor T cell response by impairing migration of respi-
ratory dendritic cells (rDCs) to draining lymph nodes (DLN).
This led to reduced priming in the DLN and reduced MA15-spe-
cific CD8 T cell accumulation in the lungs compared to those in
young mice (21). Although MA15-specific effector CD8 T cells are
required for virus clearance during the acute infection, the role of
memory CD8 T cells in protecting the host against subsequent
lethal challenge is not known. Interestingly, SARS-CoV infection
induced strong and long-lasting virus-specific T cells that were
detectable for up to 6 years in patients who had recovered (17, 23).
Since the memory B cell response and neutralizing antibodies are
short-lived in SARS-CoV-infected patients, developing vaccines
capable of generating long-lived memory CD8 T cells is desirable.

Antigen-specific memory CD8 T cells are categorized into
three subpopulations. In addition to antigen-specific effector
memory (TEM) and central memory (TCM) CD8 T cells, a popu-
lation of tissue resident memory (TRM) CD8 T cells exists in the
peripheral tissues after a local pathogen encounter. TRM cells are
nonmigratory and persist at the site of infection for a long period
(24). These cells mediate rapid virus clearance from the site of
infection upon pathogen challenge by secreting antiviral effector
molecules, which limit virus replication (25), and expressing
chemokines that recruit additional memory CD8 T cells from the
circulation (26). An effective early T cell response to a respiratory
virus challenge depends on the number of antigen-specific mem-
ory CD8 T cells in different lung compartments (27, 28). Further,
the number and efficacy of virus-specific CD8 T cells in the lung
airways correlate with the ability to clear a secondary virus chal-
lenge (29, 30).

In the current study, we examined whether a SARS-CoV-spe-
cific memory CD8 T cell response was sufficient to protect mice
from lethal disease. Using a well-established prime-boost strategy
to boost the number of memory CD8 T cells in the respiratory
tract, we showed that SARS-CoV immunodominant epitope-spe-
cific memory CD8 T cells protected susceptible 8- to 10-month-
old B6 mice from a lethal MA15 infection. Mice were primed
intravenously with DCs loaded with peptide (S436 or S525) and
then boosted intranasally with recombinant vaccinia virus (rVV)
encoding S436 or S525. MA15-specific memory CD8 T cells gen-
erated in the lungs provided a significant level of protection from
lethal MA15 challenge.

MATERIALS AND METHODS
Mice and viruses. Pathogen-free female B6 mice (8 to 9 months old) were
purchased from the National Cancer Institute (Frederick, MD). Mice
were maintained in the University of Iowa animal care facility. All animal
experiments were approved by the University of Iowa Institutional Ani-
mal Care and Use Committee (IACUC). MA15, a kind gift from Kanta
Subbarao (NIH, Bethesda, MD), was propagated on Vero E6 cells (12).

Recombinant vaccinia viruses (rVVs) encoding S436 and S525 (referred
to as rVV-S436 and rVV-S525) were engineered using the following comple-
mentary oligonucleotides: for S436, 5=-TCGACGCCACCATGTACAACTA
CAAGTACAGGTACCTGTAAGGTAC and 3=-CTTACAGGTACCTGTAC
TTGTAGTTGTACATGGTGGCG, and for S525, 5=-TCGACGCCACCATG
GTGAACTTCAACTTCAACGGCCTGTAAGGTAC and 3=-CTTACAGGC
CGTTGAAGTTGAAGTTCACCATGGTGGCG. The oligonucleotides were
annealed and ligated into PSC65 (a VV shuttle vector with a strong synthetic
VV early/late promoter, kindly provided by B. Moss, National Institutes of
Health).

Prime-boost immunization. (i) DC-peptide immunization. Spleen-
derived DCs were isolated from 6- to 8-week-old B6 mice previously in-
oculated subcutaneously with 1 � 106 B16 cells expressing Flt3L (pro-
vided by M. Prlic and M. Bevan, University of Washington). DCs were
then harvested and pulsed as described previously (31). Briefly, 106 lipo-
polysaccharide (LPS)-matured DCs (1 �g of LPS/mouse, intraperitone-
ally [i.p.] [Salmonella enterica serovar Abortusequi, S form, Enzo Life-
sciences, Formingdale, NY]) were coated with 1 �M peptide (S436 or
S525) for 2 h at 37°C. Peptide-pulsed DCs (referred to as DC-peptides)
were then intravenously injected into 8- to 9-month-old B6 mice. Similar
numbers of unpulsed DCs were injected into control mice. For detection
of antigen-specific CD8 T cells, peripheral blood lymphocytes (PBL) were
obtained by retro-orbital bleeding at different times postimmunization
and analyzed for intracellular gamma interferon (IFN-�) expression as
described below.

(ii) rVV minigenome booster. At 6 days after DC-peptide immuniza-
tion, mice were boosted by intranasal (i.n.) inoculation of rVV encoding
either S436 or S525 (2 � 106 PFU in 50 �l of Dulbecco modified Eagle
medium [DMEM]). Mice were then rested for 42 to 45 days for memory
studies.

Challenge and survival studies. To assess the protective ability of
virus-specific memory CD8 T cells, prime-boost-immunized mice were
challenged after 42 to 45 days by intranasal inoculation of 5 � 104 PFU of
MA15 in 50 �l of DMEM. All infected mice were monitored daily for
morbidity and mortality. Mice that lost 30% of their initial body weight
were euthanized as per institutional IACUC guidelines. All challenge ex-
periments were carried out in the animal biosafety level 3 (ABSL-3) labo-
ratory as per approved guidelines.

Virus titers in the lungs. To obtain tissue for virus titer determina-
tion, mice were euthanized on different days postchallenge and lungs were
homogenized in phosphate-buffered saline (PBS). Titers were determined
on Vero E6 cells. Virus titers are represented as PFU/g of lung tissue.

Preparation of cells from lungs, BAL, and spleen for fluorescence-
activated cell sorting (FACS) analysis. Mice were sacrificed at the time
points indicated below and perfused via the right ventricle with 10 ml of
PBS. Bronchoalveolar lavage fluid (BAL), lungs, and spleen were ob-
tained. Lungs were cut into small pieces and digested in Hanks’ balanced
salt solution (HBSS) containing 2% fetal calf serum (FCS), 25 mM
HEPES, 1 mg/ml of collagenase D (Roche), and 0.1 mg/ml of DNase
(Roche) for 30 min at room temperature. Digested tissues were then
minced and passed through a 70-�m nylon filter to obtain single-cell
suspensions. Cells were enumerated by 0.2% trypan blue exclusion.

Antibodies and flow cytometry. The following monoclonal anti-
bodies were used for these studies. Rat anti-mouse CD4 (RM4-5),
rat anti-mouse CD8� (53-6.7), phycoerythrin (PE)-anti-IFN-�
(XMG1.2), allophycocyanin-anti-tumor necrosis factor alpha (APC-
anti-TNF-�) (MP6-XT22), APC-anti-interleukin 2 (APC-anti-IL-2)
(JES6-5H4), fluorescein isothiocyanate (FITC)-anti-CD107a/b, and
PE-anti-CD69 (H1.2F3) were procured from BD Biosciences. PE-Cy7-
anti-CD8 (53-6.7), rat anti-mouse IFN-� (XMG1.2), hamster PE-anti-
CD103 (2E7), V510-rat anti-mouse CXCR3 (CXCR3-173), and V450-
anti-CD11a (M17/4) were purchased from eBioscience.

Intracellular cytokine staining. For intracellular cytokine staining,
1 � 106 cells per well were cultured in 96-well dishes at 37°C for 5 to 6 h in
the presence of Golgiplug (1 �g) (BD Biosciences). The cells were blocked
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with 1 �g of anti-CD16/32 antibody and surface stained with antibodies
on ice. Cells were then fixed and permeabilized with Cytofix/Cytoperm
solution (BD Biosciences) and labeled with anticytokine antibody. All
flow cytometry data were acquired on a BD FACSVerse (BD Biosciences)
and were analyzed using FlowJo software (Tree Star Inc.).

Tetramer staining. Major histocompatibility complex (MHC) class
I/peptide tetramers, used to measure S436- and S525-specific CD8 T cells,
was obtained from the NIH Tetramer Core Facility (Emory University,
Atlanta, GA). A total of 5 � 105 to 1 � 106 cells obtained from BAL, lungs,
and spleen of immunized or MA15-challenged mice were first incubated
on ice with Fc block (anti-CD16/32 antibody) (BD Biosciences) for 15
min, followed by incubation with the APC-conjugated tetramer at 4°C for
30 min. Cells were then surface stained with PE-Cy7 anti-CD8 antibody.
Flow cytometry data were acquired and processed as described above.

In vivo cytotoxicity assay. In vivo cytotoxicity assays were performed
on day 5 after infection, as previously described (32). Briefly, splenocytes
from naive CD45.1 (Ly5.2) mice were labeled with either 1 �M or 100 nM
carboxyfluorescein succinimidyl ester (CFSE; Molecular Probes). Labeled
cells were then pulsed with peptides (5 �M) at 37°C for 1 h, and 5 � 105

cells from each group (peptide pulsed and nonpulsed) were mixed to-
gether. A total of 106 cells were transferred intranasally (i.n.) into chal-
lenged mice, and total lung cells were isolated at 12 h after transfer. Target
cells were distinguished from host cells on the basis of CD45.1 staining
and from each other on the basis of CFSE staining. Percent specific lysis
was determined as previously described (32).

Lung histology. Animals were anesthetized and transcardially per-
fused with PBS followed by zinc formalin. Lungs were removed, fixed in
zinc formalin, and paraffin embedded. Sections were stained with hema-
toxylin and eosin and examined by light microscopy.

Statistical analysis. Data were analyzed using Student’s t test. Results
in the graphs below are represented as means � standard errors of the
means (SEM) unless otherwise mentioned. P values are represented in
figures as follows: *, P � 0.05; **, P � 0.01; and ***, P � 0.001.

RESULTS
Prime-boost immunization induces a strong CD8 T cell re-
sponse. Recently, we and others identified and validated several
CD8 T cell epitopes located in SARS-CoV structural proteins (19,
20). S436 and S525 were found to be immunodominant in B6
mice and were used in this study to evaluate virus-specific CD8 T
cell responses. We adopted a prime-boost strategy to generate
large numbers of virus-specific memory CD8 T cells in the BAL
and lungs (31). Eight- to 9-month-old B6 mice were initially
primed by intravenous injection of LPS-matured DCs loaded with
S436 or S525 peptide (Fig. 1A). DC-peptide immunization re-
sulted in a higher percentage and number of MA15-specific CD8 T
cells in the peripheral blood (PBL) than in mice immunized with
uncoated DCs. A kinetics study of DC-peptide immunization
showed that a significant S436- and S525-specific CD8 T cell re-
sponse was detected on day 4 after immunization and peaked at
day 6 after DC-peptide immunization. The proportion and total
number of epitope-specific CD8 T cells in PBL were similar in the
DC-S436- and DC-S525-immunized groups (Fig. 1B and C). DC-

peptide-primed mice were boosted 6 days later by intranasal in-
oculation of rVV-S436 or rVV-S525. Mice treated with uncoated
DCs and boosted with rVV expressing green fluorescent protein
(GFP) (rVV-GFP) were used as controls. Intranasal boosting with
rVV-S436 or rVV-S525 generated a large pool of virus-specific
effector CD8 T cells in the BAL, lungs, and spleen, with virus-
specific cells detected at the highest frequency in the BAL (Fig. 1D
and E). Additionally, the proportion and number of S525-specific
CD8 T cells were significantly higher in BAL, lungs, and spleen
than were those of S436-specific CD8 T cells (P 	 0.001) (Fig. 1D
to F). Collectively, these data indicate that prime-boost immuni-
zation resulted in the generation of large pools of S436- and S525-
specific CD8 T cells in BAL and lungs.

Induction of a MA15-specific memory CD8 T cell response
after DC priming and rVV boosting. An early protective response
of virus-specific CD8 T cells to a respiratory virus challenge de-
pends on the presence of an adequate number of antigen-specific
memory CD8 T cells in the BAL and lungs (15). To determine the
number of virus-specific memory CD8 T cells, mice were allowed
to rest for 42 to 45 days after prime-boost immunization and the
percentage and total number of S436- and S525-specific memory
CD8 T cells were determined in the BAL, lungs, and spleen. The
percentage and total number of S436- and S525-specific memory
CD8 T cells were similar and were significantly higher in BAL,
lungs, and spleen in the S436 and S525 prime-boost-immunized
groups, respectively, than in mice immunized with rVV-GFP con-
trols (Fig. 2A and B). Additionally, the proportion of virus-spe-
cific CD8 T cells among the total CD8 T cell pool was much higher
for both the S436 and S525 groups in the lung airways (30 to 40%)
than in the lungs (4 to 5%) or spleen (1 to 1.5%) (Fig. 2A). Since
the protective ability of lung resident memory CD8 T cells to
counter a local pathogen challenge depends upon their capacity to
produce multiple antiviral effector molecules (33), we determined
the polyfunctionality of the S436 and S525 memory CD8 T cells by
assessing cytokine expression after ex vivo stimulation (33). As
shown in Fig. 2C, a high percentage of total CD8 T cells isolated
from the BAL secreted multiple cytokines, followed by those in the
lungs and spleen, in both the S436 and S525 groups. The propor-
tion of IFN-�
 CD8 T cells coexpressing TNF-� (double produc-
ers) and TNF-� and IL-2 (triple producers) was much higher in
the BAL and lungs than in the spleen. In contrast, virus-specific
CD8 T cells from spleen were mostly single-cytokine producers
(IFN-�
 only) (Fig. 2C). Together, these results suggest that cells
in the BAL and lungs are especially well positioned to respond
effectively after challenge.

Virus-specific memory CD8 T cells in the lung airways, lung
parenchyma, and secondary lymphoid organs are phenotypically
distinct, with surface expression of markers such as CD103,
CXCR3, and CD11a defining tissue resident versus nonresident
memory CD8 T cells (16). To phenotypically distinguish virus-

FIG 1 Prime-boost immunization induces a strong CD8 T cell response in 8-month-old mice. (A) Eight-month-old B6 mice were immunized intravenously
(i.v.) with DC-loaded peptides and boosted 6 days later with rVV-S436 or rVV-S525 intranasally. Mice were rested for 42 to 45 days and then challenged with a
lethal dose (5 � 104 PFU) of MA15 (i.n.). Lungs and BAL were harvested 5 days postchallenge for further analysis. dpi, days postinfection. (B) FACS plots show
percentages of S436- and S525-specific IFN-�
 CD8 T cells in the blood (after direct ex vivo stimulation with respective peptides) on 0, 4, and 6 days after
DC-peptide immunization. (C) Mean percentages (top) and numbers (bottom) of S436- and S525-specific CD8 T cells in the blood are shown. (D) FACS plots
represent percentages of S436- and S525-specific IFN-�
 CD8 T cells (after direct ex vivo stimulation with respective peptides) in BAL, lungs, and spleen 8 days
after rVV-minigene boosting. (E and F) Bar graphs show mean percentages (E) and numbers (F) of S436- and S525-specific IFN-�
 CD8 T cells (after in vitro
stimulation with respective peptides) in BAL, lungs, and spleen 8 days after rVV-minigene boosting. Data are representative of 2 independent experiments with
3 or 4 mice/group. *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001 (by unpaired two-tailed Student’s t test).
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specific memory CD8 T cells in the lung airways, lung paren-
chyma, and spleen, we examined the expression of several mole-
cules associated with tissue homing and activation. Expression of
CXCR3, a molecule required for localization of memory T cells to
lung airways, was significantly higher on S436- and S525-specific
memory CD8 T cells from the lung airways (�95%) than on those
isolated from the lung parenchyma (35 to 50%) and spleen (40 to
50%) (Fig. 2D). CD103, another marker of resident memory T
cells, was also expressed on a high proportion of virus-specific
CD8 T cells in the lung airway, followed by those in the lung
parenchyma, with least CD103 expression on splenic CD8 T cells.
CD11a and CD69, required for T cell activation and migration to
tissues, are also upregulated on tissue resident memory T cells
(34). As shown in Fig. 2D, a significantly higher proportion of
S436- and S525-specific memory CD8 T cells in the lung paren-
chyma coexpressed CD11a and CD69 than in the lung airways and
spleen, in agreement with previous studies (34).

Analysis of virus-specific memory CD8 T cells following
SARS-CoV challenge. The ability of pathogen-specific memory
CD8 T cells to protect the host from lethal challenge depends on
their absolute number and on their ability to produce multiple
effector cytokines (IFN-�, TNF-�, and IL-2) and cytotoxic mole-
cules (granzyme B and perforin) (35). To determine the magni-
tude and effector function of virus-specific CD8 T cells after
pathogen exposure, prime-boost-immunized mice (now 10 to 11
months old) were challenged with a lethal dose (5 � 104 PFU) of
MA15 intranasally. Following MA15 challenge, the proportion
and total number of S436- and S525-specific CD8 T cells were

significantly higher in BAL and lungs of S436- and S525-immu-
nized groups at day 5 postinfection (p.i.) than in the control group
(Fig. 3A and B). Additionally, both the percentage and total num-
ber of virus-specific CD8 T cells were higher in the BAL and lungs
of S525-immunized mice than for those immunized against the
S436 epitope (74% versus 29% in BAL [P 	 0.001] and 40% versus
24% in lungs [P 	 0.001]; 3.5 � 105 versus 0.4 � 105 in BAL [P 	
0.001] and 2.2 �106 versus 0.4 � 106 in lungs [P 	 0.001]) (Fig.
3A and B). To assess the functionality of the virus-specific CD8 T
cells, we measured the ability of these cells to coproduce multiple
effector cytokines. The majority of virus-specific CD8 T cells in
both the S436- and S525-immunized groups coproduced IFN-�
and TNF-� but not IL-2 in the BAL and lungs (Fig. 3C). Since the
BAL and lungs of control immunized mice had much lower per-
centages of virus-specific CD8 T cells (	1%) (Fig. 3A), we did not
further analyze these cells.

To assess the cytotoxic ability of these virus-specific CD8 T
cells, we measured granzyme B expression by S436- and S525-
specific CD8 T cells in BAL and lungs following MA15 challenge.
A significantly higher percentage of CD8 T cells from the BAL and
lungs of the S436- and S525-immunized groups expressed gran-
zyme B than from control mice (Fig. 4A and B). Further, CD8 T
cells from S525-immunized mice expressed higher levels of gran-
zyme B in both the BAL (48% versus 27%, P 	 0.01) and lungs
(53% versus 27%, P 	 0.001) than did cells from S436-immunized
mice. Moreover, CD8 T cells from the S436- and S525-immunized
groups exhibited higher in vivo cytotoxic activity than did those from
the control group. Notably, virus-specific CD8 T cells from the S525-

FIG 2 Identification of SARS-CoV-specific memory CD8 T cells. Prime-boost-immunized mice were rested for 42 to 45 days, and the percentages and numbers
of S436 and S525-specific memory CD8 T cells were determined in BAL, lungs, and spleen. (A and B) The bar graphs show mean percentages (A) and numbers
(B) of S436- and S525-specific IFN-�
 CD8 T cells in the BAL, lungs, and spleen 42 to 45 days after rVV-minigene boosting. (C) The bar graphs show mean
percentage of polyfunctional S436- and S525-specific IFN-�
 CD8 T cells in the BAL, lungs, and spleen. Data are means of cytokine-positive CD8 T cells obtained
by Boolean gating. (D) Scatter plots represent the percentages of S436 and S525 CD8 T cells that express the indicated marker. Data are representative of 2 or 3
independent experiments with 3 or 4 mice/group. *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001 (by unpaired two-tailed Student’s t test).
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FIG 3 Immunization induces polyfunctional secondary effector CD8 T cells. Prime-boost-immunized mice were rested for 42 to 45 days and then challenged
with a lethal dose (5 � 104 PFU) of MA15 (i.n.). Lungs and BAL were harvested 5 days postchallenge, and the percentage and number of epitope-specific CD8
T cells were determined. (A and B) The bar graphs show mean percentages (A) and numbers (B) of S436- and S525-specific IFN-�
 CD8 T cells (after direct ex
vivo stimulation with respective peptides) in the BAL and lungs 5 days after MA15 challenge. (C) IFN-�
 CD8 T cells were further gated for TNF-� and IL-2
expression to determine polyfunctionality in the BAL and lungs. Data are representative of 3 independent experiments with 3 or 4 mice/group. *, P 	 0.05; **,
P 	 0.01; ***, P 	 0.001 (by unpaired two-tailed Student’s t test).
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immunized group were more cytotoxic than CD8 T cells from S436-
immunized mice (P 	 0.005) (Fig. 4C and D). This may reflect both
enhanced intrinsic cytotoxicity and higher numbers of virus-specific
CD8 T cells in the S525-immunized group (Fig. 3B and 4A and B).
Thus, the prime-boost regimen generated tissue resident memory
CD8 T cells that efficiently produced multiple effector cytokine and
cytotoxic molecules upon MA15 challenge.

Virus-specific memory CD8 T cells protect mice from lethal
MA15 infection. To investigate the protective effect of virus-spe-
cific memory CD8 T cells, prime-boost-immunized mice were
challenged with a lethal dose of MA15 and monitored for morbid-
ity and mortality. MA15-specific memory CD8 T cells protected
immunized mice from lethal MA15 challenge to different extents.
Consistent with the number of virus-specific memory CD8 T cells
(Fig. 3A), immunization against epitope S525 protected approxi-
mately 80% of mice, while nearly 60% of mice survived in the
S436-immunized group. Mice from both the S525- and S436-im-
munized groups lost approximately 20% of their initial body
weight (Fig. 5A and B). In contrast, 100% of mice from the naive
group and 80% of mice from the control-immunized group suc-
cumbed to the lethal infection (Fig. 5A and B). To determine

whether protective efficacy could be further enhanced, we immu-
nized an additional group of mice with a mixture of DC-525 and
DC-436 and boosted them with rVV-525 and rVV-436. After
challenge, approximately 85% of mice survived, only marginally
different from the survival occurring after S525 immunization
alone. No differences in weight were observed when the groups
immunized with S525 and with S436 plus S525 were compared
(Fig. 5A and B).

We next compared virus loads in lungs of immunized groups
at different times after MA15 challenge. Immunization with S436
and S525 resulted in more rapid virus clearance than in control
VV-GFP-immunized mice. Mice immunized with S436 or S525
had reduced viral burdens in the lungs as early as 4 days p.i. By 7
days postchallenge, 100% of S525-immunized mice and 50% of
S436-immunized mice cleared the virus from lungs, while virus
was not cleared in control mice (Fig. 5C). Histopathological ex-
amination of lungs of control mice on day 4 postinfection revealed
marked alveolar edema, terminal bronchiolar epithelial slough-
ing, and thickening of interstitial septa, while that of S525-immu-
nized mice revealed minimal amounts of alveolar edema but
increased peribronchial lymphocytic infiltration (Fig. 5D). S436-

FIG 4 Increased granzyme B production and cytotoxicity after challenge. (A and B) Histograms represent percent granzyme B
 CD8 T cells in the BAL and lungs
at day 5 after MA15 challenge (A). (B) Bar graphs represent mean percentage of granzyme B
 CD8 T cells (after direct ex vivo stimulation with respective peptide).
(C and D) In vivo cytotoxicity assays were performed 5 days after MA15 challenge, and the percent killing was calculated as described in Materials and Methods
(numbers represent the percentage of cells labeled with different concentrations of CFSE). n � 4 or 5 mice/group/experiment. Data are representative of 2
independent experiments. *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001 (by unpaired two-tailed Student’s t test).
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immunized mice showed histological features intermediate to
control and S525-immunized mice. On day 7 p.i., lungs of con-
trol-immunized mice had marked alveolar and bronchiolar
edema with thickened alveolar septa. At this time, pathological
changes were reduced in both S436- and S525-immunized mice,
especially in the latter group (Fig. 5D). Since immunization with
S525 and with S436 plus S525 protected mice equivalently, no
additional studies were performed on the dually immunized

group. In summary, our results showed that memory CD8 T cells
generated after prime-boost vaccination enhanced virus clear-
ance, limited lung pathology, and protected susceptible B6 mice
from lethal MA15 challenge.

DISCUSSION

Only a limited number of studies have addressed the role of the T
cell-mediated immune response in SARS-CoV infections. Previ-

FIG 5 Virus-specific memory CD8 T cells protect mid-aged mice from lethal MA15 infection. Prime-boost-immunized mice were rested for 42 to 45 days and
then challenged with a lethal dose (5 � 104 PFU) of MA15 intranasally. Percent initial body weight (A) and survival curves (B) are shown. The experiment shows
data combined from three independent experiments, with 8 mice in the naive group and 15 or 16 mice in all other groups. Data are expressed as the percent initial
weight � the SEM. (C) Virus titers in lungs. Data correspond to means for 4 mice per group � SEM and are representative of 2 or 3 independent experiments.
(D) Lung sections from control and immunized mice are shown at days 0, 4, and 7 postchallenge. Stars represent alveolar and bronchiolar edema and arrowheads
show peribronchial lymphocyte infiltration. DPI, days postinfection. *, P 	 0.05; ** P 	 0.01; ***, P 	 0.001 (by unpaired Student’s t test).
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ously, we demonstrated the ability of virus-specific CD8 T cells to
protect susceptible young (BALB/c) and aged mice during a pri-
mary MA15 infection. In this study, we used a DC-rVV prime-
boost regimen to generate a large number of virus-specific mem-
ory CD8 T cells in the BAL and lungs. SARS-CoV-specific memory
CD8 T cells in the lungs exhibited a tissue resident memory phe-
notype and produced multiple effector cytokines and cytotoxic
molecules. Our results show that SARS-CoV-specific memory
CD8 T cells provided substantial protection against lethal MA15
challenge, with the extent of protection dependent on the spe-
cific immunodominant epitope used for immunization. Of
note, DC-rVV prime-boost immunization did not induce
SARS-CoV neutralizing antibodies measured 45 days after im-
munization, consistent with the notion that protection was
mediated by memory CD8 T cells (data not shown). In this
study, we analyzed 8- to 10-month-old infected mice because,
like middle-aged humans, these mice were more susceptible to
SARS-CoV than younger animals but more immunocompetent
than very old mice. Following systemic primary immunization,
effective CD8 T cell recall responses to a localized challenge
depend upon antigen presentation by DCs in the DLN (36).
Since DC migration to DLN is progressively impaired as mice
age (21, 37), we adopted an intranasal boosting regimen to
generate lung resident memory CD8 T cells, thereby minimiz-
ing the impact of DCs on the magnitude of the CD8 T cell recall
response. The expansion of tissue resident memory CD8 T cells
upon antigen rechallenge is largely independent of rDC migra-
tion to DLN, as local antigen presentation by epithelial cells,
lung resident DCs, and recruited DCs drives memory CD8 T
cell expansion (38). Intravenous priming with DC-peptide and
intranasal boosting with rVV-minigene resulted in accumula-
tion of SARS-CoV-specific memory CD8 T cells in BAL and
lungs (Fig. 2).

Interestingly, we observed a change in immunodominance
patterns of S436- and S525-specific CD8 T cells after rVV boosting
and challenge. The proportion and total number of S436- and
S525-specific CD8 T cells were similar at 6 days after DC-peptide
immunization in the PBL and during the memory phase (42 to 45
days after rVV-minigene boosting) in all tissues (Fig. 1B and C and
2A and B). However, the proportion and the total number of
S525-specific CD8 T cells were significantly higher than those of
S436-specific CD8 T cells after rVV-minigene boosting (Fig. 1D to
F) and after MA15 challenge (secondary effector response) (Fig.
3A and B). In mice infected with influenza A virus (IAV), CD8 T
cell responses to the NP366 and PA224 epitopes are codominant,
but upon rechallenge, the T cell response to epitope NP366 is
dominant (39, 40). This change in epitope recognition was attrib-
uted to differences in antigen presentation (DCs versus nonden-
tritic antigen-presenting cells [APCs]) (41). Such a mechanism
might also explain differences in responses to S525 and S436, at
least after MA15 challenge, although in this case, the two epitopes
are located on the same viral protein.

We observed less protection against challenge in the S436-im-
munized than in S525-immunized mice, which is likely due to the
lower number of S436-specific than of S525-specific CD8 T cells in
the BAL and lungs (Fig. 3A and B) (35, 42, 43). Additionally, both
S436- and S525-immunized mice cleared virus rapidly and exhib-
ited reduced lung pathology compared to control mice. rVV
boosting generated a substantial fraction of MA15-specific lung
resident memory CD8 T cells, which provided protection upon

subsequent challenge. These results are in agreement with recent
studies demonstrating a critical role for lung resident virus-spe-
cific memory CD8 T cells in protecting the host from a lethal IAV
challenge (44). Thus, intranasal immunization may be superior to
systemic immunization because lung resident memory T cells are
not generated if the immunogen is delivered systemically. Since
systemic immunization does not result in the generation of lung
resident memory CD8 T cells, protection is dependent upon con-
stant replenishment from the periphery (27). Moreover, lung res-
ident memory CD8 T cells generated after intranasal priming are
required for optimal heterosubtypic IAV immunity. Lung resi-
dent memory CD8 T cells prevented extensive viral replication
and limited alveolar damage, while circulating cells failed to pro-
tect against heterosubtypic challenge (44).

The protective ability of immunodominant epitope-specific
CD8 T cells is of considerable significance, since SARS-CoV-
specific antibody levels declined rapidly after recovery. SARS-
CoV-specific IgM and IgA responses lasted less than 6 months,
while IgG titers peaked at 4 months p.i. and markedly declined
after 1 year (45–47). These studies suggested that the SARS-
CoV-specific IgG antibody response would eventually disap-
pear, and the peripheral memory B cell response would be
insufficient for protection upon SARS-CoV reinfection. In
contrast, SARS-CoV-specific memory CD8 T cells persisted for
at least 6 years in patients who had recovered from SARS (45).
Consequently, SARS-CoV-specific CD4 and CD8 T cells are
likely to play a vital role in protecting patients upon SARS-CoV
reinfection. Moreover, our results suggest that vaccine strate-
gies aimed at achieving elevated numbers of tissue resident
memory virus-specific CD8 T cells would be fruitful.

Of note, whether the T cell response is protective or pathogenic
depends on the specific coronavirus and host strain (48). For ex-
ample, following infection with MA15, MERS-CoV, or most
strains of mouse hepatitis virus (MHV), virus-specific CD8 T cells
are generally critical for virus clearance both during primary in-
fection and secondary challenge (49, 50). In contrast, in C3H/HeJ
mice infected with MHV-1, a pneumotropic strain of MHV, T
cells moderately enhanced clinical illness and depletion of T cells
ameliorated disease (51). Further, adoptive transfer of MHV-1-
specific memory CD8 T cells in the absence of anti-MHV-1 anti-
body induced severe lung pathology and mortality in naive A/J
and C3H/HeJ mice (51). In mice infected with the JHM strain of
MHV, T cell-mediated virus clearance resulted in myelin destruc-
tion (52).

Although SARS has not recurred since its last pandemic in
2002-2003, the recent emergence of MERS-CoV in humans and
porcine epidemic diarrhea virus in pigs highlights the need for
coronavirus vaccines and antiviral agents. Our results indicate
that in addition to a strong anti-SARS-CoV antibody response, an
optimal memory CD8 T cell response will be an important goal in
vaccine design.
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