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a b s t r a c t

Cytotoxic CD8+ T lymphocytes (CTLs) play an important role in antiviral immunity. Several human HLA-
A*0201 restricted CTL epitopes of severe acute respiratory syndrome (SARS) spike (S) protein have been
identified in HLA-A*0201 transgenic (Tg) mice, but the mechanisms and properties of immune responses
are still not well understood. In this study, HLA-A*0201 Tg mice were primed intramuscularly with SARS
S DNA and boosted subcutaneously with HLA-A*0201 restricted peptides. The lymphocytes from drain-
ing lymph nodes, spleens and lungs were stimulated with the cognate peptides. Three different methods
(ELISA, ELISPOT and FACS) were used to evaluate the immune responses during short and long periods
of time after immunization. Results showed that peptide-specific CD8+ T cells secreted IFN-�, TNF-� and
IL-2 and expressed CD107a/b on cell surface. IFN-�+CD8+ T cells and CD107a/b+CD8+ T cells distributed
throughout the lymphoid and non-lymphoid tissues, but the frequency of peptide-specific CD8+ T cells

+
was higher in lungs than in spleens and lymph nodes. The phenotype of the CD8 T cells was character-
ized based on the expression of IFN-�. Most of the HLA-A*0201 restricted peptide-specific CD8+ T cells
represented a memory subset with CD45RBhigh and CD62Llow. Taken together, these data demonstrate
that immunization with SARS S DNA and HLA-A*0201 restricted peptides can elicit antigen-specific CD8+

T cell immune responses which may have a significant implication in the long-term protection. We pro-
vide novel information in cellular immune responses of SARS S antigen-specific CD8+ T cells, which are

ment
important in the develop

. Introduction

Severe acute respiratory syndrome (SARS) is an emerging
nfectious disease caused by a novel coronavirus named as SARS-
ssociated coronavirus (SARS-CoV) which led to thousands of
nfected patients and hundreds of deaths [1–3]. To date, there is
o effective drug to prevent or treat SARS. In addition, there is pos-
ibility of reintroduction of a SARS-like coronavirus into humans
nd the risk of an escape of SARS-CoV from laboratories [4,5].
lthough the outbreaks seem to be over, SARS remains safety con-
erns [6,7]. SARS-CoV has been isolated and its genome sequenced
8,9]. SARS-CoV is a positive-sense RNA virus that consists of four
ain structural proteins: spike protein (S), membrane protein (M),
nvelope protein (E) and nucleocapsid protein (N). S protein is a
ajor structural glycoprotein of SARS-CoV responsible for recep-

or binding and membrane fusion [10]. It has been reported that

Abbreviations: CTL, cytotoxic T lymphocyte; SARS, severe acute respiratory syn-
rome; SARS-CoV, SARS-associated coronavirus.
∗ Corresponding author. Tel.: +86 20 87332448; fax: +86 20 87332448.
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of vaccine against SARS-CoV infection.
© 2010 Elsevier Ltd. All rights reserved.

vaccines based on the S protein seem to provide protection via an
inhibition of viral replication after challenge with live SARS-CoV
[11]. In addition, the cell-mediated response induced by S pro-
tein also plays a very important role in eliminating virus. We have
demonstrated previously that after immunization with SARS-CoV
S DNA vaccine, cellular immunity was induced by the evidence of
high frequencies of IFN-� producing effector/memory CD4+ and
CD8+ T cells in mice [12]. Hence, S protein is a major target for
developing anti-SARS drugs or vaccines.

Evidence suggests that cytotoxic CD8+ T lymphocytes (CTLs)
play a pivotal role in the elimination of virus particles during
infectious bronchitis virus (IBV) acute infection [13,14]. And to res-
piratory syncytial virus (RSV) infection, CTLs not only contribute
to virus elimination, but also induce immunopathology [15,16].
Excited to us, we found that SARS-CoV S specific CTL responses
were detected in patients who had recovered from SARS and mouse
model [17,18]. Therefore, CTLs may determine the role of immunity

in controlling viral pathogenesis. Human CTLs are specific for pep-
tides presented in the context of major histocompatibility complex
(MHC) class I molecules. HLA-A*0201 is expressed as 39–46% of all
major ethnicities [19], and furthermore HLA class I alleles have been
reported to correlate with SARS susceptibility [20]. Recently, five S

dx.doi.org/10.1016/j.vaccine.2010.08.013
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:changyou_wu@yahoo.com
dx.doi.org/10.1016/j.vaccine.2010.08.013
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rotein-derived CTL epitopes S1042–1050, S787–795, S1167–1175,
958–966 and S411–420 were identified by some groups [21–24].
hey have screened HLA-A*0201 restricted peptides which may
e appropriate vaccine candidates. However, phenotypic charac-
eristics and functions of the CTLs induced by those HLA-A*0201
estricted peptides remain undefined, and their distributions in
ifferent organs are still unknown. In this study, the CD8+ T cell
esponses induced by HLA-A*0201 restricted peptides were evalu-
ted in draining lymph nodes, spleens and lungs from HLA-A*0201
ransgenic mice vaccinated by SARS-CoV S DNA prime and HLA-
*0201 restricted peptides boost strategy. The functionalities and
haracteristics of the cognate peptides induced CD8+ T cell response
ere analyzed. Our data confirmed previous reports and demon-

trated that numerous powerful peptide-specific CD8+ T cells that
epresented a memory subset with CD45RBhigh and CD62Llow were
licited by HLA-A*0201-restricted peptides both in lymphoid and
on-lymphoid tissues. These peptide-specific CD8+ T cells were
ersisted for over a long period of time, suggesting their long-term
rotective effect in vivo. These data provide novel information of
ntigen-specific CD8+ T cell responses in detail, which could be
sed for design of effective vaccine against SARS-CoV infection in
umans.

. Materials and methods

.1. Mice

HLA-A*0201/Kb transgenic (Tg) mice were a gift from Prof.
.Z. Wu (Institute of Immunology, Third Military Medical Univer-
ity, Chongqing, China). Tg mice were bred in a pathogen-free
acility. Cell surface HLA-A*0201 expression was assessed by
ow cytometry using FITC-labeled anti-human HLA-A2 Ab (BD
iosciences PharMingen). For experimental purposes, six–eight-
eek-old female mice were used. All experiments were performed

ccording to the guidelines in the Institutional Animal Committee
f TMMU.

.2. SARS-CoV S DNA vaccine

Plasmids encoding SARS-CoV S protein were constructed as
escribed [25] and kindly provided by Dr. Gary J. Nabel from
accine Research Center (VRC), National Institute of Allergy and

nfectious Diseases (NIAID), National Institutes of Health (NIH),
ethesda, MD, USA. Plasmid DNA was purified by plasmid purified
it (QIAGEN, USA). The 260/280 ratios ranged from 1.8 to 2.0. The
ndotoxin content from purified plasmid DNA was detected below
0 U/ml. The endotoxin level within this range had no effect on the

mmune response.

.3. Prediction of epitopes and synthesis of peptides

Sequences of potential HLA-A*0201-binding peptides within
ARS-CoV S proteins were based on the BJ01 strain of SARS-CoV
GenBank accession no. AY278488). We combined two computer
lgorithms. The first computer-based program was applied with
ccess through the website of Bioinformatics and Molecular Anal-
sis Section (BIMAS) HLA Peptide Binding Predictions [26]. The
econd algorithm “SYFPEITHI” was developed by Rammensee et
l. [27]. Besides, according to the information that several pub-
ished articles have been reported [21–24], we screened and

ynthesized five peptides named as P19 (S1042–1050 VVFLHV-
YV), P20 (S787–795 ILPDPLKPT), P21 (S1167–1175 RLNEVAKNL),
22 (S958–966 VLNDILSRL) and P23 (S411–420 KLPDDFMGCV)
y Sangon Crop. (Shanghai, China). Peptides were purified to
98% by reverse phase HPLC, as confirmed by mass spectrometry,
 (2010) 6666–6674 6667

which were dissolved in PBS at 2 mg/ml and stored in aliquots at
−80 ◦C.

2.4. Immunization

HLA-A*0201/Kb Tg mice are a well-established model for the
study of HLA-A*0201 restricted CTL epitopes and vaccine devel-
opment [28–30]. Mice were injected intramuscularly with 100 �g
truncated SARS CoV S plasmid DNA in 100 �l PBS in thighs. Two
weeks later, mice were boosted by subcutaneous injection of HLA-
A*0201 restricted peptides (P19–23, 20 �g of each) with 25 �g CpG
ODN 1826 (Sangon Crop., Shanghai, China) as adjuvant at the base of
tail. PBS was administrated alone as control. Each experiment was
repeated 2–3 times with consistent results and 3–12 mice were
used in each experiment.

2.5. Media and antibodies

RPMI-1640 media was purchased from GIBCO and supple-
mented with 10% heat-inactivated FCS, 0.1% 2-ME, 100 U/ml
penicillin and 100 �g/ml streptomycin. Purified anti-mouse CD28,
anti-CD8-FITC, anti-CD8-PE, anti-CD4-PerCP, anti-IFN-�-APC, anti-
IFN-�-PE, anti-IL-2-PE, anti-TNF-�-APC, anti-CD107a/b-FITC, anti-
CD62L-FITC, anti-CD45RB-FITC and isotype control Abs were
purchased from BD Biosciences PharMingen. RmIL-4 and recom-
binant murine GM-CSF was obtained from R&D and PEPROTECH,
Inc. (USA) respectively. LPS was provided by Sigma (USA).

2.6. Cell culture and measurement of cytokine by ELISA

Mice were sacrificed. Lymph nodes, spleens and lungs from indi-
vidual mouse were harvested 7–10 d after the boost vaccination.
Single-cell suspensions were prepared. Bone marrow derived DCs
were generated from Tg mice as previously described with some
modification [31]. DCs were pulsed with pool peptides P19–23
(2 �g/ml each peptide) at 37 ◦C for 5 h before co-cultured with
lymphocytes. Lymphocyte suspensions from lymph nodes, spleens
and lungs were plated respectively in a 96-well micro-titer plate
at 4 × 106 cells/200 �l per well in the presence of 2 × 105 peptide-
loaded DCs. Supernatants of cell cultures were collected 16 and 72 h
later, and levels of IL-2, TNF-� and IFN-� were assessed respectively
by specific ELISA kit (BD PharMingen) according to the manufac-
turer’s protocol.

2.7. ELISPOT assay

Assay was performed using mouse ELISPOT set (BD PharMingen)
according to the instruction provided by the manufacture. Briefly,
single-cell suspensions from vaccinated mice were prepared and
plated in 96 well micro-plates (Millipore) pre-coated with anti-IFN-
� antibody overnight at 4 ◦C and blocked by RPMI-1640 containing
10% FBS. Cells were incubated for 24 h in the presence or absence
of peptide-loaded DCs at 37 ◦C and 5% CO2. Wells were washed and
incubated with biotinylated labeled anti-mouse IFN-� antibody for
2 h at room temperature. After washing, wells were incubated with
streptavidin conjugated horseradish peroxidase for 1 h at room
temperature. Wells were extensively washed again, and developed
with 3-amino-9-ethyl-carbazole (AEC) substrate solutions. After
drying, wells were counted by TCL ELISPOT reader (USA).

2.8. Intracellular cytokine and cell surface staining
Single-cell suspensions from lymph nodes, spleens and lungs of
vaccinated mice were co-cultured with or without peptide-loaded
DCs for 6 h at 37 ◦C and 5% CO2. Brefeldin A (10 �g/ml, Sigma) was
added in the last 5 h incubation. Cells were washed, fixed with
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Fig. 1. Cellular immune responses were elicited by HLA-A*0201 restricted peptides.
Tg mice (3–12 mice/group) were vaccinated with different agents in a similar man-
ner as described. Fresh isolated lymphocytes from spleens, lymph nodes and lungs
were cultured with 2 �g/ml cognate peptides. (A) The production of IFN-� in super-
668 K. Zhao et al. / Vacc

% paraformaldehyde and permeabilized in PBS buffer contain-
ng 0.1% saponin (Sigma), 0.1% BSA and 0.05% NaN3 overnight at
◦C. Then cells were stained with conjugated mAbs for surface
arkers (CD4, CD8, CD62L, CD107a/b and CD45RB) and intra-

ellular cytokines (IFN-�, IL-2 and TNF-�) for 20 min at 4 ◦C in
ark. Cells were acquired on flow cytometer (BD Calibur) and
ata were analyzed with the program FlowJo version 6.0 (Tree
tar, Inc., USA). Isotype controls were included in each stain-
ng.

.9. Statistics

Statistical evaluation of differences between means of exper-
mental groups was performed by analysis of variance and a
on-parametric two-tailed t test. A value of P < 0.05 was considered
o be significant.

. Results

.1. Cellular immune responses were elicited by HLA-A*0201
estricted peptides in both lymphoid and non-lymphoid tissues of
mmunized Tg mice

To assess the production of cytokines by lymphocytes of Tg mice
ollowing SARS-CoV S DNA prime and HLA-A*0201 restricted pep-
ides boost vaccination, HLA-A*0201/Kb Tg mice were randomly
ivided into three groups to be immunized with cognate DNA
lus peptides, DNA alone and PBS as control respectively. 7–10
after boost vaccination, mice were sacrificed and cells were

repared from lymph nodes, spleens and lungs. The cells were
timulated with or without peptide-loaded DCs to assess HLA-
*0201 restricted peptide-specific immune responses. The levels
f IFN-�, TNF-� and IL-2 in the cell-free culture supernatants
ere determined by ELISA. The results revealed that very low lev-

ls of IFN-� were detected when lymphocytes were cultured in
edium alone. Interestingly, addition of peptide-loaded DCs to

ell culture systems markedly enhanced the production of IFN-
in all of the organs from DNA plus peptides immunized mice

Fig. 1A). There is only modest IFN-� production in splenocytes
rom DNA alone immunized mice (P < 0.01) and the levels of IFN-�
n PBS control groups were undetectable. Besides, there were TNF-

and IL-2 produced by lymphocytes from Tg mice immunized with
ARS S DNA and HLA-A*0201 restricted peptides following cognate
eptide stimulation in vitro. The results showed that the highest

evel of TNF-� was detected in lungs which were non-lymphoid
issues (P < 0.05). The production of IL-2 in spleens (P < 0.001)
nd lymph nodes (P < 0.05) was little stronger than it in lungs
Fig. 1B). Taken together, these data indicated that striking cytokine
roduction was induced both in lymphoid and non-lymphoid lym-
hocytes stimulated with HLA-A*0201 restricted peptides in Tg
ice following SARS S DNA plus HLA-A*0201 restricted peptides

accination.

.2. Frequency of IFN-�-producing cells from immunized mice
ollowing stimulation with HLA-A*0201 restricted peptides

We have detected the production of IFN-� in total lymphocytes
y ELISA. However, what percentages of HLA-A*0201 restricted
eptide-specific T cells have been induced in Tg mice after DNA plus
eptides immunization. Thus, the frequency of IFN-�-producing
ells at the single cell level was determined by ELISPOT assay.

s shown in Fig. 2, 10 d after prime immunization with SARS S
NA and boost immunization with HLA-A*0201 restricted pep-

ides, cells from spleens produced at an average of 124 spots in
× 105 cells following stimulation with peptide-loaded DCs. Com-
ared with cells without any peptides stimulation, the specific
natants was detected by ELISA. (B) The production of TNF-� and IL-2 were detected
respectively in different tissues from vaccinated mice with SARS S DNA and HLA-
A*0201 peptides. Cultures were set up in triplicate. Each symbol represents one data
point from one mouse. *P < 0.05; **P < 0.01; ***P < 0.001; N.S. P > 0.05.

cells exhibited from 20 to 66-fold increase in the frequency of
IFN-�-producing cells in spleens (P < 0.05). Together, it is believed
that HLA-A*0201 restricted peptides P19–23 could act as stimu-
lators to induce a powerful peptide-specific CD8+ T cell immune
response.

3.3. IFN-�-producing cells belong to CD8+ T cells

To directly characterize the subpopulation of IFN-�-producing
cells, we next analyzed the immune responses of T cell sub-
sets induced after prime and boost immunization in Tg mice
by FACS. Splenocytes were stimulated in vitro with or with-
out peptide-loaded DCs in the presence of Brefeldin A. After
stimulation for 6 h, the cell-surface markers and intracellular
cytokines were stained with anti-CD8, anti-CD4, anti-IFN-� and
isotype controls. For flow cytometric analysis, a lymphocyte-
enriched population was initially selected from total cells by
forward/side scatter gating (Fig. 3A). Then the expression of IFN-
� in CD8+ T and CD4+ T subpopulation was analyzed respectively.
HLA-A*0201 restricted peptides specific IFN-�-producing cells
were detected in CD8+ T subset but not in CD4+ T cells. These
results were consistent with the previous reports [21–24] and
identified that the peptides P19–23 were HLA-A*0201 restricted
peptides. Based on IFN-� production, the percentage of peptide-

+
specific CD8 T cells with peptides stimulation was markedly
higher than cells cultured in medium alone (Fig. 3B). These
data suggested that P19–23 as HLA-A*0201 restricted peptides
could act as stimulators to elicit a striking peptide-specific CTL
response.
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Fig. 2. Frequency of HLA-A*0201 restricted peptide-specific IFN-� producing cells.
Mice were vaccinated with SARS S DNA and HLA-A*0201 restricted peptides
as described in Section 2. Cells from spleens were cultured at a density of
4 × 105 cells/well in 96 well pre-coated plates. Assay was performed following
instruction. (A) Representation of ELISPOT results. (B) The frequency of IFN-� pro-
ducing cell (n = 4). Cultures were set up in triplicate. Each symbol represents one
data point from one mouse. *P < 0.05. Horizontal bars represent mean values.
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Fig. 3. CD8+ T cells but not CD4+ T cells express IFN-� in HLA-A*0201 restricted
peptides stimulated splenocytes. Cells were cultured with or without peptides for

were considered as typical central memory CD8 T cells [32,33].
Thus, on basis of IFN-� producing cells, a population of peptide-
specific CD8+ T cells that have characteristics of memory T cells
.4. Correlation of cytokines produced by HLA-A*0201 restricted
eptides specific CTLs

Evidence has confirmed that large amounts of IFN-�-producing
TLs are induced by peptides P19–23, and furthermore we want
o know what kind of other cytokines could be produced by
hese CTLs. To illuminate this question, splenocytes from prime-
oost immunized mice were stimulated in vitro with or without
eptide-loaded DCs in the same way as above. The CTL related

ntracellular cytokines were stained with anti-IFN-�, anti-TNF-�,
nti-IL-2 and isotope controls. Results showed that HLA-A*0201
estricted peptide-specific CTLs could simultaneously produce sev-
ral kinds of cytokines such as IFN-�, TNF-� and IL-2 (Fig. 4A).
urther analysis of IFN-� and TNF-� expression demonstrated that
eptide-specific CTLs could be divided into three distinct subpop-
lations, including IFN-�+ TNF-�+ cells, IFN-�+ cells and TNF-�+

ells. Most cells expressed both IFN-� and TNF-�, and only small
ubsets of the cells expressed either IFN-� or TNF-� alone (Fig. 4A
nd B). In the same experiment, the expression of IFN-� and IL-2
resented the same phenomenon in peptide-specific CTLs which
ould be separated into IFN-�+IL-2+ double positive subset, IFN-
+ single positive and IL-2+ single positive subsets. Differently
he mainly subset was composed by IFN-�+ single positive cells,
nly a small population of the IFN-�+IL-2+CD8+ T cells could be
etected and very few IL-2+CD8+ T cells were observed (Fig. 4B).
aken together, these results indicated that HLA-A*0201 restricted
eptide-specific CTLs elicited in vivo can produce several kinds
f cytokines following peptides stimulation, suggesting that the

TLs may have effective function in protecting body against infec-
ion.
6 h, and then were harvested and stained for FACS analysis. (A) The two subpopula-
tions of T cells. (B) One representative result from three independent experiments
showing the expressing of IFN-�. The numbers in the left corner represent the mean
percentage of positive cells in gated T cells.

3.5. Characterization of T cell responses following DNA prime and
peptide boost immunization in Tg mice

To characterize the phenotype of HLA-A*0201 restricted
peptide-specific CD8+ T cells on the basis of their ability to pro-
duce IFN-�, splenocytes from prime-boost immunized Tg mice
were stimulated with peptide-loaded DCs. After 6 h of incuba-
tion, cells were harvested, washed and stained for cell-surface
markers, including CD45RB as a marker for memory cells in
mice and CD62L as effector/memory T subset marker. Cells were
first gated on CD8+ T cells and the phenotype of IFN-�+CD8+

T cells was analyzed. As shown in Fig. 5, nearly 89% of IFN-
�+CD8+ T cells expressed CD45RBhigh and approximately 84%
subset was CD62Llow. Although most IFN-� producing cells were
CD45RBhighCD62Llow cells, a variable fraction (mean value 16%)
of the IFN-�+CD8+ T cells expressed high level of CD62L which

+

has been identified in this study. And the IFN-�+CD8+ T cells with
CD45RBhighCD62Llow might indeed belong to an intermediate sub-
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Fig. 4. The correlation of cytokines produced by HLA-A*0201 restricted peptide-specific CD8+ T cells. Tg mice were vaccinated with SARS S DNA and HLA-A*0201 restricted
peptides. 10 d after the vaccination, splenocytes were harvested and stimulated with cognate peptides. Then intracellular cytokine staining with flow cytometry was
performed. The cells were initially gated at CD8+ T cells. (A) The expression of IL-2, TNF-� and IFN-� in HLA-A*0201 restricted peptide-specific CD8+ T cells. The number of
positive cells was analyzed by flow cytometry and shown in the corner of each panel. The results of one representative assay from four similar independent experiments are
shown. (B) Summaries of the independent experiments. The data represents the means of four independent experiments.

Fig. 5. Characteristics of HLA-A*0201 restricted peptide-specific CD8+ T cells. Tg mice were primed with SARS S DNA and boosted with HLA-A*0201 restricted peptides. 10 d
after boost vaccination, splenocytes were harvested and stimulated with cognate peptides ex vivo for 6 h. The cells were stained with cell surface anti-CD45RB and anti-CD62L
Abs, and then the intracellular cytokine IFN-� was marked. Based on the expression of IFN-�, characteristics of HLA-A*0201 restricted peptide-specific CD8+ T cells were
analyzed by flow cytometry. (A) The expression of CD45RB and CD62L by IFN-�+CD8+ T cells. Representative results are shown from four independent experiments. (B) The
data were quantified and presented in a ring chart. Each slice of the ring represents the fraction of the mean value of a given quadrant.



K. Zhao et al. / Vaccine 28 (2010) 6666–6674 6671

F tide-
S es vac
p F-� a
i ars re

s
r

3
c

b

F
D
t
c
C

ig. 6. The expression of cytolytic effector molecules by HLA-A*0201 restricted pep
plenocytes were obtained from Tg mice after SARS S DNA and HLA-A*0201 peptid
eptides in vitro for 6 h and stained for the expression of intracellular cytokines (TN

ndependent experiments. (B) The percentage of positive cells in CD8+ T cells. The b

et ready to be conscripted into the effector population during
einfection.
.6. HLA-A*0201 restricted peptide-specific CD8+ T cells express
ytolytic effector molecules

We were interested in determining whether there were a num-
er of cytolytic effector T cells induced by HLA-A*0201 restricted

ig. 7. The distribution of peptide-specific CD8+ T cells in different tissues. Lymphocytes f
NA and HLA-A*0201 restricted peptides vaccination. The cells from different tissues we

issues and non-lymphoid tissues. Based on the expression of IFN-�, the distributions of
ells were determined in lymph nodes, spleens and lungs. (C) The percentage of IFN-� pro
D107a/b+CD8+ T cells. One of representative flow cytometric analysis from three indepe
specific CD8+ T cells. (A) Expression of TNF-�, IFN-� and CD107a/b by CD8+ T cells.
cination as described in Section 2. Then splenocytes were stimulated with cognate
nd IFN-�) and cell surface CD107a/b. Representative results are shown from three
present the mean ± SD.

peptides. As we all know, degranulation is a key step to Ag-specific
CD8+ T cells to lyze targets cells. Evidence suggests that FACS assay
measures the exposure of CD107a/b onto the cell surface as a result

of degranulation, presenting in the membrane of cytotoxic gran-
ules [34]. We observed a reciprocal expression of surface CD107a/b
which may be due to granzyme depletion in cells having under-
gone recent granule exocytosis. In this study, surface expression of
CD107a/b was enriched in CD8+ T cells stimulated by peptides in

rom lymph nodes, spleens and lungs were obtained from Tg mice 10 d after SARS S
re stimulated with cognate peptides in vitro. (A) IFN-� producing cells in lymphoid
peptide-specific CD8+ T cells in different organs are shown. (B) CD107a/b+CD8+ T
ducing cells in CD8+ T cells was analyzed by flow cytometry. (D) The percentage of
ndent experiments is shown in the left. The bars represent the mean ± SD.
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Fig. 8. Long-term persistence of effector/memory CD8+ T cells following SARS S
DNA and HLA-A*0201 restricted peptides vaccination. Tg mice were vaccinated as
described in Section 2. Cells were prepared from spleens 30 d after HLA-A*0201
restricted peptides boost vaccination and were incubated with cognate peptide-
loaded DCs for 6 h. Then cells were stained with surface anti-CD8 Ab, anti-CD45RB
Ab, anti-CD62L Ab, and intracellular cytokine Abs anti-IFN-� and anti-TNF-�. CD8+

T cells were first gated. (A) The expression of IFN-� and TNF-� by CD8+ T cells.
672 K. Zhao et al. / Vacc

itro, over the population of CD8+ T cells without peptides stimu-
ation (Fig. 6). In the same time the expression of IFN-� or TNF-�
y CD8+ T cells was determined and results showed that a small
art of cells co-expressed CD107a/b with IFN-� or TNF-�, suggest-

ng the diversity of antigen-specific T cells. Thus, a subset of CD8+

cells expresses effector molecules associated with the cytotoxic
unction. We believe that these data strongly support the hypoth-
sis that antigen-specific CD8+ T cells mediate effective cytotoxic
ctivity in vivo.

.7. Distribution of peptide-specific CTLs in lymphoid and
on-lymphoid organs

To further ascertain whether the distributions of HLA-A*0201
estricted peptide-specific CD8+ T cells were distinct in different
rgans. Tg mice were immunized with SARS S DNA and peptides.
0 d after injection, peptide-specific CD8+ T cells based on IFN-

and CD107a/b expression were determined in lymph nodes,
pleens and lungs. As shown in Fig. 7, the percentages of both IFN-�
nd CD107a/b producing cells in total lymphocytes from different
rgans were all dramatically higher than those cultured in medium
lone. And the highest frequency of antigen-specific IFN-� express-
ng CD8+ T cells as well as CD107a/b producing CD8+ T cells were
licited by HLA-A*0201 restricted peptides stimulation in lungs
han in lymph nodes and spleens (Fig. 7C and D). These results sug-
ested that effector T cells always existed in non-lymphoid tissues
nd consisted with our [12] and other previous reports [35].

.8. Long-lived memory CD8+ T cells were elicited by SARS S
LA-A*0201 restricted peptides

In previous experiments, we evaluated the peptide-specific
D8+ T cell immune responses 7–10 d after prime and boost vacci-
ation. Here, we extended our study to further characterize SARS S
LA-A*0201 restricted peptide-specific long-persistent memory T
ell responses 30 d after the boost immunization. The data showed
hat persistent peptide-specific memory CD8+ T cells which could
ecrete IFN-� and TNF-� following cognate peptides stimulation
till could be detected in spleens, though one month has pasted
ince the boost vaccination. The frequency of IFN-�+CD8+ T (mean
alue 0.23%) cells and TNF-�+CD8+ T cells (mean value 0.29%)
rom stimulated splenocytes were 5.6- and 5.7-folds higher than
ells cultured in medium alone, respectively. Similar results were
lso obtained for peptide-specific CD8+ T cells co-expressing IFN-
and TNF-� which possessed great percentages, suggesting the

trong ability of peptide-specific CD8+ T cell induced by SARS S
LA-A*0201 restricted peptides. In addition, based on IFN-� pro-
uction the phenotype of these long-lived peptide-specific CD8+ T
ells were characterized with surface marker CD45 and CD62L, and
he majority of IFN-�+CD8+ T cells were CD45high and CD62Llow.
hese constellations of findings make us believe that these peptide-
pecific CD8+ T cells induced by prime-boost vaccination will be
uickly conscripted into effector populations to protect body dur-

ng reinfection (Fig. 8).

. Discussion

The generation of memory CD8+ T cells is a potential strategy
n design of vaccine against intracellular pathogens. It has been
eported that vaccination with cytotoxic T lymphocyte epitopes
ould protect against human metapneumovirus infection in murine

odel [36], suggesting that CTLs play a pivotal role in virus elim-

nation. In this study, the properties of immune responses of CTLs
hich were induced by SARS S HLA-A*0201 restricted peptides

n vaccinated HLA-A*0201 Tg mice were explored. We found that
TLs generated in response to SARS S DNA prime and HLA-A*0201
(B) The phenotype of peptide-specific CD8+ T cells, based on IFN-� production. The
numbers at the corner represent the mean percentages of positive cells from three
independent experiments.

restricted peptides boost immunization secreted IFN-�, TNF-� and
IL-2. Furthermore, we detected that these CTLs express cell surface
CD107a/b for the first time which represent the cytolytic activity of
CD8+ T cells in a peptide-specific and HLA-A*0201-restricted man-
ner. Finally, the results showed that the peptide-specific CD8+ T
cells that can keep long-term survival in vivo had a memory T cell
phenotype based on their low expression of CD62L and high level
of CD45RB, and the distributions of them in lymphoid tissues and
non-lymphoid tissues were different.

Spike protein is a major structural glycoprotein of SARS-CoV.
An understanding of the immunology of coronavirus infections in
mice and swine indicated that, of the large number of potential

vaccine antigens encoded by the SARS-CoV genome, S glycoprotein
would be the best [37]. Recent work has shed light on the important
role of S protein in inducing effective cellular immune responses
and humoral responses both in mice [12,25] and humans [17].
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n our previous studies, we have demonstrated that prime-boost
accination of mice with SARS-CoV S DNA vaccine induced remark-
ble antigen-specific cellular and humoral immune responses in
esponse to a pool of entire overlapping S peptides [12]. In view
f the advantages of polypeptide vaccine, many teams are try-
ng to identify SARS S epitopes to provide optimum candidates
or vaccine development. We have identified two novel epitopes
hich could induce antigen-specific CD4+ T cell and CD8+ T cell

mmune responses in BABL/C mice, respectively [18]. However,
t is known that the ultimate purpose of scientific research is
sed by human beings. Although many antigen-specific CD8+ T
ell epitopes in SARS-CoV had been identified in animal mod-
ls, it is not appropriated to directly apply them to the human
accine. So identification of functional dominant CD8+ T cell epi-
opes in SARS-CoV S protein for human is crucial. Excited to us is
hat several HLA-A*0201 restricted peptides from SARS S protein
ave been screened by some groups currently [21–24]. However,
he mechanisms and properties of immune responses induced by
hese epitopes are still not well understood. In present study,
e verified their results and determined the functions and fea-

ures of peptide-specific CD8+ T cells elicited by these HLA-A*0201
estricted peptides.

Consist with the pervious reports [35] which the expression of
FN-� in lungs is higher than lymph nodes and spleens, suggesting
hat the effector T cells were transiently endowed with the ability to
raffic to non-lymphoid organs. In addition to IFN-�, these antigen-
timulated CD8+ T cells acquire antiviral effector functions, such
s the ability to produce TNF-�. TNF-� that has important effect
ole in activating macrophages, inducing apoptosis of infected cells
nd contributing to granuloma formation. IL-2 has little direct effect
unction but is an indicator of cells with higher capacity for survival
nd proliferation that can later evolve effect responses. Although
eptide-specific CD8+ T cells from both lymph nodes and spleens
ould produce IL-2 upon peptides stimulation, the level of IL-2 in
ungs was under detectable. As we know antigen-specific CD8+ T
ells become exhausted by loss of a subset of effect functions and
L-2 production appears most sensitive to inactivation, followed by
NF-� synthesis, while IFN-� production appears more resistant to
his early functional loss [33]. To say in other words, CD8+ T cells
roducing IL-2 are also more likely to differentiate into memory
ells, and CD8+ T cells producing only IFN-� tend to be short-lived.
hus, we presumed that antigen-activated CD8+ T cells that migrate
rom lymphoid tissues to lungs which belong to effect organ were
hort-lived, while most memory CD8+ T cells reside in the lymphoid
issues.

In addition to their potential importance as cytokine-producing
cells, HLA-A* 0201 restricted peptide-specific CD8+ T cells were

dentified based on their ability to express CD107a/b. CD107a and
D107b are two intracellular proteins that are normally found in

ysosome, but are also a structural component of cytotoxic gran-
les. Acquisition of cell surface CD107a/b is associated with loss
f intracellular perforin, indicating that exposure of CD107a/b to
he cell surface is dependent on degranulation. Following exocy-
osis of cytotoxic granules, CD107a/b is transiently expressed on
he cell surface of CTLs [38,39]. Thus, the expression of CD107a/b
an actually reflect the cytotoxic ability of antigen-specific CD8+ T
ells [34]. Kamath et al. [38] have detected the level of CD107a/b in
ntigen-specific CD8+ T cells during mycobacterium tuberculosis
nfection. However, the expression of CD107a/b of antigen-specific
D8+ T cells in SARS has never been detected. Our results showed
or the first time that the expression of CD107a/b in peptides stim-

lated lymphocytes from spleens markedly increased, suggesting
he production of cytotoxic antigen-specific CD8+ T cells in vacci-
ated Tg mice. Meanwhile, we detected the co-expression of IFN-�
ith CD107a/b, and TNF-� with Cd107a/b respectively. Interest-

ngly, the data demonstrated that a population of CD107a/b+CD8+
 (2010) 6666–6674 6673

T cells that did not produce IFN-� or TNF-� could be observed
(Fig. 6B). These data imply that measuring CD8+ T cell responses
by IFN-� production alone in previous studies may underestimate
the total responses and the variety of antigen-specific CD8+ T cells
in vivo.

Based on the production of IFN-� and the expression of
CD107a/b, we found that the greater frequencies of IFN-�+ and
CD107a/b+ peptide-specific CD8+ T cells localized in lungs which
were the major target site of SARS in humans, whereas secondly
in spleens. The frequency of peptide-specific CD8+ T cell in lymph
nodes was lower than that in spleens, which was at a low but
detectable level (Fig. 7). These data consist with the previous
reports, which indicated in hepatitis B virus mouse models at each
time point, the greatest frequency of specific CD8+ T cells was found
in the liver, although the spleen had the largest number of antigen-
specific CD8+ T cells [40]. Thus, it would be of value to determine
after immunization whether there is any phenotypic or functional
difference between antigen-specific memory CD8+ T cells in the
lymphoid and non-lymphoid tissue, as is the case during viral infec-
tion.

Besides, we investigated the phenotype of peptide-specific CD8+

T cells based on IFN-� production. CD45 expression is frequently
used to define memory T cells. CD45RB expression was decreased
on effector T cells compared to naive T cells, whereas most mem-
ory cells, like naive T cells, expressed a CD45RB high phenotype
[41]. In this study, the expression of CD45RB molecule was high
on the most of IFN-� producing CD8+ T cells. The presence of this
naive phenotype on CD8+ T cells after antigen exposure has already
been observed and could be explained by a re-expression after a
down-regulation during the effector phase [42,43]. CD62L, a sur-
face protein that mediates homing to lymphoid organs, is reversible
in vivo as already described [41,42]. In fact, TCM express relatively
high levels of CD62L and TEM express relatively low levels of this
molecule. We observed rather 84% of a population of IFN-�+CD8+

T cells with CD62Llow and 16% of central memory IFN-�+CD8+ T
cells with CD62Lhigh. These results are similar with the founding
by Meraldi V who demonstrated most of multimer+ CD8+ T cells
had intermediate phenotype CD44high, CD45RBhigh and CD62Llow

induced by polypeptide from plasmodium berghei, which might
be ready to be conscripted into the effector population during rein-
fection [43].

To conclude, it has been shown that HLA-A*0201 restricted
SARS S epitope-specific CD8+ T cells could protect body against
viral infection in Tg mice model. Such protection is mediated by
both cytolytic that represent by the expression of CD107a/b and
non-cytolytic mechanisms, the latter as a result of IFN-�, TNF-�
and IL-2 production by CD8+ T cells. The distribution of peptide-
specific CD8+ T cells which has memory T cell characteristics is
different in lymphoid tissues and non-lymphoid tissues. Taken
together, these data provided some novel information in cellular
immune responses of SARS S antigen-specific CD8+ T cells, which
were important in the development of vaccine against SARS-CoV
infection. Therefore, we have a hypothesis that SARS S DNA prime
and HLA-A*0201 restricted peptides boost vaccine may offer con-
siderable potential in humans, both for preventative vaccines and
for past exposure prophylaxis.
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