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IMMUNOBIOLOGY

Identification of an HLA-A*0201–restricted CD8� T-cell epitope SSp-1
of SARS-CoV spike protein
Baomei Wang, Huabiao Chen, Xiaodong Jiang, Minghui Zhang, Tao Wan, Nan Li, Xiangyang Zhou, Yanfeng Wu,
Feng Yang, Yizhi Yu, Xiaoning Wang, Ruifu Yang, and Xuetao Cao

A novel coronavirus, severe acute respira-
tory syndrome (SARS)–associated coro-
navirus (SARS-CoV), has been identified
as the causal agent of SARS. Spike (S)
protein is a major structural glycoprotein
of the SARS virus and a potential target
for SARS-specific cell-mediated immune
responses. A panel of S protein–derived
peptides was tested for their binding affin-
ity to HLA-A*0201 molecules. Peptides
with high affinity for HLA-A*0201 were
then assessed for their capacity to elicit
specific immune responses mediated by
cytotoxic T lymphocytes (CTLs) both in

vivo, in HLA-A2.1/Kb transgenic mice, and
in vitro, from peripheral blood lympho-
cytes (PBLs) sourced from healthy HLA-
A2.1� donors. SARS-CoV protein-derived
peptide-1 (SSp-1 RLNEVAKNL), induced
peptide-specific CTLs both in vivo (trans-
genic mice) and in vitro (human PBLs),
which specifically released interferon-�
(IFN-�) upon stimulation with SSp-1–pulsed
autologous dendritic cells (DCs) or T2 cells.
SSp-1–specific CTLs also lysed major histo-
compatibility complex (MHC)–matched tu-
mor cell lines engineered to express S
proteins. HLA-A*0201–SSp-1 tetramer

staining revealed the presence of signifi-
cant populations of SSp-1–specific CTLs
in SSp-1–induced CD8� T cells. We pro-
pose that the newly identified epitope
SSp-1 will help in the characterization of
virus control mechanisms and immunopa-
thology in SARS-CoV infection, and may
be relevant to the development of immu-
notherapeutic approaches for SARS.
(Blood. 2004;104:200-206)

© 2004 by The American Society of Hematology

Introduction

The first recorded outbreak of severe acute respiratory syndrome
(SARS) in late February 2003 has led to thousands of infected
patients and hundreds of deaths. The etiologic agent of the
syndrome, a novel coronavirus termed SARS-associated coronavi-
rus (SARS-CoV), has since been identified and isolated,1-4 and its
genome sequenced.5,6 SARS is characterized by high fever, rigor,
headache, nonproductive cough, or dyspnea and may progress to
generalized, interstitial infiltrates in the lung, requiring intubation
and mechanical ventilation.1,2,7-9 A common observation in patients
with SARS is pronounced lymphopenia.1,10,11 A notable drop in
CD4� and CD8� T lymphocyte counts occurs early in the course of
the disease and is associated with adverse outcomes.12 To date,
studies on SARS have generally been retrospective or limited to the
description of initial clinical, hematologic, radiologic, and micro-
biologic findings. Further studies to evaluate the mechanisms of
these manifestations may help us to better understand this disease.

Evidence suggests that CD8� cytotoxic T lymphocytes (CTLs)
play a pivotal role in both virus elimination and induction of
immunopathology in respiratory syncytial virus (RSV) infection,
following recognition of epitopes presented on target cells in the
context of major histocompatibility complex (MHC) class I.13-17

Similarly, CTLs may participate in the clearance of virus in

recovered SARS patients but also contribute to immunopathology
in early stages of the disease; the molecular mechanisms underly-
ing these CD8� CTL-mediated effects remain poorly defined.
HLA-A2 is the most common HLA-A allele in Asian populations,
particularly in the Chinese, with an estimated frequency of more
than 50%.18 As SARS affected many parts of Asia, and a
reservoir of infection may persist in these regions, the identifica-
tion of HLA-A*0201–restricted CTL epitopes of SARS-CoV
is an important contribution to future studies concerning the
role of CTLs in SARS-CoV pathogenesis and protection in
at-risk populations.

Here we have studied a panel of SARS-CoV spike protein
(SARS/S)–derived peptides to identify those with binding motifs
for HLA-A*0201 molecules. We evaluated the ability of HLA-
A*0201 binding peptides to provoke in vivo– and in vitro–specific
CTL responses in HLA-A2.1/Kb transgenic (Tg) mice and periph-
eral blood lymphocyte (PBL) preparations from MHC-matched
healthy donors, using dendritic cells (DCs) prepulsed with the
peptides. Our findings show that anti–SARS-CoV CTLs generated
from Tg mice and PBLs of healthy donors can elicit an antigen-
specific, HLA-A2.1–restricted response, effectively killing peptide-
pulsed T2 cells or HLA-A2.1� tumor cell lines endogenously
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expressing S protein. To the best of our knowledge, our study is the
first successful prospective identification of a novel HLA-A*0201–
restricted CD8� T-cell epitope from the SARS-CoV spike protein.

Materials and methods

Peptides

To identify potential HLA-A*0201 binding peptides within spike protein
(SARS/S) of the SARS-CoV BJ01 strain19 (GenBank accession number
AY278488), a computer-based program, accessed through the National
Institutes of Health BioInformatics and Molecular Analysis Section (BIMAS)
HLA Peptide Binding Predictions website (http://bimas.dcrt.nih.gov/molbio/
hla_bind/index.html), was used.20,21 Peptides with high estimated half-time
of dissociation (T1/2) were synthesized at GL Biochem (Shanghai, China)
and purified to more than 95% by reverse phase high-performance liquid
chromatography (HPLC), as confirmed by mass spectrometry. As a positive
control for HLA-A*0201 binding ability, the HLA-A2.1–restricted carcino-
embryonic antigen peptide-1 (CAP-1, YLSGANLNL) was used.22 The
ovalbumin (OVA)–derived H-2b–restricted peptide OVA257-264 (SIINFKEL)
was used as a negative control. Lyophilized peptides were dissolved in
phosphate-buffered saline (PBS) at a concentration of 2 mg/mL and stored
in aliquots at �80°C.

Animals and cell lines

HLA-A2.1/Kb transgenic (Tg) mice23 were purchased from The Jackson
Laboratory (Bar Harbor, ME). Mice were bred and maintained in
specific pathogen-free facilities. For experimental purposes, mice were
used at 6 to 8 weeks of age. Cell surface HLA-A*0201 expression was
assessed by flow cytometry using fluorescein isothiocyanate (FITC)–
labeled HLA-A2–specific monoclonal antibody (mAb) BB7.2 (Serotec,
Oxford, United Kingdom).

Human transporter associated with antigen processing (TAP)–deficient
T2, embryonic kidney 293, colorectal carcinoma SW480 (HLA-A2.1�),
and HT29 (HLA-A2.1�) cell lines were obtained from the American Type
Culture Collection (ATCC, Manassas, VA) and maintained in culture
according to the supplier’s specifications.

Peptide binding assay

To determine whether synthetic peptides could bind to HLA-A*0201
molecules, peptide-induced HLA-A*0201 up-regulation on T2 cells was
examined according to a protocol described previously.24,25 Briefly, T2 cells
were incubated with 50 �M candidate peptides and 3 �g/mL human
�2-microglobulin (Sigma, St Louis, MO) in serum-free Iscoves modified
Dulbecco medium for 18 hours at 37°C in a 5% CO2 atmosphere.
Expression of HLA-A*0201 on T2 cells was then determined by staining
with FITC-conjugated anti–HLA-A2 mAb BB7.2 and data were analyzed
using a FACSCalibur flow cytometer (Becton Dickinson, Mountain View,
CA) and CellQuest software (Becton Dickinson). The fluorescence index
(FI) was calculated as follows: FI � (mean FITC fluorescence with the
given peptide � mean FITC fluorescence without peptide)/(mean FITC
fluorescence without peptide). Peptides with FI more than 1 were regarded
as high-affinity epitopes.

Recombinant adenovirus preparation and infection

The open reading frame (ORF) of SARS/S cDNA was amplified by
polymerase chain reaction (PCR) using forward (5�-GCCTCGAGACCAT-
GTTTATTTTCTTATTATTTCTTACTCTCACTAGTGGTAGTGACCT-
3�) and reverse (5�-TTTATGTGTAATGTAATTTGACACCCTT-3�) prim-
ers from a plasmid containing the SARS/S cDNA sequence obtained from
SARS-CoV BJ01 strain.19 The PCR product was digested by XhoI and
inserted into pShuttle-CMV vector (Stratagene, La Jolla, CA). After
confirmation by DNA sequencing, the linearized shuttle vector was
cotransformed into Escherichia coli strain BJ5183 together with pAdEasy-1,
the supercoiled viral DNA plasmid (Stratagene). The recombinant adenovi-

rus plasmid DNA containing SARS/S or �-galactosidase (�-gal) ORF was
designated as pAd-SARS/S or pAd-LacZ, respectively. Recombinant
adenoviruses were propagated in 293 cells, the titers of which were
determined by plaque assay on 293 cells as previously described by us.26

For infection, SW480 (HLA-A2.1�) and HT29 (HLA-A2.1�) cells were
incubated with pAd-LacZ or pAd-SARS/S at a multiplicity of infection
(MOI) of 50:1 for 24 hours at 37°C in a 5% CO2 atmosphere and then
washed twice with complete RPMI 1640 medium. Under these conditions,
more than 90% of incubated target cells were infected with the recombinant
adenoviruses as detected by �-gal staining, and SARS/S expression was
confirmed by reverse transcriptase (RT)–PCR and Western blot using
antibody to SARS/S (IMGENEX, San Diego, CA).

Generation of CTLs in HLA-A2.1/Kb transgenic mice

HLA-A2.1 transgenic mice are a well-established model for the study of
HLA-A2.1–restricted CTL epitopes and vaccine development.25,27-34 In this
study, bone marrow–derived DCs were generated from transgenic mice as
previously described by us.35 On day 7, DCs were harvested and washed.
For induction of peptide-specific CTLs, DCs were pulsed with 20 �g/mL
peptides in the presence of 3 �g/mL �2-microglobulin. After incubation at
37°C for 3 hours, cells were washed 3 times in PBS and resuspended in PBS
for injections. HLA-A2.1/Kb transgenic mice were immunized intraperito-
neally with 1 � 106 DCs/mouse weekly, for 3 weeks. At 7 days after the last
immunization, splenic single-cell suspensions from primed mouse spleens
were cultured in 6-well plates at a density of 1 � 107 cells/well, in the
presence of 1 � 106 10 �g/mL peptide-loaded irradiated syngeneic DCs.
On day 6 of culture, induced cells were harvested and tested by enzyme-
linked immunospot (ELISPOT), cytotoxicity, and tetramer staining assays.

Generation of CTLs in healthy donors

Dendritic cells are characterized by the unique capacity to activate naive T
cells and initiate primary T-cell response.36-38 Antigen-specific T-cell
responses from peripheral blood mononuclear cells (PBMCs) can be
elicited with antigenic peptide- or protein-pulsed autologous DCs.25,39-43

Here, PBMCs were isolated from whole blood of 11 healthy HLA-A2.1�

volunteer donors by Ficoll/Hypaque (Sigma) density gradient centrifuga-
tion. Human peripheral blood monocyte-derived DCs were generated as
previously described by us.44 On day 5 of culture, 10 ng/mL recombinant
human tumor necrosis factor � (TNF-�; Peprotech, Rocky Hill, NJ) was
added to the medium to induce phenotypic and functional maturation. Then,
48 hours later, DCs were pulsed with 20 �g/mL peptide in the presence of 3
�g/mL �2-microglobulin at 37°C for 3 hours and irradiated at 30 Gy before
use. Peripheral blood lymphocytes (PBLs, 2 � 106) were cocultured with
2 � 105 peptide-pulsed irradiated autologous DCs in a 24-well plate in the
presence of 10 ng/mL recombinant human interleukin-7 (IL-7; Peprotech).
The next day, recombinant human IL-10 (Peprotech) was added to the
culture medium, to give a final concentration of 10 ng/mL. After 7 days,
lymphocytes were restimulated with peptide-pulsed irradiated autologous
DCs in medium containing 10 ng/mL IL-7 and 10 ng/mL IL-10, and then
supplemented with 20 IU/mL IL-2 (Sigma) 24 hours later. Lymphocytes
were restimulated each week in the same manner. At 7 days after the fourth
round of restimulation, cells were harvested and tested by ELISPOT assay,
cytotoxicity assay, and tetramer staining. For ELISPOT assay and cytotox-
icity assays, CD8� T lymphocytes were purified by CD4� cell–negative
depletion using human CD4 microbeads (Miltenyi Biotec, Bergisch Glad-
bach, Germany).

Cytotoxicity assay

Cultured CTLs were tested for cytotoxicity in a standard 4-hour 51Cr release
assay.45,46 T2 cells were loaded with 20 �g/mL peptide at 37°C for 1 hour.
Peptide-pulsed T2 cells and SARS/S-expressing tumor cell lines were
labeled with 51Cr sodium chromate (100 �Ci/106 [3.7 MBq/106] cells) for
90 minutes at 37°C. 51Cr-labeled target cells were washed 3 times and
mixed with graded doses of effectors in 96-well round-bottom tissue culture
plates. After incubation at 37°C for 4 hours, a total of 100 �L supernatant
was collected from each well and radioactivity was counted with a gamma
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counter. Each assay was performed in triplicate. Percent specific lysis was
determined according to the following formula: percent specific
lysis � [(mean experimental cpm � mean spontaneous cpm)/(mean maxi-
mum cpm � mean spontaneous cpm)] � 100%. Spontaneous and maxi-
mum release were determined by incubating the labeled targets with
medium alone and 2% Triton X-100, respectively. Spontaneous release was
always less than 15% of maximum release. The standard deviation (SD) of
triplicate wells was less than 15%.

ELISPOT assay

ELISPOT assays were performed using a commercially available kit (R&D
Systems, Minneapolis, MN). pAd-SARS/S–transfected tumor cell lines, or
peptide-pulsed DCs and T2 cells were used as stimulator cells. Effector
cells (1 � 105) and stimulator cells (1 � 105) were seeded into 96-well
polyvinylidene fluoride (PVDF)–backed microplates coated with monoclo-
nal antibody specific for mouse or human interferon 	 (IFN-	). After
incubation at 37°C for 16 hours, cells were removed and plates processed
according to the manufacturer’s instructions. Resulting spots were counted
with a stereomicroscope (Carl Zeiss, Thornwood, NY) under magnifica-
tions of � 20 to � 40. Only brown colored spots with fuzzy borders were
scored as spot-forming cells (SFCs). The data in the figures refer to the
mean of triplicate assays. SDs were generally within 10% of the mean.

Tetramer production and staining

Tetrameric HLA-A*0201 peptide complexes (tetramers) were constructed
as previously described by us.26 Briefly, DNA encoding the 14–amino acid
residues recognized by the biotinylation enzyme Bir A was inserted to the
COOH terminus of the extracellular region of HLA-A*0201 heavy chain
and the entire construct cloned into pET 21d plasmid (Novagen, Madison,
WI) as an NheI/BamHI fragment. Recombinant HLA-A*0201 heavy chain
containing the Bir A site and human �2-microglobulin was refolded in vitro
together with the peptides corresponding to SARS-CoV protein-derived
peptide-1 (SSp-1, RLNEVAKNL) or CAP-1 (YLSGANLNL). The HLA-
A*0201 peptide–�2-microglobulin complexes were then purified through a
Sephacryl S-200 column (Amersham Pharmacia Biotech, Piscataway, NJ)
and biotinylated using Bir A enzyme (Avidity, Boulder, CO). The biotinyl-
ated complexes were further purified by gel filtration, and tetramerization
was accomplished by mixing biotinylated HLA-A*0201 peptide–�2-
microglobulin and phycoerythrin (PE)–conjugated streptavidin (Biosource,
Camarillo, CA) at a molar ratio of 4:1. Peptide-induced lymphocyte
cultures were first incubated with PE-conjugated tetramers for one hour at
37°C, and then FITC-labeled antihuman/mouse CD8 mAb (PharMingen,
San Diego, CA) was added and cells were incubated for an additional 30
minutes at 4°C. After washing with PBS, stained cells were fixed with 0.5%
paraformaldehyde and analyzed by flow cytometry.24,27,47-49

Results

Selection of potential HLA-A2.1 binding peptides
from SARS-CoV spike protein

Based on computer software predictions, the 20 candidate nonameric
peptides with the highest estimated half-time of dissociation from
HLA-A*0201 were selected and synthesized (Table 1). To evaluate
the binding affinity of these peptides to HLA-A*0201 molecules,
we used a T2 cell–peptide binding test. This assay measures the
increase of HLA-A*0201 molecules induced on T2 cells following
exposure to exogenous HLA-A*0201 binding peptides, with
high-affinity peptides inducing HLA-A*0201 up-regulation more
strongly than low-affinity peptides.

Of the 20 candidate peptides, only no. 5 and no. 13 were
high-affinity epitopes (FI � 1.1 and 1.7, respectively); all other
peptides were of low affinity (FI � 1; Table 1). The positive control
CAP-1 bound HLA-A*0201 strongly (FI � 1.9), whereas no
binding was associated with the negative control (FI � 0.1).

In vivo induction of peptide-specific CD8� CTLs in HLA-A2.1/Kb

transgenic mice

To determine the in vivo immunogenic potential of peptides, we
immunized HLA-A2.1/Kb transgenic mice with syngeneic DCs loaded
with these high-affinity peptides. After 3 rounds of weekly in vivo
stimulation, splenocytes from primed mice were restimulated in vitro for
an additional 6 days and tested for IFN-	 production and CTL reactivity.
T2 cells were pulsed with various concentrations (1-100 �g/mL) of
either peptide no. 5 or peptide no. 13 and used as stimulators in
ELISPOT and targets in cytotoxicity assays. No specific reactivity could
be detected in cell lines generated from Tg mice immunized with
peptide no. 5 upon incubation with T2 cells loaded with any concentra-
tion of peptide no. 5 in the ELISPOT assay or at any effector-target ratio
in the CTL assay (data not shown). Peptide no. 5 was thus excluded
from further study. Bulk CTLs from Tg mice responding to peptide no.
13 (referred to as SSp-1) showed strong IFN-	 production, indicative of
CTL reactivity, to T2 cells loaded with SSp-1 in a dose-dependent
fashion but not to T2 cells alone or those loaded with the irrelevant
peptide CAP-1 (Figure 1A). CTLs from SSp-1–immunized mice
efficiently lysed SSp-1–pulsed T2 target cells but did not lyse T2
cells alone or CAP-1–pulsed T2 cells at any effector-target ratio
(Figure 1B). These results indicated that IFN-	 production and
cytotoxicity of induced CTLs was SSp-1 peptide specific.

In vitro generation of peptide-specific CD8� CTLs from healthy
human donor PBLs

To investigate the capacity of SSp-1 to mobilize a human CTL
repertoire, SSp-1–specific CTLs were generated by in vitro sensiti-
zation of healthy HLA-A2.1� donor PBLs with autologous DCs
prepulsed with SSp-1. In more than 60% (7/11) of healthy
HLA-A2.1� individuals tested, SSp-1–specific CD8� T cells were
generated. To determine the antigen specificity of in vitro–induced

Table 1. T2-HLA-A*0201 binding affinity of SARS-Spike
protein-derived peptides

Rank Start position Sequence Score* FI†

1 1042 VVFLHVTYV 484.238 0.5

2 982 RLQSLQTYV 382.536 0.3

3 958 VLNDILSRL 342.461 0.6

4 897 VLYENQKQI 232.693 0.4

5 1174 NLNESLIDL 201.447 1.1

6 734 LLLQYGSFC 171.868 0.4

7 411 KLPDDFMGC 135.453 0.4

8 787 ILPDPLKPT 119.463 0.3

9 151 MIFDNAFNC 102.176 0.4

10 2 FIFLLFLTL 94.987 �0.1

11 596 VLYQDVNCT 93.239 0.4

12 1096 IITTDNTFV 89.418 0.3

13 1167 RLNEVAKNL 87.586 1.7

14 846 LLTDDMIAA 79.642 0.4

15 735 LLQYGSFCT 73.477 0.2

16 1214 ILLCCMTSC 71.872 0.3

17 803 LLFNKVTLA 71.872 0.3

18 106 TMNNKSQSV 50.232 0.2

19 940 ALNTLVKQL 49.134 0.3

20 131 ELCDNPFFA 48.732 0.4

*Estimated half-time of dissociation (T1/2) of HLA-A*0201 peptide complexes
calculated using the website http://bimas.dcrt.nih.gov/molbio/hla_bind/index.html.

†Increase of HLA-A*0201 molecules on T2 cells. FI � (mean FITC fluorescence
with the given peptide-mean FITC fluorescence without peptide)/(mean FITC
fluorescence without peptide). FI more than 1 indicates high-affinity peptides; FI of 1
or less, low-affinity peptides. Positive control peptide CAP-1 (YLSGANLNL) and
negative control peptide OVA257-264 (SIINFKEL) had FI 1.9 and 0.1, respectively.
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CTLs, T2 cells and autologous DCs were pulsed with SSp-1 and
used as stimulators and/or targets in ELISPOT and cytotoxicity
assays. Human CTLs produced IFN-	 in response to SSp-1 in a
concentration-dependent manner, but not to the irrelevant peptide
CAP-1 (Figure 2A-B). In vitro–generated effectors lysed T2 cells
pulsed with SSp-1 but did not lyse target cells alone or CAP-1–
pulsed T2 cells (Figure 2C).

Recognition of SSp-1 as a naturally processed peptide

To further address whether the immunogenic epitope SSp-1 is
naturally processed and presented, CTLs generated by in vitro
sensitization of healthy donor PBLs were tested for the capacity to
recognize HLA-A2.1� tumor cell line SW480 cells genetically
modified to endogenously express SARS/S. CTLs were capable of
killing pAd-SARS/S–transfected HLA-A2.1� SW480 cells that
expressed both HLA-A*0201 molecules and SARS-S. However,
no lysis of pAd-LacZ–transduced SW480 cells (HLA-A2.1�,
SARS-S�), pAd-SARS/S–transduced HT29 cells (HLA-A2.1�,
SARS-S�), or pAd-LacZ–transduced HT29 cells (HLA-A2.1�,
SARS-S�) was observed (Figure 3A). These results indicate that
SSp-1 is not only naturally processed but is also an HLA-A2.1–
restricted CTL epitope. This was further confirmed by measuring
IFN-	 secretion of T cells following contact with SARS/S-
expressing SW480 cells. CTLs produced IFN-	 in response to
pAd-SARS/S–transduced SW480 cells, but pAd-SARS/S–trans-
duced HT29 cells and pAd-LacZ–transduced SW480 and HT29
cells did not induce IFN-	 secretion (Figure 3B).

Taken together, these results indicate that the SARS/S-derived
peptide, SSp-1 (RLNEVAKNL), is not only able to induce specific
CTL responses in HLA-A2.1/Kb transgenic mice but can also
mobilize a specific CTL repertoire in PBLs from healthy HLA-
A2.1� human donors. Moreover, SSp-1 is a naturally processed

immunogenic peptide and is recognized by CTLs in an antigen-
specific and HLA-A*0201–restricted manner.

Frequencies of SSp-1–specific CD8� T cells determined
by tetramer staining

To visualize and enumerate SSp-1–specific CD8� T cells from among
lymphocytes induced either in vitro from healthy donor PBLs or in vivo
in Tg mice, we constructed phycoerythrin (PE)–labeled HLA-A*0201
peptide tetramers containing the nonameric peptide SSp-1. These
tetramers were designed to specifically bind to SSp-1–reactive T-cell
clones but not unreactive clones. Virtually no specific tetramer staining
could be detected in splenocyte preparations from unimmunized Tg
mice or among unstimulated frozen PBLs from healthy HLA-A2.1�

donors (data not shown). As a negative control, HLA-A*0201 tetramers
containing the peptide CAP-1 were prepared. Cells were simultaneously
labeled with FITC-conjugated anti-CD8 mAb to distinguish CD8� T
cells. The frequency of SSp-1–specific CD8� T cells present following
in vitro stimulation of healthy HLA-A2.1� donor PBLs with SSp-1–
loaded DCs was 0.50% by HLA-A*0201–SSp-1 tetramer staining, with
only 0.01% labeled by HLA-A*0201–CAP-1 tetramers (Figure 4A-B).
SSp-1–specific CD8� T cells arising in Tg mice immunized with
SSp-1–pulsed DCs made up 8.50% of the total number of CD8� T cells
by HLA-A*0201–SSp-1 tetramer staining, with only 0.01% labeled by
HLA-A*0201–CAP-1 tetramers (Figure 4C-D).

Discussion

In this study, we identify a SARS-CoV spike protein–derived
epitope, SSp-1 (RLNEVAKNL), with high affinity for HLA-
A*0201 molecules, designed using computer algorithms and
verified via MHC peptide binding assay. The peptide is further

Figure 1. Immunogenicity of SARS-S–derived peptide SSp-1 in
HLA-A2.1/Kb transgenic mice. IFN-	 release by bulk CTLs from
immunized mice was detected by ELISPOT assay (A) and lytic activity
was tested using a standard 4-hour chromium release assay (B). (A)
Bulk CTLs from SSp-1–immunized mice released IFN-	 in response
to T2 cells pulsed with SSp-1 (T2/SSp-1) in a dose-dependent
manner, but not those with irrelevant peptide CAP-1 (T2/CAP-1) or T2
cells alone. (B) Bulk CTLs from SSp-1–immunized mice lysed T2 cells
loaded with SSp-1, but not T2 cells pulsed with the irrelevant peptide
CAP-1 or T2 cells alone. Data represent means 
 SD.

Figure 2. Specific reactivity of human CTLs induced by SSP-1–loaded DCs in vitro. SSp-1–specific CTLs were generated from the PBMCs of 7 of 11 HLA-A2.1� healthy
donors through 4 sequential rounds of stimulation with SSp-1–pulsed DCs. Resulting CTLs were tested for IFN-	 release (A-B) and SSp-1–specific lysis (C) using an ELISPOT
assay and a standard 4-hour chromium release assay. Autologous DCs (A) and T2 cells (B) were pulsed with indicated concentrations of SSp-1 (DC/SSp-1, T2/SSp-1) or
irrelevant peptide CAP-1 (DC/CAP-1, T2/CAP-1), and then used as stimulators in an IFN-	 release assay. (C) CTLs lysed T2 cells loaded with SSp-1, but not T2 cells loaded
with the irrelevant peptide CAP-1 or T2 cells alone. Results are representative of 3 independent experiments. Data represent means 
 SD.
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characterized by being immunogenic in vivo in HLA-A2.1/Kb

transgenic mice, inducing in vitro–specific CTL responses from
HLA-A*0201–matched healthy donor PBLs and being endog-
enously processed and presented in the context of HLA-A*0201
molecules on the surface of cell lines. CTLs generated in response
to SSp-1 immunization and/or stimulation secrete IFN-	 and kill
target cells in a peptide-specific and HLA-A*0201–restricted
manner. MHC-peptide tetramer staining not only permitted the
visualization of SSp-1–specific CD8� T cell frequency in induced
T-cell lines but also further confirmed strong binding of HLA-
A*0201/SSp-1 tetramers with T-cell receptors (TCRs). Another
candidate peptide, no. 5, failed to induce significant peptide-
specific CTLs in Tg mice, despite its high binding affinity for
HLA-A*0201, indicating the need for peptides predicted by
computer algorithms to be biofunctionally validated. Peptide-MHC
tetramers should be able to bind more than one TCR on a specific T
cell, and thus have correspondingly slower dissociation rates. CD8
binding significantly enhances the avidity as well as the stability of
interactions between TCR and cognate tetramers.50,51 It is notable
that human HLA-A2/peptide tetramers can detect high-affinity
TCR only on murine CTLs27,52,53 since murine CD8 does not bind
human HLA-A2 molecules and therefore cytotoxicity assays would
be more sensitive than HLA-A2–restricted tetramer binding for
murine CTLs in the HLA-A2 transgenic mice.

Spike protein is a major structural glycoprotein of coronavi-
ruses. The mature spike protein is inserted into the viral envelope,
with most of the protein exposed on the surface of viral particles.
Spike protein molecules associate in groups of 3 to form the
characteristic corona-like structures of this virus family.6 In some
coronaviruses, the spike protein has been identified as the protein
responsible for both entry of the virus into susceptible cells and
also for eliciting neutralizing antibody from the host.54-57 In this
study, an endogenously processed and presented peptide derived

from the SARS-CoV spike protein could induce significant CTL
responses in PBLs from healthy human donors, suggesting that
CTL precursor populations against SARS/S exist within the T-cell
repertoire of healthy individuals. CTL reactivity is postulated to be
important in control of virus replication and in pathogenesis of
SARS, but the exact mechanisms remain unclear.

In addition to CTL-mediated immunopathology, host genes that
affect the viral receptor, virus production, and immune responses to
infection can determine the outcome of coronavirus infections.58

The death of some SARS patients may have resulted from host
factors that exacerbated the disease and enhanced antibody produc-
tion.1,2,11,13 Pronounced macrophage infiltration was observed in
the alveoli and the interstitium of the lung tissues obtained from the
autopsy of SARS patients.2,9 Proinflammatory cytokines released
by sensitized macrophages in the alveoli may play a prominent role
in the pathogenesis of SARS, resulting in cytokine dysregulation.

Clinical tests show that a notable drop in CD4� and CD8�

T-lymphocyte counts occurs early in the course of the syn-
drome.1,10,11 Probable explanations for this rapid decline in periph-
eral blood T-cell numbers in SARS patients include: (1) The SARS
virus infects T cells and damages them directly. (2) SARS-CoV
infection of pulmonary tissues causes cells present in these tissues,
such as epithelia cells, pneumocytes, matrix cells, and infiltrating
antigen-presenting cells (APCs), to release certain cytokines or
chemokines that attract T cells into the lungs, leading to an
observed decrease in T-cell frequency in the peripheral blood. (3)
As with any critical illness, SARS is accompanied by the activation
of the hypothalamic-pituitary-adrenal axis, resulting in increased
levels of adrenocorticotropic hormone (ACTH) and cortisol, aimed
at maintaining the integrity of the vasculature and modulating the
actions of proinflammatory and anti-inflammatory cytokines.59

Both glucocorticoids and stimulation of the hypothalamic-pituitary-
adrenal axis lead to lymphocyte margination,10 the initial step
involved in lymphocyte migration out of circulating blood; SARS
patients not exhibiting lymphopenia may have adrenal insuffi-
ciency. Glucocorticoids administered to treat SARS may thus
induce, or exacerbate, T-lymphocyte movement out of the intravas-
cular compartment. However, treatment with glucocorticoid drugs
does not account for lymphopenia in all patients, and certainly not
for lymphopenia observed at the initial presentation. (4) Our results
show the existence of functional anti–S protein CTL precursors

Figure 4. Frequency of SSp-1–specific CD8� T cells. SSp-1–specific CD8� T-cell
frequency among DC-induced human CTLs against SSp-1 (A-B) and splenocytes
derived from immunized mice and restimulated for 6 days in vitro (C-D). Tetramer-
binding CD8� T cells are shown in the upper-right quadrant and are labeled with the
percentage of total CD8� T cells. SSp-1–specific CTLs generated from human PBLs
were stained with control HLA-A*0201/CAP-1 tetramers (A) and HLA-A*0201/SSp-1
tetramers (B). Results are representative of 3 independent experiments. Splenocytes
from Tg mice immunized with SSp-1–pulsed DCs were stained with control HLA-
A*0201/CAP-1 tetramers (C) and HLA-A*0201/SSp-1 tetramers (D).

Figure 3. Identification of SSp-1 as a naturally processed and presented
HLA-A2.1–restricted epitope. DC-induced human CTLs against SSp-1 were tested
for specific lytic activity (A) and IFN-	 release (B) in response to genetically modified
cell lines. (A) CTLs lysed pAd-SARS/S–transduced HLA-A2.1� SW480 cells (SW480/
SARS/S) but did not lyse pAd-SARS/S–transduced HLA-A2.1� HT29 cells (HT29/
SARS/S) or pAd-LacZ–transduced SW480 (SW480/LacZ) and HT29 cells (HT29/
LacZ). (B) CTLs elicited strong IFN-	 production in response to pAd-SARS/S–
transduced SW480 cells, but only very low levels were elicited by pAd-SARS/S–
transduced HT29 cells or pAd-LacZ–transduced cell lines. Results are representative
of 3 independent experiments. Data represent means 
 SD.
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within the peripheral T-cell repertoire of healthy human donors.
The SARS virus or its components may thus act as an antigen or
superantigen and polyclonally activate T cells, leading to activation-
induced cell death (AICD). Peptide- or antigen-loaded DC numbers
decline as functional effector CTLs appear,60-62 which may in turn
have a negative effect on the persistence of functional effector
CTLs. (5) Apoptosis may also contribute to SARS-associated
lymphopenia.63 Respiratory syncytial virus (RSV) disease, measles,
and sepsis show parallels to SARS, in that they also cause
lymphopenia. In SARS, apoptotic cells, including pneumocytes,
lymphocytes, and monocytes, and CD68� monocytes are observed
in abundance in the lung, spleen, and lymph nodes at postmortem
examination.64 In models of sepsis, inhibitors of apoptosis amelio-
rate illness and prevent death,65 pointing to important therapeutic
implications for patients with SARS. Interestingly, the mean
B-lymphocyte count remains stable in the peripheral blood of
SARS patients,8,12 with 100% of patients exhibiting antibody
responses to SARS-CoV, with typical IgM and IgG profiles, during
the convalescent phase.58,66

In pulmonary reovirus infection in athymic mice, a lower
plaque-forming value of 106 is associated with pathologic changes
consistent with bronchiolitis obliterans with organizing pneumo-
nia, whereas a higher inoculum of 107 is associated with develop-
ment of the more serious acute respiratory distress syndrome
(ARDS).67 To lessen the risk of progression to ARDS, an effective
antiviral strategy to reduce the viral load may be important;
decreasing the initial cytolytic damage and viral load at the onset
may in turn result in decreased immunopathologic damage.8 Thus,

we must seek to maintain a fine balance between CTL-induced
immune protection and pathology in the treatment of SARS
disease. The HLA-A*0201–SSp-1 tetramers we constructed may
be useful for monitoring the fluctuation of SSp-1–specific CD8�

T-cell numbers, and by extrapolation, SARS-specific CD8� T-cell
numbers as a whole, in the peripheral blood of SARS patients
during clinical or therapeutic treatments, providing an additional
indicator for treatment efficacy and short/long-term prognosis.

In conclusion, our study has identified a novel HLA-A*0201–
restricted, immunogenic CD8� T-cell epitope of the SARS-CoV
spike protein, SSp-1. We propose that, as a representative CTL
antigen, SSp-1 could be used for evaluation of SARS-CoV–
specific CD8� T-cell responses during the course of SARS
infection and treatment. Furthermore, this newly identified epitope
should help in the characterization of mechanisms of virus control
and immunopathology in SARS-CoV infection, and may be
relevant to the development of immunotherapeutic approaches for
this sometimes lethal respiratory disease.
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