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Background. Severe acute respiratory syndrome coronavirus (SARS-CoV), which emerged with highly con-
tagious and life-threatening characteristics in 2002, remains a potential risk for future outbreaks. Membrane (M)
and envelope (E) proteins are major structural proteins of the SARS-CoV. The M protein has been determined
as a protective antigen in humoral responses. However, its potential roles in stimulating cellular immunity remain
elusive.

Methods. In this study, a panel of peptides derived from M and E proteins were tested by in vitro refolding,
T2 cell-binding assays, and responses stimulated by cytotoxic T-lymphocyte (CTL) epitopes in HLA-A2.1/Kb

transgenic mice and human peripheral blood mononuclear cells (PBMCs).
Results. A nonameric epitope Mn2 and a decameric epitope Md3 derived from the M protein were identified

and used for the evaluation of M protein–specific immunity. Responses stimulated by M protein–specific CTL
epitopes have been found in the PBMCs of donors who had recovered from SARS infection. Additionally, the
transmembrane domain of the M protein may contain a T cell epitope cluster revealed by the immunogenic and
structural analysis of a panel of truncated peptides overlapping with Mn2 and Md3.

Conclusions. The M protein of SARS-CoV holds dominant cellular immunogenicity. This, together with
previous reports of a strong humoral response against the M protein, may help to further explain the immuno-
genicity of SARS and serves as potential targets for SARS-CoV vaccine design.

Severe acute respiratory syndrome (SARS) emerged in

Foshan City, Guangdong Province, China, in November

2002 [1–3] and caused tremendous impact on the world
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health systems and economies because of its high trans-

missibility, rapid deteriorating process, and poor prog-

nosis [4–10]. The etiological agent of SARS was iden-
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tified as a new member of human coronavirus (family Coronaviri-

dae) named SARS-associated coronavirus (SARS-CoV) [2, 3]. It

has been proven that SARS-CoV may be an interspecies-trans-

missible virus [11–13]. However, the true scenario of the cross-

species transmission, virus adaptation to humans, and sudden

disappearance remains mysterious because current data are lim-

ited to genetic sequence and serology [14, 15]. This indicates

that SARS-CoV is still a potential reemerging pathogen and a

good experimental model system for research.

SARS-CoV causes by far the most severe disease among all

human coronaviruses, a so-called cytokine storm characterized

by serious lung injury (acute respiratory distress syndrome

[ARDS]) [16, 17]. It is believed that the severe clinical outcome

is due to the overreaction of the human immune system because

the virus is relatively “new” to the host, evidenced by the pos-

itive effect of corticosteroid treatment of infected patients [8].

Immune protection against SARS-CoV infection is convinc-

ingly confirmed by some experimental data [18–21], although

the pros and cons of the host immune response contributing

to the pathogenicity are controversial [16, 22, 23]. It is believed

that humoral immunity plays an important role in host im-

mune protection [18, 19], but host cellular immunity for pro-

tection against SARS-CoV infection is also recognized [20, 21].

The immune response of cytotoxic T lymphocytes (CTLs) is

the major specific defense against viral invasion, and a series

of studies have demonstrated that human memory T cell re-

sponses to SARS-CoV persists for months to years in the ab-

sence of antigen [21, 24–27]. Thus, immunological monitoring

of T cell immunity against SARS-CoV infection is crucial to

evaluate the functions of CTLs in viral clearance and their status

in immunopathogenesis.

The antigenicity of specific proteins within a viral proteome

differs depending on the diversity of quantity and immunogenic

antigenicity of the immune epitopes comprised in the proteins.

It has been demonstrated that structural proteins of SARS-CoV

such as spike (S), nucleocapsid (N), membrane (M), and en-

velope (E) proteins possess much higher immunogenicity for

T cell responses than the nonstructural proteins [20]. It has

been shown that the S and N proteins are characterized by high

immunogenicity to engage the humoral and cellular response

to SARS-CoV [19, 28]. The M and E proteins are the other 2

significant structural proteins anchoring on the envelope mem-

brane surface of the SARS-CoV particles. The M protein is a

typical transmembrane glycoprotein composed of a triple-

membrane domain spanning 80 amino acids that account for

about one-third of the entire protein (221 residues in total)

[29]. Acting as the most abundant structural protein in the

virion of SARS-CoV [29], M also plays a significant role in

virus-specific humoral response and is able to elicit efficient

neutralizing antibodies in SARS patients [30]. The E protein is

a small integral membrane polypeptide that forms an ion chan-

nel [31]. Either the absence or inactivation of the E protein

results in attenuated virulence because of the alterations in

virion morphology or tropism [32, 33].

We previously reported an efficient strategy of screening

HLA-A*0201 restricted CTL epitopes, which led to the iden-

tification of an immunodominant epitope from the S protein

restricted by HLA-A*0201 [34]. Following the same strategy,

in the present study we identified a CTL-related epitope clus-

tering region containing 2 CTL epitopes restricted by HLA-

A*0201 in the transmembrane domain of the M protein. The

2 epitopes have been further functionally and structurally char-

acterized. We also found a strong response by both enzyme-

linked immunospot (ELISPOT) assay and human leukocyte

antigen (HLA) tetramer staining in peripheral blood mono-

nuclear cells (PBMCs) obtained from patients who had recov-

ered from SARS-CoV infection. We conclude that the SARS-

CoV M protein acts as a dominant immunogen for both the

humoral response (from previous reported data) and cellular

immune response.

MATERIALS AND METHODS

Prediction and synthesis of candidate peptides. The potential

nonamer and decamer peptides in the M and E proteins of

SARS-CoV (strain TJF; GenBank accession no. AY654624) were

predicted by estimating the half-life of disassociation from the

HLA-A*0201 molecule through BIMAS online analysis software

[35]. Fourteen peptides with high scores were synthesized and

purified with a purity of ∼90% (Table 1). HLA-A*0201–re-

stricted epitope of influenza A matrix peptide p58–66 (Flu,

GILGFVFTL) [36] and SARS-CoV S protein–derived peptide

P15 (KLPDDFMGCV) [34] served as the positive control. The

negative control was performed by simian immunodeficiency

virus Mamu-A*01-restricted peptide CM9 (CTPYDINQM)

[37]. These peptides were dissolved in dimethyl sulfoxide af-

ter synthesis and stored in aliquots at �80�C in a lyophilized

environment.

In vitro refolding of the synthesized peptides with HLA-

A*0201 heavy chain and microglobulin. HLA-A*0201b2

heavy chain and microglobulin were overexpressed as re-b2

combinant proteins in Escherichia coli and subsequently re-

folded in vitro and assembled in the presence of a high con-

centration of specific peptides as described elsewhere [38]. The

refolded protein was concentrated and analyzed by Superdex

200 10/300 GL gel-filtration chromatography (Amersham Phar-

macia Biotech). The fractionated samples were collected and

analyzed with sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis to check the refolding efficiency.

Stabilization assay of HLA-A*0201 in T2 cells incubated

with synthetic peptides. To further determine the binding

capability of synthetic peptides to HLA-A*0201 molecules pres-

ent on the cell surface, the T2 cell-binding assay was performed
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Table 1. Predicted and Synthesized HLA-A*0201-Restricted Peptide Epitopes in
Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) Membrane (M) and
Envelope (E) Proteins

Source protein, name
Start

position
Subsequence
residue listing Scorea FIb

SARS-CoV membrane protein
Mn1 14 QLLEQWNLV 1793.677 1.02
Mn2 88 GLMWLSYFV 1415.383 1.38
Mn3 25 FLFLAWIML 618.100 0.24
Mn4 20 NLVIGFLFL 223.237 0.01
Md1 44 FLYIIKLVFL 3977.850 0.48
Md2 52 FLWLLWPVTL 815.616 1.21
Md3 60 TLACFVLAAV 159.970 1.54

SARS-CoV envelope protein
En1 20 FLAFVVFLL 1310.882 0.35
En2 16 SVLLFLAFV 1082.414 0.12
En3 17 VLLFLAFVV 1040.332 0.35
En4 50 SLVKPTVYV 382.536 1.50
En5 26 FLLVTLAIL 342.864 0.62
Ed1 18 LLFLAFVVFL 6459.142 0.06
Ed2 12 LIVNSVLLFL 63.167 0.35

SIV Gag
CM9 181 CTPYDINQM 0.159 0.02

Flu M1
Flu 58 GILGFVFTL 550.927 1.41

SARS-CoV spike protein
P15 411 KLPDDFMGCV 1134.008 ND

NOTE. FI, fluorescent index; SIV, simian immunodeficiency virus.
a Estimated half-time of dissociation (T1/2) of HLA-A*0201 peptide complexes calculated using

the BIMAS program (http://bimas.dcrt.nih.gov/molbio/hla_bind/index.html).
b FI p (mean fluorescein isothiocyanate [FITC] fluorescence with the given peptide�mean FITC

fluorescence without peptide)/(mean FITC fluorescence without peptide). represents theFI � 1
high-affinity peptide; represents the low-affinity peptides.FI � 1

as described elsewhere [21, 34]. HLA-A*0201 binding peptides

increased the stable expression of HLA-A*0201 molecules on

the T2 cells. Briefly, T2 cells suspended in serum-free Roswell

Park Memorial Institute 1640 medium (RPMI) were incubated

with the peptides (50 mmol/L), supplemented with 1 mmol/L

human microglobulin (Sigma) for 18 h at 37�C with 5%b2

CO2. The expression of HLA-A*0201 on T2 cells was deter-

mined by staining with an anti-human HLA-A2 antibody (Se-

rotech) conjugated with fluorescein isothiocyanate (FITC) and

then analyzed by flow cytometry (FACScan; BD Biosciences).

Results were calculated as the fluorescent indexes (FI), which

were determined as follows: FI p (mean FITC fluorescence

with the given peptide)/(mean FITC fluorescence without pep-

tide). Peptides with were arbitrarily regarded as high-FI � 1

affinity epitopes [34], which means that these peptides could

increase the mean fluorescence of T2 cells by at least 1-fold.

ELISPOT assay for IFN-g production. The CTL epitope–

specific response was measured by performing the interferon

g (IFN-g) ELISPOT assays as described elsewhere [34, 39]. The

IFN-g production after the CTL epitope stimulation is defined

as CTL epitope–specific response regardless of the IFN-g pro-

duction cells. The number of spots was determined using an

automatic ELISPOT reader and image analysis software (Cel-

lular Technology Limited).

Peptide-HLA tetramer staining. Two kinds of recombinant

HLA-A*0201 heavy chain with biotin tag were used to produce

major histocompatibility complex (MHC) tetramers as de-

scribed elsewhere [34]: (1) wild type and (2) a3 region sub-

stitution with mouse H-Kd to enhance the binding to mouse

CD8 cells. In vitro biotinylation of the peptide-MHC complexes

was achieved by incubating the sample with the biotin protein

ligase Bir A, D-biotin, and adenosine triphosphate. The samples

were purified again through gel filtration to remove free biotin,

and then the multimers were produced by using streptavidin

conjugated with phycoerythrin (Sigma). Cells from the subjects

were stained with the tetramer (0.05 mg/mL) and FITC-con-

jugated anti-CD8 antibody and then immediately analyzed with

flow cytometry.

PBMCs obtained from donors previously infected with

SARS. The frozen PBMCs collected from 3 HLA-A2+ patients
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who had been recovered from SARS for 20–22 months were

stored in Peking Union Hospital with the donors’ informed

consent. The cells were thawed and incubated with 10 mmol/

L peptides and 20 U/mL recombinant human interleukin 2 in

RPMI containing 10% fetal calf serum at 37�C with 5% CO2.

The PBMCs of a healthy HLA-A2+ donor were obtained with

informed consent. All the manipulations of human samples

have been approved by an institutional ethics committee.

Inoculation of mice with peptides. The HLA-A*0201

transgenic mice with C57BL/6 background [40] were main-

tained in an animal care facility under pathogen-free condi-

tions. Each experimental group contained 8 members with

equivalent male and female mice and was inoculated with a

different candidate peptide. The 6- to 8-week old transgenic

mice were injected subcutaneously at multiple sites with can-

didate peptides and the N-terminal fragment N333 (23–355aa)

of murine gp96 [41] emulsified in complete Freund’s adjuvant.

Mice were administered the mixture of peptides, gp96 fragment,

and incomplete Freund’s adjuvant twice in 2-week intervals.

Mice were killed at day 7 after the final inoculation.

Inoculation of mice with SARS-CoV membrane DNA plas-

mid (pD3-M). The SARS-CoV membrane gene (derived from

strain TJF) was cloned in the pcDNA3-FLAG vector (pD3-M)

using forward primer 5′-GCGGATCCGCCACCATGGCAGAC-

AACGGTACTATT-3′ with a BamHI restriction site followed by

a Kozak sequence and reverse primer 5′-GCCTCGAGCTGTA-

CTAGCAAAGCAATATTGTCG-3′. The expression of M pro-

tein coded by pD3-M in 293 T cells was confirmed by Western

blot using an anti-FLAG antibody. Each transgenic mouse was

injected intramuscularly with 100 mg of plasmid. The injection

was administered at weeks 0, 3, and 6, and the CTL epitope–

specific responses were measured 10 days after the last boost.

X-ray crystallography. HLA-A*0201/peptide complexes

were refolded and purified as described above. Crystals were

grown by the hanging drop vapor diffusion method at 4�C.

Single HLA- A*0201-Md3 crystals grew in a final concentration

of 10 mg/mL in 0.1 mol/L BIS-TRIS pH 5.5 gel and 10% wt/

vol polyethylene glycol 3350. Single crystals of HLA- A*0201-

Mn2 were grown over the course of 3 days by microseeding

in a concentration of 20 mg/mL using 0.1 mol/L ammonium

acetate, 0.1 mol/L BIS-TRIS, pH 6.0 gel, and 13%–17% poly-

ethylene glycol 10,000. For cryoprotection, crystals were trans-

ferred to reservoir solutions containing 20% glycerol. Crystal-

lographic data were collected at 100 K in-house on a Rigaku

MicroMax007 rotating-anode X-ray generator operated at 40

kV and 20 mA (Cu Ka; ) equipped with an R-AXISl p 1.5418

VII++ image-plate detector. Data were indexed and scaled using

the DENZO program and the HKL2000 software package (HKL

Research).

Structure determination, refinement, and analysis. The

structures of HLA-A*0201/Mn2 and HLA-A*0201/Md3 were

determined using molecular replacement with the program

MolRep. The search model was Protein Data Bank entry 1JF1

[42] with water coordinates omitted. Extensive model building

was performed manually using the COOT program [43] and

restrained refinement using the REFMAC5 program. The ad-

ditional rounds of refinement were performed by using the

PHENIX.refine program implemented in the PHENIX software

package with isotropic adenosine diphosphate refinement and

bulk solvent modeling [44]. The stereochemical quality of the

final model was assessed with the program PROCHECK [45].

The atomic coordinates of these 2 crystal structures have been

deposited in the Protein Data Bank (accession nos. 3I6G and

3I6K).

RESULTS

Identification of potential HLA-A*0201-binding peptides. The

complete sequences of SARS-CoV membrane and envelope pro-

tein were analyzed with the online HLA Peptide Binding Pre-

diction software to predict the potential HLA-A*0201-binding

peptides. Fourteen candidate peptides with relatively high esti-

mated half-time of dissociation from HLA-A*0201 were selected

(Table 1). All the peptides were synthesized, with purity up to

90%. Eleven of the predicted peptides could refold into HLA-

A*0201 complexes. Of these peptides, Mn2, Mn3, Md1, Md2,

Md3, and En4 possess a higher affinity for binding to HLA-

A*0201 molecules and the ability to assist the refolding of heavy

chain with microglobulin (Figure 1).b2

T2 cell-peptide binding assay. The T2 cell-peptide binding

assay was used to further investigate the binding affinity of the

peptides to HLA-A*0201 molecules (Figure 1). Of the 14 syn-

thesized candidate peptides, only Mn1, Mn2, Md2, Md3, and

En4 could increase the surface expression of HLA-A*0201 by

12-fold, which was demonstrated as . The FI of these 5FI � 1

high-affinity peptides were 1.02, 1.38, 1.21, 1.54, and 1.50, re-

spectively. The positive control Flu peptide had a high affinity,

with , whereas the negative control CM9 peptide hadFI p 1.41

an affinity of , indicating no binding ability withFI p 0.02

HLA-A*0201. The results of the HLA-A*0201 complex refold-

ing assay and T2 cell-peptide binding assay were taken into

account together, and 4 peptides—Mn2, Md2, Md3, and En4—

were chosen for additional experiments in vivo.

In vivo generation of CTL epitope–specific CD8+ immune

response in HLA-A*0201/Kb-transgenic mice inoculated with

high-affinity peptides. After 3 rounds of fortnightly in vivo

injections, the ELISPOT assay was performed using fresh sple-

nocytes (Figure 2A). No specific reactivity of IFN-g secretion

could be detected in splenocytes separated from transgenic mice

inoculated with either peptide Md2 or peptide En4. Thus, these

2 peptides were excluded from additional studies. CD8+ T cells

from splenocytes of transgenic mice responding to peptide Md3

presented strong IFN-g production, whereas peptide Mn2 elic-



Figure 1. Binding affinity of the synthesized peptides to HLA-A*0201 molecules. A, The refolding results were analyzed by fast-performance liquid
chromatography Superdex 200 10/300 GL gel-filtration chromatography, which was calibrated with the standard protein marker, showing that the
predicted molecular weight of the protein coming out with 15.2 mL eluting buffer would be 45 kDa, coincident with the molecular mass of the human
leukocyte antigen (HLA) complex. A positive control (PC) was performed by the HLA-A*0201–restricted epitope Flu, and the negative control (NC)
peptide was CM9 (Table 1). B, In the T2 cell-binding assay, the distribution histograms of cell populations are presented with different fluorescence
intensity of fluorescein isothiocyanate (FITC)-anti-HLA-A2 staining of T2 cells cocultured with PC (Flu), NC (CM9), and high-affinity ( ) peptidesFI � 1
Mn1, Mn2, Md2, Md3, and En4. The results are representative of 3 independent experiments.
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Figure 2. Detection of peptide-specific CD8+ T cells in HLA-A2.1/Kb

transgenic mice. A, Fresh splenocytes from dead mice inoculated with
peptides that had double-positive results with both refolding and T2 cell-
binding assays were manipulated with the enzyme-linked immunospot
(ELISPOT) assay. The bars represent the quantity of spot-forming cells
(SFCs) in 105 splenocytes. The results of peptides Mn2 and Md3 consistent
with the positive control Flu and the nonspecific stimulus phytohemag-
glutinin (PHA) have a statistically significant difference compared with
the results from peptides Md2 and En4 ( ). B, Survey of the peptide-P ! .05
specific CD8+ T cells induced in HLA-A2.1/Kb transgenic mice inoculated
with DNA plasmid. The mean numbers of the SFCs in 105 Mn2- and Md3-
stimulated splenocytes from mice inoculated with pD3-M, represented
by the gray bars, are significantly higher than the white bar, which
represents the SFC numbers of Mn2- and Md3-stimulated splenocytes
from mice inoculated with pcDNA3, according to the statistics. There is
no statistically significant difference between the PHA-stimulated sple-
nocytes of these 2 groups.

Figure 3. Measurement of peptide-specific CD8+ T cells from peripheral
blood mononuclear cells (PBMCs) of donors recovered from severe acute
respiratory syndrome (SARS) by enzyme-linked immunospot (ELISPOT) as-
say. The thawed PBMCs were manipulated with the ELISPOT assay kit.
Shaded bars represent the mean numbers of spot-forming cells (SFCs) in
the PBMCs of HLA-A2+ recovered donors, whereas white bars represent
the PBMCs from HLA-A2+ healthy donors. The former differs statistically
from the latter when stimulated with the peptides. Nevertheless, no
difference has been shown between them when stimulated with non-
specific stimulus phytohemagglutinin (PHA).

ited a relative lower response. However, both of the groups in-

oculated with Md3 and Mn2 peptides possessed a statistically

significant difference compared with the group inoculated with

phosphate-buffered saline (PBS). After an in vitro proliferation

of the splenocytes for an additional 10 days, HLA-A*0201 tet-

ramers of peptide Mn2 and Md3 were prepared to stain pep-

tide-specific CD8+ T lymphocytes (presumably CTLs). The

splenocytes from Mn2- and Md3-inoculated mice contained

5.2% and 8.6% of peptide-specific CD8+ T cells, respectively,

after 10 days of stimulation in vitro (Figure 3A). No peptide-

specific CD8+ T cells were identified from splenocytes of mice

inoculated with PBS stained with either HLA-A*0201/Mn2 or

HLA-A*0201/Md3 tetramer. The positive control HLA-A*0201/

Flu tetramer showed 8.5% of Flu-specific CD8+ T cells within

splenocytes stimulated in vitro from transgenic mice inoculated

with Flu peptide (data not shown). These results indicated that

peptides Mn2 and Md3 may induce specific CD8+ T cell im-

mune response in vivo in transgenic mice and furthermore

possess the capability to significantly stimulate specific CD8+

T cell expansion in vitro.

Detection of CTL epitope–specific CD8+ T cell immune re-

sponse in HLA-A*0201/Kb-transgenic mice inoculated with

DNA vaccine. To further demonstrate whether peptides Mn2

and Md3 were naturally processed and presented peptides, we

constructed a DNA vaccine encoding SARS-CoV M protein:

pD3-M. Splenocytes isolated from the dead mice after the third

boost of the pD3-M DNA vaccine were analyzed with the ELI-

SPOT assay. The results of the ELISPOT assay showed that

Mn2 and Md3 could induce high IFN-g production by specific

CD8+ T cells in freshly isolated splenocytes of transgenic mice

(Figure 2B). These results suggested that peptides Mn2 and

Md3 could be naturally processed in vivo and induce specific

CD8+ T cell immune responses (presumably mainly CTLs).

Presence of peptide-specific CD8+ T cells in PBMCs obtained

from donors recovered from SARS infection. In the ELISPOT

assays, peptides Mn2 and Md3 elicited high IFN-g release from

specific T cells in PBMCs obtained from recovered donors (Fig-

ure 4). Peptide Mn2 pulsed a specific T cell response by IFN-

g production, with a mean number of spot-form-34.8 � 19.7

ing cells per 105 PBMCs. Likewise, for peptide Md3, the mean

number is cells per 105 PBMCs. Peptide P1544.1 � 10.8

(KLPDDFMGCV) from the SARS S protein, the positive con-

trol in parallel assays, provoked similar specific CD8+ T cell
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Figure 4. Frequency of Mn2- and Md3-specific CD8+ T cells. A, In the tetramer staining, the splenocytes from mice inoculated with peptides were
cultured in vitro for 10 days. Next, the cells were stained with phycoerythrin (PE)-labeled HLA-A*0201/peptide chimeric tetramer together with
fluorescein isothiocyanate (FITC)-labeled anti-mouse CD8 antibody. Top left: Mn2-inoculated mice stained with Mn2 tetramer. Top right: Phosphate-
buffered saline (PBS)-inoculated mice stained with Mn2 tetramer. Bottom left: Md3-inoculated mice stained with Md3 tetramer. Bottom right: PBS-
inoculated mice stained with Md3 tetramer. The results are representatives of 3 independent experiments. B, Mn2-specific (top left) and Md3-specific
(bottom left) CD8+ T cells were detected from the thawed peripheral blood mononuclear cells (PBMCs) of HLA-A2+ donors recovered from severe acute
respiratory syndrome, by staining with fluorescein isothiocyanate-labeled anti-CD8 mAb along with PE-labeled HLA-A*0201/peptide tetramers. No
specific CD8+ T cells were stained with Mn2 (top right) or Md3 tetramers among HLA-A2+ healthy donors (bottom right).

Table 2. X-Ray Data and Refinement Statis-
tics of the Structures of Peptide Human Leu-
kocyte Antigen of Mn2 and Md3a

This table is available in its entirety in the
online version of Journal of Infectious Diseases.

responses, with a statistical number of spot-form-38.0 � 14.1

ing cells per 105 PBMCs. Such T cell responses were not ob-

served in the PBMCs donated from the control patients. Tet-

ramers of peptides Mn2 and Md3 were also prepared to stain

CD8+ T lymphocytes bearing the peptide-specific T cell recep-

tors (TCRs). Through the peptide-specific tetramer staining

and subsequent flow cytometry analysis, the PBMCs obtained

from recovered donors possessed CD8+ T lymphocytes specific

for peptides Mn2 and Md3 after 20–22 months from the onset

of the disease. These 2 peptide tetramers showed 1.2% and

1.4% of specific T cells in the CD8+ T lymphocytes, respective-

ly, from the PBMCs of recovered donors (Figure 3B). How-

ever, no peptide-specific CD8+ T cells were excavated from the

PBMCs of the 3 healthy donors.

Structural evidence of peptide presentation of both Mn2

and Md3 by HLA-A*0201/ microglobulin. To further con-b2

firm that Mn2 and Md3 are typical HLA-A2–restricted epitopes,

the crystal structures of peptides Mn2 and Md3 bound to HLA-

A2 were solved at 2.2 and 2.8 Å resolutions, respectively. The

statistics of the complex data are shown in Table 2.

For both complexes, unambiguous electron density is ob-

served for the bound peptides, which are well defined inside

the peptide-binding grooves of HLA-A*0201 (Figure 5A, 5B,

5C, and 5D). The residues in position 2 from the N-terminus

and the C-terminal are similar for both peptides, with L2 deeply

buried in the B pocket and V9 (for Mn2) or V10 (for Md3)

in the F pocket, indicating typical anchor residues [42]. Resi-

dues in positions 3 and 6 are commonly secondary anchors in

some HLA-A*0201 complexes. For position 3, M3 of peptide

Mn2 inserts into the D pocket, and for position 6, S6 of peptide

Mn2 and L7 of peptide Md3 point their side chains into pocket

C. All of these anchor residues help the peptides tightly bind

the HLA-A*0201 heavy chain and enhance the stability of the

entire complex. Amino acids W4, L5, Y7, F8 of Mn2, and C4

and V6 of Md3 protrude their side chains away from the HLA-

A*0201 surface and might be involved in the TCR docking

(Figure 5C, 5D, and 5F). Like other decameric HLA-A*0201

restricted epitopes, the bulge conformation of Md3 is also ob-

served to be drastically different from the extended confor-

mation of nonamer Mn2. This is especially apparent around

the central residues of the peptides of the main chains. Md3

is raised up ∼2.25 Å (distance between carbonyl carbon atom

of residues in position 5: L5 of Mn2 and V6 of Md3) compared

with Mn2 (Figure 5E). These conformational differences be-

tween Mn2 and Md3 might partially contribute to the variances

in the T cell recognition of these peptides, which lead to the

immunogenic diversity of the peptides.
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Figure 5. Structures of HLA-A*0201 complexed with Mn2 (GLMWLSYFV) and Md3 (TLACFVLAAV). Structural overviews of HLA-A2 with peptides
Mn2 (A) and Md3 (B ) demonstrate that both have 2 molecules in 1 asymmetric unit. 2Fo-Fc electron density for Mn2 (C ) and Md3 (D ) peptides are
shown as violet and blue wire (contoured at 1.0 j) viewed in profile through the HLA-A2 a2 helix. The carbon atoms are shown as yellow and green
for Mn2 and Md3, respectively. E, Comparison of Mn2 (yellow ) and Md3 (green) peptide structures by superimposition of the second residues from
the N-terminal residues (Leu) and the C-terminal residues (Val). F, General side chain orientation for the 2 peptides as viewed in profile from the
peptide N terminus toward the C terminus (up is toward the T cell receptor; down is toward the floor of the peptide binding groove; left is toward
the a1 helix domain; right is toward the a2 helix domain). The figure was generated using the PyMOL program (http://www.pymol.org/).

DISCUSSION

Clearance of viruses from infected patients depends not only

on neutralizing antibodies but also on the optimal CTLs. The

SARS-CoV M protein has been proven to induce strong neu-

tralizing antibodies [30]. As most parts of the M protein are

located inside the cell or virion and are triply embedded in the

cellular or viral membrane, the M protein is most likely a good

target for the CD8+ T cells because it is treated as an internal

gene. Therefore, CTL epitopes might be found in the M protein,

as well as in the E protein (which may also be considered an

internal gene). In this study, 2 CTL epitopes restricted by HLA-

A*0201 have been identified from the M protein, using an

optimized rational strategy covering functional and structural

approaches. Epitope candidates were initially selected through

online motif prediction on the basis of computer algorithms

and then tested with in vitro refolding, T2 cell binding, and

animal vaccination. Finally, these 2 defined Mn2 and Md3 epi-

topes, presented by HLA-A*0201 as a tetramer, can be recog-

nized by specific CD8+ T cells in the PBMCs obtained from

donors recovered from SARS infection 20 months after the

initial onset of the disease.

In addition to all these functional studies, we determined

the 3-dimensional structures of the peptide-HLA complexes

containing Mn2 and Md3. As shown in the peptide-HLA struc-
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Figure 6. Schematic diagram of severe acute respiratory syndrome
coronavirus (SARS-CoV) membrane (M) protein on the virion envelope,
addressing the immune epitopes. The M protein comprises a domain
spanning a triple membrane of ∼80 amino acid residues, a short N-
terminus protruding out of the membrane, and a long cytoplasmic C-
terminus. Md3 (green) and Mn2 (yellow ) are completely included in the
second and the third transmembrane domain, respectively. The identified
B cell epitopes that could be recognized by antibodies are also represented
in the diagram (cyan). The predicted structure of the M protein is based
on previous studies [48].

tures, Mn2 and Md3 lie in the grooves formed by HLA heavy

chains in a similar conformation, with 2 anchor residues in-

serting deep into the binding pockets, as seen in other typical

HLA-A*0201–restricted epitopes. The analysis of the 2 struc-

tures not only confirms that Mn2 and Md3 possess structural

properties typical of HLA-A*0201–restricted epitopes but also

determines that they are minimal stimulatory peptides, because

both use the C-terminal residue to anchor in pocket F of the

heavy chain.

Furthermore, we have analyzed the immunogenic features

of a panel of Mn2 and Md3 derived peptides (which means 1

amino acid deletion or addition around the defined epitopes)

to see whether these regions are T cell epitope hot spots (un-

published data). Indeed, they could induce CD8+ T cell reaction

from the transgenic mice inoculated with pD3-M. The crys-

tal structure of the HLA-A2 complexed to peptide Md3-C9

(LACFVLAAV), equivalent to 9 residues in the C-terminal of

Md3, revealed a distinct conformation of the peptide, which may

demonstrate that this peptide acts as a new epitope in a different

way with Md3 (nonamer versus decamer epitopes). All of these

assays may reveal that the transmembrane domain of M protein

contains a T cell epitope cluster that contributes significantly

to the M protein–specific cellular immunity.

In general, protective memory immunity could be detected

for a long period after the onset of viral diseases. Unfortunately,

it has been reported that the geometric mean reciprocal titers

of SARS-CoV–specific immunoglobulin G and neutralizing an-

tibodies dropped significantly to a very low level in the 30th

month after infection and were even undetectable in some pro-

portion of the samples [46]. However, studies of the cellular

immune response demonstrated that memory CD8+ T cells

could be detectable from recovered donors years after the onset

of the disease [21, 24, 47]. Long-term existence of cellular im-

munity was also observed in the studies of the SARS-CoV N

protein–specific immunity [47]. In this study, CD8+ T cells

against the M protein (as shown with peptides Mn2 and Md3)

and against the S protein (as shown with peptide P15) [34]

still existed in the PBMCs of recovered donors 20 months af-

ter infection.

In conclusion, this study has successfully identified a novel

and defined CTL epitope clustering region containing 2 novel

HLA-A*0201–restricted, immunogenic CTL epitopes from the

M protein (Figure 6). Taking the earlier reports into account

that the M protein induces strong neutralizing antibodies [18,

30, 48], we propose that the M protein could be a good can-

didate antigen for a prophylactic vaccine inducing both dom-

inant cellular and humoral immunogenicity. Our current and

previous studies [34, 49] also indicate that the combination of

bioinformatics, cell biology, mouse model, and structural bi-

ology is a good method to evaluate the CTL epitope–specific

immune response.
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