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By using a series of overlapping synthetic peptides covering 98% of the amino acid sequence of the
nucleocapsid protein (NP) of severe acute respiratory syndrome coronavirus (SARS-CoV), four helper T-cell
(Th) epitopes (NP11, residues 11 to 25; NP51, residues 51 to 65; NP61, residues 61 to 75; and NP111, residues
111 to 125) in C57BL mice (H-2b), four (NP21, residues 21 to 35; NP91, residues 91 to 105; NP331, residues
331 to 345; and NP351, residues 351 to 365) in C3H mice (H-2k), and two (NP81, residues 81 to 95; and NP351,
residues 351 to 365) in BALB/c mice (H-2d) have been identified. All of these peptides were able to stimulate
the proliferation of NP-specific T-cell lines or freshly isolated lymph node cells from mice immunized with
recombinant NP. Immunization of mice with synthetic peptides containing appropriate Th epitopes elicited
strong cellular immunity in vivo, as evidenced by delayed-type hypersensitivity. Priming with the helper
peptides (e.g., NP111 and NP351) significantly accelerated the immune response induced by recombinant NP,
as determined by the production of NP-specific antibodies. When fused with a conserved neutralizing epitope
(SP1143-1157) from the spike protein of SARS-CoV, NP111 and NP351 assisted in the production of high-titer
neutralizing antibodies in vivo. These data provide useful insights regarding immunity against SARS-CoV and
have the potential to help guide the design of peptide-based vaccines.

Severe acute respiratory syndrome-associated coronavirus
(SARS-CoV) is a positive-stranded RNA virus of the Corona-
viridae family. It is the causative agent of SARS and infected
more than 8,000 people around the world in 2002 to 2003 (21,
24). The genome of SARS-CoV encodes several structural
proteins, including spike glycoprotein (SP), nucleocapsid pro-
tein (NP), membrane protein, and envelope protein (15).

The NP plays an essential role in SARS-CoV genome pack-
aging and virion assembly (6, 9). At the first stage of SARS-
CoV infection, it is abundantly expressed in the cells which the
virus has entered and induces a strong humoral response in
patients (10, 12, 14). Several studies have identified dominant
B-cell determinants in human and animals (8, 13). Although
the antibodies against NP cannot neutralize viral infectivity,
they are useful markers for the early diagnosis of CoV infec-
tion (2, 3). Cytotoxic T lymphocytes (CTL) specific for the NP
of SARS-CoV could also play an important role in the control
of viral infection in vivo. CTL epitopes in the NP of SARS-
CoV have also been mapped by several groups (13, 30). Ad-
ditionally, NP-specific T helper (Th) cells should be able to
help the production of neutralizing antibodies against the S
protein. For instance, Antón et al. have demonstrated that a
synthetic peptide (residues 321 to 335) from the NP of trans-
missible gastroenteritis virus could assist in the production of
neutralizing antibodies against SP in miniswine (1). Zhao and
colleagues and Zhu et al. have demonstrated that NP-specific

immune responses could be induced by DNA constructs en-
coding the NP of SARS-CoV (36, 37). By immunizing BALB/c
mice with different forms of the NP of SARS-CoV, Gupta and
colleagues also identified two H-2d-restricted Th epitopes be-
tween amino acid residues 76 to 114 and 352 to 370 (5).
However, Th epitopes in C57BL/6 (H-2b) and C3H/He (H-2k)
mice have not been investigated. It is also unclear whether the
NP-specific Th cells could help in the production of neutraliz-
ing antibodies against SARS-CoV in vivo.

The present study was undertaken to identify and character-
ize murine Th epitopes in the NP of SARS-CoV by using a
series of overlapping synthetic peptides that cover 98% of the
NP sequence in three strains of mice. The results from this
study will not only allow a better understanding of cellular
immunity against SARS-CoV infection but also provide useful
information for the design of peptide-based anti-SARS-CoV
vaccines.

MATERIALS AND METHODS

Synthetic peptides and recombinant proteins. A series of 41 peptides, covering
more than 98% of the SARS-CoV NP sequence (from residues 1 to 415), were
synthesized by Hanyu Biotech Co. Ltd. (Shenzhen, China) as 15-mers with five
amino acids overlapping the preceding peptide. NP54, from residues 54 to 72 of
NP, SP1143, an identified conserved linear neutralizing epitope located in the
second heptad repeat region 2 of SARS-CoV SP (residues 1143 to 1157) (11),
and two chimeric peptides, NP111-SP1143 and NP351-SP1143 (NP111 and
NP351 were chemically linked with SP1143 by two lysine residues [KK] as a
spacer [18]), were also synthesized. All the peptides were high-pressure liquid
chromatography purified with purities higher than 80% and supplied as lyophi-
lized powder. The peptides maintained high hydrophilicity and were dissolved in
phosphate-buffered saline (PBS) at 2 mg/ml, filter sterilized, aliquoted, and
stored at �80°C (Table 1).

Complementary DNA encoding full-length NP of SARS-CoV was a gift from
Shenli Bi (China CDC). The DNA was amplified, inserted into a pET28a ex-
pression vector (Novagen, Darmstadt, Germany), and verified by sequencing.
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The His6-tagged recombinant N protein (rNP) was expressed in Escherichia coli
BL21(DE3) (Stratagene, La Jolla, CA) and purified using Ni-nitrilotriacetic acid
resin (Novagen, Darmstadt, Germany) following the manufacturer’s instructions.
The protein was desalted by being passed through a PD10 column (Pierce,
Rockford, IL) in PBS (pH 7.2). The protein concentration was determined using
Coomassie protein assay reagent (Pierce, Rockford, IL) with bovine �-globulin
as the standard protein. A vector containing the gene for green fluorescent
protein (GFP) was a gift from L. Barber, Imperial College London, London,
United Kingdom. The GFP was expressed and purified as previously described
(35).

Patient sera. Serum samples from a SARS patient (PT32) were collected
between July and August 2003, 2 to 3 months after his recovery and subsequent
discharge from the hospital. Written consent from the patient was obtained
before the blood sample collection.

Animal immunization and serum collection. Female C57BL/6NCrlBR (H-2b),
C3H/HeNCrlBR (H-2k), and BALB/cAnNCrlBR (H-2d) mice, 6 to 8 weeks of
age, were obtained from the Institute of Genetics and Developmental Biology,
Chinese Academy of Sciences, and the Department of Laboratory Animal Sci-
ence of Peking University Health Science Center, Beijing, China, and maintained
under specific-pathogen-free conditions. All immunizations were given subcuta-
neously (s.c.) at the base of the tail.

For the generation of NP-specific T-cell lines or peptide immunization, mice
were immunized with rNP or peptides (100 �g/mouse), emulsified in complete
Freund’s adjuvant (CFA; Sigma, St. Louis, MO). Draining lymph nodes were
taken 7 to 9 days later. In all cases, control mice received the adjuvant alone.

For priming of the Th cells in vivo (17), mice were immunized with 100 �g
peptides or 50 �g rNP, emulsified in CFA. Booster immunizations were given on

day 15 with a suboptimal amount of rNP (25 �g) mixed with incomplete Freund’s
adjuvant (IFA; Sigma, St. Louis, MO). Sera were collected by tail bleeding every
week, aliquoted, and kept at �80°C until further use.

For the generation of neutralizing antibodies, mice were immunized with 150
�g chimeric peptides, a mixture of 75 �g helper peptide and 75 �g SP1143, or 75
�g SP1143 peptide alone, emulsified in CFA. Booster immunizations were given
on days 15 and 35 with antigens mixed with IFA. Sera were collected by tail
bleeding every week and stored as described above.

Western blot analysis. Identical quantities of rNP (500 ng) were transferred
onto nitrocellulose membranes. The membranes were blocked at room temper-
ature for 2 h with 5% nonfat dried milk and then incubated for 2 h at room
temperature with convalescent SARS patient serum (1:200) or rNP-immunized
mice antiserum (1:500). After being washed in Tris-buffered saline (pH 7.5)
containing 0.05% Tween 20, the membranes were incubated with horseradish
peroxidase (HRP)-labeled goat anti-human or anti-mouse immunoglobulin G
(IgG). 3,3�-Diaminobenzidine tetrahydrochloride (DAB; Sigma, St. Louis, MO)
was used to visualize the reaction.

Generation of NP-specific T-cell lines. Draining lymph nodes were removed
from the mice at 7 to 9 days postimmunization, with rNP and single-cell suspen-
sions made in RPMI 1640 containing 10% fetal calf serum (FCS; HyClone,
Logan, UT). Following washing, the cells (4 � 106/well) were seeded in 24-well
Costar plates (Nunc, Roskilde, Denmark) supplied with rNP (20 �g/ml). After 5
days of culture at 37°C with 5% CO2, the cells were harvested and viable cells
(4 � 105/well) recultured in the presence of rNP and 10 IU/ml recombinant
human interleukin-2 (rhIL-2; BRUCP Co., Beijing, China) with 4 � 106/well
irradiated (2,000 rads) syngeneic splenocytes as feeder cells. The T-cell lines
were maintained on a 7-day refeed cycle and the antigen specificity tested using
proliferation assays for every cycle.

Phenotypic analysis of T cells. NP-specific cell lines (1 � 106) were washed
twice and then stained with phycoerythrin- or fluorescein isothiocyanate-labeled
anti-mouse CD4 or CD8 monoclonal antibody (BD PharMingen, San Diego,
CA) at 4°C for 30 min. The cells were then subjected to flow cytometric analysis
using a fluorescence-activated cell sorting machine (FACScan; BD). CellQuest
software was used for the analysis of the results.

Cytokine production by NP-specific T-cell lines. The NP-specific T cells (4 �
105/well) were incubated with irradiated feeder cells (4 � 106/well) in 24-well cell
culture plates, in the presence of 5 �g/ml rNP, synthetic peptides, or ConA, at
37°C and 5% CO2 for 36 h. The cytokine profiles in the supernatant were then
determined by Luminex 100 (Luminex Co., Austin, TX), using a Beadlyte mouse
multicytokine flex kit (Upstate, Buffalo, NY).

Proliferation assay. T cells from NP-specific T-cell lines (2 � 104/well) or
lymph nodes (4 � 105/well) from mice at 7 to 9 days postimmunization were
incubated with various antigens in 96-well flat-bottomed cell culture plates
(Nunc, Roskilde, Denmark) with or without irradiated feeder cells (5 � 105/
well). 3H-thymidine (3H-TdR; Atom HighTech Co. Ltd., Beijing, China) (0.2
�Ci/well) incorporation into DNA during the last 4 to 8 h of a 3-day culture at
37°C and 5% CO2 was determined as a measure of cell proliferation. Cultures
were set up in triplicate and harvested on an automatic cell harvester (Tomtec,
San Diego, CA) and the radioactivity counted in a �-counter (EG&G Wallac,
Turku, Finland). The results are expressed as either 3H-TdR incorporation
(counts per minute [cpm]) or the stimulation index (3H-TdR incorporation [cpm]
of cells with antigen stimulation/3H-TdR incorporation [cpm] of cells without
antigen stimulation).

ELISAs. Enzyme-linked immunosorbent assay (ELISA) plates were coated at
4°C overnight with rNP (2 �g/ml) or peptide SP1143 (10 �g/ml) in carbonate
buffer (pH 9.6) and subsequently incubated with blocking solution (2% bovine
serum albumin in PBS) for 2 h at 37°C. The wells were washed four times with
PBS containing 0.05% Tween 20 (PBS-T) and then 100 �l of diluted sera added
in triplicate and incubated for 90 min at 37°C. After four washes with PBS-T, the
plates were then incubated with HRP-labeled goat anti-human or anti-mouse
IgG antibody for 1 h at 37°C. The ortho-phenylenediamine substrate (100 �l/well;
Sigma, St. Louis, MO) was added after five washes with PBS-T and the wells
incubated for 2 min at room temperature. Fifty microliters of stop solution (2 M
H2SO4) was added to each well, and the optical density at 492 nm was read
immediately.

DTH induction. Groups of five mice were primed s.c. at the base of the tail
with 100 �g of peptides or 25 �g of rNP emulsified in CFA and challenged in the
left hind footpad 6 days later with 15 �g of rNP in 25 �l PBS, with an identical
volume of PBS in the right hind footpad. Delayed-type hypersensitivity (DTH)
was estimated 24 h later by measuring footpad swelling with a dial caliper
(Pocotest, reverse spring-loaded caliper) and the difference between the thick-
ness of the left and right hind footpads expressed as footpad thickness increase
in 10�2-mm units (4, 17).

TABLE 1. Synthetic peptides used in this study

Name Residues Sequence

NP1 1–15 MSDNGPQSNQRSAPR
NP11 11–25 RSAPRITFGGPTDST
NP21 21–35 PTDSTDNNQNGGRNG
NP31 31–45 GGRNGARPKQRRPQG
NP41 41–55 RRPQGLPNNTASWFT
NP51 51–65 ASWFTALTQHGKEEL
NP61 61–75 GKEELRFPRGQGVPI
NP71 71–85 QGVPINTNSGPDDQI
NP81 81–95 PDDQIGYYRRATRRV
NP91 91–105 ATRRVRGGDGKMKEL
NP101 101–115 KMKELSPRWYFYYLG
NP111 111–125 FYYLGTGPEASLPYG
NP121 121–135 SLPYGANKEGIVWVA
NP131 131–145 IVWVATEGALNTPKD
NP141 141–155 NTPKDHIGTRNPNNN
NP151 151–165 NPNNNAATVLQLPQG
NP161 161–175 QLPQGTTLPKGFYAE
NP171 171–185 GFYAEGSRGGSQASS
NP181 181–195 SQASSRSSSRSRGNS
NP191 191–205 SRGNSRNSTPGSSRG
NP201 201–215 GSSRGNSPARMASGG
NP211 211–225 MASGGGETALALLLL
NP221 221–235 ALLLLDRLNQLESKV
NP231 231–245 LESKVSGKGQQQQGQ
NP241 241–255 QQQGQTVTKKSAAEA
NP251 251–265 SAAEASKKPRQKRTA
NP261 261–275 QKRTATKQYNVTQAF
NP271 271–285 VTQAFGRRGPEQTQG
NP281 281–295 EQTQGNFGDQDLIRQ
NP291 291–305 DLIRQGTDYKHWPQI
NP301 301–315 HWPQIAQFAPSASAF
NP311 311–325 SASAFFGMSRIGMEV
NP321 321–335 IGMEVTPSGTWLTYH
NP331 331–345 WLTYHGAIKLDDKDP
NP341 341–355 DDKDPQFKDNVILLN
NP351 351–365 VILLNKHIDAYKTFP
NP361 361–375 YKTFPPTEPKKDKKK
NP371 371–385 KDKKKKTDEAQPLPQ
NP381 381–395 QPLPQRQKKQPTVTL
NP391 391–405 PTVTLLPAADMDDFS
NP401 401–415 MDDFSRQLQNSMSGA
NP54 54–72 FTALTQHGKEELRFPRGQG
SP1143 S1143–1157 SPDVDLGDISGINAS
NP111-SP1143 (N111–125)KK(S1143–1157) FYYLGTGPEASLPYGKKSP

DVDLGDISGINAS
NP351-SP1143 (N351–365)KK(S1143–1157) VILLNKHIDAYKTFPKKSPD

VDLGDISGINAS
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Preparation of pseudovirus. Pseudovirus expressing the SARS-CoV S protein
was prepared as described previously (35). Briefly, 5 � 106 293-T cells, main-
tained in Dulbecco modified Eagle medium containing 10% FCS, were seeded in
10-cm-diameter tissue culture dishes. One day later, the cells were cotransfected
with the defective human immunodeficiency virus type 1 genome pNL4.3-Luc-
R�E� (20 �g) and either plasmid pVSV-G (10 �g), encoding vesicular stomatitis
virus (VSV) G protein, or plasmid pCMV-S, encoding the S protein of SARS-
CoV, using Vigorous transfection reagent (Vigorous Biotech Co., Beijing,
China). The defective human immunodeficiency virus type 1 genome contains
the gene for luciferase, which can be used as a reporter of successful infection by
the pseudovirus. The culture medium was replaced with fresh medium at 24 h
posttransfection and the cells cultured for an additional 24 h. The culture su-
pernatant, containing VSV G pseudovirus or SARS S pseudovirus, was then
harvested and filtered through a 0.45-�m-pore-sized filter, followed by centrif-
ugation at 90,000 � g for 3 h at 4°C using a Beckman XL-90 ultra centrifuge

(Beckman Coulter, Fullerton, CA). The pseudoviral pellets were resuspended in
PBS, titrated, aliquoted, and stored at �80°C until use.

Neutralization assays using the SARS-CoV pseudovirus system. SARS-CoV S
pseudovirus and VSV G pseudovirus infection of cells and its neutralization were
described previously (35). Briefly, Vero E6 cells maintained in Dulbecco modi-
fied Eagle medium with 10% FCS were seeded in 96-well plates, at a density of
8 � 103 cells/well, and cultured overnight. Serially diluted serum samples were
mixed with pseudovirus preparations for 30 min at 37°C, and then the mixtures
were added to the wells containing monolayers of Vero E6 cells. After incubation
at 37°C for 1 h, the mixture in the wells was replaced with fresh medium and the
cells were cultured for an additional 48 h. After washes, the cells were lysed using
luciferase assay reagent (Promega, Madison, WI) and the luciferase activity in
the cell lysate was determined using a Veritas microplate luminometer (Turner
Biosystems). The luciferase activity of the reference group (Vero E6 cells treated
with pseudovirus alone) was taken as 100% infection. Cells not treated with

FIG. 1. Screening for stimulatory peptides. To ascertain the specificity of the NP-specific T-cell lines (2 � 104/well) from C57BL/6 (a), C3H (c),
or BALB/c (e) mice, resting cell lines were cultured alone or together with irradiated feeder cells (5 � 105/well) in 96-well flat-bottomed plates
or stimulated with rNP (20 �g/ml), ConA (5 �g/ml), or GFP (20 �g/ml) in the presence of feeder cells. To screen for stimulatory peptides, the
NP-specific cell lines were stimulated with individual synthetic peptides (5 �g/ml) in the presence of feeder cells (b, d, and f). During the last 4
to 8 h of a 3-day culture at 37°C with 5% CO2, the cells were pulsed with 3H-TdR (0.2 �Ci/well), followed by counting of the incorporated
radioactivity in a �-counter. The results are expressed as 3H-TdR incorporation (cpm).
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pseudovirus were included as a specificity control, and their luciferase activity
readings were at least 3 logs lower than that of the reference group in all
experiments. The luciferase activity of the experimental groups (Vero E6 cells
treated with pseudovirus preparations in the presence of serum antibodies) was
compared with that of the reference group and the results, expressed as percent
infection, calculated as follows: 100 � (luciferase activity of the experimental
groups/luciferase activity of the reference group).

Prediction of T-cell epitopes. H-2b T-cell epitopes of the NP were predicted
by the RANKPEP system using motif profiles. Scores were obtained by aligning
the position-specific scoring matrices with the protein segments and adding up
the appropriate profile coefficients matching the residue type and position in the
protein sequence (23). H-2k T-cell epitopes were predicted by the SYFPEITHI
system, which was carried out by peptide motifs scoring the anchor residues (22).
H-2d T-cell epitopes were predicted by using the PREDBALB/c system class II
(I-Ed and I-Ad) models. The PREDBALB/c system scores the binding index of all
nanomer sequences to H-2d molecules, based on quantitative matrices (34).

RESULTS

Expression and purification of rNP. rNP, expressed in E.
coli as a 49-kDa recombinant protein, was purified to near
homogeneity by affinity chromatography using a Ni column.
The resultant product remained soluble in saline at 650 �g/ml.
Immunization of BALB/c mice with the recombinant protein
induced specific IgG antibodies against SARS-CoV, as deter-
mined by a virus-coated ELISA (data not shown). In subse-
quent Western blot assays, the recombinant protein was spe-
cifically recognized by convalescent-phase serum from a SARS
patient (PT32) as well as antiserum from rNP-immunized
BALB/c mice (data not shown).

Generation of NP-specific T-cell lines. Draining lymph node
cells (LNC) isolated from C57BL/6, C3H, and BALB/c mice 7

to 9 days after s.c. immunization with rNP proliferated vigor-
ously in response to stimulation with rNP in vitro (data not
shown). NP-specific T-cell lines were established by repeated
stimulation, in 7-day intervals, with rNP of these LNC in the
presence of irradiated syngeneic splenocytes (as feeder cells)
and rhIL-2. All T-cell lines established in this way were CD4�

and CD8�, as determined by flow cytometric analysis (data not
shown). They appeared to be Th1 cells, because they secreted
mainly gamma interferon and tumor necrosis factor alpha, but
very little IL-4 or IL-10, upon stimulation with rNP or the
NP-derived synthetic peptides (data not shown). The cell lines
were regularly tested for NP specificity by using T-cell prolif-
eration assays (Fig. 1).

Screening for stimulatory peptides. A series of 41 overlap-
ping 15-mer peptides, covering 98% of the SARS-CoV NP
sequence, were synthesized and high-pressure liquid chroma-
tography purified to more than 80% homogeneity (Table 1).
These peptides were screened for their ability to stimulate the
proliferation of NP-specific T cells from BALB/c, C57BL/6,
and C3H mice. As illustrated in Fig. 1, four peptides were able
to stimulate the proliferation of NP-specific T-cell lines from
C57BL/6 mice (NP11, amino acid residues 11 to 25; NP51,
residues 51 to 65; NP61, residues 61 to 75; and NP111, residues
111 to 125) and another four peptides stimulated T-cell lines
from C3H mice (NP21, residues 21 to 35; NP91, residues 91 to
105; NP331, residues 331 to 345; and NP351, residues 351 to
365). The NP-specific T-cell lines from BALB/c mice recog-
nized two peptides: NP81 (residues 81 to 95) and NP351 (res-
idues 351 to 365). The ability of these peptides to stimulate

FIG. 2. Dose response of T-cell lines to peptide stimulation. NP-specific T-cell lines (2 � 104/well) from C57BL/6 (a and b), C3H (c), or BALB/c
(d) mice were stimulated with various peptides in 96-well flat-bottomed plates in the presence of irradiated feeder cells (5 � 105/well). During the
last 4 to 8 h of a 3-day culture at 37°C with 5% CO2, the cells were pulsed with 3H-TdR (0.2 �Ci/well), followed by counting of the incorporated
radioactivity in a �-counter. The results are expressed as 3H-TdR incorporation (cpm).
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NP-specific T cells was also confirmed in proliferation assays
using freshly isolated LNC from mice after s.c. immunization
with rNP (data not shown). Since peptide NP241 was unable to
stimulate T cells from any of the three inbred strains of mice,
it was selected as a control peptide in subsequent experiments.

The positive peptides stimulated NP-specific T-cell prolifer-
ation in a specific and dose-dependent manner (Fig. 2). It is
noteworthy that peptide NP351 was recognized by T cells from
both BALB/c (H-2d) and C3H (H-2k) mice. In order to clarify
whether the NP51 and NP61 peptides shared the same epitope,
a new 19-mer peptide, NP54 (residues 54 to 72), covering the
C-terminal 12 residues of NP51 and N-terminal 12 residues of
NP61 (5 of which overlap with NP51), was synthesized. Figure
2b indicates that NP54 was unable to stimulate T-cell prolif-
eration, implying that NP51 and NP61 represent two indepen-
dent epitopes.

Immunogenicity of peptides representing T-cell epitopes. To
assess the immunogenicity of the T-cell-stimulating peptides,
mice were immunized s.c. with synthetic peptides (emulsified
in CFA) representing the appropriate T-cell epitopes. Drain-
ing lymph nodes were taken 7 to 9 days later and the LNC
stimulated with the immunizing peptides. As illustrated in Fig.
3A, out of the peptides tested in C57BL/6 mice, peptide NP111
was the only one able to induce specific T-cell responses. Pep-

tide NP351 was immunogenic in both C3H and BALB/c mice
(Fig. 3B and C), while NP331 was moderately immunogenic in
C3H mice. The immunogenicity of peptides NP111 and NP351
was further confirmed by their ability to induce strong DTH
responses in C57BL/6 mice and in C3H and BALB/c mice,
respectively (Fig. 4).

In mice preimmunized s.c. with peptide NP111 (for BALB/c
mice) or NP351 (for C57BL/6 and C3H mice), the humoral
response to a booster immunization 2 weeks later with a sub-
optimal amount of rNP (25 �g/mouse) in IFA was clearly
enhanced, as evidenced by the more rapid production of serum
IgG against NP in the groups primed with NP111 or NP351
than in those immunized with NP241 or CFA alone (Fig. 5).
Thus, these peptides are able to induce Th cells capable of
assisting in humoral responses in vivo.

The helper peptides assist in the production of neutralizing
antibodies in vivo. To test whether peptides NP111 and NP351
could assist in the production of neutralizing antibodies in vivo,
two fusion peptides, NP111-SP1143 and NP351-SP1143, were
synthesized, fusing a neutralizing epitope (SP1143, residues
1143 to 1157 of the S protein of SARS-CoV) with NP111 and
NP351, respectively. Mice were immunized with NP111-
SP1143, NP351-SP1143, SP1143 peptide alone, or its mixture
with NP111 or NP351 emulsified in CFA, followed by two

FIG. 3. Immunogenicity of peptides. C57BL/6 (A), C3H (B), or BALB/c (C) mice were immunized s.c. at the base of the tail with 100 �g
peptides emulsified in CFA. Draining lymph nodes were taken 7 to 9 days later and LNC (4 � 105/well) incubated with the immunizing peptides
or the control peptide NP241. During the last 4 to 8 h of a 3-day culture at 37°C with 5% CO2, the cells were pulsed with 3H-TdR (0.2 �Ci/well),
followed by counting of the incorporated radioactivity in a �-counter. Results are expressed as the stimulation index.
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booster immunizations with the same peptides in IFA. The
fusion peptides elicited high-titer anti-SP1143 serum IgG,
while SP1143 peptide alone, or its mixture with NP111 or
NP351, was unable to do so (Fig. 6). The antisera induced by
NP111-SP1143 and NP351-SP1143 were employed to inhibit
the infection of Vero E6 cells by a pseudovirus expressing the
S protein of SARS-CoV together with luciferase as a reporter
enzyme (35). Infection by SARS S pseudovirus (Fig. 6b, d, and
f), but not VSV G pseudovirus (not shown), was specifically
neutralized by antiserum from mice immunized with NP111-
SP1143 or NP351-SP1143 peptide. Antiserum from mice im-
munized with either SP1143 mixed with helper peptide or
SP1143 peptide alone was unable to neutralize the SARS-CoV
S pseudovirus.

DISCUSSION

The presentation of antigenic epitopes by major histocom-
patibility complex class II molecules and the activation of CD4
Th cells are critical steps in generating adaptive immune re-
sponses. In this study, we identified and characterized several
murine Th epitopes in the NP of SARS-CoV which dictate the
specificity of the cellular immune responses to the molecule.

The selection of epitopes for T-cell recognition is governed by
the H-2 haplotypes of the responding strains. It is noteworthy
that peptide NP351 is recognized by T cells from both C3H
(H-2k) and BALB/c (H-2d) mice. This peptide is also able to
induce cell-mediated DTH responses in vivo (Fig. 4). NP351 in
C3H and BALB/c mice seems more potent than NP111 in
C57BL/6 mice for assisting in the production of antibodies
against the linked B-cell epitopes in vivo, although variation in
responsiveness between different strains of animals could also
contribute to this phenomenon (Fig. 6). Screening of the 41
overlapping peptides listed in Table 1 for reactivity with anti-
sera from rNP-immunized mice revealed that NP351 and ad-
jacent peptides were the most strongly recognized of the pep-
tides (data not shown). These data indicate that the sequence
around NP351 represents an immunodominant region in the
NP in mice.

Inactivated whole virus can be used as a vaccine against
SARS-CoV and is able to induce the production of neutraliz-
ing antibodies providing protective immunity (7, 26, 29, 33).
Synthetic peptides containing appropriate epitopes are equally
effective in inducing protective immunity in vivo and can there-
fore also be used as vaccines (16, 25, 27). Peptide vaccines will

FIG. 4. DTH induction by peptides P12 and P36. Groups of five mice were primed s.c. at the base of the tail with peptides (100 �g/mouse) or
rNP (25 �g/mouse) emulsified in CFA and challenged, 6 days later, with rNP in PBS (15 �g/25 �l) in the left hind footpad and with an identical
volume of PBS in the right hind footpad. DTH was estimated 24 h later by measuring footpad swelling, and the difference between the thickness
of the left and right hind footpads is expressed as footpad thickness increase in 10�2-mm units.

FIG. 5. Preimmunization with Th peptides accelerated the antibody response to rNP. C57BL/6, C3H, or BALB/c mice were immunized s.c. at
the base of the tail with either peptides (100 �g/mouse) emulsified in CFA or, as controls, CFA alone or PBS alone. Booster immunizations were
given on day 15, with all the mice (except the PBS control) receiving rNP (25 �g) mixed with IFA. Sera were collected every 7 days and tested
using rNP-based ELISAs. HRP-labeled goat anti-mouse IgG served as the secondary antibody. The results are expressed as optical density (OD)
readings at 492 nm.
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have the added advantage that they are easily manufactured,
chemically stable, and free of contaminating substances or
unwanted sequences capable of inducing pathological re-
sponses in vivo.

It is necessary for an effective peptide-based vaccine to in-
clude Th epitopes, neutralizing B-cell epitopes, and also CTL
epitopes for the efficient production of neutralizing antibodies
and virus-specific cytotoxic T cells (25, 27, 28, 31). The inclu-
sion of multiple Th epitopes is of great importance as helper T
cells are responsible for the generation of adaptive immunity.
The identification of Th epitopes in the NP of SARS-CoV has
important implications. Another important consideration is
the chemical linkage of neutralizing and Th epitopes, since
simply mixing the two together does not result in effective

priming against the B-cell epitope (Fig. 6). The ligation of the
two epitopes is currently often achieved via m-maleimidoben-
zoyl succinimide ester covalent linkage to the terminal Cys (32)
or by adding several amino acid residues as spacers between
the two epitopes (18, 20). Our chimeric peptides contain a Th
epitope in the N-terminal half and a neutralizing epitope in the
C-terminal half, ligated by two lysine residues. Both chimeric
peptides are able to induce high-titer neutralizing antibodies
against SARS-CoV S pseudovirus (Fig. 6). In contrast to some
other immunogens, multiple copies of the peptide were not
necessary (19).

It is possible that fusion of two peptides representing a
B-cell epitope and a Th epitope would bring changes to their
physical properties, but this is unlikely the main reason for the

FIG. 6. Th peptides assisted anti-S protein antibody responses in vivo. C57BL/6 (a), C3H (c), or BALB/c (e) mice were immunized s.c. at the
base of the tail with 150 �g of a chimeric peptide (NP111-SP1143 or NP351-SP1143), a mixture of a helper peptide (75 �g) and SP1143 (75 �g),
or peptide SP1143 (75 �g) alone. All peptides were emulsified in CFA; mice immunized with CFA alone served as a control. Booster
immunizations were given on days 15 and 35 with the immunizing peptides mixed with IFA (or IFA alone for a control). Sera were collected and
the anti-SP1143 IgG response determined using SP1143 peptide-based ELISAs. HRP-labeled goat anti-mouse IgG served as the secondary
antibody. The results are expressed as optical density (OD) readings at 492 nm. For neutralization assays, serially diluted serum samples from
C57BL/6 (b), C3H (d), or BALB/c (f) mice immunized with the chimeric peptides were mixed with medium containing SARS-CoV S pseudovirus
and incubated for 30 min at 37°C. The mixtures were then distributed into triplicate wells in 96-well plates containing a monolayer of Vero E6 cells
seeded at 8 � 103/well the previous day. Luciferase activity in the infected cells was determined 48 h later and the results expressed as percent
infection compared with that of the control group (Vero E6 cells treated with the pseudovirus alone).
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increased immunogenicity of the fusion peptides (e.g., NP111-
SP1143) compared with that of mixtures of unconjugated pep-
tides (e.g., NP111 plus SP1143) in their ability to induce hu-
moral responses in vivo. A more likely explanation for this
phenomenon is that physical conjugation between NP111 (T-
cell epitope) and SP1143 (B-cell epitope) allowed efficient
B-cell receptor-mediated uptake of the Th peptide by SP1143-
specific B cells. Subsequently, the SP1143-specific B cells can
receive activation signals from the NP111-specific helper T
cells. In the case of immunization with an unconjugated mix-
ture of the two peptides, the SP1143-specific B cells are un-
likely to be able to endocytose significant amounts of the Th
peptide.

It should also be noted that the Th epitopes identified herein
are murine specific; they almost certainly cannot be presented
by HLA molecules. Consequently, specific features of the cel-
lular immune response in humans cannot be deduced from the
mouse data. However, animal models are useful tools for stud-
ies on the immunological responses elicited by viruses or their
recombinant proteins in vivo. Knowledge gained from this
study will no doubt facilitate the development of specific ther-

apies that are designed to minimize pulmonary disease and
optimize the anti-SARS-CoV immune response.

Computational algorithms capable of predicting T-cell epitopes
have important applications in vaccine design. We employed
three systems to predict possible H-2b-, H-2k-, and H-2d-re-
stricted Th epitopes in the NP, and the results, summarized in
Table 2, are compared with those obtained in this study. The
RANKPEP system (23) predicted only one possible epitope,
restricted by major histocompatibility complex class II allele
I-Ab, which is consistent with the recognition of NP111 in
C57BL/6 mice (Fig. 3). The SYFPEITHI system, available only
for H-2k (I-Ak or I-Ek allele) epitope prediction (22), pre-
dicted 20 epitopes, including all the 4 epitopes identified
herein. The PREDBALB/c system predicts the probability of
nanomer sequences binding to the I-Ad and I-Ed molecules
(34). Approximately 10 regions with the highest scores are
listed in Table 2 for each molecule. The NP81 and NP351
peptides are identified by this algorithm. Interestingly, all
three systems predicted some epitopes not identified in this
or other studies.

Taken together, this study has identified nine dominant Th

TABLE 2. Comparison of actual epitopes and predicted epitopes of SARS-CoV NP

Actual epitope Sequence
System used for

predicting
epitopesa

Sequence(s) for predicted epitope restricted by alleleb:

I-A I-E

H-2b helper peptides
NP11 11RSAPRITFGGPTDST25
NP51 51ASWFTALTQHGKEEL65
NP61 61GKEELRFPRGQGVPI75 RANKPEP
NP111 111FYYLGTGPEASLPYG125 112YYLGTGPEA (13.82)

133WVATEGALN (12.32)
149TRNPNNNAA (12.51)
361YKTFPPTEP (12.86)

H-2k helper peptides
NP21 21PTDSTDNNQNGGRNG35 21PTDSTDNNQNGGRNG (16)

51ASWFTALTQHGKEEL (24)
80GPDDQIGYYRRATRR (18) 82DDQIGYYRRATRRVR (18)

NP91 91ATRRVRGGDGKMKEL105 96RGGDGKMKELSPRWY (18) 92TRRVRGGDGKMKELS (22)
156AATVLQLPQGTTLPK (20)

191SRGNSRNSTPGSSRG (22)
SYFPEITHI 222LLLLDRLNQLESKVS (22) 222LLLLDRLNQLESKVS (20)

286NFGDQDLIRQGTDYK (18) 289DQDLIRQGTDYKHWP (18)
NP331 309APSASAFFGMSRIGM (18)
NP351 331WLTYHGAIKLDDKDP345 338IKLDDKPQFKDNVI (18) 337AIKLDDKDPQFKDNV (18)

351VILLNKHIDAYKTFP365 351VILLNKHIDAYKTFP (18)
369PKKDKKKKTDEAQPL (20)

377TDEAQPLPQRQKKQP (18)
390QPTVTLLPAADMDDF (20)

399ADMDDFSRQLQNSMS (18)

H-2d helper peptides
39KQRRPQGLP (9.7)

NP81 81PDDQIGYYRRATRRV95 86GYYRRATRR (9.6) 86GYYRRATRR (9.7)
105LSPRWYFYY (9.7)

129EGIVWVATE (9.7)
160LQLPQGTTL (10.0)

207SPARMASGG (9.7)
224LLDRLNQLE (9.7)

PREDBALB/c
248TKKSAAEAS (9.6)
260RQKRTATKQ (9.7)

300KHWPQIAQF (9.8)
318MSRIGMEVT (9.5)

331WLTYHGAIK (9.9)
340LDDKDPQFK (9.8)

NP351 351VILLNKHIDAYKTFP365 355NKHIDAYKT (9.5) 353LLNKHIDAY (9.9)
405SRQLQNSMS (9.7)

a The RANKPEP system had threshold scores of 9.52 for the I-A allele and 51.80 for the I-E allele, and the PREDBALB/c system had a threshold score of 8 for both
alleles.

b The number in parentheses is the score obtained with the indicated system. For scoring details, see Materials and Methods.
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epitopes in the NP of SARS-CoV recognized by T cells from
mice of three strains. The peptides containing these epitopes
are further characterized for their ability to induce cellular
immune responses in vivo and also to assist in the production
of antiviral neutralizing antibody. This information is of great
value for understanding anti-SARS-CoV immunity and also
for designing peptide-based vaccines against the disease.
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