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Severe acute respiratory syndrome (SARS) is a serious infectious threat to public health. To create a novel trial vaccine and
otency, we attempted to generate a SARS inactivated vaccine using SARS coronavirus (SARS-CoV) strain F69 treated with formal
ixed with Al(OH)3. Three doses of the vaccine were used to challenge three groups of BALB/c mice. We found that the mice exhibite

gM on day 4 and IgG on day 8. The peak titers of IgG were at day 47 in low-dose group (1:19,200) and high-dose group (1:38,400
n middle-dose group (1:19,200), the peak was at day 40. On day 63, the IgG levels reached a plateau. Neutralization assay d
hat the antisera could protect Vero-E6 cells from SARS-CoV’s infection. Analysis of the antibody specificity revealed that th
ntisera contained a mixture of antibodies specifically against the structure proteins of SARS-CoV. Furthermore, the mouse antise
igher amount of antibodies against protein N, polypeptide S4 and S2 than those of proteins M and 3CL. These findings sugg

nactivated SARS-CoV could preserve its antigenicity and the inactivated vaccine can stimulate mice to produce high levels of antib
eutralization activity. Results also suggest that polypeptides originating from protein N or S might be a potential target for the gen
recombinant SARS vaccine.
2004 Elsevier B.V. All rights reserved.
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. Introduction

A severe acute respiratory disease of unknown etiology
as first reported in Guangdong Province, the People’s Re-
ublic of China in late 2002. Sequentially broke out in Hong
ong and Northern America in early 2003, this disease was
amed as “severe acute respiratory syndrome” (SARS)[1].
novel coronavirus, SARS coronavirus (SARS-CoV), was

∗ Corresponding author. Tel.: +86 20 85223426;
ax: +86 20 85220504-309.
E-mail address:twangyf@jnu.edu.cn (Y.-F. Wang).

first identified as an etiological pathogen of SARS. Sev
SARS-CoV genomes were mapped and proteome res
was carried out. These achievements have paved pat
developing a safe and effective SARS vaccine.

A number of studies using coronavirus vaccines h
demonstrated that inactivated vaccines are one of the
effective methods to protect against animal coronavirus
cluding canine coronavirus[2], infectious bronchitis virus[3]
and bovine coronavirus[4]. Although the host–pathogen
lationship and immunopathogenesis of SARS-CoV have
been fully understood, we postulated that it may be feasib
develop an inactivated vaccine for SARS-CoV. Moreover
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safety and effectiveness of inactivated vaccine in human have
also been demonstrated by clinical applications of vaccines
against Japanese encephalitis[5], hemorrhagic fever (type I)
[6] and rabies[7].

This study was performed with two goals in mind: (i) to
prepare a SARS inactivated vaccine, and (ii) to investigate
whether this vaccine could stimulate animal models to pro-
duce neutralization antibodies. We used SARS-CoV, F69 iso-
lated previously[8] to prepare a trial SARS inactivated vac-
cine. Our data on immunogenicity studies suggest that this
vaccine could stimulate mice to produce high levels of anti-
bodies which could protect Vero-E6 cells from SARS-CoV’s
challenge. These results may shed lights for the development
of SARS vaccine in future.

2. Materials and methods

2.1. Reagents, cells and animals

SARS coronavirus antibody (Ab) diagnostic kits were
purchased from Beijing BGI-GBI Biotech. HRP-conjugated
goat antimouse IgG was purchased form Bethyl Laborato-
ries. SARS Ab detection and typing kits were obtained from
Shanghai Health Digit. Specific pathogen free Balb/c mice,
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say (ELISA). In brief, polystyrene plates (Corning Costar)
coated with lysed SARS-CoV were incubated with seri-
ally two-fold diluted sera, and then colorized with HRP-
conjugated Ab andO-phenylendiamine (Sigma). The max-
imum dilution of each serum, which displayed positive re-
action, was defined to be the titer of SARS-CoV specific
Abs.

2.5. Specificity analysis of antisera

Chemiluminescent enzyme immunoassay (CLEIA) was
applied to analyze the strength of mouse Abs binding to
SARS-CoV structure proteins[9]. Seven recombinant pro-
teins or polypeptides of SARS-CoV, S1, S2, S3, S4, N, M
and 3CL, were immobilized on a solid matrix. Mouse antis-
era were incubated with the immobilized proteins, followed
by enzyme-conjugated antimice IgG and chemiluminescent
substance. The light signal of the reaction was detected by
HD-2001A Chip Reader (Shanghai Health Digital), and P/N
value, ratio of signal strength of antisera and that of neg-
ative control, were calculated using the instrument bound
software.

Complete ORFs of protein N, M and 3CL of SARS-
CoV TOR2 were cloned into plasmid pET22 and pro-
duced as a His-tag fused protein inEscherichia coli. The
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eighted from 18 g to 22 g, were provided by the First M
ary Medical University of PLA.

.2. Virus and vaccine preparation

SARS-CoV F69 was isolated from the oropharyng
wab of a Cantonese patient who had lived in Amoy Gard
NA sequence comparison showed that F69 has highl
ologous similarity to other strains reported, including HK
S urbani and TOR2. The titer of F69 was determined t
× 106.7 TCID50/ml with M-U method. Large-scale cul

ated viruses were inactivated with 0.4% formaldehyde
ays at 37◦C, and then purified by gel filtration. The trea
iruses were mixed with equivalent volume of Al(OH)3 ad-
uvant and used as a trial SARS vaccine.

.3. Animal immunizations

Balb/c mice were randomly divided into three groupsn=
0 mice for each group) and challenged with the trial vac
t three doses, low-dose (equivalent to 2.5× 105 TCID50
f SARS-CoV), middle-dose (5.0× 105 TCID50) and high-
ose (7.5× 105 TCID50). All grouped mice were challeng
t three times (days 0, 14 and 24). The control group wa

ected with 0.9% NaCl at the same time. Mice were bled f
he tail veins on days 4, 8, 12, 19, 26, 34, 40, 47, 56 and

.4. Antibody detection

IgM or IgG specific to SARS-CoV in mice sera we
etermined by indirect enzyme-linked immunosorbent
pike gene was divided into four fragments, S1 (nt
54), S2 (nt 772-1719), S3 (nt 1564-2799) and S4
647-3765). Recombinant polypeptides S1 and S2
roduced using the same strategy as for protein N
CL. Polypeptides S2 and S4 were produced as a
nd pentra-His double-tagged fusion protein. After pu
ation, seven recombinant polypeptides were analyze
2% SDS–PAGE and confirmed to be single bands
izes identical to those deduced from their amino acid
uences (data not shown). The antigenicity of these
ombinant polypeptides was further confirmed by W
rn blot analysis using a serum from a convalescent S
atient.

.6. Neutralization test

Neutralizing antibody was determined by the inhibition
ytopathic effects (CPE) defined by morphological cha
nd cellular death mediated by SARS-CoV on Vero-E6
onolayers as described[10]. In brief, Vero-E6 cells (3
105 cells/ml) were cultured in 24-well microtiter plate

retreated serum–virus mixture, containing equivalent
me of diluted serum and SARS-CoV (200 TCID50/ml),
as inoculated into microtiter plates (1 ml/well) and
ubated for 6 days at 37◦C in a 5% CO2 atmosphere
PE of each well was recorded every day. The m
um dilution of each serum that completely prevented

n 50% of the test-wells was defined as the titer of
erum when the virus control (no serum) showed com
PE.
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3. Results

3.1. Changing of IgM Ab against SARS-CoV

Fig. 1 shows the production of IgM Ab in three groups
of mice injected with different doses of vaccine. Specific
IgM Ab levels in mice sera were expressed as OD490 of
1:100 diluted sera. We found that IgM Ab in plasma be-
came detectable on day 4 and increased sharply on day 8
in vaccine-challenged groups. On day 19, the levels of IgM
Ab remained stable and reached a plateau. On day 26, IgM Ab
levels started to decline. Of note, the levels of IgM in differ-
ent groups were generally correlated with the doses used for
immunization.

3.2. Profile of IgG Ab against SARS-CoV

The profile of IgG Ab production in response to SARS
vaccine is shown inFig. 2. The IgG Ab appeared in mice sera
on day 8, reached to the peak on day 47 (middle-dose group
was on day 40) and went into platform phase on day 63. The
peak titer of IgG was 1:19,200 in low-dose group and middle-
dose groups, and 1:38,400 in high-dose group, respectively.
On day 63, the titers of three groups were 1:6400, 1:8000 and
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Fig. 2. Kinetic changes of SARS-CoV specific IgG in mice sera. SARS-
CoV specific IgG Ab in mice sera was measured by ELISA. The maximum
dilution displayed positive reaction was defined to be the titer of this serum.
Every titer value was transformed into negative log 2 and displayed in the
graph. The values are expressed as mean± S.D.

3.3. Antigen-binding specificity of antisera

Seven recombinant polypeptides originating from four
SARS-CoV structure proteins, S, M, N and 3CL, were ap-
plied to determine the specificity and strength of Abs in mice
antisera. We found that all antisera contained Abs specifically
against seven antigens. However, in general, Abs specific to
protein N, S4 and S2 tended to be stronger than other proteins
M and 3CL (Fig. 3).

Fig. 3. Specificity and the relative strength of antibodies specific to SARS-
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:16,000, respectively.
Comparing the titer among the different groups, we fo

hat the levels of IgG Ab exhibited a clear correlation w
he inoculation doses (except day 47). In general, the
iter of high-dose group was two–three-fold higher than
f low-dose group.

ig. 1. Changing of IgM Ab against SARS-CoV in mice sera. Three d
equivalent to 2.5× 105 TCID50, 5 × 105 TCID50 or 7.5 × 105 TCID50

f virus) of SARS inactivated vaccine were challenged in three grou
ALB/c mice on days 0, 14 and 24. Titers of IgM against SARS-CoV w
easured by ELISA. The levels of IgM Ab are expressed as OD490 of 1:100
iluted sera.
oV structure proteins in mice sera on day 63. Protein N, M and 3C
ARS-CoV TOR2 were produced as full-length protein from recomb
scherichia coli. Protein S was divided into four fragments: S1, S2,
nd S4. The seven recombinant polypeptides were immobilized on a
atrix and chemiluminescent enzyme immunoassay (CLEIA) was ap

o analyze the specificity and the relative strength of antibodies in an
/N value, ratio of signal strength of antisera and that of control ser

isted above.
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Fig. 4. Kinetic changes of neutralization Ab in mice sera from day 12 to
day 63. The maximum dilution of each sera sample being able to protect
half test-wells from CPE was defined as the neutralization titer, which was
transformed into negative log 2 and displayed in the graph.

3.4. Neutralization activity of mice antisera

To determine the protective strength of antisera obtained
from mice on days 12–63, we performed a neutralization as-
say using cultured Vero-E6 cells. We found that all antisera
showed various ability of inhibiting cytopathic effects me-
diated by SARS-CoV in Vero-E6 cells (Fig. 4). From days
33 to 56, the neutralization Abs remained at the plateau. The
peak titer of three vaccine-immunized groups was 1:2560,
1:5120 and 1:10,240, respectively. On day 63, the neutral-
ization titer of low-dose group and middle-dose group was
1:1280; of high-dose group, it was 1:5120.

4. Discussion

In this study, we demonstrated that the SARS inactivated
vaccine can stimulate Balb/c mice to produce high levels of
specific Abs with neutralization activity. In comparison with
convalescent SARS patients, the Ab levels and neutralization
activity of immunized mice were about 10 times higher.
The curve of IgG Ab in mice indicates that the specific Abs
remained at a high level for a long period. These results
confirmed the feasibility and efficacy of SARS inactivated
vaccine. We also performed the similar experiments using
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also proved to be able to induce protective immunity in mice
[14]. Here, we showed for the first time that the Abs specific
to proteins N, S4 and S2 are stronger than other structure-
protein specific Abs induced by inactivated vaccine. Sui et
al. [15] recently reported a potent neutralization McAb, the
epitope of which was located within the N-terminal 261–672
amino acids of protein S. In accordance with their observa-
tions, we found that the level of S2-specific Ab predominated
in mice sera. From these results and other antigenicity analy-
sis of SARS-CoV structure protein, we propose that protein S
and/or N may be a potential subunit for an effective vaccine.

SARS-CoV, like HIV, is an RNA virus that has an error-
prone replication mechanism. Escaping mutations in re-
sponse to immune system have been observed and selected
point mutations are known to be responsible for major shifts
in the pathogenicity, as well as in the tissue specificity of
bovine coronavirus[16]. Mutations in the genome of SARS-
CoV have recently been described[17]. These mutations may
hamper the development of effective vaccine against SARS-
CoV; however, during the neutralization test of antisera in-
duced by SARS inactivated vaccine, we found that the anti-
sera could neutralize not only the CPE of SARS-CoV strain
F69, but also strain Y3, another SARS-CoV isolated from
a female patient who belonged to a “super-spread” event in
Guangdong Province[18]. We did not find any significant
d tion
t d the
u ted
v

that
b ng-
t eak
c re no
s e in
v tudy
i the
S -
t ccine
m uced
i

A

nce
F ence
F .

R

am
S,
espi-
85.
p-
ated
ther species such as rats, rabbits, horses and mo
hich also confirmed the effect of this vaccine (Wang e

n preparation).
Specificity analysis revealed that the IgG Ab in mice

isera was a mixture of Abs specific for structure protein
ARS-CoV. Recent studies reported that the DNA vacc

argeting protein S or N could induce several events inc
ng the production of specific Abs and/or the activation
ytotoxic T lymphocytes, and protective immunity in m
11–13]. A highly attenuated modified vaccinia virus Ank
ontaining the gene encoding full-length SARS-CoV S
ifference between two strains in terms of the neutraliza
iter (data not shown). The cross-protection strengthene
rgency of evaluating the protection immunity of inactiva
accine in primates in future.

Immune response to other coronaviruses suggests
oth cell-mediated and humoral immunity contribute to lo

erm protection. But inactivated vaccine usually induces w
ell-mediated immunity. We also observed that there we
ignificant changes of CD4, CD8 subset of T lymphocyt
accine-challenged mice (data not shown). In the latest s
t was found that Abs alone could prevent replication of
ARS coronavirus in the lungs of mice[10]. This observa

ion suggests that the weakness of SARS inactivated va
ight be overcome by the advantages of the vaccine prod

n the current study.
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