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Abstract

Severe acute respiratory syndrome (SARS) is a serious infectious threat to public health. To create a novel trial vaccine and evaluate its
potency, we attempted to generate a SARS inactivated vaccine using SARS coronavirus (SARS-CoV) strain F69 treated with formaldehyde and
mixed with Al(OH);. Three doses of the vaccine were used to challenge three groups of BALB/c mice. We found that the mice exhibited specific
IgM 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) whereas
in middle-dose group (1:19,200), the peak was at day 40. On day 63, the IgG levels reached a plateau. Neutralization assay demonstrated
that the antisera could protect Vero-E6 cells from SARS-CoV'’s infection. Analysis of the antibody specificity revealed that the mouse
antisera contained a mixture of antibodies specifically against the structure proteins of SARS-CoV. Furthermore, the mouse antisera conferred
higher amount of antibodies against protein N, polypeptide S4 and S2 than those of proteins M and 3CL. These findings suggest that the
inactivated SARS-CoV could preserve its antigenicity and the inactivated vaccine can stimulate mice to produce high levels of antibodies with
neutralization activity. Results also suggest that polypeptides originating from protein N or S might be a potential target for the generation of
a recombinant SARS vaccine.
© 2004 Elsevier B.V. All rights reserved.

Keywords: SARS; Inactivated vaccine; IgG antibody; Neutralization

1. Introduction first identified as an etiological pathogen of SARS. Several
SARS-CoV genomes were mapped and proteome research
A severe acute respiratory disease of unknown etiology was carried out. These achievements have paved paths for
was first reported in Guangdong Province, the People’s Re-developing a safe and effective SARS vaccine.
public of Chinain late 2002. Sequentially broke out in Hong A number of studies using coronavirus vaccines have
Kong and Northern America in early 2003, this disease was demonstrated that inactivated vaccines are one of the most
named as “severe acute respiratory syndrome” (SARS) effective methods to protect against animal coronavirus, in-
A novel coronavirus, SARS coronavirus (SARS-CoV), was cluding canine coronaviryg], infectious bronchitis virug3]
and bovine coronavirugl]. Although the host—pathogen re-
mspondmg author. Tel.: +86 20 85223426 lationship and immunopathogenesis of SARS-COV haye not
fax: +86 20 85220504-309. been fully understood, we postulated that it may be feasible to
E-mail addresstwangyf@ijnu.edu.cn (Y.-F. Wang). develop aninactivated vaccine for SARS-CoV. Moreover, the
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safety and effectiveness of inactivated vaccine in human havesay (ELISA). In brief, polystyrene plates (Corning Costar)
also been demonstrated by clinical applications of vaccinescoated with lysed SARS-CoV were incubated with seri-

against Japanese encephalbls hemorrhagic fever (type 1)
[6] and rabieg7].

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 previously8] 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 developmentS

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 1gG was purchased form Bethyl Laborato-
ries. SARS Ab detection and typing kits were obtained from
Shanghai Health Digit. Specific pathogen free Balb/c mice,
weighted from 18 g to 22 g, were provided by the First Mili-
tary Medical University of PLA.

2.2. Virus and vaccine preparation

SARS-CoV F69 was isolated from the oropharyngeal
swab of a Cantonese patient who had lived in Amoy Gardens.
DNA sequence comparison showed that F69 has highly ho-
mologous similarity to other strains reported, including HKU,
US urbani and TOR2. The titer of F69 was determined to be
1 x 1087 TCIDso/ml with M-U method. Large-scale culti-
vated viruses were inactivated with 0.4% formaldehyde for 2
days at 37C, and then purified by gel filtration. The treated
viruses were mixed with equivalent volume of Al(Q48d-
juvant and used as a trial SARS vaccine.

2.3. Animal immunizations

Balb/c mice were randomly divided into three groups:(
10 mice for each group) and challenged with the trial vaccine
at three doses, low-dose (equivalent to 2.5.0° TCIDsg
of SARS-CoV), middle-dose (5.2 10° TCIDs) and high-
dose (7.5< 10° TCIDsp). All grouped mice were challenged
at three times (days 0, 14 and 24). The control group was in-

ally two-fold diluted sera, and then colorized with HRP-

conjugated Ab an@-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
ARS-CoV structure protein®]. 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 Escherichia coli The
spike gene was divided into four fragments, S1 (nt 52-
954), S2 (nt 772-1719), S3 (nt 1564-2799) and S4 (nt
2647-3765). Recombinant polypeptides S1 and S2 were
produced using the same strategy as for protein N and
3CL. Polypeptides S2 and S4 were produced as a GST
and pentra-His double-tagged fusion protein. After purifi-
cation, seven recombinant polypeptides were analyzed in
12% SDS—PAGE and confirmed to be single bands with
sizes identical to those deduced from their amino acid se-
quences (data not shown). The antigenicity of these re-
combinant polypeptides was further confirmed by West-
ern blot analysis using a serum from a convalescent SARS
patient.

2.6. Neutralization test

Neutralizing antibody was determined by the inhibition of
cytopathic effects (CPE) defined by morphological changes
and cellular death mediated by SARS-CoV on Vero-E6 cell
monolayers as describgd0]. In brief, Vero-E6 cells (3
x 10° cells/ml) were cultured in 24-well microtiter plates.
Pretreated serum-virus mixture, containing equivalent vol-
ume of diluted serum and SARS-CoV (200 TGHM),

jected with 0.9% NacCl at the same time. Mice were bled from was inoculated into microtiter plates (1 ml/well) and in-

the tail veins on days 4, 8, 12, 19, 26, 34, 40, 47, 56 and 63.
2.4. Antibody detection

IgM or 1gG specific to SARS-CoV in mice sera were
determined by indirect enzyme-linked immunosorbent as-

cubated for 6 days at 3 in a 5% CQ atmosphere.
CPE of each well was recorded every day. The maxi-
mum dilution of each serum that completely prevented CPE
in 50% of the test-wells was defined as the titer of this
serum when the virus control (no serum) showed complete
CPE.
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3.1. Changing of IgM Ab against SARS-CoV

---x--- Control I

Fig. 1 shows the production of IgM Ab in three groups . Boost Challenge
of mice injected with different doses of vaccine. Specific A A
IgM Ab levels in mice sera were expressed as gy 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 6
Abremained stable and reached a plateau. On day 26, IgM Ab /

-Log2(1:N)

levels started to decline. Of note, the levels of IgM in differ-
ent groups were generally correlated with the doses used for 2 -
immunization.
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3.2. Profile of IgG Ab against SARS-CoV
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
The profile of IgG Ab production in response to SARS dilution displayed positive reaction was defined to be the titer of this serum.

vaccine is shown iﬁig. 2 The l9G Ab appeared in mice sera Every titer value was transformed into negative log 2 and displayed in the
on day 8, reached to the peak on day 47 (middle-dose groupgraph. The values are expressed as me&D.

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
1:16,000, respectively.

Comparing the titer among the different groups, we found
that the levels of IgG Ab exhibited a clear correlation with
the inoculation doses (except day 47). In general, the 1gG
titer of high-dose group was two—three-fold higher than that
of low-dose group.

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).

0.80 - —o—Low dose = —=— Middle dose
—a— High dose  ---x--- Control
39 O3CL BM OS] ES3 ES2 0S4 EN
30 A T
0.60 - !
§: 0.40 + %
a
o
0.20 A
0.00 Xooor: pre e — CaShdd o SR EEEEE »® . Low dose Middle dose High dose
4 8 12 19 26

) o Fig. 3. Specificity and the relative strength of antibodies specific to SARS-
Days post immunization CoV structure proteins in mice sera on day 63. Protein N, M and 3CL of
SARS-CoV TOR2 were produced as full-length protein from recombinant
Fig. 1. Changing of IgM Ab against SARS-CoV in mice sera. Three doses Escherichia coli Protein S was divided into four fragments: S1, S2, S3
(equivalent to 2.5« 10° TCIDsg, 5 x 10° TCIDsp or 7.5 x 10° TCIDsp and S4. The seven recombinant polypeptides were immobilized on a solid
of virus) of SARS inactivated vaccine were challenged in three groups of matrix and chemiluminescent enzyme immunoassay (CLEIA) was applied
BALB/c mice on days 0, 14 and 24. Titers of IgM against SARS-CoV were  to analyze the specificity and the relative strength of antibodies in antisera.
measured by ELISA. The levels of IgM Ab are expressed asgo@f 1:100 P/N value, ratio of signal strength of antisera and that of control sera are
diluted sera. listed above.
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16.0 1 also proved to be able to induce protective immunity in mice
146 | Boost Challenge [14]. Here, we showed for the first time that the Abs specific
' A A to proteins N, S4 and S2 are stronger than other structure-
120 protein specific Abs induced by inactivated vaccine. Sui et
al. [15] recently reported a potent neutralization McAb, the

21007 epitope of which was located within the N-terminal 261-672

S804 E ) amino acids of protein S. In accordance with their observa-

o0 7 —o— Low dose —=— Middle dose . g .

3 tions, we found that the level of S2-specific Ab predominated
601 —#—Highdose  —Control in mice sera. From these results and other antigenicity analy-
40 | sis of SARS-CoV structure protein, we propose that protein S

and/or N may be a potential subunit for an effective vaccine.
2.0 1 SARS-CoV, like HIV, is an RNA virus that has an error-
00 ‘ . ‘ ‘ . . . ‘ prone replication mechanism. Escaping mutations in re-
2 19 26 33 40 47 56 sponse to immune system have been observed and selected
Days post immunization point mutations are known to be responsible for major shifts

_ - o o in the pathogenicity, as well as in the tissue specificity of
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 bovine Corona\”ruﬁﬁ]‘ MUtatl(_)nS in the genome Qf SARS-
half test-wells from CPE was defined as the neutralization titer, which was COV have recently been descrij@d]. These mutations may

transformed into negative log 2 and displayed in the graph. hamper the development of effective vaccine against SARS-
CoV, however, during the neutralization test of antisera in-
3.4. Neutralization activity of mice antisera duced by SARS inactivated vaccine, we found that the anti-

sera could neutralize not only the CPE of SARS-CoV strain
To determine the protective strength of antisera obtained F69, but also strain Y3, another SARS-CoV isolated from
from mice on days 12-63, we performed a neutralization as- a female patient who belonged to a “super-spread” event in
say using cultured Vero-EG6 cells. We found that all antisera Guangdong Provincfl8]. We did not find any significant
showed various ability of inhibiting cytopathic effects me- difference between two strains in terms of the neutralization
diated by SARS-CoV in Vero-E6 cell$ig. 4). From days titer (data not shown). The cross-protection strengthened the
33 to 56, the neutralization Abs remained at the plateau. Theurgency of evaluating the protection immunity of inactivated
peak titer of three vaccine-immunized groups was 1:2560, vaccine in primates in future.
1:5120 and 1:10,240, respectively. On day 63, the neutral- Immune response to other coronaviruses suggests that
ization titer of low-dose group and middle-dose group was both cell-mediated and humoral immunity contribute to long-
1:1280; of high-dose group, it was 1:5120. term protection. Butinactivated vaccine usually induces weak
cell-mediated immunity. We also observed that there were no
significant changes of CD4, CD8 subset of T lymphocyte in
4. Discussion vaccine-challenged mice (data not shown). In the latest study
it was found that Abs alone could prevent replication of the
In this study, we demonstrated that the SARS inactivated SARS coronavirus in the lungs of mi¢&0]. This observa-
vaccine can stimulate Balb/c mice to produce high levels of tion suggests that the weakness of SARS inactivated vaccine
specific Abs with neutralization activity. In comparison with might be overcome by the advantages of the vaccine produced
convalescent SARS patients, the Ab levels and neutralizationin the current study.
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 Acknowledgements
confirmed the feasibility and efficacy of SARS inactivated
vaccine. We also performed the similar experiments using  This work was supported by the National Natural Science
other species such as rats, rabbits, horses and monkey&oundation of China, No. 3037017 and the Natural Science
which also confirmed the effect of this vaccine (Wang et al., Foundation of Guangdong Province, China, No. 039213.
in preparation).
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