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Abstract

Background: In 2003, severe acute respiratory syndrome (SARS) resulted in hundreds of infections and deaths globally. We aim to asses:
immunogenicity and protective efficacy of purified inactivated Vero-cell SARS vaccine in monkeys.

Methods: The cultures of SARS coronavirus (SARS-CoV) BJ-01 strain infected Vero cells were inactivatgdpvitpiolactone. Sequential
procedures, including ultrafiltration, gel filtration and ion exchange chromatography, were performed to obtain purified inactivated SARS
vaccine. The purified SARS vaccine was analyzed with electron microscope, HPLC and Western blotting. We immunized three groups of
cynomolgus macaques fascicularis with adjuvant-containing purified vaccine, purified vaccine and unpurified vaccine, respectively, and
a fourth group served as a control. Antibody titers were measured by plaque reduction neutralization test. The vaccinated monkeys wer
challenged with SARS-CoV BJ-01 strain to observe protective efficacy. Additionally, three groups of rhesus monkeys were immunized with
different doses of the purified inactivated SARS vaccine (0.5, 1 argitine/monkey) on days 0 and 7, and the monkeys were challenged
with SARS-CoV GZ-01 strain. We assessed the safety of the SARS vaccine and observed whether the antibody dependent enhanceme
(ADE) occurred under low levels of neutralizing antibody in rhesus.

Findings: The purity of SARS vaccine was 97.6% by HPLC identification and reacted with convalescent sera of SARS patients. The purified
SARS vaccine induced high levels of neutralizing antibodies and prevented the replication of SARS-CoV in monkeys. Under low levels of
neutralizing antibody, no exacerbation of clinical symptoms was observed when the immunized monkeys were challenged with SARS-CoV.
In this preliminary animal trial, no side effects were detected when monkeys were immunized with purified SARS vaccine either at normal
or large doses.

Interpretation: The purified inactivated SARS vaccine could induce high levels of neutralizing antibody, and protect the monkeys from the
challenge of SARS-CoV. The SARS vaccine prepared in the study appeared to be safe in monkeys.

© 2005 Published by Elsevier Ltd.

Keywords: Severe acute respiratory syndrome; SARS-CoV, Inactivated vaccine; Monkey

* Corresponding authors. Tel.: +86 10 66948614; fax: +86 10 63898239.
E-mail addresses: qinede@sohu.com (E. Qin), Qinyzh@yahoo.com.cn (Q. Zhu).
1 These authors contributed equally to this work.

0264-410X/$ — see front matter © 2005 Published by Elsevier Ltd.
doi:10.1016/j.vaccine.2005.06.038



E. Qin et al. / Vaccine 24 (2006) 1028—1034 1029

1. Introduction reached 342], and passed through 1uln filter (Polypuré,
10in-226/Fin Silicone) from Pall Cor., USA. The filtrate was
Severe acute respiratory syndrome (SARS, also calledcollected ang-propiolactone was added at 1:4000 (v/v). The
infectious atypical pneumonia in China) is a new emerg- shaken mixture was kept at 228 for more than 16 h before
ing respiratory infectious disease with rapid transmission and incubating at 37C for 2 h to inactivate the virus completely.
high mortality. According to statistics released by WHO on The inactivated virus was concentrated by Omega ultrafil-
7 August 2003, a total of 8422 clinically diagnosed cases tration unit and suspended in PBS (100 mM, pH 7.0). All
were reported worldwide, causing 916 deaths, an estimatedprocedures were performed at biosafety level 3.
mortality of 10.9%. A novel coronavirus, SARS coronavirus The concentrated inactivated virus was purified by gel
(SARS-CoV), was identified as the pathogen of SARSIn filtration of Sepharose 4 Fast Flow (FF) (INDEX100/95,
2004, some new SARS cases were reported in China, whichAmersham Biosciences, Sweden) at 15% column volume
suggest that SARS may recure in the future. The currentwith elution buffer PBS (100 mM, pH 7.0). The fractions from
medical strategies mainly replying on non-specific anti-viral the outer void were collected. The eluate containing SARS
and supportive treatment are not sufficient. Previous experi- antigen was further purified by ion exchange chromatogra-
ence in controlling infectious diseases indicates that the mostphy. AKTAexplorer 10 chromatography system was used,
efficient protection against SARS infection is mass immu- the media was FractogeEMD DWAE(M), and the column
nization. Effective vaccines for protecting the population are was XK16/20. After being equilibrated by PBS (100 mM, pH
urgently needed. 8.0), the gelfiltration purified inactivated viruses were loaded,
Since the discovery of SARS-CoV as the cause of SARS. then eluted by PBS containing 0.45M NacCl. The first elute
The inactivated SARS-CoV has been proposed as one of thepeak containing the viral antigen was collected. The efflu-
prophylactic vaccination approaches against SARS. A num- ent was diluted according to the protein concentration of the
ber of studies about coronavirus vaccines have demonstratedntigen active peak to prepare the purified SARS vaccine.
that inactivated vaccines are effective methods, such as infec-The purity of the vaccine was analyzed with HPLC analysis.
tious bronchitis virus and bovine coronavirus. Although, little  Two hundred microliters of purified SARS vaccine was run
information about pathogenesis of SARS-CoV is known, we on TSKgel G4000SW column (7.5 mm600 mm, FO001)
postulated that it may be feasible to develop an inactivated using 0.75 ml/min flow rate to acquire the HPLC profile.
vaccine for SARS. The antigen content of inactivated SARS vaccine was
The present study developed the techniques for the prepa-determined by double-antibody sandwich ELISA. The rab-
ration of SARS inactivated vaccine and investigated the bits were immunized with sucrose density gradient zonal
immune response and protective effects induced by the vac-centrifugation-purified virus antigen to prepare the anti-
cination in monkeys. Our data suggest that this vaccine could SARS-CoV antibody (first antibody), and horseradish per-
stimulate monkeys to produce high levels of antibodies which oxidase labeled rabbit anti-SARS-CoV IgG was used as the
could protect monkeys from SARS-CoV challenge. These second antibody. The protein content of the purified inacti-
results lay a solid foundation for our early phase human vated SARS vaccine was determined by a modification of the
study. Lowry method.

2.3. Electron microscopic examination

2. Materials and methods
Approximately 5Qul of purified SARS vaccine was placed

2.1. Virus strains and cells onacopper grid and then allowed to stand for 1 min. After the

residual fluid was removed by filter paper, the specimen on

SARS-CoV BJ-01 strain and GD-01 strain were isolated the grid was stained with 3% phosphotungstic acid for 1 min.

from autopsy lung tissues of SARS patients from Beijing Then the grid was dried at room temperature and observed
and Fushan, Guangdong Province, China in March 2003 under transmission electron microscope.
[2]. The complete sequences have been deposited in Gen-
Bank, with accession numbers AY278488 and AY278489, 2.4. SDS-PAGE and Western Blotting
respectively[3]. Vero cells (ATCC No. CCL-81) were pro-
vided by the National Vaccine and Serum Institute, Beijing, =~ SDS-PAGE was performed according to Laemmli method

China. [4]. After electrophoresis, the protein band in the gel was
transferred to polyvinyl fluoride (PVDF) membrane (Milli-

2.2. Preparation and purification of inactivated SARS pore), and reacted with convalescent sera of SARS patients

vaccine in blocking buffer (containing 5% skimmed milk) at°€

overnight. After washing, the membrane was incubated with
Well-grown Vero cells were inoculated by BJ-01 strain horseradish peroxidase labeled rabbit anti-human IgG (Bio-
at a M.O.l of 0.01 and maintained with serum-free MEM Rad) for 1 h. The membrane was washed again, and the color
at 37°C. The culture was harvested when cytopathic effects was developed.
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2.5. Monkey immunization, challenge and safety test (PRNEp) using Vero cellg5,6]. In brief, heat inacti-
evaluation vated (56'C 30 min) sera were diluted serially and mixed
with SARS-CoV BJ-01 (100 pfu/0.1 ml), then incubated at
Cynomologus macaques (male, 4-5 years old, Animal 37°C for 90 min. The mixtures were added to a Vero cell
Center of Academy of Military Medical Sciences, Beijing, flask, and absorbed at 3€ for 90 min, then covered with
China) were divided into four groups, with five monkeys nutrient solution (containing agarose, calf bovine serum,
per group. Group 1 was immunized with purified vaccine streptomycin and DMEM), and cultured at 3Z for 36 h.
and adjuvant (aluminium hydroxide, aluminium content: After being dyed by 0.2% neutral red, the flask was incu-
0.5mg/ml). Group 2 was immunized with purified vaccine. bated at 37C for another 24-72h until the plaque was
Group 3 was immunized with unpurified inactivated virus. developed.
All three experimental groups were immunized by deltoid
muscle injection at 1h.g on days 0, 7, 21 and 42. A further  2.7. Pathological observation of main internal organs of
control group was injected with supernatants of \Vero cell cul- immunized monkeys
ture (0.5 ml/monkey). All monkeys were blood sampled on
days 0, 21, 28, 35, 42, 56 and 84. The sera were isolated Vaccined monkeys were euthanized under ether anaes-
from the blood and inactivated at 56 for 30 min. The neu-  thesia. The lung, liver and kidney tissues were sampled
tralizing antibody titers were then determined by the plague and placed in 4% formaldehyde, followed by conven-
reduction neutralization test. tional dehydration and paraffin embed. Then the embed-
To observe the protective effect of the inactivated vac- ded specimens were sliced (with the thickness @im),
cine, monkeys in Group 2 (four monkeys, immunized with stained with hematoxyllin-eosine and observed under light
purified inactivated vaccine) and in the control group (four microscope.
monkeys) were challenged with 3ml SARS BJ-01 strain
(log TCIDsg/ml=7.0) by nasal route on day 84 after the
prime immunization. The specimens of blood, pharynx swab 3. Results
and stool were collected on days 0, 3, 6, 9 and 12 after the
challenge. The neutralizing antibodies in sera were deter-3.1. Preparation and purity analysis of purified
mined, and virus isolation and RT-PCR were also con- inactivated SARS vaccine
ducted[2,7]. All monkeys were sacrificed on day 12 after
the challenge, and lymph node, lung, spleen, liver and kid- When cytopathic effects in Vero cells inoculated with
ney tissues were collected for RT-PCR. The pathological SARS-CoV BJ-01 strain reached 3+, the virus culture
changes of lung tissues were observed in slide slices by lightwas harvested and clarified, then inactivated wgh
microscope. propiolactone. After concentrated by ultrafiltration, the inac-
Safety evaluation tested the antibody dependent enhancetivated virus culture was further purified by Sepharose 4 FF
ment (ADE) of the inactivated SARS vaccine. Three groups gel filtration chromatography and ion exchange chromatog-
of rhesus (male, 3—4 years old, Animal Center of Academy raphy to achieve higher purity. After two steps of purifica-
of Military Medical Sciences, Beijing, China) (three rhe- tion, the residual bovine serum albumin and cellular DNA in
sus monkeys per group) were immunized with differ- inactivated SARS vaccine were less than 12.5 and 1 ng/ml,
ent doses of purified inactivated SARS vaccine (0.5, 1, respectively. The ratio of antigen activity/protein quantity
2 ng/time/monkey) on days 0 and 7. Three monkeys in the increased from 0.105 to 1.43ug after purification. HPLC
control group were injected with Vero cell culture. Blood was analysis showed that the purity of SARS vaccine was 97.6%.
sampled on days 0, 14, 21 and 30 for neutralizing antibody The purified components of the inactivated viruses showed
determination. All monkeys were challenged with SARS- good antigenicity and immunogenicity in mice (data not
CoV GZ-01 strain on day 30 at the dose of 7.0 Tgdnl x 3 shown).
and were euthanized on day 14 after challenge. Internal SARS-CoV-like particles could be observed in purified
organs from the monkey were sampled and the systemati-vaccine under electron microscope. As showifig. 1, the
cally pathological changes were observed. molecular weights of purified vaccine by SDS-PAGE analysis
To assess possible side effects of large doses of purifiedwere consistent with the molecular sizes of the main structural
inactivated SARS vaccine (1) in major organs, themon-  proteins of SARS-CoV. Western blot analysis showed that the
keys were immunized with the SARS vaccine by deltoid protein bands reacted strongly with the convalescent sera of
muscle injection, and then the hematological, biochemical SARS patients.
and pathological changes were observed.
3.2. Immunogenicity of the purified SARS vaccine in
2.6. Plaque reduction neutralization test monkeys

Neutralizing antibodies in the sera of vaccined mon- To observe whether the SARS inactivated vaccines
keys were tested by 50% plaque reduction neutralization induced SARS-specific neutralizing antibodies, Cynomolo-
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Fig. 2. Anti-SARS-CoV Neutralizing antibody titers of monkey sera elicited
31— | —— by differentinactivated SARS vaccine. Cynomologus macaques were immu-
nized with adjuvant-containing purified vaccine, purified vaccine, unpurified
vaccine and supernatants of Veero cell culture (0.5 ml/monkey) as control by
deltoid muscle injection at 1jog on days 0, 7, 21 and 42. All monkeys were
blood sampled on days 0, 21, 28, 35, 42 and 56. The neutralizing antibody
<M titers were then determined by the plaque reduction neutralization test, and
o0 —— ——— q—E presented as the geometric means §).

3.3. Protection of vaccinated monkeys against virus
Fig. 1. Characterization of purified SARS vaccine by SDS-PAGE and West- challenge
ern blot analysis. The purity of SARS vaccine purified by Sepharose 4 FF gel

filtration chromatography and ion exchange is determined by SDS-PAGE. . e - .
Western blot analysis to confirm the presence of the main structural proteins 10 Observe the protective effect of the purified inactivated

of SARS-CoV in the purified SARS vaccine. Convalescent sera of SARS SARS vaccine on monkeys, the aforementioned two ani-
patients was used for detection. Lane 1, protein molecular weights marker; mal groups (purified vaccine group and unvaccinated-control
lane 2, SDS-PAGE analysis of purified SARS vaccine; lane 3, Western blot grqun with four monkeys per group) were challenged with
analysis of purified SARS vaccine. SARS BJ-01 strain by nasal route on day 84 after the prime
immunization. The results showed no SARS-CoV isolated
from the monkeys in the immunization group. In the control
gus macaques were immunized with adjuvant-containing group, SARS-CoV was isolated by pharynx swab inocula-
purified vaccine, purified vaccine and unpurified vaccine. tion in two out of four monkeys on days 3 and 6 after the
Their sera were sampled at different time to measure neu-challenge.
tralizing antibody titers. As shown iRig. 2, 2 weeks (on RT-PCR amplification of the tissue samples from autopsy
day 21) after the first boost, large increases in neutral- of monkeys on day 12 after challenge showed that the lymph
izing antibodies were observed in the sera of all three node,lung, spleenandkidney tissues from all four monkeys in
immunization groups. The neutralizing antibody titers in the immunization group were negative. In the control group,
all immunization groups peaked 1 week after the sec- the positive rates of RT-PCR amplification of the lymph node,
ond boost (4 weeks after the prime). Antibody levels spleen, lung and kidney tissues were 100% (4/4), 50% (2/4),
also increased rapidly after the last boost over a 2-week 25% (1/4) and 25% (1/4), respectively. The results indicated
observation period. The results showed that the neutral-that inactivated SARS vaccine may inhibit the propagation
izing antibody levels in the adjuvant-containing purified of SARS-CoV in monkeys.
vaccine group were higher and lasted longer than those Further pathological examinations of the challenged mon-
in other two groups. The quantity of neutralizing anti- keys showed that two out of four animals in the unvaccinated-
body production and the time for antibody level mainte- control group displayed moderate and mild interstitial
nance showed no apparent differences between the purifiepneumonia. Two out of four from the immunization group
vaccine group (without adjuvant) and unpurified vaccine were normal, and the remaining two immunized monkeys
group, but the antibody levels in the unpurified vaccine only showed mild interstitial pneumonia, without any patho-
group appeared to decrease somewhat faster. The resultkogical changes in other tissues. The results suggested that
showed that both the purified and the unpurified SARS vac- purified inactivated SARS vaccine had protective effects in
cines can induce high levels of SARS-CoV specific heu- monkeys.
tralizing antibodies in monkeys, thus demonstrating high  As shown inFig. 3, the neutralizing antibody levels in the
immunogenicity. immunization group peaked between 167 and 433 on day 14
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Time after vaccination post-challenge. Monkeys were immunized with different doses of purified
SARS vaccine on days 0 and 7, and challenge with SARS-CoV GZ-01 strain
Fig. 3. Rise of anti-SARS-CoV neutralizing antibody titers in the sera py nasal route on day 30 at the dose of 7.0 TEIBIl x 3. Monkey bloods
of monkeys immunized with SARS vaccine after SARS-CoV Challenge. were Samp|ed on days 0, 7, 14, 21, 30, 35, 40 and 44. The neutra”zing
Cynomologus macaques were immunized with adjuvant-containing purified antibody titers were then determined by the plaque reduction neutralization
vaccine, and supernatants of Vero cell culture (0.5 ml/monkey) as control by test, and presented as the geometric means}.
deltoid muscle injection at 3ybg on days 0, 7, 21 and 42. All monkeys were

hallen with SARS-CoV GZ-01 strain by nasal route on 4 at th . P . .
302eeofg$.% TCII@Sg/mISx(SZ.OM(ilke?/ bslogds l\)/\)/lerézassaam?)LIJe(Z ?)n ?1?;3 0,6121,e .On d,ay 14 after. the Immumz.atlon with @fferent dOS?S
28, 35, 42, 56, 84, 90 and 96. The neutralizing antibody titers were then Of inNactivated vaccine, systematic pathological observation
determined by the plague reduction neutralization test, and presented as thainder light microscope showed no abnormity in the inter-
geometric meansi=4). nal organs of monkeys. Histopathology observations indi-
cated that all monkeys in the unvaccinated-control group
showed obvious interstitial pneumonia. Interstitial pneumo-
nia was also observed in the immunization group, but was
obviously milder than in the unvaccinated-control group.
Among the monkeys in the low dose group, especially
those with low levels of neutralizing antibodies, the patho-
logical changes were milder than in unvaccinated-control
group. The results showed that neither infection enhancement
nor immunopathological exacerbation was observed under
low neutralizing antibody titers. For monkeys immunized
at higher doses (1Qog/time/monkey), body temperature,
3.4. Safety of the purified inactivated SARS vaccine in breathing, appetite, mental state and all biochemical indexes
monkeys were normal (data not shown), and no abnormalities were
observed in major organs such as lung, liver, kidney, etc. The
After rhesus monkeys were immunized with different above results indicated that the purified SARS vaccine pre-
doses of purified inactivated SARS vaccines, hematological pared in the present study was safe in monkeys.
and biochemical indexes showed no change in any animal,
including all nine monkeys in the immunization group and
three monkeys in the unvaccinated-control group (data not4. Discussion
shown). No fever was observed in any monkey 6, 12, 24,
48 and 72 h after the injection of the SARS vaccine, and the  The isolation and propagation of high titers of SARS-CoV
appetite and mental state of all animals maintained normality. in Vero cells provided a solid foundation for the development
To examine whether different antibody levels produced by of inactivated SARS vaccines. Drawing on previous research,
different doses of vaccines induced a corresponding antibodycurrently available technical platforni8], and results from
dependent enhancement, the monkeys in the immunizationother inactivated viral vaccing®], we developed concen-
group and unvaccinated-control group were challenged with tration and purification techniques for a SARS vaccine. Our
SARS-CoV GZ-01 strain by nasal route on day 30 after the inactivated SARS vaccine was produced with standard qual-
prime immunizationfig. 4). The results showed thatno clin- ity controls and showed high purity and immunogenicity.
ical symptoms were detectable in immunized monkeys, and The vaccine could also induce high levels of neutralizing
their body temperatures and hemograms were normal. antibodies.

after the last immunization (i.e., on day 56 after the prime
immunization), and decreased gradually thereafter. On day
84 after the prime immunization, the neutralizing antibody
titersin the sera of fourimmunized monkeys dropped to range
of 22—73. However, the antibody levels in the immuniza-
tion group increased significantly 1 week after the challenge,
indicating that inactivated SARS vaccine produced immune
memory in monkeys.
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To date, several approaches for developing SARS vaccineswere challenged after their neutralizing antibodies decreased
have been reported, including inactivated vaccifi€s11], to low levels, mimicking the situation in immunized popula-
recombinant adenoviry42] or vaccina virug13], and DNA tions. The preliminary results showed that no obvious ADE
vaccineg14-18] These vaccines could induce the produc- phenomena was detected in immunized monkeys after being
tion of specific anti-SARS antibodies and activation of CTL challenged with SARS-CoV GZ-01 strain. Also, the levels of
responses, some could to induce protective immunity in mice. neutralizing antibodies in all immunized monkeys increased
The recombinant adenovirus containing the genes encodingsharply after SARS onset, indicating that immune memories
protein S1 fragments and full-length M and N were also were established in the vaccinated monkeys.
proved to be able to induce protective immunity in monkey.  The monkey is the most widely studied animal model in
Our data and other studies about inactivated SARS vaccinesSARS research. Although our studies of purified inactivated
showed the highest specific Abs titers in mice or monkeys, SARS vaccine were based on the monkey animal model, we
which suggest the high immunogenicities of inactivated vac- are unable to conclude that the monkey is the ideal animal
cines. for SARS vaccine evaluation. In our studies, some monkeys

Unlike their studieg10,11] on inactivated vaccines for appeared lethargic for several days after inoculation. Some
SARS, Our inactivated SARS vaccine was produced with developed diffuse alveolar damage similar to that in SARS
standard quality controls. Our observations of immunogenic- patients but without typical clinical symptoms. Other animal
ity in monkeys showed that the unpurified inactivated SARS models may elicit different reactions to vaccination.
vaccine induced almost the same level of neutralizing anti-  In this study, we used neutralizing antibody levels and
body as the purified vaccine. Even so, the unpurified produc- interstitial pneumonia as two main indicators of the immuno-
tion could not be applied to clinical use. It had a high content genicity and protective efficacy of purified inactivated SARS
of protein impurity that might induce underlying pyrogen vaccine. The results indicated that the purified inactivated
fever. In this study it was also demonstrated that the vaccina- SARS vaccine we developed could induce high levels of neu-
tion with adjuvant of aluminium could induce higher antibody tralizing antibody, protect monkeys after a SARS-CoV chal-
production of SARS-CoV, but clinical safety concerns about lenge, and be administered safely in monkeys. Taken together,
possible side effects in humans precluded use of the adjuvantthese findings provide a solid foundation for further clinical
containing purified vaccine to evaluate immune protection research ofthe inactivated SARS vaccine. Continued research
(efficacy testing). Thus, we selected the purified inactivated on severe immunopathological reactions should be under-
SARS vaccine for a detailed safety and efficacy study. taken during future preclinical research and clinical trials.

In previous SARS vaccine studies of other groups, chal-
lenges have been performed when monkeys were at high
levels of neutralizing antibodies. This approach is not infor- Acknowledgments
mative for population immunization. Our study challenged
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