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bstract

SARS-CoV (severe acute respiratory syndrome-associated coronavirus) strain GZ50 was partially purified and inactivated w
ormaldehyde. In cell culture the inactivated virus blocked the replication of live virus by decreasing the TCID5.0 of the live virus 103.6 to
04.6 times. Inactivated GZ50 was used to immunize mice intranasally either alone, or after precipitation with polyethylene glyco
r with CpG, or CTB as an adjuvant. The titer of serum neutralizing antibodies was up to 1:640. In mice immunized with adjuvan
recipitated GZ50, specific IgA was detected in tracheal-lung wash fluid by immunofluorescence. Though serum antibodies wer
o anti-SARS-IgA could be detected in mice immunized only with inactivated GZ50. The roles of adjuvants in intranasal immuniza

nactivated. SARS-CoV is discussed.
2004 Elsevier Ltd. All rights reserved.
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ARS (severe acute respiratory syndrome) is caused by a new
oronavirus provisionally termed SARS-associated coron-
virus (SARS-CoV). The etiological relationship and ge-
omic sequences of SARS-CoV have been independently re-
orted by various groups[1–5]. This indicates that this virus
oes not belong to any of the previously defined groups of

he coronaviridae and should be assigned as a fourth group
n the coronaviridae.

As SARS-CoV is highly infectious, and its origin is still
ot clearly identified, effective vaccines for protecting the
opulation are urgently needed. Among all the possible ap-
roaches to developing vaccines against SARS, inactivated
ARS-CoV vaccine ranks at the top of the list, because of

∗ Corresponding author. Tel.: +86 21 64165193; fax: +86 21 64174578.
E-mail address:ymwen@shmu.edu.cn (Y.-M. Wen).

the high replication competency of this virus in cell cultu
[1], well-established inactivation processes with other c
naviruses and previous success in using the inactivated
coronavirus vaccine for prevention of this disease[6]. To
date, the pathogenesis of SARS has not yet been fully
ied, however, the possible roles of host anti-SARS-CoV
mune responses have been suggested in severe clinica
[7]. In addition, antibody-mediated enhancement in fe
coronavirus infection has been documented[8]. The risk of
a SARS-CoV antibody enhancement phenomenon med
by inactivated vaccine induced antibodies in vaccines
to be seriously considered. Intranasal immunization usin
inactivated SARS-CoV vaccine could be effective both
blocking the live SARS-CoV at the site of entry and ind
ing antibodies in the respiratory tract and in serum. Bes
if virus infection can be blocked at the site of entry, th

264-410X/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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may be less risk for the vaccines to develop antibody en-
hancement phenomenon. Herein, we report the experimental
immunization of mice by inactivated SARS-CoV in mice.
Specific IgA was detected in tracheal-lung wash fluid and
neutralizing antibodies in serum in intranasally immunized
mice.

1. Methods and materials

1.1. Virus strains and inactivation of SARS-CoV

SARS-CoV strain GZ50 (GenBank accession number
AY304495) was isolated from the nasopharyngeal wash fluid
of a female patient who suffered from SARS in Guangzhou,
late February 2003. The strain was first isolated using FRhK4
cell line and was further passaged in Vero cells. After inoc-
ulation of this virus at 105 TCID50 per T25 flask (Greiner
Labortechnik, Germany), CPE was detected as early as 24 h
and peaked at 72 h. Serial passages of GZ50 strain in Vero
cells consistently yielded CPE and the virus titer was between
106.5 and 107 TCID50. Full-length sequencing and phyloge-
netic analysis showed that GZ50 laid between the reported
Hong Kong strains, the Canadian and US strains[9]. To study
whether it shared antigenicity with virus strains from other
c used
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of inactivated GZ50 virus solution at 1:10, 1:100, 1:1000
and 1:10,000 dilutions in culture medium. The neat con-
centration of the virus pool used was 107 copies of viral
genome/ml (assayed by a real-time PCR, diagnostic kit pro-
vided by DaAn Co, Guangzhou). Wells were treated with
inactivated viruses in triplicates for 1 h at 36.5◦C, while con-
trols were cells treated only with the culture medium. One
hundred microliters of live GHGZ virus (107 copies of viral
genome/ml) at 10−1 to 10−7dilutions were added to the inac-
tivated virus treated wells and the control wells, and CPE was
recorded for up to 72 h after the inoculation of live virus. At
72 h, culture medium was decanted and treated with 100�l
of 10% formaldehyde for 30 min, followed by staining with
Coomasie Blue for 2 h. All manipulations were done in a
BSL-3 hood in the BSL-3 laboratory. The blocking effect
of inactivated virus was judged visually. Intact living cells
should be stained blue, while cells with CPE could not be
stained.

1.3. Inactivated virus and adjuvants used for
immunization

The quantity of protein in the inactivated virus was deter-
mined at 260 nm by spectrophotometry. Eighty micrograms
of inactivated virus was used per mouse for subcutaneous
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ities in China, acetone fixed GZ50-infected cells were
o react with convalescent sera from Hong Kong, Guang
nd Shanghai patients. All convalescent sera showed a

lar positive titer by indirect immunofluorescent assay (d
ot shown).

Formaldehyde (37%, Sigma) at 1:2000 concentratio
◦C for 72 h completely inactivated GZ50. Crude inactiva
irus solution was spun at 38,000 rpm for16 h with 20%
rose cushion, and the precipitate was resuspended in
nactivation of the virus was confirmed by using 100 tim
oncentrated formaldehyde treated virus (viral copy num
as 2.3× 109/ml) to inoculate Vero cells. When no CP
as detected, cell supernatants were blindly passage

hree passages. Cell cultures were fixed with cold aceton
tained with SARS antibody positive convalescent seru
ndirect immunofluorescent assay and no positively sta
ells were found.

Inactivated influenza type A/panama/2007 virus st
H3N2), the licensed vaccine currently used in huma
hina, (provided without adjuvant by Shanghai Institut
iological Products) served as the negative control for
locking assay of live SARS-CoV replication.

.2. Blocking of inactivated virus versus live virus in
ell culture

To study whether formaldehyde-inactivated GZ50 ret
ts binding sites versus cell receptors, we examined the b
ng effect of inactivated SARS-CoV against the replica
f live SARS-CoV viruses in cell culture. Vero cells we
ultured in 96-well plates and treated with 100�l per well
.

s.c.) immunization with alum as the adjuvant. For intran
i.n.) immunization, 50�g of inactivated viruses in 30�l of
hosphate buffer saline (PBS) was used per mouse w
ithout adjuvant. The adjuvant used for i.n. immuniza
as either phosphorothiate-modified CPG oligonucleo
1668 (5′-TCCATGACGTTCTGAGCTTCCTGATGCT 3′)

10] (synthesized and purified by SBS Gentech Co. L
hanghai, China) 1�g/mouse, or cholera toxin B (CT
igma) 10�g/mouse.
The polyethylene glycol (PEG mw 6000) was used to

ipitate the inactivated virus, and was adjusted to 25�g in
0�l of PBS for intranasal immunization.

.4. Intranasal immunization of mice

Balb/c mice (18–20 g, male) were used in all experime
ice underwent light ether anesthesia were immunize

ranasally with 15�l of inactivated virus or with 15�l of in-
ctivated virus containing adjuvant to each nostril. For P
recipitated inactivated virus, 10�l was delivered into eac
ostril. Groups of mice were immunized totally four tim
nd serum anti-SARS-CoV was measured by neutraliz

ests. Two weeks after the last boosting, mice were s
ced and tracheal-lung wash fluid was collected by infu
f the tracheal-lung tract with 1 ml of PBS per mouse,

uted at 1:5 and checked for anti-SARS-CoV IgA by indir
mmunfluorscence (IF). Mice, which were not immuniz
erved as controls and non-infected Vero cell controls
ncluded in all IF studies. Groups of mice immunized w
ifferent adjuvants and protocols for immunization are lis

n Fig. 1.
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Fig. 1. The immunization protocols of inactivated SARS-CoV The protocols of inactivated SARS-CoV immunization of different groups of mice (five
mice in each group) are shown in this diagram. All groups were immunized four times, at 2–4 weeks intervals. s.c. represents immunized subcutaneously.
i.n. represents immunized intranasally. Adjuvants used were CPG ODN, cholera toxin B subunit (CTB). PEG-SARS-CoV represents polyethylene glycol-
precipitated inactivated SARS-CoV.

1.5. Assays for SARS-CoV antibodies

Three different methods were used, namely indirect im-
munofluoresence, neutralization test and ELISA. For indirect
IF, SARS-CoV infected cells were fixed on slides, mouse
sera or tracheal-lung wash fluids were added to the slides,
incubated at 37◦C for 30 min and FITC-labeled anti-mouse
IgG or IgA was used as the second antibodies. A convales-
cent serum from SARS patient, confirmed by neutralization
test was used as the positive control, while uninfected cells
and non-immunized mouse serum, tracheal-lung wash fluid
served as the negative controls. Some serum samples were
absorbed with packed Vero cells prior to IF staining in or-
der to decrease the nonspecific background staining. Positive
staining was judged by the intensity of fluorescence of the
cells and was graded 3,2,1± and− (negative) accordingly.

Microtiter plates were used in the neutralization assay. Se-
rial 2-fold dilutions of serum samples were separately mixed
with 100 TCID50 of virus (GZ50), incubated at 37◦ for 1 h
and added to Vero E6 cells. Sera from non–immunized mice
were used as the negative control. In each assay a virus back-
titration (virus in serials 2-fold dilution with medium), virus
positive control (100 TCID50) and negative cell controls with
medium in parallel with the neutralization test were included.

Each dilution of serum or virus control was tested in qua-
druplicates. Results were observed daily and CPE endpoints
were read and recorded up to 3 days after virus inoculation.
The TCID50 was calculated by the Reed-Muench method.
The titer of neutralization antibody was determined based on
the highest dilution of each serum, which completely sup-
pressed CPE induced by the virus in at least 2- of 4-wells.

For ELISA, a commercial available ELISA kit manufac-
tured by HuaDa Co. (Beijing, China) was used. The antigen
used in this kit was a crude lysate of SARS-CoV infected
Vero cells and labeled anti-mouse Ig was used as the second
antibodies in these assays. All procedures were carried out
according to the directions recommended by the manufac-
turer.

2. Results

2.1. Blocking effects of inactivated GZ50 on live virus
replication

The blocking effects of inactivated viruses versus live
virus replication are shown inTable 1. Compared to the con-
trol live virus infected cells, inactivated virus (at 1:1000 di-
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Table 1
Blocking effects of SARS-CoV strain GHGZ versus live virus replication in Vero cells

Experiment 1
dilutions of virus

Dilution of inactivated virus Virus back titration

1:10 1:100 1:1000 1:10000

10−1
+ + + + + + + + + + + + + + + + + +

10−2 − − − − − − − − − + + + + + + + + +
10−3 − − − − − − − − − − − − + + + + + +
10−4 − − − − − − − − − − − − + + + + + +
10−5 − − − − − − − − − − − − − + − − − +
10−6 − − − − − − − − − − − − − − + − − −
10−7 − − − − − − − − − − − − − − − − − −
Uninfected − − − − − − − − − − − − − − − − − −
Experiment 2
10−1 + + + + + + + + + + + + + + + + + +
10−2 + + + + + + + + + + + + + + + + + +
10−3 − − − − − − − − − + − + + + + + + +
10−4 − − − − − − − − − − − − + + + + + +
10−5 − − − − − − − − − − − − − + − − − +
10−6 − − − − − − − − − − − − − − + − − −
10−7 − − − − − − − − − − − − − − − − − −
Uninfected − − − − − − − − − − − − − − − − − −
+: Cytopathic effects observed,−: no cytopathic effects detected.

lution, 106 TCID50) treated cells resulted in a 103.6 to 104.6

times fall in TCID50. In contrast, inactivated influenza type
A virus showed no blocking effect on the replication of live
GZ50 virus in cells. The TCID50 of GZ50 in influenza type
A virus treated Vero cells was the same as that of the con-
trol non-treated cells. In formaldehyde (diluted according to
the preparation of inactivated virus) mock-treated cells, no
blocking effect on live virus replication was observed.

2.2. Antibody responses in immunized mouse sera and
lung-wash fluid

After two subcutaneous injections of 80�g of inactivated
virus, only low titer of ELISA antibody (1:8) was detected in
three out of five mice of the s.c. group, while sera from the
i.n. groups were all negative. However, when sera from the
s.c. and from the i.n. groups were assayed by neutralization
test (NT), all showed positive results. Since NT was more
sensitive that ELISA, sera from all groups of mice after the
fourth immunizaation were compared in one NT assay and
the results are shown inFig. 2. All s.c. mice developed high
titers of neutralizing antibodies, the highest being 1:1280.
After four doses of i.n. immunization of inactivated virus with
and without adjuvant, substantial levels of serum neutralizing
antibodies were detected in all the mice. Due to the viscosity
o wer
d rum
n up.

RS
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s im-
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m

Fig. 2. The titer of anti-SARS-CoV neutralization antibody in sera from
immunized mice The bars represent the neutralizing titer and standard devi-
ation of each group of immunized mice. s.c., i.n., CPG, CTB are similar to
those as stated inFig. 1.

3. Discussion

To date, several approaches for developing SARS vaccines
have been described, including subcutaneous immunization
with inactivated vaccines[11], expression of recombinant
spike protein in adenovirus[12], and by use of synthetic
oligonucleotides coding for the spike proteins for producing
recombinant immunogen. In this study, formaldehyde inac-
tivated SARS-CoV was used to immunize mice intranasally.
Though the inactivated virus was only partially purified, ex-
perimental immunization in mice yielded interesting results.
Since SARS-CoV is a newly described virus and intranasal
delivery of this inactivated virus has not been explored; the
aim of this study was to investigate whether this approach
of immunizatioin could induce serum antibodies and local
antibodies. To ensure that enough stimulus was given to the
mice, four doses of immunization were used prior to sacrific-
f PEG precipitated inactivated SARS-CoV, although a lo
osage of virus was used for i.n. immunization, the se
eutralizing antibody titer was 1:160 in all mice of this gro

When tracheal- lung-wash fluid was tested for anti-SA
gA by IF, no positive staining was detected in the gr
mmunized only with inactivated virus. However, strong
taining at 1:5 dilution was shown in all groups of mice
unized with the virus plus the adjuvants, and in mice
unized with PEG- inactivated virus (Fig. 3).
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Fig. 3. Immunofluorescent study of anti-SARS-CoV IgA in tracheal-lung wash fluid from different groups of intranasal immunized mice SARS-CoV infected
cells and non-infected control cells were stained separately with tracheal-lung wash fluid from different groups of immunized mice. FITC-labeled anti-mouse
IgA was used as second antibodies. Immunofluorescence was observed and graded as stated inTable 2.
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Fig. 3. (Continued).

ing the animals for studying the antibodies in tracheal- lung
wash fluid.

Intranasal immunization with inactivated viruses has not
succeeded in inducing effective antibodies in other studies,
while several approaches to increase the efficacy of intranasal
or other mucosal immunization by inactivated viruses, in-
activated bacteria or constructs containing viral or bacterial
proteins have been presented[13–18]. In this study we used
CPG-ODN and CTB as adjuvants and PEG-precipitated in-
activated virus was used to potentiate the uptake of the inac-
tivated viruses by antigen presenting cells, and to maintain
inactivated viruses at the site of administration. After four in-
tranasal doses of the inactivated virus, serum anti-SARS-CoV
neutralizing antibodies were detected, but no anti-SARS-
IgA was found in the tracheal-lung wash fluid. In contrast,
when the inactivated virus was co-administered intranasally
with adjuvant (either CPG or CTB), both serum anti-SARS-
CoV neutralizing antibodies and specific IgA in tracheal-lung
wash fluid were detected (Table 2, Fig. 2). These results in-
dicate that local IgA antibodies could only be induced by
combining the inactivated virus and adjuvant. On the other
hand, in mice immunized subcutaneously, with inactivated
virus, aside from high titer of serum neutralizing antibodies,
specific anti-SARS-IgG also could be detected in tracheal-
lung wash fluid. However, no anti-SARS-IgA was detected,
w heal-
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lung fluid was not produced locally, but derived from serum
antibodies.

Given that CTB was reported more or less toxic in hosts,
only modified CTB shown to be nontoxic to humans could
be expected to be approved for human use in the future
[19]. CpG-ODN is non-toxic and induces effective humoral
and cellular immune responses in hosts[20,21]. It is thus a
promising adjuvant to be used with SARS-CoV for intranasal
immunization. In our previous report of using CpG-ODN
with HBsAg-ani-HBs complex by intranasal immunization
in mice, it was suggested that a selective stimulation of hu-
moral response or cellular response depended on different
constructs of antigens[22]. Future studies of using other
constructs of inactivated SARS-CoV with CpG ODN by in-
tranasal delivery might induce both cell mediated immune
immune responses and antibody responses. Due to the lack
of available peptides and antigen for studying SARS-CoV
CTL or cell proliferation responses, the cellular immune re-
sponses in the SARSV-CoV intranasally immunized mice
were not studied. As both cell-mediated immune response
and humoral immune responses are important for SARS pro-
tection, these studies will be done whenever production of
more inactivated virus will be approved. PEG has been used
for the purification of inactivated HAV vaccines[23], and
PEG-interferon has already been used in clinical trials for
t s
hich indicated that the antibodies detected in the trac

able 2
nti-SARS-CoV indirect immunofluorescence assay of tracheal-lung

mmunized groups The way of inoculation Mouse num

ARSV- alum s.c. 2
ARSV i.n. 5
ARSV -CpG i.n. 5
ARSV - CTB i.n. 5
ARSV -PEG i.n. 5

.c.: Subcutaneous immunization, i.n.: intranasal immunization,±: non-sign
ainly on the membrane of infected cells, ++: positive fluorescent stain
nd cytoplasm on all cells.
uid

Fluorescence intensity of IF-IgA*

− −
− − − − ±
++ + + ± ±
+++ +++ ++ + ±
++ ++ ++ ++ ++

fluorescent staining, only very slight staining, +: positive fluorescent st
membrane and cytoplasm, +++: straong positive fluorescent staining oembrane

reatment of viral hepatitis B and C[24]. So far no seriou
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ill effects have been described. We therefore used PEG pre-
cipitated SARS-CoV inactivated virus for intranasal immu-
nization of mice. Because the number of animals used in each
intranasal immunized group was limited, no statistical differ-
ences could be drawn between groups. However, compared
to the dosage being used with CPG. As the adjuvant, only
half the dosage of inactivated virus was necessary to induce
both local and serum specific antibodies by using PEG pre-
cipitate as the adjuvant. This precipitated inactivated virus is
therefore also a good candidate for development of intranasal
SARS-CoV inactivated vaccine.

Prior to the use of formaldehyde inactivated GZ50 for im-
munization; we tested whether the formaldehyde-inactivated
virus retained its property of binding to cell receptors in vitro.
The results on the blocking assay confirmed that the inacti-
vated virus could block the replication of live virus in cells.
Because no other strain of live virus was available, we could
not study whether inactivated GZ50 could block other SARS-
CoV strains. Recently, angiotensin-converting enzyme 2 has
been reported as a functional receptor for the SARS-CoV
[25]. Whether the successful blocking of inactivated GZ50
versus live GZ50 was associated with this receptor remains
to be studied. Besdies, the present blocking effect was only
shown in cell culture, it would be interesting to do blocking
experiments in animal models. If similar results were ob-
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