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Abstract

A vaccine for severe acute respiratory syndrome (SARS) is being intensively pursued against its re-emergence. We generated a SARS
coronavirus (SARS-CoV) spike protein-expressing recombinant vaccinia virus (RVV-S) using highly attenuated strain LC16m8. Intradermal
administration of RVV-S into rabbits induced neutralizing (NT) antibodies against SARS-CoV 1 week after administration and the NT titer
reached 1:1000 after boost immunization with RVV-S. Significantly, NT antibodies against SARS-CoV were induced by administration of
RVV-S to rabbits that had been pre-immunized with LC16m8. RVV-S can induce NT antibodies against SARS-CoV despite the presence of
NT antibodies against VV. These results suggest that RVV-S may be a powerful SARS vaccine, including in patients previously immunized
with the smallpox vaccine.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In November 2002, an influenza-like acute pneumonia
designated as severe acute respiratory syndrome (SARS)
by the World Health Organization, first emerged in China
and spread to 29 countries within a few months. By
July 2003, 8098 probable cases with 774 deaths were
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reported (www.cdc.gov/mmwr/mguide_sars.html). The etio-
logic agent of SARS was identified as a novel type of coro-
navirus (CoV) that was genetically distinct from previously
characterized members of the Coronaviridae family [1-3].
Like other coronaviruses, SARS-CoV is a positive stranded
RNA virus with an approximately 30kb genome encoding
non-structural proteins as well as structural proteins, includ-
ing spike, envelope, membrane and nucleocapsid. Spike pro-
tein is a type I transmembrane glycoprotein that mediates
binding to the host cell receptor using an amino-terminal S1
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domain and membrane fusion using a carboxyl-terminal S2
domain [4]. Angiotensin-converting enzyme 2 (ACE2) binds
to the S1 domain of SARS-CoV spike protein and func-
tions as a receptor for SARS-CoV [5]. CoV spike protein
is a major target of protective immunity [6], and neutralizing
(NT) antibodies and cytotoxic T lymphocytes against SARS-
CoV spike protein have been detected in SARS patients [7,8].
These findings indicate that SARS-CoV spike protein is an
appropriate target for vaccines and therapy.

The SARS epidemic broke in May 2003. However, sev-
eral cases of SARS were reported in China in 2004. Although
the civet cat and bats are suspected to be the natural hosts of
SARS-CoV, the reservoir of SARS-CoV has yet to be iden-
tified [9—11]. In addition, the precise mechanism underlying
the development of SARS is not clear and the therapeu-
tic guidelines for SARS have not been established. It has
been reported that prophylactic and therapeutic treatment
with pegylated IFN-a reduces viral replication and excretion
in SARS-CoV infected macaques [12]. Although pegylated
IFN-a may eventually become a good therapeutic agent for
SARS after infection, it cannot provide long-term protection
when used as a prophylactic agent. Therefore, the devel-
opment of a SARS vaccine is imperative. Several groups
have reported a number of SARS vaccine candidates, includ-
ing inactivated SARS-CoV vaccines [13,14], DNA vaccines
[15,16] and recombinant viral vaccines [17-19] expressing
one or more SARS-CoV structural proteins. Recombinant
live viral vaccines can generally induce strong and long-term
immunity, similar to an attenuated live vaccine, and can be
abundantly manufactured in a short period of time. More
importantly, a safe vaccine can be developed using an atten-
uated strain that has already been proven safe.

Vaccinia virus (VV) is a double stranded DNA virus with
an approximately 180 kb genome, and attenuated strains have
been used as the smallpox vaccine. A long DNA fragment
is able to be inserted into the VV genome by homologous
recombination without damaging viral integrity, as the VV
genome is large and contains genes non-essential for viral
replication. In fact, recombinant VV can express various
proteins encoded by the transduced gene, including the gly-
cosylated proteins of pathogens, some of which have been
evaluated as candidates for prophylactic and therapeutic vac-
cines [20]. Lister is the attenuated V'V strain that was used in
the worldwide smallpox eradication program. However, addi-
tional attenuated strains were generated from Lister due to its
side effects, which included erythema, fever and encephali-
tis. LC16m8 was isolated from Lister via the intermediate
strains, LC16 and LC16mO, by multiple plaque purifica-
tion in primary rabbit kidney cells. LC16m8 is characterized
by temperature sensitivity and the formation of small pocks
[21]. No serious side effects were observed among the over
100,000 people who were immunized with LC16m8, while
the immunogenicity of LC16m8 is similar to that of Lis-
ter [22]. Therefore, LC16m8 was authorized as the vaccine
against smallpox by the Japanese Ministry of Health and Wel-
fare in 1975.

Recombinant VV expresses proteins encoded by trans-
duced genes under the control of its own promoters. Highly
efficient hybrid promoters have been developed and are com-
posed of poxvirus A-type inclusion body (ATT) late promoter
and tandem repeats of mutated 7.5 kDa protein (p7.5) early
promoter [23]. The protein expressed under the control of
the ATI/p7.5 hybrid promoter strongly induces both humoral
and cellular immunity [24]. In the present study, we gener-
ated a recombinant VV expressing SARS-CoV spike protein
(RVV-S) under the control of the ATI/p7.5 hybrid promoter,
using LC16mS8, and examined whether RVV-S could be used
as a SARS vaccine.

2. Materials and methods
2.1. Viruses and cells

SARS-CoV (Vietnam/NB-04/2003 strain), which was iso-
lated from nasal and throat swabs from 1 patient in Hanoi, has
been previously described [25]. LC16m8 and LC16mO were
kindly provided by the Chemo-Sero-Therapeutic Research
Institute (Kumamoto, Japan). The RK13 cell line (ATCC:
CCL-37) and VERO ES6 cell line (ATCC: CRL-1586) were
cultured in MEM (Nissui Pharmaceutical Co. Ltd., Tokyo,
Japan) containing 5% fetal bovine serum.

2.2. Generation of recombinant vaccinia virus

The pSFJ1-10 vector contains the ATI/p7.5 hybrid pro-
moter within the hemagglutinin (HA) gene region of VV [23].
Full length cDNA encoding the SARS-CoV spike protein
gene was cloned from SARS-CoV viral RNA by RT-PCR, and
then inserted downstream of the AT1/p7.5 hybrid promoter of
pSFJ1-10; final designation: pSFJ1-10-SARS-S. pSFJ1-10-
SARS-S was then transfected into RK13 cells that had been
infected with LC16m8 at a multiplicity of infection (moi)
of 10 plaque forming units (PFU)/cell. At 24 h after trans-
fection, the virus was harvested. HA negative plaques were
cloned as described previously [26]. Briefly, the harvested
virus was re-infected into RK13 cells. At 96 h after infection,
cells were washed with PBS (+) twice, and then incubated
with chicken erythrocytes for 30 min at 30 °C. Following
washing again with PBS (+), white plaques were isolated.
Isolated viruses were cloned by three serial rounds of plaque
purification using erythrocyte agglutination and then propa-
gated in RK13 cells. Insertion of the SARS-CoV spike protein
gene into LC16m8 genome was confirmed by direct PCR
and expression was detected by Western blotting. The viral
titer of RVV-S was determined using the standard plaque
assay.

2.3. Western blotting

RK13 cells were infected with RVV-S or LC16m8 at
moi 10. After 24 h infection, cells were lysed with RIPA
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Table 1
Immunization schedule of RVV-S and LC16m8
Rabbit # 0 week 6 weeks 12 weeks 18 weeks
Virus Dose (PFU) Virus Dose (PFU) Virus Dose (PFU) Virus Dose (PFU)
R1-R3 RVV-S 108 RVV-S 108
R4-R6 LC16m8 108 LC16m8 108 RVV-S 108 RVV-S 108
R7-R9 RVV-S 100 RVV-S 10°
R10-R12 RVV-S 107 RVV-S 107
R13-R15 LC16m8 107 RVV-S 107 RVV-S 107

buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 1% SDS and
0.5% Nonidet-P40), and 30 g of total protein was subjected
to 7.5% SDS-PAGE and was transferred to a polyvinyli-
dene difluoride membrane (Immobilon-P, Millipore, Bed-
ford, MA). The membrane was blocked in 5% skim milk in
TBS containing 0.1% Tween-20 (TBS-T) and then washed
with TBS-T. Polyclonal antibodies against spike protein were
used as the primary antibody. These were prepared from rab-
bit sera immunized with a KLH-conjugated spike protein
peptide (amino acid residues 559-570 or 1236—1248) and the
IgG fraction purified using the Ampure PA kit (Amersham
Bioscience, Piscataway, NJ). Antigen-antibody interaction
was detected by horseradish peroxidase (HRP)-conjugated
donkey anti-rabbit polyclonal antibodies (Amersham Bio-
science) and visualized using the ECL system (Amersham
Bioscience).

2.4. Immunofluorescence analysis

RK13 cells seeded on slide-glass were infected with RV V-
S or LC16m8 at moi 5. At 12h after incubation at 30 °C,
cells were fixed in cold acetone/methanol and then blocked
in 1% BSA in PBS (—) for 1h at room temperature. Fol-
lowing removal of the blocking buffer, cells were incubated
with polyclonal antibodies against spike protein, which rec-
ognize the C-terminal peptide of spike protein (amino acid
residues 1236-1248), for 1 h at room temperature. Following
three washes with PBS containing 0.05% Tween-20 (PBS-T),
cells were incubated with Alexa 488-conjugated anti-rabbit
IgG (Invitrogen, Carlsbad, CA) for 1h at room tempera-
ture. After washing again with PBS-T, the slide-glasses were
mounted in Permafluor (Beckman Coulter, Fullerton, CA)
containing 1 pg/ml 6-diamidino-2-phenylindole (DAPI) and
analyzed using a confocal microscope (LSM510, Carl Zeiss,
Oberkochen, Germany).

2.5. Immunization of rabbits

Groups of three New Zealand White rabbits, which were
purchased from SLC (Hamamatsu, Japan), were intrader-
mally immunized with one of several doses (106, 107 or
108 PFU) of RVV-S, or with 108 PFU of LC16m8, at 0
and 6 weeks. The LC16m8 immunized group was further
immunized with 108 PFU of RVV-S at 12 and 18 weeks.
Another group of three rabbits was immunized with 107 PFU
of LC16m8 at 0 week, and then immunized with 10’ PFU of

RVV-S at 6 and 12 weeks. A summary of the immunization
schedule is shown in Table 1. Sera were collected every week,
and used for enzyme linked immunosorbent assay (ELISA)
and the in vitro neutralization (NT) assay below. All ani-
mal experiments were approved by The Tokyo Metropolitan
Institute of Medical Science Animal Experiment Committee
and were performed in accordance with the animal experi-
mentation guidelines of The Tokyo Metropolitan Institute of
Medical Science.

2.6. ELISA

Full length recombinant SARS-CoV spike protein con-
taining a six-histidine tag (His) was expressed in RK13 cells
by RVV-S-His, which was generated from LC16mO, and
purified using Nickel sepharose (Amersham Bioscience).
Peptides from the N-terminal (mixture of three peptides,
amino acid residues 12-53, 90-115 and 171-203), mid-
dle position (mixture of two peptides, amino acid residues
408-470 and 540-573) and C-terminal (mixture of three
peptides, amino acid residues 1051-1076, 1121-1154 and
1162-1190) of the spike protein, which respond to sera from
SARS-infected individuals, were purchased from ProSpec-
Tany TechnoGene Ltd. (Rehovot, Israel). These three peptide
mixtures or full length spike protein were coated onto the
96 well plates at 4°C. The plates were blocked with 1%
BSA in PBS (—) containing 0.5% Tween-20 and 2.5 mM
EDTA, and then incubated with serial dilutions of sera from
the rabbits immunized with RVV-S or LC16m8. After exten-
sive washing, the plates were incubated with HRP-conjugated
donkey anti-rabbit polyclonal antibodies (Amersham Bio-
science). Antigen—antibody interactions were detected using
3,3',5,5'-tetramethylbenzidine solution as the substrate (Bec-
ton Dickinson, San Jose, CA), and the binding activity was
measured by the absorbance at 450 nm.

2.7. Invitro NT assay for SARS-CoV

Serial dilutions of heat-inactivated sera were mixed with
equal volumes of 100 TCID5( of SARS-CoV and incubated
at 37°C for 1 h. VERO E®6 cells were then infected with the
virus/sera mixtures in 96 well plates. At 120 h after infection,
the NT titer was determined as the maximum dilution of sera
that inhibited the SARS-CoV induced cytopathic effect by
more than 50%. All experiments with SARS-CoV were per-
formed in a biosafety containment level III facility.
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2.8. Invitro NT assay for VV

Serial dilutions of heat-inactivated sera were mixed with
equal volumes of 100 PFU of LC16mO, and incubated at
37°C for 1h, followed by incubation at 4 °C for 16 h. RK13
cells were then infected with the virus/sera mixtures in 6 well
plates. At 48 h after infection, the NT titer was determined as
the maximum dilution of sera that inhibited plaque formation
by more than 50%.

2.9. Statistical analysis

All data were expressed as mean &+ S.E.M. Data for RV V-
S dose dependent effect were statistically analyzed by one-
way ANOVA followed by Turkey test. Data for LC16m8 pre-
immunization effect were statistically analyzed by Student’s
or by Welch’s #-test. p < 0.05 was considered to be statistically
significant.

3. Results
3.1. Generation and characterization of RVV-S

The full length SARS-CoV spike protein gene was
inserted by homologous recombination into the HA gene
region of LC16m8, which was located downstream of the
powerful ATI/p7.5 hybrid promoter (Fig. 1A). Recombina-
tion between pSFJ1-10-SARS-S and LC16mS8 results in inac-
tivation of the HA gene. We screened for RVV-S using the
erythrocyte agglutination assay, and insertion of the trans-
duced gene was then confirmed by PCR. To confirm the
expression of SARS-CoV spike protein, Western blotting was
performed. Two kinds of rabbit polyclonal antibodies that rec-
ognized different epitopes, amino acid residues 559-570 and
1236-1248 of SARS-CoV spike protein, were used as the
primary antibody. In RVV-S but not LC16m8 infected cells,
both antibodies detected an approximately 180kDa protein
(Fig. 1B and C), which is consistent with the molecular mass
of spike protein [18]. SARS-CoV spike protein is reported to
be highly glycosylated, and thus the molecular mass on SDS-
PAGE is larger than that predicted from the gene sequence
[18]. Expression of spike protein following infection with
RVV-S was also confirmed by immunofluorescence analysis.
RVV-S infected VERO E6 cells were stained with antibody
against spike protein, whereas no staining was observed in
the cells infected with LC16m8 or the uninfected control cells
(Fig. 1D).

3.2. Induction of binding antibodies against spike
protein in RVV-S-immunized rabbits

To investigate whether RVV-S induces binding antibod-
ies against spike protein, 103 PFU of RVV-S or LC16m8 (as
the control) was intradermally injected into rabbits at O and
6 weeks. Rabbits immunized with either RVV-S or LC16m8

Vaccinia virus 4 —
H I ..
LC16m8 —| emagglutinin gene I_

SARS-CoV spike protein gene

ATl/p7.5
*) hybrid promoter
'
204k — ’ % 204k —
.« R
M4k — = M4k —
88k — . ‘ 88k — g
50k — 50k — ™ -
22k — 22k —2_.._..—

©)
LC16m8

Fig. 1. Characteristics of SARS-CoV spike protein-expressing recombinant
vaccinia virus (RVV-S) derived from LC16m8. (A) The full length SARS-
CoV spike protein gene was inserted into the HA gene region of the LC16m8
genome. The ATI/p7.5 hybrid promoter regulates expression of spike pro-
tein. (B and C) RK13 cells were infected with RVV-S or LC16m8 at moi
10. At 24 h after infection, cells were harvested and analyzed. Two kinds of
anti-SARS-CoV spike protein polyclonal antibodies, which recognize dif-
ferent epitopes, namely amino acid residues 559-570 (B) and 1236-1248
(C) of spike protein, were used as the primary antibodies. The molecular
masses of marker proteins in kDa are shown on the left and the position
of the spike protein is indicated by an arrowhead on the right. (D) Indirect
immunofluorescence staining of spike protein. Expression of spike protein
was visualized by staining with anti-SARS-CoV spike polyclonal antibod-
ies, followed by Alexa 488-conjugated anti-rabbit IgG (green). Nuclei were
stained with DAPI (red).

did not exhibit weight loss or any clinical signs except for
regional skin reactions, such as erythema and induration.
The skin reaction induced by RVV-S was comparable to that
induced by LC16m8 (data not shown). Binding antibodies
against full length spike protein were detected by ELISA
in the sera from rabbits immunized with RVV-S (Fig. 2A).
Next, we investigated the binding activities of immunized
sera against different epitopes of the spike protein. RVV-S-
immunized serareacted with all three regions of spike protein.
The sera bound to the C-terminal peptides, which contained
the heptad repeat 2 (HR2) region, reported to be the NT epi-
tope of SARS-CoV (Fig. 2B) [27] and to the middle peptides,
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Fig. 2. Induction of binding antibodies against SASR-CoV spike protein.
New Zealand White rabbits (n = 3) were immunized with 108 PFU of RV V-
S (R1-3; open symbols) or LC16m8 (R4-6; closed symbols) at 0 and 6
weeks. The binding activity of 103- or 10%-fold dilutions of immunized sera
was assessed using His-tagged full length spike protein (A), or one of three
kinds of spike protein partial peptides (B), as the capture antigen.

in which a receptor binding domain, another NT epitope of
SARS-CoV, was included [28].

3.3. Induction of NT antibodies against SARS-CoV in
RVV-S-immunized rabbits

Next, to determine whether the antibodies induced by
immunization with RVV-S have NT activity against SARS-
CoV, we performed an in vitro NT assay against SARS-CoV
using immunized sera. Interestingly, the sera obtained from
all three rabbits in this group showed NT activity against
SARS-CoV, even at 1 week after immunization with 108 PFU
of RVV-S (Fig. 3A). The NT titer reached 1:100 at 3 weeks,
and increased 10-fold further by boost immunization. In con-
trast, sera obtained from rabbits immunized with LC16m8 did
not show any NT activity against SARS-CoV (Fig. 3A). Next,
to determine the minimum dose that can induce NT antibod-
ies against SARS-CoV by single immunization, rabbits were
immunized with lower doses of RVV-S. All three rabbits that
underwent single immunization with 10’ PFU of RVV-S gen-
erated NT antibodies against SARS-CoV (Fig. 3A). The NT
titer further increased by boost immunization with 10’ PFU
of RVV-S and reached a comparable level to that induced by
108 PFU of RVV-S (Fig. 3B). On the other hand, NT activity

was induced by single immunization with 10 PFU of RV V-
S at 2 and 4 weeks after immunization in all three rabbits,
but then decreased below the detection limit in one rabbit
at 6 weeks (Fig. 3A). However, the NT titer increased to
approximately 1:300 in the group immunized with 10° PFU
of RVV-S by boost immunization with the same dose of RVV-
S (Fig. 3B).

3.4. RVV-S induces NT antibodies against SARS-CoV in
the presence of NT antibodies against VV

Induction of NT antibodies against VV by RVV-S was next
examined. The in vitro NT assay against VV revealed that
LC16m8 and RVV-S equally induced NT antibodies against
VV in the rabbits (Fig. 3C). NT activity against VV was
induced by 103 PFU of RVV-S at 1 week after immuniza-
tion, similar to SARS-CoV. The NT titer against VV, which
reached 1:10,000 at 2 weeks after boost immunization with
108 PFU of RVV-S, was similar to that induced by 108 PFU
of LC16mS8. These results suggest that the epitopes of the NT
antibodies against VV were preserved in RVV-S. Since VV
has been used as a smallpox vaccine in humans, we were con-
cerned that RVV-S might be eliminated by the host’s immune
response before inducing effective immunity against a pro-
tein encoded by the transduced gene. Therefore, to assess
whether RVV-S can induce NT antibodies against SARS-
CoV in rabbits that had NT antibodies against VV, RVV-S
was injected into rabbits which had been pre-immunized with
LCl16m8. NT antibodies against VV were induced in the
rabbits by single immunization with 10’ PFU of LC16m8
and the NT titer reached 1:64-256 (Fig. 4A). By follow-
ing immunization with an equal dose of RVV-S (107 PFU),
NT antibodies against SARS-CoV were induced in all three
rabbits, although induction of NT antibodies was delayed in
one rabbit (R14). Although the induction of NT antibodies
against SARS-CoV was partially suppressed in the LC16m8
pre-immunized rabbits, the NT titer further increased in all
three rabbits by boost immunization with RVV-S (Fig. 4C).
These results suggest that RVV-S can induce NT antibodies
in individuals who have been previously immunized with
a smallpox vaccine. Next, we examined whether RVV-S
induced NT antibodies against SARS-CoV in rabbits with
a high titer of NT antibodies against VV. The NT titer against
VYV in rabbits that had been immunized twice with 108 PFU
of LC16mS8 was sustained at approximately 1:4000 (Fig. 4B).
Although these rabbits had an extremely high titer of NT anti-
bodies against VV, NT antibodies against SARS-CoV were
induced in all three rabbits upon a booster injection with
108 PFU of RVV-S (Fig. 4B). Surprisingly, the NT titer of
these rabbits increased to levels comparable to those of the
non-pre-immunized rabbits (Fig. 4C). These results indicate
that an immune response against a protein encoded by a trans-
duced gene can be induced by immunization with 108 PFU
of RVV in spite of the pre-existence of NT antibodies against
VV.
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Fig. 3. Induction of NT antibodies against SARS-CoV and vaccinia virus. (A) The NT activity against SARS-CoV of RVV-S- (10° PFU, R7-9; 107 PFU,
R10-12; 108 PFU, R1-3; closed symbols) or 108 PFU of LC16m8- (R4-6; open symbols) immunized rabbit sera was defined as the maximum dilution of
sera that inhibited the cytopathic effect of SARS-CoV by more than 50%. (B) The dose dependency of immunization with RVV-S shown in (A). “p <0.05,
*p<0.01. (C) The NT activity against vaccinia virus of RVV-S- (R1-3, closed symbols) or LC16m8- (R4—6, open symbols) immunized sera was defined as
the maximum dilution of sera that inhibited plaque formation by LC16mO by more than 50%.

4. Discussion

In the present study, we generated a SARS-CoV spike
protein-expressing recombinant vaccinia virus using a highly
attenuated strain, LC16m8, and demonstrated that NT anti-
bodies against SARS-CoV can be strongly induced by immu-
nization with RVV-S, not only in naive rabbits but also in
LC16m8 pre-immunized rabbits.

In a previous study, passive transfer of sera obtained from
mice inoculated with SARS-CoV prevented the replication of
SARS-CoV in the upper and lower respiratory tract [29]. In
addition, intraperitoneal injection of sera from mice immu-
nized with MVA expressing spike protein (MVA/S) reduced
the viral titers in lung and nasal turbinate in a dose-dependent
manner [18]. These finding indicate that NT antibodies
against spike protein are sufficient to protect against SARS-
CoV infection. Single immunization with 107 or 108 PFU of
RVV-S and two immunizations with 10® PFU of RV V-S were
able to induce a high level of NT antibodies against SARS-
CoV at 2 weeks after immunization. Therefore, RVV-S also
may protect against SARS-CoV in vivo and would be a highly
effective vaccine against SARS in naive individuals.

Contrary to the above studies [18,29], Czub et al. [30]
reported that immunization with MVA/S did not prevent
SARS-CoV infection in ferrets but rather produced inflam-
matory responses and focal necrosis in the liver after SARS-
CoV challenge. This may have been due to only low NT
activity against SARS-CoV being induced by the MVA/S
immunization. Moreover, the precise mechanism of this
liver inflammation has not been clarified. Feline infectious

peritonitis virus (FIPV), another member of the coron-
aviruses, exhibited enhanced FIPV infection into mono-
cytes/macrophages through viral-specific antibody binding to
the Fc receptors of these cells, and caused enhanced inflam-
mation [31]. However, there is no evidence that NT antibod-
ies against SARS-CoV cause antibody-dependent enhance-
ment, and correlation between inflammation and antibody-
dependent enhancement by MVA/S vaccination has not yet
been established. The side effects of vaccines are also influ-
enced by the dosage and route of immunization. In Czub’s
report, MVA/S was intraperitoneally injected into the fer-
rets, although most vaccinations with RVV are conducted
through other routes, such as intradermal, intramuscular or
subcutaneous injection. Therefore, selection of a different
immunization route may prevent such side effects. Nonethe-
less, further analysis of the side effects of various SARS
vaccines, including RVV-S, is required in in vivo SARS-CoV
challenge models in a variety of animals.

Using RVV-S as a candidate SARS vaccine means that
possible complications due to previous vaccination with the
VV for smallpox may be avoided. Hammarlund et al. [32]
reported that a particular antiviral antibody against poxvirus
is maintained for a very long time (possibly for life) by
immunization with the smallpox vaccine. Therefore, there
was concern that a RVV vaccine would be eliminated by the
host antiviral immune response before induction of effec-
tive humoral and/or cellular immunity against the protein
encoded by the transduced gene. However, immunization
with 10’ PFU of RVV-S induced NT antibodies against
SARS-CoV in rabbits that had been immunized with 107 PFU
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Fig. 4. Induction of NT antibodies against SARS-CoV in rabbits pre-
immunized with LC16m8. (A) Three rabbits (R13—15) were immunized with
107 PFU of LC16m8 on day 0, and then immunized with 10’ PFU of RVV-S
at 6 and 12 weeks. (B) Three rabbits (R4—6) were immunized with 108 PFU
of LC16mS8 at 0 and 6 weeks, and then immunized with 108 PFU of RVV-S
at 12 and 18 weeks. Immunized rabbit sera were analyzed by in vitro NT
assay against SARS-CoV (closed symbols) or vaccinia virus (open symbols).
Each type of symbol indicates one and the same individual, and the sched-
ule of immunization with RVV-S or LC16m8 is indicated by arrowheads.
(C) Comparison of NT antibodies against SARS-CoV induced by RVV-S in
VV-immunized or naive rabbits. RVV-S (107 or 108 PFU) was injected into
rabbits at 0 and 6 weeks in the presence (107 PFU, R13-15; 108 PFU, R4-6)
or absence (107 PFU, R10-12; 108 PFU, R1-3) of pre-immunization with
an equal titer of LC16m8. Immunized rabbit sera were analyzed by in vitro
NT assay against SARS-CoV. ““p<0.01.

of LC16m8. Since the NT titer against VV induced by
107 PFU of LC16m8 was comparable to that in people vac-
cinated with the smallpox vaccine [32], RVV-S may induce
NT antibodies against SARS-CoV in such people. On the
other hand, 103 PFU of RVV-S also induced NT antibodies
against SARS-CoV in rabbits that had an extremely high titer
of NT antibodies against VV due to two pre-immunizations
with 103 PFU of LC16m8. Furthermore, there was no differ-
ence in the NT titer against SARS-CoV induced by RVV-S

between naive rabbits and LC16m8 pre-immunized rabbits.
The immune response against a protein encoded by a trans-
duced gene may be influenced by the amount of antigen
expression, the antigenicity of the protein encoded by a trans-
duced gene, the route of immunization and viral proliferation
in the host, and thus further analysis is required to resolve
the precise mechanism involved. Furthermore, the vaccine
effect of RVV-S still needs to be confirmed in humans pre-
immunized with the smallpox vaccine.

In the present study, immunization with RVV-S mani-
fested a vaccine effect against SARS-CoV, in spite of the
pre-existing NT antibodies against VV. This finding indicates
that an RVV vaccine derived from LC16m8 can be used for
people previously immunized with the smallpox vaccine. Fur-
thermore, this RVV vaccine could be repeatedly used against
various microbes, such as influenza virus, by alteration of the
protein encoded by the transduced gene. Therefore, the use
of an RVV vaccine generated from LC16mS8 is a promising
vaccine strategy against various infectious diseases.
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