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Fig. 3. Induction of NT antibodies against SARS-CoV and vaccinia virus. (A) The NT activi
R10-12; 108 PFU, R1-3; closed symbols) or 108 PFU of LC16m8- (R4-6; open symbols) i
sera that inhibited the cytopathic effect of SARS-CoV by more than 50%. (B) The dose déf
**p<0.01. (C) The NT activity against vaccinia virus of RVV-S- (R1-3, closed symbo
the maximum dilution of sera that inhibited plaque formation by LC16mO by more th;

4. Discussion

In the present study, we generated a SARS-CoV spik
protein-expressing recombinant vaccinia virus using a hlgh
attenuated strain, LC16m8, and demonstrated that NT
bodies against SARS-CoV can be strongly induced by
nization with RVV-S, not only in naive rabbits but
LC16mS8 pre-immunized rabbits.

In a previous study, passive transfer of sera obtained from
mice inoculated with SARS-CoV prevented thgiteplication of

insg SARS-CoV of RVV-S- (106 PFU, R7-9; 107 PFU,
ized rabbit sera was defined as the maximum dilution of
denty of immunization with RVV-S shown in (A). “p <0.05,
. 6 £om8- (R4-6, open symbols) immunized sera was defined as

itis virus (FIPV), another member of the coron-
ses, exhibited enhanced FIPV infection into mono-
ytes/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

SARS-CoV in the upper and lower resg@g{t’@ tact (29]. In report, MVA/S was intraperitoneally .injected into the fer-
addition, intraperitoneal injection of ser; onwrf" ice immu- rets, although most vaccinations with RVV are conducted
nized with MVA expressing spike protéis (MVA/S) reduced through other routes, such as intradermal, intramuscular or

the viral titers in lung and nasal turbi T ose-dependent
dtect against SARS-

against spike protein are suffici g
with 107 or 108 PFU of

CoV infection. Single imm {10!
RVV-S and two immunizafi th
able to induce a high leve Ffyantibodies against SARS-
CoV at 2 weeks after igim tion. Therefore, RVV-S also
may protect against SARS:E in vivo and would be a highly
effective vaccine agatiSESARS in naive individuals.
Contrary to the%” e studies [18,29], Czub et al. [30]
reported that immuntzation 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

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 107 PFU of RVV-S induced NT antibodies against
SARS-CoV inrabbits that had been immunized with 107 PFU
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Fig. 4. Induction of NT antibodies against SARS-CoV in rabbits pré-
immunized with LC16m8. (A) Three rabbits (R13-15) were immunized with
107 PFU of LC16m8 on day 0, and then immunized with. 107 PFU of RVV-§
at 6 and 12 weeks. (B) Three rabbits (R4—6) were imfaifized with 108 PFU
of LC16m8 at 0 and 6 weeks, and then immuniZed With-T05PFU of RVV-S
at 12 and 18 weeks. Immunized rabbit sera wegg analﬁ.g by.in vitro NT
assay against SARS-CoV (closed symbols) or viccinia virus (open symbols).
Each type of symbol indicates one and the samé&4Rlividual, and the sched-
ule of immunization with RVV-S or LCL(?EB\?" indicated by arrowheads.
(C) Comparison of NT antibodies against® m;% oV induced by RVV-S in
VV-immunized or naive rabbits. 1}&; 2610™0F 108 PFU) was injected into
rabbits at 0 and 6 weeks in the preseiige (I10LPFU, R13-15; 108 PFU, R4-6)
or absence (107 PFU, R10-125% R1-3) of pre-immunization with
an equal titer of LC16m8. Im kfni 2 §E§bit sera were analyzed by in vitro
NT assay against SARS-CoVgp.g 0701,

of LC16m8. Si "é‘s?t &pNT titer against VV induced by
107 PFU of LClé a8 was comparable to that in people vac-
cinated with the s?rl}a}lpox vaccine [32], RVV-S may induce
NT antibodies against SARS-CoV in such people. On the
other hand, 108 PFU of RVV-S also induced NT antibodies
against SARS-CoV inrabbits that had an extremely high titer
of NT antibodies against VV due to two pre-immunizations
with 108 PFU of LC16mS8. Furthermore, there was no differ-

ence in the NT titer against SARS-CoV induced by RVV-§

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 cofifirmed in humans pre-
immunized with the smallpox vacéifie”

In the present study, immurgz\a\»"on With RVV-S mani-
fested a vaccine effect against\:\A/R -CoV, in spite of the
pre-existing NT antibodies 2 in$kVV, This finding indicates
that an RVV vaccine derivgd from LC16m8 can be used for
people previously im %%"’%th the smallpox vaccine. Fur-
thermore, this RVV vackingdould be repeatedly used against
various microbes, such astifluenza virus, by alteration of the
protein encoded by the transduced gene. Therefore, the use
of an RVV maccine generated from LC16m8 is a promising

Ew

vaccine stratdgy*against various infectious diseases.

\%We\; 4nk Y. Sameshima for technical assistance with
genheration of the recombinant vaccinia virus. We are very
ateful to Dr. M. Shuda for helpful discussion. We also
k S. Morikawa of the Department of Virology, National
nstitute of Infectious Diseases, Tokyo, Japan, for kindly pro-

?viding the SARS-CoV immunized rabbit sera. This study -

was supported in part by a Grant for Research on Emerging
and Re-emerging Infectious Diseases from the Ministry of
Health, L.abor and Welfare, Japan, the 21st Century Centers of
Excellence [COE] program on Global strategies for Control
of Tropical and Emerging Infectious Diseases at Nagasaki
University, and the Ministry of Education, Culture, Sports,
Science and Technology of Japan.

References

[1] Drosten C, Gunther S, Preiser W, van der Werf S, Brodt HR, Becker S,
et al. Identification of a novel coronavirus in patients with severe acute
respiratory syndrome. N Engl J Med 2003;348(20):1967-76.

[2] Ksiazek TG, Erdman D, Goldsmith CS, Zaki SR, Peret T, Emery S, etal.
A novel coronavirus associated with severe acute respiratory syndrome.
N Engl J Med 2003;348(20):1953-66.

[3] Peiris JS, Lai ST, Poon LL, Guan Y, Yam LY, Lim W, et al. Coron-
avirus as a possible cause of severe acute respiratory syndrome. Lancet -
2003;361(9366):1319-25.

[4] Gallagher TM, Buchmeier MJ. Coronavirus spike proteins in viralentry -
and pathogenesis. Virology 2001;279(2):371-4.

[S] Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Beme MA, et al.
Angiotensin-converting enzyme 2 is a functional receptor for the SARS
coronavirus. Nature 2003;426(6965):450—4.

[6] Spaan W, Cavanagh D, Horzinek MC. Coronaviruses: structure and
genome expression. J Gen Virol 1988;69(Pt. 12):2939-52.

(71 Nie Y, Wang G, Shi X, Zhang H, Qiu Y, He Z, et al. Neutralizing anti-
bodies in patients with severe acute respiratory syndrome-associated
coronavirus infection. J Infect Dis 2004;190(6):1119-26.



M. Kitabatake et al. / Vaccine 25 (2007) 630637 637

(8] Wang YD, Sin WY, Xu GB, Yang HH, Wong TY, Pang XW, et al. T-
cell epitopes in severe acute respiratory syndrome (SARS) coronavirus
spike protein elicit a specific T-cell immune response in patients who
recover from SARS. J Virol 2004;78(11):5612-8.

[5] Normile D, Enserink M. SARS in China. Tracking the roots of a killer.
Science 2003;301(5631):297-9.

[10) Li W, Shi Z, Yu M, Ren W, Smith C, Epstein JH, et al
Bats are natural reservoirs of SARS-like coronaviruses. Science
2005;310(5748):676-9.

{11] Lau SK, Woo PC, Li KS, Huang Y, Tsoi HW, Wong BH, et al. Severe
acute respiratory syndrome coronavirus-like virus in Chinese horseshoe
bats. Proc Natl Acad Sci USA 2005;102(39):14040-5.

{12] Haagmans BL, Kuiken T, Martina BE, Fouchier RA, Rimmelzwaan
GF, van Amerongen G, et al. Pegylated interferon-alpha protects type
1 pneumocytes against SARS coronavirus infection in macaques. Nat
Med 2004;10(3):290-3.

[13] Tang L, Zhu Q, Qin E, Yu M, Ding Z, Shi H, et al. Inactlvated SARS-
CoV vaccine prepared from whole virus induces a high level of neutral-
izing antibodies in BALB/c mice. DNA Cell Biol 2004;23(6):391—4.

[14] Takasuka N, Fujii H, Takahashi Y, Kasai M, Morikawa S, Itamura S,
et al. A subcutaneously injected UV-inactivated SARS coronavirus
vaccine elicits systemic humoral immunity in mice. Int Immunol
2004;16(10):1423-30.

[15] Yang ZY, Kong WP, Huang Y, Roberts A, Murphy BR, Subbarao K,
et al. A DNA vaccine induces SARS coronavirus neutralization and
protective immunity in mice. Nature 2004;428(6982):561-4.

[16] Kim TW, Lee JH, Hung CF, Peng S, Roden R, Wang MC, et al.
Generation and characterization of DNA vaccines targeting the nucle-
ocapsid protein of severe acute respiratory syndrome coronavirus. J
Virol 2004;78(9):4638-45.

[17] Gao W, Tamin A, Soloff A, D’ Aiuto L, Nwanegbo E, Robbins PD, et al.
Effects of a SARS-associated coronavirus vaccine in monkeys. Lancet
2003;362(9399):1895-6.

[18] Bisht H, Roberts A, Vogel L, Bukreyev A, Collins PL, Murphy BR, etal,
Severe acute respiratory syndrome coronavirus spike protein express¢d
by attenuated vaccinia virus protectively immunizes mice. Proc N&'
Acad Sci USA 2004;101(17):6641-6.

{19] Buchholz UJ, Bukreyev A, Yang L, Lamirande EW, Murphy %
barao K, et al. Contributions of the structural proteins of severe acite

respiratory syndrome coronavirus to protective immunity. Proc Nt

Acad Sci USA 2004;101(26):9804-9.
[20] Moss B. Genetically engineered poxviruses for recombinant gene

expression, vaccination, and safety. Proc Natl | Sci USA

1996;93(21):11341-8. @\
[21] Sugimoto M, Yasuda A, Miki K, Morita M<Suzu

1 , Uchida N,
et al. Gene structures of low-neurovirulent<yaccinia virus LC16mo0,

LC16m8, and their Lister original (LO) strains. Microbiol Immunol
1985;29(5):421-8.

[22] Yamaguchi M, Kimura M, Hirayama M. Report of the National Small-
pox Vaccination Research Committee: study of side effects, complica-
tions and their treatments. Clin Virol 1975;3:269-78.

{23] Jin NY, Funahashi S, Shida H. Constructions of vaccinia virus A-type
inclusion body protein, tandemly repeated mutant 7.5 kDa protein, and
hemagglutinin gene promoters support high levels of expression. Arch
Virol 1994;138(3—4):315-30.

[24] Funahashi S, Itamura S, linuma H, Nerome K, ‘Sugimoto M, Shida H.
Increased expression in vivo and in vitro é:fefe; genes directed by A-
type inclusion body hybrid promoter, ombugpm vaccinia viruses.
1 Virol 1991;65(10):5584-8. Q}

[25] Hong TC, Mai QL, Cuong DWP:m\ ¥, Minekawa H, Notomi T,
et al. Development and eva.lumon of 'a nd el loop-mediated isother-
mal amplification method fi xd detection of severe acute res-
piratory syndrome coron4vir T>J Clin Microbiol 2004;42(5):1956—

61. N A
[26] Shida H, Tochikura T, Satv=T, Konno T, Hirayoshi K, Seki M, et
al. Effect of the recombinant vaccinia viruses that express HTLV-
I envelope gene on HTLV-I infection. Embo J 1987;6(11):3379-
84. i
{27) Keng CT, i;%g »Shen §, Lip KM, Fielding BC, Tan TH, et al.
Amino a &dzj 50 1192 in the S2 region of severe acute respiratory
syndrome irus S protein induce neutralizing antibodies: impli-
e“development of vaccines and antiviral agents. J Virol
200: o (6):3289-96.
[28] él:en\Z\Z,hang L, Qin C, Ba L, Yi CE, Zhang F, et al. Recombinant
mo::izd vaccinia virus Ankara expressing the spike glycoprotein of
cute respiratory syndrome coronavirus induces protective neu-
lizing antibodies primarily targeting the receptor binding region. J
ol 2005;79(5):2678-88.
ubbarao K, McAuliffe J, Vogel L, Fahle G, Fischer S, Tatti K, et al.
Prior infection and passive transfer of neutralizing antibody prevent
replication of severe acute respiratory syndrome coronavirus in the
respiratory tract of mice. J Virol 2004;78(7):3572-7.

[30] Czub M, Weingartl H, Czub S, He R, Cao J. Evaluation of modified vac-

cinia virus Ankara based recombinant SARS vaccine in ferrets. Vaccine
2005;23(17-18):2273-9.

{31] Olsen CW, Corapi WV, Ngichabe CK, Baines JD, Scott FW. Mono-
clonal antibodies to the spike protein of feline infectious peritonitis
virus mediate antibody-dependent enhancement of infection of feline
macrophages. J Virol 1992;66(2):956-65.

[32] Hammarlund E, Lewis MW, Hansen SG, Strelow L1, Nelson JA, Sexton
GJ, etal. Duration of antiviral immunity after smallpox vaccination. Nat
Med 2003;9(9):1131-7.



