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Abstract

Severe acute respiratory syndrome (SARS) caused by a newly identified coronavirus (SARS-CoV) remains a threat to cause epidemics as
evidenced by recent sporadic cases in China. In this communication, we evaluated the efficacy and safety of two SARS vaccine candidates
b ical signs
w in ferrets.
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ased on the recombinant modified vaccinia Ankara (MVA) expressing SARS-CoV spike or nucleocapsid proteins in ferrets. No clin
ere observed in all the ferrets challenged with SARS-CoV. On the other hand, vaccination did not prevent SARS-CoV infection

n contrast, immunized ferrets (particularly those immunized with rMVA-spike) exhibited significantly stronger inflammatory respo
ocal necrosis in liver tissue after SARS-CoV challenge than control animals. Thus, our data suggest that enhanced hepatitis
accination with rMVA expressing SARS-CoV antigens.
rown Copyright © 2005 Published by Elsevier Ltd. All rights reserved.
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. Introduction

The first worldwide severe acute respiratory syndrome
SARS) epidemic between late 2002 and the first half of
003 caused severe stress in every aspect of our society,
articularly in those epidemic areas. The causative agent
as quickly identified and characterized as a new member
f the family Coronaviridae, the SARS-associated coron-
virus (SARS-CoV)[1,2]. As evidenced by sporadic cases
eported in late 2003 (http://www.wpro.who.int/sars/docs/
ressreleases/pr27122003.aspand http://www.who.int/csr/
on/200404-23/en/), SARS-CoV remains a constant threat

o cause another epidemic. Therefore, it is urgently needed
o develop an effective vaccine to contain future SARS
utbreak.
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E-mail address:jingxin cao@hc-sc.gc.ca (J. Cao).

1 Authors contributed equally to this work.

In the present study, we used the highly attenuated
cinia virus, modified vaccinia Ankara (MVA), as a vec
to construct recombinant MVA expressing SARS-CoV sp
(S) and nucleocapsid (N) proteins, analogues of which
the two major antigenic proteins responsible for induc
protective immune responses against coronaviruses[3,4].
Since it has been reported that ferrets were susceptib
SARS-CoV infection[5], we used ferrets as an animal mo
to evaluate the efficacy and safety of rMVA based SA
vaccines.

2. Materials and methods

2.1. Cells, viruses

BHK21 and Vero E6 cells were used to grow MVA (kind
provided by Dr. Bernard Moss at NIH) and Tor2 isolate
SARS-CoV (isolated at the NML), respectively.
264-410X/$ – see front matter. Crown Copyright © 2005 Published by Elsevier Ltd. All rights reserved.
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2.2. Animals

Six to 10 weeks old (350–500 g) male (castrated) ferrets
(Mustela putorius furo) were purchased from Marshall Farm
Pet Supplies (Wolcott, New York). Animal housing and all
the animal manipulations were approved by the Animal Care
Committee of the Canadian Science Centre for Human and
Animal Health and met the Canadian Council on Animal Care
guidelines.

2.3. Construction of recombinant MVA expressing
SARS-CoV S and (N) proteins

SARS-CoV (Tor2 isolate) S and N genes were synthesized
using standard RT-PCR protocol and the sequence was con-
firmed by comparison to the Genbank sequence (accession
number NC004718).

SARS-CoV S and N genes were further cloned into vac-
cinia recombinant and expression vector pJS5 provided by Dr.
Bernard Moss of NIH[6]. The recombinant MVA expressing
the S (rMVA-S) and N (rMVA-N) proteins were selected with
the mycophenolic acid selection medium using the standard
protocol for the construction of recombinant poxviruses[7].

2.4. Manipulation of ferrets
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for 30 min) and diluted in PBS containing 0.5% Tween 20
and 5% skimmed milk (1/100, in triplicates). The HRP con-
jugated secondary antibody goat anti-ferret (IgG) was pur-
chased from the Immunology Consultant Laboratory (New-
berg, OR, USA). The ABTS/H2O2 system from KPL was
used as a substrate. The OD readings from the reaction be-
tween sera and the SARS-CoV infected Vero-E6 cell lysate
(positive control) and the mock-infected lysate (negative con-
trol) were compared and the positive/negative (P/N) ratio was
calculated to determine the ELISA results. Mean negative
P/N ratio was established using a total of 60 sera provided by
Marshall Farms and was determined as 1.43 with a standard
deviation of 0.36. Thus, in our ELISA data, P/N ratio less than
1.79 was interpreted as negative while the ratio greater than
(or equal to) 1.79 was interpreted as positive. The mPRNA
was performed essentially as previously reported[8].

2.6. Detection of viral RNA by RT-PCR

Viral RNA was extracted from blood, pharyngeal
swab and feces using the TriPure Isolation reagents
(Roche). Two sets of primers were used in a one-step
RT-PCR test[9]: nucleocapsid primers—forward primer 5′-
ATAATACTGCGTCGTCTTGGTTC-3′ and reverse primer
5′-TGGCAATGTTGTTCCTTGAG-3′; BNI polymerase
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All animal work was performed in biosafety level 3 (BSL
mmunization stage) and BSL4 (challenge stage) con

ent laboratory of the Canadian Food Inspection Agen
he Canadian Science Centre for Human and Animal He
errets were immunized with 108 plaque-forming-units (pfu
f rMVA-S, rMVA-N, the parental MVA (control) or PBS b

ntraperitoneal and subcutaneous routes. Two weeks aft
rime immunization, ferrets received a booster immuniza
f 5× 107 pfu of the corresponding viruses or PBS by
ame inoculation routes. Animals were monitored daily
he blood samples were collected on days 0, 7, 14, 21 a
ays post vaccination for analyzing antibody response
nzyme-linked immunosorbent assay (ELISA) and mi
eutralization assays.

Four weeks after the prime immunization, ferrets w
hallenged with 106 pfu of the Tor2 isolate of SARS-CoV b

ntranasal route. Animals were monitored and the temp
ure was taken daily. Feces and oral/throat swabs spec
ere collected daily. The blood samples were taken bet
ays 3 and 5, 7 and 9, 12 and 14, 19 and 21, 26 and 28
ARS-CoV challenge. All the animals were euthanise
r 29 days after challenge with SARS-CoV and necrop
ere performed.

.5. ELISA and micro plaque reduction neutralization
est (mPRNT)

For ELISA assay, SARS-CoV infected or mock-infec
ero-E6 cell lysate were used to coat 96-well ELISA pla
Falcon 353911). Ferret sera were heat-inactivated (5◦C
rimers (developed at the Bernhard-Nocht Institute
ropical Medicine, Hamburg, Germany,http://www.bni-
amburg.de/)—BNI OUT S25′-ATGAATTACCAAGTCA-
TGGTTAC-3′ (forward) and BNI OUTAS 5′-CATAA-
CAGTCGGTACAGCTAC-3′ (reverse). Samples fro

errets which had not received SARS-CoV were u
s negative control. Virus collected from infected
upernatant was used as positive control.

.7. Blood chemistry

Ferret blood samples were analyzed for the levels of
ine phosphatase, alanine aminotransferase, albumin, c
ine, total bilirubin, total protein and urea using VET/TES®

lood chemistry analyzer (IDEXX Laboratories Inc., US
ith the reagents supplied by the manufacturer.

.8. Histopathology

Standard histopathological procedures were used to
are the formalin fixed tissues for histopathological exa
ation. Tissues were stained with hematoxylin and eosi

. Results and discussion

.1. Expression of SARS-CoV S and N proteins

The expression of SARS-CoV S and N proteins was
rmed by Western blot with S specific monoclonal antib
r SARS patient serum (Fig. 1).

http://www.bni-hamburg.de/
http://www.bni-hamburg.de/
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Fig. 1. Expression of SARS-CoV N and S proteins by rMVA-N and S recombinant viruses determined by immunoblot. Panel A: detection of SARS-CoV
nucleocapsid protein (with a human patient serum); panel B: detection of SARS-CoV spike protein (with a SARS-CoV spike specific mouse monoclonal
antibody); lane 1: BHK21 cell control, lane 2: rMVA-N infected BHK21 cell lysate, lane 3: rMVA-S infected BHK21 cell lysate.

3.2. Immunization of ferrets with rMVA-S and rMVA-N

All ferrets were SARS-CoV negative based on the sero-
logical and RT-PCR tests performed before the experiment.
Twelve ferrets were divided into four groups of three animals,
immunized with PBS, parental MVA, rMVA-S or rMVA-N,
respectively. As shown inTable 1A, antibody was detected in
the three ferrets (#7, 8 and 9) vaccinated with the rMVA-S af-
ter the booster immunization by ELISA. Neutralizing activity
was also detected in the sera collected 7 days after booster im-
munization with the rMVA-S virus while the titre declined to
the undetectable level 14 days after the booster in the micro-
neutralization assay (Table 1B). In comparison, no detectable
antibody response was observed in ferrets that received the
rMVA-N even following the booster immunization.

3.3. SARS-CoV challenge of immunized ferrets

Since it has been reported that ferrets were susceptible
to SARS-CoV infection[5], we challenged the vaccinated
and control animals with 106 pfu of the SARS-CoV Tor2
isolate by the intranasal route 2 weeks after the booster im-
munization. No clinical signs (elevated temperature, altered
behaviour including feeding) were observed up to 29 days
post challenge in any of the animals (data not shown). How-
e wabs
a
c m all
f ver,
i geal
s data
n ets
t trast,
m s in
t t, two
f ted
w up
t was
f (ex-
c , on
a ha-
r h no
v rse

of the study). Our data indicate that SARS-CoV replicates in
ferrets and that replication can last for up to 3 weeks. How-
ever, further studies are required to elucidate the kinetics of
the virus replication in ferrets.

The antibody response after challenge with SARS-CoV
was examined with ELISA and mPRNT tests. Most notably, a
neutralizing antibody response was observed in the sera from
ferrets vaccinated with the rMVA-S as early as 3 days after the
SARS-CoV challenge while neutralizing antibody was only
detected in other ferrets 7 days after SARS-CoV inoculation.
This shows that rapid memory immune response occurred in
the ferrets immunized with rMVA-S following SARS-CoV
challenge. Furthermore, ferrets immunized with the rMVA-S
developed peak neutralizing antibody titre between days 7
and 9 post challenge with SARS-CoV (Table 1C). In con-
trast, other challenged ferrets developed comparable levels
of neutralizing antibodies between 19 and 21 days after the
SARS-CoV challenge (Table 1B). The neutralizing antibody
response corresponds with the serum IgG titre determined by
ELISA (Table 1A). The rapid and vigorous neutralizing an-
tibody response induced by immunization with the rMVA-S
did not lead to the prevention of SARS-CoV dissemination
as evidenced by the presence of virus in all the clinical spec-
imens (Table 1C).
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ould be detected in pharyngeal swabs and feces fro
errets within the first 7 days of the challenge. Moreo
nfectious virus could be isolated from selected pharyn
wabs early in the infection (up to 5 days post infection,
ot shown). The viral RNA declined in feces from all ferr

o undetectable level after 6 days post challenge. In con
ost of the ferrets (10 out of 12) continued to shed viru

heir pharyngeal secretion 10 days post challenge. In fac
errets (#5 vaccinated with the rMVA-N and #8 vaccina
ith rMVA-S) still shed virus in the pharyngeal excretion

o 22 days post challenge. Interestingly, no viral RNA
ound in blood specimens until 8 days post challenge
ept ferret #10, a PBS control for vaccination). However
verage the viral RNA persisted in blood longer than in p
yngeal excretion and feces (except ferret #12 in whic
iral RNA was detected in blood through the whole cou
.4. Blood chemistry and histopathology

Although no obvious clinical signs were observed follo
ng the challenge with SARS-CoV, further biochemical t
f blood samples and histological examination of various
ue sections were performed to investigate any patholo
ffects as consequences of rMVA vaccination and SA
oV challenge. Using the VetTest® dry chemistry analyze

IDEXX Laboratories Inc., USA), blood samples taken
arious time points were examined for the levels of alka
hosphatase (an indicator of hepatic disease involving
iliary system), alanine aminotransferase (ALT, an ind

or of hepatic parenchymal lesions), albumin (an indic
f abnormality of hepatic and renal function), creatinine

ndicator of renal disease), total bilirubin (an indicator of
tructive liver disease), total protein (indicator of abnorma
f hepatic and renal function) and urea (an indicator o
al disease). Surprisingly, ferrets vaccinated with rMVA-N
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Table 1
Antibody response and virus detection following rMVA immunization and SARS-CoV challenge

Ferret numbers Immunogens Days post vaccination Days post challenge

0 7 14a 21 28 3–5 7–9 12–14 19–21 27–29

Part A
1 MVA NA − − − + ++ ++ NA +++ ++++
2 MVA − + − − − + ++ ++ ++++ ++
3 MVA − − − − + − + +++ ++++ ++++
4 rMVA-N − − − − − − + ++ ++++ ++
5 rMVA-N − − − − − − ++ ++++ +++ ++
6 rMVA-N − − − − − − − ++++ ++++ ++++
7 rMVA-S − − − − + ++ ++++ ++++ +++ +++
8 rMVA-S − + + + − − +++ +++ ++++ +++
9 rMVA-S − + + ++ ++ ++++ ++++ ++++ ++++ ++++
10 PBS − − − − − NA + ++ ++++ ++
11 PBS − − − − − − ++ +++ ++++ +++
12 PBS − − − − − + + +++ +++ ++++

Part B
1 MVA − − − − − − 320 320 160 320
2 MVA − − − 20 − − 160 160 640 640
3 MVA − − − − − 40 160 320 640 640
4 rMVA-N − − − − − − 320 320 160 1280
5 rMVA-N − − − − − − 320 160 640 640
6 rMVA-N − − − − − 40 80 1280 1280 1280
7 rMVA-S − − − 40 − 20 1280 1280 640 640
8 rMVA-S − 20 − 40 − 80 1280 640 640 1280
9 rMVA-S − − − 20 − 640 2560 320 1280 1280
10 PBS - − − − − − 320 320 1280 1280
11 PBS − − − − − − 320 320 640 1280
12 PBS − − − − − 20 80 320 1280 1280

Ferret numbers Immunogen Blood* Pharyngeal* Feces*

1–3 4–6 8–10 13–15 20–22 27–29 1–3 4–6 8–10 13–15 20–22 27–29 1 2 34 5 6 7
Part C

1 MVA − − + − + − + − + − − − − − − + + + −
2 MVA − − − − + − + + + − − − + + + + + + −
3 MVA − − − + − − + + − − − − − − − + − − −
4 rMVA-N − − + + − − − + + − − − − − − + + − −
5 rMVA-N − − + + + − + + − + + − − − − + + − −
6 rMVA-N − − − − − − + − + − − − + + − + + − −
7 rMVA-S − − + + − − + + + − − − + − − + + − −
8 rMVA-S − − + + + − + + + + + − + − + − + + −
9 rMVA-S − − − + − − + + + − − − − + − + + − −
10 PBS − − + + − − + + − − − − − − − + + − −
11 PBS − − − + + − + + + + − − + + + + + − −
12 PBS − − − − − − + + + − − − + − + + − − −

Part A: antibody response determined by ELISA; a, the day booster immunization given; the ELISA results were determined as P/N ratios (positive/negative
ratios): ‘–‘=P/N < 1.79, ‘+’=P/N between 1.79 and 4.00, ‘++’=P/N between 4.00 and 8.00, ‘+++’=P/N between 8.00 and 12.00, ‘++++’= P/N > 12.00. Part B:
neutralizing antibody responses determined by mPRNT; the lowest dilution used was 1/20; ‘–‘=negative. Part C: detection of viral RNA by RT-PCR from blood,
pharyngeal swabs and feces; ‘–’=negative with both primer pairs (as described in Section2); ‘+’=positive with one or both of the primer pairs; ‘* ’, specimens
collected days post challenge.

rMVA-S demonstrated a significantly higher level of ALT af-
ter challenge with SARS-CoV than the control ferrets (Fig. 2,
panels A–E). The elevated level of ALT was evidenced by day
5 post SARS-CoV challenge and lasted until day 21. All the
other parameters tested fell into the normal or slightly higher
(alkaline phophatase) physiological range compared to the
reference value (IDEXX Laboratories Inc., USA, data not
shown).

Histopathological evaluation of liver tissues revealed that
all the animals infected with SARS-CoV developed peripor-
tal and pan-lobular hepatitis. In correlation with the elevated
ALT level, ferrets immunized with rMVA-S developed signif-
icantly more severe lesions including focal liver cell necrosis
than all the other infected animals (Fig. 3). In particular, ferret
#9, which developed the most rapid and vigorous antibody
response, had the most severe hepatitis. In contrast, only mild
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Fig. 2. ALT level following rMVA immunization and SARS-CoV challenge. Panel A: pre-challenge (ferret #8 sample not available); panel B: 3–5 days post
infection (dpi) with SARS-CoV (ferret #3 sample not available); panel C: 12–14 dpi (ferret #8 sample not available); panel D: 19–21 dpi; panel E: 27–29dpi;
the ALT value between the dotted scale line is considered as normal reference value.

hepatitis was observed in control animals receiving parental
MVA or PBS. Although ferrets immunized with rMVA-N
also demonstrated elevated level of ALT, only one ferret (#4)
developed more severe hepatitis than control animals (sever-
ity between the rMVA-S immunized ferrets and the controls
as observed post mortem). It should be mentioned that the tis-
sue specimen for the pathological sectioning was collected
post mortem (27–29 days after the challenge); by then the
ALT level had already declined to (or slightly below) the
normal range (Fig. 2, panel E). Therefore, it is likely that the
liver inflammation shown inFig. 3 may not truly reflect the
severity of the hepatitis associated with rMVA-S or rMVA-N
vaccination and SARS-CoV challenge. Detailed pathological
examination at the time when the ALT level is at the highest
should be performed in the future studies. In correlation with
the data shown inTable 1C, no viral RNA was found in any
tissue collected from the post mortem examination (28 and
29 days after the challenge). Other organs were only mildly
affected by SARS-CoV infection (data not shown).

Antibody-dependent enhancement (ADE) of viral infec-
tivity has been described for several viruses[10,11]. It was
well documented that neutralizing antibody induced by the
spike protein of feline infectious peritonitis virus (FIPV, also
a coronavirus) failed to protect cats from the virus challenge
[12]. On the contrary, antibodies acquired either through a
passive transfer of immune serum against the spike protein of
FIPV [13] or by immunization with a recombinant vaccinia
virus expressing the spike protein[14] often lead to accel-
erated infection by the mechanism of ADE of the virus in-
fectivity. More recently, the enhanced susceptibility to FIPV
has also been linked to the immune responses induced by
the virus membrane and nucleocapsid protein co-delivered
with interleukin-12[15]. SARS-CoV has been shown to in-
fect hepatocytes and cause hepatitis in humans[16]. There-
fore, our observation that immunization with rMVA-S in-
duced enhanced hepatitis in ferrets after SARS-CoV chal-
lenge is in line with the previous reports on ADE of FIPV
infection.
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Fig. 3. Representative pictures of livers from ferrets. Perivascular mononuclear infiltrates were present in all livers from ferrets exposed to SARS-CoV: (A)
MVA, mild hepatitis; (B) rMVA-SARS-N; (C) rMVA-SARS-S, severe hepatitis with focal necrosis; (D) PBS control, mild hepatitis; (E) non-infected, no
significant lesions. Arrows: vein (green); artery (yellow); and bile duct (green).

A failure to observe detectable immune response induced
by rMVA-N and an inconsistent link between the rMVA-N
vaccination and enhanced liver inflammation may be due to
the lack of optimization of the immunization regimen in this
experiment. Further investigation to improve the immune re-
sponses by the use of different immunization regimen, more
ferrets (which would allow a post mortem examination at
various time points after vaccination and challenge), more
detailed analysis of the immune responses and immunohis-
tological studies should aid in understanding the link between
the immune responses induced by SARS-CoV antigens and
the enhanced liver inflammation. Moreover, to further con-
firm the observation of vaccination enhanced hepatitis in fer-
rets after challenge with SARS-CoV, other vaccination strate-
gies, e.g. inactivated vaccine, recombinant adenovirus based

vaccine, subunit vaccine, should be examined in the similar
fashion as reported in this communication.

In conclusion, we would like to summarize our initial
evaluation of rMVA based SARS vaccine as follows. First,
rMVA-S can induce rapid and vigorous neutralizing anti-
body response in ferrets challenged with SARS-CoV; how-
ever, such neutralizing antibody did not prevent virus infec-
tion and spreading. Second, vaccination with SARS-CoV
S and/or N protein may lead to enhanced pathology dur-
ing SARS-CoV infection of liver and may cause damage of
the liver. Third, although SARS-CoV does not cause clini-
cal disease in ferrets, our results suggest that ferret may be
a useful model for evaluating the safety of the vaccination
strategy. Finally, we would like to suggest that extra cau-
tion must be taken in future human trials of SARS vaccines
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due to the potential organ damage resulting from immuniza-
tions.
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