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Severe acute respiratory syndrome (SARS) caused by a newly identified coronavirus (SARS-CoV) is a serious
emerging human infectious disease. In this report, we immunized ferrets (Mustela putorius furo) with recom-
binant modified vaccinia virus Ankara (rMVA) expressing the SARS-CoV spike (S) protein. Immunized ferrets
developed a more rapid and vigorous neutralizing antibody response than control animals after challenge with
SARS-CoV; however, they also exhibited strong inflammatory responses in liver tissue. Inflammation in control
animals exposed to SARS-CoV was relatively mild. Thus, our data suggest that vaccination with rMVA
expressing SARS-CoV S protein is associated with enhanced hepatitis.

Severe acute respiratory syndrome (SARS) is a serious
emerging human infectious disease of the 21st century. The
causative agent was identified and characterized as a new
member of the family Coronaviridae, SARS-associated corona-
virus (SARS-CoV) (8, 14). The first SARS outbreak was pri-
marily contained by the means of quarantine. As evidenced by
the recently reported new cases (http://www.wpro.who.int/sars
/docs/pressreleases/pr_27122003.asp and http://www.who.int/csr
/don/2004_04-23/en/), it is almost certain that SARS-CoV re-
mains a constant threat to public health. Efforts to develop
SARS vaccine candidates are under way worldwide (9). Several
recent reports have described studies on evaluation of SARS
vaccine candidates in monkey and mouse models (1, 7, 15, 19).
It has been shown that a recombinant adenovirus-based SARS
vaccine candidate expressing SARS-CoV spike (S) and nucleo-
capsid proteins could induce strong neutralizing antibody and
T-cell responses in monkeys (rhesus macaques) (7). However,
the protection potential was not evaluated by challenge exper-
iment. The neutralizing antibody response induced by recom-
binant modified vaccinia virus Ankara (rMVA) expressing
SARS-CoV S protein (rMVA-S) has been shown to inhibit
SARS-CoV replication in a mouse model (1). Since replication
of SARS-CoV in mice can last only approximately 3 days
postinfection, the memory immune response, which is essential
for an effective prophylactic vaccine, is difficult to evaluate in
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mice. In this communication, we evaluated the effects of rIMVA-S
in ferrets.

Coronavirus S is the major antigenic protein responsible for
inducing neutralizing antibody responses (4, 6), while MVA is
a widely used recombinant poxvirus vector for development of
safe and effective recombinant vaccines (11). We constructed
rMVA-S using a standard protocol for construction of recom-
binant poxviruses with the recombinant vector pJSS5, provided
by Bernard Moss at the National Institutes of Health (2, 5).
The S gene was synthesized based on a SARS-CoV Tor2 iso-
late (8) by reverse transcription-PCR (RT-PCR) with primer
pair AGGCGAATTCATGTTTATTTTCTTATTATTTCTTA
CTCTCACT (N terminus primer; EcoRI site in italics) and
TATACCCGGGTTATGTGTAATGTAATTTGACACCCT
TGAGAA (C terminus primer; Smal site in italics). Expres-
sion of the S protein was confirmed with Western blot analysis
using a specific monoclonal antibody against the SARS-CoV S
protein (Fig. 1).

Since it has been reported that ferrets were susceptible to
SARS-CoV infection (10), we decided to use ferrets for an
immunization-and-challenge study. Animal housing and ma-
nipulations 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. Six-
to 10-week-old male (castrated) ferrets were purchased from
Marshall Farm Pet Supplies (Wolcott, N.Y.). Enzyme-linked
immunosorbent assay (ELISA) and neutralization tests were
performed to confirm that there was no antibody cross-reac-
tivity against SARS-CoV in all ferrets before the experiment.
Ferrets were divided into three groups (see Tables 1 and 2;
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FIG. 1. Expression of SARS-CoV S proteins by rMVA-S. The S
protein was detected by Western blotting with a SARS-CoV S-specific
mouse monoclonal antibody (1). Lane 1, mock-infected BHK21 cell
control; lane 2, lysate from MVA-infected BHK21 cells; lane 3, lysate
from rMVA-S-infected BHK21 cells.

ferrets were housed individually, i.e., one ferret per cage) and
were immunized with parental MVA (ferrets 1 to 3), IMVA-S
(ferrets 7 to 9), or phosphate-buffered saline (PBS; ferrets 10
to 12) on day 0 with a dose of 10® PFU of the corresponding
virus per ferret by intraperitoneal and subcutaneous routes,
and a booster immunization was given on day 14 with the same
regimen. Due to the lack of ferret-specific reagents for analysis
of cell-mediated immune responses, only neutralizing antibody
responses were monitored by microplaque reduction neutral-
ization test. Briefly, a triplicate of serial dilutions of heat-
inactivated ferret sera were incubated with 100 PFU of the
SARS-CoV in a 100-pl volume for 60 min at 37°C. After
incubation, the serum-SARS-CoV mixture was added to
monolayers of Vero-V76 cells in a 96-well tissue culture plate.
Infected Vero-V76 cells were incubated at 37°C in 5% CO, for
3 to 4 days with a 2% carboxymethylcellulose overlay and then
fixed with 4% formaldehyde and stained with 0.5% crystal
violet. Neutralization titers were determined as the reciprocal
of the highest serum dilution that neutralized at least 70% of
the formation of plaques on Vero-V76 cells. As shown in Table
1, neutralizing activity was detected in sera collected from all
three ferrets 7 days after booster immunization with rMVA-S
virus, while the titer declined to undetectable level 14 days after

TABLE 1. Neutralizing antibody response following rMVA-S
immunization and SARS-CoV challenge

Neutralization titer on indicated day(s):

F&Ialroret Immunogen®  Postvaccination Postchallenge

0 7 14% 21 28 3-5 7-9 13-15 20-22 27-29
1 MVA - - - - = = 320 320 160 320
2 MVA - = — 20 — — 160 160 640 640
3 MVA - — — — — 40 160 320 640 640
7 rMVA-S - — — 40 — 20 1,280 1,280 640 640
8 rMVA-S — 20 — 40 — 80 1,280 640 640 1,280
9 rMVA-S - — — 20 — 640 2,560 320 1,280 1,280
10 PBS - - - - = = 320 320 1,280 1,280
11 PBS - - - — — = 320 320 640 1,280
12 PBS - = - = =20 80 320 1,280 1,280

¢ Immunogen MVA is the parental virus of rMVA-S.

® The day booster immunization was given; the neutralizing antibody response
was determined by microplaque reduction neutralization test, and the lowest
dilution used was 1/20. —, negative.
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the booster. The serum immunoglobulin G titer determined by
ELISA corresponded with the neutralization results (see on-
line supplementary data). Moreover, the antibody response
specific for the S protein in tMVA-S-vaccinated ferrets was
confirmed by Western blotting.

Two weeks after the booster immunization, ferrets were
challenged with 10° PFU of the SARS-CoV Tor?2 isolate by the
intranasal route in our biosafety level 4 facility. Ferrets immu-
nized with rtMVA-S developed a neutralizing antibody re-
sponse as early as 3 days after SARS-CoV challenge, while
neutralizing antibodies were not detected in most of the con-
trol ferrets until 7 days after SARS-CoV infection (Table 1).
This shows that a typical memory immune response occurred
in ferrets immunized with rMVA-S following SARS-CoV chal-
lenge. Furthermore, ferrets immunized with tMVA-S devel-
oped peak neutralizing antibody titer between 7 and 9 days
after SARS-CoV challenge. In contrast, other challenged fer-
rets developed comparable levels of neutralizing antibodies 13
days later (Table 1). To our knowledge, this is the first report
showing that immunization with a SARS vaccine candidate
induced a rapid memory immune response, which is an essen-
tial feature for an effective prophylactic vaccine, following
SARS-CoV challenge in an animal model.

Although no clinical signs (e.g., elevated temperature and
altered behavior including feeding) were observed up to 29
days postchallenge, viral RNA was detected in pharyngeal
swabs and blood samples by RT-PCR from all ferrets chal-
lenged with SARS-CoV by our previously reported protocols
(17). The viral RNA could be detected in pharyngeal swabs
starting from 1 day after SARS-CoV infection (Table 2). Fer-
ret 8 (vaccinated with rMVA-S) still shed virus in the pharyn-
geal excretion up to 22 days postchallenge. Interestingly, viral
RNA could be detected in blood specimens only at 8 days
postchallenge and lasted up to 22 days postinfection. More-
over, live SARS-CoV could be isolated from pharyngeal swabs
early in the infection (up to 5 days postinfection; level ranged
from 4 X 10 to 1.4 X 10* PFU per pharyngeal swab, and no
significant difference between rMVA-S-immunized and con-
trol ferrets was observed), while an attempt to isolate SARS-
CoV from sera was not successful (data not shown). We spec-
ulate that the failure to isolate live virus from pharyngeal swabs
(5 days postinfection) and sera (8 days postinfection) is related
to the increased neutralizing antibody response (Table 1). Re-
al-time RT-PCR to quantify the virus loads from the positive
blood specimens (as determined by classical RT-PCR; Table 2)
was also unsuccessful. The sensitivity of our real-time RT-PCR
has been titrated to be 0.1 PFU per ml, while the classical
RT-PCR showed sensitivity as low as 10~* PFU per ml (A.
Andonov and H. Weigartl, unpublished data). Thus, although
SARS-CoV could enter into blood after approximately 8 days
of challenge, viral load was low (lower than 0.1 PFU per ml).
Nonetheless, our data indicate that immunization with
rMVA-S had no significant effects on the level of SARS-CoV
replication in ferrets, although a rapid, vigorous memory neu-
tralizing antibody response occurred. In contrast, a live SARS-
CoV (15), a DNA-based vaccine expressing the S protein (19),
and rMVA-S (1) have been reported to induce significant
protective immunity in mice following SARS-CoV challenge.
The most likely cause for the difference in the protective effi-
cacy in mice and ferrets immunized with rMVA-S is that
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TABLE 2. Detection of viral RNA by RT-PCR from blood and pharyngeal swabs.
Presence of viral RNA“ on indicated days in:
Fc;l;)ret Immunogen Blood Pharyngeal swabs
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 MVA - - + - + - + - + - - -
2 MVA - - - - + - + + + — - —
3 MVA - - - + - - + + - - - -
7 MVA-S - - + + - - + + + - - -
8 MVA-S - - + + + - + + + + + -
9 MVA-S - - - + - - + + + - - -
10 PBS - - + + - - + + - - - -
11 PBS - - - + + - + + + + - -
12 PBS - - - - - - + + + - - —

“Due to the limited working capacity in a biosafety level 4 space, only one ferret from a group could be manipulated for blood and pharyngeal swab collection on
a particular day after SARS-CoV challenge. +, RT-PCR positive; —, RT-PCR negative.

SARS-CoV exhibits different replication kinetics in these two
animal systems. For example, SARS-CoV could replicate to a
high titer in the first 3 days after challenge in mice, while the
virus titer decreased sharply afterwards (15). Replication of
SARS-CoV in ferrets, however, could last up to 22 days after
infection (Table 2). Thus, further studies to elucidate the ki-
netics of SARS-CoV replication in ferrets should aid in under-
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standing the difference between these two animal models for
development of SARS vaccines.

Biochemical tests of blood samples and histopathological
examination of various tissues were performed to investigate
any pathological effects as consequences of rMVA-S vaccina-
tion and SARS-CoV challenge. The VetTest dry chemistry
analyzer, with the protocol and reagents provided by the man-
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FIG. 2. ALT level following rMVA-S immunization and SARS-
CoV challenge. (A) Prechallenge (ferret 8 sample not available) sam-
ple; (B) sample taken 4 to 6 days after infection with SARS-CoV
(ferret 3 sample not available); (C) sample taken 13 to 15 days postin-
fection (dpi; ferret 8 sample not available); (D) sample taken 20 to 22
dpi; (E) sample taken 27 to 29 dpi. ALT values between the dotted
scale lines are considered normal reference values.
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FIG. 3. Histopathology of ferret livers following immunization and SARS-CoV challenge. Representative pictures were taken at 27 to 29 days
postinfection (ferrets [F] 1 to 3, 7 to 9, and 10 to 12) or no infection (naive ferrets 13, 14, and 15; exposed to neither MVA nor SARS-CoV) at
X40 magnification. Perivascular mononuclear infiltrates (red arrows) were present in all livers from ferrets infected with SARS-CoV, ranging from
mild (ferrets 1, 2, 3, 10, 11, and 12) to severe (ferrets 7, 8, and 9) lesions. In addition, intralobular infiltration of mononuclear cells was extensive
in livers from ferrets 7, 8, and 9. No significant liver lesions were found in naive ferrets (ferrets 13, 14, and 15, which did not receive MVA or
SARS-CoV and which were used for preliminary examination of ferrets. Green arrows, vein of portal triads.

ufacturer (IDEXX Laboratories Inc. USA), was used to exam-
ine blood samples taken at various time points for the levels of
alkaline phosphatase (an indicator of hepatic disease involving
the biliary system), alanine aminotransferase (ALT; an indica-
tor of hepatic parenchymal lesions), albumin (an indicator of
abnormality of hepatic and renal function), creatinine (an in-
dicator of renal disease), total bilirubin (an indicator of ob-
structive liver disease), total protein (an indicator of abnor-
mality of hepatic and renal function), and urea (an indicator of
renal disease). Surprisingly, ferrets vaccinated with rMVA-S
demonstrated a significantly higher level of ALT after chal-
lenge with SARS-CoV than the control ferrets (Fig. 2). The
elevated level of ALT was evidenced by 4 to 6 days after
SARS-CoV infection and lasted until day 22. All the other
parameters tested fell into the normal or slightly higher-than-
normal (alkaline phosphatase) physiological range compared

to the reference value (based on the recommendation from
IDEXX Laboratories Inc. USA and data from 60 serum sam-
ples from healthy ferrets provided by the ferret supplier, Mar-
shall Farm).

Histopathological examination was performed on liver sec-
tions (fixed with 10% PBS-buffered formalin, embedded in
wax, and stained with hematoxylin and eosin) from ferrets
sacrificed between 27 and 29 days postchallenge. It was found
that ferrets immunized with tMVA-S (particularly ferret 9)
developed severe periportal and panlobular mononuclear hep-
atitis (Fig. 3). In contrast, only mild periportal mononuclear
hepatitis was observed in control ferrets receiving parental
MVA or PBS. In addition, the panlobular hepatitis observed in
rMVA-S-immunized ferrets was also accompanied by signs of
focal necrosis of liver cells, including swelling of hepatocytes
(hydropic degeneration), increased acidophilia, and hyper-
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chromatic and fragmented nuclei (karyorrhexis). Thus, the his-
topathological finding is in line with the blood chemistry anal-
ysis. A summary of histopathological findings was included in
the online supplementary materials. Note that the liver tissue
specimen for pathological sectioning was collected postmor-
tem (27 to 29 days after the challenge); by then the ALT level
had already declined to (or slightly below) the normal range
(Fig. 2E) and no viral RNA could be detected (Table 2). Not
surprisingly, no viral antigen was found in the liver tissue by
immunolabeling with the specific anti-S monoclonal antibody
(data not shown). Therefore, it is likely that the liver inflam-
mation shown in Fig. 3 does not reflect the true severity of the
hepatitis associated with rMVA-S vaccination and SARS-CoV
challenge and, in fact, may represent the recovering stage.
Detailed pathological examination at the time when the ALT
level is at the highest should be performed in future studies.
Other organs were only mildly affected by SARS-CoV infec-
tion (data not shown).

It is known that neutralizing antibodies induced by the S
protein of feline infectious peritonitis virus (also a coronavirus)
often lead to accelerated infection by the mechanism of anti-
body-dependent enhancement of virus infectivity (12, 13, 16,
18). SARS-CoV has been shown to infect hepatocytes and
cause hepatitis in humans (3). Here, we found that immuniza-
tion with rMVA-S is associated with enhanced hepatitis in
ferrets after SARS-CoV challenge. However, our present data
cannot conclusively demonstrate whether or not the enhanced
liver inflammation was the consequence of accelerated virus
infection of livers or simply enhanced immunopathological
effects on livers as a combined result from rMVA-S immuni-
zation and SARS-CoV infection. Further investigation, such as
passive transfer of immune sera from vaccinated or SARS-
CoV-infected ferrets to naive ferrets, which then are chal-
lenged with SARS-CoV, should aid in understanding the link
between the immune responses induced by SARS-CoV anti-
gens and enhanced liver inflammation.

In this communication, we demonstrated that vaccination
with tMVA-S could induce a rapid and vigorous memory neu-
tralizing antibody response, which is an essential feature for an
effective prophylactic vaccine, in ferrets after challenge with
SARS-CoV. On the other hand, our data suggest that vacci-
nation with SARS-CoV S may lead to enhanced liver damage
following SARS-CoV infection. This information is extremely
important for development of safe SARS vaccines. Extra cau-
tion should be taken in proposed human trials of SARS vac-
cines (9) due to the potential liver damage from immunization
and virus infection.
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