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inhibited HCV replication. We found that Hsp90 was an
important host-derived factor that regulates HCV replica-
tion in an HCV replicon system. Using HCV-infected chi-
meric mice with humanized liver, which have recently been
developed as a practical small animal model of HCV infec-
tion [12-14], we also demonstrated inhibition of native

HCYV replication in human liver cells by Hsp90 inhibitors.

Materials and methods

HCYV replicon cells. Two types of human hepatoma HuH-7 cells car-
rying an HCV subgenomic replicon, FLR 3-1 {(genotype 1b, Con-1) [15]
and R6FLR-N (genotype 1b, strain N) [16], were maintained in Dul-
becco’s modified Eagle’s medium supplemented with GlutaMAX™ I
(Invitrogen, Carlsbad, CA, USA) and 0.5 mg/ml of G418 at 37 °C in 5%
CO,. The replicons were constructed as shown in Fig. 1A.

Infection of chimeric mice with HCV. Chimeric mice harboring a
functional human liver cell xenograft were purchased from PhenixBio
(Hiroshima, Japan). The chimeric mice were generated by transplanting
human primary hepatocytes into severe combined immunodeficient
(SCID) mice carrying the urokinase plasminogen activator transgene
controlled by an albumin promoter. The chimeric mice used in this study
had been improved over the original mice described by Tateno et al. [14],
and they had a higher human hepatocyte substitution rate. Six weeks after
hepatocyte transplantation, we intravenously injected each mouse with an
HCV-infected patient’s serum containing 10° copies of HCV genotype 1b
(HCR6; Accession No. AY045702). The protocols for animal experiments
were approved by the Ethics Committee of The Tokyo Metropolitan
Institute of Medical Science. The animals received humane care according
to the guidelines of the National Institutes of Health. The HCV-infected
patient who provided the serum gave written informed consent before
blood sampling. )

Administration of 17-DMAG and/or PEG-IFN. Starting on day 0,
HCV-infected chimeric mice with humanized liver received intravenous
injections of 4 mg/kg of 17-DMAG and/or subcutaneous injections of
30 pg/kg PEG-IFNa-2a (Chugai, Tokyo, Japan) according to the schedule
shown in Table 1.

Quantification of HCV RNA by real-time PCR. Total RNA was
purified from 1 pl of serum from chimeric mice with humanized liver by
the acid guanidinium-phenol-chloroform method, and HCV RNA was
quantified by real-time PCR as described by Takeuchi et al. [17].

Results

Effect of Hsp90 inhibitors on HCV replication in HCV
replicon cells

We have developed two modified HCV replicon cell lines,
FLR 3-1 (genotype 1b, Con-1)[15]and R6FLR-N (genotype
1b, strain N) [16]. The HCV replicons are composed of the
HCYV 5'-untranslated region (UTR) containing an internal
ribosomal entry site (IRES), the first 45 nucleotides of the
core protein gene, fusion genes for luciferase and neomycin
phosphotransferase, the encephalomyocarditis virus
(EMCYV) IRES, HCV NS3 through NS5B, and the HCV
3’-UTR (Fig. 1A). The construct allows quantification of
replication levels by measuring luciferase activity. Taking
advantage of this feature, we performed random screening
of potential anti-HCV compounds using FLR 3-1 cells. Gel-
danamycin and radicicol, both of which are well-known
Hsp90 inhibitors, were included among the hits. To assess
the effects of Hsp90 inhibition on the intracellular replica-

tion of HCV in more detail, we treated the two different types
of HCV replicon cells (FLR 3-1 and R6FLR-N) with each of
four different Hsp90 inhibitors, 17-(dimethylaminoethyla-
mino)-17-demethoxygeldanamycin (17-DMAG), geldana-
mycin, herbimycin A, and radicicol. All of the Hsp90
inhibitors suppressed replication of the HCV replicon in
both cell types in a dose-dependent manner. The half-maxi-
mal inhibitory concentration (ICs) for HCV replication in
FLR 3-1 cells was 4.4 nM for 17-DMAG, 5.5 nM for gel-
danamycin, 50 nM for herbimycin A, and 133 nM for radic-
icol (Fig. 1B, upper panel). In R6FLR-N cells, the ICs, was
8.1 nM for 17-DMAG, 7.8 nM for geldanamycin, 180 nM
for herbimycin A, and 125 nM for radicicol (Fig. 1B, lower
panel). We also assessed the levels of HCV NS3 protein,
which plays a key role in HCV replication, by Western blot-
ting and immunostaining. Hsp90 inhibitors brought about a
dose-dependent decrease in the levels of this protein (Fig. 1C
and D).

Effect of Hsp90 knockdown by siRNA on HCV replication in
HCYV replicon cells :

To examine whether suppression of the replication of the
HCV replicon by Hsp90 inhibitors resulted from functional
inhibition of Hsp90, we used small-interfering RNA (siR-
NA) to perform knockdown of Hsp90. In mammalian cells
there are two Hsp90 isoforms, Hsp90a and Hsp90p, which
are encoded by separate genes, so we transfected siRNA tar-
geting Hsp90c, Hsp908, or both Hsp90a and Hsp90p into
FLR 3-1 cells. As a positive control, we used siE-R7 [16],
an siRNA that is sequence specific for HCV IRES. As a neg-
ative control we used sip53m [16], an siRNA that is sequence
specific for p53 mRNA except for two nucleotides. Replica-
tion of the HCV replicon was suppressed by siRNA against
either Hsp90a or Hsp90B in a dose-dependent manner with
no effect on cell viability (Fig. 2A and B). Double knock-
down of both Hsp90a and Hsp90p suppressed replication
of the HCV replicon more effectively than knockdown of
either Hsp90a or Hsp90p alone. HCV replication was
reduced to 50-60% of control levels when cells were treated
with 70 nM siRNA targeting either Hsp90a or Hsp90p, but
it fell to 30% of control when cells were treated with 35 nM
siIRNA against Hsp90a combined with 35nM siRNA
against Hsp90p (Fig. 2A). To confirm the functionality of
the siRNAs, cells were treated with 100 nM siRNA and
the expression of Hsp90 protein was assessed by Western
blotting. siRNA against Hsp90a or Hsp90f specifically
inhibited the expression of the corresponding Hsp90 protein
(Fig. 2C). It was also observed that the expression of NS3
protein was downregulated in cells transfected with siRNA
targeting either Hsp90a or Hsp90f (Fig. 2C). Moreover,
when cells were cotransfected with siRNA against Hsp90a
and siRNA against Hsp90B (each at a concentration of
50 nM), the expression of NS3 protein was more effectively
downregulated than when cells were transfected with
100 nM of siRNA targeting either Hsp90o or Hsp90p alone
(Fig. 20).
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Fig. 1. Effect of Hsp90 inhibitors on HCV replication and cell viability in HCV replicon cells. (A) Schematic representation of the HCV subgenomic
replicons used in this study. AC, first 45 nucleotides of HCV core protein gene; neo-R, neomycin phosphotransferase gene. (B) Inhibition of
replication of the HCV replicon by the Hsp90 inhibitors 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin (17-DMAG), geldanamycin
(GA), herbimycin A (HMA), and radicicol (RAD) in FLR 3-1 replicon cells (upper panels) and R6FLR-N replicon cells (lower panels). Interferon-o
(IFN-0) was used as a positive control. Seventy-two hours after treatment, HCV replication was determined by luciferase assay and cell viability by
WST-8 assay. The data represent the mean of four values and the bars indicate the standard deviation. (C) FLR 3-1 cells were treated with IFN-a or
Hsp90 inhibitors for 72 h. Saline was added to control cells. The levels of NS3 protein or B-actin were assessed by Western blotting. (D) FLR 3-1 cells
were immunostained with anti-NS3 antibody (green) and diamidino-2-phenylindole (red). Cells were treated with saline (control) or with 10° U/ml
IFN-a, 5nM 17-DMAG, 40 nM 17-DMAG, 5 nM GA, 40 nM GA, 50 nM HMA or 300 nM HMA as indicated.

Table 1

Schedule of blood sampling and drug administration for chimeric mice infected with HCV

Day -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Collection of blood B B B
17-DMAG D D D D D D D D D D D D D D
PEG-IFN I I I I

17-DMAG + PEG-IFN D/1 D D D/I D D D D/t D D D/1 D D D

B indicates sampling of blood; D, intravenous injection of 17-DMAG (4 mg/kg); I, subcutaneous injection of PEG-IFN (30 ug/kg).
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Fig. 2. Effect of knockdown or overexpression of Hsp90 on replication of the HCV replicon. (A,B) FLR 3-1 replicon cells were transfected with HCV-
directed siRNA (siE-R7), negative-control siRNA (sip53m) or Hsp90-directed siRNA. Seventy-two hours after siRNA transfection, HCV replicon levels
were determined by luciferasé assay (A) and cell viability was determined by WST-8 assay (B). Saline was added to control cells. The data represent the
mean of four values and the bars indicate the standard deviation. (C) Seventy-two hours after siRNA transfection, NS3, Hsp90a, and Hsp90p protein were
quantified by Western blotting. (D) FLR 3-1 replicon cells were transfected with an expression vector encoding His-tagged Hsp90a, Hsp90p, or both
Hsp90a and Hsp908, or control empty vector and treated with 17-DMAG for 6 h. Forty-eight hours after treatment with 17-DMAG, HCYV replicon levels
were determined by luciferase assay. The data represent mean of four values and the bars indicate the standard deviation. The asterisks indicate significant
differences between the Hsp90 expression vector and control vector groups at the corresponding concentration (*P < 0.05; **P <0.01; ***P <0.001;
Student’s t-test). (E) Seventy-two hours after transfection with expression vector encoding His-tagged Hsp90, His-tag, Hsp90a, and Hsp90p protein were

quantified by Western blotting.

Effect of complementation with Hsp90

We tested whether the reduction in HCV replicon repli-
cation caused by Hsp90 inhibitors could be prevented by
transfection with an expression vector -encoding Hsp90.
FLR 3-1 cells were transfected with an expression vector
encoding histidine (His)-tagged Hsp90a, Hsp90B, or both
Hsp90a and Hsp90B, or an control empty vector
(Fig. 2E), and pulse-stimulated with 17-DMAG for 6 h.
As expected, replication of the HCV replicon in cells trans-
fected with control vector was suppressed by 17-DMAG in
a dose-dependent manner. In contrast, replication of the
HCYV replicon in cells transfected with an expression vector
encoding Hsp90a, Hsp90B, or both Hsp90a and Hsp90B
was significantly higher than in cells transfected with con-
trol empty vector, when cells were treated with 17-DMAG
(Fig. 2D).

Anti-HCV effects of 17-DMAG and PEG-IFN in HCV-
infected chimeric mice with humanized liver

The anti-HCV effect of Hsp90 inhibitors was investigat-
ed in chimeric mice with humanized liver injected with an
HCV-infected patient’s serum. Four weeks after infection,

HCV RNA levels had reached 2.3 x 10%-1.4 x 107 copies/
ml. We then administered 17-DMAG intravenously and/
or PEG-IFN subcutaneously over a period of 14 days
according to the schedule shown in Table 1. Blood samples
were collected before, during, and after this period (Table
1). In the group treated with 30 pg/kg of PEG-IFN, a dose
10-fold larger than that used in clinical treatment, HCV
genome RNA levels had decreased in the serum 8.8-fold
by day 4 and 11-fold by day 14 (Fig. 3A). Combined treat-
ment with 4 mg/kg of 17-DMAG and 30 pg/kg of PEG-
IFN reduced HCV genome RNA levels significantly more
than did PEG-IFN monotherapy. HCV genome RNA lev-
els in the coadministration group had decreased 25-fold by
day 4 and 45-fold by day 14 (Fig. 3A). In the group treated
with 4 mg/kg of 17-DMAG, no reduction in HCV genome
RNA levels was observed at this dose. We monitored the
concentration of human albumin over the same period
and observed no suppression of this protein during or after
administration of 17-DMAG (Fig. 3B). '

Discussion

In an effort to develop safer and more effective drug
treatments, new antiviral agents, including inhibitors of
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Fig. 3. Anti-HCV effect of 17-DMAG in HCV-infected chimeric mice. (A) HCV genome RNA levels in the serum of chimeric mice were determined by
real-time PCR. (B) Human albumin concentrations in the sera of chimeric mice. The numbers 1-9 represent individual mice. Numbers 1, 2, and 3 were in
the group treated with 4 mg/kg 17-DMAG, numbers 4, 5, and 6 were in the group treated with 30 pg/kg polyethylene glycol-conjugated interferon (PEG-
IFN), and numbers 7, 8, and 9 were in the group treated with 4 mg/kg 17-DMAG and 30 pg/kg PEG-IFN. Asterisks indicate significant differences at the
P <0.1 Jevel between the coadministration and PEG-IFN monotherapy groups on the same date.

the HCV NS3/4A serine protease and the HCV NS5B
RNA-dependent RNA polymerase, are currently under
clinical investigation [18]. However, it is likely that viral
resistance will develop against antiviral agents that directly
target viral enzymes, because of the error-prone nature of
the virus reverse transcriptase and RNA-dependent RNA
polymerase [19,20]. Therefore, we believe that anti-HCV
therapies that target host-derived factors may be preferable
to those that target a viral protein.

Recently, several host-derived factors that regulate rep-
lication of the HCV replicon or genome have been identi-
fied. Inhibitors of serine palmitoyltransferase have been
found to suppress HCV replication in cultured cells and
chimeric mice infected with HCV [15,21]. They act by pre-
venting de novo synthesis of sphingolipids, major compo-
nents of the lipid raft where HCV NS proteins associate.
In other studies the immunosuppressant cyclosporin A
has been shown to inhibit replication of the HCV genome
[22,23], and cyclophilin B has been identified as the host-
derived target of cyclosporin A [24,25].

In the present study, we tested the effects of Hsp90
inhibitors on HCV replication in cells carrying an HCV
subgenomic replicon. All of the Hsp90 inhibitors we tested
had potent anti-HCV activity. Using NS2/3 translated in a
rabbit reticulocyte lysate and expressed in Jurkat cells,
Waxman et al. [26] demonstrated a role for Hsp90 in pro-

moting the cleavage of HCV NS2/3 protein . Because the
replicon cells used in our study genetically lacked NS2,
our results suggest that Hsp90 may directly or indirectly
interact with any of the proteins NS3 through NS5B to reg-
ulate replication of the HCV replicon. Recently, Okamoto
et al. [27] have reported that FKBPS, an Hsp90 partner
protein, directly interacts with NS5A and regulates HCV
RNA replication. .

We also performed siRNA knockdown of Hsp90 and
found suppression of HCV replication, consistent with
the results of our experiment with Hsp90 inhibitors. More-

~over, the HCV replication suppressed by Hsp90 inhibitors

was rescued by the expression of Hsp90. These results indi-
cate that Hsp90 is critical for efficient replication of the
HCV replicon and that both Hsp90 isoforms (Hsp90a
and Hsp908) participate in replication.

Although the HCV replicon system is useful for screening
compounds with potential anti-HCV activity, the inhibitory
effects on replication are not always consistent with those
found for HCV genome RNA in HCV-infected human liver.
To bridge the gap between the replicon system and native
HCYV replication in the human liver, we tested the anti-
HCYV effect of Hsp90 inhibitors in HCV-infected chimeric
mice with humanized liver. Of the Hsp90 inhibitors we test-
ed, we chose to administer 17-DMAG to the mice because it
is highly specific and therefore less toxic, and also because it
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is currently under clinical investigation for the treatment of
cancer [28,29]. We found that 17-DMAG exerted an appar-
ently synergistic anti-HCV effect when used in combination
with PEG-IFN to treat HCV-infected chimeric mice with
humanized liver. Furthermore, 17-DMAG did not alter
the levels of human albumin, indicating that it did not cause
appreciable damage to the human hepatocytes. These results
suggest that 17-DMAG may be a promising agent for the
treatment of HCV infection.

In conclusion, our results -demonstrate that Hsp90 sup-
ports HCV RNA replication both in an HCV replicon sys-
tem and in a humanized liver mouse model infected with
HCV. In addition, our results suggest that inhibition of
Hsp90 may provide a feasible therapeutic strategy for the
treatment of HCV infection. The precise molecular mecha-
nism by which Hsp90 participates in the replication of
HCV RNA remains to be elucidated and is under
investigation.
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Cyclosporin A (CsA) inhibits replication of the HCV subgenomic replicon, and this effect is
believed to not be mediated by its immunosuppressive action. We found that DEBIO-025,
a novel non-immunosuppressive cyclophilin inhibitor derived from CsA, inhibited HCV
replication in vitro more potently than CsA. We also examined the inhibitory effect of
DEBIO-025 on naive HCV genotypes 1a or 1b #n vivo using chimeric mice with human
hepatocytes. These mice were treated for 14 days with DEBIO-025, pegylated-interferon
a—2a (Peg-IFN), a combination of either drugs, or CsA in combination with Peg-IFN. In
mice treated with Peg-IFN, serum HCV RNA levels decreased approximately 10-fold
whereas DEBIO-025 treatment alone did not induce any significant change. In mice treated
with both DEBIO-025 and Peg-IFN, HCV RNA levels decreased more than 100-fold. All
mice treated with Peg-IFN combined with CsA died within 4 days. The combination treat-
ment of DEBIO-025 and Peg-IFN reduced HCV RNA levels and core protein expression in
liver, indicating that the HCV RNA levels reduction in serum was attributable to intrahe-
patic inhibition of HCV replication. Conclusion: We demonstrated that DEBIO-025 was
better tolerated than CsA, and that its anti-HCV effect appeared to be synergistic in combi-

nation with Peg-IFN in vive. (HEPATOLOGY 2007;45:921-928.)

epatitis C virus is a small enveloped RNA virus
that belongs to the Flaviviridae family.! A hall-
mark of HCV infection is its high propensity to
establish a persistent infection that evades the host im-
mune response, leading to chronic liver disease, chronic
hepatitis, cirrhosis, and hepatocellular carcinoma.23 Al-
though approximately 170 million individuals are in-

Abbreviations: CiA, cyclosporin A; Peg-IFN, pegylated-interferon a-2a.
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fected with HCV worldwide, drugs that are specifically
active against hepatitis C are not yet available.

Currently, the main therapy for chronic hepatitis Cisa
combination of pegylated interferon alpha (Peg-IFN) and
ribavirin. In the intention-to-treat analysis, this combina-
tion therapy led to a sustained virological response in
approximately 55%%5 of patients infected with any HCV
genotype and in 42%?% to 46%? of patients with genotype
1. The results of clinical trials were based on selected
patients. The proportion of elderly patients was low, and
patients with HBV or HIV coinfection, renal disease,
post-transplantation status, or hematological disorders
were excluded.48 Because approximately 50% of patients
show a poor response to combined treatment with Peg-
IFN and ribavirin, effective therapies are urgently needed.

We previously reported that combination therapy of
interferon (IFN) a-2b and cyclosporin A (CsA) for 24
weeks produced a sustained virological response in 42%
of patients with both HCV genotype 1b and high viral
levels.” High blood levels of CsA correlate with virological
response during treatment for HCV, but occasionally can
cause adverse events related to immunosuppression.1®
CsA also suppresses HCV replication i vitro, by inhibit-
ing the interaction between HCV nonstructural protein
5B and cyclophilin.!!
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fig. 1. (A) Structure of DEBIO-25, which was derived from CsA by substitution of amino acids at positions 3 and 4. (B) Scheme for IL-2 reporier
gene assay. Nuclear factor of activated T cells (NF-AT), phorbol-12-myristate-13-acetate (PMA), phytohemagglutinin (PHA), 4-methyl umbelliferyl-

. B-D-galactoside (MUG).

CsA is an immunosuppressive agent widely used to
improve graft survival after organ transplantation.'? It was
isolated as a metabolite from Beauveria nivea and consists
of a cyclic polypeptide of 11 amino acids.'> DEBIO-025

is a synthetic compound showing a more potent cyclophi- -

lin inhibitory activity as compared with CsA'4 and differ-
ing from CsA by the substitution of 2 amino acids (Fig.
1A; see Materials and Methods).!> DEBIO-025 lacks im-
munosuppressive effects, although it still has remarkable
inhibitory effects on HCV replication iz vitro.16

We report the 77 vivo effectiveness and rtolerability of
DEBIO-025 administered in combination with Peg-IFN
in chimeric mice with human hepatocytes that were in-

fected with HCV genotypes 1a or 1b.
Materials and Methods

Compounds. DEBIO-025 is a synthetic compound
derived from CsA. Sarcosine (/V-methyl-D-glycine) at po-
sition 3 and N-methyl-D-leucine at position 4 are substi-
tuted for N-methyl-D-alanine and N-ethyl-D-valine,
respectively (Fig. 1A).1¢ DEBIO-025 was obtained from
Debiopharm (Lausanne, Switzerland). CsA was pui-
chased from Fluka Chemie (Buchs, Switzerland), and
Peg-IFN was purchased from Chugai Pharmaceutical Co.
(Tokyo, Japan).

Anti-HCV Assay in HuH-7 Cells Harboring Sub-
genomic Replicons. We used 2 HCV subgenomic repli-
con cell lines, FLR3-1'7 and R6FLR-N,!8 which were
constructed as shown in Fig. 2A. They were seeded at a
density of 5 X 103 per well in 96-well tissue culture plates,

“in complete Dulbecco’s modified Eagle’s medium Glu-
taMax I (DMEM-GlutaMaxI; Invitrogen, Carlsbad, CA)
and containing 5% fetal bovine serum (Invitrogen):!7-18

~ The genome of the 2 replicons was genotype 1b. After
incubation for 24 hours at 37°C (5% CQO,), the medium

was removed, and serial dilutions of DEBIO-025 or GCsA
in growth medium were added. After 72 hours, luciferase
activity was determined using the Bright-Glo luciferase
assay kit (Promega Madison, WI). The luciferase signal
was measured in triplicate using an LB940 luminometer
(Berthold, Freiburg, Germany), and the results were ex-
pressed as the average percentage of control. ICsq values of
DEBIO-025 and CsA were calculated by nonlinear curve
fitting following the equation: Y = 100 — (Ypowom X
X/(ICsg + X)), where Y represents percentage inhibition
and X represents the concentration of the agent. The vi-
ability of replicon cells was measured using the WST-8
cell counting kit according to the manufacturer’s instruc-
tions (Dojindo, Kumamoto, Japan).

- Western Blot Analysis of HCV NS3 and B-Actin.
HCYV replicon cells (1 X 109) were lysed with 100 ul of
lysis buffer (1% SDS, 0.5% Nonidet P-40, 150 mmol/l
NaCl, 0.5 mmol/l EDTA, 1 mmol/l dithiothreitol, and
10 mmol/l Tris, pH 7.4). Five micrograms total protein
was electrophoresed on a 10% SDS-polyacrylamide gel
and subsequently transferred to a polyvinylidene difluo-
ride membrane (Immobilon-P; Millipore, Billerica, MA).
Nonstructural protein 3 (NS3) of HCV was detected us-
ing the rabbit anti-NS3 (R212) polyclonal antibody that
was prepared in our laboratory. Beta actin was detected
using anti—(3-actin monoclonal antibody (Sigma, St.
Louis, MO). ‘ _

Immunosuppressive Activity of DEBIO-025 and
CsA by Interleukin-2 Reporter Gene Assay In Vitro.
We examined the immunosuppressive activities of-
DEBIO-025 and CsA using a nuclear factor of activated
T cells~dependent IL-2 reporter gene assay (Fig. 1B).!?
We used Jurkat T-cells stably expressing lac-Z controlled
by the IL-2 promoter. The cells were grown in RPMI-
1640 medium containing 10% fetal bovine serum, 2
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mmol/l glutamine, 50 uM 2-mercaptoethanol, and 100
U/ml hygromycin B. Jurkat T-cells were stimulated with
phorbol-12-myristate-13-acetate (2.4 wM) and phytohe-
magglutinin (75 wg/ml) in the presence or absence of
DEBIO-025 or CsA (1077 to 2 X 1075 mol/l). After
incubation at 37°C for 20 hours, cells were harvested by
lysis buffer (50 mmol/l Na,HPOy, pH 9.0, 10 mmol/l
KCl, 1 mmol/l MgSOy, and 1% Triton X-100), and then
B-galactosidase activity in the lysate was measured using
4-methyl umbelliferyl-B-D-galactoside (0.5 mmol/l;
Sigma).

HCYV Infection into Chimeric Mice. We purchased
chimeric mice from PhenixBio (Hiroshima, Japan). The
chimeric mice were generated by transplanting human
primary hepatocytes into severe combined immunodefi-
cient (SCID) mice carrying the urokinase plasminogen
activator transgene controlled by an albumin promoter.20
The chimeric mice used in this study were improved from
the original ones, as described by Tateno et al.,2! and had
a high substitution rate of human hepatocytes. Six weeks
after hepatocyte transplantation, we intravenously in-
jected each mouse with patient serum containing 106 cop-

(pg/mi) 0  0.92 0.37 1.1 3.33 0.04

S

.

.

ies of HCV genotype 1a (HCG9) or 1b (HCR6).22 HCV
inoculations, drug administration, blood collection, and
killing were performed under ether anesthesia. Blood
samples were taken from the orbital vein and sera were
immediately isolated. The protocols for animal experi-
ments were approved by the local ethics committee. The
animals received humane care according to NIH guide-
lines. Patients gave written informed consent before sam-
pling.

Measurement of Human Serum Albumin. Human
serum albimin in the blood of chimeric mice was mea-
sured with a commercially available kit according to the
manufacturer’s instructions (Alb-II kit; Eiken Chemical,
Tokyo, Japan).

Schedule for Administration of Agents into Chi-
meric Mice Infected with HCV Genotype 1b or Ia.
Treatment was started 12 weeks after HCV inoculation
and continued during 14 days (Fig. 3A and Fig. 4A). Each
treatment group comprised 3 animals. Peg-[FN and
DEBIO-025 in mice with HCV genotype 1a or 1b were
administered as follows: either Peg-IFN (30 pglkg) was
injected subcutaneously. twice weekly alone or DEBIO-
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Fig. 3. (A) Schedule of experiments using chimeric mice infected with
HCV genotype 1b. The mice were treated for 14 days with DEBIO-025
100 mg/kg/day orally, Pegylated-interferon a—2a (Peg-IFN) 30 ug/ke
subcutaneously twice weekly, or DEBIO-025 100 mg/kg/day orally
combined with Peg-IFN 30 wg/kg subcutaneously twice weekly. (B) Time
course of serum HCV RNA levels in mice treated with DEBIO-025 (open
squares), Peg-IFN (gray diamonds), or DEBIO-025 with Peg-IFN (closed
triangles). Error bars indicate SD. (C) Human albumin concentrations in
the sera of individual mice during the experimental period. (D) Body
weight of individual mice during the experimental period. :

025 (100 mg/kg) was given orally every day alone, or a
combination of both drugs was given. CsA (100 mg/kg)
was given orally every day combined with Peg-IFN (30
pg/kg) subcutaneously twice weekly only to chimeric
mice inoculated with genotype la.

Measurement of HCV Core Protein in Liver. Liver
tissues were homogenized in lysis buffer (10 mM Tris pH
7.5, 1% SDS, 0.5% NP-40, and 150 mM NaCl) and
centrifuged for 60 seconds at 16,000 g. HCV core protein
was quantified using a commercially available kit (Ortho
Clinical Diagnostics, Tokyo, Japan).2

Quantification of HCV RNA by Real-Time Reverse
Transcription PCR. HCV RNA in serum or liver tissue
was extracted using the acid guanidinium-phenol-chloro-
form method. Quantification of HCV RNA was per-
formed using real-time reverse transcription PCR based
on TagMan chemistry, as described.?4
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Fig. 4. (A) Schedule of experiments using chimeric mice infected with
HCV genotype 1a. The mice were treated for 14 days with DEBIO-025
100 mg/kg/day orally, Peg-IFN 30 ug/kg subcutaneously twice weekly,
DEBIO-025 100 mg/kg/day orally combined with Peg-IFN 30 ug/kg
subcutaneously twice weekly, or CsA 100 mg/kg/day orally combined
with Peg-IFN 30 wg/kg subcutaneously twice weekly. (B) Time course of
serum HCV RNA levels in mice treated with DEBIO-025 (open squares),
Peg-IFN (gray diamonds), or DEBIO-025 with Peg-IFN (closed triangles).
Error bars indicate SD. (C) Body weight of individual mice during the first
7 days of the experimental period. All mice treated with CsA combined
with Peg-IFN died within 4 days.

Immunobistochemistry. Liver tissues obtained from
mice were embedded in OCT compound (Ted Pella,
Redding, CA). The frozen tissues were cut into thin sec-
tions (6 wm) and placed on glass slides. The sections were
fixed in 10% buffered formalin and then treated with
0.1% Triton X-100. To detect HCV protein, the slides
were incubated with rabbit anti-core protein IgG and
then donkey anti-rabbit IgG polyclonal antibody [Fab
fragment, labeled with horseradish peroxidase; Dako,
Glostrup, Denmark]. The horseradish peroxidase label
was amplified with FITC-conjugated tyramide according
to the manufacrurer’s instructions (Molecular Probes, Fu-
gene, OR). To detect human hepatocytes, liver sections
were probed by anti-human hepatocyte monoclonal anti-
body (Dako), followed by anti-mouse IgG-Alexa 546
(Molecular Probes). Nuclei were stained by DAPI (Mo-

lecular Probes). Normal rabbit IgG was used as a control.
Results

Antiviral Activity of DEBIO-025 in HCV Sub-
genomic Replicon Cells. The anti-HCV effects of
DEBIO-025 and CsA were initially confirmed using
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HCV replicon cells. Both inhibited the replication of
HCYV replicon RNA in a concentration-dependent man-
ner. The ICsy values of DEBIO-025 and CsA against
replicon cell line of FLR3-1 were 0.06 pg/ml and 0.31
pg/ml respectively (Fig. 2B). The ICsq values of DEBIO-
025 and CsA against replicon cell line of RGFLR-N were
0.07 pg/ml and 0.27 pg/ml, respectively (Fig. 2C). The
inhibitory effect of DEBIO-025 was approximately
5-fold greater than that of CsA. When cell viabilities were
monitored using WST-8, DEBIO-025 differed from CsA
by showing a reduction of cell viability only in RGFLR-N
cells (CsA reduced cell viability in both types of replicon
cells; Fig. 2D-E). In RGFLR-N cells, DEBIO-025 at 3.33
pg/ml reduced cell viability by an average of 27.8%,
whereas CsA at the same concentration reduced cell via-
bility by an average of 57.2% (Fig. 2E). Western blotting
of FLR3-1 cells showed that expression levels of NS3
protein, but not B-actin, were decreased by treatment
with DEBIO-025 or CsA (Fig. 2F).

Immunosuppressive Activity of DEBIO-025. To ex-
amine the immunosuppressive activity of DEBIO-025,
we used an nuclear factor of activated T cells—dependent
IL-2 reporter gene assay. DEBIO-025 showed only a
slight inhibitory effect on this system, with an activity that
was 7,000-fold lower than that of CsA (data not shown).
This indicates that the substitution of 2 amino acids in
CsA to produce DEBIO-025 resulted in a greatly reduced
immunosuppressive activity.

Human Albumin Levels in Mouse Serum After
Transplantation of Human Hepatocytes. The concen-
tration of human albumin in the serum of the chimeric
mice was measured to provide an index of the substitution
rate of mouse to human hepatocytes after transplanta-
tion.2! The concentration measured 20 days after trans-
plantation of human hepatocytes was 3.5 to 6.0 mg/ml,
indicating that human hepatocytes had settled into the
chimeric mice. At 6 weeks after transplantation, we inoc-
ulated the mice with patient serum containing HCV ge-
notypes la or 1b. We repeatedly measured the
concentrations of human albumin after inoculation and
found that they reached a plateau at approximately 6.5
mg/ml. Although the mice were infected with HCV, sig-
nificant reductions of the human albumin concentrations
were not observed (Fig. 5A-B).

Persistent Infection of HCV in Chimeric Mice. To
determine whether the chimeric mice were persistently
infected with HCV, we measured HCV RNA levels in
serum weekly after the inoculation. HCV RNA disap-
peared at the first week and was then detected from 2
weeks after the inoculation. Four weeks after infection,
HCV RNA levels reached 108 to 10° copies/ml in the
genotype la group (Fig. 5C) and 106 to 107 copies/ml in
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the genotype 1b group (Fig. SD). These results showed
that our patient sera containing HCV had infected the
chimeric mice. Furthermore, the increase of HCV levels
in the serum was time dependent, indicating that HCV
replicated and accumulated in the human hepatocytes of
the chimeric mice.

Effect on HCV RNA Levels of DEBIO-025 and/or
Peg-IFN in Mice Infected with HCV Genotype 1b.
DEBIO-025 alone did not inhibit HCV replication, but
Peg-IFN alone reduced serum HCV RNA levels approx-
imately 10-fold from day 3 to day 14 (Fig. 3B). A 100-.
fold reduction was observed with the combined treatment
(Fig. 3B). These results indicated an effect of DEBIO-025
that appeared to be synergistic with Peg-IFN against ge-
notype 1b. The concentration of human serum albumin
and the body weight of the mice did not change signifi-
cantly during this period (Fig. 3C, D). After cessation of
treatment, HCV RNA levels returned t0107 copies/ml.

Comparison of DEBIO-025 and CsA Effect in Chi-
meric Mice Infected with HCV Genotype 1a. The
serum HCV RNA levels with the administration of
DEBIO-025 or Peg-IFN alone seemed to be similaratday
7 and at day 14 as compared with those seen in mice
infected with genotype 1b (Fig. 4B). The combined ad-
ministration of DEBIO-025 with Peg-IFN resulted in a
600-fold reduction of HCV RNA levels at day 14 (Fig.
4B). The combined administration of CsA and Peg-IFN
resulted in the death of all treated mice within 4 days. The
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body weight of all CsA-treated mice was reduced by more
than 20% during this period (Fig. 4C). The concentra-
tion of human serum albumin in the mice treated with
CsA did not change significantly (data not shown). This
toxicity was not observed with DEBIO-025 and Peg-
IEN.

Quantification of Hepatic HCV RNA and Core
Protein Levels and Immunobhistochemistry at the End
of Treatment in Chimeric Mice Infected with Geno-
type la. At the end of treatment, hepatic HCV RNA was
quantified by real-time reverse transcription PCR, and
core protein levels were quantified by enzyme-linked im-
munosorbent assay (Fig. 6A,B). DEBIO-025 mono-
therapy (1a-3 mouse) reduced HCV RNA by 3-fold
compared with the nontreated mouse (1a-4 mouse). Peg-
IFN reduced both HCV RNA and core protein levels by
approximately 10-fold (1a-2 mouse). Combined treat-
ment with DEBIO-025 and Peg-IFN resulted in an ap-
proximately 100-fold reduction in HCV RNA and HCV
core protein levels (1a-1 mouse). Moreover, immunohis-
tochemistry was performed. In 1a-4 mouse, HCV core
protein was detected in human hepatocytes. In 1la-1
mouse, HCV core protein was not detected by immuno-
histochemistry; however, reduced HCV core protein was
quantified by enzyme-linked immunosorbent assay,
which is more sensitive than immunohistochemistry (Fig.

6C, D).

Discussion

Development of new anti-HCV drugs has been signif-
icantly impeded by the lack of a suitable cell culture model
for the propagation of HCV in laboratories. This obstacle
has been partially overcome by the development of the
replicon system, which can be used for evaluating the in
vitro anti-HCV effect of compounds. However, because
adaptive mutation into the replicon genome and host
permissiveness enable particularly efficient replication in
cultured hepatoma cell lines,? evaluation of HCV drugs
using replicon systems alone is considered insufficient.
The only animal species readily infected with HCV has
been the chimpanzee, which is labor-intensive and expen-

Fig. 6. Analysis of liver tissue from chimeric mice infected with HCV
genotype la. (A) HCV RNA, and (B) HCV core protein, measured in
triplicate in the livers of mice undergoing different treatment protocols.
Severe combined immunodeficient {SCID) control: noninfected SCID
mouse; 1a-1, mouse treated with DEBIO-025 combined with Peg-IFN;

1a-2, mouse treated with Peg-iFN; 1a-3, mouse treated with DEBIO-025;
la-4, nontreated mouse infected with HCV. (C,D) Immunofluorescent
labeling of human hepatocytes and HCV core protein, and fluorescent
staining of nuclei. HCV core protein was labeled in human hepatocytes
of nontreated chimeric mouse (C), but was not apparent in chimeric
mouse treated with DEBIO-025 combined with Peg-IFN (D).
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sive to use, and is associated with ethical problems. The
chimeric mouse with human hepatocytes has recently
been developed as a practical small animal model that can
be infected with HCV.20 This model is promising for the
evaluation of new anti-HCV drugs because the mice are
easy to handle, grow rapidly, and are well characterized
genetically and immunologically. In this study, we used
chimeric mice to bridge the gap between the replicon
system and naive HCV replication in human liver, and to
examine the anti-HCV effect of DEBIO-025, a novel
cyclophilin inhibitor and non-immunosuppressive cyclo-
sporin.

We found that HCV from our patient sera were able to
infect the chimeric mice and persistently replicate over
several weeks. HCG9 (1a) and HCRG (1b) reached 108 to
10° copies/ml and 109 to 107 copies/ml, respectively, re-
sulting in HCV RNA levels in serum that were higher
than those previously reported.2 This was probably be-
cause of a high substitution rate of human hepatocytes in
the chimeric mice. When Mercer et al.20 initially devel-
oped chimeric mice infected with HCV, they reported
that human albumin concentrations in sera of the mice
reached 2 mg/ml and that the substitution rate of liver
from mouse to human was approximately 50%. In our
study, the human albumin concentration in the chimeric

mice reached 6.5 mg/ml, which would be consistent with’

a higher substitution rate of 80% to 90%.2! In addition,
our findings also indicate that the plateau point of HCV
RNA in serum depends on the type of inoculum, because
the HCV RNA levels were different for HCG9 and
HCRG6. Taken together, the results suggest that our chi-
meric mice propagated large amounts of HCV in their
livers.
. Although DEBIO-025 strongly inhibited replication
of the HCV replicon, it did not affect the replication of
naive HCV in vivo when given as monotherapy. These
results probably indicate differences between the replica-
tion of naive HCV 77 vivo and the replicon system. The
sensitivity of HCV strains to CsA and non-immunosup-
pressive cyclosporins was variable, depending on their cy-
clophilin requirement for their replication.26 Cyclophilin
polymorphism and its role in HCV replication will be the
focus of future study.

The HCV RNA levels are known to decline biphasi-
cally in most patients treated with IFN.2” During the first
phase, there is a rapid drop in viremia that reflects the
direct inhibition of HCV replication. During the second
phase, there is a slower decline in serum HCV RNA levels,
which appears to reflect the elimination of infected cells
by host immune responses. In chimeric mice, the second-
phase decline is not obvious, because they lack T cells and

B cells (being SCID). Thus, it appears that DEBIO-025
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accelerates the decline in HCV RNA levels induced by
Peg-IFN during the first phase. There is no evidence that
DEBIO-025 enhances the interferon pathway. Also, re-
cent in vitro findings show that cyclosporins do not mod-
ify the IFN-« signal transduction pathway as assessed by
2', 5'-oligoadenylate synthetase (2, 5'-OAS) levels.28 It
therefore seems likely that the apparent synergistic effect
of DEBIO-025 seen in our iz vive model is not solely
related to the antiviral effect mediated by IFN. The
DEBIO-025 inhibition of cyclophilin may produce a
proper anti-HCV effect by interacting with the RNA-
dependent RNA polymerase.!!

CsA was originally used as an immunosuppressive
agent, and we previously demonstrated in clinical trials
that CsA has an anti-HCV effect.? However, CsA is not
devoid of adverse effects, such as hypertension, neurotox-
icity, and nephrotoxicity, limiting its therapeutic useful-
ness against HCV.2? The immunosuppressive action of
CsA occurs by inhibition of calcineurin. Our findings
showing that DEBIO-025 exhibits a 7,000-fold lower
immunosuppressive activity than CsA suggest that it has
less affinity to calcineurin and may lead to fewer adverse
effects in patients.

In conclusion, our results indicate that naive HCV
replication 7z vivo is inhibited by the combined adminis-
tration of the cyclophilin inhibitor DEBIO-025 and Peg-
IFN. These findings support further evaluation of
DEBIO-025 as a promising drug for the treatment of
chronic hepatitis C.
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Abstract

A vaccine for severe acute respiratory syndrome (SARS)<igheing intensively pursued against its re-emergence. We generated a SARS
coronavirus (SARS-CoV) spike protein-expressing recombinant Yaccinia virus (RVV-8) 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 R¥V-S. Significantly, NT antibodies against SARS-CoV were induced by administration of
RVV-S to rabbits that had been pre-immunjzed ﬁCIGm& RVV-S can induce NT antibodies against SARS-CoV despite the presence of
NT antibodies against VV. These results é@ges ttﬁ RVV-S may be a powerful SARS vaccine, including in patients previously immunized
with the smallpox vaccine. '
© 2006 Elsevier Ltd. All rights reserved

Keywords: SARS coronavirus; Recombi inia virus; LC16m8

1. Introduction 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

In November 20@2;\ar’1:.’\ fluenza-like acute pneumonia
designated as geyere acuté respiratory syndrome (SARS)

by the World Heal R7Organization, first emerged in China

and spread to 5’9:’countries within a few months. By
July 2003, 8098 probable cases with 774 deaths were

* Corresponding author. Tel.: +81 3 4463 7589, fax: +81 3 3828 8945.
E-mail address: mkohara@rinshoken.or.jp (M. Kohara).

0264-410X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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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 S1i
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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. Mok
importantly, a safe vaccine can be developed using an affe
uated strain that has already been proven safe. .

Vaccinia virus (VV) is a double stranded DNA virus Wi D
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; ; gglologous
recombination without damaging viraldnteggity,as the VV

- genome is large and contains genes no:-essen"t‘ial for viral
replication. In fact, recombinant VV QZ; €Xpress various
proteins encoded by the transduc
cosylated proteins of pathogens,
evaluated as candidates for propi¥tacti
cines [20]. Lister is the atteng@g?k‘/%strain that was used in
the worldwide smallpox e&%ﬁ%@rogrm. However, addi-
tional attenuated strains w{t}i@%@rated from Lister due to its
side effects, which includec \tythema, fever and encephali-
tis. LC16m8 waséi;g late ﬁfﬁ%m Lister via the intermediate
strains, LC16 and% O, by multiple plaque purifica-
tion in primary rabbit\‘; (dney 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.

gend, m luding the gly-
which have been

ne £

NS

icand therapeutic vac- .

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 pre’s%nt study, we gener-
ated a recombinant VV expressing SKR\& SoV spike protein
(RVV-8) under the control of the /p7.5"hybrid promoter,
using LC16mS8, and examined wﬁl’ ther fiVV—S could be used

as a SARS vaccine.
2. Materials and meth@

2.1. Viruses and cells

& .
SARS-Co fB nam/NB-04/2003 strain), which was iso-
lated from na%al #in dt‘;ilroat swabs from 1 patient in Hanoi, has
been previo&g y 3 scribed [25]. LC16m8 and LC16mO were
kindly povid Tby the Chemo-Sero-Therapeutic Research
Insmut%;q(g amoto, Japan). The RK13 cell line (ATCC:
CCE~3pand VERO E6 cell line (ATCC: CRL-1586) were
cultiized/jh MEM (Nissui Pharmaceutical Co. Ltd., Tokyo,

an) containing 5% fetal bovine serum.

2.27 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 ATI/p7.5 hybrid promoter of
pSFI1-10; final designation: pSFI1-10-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 RK 13 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 RK 13 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 108 RVV-S 106
R10-R12 - RVV-S 107 RVV-S 107
R13-R15 LC16m8 107 RVV-S 10’ RVV-S 10’ At

buffer (10mM Tris, pH 7.4, 150mM NaCl, 1% SDS and
0.5% Nonidet-P40), and 30 pg 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 R W S

S or LC16m8 at moi S. At 12h after incubation a%\',
cells were fixed in cold acetone/methanol and thensblock
in 1% BSA in PBS (—) for 1h at room temperature<kol-
lowing removal of the blocking buffer, cells were incubated
with polyclonal antibodies against spike protein, which rec-
ognize the C-terminal peptide of spike prétéur(amino acid
residues 1236-1248), for 1 h at room emafﬁ; . Following
three washes with PBS containing 0.05 Twe%ﬁ’iZO (PBS-T),
cells were incubated with Alexa 488-cbajugated anti-rabbit
IgG (Invitrogen, Carlsbad, CA)Aer hi~at room tempera-
ture. After washing again with P Jhe slide-glasses were
mounted in Permafluor (3,ef j‘““"oulter, Fullerton, CA)
containing 1 pg/ml 6-diamid] Q- gf)'henylindole'(DAPI) and
analyzed using a confoc "%Qpe (LSM510, Carl Zeiss,
Oberkochen, Germany )3

2.5. Immunization-q, rabbits

Groups of thres New Zealand White rabbits, which were
purchased from SL% (Hamamatsu, Japan), were intrader-
mally immunized with one of several doses (10%, 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 107 PFU of

~putl

RVV-S at 6 and 12 weeks. A @y of the. immunization
a W

schedule is shown in Tabler;’-,/s%\ A re collected every week,

\imiglunosorbent assay (ELISA)
and the in vitro neutralization” (NT) assay below. All ani-
mal experiments were'g ed by The Tokyo Metropolitan
Institute of Medical Scieli%gAnimal Experiment Committee

and were performed in accordance with the animal experi-

and used for enzyme linke

mentation giidelines of The Tokyo Metropolitan Institute of
Medical Sc ‘

b‘éy\:y,i -S-His, which was generated from LC16mO, and
ified using Nickel sepharose (Amersham Bioscience).
cptides from the N-terminal (mixture of three peptides,
amino acid residues 12-53, 90-115 and 171-203), mid-

len
taﬁh\g\}egx-histidine tag (His) was expressed in RK13 cells

P 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 TCIDsp of SARS-CoV and incubated
at 37°C for 1 h. VERO E6 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 héat-inactivated sera were mixed with
equal volumes of 100PFU of LC16mO, and incubated at
37°C for 1 h, 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 RVV-

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 t-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
mnserted 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 LC16m8 results in inacs
tivation of the HA gene. We screened for RVV-S using
erythrocyte agglutination assay, and insertion of the u#
duced gene was then confirmed by PCR. To con <

performed. Two kinds of rabbit polyclonal antibodies that rec-
ognized different epitopes, amino acid residues 559—570 and

primary antibody. In RVV-S but not L ¢
both antibodies detected an approximate]y 180°kDa protein
(Fig. 1B and C), which is consistent with the molecular mass
of spike protein [18]. SARS-CoV spi

be highly glycosylated, and thus t ;
PAGE is larger than that pr ' the gene sequence
[18]. Expression of spike_ owing infection with
RVV-S was also conﬁrmed% imininofluorescence analysis.
RVV-S infected VERO E:cellsiwere stained with antibody
against spike protein, ' ini
the cells infected wi %
(Fig. 1D). )

3.2. Induction of bm g antibodies against spike

protein in RVV-S-immunized rabbits

To investigate whether RVV-S induces binding antibod-
ies against spike protein, 108 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 LC16m$8

Vaccinia virus 4 - 189158
LC16m8 Hemagglutinin gene }———mo
<] "SARS-CoV spike protein gene
ATUp7.5
G hybrid promoter
204k 204k
114k 114k
88k 88k
50k 50k
22k 22k
(B) ©)

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 ATU/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 sera reacted 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 V4

S (R1-3; open symbols) or LC16m8 (R4-6; closed symbols) at O
weeks. The binding activity of 103- or 10*-fold dilutions of immunized
was assessed using His-tagged full length spike protein (A), or one @
kinds of spike protein partial peptides (B), as the capture antigen

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

3.3. Induction of NT antibodies against S ARS-CoV in

RVV-S-immunized rabbits

Next, to determine whether the*
immunization with RVV-S have
CoV we performed an in vitro

tibodies induced by
vity against SARS-
against SARS-CoV
e sera obtained from
hwed NT activity against
unization with 108 PFU

all three rabbits in thls
SARS-CoV, even at 1 wé
of RVV-S (Fig. 3A).

and increased 10-fold:

not show any NT%
to determine the
ies against SARS- by single immunization, rabbits were
immunized with lower doses of RVV-S. All three rabbits that
underwent single immunization with 107 PFU of RVV-S gen-
erated NT antibodies against SARS-CoV (Fig. 3A). The NT

titer further increased by boost immunization with 107 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 RVV-
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 106 PFU
of RVV-S by boost immunization with the same dose of RVV-
S (Fig. 3B).

3.4. RVV-S induces NT antibodi;
the presence of NT antibodies%;

say against VV revealed that
¢ %ﬁ induced NT antibodies against
VV in the rabbits (Fig™3€). NT activity against VV was
induced by 108 PFU of RVV-S at 1 week after immuniza-
tion, similagto SARS-CoV. The NT titer against VV which

. inst VV were preserved in RVV-S. Since VV
rused as a smallpox vaccine in humans, we were con-
at RVV-S might be eliminated by the host’s immune
se before inducing effective immunity against a pro-
encoded by the transduced gene. Therefore, to assess
iether RVV-S can induce NT antibodies against SARS-
oV 1n rabbits that had NT antibodies against VV, RVV-S
was injected into rabbits which had been pre-immunized with
LC16m8. 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
VV in rabbits that had been immunized twice with 10® PFU
of LC16m8 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.



