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Given the failures of nonreplicating vaccines against chronic hepatitis C virus (HCV) infection, we hypoth-
esized that a replicating viral vector may provide protective immunity. Four chimpanzees were immunized
transdermally twice with recombinant vaccinia viruses (rVV) expressing HCV genes. After challenge with 24
50% chimpanzee infective doses of homologous HCV, the two control animals that had received only the
parental VV developed chronic HCV infection. All four immunized animals resolved HCV infection. The
difference in the rate of chronicity between the immunized and the control animals was close to statistical
significance (P � 0.067). Immunized animals developed vigorous gamma interferon enzyme-linked immuno-
spot responses and moderate proliferative responses. To investigate cross-genotype protection, the immunized
recovered chimpanzees were challenged with a pool of six major HCV genotypes. During the acute phase after
the multigenotype challenge, all animals had high-titer viremia in which genotype 4 dominated (87%), followed
by genotype 5 (13%). However, after fluctuating low-level viremia, the viremia finally turned negative or
persisted at very low levels. This study suggests the potential efficacy of replicating recombinant vaccinia
virus-based immunization against chronic HCV infection.

Nearly half a billion people, 1 in 12 of the world’s popula-
tion, are infected with hepatitis B or C viruses, resulting in
about 1.5 million deaths each year (3). While hepatitis C virus
(HCV) infection accounts for a heavy burden of chronic liver
disease, cirrhosis, and hepatocellular carcinoma, vaccines are
not yet available. A candidate HCV vaccine was developed by
investigators at Chiron Corporation in 1994 (13). This vaccine,
composed of recombinant HCV E1E2 proteins, produced in
cell culture, protected a high proportion of chimpanzees
against development of acute infection after challenge with
small quantities of homologous genotype HCV; however, it
failed to uniformly prevent chronic infections. Furthermore, it
failed to protect against a heterologous subtype challenge (26).
Immunity induced by this candidate vaccine appeared to de-
pend on induction of an antibody response, which was ex-
tremely short lived (13), suggesting that immunity would be of
limited duration. Puig et al. (50) also evaluated E1E2 protein
immunization and found that this induced a delay in virus
replication but did not prevent chronic infection.

As it is now considered probable that cell-mediated immu-
nity is necessary for the control of chronic HCV infection (52,
63), recent candidate HCV vaccines have been designed to
induce cell-mediated immunity. These include vaccines using
DNA-based immunization (21–23, 29, 30, 35–38, 68, 72), DNA
priming followed by HCV protein boosting (53, 59, 70), DNA
priming followed by recombinant avipoxvirus (43, 44), recom-
binant modified vaccinia virus (rVV) Ankara (54), or recom-
binant adenovirus boosting (40, 46, 69), recombinant adenovi-
rus priming and DNA boosting (20), recombinant modified
vaccinia virus Ankara (1) or adenoviruses (39, 67), recombi-
nant baculovirus derived virus-like particles (17, 31), hepatitis
B virus surface antigen (HBsAg)-HCV recombinants (41),
peptides (56), and peptides incorporated in lysosomes (18).
Although most of these candidate vaccines have produced
humoral and cell-mediated immune responses, all except one
of these studies (17) failed to completely prevent chronic in-
fections, in the relatively few studies in which immunization
and challenge of chimpanzees was carried out.

VV has many advantages as a vector for immunization, such
as stimulation of long-lasting humoral and cell-mediated im-
munity after a single injection, low cost, heat stability, and lack
of requirement for needles and syringes for administration
(19). The latter is important for elimination of the risk of
transmission of blood-borne viruses in the developing world.
The fact that up to 25 kb of foreign DNA can be stably inserted
into the VV genome without impairing its replication (58)
provides a major opportunity for polyvalent immunization.
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The use of rVV to immunize against multiple pathogens was
first reported by Perkus et al. (48), who introduced genes for
HBV, herpes simplex virus, and influenza virus into a single
VV. As a proof-of-concept study, we selected a highly repli-
cating vaccinia virus vector which induces vigorous T-cell re-
sponses and investigated its immunogenicity and protective
efficacy against chronic HCV infection. In the present study we
used recombinant HCV-vaccinia virus (rVV-HCV) encoding
HCV core, E1, E2, p7, NS2, and NS3.

After challenge with homologous HCV, all four immunized
animals resolved the infection after acute-phase viremia, with
a 1.3-log reduced peak viral load (PVL) compared to the
control animals, both of which developed chronic infection.
For evaluation of cross-protective efficacy, the protected ani-
mals were then challenged with a pool of HCV strains repre-
senting all of the six major genotypes. High-level acute-phase
viral replication was seen in all animals. Heterologous geno-
types 4 and 5 replicated predominantly during the early phase
but were eventually replaced by genotype 1a during the late
phase at low levels. Two of these animals became negative and
one was on the borderline after 60 weeks, while one animal
showed persisting viremia with a very low titer. We conclude
that replicating rVV represents a promising vector for HCV
immunization.

MATERIALS AND METHODS

Chimpanzees. All chimpanzees were housed in groups in spacious outdoor
cages at Vilab II at the Liberian Institute for Biomedical Research. Six HBV- and
HCV-naïve chimpanzees were selected for the experiment, based on the absence
of anti-HBsAg and anti-HCV antibodies, HCV viremia, and HCV-specific
gamma interferon (IFN-�) enzyme-linked immunospot (ELISPOT) responses.
The experimental protocol was reviewed and approved by the IACUC commit-
tees of the New York Blood Center and the Liberian Institute for Biomedical
Research, and the New York Blood Center’s approved IACUC assurance is on
file with the Office for Protection from Research Risks of the National Institutes
of Health.

Vectors for immunization. rVVs (WR strain L-var) used for immunizations
were prepared by Marion Perkus at Virogenetics Inc., using methods which have
been described elsewhere (47). All vectors were diluted in RPMI 1640, 10% fetal
calf serum to 108 PFU/ml and flash-frozen. They were hand carried to Liberia on
dry ice and stored in liquid N2. Controls received parental vaccinia virus WR
strain. rVV-HCV contained stock vP1451, expressing HCV genotype 1b capsid,
E1, E2, P7, NS2, and NS3 genes (C-N3), at 108 PFU/ml. HBV recombinant VV
in WR strain L-var consisted of a pool of stock vP551, expressing HBV surface
antigen plus PreS1 plus PreS2 and stock vP541, expressing HBV core antigen,
each at 108 PFU/ml. The HBV genes were derived from an adw strain.

Immunization and challenge of chimpanzees. This study was designed to
evaluate the efficacy of a polyvalent immunization using rVVs expressing HBV
and HCV genes, called PolyVax. PolyVax was administered to shaved ethanol-
rinsed and dried skin using 10 sticks with bifurcated needles, after dilution with
an equal volume of glycerol. Each chimpanzee received about 2 � 107 PFU of
each vector, assuming delivery of 0.025 ml/stick. Controls were housed separately
from animals receiving the recombinant vectors. Four weeks after single immu-
nization with PolyVax all animals were challenged by intravenous inoculation of
10 50% chimpanzee infectious doses (CID50) of HBV adw. Three of the four
immunized animals developed either no viremia or low-level short-lived viremia
(data not shown).

After complete termination of HBV infection, 52 weeks after PolyVax immu-
nization, the animals were boosted with rVV-HCV and 4 weeks later challenged
with an estimated 10 CID50 of HCV-bk, kindly provided by Toshio Shikata
(Nihon, Tokyo, Japan). However, this did not produce viremia even in the
control animals. Recalculation of the dilution revealed that only an estimated 2.5
CID50 had been administered. Therefore, the animals were rechallenged with a
fresh stock, diluted to 24 CID50/ml 17 weeks later.

Eighteen months after the homologous HCV challenge, when all immunized
animals had clearly terminated their infections as determined by the highly
sensitive PCR method (detection limit, 1.39 log10 copies/ml), the immunized

animals were rechallenged intravenous with 2 ml of a pool containing 20 CID50

of each of six HCV genotypes. This pool contained genotype 1a (Hutchinson), 1b
(BK), 2a (J6), 2b (J8), 3a (S52), 4a (ED43), 5a (SA13), and 6a (HK 6a). The pool
was diluted in phosphate-buffered saline, 20% normal chimpanzee serum, flash-
frozen, hand carried to Liberia on dry ice, and stored in liquid N2.

Blood samples were collected weekly for 8 weeks after immunization and 4
weeks post-viral challenges, then biweekly until 24 weeks, and then monthly. A
50-ml volume of blood, used for preparation of peripheral blood lymphocytes
(PBLs), was collected at each bleeding.

PCR assays. A quantitative PCR assay for HCV was carried out as previously
described (34), with modifications. Primers used for a universal genotype detec-
tion (UGD) PCR assay, which detects all HCV genotypes, were 5� GGC CTT
GTG GTA CTG CCT GA 3� and 5� GGT CTA CGA GAC CTC CCG 3�
(Invitrogen, Carlsbad, CA). The probe was 5�–6-carboxyfluorescein CGGACC
GAT AGG GTG CTT GCG AGT GC GGTCCG–DABCYL 3� (Biosearch
Technologies Inc., Novato, CA). The reverse transcription reaction was carried
out in a 30-�l volume containing 20 �l purified nucleic acid, 0.2 units/�l RNase
inhibitor (RNasin; Promega, Madison, WI), 50 mM Tris-HCl (pH 8.3), 75 mM
KCl, 5 mM dithiothreitol, 0.5 mM each of deoxynucleoside triphosphate, 1.5 �M
HCV reverse primer, and 80 units Moloney murine leukemia virus reverse
transcriptase (Gibco BRL, Rockville, MD). The reaction was run at 42°C for 45
min, followed by 95°C for 15 min. The PCR amplification reaction was carried
out in a 50-�l volume containing 30 �l reverse transcription product, 2 mM
MgCl2, 0.6 �M PCR primers, 0.1 �M probe, and 2.5 units AmpliTaq Gold
polymerase (Applied Biosystems, Foster City, CA) in 1� Perkin-Elmer PCR
buffer II and was run at 95°C for 10 min and cycled at 95°C for 30 s, 58°C for 30 s,
and 72°C for 30 s for 50 cycles. The assay was run in parallel with previously
validated HCV-positive and -negative plasma samples, of which the latter re-
mained negative even after 50 cycles of amplification.

For highly sensitive PCR detection, 2-ml plasma samples were incubated in
3% polyethylene glycol 8000 for 10 to 30 min, centrifuged at 1,500 rpm for 3 min,
and concentrated to 200 �l by discarding 1.8 ml supernatant. The pellet was
redissolved in the remaining fluid and used for RNA extraction. We have found
this to increase sensitivity about 10-fold (unpublished data).

Genotyping. The procedure for clone-based DNA sequencing has been de-
scribed in detail previously (27, 28). Briefly, PCR products amplified by 5�-
untranslated region (UTR) primers were directly cloned into a pDrive TA vector
using the Qiagen PCR cloning kit (Valencia, CA). HCV sequences from positive
Escherichia coli colonies were determined using M13 primers (Pharmacia Bio-
tech, Piscataway, NJ). The amplified PCR products were sequenced using an
automated DNA sequencer (Visible Genetics, Toronto, ON, Canada) and DNA
sequencing kits from the same manufacturer. HCV genotypes were determined
by sequence alignment using the NCBI program and by manually comparing the
PCR product sequence with the HCV consensus sequences of different geno-
types reported by Stuyver et al. (61).

Serologic assays. Anti-HCV was determined with the HCV 3.0 enzyme-linked
immunosorbent assay (ELISA; Ortho, Raritan, NJ). Alanine aminotransferase
was determined by the Sigma calorimetric method in accordance with the man-
ufacturer’s instructions. All assays were carried out with plasma samples shipped
to New York on liquid N2.

Anti-HVR1 ELISA. A peptide-based ELISA was performed by using a syn-
thetic peptide representing the E2 hypervariable region 1 (HVR1; amino acids
[aa] 384 to 413; Peptron Inc., Daejon, South Korea) of the BK strain as described
previously (69).

HCV neutralization assay. The HCV pseudovirus particles (HCVpp) were
prepared from the HCV-bk strain and used for neutralization assays as previ-
ously described (4, 5). Total immunoglobulin G from the plasma, prepared as
previously described (69), was used for the assay to eliminate enhanced cellular
uptake of pseudoviruses and interference with antibody-mediated neutralization
due to high-density lipoproteins. As a positive control, purified and concentrated
immunoglobulin from a set of over 30 chronic HCV sera of genotypes 1a, 1b, and
3 was diluted at 50 �g/ml. As a negative control, pseudovirus particles bearing
glycoproteins derived from the feline endogenous retrovirus RD114 were used.
HCV neutralizing activity was expressed as the percent neutralization of HCVpp
infection, as previously described (6). The assays were performed three times
independently and produced a similar pattern of results.

Assays for cell-mediated immunity. PBLs were isolated from the buffy coat
from 50 ml of blood anticoagulated with EDTA with Ficoll-Hypaque, washed
three times with phosphate-buffered saline, and cryopreserved at 1°C/min at a
cell concentration of 2 � 107 cells/ml in freezing medium containing 10% di-
methyl sulfoxide and 20% fetal calf serum in RPMI 1640. Cells were stored and
shipped in liquid N2.
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IFN-� ELISPOT assay. The ELISPOT assay was performed according to the
manufacturer’s instructions in the IFN-� ELISPOT kit with modifications
(MABTECH, Cincinnati, OH), as previously described (69). Briefly, 3 � 105

PBLs were plated onto a 96-well plate in triplicate and were stimulated with
recombinant HCV core (1b; aa 1 to 133) (69), E2 (1a; aa 383 to 745; Austral
Biologicals, San Ramon, CA), or NS3 (1b; aa 1205 to 1615) (69) protein for
HCV-specific responses at 3 �g/ml for 40 h. Phytohemagglutinin (Difco/Becton
Dickinson, Sparks, MD) and recombinant superoxide dismutase (SOD; kindly
provided by M. Houghton, Chiron) were used as positive and negative controls,
respectively. The number of IFN-�-secreting cells (ISCs) was enumerated using
an ELISPOT image analyzer and KS ELISPOT 4.2 software (Axioplan 2 imag-
ing; Zeiss, Germany). Antigen-specific ISCs were determined by subtraction
from ISCs on culture with SOD. The average number of ISCs observed with
SOD was 19 � 22 (standard deviation) per well. The number of ISCs was
represented as ISCs/106 PBLs.

Proliferation assay. Briefly, 2 � 105 PBLs were plated onto 96-well plates in
triplicate and stimulated with recombinant HCV protein, as described above.
Phytohemagglutinin and SOD were used as positive and negative controls, re-
spectively. After 5 days of stimulation, [3H]thymidine-containing growth medium
was added and cultures were further incubated for 18 h. Antigen-specific stim-
ulation indices were calculated as follows: (antigen-specific thymidine incorpo-
ration)/(thymidine incorporation with SOD).

Statistical analysis. The differences in immune responses and in protection
rates between groups were determined with a nonparametric Mann-Whitney U
test using the SPSS statistical package (SPSS Inc., Chicago, IL) and Fisher’s exact
test, respectively.

RESULTS

Results of challenge with the homologous HCV genotype. As
the challenge with 2.5 CID50 at 4 weeks after rVV-HCV boost
failed to induce viremia in any animals, they were rechallenged
with 24 CID50 17 weeks later. Both the controls and the immu-
nized animals then became PCR positive 1 week after challenge.
The controls developed a high-titer PVL, averaging 7.32 logs 14
weeks after inoculation (Fig. 1). The titers then declined and
stabilized at about 5 logs and remained in this range for the
duration of the follow-up (44 weeks). By contrast, the immunized
animals reached average PVLs of 6.05 logs at around 2 to 4 weeks
after the challenge, after which viral loads rapidly declined, be-
coming nondetectable in all animals by 28 weeks after challenge.
Negativity of HCV viremia at weeks 40 and 44 was confirmed by
the high-sensitivity PCR method, which has a detection limit of
1.39 log10 copies/ml. The rate of self-limited infection in the im-
munized group was on the borderline of statistical difference from
the control group (P � 0.067) and differed from our past expe-
rience with the rate of chronicity (17 chronic infections out of 38
infections) in HCV-infected chimpanzees (P � 0.11).

FIG. 1. HCV viremia and serum alanine aminotransferase (ALT) after challenge with homologous HCV genotype 1b. HCV RNA was
determined by using quantitative real-time reverse transcription-PCR with chimpanzee plasma. The detection limit of the assay was 2 log10
copies/ml. HCV RNA negativity of week 40 and 44 plasma samples from immunized animals was confirmed by the high-sensitivity PCR method
(detection limit, 1.39 log10 copies/ml).
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To assess the role of HCV-neutralizing antibodies in this pro-
tection we determined antibody responses against HCV-bk
HVR1, which had shown a strong correlation with PVL (r �
0.969; P � 0.001) and also with neutralizing activity (r � 0.880;
P � 0.01) in our previous chimpanzee study (69). As shown in Fig.
2a, chimpanzees 405 and 409 induced detectable anti-HVR1 an-
tibody responses during the vaccination but did not maintain the
responses until the time of challenge. The other two vaccinated
animals and both control chimpanzees did not show significant
levels of response. This result was confirmed by the HCV neu-
tralization assays using HCV-bk pseudovirus particles (Fig. 2b).
Both results showed a similar pattern and suggested that there
was no significant contribution of neutralizing antibody to this
protection. A small discrepancy between the two results may have
been due to differences in sample materials, serum, and purified
immunoglobulin, which we used in the assays.

For HCV-specific T-cell responses, significant levels of
IFN-� ELISPOT responses to NS3 protein were induced in the

vaccinated chimpanzees even after priming with PolyVax, and
these were maintained after boosting with rVV-HCV (Fig. 3a).
Two of the vaccinated chimpanzees (405 and 409) with mar-
ginal responses at the time of challenge with 24 CID50 HCV
showed anamnestic recall responses after the challenge, while
the other vaccinated chimpanzees with vigorous responses on
challenge maintained these after challenge. By contrast, con-
trol chimpanzees showed marginal levels of responses even
after challenge. Overall, vaccinated chimpanzees showed
higher responses than control chimpanzees at 4 weeks after
challenge (P � 0.01). Similar patterns of T-cell responses to
NS3 protein were detected in proliferation assays (Fig. 3b).
Modest levels of proliferative response were detected in the
vaccinated chimpanzees after priming and after boosting ex-
cept in chimpanzee 405. Two of them showed an anamnestic
recall response after challenge, although the differences be-
tween control and vaccinated groups at 4 and 8 weeks after
challenge were not statistically significant (P 	 0.05).

FIG. 2. Analysis of anti-HVR1 antibody responses and HCV-neutralizing activities. (a) Anti-HVR1 antibody responses were determined by
ELISA using HCV-bk HVR1 peptide. Antibody responses were expressed as absorbance at 450 nm within the linear range, multiplied by the serum
dilution factor. (b) HCV-neutralizing activity was determined by using HCVpp. The positive control (�) was immunoglobulin that was purified
and concentrated from a set of over 30 chronic HCV sera of genotypes 1a, 1b, and 3 and diluted to 50 �g/ml. Pseudovirus particles bearing
glycoproteins derived from the feline endogenous retrovirus RD114 were used as a negative control. HCV-neutralizing activity was expressed as
the percent neutralization of HCVpp infection. Standard deviations are indicated as error bars. wpi, weeks after PolyVax immunization; wpb,
weeks after rVV-HCV booster immunization; wpc, weeks after homologous HCV challenge.
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Results of challenge of immunized chimpanzees with a mul-
tigenotype pool. To determine whether the apparent homolo-
gous protective immunity extended to heterologous genotypes,
we rechallenged the immunized animals 18 months after the
homologous genotype 1b (bk) challenge with a pool containing

six major HCV genotypes. HCV viremia was determined by
using the UGD PCR assay, which detects all eight HCV strains
used in this study with equal sensitivity (data not shown). The
method was evaluated in parallel with the Roche COBAS
HCM-2 genotyping kit. Both methods showed comparable re-

FIG. 3. HCV-specific T-cell responses before and after homologous HCV challenge. (a) For the IFN-� ELISPOT assay, PBLs were stimulated
with recombinant core (gray bars), E2 (hatched bars), or NS3 (black bars) for 40 h. Responses are expressed as the number of IFN-�-secreting
cells per 106 PBLs. (b) For the proliferation assay, PBLs were stimulated with the same recombinant HCV proteins as in the ELISPOT. Standard
deviations are indicated as error bars. ND, not determined.
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sults (data not shown). All the chimpanzees showed typical but
low PVL (average, 5.8 � 0.5 logs) and then fluctuating low-
level viremia which eventually turned negative except in chim-
panzee 414 (Fig. 4). Samples during weeks 52 to 64 from three
HCV RNA-negative chimpanzees were reexamined by using
high-sensitivity PCR (detection limit, 1.22 log10 copies/ml).
Chimpanzees 405 and 409 were still negative, and chimpanzee
412 was slightly positive (Fig. 4, inset). In the latter animal,
week 60 and 64 plasma samples were likely borderline positive,
as we could not isolate PCR fragments for genotyping analysis.
Only two chimpanzee plasma samples from chimps 409 and
414 were available at week 102. Chimp 409 remained negative,
and chimp 414 maintained a low-level viremia (3.82 logs),
respectively (data not shown).

Since these chimpanzees had previously cleared HCV-1b
infection, unequal distribution of HCV genotypes was antici-
pated during the acute phase of multigenotype challenge. Al-
though we observed active HCV replication in all the chim-
panzees after multigenotype challenge, 1b-specific protective
immunity may have provided differential immune selection
pressure on different genotypes and would have resulted in
preferential replication of immunologically distant genotypes
from 1b. To investigate this hypothesis, we determined geno-
type distribution by clone-based sequencing of the 5� untrans-
lated region from very early (2 weeks), mid-phase (8 to 10
weeks), and late-phase (36 to 64 weeks) samples after multi-
genotype challenge, in which 5 to 20 clones were genotyped. As
shown in Table 1, the results revealed that multiple genotypes,
including 1a, 1b, 3, 4, and 5, were replicating in the very early
phase according to the clonal distribution of genotypes, among
which genotype 4 was dominant (70.3%). However, when ac-

tual genotype distribution, obtained by normalizing clonal ge-
notype distribution with individual viral load, was taken into
consideration, genotype 4 was still predominant (87.4%), fol-
lowed by genotype 5 (12.6%), and the other genotypes were
negligible. This suggested that genotypes 4 and 5 were repli-
cating strongly during the very early phase and that cross-
protection for acute infection by these genotypes was inade-
quate. There were shifts of major genotype from 4 to 2 during
the mid-phase and to 1a during the late phase, respectively.
Stable maintenance of genotype 1a was observed in chimpan-
zee 414 from the genotyping results of week 60 and 64 samples.
Taken together, these results suggested that there may have
been complicated dynamic interactions among different HCV
genotypes and host immune responses over time.

DISCUSSION

Hepatitis B and C viral infections account for a heavy bur-
den of chronic liver disease in much of the developing world,
particularly in Africa and large parts of Asia. To investigate a
promising approach to low-cost immunization against these
viruses, we attempted to use polyvalent recombinant vaccinia
viruses, as was first suggested by Perkus et al. (48). Upon HBV
challenge at 4 weeks after a single PolyVax immunization, two
of the immunized animals developed no detectable HBV in-
fection, one developed transient low-level viremia, and one
reached a high peak viral load for reasons which remain un-
explained (data not shown). It is likely that stronger protection
would have been observed if prime boosting had been used, as
was done for HCV.

The initial HCV challenge contained 2.5 CID50 and did not

FIG. 4. HCV viremia after multigenotype challenge. HCV RNA was determined by quantitative real-time reverse transcription-PCR using
chimpanzee plasma and the UGD assay. Dashed lines indicate the limit of detection (2.55 log10 copies/ml). The last four samples were selected
to confirm low titers or negativity of HCV RNA by using high-sensitivity PCR with a detection limit of 1.22 log10 copies/ml as indicated by the
dashed line, and the results are shown in the boxes on the chart.
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induce viremia. The animals were therefore rechallenged with
24 CID50, which resulted in acute-phase viremia in all animals.
It is unlikely that the low-dose challenge was responsible for
the protection against chronic infection in the immunized an-
imals, as both controls developed chronic infection after this
mild infection. Although low-dose challenge alone was not
enough to provide protection, we could not rule out the pos-
sibility that combination of our vaccination regimen with low-
dose challenge somehow influenced the outcome of HCV in-
fection, possibly by enhancing HCV-specific T-cell responses.
This possibility was investigated by IFN-� ELISPOT and pro-
liferation assays at 6 weeks after low-dose challenge, and a
boosting effect was not observed (data not shown). In control
chimpanzee 407, we found HCV-specific T-cell responses 2
weeks after parental VV immunization. This chimpanzee may
have had a previous subclinical exposure to HCV or may have
had cross-reactive T-cell responses to other viral antigens (65).

After challenge with 24 CID50 all animals rapidly developed
viremia. However, peak viral loads in the immunized animals
were about 1.3 logs lower than in the controls, indicating that
a degree of immunity had been induced. This was further
indicated by the fact that none of the four immunized animals,
but both controls, developed chronic infection. This difference
was statistically on the borderline of significance (P � 0.067)
and has yet to be confirmed due to the relatively small number
of animals used in this study. All of the immunized animals
developed relatively strong cell-mediated immune responses
after the booster immunization. These were predominantly

directed to NS3. Neutralizing antibody responses after the
vaccine booster were relatively weak and inconsistent. Thus,
our findings are consistent with previous reports indicating that
cell-mediated immune responses are critical for prevention of
chronic HCV infections (52, 63).

We previously reported that convalescent chimpanzees re-
sist chronic infection when rechallenged with homologous but
not heterologous genotypes (49). This suggested that an HCV
vaccine derived from only one genotype might not provide
cross-protection against heterologous genotypes. However, a
degree of cross-genotype protection has also been reported by
others (32). When the immunized animals were rechallenged
with a pool containing six major genotypes, PVL (5.79 logs)
reached titers similar to those seen in secondary infections
rather than in primary infection. Upon homologous genotype
1b (bk) challenge, we observed PVLs of 7.32 and 6.05 logs in
the control and immunized animals, respectively. This sug-
gested partial controlling immunity to acute infection by het-
erologous genotypes. This speculation was supported by the
multiple fluctuations of viremia at low levels, which implicate a
dynamic interaction between host immune surveillance and
viral escape. Alternatively, it is also possible that simultaneous
replication of multiple genotypes may result in lower levels of
acute-phase viremia than challenge with a single genotype, due
to competition among different genotypes.

During the late phase, a very low titer or undetectable vire-
mia was observed in three of the immunized animals, although
one had clearly detectable viremia of 3.82 logs up to 102 weeks

TABLE 1. Overall genotype distribution by clone-based sequencing of the 5� UTR of HCV after multigenotype HCV challengea

Wks
postchallenge Sample

% Genotype distributionb(no. with genotype/total clones)

1a 1b 2 3 4 5 6

2 #405 78 (14/18) 22 (4/18)
#409 17 (3/18) 11 (2/18) 72 (13/18)
#412 100 (18/18)
#414 100 (20/20)
Total clones 4.1 2.7 17.6 70.3 5.4
Total viremia �0.01 �0.01 �0.02 87.4 12.6

8–10 #405 100 (8/8)
#409 56 (5/9) 44 (4/9)
#412 67 (6/9) 22 (2/9) 11 (1/9)
#414 100 (8/8)
Total clones 32.4 11.8 29.4 2.9 23.5
Total viremia 5.3 0.7 92.3 0.7 1.0

36–48 #405 100 (8/8)
#409 100 (9/9)
#412 100 (10/10)
#414 100 (8/8)
Total clones 48.6 28.6 22.9
Total viremia 89.4 3.6 6.9

60, 64 #405
#409
#412
#414 100 (5/5)

a 5� UTRs were cloned and sequenced to determine the genotype distribution from the following samples (weeks after multigenotype HCV challenge): for animal
405 at 2, 8, 48, 60, and 64 weeks; animal 409 at 2, 8, 40, 60, and 64 weeks; animal 412 at 2, 10, 49, 60, and 64 weeks; animal 414 at 2, 8, 36, 60, and 64 weeks. The results
from weeks 60 and 64 were the same.

b The clonal genotype distribution in each chimpanzee was normalized with the individual viral load to represent actual genotype distributions in the animals. Briefly,
viremia titers at the indicated times were multiplied by the clonal genotype distribution, and the main genotype population in the chimpanzee at the indicated times
is shown in bold.
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after multigenotype challenge. This may correspond to the
“occult HCV” infections recently reported by Carreno et al.
(11, 45). It is not known whether these infections are really
chronic and long-lasting or whether these will eventually re-
solve. It is also not clear whether such low-level infections are
clinically significant. Unfortunately, the animals in our study
were released to retirement islands; thus, we were not able to
follow them longer.

To gain an insight regarding the correlation of T-cell immu-
nity with protection, we were interested in the immunogenicity
compared with previous chimpanzee studies that had achieved
different rates of protection. Notably, the current recombinant
vaccinia virus-induced immunogenicity was no higher than that
of other studies (17, 20, 54, 69). Due to many variables that
affect the results of cell-mediated immunological assays, our
previous study was considered ideal for the comparison, be-
cause only two of six vaccinated chimpanzees were protected
and results were obtained under similar experimental condi-
tions (69). Unexpectedly, there was no significant difference in
immunogenicity as determined by IFN-� ELISPOT and pro-
liferation assays, and the previous study induced even higher
immunogenicity than the current one, which suggests that re-
sults under the current T-cell assay conditions may not com-
pletely represent protective immunity. There are at least three
possibilities to explain the discrepancy, and these are not mu-
tually exclusive. First, current immunological assays may not
directly represent in vivo T-cell immunity. Stimulation with
exogenous antigen to detect IFN-�-secreting cells may far ex-
ceed the concentrations which occur in vivo, and thus T-cell
responses may be overestimated (7). Second, other types of
HCV-specific T cells that are multifunctional or do not exhibit
readouts in conventional T-cell assays, such as cytokine pro-
duction or proliferation, may affect the protection. Lastly,
there may be other types of host responses than antibody and
T-cell responses that better correlate with the outcome of
HCV infection, as suggested from the discordance between
acute-phase control of HCV replication and chronic protection
(54).

The genotype shifting from 4 to eventually 1a may also result
from a significant difference in the biological behavior of the
different genotypes, a combined consequence of immune es-
cape and viral fitness. As well-documented in previous reports
for T-cell dysfunction during persistent lymphocytic chorio-
meningitis virus (66, 71) and HCV infection (2, 8, 10, 24, 60,
62), continued HCV replication might have resulted in dys-
function of preexisting HCV-specific T cells. As the degree of
T-cell dysfunction increases, which results in a decrease of
immune selection pressure, so does the contribution of viro-
logical factors on genotype distribution, such as “fitness cost.”
Genotype 1 has been reported to replicate more efficiently (9),
be more pathogenic (16, 25, 57), and be IFN resistant (15, 42)
and thus is considered to have greater “fitness” than other
genotypes in HCV-superinfected patients (33). This may ex-
plain why genotype 1a was eventually fixed in multigenotype-
challenged chimpanzee 414. This phenomenon is likely to cor-
respond to viral evolution of diverse quasispecies in humans,
but with much broader diversity, in which both escape from
host immune responses and fitness to viral replication deter-
mine dominant quasispecies (14, 51).

It has yet to be determined why genotype 4 was predominant

during the very early phase. It is possible that sequence differ-
ences in critical T-cell epitopes (12, 64) or in flanking regions
(55) may prevent successful recognition of genotypes by 1b-
specific T cells.

We conclude that the use of replicating recombinant VV
vectors provides protection against highly variable viruses, such
as HCV. The WR strain of vaccinia virus is clearly too virulent
for use in human immunization, particularly in immunosup-
pressed individuals. Thus, we are now investigating the use of
highly attenuated VV strains, which we hope will retain immu-
nogenicity and protectivity, as vectors for human use.
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