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Hepatitis C virus (HCV), a major etiologic agent of hepatocellular carcinoma, presently infects approxi-
mately 400 million people worldwide, making the development of protective measures against HCV infection
a key objective. Here we have generated a recombinant vesicular stomatitis virus (VSV), which expresses the
HCV structural proteins, by inserting the contiguous Core, E1, and E2 coding region of HCV into the VSV
genome. Recombinant VSV expressing HCV Core, E1, and E2 (VSV-HCV-C/E1/E2) grew to high titers in vitro
and efficiently expressed the incorporated HCV gene product, which became fully processed into the individual
HCV structural proteins. Biochemical and biophysical analysis indicated that the HCV Core, E1, and E2
proteins assembled to form HCV-like particles (HCV-LPs) possessing properties similar to the ultrastructural
properties of HCV virions. Mice immunized with VSV-HCV-C/E1/E2 generated cell-mediated immune re-
sponses to all of the HCV structural proteins, and humoral responses, particularly to E2, were also readily
evident. Our data collectively indicate that engineered VSVs expressing HCV Core, E1, and E2 and/or
HCV-LPs represent useful tools in vaccine and immunotherapeutic strategies designed to address HCV
infection.

Hepatitis C virus (HCV), a hepatotropic, positive-stranded
RNA virus of the Flaviviridae family, is estimated to infect at
least 400 million people worldwide and is a major etiologic
agent of liver failure and hepatocellular carcinoma (11, 66, 70).
HCV comprises a 9.6-kb genome with a conserved 5� untrans-
lated region that functions as an internal ribosome entry site
(33, 69). The untranslated region precedes a long open reading
frame that encodes a 3,010-amino-acid (aa) polypeptide that is
subsequently cleaved into 10 protein products (33). The ami-
no-terminal region of the viral polypeptide is posttranslation-
ally processed by host cell proteases to generate three struc-
tural protein products, Core (nucleocapsid) and envelope
glycoproteins E1 and E2 (31, 43). Nonstructural proteins that
facilitate virus replication (NS2, -3, - 4a, -4b, -5a, and -5b)
reside in the carboxy region of the polypeptide and are cleaved
by virus-encoded proteases comprising NS2 and -3 (45, 68).

Standard therapeutic intervention for HCV infection con-
sists of the administration of interferon (IFN) in combination
with ribavirin. However, less than 50% of infected patients
respond to this regimen and few alternative therapies exist (13,
14, 26, 52). There is presently no tissue culture system to
efficiently cultivate HCV, which not only hampers research
efforts aimed at elucidating the molecular mechanisms of virus
replication but also impedes attempts at producing candidate
vaccines and immunotherapies that target HCV-related dis-
ease. Consequently, a number of recombinant subunit-based
HCV vaccine strategies, involving genetic immunization and
purified proteins, have been attempted, as well as virus vectors
expressing the HCV envelope glycoproteins (3, 8, 25, 30, 56,

63, 65). Determining an effective vaccination strategy has
proven difficult since the type of immune response considered
effective for the eradication of HCV infection, including nat-
ural resolution of HCV or viral clearance resulting from IFN
therapy, is still being elucidated. Furthermore, the heteroge-
neity between multiple HCV genotypes and the generation of
quasispecies indicate that cross-protection between HCV
strains may be problematic (18, 20, 21). Nevertheless, studies
have indicated that recombinant HCV envelope glycoproteins
E1 and E2 are able to elicit protective immunity against ho-
mologous virus challenge in chimpanzees, an effect thought to
be mediated by the generation of anti-E2-neutralizing antibod-
ies (10). Significant evidence, however, also indicates that
early, vigorous and sustained Th1 and multispecific cytotoxic-
T-lymphocyte (CTL) responses are further critical for the elim-
ination of HCV infection (12, 17, 67). Collectively, data would
therefore indicate that an optimum HCV vaccine or post-
therapy strategy should not only induce a potent humoral re-
sponse to neutralize virus infection but should also elicit a
strong, broad-range CTL response to multiple HCV epitopes,
to limit virus amplification and spread.

Recently, a procedure for generating replication-competent,
negative-stranded vesicular stomatitis virus (VSV) entirely
from cDNA was established (40, 72). The genetic malleability
of VSV has allowed the development of recombinant VSVs
(rVSVs) that express foreign viral proteins to high levels (38,
61). The generation of rVSV has been evaluated in a number
of vaccine strategies designed to prevent virus infection. For
example, live attenuated VSV expressing the human immuno-
deficiency virus (HIV) envelope (Env) and core (Gag) proteins
has been shown to protect rhesus monkeys from AIDS follow-
ing challenge with a pathogenic AIDS virus (59). Similarly,
VSV expressing either influenza or measles virus hemaggluti-
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FIG. 1. (A) Construction of rVSV expressing HCV Core, E1, and E2. The Core, E1, and E2 regions (aa 1 to 746) of the HCV polypeptide
(NIHJ1 provided by T. Miyamura) were cloned into the XhoI and NheI sites of the rVSV replicon vector pVSV-XN2 (provided by J. Rose) by
PCR using the forward primer 5�-CTCGTAGCTCGAGCATCATGAGCACAAATC-3� and the reverse primer 5�-ACCAAGTTCTCTAGA
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nin protein conferred resistance to lethal influenza virus or
measles virus infection, respectively (58, 60).

Advantages of using an rVSV system for vaccine studies
include that the virus is relatively innocuous and that naturally
occurring human infections are rare. Accordingly, the apparent
seroprevalence of VSV antibodies is generally low within the
human population (24, 34, 71). Furthermore, VSV has a sim-
ple genetic constitution of only five genes (N, P, M, G, and L)
and is unable to undergo reassortment or integration (71). The
genetic malleability of VSV indicates that large, multiple in-
serts of foreign genes can be achieved that are expressed to
high levels, without dramatically affecting virus growth (23, 29).
VSV has been found to elicit strong humoral and cellular
immune responses and is able to elicit both mucosal and sys-
temic immunity (22, 58, 59, 74). These properties warrant the
consideration of using VSV as a replication-competent virus
strategy in HCV vaccine-related studies.

Generation of rVSV expressing HCV Core, E1, and E2. To
evaluate whether rVSV could be utilized for the potential
development of HCV-related vaccines and immunotherapies,
we cloned the entire structural region containing Core, E1, and
E2 of HCV genotype 1b (aa 1 to 746; GenBank accession
number D89815) into a cDNA representing the VSV genome
(pVSV-XN2) (Fig. 1A [2, 62]). To obtain rVSV, the resultant
plasmid (pVSV-HCV-C/E1/E2) was transfected into BHK
cells with VSV N, P, and L genes and virus was recovered (23).
Viable rVSV containing the coding region of the HCV struc-
tural proteins (referred to as VSV-HCV-C/E1/E2) was plaque
purified and exhibited growth properties similar to those of
rVSV expressing green fluorescent protein (VSV-GFP) when
examined by one-step growth curve analysis at a starting mul-
tiplicity of infection (MOI) of 1 or 0.001 (Fig. 1B and data not
shown). To determine whether the recovered rVSV expressed
HCV proteins, BHK cells were infected with VSV-XN2 or
VSV-HCV-C/E1/E2 at an MOI of 1. Infected cells were lysed
18 h later, and extracts were analyzed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE). To de-
tect HCV proteins, membranes were incubated with anti-Core,
-E1, or -E2 antibody. Figure 1C indicates that VSV-HCV-C/
E1/E2- but not VSV-XN2-infected cell lysates efficiently ex-
pressed all HCV structural proteins. Each of the three HCV
products was predominantly detected as correctly processed
proteins (Core, 21 kDa; E1, 35 kDa; and E2, 68 kDa), although
E2 migrated slightly faster than in studies using other cell

types, perhaps due to variations in glycosylation (Fig. 1C [15,
47]). Expression of the VSV proteins was confirmed by West-
ern blot analysis using a polyclonal mouse antiserum to VSV,
revealing that the VSV G and M proteins were expressed at
lower levels in HCV rVSV, perhaps as a result of the effects of
HCV proteins on G and M expression or stability. Confirma-
tion of high-level HCV gene expression was achieved by im-
munofluorescence analysis of Huh-7 cells infected with control
VSV-XN2 or VSV-HCV-C/E1/E2 (Fig. 1D). Antibody raised
to HCV core strongly reacted to the perinuclear region of the
cell, as previously reported for Core localization in mammalian
cells (46, 50). In addition, antibody to E1 and E2 indicated that
these HCV glycoproteins resided largely in the cytoplasmic
region. This would also be in agreement with previous studies
indicating that HCV E1 and E2 form noncovalent het-
erodimers, which reside as prebudding complexes in the endo-
plasmic reticulum (ER) of the cell (16, 54). Further immuno-
fluorescence analysis of nonpermeabilized, VSV-HCV-C/E1/
E2-infected Huh-7 cells confirmed that E1 and E2 were not
expressed on the cell surface (Fig. 1E). Collectively, our data
would indicate that VSV can efficiently express HCV Core, E1,
and E2 in human cells, which are likely posttranslationally
processed in an authentic manner.

Generation and characterization of HCV-like particles
(HCV-LPs). Evidence indicated that viable VSV was effectively
generated to express at high levels the HCV structural proteins
Core, E1, and E2. To further study HCV Core, E1, and E2
expression and association in mammalian cells through the use
of VSV, tissue culture medium or cell lysates from VSV- or
VSV-HCV-C/E1/E2-infected BHK cells were clarified by cen-
trifugation and analyzed by immunoprecipitation and immu-
noblotting for the presence of HCV or VSV proteins. While
the majority of proteins detected in the medium appeared to
be predominantly VSV related, immunoprecipitation of tissue-
cultured medium from S35-labeled, VSV-HCV-C/E1/E2-in-
fected cells using anti-Core or anti-E2 antibody revealed the
presence of Core, as well as that of E2 in tight association with
E1, suggesting that a proportion of HCV structural proteins
was being released from the cell, perhaps as a result of cytolysis
(data not shown). To clarify the association of HCV proteins
with VSV, medium from VSV-XN2- or VSV-HCV-C/E1/E2-
infected cells was immunoprecipitated using a sheep antibody
to VSV G. Following washing, complexes were separated by
SDS-PAGE and immunoblotted against mouse antiserum

CTAAGCCTCGGCCTGGGCTAT-3�. Recovery of rVSV and the construction of VSV-GFP have been previously described (23). (B) Growth-
Growth analysis of recombinant viruses. VSV-HCV-C/E1/E2 demonstrates a growth rate similar to that of rVSV-GFP. BHK cells were infected
at an MOI of 1 for 30 min. One hundred microliters of cell medium was collected at 6, 12, 18, and 24 h postinfection and virus titers were
determined by plaque assay, as described previously (4). (C) Expression of HCV Core, E1, and E2. BHK cells were infected with VSV-HCV-C/
E1/E2 or control virus VSV-XN2 at an MOI of 1. After 18 h, cells were lysed and HCV protein expression was determined by immunoblot analysis
as previously described (19). HCV proteins were detected by anti-Core MAb (Biogenesis, Poole, United Kingdom), anti-E1 (a gift from S. J.
Polyak), and anti-E2 (WU105; a gift from C. M. Rice). VSV proteins were detected by polyclonal mouse antiserum generated in BALB/c mice
infected with VSV. (D) Immunofluorescence analysis of HCV structural proteins. Expression and intracellular localization of HCV structural
proteins were confirmed by immunofluorescence using MAbs specific for Core (Biogenesis), E1 (A4; a gift from H. Greenberg), or E2 (544; a gift
from M. Kohara). Briefly, Huh-7 cells (provided by S. Lemon) were infected with VSV-XN2 or VSV-HCV-C/E1/E2 at an MOI of 10 for 5 h and
were then fixed in 1% paraformaldehyde. The cells were incubated in 1:50 dilutions of primary antibody in 0.1% Brij 97–PBS for 2 h at 4°C and
were then incubated with fluorescein isothiocyanate-conjugated goat anti-mouse (1:100; Gibco-BRL, Grand Island, N.Y.) in 0.1% Brij 97–PBS for
1 h at 4°C. (E) Cell surface immunofluorescence staining of VSV-C/E1/E2-infected cells. Immunofluorescence analysis of infected Huh-7 cells was
performed as for panel D except that the cells were not permeabilized with Brij 97. VSV-HCV-C/E1/E2-infected cells were stained for cell surface
expression of E1 or E2 using MAbs or for expression of VSV using polyclonal mouse serum.
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raised to VSV. Figure 2A indicates that the VSV structural
proteins N, P, and M could be coimmunoprecipitated using the
anti-G antibody. However, reprobing the blot with mouse an-
ti-E2 antibody did not reveal detectable E2 protein in medium
precipitated with anti-G, indicating that the released E1 and
E2 probably did not constitute a physical component of the
VSV-HCV-C/E1/E2 virion (Fig. 2B). Precipitation of tissue-
cultured medium from VSV-HCV-C/E1/E2-infected cells with
goat anti-E2 antibody, followed by immunoblotting with a
mouse antibody raised to E2, confirmed the presence of this
HCV envelope protein in the medium (Fig. 2B). Thus, al-
though the HCV structural proteins are readily detectable in
the medium, these proteins do not appear to be strongly asso-
ciated with VSV-HCV-C/E1/E2 or to form chimeric viruses.
This is most likely due to the HCV envelope products predom-
inantly residing in the ER of the cell in addition to lacking
C-terminal regions of VSV G critically required for incorpo-

ration into VSV particles as they dissociate from the cell mem-
brane (73).

As indicated by our earlier immunofluorescence and immu-
noblot studies, HCV structural proteins were predominantly
found in the cell lysate fraction rather than the medium (Fig.
1C and D). To explore the association of intracellular HCV
and VSV proteins, BHK cells were infected at an MOI of 10
with VSV-XN2 or VSV-HCV-C/E1/E2. Four hours postinfec-
tion, cells were labeled with [35S]methionine/cysteine for an-
other 12 h before being lysed. Cell extracts precipitated with a
mouse anti-E2 monoclonal antibody (MAb) confirmed strong
association of HCV E1 with E2, as may be expected, but not
with any VSV proteins (Fig. 2D). Reciprocal coimmunopre-
cipitation studies using mouse antiserum to VSV also indicated
little or no association of HCV E1 and E2 with VSV products,
again indicating that HCV proteins are not strongly coupled
with VSV complexes (Fig. 2D).

FIG. 2. (A and B) HCV E2 is not associated with VSV-HCV-C/E1/E2. Cell medium from VSV-HCV-C/E1/E2- or control virus-infected cells
(concentrated by ultracentrifugation) was immunoprecipitated (IP) with a sheep antibody (Ab) to VSV G (Biogenesis) or a goat antibody to HCV
E2 (Immunodiagnostics Inc.). After SDS-PAGE, protein complexes were immunoblotted against mouse antiserum raised to VSV (A). Membranes
were reprobed using mouse antiserum to HCV E2 (M. Kohara), which emphasized the absence of E2 in VSV complexes (B). cntl represents
protein G agarose, which was used as a negative control. (C) Gradient-purified HCV Core, E1, and E2 form complexes. Sucrose gradient fractions
containing HCV-LPs were identified by immunoblot and were immunoprecipitated using E2-specific antibody (Immunodiagnostics Inc.). Com-
plexes were washed, analyzed by SDS-PAGE, and immunoblotted using antibody to HCV Core (Biogenesis), E1 (H. Greenberg), and E2 (M.
Kohara). (D) Coimmunoprecipitation analysis of VSV-HCV-C/E1/E2-infected cells. [35S]methionine/cysteine-labeled lysates (600 �Ci/12 h) from
mock, VSV-XN2, or VSV-HCV-C/E1/E2 were immunoprecipitated with mouse antiserum raised to VSV or anti-E2 MAb (544; M. Kohara) or
normal mouse immunoglobulin G. Complexes were washed, analyzed by SDS-PAGE, and visualized by autoradiography. (E) Analysis of HCV-LPs
by sucrose gradients. BHK cells were infected at an MOI of 0.1 for 18 h and were then lysed in 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.1% NP-40,
1 mM phenylmethylsulfonyl fluoride, 10 �g of aprotinin/ml, 10 �g of leupeptin/ml, and 0.5 mM EDTA. The lysates were clarified by centrifugation
through 30% sucrose for 6 h at 150,000 � g. The resulting pellets were layered onto a continuous 30 to 70% sucrose gradient. One-milliliter
fractions were collected, centrifuged, and analyzed by SDS-PAGE and immunoblotting using antibody to VSV (top gel) or HCV Core (Biogenesis),
E1 (S. Polyak), or E2 (C. Rice) (bottom three gels). HCV structural proteins colocalize in fractions 14 to 20 and are separable from VSV proteins.
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Previous studies have indicated that cooperative expression
of Core, E1, and E2 in insect cells using a baculovirus vector
resulted in reassembly of the structural proteins to form HCV-
LPs (5). To further evaluate the association of the HCV pro-
teins in our system, cell lysates previously infected with VSV-
HCV-C/E1/E2 or control VSV-XN2 were clarified by
centrifugation, layered onto a continuous 30 to 70% sucrose
equilibrium gradient, and centrifuged for 22 h at 150,000 � g.
One-milliliter fractions were collected, centrifuged at 150,000
� g, and analyzed by immunoblot for HCV proteins. This study
revealed that Core, E1, and E2 collectively sedimented in frac-
tions 14 to 20, strongly suggesting the association of these
structural proteins into virus-like particles (VLPs) (Fig. 2E).
Similar findings were obtained upon sucrose gradient analysis
of medium from VSV-HCV-C/E1/E2-infected cells, indicating
that HCV complexes are also released from the cell (data not
shown). In contrast, VSV proteins N and P, with small amounts
of M and G protein, were found to reside essentially in fraction
14. The small amounts of VSV G in fraction 14 may be ex-
plained by reports that the ribonucleocapsid complex of VSV
comprising newly synthesized N, P, and L and replicated
genomic RNA does not associate with M and G until budding
occurs from the cell membrane (71). Thus, the cellular fraction
used in this study may predominantly contain VSV ribonucle-
oprotein complexes rather than entire VSV virions. In con-
trast, prior studies have demonstrated that E1 and E2 associate
as noncovalent heterodimers in the ER, the localization where
HCV budding and assembly are believed to occur (15, 57).
Collectively, our observations would indicate that HCV Core,
E1, and E2 form higher-order structures with one another that
can be partially separated from VSV complexes. However, it is
interesting that some VSV G was evident in fractions 14 to 20
containing HCV Core, E1, and E2 (Fig. 2E). Therefore, con-
trary to our previous findings, we cannot presently rule out that
residual G protein may be taken up into HCV-LPs prior to or
following budding from the ER.

To further analyze the biophysical properties of the HCV-
LPs, the densities of the putative VLPs isolated from sucrose
gradients were determined. Our results indicated that densities
ranged from 1.15 to 1.20 g/ml, which are in accordance with
those found for HCV-LPs manufactured in insect cells (1.14 to
1.18 g/ml) (5) and infectious HCV as determined by Kaito et
al. (1.12 to 1.17 g/ml) (36) and Bradley et al. (1.09 to 1.21 g/ml)
(7). Slight variances from infectious HCV density values may
be expected since HCV-LPs lack a packaged genome, as well
as any protein that may be associated with it.

Given the supportive data for the formation of HCV-LPs,
further biochemical and biophysical studies of HCV-LP for-
mation were undertaken. First, goat anti-HCV E2 antibody
was used to immunoprecipitate gradient-purified HCV-LPs
(Fig. 2C). After several washes, complexes were resolved using
polyacrylamide gels and were transferred to membranes for
immunoblotting using anti-HCV Core and E1 mouse antibod-
ies. Figure 2C reveals that HCV Core and E1 (to a lesser
extent, which we believe to be due to the weak affinity of the
antibody) could be detected in coimmunoprecipitation exper-
iments of gradient-purified putative HCV-LPs using anti-E2
antibody, indicating coassociation of Core and E1 with E2.

In addition to these studies, uninfected BHK cells or BHK
cells infected with either VSV-XN2 or VSV-HCV-C/E1/E2

were analyzed by transmission electron microscopy (TEM) for
the potential identification of HCV-LPs (Fig. 3C and D).
When cells infected with VSV-HCV-C/E1/E2 but not with
VSV-XN2 were examined by TEM, putative HCV-LPs were
found in cytoplasmic vacuoles, perhaps generated from rough
ER, and appeared to be 40 to 80 nm in dimension. The ap-
parent size would correlate with previous studies analyzing
sera of HCV-infected patients, which have calculated hepatitis
C virions to be approximately 40 to 70 nm in diameter (36, 42,
64). HCV-LPs morphologically appeared to have a dense core
with an evident envelope, while VSV was observed to be char-
acteristically bullet shaped or to consist of a dense outer ring
with a transparent core in cross-section analysis (32, 51).

To complement TEM of VSV-HCV-C/E1/E2- or control
virus-infected cells, centrifuged HCV-LP fractions from equi-
librium sedimentation gradients were also examined by elec-
tron microscopy. Gradient fractions from VSV-HCV-C/E1/E2-
infected cells but not from control rVSV gradients appeared to
contain HCV-LPs with morphology similar to that of HCV
observed in previous reports (6, 36, 64). To further validate
that the particles were HCV related, gradient fractions were
incubated with 1 �l of anti-HCV E1 or E2 MAb, adsorbed to
carbon-coated copper grids, and subsequently incubated with
secondary antibody conjugated to 15-nm-diameter gold parti-
cles (Auroprobe, Piscataway, N.J.). This approach indicated
that the surface of the VLPs isolated from fractions containing
HCV Core, E1, and E2 proteins interacted with the anti-E1
antibody (Fig. 3F) and anti-E2 antibody (Fig. 3G). Collectively,
these data would indicate that VSV can efficiently express
HCV structural proteins in mammalian cells that may assem-
ble into HCV-LPs.

Immunogenicity of VSV expressing HCV Core, E1, and E2.
Previous vaccine studies involving rVSV expressing foreign
viral antigens have demonstrated potent immune responses to
the heterologous product in immunized animals (35, 58–60). In
light of these observations, we preliminarily examined in mice
whether VSV-HCV-C/E1/E2 could induce an immune re-
sponse to the HCV structural proteins. BALB/c mice (age, 6 to
8 weeks; Jackson Laboratories) were intravenously (i.v.) in-
jected with 2.5 � 106 PFU of VSV-GFP or VSV-HCV-C/
E1/E2 or phosphate-buffered saline (PBS), followed by a sec-
ond inoculation (5 � 106 PFU, i.v.) 2 weeks later. At 21 days
post-initial injection, serum was collected from six mice immu-
nized in each group. Since antibody to E2 has been shown to be
critical for neutralization of infectious HCV, we first examined
the potential generation of E2 antibodies using enzyme-linked
immunosorbent assay (ELISA) and solid-phase E2 protein
(Immunodiagnostics, Inc., Woburn, Mass.) as antigen. Each
plate containing E2 protein was incubated with several dilu-
tions of mouse serum from PBS-, VSV-GFP-, or VSV-HCV-
C/E1/E2-vaccinated mice. Figure 4A indicates that mice vac-
cinated with VSV-HCV-C/E1/E2 generated a good humoral
response to the HCV E2 glycoprotein. Similar observations
were demonstrated using HCV core protein as antigen (data
not shown). VSV-GFP- vaccinated mice showed a marginal
ELISA titer against E2 that may result from minor cross-
reactivity by the vigorous anti-VSV antibody response. Collec-
tively, these findings would indicate that VSV-HCV-C/E1/E2 is
an efficient vehicle to generate antibodies to HCV envelope
E2.
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FIG. 3. (A to D) Electron microscopy images of BHK cells infected with VSV-HCV-C/E1/E2. BHK cells were mock infected or infected at an
MOI of 0.1 with VSV-XN2 or VSV-HCV-C/E1/E2 for 18 h. Cells were fixed in 2% paraformaldehyde–2.5% glutaraldehyde and were incubated
in 1% osmium tetroxide for 1 h. Fixed cells were then dehydrated and embedded in Spurr’s resin. Thin sections were stained in aqueous 4% uranyl
acetate for 20 min followed by lead citrate. (A) Mock- infected BHK cells. Magnification is �19,444. (B) VSV-XN2-infected BHK cells producing
the characteristically bullet-shaped VSV virion. Magnification is �55,163. Bar is 100 nm. (C) VSV-HCV-C/E1/E2-infected BHK cells at �19,772
magnification. Black arrows indicate HCV-LPs in vacuoles formed from rough ER. (D) Higher magnification of the vacuole containing HCV-LPs
in panel C. Asterisk in panel C indicates the magnified vacuole. Bar is 100 nm (magnification is �44,190). (E to H) Electron microscopy images
of HCV-LPs purified by equilibrium sedimentation sucrose gradients. Gradient-purified particles were adsorbed to carbon-coated copper grids and
were then negative stained with 2% uranyl acetate for 2 or 3 min (E) (magnification is �77,333). (F to H) For immunogold labeling, HCV-LPs
were incubated with anti-E1 MAb, magnification, �259,200 (F) (A4; H. Greenberg); anti-E2 MAb, magnification, �171,428 (G) (544; M. Kohara);
or control mouse immunoglobulin G, magnification, �214,050 (H), and were stained with 2% uranyl acetate. Bar in inset of panel G is 100 nm.
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To further evaluate the immunogenicity of VSV-HCV-C/E1/
E2, lymphoproliferative responses to HCV proteins were also
examined. Splenocytes from PBS-, VSV-GFP-, or VSV-HCV-
C/E1/E2-vaccinated mice (4 weeks following the initial inocu-
lation of the described protocol) were harvested and pulsed
with purified Core or E2 protein. Since exogenous protein
should only be presented by major histocompatibility complex
class II, only Core- or E2-specific CD4� T cells should be
induced to proliferate. For reasons that remain to be deter-
mined, only weak lymphoproliferative responses were ob-
served using E2 protein, perhaps indicating that E2 is not a
potent stimulator of CD4� cells in these animals or due to the
instability of the pulsed recombinant E2 protein (data not
shown). However, as demonstrated in Fig. 4C, purified Core
protein clearly induced the proliferation of T cells from VSV-
HCV-C/E1/E2-vaccinated mice but not VSV-GFP- or PBS-
inoculated mice.

The generation of a multispecific CTL response is also con-
sidered to be important for the clearance of HCV during acute
infections in humans and chimpanzees (12, 17, 67). Therefore,
to determine if VSV-HCV-C/E1/E2 was able to generate
CD8�-T-cell responses to the structural proteins of HCV,
gamma IFN (IFN-�) enzyme-linked immunospot (ELISPOT)
assays were performed on splenocytes isolated from PBS,
VSV-GFP, or VSV-HCV-C/E1/E2 4 weeks following the ini-
tial vaccination as previously described. Splenocytes from vac-
cinated mice were pulsed with 10 �g of Core, E1, or E2 peptide
per ml, corresponding to HCV genotype 1b, which has been
previously shown to activate CTLs in immunized BALB/c mice
(27, 53). As shown in Fig. 4D, only CTLs from VSV-HCV-C/
E1/E2-vaccinated mice were activated by the HCV-specific
peptides as demonstrated by the production of IFN-�. These
data would indicate that intravenously administered VSV-
HCV-C/E1/E2 is able not only to induce humoral activity for
HCV proteins but also to stimulate CTL activity for the struc-
tural proteins of HCV.

As the route of inoculation can affect both the strength and
type of immunity generated, we also examined the primary
response generated by intraperitoneal (i.p.) inoculation of 5 �
107 PFU of VSV-GFP, VSV-HCV-C/E1/E2, or PBS. Serum
was collected 7 and 28 days postinoculation, and ELISAs were
performed for anti-E2 antibody production. By day 28, signif-
icant anti-E2 antibody levels were detected in VSV-HCV-C/
E1/E2-immunized mice (Fig. 4B). Furthermore, 7 days after
mice received VSV-HCV-C/E1/E2, splenocytes from vacci-
nated animals were analyzed for IFN-� production following
stimulation with HCV-specific peptides. Figure 4E demon-
strates that only VSV-HCV-C/E1/E2-infected mice contained
evidence of CTLs to HCV structural proteins following vacci-
nation,

In conclusion, we have reported the generation of rVSV that
expresses the HCV genotype 1b structural proteins Core, E1,
and E2. The growth of the recombinant viruses was compara-
ble to that of wild-type rVSV and expressed high levels of
recombinant HCV proteins. Recent reports also described the
successful generation of rVSV, non-rVSV, or recombinant ra-
bies virus expressing the envelope glycoproteins of HCV on the
surface of the virion, though not with Core (9, 39, 48, 49, 65).
The expression of Core, E1, and E2 using VSV in mammalian
cells resulted in efficient cleavage of the polyprotein precursor

and authentic modification of the Core and E1 proteins. Ac-
cordingly, the host environment also facilitated assembly of the
HCV proteins into VLPs, as determined both biophysically
and biochemically. Similar results have been reported follow-
ing expression of HCV Core, E1, and E2 in insect cells using a
baculovirus vector and in cells infected with a Sendai virus
replicon containing HCV proteins (5, 6). Insect cell-expressed
VLPs have been shown to stimulate humoral and cellular im-
mune responses in mice in the absence of adjuvant. Their
ability to provoke these responses is likely dependent on the
structural integrity of the particle formation. The conformation
of VLPs presumably enhances uptake by professional antigen-
presenting cells and processing by the major histocompatibility
complex class I pathway to stimulate CTL activity. Both hu-
moral and cellular responses were elicited by VLPs against
multiple viral proteins simultaneously, indicating that a strong,
broad-range immune response against multiple HCV targets
may be feasible (41). Similarly, the stimulation of CTL activity
has been observed using recombinant HIV VLPs and human
papilloma-VLPs in animal studies (28, 37, 44, 55). It presently
remains to be determined whether VSV-synthesized HCV-LPs
alone are able to stimulate both broad-range humoral and
cell-mediated activity to HCV proteins.

In addition to being an efficient vector for the expression of
HCV-LPs in mammalian cells, VSV-HCV-C/E1/E2 affords the
opportunity of evaluation as a vaccine candidate itself. VSV
expressing HIV proteins has been shown to protect against a
pathogenic HIV-like virus, influenza virus, and measles virus
(58–60). We demonstrate here that low doses of VSV-HCV-
C/E1/E2 could efficiently generate humoral and CTL activity to
the structural proteins of HCV. Studies in our laboratory have
indicated that these rVSVs are extremely attenuated and that
no overt anomalies have been observed in BALB/c animals
receiving 5 � 107 PFU of rVSVs i.v. (data not shown). Thus,
further work is presently under way to additionally evaluate
and optimize the efficacy of VSV-HCV constructs as well as
HCV-LPs in vaccine and immunotherapeutic strategies de-
signed to combat HCV infection.
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