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We generated recombinant vesicular stomatitis viruses (VSV) expressing genes encoding hybrid proteins
consisting of the extracellular domains of hepatitis C virus (HCV) glycoproteins fused at different positions to
the transmembrane and cytoplasmic domains of the VSV G glycoprotein (E1G and E2G). We show that these
chimeric proteins are transported to the cell surface and incorporated into VSV virions efficiently. We also
generated VSV recombinants in which the gene encoding the VSV G protein was deleted and replaced by one
or both of the E1G and E2G genes, together with a green fluorescent protein gene. These �G viruses
incorporated E1G and E2G proteins at levels approximately equivalent to the normal level of VSV G itself, or
about 1,200 molecules of each protein per virion. Given the potency of VSV recombinants as vaccines in other
studies, this high-level expression and incorporation of HCV proteins into virions could be very important for
development of an HCV vaccine. Despite the presence of E1G and E2G proteins at high levels in the virions,
these virions did not infect cell lines that have been reported to support at least a low level of HCV infection
and replication.

Hepatitis C virus (HCV), the major cause of non-A, non-B
viral hepatitis, was first identified in 1989 (3) and has infected
approximately 170 million people worldwide (34), including
about 4 million in the United States (1). HCV infection leads
to chronic hepatitis, cirrhosis, and hepatocellular carcinoma
and is now the leading cause of liver transplantation in the
United States (7). Current treatment for HCV infection leads
to sustained viral clearance in only about 50% of patients (24),
and no vaccine is available to prevent new infections.

HCV is a positive-stranded RNA virus with a genome of 9.6
kb encoding a polyprotein precursor of 3,000 amino acids (19).
The polyprotein is proteolytically cleaved into 10 distinct prod-
ucts: the structural proteins (C, E1, E2, and P7) and several
nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A, and
NS5B). E1 and E2 are type I transmembrane proteins which
are highly glycosylated and associate to form a noncovalently
linked heterodimer (6). The C-terminal hydrophobic regions
of both proteins contain signals that are responsible for retain-
ing these proteins in the endoplasmic reticulum (4, 5, 8). De-
letions in these C-terminal regions and replacement with for-
eign transmembrane and cytoplasmic domains result in the
expression of both E1 and E2 at the cell surface. E2 binds with
high affinity to CD81, a tetraspanin protein expressed on var-
ious cell types including hepatocytes and B lymphocytes (23).
However, definitive evidence that CD81 is an HCV receptor
has not yet been obtained.

Vesicular stomatitis virus (VSV) is a nonsegmented nega-
tive-strand RNA virus and the prototype of the rhabdovirus

family. VSV infection in animals induces strong cellular and
humoral immunity to its own proteins and to additional pro-
teins encoded by recombinant viruses (12, 20, 26, 35). VSV has
an 11-kb RNA genome of negative (noncoding) sense and
replicates in the cytoplasm, where it has only RNA intermedi-
ates in replication. It synthesizes five subgenomic mRNAs en-
coding five structural proteins (28). VSV recombinants can be
recovered from DNA copies, and foreign genes can be ex-
pressed at high levels from multiple sites in the genome (11, 14,
17, 31).

It has been reported that cells transiently expressing HCV
E1 or E2 chimeric proteins containing the VSV G transmem-
brane and cytoplasmic domains generate VSV pseudotypes
when infected with a VSV mutant (ts045) that is temperature
sensitive for G protein transport to the cell surface (16).
Pseudotypes formed with either the E1G or E2G constructs
were reported to infect mammalian cell lines, including cell
lines not derived from the liver. Sera from HCV-infected chim-
panzees were reported to neutralize the infectivity of the
pseudotypes, while an anti-VSV neutralizing antibody did not
(16). This result is in apparent conflict with another report
showing that expression of both E1G and E2G hybrid proteins
was required to obtain a low-level cell-cell fusion detectable in
a highly sensitive assay (33). A recent study from the same
group reported that infectious VSV(HCV) pseudotypes could
be generated in a cell line expressing E1G and E2G proteins
together but not in a cell line expressing E1G or E2G protein
alone (21). These pseudotypes showed the highest infectivity
on a human hepatoma cell line (HepG2), but infectivity was
not neutralized by specific antibodies to E1 and E2 or by sera
from HCV-infected animals.

In our study, we show that several HCV E1 and E2 chimeric
glycoproteins composed of ectodomains of E1 and E2 and the
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transmembrane and cytoplasmic domains of VSV G can be
expressed from live virus recombinants on the cell surface. The
proteins are incorporated at high levels into VSV virions in the
presence or absence of the VSV glycoprotein.

MATERIALS AND METHODS

Cells and cell lines used. VSV recombinants were recovered on BHK-21 cells.
Cells for testing infectivity of VSV recombinants were BHK-21, COS-7, HEK
293, CHO-K1, and primary human hepatocytes. The primary hepatocytes were
isolated by enzymatic collagenase perfusion through slices of liver tissue and
were cultured in hormonally defined media on collagen-coated dishes (18).

Plasmid construction. Sequences of E1 and E2 genes were obtained from a
subclone of an infectious clone of HCV (13) called pBRTM/HCV1-809con. This
plasmid contains the capsid, E1, E2, and p7 genes of HCV. The DNA sequences
encoding the putative ectodomains of E1 and E2 and the preceding signal
sequences were joined to the VSV G transmembrane and cytoplasmic tail se-
quences by using an overlapping PCR technique. An ATG translation initiation
codon preceded by an A in the �3 position was included before each signal
sequence from the preceding gene. For the E2661G construct, the VSV G trans-
membrane and tail sequences were amplified from pBSSK-G with forward
primer 5�-GGAAG ACAGG GACAG GTCCG AGGGT TGGTT CAGTA
GTTGG AAAAGC and the VSV G reverse primer 5�-CGCGG GATCCG CTA
GCA GGATT TGAGT TACTTTCC, containing an NheI restriction site (un-
derlined) and a BamHI restriction site (boldfaced). For the E2717G construct,
the forward fusion primer was 5�-CGTCC TGGGC CATTAA GTGGG AGGGT
TGGTT CAGTAG TTGGA AAAGC and the reverse primer was the VSV G
reverse primer given above. Italicized sequences correspond to 5� extensions of
HCV-E2 sequence necessary for fusion of the E2 and VSV sequences. The
products from these amplifications were purified and used in a second round of
PCR using pBRTM/HCV as a template. The product was amplified by using
VENT polymerase (New England Biolabs, Beverly, Mass.) with forward primer
5�-CCACG CGTCTC GAGACCATGGTGGGGAACTGGGCGAAGG (un-
derlining indicates an XhoI restriction site) and the VSV G reverse primer
described above. The ATG codon corresponds to amino acid 364 in the HCV
polyprotein and to amino acid 173 in the preceding E1 protein. For cloning into
pBSSK, the purified products were digested with XhoI-BamHI. The resulting
clones were designated pBS-E2661G and pBS-E2717G and were used to verify
expression of the proteins using the vaccinia virus-T7 system (9). For cloning into
pVSV-XN2 for recovery of infectious VSV, the inserts were excised with XhoI-
NheI and ligated into pVSV-XN2 (31), which had been digested with the same
enzymes. The resulting clones were designated pVSVXN-E2661G and pVSVXN-
E2717G. To generate VSV recombinants lacking VSV G, pVSVXN-E2661G and
pVSVXN-E2717G were digested with MluI and XhoI and religated after a fill-in
reaction using T4 polymerase. (New England Biolabs) The resulting clones were
designated pVSV�G-E2661G and pVSV�G-E2717G.

The E1352G construct was also prepared by the overlapping PCR technique
described above. The VSV G transmembrane and tail sequences were amplified
by using the forward primer 5�-GGACA TGATC GCTGG TGCT CAC GGTTG
GTTCA GTAGT TGGAA AAGC (italicized sequence corresponds to overlap
of the HCV E1 sequence). The forward primer used in the second round of
amplification was 5�-GGGTA CCGTCGAC ACGCGT ACCATG GGTTG
CTCTT TCTCT ATCTTCC (with the SalI site boldfaced and the MluI site
underlined). The underlined ATG is followed by the E1 signal coding sequence
from the preceding capsid gene starting at Gly 171. The purified fragment was
digested with SalI and NheI and ligated into pVSV-XN2, which had been pre-
viously digested with XhoI-NheI. The resulting plasmid was designated pVS-
VXN-E1352G. To generate a plasmid for derivation of a clone lacking VSV G,
this plasmid was digested with MluI and religated as described above to generate
pVSV�G-E1352G.

To construct pVSV�G-E1352G-E2661G and pVSV�G-E1352G-E2717G, the
E1G gene was amplified from pVSVXN-E1352G by using the forward primer
5�-TATCA CGCTC GACAC GCGTA CCATG GGTTGC, containing an MluI
site (underlined), and the reverse primer 5�-CCCGG GGTCG ACGA TTGC
TGTTA GTTTT TTTCA TAAAA ATTAA AAACTC, with a SalI site (under-
lined) and a VSV transcription stop-start sequence (italicized). The product was
purified, digested with MluI and SalI, and ligated into pVSVXN-E2661G and
pVSVXN-E2717G which had been previously digested with MluI and XhoI to
remove VSV G.

pVSV�G-E1340G-E2711G-GFP was constructed by using an overlapping
PCR technique. VSV G transmembrane and tail sequences were amplified by
PCR from pVSVMXA2 by using the forward fusion primer 5�-GGTAG GGTCA

AGCAT CGCGT CCAAA AGCTC TATTG CCTCT TTTTTC and the VSV G
reverse primer given above. The italicized sequence corresponds to the 5� ex-
tension of HCV-E2. The product was gel purified and used in a second round of
PCR with pBRTN/HCV as a template. The product was amplified with the
forward primer 5�-CCACG CGTCT CGAGA CCATG GTGGG GAACT
GGGCG AAGG (boldface indicates an XhoI restriction site) and the VSV G
reverse primer described above. For cloning into pBSSK, the product was puri-
fied and digested with XhoI and BamHI. The resulting clone was designated
pBSE2711G. The product was excised with XhoI and NheI and cloned into
pVSVXN-GFP to produce pVSVXN-E2711G-GFP.

E1340G was constructed as described above with the following changes. The
VSV G transmembrane and tail with the 5� extension of HCV E1 was amplified
by PCR with the forward fusion primer 5�-GTGGT AGCTC AGCTG CTCCG
GATCA AAAG CTCTA TTGCC TCTTTTTTC (with the 5� E1 extension ital-
icized). The E1G reverse primer was 5�-CCCGG GGTCG ACGAT TGC TGT-
TAG TTTTT TTCATA AAAAT TAAAA ACTC (the transcription stop-start is
italicized, and the SalI site is boldfaced). The product was purified and amplified
by PCR as described above by using the forward primer 5�-CACGC TCGAC
ACGCG TACCA TGGGT TGCTC TTTCT CTATC TTCC (boldface indicates
a MluI restriction site) and the E1G reverse primer described above. The product
was gel purified, digested with MluI and SalI, and cloned into pVSV�G-E2711G-
GFP which had been previously digested with MluI and XhoI.

The pCAGGS vector (22) was used for transient expression of complementing
E1G and E2G proteins. To generate the pCAGGS-E1340G vector, the E1340G
PCR product described above was amplified with the forward primer CACGC
TCGAC GAATT CACCAT GGGTT GCTCT TTCTC TATCTTCC, containing
an EcoRI restriction site (boldfaced). The reverse primer, containing a BglII site
(boldfaced), was CCCTC GAGAGATCTT TACTT TCCAA GTCGG TTCAT
CTC. This PCR product was digested with EcoRI and BglII, purified, and cloned
into pCAGGS cut with EcoRI and BglII. To construct pCAGGS-E2711G, the
PCR product described above was digested with XhoI and BamHI and cloned
into pCAGGS digested with XhoI and BglII.

Virus recoveries. Recombinant VSVs were recovered using established meth-
ods (17, 32). Briefly, baby hamster kidney (BHK) cells were plated to 40%
confluency on 10-cm tissue culture plates. The cells were infected with vTF7-3
(9), a recombinant vaccinia virus that expresses T7 RNA polymerase at a mul-
tiplicity of infection (MOI) of 10. After incubation at 37°C for 1 h, each dish was
transfected with 3 �g of pBS-N, 5 �g of pBS-P, 1 �g of pBS-L, and 10 �g of a
plasmid encoding one of the full-length recombinants described above. Trans-
fections were performed using a cationic liposome reagent (27). Cells were then
incubated at 37°C for 48 h. Cell supernatants were then passed through a
0.2-�m-pore-size filter to remove vaccinia virus and were then applied to BHK
cells for an additional 48 h at 37°C. Recovery of infectious virus was confirmed
by scanning BHK cell monolayers for VSV cytopathic effect and, in some recov-
eries, for green fluorescent protein (GFP) fluorescence. Stocks of each virus were
grown from single plaques on BHK cells. These stocks were then stored at
�80°C.

Infectious virus was recovered from pVSV�G plasmids by the same proce-
dure, with the following modifications. BHK cells were transfected as described
above with the addition of 4 �g of pBS-G. After 48 h at 37°C, supernatants were
filtered and passaged onto BHK-G cells (32) that had been induced to express G
12 h previously. Stocks of these viruses were also grown from single plaques on
induced BHK-G cells.

Immunofluorescence microscopy. BHK cells were plated to near-confluency
on coverslips and infected with recombinant wild-type VSV (rwtVSV),
VSVE1G, VSVE2661G, or VSVE1G-E2661G. After 6 h at 37°C, cells were fixed
in 3% paraformaldehyde. Coverslips were then washed in phosphate-buffered
saline (PBS) containing 10 mM glycine (PBS-glycine). Coverslips were incubated
with a 1:1,000 dilution of a monoclonal antibody to E1 or a 1:75 dilution of a
monoclonal antibody to E2 (Austral Biologicals, San Ramon, Calif.) followed by
a 1:50 dilution of a fluorescein isothiocyanate-conjugated goat anti-mouse anti-
body. (Jackson Research, West Grove, Pa.). Coverslips were then mounted on
slides, and cells were observed and photographed by using a Nikon Micro-
phot-FX microscope with a 40� objective and a SPOT digital camera.

Metabolic labeling of infected cells and virus. BHK cells at about 50% con-
fluency were infected with wild-type VSV and recombinants at an MOI of 10 in
Dulbecco’s modified Eagle’s medium (DMEM) containing 5% fetal bovine se-
rum. Four to six hours postinfection, the medium was removed. The cells were
then labeled in methionine-free DMEM containing 100 �Ci of [35S]methionine.
To prepare labeled cell extracts, the radioisotope was added in 1.0 ml of medium
for 1 to 2 h at 37°C. The medium was removed, and the cells were first washed
with PBS and then lysed in 0.5 ml of detergent solution.(1% Nonidet P-40
[NP-40],0.4% deoxycholate, 50 mM Tris-HCl [pH 8.0], 62.5 mM EDTA). To
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prepare labeled virus, 100�Ci of [35S]methionine was added to cells 4 h postin-
fection in 1 ml of methionine-free DMEM supplemented with 1% fetal bovine
serum. Labeling was continued for 16 to 18 h at 37°C. The culture medium was
transferred to an Eppendorf tube and clarified by for 2 min. Supernatants were
then layered onto a solution of 20% sucrose in TE buffer (10 mM Tris [pH 7.4]–1
mM EDTA) and centrifuged at 180,000 � g for 1 h at 4°C in a Beckman SW50.1
rotor. Virus pellets were resuspended in 40 �l of TE buffer. Virus and cell lysate
samples were analyzed by electrophoresis on a sodium dodecyl sulfate (SDS)–
10% polyacrylamide gel.

Immunoprecipitations and endoglycosidase F digestion. Labeled purified vi-
rus was dissolved in 200 �l of radioimmunoprecipitation assay (RIPA) buffer
(0.1% SDS, 1% deoxycholate,1% NP-40, and 0.15 M NaCl in 10 mM Tris
[ph7.4]) and incubated at 37°C for 15 min. Pansorbin (30 �l) (Calbiochem, La
Jolla, Calif.) was added, and samples were incubated for 20 min at 37°C. Samples
were clarified by centrifugation at 10,000 rpm in an Eppendorf microcentrifuge
for 2 min and then transferred to new tubes. A polyclonal rabbit anti-VSV G tail
antibody (2 �l) was added, and samples were incubated for 1 h at 37°C. Pan-
sorbin (30 �l) was added, and samples were incubated for 30 min at 37°C.
Samples were pelleted, washed three times with ice-cold RIPA buffer, and spun
dry in an Eppendorf microcentrifuge. The pellet was resuspended in Laemmli
sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE),
followed by exposure to a PhosphorImager screen (Molecular Dynamics).

For endoglycosidase F digestion, the dry sample pellets were resuspended in
40 �l of denaturing buffer (5% SDS–10% �-mercaptoethanol) and incubated at
100°C for 10 min. Samples were clarified by centrifugation in an Eppendorf
microcentrifuge for 2 min and then transferred to new tubes. To each sample a
1/10 volume of 10% NP-40–10� G7 buffer (0.5 M sodium phosphate [pH 7.5])
was added. Peptide N-glycosidase F (1 �l) was added, and samples were incu-
bated at 37°C for 1 h. Samples were boiled in Laemmli sample buffer and
analyzed by SDS-PAGE.

Complementation and neutralization assays. BHK cells (5 � 106 per 10-cm
plate) were transfected with either pCAGGS-E1340G or PCAGGS-E2711G, or
with both plasmids, by using Lipofectamine (GIBCO/BRL). After a 3-h incuba-
tion at 37°C, the medium was replaced with 10 ml of 10% DMEM. At 18 h
posttransfection, cells were infected with 1 ml of VSV�G (108 PFU/ml) in 3 ml
of serum-free DMEM. Cells were incubated for 2 h at 37°C, and then the
medium was removed and replaced with 10 ml of 10% DMEM. After a 24-h
incubation at 37°C, the medium samples containing the VSV E1-, E2-, or E1E2-
complemented virus stocks were collected.

For neutralization assays, BHK and HepG2 cells were plated at 5 � 105 cells
per 35-mm-diameter dish. Viruses (106 to 108 PFU) were neutralized for 1 h at
37°C with mouse monoclonal antibodies to VSV G (I1 and I14) at a final dilution
of 1:100. Neutralized virus samples were added to cells and incubated overnight
at 37°C. Cells were examined for expression of GFP by fluorescence microscopy.

RESULTS

Chimeric HCV E1G and E2G glycoproteins. Carboxy-termi-
nal truncations of the E1 and E2 proteins of HCV have been
shown to allow the glycoproteins to be expressed on the cell
surface (4, 5, 8, 16) and induce cell-cell fusion (33). Based on
this information, the amino acid positions of the E1 and E2
glycoproteins were chosen for the chimeric gene constructs. As
shown in Fig. 1A, protein sequences in the HCV polyprotein
are numbered starting with the first amino acid of the capsid
protein. The capsid comprises amino acids 1 to 191, E1 com-
prises amino acids 192 to 383, and E2 comprises amino acids
384 to 746. The E1 (E1340G and E1352G) and E2 (E2661G,
E2711G, and E2717G) constructs encode the E1 and E2 protein
sequences out to the indicated amino acid followed by the VSV
G transmembrane and cytoplasmic domains. All constructs
include the natural signal sequence from the upstream HCV
gene preceded by an ATG initiation codon with an A in the �3
position. These chimeric gene products were made by using an
overlapping PCR technique described in Materials and Meth-
ods and were cloned into the pBSSK vector (Stratagene). The
constructs were then expressed under the control of the bac-
teriophage T7 promoter in BHK cells infected with a recom-

binant vaccinia virus (vTF7-3) that expresses T7 RNA poly-
merase (9). Protein expression on the cell surface was
confirmed by indirect immunofluorescence (data not shown).

Recovery of recombinant VSVs expressing chimeric HCV E1
and E2 glycoproteins. To generate VSV recombinants express-
ing the HCV/VSV chimeric glycoproteins, we started with a
plasmid DNA vector that allows derivation of VSV recombi-
nants expressing foreign genes (31). The VSV recombinants
were then generated by using standard procedures involving
expression of the full-length antigenomic recombinant VSV
RNA in cells also expressing the VSV N, P, and L proteins.
Recombinant VSVs expressing E1G, E2G, or both glycopro-
teins were recovered as described in Materials and Methods.
In addition, we prepared recombinants that expressed E1G,
E2G, or both glycoproteins in the absence of the VSV glyco-
protein. Because these VSV�G constructs do not encode G,
we propagated them using a complementing BHK cell line that
expresses VSV G protein (32). A diagram of the recombinant
VSVs generated in this study is given in Fig. 1B.

Recombinant VSVs express the HCV E1 and E2 chimeric
glycoprotein genes. To determine if recombinant VSVs ex-
pressed the chimeric glycoproteins, we first analyzed six recom-
binants that encoded E1352G, E2661G, or E2717G separately.
These recombinants were generated with or without (�G) the
VSV G gene present. BHK cells were infected with either
VSV-E1352G, VSV-E2661G, VSV-E2717G, VSV�G-E1352G,
VSV�G-E2661G, or VSV�G-E2717G and were labeled for 1 h
with [35S]methionine. Total-cell lysates were analyzed first by
SDS-PAGE without immunoprecipitation (Fig. 2, left panel).
Cells infected with the recombinants containing G showed the
five VSV proteins L, G, N, P, and M, while VSV�G-infected
cells lacked the G band. Because the E1G and E2G proteins
were not readily apparent on the gel of the total lysate, the
labeled cell lysates were immunoprecipitated with a polyclonal
anti-VSV G cytoplasmic tail antibody (10). This precipitation
(Fig. 2, right panel) showed additional bands of the sizes ex-
pected for the E1 (36 kDa, including 5 N-linked glycans) and
E2 (64 or 70 kDa, with 10 N-linked glycans) chimeric glycop-
roteins (Fig. 2, right panel). Note that the E2 G proteins run
with or just slower than VSV G (65 kDa), which is also pre-
cipitated by the G tail antibody, and therefore these proteins
are best seen in the �G constructs.

Protein expression on the cell surface. To determine if the
chimeric E1G and E2G glycoproteins expressed by recombi-
nant VSVs were transported to the cell surface, BHK cells
were infected with either VSV-wt, VSV-E1352G, or VSV-
E2661G, fixed, and incubated with antibodies to either E1, E2,
or VSV G followed by fluorescent secondary antibodies. Flu-
orescence microscopy showed that cells infected with wt VSV
stained only with an antibody to VSV G (Fig. 3A) and not with
a mixture of anti-E1 and anti-E2 monoclonal antibodies (Fig.
3B). Cells infected with VSV-E1352G were stained with anti-E1
(Fig. 3C) but not with anti-E2 (Fig. 3D). Cells infected with
VSV-E2661G stained with an antibody to E2 (Fig. 3F) but not
with an antibody to E1 (E). The pattern of the protein labeling
clearly outlined the cell surface, indicating that the chimeric
glycoproteins expressed from recombinant VSVs were trans-
ported to the plasma membrane.

Incorporation of HCV E1 and E2 chimeric proteins into
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virus particles. Initial experiments showed that the E1G and
E2G proteins were readily incorporated into VSV recombi-
nants expressing VSV G (data not shown). We next wanted to
determine if E1 and E2 chimeric proteins could be incorpo-
rated into �G VSV particles budding from the cell surface.
BHK cells were infected either with wt VSV or with
G-pseudotyped �G VSV recombinants expressing the E1352G
or E2661G protein or both. Infected cells were labeled with
[35S]methionine for 18 h, and labeled virus was purified from
the tissue culture supernatant and analyzed by SDS-PAGE
(Fig. 4, left panel). Purified virus from cells infected with VSV
showed five VSV proteins, as indicated (Fig. 4, lane 1). Virus
from cells infected with the VSV�G recombinants (Fig. 4,

lanes 2 to 4) did not contain VSV G protein but instead had
additional broad bands with the mobilities expected for heter-
ogeneously glycosylated E1352G and E2661G. We performed
immunoprecipitation of detergent-disrupted purified �G vi-
ruses using an antibody to the VSV G cytoplasmic tail to verify
the identities of the proteins (Fig. 4, right panel, lanes 5 to 7).
These results showed that broad bands precipitated from the
VSV�G-E1352G and VSV�G-E2661G viruses did contain the
G tail epitope.

To determine the molar ratios of E1G and E2G relative to
VSV N or M protein in purified virus, we quantitated the gels
in Fig. 4 as well as other gels and corrected for the methionine
content of the proteins. The results showed that the numbers

FIG. 1. Diagrams of chimeric E1340G, E1352G, E2661G, E2711G, and E2717G glycoprotein constructs and VSV recombinants. (A) Diagram of
each glycoprotein construct relative to the position in the HCV polyprotein. The signal sequence preceding E1 or E2 (open boxes) was appended
to the N terminus of each construct, and the VSV transmembrane and tail sequences (filled boxes) were appended to the C terminus. The
hydrophobicity of the protein sequence is indicated by the Kyte-Doolittle plot (15). (B) Gene diagrams of the nine recombinant VSVs generated
in this study. The positions of the VSV genes encoding the N, P, M, G, and L proteins are indicated, along with the positions of the HCV or GFP
genes, in each of the recombinants.
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of E1G or E2G molecules incorporated into virions were 80 to
110% of the number of G protein molecules in wt virions.
Because VSV G and E2G proteins comigrate substantially, we
were not able to quantify E2G incorporation in the presence of
G, although it appeared to be present at levels at least 50% of
those in �G particles (data not shown). Although the example
shown is only for the E1352 and E2661 proteins (Fig. 4), very
similar levels of incorporation into virions were observed for
all �G constructs described in Fig. 1.

The broad bands of E1352G and E2661G result from glyco-
sylation. The E1352G and E2661G in virions electrophoresed as
broad, diffuse bands that were substantially more heteroge-
neous than those seen after a 1-h pulse-label of infected cells
(Fig. 2). To confirm that this size heterogeneity was due to
glycosylation and to verify the molecular weights of the core
proteins, we digested the proteins with endoglycosidase F prior
to electrophoresis. The glycoproteins from [35S]methionine-
labeled VSV or the indicated recombinants were immunopre-
cipitated with an anti-VSV G tail antibody, treated or mock
treated with endoglycosidase F, and analyzed by SDS-PAGE
(Fig. 5). The core proteins migrated as much sharper bands
and had mobilities consistent with the expected molecular
weights of 39,000 (E2G) and 25,000 (E1G).

Lack of infectivity of the VSV�G/HCV viruses in the ab-
sence of VSV G. To determine if the VSV�G/E1E2 viruses
were able to infect cells through interactions involving the E1
and E2 proteins, we prepared virus stocks initially by growth in
complementing BHK G cells. These stocks were then used to
infect BHK cells not expressing VSV G so that virions with
only E1G and E2G could be analyzed. We next tested the
infectivities of the VSV�G-E1352G-E2661G and VSV�G-
E1352G-E2717G viruses on several cell lines including BHK
(hamster), COS-7 (monkey), HEK 293 (human embryonic kid-

ney), HepG2 (human hepatoma), and human primary liver
cells. Infection was assessed either with preincubation of viri-
ons with a neutralizing monoclonal antibody to VSV G (I1) or
without the antibody. We could detect a low level of infection
in all cells in the absence of I1 preincubation, but no consistent
infection after preincubation with I1 (data not shown). Infec-
tion was assessed either by indirect immunofluorescence for N
protein or by GFP expression in those constructs also encoding
GFP.

The neutralization of a low level of infectivity by I1 suggests
that traces of VSV G from the input virus are recycled through
the BHK cells onto the virions. This result was observed pre-
viously with a VSV/human immunodeficiency surrogate virus
(2). Our initial results indicated that even high levels of the
particular E1G and E2G proteins constructs we had made
were not able to facilitate entry of the VSV recombinants into
mammalian cells.

After we had obtained these results, it was reported by
Takikawa et al. that E1G and E2G proteins with slightly dif-
ferent fusion points in E1 and E2 had a low level of fusion
activity with HepG2 cells (33). We therefore generated a re-
combinant VSV�G-E1340G-E2711G-GFP virus with fusion
points in E1G and E2G identical to those described in that
report. Cells infected with this virus expressed both the E1G
and E2G proteins on the cell surface as determined by indirect
immunofluorescence (Fig. 3G and H). To examine the proteins
produced by this recombinant virus, we analyzed [35S]methi-
onine-labeled virus by SDS-PAGE (Fig. 6). As expected,
VSV�G-E1340G-E2711G-GFP expressed the four VSV pro-
teins excluding G. When immunoprecipitated with the anti-
VSV G tail antibody, two proteins of the sizes expected for
E1340G and E2711G were clearly visible. Although this virus
clearly incorporated E1G and E2G proteins into the virions,
we were unable to detect specific infection due to the HCV
hybrid proteins as in the experiments described above.

We also tried to evaluate infectivity using pseudotypes of
both E1340G and E2711G. BHK cells were transfected with the
high-level expression vector pCAGGS (22). Cells were trans-
fected with pCAGGS-G, pCAGGS-E1340G, and pCAGGS-
E2711G constructs either individually or in combination. The
cells were then infected with a high-titer stock of VSV�G-GFP
to obtain VSV(HCV) pseudotypes. HepG2 and BHK cells
were infected either with nonneutralized pseudotypes as con-
trols or with pseudotypes that had been neutralized with anti-
VSV serum. Pseudotype particles containing E1340G,
E2G711G, or a combination of E1340G and E2711G failed to
show any infectivity on any of the cell lines tested.

DISCUSSION

We have found that HCV E1G and E2G hybrid glycopro-
teins whose intracellular retention signals have been deleted
can be expressed by recombinant VSVs and incorporated at
high levels into VSV virions. These viruses have been engi-
neered either with or without the VSV G protein gene. In the
absence of G protein, the levels of E1G and E2G proteins
incorporated into the budding particles are similar to the levels
of VSV G protein incorporated into wt VSV virions, as many
as 1,200 molecules of each protein per virion.

VSV recombinants expressing foreign viral glycoproteins in-

FIG. 2. Analysis of proteins encoded by VSV recombinants. BHK
cells were infected with either VSV-E1352G, VSV-E2661G, VSV-
E2717G, VSV�G-E1352G, VSV�G-E2661G, or VSV�G-E2717G at an
MOI of 10 and labeled with [35S]methionine. (Left) Cell lysates were
analyzed by SDS–10% PAGE. The positions of the five VSV proteins
L (241 kDa), G (63 kDa), N (47 kDa), P (30 kDa), and M(27 kDa) are
indicated. (Right) BHK cell extracts were immunoprecipitated with a
rabbit anti-VSV G tail antibody and analyzed by SDS–10% PAGE.
VSV M protein aggregates and appears at substantial levels in all
precipitates.
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duce potent and protective immune responses to influenza and
measles viruses after single intranasal vaccinations in animal
models (25, 26, 30). This protection is based largely on pro-
duction of neutralizing antibodies. Control of simian immuno-
deficiency virus replication and prevention of AIDS have also
been achieved in a monkey model by vaccination with VSV
vectors carrying env and gag genes (29). At least the initial
protection in this model is dependent on potent induction of

cytotoxic T lymphocytes (29). Given the lack of a vaccine for
HCV and relatively little understanding of the types of immune
responses that might confer protection, VSV vectors express-
ing the E1 and E2 glycoproteins as well as other HCV proteins
are ideal candidates for vaccine studies.

One surprising aspect of our findings is that the VSV�G
recombinants expressing E1G and E2G constructs separately
or together did not show any specific infectivity on a variety of

FIG. 3. Cell surface expression of chimeric E1G and E2G glycoproteins encoded by VSV recombinants. Cells were infected with either VSV-wt
(A and B), VSV-E1352G (C and D), VSV-E2661G (E and F), or VSV�GE1340G-E2711G (G and H) for 6 h, fixed, and labeled with either
monoclonal antibodies to VSV G (A), a mixture of antibodies to E1 and E2 (B), an antibody to E1 alone (C, E, and G), or an antibody to E2 alone
(D, F, and H), followed by fluorescein isothiocyanate-labeled goat anti-mouse antibodies. Cells were photographed with a Nikon Microphot FX
fluorescence microscope equipped with a 40� Planapochromat objective and a SPOT digital camera. Exposure times for positive and negative
samples were the same.
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cell lines, including a human HepG2 liver cell line, or on
primary human liver cells. A low level of infectivity was de-
tected in each case, but this was neutralized by a monoclonal
antibody to VSV G, indicating that it was due to carryover of
traces of VSV G after passage of G-pseudotyped recombinants
through BHK cells. We do not know why our results with

recombinant viruses are different from those of others using
pseudotyped VSV (16, 21). The glycoprotein genes used as
starting material are identical to those present in an infectious
HCV clone (13), and the sequences of each construct were
shown to match those of the infectious clone. We even gener-
ated a �G recombinant with the same E2G and E1G fusion
points reported to yield infectious pseudotypes on HepG2 cells
(21), but we still did not obtain infectivity on HepG2 cells. The
infectivity reported by that group apparently required produc-
tion of VSV pseudotypes on a CHO cell line expressing E1G
and E2G, and it is possible that there is something important
about long-term expression of the E1G and E2G proteins in
the cell line. Long-term expression might promote better fold-
ing of the ectodomains of proteins that normally reside in the
endoplasmic reticulum before incorporation into HCV virions.

Other possibilities worthy of future investigation are varying
the carbohydrate modification on the E1G and E2G proteins
by use of inhibitors of specific steps of glycosylation or cell lines
defective in specific steps, or expression of additional mem-
brane proteins of HCV. It is also possible that the viruses we
have constructed would be able to infect a cell type that is
permissive for HCV but that we have not yet found the appro-
priate cell type.
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