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We have previously reported that a pseudotype virus generated by reconstitution of hepatitis C virus (HCV)
chimeric envelope glycoprotein E1-G or E2-G on the surface of a temperature-sensitive mutant of vesicular
stomatitis virus (VSVts045) interacts independently with mammalian cells to initiate infection. Here, we
examined whether coexpression of both of the envelope glycoproteins on pseudotype particles would augment
virus infectivity and/or alter the functional properties of the individual subunits. Stable transfectants of baby
hamster kidney (BHK) epithelial cells expressing either one or both of the chimeric envelope glycoproteins of
HCV on the cell surface were generated. The infectious titer of the VSV pseudotype, derived from a stable cell
line incorporating both of the chimeric glycoproteins of HCV, was �4- to 5-fold higher than that of a pseu-
dotype bearing E1-G alone or �25- to 30-fold higher than that of E2-G alone when assayed with a number of
mammalian cell lines. Further studies suggested that that the E1-G/E2-G or E2-G pseudotype was more
sensitive to the inhibitory effect of heparin than the E1-G pseudotype. Treatment of the E1-G/E2-G pseudotype
with a negatively charged sulfated sialyl lipid (NMSO3) displayed a �4-fold-higher sensitivity to neutralization
than pseudotypes with either of the two individual glycoproteins. In contrast, VSVts045, used as a backbone for
the generation of pseudotypes, displayed at least 20-fold-higher sensitivity to NMSO3-mediated inhibition of
virus plaque formation. The effect of low-density lipoprotein on the E1-G pseudotype was greater than that
apparent for the E1-G/E2-G pseudotype. The treatment of cells with monoclonal antibodies to CD81 displayed
an inhibitory effect upon the pseudotype with E1-G/E2-G or with E2-G alone. Taken together, our results
indicate that the HCV E1 and E2 glycoproteins have separable functional properties and that the presence of
these two envelope glycoproteins on VSV/HCV pseudotype particles increases infectious titer.

Hepatitis C virus (HCV) is a major causative agent of pa-
rentally transmitted hepatitis (12) and is associated with liver
cirrhosis and hepatocellular carcinoma (2). Approximately
25% of infected individuals appear to clear viremia without
therapeutic intervention (3, 30), and the mechanism leading to
this natural resolution of HCV infection is not completely
understood. The majority of HCV-infected individuals do not
resolve infection and may eventually develop chronic hepatitis.
The study of HCV is challenging due to its inefficient replica-
tion in cell culture and the lack of a small-animal model.

The HCV genome is a linear, positive-sense, single-stranded
RNA molecule of �9,500 nucleotides. It encodes a polyprotein
precursor of �3,000 amino acids (13) which is cleaved by both
host and viral proteases to generate several distinct polypep-
tides (24, 26). The structural proteins, core, E1, and E2, of
HCV physically interact and may have a role in virus assembly
(8, 15, 34). The glycosylated polypeptides (E1 and E2) are
most likely anchored onto the envelope lipid bilayer of the
virus and facilitate virus entry by interaction with the host cell
surface. E1 has two hydrophobic domains located at an inter-
nal position between amino acid residues 261 and 291 and in
the C-terminal region between amino acid residues 329 and
383 (48). The C-terminal domain has the retention signal for

the endoplasmic reticulum (ER) membrane, while the internal
domain is involved in binding with capsid protein (17, 35) and
may have membrane-active properties (14). Proteomic compu-
tational analyses suggested that E1 is a truncated class II fusion
protein, and similarities exist between E2 and the receptor-
binding portion of the E protein of tick-borne encephalitis
virus (22). In vitro expression studies have suggested that the
glycoproteins of HCV associate to form a heterodimer stabi-
lized by noncovalent interactions and a high-molecular-weight
disulfide-linked aggregate. Both types of complexes accumu-
late in the ER, a proposed site for HCV assembly and budding,
and the transmembrane domains of E1 and E2 play a major
role in ER retention of the E1E2 complex (40). However, the
functional significance of these complexes is not clear at this
time. E2 exhibits the highest degree of genetic heterogeneity,
especially in the hypervariable region 1 (HVR1) located at the
N terminus (50). Takikawa et al. (49) have suggested fusion
activity in cocultured cells expressing the HCV chimeric enve-
lope glycoproteins consisting of the ectodomains of E1 and E2.
The induction of cell fusion was shown to require both of the
chimeric E1 and E2 proteins in a low-pH-dependent environ-
ment.

The lack of an efficient in vitro system for the propagation of
HCV makes it difficult to identify cell surface attachment fac-
tors or virus receptors. Lagging and coworkers were the first
researchers to report the use of vesicular stomatitis virus
(VSV)/HCV pseudotype virus in understanding the role of the
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individual envelope glycoproteins in the initiation of viral in-
fection (32). Pseudotypes expressing either chimeric E1-G or
E2-G glycoprotein displayed a distinct pattern of infectivity,
suggesting an individual role for each glycoprotein in cell sur-
face interaction, and sera derived from chimpanzees immu-
nized with homologous HCV glycoproteins neutralized virus
infectivity for both pseudotypes. A different study (36) sug-
gested that both glycoproteins of HCV are needed for maximal
infectivity. HCV pseudotype virus was also used as a surrogate
model in determining virus neutralization activity in patient
sera (33). Pseudotype-neutralizing activity of patient sera did
not exhibit a correlation with the genotype of the infecting
HCV strain, suggesting that a common neutralizing epitope(s)
is present among HCV genotypes.

Recently, murine leukemia virus (MuLV) and lentivirus pseu-
dotypes have been generated by expression of an unmodified
HCV envelope genomic region in 293T cells (5, 20, 27). How-
ever, the differences in susceptibilities of the cell types to
MuLV or lentivirus pseudotype (5, 52) and VSV pseudotype
infectivity (32, 7, 9, 37) and the reason for the lack of infectivity
of lentivirus pseudotypes bearing chimeric HCV glycoproteins
(27) remain unclear at this time. In the present study, we have
investigated the role of the ectodomains from both E1 and E2
chimeric glycoproteins in mediating virus infectivity. Results
from this study suggested that the incorporation of both E1
and E2 chimeric glycoproteins into pseudotypes allowed for a
significantly enhanced pseudotype titer in a number of mam-
malian cells with functional activities that are both shared and
distinct from those of pseudotypes expressing single HCV gly-
coproteins.

MATERIALS AND METHODS

Cell lines and plasmids. Baby hamster kidney cells (BHK-21), human breast
cancer cells (MCF-7), and human hepatoma cells (Huh-7, Hep3B, and HepG2)
were grown and maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum and antibiotics (100 U of penicillin and
100 �g of streptomycin per ml). The plasmids expressing chimeric E1-G and
E2-G from HCV genotype 1a (GenBank accession number M62321 [13]) under
the control of a cytomegalovirus (CMV) or MuLV promoter have been de-
scribed previously (7, 32, 38). BHK stable transfectants were generated first by
the introduction of E1-G under the control of a CMV promoter. Cells resistant
to treatment with G418 (800 �g/ml) were selected and transfected with E2-G
under the control of an MuLV promoter. Stable transfectants expressing E2-G
were selected by treatment with puromycin (2 �g/ml). Pooled cells expressing
both E1-G and E2-G were maintained at lower concentrations of G418 (400
�g/ml) and puromycin (1 �g/ml).

Antibodies. Mouse monoclonal antibody (MAb) 3D5-C3 (anti-E1), and MAb
3E5-1 (anti-E2) were kindly provided by Michael Houghton (Chiron Corpora-
tion, Emeryville, Calif.). A rabbit antiserum to E2 glycoprotein was kindly pro-
vided by Arvind Patel (Institute of Virology, Glasgow, United Kingdom). An
anti-mouse immunoglobulin (Ig)-fluorescein isothiocyanate (FITC) conjugate
and an anti-rabbit Ig-tetramethyl rhodamine isothiocyanate conjugate were pur-
chased (Molecular Probes, Eugene, Oreg.).

FACS analysis. BHK cells stably transfected with E1-G and/or E2-G plasmids
were treated with anti-E1 or anti-E2 MAb or isotype-specific unrelated MAb as
a negative control. Cells were stained with FITC-conjugated anti-mouse Ig for
fluorescence-activated cell sorter (FACS) analysis (9). Nonspecific background
staining was determined with mock-transfected cells treated separately with E1-
or E2-specific MAb, or isotype-matched unrelated MAbs, and FITC-conjugated
anti-mouse Ig for comparison. FITC-positive cells were detected by FACScan
(Becton Dickinson), and results were analyzed with Cell Quest version 3.2
software. Ten thousand cells were analyzed for each sample, and a gate was set
on the basis of a dot plot for 90° light scatter versus forward-angle light scatter
to exclude dead cells and debris from analysis.

Pseudotype generation from stable transfectants of cells expressing E1-G

and/or E2-G. The incorporation of HCV E1-G or E2-G chimeric glycoprotein
into a temperature-sensitive mutant of VSV (VSVts045) has been previously
described (32, 38). VSVts045 has a G protein with a single amino acid change in
the ectodomain and a thermoreversible folding phenotype (19). At the nonper-
missive temperature (40.5°C), G protein of VSVts045 (VSV-G) is synthesized
and core glycosylated normally but does not fold correctly and fails to translocate
to the infected cell surface. However, the temperature-sensitive mutant virus
does not always tightly regulate this process; as a result, leakage of G cannot be
ruled out. To safeguard against this possibility, we have used a stock of VSVts045
selected after four rounds of plaque-to-plaque purification, which did not exhibit
background virus leakage at 40.5°C. This virus stock was used for the generation
of VSV/HCV pseudotype by infecting BHK stable transfectants expressing E1-G
and/or E2-G. Cells transfected with an empty vector or VSV-G were similarly
treated with VSVts045 as a negative and positive control, respectively. The cul-
ture fluid was flash frozen in aliquots, and each aliquot was thawed only once for
use in a single round of VSVts045 replication by plaque assay at a permissive
temperature (32°C). Treatment of pseudotype virus with an antiserum to VSV-G
did not alter virus titer, suggesting the absence of revertant VSV-G in the virus
preparation. On the other hand, treatment of positive control virus, which in-
corporates native VSV-G, exhibited pseudotype neutralization as previously re-
ported (32). Together, the technical optimizations by (i) a careful selection of stock
VSVts045 mutant virus and (ii) a rigid temperature control during the entire
experimental procedure were keys to successful generation of the pseudotypes.

Chemicals. Heparin purified from porcine intestine (Sigma, St. Louis, Mo.)
was procured. NMSO3, sodium [2,2-bis(docosyl-oxymethyl)propyl-5-acetoamido-
3,5-dideoxyl-4,7,8,9-tetra-O-(sodium-oxy sulfonyl)-D-glycero-�-D-galacto-2-
nonulopyranosid]onate (molecular weight, 1,458.7), is a sulfated sialyl lipid (31,
47) and was produced by GLSynthesis at greater than 98% purity (Microbiotix,
Worcester, Mass.). NMSO3 was dissolved in sterile distilled water.

Western blot analysis. The culture fluid containing pseudotype virus was
clarified by low-speed centrifugation, filtered through a 0.45-�m-pore filter (Mil-
lipore Corp., Bedford, Mass.), and pelleted by ultracentrifugation with an SW41
rotor at 25,000 rpm for 90 min. Culture fluid from mock-transfected cells was
similarly treated for use as a negative control. Proteins from pelleted virus were
separated by sodium dodecyl sulfate–12% polyacrylamide gel electrophoresis
(SDS–12% PAGE) and transferred onto nitrocellulose membranes. Affinity-
purified HCV E1/E2 (kindly provided by Michael Houghton) was used as the
authentic envelope glycoprotein markers in SDS-PAGE. HCV E1 or E2 protein
was detected by Western blot using specific mouse MAbs and anti-mouse im-
munoglobulin conjugated to peroxidase. The peroxidase signal was visualized by
chemiluminescence. A rabbit antiserum to E2 protein (kindly provided by Arvind
Patel) was also used for the detection of HCV E2 glycoprotein. An anti-rabbit
immunoglobulin conjugated to peroxidase was used for detection of the viral
protein band by chemiluminescence.

Assay for inhibition of pseudotype virus plaque formation. Heparin or
NMSO3 at various concentrations was added to a predetermined amount of
VSV/HCV pseudotype virus and incubated at 37°C for 1 h. The virus-inhibitor
mixture was added to the cell monolayer in a 6-well plate for plaque assay at
32°C. Untreated virus was used similarly for comparison.

Cell surface blocking assay. Low-density lipoprotein (LDL) was used to block
the respective cell surface receptor activity. Cells in 6-well plates were cooled to
4°C, and unbound cells were removed by rinsing with ice-cold DMEM. LDL
(CalBiochem, San Diego, Calif.) was added to each well at various concentra-
tions in cold medium, and cells were incubated for 30 min on ice. A predeter-
mined titer of pseudotype virus inoculum was added to each well and incubated
at 4°C for 30 min with intermittent tilting. Unbound ligands from each well were
removed by rinsing three times with ice-cold DMEM. Cells were then incubated
at 32°C for 30 min before the addition of an agar overlay for plaque formation.

Monoclonal antibodies to human CD81, JS81 (Pharmingen, San Diego,
Calif.), and 5A6 (kindly provided by Shoshana Levy, Stanford University School
of Medicine) were used for CD81 blocking. Cells were incubated with the specific
MAb at 32°C for 1 h. Cells were washed and incubated with a predetermined
titer of pseudotype virus for plaque assay.

RESULTS

Coexpression of HCV chimeric envelope glycoproteins on
pseudotype particles. Recombinant vaccinia virus expressing
the T7 polymerase (vvT7)-based transient expression system
has been previously utilized for generation of pseudotype virus
(33, 37). To avoid vaccinia virus and to improve pseudotype
preparation, we have generated stable transfectants of BHK
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cells expressing either one or both of the chimeric envelope
glycoproteins of HCV on the cell surface. These stable trans-
fectants were examined for the expression of HCV envelope
glycoproteins prior to the generation of VSV/HCV pseudotype
virus. Cell surface expression of the E1-G and/or E2-G glyco-
protein on stable transfectants of BHK was quantitated by
FACS analysis. Envelope glycoproteins were recognized by
MAb 3D5-C3 (anti-E1) and MAb 3E5-1 (anti-E2), both tar-
geting linear epitopes. Our results suggested a similar level of
cell surface expression for both E1-G (50%) and E2-G (56%)
proteins on BHK cells stably transfected with both gene con-
structs (Fig. 1A). Approximately 44% of E1-G-transfected
cells displayed surface expression of E1 chimeric glycoprotein
by FACS, and a similar analysis suggested �61% cell surface
expression of E2 chimeric glycoprotein. The lack of expression
of the envelope glycoproteins in a higher number of trans-
fected cells could be due to the use of a pooled cell population
that would have a varied or limited level of gene expression.
Mock-transfected cells were treated in parallel with the respec-
tive MAbs (Fig. 1A) or an unrelated MAb of the same isotype
as the negative controls (data not shown).

Pelleted pseudotype virus, generated from stable transfec-
tants of BHK cells, was subjected to SDS-PAGE under reduc-
ing conditions followed by Western blot analysis (Fig. 1B).
Immunoblotting with an anti-E1 or anti-E2 antibody demon-
strated that the pseudotype preparation contained both E1-G
and E2-G and a high-molecular-weight aggregate of the gly-
coproteins probably representing a non-disulfide-linked E1-G/
E2-G homo- or heteromeric complex. A major portion of the
aggregate was observed with pseudotype virus on the top of the
gel when antiserum to E2 was used in the immunoblot. How-
ever, this aggregate could not be detected with E1- or E2-
specific MAb, probably due to a masking of the antigenic sites
in the aggregated complex. Previous studies from other inves-
tigators also suggested the presence of both noncovalently
associated E1 and E2 and their disulfide-linked aggregates in
HCV-like particles derived from insect cells and lentivirus-
derived HCV pseudotype (42, 43). Results from this set of
experiments indicated that HCV chimeric envelope glycopro-
teins are associated with the VSV pseudotype virus.

Coexpression of E1-G/E2-G on VSV pseudotype increases
infectious titer. VSV pseudotype virus entry into cells is likely
initiated by specific interactions between the ectodomains of
HCV E1 and E2 glycoproteins and host cell surface molecules.
To understand the contribution of both of the HCV envelope
glycoproteins in virus entry, and for the nature of mammalian
cells recognized by the virus glycoproteins, infectivity of pseu-
dotype virus bearing E1-G and/or E2-G was determined by
plaque assay with BHK-21, MCF-7, HepG2, Hep3B, and Huh-
7 cells. Inoculum from each pseudotype virus was titrated by
serial dilution, with VSVts045 (backbone for pseudotype virus)
used for comparison, to determine the comparative plaquing
efficiency of the pseudotypes in cell lines of diverse origin.
Pseudotypes bearing E1-G or E2-G displayed plaque numbers
in human cells (MCF-7, HepG2, and Hep3B) which were sig-
nificantly higher (Table 1) than those apparent in cells of non-
human origin (BHK). Furthermore, Huh-7 cells displayed the
highest titer for each of the three pseudotyped viruses by ap-
proximately threefold compared to other human cell lines. A
similar analysis with VSVts045 suggested titers that were five-

fold lower in HepG2 cells than in BHK cells, with little addi-
tional variation between cell lines with respect to the overall
titer. Analysis determined that coexpression of E1-G and E2-G
led to a significant increase in the overall titer achieved. The
titers of the E1-G/E2-G pseudotype proved to be an average of
at least 4- to 5-fold higher than those produced with the in-
corporation of E1-G alone and 25- to 30-fold higher than that
which is seen with E2-G alone. The differences in plaque num-
bers between pseudotypes bearing E1-G and/or E2-G and
VSVts045 in human and nonhuman cells may be related to the
nature of the cell surface molecules or receptors interacting
with the ectodomains of E1 or E2 glycoproteins.

GAGs facilitate infection of pseudotype virus. To infect a
host, a virus must attach itself to the surface of a cell. The
molecules to which a virus binds constitute a diverse collection
of cellular proteins, carbohydrates, and lipids. By using a pseu-
dotype that incorporates HCV E2 glycoprotein, we have shown
that E2 interacts with cell surface glycosaminoglycans (GAGs).
Here, we examined the interaction of E1-G/E2-G together
with cell surface GAGs compared to either of these subunits
alone on a pseudotype virus. Prior treatment of HepG2 cells
with heparinase showed a reduction in overall virus titer for the
E1-G/E2-G pseudotype that was approximately one-half of
that seen with a pseudotype bearing E2-G alone at each of the
heparinase concentrations analyzed (2, 4, 8, and 16 U/ml),
while E1-G pseudotype infectivity was not inhibited upon he-
parinase treatment of cells (data not shown). We further ex-
amined HCV glycoprotein interaction with the cell surface by
using heparin. E1-G/E2-G pseudotype virus was previously
incubated with various concentrations of heparin at 32°C and
subsequently added onto the cell surface for adsorption. An
inhibition of virus infectivity (�70%) at �12.5 �g of heparin/
ml for E1-G/E2-G was observed in BHK (Fig. 2) and HepG2
cells (data not shown), and virus infectivity did not significantly
decrease with a further increase in the concentration of hep-
arin. On the other hand, an �25% reduction in E1-G and an
�80% reduction of E2-G pseudotype titers were observed with
12.5 �g of heparin/ml. Interestingly, when Sindbis virus (Sin
Toto 1101) was used as an unrelated positive control, a gradual
plaque reduction of up to �90% was apparent over a range of
12.5 to 100 �g of heparin/ml in BHK cells. On the other hand,
VSVts045 control did not display a significant reduction in
plaque numbers at 12.5 or 25 �g of heparin/ml and was only
reduced as the heparin concentration was further increased.
Results from these experiments suggested that pseudotype vi-
rus generated from E2-G and E1-G/E2-G are almost equally
sensitive to heparin as an inhibitor of plaque formation, and
the ectodomain of E2 interacts with cell surface GAG. Our
results also suggested that the E1 chimeric protein is able to
interact with the cell surface for pseudotype infectivity in a
manner which is independent of heparin-containing molecules.
On the other hand, the E2 glycoprotein present in the E1-G/
E2-G pseudotype may be able to better utilize alternate core-
ceptor functions of GAGs for virus uptake, and as discussed
previously, this attachment is specific and depends on the de-
gree of sulfation. Our data also suggest that the ectodomains of
E1 and E2 glycoproteins interact independently, as evident
from the results of heparinase treatment.

Effect of sulfated sialyl lipid on pseudotype virus infectivity.
In general, negatively charged polysaccharides inhibit the ad-

12840 MEYER ET AL. J. VIROL.



sorption of viruses on the cell membrane by interference of
static electric binding between the viral envelope and the cell
membrane. The sulfated sialyl lipid (NMSO3) has four sulfate
residues in one molecule, is negatively charged, and may in-
hibit the binding of virus to the cell membrane. Antiviral ac-
tivity of NMSO3, both in vitro and in vivo, has been reported
previously (28, 29, 31, 47); however, the exact mechanism of
antiviral activity of NMSO3 remains unknown at this time.
Here, we examined the effect of NMSO3 on HCV pseudotype
virus infectivity. We incubated pseudotype virus of a known
titer with different concentrations of NMSO3. This mixture
was added to mammalian cells for virus adsorption and plaque
formation. Untreated virus was used as a control. Pseudotypes
incorporating either E1-G or E2-G displayed a �50% reduc-
tion of virus titer at �40 �g of NMSO3/ml, while pseudotypes
bearing both E1-G and E2-G displayed a 50% reduction of
virus titer at 10 �g of NMSO3/ml (Fig. 3). On the other hand,
VSVts045 displayed a very high sensitivity, as 0.5 �g of
NMSO3/ml reduced infectivity by �50% under similar exper-
imental conditions. Together, these results suggested that pseu-
dotypes with E1-G or E2-G alone were �4-fold less sensitive
to NMSO3-mediated inhibition of infectivity than pseudotypes
with E1-G/E2-G together. We do not rule out the possibility
that NMSO3 may mediate an inhibitory effect on viruses other
than through negative charge. NMSO3 has been shown to act
as a specific inhibitor for P-selectin, a carbohydrate-binding
cell adhesion molecule (45). The inhibitory effect of NMSO3
on pseudotype plaque formation appeared to interfere with
virus attachment to the cells, and this effect was significantly
higher (�20-fold) on the VSVts045 backbone used for the
generation of the pseudotypes than on the E1-G/E2-G pseu-
dotype. We do not rule out the possibility of NMSO3 engaging
the cellular coreceptor or receptor for inhibition of virus in-
fectivity, and this possibility would require further investigation
to understand the mechanism of action.

Engagement of the LDL-R inhibits pseudotype virus infec-
tivity. The LDL receptor (LDL-R) is the patriarch of a family
of cell surface receptors that transport macromolecules into
cells by receptor-mediated endocytosis in clathrin-coated pits
(10). A continuous uptake of LDL occurs due to a recycling of
the LDL-R to the surface after its dissociation from LDL
within the cell. Since the LDL-R has been suggested to be a
candidate receptor for HCV entry (1, 39), we examined
whether excess human LDL may act as a ligand to block the
LDL-R for HCV pseudotype entry into mammalian cells.

FIG. 1. (A) FACS analysis for cell surface expression of chimeric
E1-G and E2-G on stable transfectants of BHK cells. Cells were
treated with E1-specific MAb 3D5-C3 or E2-specific MAb 3E5-1(white
peak) or mock-transfected negative control (grey peak) and stained
with FITC-conjugated anti-mouse Ig for FACS analysis. Mock-trans-
fected cells were also treated separately with isotype-specific unrelated
MAb and FITC-conjugated anti-mouse Ig for comparison, and similar
results were obtained (data not shown). The percentage of FITC-
positive cells is indicated in each histogram. (B) incorporation of
chimeric E1-G and E2-G glycoproteins onto VSV-HCV pseudotype
particles. Pelleted pseudotype viruses were lysed by gel loading buffer
and separated by SDS–10% PAGE under reducing conditions, and
proteins were transferred onto a nitrocellulose membrane for Western
blot analysis. E1 protein was detected by using MAb 3D5-C3, and E2
was detected by a specific rabbit antiserum followed by anti-mouse or
anti-rabbit immunoglobulin peroxidase conjugate. The peroxidase sig-
nal was visualized by chemiluminescence. Affinity-purified recombi-
nant E1/E2 (rE1 and rE2) were also run as authentic protein markers
and detected by using E1- and E2-specific MAbs. Positions of E1-G,
E2-G, and high-molecular-weight aggregates (marked by an asterisk)
are marked with arrows. Molecular weights of these protein bands
were also authenticated from the positions of protein molecular weight
markers (data not shown).

TABLE 1. Comparative pseudotype titers of different cell types

Cell type

Pseudotype titer (PFU/ml)a

Vector
control E1-G E2-G E1-G/E2-G VSVts045

control

BHK-21 1.0 � 102 5.2 � 103 1.3 � 103 2.8 � 104 1.0 � 108

MCF-7 1.2 � 102 1.7 � 104 3.7 � 103 7.7 � 104 1.2 � 108

HepG2 10–20 1.6 � 104 2.9 � 103 7.8 � 104 2.0 � 107

Hep3B ND 1.5 � 104 2.9 � 103 6.5 � 104 1.1 � 108

Huh-7 1.6 � 102 6.2 � 104 1.3 � 104 3.7 � 105 1.8 � 108

a Results are presented as the average from six different batches of pseudotype
virus preparations. E1-G or E1-G/E2-G pseudotype titer variations were within
� 20% of the average virus titer, while variations of E2-G were � 10%. How-
ever, VSVts045 titers varied by � 5% in repeated experiments. ND, not deter-
mined.
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Huh-7 cells were incubated with LDL at 4°C for 30 min prior
to the addition of the pseudotype virus. LDL had a �46% in-
hibitory effect on E1-G/E2-G pseudotype virus titer at 150 �g/
�106 cells. On the other hand, LDL reduced E1-G pseudotype
virus titer by 60% at 75 �g/�106 cells (Fig. 4). However, LDL
failed to significantly reduce the plaque number of the E2-G
pseudotype under these experimental conditions, indicating a
possible role for LDL-R in E1-G-related pseudotype virus
entry. The nature of the interaction between HCV E1 and the
LDL-R family is not well understood at this time and will
require additional studies.

CD81 inhibits pseudotype virus infectivity. To determine
the role of the cell surface CD81 molecule in virus infectivity,
a monoclonal antibody (JS81) binding to the extracellular do-
main of CD81 and a different anti-CD81 MAb (5A6) were
used in a pseudotype virus neutralization assay. MCF-7 or
Huh-7 cells were incubated with serial dilutions of the mono-
clonal antibody at 32°C for 30 min. Antibody was removed,
and cells were extensively washed. Pseudotype virus generated
from E1-G and/or E2-G or the VSVts045 control of a prede-
termined titer was added onto antibody-adsorbed Huh-7 cells
to assess virus infectivity. A monoclonal antibody of the same

FIG. 2. Dose-dependent inhibitory role of heparin in pseudotype virus plaque formation. Virus of a known titer was incubated with the
indicated doses of heparin for 1 h and added onto a BHK cell monolayer for adsorption. VSVts045 was similarly treated with heparin and included
as a control in this assay. Cells were washed and overlaid with agar for plaque formation. The results are presented as the means of three inde-
pendent experiments together with standard deviations.

FIG. 3. Dose-dependent effect of NMSO3 on pseudotype virus plaque formation. Pseudotype virus of known titer or VSVts045 (control) was
treated with different concentrations of NMSO3 before addition to BHK cells. The results are shown as the mean plaque numbers with standard
deviations from three different experiments.
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isotype (IgG1) as that of an unrelated human parainfluenza
virus was used as a negative control under identical conditions.
Virus titers were determined by plaque assay as described
above. Incubation of Huh-7 cells with the monoclonal antibody
5A6 to human CD81 prior to pseudotype adsorption decreased
E2-G and E1-G/E2-G pseudotype plaque numbers by �60%
at a concentration of �2.5 �g/106 cells (Fig. 5). A further
increase in the concentration of antibody to CD81 did not
appreciably decrease pseudotype plaque numbers. On the
other hand, a higher concentration of JS81 (�40 �g/106 cells)
was required to inhibit E2-G or E1-G/E2-G pseudotype virus
titer to �60%. The difference in the concentrations of these
two CD81-specific antibodies for an inhibitory role on virus
infectivity appears to be due to the intrinsic nature of the
antibodies. Neither of these two MAbs displayed any signifi-
cant inhibitory effect on E1-G pseudotype virus. These results
further suggested that both E1 and E2 retain their individual
properties upon reconstitution into pseudotypes, and binding
of E2 with CD81 may facilitate pseudotype entry into mam-
malian cells.

DISCUSSION

In this study, we have used stable transfectants of BHK cells
expressing both of the chimeric envelope glycoproteins of
HCV onto the cell surface for generation of VSV/HCV pseu-
dotype by using VSVts045 as a backbone and observed that the
incorporation of E1 and E2 increases infectious titer of the
pseudotype in a number of mammalian cells. A significant
increase in titer of the pseudotype bearing both E1-G and
E2-G was consistently observed compared with pseudotype
bearing either of these glycoproteins alone. The increase in
pseudotype titer for coexpression of both of the glycoproteins
on the pseudotype surface may be due to an additive effect in
recognizing multiple receptor molecules on the cell surface by
the individual HCV glycoproteins. Alternatively, an associa-
tion between the ectodomains of the two envelope glycopro-

teins of HCV may create conformationally altered domains
leading to stronger ligand recognition by the host cell surface.
However, recent results from a study on lentivirus pseudotype
reactivity with MAbs directed against conformation-dependent
epitopes (42) suggest that coexpression of E1 and E2 on the
pseudotype surface may not alter the conformation of the ecto-
domains of HCV envelope glycoproteins. In the present study,
we have examined five different mammalian cell lines for in-
fectivity, and the pseudotypes exhibited a maximal plaque titer
in Huh-7 cells among the hepatocyte cell lines (Huh-7, Hep3B,
and HepG2). The G glycoprotein of the backbone VSVts045
used in pseudotype preparation does not appear to compro-
mise HCV-specific infectivity, as we consistently observed a
distinct functional role for HCV envelope glycoproteins locat-
ed on pseudotype particles and their role in infectivity. Each of
the pseudotype viruses have exhibited differential sensitivity to
a number of ligands in comparison to the parental VSV (7, 37).
Recently, MuLV and lentivirus pseudotypes have been gener-
ated from 293T cells by expression of an unmodified HCV
envelope genomic region (5, 20, 27). Overexpression of the
unmodified E1 and E2 may result in a loss of ER retention,
and a portion of these recombinant viral glycoproteins were
translocated onto the cell surface. However, the reported dif-
ferences in susceptibilities of the cell types to MuLV or lenti-
virus pseudotype (5, 52) and VSV pseudotype infectivity and
the role of individual virus glycoproteins in pseudotype infec-
tivity (7, 32, 36, 37) remain unclear at this time. The cell
surface expression levels of virus envelope glycoproteins sig-
nificantly contribute to the pseudotype titer (11). It was previ-
ously reported that the ectodomains of HCV E1 and E2, when
fused to the transmembrane domain and cytoplasmic tail of
VSV G glycoprotein, are efficiently expressed on the cell sur-
face (32). This contrasts with the expression system used for
the generation of human immunodeficiency virus-derived
HCV pseudotype associated with 293 T cells (5, 27). The pro-
duction of pseudotype virus in this manner (without modifica-

FIG. 4. Role of LDL-R in pseudotype virus infectivity. Prechilled Huh-7 cells were incubated with different concentrations of LDL for 30 min
at 4°C. Pseudotype virus of known titer was added to the cells and incubated for an additional 30 min. The cell monolayer was washed with ice-cold
DMEM, overlaid with agar, and transferred to 32°C for plaque formation. The mean values of the percent plaque reduction with standard
deviations from three different experiments are shown.
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tion for cell surface expression) is perhaps the first such oc-
currence reported in the literature. The modest efficiency of
MuLV or lentivirus pseudotypes derived from expression of
unmodified E1-E2 of HCV may not have precluded their use
in infectivity studies due to the high sensitivity of the green
fluorescent protein or luciferase reporter system. However, the
lack of infectivity from HCV E1 glycoprotein using a lentivirus
pseudotype system (27) is surprising, considering other studies
where MuLV/HCV E1 displayed a modest level of infectivity
(5) and upon experimental observations from our laboratory
and others (32, 36, 37).

Proteoglycans are present abundantly in the extracellular
matrices or cell surfaces and mediate many fundamental cel-
lular processes (25). A proteoglycan is formed by the linkage of
GAGs such as heparan sulfate or chondroitin sulfate to a
protein core. GAGs provide a mechanism of binding and ad-
herence for several human pathogens (46). Heparin-binding
proteins are known to interact with heparin via electrostatic

charge interactions generated between the negatively charged
sulfate groups on heparin and the positively charged amino
acids within the protein’s heparin-binding domain. This event
is followed by an initial virus-cell contact that facilitates an
interaction between the viral attachment protein and the re-
ceptor molecule. The pseudotype generated from the expres-
sion of both E1-G and E2-G was sensitive to the use of heparin
as an inhibitor of plaque formation in a manner similar to that
of the pseudotype generated with E2-G alone. The HVR1 of
E2 may bind with heparan sulfate to provide additional
means to facilitate virus attachment to host cells (4, 7). Fur-
ther examination with a negatively charged sulfated sialyl lipid,
NMSO3, has suggested inhibition of VSV/HCV pseudotype
virus infectivity which was significantly less than that of the
parental VSVts045. Pseudotypes sensitive to the inhibitory ac-
tivity of NMSO3 are likely to be affected at the first step of
interaction with the host cell surface. A �4-fold-lower dose of
NMSO3 was required to inhibit one-half of the pseudotype

FIG. 5. Blocking CD81 inhibits pseudotype plaque formation. MAb 5A6 or JS81 was used to block CD81 activity on Huh-7 cells. Cells were
separately incubated with CD81-specific antibodies at 32°C for 1 h, washed, and treated with a predetermined titer of pseudotype virus for plaque
assay. Results are shown as the mean percent neutralization with standard deviations from three different experiments.
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virus bearing both E1 and E2 compared to those pseudotypes
bearing a single HCV chimeric glycoprotein. These observa-
tions cannot explain the antiviral mechanism of NMSO3 based
solely on charged residues. Further studies will help in advanc-
ing our understanding of the mechanism of NMSO3-mediated
inhibition of virus infectivity.

The binding of HCV E2 to the major extracellular loop of
CD81, a tetraspanin expressed on various cell types, may play
a role in HCV infectivity (44). Our earlier study indicated that
anti-CD81 antibody or a soluble form of the CD81 ligand
partially blocks E2-G pseudotype infectivity (37). Other inves-
tigators have previously suggested that E2 binding of CD81 is
conformation dependent (21) and that E1E2 complexes bind
more efficiently to CD81 than truncated E2 (18). However, in
the present study, the use of anti-CD81 antibodies displayed a
similar effect in blocking the pseudotypes bearing both E1-G
and E2-G or E2-G alone, with only a slightly greater inhibition
displayed on the E1-G/E2-G pseudotype by MAb 5A6. The E2
glycoprotein or its truncated form (E2661) binds specifically to
CD81 (44). However, the considerable variance which exists in
the ability of the E2 protein from different HCV isolates to
interact with CD81 suggests that additional factors other than
CD81 may mediate viral recognition by liver cells. This is also
apparent from the infectivity of HepG2 cells to pseudotypes in
the absence of CD81 on the cell surface. However, a human
hepatocyte cell line, Huh-7, which has been observed to ex-
press CD81, displayed a significantly higher titer to VSV/HCV
pseudotype, indicating a potential role for CD81 in virus bind-
ing. A similar study that utilized an excess of LDL to compet-
itively occupy the LDL-R revealed that the E1-G pseudotype
appeared to have a more specific reliance upon the LDL-R. A
similar experiment with E1-G/E2-G suggested a lower inhibi-
tory effect upon competitive engagement of the LDL-R. A
partial inhibition of MuLV- or lentivirus-HCV pseudotype in-
fectivity by a polypeptide of the human CD81 large extracel-
lular loop or anti-CD81 antibody and a weak inhibition by
competitive engagement of LDL-R (5, 27, 52) further indi-
cated that HCV pseudotype virus infection may require the
expression of both CD81 and LDL-R (5).

Several lines of evidence suggest some common functional
properties of HCV envelope glycoproteins when reconstituted
onto surfaces of pseudotypes generated from VSV, MuLV,
and lentivirus packaging systems or from baculovirus-derived
HCV-like particles, which exhibit a complementary nature be-
tween these studies. These lines of evidence are as follows: (i)
an initial contact of HCV partly depends on sulfated polysac-
charides present on mammalian cells, and this contact ap-
peared to be stronger with the E2 glycoprotein of HCV (4, 7,
36, 37, 49); (ii) HVR1 of E2 contains a neutralizing epitope
along with other antigenic sites inducing neutralizing anti-
bodies in patient sera (6, 33, 38); (iii) CD81 may have a role
through interaction with E2 for virus infectivity (5, 23, 37),
while virus titer decreases to some extent upon interruption of
LDL-R activity, and this may be mediated via an E1-specific
interaction (5, 37); (iv) pseudotype virus generated from E1
and/or E2 requires low pH for infectivity (27, 37); (v) the titers
of neutralizing antibodies were distributed among sera from
patients infected with other genotypes of HCV (33), and sim-
ilar observations were also made with pseudotyped HCV
E1/E2 on retroviral core-packaging components with green

fluorescent protein integration signals (6); and (vi) human
monoclonal antibodies directed to E2 exhibit only partial neu-
tralization (�50 to 60%) of E2 or E1-E2 pseudotype virus (38,
42), while higher plaque reduction (80 to 90%) of the E2
pseudotype was observed with an HVR1 mimotope-specific
rabbit antiserum or other antibodies (6, 27, 38).

The major functional difference observed between the
MuLV or lentivirus pseudotype and the VSV/HCV pseudo-
type was the restricted cell tropism (5, 27), and the reason for
this difference is not clear at present. Differences in titer were
also observed between Huh-7 and Hep3B cells by pseudotypes
generated from MuLV and lentivirus (5, 52). We generated the
VSV/HCV pseudotype where the machinery and cellular re-
quirements of VSVts045 was used for virus plaque formation
in mammalian cells as a readout for infectivity titer. Even a low
number of pseudotypes from this system can generate distinct
and visible plaques from replication of the parental VSVts045
genome at a permissive temperature (32°C) in a number of
mammalian cell lines. The HCV envelope glycoprotein density
may be significantly reduced in MuLV or lentivirus particles, as
these pseudotypes are generated from natural ER resident
viral glycoproteins. This may result in a low level of ligand
incorporation into the lentivirus/HCV pseudotype and might
be responsible for an inability to infect those cell lines which
display lower receptor availability or susceptibility to infection.
The CMV promoter driving a reporter gene incorporated into
the MuLV or lentivirus pseudotype may also not accurately
reflect the infectivity titer after normalization with the level of
p24 as the input virus, and a known high background of p24
antigen concentration is often observed from both enveloped
particles and naked cores. A previous report has suggested that
the production of functional MuLV/visna virus pseudotypes
requires efficient incorporation of the visna virus envelope
constructs into MuLV cores (11). The pseudotype preparation
may contain both enveloped particles and naked cores, and
both particle types will be quantitated in the reverse transcrip-
tase assay. MuLV/VSV-G pseudotypes were shown to have
higher specific infectivity compared to the MuLV/visna virus
pseudotypes. However, in repeated experiments, MuLV/VSV-
G pseudotypes had lower reverse transcriptase activity but
always had the highest specific infectivity. This finding suggests
that the incorporation of MuLV cores into VSV-G-containing
envelope is more efficient than the incorporation of cores into
the visna virus envelopes or that the VSV-G envelope is more
fusogenic or functional than the visna virus envelope glycopro-
tein when incorporated into MuLV cores, resulting in a higher
specific infectivity.

In summary, we have observed a significantly higher VSV/
HCV pseudotype titer generated from cell lines coexpressing
both E1-G and E2-G in comparison to either of these glyco-
proteins alone on pseudotype particles. Transmembrane re-
gions of E1 and E2 are suggested to be involved in the folding
of the glycoproteins (16, 41, 43), and previous studies have also
suggested that the ectodomains of E1 and E2 may participate
in this process as well (51) and may be sufficient for het-
erodimer formation (49). Our results clearly indicate that the
presence of the ectodomains alone from both E1 and E2 of
HCV significantly increases infectious pseudotype titer. Based
on our results, future studies are necessary to further under-
stand the nature of interactions between the ectodomains of
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HCV envelope glycoproteins and their interplay with mamma-
lian cells in facilitating virus attachment and entry into suscep-
tible host cells.
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