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The mechanism of entry of hepatitis C virus (HCV) through interactions between the envelope glycoproteins
and specific cell surface receptors remains unclear at this time. We have previously shown with the vesicular
stomatitis virus (VSV)/HCV pseudotype model that the hypervariable region 1 of the HCV E2 envelope
glycoprotein helps in binding with glycosaminoglycans present on the cell surface. In this study, we have
examined the binding of HCV envelope glycoproteins with chemically modified derivatives of heparin. Fur-
thermore, we have determined the functional relevance of the interaction of heparin derivatives with HCV
envelope glycoproteins for infectivity by using a human immunodeficiency virus (HIV)/HCV pseudotype, a
VSV/HCV pseudotype, and cell culture-grown HCV genotype 1a. Taken together, our results suggest that the
HCV envelope glycoproteins rely upon O-sulfated esters of a heparin homologue to facilitate entry into
mammalian cells.

We first reported the generation of a vesicular stomatitis virus
(VSV)/hepatitis C virus (HCV) pseudotype to understand the
role of the ectodomains of HCV envelope glycoproteins in rela-
tion to the initiation of virus infection (20). Since VSV particles
assemble at the plasma membrane (1), we expressed chimeric
HCV envelope glycoproteins (E1G and E2G) by appending the
transmembrane domain and cytoplasmic tail of VSV glycoprotein
at their C termini to provide membrane anchor signals. This
modification allowed for the localization of the glycoproteins to
the cell surface for efficient incorporation onto VSV pseudotype
particles. Pseudotypes generated from either E1G or E2G which
had been expressed individually displayed a low level of infectiv-
ity, while the presence of both envelope glycoproteins significantly
increased the infectious titer of the pseudotype (26). Interestingly,
each HCV envelope protein is suggested to have class I and/or
class II fusion peptide motifs (10, 11, 12, 31), which may contrib-
ute to the infectivity of the parent virus. Murine leukemia virus
(MuLV)- and human immunodeficiency virus (HIV)-derived
pseudotypes were subsequently generated from human embry-
onic kidney epithelial cells (293T) by the expression of an unmod-
ified HCV envelope genomic region (5, 15). Although there are
apparent differences, the overall observations from MuLV- and
HIV-derived pseudotypes were similar to observations from the
VSV/HCV pseudotype (8, 26). We have previously observed that
the E2 glycoprotein binds to cell surface glycosaminoglycans
(GAGs) (7, 24). Further studies suggested that the hypervariable
region 1 (HVR1) of E2 binds with heparin, and the infectivity of
the VSV/HCV pseudotype is diminished in the presence of sol-
uble GAGs or decreased after the enzymatic removal of heparin-

like GAGs from the cell surface (7). A different group of inves-
tigators have suggested that HCV particles can be efficiently
purified from patient sera by using heparin, and GAG binding
sites are located within E2 (27, 32).

The binding of E2 with a heparin-like molecule appears to
facilitate VSV-derived pseudotype attachment to susceptible
mammalian cells, but E2 could not be identified as a single
entry receptor (7). Other investigators have also reported that
virus-like particles containing E2 and HCV from plasma of
chronically infected patients interact with heparan sulfate (HS)
proteoglycans for cellular binding (3, 13). CD81, a tetraspanin
molecule present on some cell surfaces, has been implicated in
facilitating HCV entry (21, 29, 33), although the mechanism of
virus entry related to this protein remains unknown at this
time. We have recently grown HCV genotype 1a in cell culture
(17). In this study, we have analyzed the role of HCV envelope
glycoproteins in the interaction with chemically modified hep-
arin derivatives to further elucidate the mechanism of HCV
entry by using HIV- and VSV-derived pseudotypes and cell
culture-grown HCV genotype 1a.

MATERIALS AND METHODS

Reagents. Heparin, oversulfated heparin, de-O-sulfated heparin, de-N-sul-
fated heparin, 2-O-desulfated heparin, 6-O-desulfated heparin, and desulfated
heparin were procured from Neoparin Inc., San Leandro, CA. Mouse monoclo-
nal antibody to HCV E1 (3D5/C3) and E2 (3E5-1) and affinity-purified E1/E2 or
E2 glycoprotein of HCV genotype 1a produced in a CHO cell line were kindly
provided by Michael Houghton (Chiron Corporation). A fluorescein-conjugated
monoclonal antibody (C8A018F) to the HCV NS4 region (Biodesign) was used
for the detection of HCV protein in focus-forming assays of virus-infected cells.

Enzyme-linked immunosorbent assay (ELISA). Recombinant E2 glycoprotein
was used in a polysaccharide binding assay as described previously (1). The mono-
clonal antibody to E2 (3E5-1) and a peroxidase-conjugated goat anti-mouse immu-
noglobulin G were used to detect the binding of E2 on polysaccharide-coated wells.

Generation of pseudotypes and cell culture-grown HCV. The incorporation of
HCV E1G and E2G chimeric glycoproteins onto a temperature-sensitive mutant
of VSV (VSVts045) has been previously described (7, 20, 24, 25, 26). The titers of
VSV-derived pseudotypes were determined by a plaque assay (20). HIV-derived
pseudotypes were generated by the expression of the E1G and E2G gene constructs
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(26) in trans from HCV genotype 1a (GenBank accession number M62321) or from
an unmodified E1-E2 genomic sequence (corresponding to amino acid residues 174
to 746) from H77C genotype 1a (GenBank accession number AF011751). A PCR-
amplified genomic region was cloned into the pcDNA3 mammalian expression
vector (Invitrogen, Carlsbad, CA) under the control of a cytomegalovirus promoter.
HIV pseudotypes were generated by the cotransfection of a subclone of human
embryonic kidney epithelial cells (293FT; Invitrogen) with equal quantities of plas-
mid DNA (4 �g total/35-mm2 dish) expressing the full-length HCV glycoprotein
region, equal quantities of HCV glycoprotein chimeric constructs, or empty vector
(negative control) and the envelope-defective pNL4.3.Luc.R�E� proviral genome
by using Lipofectamine 2000 (15). Variations in p24 amounts (Beckman Coulter,
Fullerton, CA) were observed in batches of HIV-derived pseudotypes, which could
be due to differences in the efficiencies of pseudotype formation or the generation of
bald particles. Therefore, to minimize artifacts, infectivity was expressed as relative
luciferase units (RLU). Target cells were seeded into 24-well plates and incubated
with viral supernatants in 3% fetal bovine serum-Dulbecco’s modified Eagle’s me-
dium containing polybrene (5 �g/ml). Cells were washed and lysed with 50 �l of
reporter lysis buffer after 72 h of incubation. Cell lysates (20 �l) were analyzed for
luciferase activity by the addition of substrate (Promega, Madison, WI) in a lumi-
nometer (Lumat LB 9507; Berthold Technologies, Oak Ridge, TN).

HCV genotype 1a (H77) was grown in immortalized human hepatocytes as
recently described (17). Virus growth was measured in serial dilutions of cell
culture supernatant filtered through a 0.45-�m-pore-size cellulose acetate mem-
brane (Nalgene, Rochester, NY) by a fluorescent-focus-forming assay (17). The
HCV titer was calculated as �105 focus-forming units (FFU)/ml.

Assay for the inhibition of virus infection. Inhibitors were added to a prede-
termined titer of the HIV/HCV pseudotype (�5 � 104 RLU/reaction), the
VSV/HCV pseudotype (�100 PFU/reaction), or cell culture-grown HCV (�100
FFU/reaction), and the mixture was incubated for 1 h at 37°C. The inhibitor-virus
mixture was added to the cell monolayer. Untreated viruses were used similarly
for comparison. Cells were washed following incubation, and infectivity was
determined as described previously (17, 18, 24).

Western blot analysis. Culture fluid (10 ml) containing pseudotype virus or
culture fluid from mock-transfected cells was clarified, pelleted by ultracentrif-
ugation, and analyzed as previously described (26). Affinity-purified HCV E1 and
E2 were used as envelope glycoprotein markers in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. HCV E1 or E2 protein was detected using
specific mouse monoclonal antibody and anti-mouse immunoglobulin conjugated
to peroxidase, followed by chemiluminescence.

RESULTS

Characterization of the HIV/HCV pseudotype. HIV-derived
pseudotypes with a chimeric E1G-E2G sequence (26) or an
unmodified E1-E2 sequence were generated to investigate the
role of the ectodomains of E1 and E2 in virus entry. The
plasmids expressing chimeric E1G and E2G from HCV geno-
type 1a (GenBank accession number M62321) under the con-
trol of a cytomegalovirus or MuLV promoter have been de-
scribed previously (8, 26). These chimeric E1G and E2G
expression plasmids differ from that used by Hsu et al. (15) in
containing the signal sequences of E1 and E2 envelope pro-
teins. The E1G and E2G constructs used by Hsu et al. (15)
contained the signal sequence of VSV envelope glycoprotein.
Western blot analysis demonstrated that both pseudotype
preparations incorporated E1 and E2 glycoproteins onto HIV
particles (Fig. 1A). Reprobing the blot with an antibody to p24
(HIV capsid protein) suggested a difference in the levels of
HCV E1G/E2G and E1-E2, which may be due to variations in
protein loads. HIV-derived pseudotypes generated from E1G-
E2G and unmodified E1-E2 induced comparable levels of re-
porter luciferase activity (6 � 104 to 4 � 105 RLU) in Huh-7
and Hep3B cells (Fig. 1B), and these levels were much higher
than those apparent in the nonhepatic MCF-7 and BHK cell
lines (�0.5� 103 to 1.2 � 103 RLU). The luciferase reporter
activity of the HIV/VSVG pseudotype (as a positive control) in
Hep3B cells was 5- to 10-fold higher than that observed in

Huh-7, MCF-7, or BHK cells. This difference could be due to
a variation in the transduction efficiencies of the lentivirus-
mediated delivery system based on species and cell types (14,
16, 22), as it is not accurately reflected in the natural VSV
infectious titers across these same cell lines (data not shown).
Culture supernatant from cells transfected with empty-vector
DNA as a negative control displayed an undetectable level
(�102 RLU) of luciferase activity (data not shown). The re-
sults from this set of experiments indicated that HCV envelope
glycoproteins from chimeric or unmodified sequences are in-

FIG. 1. Generation and characterization of HIV-derived pseudotype
viruses. (A) Incorporation of unmodified and chimeric envelope glyco-
proteins of HCV onto HIV-derived pseudotype particles. Pelleted
pseudotype virus was lysed, subjected to sodium dodecyl sulfate–12%
polyacrylamide gel electrophoresis, and transferred onto a nitrocellulose
membrane for Western blot analysis using anti-E2 or anti-E1 specific
monoclonal antibody. The positions of E2 and E1 are shown by arrows on
the right. Viral proteins were authenticated from the positions of purified
E1 and E2 glycoproteins and from molecular masses by comparison with
prestained protein markers (Bio-Rad). The blot was reprobed with anti-
body to p24 for comparison of the levels of HCV envelope glycoproteins
in the lanes. (B) Pseudotype viruses were examined for infectivity in
Huh-7, Hep3B, MCF-7, and BHK cells by a luciferase reporter assay.
Luciferase activities are presented as the means with standard deviations
of results from five different experiments. The infectivity of the HIV-VSV
glycoprotein pseudotype from diluted (1/100) culture medium was used as
a positive control.
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corporated onto HIV-derived pseudotype particles and these
particles display a level of infectivity which is comparable to
that of particles generated using the native envelope sequence.

Sulfation is required for the binding of E2 to heparin. Hep-
arin is a complex polysaccharide composed of repeating disac-
charides of uronic acid and glucosamine. The disaccharide
units may be biosynthetically modified as N-acetyl or N-sulfate
glucosamine, 2-O-sulfate uronic acid, and 6-O-sulfate and/or
3-O-sulfate glucosamine. In oversulfated heparin, all primary
hydroxyls in glucosamine residues and a large proportion of
secondary hydroxyl groups in disaccharide units are replaced.
In de-N-sulfated heparin, the N-sulfated glucosamine residues
of heparin are removed. In contrast, in de-O-sulfated heparin,
all O-sulfate esters of heparin are removed without changing
the backbone structure and most of the negative charges con-
tributed by O-sulfates are eliminated.

Our previous findings (7) have suggested that an interaction
of cell surface GAGs with E2 may facilitate virus entry. GAGs
are long, unbranched polysaccharide chains consisting of re-
peating disaccharide units of an amino sugar (either N-acteyl-
glucosamine or N-acteylgalactosamine) and a hexuronic acid
(either glucuronic acid or its epimer, L-iduronic acid) that are
covalently attached via an O-glycosidic linkage between xylose
in the sugar chain and serine in the host cell membrane protein
to form proteoglycans. During GAG synthesis, the chain of
sugar residues may be further modified by N and/or O sulfa-
tion, de-N-acetylation, and variation in the chain length. While
GAGs are found on the surfaces of almost all animal cells, the
numbers and positions of sulfate groups and N-acetyl groups
and chain lengths as well as the total numbers of saccharide
chains per protein molecule contribute to the observed het-
erogeneity in GAG expression, which in turn determines the
specificity of the individual GAG interactions with a wide va-
riety of binding proteins (9). To identify the relevance of these
modifications in relation to the E2-GAG interaction, we
performed envelope glycoprotein binding experiments using
chemically modified heparin derivatives to analyze their indi-
vidual binding capacities as well as their abilities to act as
competitive inhibitors.

We first examined the interaction of complex carbohy-
drates with HCV E2 envelope glycoprotein by ELISA. The
carbohydrates included dextran sulfate, heparan sulfate,
heparin, chondroitin sulfate A (CS-A) and CS-B, and hyal-
uronic acid. Each of these complex carbohydrates has sub-
stantial sequence heterogeneity, with the exception of hyal-
uronic acid. Dextran sulfate displayed maximal binding with
E2 (Fig. 2A), and a similar level of binding between E2 and
GAGs (heparin, heparan sulfate, and chondroitin sulfate A
and B) was observed. As these GAGs have similar levels of
2-O-sulfation, the results suggested that 2-O-sulfation is
important for E2 binding. To further examine the impor-

FIG. 2. Comparison of the binding patterns of HCV envelope gly-
coprotein(s) with GAGs and heparin derivatives. (A) Polysaccharides
and GAGs (10 �g/well) were used to coat ELISA plates, and the
binding of HCV E2 was measured. The binding of the HCV envelope
glycoprotein was measured following incubation with a monoclonal
antibody to E2 (3E5-1) and a second antibody-horseradish peroxidase
conjugate. The absorbance was read at 405 nm, and optical densities
(O.D.) of experimental samples are presented as the means, together
with standard deviations, of results from three independent experi-
ments after the subtraction of negative control values (�0.15).
(B) Heparin and its derivatives at the indicated doses were used to coat
ELISA plates, and the binding of HCV E2 was measured following
incubation with a specific monoclonal antibody (3E5-1) as described
above. (C) Competitive inhibition of E2 binding to heparin by chem-
ically modified heparin derivatives and HVR1 peptide. An ELISA
plate was coated with highly purified E2 recombinant protein of HCV.
Serially diluted unlabeled HVR1, heparin, de-N-sulfated heparin, and
de-O-sulfated heparin were used as competitors. Biotin-conjugated

heparin at a fixed concentration was immediately added to the wells.
The binding of biotinylated heparin was measured after incubation
with streptavidin-horseradish peroxidase conjugate. Results are pre-
sented as the means together with the standard deviations of results
from three independent assays after the subtraction of negative control
values (�0.15).
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tance of O and N sulfation of the GAG, we compared the
binding activities of E2 with unmodified heparin and chem-
ically modified heparin (oversulfated heparin, de-N-sulfated
heparin, and de-O-sulfated heparin). Oversulfated heparin
is a derivative of heparin which is further sulfated at the N
position of glucuronic acid. De-N-sulfated heparin is a de-
rivative in which N-sulfate groups of the N-sulfated gluco-
samine residues of heparin are removed. De-O-sulfated
heparin is a derivative in which all O-sulfate esters of hep-
arin have been removed without changing the backbone
structure. Heparin or its derivatives were serially diluted

and used to coat ELISA plates, and the plates were incu-
bated with purified E2 protein. Absorbance was read against
that of a negative control to calculate the concentration of
E2 bound to heparin or its derivatives. Absorbance values
were found to be linearly related to concentrations of hep-
arin ranging between 50 and 800 ng/ml used for coating
ELISA plates (Fig. 2B). Oversulfated heparin displayed a
slightly higher level of E2 binding than unmodified heparin
between 100 and 400 ng/ml. The de-O-sulfated heparin or
de-N-sulfated heparin did not display a significant level of
binding with E2 at concentrations of up to 400 ng/ml, while

FIG. 3. Effects of heparin derivatives on the inhibition of HIV/HCV E1-E2 pseudotype infection. Pseudotypes were incubated with heparin
(A), oversulfated heparin (B), de-N-sulfated heparin (C), de-O-sulfated heparin (D), and desulfated heparin (E). A virus-antibody mixture was
added to Huh-7 cells for infection, and the inhibitory effects of heparin and its derivatives on virus infectivity are shown. The effects of heparin
derivatives on HIV/VSV glycoprotein pseudotype infectivity are shown in parallel as a control. The results are presented as means together with
standard deviations of results from three independent assays.

3936 BASU ET AL. J. VIROL.



de-N-sulfated heparin retained a weak binding at a higher
concentration (800 ng/ml).

The binding specificity of E2 in relation to the sulfated esters
of heparin was elaborated by a competition ELISA using hep-
arin, de-N-sulfated heparin, de-O-sulfated heparin, and HVR1
as competitors with a predetermined dose of biotinylated hep-
arin (Fig. 2C). The biotinylated heparin was treated with serial
dilutions of the competitors for 1 h at 37°C and added to
E2-coated ELISA plates (1 �g/well). A dose-dependent inhi-
bition of biotinylated-heparin binding to E2 was observed us-
ing an HVR1-specific peptide and heparin. However, de-N-
sulfated heparin and de-O-sulfated heparin displayed lesser

extents of inhibition than heparin. The results of the binding
assay, and the competitive inhibition, suggested that the spe-
cific occupation of sulfate sites is required for the binding of E2
to heparin.

Sulfation of heparin is necessary for the inhibition of
pseudotype infectivity. We have compared the inhibitory ef-
fects of heparin and its derivatives on the infectivities of
pseudotypes. HIV/HCV E1-E2 and HIV/VSVG pseudotypes
were incubated with various concentrations of heparin or its
derivatives at 37°C and subsequently added to Huh-7 cells (Fig.
3). The 50% inhibitory concentration (IC50) for the HIV/HCV
E1-E2 pseudotype was 0.5 �g/ml for heparin (Fig. 3A) and

FIG. 4. Effects of heparin derivatives on the inhibition of VSV/HCV E1G/E2G pseudotypes. Pseudotypes were incubated with heparin (A),
oversulfated heparin (B), de-N-sulfated heparin (C), de-O-sulfated heparin (D), and desulfated heparin (E). A virus-antibody mixture was added
to Huh-7 cells for infection, and the inhibitory effects of the heparin and its derivatives on virus infectivity are shown. The effects of heparin
derivatives on VSV glycoprotein pseudotype infectivity are shown in parallel as a control. The results are presented as means together with
standard deviations of results from three independent assays.
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oversulfated heparin (Fig. 3B), while the HIV/VSVG
pseudotype (control) did not display comparable inhibition at
similar doses. De-N-sulfated heparin displayed similar inhibi-
tion of virus infectivity at concentrations between 1 and 4
�g/ml (Fig. 3C), while de-O-sulfated heparin (Fig. 3D) and
desulfated heparin (Fig. 3E) did not display a significant in-
hibitory effect on pseudotype infection at concentrations be-
tween 0.25 and 4.0 �g/ml. We also utilized VSV pseudotypes to
understand the interactions of the chimeric E1G and E2G
glycoproteins with heparin or its derivatives (Fig. 4).

Heparin and oversulfated heparin inhibited VSV/HCV
E1G/E2G pseudotype infectivity in a dose-dependent manner,
and an IC50 of �6.25 �g/ml was noted (Fig. 4A and B). Similar
analyses did not suggest a significant inhibitory effect on
pseudotype virus harboring the VSV control glycoprotein. The
use of de-N-sulfated heparin suggested a slight loss in HCV
glycoprotein interaction and displayed an inhibitory effect of
de-N-sulfated heparin at �25 �g/ml. However, de-O-sulfated
heparin or desulfated heparin did not display a significant
inhibitory effect upon the VSV/HCV E1G/E2G pseudotype
(Fig. 4D and E). Results from these experiments indicated a
strong specific inhibition of HIV-derived pseudotype infection
at lower doses of heparin or its O-sulfated derivatives, while
the use of the VSV-derived pseudotype required a higher
quantity for the inhibition of infectivity.

To further determine the specificities of O-sulfated heparin

derivatives, pseudotypes were examined for the inhibition of
infectivity by de-2-O-sulfated heparin or de-6-O-sulfated hep-
arin (Fig. 5). The results from this inhibition study indicated
that both heparin derivatives are effective in inhibiting HIV-
derived pseudotypes with only a slight decrease in effectiveness
compared to heparin (Fig. 5A and C). However, the removal of
6-O-sulfated esters from the heparin backbone reduced the
ability to inhibit the infectivity of the VSV-derived pseudotype
to a level similar to that apparent with de-O-sulfated heparin
(Fig. 5B and D). The loss of 2-O-sulfation greatly reduced the
inhibitory effect, but inhibition was still apparent at �50 �g/ml.
On the other hand, both the heparin derivatives had relatively
weak inhibitory effects on the glycoprotein used as a control.
As in the observations described in the legend to Fig. 4, the
sensitivities of the inhibitory effects of the heparin derivatives
varied significantly based upon dose and the nature of the
pseudotypes used in the studies. HIV-derived pseudotypes
were highly sensitive to lower doses, while VSV-derived
pseudotypes were inhibited with higher quantities of the hep-
arin derivatives. The differences in susceptibilities of the
pseudotypes could be due to the sensitivity of each assay or the
numbers of glycoproteins incorporated onto virus particle sur-
faces by using each method.

O-sulfated heparin is effective in inhibiting infection with
cell culture-derived HCV. To examine if interactions with cer-
tain GAGs on the surfaces of hepatocytes may facilitate the

FIG. 5. Effect of O-sulfated heparin derivatives on the inhibition of HIV/HCV E1-E2 or VSV/HCV E1G/E2G pseudotypes. HIV-derived
pseudotypes were incubated with de-2-O-sulfated and de-6-O-sulfated heparin (panels A and C, respectively), and the inhibitory effects upon
pseudotype infectivity at different doses were determined. Similar analyses were performed with VSV-derived pseudotypes by using de-2-O-
sulfated and de-6-O-sulfated heparin (panels B and D, respectively). The results are presented as means together with standard deviations of
results from three independent assays.
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attachment and entry of HCV genotype 1a, we performed an
inhibition-of-infection study in the presence of heparin and its
derivatives with immortalized human hepatocytes as previ-
ously described (17). The results (Fig. 6) suggested similar
dose-dependent levels of inhibition of infection by heparin and
de-N-sulfated heparin (IC50 of �6.25 �g/ml). However, the
de-O-sulfation or desulfation of heparin significantly reduced
the inhibitory effect on virus infection. Further, while de-2-O-
sulfated heparin only partially inhibited virus infection, de-6-
O-sulfated heparin tested at concentrations of up to 50 �g/ml
failed to display any significant inhibitory effect upon HCV

infection in this set of experiments. Typical results from the use
of 50 �g/ml of GAGs in the inhibition of virus focus formation
are shown (Fig. 7). Together, these data are in agreement with
our results for the pseudotype virus and suggest the impor-
tance of 6-O-sulfated esters for the interaction of cell surface
GAGs with HCV for attachment.

DISCUSSION

We have utilized two different pseudotype systems and cell
culture-grown HCV genotype 1a to understand the nature of
the interactions of HCV envelope glycoproteins with cell sur-
face molecules in facilitating the entry of pseudotype or cell
culture-grown HCV into susceptible host cells. Our results
from HIV-derived pseudotypes harboring chimeric E1G-E2G
clearly displayed the ability to infect Huh-7 and Hep3B cells.
Thus, the replacement of the C-terminal regions of HCV E1
and E2 glycoproteins with that of VSV glycoprotein does not
appear to enhance or abolish infectivity in the HIV-derived
pseudotype model. The reason for this discordance with results
in an earlier report (15) remains unknown at this time. The
chimeric glycoproteins used by Hsu et al. (15) contained a
signal peptide sequence of VSV glycoprotein unlike our chi-
meric E1G-E2G constructs (26). A recent study from Pfeiffer
et al. (28) demonstrated that the replacement of an HIV en-
velope signal peptide sequence with heterologous signal pep-
tides, derived from erythropoietin and tissue plasminogen ac-
tivator, decreases the infectivity of HIV. The decrease is due to
the incomplete removal of the signal peptide from the mature
protein and/or the incomplete folding of the HIV envelope
protein for premature removal of the signal peptide. Our ear-
lier observations (20, 26) and a report from a different group of
investigators (23) also indicated that the ectodomains of the
HCV envelope glycoproteins are sufficient for the infectivity of
the VSV/HCV pseudotype.

In this study, we have determined the structural require-
ments of HS by using chemically modified heparin as an ana-

FIG. 6. Inhibitory effect of heparin and its derivatives upon the
infectivity of cell culture-grown HCV genotype 1a. Cell culture-grown
virus was incubated with GAGs at the indicated doses prior to addition
to immortalized human hepatocytes. Cells were incubated for 3 days,
and the fluorescent-focus formation was determined by immunofluo-
rescence using NS4-fluorescein isothiocyanate-conjugated monoclonal
antibody (Biodesign). Nuclear staining was performed with TO-PRO-3
(Molecular Probes). The percent inhibition was calculated based on
the number of fluorescent foci compared to that in the untreated
positive control. The results are presented as means together with
standard deviations of results from triplicate experiments.

FIG. 7. Results from a typical focus-forming assay of HCV H77 genotype 1a with and without GAG, as described in the legend to Fig. 6, are
shown. Fluorescent-focus formation in the untreated positive control (a) and inhibition by 50 �g/ml of heparin (b), de-N-sulfated heparin (c),
de-O-sulfated heparin (d), de-2-O-sulfated heparin (e), de-6-O-sulfated heparin (f), and de-sulfated heparin (g) are shown.
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logue of cell surface-expressed heparan sulfate to analyze
HCV glycoprotein binding. The HIV pseudotype displayed
high sensitivity to the inhibition of infection by GAGs com-
pared to the VSV pseudotype, and the saturation threshold
appeared to be narrower with the HIV pseudotype than with
the other infectious systems. The inhibitory effect of heparin or
its derivatives at lower concentrations could be due to a lower
level of incorporation of the natural endoplasmic reticulum-
resident HCV envelope glycoproteins onto the HIV particle
surface or due to a change in the glycosylation pattern of the
E2 protein, as well as a higher sensitivity for readout of HIV-
derived pseudotypes. Recently, Koutsoudakis et al. (19) have
reported that the interactions of HCV with cell surface-resi-
dent GAGs aid in the efficient infection of Huh-7 cells and that
CD81 acts during a postattachment step. They have demon-
strated that heparin, but not other soluble GAGs which differ
in their degree of sulfation and the composition of disaccha-
ride units, competes with HCV particles for productive entry
into Huh-7-Lunet cells, suggesting that interactions with a spe-
cific, highly sulfated type of GAG may contribute to efficient
HCV infection. This observation agrees with our previous and
present findings that the HCV envelope glycoproteins play a
significant role in binding with heparin and may facilitate virus
infection (7, 26). Therefore, synergism between observations
from cell culture-grown virus and those from pseudotype
models is emerging.

At the time of the preparation of this paper, Barth et al. (4)
had reported that four viral epitopes overlapping the E2
HVR1 and E2-CD81 binding domains mediate HS binding.
The HCV-HS binding requires a specific HS structure that
includes N-sulfated groups and a minimum of 10 to 14 saccha-
ride subunits. They had also shown the binding of E1 to hep-
arin, but to a lesser extent, as we previously observed (24). A
direct comparison of our experimental data with those from
Barth et al. (4) is somewhat difficult, although there are ele-
ments to clarify these different conclusions. As the only appar-
ent difference between the working materials of our two groups
is the subtype of recombinant HCV envelope glycoproteins
and HCV pseudotype particles used, the reason behind these
differences remains to be determined. Further, in the inhibi-
tion of retrovirus-derived HCV pseudotypes, Barth et al. uti-
lized heparins with different degrees of sulfation (but not the
desulfated heparin derivatives included in our work) at a single
concentration of 10 �g/ml. Furthermore, CS-A has the same
degree of binding to E2 as other forms of GAGs except for
hyaluronic acid (Fig. 2A), suggesting that CS-A should inhibit
HCV attachment and entry. Yet in the study by Barth et al.,
CS-A did not inhibit HCV pseudotype particle entry. A more
directly comparable difference is the binding to E2 of heparin
and its de-O-sulfated form (Fig. 2B). Our results presented
here using a lower concentration of heparin derivatives were
unable to indicate a significant difference in the binding of
de-N- and de-O-sulfated GAGs. In fact, all evidence indicated
a slightly higher level of reactivity for the binding of de-N-
sulfated heparin that was linear. While the de-O-sulfated hep-
arin did not bind to E2, in the Barth et al. study, both de-2-
O-sulfated and de-6-O-sulfated forms blocked E2 binding to
target cells. Barth et al. have observed the binding properties
of insect cell-derived HCV-like particles and individual recom-
binant E1 and E2 glycoproteins from HCV genotype 1b (iso-

late BE11) to determine specific reactivities to heparin deriv-
atives. In these experiments, the presence of N-sulfated groups
appeared to be necessary for GAG-HCV binding, while the
inhibition of infection with HCV pseudotype particles by these
derivatives was not investigated. To further clarify the discrep-
ancies between our observations and those of Barth et al., each
of the heparin derivatives used in our study was further ana-
lyzed for the ability to inhibit infection with cell culture-derived
HCV and two separate pseudotype systems. Our results fur-
ther indicated the importance of O-sulfated groups for the
interaction of cell surface GAGs with HCV for attachment.

A number of different cell surface molecules have been
proposed for the attachment of HCV, suggesting that multiple
interactions with HCV envelope glycoproteins may occur (2, 3,
5, 6, 7, 15, 24, 26). However, none of the studies so far have
demonstrated a complete receptor function for HCV entry
into mammalian cells. We have previously shown with the
VSV-derived pseudotypes that the inhibition of low-density
lipoprotein receptor activity may partially interfere with E1
pseudotype infectivity while the inhibition of a CD81 interac-
tion disrupts E2 pseudotype infectivity, as well as the infectivity
of pseudotypes expressing both envelope glycoprotein ectodo-
mains (24, 26). However, a high-affinity binding of E2 to CD81
is not a common feature of all HCV genotypes and the level of
HCV entry has also been suggested to correlate with low-
density lipoprotein receptor expression (30). The results from
our present study suggest that E2 displays a loss of binding with
desulfated heparin and that the infectivity of HIV- or VSV-
derived pseudotypes and cell culture grown-HCV genotype 1a
is inhibited by heparin but not by desulfated heparin. Our
results from heparin derivatives clearly indicate that O-sul-
fated heparin is more effective in inhibiting infection with both
pseudotypes and cell culture-derived HCV. Further studies
should help in understanding the role of HCV envelope gly-
coproteins in the orchestration of virus entry through a specific
receptor(s) into mammalian cells.
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