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We discovered that the hepatitis C virus (HCV)
envelope glycoprotein E2 binds to human hepatoma
cell lines independently of the previously proposed
HCV receptor CD81. Comparative binding studies
using recombinant E2 from the most prevalent 1a and
1b genotypes revealed that E2 recognition by hepa-
toma cells is independent from the viral isolate, while
E2±CD81 interaction is isolate speci®c. Binding of
soluble E2 to human hepatoma cells was impaired by
deletion of the hypervariable region 1 (HVR1), but the
wild-type phenotype was recovered by introducing a
compensatory mutation reported previously to rescue
infectivity of an HVR1-deleted HCV infectious clone.
We have identi®ed the receptor responsible for E2
binding to human hepatic cells as the human scaven-
ger receptor class B type I (SR-BI). E2±SR-BI inter-
action is very selective since neither mouse SR-BI nor
the closely related human scavenger receptor CD36,
were able to bind E2. Finally, E2 recognition by
SR-BI was competed out in an isolate-speci®c manner
both on the hepatoma cell line and on the human
SR-BI-transfected cell line by an anti-HVR1 monoclo-
nal antibody.
Keywords: hepatitis C virus/hypervariable region 1/
scavenger receptor class B type I/second envelope
glycoprotein

Introduction

It is estimated that ~3% of the world's population is
infected by hepatitis C virus (HCV) (Wasley and Alter,
2000). Exposure to HCV results in an overt acute disease
in a small percentage of cases, while in most instances the
virus establishes a chronic infection, causing liver in¯am-
mation that progresses slowly to liver failure and cirrhosis
(Strader and Seeff, 2001). Epidemiological surveys indi-
cate that HCV plays an important role in the pathogenesis
of hepatocellular carcinoma (Strader and Seeff, 2001).
Currently available therapies are limited to administration
of interferon-a (IFNa) on its own or in combination with

ribavirin (Fried and Hoofnagle, 1995; McHutchison et al.,
1998). Such treatments are expensive, show low response
rates and carry the risk of signi®cant side effects.
Consequently, the development of an HCV vaccine
remains a high priority goal. Most efforts have been
directed toward the two envelope glycoproteins E1 and
E2, since chimpanzees immunized with puri®ed recombin-
ant E1/E2 heterodimeric proteins were shown to be
protected from challenge with a low dose of homologous
virus (Choo et al., 1994). However, a major concern still
remains as to whether the response elicited by recombinant
proteins from one particular viral isolate would be
effective against heterologous viral inocula. In fact,
HCV displays a high rate of mutation, and has been
classi®ed into distinct genotypes (1±6) and subtypes (a±c)
whose distribution varies both geographically and between
risk groups (Robertson et al., 1998; Wasley and Alter,
2000). Moreover, as a consequence of the high mutation
rate during replication, HCV exists in the bloodstream of
infected patients as a quasi-species. The most variable
region of the genome is the hypervariable region 1
(HVR1), a 27 amino acid segment located at the
N-terminus of the E2 glycoprotein (Hijikata et al., 1991;
Weiner et al., 1991). This region is a target of anti-HCV
neutralizing antibodies and undergoes gradual diversi®ca-
tion of its sequence during the course of infection,
probably resulting from intense immunological pressure
(Farci et al., 1994, 1996; Korenaga et al., 2001; Mondelli
et al., 2001). Recently, it was shown that a number of
highly conserved segments exist within HVR1, suggesting
that the structural and immunological variability is more
limited than the heterogeneity found in the primary
sequence (Puntoriero et al., 1998; Sobolev et al., 2000;
Penin et al., 2001).

A major stumbling block in understanding the HCV
infection mechanism and in testing the neutralizing
potential of anti-HCV humoral responses elicited by
candidate vaccines is the lack of an ef®cient cell culture
system to study viral attachment and entry. An alternative
approach is the identi®cation and characterization of
interactions between viral and host cell components, and
considerable efforts have been directed at the identi®ca-
tion of HCV receptor(s).

The low density lipoprotein (LDL) receptor has been
shown to mediate HCV internalization via binding to virus
associated LDL particles, a phenomenon common to many
viruses that, like HCV, belong to the Flaviviridae family
(Agnello et al., 1999). At present, it is not clear whether
this mechanism of viral entry would permit productive
viral infection, and alternative routes probably exist as
suggested by studies with LDL receptor-de®cient cells
(Agnello et al., 1999).

A second putative HCV receptor, the tetraspanin CD81,
has been identi®ed by using soluble recombinant E2 from
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HCV genotype 1a for binding studies to human cells
(Pileri et al., 1998). Since CD81 displays high af®nity for
E2 and because the presence of high titers of anti-E2
antibodies capable of blocking E2±CD81 interaction
correlates with protection of vaccinated chimpanzees, it
has been suggested that CD81 plays a role in viral entry
(Rosa et al., 1996; Petracca et al., 2000). However,
evidence points toward this molecule as being perhaps
required, but not suf®cient for HCV infection. First of all,
CD81 is expressed in most cell types, while HCV is a
hepatotropic virus; secondly, CD81 has a poor capacity to
mediate internalization (Petracca et al., 2000). Further-
more, E2 binding to CD81 does not correlate with species
permissiveness to HCV (Allander et al., 2000; Meola et al.,
2000). Finally, CD81 binds ef®ciently to E2 proteins
from the 1a genotype, but only weakly recognizes
E2 from highly prevalent 1b variants (Yagnik et al.,
2000; Triyatni et al., 2002; R.M.Roccasecca, H.Ansuini,
A.Vitelli, A.Meola, E.Scarselli, S.Acali, M.Pezzanera,
B.B.Ercole, J.McKeating, A.Yagnik, A.Lahm,
A.Tramontano, R.Cortese and A.Nicosia, submitted).

In searching for alternative cell surface molecules
capable of interacting with HCV E2, we discovered and
describe below that human hepatoma HepG2 cells do not
express CD81 on their surface, and yet they ef®ciently
recognize E2 proteins from different isolates. By revers-

ible cross-linking with E2, we identi®ed an 82 kDa
glycosylated molecular species as the most likely candi-
date. Characterization of E2 binding after chemical or
enzymic modi®cation of the cell surface led to the
identi®cation of the scavenger receptor type B class I
(SR-BI) as the E2 receptor on HepG2 cells.

Results

E2 proteins from different viral isolates bind to
hepatoma cells in a CD81-independent manner
The E2 glycoprotein derived from 1a isolates was shown
to interact with a variety of cells in a CD81-dependent
manner (Pileri et al., 1998; Flint et al., 1999).
Recombinant E2 glycoproteins from different strains of
the 1b genotype (BK-E2 and N2-E2) bound to CD81
displayed on the surface of Molt-4 cells signi®cantly less
ef®ciently than a genotype 1a variant E2 (Figure 1A, H77-
E2). In contrast, when tested for their binding to human
hepatoma cells Huh7 and HepG2, the variants showed
binding levels comparable to the H77-E2 prototype
(Figure 1A). Both Molt-4 and Huh7 cells express CD81
on their surface, though the latter at much lower levels
(Figure 1B). In contrast, HepG2 cells did not show
detectable CD81 on the cell surface (Figure 1B).
Therefore, E2 binding to hepatoma cells must result
from engagement of a receptor different from CD81.

To better characterize this interaction, HepG2 cells were
incubated with increasing amounts of H77-E2 protein. E2
binding to its novel putative receptor could be saturated
(half-saturation was observed with 0.5 mg E2), and from a
binding saturation curve we estimated an apparent Kd of
E2 for HepG2 cells of ~10±8 M (Figure 2).

Deletion of the HRV1 impairs HepG2 recognition,
but wild-type binding can be rescued by adaptive
mutations
We recently found that deleting the HVR1 (DHVR1)
improves binding to CD81 displayed on Molt-4 cells
(Figure 3A and R.M.Roccasecca, H.Ansuini, A.Vitelli,
A.Meola, E.Scarselli, S.Acali, M.Pezzanera, B.B.Ercole,
J.McKeating, A.Yagnik, A.Lahm, A.Tramontano,
R.Cortese and A.Nicosia, submitted). Testing the

Fig. 1. (A) Histograms showing the E2 binding of different viral isol-
ates to human cell lines as measured by FACS analysis. Values are
expressed as a percentage of the H77-E2 isolate binding. Molt-4 cells
are represented by the black histogram. The human hepatic cell line
Huh7 is represented by the dark gray histogram and the HepG2 cells by
the light gray histogram. (B) Cell surface expression of CD81 measured
on the different cell lines by FACS analysis with the anti-CD81
(mAb1.3.3.22) antibody in a direct binding assay. Molt-4 cells are
represented by the triangle, Huh7 by the circle and HepG2 by the
square. On the y axis net median ¯uorescence intensity (MFI) values
are reported.

Fig. 2. Binding saturation curve of H77-E2 recombinant protein to
HepG2 cells. On the y axis, net median ¯uorescence intensity (MFI)
values were calculated by subtracting the background MFI from non-
speci®c binding of primary and secondary antibodies to the values
obtained with E2. On the x axis, the monomeric E2 content was
calculated as described in Material and methods.
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HepG2 binding ef®ciency of HVR1 deletion mutants
produced in the context of two different E2 variants (H77
and BK) revealed an opposite phenotype. In fact, the
mutants showed a reduced capability to interact with the
target cells (Figure 3B).

Deletion of the HVR1 was shown previously to affect
infectivity of HCV infectious RNA in chimpanzees, and
in vivo selection of adaptive mutations in the E2
ectodomain correlated with a rise in viral titers (Forns
et al., 2000). We therefore introduced the same mutation
(V514M or L615H) in the context of the DHVR1/H77-E2
construct and tested the resulting mutants for their ability
to interact with HepG2 cells. As shown in Figure 3C,
both DHVR1/H77-E2/V514M and DHVR1/H77-E2/
L615H derivatives displayed a `gain of function' pheno-
type, with the former mutation displaying a higher
capacity to rescue the wild-type binding.

Identi®cation and puri®cation of a HepG2 82 kDa
protein interacting with soluble E2
As a ®rst step toward the identi®cation of the receptor
responsible for E2 binding to HepG2 cells, we enriched
cells for the highest E2 binding capacity by subsequent
rounds of binding and sorting with FACS. We obtained a
cell population showing a 3-fold improved binding to both
H77-E2 and BK-E2 proteins (data not shown).

Cell surface glycoproteins were labeled with biotin
using biotin±LC-hydrazide reagent (Kahne and Ansorge,
1994). Biotinylated cells were incubated with the super-
natant containing the H77-E2 protein. Binding of E2 was
unaffected by the biotinylation procedure (data not
shown). Bound E2 was cross-linked to the cell surface
proteins by means of a thiol cleavable cross-linker.
Finally, cells were lysed and the E2±receptor complexes
were immunoprecipitated under non-reducing conditions
with magnetic beads conjugated with an antibody speci®c
for the His tag on E2. The immunoprecipitated samples
were eluted directly in sample buffer under both reducing
and non-reducing conditions, loaded on SDS±PAGE gels
and analyzed by western blotting. Under reducing condi-
tions, cell-bound E2 was detected as a diffused band at the
expected molecular weight of 61 kDa, whereas under non-
reducing conditions most E2 protein was detected as a
higher molecular weight species (Figure 4A). By omitting
the cross-linking step, HepG2-bound E2 was recovered as
a monomeric species with an apparent molecular weight of
61 kDa, indicating that the higher molecular weight
species was indeed a receptor±ligand complex (data not
shown). In a control experiment cross-linking was per-
formed in the absence of the E2 ligand and no E2 staining
was observed in the control lanes (Figure 4A). For
detection of cell surface biotinylated species immunopre-
cipitated with E2, western blots were developed with
labeled streptavidin. By thiol cleavage of the E2±receptor
complexes, we detected a predominant biotinylated band
with an apparent molecular weight of 82 kDa (Figure 4B).
At present we have no experimental evidence to explain
the lack of streptavidin staining of the complex between
E2 and the biotinylated cell surface receptor. One possi-
bility would be that covalently bound E2 prevents labeled
streptavidin from getting access to the modi®ed glycans of
the cell receptor. Streptavidin staining was not observed in
the control reaction where E2 was omitted (Figure 4B).

Fig. 4. (A) Western blot detection of cell surface-bound E2.
Biotinylated HepG2 cells were incubated in the presence (lanes 1 and
3) or in the absence (lanes 2 and 4) of E2 recombinant protein. Bound
E2 was cross-linked with DTSSP and the E2±receptor complexes were
immunoprecipitated with an antibody against the His tag of the E2 re-
combinant protein. Samples eluted under both non-reducing (lanes 1
and 2) and reducing (lanes 3 and 4) conditions were loaded onto a 10%
SDS±PAGE gel. E2 protein was detected as a monomer under reducing
conditions (lane 3) and at a higher molecular weight under non-
reducing conditions (lane 1), by using an anti-E2 rat mAb followed by
anti-rat HRP-conjugated. (B) Immunoblot detection of biotinylated cell
surface proteins interacting with E2. The reactivity with HRP conju-
gated streptavidin revealed a biotinylated protein band at 82 kDa only
under reducing conditions (lane 3).

Fig. 3. (A) A histogram showing the binding of the E2 recombinant
proteins deleted of the HVR1 to Molt-4. (B) A histogram showing the
binding of the E2 recombinant proteins deleted of the HVR1 to HepG2.
(C) A histogram showing the binding of the E2 recombinant proteins
deleted of the HVR1 with compensatory mutations to HepG2. E2
binding is measured by FACS analysis and values are expressed as a
percentage of the H77-E2 isolate binding.
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We concluded that the HepG2 surface molecule
involved in E2 binding was an 82 kDa glycoprotein,
since only glycoproteins could have been biotinylated with
the biotin±hydrazide reagent. To further purify this
molecule we again cross-linked E2 to the putative
receptor, and recovered the E2±receptor complexes from
the cell lysate with the anti-His-coated beads as before. A
second af®nity puri®cation step was then performed using
concanavalin A lectin (Con-A), speci®c for Asn-linked
glycans. After Con-A puri®cation an aliquot of the eluted
material was enzymically deglycosylated using PNGase F.
Control experiments were performed in the absence of E2.
Speci®c bands migrating with apparent molecular weights
of 82 and 54 kDa were detected by silver staining of a
SDS±PAGE gel, before or after enzymic deglycosylation,
respectively (Figure 5A). The difference in molecular
weight between the two forms is compatible with the
presence of about 10 potential Asn glycosylation sites.

Identi®cation of the HepG2 receptor responsible
for E2 binding
Among known human membrane proteins a large number
could theoretically correspond to the E2 binding species
puri®ed from HepG2 cells. Therefore, we decided to
explore the effect on E2 binding activity of chemical and
enzymatic modi®cations of the HepG2 cell surface.
Treatment of HepG2 cells with GAG lyases (heparinase,
heparitinase and hyaluronidase) did not affect the binding,
while we observed a 40% reduction by incubating cells
with 10 mM b-methyl cyclodextrin (data not shown).
b-methyl cyclodextrin selectively removes cholesterol
from the membrane and has been shown to affect the
function of membrane proteins located in the lipid rafts
compartment, suggesting that the E2 receptor is located in
this cellular compartment (Yancey et al., 1996). The
number of known proteins located in the lipid rafts is quite
limited and by reviewing data from the literature we found
~20 plasma membrane proteins from rat liver that are
enriched in the lipid rafts fraction (Calvo and Enrich,

2000). Among these, the SR-BI was the only one
matching the molecular pattern we had observed.
Antibodies speci®c for SR-BI recognized both the 82
and the 54 kDa puri®ed molecular species (Figure 5B).
Moreover, HepG2 cells enriched for E2 binding activity
displayed expression levels of SR-BI that were signi®-
cantly higher than in the parental HepG2 cells by western
blotting assays on cell extracts (data not shown).

Human SR-BI expression in CHO cells confers the
ability to bind soluble E2
To prove that SR-BI is indeed able to bind soluble E2 in a
speci®c manner, we cloned the human (hSR-BI) and
mouse (mSR-BI) SR-BI coding sequences into the same
eukaryotic expression vector, transfected them into CHO
cells and performed E2 binding assays. Both human and
mouse receptors were expressed at comparable level, as
detected by staining transfected cells with an anti-SR-BI
antibody reactive against an epitope highly conserved
across species (Figure 6A). Only cells transfected with the
human SR-BI acquired the ability to bind E2 (Figure 6B).
Transfected CHO cells positive for E2 binding were sorted
by FACS and kept under selection. In this way, a CHO cell
population stably expressing the human SR-BI (CHO-SR-
BI) was obtained. This cell line bound H77-E2 and BK-E2
with comparable ef®ciency (Figure 7).

To further address the selectivity of interaction between
E2 and SR-BI, we measured E2 binding to CHO cells
stably transfected with human CD36. CD36 belongs to the
family of scavenger receptors and shares many ligands
with the SR-BI (Febbraio et al., 2001). The results of this
analysis showed that the binding of the HCV E2 proteins is
exclusive to the hSR-BI (Figure 7).

HVR1 is essential for E2±SR-BI interaction
HVR1 deletion mutants from the H77 and BK variants
were tested for their binding to hSR-BI-transfected CHO
cells and were both shown to be unable to bind SR-BI-
expressing cells (Figure 8). Interestingly, neither of the
two compensatory mutations V514M and L615H were
able to restore E2 recognition by CHO-SR-BI transfected
cells (data not shown).

A biologically relevant question concerns the ability of
anti-HVR1 antibodies to neutralize the binding of HCV E2
to cell surface-displayed SR-BI. We successfully com-
peted out the binding of H77-E2 by using a monoclonal
antibody (9/27) obtained by immunization with H77-E2
recombinant protein and reactive with the C-terminal part
of the H77 HVR1 sequence (Flint et al., 2000). The
antibody showed dose-dependent inhibitory activity for
the binding of the H77-E2 protein to the SR-BI compar-
able on both HepG2 and CHO-hSR-BI transfected cells
with an apparent IC50 of ~500 nM. The antibody was not
effective on the binding of the BK-E2 glycoprotein,
consistent with its lack of reactivity with this and other E2
variants from 1b isolates (Figure 9).

Discussion

Studies on the HCV life cycle have been limited due to the
lack of a robust and reliable cell culture system for
propagating the virus (Bartenschlager and Lohmann,
2001). Similarly, assessment of protective antibody

Fig. 5. (A) Silver staining of an SDS±PAGE gel loaded with samples
obtained after the puri®cation step with Con-A±Sepharose and
deglycosylation with the PNGase F. The arrows show the puri®ed
receptor migrating at 82 kDa (lane 1) before PNGase F treatment (±),
and migrating at 54 kDa (lane 2) after deglycosylation (+). In control
samples cross-linking was performed in the absence of E2 (lanes 3
and 4). (B) Western blot detection of the glycosylated (lane 1) and
deglycosylated (lane 2) receptor protein by incubation with rabbit anti-
SR-BI polyclonal antibodies followed by HRP-conjugated anti-rabbit.
Lanes 3 and 4 represent the control experiments performed in the
absence of E2.
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responses to HCV has been hampered by the absence of an
ef®cient in vitro neutralization assay. Several laboratories
have undertaken a different approach based on the
development of binding assays to cultured cell lines
using different expression systems to mimic the viral
envelope. The recombinant E2 protein has been used
extensively for this purpose, and many efforts have also
been devoted to the production of virus-like particles
(VLPs) in insect cells and pseudotype viruses as alterna-
tive systems (Rosa et al., 1996; Matsuura et al., 2001;
Lagging et al., 2002). At present there is no evidence that
one of these viral surrogates is superior to another.
However, it should be noted that exposure of the E2
HVR1 on VLPs is still a controversial issue, while the
HVR1 has been demonstrated as exposed on HCV virions
by capturing HCV from human sera with anti-HVR1
antibodies (Zhou et al., 2000; Cerino et al., 2001; Clayton
et al., 2002).

Two putative HCV receptors have been described to
date: the LDL receptor and the tetraspanin CD81 (Pileri
et al., 1998; Agnello et al., 1999). However, there is no
experimental evidence that these candidates are required
for viral infection, and a number of observations suggest
that neither would be suf®cient to allow HCV infection of
susceptible cells.

To identify novel HCV ligands we looked for cultured
cell lines capable of binding to soluble recombinant E2 in
a CD81-independent manner. Human hepatoma HepG2
cells ful®lled these requirements and were chosen as a
source for purifying the molecule responsible for E2
binding. By a combination of biochemical and functional
cloning approaches, we identi®ed the human SR-BI as the
HepG2 factor responsible for this interaction.

SR-BI is a 509 amino acid polypeptide belonging to the
CD36 superfamily, which includes cell surface membrane
proteins that bind chemically modi®ed lipoproteins and
often many other types of ligand (Acton et al., 1996;

Krieger, 2001). SR-BI has been proposed to have a
horseshoe-like membrane topology with short N- and
C-terminal cytoplasmic domains, adjacent N- and
C-terminal transmembrane domains, and the bulk of the

Fig. 7. FACS analysis showing the binding of E2 recombinant proteins
derived from H77 and BK isolates to CHO wild type (unshaded con-
tinuous curve), CHO-CD36 (unshaded dashed curve) and CHO-SR-BI
(shaded curve).

Fig. 8. A histogram showing the binding of the E2 recombinant
proteins deleted of the HVR1 to CHO-SR-BI transfected cells. Binding
is measured by FACS analysis and values are expressed as a percentage
of the H77-E2 isolate binding.

Fig. 6. (A) FACS analysis of anti-SR-BI binding to CHO transfected cells. Transfection was performed with pcDNA3, pcDNA3-hSR-BI or pcDNA3-
mSR-BI. (B) FACS analysis of E2-H77 binding to CHO transfected cells.
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protein in a heavily N-glycosylated, disul®de-containing
extracellular loop (Krieger, 2001). SR-BI was initially
cloned for its similarity to CD36, and the two receptors,
which display 60% amino acid sequence identity, share
many ligands (Calvo and Vega, 1993; Febbraio et al.,
2001). Interestingly, E2 showed highly selective binding
for SR-BI. The two scavenger receptors have quite
different tissue distribution, SR-BI is a receptor highly
expressed in the liver hepatocytes and steroidogenic
tissues, while CD36 is expressed mainly in macrophages,
platelets and endothelial cells (Calvo et al., 1997; Febbraio
et al., 2001; Krieger, 2001). Thus, the selectivity of the E2
binding for SR-BI could account for the liver tropism of
HCV. Moreover, in spite of its high level of homology
(80% amino acid identity) mouse SR-BI was not able to
bind E2, mirroring the species speci®city of HCV
infection.

SR-BI binds native high density lipoprotein (HDL) with
high af®nity and plays a functional role in lipid metabol-
ism (Babitt et al., 1997). It was recently demonstrated that
SR-BI internalizes its natural ligand HDL through a
non-clathrin-dependent endocytosis mediating cholesterol
uptake and recycling of HDL apoprotein (Silver et al.,
2001). This observation opens up the possibility, at least
theoretically, that the SR-BI is also involved in triggering
internalization of ligands other than HDL, such as, for
example, HCV. In line with this hypothesis, SR-BI is a
fatty acylated protein that has been located in the
cholesterol-rich `lipid rafts' membrane compartment
(Babitt et al., 1997). Rafts domains are thought to be a
preferential entry site for pathogens, providing them with
a way to escape from the classical degradative pathway
(van der Goot and Harder, 2001). Among viruses, SV40,
®loviruses and echoviruses use receptors located in the
lipid rafts to enter cells (Acton et al., 1994; Bergelson
et al., 1994; Empig and Goldsmith, 2002; Norkin et al.,
2002). Moreover, envelope-mediated fusion of HIV has
been shown to require integrity of lipid rafts (Manes et al.,
2000).

To gain further insight into the biological relevance of
the E2±SR-BI interaction for HCV infection, we evaluated

the role of HVR1 in E2 recognition by SR-BI. The reason
for focusing on HVR1 stems from the observation that this
protein element, which exhibits the highest degree of
genetic heterogeneity of the entire HCV polyprotein,
evolves rapidly in infected individuals as a result of a
strong immunological pressure (Hijikata et al., 1991;
Weiner et al., 1991). In fact, the HVR1 is the only viral
determinant shown to contain neutralizing epitopes (Farci
et al., 1994, 1996). Furthermore, sequence analysis of the
several HVR1s from different viral isolates suggested that
a number of highly conserved segments exist within
HVR1 (Puntoriero et al., 1998; Sobolev et al., 2000; Penin
et al., 2001). Thus, it would seem that the HVR1, rather
than being a truly variable segment, might actually adopt
one of a range of closely related conformations compatible
with recognition of a cellular receptor. Consistent with
this hypothesis, we have demonstrated that different E2
variants deleted of the HVR1 are unable to recognize SR-
BI, but can recognize CD81. Involvement of a variable
region in virus±receptor interaction is not unprecedented.
The most paradigmatic case is HIV, where the V3 loop of
gp120 plays a role in the process of viral infection,
determining viral tropism by selective interaction with
different members of the chemokine receptors superfamily
(Berger et al., 1999).

Forns et al. (2000) recently reported that deletion of the
HVR1 from an HCV infectious RNA clone resulted in
attenuated viral infection in a chimpanzee. On the basis of
these results it was proposed that the HVR1 is not essential
for the HCV life cycle. However, it must be emphasized
that only the HVR1-deleted virus with a point mutation in
the E2 ectodomain (V514M) was rescued in a second
chimpanzee inoculated with large amounts of plasma from
the ®rst animal infected with the RNA (Forns et al., 2000).
We thus believe that there is still no evidence that HVR1-
deleted virus is infectious without compensatory muta-
tions. In line with this observation, among all the HCV
isolates described to date none was found to lack the
HVR1, or to carry the E2 mutations selected in vivo upon
injection of the HVR1-deleted mutant virus. We therefore
favor the hypothesis that the HVR1 region is essential for
the main route of HCV infection, but there may be an
alternative mechanism of viral entry in the absence of this
protein fragment. This alternative HVR1-independent
infection process would be signi®cantly less ef®cient,
and viral infection would be rescued only by selecting
compensatory mutations in the E2 ectodomain. In agree-
ment with this model, our data showed that deleting the
HVR1 impairs binding to HepG2 cells, and that intro-
ducing adaptive mutations selected in vivo restored
binding. The behavior of the E2 deletion mutants on the
SR-BI transfected cells only partially overlapped with that
observed on the hepatoma cell line. In fact, the DHVR1
mutants showed complete loss of binding to CHO-SR-BI
cells that was not restored by the compensatory mutations.
At present we have no data to explain this discrepancy.
This ®nding is unlikely to be due to the amount of SR-BI
expression, since CHO-SR-BI cells display comparable
levels of this molecule to HepG2 cells (data not shown).
Folding or post-translational modi®cation of SR-BI
between these two cell lines could account for the
observed difference. However, an attractive alternative
would be the existence of a co-receptor molecule or an

Fig. 9. Competition of E2 binding to HepG2 cells and CHO-SR-BI by
the anti-HVR1 mAb 9/27 reactive with H77-E2. Binding was detected
by FACS analysis and is expressed as a percentage of the MFI values
obtained in the absence of competitor. H77-E2 binding to HepG2 (open
triangle) and CHO-SR-BI (open square). BK-E2 binding to HepG2
(®lled triangle) and to CHO±SR-BI (®lled square).
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alternative receptor present on human hepatoma cells
capable of binding HCV via E2 through a protein surface
distinct from the HVR1. A model for HCV entry via
alternative receptors would also ®t with the infectivity
observed in HVR1-deleted viral mutants (Forns et al.,
2000).

One of the goals of our study was to set up a surrogate
assay to test the neutralizing potential of anti-HCV
antibodies. In the present work we showed that a
monoclonal antibody speci®c to the H77 strain competes
for binding of the H77-E2 recombinant protein to SR-BI. It
is interesting to note that the slope of the antibody
competition curve is very similar for the hepatoma cells
and the SR-BI-transfected cells, suggesting that the
binding of E2 protein containing the HVR1 to SR-BI
plays a major role in hepatoma and in transfected cells. As
reported previously, the anti-HVR1 humoral response
induced by infection with one viral inoculum is ineffective
against a different viral inoculum (Farci et al., 1994,
1996). Consistently, the anti-HVR1 mAb used in our
experiments did not affect SR-BI recognition by the
heterologous BK-E2 protein. We believe that the SR-BI
binding assay will be very helpful in unravelling the
neutralizing potential of antibodies cross-reactive with
several HVR1 sequences induced either by infection or by
vaccination (Scarselli et al., 1995; Puntoriero et al., 1998).

In conclusion, we have identi®ed the human SR-BI as a
novel candidate receptor for HCV. E2 binding to hSR-BI
is common to viral isolates derived from genotypes 1a and
1b, is species speci®c and selective because it is not shared
with the hCD36 scavenger receptor. Finally, the involve-
ment of HVR1 in this interaction strongly supports the
hypothesis that SR-BI plays a role in HCV infection.

Materials and methods

Cells
Molt-4 (human T-cell leukemia) was obtained from the MRC ADP
Repository. HepG2 (human hepatoma), Huh7 (human hepatoma), HEK-
293 (human embryonic kidney), CHO (chinese hamster ovary) and CHO
cells transfected with human CD36 were obtained from the ATCC
Repository. Cells were grown under standard conditions.

Cloning of E2 glycoproteins, production and characterization
of the recombinant proteins
Cloning strategy for E2 proteins (amino acids 384±661 of the HCV
polyprotein) representative of genotype 1a (isolate H77) and genotype 1b
(isolates BK and N2), and their mutants lacking the N-terminal ®rst 27
amino acids (HVR1) have been described previously (Meola et al., 2000).
The vector pVIjnsTPA plasmid was used for cloning to favor secretion of
the recombinant proteins into the medium. To obtain HVR1 mutants with
compensatory mutations, HVR1-H77-E2 plasmid was used as template
for the PCRs. To obtain the mutant HVR1-H77-E2/V514M the primers
Vj-up (5¢-CTAACAGACTGTTCCTTTCCAT-3¢) and OL251 (5¢-TAG-
GCGCGCCCGACCTGTCGGTCGTTCCCACCACCATGGGGCTGG-
GAGTGA-3¢) were used for ampli®cation of the mutated insert. The PCR
product was digested by PstI and AscI (the AscI restriction site is italics in
OL251) and cloned into the PstI/AscI-digested pVIjnsTPA HVR1-H77-
E2. The OL251 primer introduces the point mutation indicated in bold. To
obtain the mutant HVR1-H77-E2/L615H the primers Vj-down (5¢-
CAGGGTCAAGGAAGGCACGG-3¢) and OL252 (5¢-TGCATGGTC-
GACTACCCGTATAGGCATTGGCACTATCCTTGTACCA-3¢) were
used for ampli®cation of the insert, which was cloned into the SalI/
BglII-digested pVIjnsTPA HVR1-H77-E2 (the BglII restriction site is in
italics in OL252). OL252 introduces the point mutation indicated in bold.

All constructs carried a region coding for a His6 tag at the C-terminus
of the proteins. Constructs were transfected into HEK-293 cells,
recombinant proteins were harvested from culture supernatant and

concentrated 40 times as described previously (Meola et al., 2000). The
content of E2 in the concentrated supernatant was quanti®ed as
described (R.M.Roccasecca, H.Ansuini, A.Vitelli, A.Meola, E.Scarselli,
S.Acali, M.Pezzanera, B.B.Ercole, J.McKeating, A.Yagnik, A.Lahm,
A.Tramontano, R.Cortese and A.Nicosia, submitted). Brie¯y, concen-
trated supernatant preparations were loaded onto an SDS±PAGE gel
under non-reducing conditions and blotted on nitrocellulose for detection
of E2 by western blot. The amount of E2 in each preparation was
evaluated by acquiring the images of exposed ®lm (Kodak Biomax ML)
from the Bio-Rad densitometer and analyzing them with Molecular
Analyst Software. E2 concentrated supernatants were compared with
each other and with a reference puri®ed E2 preparation (Austral
Biologicals). Concentration of E2 protein in the concentrated super-
natants was in the range 10±50 mg/ml with ~50% of the protein detectable
as monomeric species.

FACS analysis of anti-CD81 antibody, anti-SRI and
E2 glycoproteins binding to cell lines
Cells were washed twice in phosphate-buffered saline (PBS), 1% FCS,
10 mM HEPES (washing buffer). Then 2 3 105 cells were allowed to
bind at 37°C for 1 h with E2 concentrated supernatants. The E2 molecular
species responsible for binding to both Molt-4 and hepatoma cells is the
monomeric form, while the E2 aggregated forms always present in
puri®ed preparations of recombinant E2 were shown to be functionally
inactive (Flint et al., 2000; R.M.Roccasecca, H.Ansuini, A.Vitelli,
A.Meola, E.Scarselli, S.Acali, M.Pezzanera, B.B.Ercole, J.McKeating,
A.Yagnik, A.Lahm, A.Tramontano, R.Cortese and A.Nicosia, submit-
ted). To determine the relative binding ef®cacy of each E2 protein a dose±
response curve was performed and data were normalized for the content
of monomeric species in each preparation. The values, expressed as
percentage of binding relative to H77-E2 protein, were derived from a
best ®t analysis in the linear range of each curve, and represent the ratio
between the different E2 protein slopes and that of H77-E2.

Cells were treated with serial dilutions of GAG lyases, heparinase
(Sigma), heparitinase (Sigma) and hyaluronidase (Sigma) for 30 min
prior to incubation with E2. To monitor the effect of cholesterol
sequestration, cells were incubated in the presence of 10 mM methyl-b-
cyclodextrin (Sigma) for 30 min prior to incubation with E2 supernatant.
After incubation with the supernatants containing E2, and one wash in
washing buffer, the anti-His mouse monoclonal antibody (Qiagen) was
added at a concentration of 2 mg/ml for 1 h at room temperature. Finally,
cell-bound mAbs were visualized with anti-mouse IgG1±phycoerythrin
(PE) conjugate (Serotec). Binding competition by the 9/27 rat monoclonal
antibody was performed by incubating the antibody with E2 for 30 min
prior to incubation with cells. For competition by the 9/27 antibody, the
anti-His monoclonal antibody was labeled directly with Alexa ¯uor 488
(monoclonal antibody labeling kit; Molecular Probes). Binding to anti-
CD81 was also performed at room temperature for 1 h using the mouse
monoclonal antibody (1.3.3.22; Santa Cruz Biotechnology), FITC
conjugated. Binding of rabbit anti-SR-BI puri®ed polyclonal antibodies
(Novus Biologicals NB 400-104) diluted 1/500 was performed on cells
®xed and permeabilized by using Cito®x/Citoperm Kit (Pharmingen), the
binding was visualized by adding anti-rabbit IgG1±PE conjugate. Flow
cytometry data were acquired by using a Becton-Dickinson FACS
Vantage ¯ow cytometer. Dead cells were detected as sytox green dye or
propidium iodide (Molecular Probes) stained positive and excluded from
the analyses.

FACS sorting of cells with highest E2 binding capacity
HepG2 cells or CHO transfected with SR-BI were incubated with a
saturating concentration of 1a-derived E2 recombinant protein for 2 h at
room temperature. The E2-bound protein was revealed as described
already and analyzed in a FACS Vantage ¯ow cytometer. The cells that
showed the highest ¯uorescence intensity were sorted and expanded.

Cell surface biotinylation and E2±receptor cross-linking
HepG2 cells (1 3 108) enriched for E2 binding were harvested by
trypsinization and washed once with cold PBS. After mild oxidation with
2 mM sodium periodate in the dark for 15 min, cells were washed twice
and 5 3 107 cells/ml incubated with 5 mM biotin±LC-hydrazide for
10 min at room temperature. After biotinylation cells were washed twice
and incubated with H77-E2. Cells (5 3 107 cells/ml) were washed once
after binding to E2 and incubated with dithiobis-sulfosuccinimidyl-
propionate (DTSSP; Pierce) at 2 mM concentration in PBS, for 20 min
at room temperature. The reaction was stopped by incubation with
50 mM Tris±HCl pH 7.5. DTSSP is a water-soluble, homobifunctional
N-hydroxysuccinimide ester cleavable by thiol. Cells were lysed in PBS
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1%, Triton X-100 in the presence of protease inhibitor cocktail
(Boehringer Mannheim) for 20 min at 37°C.

Immunoprecipitation of E2±receptor complexes and
western blot detection
E2±receptor complexes were immunoprecipitated with anti-His
Dynabeads by incubation overnight at 4°C. Dynabeads M-450 rat anti-
mouse IgG1 (Dynal, Oxoid) were previously cross-linked to the anti-His
monoclonal antibody (Quiagen) following Dynal handbook instructions.
After ®ve washes in PBS, 1% Triton X-100, samples were eluted either by
boiling the beads directly in SDS sample buffer or by incubating the beads
for 30 min at 37°C in 50 mM dithiothreitol, 50 mM NaCl, 50 mM
Tris±HCl pH 8. Samples obtained by boiling the beads were loaded on to
an SDS±PAGE gel and analyzed by western blot for detection of
biotinylated proteins using horseradish peroxidase (HRP)-conjugated
streptavidin (Pierce) diluted 1:25 000 in Tris-buffered saline 0.05%
Tween 20 (TBST), 2% bovine serum albumin (BSA). Recombinant E2
protein was detected using the rat 6/1a Mab, followed by anti-rat HRP
(Serotec). The chemiluminescent substrate Super Signal West Pico
(Pierce) was used for detection.

Con-A±Sepharose puri®cation and enzymic deglycosylation
of the E2 receptor
Eluates obtained from the immunoprecipitation with anti-His Dynabeads
were diluted 1:2 with 1 M NaCl, 0.2% Triton X-100 and incubated with
Con-A beads for 2 h at room temperature. After three washes in the
incubation buffer, elution was performed under denaturing conditions in
1% SDS, 1% b-mercaptoethanol and 100 mM phosphate pH 7.5 at 95°C
for 10 min. The eluates were diluted 1:10 in PNGase F incubation buffer
containing 0.1% SDS, 0.5% NP-40, 10 mM EDTA and 100 mM Na
phosphate pH 7.5. Eluates were divided into aliquots, one of which was
treated with the enzyme PNGase F (Bio-Rad) for 3 h at 37°C. Samples
were loaded onto a 7.5% SDS pre-cast gel (Bio-Rad) and silver stained.
Immunoreactivity of the puri®ed samples was probed in western blot
using rabbit anti-SR-BI puri®ed polyclonal antibodies (Novus Biologicals
NB 400-104) diluted 1:1500 in TBST, 2% BSA followed by anti-rabbit
HRP (Pierce) diluted 1:20 000.

Cloning of SR-BI coding sequences and transfection in the
CHO cell line
RNA was extracted from HepG2 cells with TRIzol reagent (Gibco BRL).
First-strand cDNA was produced by using Superscript II reverse
transcriptase (Gibco BRL), mixing total RNA (2 mg) with 10 pmol of
the antisense primer hSR-BI 5¢-CCAGTCTAGACTACAGTTTTGCTTC-
CTGCAGCACAGAGCCC-3¢ (the XbaI restriction site is in italics). An
aliquot of the cDNA was ampli®ed by PCR using platinum Pfx DNA
polymerase (Gibco BRL), the primers used were the antisense SR-BI
primer and the sense hSR-BI 5¢-AGGCAAGCTTGCCGCCATGGGCTG-
CTCCGCCAAAGCGCGCTGGG-3¢, where the HindIII restriction site is
in italics. PCR was performed in a Perkin-Elmer 2400 thermocycler,
denaturing samples for 4 min at 94°C and then running 35 cycles of
incubation at 94°C for 30 s, at 50°C for 30 s and 68°C for 2 min. The
PCR product was digested with HindIII and XbaI for directional cloning
into the vector pcDNA3. The mouse SR-BI sequence was ampli®ed from
IMAGE clone BC004656 using the sense primer mSR-BI 5¢-AGG-
CAAGCTTGCCGCCATGGGCGGCAGCTCCAGGGCGCGCTGGG-3¢
where the HindIII restriction site is in italics and the antisense primer
mSR-BI 5¢-CCAGTCTAGACTATAGCTTGGCTTCTTGCAGCACC-
GTGCCC-3¢ where the XbaI restriction site is in italics. The PCR was
performed as before for 20 cycles and the PCR product was digested with
HindIII and XbaI for directional cloning in the vector pcDNA3. Clones
obtained were sequenced with the Big Dye Terminator Cycle sequencing
kit with AmpliTaq (Applied Biosystems) and run with an Applied
Biosystem Model 373A Sequencer. The CHO cell line was transfected by
mixing each plasmid DNA with the Lipofectamine 2000 reagent (Gibco
BRL). Cells were harvested 24 h after transfection and analyzed by
FACS, cells positive for E2 binding were sorted and put back into culture
under geneticin (Gibco BRL) selection at a concentration of 0.5 mg/ml.
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