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Background: SR-BI binds HCV E2 glycoprotein and lipoprotein components.
Results:HCV entry exploits several SR-BI properties and different viral and cellular determinants present on the viral particles.
Conclusion: SR-BI is a multifunctional entry factor essential for infectivity of HCV particles with different biophysical proper-
ties and host protein compositions.
Significance: Studying HCV subpopulations reveals differential entry steps and receptor usage.

Hepatitis C virus (HCV) particles assemble along the very low
density lipoprotein pathway and are released from hepatocytes
as entities varying in their degree of lipid and apolipoprotein
(apo) association as well as buoyant densities. Little is known
about the cell entry pathway of these different HCV particle
subpopulations, which likely occurs by regulated spatiotempo-
ral processes involving several cell surface molecules. One of
these molecules is the scavenger receptor BI (SR-BI), a receptor
for high density lipoprotein that can bind to the HCV glycopro-
tein E2. By studying the entry properties of infectious virus sub-
populations differing in their buoyant densities, we show that
these HCV particles utilize SR-BI in a manifold manner. First,
SR-BI mediates primary attachment of HCV particles of inter-
mediate density to cells. These initial interactions involve apo-
lipoproteins, such as apolipoprotein E, present on the surface of
HCVparticles, but not the E2 glycoprotein, suggesting that lipo-
protein components in the virion act as host-derived ligands for
important entry factors such as SR-BI. Second, we found that in
contrast to this initial attachment, SR-BImediates entry ofHCV
particles independent of their buoyant density. This function of
SR-BI does not depend onE2/SR-BI interaction but relies on the

lipid transfer activity of SR-BI, probably by facilitating entry
steps along with other HCV entry co-factors. Finally, our results
underscore a third function of SR-BI governed by specific resi-
dues in hypervariable region 1 of E2 leading to enhanced cell
entry and depending on SR-BI ability to bind to E2.

Withmore than 130million persistently infected individuals
worldwide, hepatitis C virus (HCV)5 has a substantial impact on
public health. HCV infection is characterized by its high pro-
pensity to persist with up to 80% of individuals failing to elimi-
nate the virus. Infected patients have a high risk to develop
severe liver damage such as cirrhosis and hepatocellular carci-
noma with liver transplantation as the final treatment option.
No vaccine against HCV is yet available, and despite the ongo-
ing development of HCV-specific DAAs (direct-acting antivi-
rals) such as protease inhibitors, it remains of utmost impor-
tance to pursue the development of novel DAAs that can target
alternative steps of HCV life cycle to more efficiently cure
HCV-infected individuals. HCV entry into the cell offers
numerous targets for development of such antiviral treatments
(for review, see Ref. 1).
HCV is an enveloped positive-strandedRNAvirus of the Fla-

viviridae family. A hallmark of HCV particles is their peculiar
heterogeneity, exhibiting diverse buoyant densities ranging
from �1.06 to �1.25 g/ml in the blood of infected patients
(2–6). Viral RNA detected in low density fractions is associated
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with lipoprotein components such as triglycerides and apolipo-
proteins (apo) (2, 3, 5). A lipo-viro-particle (LVP) model con-
sisting of HCV core protein, RNA, and E1 and E2 glycoproteins
incrusted into lipoprotein-like structure has been proposed (2,
7). Similar to ex vivo HCV particles, in vitro produced HCV
particles, i.e. cell culture-produced HCV (HCVcc), exhibit a
broad density profile with high specific infectivity associated
with low density fractions (8–15). Additionally, recent evi-
dence suggests that HCVcc particles contain apolipoproteins
on their surface and that their lipid composition resembles that
of low density and very low density lipoproteins (LDLs and
VLDLs, respectively) (16–19). These cellular components
likely influence HCV infectivity (17, 20–23). In line with these
observations, HCV assembly and egress strongly depends on
components of the VLDL synthesis machinery (20–22, 24, 25).
The remarkable property of HCV to associate with lipoprotein
components might affect receptor usage and entry route and
appears to protect HCV fromneutralizing antibodies by shield-
ing of antigenic epitopes (for review, see Ref. 26).
Extensive studies ex vivo using HCV derived from infected

patients (27–29) and in vitro usingHCVmodels (12, 13, 30–34)
suggest that viral entry into hepatocytes, the predominant tar-
get cells, is a complex process involving the viral E1 and E2
envelope glycoproteins and several host cell surface factors.
Attachment of viral particles to the host cell are mediated by
glycosaminoglycans (35, 36) and/or the LDL receptor (17, 27,
29, 37), although it is unclear whether such interactions subse-
quently lead to a productive infection. Then a set of four mole-
cules needs to be concomitantly present on the cell surface to
allow HCV entry, probably after this initial capture. These are
the scavenger receptor BI (SR-BI) (38, 39), CD81 tetraspanin
(40), Claudin-1 (CLDN1) (41), and Occludin (OCLN) (42, 43).
Furthermore, host cell kinases have been shown to regulate
HCV entry by promoting cell entry factor associations (44).
HCV particles are internalized by clathrin-dependent endocy-
tosis (45, 46). Subsequent release of the viral genome into the
cytoplasm is thought to occur after low pH-induced fusion of
the viral and the endosomal membranes, a process that is likely
triggered by the viral envelope glycoproteins and upon their
interaction with CD81 (36, 46–50). Yet, the exact roles of the
HCVentry factors for cell attachment, internalization, and sub-
sequent membrane fusion are still elusive.
The HCV entry factor SR-BI is a “multi-ligand” receptor that

binds different classes of lipoproteins and thereby regulates the
supply of cholesterol to the cell by its bidirectional lipid transfer
function (51, 52). SR-BI was initially proposed as a HCV recep-
tor based on its capacity to mediate binding of soluble HCV E2
glycoprotein (sE2) to human hepatic cells (38). Using cell entry
models, i.e.HCVpseudoparticles (HCVpp) andHCVcc, we and
others demonstrated that SR-BI is essential for viral entry (for
review, see Ref. 26) involving an interplay between SR-BI and
the hypervariable region-1 (HVR1), a 27-amino acid-residue-
long region, located at the N terminus of E2. HCV entry is also
modulated by SR-BI ligands (22, 23, 53–57). It is enhanced by
high density lipoprotein (HDL) in a still poorly defined process
that involves SR-BI lipid transfer function and HVR1 (23,
55–59) and that modulates neutralization efficiency by anti-
bodies (60, 61).

Data obtained with CHO cells expressing theHCV entry fac-
tors suggest that SR-BI, but not CD81 or CLDN1 (41), could
mediate HCVcc attachment to cells. However, results obtained
with experiments analyzing the kinetics of HCV infection indi-
cate that SR-BI also plays a role at a post-binding stage (62).
Thus, the exact function(s) of SR-BI in the entry process of
HCV particles is still enigmatic. Moreover, the impact of lipids
and lipoproteins associated with viral particles on SR-BI-de-
pendent entry has not been studied in detail.
By studyingHCVcc subpopulations separated by density gra-

dient centrifugation, we revealed three different functions of
SR-BI that are essential forHCV cell entry. Taking advantage of
rodent orthologs of SR-BI and HVR1 mutants in this study, we
dissected themodalities bywhich SR-BImediates these distinct
functions.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—Human Huh-7 (63), Huh-7.5 (kind
gift of C. Rice), BRL3A rat hepatoma (ATCC CRL-1442), and
293T kidney (ATCC CRL-1573) cells were grown in DMEM
(Invitrogen) supplemented with 10% fetal bovine serum (Invit-
rogen). Fu5AH rat hepatoma cells (64) were grown in Eagle’s
minimal essential medium supplemented with 1% L-glutamine
and 5% newborn calf serum. BLT-4 (65) and human HDL were
purchased from Chembridge and Calbiochem, respectively.
Antibodies—For Western blot analysis, human SR-BI was

detected with CLA-1 mAB (BD Pharmingen), rodent SR-BI
with NB400–104 (Novus), �-actin with AC74 (Sigma), and
HCV core with C7–50 (Santa Cruz). For FACS analysis, human
SR-BI was stained with CLA-1, rodent SR-BI with GTX30467
polyAb (Genetex), human CD81 with JS81 mAb (BD Pharmin-
gen), and human CLDN1 with 2H10D10mAb (Zymed Labora-
tories Inc.). The 3/11 (34) and H52 (66) are E2-specific mAbs.
A4 (67) is an E1-specificmAb. Anti-SR-BI antibodies were gen-
erated by genetic immunization and have been described else-
where (62, 68).
Expression Constructs and Establishment of Cell Lines

Expressing CLDN1, OCLN, CD81, and SR-BI wt/Mutants—
Retroviral vectors expressing human CD81 (GenBankTM acces-
sion number: NM_004356), Claudin-1 (NM_021101), and SR-BI
(Z22555) were described previously (58). Rat (NM_031329),
mouse (NM_008756), or human OCLN (NM_002538) and rat
(NM_031541), mouse SR-BI (NM_016741), or human/mouse
chimeric SR-BI cDNAs were inserted in CNCmurine leukemia
virus vector backbones (a kind gift of M. Collins) harboring
selectable marker genes for puromycin and G418, respectively.
Construct details are available upon request. cDNAs encoding
six human/mouse SR-BI chimeras were generated by PCR by
swapping three SR-BI domains between amino acid positions
38–215, 216–398, and 399–432 (primer sequences are avail-
able upon request). Although the HHH and MMM SR-BI con-
structs refer to the wild-type human (H) and mouse (M) SR-BI
molecules, respectively, the human/mouse SR-BI chimeras
were denominated according to the origin of either SR-BI
domain, e.g. HMM bears the domain 1 from human SR-BI and
the domains 2 and 3 from murine SR-BI. cDNAs encoding
mutant mouse SR-BI molecules, M158R and G420H/G424H,
that exhibit reduced lipid transfer properties (69–71)were gen-
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erated. All mutants were sequenced to ensure that the clones
possessed only the expected mutation. Retroviral vectors con-
taining these cDNAs were produced from 293T cells as VSV-
G-pseudotyped particles as described previously (72, 73). Stable
expression of either receptor in target cells was obtained by
transduction with vector particle-containing supernatants of
293T producer cells followed by antibiotic selection.
Down-regulation of SR-BI in Huh-7.5 Cell Line—The down-

regulation of SR-BI in Huh-7.5 cells was achieved using small
interfering RNA (shRNA)-expressing lentiviral vectors (target
sequence GGCACTGTTCTGGAACCTTC) as previously
described (50).
Binding and Cell Surface Staining Assays—Binding of sE2

was performed as previously described (61, 74). Briefly, sE2 har-
boring a His tag was incubated for 1 h at 37 °C with 106 target
cells. The amount of cell-bound sE2 was determined by FACS
analysis using 2 �g/ml anti-His antibody (pentaHis, Qiagen)
and using allophycocyanin-conjugated anti-mouse antibodies.
HDL was labeled using Amersham Biosciences Cy5 Mono-

Reactive Dye Pack (GE Healthcare) following the manufactur-
er’s protocol. Unbound Cy5 was removed by applying labeled
HDL on illustra MicroSpin G-25 Columns (GE Healthcare).
Cy5-HDL binding was performed for 1 h at 4 °C on 106 target
cells.
The surface expression of humanCD81, humanCLDN1, and

human or mouse SR-BI was quantified by FACS analysis from
106 live cells using antibodies added to cells for 1 h at 4 °C. After
washing, the binding of antibody to the cell surface was
detected using RPE (R-Phycoerythrin)- or allophycocyanin-
conjugated anti-mouse antibodies.
Lipid Transfer Assays—Lipid efflux assays were performed as

previously described (75). After plating, cells were labeled by
incubation with [3H]cholesterol (1 �Ci/ml) for 48 h. Subse-
quently cells were incubated for 24 h in the presence of BSA
(0.5%) and newborn calf serum (25%) for Fu5AHor fetal bovine
serum (25%) for BRL3a to allow equilibration of the label. After
equilibration, cholesterol acceptors (20 �g of phospholipid/ml
isolated HDL) were added in serum-free medium and incu-
bated with cells for 4 h at 37 °C. Fractional cholesterol efflux
(expressed as percentage) was calculated as the amount of the
label recovered in themedium divided by the total label in each
well (radioactivity in the medium � radioactivity in the cells)
obtained after lipid extraction from cells in a mixture of 3:2
hexane-isopropyl alcohol (3:2 v/v). The background cholesterol
efflux obtained in the absence of cholesterol acceptor was sub-
tracted from the efflux values obtained with the test samples.
Selective HDL-CE (cholesteryl ester) uptake was performed

as previously described (76). Cells were plated in 24-well tissue
culture plates (105 cells/well). Two days after plating, cells were
washed three times with PBS and once with serum-free
medium. Cells were subsequently incubated in the presence of
[3H]CE-labeledHDL diluted in serum-freemedium at 37 °C for
5 h. At the end of incubation, the medium was removed, and
cells were washed 4 times with PBS and incubated in the pres-
ence of an excess of unlabeled HDL (100 �g of protein) for 30
min. Cells were then washed 4 times with PBS and solubilized
with 200�l of NaOH0.2 N for 15min at room temperaturewith
gentle mixing. Protein content (20 �l) from each well was mea-

sured using the bicinchoninic acid protein reagent (Pierce). The
radioactive content of 100 �l of each cell lysate was measured
by liquid scintillation counting. Selective uptake was calculated
from the known specific radioactivity of radiolabeled HDL-CE
and is expressed in �g of HDL-CE/�g of cell protein.
Production of HCVpp and HCVpp Entry Assays—The

expression vectors for the E1E2 glycoproteins of HCV strain
H77 (AF009606), for the HVR1 deletion mutant (�G384-
N411), and for the L399R point mutant in HVR1 were
described previously (30, 39, 55). Viral pseudoparticles named
HCVpp and VSV-Gpp harbored the glycoproteins of HCV and
VSV, respectively, and were produced as described previously
(30). Before harvest of viral particle-containing supernatants,
producer cells were incubated inmediumdevoid of serum lipo-
protein (Opti-MEM) for 24 h.
For infection assays, target cells were seeded 24 h before

inoculation. 2 h before infection, target cells were preincubated
in Opti-MEM devoid of serum lipoprotein. Then medium was
removed, and dilutions of viral supernatants were added to the
cells and incubated for 4 h. Where indicated, human serum
(HS), prepared as described previously (55), or human HDL
(Calbiochem)was added to the infection reactions at 6�g/ml of
cholesterol. Supernatants were then removed, and the infected
cells were kept in regular medium (DMEM, 10% FCS) for 72 h
before analysis of the percentage of GFP-positive cells by FACS
analysis (30). The infectious titers were expressed as GFP infec-
tion units per ml of HCVpp-containing medium. Background
infection was controlled by using non-enveloped particles.
HCVcc Production and Cell Binding Assays—Plasmid pFK

H77/JFH1/HQL displaying adaptive mutations (Y835H (in
NS2), K1402Q (in NS3), and V2440L (in NS5A)) that enhance
production and infectivity of HCVcc particles (77) was used to
generate recombinant genomes containing the sameH77 HCV
E1E2 sequences, parental or HVR1-modified, used for HCVpp
production. Generation of infectious HCV RNAs, production,
and titration of HCVcc particles from Huh-7.5 cells was per-
formed as previously reported (23, 58, 78).
For cell binding assay, BRL3Acells expressing or not express-

ing the HCV entry factors, seeded in 48-well plates were incu-
bated with HCVcc particles (1 � 105 HCV RNA copies) for 2 h
as indicated in figure legends. Cells were then washed three
times with PBS, and total RNA from cell lysates was extracted
using the RNeasy Mini kit (Qiagen) and reverse-transcribed
using the iScript cDNA synthesis kit (Bio-Rad). HCV and
housekeeping gene RNA were quantified with HCV (5�-CTT-
CACGCAGAAAGCGCCTA and 5�-CAAGCGCCCTAT-
CAGGCAGT) or rat GAPDH (5�-GTTACCAGGGCTGCCT-
TCTC and 5�-GGGTTTCCCGTTGATGACC) using the
FastStart Universal SYBRGreenMaster kit (RocheApplied Sci-
ence) on an Applied StepOne Real-Time PCR apparatus.
Iodixanol Density Gradient Fractionation—HCVcc particle-

containing supernatants were passed through 0.45-�m pore-
size filters and concentrated by Vivaspin molecular weight cut-
off 100-kDa columns (Sartorius). 1ml of concentrated particles
was layered on top of a 0–30% continuous iodixanol gradient
(Optiprep, Axis-Shield). Gradients were centrifuged for 16 h at
31,000 rpm in a SW41 TI swinging rotor at 4 °C using an
Optima L-90 K Beckmann centrifuge. Twelve fractions of 1 ml
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were collected from the top, subjected to another Vivaspin col-
umn centrifugationmolecular weight cutoff 100 kDa to remove
iodixanol, and then analyzed for virus infectivity, core protein
amounts, viral RNA copy number, and receptor binding
properties.
HCV core protein was quantified using an enzyme-linked

immunosorbent assay (ELISA) according to themanufacturer’s
instructions (Wako Chemicals, Neuss, Germany). Viral RNAs
were isolated from gradient fractions using Tri Reagent solu-
tion (Sigma) as recommended by the manufacturer. Quantifi-
cation of purified RNAs was carried out as described above for
cell binding assays.
Potassium Depletion—Endocytosis was blocked by potas-

sium depletion as previously described (79). Briefly, cells were
washed twice with PBS� (PBS, 1 mM MgCl2, 0.1 mM CaCl2)
followed by 1 wash and a short incubation of 5–7 min in hypo-
tonic medium (PBS�/H2O (1:3 v/v)). The cells were then
washed 5–8 times in amedium containing 150mMNaCl, 1 mM

MgCl2, 1 mMCaCl2, 20 mMHEPES/KOH, pH 7.4, 0.5% DMSO,
and 0.5% BSA followed by a 30-min incubation in the same
medium. For HCVcc binding assays, HCVcc particles were
added directly to the medium and processed as described
above.

RESULTS

Attachment Properties of HCVcc Subpopulations to SR-BI—
HCVcc has a heterogeneous profile of buoyant density and
association to lipoprotein components (7, 19), which could dif-
ferentially influence cell entry steps including the interaction
with entry factors such as SR-BI. A previous report using
human SR-BI (hSR-BI)- and human CD81 (hCD81)-expressing
CHO cells suggested that hSR-BI but not hCD81 promotes
binding of total HCVcc particles (41). Thus, using the same
procedure (41), we investigated binding to SR-BI expressed in
Huh-7.5-permissive cells of HCVcc subpopulations separated
along their buoyant densities by iodixanol density gradients.
In agreement with recent reports (9, 14, 15, 19), HCVcc par-

ticles hadmore than 65% of their infectivity in fractions of den-
sities of 1.08–1.13 g/ml, i.e. slightly shifted toward lowdensities
as compared with the peak of HCVRNA level (1.10–1.16 g/ml)
(Fig. 1A). In addition, in lower density fractions, i.e. below 1.08
g/ml, substantial amounts of infectious particles were detected,
accounting for about 30%of total infectivity (Fig. 1A).When the
same amounts of HCVcc particles, i.e. 1 � 105 HCV genome
equivalent (GE) were compared for each density fractions,
we found that HCVcc particle subpopulations had a variable
capacity to bindHuh-7.5 cells, with amaximal binding detected
for HCVcc particles of low density (i.e. 1.02–1.10 g/ml) (Fig.
1B). By modulating SR-BI levels through its overexpression or
down-regulation (Fig. 1E), we found that SR-BI is a rate-limit-
ing factor that preferentially permits the attachment of HCV
particles of intermediate densities (i.e. above 1.10 g/ml; Fig. 1B).
Indeed, SR-BI up-regulation increased by up to 10-fold the
attachment of the latter HCVcc particles, which was competed
by SR-BI blocking antibodies (Fig. 1C), whereas SR-BI down-
regulation reduced their binding (Fig. 1B). Interestingly, up-
regulation and down-regulation of SR-BI positively and nega-
tively correlated, respectively, with the infectivity of HCVcc

(Fig. 1A). This effect was detected whatever the viral particle
density, in contrast to the lack of impact of SR-BI expression
modulation on binding of low density viral particles (Fig. 1B).
Next, to confirm and extend the significance of these results,

we used BRL3A rat hepatocarcinoma cells devoid of endoge-
nous SR-BI (58) that ectopically expressed, or not, hSR-BI to
levels similar to the endogenous levels detected inHuh-7.5 cells
(Fig. 1, E versus G). Similar to the observations made using
Huh-7.5 cells, we found that a maximal binding to parental
BRL3A cells was detected for HCVcc particles of low density
(i.e. 1.02–1.10 g/ml) that allowed recovery of 10–20% of the
input viral particles (105 HCV GE for each density fraction)
(Fig. 1D). Importantly, although less than 1% of the input viral
particles of intermediate densities (i.e. above 1.10 g/ml) could
be recovered after incubation with BRL3A cells, expression of
hSR-BI in these cells increased by 10–50-fold the recovery of
these latterHCVcc particles (Fig. 1D), in agreementwith results
obtainedwithHuh-7.5 cells overexpressing SR-BI (Fig. 1B). SR-
BI-mediated increased recovery of viral particles of intermedi-
ate density was also detected at 4 °C (Fig. 1F) (although less
intensively than at 37 °C), indicating that hSR-BI promotes
binding of virions. Consistently, SR-BI-mediated binding of
intermediate density HCV particles was also detected when
internalization was prevented in SR-BI-expressing BRL3A cells
(Fig. 1H) through intracellular potassium depletion that inhib-
its clathrin-mediated endocytosis (80) and SR-BI internaliza-
tion (79). In contrast, no change of binding profile upon hSR-BI
expression could be detected for HCVcc particles of lower den-
sities (i.e. below 1.10 g/ml).
Thus, altogether, these results indicated that the capacity of

hSR-BI to interact with HCVcc particles specifically depends
on their physicochemical properties and, in a non-exclusive
manner, that binding of low density HCVcc particles is medi-
ated by another cell surface receptor. Yet, SR-BI also seems to
be involved in the infectivity of viral particles of these latter
densities. We, therefore, sought to investigate the nature of the
determinants that modulate HCV/SR-BI interaction.
Study of Density-fractionated HCVcc Reveals That HVR1

Modulates Particle Properties—HCV E2 binding to human
SR-BI depends on the hypervariable region 1 (HVR1) (38, 79), a
27-amino acid-long region at the N terminus of E2. Here, we
identified a conserved residue in HVR1, Leu-399, that upon
leucine-to-arginine mutation completely abolished E2 binding
to SR-BI, like HVR1 deletion (supplemental Fig. 1A). To clarify
the role of HCV E2 in SR-BI-mediated attachment of HCVcc
particles, we sought to study HVR1 modifications, i.e. through
its deletion (�HVR1-HCVcc) or L399R mutation (L399R-
HCVcc). We found that whereas supernatant levels of HCV
RNA and core protein were similar for HVR1-mutant and
parental HCVcc (Fig. 2,A andB, left panels), eitherHVR1mod-
ification had effects on HCVcc infectivity with a reduction of
40-fold for �HVR1-HCVcc, consistently with previous reports
(14, 81), and 3-fold for L399R-HCVcc (Fig. 2C, left panel).

Then different parameters of HCVcc density subpopulations
of the above-mentioned HVR1 mutants were analyzed (Fig. 2,
right panels). First, we investigated physical particle release of
HCVcc populations separated along their buoyant densities.
Parental HCVcc and HVR1-HCVcc mutants exhibited a major
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peak of physical particles sedimenting at densities of 1.10–1.16
g/ml and containing more than 90% of viral RNA and 95% of
core protein (range, 1.5–3.2 � 108 genome equivalent/ml and
4.1–9.8 � 105 fmol/ml at the peak density of 1.12–1.13 g/ml)
(Fig. 2, A and B). In line with studies of others (10, 11, 14), viral
particles could also be detected at higher densities (to up to 1.26

g/ml, data not shown) and at lower densities (to up to 1.02 g/ml;
Fig. 2,A and B). Yet,�10–60-fold less physical particles could be
detected for�HVR1-HCVccascomparedwithparentalHCVcc in
the low density fractions (i.e. 1.02–1.10 g/ml) (Fig. 2, A and B). In
contrast, as compared with parental HCVcc, L399R-HCVcc had
�10-fold higher levels of physical particles in fractions with den-
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sities of 1.02–1.05 g/ml but similar amounts in the other fractions
(i.e. 1.05–1.16 g/ml) (Fig. 2, A and B). Altogether, these results
suggested that HVR1 modulates the assembly, stability, and/or
lipoprotein-association of low density particles.

Next, we analyzed the distribution of infectivity of HCVcc
subpopulations for the above-mentioned HVR1 mutants (Fig.
2C, right panel). As for the �HVR1-HCVcc particles, virtually
all infectivity was detected in fractions of densities of 1.10–1.16

FIGURE 1. HCVcc particle attachment to SR-BI. A, HCV infectious titers of virus populations separated by using a continuous iodixanol density gradient
centrifugation were determined on human SR-BI-overexpressing (solid line, Huh-SR-BI) or SR-BI-down-regulated (dotted line, Huh-shRNA) Huh-7.5 cells, as
compared with control Huh-7.5 cells (dashed line, Huh-7.5). Results are expressed as focus-forming units/ml and compared with HCV RNA (GE, genome
equivalent) of each virus population (gray line, HCVcc RNA) determined by RT-qPCR. B, shown is attachment of HCVcc subpopulation to human SR-BI-over-
expressing (solid line, Huh-SR-BI) or SR-BI-down-regulated (dotted line, Huh-shRNA) Huh-7.5 cells as compared with control Huh-7.5 cells (dashed line, Huh-7.5).
Equal amounts of fractionated HCVcc particles, i.e. 1 � 105 HCV GE for each density fractions, were incubated to the cells. The bound HCVcc particles were
assessed by detection of HCV RNA in lysates of virus-incubated cells and normalized to the human GAPDH mRNA levels (mean � S.D.; n 	 3). C, shown are the
results of blocking of binding of HCVcc particles of intermediate densities (1.12–1.14 g/ml) to human SR-BI-overexpressing Huh-7.5 cells using SR-BI polyclonal
antibodies (preincubation of the cells with 100-fold dilution of anti-SR-BI serum) and compared with control serum. The results of binding inhibition are
displayed as percentage of blocking of binding compared with untreated cells. Bound HCV RNA was quantified as described in B (mean � S.D.; n 	 2). D, equal
amounts of fractionated HCVcc particles, corresponding to 1 � 105 HCV GE contained in fractions of densities specified on the x axis, were allowed to attach on
BRL3A cells expressing (dashed line, BRL-hSR-BI) or not (solid line, BRL3A) human SR-BI for 2 h at 37 °C. Bound HCV RNA was quantified as described in B (mean �
S.D.; n 	 3). E, cell surface expression of SR-BI in human SR-BI-overexpressing (dashed line, Huh-SR-BI), SR-BI-down-regulated (dotted line, Huh-shRNA), or control
Huh-7.5 cells (solid line, Huh-7.5) by immunostaining is shown. Staining with secondary antibody only provided the background of fluorescence (gray line,
Huh-7.5 background). F, equal amounts of fractionated HCVcc particles (1 � 105 HCV GE per fraction) were allowed to attach on BRL3A cells expressing (dashed
line, BRL-hSR-BI) or not (solid line, BRL3A) human SR-BI for 2h at 4 °C. Bound HCV RNA was quantified as described in B (mean � S.D.; n 	 3). G, cell surface
expression of SR-BI in BRL3A cells ectopically expressing, or not, human SR-BI by immunostaining is shown. H, BRL3A cells expressing human SR-BI were treated
(solid line) or not (dashed line) with potassium-depleted medium and subsequently incubated for 2 h at 37 °C with equal amounts of fractionated HCVcc
particles (1 � 105 HCV GE). Bound HCV RNA was quantified as described in B (mean � S.D.; n 	 2).

FIGURE 2. Biophysical properties of HCVcc particles. A–C, HCVcc particles harboring wt (HCVcc), HVR1-deleted (�HVR1-HCVcc), or L399R-mutated (L399R-
HCVcc) H77-E1E2 glycoproteins were harvested 48 h after transfection of Huh7.5 cells and were analyzed from filtered cell culture supernatants (left panels) or
after separation of viral subpopulations into 12 fractions by using continuous iodixanol density gradient centrifugation (right panels). HCV RNA GE (genome
equivalent) (A) and HCV core protein (B) amounts contained in each fraction were determined by qRT-PCR and ELISA, respectively (mean � S.D.; n 	 3). C, HCV
infectious titers were determined as focus-forming units/ml. In the right panels, values are plotted against the density of the respective fractions. Statistical
analysis was performed by a paired Student’s t test: *, p � 0.05; **, p � 0.005; ***, p � 0.0005. D, specific infectivity of wt HCVcc, �HVR1-HCVcc, and L399R-HCVcc
was calculated as infectivity per fmol core protein and is presented as percentage of total specific infectivity in individual fractions.
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g/ml (Fig. 2C), containing most physical particles. No infectiv-
ity could be detected in low density fractions, presumably due
to strongly reduced levels of physical particles in these fractions
(Fig. 2, A and B). Nonetheless, this contrasted with the L399R-
HCVcc particles for which �80% of the infectivity remained in
these low density fractions (Fig. 2C) and particularly in those of
lowest densities (1.02–1.05 g/ml). Importantly, the L399R-
HCVcc viruses had 5–10-fold reduced infectious titers than the
parental HCVcc particles in the peak infectivity fractions of the
latter virus (p � 0.05), i.e. 1.08–1.13 g/ml (Fig. 2C), despite
similar amounts of physical particles in such fractions (Fig. 2,A
and B). Altogether, these results indicated that HVR1 deter-
mines at least in part infectivity and perhaps lipid association of
HCVcc particles. Viruses harboring wt versus L399R-mutated
E2 glycoproteins were then compared in the subsequent exper-
iments to analyze SR-BI involvement in HCV entry.

Intermediate density HCVcc Particles Use SR-BI for Cell
Attachment via Their Lipoprotein Components—We then
sought to determine the importance of E2/SR-BI interaction
in mediating attachment of the different virus populations.
First, we found that, unexpectedly, SR-BI induced attach-
ment of HCVcc particles of intermediate density for both wt
viruses (Figs. 1B and 3A) and modified viruses harboring the
L399R mutation in HVR1 (Fig. 3A) that abrogated soluble
E2/SR-BI binding (supplemental Fig. 1A). Second, no signif-
icant attachment to cells expressing CD81 could be detected
for parental and HVR1-mutated HCVcc particles contained
in all density gradient fractions (Fig. 3D), although individ-
ually, the recombinant HVR1-modified E2 proteins had
higher capacity to bind CD81 than wt E2 (supplemental Fig.
1A). Third, the mouse SR-BI ortholog, which does not allow
binding of HCV E2 (38, 82), also mediated attachment of wt

FIGURE 3. Cell attachment properties of HCVcc particles of different densities. A–D, shown is cell attachment of wt HCVcc and L399R-HCVcc particles to
BRL3A cells expressing human SR-BI (A), mouse SR-BI (B), mouse M158R SR-BI mutant (C), or human CD81 (D). Shown is -fold binding of HCVcc particles to these
cells in comparison to parental BRL3A cells, as assessed by detection in lysates of virus-incubated cells of viral RNA by qRT-PCR that was normalized to the rat
GAPDH mRNA levels. The left panels show the binding of non-fractionated viral particles to BRL3A cells expressing the indicated receptors (mean � S.D.; n 	
3), whereas the right panels show the binding of viral particles in individual density fractions (results are representative of three independent experiments).
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and L399R-mutated HCVcc intermediate density particles
(Fig. 3B).
Confirming that SR-BI specifically interacts with HCVcc parti-

cles of intermediate densities, we found that SR-BI blocking anti-
bodies almost completely inhibited SR-BI-mediated attachment
of wt and L399R-mutated HCVcc particles to SR-BI-expressing
BRL3A cells (Fig. 4A, left panel). Yet we found that this HCVcc/

SR-BI interaction was not mediated by the HCV E2 glycoprotein
as it was abrogated neither by BLT-4 (Fig. 4B, left panel), a small
molecule SR-BI inhibitor (65), nor by E2-specific antibodies (Fig.
4C, left panel), both of which block sE2 binding to SR-BI (58) (Fig.
4,B andC, insets). Altogether, these results indicated thatHCVE2
is not at play forHCVcc attachment to SR-BI, which thus involves
alternative virus surface component(s).

FIGURE 4. Blocking of HCVcc binding and infectivity. A–E, left panels, shown are the results of blocking of binding of HCVcc particles of intermediate densities
(1.12–1.14 g/ml) to human SR-BI in the presence of anti-SR-BI or control serum (100-fold dilution) (A) or in the presence of BLT-4 (50 �M) or the DMSO diluent
(B) by preincubating viral particles with mAb 3/11 against HCV E2 (20 �g/ml) or PBS diluent (C) or by preincubating cells with VLDL (50 �g/ml) (D) or purified
apoE (50 �g/ml) (E). The results are displayed as the percentage of blocking of binding to hSR-BI-expressing BRL3A cells incubated with the indicated
compounds compared with untreated cells (mean � S.D.; n 	 3). The insets in the left panels of B and C show the results of blocking of sE2 binding to BRL3A cells
expressing hSR-BI or hCD81 with the same concentration of the BLT-4 compound or 3/11 antibody used for blocking of HCVcc binding. A–E, right panels,
neutralization of infectivity of viral particles of the indicated buoyant densities with anti-SR-BI or control serum (100-fold dilution) (A) or with BLT-4 (50 �M) (B) by
preincubating viral particles with mAb 3/11 (20 �g/ml) (C) or by preincubating cells with VLDL (50 �g/ml) (D) or with purified apoE (50 �g/ml) (E). The results
of infectivity inhibition are displayed as the percentage of neutralization relative to the infectivity in Huh-7.5 cells determined in the absence of inhibitor. The
results are representative of five independent experiments.
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Previous studies have underscored the association of HCV
particles with �-lipoprotein components such as apoB, apoC-I,
or apoE (17, 22, 28), which may contribute to HCV/SR-BI
interaction. Importantly, no attachment of HCVcc particles
occurred to cells expressing the M158R-mutated mouse SR-BI
(Fig. 3C) that does not bind lipoproteins (70, 71) (supplemental
Fig. 4C), suggesting that a lipoprotein component(s) could
influence attachment to SR-BI of HCVcc particles. Consis-
tently, purified VLDL and apoE strongly inhibited attachment
of intermediate density HCVcc particles to SR-BI-expressing
BRL3A cells (Fig. 4, D and E, left panels). Again, strictly analo-
gous results were obtained for HCVcc particles carrying the
L399Rmutation, as compared with wt virus (Fig. 4, left panels),
further indicating that a host factor rather than a viral ligand
mediates attachment of intermediate density HCVcc particles
to SR-BI.
Then we investigated the impact of these latter molecules on

HCVcc infectivity (Fig. 4, right panels). Consistently with the
inhibition of SR-BI-mediated attachment, both purified VLDL
and apoE inhibited entry of HCVcc of intermediate density in a
dose-dependent manner (Fig. 4,D and E, right panels, and sup-
plemental Fig. 2, D and E). In addition, either molecule also
impaired cell entry of the other HCVcc subpopulations (Fig. 4,
D and E, right panels, and supplemental Fig. 2, D and E), sug-
gesting that lipoprotein components also permit attachment
and/or penetration of HCVcc via SR-BI and/or alternative lipo-
protein receptor(s).
SR-BI Mediates Entry of All HCVcc Subpopulations via Its

Lipid Transfer Activity and Independent of E2/SR-BI Bind-
ing—Importantly, we found that SR-BI antibodies blocked
infectivity inHuh-7.5 cells of both parental andHVR1-mutated
HCVcc particles of intermediate density (�1.10 g/ml), as
expected due to the SR-BI role in attachment of the latter viral
particles (Figs. 1 and 2). Importantly, these antibodies also
blocked infectivity of low densityHCVcc particles (�1.10 g/ml)
(Fig. 4A, right panel, and supplemental Fig. 2A), which do not
attach to SR-BI (Figs. 1 and 2). This confirmed our assumption
(Fig. 1, A and B) that, besides mediating cell attachment, an
additional function of SR-BI, whichwe designated “access func-
tion” (Table 1), allows cell entry of all HCVcc subpopulations in
a manner independent of E2/SR-BI binding and of HCVcc/
SR-BI attachment. Yet, HCV E2-blocking antibodies neutral-
ized infectivity of HCVcc particles of all densities (Fig. 4C, right
panel, and supplemental Fig. 2C), suggesting that the HCV sur-
face glycoproteins mediate cell entry of all HCVcc subpopula-
tions, although they are not involved in HCVcc attachment to
cells. Furthermore, we found that BLT-4, a small inhibitor of

the lipid transfer activity of SR-BI (65) (supplemental Fig. 3),
inhibited HCVcc infectivity of all HCVcc populations (Fig. 4B,
right panel) in amanner correlating to the levels of lipid transfer
inhibition (supplemental Figs. 2B and 3), indicating that the
physiological activity of SR-BI may exert this access function of
SR-BI by other means than bymediating attachment of HCVcc
particles.
Thus, aiming to discriminate the nature of either “attach-

ment” versus “access” SR-BI functions, we took advantage of the
HCVpp assay, which allows the study of entry factors using
receptor-complementation assays (42, 58) independently of the
lipoprotein components associated toHCVcc particles. As pre-
viously described (42, 82), although it does not bind HCV E2
(38, 82) (Fig. 5A), mouse SR-BI fully supported HCVpp entry
with an efficiency similar to human SR-BI as shown here (Fig.
5B) in BRL3A cells co-expressing human CD81, CLDN1, and
endogenous rat Occludin (BRL-hCD81-hCLDN1 cells). Con-
sistently, despite loss of E2/SR-BI binding (Fig. 5A, supplemen-
tal Fig. 1A), L399R-HCVpp depended on SR-BI for entry into
cells as BRL-hCD81-hCLDN1 cells became susceptible only
upon expression of either mouse or human SR-BI (Fig. 5B).
Finally, we found that BLT-4 inhibited HCVpp entry in BRL-
hCD81-hCLDN1 expressing either human or mouse SR-BI by
about 70–90% (similar to the inhibition of HCVpp entry on
Huh-7 cells) (Fig. 5C), in line with the levels of lipid transfer
inhibition achieved by BLT-4 in these cells (Fig. 5C and supple-
mental Fig. 3). Because HCV E2 does not bind mouse SR-BI,
this result indicated that the SR-BI lipid transfer-dependent
function could be involved in its capacity tomediateHCV entry
independently of E2/SR-BI interaction.
To corroborate these results, we performed infection assays

using mutants of mouse SR-BI that are impaired in their lipid
transfer activities (M158R or G420H-424H) (69, 70) (Fig.
5D and supplemental Fig. 4). In BRL-hCD81-hCLDN1 cells
expressing either mouse mutant, we found that the levels of
HCVpp infection were significantly reduced by about 60–80%
as compared with parental mouse SR-BI (Fig. 5D), which cor-
related well with a 3–4-fold decrease in their lipid transfer
function (Fig. 5D and supplemental Fig. 4). Altogether, these
results indicated that the function of SR-BI used during HCV
entry of all HCVcc populations (access function) is HCV E2/
SR-BI binding-independent but requires the lipid transfer
activity of SR-BI.
The Interaction between HCV E2 and SR-BI Triggers a Third

Function of SR-BI That Leads to Enhanced HCV Entry—Thus
far we described two functions of SR-BI important for HCV cell
entry, an attachment function and an access function,which are
both HCV E2/SR-BI binding-independent (Table 1). Then we
wanted to investigate the potential role of HCV E2 binding to
SR-BI. First, when we introduced in HCVcc genome the L399R
mutation in HVR1 that abrogates HCV E2/SR-BI binding, we
found that these HCVcc particles exhibited a decreased sensi-
tivity to neutralization by anti-SR-BI antibodies (Fig. 4A, right
panel, and supplemental Fig. 2A) or by BLT-4 (Fig. 4B, right
panel, and supplemental Fig. 2B), as compared with parental
HCVcc. Second, we observed that these HVR1-mutated HCVcc
particles, compared with wt viruses, had a 5–10-fold decrease of
infectivity for the viral particle populations that corresponded to

TABLE 1
SR-BI functions and determinants required for HCV entry into cells

Function Determinant HCV subpopulation

Attachment VLDL components (apoE) 1.10–1.16 g/ml
E2-independent (intermediate density)
HVR1-independent

Access SR-BI lipid transfer-dependent 1.02–1.16 g/ml
E2/SR-BI binding-independent (low and intermediate

density)HVR1-independent
Enhancement SR-BI lipid transfer-dependent 1.08–1.12 g/ml

E2/SR-BI binding-dependent (lower intermediate
density)HVR1-dependent

HDL component (apoC-I)

SR-BI Dependency of HCV Subpopulations

31250 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 37 • SEPTEMBER 7, 2012

http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1
http://www.jbc.org/cgi/content/full/M112.365924/DC1


the highest infectivity levels of parental HCVcc (i.e. 1.08–1.13
g/ml) (Fig. 2C) and that contained the highest amounts of E1E2
glycoproteins (supplemental Fig. 5). Altogether, these results sug-
gested the possibility that E2/SR-BI interaction leads to an
enhanced infectivity for HCVcc particles.
Infection enhancement of HCV infectivity has been reported

before by us and others (55–59, 61). Particularly, HDL fromHS
stimulate post binding entry of HCVpp and HCVcc particles in
a manner that is governed by HVR1 and is dependent on the
lipid transfer function of SR-BI. Our results in this report fur-
ther indicate that infection enhancement is likely related to
HCV E2/SR-BI binding, as cell entry of HVR1-HCVppmutants
harboring E2 glycoproteins that do not bind SR-BI (supplemen-
tal Fig. 1A) was not enhanced by HDL or HS (supplemental Fig.
1B). Consistently, HDL enhanced infectivity of wt HCVcc but
not of L399R-HCVcc particles (supplemental Fig. 6). Finally,
although mouse SR-BI expressed in BRL3A cells mediated effi-
cient HDL binding and lipid transfer (supplemental Fig. 4), it
did not allow enhancement of HCV infection in the presence of
HDL or HS, in contrast to human SR-BI (Fig. 6A and supple-
mental Fig. 1B). Interestingly the absence of HDL-mediated
infection enhancement uncovered an inhibitory activity of lipo-
proteins, possibly due to oxidized lipids (53). Altogether, these
results indicated that although rodent and human SR-BI pro-
mote HCV entry through their access function, only human
SR-BI features both capacities to mediate HCV E2 binding and
to induce HCV entry enhancement in the presence of HDL.

To establish the molecular basis of the difference between
the access function of SR-BI and SR-BI/HDL-mediated entry
enhancement, we generated a set of SR-BI chimeras by swap-
ping segments between human and mouse orthologs. Using
SR-BI sequence comparisons as well as structural features pre-
dictions, we delineated three domains in the SR-BI ectodomain,
i.e. between amino acid positions 38 and 215, 216 and 398, and
399 and 432. We then generated six human/mouse SR-BI
chimeras (Fig. 6B) that were readily expressed in BRL3A cells
(Fig. 6C) and fully functional for lipid transfer (Fig. 6D, sup-
plemental Fig. 7). Although they all supported efficient HCVpp
entry upon expression inBRL-hCD81-hCLDN1cells (Fig. 6E) and
displayed full HDL binding capacities (Fig. 6F), only those chime-
ras that harbored the first domain of human SR-BI supported
HCVentryenhancementbyHDLorHS(Fig. 6G).As shown inFig.
6H,we foundthat the firstdomainofhumanSR-BIharboredbind-
ing sites for HCV E2, as only when this domain was present in a
chimeric human/mouse SR-BI molecule could we demonstrate
sE2 binding with an efficiency comparable with that of wt human
SR-BI.Hence, the ability of these chimericmolecules to bindHCV
E2 correlated with their capacity to induce HDL-mediated infec-
tion enhancement. Altogether, these results suggested that HDL-
mediated stimulation requires HCV E2 binding to SR-BI, which
thuscharacterizes this third functionofSR-BI (referred tobelowas
the enhancement function, Table 1), present in human SR-BI and
distinct from the access function detected with either SR-BI
orthologs.

FIGURE 5. Inhibition of HCV entry by blocking lipid transfer activity of SR-BI. A, binding of His-tagged soluble wt (sE2) or L399R-mutated (L399R-sE2) H77-E2
glycoprotein to BRL3A cells ectopically expressing CD81 or the indicated SR-BI orthologs was detected by flow cytometry. The results are expressed as -fold of
mean fluorescent intensity relative to the mean fluorescent intensity (MFI) determined in the absence of sE2 (mean � S.D.; n 	 3). B, results are shown of HCV
entry assays in Huh-7 cells or in BRL-hCD81-hCLDN1 rat hepatocarcinoma cells ectopically expressing, or not, human or mouse SR-BI (hSR-BI and mSR-BI,
respectively) along with human CD81, human CLDN-1, and endogenous OCLN. Cells were inoculated with HCVpp harboring wt (HCVpp) or L399R-mutated
(L399R-HCVpp) H77-E1E2 glycoproteins, control virus particles harboring VSV-G glycoprotein (VSV-Gpp, diluted 1:100), or no glycoprotein (noENVpp), and
infectivity titers were determined 72 h after inoculation. Results represent average infectious titers, expressed as infectious unit (IU) per ml (mean � S.D.; n 	
3). C, shown are the results of inhibition of SR-BI-dependent HCVpp entry, cholesterol efflux (using 50 �g/ml HDL-PL), and HDL-CE uptake (using 60 �g/ml
HDL-PL) in BRL-hCD81-hCLDN1 cells ectopically expressing hSR-BI or mSR-BI as indicated and in Huh-7 cells treated with 50 �M of BLT-4 relative to DMSO-only,
set at 100% (mean � S.D.; n 	 3). D, shown are the results of SR-BI-dependent HCVpp entry assays, cholesterol efflux (using 50 �g/ml HDL-PL), HDL-CE uptake
(using 60 �g/ml HDL-PL), and Cy5-labeled HDL binding (using 5 �g/ml HDL) in BRL-CD81-CLDN1 cells ectopically expressing mutated mouse SR-BI M158R or
G420H/G424H as indicated. Shown are the percentages of inhibition as compared with cells expressing wild-type mouse SR-BI (mean � S.D.; n 	 3).
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DISCUSSION

Here we show that SR-BI is a multifunctional entry factor
essential for infectivity ofHCVparticles with different biophys-
ical properties and host protein compositions. The analysis of
HCVcc populations separated by density gradient revealed that
during HCV entry, SR-BI exerts both direct and indirect inter-

actions with different components on the viral particles. Thus,
we propose three distinctHCVentry functions for SR-BI (Table
1): a primary attachment function, an access function, and an
enhancement function that, respectively, lead to the capture of
HCV particles from the extracellular milieu, their functional
entry into cells, and the stimulation of their infectivity. Intrigu-
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ingly, we found that although the binding ofHCVE2 to SR-BI is
required for the latter SR-BI function at a post-attachment step
both the attachment and access functions are independent of
HCV E2/SR-BI interaction. Finally, our results highlight a crit-
ical role of HVR1 residues and of SR-BI domain I for E2/SR-BI
binding and, consequently, the implementation of the enhance-
ment function.
SR-BI is amultiligand receptor thatmediates the binding and

lipid transfer from different classes of lipoproteins (51, 52).
Because of their low density, lipid composition, and association
to apolipoproteins, plasma-derivedHCV as well as HCVcc par-
ticles resembleVLDLparticles in the formof lipo-viro-particles
(for review, see Ref. 7) and, as for HCVcc particles retrieved
from our buoyant density gradients, fall in different subpopu-
lations of low (�1.10 g/ml), intermediate (1.10–1.16 g/ml) and
high (�1.16 g/ml) densities.
It was previously proposed that SR-BI could act as a receptor

of HCV entry through a direct E2/SR-BI interaction (38, 39).
However, here we found that the initial attachment of HCVcc
particles to SR-BI is independent of E2 but, rather, is mediated
by lipoprotein components, such as apoE. Indeed, a pointmuta-
tion of HVR1 leading to complete loss of E2/SR-BI binding did
not interfere with HCVcc/SR-BI attachment. Consistently, we
found that HCVcc capture by SR-BI cannot be inhibited by
E2/SR-BI binding blockers such as E2 antibodies or BLT-4,
which further excludes a role for HCV E2 in the attachment
function of SR-BI. Moreover, no attachment of HCVcc parti-
cles occurred on the lipoprotein binding-deficient M158R
SR-BImutant. The preferential attachment of HCV particles of
intermediate density to SR-BI via a lipoprotein component is in
agreement with the observation that several apolipoproteins
(apoB, -E, -C-I) are predominantly incorporated into HCVcc
particles of intermediate densities (17, 19) and that apoE plays a
crucial role during HCV assembly and infectivity (17, 20–22,
83–86).
Overall, our data are in agreementwith a previous study indi-

cating that the cellular uptake of HCV particles derived from
the plasma of HCV-infected patients can be mediated by SR-BI
through its interaction with lipoprotein components harbored
by the virus (28). Although there may be differences between
HCVcc and patient-derived particles, e.g. in their apolipopro-
tein composition of viral subpopulations of different densities,

as HCVcc-producing hepatocarcinoma cells are impaired at
late steps of VLDL biogenesis and production (7, 87, 88), our
study further extends these previous results (28) and under-
scores the notion that distinct capture molecules are used by
the different HCV subpopulations to induce attachment to tar-
get cells. Although attachment of HCVcc of intermediate den-
sity, particularly, seems to bemediated by SR-BI, we found that
the infectivity of low density HCVcc particles also involves a
VLDL-derived component as it could be competed by VLDL
and/or by purified apoE. This may involve cell attachment of
these latter viral particles tomolecules such as glycosaminogly-
cans (35, 36, 86), lipoprotein lipase (89), and/or LDL receptor
(17, 27, 29, 37) that all bind VLDL.
We found that the access function of SR-BI that mediates

HCV entry into cells is independent of E2/SR-BI binding.
Indeed, entry of HCV particles bearing HVR1 modifications
abrogating sE2/SR-BI binding remained dependent on the
presence of SR-BI. Likewise, mouse SR-BI mediated full HCV
entry as compared with its human counterpart, in agreement
with previous reports (42, 82, 90). Thus, our results indicated
that a SR-BI property other than E2 binding must be at play
during HCV entry.
SR-BI mediates the bidirectional flux of free and esterified

cholesterol between cells and lipoproteins (51, 52). Here we
found that blocking the lipid transfer activity ofmouse SR-BI by
small chemical inhibitors (BLTs) (65) decreased HCVpp entry.
Likewise, point mutants of mouse SR-BI abrogating lipid trans-
fer (69–71) decreased HCVpp entry as compared with wt
mouse SR-BI. Finally, blocking of lipid transfer of human SR-BI
by either anti-SR-BI antibodies or BLT-4 decreased the infec-
tivity of HCVcc particles of the different buoyant densities,
including those of low density that do not initially attach SR-BI.
Although the access function promoted by SR-BI relies on

the lipid transfer activity of SR-BI but does not depend on
E2/SR-BI binding, it does depend on E2/CD81 interaction, as
shown in this report by sensitivity to antibodies that block
E2/CD81 interaction. This is in line with recent studies reveal-
ing that, whether or not SR-BI bears HCV E2 binding capacity,
HCV entry remains dependent on human CD81 (as well as on
Occludin and Claudin-1) (42, 58). A possibility is that the lipid
transfer function of SR-BI facilitates the formation of an HCV
receptor complex, perhaps by augmenting the rate of recruit-

FIGURE 6. HCV entry into cells expressing human/mouse SR-BI chimeras. A, HCV entry assays using H77-HCVpp (produced in serum-free medium) in the
presence of 6 �g/ml cholesterol-HDL or 2.5% human or mouse serum and BRL3A cells expressing human or mouse SR-BI along with human CD81 and human
CLDN1. Huh-7 cells were used as a reference. Results show the -fold increases of infection determined by calculating the ratios between average infectious
titers determined in the presence or absence (–) of HDL or serum (mean � S.D.; n 	 3). No changes of infectivity of VSV-Gpp control particles were detected
under these experimental conditions (data not shown). B, a schematic representation of human/mouse SR-BI chimeras shows the three domains that were
swapped between amino acid positions 38 and 215, 216 and 398, and 399 and 432. The gray boxes represent mouse sequences, whereas the white boxes
represent the human sequences. The dashed boxes represent the SR-BI trans-membrane domains. M, mouse; H, human. C, shown is a comparison of expression
levels of human/mouse SR-BI chimeras by Western blot analysis using SRBI (400 –104) or human SR-BI-specific (CLA-1 mAb) antibodies. Actin staining (AC74
mAb) was used as loading control. D, shown are the results of SR-BI-dependent free cholesterol efflux (using 50 �g/ml HDL-PL) and HDL-CE uptake (using 60
�g/ml HDL-PL) in BRL3A cells expressing wild-type or chimeric human/mouse SR-BI relative to parental BRL3A (mean � S.D.; n 	 3). E, shown are the results of
HCV entry assays into BRL-hCD81-hCLDN1 cells ectopically expressing parental human or mouse SR-BI or chimeric human/mouse SR-BI molecules by using
H77-HCVpp, VSV-Gpp (500-fold dilution in medium), or non-enveloped particles (noENVpp). Results represent average infectious titers, expressed as infection
units/ml (mean � S.D.; n 	 3). F, shown is binding of Cy5-labeled HDL (using 5 �g/ml HDL) to BRL3A cells expressing parental or chimeric human/mouse SR-BI.
Results are expressed as -fold of MFI relative to the MFI determined in the absence of Cy5-labeled HDL (mean � S.D.; n 	 3). G, shown are HCV entry assays using
H77-HCVpp in the presence of 6 �g/ml cholesterol-HDL or 2.5% HS. Results show the -fold increases of infection determined by calculating the ratios between
average infectious titers measured in the presence or absence of HDL or HS (mean � S.D.; n 	 3). No changes of infectivity with VSV-Gpp control particles were
detected under these experimental conditions (data not shown). H, shown are results of binding of His-tagged soluble H77-E2 (sE2) to BRL3A cells ectopically
expressing the indicated SR-BI orthologs or chimeras or to cells expressing human CD81 as compared with parental cells. Results are expressed as -fold MFI
relative to the MFI determined in the absence of sE2 (mean � S.D.; n 	 3).
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ment of the CD81 tetraspanin and the other entry co-factors at
virion-binding sites and/or the internalization of HCV/CD81
complexes via the modulation of the “tetraspanin web,” which
is regulated by cholesterol (91). In this respect it is interesting
that CD81 and SR-BI function cooperatively to initiate HCV
infection (62, 92) and that HCV entry is dependent on mem-
brane cholesterol (92). In contrast to the attachment and access
functions of SR-BI, which both are independent of E2/SR-BI
interaction, E2 binding to SR-BI triggers a third entry function
of SR-BI at a post-attachment step that leads to stimulation of
cell entry (enhancement function).
Compared with HVR1-mutated viruses, whose E2 glycopro-

teins do not bind SR-BI, wt HCVcc particles of all densities
exhibited a higher sensitivity to lipid transfer inhibitors (e.g.
SR-BI antibodies and BLTs), which could be interpreted as a
higher SR-BI dependence for entry. Thus, these results indi-
cated a role for E2/SR-BI interaction for the entry process at a
post-binding step. Consistently, as compared with the HVR1-
mutated viruses, we found that wt HCVcc displayed a�10-fold
higher infectivity for HCVcc particles of intermediate density
that exhibited the highest infectivity (1.08–1.13 g/ml) and that
contained the highest levels of E1E2 glycoproteins. Hence, for
HCVcc of both low and intermediate densities, the interplay
between SR-BI, E2, and/orHVR1 seems to trigger an important
SR-BI function leading to enhanced cell entry.
Previous studies revealed that HCVpp entry is specifically

enhanced by HDL in amanner dependent on SR-BI lipid trans-
fer function (55, 56, 58, 60, 61). Here, by studying human/
mouse SR-BI chimeras and their HCV entry properties, we
found that HDL-mediated HCV infection enhancement corre-
lates to E2/SR-BI binding, which itself is modulated by specific
HVR1 residues. The close vicinity of HCV particle and a spe-
cific lipid transfer activity adjacent to the cell entry site could
stimulate infectivity by different manners. Cholesterol transfer
from SR-BI-bound lipo-viro-particles or lipoproteins could be
important to facilitate post-attachment events at the site of
entry into cells. Local enhanced membrane fluidity due to an
elevated cholesterol/lipid content could favor crucial HCV cell
entry events such as receptor movements (93) and interactions
(68, 94), particle internalization (61, 95), and finally fusion with
the host membrane (23, 47, 96). Furthermore, acceleration or
facilitation of these crucial entry steps might help the virus to
escape the host humoral immune response (60, 61) and to
establish persistence (26).
In conclusion, we demonstrate that SR-BI is an entry factor

with unparalleled functions. Its usage by HCV subpopulations
to enter the cell is manifold and, intriguingly, involves different
components on the viral particle (Table 1). First, we show that
the initial attachment of HCV particles is independent of E2
and, at least for particles of intermediate densities, occurs via
SR-BI. The nature of the attachment factor forHCVparticles of
low density was not identified in this study but is likely a mole-
cule that binds VLDL, as deduced from VLDL and apoE com-
petition in infection assays. Thus, in agreement with several
previous studies (17, 22, 84), lipoprotein components provide
the viral particle mimics of host-derived ligands for important
capture molecules such as, e.g. LDL receptor and SR-BI. By
targeting these explicit cholesterol receptors, HCVmight opti-

mize replication in vivo as they are abundantly expressed on
hepatocytes, which themselves harbor the VLDL assembly
machinery that is important for HCV particle production. Sec-
ond, besidesmediating attachment, SR-BI induces entry and/or
entry enhancement of HCV particles. We surmise that,
whether they were initially captured by SR-BI or by alternative
attachment molecules, the viral particles could be “passed on”
to the next entry step, which would allow HCV E2 to directly
interact with CD81 and/or SR-BI in an entry complex poten-
tially containing the other entry co-factors. Why such direct
interactions cannot be detected during the primary attachment
step of the viral particles remains unclear; yet, one possibility is
that modifications of HCV particles occur during/after their
capture on lipoprotein receptor(s), allowing HCV E1E2 to
become accessible for further interactions with CD81 and
SR-BI. AlthoughHCVE2/CD81 interaction was recently found
to prime HCV for low pH-dependent fusion (49), direct inter-
actions between HCV E2 and SR-BI enhance infectivity of the
particle at post-attachment levels (26).

Acknowledgments—We are grateful to T. Wakita for the gift of the
JFH-1 HCV isolate, C. Rice for the gift of the Huh7.5 cell line, and J.
McKeating, H Greenberg, and J. Dubuisson for the 3/11, A4, and H52
monoclonal antibodies, respectively. We acknowledge the contribu-
tion of the AniRA platform (flow cytometry) of SFR BioSciences Ger-
land-Lyon Sud (UMS3444/US8).

REFERENCES
1. Zeisel, M. B., Fofana, I., Fafi-Kremer, S., and Baumert, T. F. (2011) Hepa-

titis C virus entry into hepatocytes:Molecularmechanisms and targets for
antiviral therapies. J. Hepatol. 54, 566–576

2. André, P., Komurian-Pradel, F., Deforges, S., Perret, M., Berland, J. L.,
Sodoyer, M., Pol, S., Bréchot, C., Paranhos-Baccalà, G., and Lotteau, V.
(2002) Characterization of low and very low density hepatitis C virus
RNA-containing particles. J. Virol. 76, 6919–6928

3. Nielsen, S. U., Bassendine,M. F., Burt, A. D., Martin, C., Pumeechockchai,
W., andToms, G. L. (2006) Association between hepatitis C virus and very
low density lipoprotein (VLDL)/LDL analyzed in iodixanol density gradi-
ents. J. Virol. 80, 2418–2428

4. Bradley, D., McCaustland, K., Krawczynski, K., Spelbring, J., Humphrey,
C., and Cook, E. H. (1991) Hepatitis C virus. Buoyant density of the factor
VIII-derived isolate in sucrose. J. Med. Virol 34, 206–208

5. Thomssen, R., Bonk, S., Propfe, C., Heermann, K. H., Köchel, H. G., and
Uy, A. (1992) Association of hepatitis C virus in human sera with �-lipo-
protein.Med. Microbiol. Immunol. 181, 293–300

6. Felmlee, D. J., Sheridan, D. A., Bridge, S. H., Nielsen, S. U., Milne, R. W.,
Packard, C. J., Caslake,M. J.,McLauchlan, J., Toms, G. L., Neely, R. D., and
Bassendine, M. F. (2010) Intravascular transfer contributes to postpran-
dial increase in numbers of very low density hepatitis C virus particles.
Gastroenterology 139, 1774–1783

7. Bartenschlager, R., Penin, F., Lohmann, V., andAndré, P. (2011) Assembly
of infectious hepatitis C virus particles. Trends Microbiol 19, 95–103

8. Grove, J., Nielsen, S., Zhong, J., Bassendine, M. F., Drummer, H. E., Balfe,
P., and McKeating, J. A. (2008) Identification of a residue in hepatitis C
virus E2 glycoprotein that determines scavenger receptor BI and CD81
receptor dependency and sensitivity to neutralizing antibodies. J. Virol.
82, 12020–12029

9. Podevin, P., Carpentier, A., Pène, V., Aoudjehane, L., Carrière, M., Zaïdi,
S., Hernandez, C., Calle, V., Méritet, J. F., Scatton, O., Dreux, M., Cosset,
F. L., Wakita, T., Bartenschlager, R., Demignot, S., Conti, F., Rosenberg,
A. R., and Calmus, Y. (2010) Production of infectious hepatitis C virus in
primary cultures of human adult hepatocytes. Gastroenterology 139,
1355–1364

SR-BI Dependency of HCV Subpopulations

31254 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 37 • SEPTEMBER 7, 2012



10. Lindenbach, B. D.,Meuleman, P., Ploss, A., Vanwolleghem, T., Syder, A. J.,
McKeating, J. A., Lanford, R. E., Feinstone, S. M., Major, M. E., Leroux-
Roels, G., and Rice, C. M. (2006) Cell culture-grown hepatitis C virus is
infectious in vivo and can be recultured in vitro. Proc. Natl. Acad. Sci.
U.S.A. 103, 3805–3809

11. Gastaminza, P., Kapadia, S. B., and Chisari, F. V. (2006) Differential bio-
physical properties of infectious intracellular and secreted hepatitis C
virus particles. J. Virol. 80, 11074–11081

12. Wakita, T., Pietschmann, T., Kato, T., Date, T., Miyamoto, M., Zhao, Z.,
Murthy, K., Habermann, A., Kräusslich, H. G., Mizokami, M., Barten-
schlager, R., and Liang, T. J. (2005) Production of infectious hepatitis C
virus in tissue culture from a cloned viral genome.Nat. Med. 11, 791–796

13. Lindenbach, B. D., Evans, M. J., Syder, A. J., Wölk, B., Tellinghuisen, T. L.,
Liu, C. C.,Maruyama, T., Hynes, R. O., Burton, D. R.,McKeating, J. A., and
Rice, C.M. (2005) Complete replication of hepatitis C virus in cell culture.
Science 309, 623–626

14. Bankwitz, D., Steinmann, E., Bitzegeio, J., Ciesek, S., Friesland, M.,
Herrmann, E., Zeisel, M. B., Baumert, T. F., Keck, Z. Y., Foung, S. K.,
Pécheur, E. I., and Pietschmann, T. (2010) Hepatitis C virus hypervariable
region 1 modulates receptor interactions, conceals the CD81 binding site,
and protects conserved neutralizing epitopes. J. Virol. 84, 5751–5763

15. Vieyres, G., Thomas, X., Descamps, V., Duverlie, G., Patel, A. H., and
Dubuisson, J. (2010) Characterization of the envelope glycoproteins asso-
ciated with infectious hepatitis C virus. J. Virol. 84, 10159–10168

16. Meunier, J. C., Russell, R. S., Engle, R. E., Faulk, K. N., Purcell, R. H., and
Emerson, S. U. (2008) Apolipoprotein c1 association with hepatitis C vi-
rus. J. Virol. 82, 9647–9656

17. Owen, D. M., Huang, H., Ye, J., and Gale, M., Jr. (2009) Apolipoprotein E
on hepatitis C virion facilitates infection through interaction with low
density lipoprotein receptor. Virology 394, 99–108

18. Gastaminza, P., Dryden, K. A., Boyd, B.,Wood,M. R., Law,M., Yeager,M.,
and Chisari, F. V. (2010) Ultrastructural and biophysical characterization
of hepatitis C virus particles produced in cell culture. J. Virol. 84,
10999–11009

19. Merz, A., Long, G., Hiet, M. S., Brügger, B., Chlanda, P., Andre, P., Wie-
land, F., Krijnse-Locker, J., and Bartenschlager, R. (2011) Biochemical and
morphological properties of hepatitis C virus particles and determination
of their lipidome. J. Biol. Chem. 286, 3018–3032

20. Chang, K. S., Jiang, J., Cai, Z., and Luo, G. (2007) Human apolipoprotein e
is required for infectivity and production of hepatitis C virus in cell cul-
ture. J. Virol. 81, 13783–13793

21. Jiang, J., and Luo, G. (2009) Apolipoprotein E but not B is required for the
formation of infectious hepatitis C virus particles. J. Virol. 83, 12680–12691

22. Hishiki, T., Shimizu, Y., Tobita, R., Sugiyama, K., Ogawa, K., Funami, K.,
Ohsaki, Y., Fujimoto, T., Takaku, H.,Wakita, T., Baumert, T. F., Miyanari,
Y., and Shimotohno, K. (2010) Infectivity of hepatitis C virus is influenced
by association with apolipoprotein E isoforms. J. Virol. 84, 12048–12057

23. Dreux,M., Boson, B., Ricard-Blum, S.,Molle, J., Lavillette, D., Bartosch, B.,
Pécheur, E. I., and Cosset, F. L. (2007) The exchangeable apolipoprotein
apoC-I promotesmembrane fusion of hepatitis C virus. J. Biol. Chem. 282,
32357–32369

24. Huang, H., Sun, F., Owen, D. M., Li, W., Chen, Y., Gale, M., Jr., and Ye, J.
(2007) Hepatitis C virus production by human hepatocytes dependent on
assembly and secretion of very low density lipoproteins. Proc. Natl. Acad.
Sci. U.S.A. 104, 5848–5853

25. Gastaminza, P., Cheng, G., Wieland, S., Zhong, J., Liao, W., and Chisari,
F. V. (2008) Cellular determinants of hepatitis C virus assembly, matura-
tion, degradation, and secretion. J. Virol. 82, 2120–2129

26. DaoThi, V. L., Dreux,M., andCosset, F. L. (2011) Scavenger receptor class
B type I and the hypervariable region-1 of hepatitis C virus in cell entry and
neutralization. Expert Rev. Mol. Med. 13, e13

27. Agnello, V., Abel, G., Elfahal, M., Knight, G. B., and Zhang, Q. X. (1999)
Hepatitis C virus and other flaviviridae viruses enter cells via low density
lipoprotein receptor. Proc. Natl. Acad. Sci. U.S.A. 96, 12766–12771

28. Maillard, P., Huby, T., Andréo, U., Moreau, M., Chapman, J., and Bud-
kowska, A. (2006) The interaction of natural hepatitis C virus with human
scavenger receptor SR-BI/Cla1 is mediated by ApoB-containing lipopro-
teins. FASEB J. 20, 735–737

29. Molina, S., Castet, V., Fournier-Wirth, C., Pichard-Garcia, L., Avner, R.,
Harats, D., Roitelman, J., Barbaras, R., Graber, P., Ghersa, P., Smolarsky,
M., Funaro, A., Malavasi, F., Larrey, D., Coste, J., Fabre, J. M., Sa-Cunha,
A., andMaurel, P. (2007) The low-density lipoprotein receptor plays a role
in the infection of primary human hepatocytes by hepatitis C virus.
J. Hepatol 46, 411–419

30. Bartosch, B., Dubuisson, J., and Cosset, F. L. (2003) Infectious hepatitis C
virus pseudo-particles containing functional E1-E2 envelope protein com-
plexes. J. Exp. Med. 197, 633–642

31. Drummer, H. E., Maerz, A., and Poumbourios, P. (2003) Cell surface ex-
pression of functional hepatitis C virus E1 andE2 glycoproteins.FEBSLett.
546, 385–390

32. Lindenbach, B. D., and Rice, C. M. (2005) Unraveling hepatitis C virus
replication from genome to function. Nature 436, 933–938

33. Zhong, J., Gastaminza, P., Cheng, G., Kapadia, S., Kato, T., Burton, D. R.,
Wieland, S. F., Uprichard, S. L., Wakita, T., and Chisari, F. V. (2005) Ro-
bust hepatitis C virus infection in vitro. Proc. Natl. Acad. Sci. U.S.A. 102,
9294–9299

34. Hsu, M., Zhang, J., Flint, M., Logvinoff, C., Cheng-Mayer, C., Rice, C. M.,
and McKeating, J. A. (2003) Hepatitis C virus glycoproteins mediate pH-
dependent cell entry of pseudotyped retroviral particles. Proc. Natl. Acad.
Sci. U.S.A. 100, 7271–7276

35. Barth, H., Schnober, E. K., Zhang, F., Linhardt, R. J., Depla, E., Boson, B.,
Cosset, F. L., Patel, A. H., Blum, H. E., and Baumert, T. F. (2006) Viral and
cellular determinants of the hepatitis C virus envelope-heparan sulfate
interaction. J. Virol. 80, 10579–10590

36. Koutsoudakis, G., Kaul, A., Steinmann, E., Kallis, S., Lohmann, V., Piet-
schmann, T., and Bartenschlager, R. (2006) Characterization of the early
steps of hepatitis C virus infection by using luciferase reporter viruses.
J. Virol. 80, 5308–5320

37. Albecka, A., Belouzard, S., Op de Beeck, A., Descamps, V., Goueslain, L.,
Bertrand-Michel, J., Tercé, F., Duverlie, G., Rouillé, Y., and Dubuisson, J.
(2012) Role of low-density lipoprotein receptor in the hepatitis C virus life
cycle. Hepatology 55, 998–1007

38. Scarselli, E., Ansuini, H., Cerino, R., Roccasecca, R.M., Acali, S., Filocamo,
G., Traboni, C., Nicosia, A., Cortese, R., and Vitelli, A. (2002) The human
scavenger receptor class B type I is a novel candidate receptor for the
hepatitis C virus. EMBO J. 21, 5017–5025

39. Bartosch, B., Vitelli, A., Granier, C., Goujon, C., Dubuisson, J., Pascale, S.,
Scarselli, E., Cortese, R., Nicosia, A., and Cosset, F. L. (2003) Cell entry of
hepatitis C virus requires a set of co-receptors that include the CD81
tetraspanin and the SR-B1 scavenger receptor. J. Biol. Chem. 278,
41624–41630

40. Pileri, P., Uematsu, Y., Campagnoli, S., Galli, G., Falugi, F., Petracca, R.,
Weiner, A. J., Houghton,M., Rosa, D., Grandi, G., andAbrignani, S. (1998)
Binding of hepatitis C virus to CD81. Science 282, 938–941

41. Evans, M. J., von Hahn, T., Tscherne, D. M., Syder, A. J., Panis, M., Wölk,
B., Hatziioannou, T., McKeating, J. A., Bieniasz, P. D., and Rice, C. M.
(2007) Claudin-1 is a hepatitis C virus co-receptor required for a late step
in entry. Nature 446, 801–805

42. Ploss, A., Evans,M. J., Gaysinskaya, V. A., Panis,M., You, H., de Jong, Y. P.,
and Rice, C. M. (2009) Human occludin is a hepatitis C virus entry factor
required for infection of mouse cells. Nature 457, 882–886

43. Liu, S., Yang,W., Shen, L., Turner, J. R., Coyne, C. B., andWang, T. (2009)
Tight junction proteins claudin-1 and occludin control hepatitis C virus
entry and are down-regulated during infection to prevent superinfection.
J. Virol. 83, 2011–2014

44. Lupberger, J., Zeisel, M. B., Xiao, F., Thumann, C., Fofana, I., Zona, L.,
Davis, C., Mee, C. J., Turek, M., Gorke, S., Royer, C., Fischer, B., Zahid,
M. N., Lavillette, D., Fresquet, J., Cosset, F. L., Rothenberg, S. M., Piet-
schmann, T., Patel, A. H., Pessaux, P., Doffoël,M., Raffelsberger,W., Poch,
O.,McKeating, J. A., Brino, L., and Baumert, T. F. (2011) EGFR and EphA2
are host factors for hepatitis C virus entry and possible targets for antiviral
therapy. Nat. Med. 17, 589–595

45. Blanchard, E., Belouzard, S., Goueslain, L., Wakita, T., Dubuisson, J.,
Wychowski, C., and Rouillé, Y. (2006) Hepatitis C virus entry depends on
clathrin-mediated endocytosis. J. Virol. 80, 6964–6972

46. Meertens, L., Bertaux, C., and Dragic, T. (2006) Hepatitis C virus entry

SR-BI Dependency of HCV Subpopulations

SEPTEMBER 7, 2012 • VOLUME 287 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 31255



requires a critical postinternalization step and delivery to early endosomes
via clathrin-coated vesicles. J. Virol. 80, 11571–11578

47. Lavillette, D., Bartosch, B., Nourrisson, D., Verney, G., Cosset, F. L., Penin,
F., and Pécheur, E. I. (2006) Hepatitis C virus glycoproteins mediate low
pH-dependent membrane fusion with liposomes. J. Biol. Chem. 281,
3909–3917

48. Tscherne, D. M., Jones, C. T., Evans, M. J., Lindenbach, B. D., McKeating,
J. A., and Rice, C.M. (2006) Time- and temperature-dependent activation
of hepatitis C virus for low pH-triggered entry. J. Virol. 80, 1734–1741

49. Sharma, N. R., Mateu, G., Dreux, M., Grakoui, A., Cosset, F. L., and Me-
likyan, G. B. (2011) Hepatitis C virus is primed by CD81 protein for low
pH-dependent fusion. J. Biol. Chem. 286, 30361–30376

50. Lavillette, D., Tarr, A. W., Voisset, C., Donot, P., Bartosch, B., Bain, C.,
Patel, A. H., Dubuisson, J., Ball, J. K., and Cosset, F. L. (2005) Character-
ization of host-range and cell entry properties of the major genotypes and
subtypes of hepatitis C virus. Hepatology 41, 265–274

51. Krieger, M. (2001) Scavenger receptor class B type I is a multiligand HDL
receptor that influences diverse physiologic systems. J. Clin. Invest. 108,
793–797

52. Connelly, M. A., and Williams, D. L. (2004) Scavenger receptor BI. A
scavenger receptor with a mission to transport high density lipoprotein
lipids. Curr. Opin. Lipidol. 15, 287–295

53. von Hahn, T., Lindenbach, B. D., Boullier, A., Quehenberger, O., Paulson,
M., Rice, C.M., andMcKeating, J. A. (2006) Oxidized low density lipopro-
tein inhibits hepatitis C virus cell entry in human hepatoma cells. Hepa-
tology 43, 932–942

54. Lavie, M., Voisset, C., Vu-Dac, N., Zurawski, V., Duverlie, G.,Wychowski,
C., andDubuisson, J. (2006) Serum amyloid A has antiviral activity against
hepatitis C virus by inhibiting virus entry in a cell culture system. Hepa-
tology 44, 1626–1634

55. Bartosch, B., Verney, G., Dreux, M., Donot, P., Morice, Y., Penin, F., Paw-
lotsky, J. M., Lavillette, D., and Cosset, F. L. (2005) An interplay between
hypervariable region 1 of the hepatitis C virus E2 glycoprotein, the scav-
enger receptor BI, and high density lipoprotein promotes both enhance-
ment of infection and protection against neutralizing antibodies. J. Virol.
79, 8217–8229

56. Voisset, C., Callens, N., Blanchard, E., Op De Beeck, A., Dubuisson, J., and
Vu-Dac, N. (2005) High density lipoproteins facilitate hepatitis C virus
entry through the scavenger receptor class B type I. J. Biol. Chem. 280,
7793–7799

57. Meunier, J. C., Engle, R. E., Faulk, K., Zhao, M., Bartosch, B., Alter, H.,
Emerson, S.U., Cosset, F. L., Purcell, R.H., andBukh, J. (2005) Evidence for
cross-genotype neutralization of hepatitis C virus pseudoparticles and en-
hancement of infectivity by apolipoprotein C1. Proc. Natl. Acad. Sci.
U.S.A. 102, 4560–4565

58. Dreux, M., Dao Thi, V. L., Fresquet, J., Guérin, M., Julia, Z., Verney, G.,
Durantel, D., Zoulim, F., Lavillette, D., Cosset, F. L., and Bartosch, B.
(2009) Receptor complementation and mutagenesis reveal SR-BI as an
essential HCV entry factor and functionally imply its intra- and extracel-
lular domains. PLoS Pathog. 5, e1000310

59. Catanese, M. T., Graziani, R., von Hahn, T., Moreau, M., Huby, T., Paon-
essa, G., Santini, C., Luzzago, A., Rice, C. M., Cortese, R., Vitelli, A., and
Nicosia, A. (2007) High avidity monoclonal antibodies against the human
scavenger class B type I receptor efficiently block hepatitis C virus infec-
tion in the presence of high density lipoprotein. J. Virol. 81, 8063–8071

60. Voisset, C., Op de Beeck, A., Horellou, P., Dreux, M., Gustot, T., Duverlie,
G., Cosset, F. L., Vu-Dac, N., and Dubuisson, J. (2006) High density lipo-
proteins reduce the neutralizing effect of hepatitis C virus (HCV)-infected
patient antibodies by promoting HCV entry. J. Gen. Virol. 87, 2577–2581

61. Dreux, M., Pietschmann, T., Granier, C., Voisset, C., Ricard-Blum, S.,
Mangeot, P. E., Keck, Z., Foung, S., Vu-Dac, N., Dubuisson, J., Barten-
schlager, R., Lavillette, D., andCosset, F. L. (2006)High density lipoprotein
inhibits hepatitis C virus-neutralizing antibodies by stimulating cell en-
try via activation of the scavenger receptor BI. J. Biol. Chem. 281,
18285–18295

62. Zeisel, M. B., Koutsoudakis, G., Schnober, E. K., Haberstroh, A., Blum,
H. E., Cosset, F. L., Wakita, T., Jaeck, D., Doffoel, M., Royer, C., Soulier, E.,
Schvoerer, E., Schuster, C., Stoll-Keller, F., Bartenschlager, R., Piet-

schmann, T., Barth, H., and Baumert, T. F. (2007) Scavenger receptor class
B type I is a key host factor for hepatitis C virus infection required for an
entry step closely linked to CD81. Hepatology 46, 1722–1731

63. Nakabayashi, H., Taketa, K., Miyano, K., Yamane, T., and Sato, J. (1982)
Growth of human hepatoma cells lines with differentiated functions in
chemically defined medium. Cancer Res. 42, 3858–3863

64. Catalano, G., Duchene, E., Julia, Z., Le Goff, W., Bruckert, E., Chapman,
M. J., and Guerin, M. (2008) Cellular SR-BI and ABCA1-mediated choles-
terol efflux are gender-specific in healthy subjects. J. Lipid Res. 49,
635–643

65. Nieland, T. J., Penman, M., Dori, L., Krieger, M., and Kirchhausen, T.
(2002) Discovery of chemical inhibitors of the selective transfer of lipids
mediated by the HDL receptor SR-BI. Proc. Natl. Acad. Sci. U.S.A. 99,
15422–15427

66. Flint, M., Maidens, C., Loomis-Price, L. D., Shotton, C., Dubuisson, J.,
Monk, P., Higginbottom, A., Levy, S., andMcKeating, J. (1999) Character-
ization of hepatitis C virus E2 glycoprotein interaction with a putative
cellular receptor, CD81. J. Virol. 73, 6235–6244

67. Dubuisson, J., Hsu, H. H., Cheung, R. C., Greenberg, H. B., Russell, D. G.,
and Rice, C.M. (1994) Formation and intracellular localization of hepatitis
C virus envelope glycoprotein complexes expressed by recombinant vac-
cinia and Sindbis viruses. J. Virol. 68, 6147–6160

68. Krieger, S. E., Zeisel,M. B., Davis, C., Thumann, C., Harris, H. J., Schnober,
E. K., Mee, C., Soulier, E., Royer, C., Lambotin, M., Grunert, F., Dao Thi,
V. L., Dreux,M., Cosset, F. L.,McKeating, J. A., Schuster, C., and Baumert,
T. F. (2010) Inhibition of hepatitis C virus infection by anti-claudin-1
antibodies is mediated by neutralization of E2-CD81-claudin-1 associa-
tions. Hepatology 51, 1144–1157

69. Parathath, S., Sahoo, D., Darlington, Y. F., Peng, Y., Collins, H. L., Rothblat,
G. H., Williams, D. L., and Connelly, M. A. (2004) Glycine 420 near the
C-terminal transmembrane domain of SR-BI is critical for proper delivery
andmetabolismof high density lipoprotein cholesteryl ester. J. Biol. Chem.
279, 24976–24985

70. Gu, X., Kozarsky, K., and Krieger, M. (2000) Scavenger receptor class B,
type I-mediated [3H]cholesterol efflux to high and low density lipopro-
teins is dependent on lipoprotein binding to the receptor. J. Biol. Chem.
275, 29993–30001

71. Chroni, A., Nieland, T. J., Kypreos, K. E., Krieger, M., and Zannis, V. I.
(2005) SR-BI mediates cholesterol efflux via its interactions with lipid-
bound ApoE. Structural mutations in SR-BI diminish cholesterol efflux.
Biochemistry 44, 13132–13143

72. Sandrin, V., Boson, B., Salmon, P., Gay,W.,Nègre, D., LeGrand, R., Trono,
D., andCosset, F. L. (2002) Lentiviral vectors pseudotypedwith amodified
RD114 envelope glycoprotein show increased stability in sera and aug-
mented transduction of primary lymphocytes and CD34� cells derived
from human and nonhuman primates. Blood 100, 823–832

73. Nègre, D., Mangeot, P. E., Duisit, G., Blanchard, S., Vidalain, P. O., Leiss-
ner, P., Winter, A. J., Rabourdin-Combe, C., Mehtali, M., Moullier, P.,
Darlix, J. L., and Cosset, F. L. (2000) Characterization of novel safe lenti-
viral vectors derived from simian immunodeficiency virus (SIVmac251)
that efficiently transduce mature human dendritic cells. Gene Ther 7,
1613–1623

74. Flint, M., Thomas, J. M., Maidens, C. M., Shotton, C., Levy, S., Barclay,
W. S., and McKeating, J. A. (1999) Functional analysis of cell surface-
expressed hepatitis C virus E2 glycoprotein. J. Virol. 73, 6782–6790

75. de la Llera Moya, M., Atger, V., Paul, J. L., Fournier, N., Moatti, N., Giral,
P., Friday, K. E., and Rothblat, G. (1994) A cell culture system for screening
human serum for the ability to promote cellular cholesterol efflux. Rela-
tions between serum components and efflux, esterification, and transfer.
Arterioscler. Thromb. 14, 1056–1065

76. Le Goff,W., Settle, M., Greene, D. J., Morton, R. E., and Smith, J. D. (2006)
Reevaluation of the role of the multidrug-resistant P-glycoprotein in cel-
lular cholesterol homeostasis. J. Lipid Res. 47, 51–58

77. Iro,M.,Witteveldt, J., Angus, A. G.,Woerz, I., Kaul, A., Bartenschlager, R.,
and Patel, A. H. (2009) A reporter cell line for rapid and sensitive evalua-
tion of hepatitis C virus infectivity and replication. Antiviral Res. 83,
148–155

78. Boson, B., Granio, O., Bartenschlager, R., and Cosset, F. L. (2011) A con-

SR-BI Dependency of HCV Subpopulations

31256 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 37 • SEPTEMBER 7, 2012



certed action of hepatitis C virus p7 and nonstructural protein 2 regulates
core localization at the endoplasmic reticulum and virus assembly. PLoS
Pathog 7, e1002144

79. Nieland, T. J., Ehrlich, M., Krieger, M., and Kirchhausen, T. (2005) Endo-
cytosis is not required for the selective lipid uptake mediated by murine
SR-BI. Biochim. Biophys. Acta 1734, 44–51

80. Rejman, J., Bragonzi, A., and Conese, M. (2005) Role of clathrin- and
caveolae-mediated endocytosis in gene transfer mediated by lipo- and
polyplexes.Mol. Ther. 12, 468–474

81. Prentoe, J., Jensen, T. B., Meuleman, P., Serre, S. B., Scheel, T. K., Leroux-
Roels, G., Gottwein, J. M., and Bukh, J. (2011) Hypervariable region 1
differentially impacts viability of hepatitis C virus strains of genotypes 1–6
and impairs virus neutralization. J. Virol. 85, 2224–2234

82. Catanese,M. T., Ansuini, H., Graziani, R., Huby, T.,Moreau,M., Ball, J. K.,
Paonessa, G., Rice, C. M., Cortese, R., Vitelli, A., and Nicosia, A. (2010)
Role of scavenger receptor class B type I in hepatitis C virus entry. Kinetics
and molecular determinants. J. Virol. 84, 34–43

83. Cun, W., Jiang, J., and Luo, G. (2010) The C-terminal �-helix domain of
apolipoprotein E is required for interaction with nonstructural protein 5A
and assembly of hepatitis C virus. J. Virol. 84, 11532–11541

84. Long, G., Hiet, M. S., Windisch, M. P., Lee, J. Y., Lohmann, V., and Bar-
tenschlager, R. (2011) Mouse hepatic cells support assembly of infectious
hepatitis C virus particles. Gastroenterology 141, 1057–1066

85. Benga, W. J., Krieger, S. E., Dimitrova, M., Zeisel, M. B., Parnot, M., Lup-
berger, J., Hildt, E., Luo, G., McLauchlan, J., Baumert, T. F., and Schuster,
C. (2010) Apolipoprotein E interacts with hepatitis C virus nonstructural
protein 5A and determines assembly of infectious particles. Hepatology
51, 43–53

86. Jiang, J., Cun,W.,Wu, X., Shi, Q., Tang, H., and Luo, G. (2012) Hepatitis C
virus attachment mediated by apolipoprotein e binding to cell surface
heparan sulfate. J. Virol. 86, 7256–7267

87. Icard, V., Diaz, O., Scholtes, C., Perrin-Cocon, L., Ramière, C., Barten-
schlager, R., Penin, F., Lotteau, V., and André, P. (2009) Secretion of hep-

atitis C virus envelope glycoproteins depends on assembly of apolipopro-
tein B positive lipoproteins. PLoS One 4, e4233

88. Meex, S. J., Andreo, U., Sparks, J. D., and Fisher, E. A. (2011) Huh-7 or
HepG2 cells. Which is the better model for studying human apolipopro-
tein-B100 assembly and secretion? J. Lipid Res. 52, 152–158

89. Andréo, U., Maillard, P., Kalinina, O., Walic, M., Meurs, E., Martinot, M.,
Marcellin, P., and Budkowska, A. (2007) Lipoprotein lipase mediates hep-
atitis C virus (HCV) cell entry and inhibits HCV infection. Cell Microbiol.
9, 2445–2456

90. Dorner, M., Horwitz, J. A., Robbins, J. B., Barry, W. T., Feng, Q., Mu, K.,
Jones, C. T., Schoggins, J.W., Catanese,M. T., Burton, D. R., Law,M., Rice,
C. M., and Ploss, A. (2011) A genetically humanized mouse model for
hepatitis C virus infection. Nature 474, 208–211

91. Charrin, S., le Naour, F., Silvie, O., Milhiet, P. E., Boucheix, C., and Rubin-
stein, E. (2009) Lateral organization of membrane proteins. Tetraspanins
spin their web. Biochem. J. 420, 133–154

92. Kapadia, S. B., Barth, H., Baumert, T., McKeating, J. A., and Chisari, F. V.
(2007) Initiation of hepatitis C virus infection is dependent on cholesterol
and cooperativity between CD81 and scavenger receptor B type I. J. Virol.
81, 374–383

93. Brazzoli, M., Bianchi, A., Filippini, S., Weiner, A., Zhu, Q., Pizza, M., and
Crotta, S. (2008) CD81 is a central regulator of cellular events required for
hepatitis C virus infection of human hepatocytes. J. Virol. 82, 8316–8329

94. Harris, H. J., Farquhar, M. J., Mee, C. J., Davis, C., Reynolds, G. M., Jen-
nings, A., Hu, K., Yuan, F., Deng, H., Hubscher, S. G., Han, J. H., Balfe, P.,
and McKeating, J. A. (2008) CD81 and claudin 1 coreceptor association.
Role in hepatitis C virus entry. J. Virol. 82, 5007–5020

95. Schwarz, A. K., Grove, J., Hu, K., Mee, C. J., Balfe, P., and McKeating, J. A.
(2009) Hepatoma cell density promotes claudin-1 and scavenger receptor BI
expression and hepatitis C virus internalization. J. Virol. 83, 12407–12414

96. Haid, S., Pietschmann, T., and Pécheur, E. I. (2009) Low pH-dependent hep-
atitis C virus membrane fusion depends on E2 integrity, target lipid compo-
sition, and density of virus particles. J. Biol. Chem. 284, 17657–17667

SR-BI Dependency of HCV Subpopulations

SEPTEMBER 7, 2012 • VOLUME 287 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 31257


