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Viruses are known to use virally encoded envelope proteins for cell attachment, which is the very first step of virus infection. In
the present study, we have obtained substantial evidence demonstrating that hepatitis C virus (HCV) uses the cellular protein
apolipoprotein E (apoE) for its attachment to cells. An apoE-specific monoclonal antibody was able to efficiently block HCV at-
tachment to the hepatoma cell line Huh-7.5 as well as primary human hepatocytes. After HCV bound to cells, however, anti-
apoE antibody was unable to inhibit virus infection. Conversely, the HCV E2-specific monoclonal antibody CBH5 did not affect
HCV attachment but potently inhibited HCV entry. Similarly, small interfering RNA-mediated knockdown of the key HCV re-
ceptor/coreceptor molecules CD81, claudin-1, low-density lipoprotein receptor (LDLr), occludin, and SR-BI did not affect HCV
attachment but efficiently suppressed HCV infection, suggesting their important roles in HCV infection at postattachment steps.
Strikingly, removal of heparan sulfate from the cell surface by treatment with heparinase blocked HCV attachment. Likewise,
substitutions of the positively charged amino acids with neutral or negatively charged residues in the receptor-binding region of
apoE resulted in a reduction of apoE-mediating HCV infection. More importantly, mutations of the arginine and lysine to ala-
nine or glutamic acid in the receptor-binding region ablated the heparin-binding activity of apoE, as determined by an in vitro
heparin pulldown assay. HCV attachment could also be inhibited by a synthetic peptide derived from the apoE receptor-binding
region. Collectively, these findings demonstrate that apoE mediates HCV attachment through specific interactions with cell sur-
face heparan sulfate.

Hepatitis C virus (HCV) is a leading cause of liver diseases,
chronically infecting an estimated 130 million to 170 million

people worldwide (71, 82). HCV infection results in acute and
chronic hepatitis, cirrhosis, and hepatocellular carcinoma (59),
which ranks as the fifth most common cancer and the third most
frequent cause of cancer death worldwide. Hepatitis C is also the
most common indication for liver transplantation (15). Coinfec-
tion of HCV and HIV is very common, particularly among drug
abusers (3). Thus, HCV infection poses a major global health
problem. Current standard therapy with pegylated alpha inter-
feron (peg-IFN-�) and ribavirin is less than 50% effective against
HCV genotype 1, the dominant virus accounting for up to 70% of
infections (27, 41, 54). Although two HCV NS3 protease-specific
inhibitors, telaprevir and boceprevir, have recently been approved
(33), their combination with peg-IFN-� and ribavirin has limita-
tions such as severe side effects, long duration of treatment, and
high cost. Discovery and development of more efficacious and
safer anti-HCV drugs are urgently needed.

HCV is the prototype virus of the Hepacivirus genus in the
Flaviviridae family (68). It is an enveloped RNA virus containing a
single positive-strand RNA genome that encodes a long open
reading frame (19). The translation initiation of HCV polyprotein
is mediated by the highly structured internal ribosomal entry site
(IRES) element within the 5= untranslated region (5=UTR) of the
HCV RNA genome (78). Upon translation, viral structural pro-
teins (C, E1, and E2) and viral nonstructural (NS) proteins (p7,
NS2, NS3, NS4A, NS4B, NS5A, and NS5B) are produced from the
viral polyprotein precursor by the action of cellular peptidases and
viral NS2/NS3 metalloprotease and NS3/NS4A serine protease
(45). Over the last decade, a number of genetic studies with sub-
genomic HCV RNA replicons and infectious HCV RNAs have
determined the important roles of viral structural and NS proteins

in the HCV life cycle. The structural proteins C, E1, and E2 to-
gether with p7 and NS2 are required for the production of infec-
tious HCV (37, 38, 61, 72, 77). NS3, NS4A, NS4B, NS5A, and
NS5B were found to be the minimal set of viral proteins essential
for HCV RNA replication in the cell (14, 49). Interestingly, recent
studies suggested that HCV NS proteins also play important roles
in the production of infectious virus particles (6, 75). However,
the underlying molecular mechanisms of viral NS proteins in
HCV assembly and/or egression are unknown. Likewise, the im-
portance of cellular proteins in the HCV life cycle has yet to be
determined.

It is thought that HCV enters cells via receptor-mediated en-
docytosis and subsequent fusion between the viral and cellular
membranes (13, 34, 56). A number of cell surface proteins were
shown to interact with the viral envelope glycoproteins E1 and E2
(10, 67). Human CD81 was identified as the first HCV receptor/
coreceptor by interacting with HCV E2 (23, 64). Subsequently,
many other cell surface molecules were found to be important for
HCV cell entry, including the low-density lipoprotein receptor
(LDLr) (2, 58, 62), scavenger receptor class B type I (SR-BI) (8, 11,
70), claudin-1 (25), occludin (48, 65), dendritic cell-specific inter-
cellular adhesion molecule 3 grabbing nonintegrin (DC-SIGN)
and liver/lymph node-specific SIGN (L-SIGN) (22, 66), heparin
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sulfate proteoglycans (HSPGs) (9, 40, 60), and asialoglycoprotein
receptor (69). However, it is not clear why HCV cell entry requires
so many different cell surface receptors and/or coreceptors.

Recently, our studies have demonstrated that the cellular pro-
tein apolipoprotein E (apoE) is important for HCV infection (18,
36). The role of apoE in HCV infection was initially suggested by
several interesting observations. It had long been thought that
HCV was associated with lipoproteins in the plasma of hepatitis C
patients (5). Several studies showed that the HCV RNA-contain-
ing particles could be precipitated by apoB- and apoE-specific
antibodies (5). It was also found that the HCV RNA-containing
particles isolated from the plasma of hepatitis C patients were rich
in triglycerides and contained at least HCV RNA, core protein,
and apoB. These findings led to the proposed model that HCV
may be assembled as a lipoviroparticle (LVP) (4, 5). Apart from
these studies, we had found that purified HCV particles grown in
cell culture contained apoE and that the abundance of apoE cor-
related very well with HCV infectivity, as determined by HCV
fractionation studies (18). More significantly, apoE-specific but
not apoB-specific monoclonal or polyclonal antibodies were
found to efficiently neutralize HCV infectivity. The complete
blockade of apoB-containing lipoprotein secretion by micro-
somal transfer protein (MTP) inhibitors did not affect HCV pro-
duction unless apoE expression and secretion were inhibited. Ad-
ditionally, we found that apoE in purified HCV particles was
sensitive to protease digestion like HCV E2, suggesting that apoE
is a structural component located on the surface of the HCV en-
velope (36). The structural nature of apoE in HCV particles has
recently been confirmed by two elegant studies with immunogold
electron microscopy (EM) (29, 57). Both studies have shown that
apoE and HCV E2 are colocalized on the surface of the HCV
envelope. Collectively, these findings demonstrate that apoE is an
integral part of HCV particles and plays an important role in HCV
infection and assembly.

However, the underlying molecular mechanism of apoE in
HCV infection has not been determined. In this study, we have
defined the mechanism of action of apoE in HCV infection using
a virus attachment assay in conjunction with site-directed mu-
tagenesis analysis, small interfering RNAs (siRNAs), and a hepa-
rin-binding assay. Findings derived from our studies demonstrate
that the cellular protein apoE mediates HCV attachment. That
HCV uses a cellular protein for cell attachment may partly con-
tribute to its persistent infection via the apoE-mediated evasion of
host immunity.

MATERIALS AND METHODS
Cell culture. The Huh-7.5 cell line and adenovirus packaging cell line
AD293 (Agilent) were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM; HyClone) supplemented with 10% fetal bovine serum
(Atlantic Biologicals), 0.1 mM nonessential amino acids, 100 U/ml peni-
cillin, and 100 �g/ml streptomycin at 37°C in a 5% CO2 incubator.

Antibodies and chemicals. HCV NS3 monoclonal antibody and
apoE-specific monoclonal antibodies 23 (MAb23) and WuE4 (ATCC)
were all produced in the lab as previously described (16, 18). HCV NS5A
monoclonal antibody (9E10) was provided by Charlie Rice (44). �-Actin
monoclonal antibody (AC15) and normal mouse IgG1 were purchased
from Sigma-Aldrich. Horseradish peroxidase-conjugated goat anti-
mouse IgG was from Pierce. CD81 monoclonal antibodies were from
Santa Cruz (clone 5A6). Rabbit anti-scavenger receptor BI (anti-SR-BI)
antibodies were from Abcam (EP1556Y) and Invitrogen (catalog no.
486800). Claudin-1- and occludin-specific mouse monoclonal and rabbit

polyclonal antibodies were purchased from Invitrogen. Mouse anti-LDLr
(clone HL1) monoclonal antibodies were provided by Jin Ye (62). Hepa-
rinases I, II, and III were purchased from Sigma-Aldrich. Heparin-immo-
bilized agarose beads were from Pierce.

Construction of DNA plasmids and preparation of recombinant ad-
enoviruses. The pCMV6-XL5-mApoE3 DNA contains an apoE3 variant
(mApoE3) with three silent nucleotide mutations in the apoE siRNA-
targeting region. Thus, the apoE-specific siRNA used in this study would
only silence endogenous but not ectopic expression of apoE (24). Individ-
ual mutations in the apoE receptor-binding region (see Fig. 7A, amino
acid residues 136 to 150) were introduced into the mApoE3 gene by PCR
using synthetic oligonucleotide primers. Two sets of primers were used to
perform overlapping PCR to create each apoE3 mutant as described pre-
viously (24). The DNA fragments containing specific mutations were
cloned into the pShuttle-CMV vector (Stratagene) between the restriction
enzyme sites KpnI and XbaI. The plasmid DNAs were confirmed by se-
quence analysis at the Northwestern University Biotechnology Labora-
tory (Chicago, IL). Recombinant adenoviruses expressing apoE mutant
proteins were produced using AdEasy XL system (Stratagene). Briefly,
pShuttle-CMV vectors were linearized by digestion with restriction en-
zyme PmeI and were then transformed into BJ5183-AD-1 competent
cells, which contain the AdEasy-1 plasmid encoding the adenovirus-5
genome (Stratagene). The resulting adenoviral DNA constructs were am-
plified in XL-10 gold competent cells and were purified using a Qiagen
DNA isolation kit. Purified adenoviral DNAs were transfected into AD293
cells to produce recombinant adenoviruses by following the manufacturer’s
instructions. Recombinant adenoviruses prepared in large quantity were pu-
rified using a kit from Virapur (San Diego, CA), aliquoted, and stored at
�80°C in an ultra-low-temperature freezer. The titers of recombinant adeno-
viruses were determined by a plaque assay.

HCV attachment assay. Cell culture plates or dishes were coated with
either 0.1 mg/ml of poly-L-lysine (Sigma-Aldrich) or 50 �g/ml of collagen
(BD Biosciences). Huh-7.5 cells or primary human hepatocytes (Celsis In
Vitro Technologies, Baltimore, MD) in 12-well cell culture plates or cell
culture dishes 10 cm in diameter were incubated with HCV in the absence
or presence of indicated antibodies or synthetic peptides derived from the
apoE receptor-binding region (Biomatik, Wilmington, DE) at 4°C (on
ice) for 2 h. The unbound HCV was removed by aspiration and by wash-
ing cells three times with phosphate-buffered saline (PBS). The virion
RNA (vRNA) of the cell-bound HCV was isolated with an RNeasy puri-
fication kit (Qiagen). The levels of HCV vRNA were determined by RNase
protection assay (RPA) and/or by quantitative reverse transcription-PCR
(qRT-PCR).

Antibody neutralization of HCV infectivity. Huh-7.5 cells in 6- or
12-well cell culture plates were infected with HCV at a multiplicity of
infection (MOI) of 5 in the presence of antibodies specific to HCV E2
(MAb CBH5) and apoE (MAb23), respectively. Isotype-matched normal
mouse and human IgGs were used as negative controls. After a 2-h incu-
bation on ice or at 37°C, the unbound HCV was removed by aspiration
and by washing cells with PBS, and then the HCV-infected cells were
incubated with DMEM at 37°C. At 24 h postinfection (p.i.), the culture
supernatants were collected for the measurement of infectious HCV titers,
whereas the levels of HCV RNA and proteins in the HCV-infected Huh-
7.5 cells were determined by RPA and Western blotting.

Knockdown of endogenous apoE expression and infection of re-
combinant adenoviruses for ectopic expression of apoE. The endoge-
nous expression of apoE was silenced by transfection with a specific
siRNA. The apoE-specific siRNA and a nonspecific control (NSC) siRNA
used in this study were previously described (24, 36). Huh-7.5 cells in
6-well cell culture plates were transfected with 0.05 nmol siRNA using
RNAiMax transfection reagent (Invitrogen). At 24 h posttransfection
(p.t.), cells were infected with HCV at an MOI of 5 at 37°C for 3 h and then
superinfected with apoE-expressing recombinant adenoviruses at an MOI
of 6. The unbound viruses were removed by aspiration and by washing
cells with PBS. At 24 h p.i., cell culture supernatants were collected for

ApoE Mediates HCV Cell Attachment

July 2012 Volume 86 Number 13 jvi.asm.org 7257

http://jvi.asm.org


determination of infectious HCV titers, vRNA, and the levels of ectopic
apoE expression and secretion. The infected cells were either lysed in
radioimmunoprecipitation assay (RIPA) buffer containing a cocktail of
protease inhibitors (Roche) or used for isolation of total RNA with an
RNeasy mini purification kit (Qiagen). The levels of apoE in the superna-
tants and apoE and NS5A in the HCV-infected cells were determined by
Western blotting, whereas the levels of infectious HCV titer and vRNA
were quantified by limiting dilution coupled with immunohistochemistry
(IHC) and qRT-PCR.

Assay for dominant negative effect of apoE mutants. Various
amounts (0, 0.11, 0.33, and 1.0 �g) of the pCMV6-XL5 DNAs expressing
wild-type apoE3 and the apoE3/4M (where 4M is four mutations) and
apoE3/K146E mutants (see Fig. 7A), respectively, were transfected into
Huh-7.5 cells in each well of a 12-well cell culture plate. At 24 h p.t., cells
were infected with HCV at an MOI of 5 at 37°C for 2 h. After 24 h p.i., the
supernatants were collected for virus titration and the HCV-infected cells
were lysed for detection of HCV NS5A by Western blotting.

Synthetic siRNAs and silence of endogenous expression of HCV re-
ceptors/coreceptors. Specific siRNAs targeting human CD81, claudin-1,
LDLr, occludin, and SR-BI genes were synthesized by Dharmacon based
on the previously reported target sequences (62). Their respective target
sequences are UGAUGUUCGUUGGCUUCCU (CD81), UAACAUU
AGGA CCUUAGAA (claudin-1), GGACAGAUAUCAUCAACGA
(LDLr), GUGAAGAGUACAUGG CUGC (occludin), and GGUUGACU
UCUGGCAUUCC (SR-BI). Huh-7.5 cells in each well of a 12-well cell
culture plate were transfected with 0.2 nmol of each siRNA using
RNAiMax transfection reagent (Invitrogen). At 48 h p.t., cells were either
lysed for determination of gene silencing or used for analysis of the effects
of gene silencing on HCV attachment and infection. HCV attachment and
infection assays were carried out by incubation of siRNA-transfected cells
with HCV at 37°C for 2 h. The unbound HCV was removed by extensive
washing with PBS. The vRNA of the cell-bound HCV was extracted with
TRI Reagent/RNAzol (Molecular Research Center) and quantified by
qRT-PCR. The NS5A protein in the HCV-infected cells was detected by
Western blotting.

Removal of heparan sulfate by heparinase treatment. Huh-7.5 cells
in a 12-well cell culture plate were washed with PBS and then incubated
with various concentrations of heparinase I in a buffer containing 20 mM
Tris-HCl (pH 6.8), 50 mM NaCl, 4 mM CaCl2 and 0.01% bovine serum
albumin at 37°C for 1 h (40). The heparinase-containing buffer was re-
moved, and cells were washed three times with PBS. The heparinase-
treated Huh-7.5 cells were incubated with HCV on ice for 2 h. The un-
bound HCV was removed, and the cells were washed three times with
PBS. The vRNA of the cell-bound HCV was extracted with TRI Reagent
and quantified by qRT-PCR using the StepOnePlus real-time PCR system.

Western blot analysis. The protein concentration of the cell lysate was
determined using a protein assay reagent (Bio-Rad). An equal amount of
total protein for each sample was analyzed by 10% SDS-PAGE. Separated
proteins were transferred onto a polyvinylidene difluoride (PVDF) mem-
brane using a semidry blotter (Bio-Rad). After blocking with 5% dry milk,
immunoblot analysis of NS5A, apoE, CD81, claudin-1, occludin, LDLr,
and SR-BI was done using primary monoclonal or polyclonal antibody
specific to each protein, secondary anti-mouse or anti-rabbit antibody,
and an enhanced chemiluminescence kit (Pierce).

RNA extraction and quantification by RPA. Total RNAs were ex-
tracted from the HCV-infected Huh-7.5 cells using a Qiagen RNeasy mini
purification kit or TRI Reagent/RNAzol (Molecular Research Center).
The levels of positive-strand HCV RNA in the cells were determined by
RPA using a [32P]UTP-labeled probe containing the negative-strand
HCV 3=UTR RNA as described previously (16). After digestion with
RNase A/T1, RNA products were analyzed in a 6% polyacrylamide-urea
(7.7 M) gel, visualized by autoradiography, and quantified using a Phos-
phorImager.

Titration of infectious HCV. HCV in the culture supernatants was
10-fold serially diluted. Fifty microliters of diluted HCV was used to infect

Huh-7.5 cells in each well of 96-well plates. After an 8-h incubation at
37°C, 100 �l of fresh DMEM containing 1% methylcellulose was added.
At 48 h p.i., Huh-7.5 cells were fixed with 10% neutralized formalin.
Focus-forming units (FFU) were determined by immunofluorescence as-
say (IFA) or immunohistochemistry using an NS3-specific monoclonal
antibody and peroxidase-conjugated secondary anti-mouse antibody and
3,3=diaminobenzidine (DBA) substrate (Vector Laboratories). The viral
titer was determined by the average number of NS3-positive focus-form-
ing units (FFU/ml) in triplicate assays.

Heparin-binding assay. Heparin-immobilized beads (Pierce) were
preequilibrated with PBS and then incubated with 200 �l of cell culture
medium containing the wild type or mutant apoE from adenovirus-in-
fected Huh-7.5 cells. After a 1-h incubation at room temperature, apoE-
bound beads were spun down, while the supernatant was collected and
used for the detection of unbound apoE protein. The apoE-bound beads
in the pellet were washed with 500 �l of PBS. Heparin-bound, unbound,
and input apoE proteins were detected by Western blotting using the
WuE4 monoclonal antibody.

HCV vRNA extraction and quantification by qRT-PCR. HCV vRNA
in the medium was extracted with TRI Reagent (Molecular Research Cen-
ter). Total cellular RNA was extracted using an RNeasy minikit (Qiagen).
The level of HCV vRNA was quantified by real-time RT-PCR using a
QuantiFast probe RT-PCR kit (Qiagen). The oligonucleotide primers 2aF
(5=-AGCCATGGCGTTAGTATGAGTGTC-3=) and 2aR (5=-ACAAGGC
CTTTCGCAACCCAA-3=) are complementary to the HCV 5=UTR. The
double-quenched probe (5=-AAACCCACTCTATGCCCGGCCATTT-
3=) contains 5=-FAM (where FAM is 6-carboxyfluorescein), 3=-Iowa black
FQ (IBFQ), and an internal ZEN quencher (IDT). Reactions were run in
an ABI 7700 sequence detection system or StepOnePlus real-time PCR
system (Applied Biosystems) as follows: 10 min at 50°C, 5 min at 95°C,
and then cycled 40 times at 95°C for 10 s and 60°C for 30 s. The in vitro T7
transcript of the HCV JFH1 RNA genome was used as a standard.

RESULTS
Importance of apoE in HCV infection. Our previous studies have
demonstrated that apoE is an important determinant of HCV in-
fection and assembly (12, 18, 24, 36). Consistent with its dual
functions in the HCV life cycle, apoE was found to be a structural
component of HCV particles, as demonstrated by studies with
protease digestion and immunogold EM (29, 36, 57). The impor-
tance of apoE in HCV infection was suggested by our previous
findings that apoE-specific monoclonal antibodies could effi-
ciently neutralize HCV infectivity (18, 36). However, it remains
unclear whether the blockade of HCV infection by apoE-specific
monoclonal antibodies was due to antibody-mediated HCV ag-
gregation. To exclude this possibility, we prepared the Fab frag-
ments of an apoE-specific monoclonal antibody (MAb23) by pa-
pain digestion using a Pierce Fab preparation kit. The undigested
IgG and the Fc fragment were separated from the Fab fragments
using protein A-conjugated agarose beads (Fig. 1A). A cell cul-
ture-adapted JFH1 HCV variant, which grows to a titer more than
1,000-fold higher than that of wild-type virus, was used in this
study (J. J. Jiang and G. L. Luo, unpublished data). Various
amounts of purified Fab fragments were added during HCV in-
fection on ice for 2 h. The HCV-infected cells were incubated at
37°C for 24 h (single-cycle virus growth). Infectious HCV titers in
the supernatants were determined by serial dilution and staining
for NS3-positive foci and were calculated as focus-forming units
per milliliter (FFU/ml). The levels of positive-stranded HCV RNA
were determined by RNase protection assay (RPA) as described
previously (16). Similar to the whole IgG, purified Fab fragments
potently blocked HCV infectivity in a dose-dependent manner,
resulting in a reduction of positive-stranded HCV RNA by more
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than 70% at a concentration of 1 �g/ml (Fig. 1B and data not
shown). Likewise, the Fab fragments reduced HCV yields similarly
to MAb23 (data not shown). In contrast, the Fc fragment and
normal mouse IgG1 had no significant effect on HCV infectivity
and production of infectious virus (Fig. 1). These results con-
firmed our previous finding demonstrating that apoE plays an
important role in HCV infection.

Blockade of HCV attachment by apoE-specific but not HCV
E2-specific monoclonal antibody. To illustrate the mechanism of
apoE in mediating HCV infection, experiments were carried out
to determine whether apoE MAb23 would block HCV attachment
and/or cell entry. Initially, Huh-7.5 cells were incubated with
HCV (on ice) at 4°C, which allows virus attachment but not cell
entry, in the absence or presence of apoE MAb23 and normal
mouse IgG. After a 2-h incubation on ice, the unbound HCV was
removed by extensive washing with PBS. The HCV-bound cells
were incubated with fresh medium for an additional 24 h at 37°C
prior to lysis. The NS5A in the HCV-infected cells was detected by
Western blotting (Fig. 2A), whereas the infectious HCV in the
supernatants were titrated by a serial dilution method (Fig. 2B).
Interestingly, apoE MAb23 blocked HCV infection in a dose-de-
pendent manner, resulting in a nearly 80% reduction of NS5A
protein, when added during virus attachment. Similar to normal
mouse IgG, MAb23 failed to inhibit HCV infection when added
after HCV attachment, as shown by comparable levels of NS5A in
the HCV-infected cells (Fig. 2A) and infectious HCV in the super-
natants (Fig. 2B) in the presence of MAb23 or with no antibody or
normal mouse IgG controls. These results suggest that apoE is
important for HCV attachment but not cell entry. We also deter-
mined the inhibitory activity of MAb23 against HCV infection in
primary human hepatocytes (PHHs). As shown in Fig. 3, MAb23
inhibited HCV infection of PHHs in a dose-dependent manner,
resulting in a reduction of HCV RNA by more than 80%. More
significantly, MAb23 could inhibit the attachment and infection

of clinical HCV of genotype 1b (J. Jiang, X. Wu, H. Tang, and G.
Luo, unpublished data), demonstrating the importance of apoE in
HCV attachment in vivo.

To further confirm the importance of apoE in HCV attach-
ment, we determined the effects of MAb23 on HCV binding
and/or cell entry in a comparison with an HCV E2-specific mono-
clonal antibody, CBH5, in a parallel experiment. Our previous
studies showed that CBH5 is a highly potent inhibitor of JFH1
HCV infection with a 50% effective concentration (EC50) of 0.056
�g/ml (39). For the HCV attachment assay, Huh-7.5 cells were
incubated with HCV on ice for 2 h in the presence of increasing
amounts of MAb23 and CBH5. The unbound HCV was removed
by extensive washing. The level of HCV attachment was deter-
mined by quantifying the levels of the cell-bound HCV vRNA by
RPA. Strikingly, MAb23 inhibited HCV attachment in a dose-
dependent manner. It suppressed HCV binding by more than
60% at a concentration of 1 �g/ml, whereas CBH5 did not signif-
icantly affect HCV attachment at concentrations up to 25 �g/ml
(Fig. 4A and data not shown). Next, we sought to determine
whether MAb23 and CBH5 bound to HCV at 4°C (after attach-
ment) would still inhibit HCV infection. Again, the HCV attach-
ment assay was done by an incubation of Huh-7.5 cells with HCV
on ice for 2 h in the presence of various amounts of MAb23 and
CBH5. Upon removal of unbound HCV by extensive washing
with PBS, the HCV-bound cells were incubated at 37°C for 24 h.
The levels of positive-stranded HCV RNA in the cell were deter-
mined by RPA. Both MAb23 and CBH5 similarly inhibited HCV
infection in dose-dependent manners (Fig. 4B), suggesting that
CBH5 did bind to HCV at 4°C and subsequently suppressed HCV
entry into cells even though it did not affect HCV attachment (Fig.
4A). These findings are consistent with previous findings reported
by others that HCV E2 acts at a postattachment step(s) via inter-
actions with known receptors and/or coreceptors (25, 26, 30, 46,
60). More importantly, our findings indicate that HCV cell attach-

FIG 1 Inhibition of HCV infection by the Fab fragments of MAb23. (A) Analysis of MAb23 and Fab and Fc fragments. The MAb23 whole IgG (IgG) and Fab and
Fc fragments (1 �g each) were analyzed by 10% SDS-PAGE and stained with Coomassie blue. The sizes of protein markers are indicated on the right. (B)
Inhibition of HCV infection by the MAb23 Fab fragments. Huh-7.5 cells were incubated with HCV on ice for 2 h in the presence of various amounts (0.04 to 1
�g/ml) of the Fab fragments (Fab), 1 �g/ml of the Fc fragment (Fc), or 1 �g/ml of normal mouse IgG (mIgG). Upon removal of the unbound HCV and washing
of cells with PBS, the HCV-infected cells were incubated with medium at 37°C. At 24 h p.i., total cellular RNAs were extracted with TRI Reagent/RNAzol
(Molecular Research Center, Inc.) and the levels of positive-stranded HCV RNA were determined by RPA as previously described (16). The �-actin mRNA was
used as an internal control. The protected HCV RNA products migrated about 40 nucleotides faster due to a mismatched sequence derived from the vector DNA.
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ment is mediated by apoE but not HCV E2, suggesting for the first
time that a cellular protein can mediate HCV attachment.

HCV attachment is mediated by apoE binding to cell surface
heparan sulfate. To define the underlying molecular mechanism
of apoE in HCV attachment, we sought to determine the cell
surface receptor(s) important for apoE binding and HCV en-
try. Many apoE receptors have been described in the literature,
including HSPGs, LDLr, very-low-density lipoprotein receptor
(VLDLr), SR-BI, and various types of LDLr-related proteins
(LRPs). First, we sought to determine the roles of several known
HCV receptors/coreceptors in HCV attachment and/or infection
by silencing the endogenous expression of CD81, claudin-1, oc-
cludin, SR-BI, and LDLr. Specific siRNAs targeting the mRNAs of
CD81, claudin-1, occludin, SR-BI, and LDLr were individually
transfected into Huh-7.5 cells. Consistent with previous studies by
others (62), CD81-, claudin-1-, occludin-, and SR-BI-specific
siRNAs knocked down their endogenous expression by more than
90%, as determined by Western blot analysis (Fig. 5A). The LDLr-
specific siRNA silenced the endogenous expression of LDLr by
about 78% (Fig. 5A), similar to that observed by others (62). Strik-

ingly, the siRNA-mediated knockdown of CD81, claudin-1, LDLr,
occludin, and SR-BI expression did not significantly affect HCV
attachment (Fig. 5B), suggesting that none of these known HCV
receptors/coreceptors plays any significant role in HCV attach-
ment. Next, we determined the effects of the siRNA-mediated
knockdown of known receptors on HCV entry and infection. As
shown in Fig. 5C, the siRNA-mediated silence of CD81, claudin-1,
and occludin expression suppressed HCV infection by more than
95%, while knockdown of LDLr and SR-BI expression caused
about 80% reduction of HCV infection (Fig. 5C). These results are
in line with the findings reported by others that CD81, claudin-1,
occludin, SR-BI, and LDLr are important for HCV infection (2, 8,
11, 23, 25, 48, 55, 58, 62, 65, 70, 89). Taken together, these findings
suggest that the HCV receptors/coreceptors examined here play
important roles in HCV infection at postattachment steps rather
than at an attachment step. More significantly, we found that the
removal of HSPGs by heparinase treatment resulted in a remark-
able inhibition of HCV attachment by 85% and 75%, as deter-
mined by RPA and qRT-PCR, respectively, which was similar to
MAb23 (Fig. 6). These results were reproduced by different exper-
iments, as determined by both RPA (Fig. 6A) and qRT-PCR assays
(Fig. 6B). Collectively, the findings derived from these studies
demonstrate that apoE mediates HCV attachment through a spe-
cific interaction with cell surface heparan sulfate but not via other
known HCV receptors and/or coreceptors such as CD81, clau-
din-1, LDLr, occludin, and SR-BI.

Mutagenesis analysis of the apoE receptor-binding region.
To better understand the mechanism of action of apoE in HCV
attachment, we carried out a mutagenesis analysis of the apoE
receptor-binding region. ApoE is a 34-kDa (299 amino acids)
apoprotein containing a 22-kDa N-terminal domain (residues 1
to 191) that is recognized by the receptor(s) and a 10-kDa C-ter-
minal domain (residues 222 to 299) that interacts with phospho-
lipids (31, 35, 51). It is conceivable that the receptor-binding do-
main of apoE mediates HCV attachment. A number of previous
studies have demonstrated that the amino acid residues 136 to 150
of apoE are the core receptor-binding region (43, 53, 79, 83).

FIG 2 Inhibition of HCV attachment by MAb23. The effects of MAb23 on
HCV attachment were determined by incubating Huh-7.5 cells with HCV on
ice for 2 h in the absence (control) or presence of various concentrations (0.04,
0.2, and 1 �g/ml) of MAb23 or a normal mouse IgG (mIgG). The unbound
HCV was removed, and the HCV-bound cells were washed with PBS and then
incubated at 37°C for 24 h. To determine the effects of MAb23 on HCV entry,
HCV was allowed to bind to Huh-7.5 cells on ice for 2 h prior to the addition
of MAb23 or mIgG. After HCV attachment on ice for 2 h, the unbound HCV
was aspirated and the cells were washed with PBS. Subsequently, the HCV-
bound cells were incubated with cell culture medium containing 0.04, 0.2, and
1 �g/ml of MAb23 or mIgG at 37°C for 6 h. Cell culture medium was replaced
with fresh medium without antibody. At 24 h p.i. at 37°C, the levels of NS5A in
the HCV-infected cells were detected by Western blotting (A), while the infec-
tious HCV titers in the supernatants were determined by limiting dilution and
IFA staining for HCV NS3-positive cells (B). Mean values and standard devi-
ations of three experiments are shown in panel B. Attach, HCV attachment
assay; Entry, HCV entry assay.

FIG 3 Inhibition of HCV infection of primary human hepatocytes by apoE
MAb23. Freshly isolated primary human hepatocytes (PHHs) in 12-well plates
were purchased from Celsis In Vitro Technologies (Baltimore, MD) and main-
tained according to the manufacturer’s instructions. PHHs were infected with
HCV in the absence (control) or presence of mIgG (50 �g/ml) or apoE MAb23
(10 and 50 �g/ml) at 37°C for 8 h. At 48 h p.i., HCV RNAs in the infected PHHs
were isolated with TRI reagent (Invitrogen). The levels of positive-strand HCV
RNA were determined by qRT-PCR as described in Materials and Methods.
The average levels of relative HCV RNA to the control (100%), from triplicate
experiments, are shown.
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Therefore, we mutated several key residues of this region (Fig. 7A)
based on their effects on the binding of apoE to the LDLr family
and HSPG, as determined by numerous previous studies (31, 43,
50–53, 79, 84). The endogenous expression of apoE was efficiently
silenced by transfection with an apoE-specific siRNA as described
in our previous work (18, 24, 36). Recombinant adenoviruses
were constructed to ectopically express the wild type and each
apoE mutant. Huh-7.5 cells were first transfected with an apoE-
specific siRNA, followed by superinfection with individual recom-
binant adenoviruses and HCV. A nonspecific control siRNA
(siNSC) and an adenovirus expressing a lacZ gene (LacZ) were
used as negative controls (Fig. 7). As expected, the endogenous
expression of apoE was silenced to undetectable levels (Fig. 7B,

FIG 5 Effects of siRNA-mediated knockdown of key HCV receptors on HCV
attachment and infection. Huh-7.5 cells in 12-well plates were transfected with 0.2
nmol of each siRNA specific to CD81, claudin-1, LDLr, occludin, and SR-BI using
RNAiMax reagent (Invitrogen) as described in Materials and Methods. (A) At 48
h p.t., the levels of CD81, claudin-1, LDLr, occludin, and SR-BI expression were
determined by Western blotting using specific antibodies to each protein as indi-
cated on the right. (B) Effects of silencing CD81, claudin-1, LDLr, occludin, and
SR-BI expression on HCV attachment. At 48 h after siRNA transfection, Huh-7.5
cells were incubated with HCV at 37°C for 2 h. Upon extensive washing, total
cellular RNA was extracted with RNAzol reagent. The levels of HCV vRNA were
quantified by qRT-PCR and were converted to a percentage of the control with
100% representing the level of HCV vRNA without antibody treatment. Average
levels of HCV vRNA and deviations from three independent experiments are
shown. (C) Effects of the siRNA-mediated knockdown of the above receptors on
HCV infection. At 48 h after siRNA transfection, Huh-7.5 cells were incubated
with HCV on ice for 2 h, followed by extensive washing. The HCV-attached Huh-
7.5 cells were incubated at 37°C for 24 h. HCV NS5A in the cell lysates was detected
by Western blotting using �-actin as a control.

FIG 4 Effects of MAb23 and HCV E2-specific MAb (CBH5) on HCV attach-
ment and infection. (A) Inhibition of HCV attachment by apoE but not E2
MAb. Huh-7.5 cells were incubated with HCV on ice in the presence of various
amounts of MAb23 or CBH5. Normal mouse IgG (mIgG) and human IgG
(hIgG) were used as negative controls. After 2 h incubation on ice, the un-
bound HCV was removed and cells were washed three times with PBS. The
vRNA of the cell-bound HCV was extracted with RNeasy minikit (Qiagen) and
quantified by RPA as previously described (24, 36). (B) Inhibition of HCV
infection by MAb23 and CBH5. HCV infection was the same as in panel A.
After washing with PBS, the HCV-infected cells were incubated at 37°C for 24
h. Total RNAs were extracted from cells, and the levels of positive-stranded
HCV RNA were determined by RPA. The �-actin mRNA was used as an in-
ternal control. Numbers on the top indicate the amounts of MAb (�g/ml). The
levels of HCV RNA relative to the control (%) are shown at the bottom with
100% representing the RNA level in the absence of antibodies.
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lane 3). Upon superinfection with adenovirus and HCV, nearly all
of the Huh-7.5 cells stained positive for both �-galactosidase (�-
Gal) and HCV NS3, suggesting that Huh-7.5 cells were coinfected
with adenovirus and HCV in the same cell (data not shown). The
wild type and each apoE mutant were ectopically expressed to
comparable levels (Fig. 7B). Consistent with our previous find-
ings, HCV replication in the cell was not affected by ectopic over-
expression of apoE, as shown by similar levels of NS5A (Fig. 7B).
However, the knockdown of endogenous apoE expression re-
sulted in more than 10-fold reduction of HCV infectivity in the
supernatants (Fig. 7C, LacZ and No Adv). As in our previous
studies, ectopic expression of a wild-type apoE restored the ma-
jority of HCV infectivity (Fig. 7C, WT) compared to the siNSC
control (Fig. 7C, siNSC/LacZ). Similarly, the defect of HCV infec-
tivity resulting from the knockdown of endogenous apoE expres-
sion was restored by ectopic expression of apoE variants with a
serine-to-arginine mutation at residue 139 (S139R), lysine-to-ar-
ginine mutations at both amino acid residues 143 and 146 (K143/
146R), and a leucine-to-alanine mutation at residue 149 (L149A)
(Fig. 7C). In contrast, apoE mutations from arginine to proline at
residue 145 (R145P), arginine at residues 145, 147 and 150, lysine
to alanine at residue 146 (4M), and lysine to glutamic acid at
residue 146 (K146E) were unable to restore the reduced HCV
infectivity (Fig. 7C). The reduced HCV infectivity was not due to
the effect of mutations on HCV assembly since the infectious titers
and vRNA levels of intracellular HCV particles were comparable
among the wild type and all apoE mutant proteins (data not
shown). To further confirm these findings, we sought to deter-
mine whether the 4M and K146E apoE mutants would have dom-
inant negative effects on endogenous apoE. To test this, Huh-7.5
cells were infected with HCV and then transfected with various
amounts (0, 0.11, 0.33, and 1.0 �g) of DNA vectors expressing the
wild type and 4M and K146E apoE mutants, respectively. The
levels of apoE expression in the cell were detected by Western

blotting (Fig. 8A), while infectious HCV titers in the supernatants
were determined by serial dilution (Fig. 8B). The levels of apoE
expression were proportional to increasing amounts of DNAs
transfected into cells (Fig. 8A). Strikingly, the increasing levels of
apoE mutant expression correlated very nicely with decreasing
HCV infectivity in the supernatants (Fig. 8B), suggesting that ec-
topic expression of apoE mutants (4M and K146E) had a domi-
nant negative effect on HCV infectivity by competing with endog-
enous apoE. Taken together, these results are consistent with
previous findings that the positively charged residues of the apoE
receptor-binding region are critical to the recognition by apoE
receptors.

Effects of apoE mutations on heparin binding. To provide
direct evidence to demonstrate specific interactions between apoE
and HSPGs, we performed an in vitro heparin-binding assay,
which reflects the apoE and HSPG interactions. The endogenous
apoE expression in Huh-7.5 cells was silenced to undetectable
levels (Fig. 7B). The wild type and apoE mutant were ectopically
expressed by recombinant adenoviruses, as described in Fig. 7.
The supernatants containing both secreted apoE and apoE in
HCV virions were collected and subject to a pulldown assay with
heparin-immobilized beads. The heparin-bound (pulldown) and
unbound apoE proteins were determined by Western blotting. As
shown in Fig. 9, mutations of Arg to Pro at amino acid residue 145
(R145P), Lys to Glu at amino acid residue 146 (K146E), Arg to Ala
at amino acid residues 145, 147, and 150, and Lys to Ala at position
146 (4M) all remarkably decreased the heparin-binding activity of
apoE. However, mutations from Ser to Arg at residue 139, Lys to
Arg at residues 143 and 146, and Leu to Ala at residue 149 had no
effect on the heparin-binding activity of apoE, which was similar
to that of wild-type apoE (Fig. 9). These results are in line with the
findings derived from the experiments described in Fig. 7 and 8
that mutations of the positively charged amino acids to neutral or
negatively charged residues in the receptor-binding domain inac-

FIG 6 (A) Effects of heparinase treatment on HCV attachment. Heparan sulfate on the cell surface was removed by treatment of Huh-7.5 cells with 1 unit/ml of
heparinase I (Sigma) at 37°C for 1 h as described previously (38). The heparinase-treated Huh-7.5 cells were subsequently incubated with HCV on ice for 2 h. The
unattached HCV was aspirated and the HCV-attached Huh-7.5 cells were washed three times with PBS. Total cellular RNA was prepared using an RNeasy mini
purification kit (Qiagen). The apoE-specific MAb23 was used as a positive control. The HCV vRNA in 50 �g of total RNA was quantified by RPA as previously
described (16, 34). The �-actin mRNA was used as an internal control to normalize the amounts of total RNA used between different samples. (B) Quantification
of HCV vRNA by qRT-PCR. HCV attachment inhibition experiments were carried out the same way as in panel A except for the use of a 12-well plate of Huh-7.5
cells. Upon HCV attachment and extensive washing of the heparinase-treated Huh-7.5 cells, total cellular RNA was extracted with RNAzol reagent (Molecular
Research Center, Inc.). The HCV vRNA was quantified by qRT-PCR using the StepOnePlus PCR system (Applied Biosystems). Percentage of average HCV vRNA
levels and deviations derived from three independent experiments are shown. The HCV vRNA level relative to that of the control (100%) is shown.
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tivated the ability of apoE to bind to the cell surface heparin sul-
fate. Collectively, the findings derived from our studies demon-
strate that the ability of apoE to mediate HCV attachment and
infection is closely correlated with its heparin-binding activity,

suggesting that apoE mediates HCV attachment through specific
interaction with cell surface heparan sulfate.

Inhibition of HCV infection by a synthetic peptide derived
from the apoE receptor-binding region. To validate the impor-
tance of the receptor-binding domain of apoE in HCV attach-
ment, we determined the inhibition of HCV attachment by a
synthetic peptide of 21 amino acids derived from the apoE recep-
tor-binding region (Fig. 10A, E3-2). As a control, two lysine resi-
dues at amino acid residues 143 and 146 were mutated to glutamic
acids (Fig. 10A, E3-8). Huh-7.5 cells were incubated with HCV on
ice for 2 h in the presence of various concentrations of each pep-
tide. Upon removal of HCV and extensive washing of cells with
PBS, the vRNA of the cell-bound HCV was extracted with RNAzol
reagent and was quantified by qRT-PCR. Results show that HCV
attachment was inhibited by the wild-type peptide but not the
mutant peptide (Fig. 10B). Again, these results corroborate the
findings derived from mutagenesis analysis of apoE (Fig. 7 and 8).

FIG 7 Site-directed mutagenesis analysis of the apoE receptor-binding region.
(A) Mutations of the N-terminal receptor-binding region. Three domains of
apoE are schematically shown: the N-terminal domain (NTD) containing the
receptor-binding region (gray box), the hinge region (Hinge), and the C-ter-
minal domain (CTD) involved in interactions with phospholipids. Numbers
indicate amino acid positions from the N terminus of mature apoE. Amino
acid residues of the receptor-binding region (136 to 150) are shown under-
neath their positions. Each amino acid mutation is highlighted at its corre-
sponding position. Wild-type and mutant apoE were ectopically expressed by
recombinant adenoviruses (see Materials and Methods). (B) Effects of ectopic
expression of wild-type and mutant apoE on HCV replication. Huh-7.5 cells
were transfected with 50 nM apoE-specific siRNA. At 24 h p.t., Huh-7.5 cells
were superinfected with HCV at an MOI of 5 at 37°C for 3 h, followed by
adenovirus at an MOI of 6 at 37°C for 6 h. At 24 h p.i., cell lysates were
harvested and used for the detection of apoE and NS5A by Western blotting
with �-actin as a control. (C) Determination of infectious HCV titers in the
supernatants by IHC. The supernatants of the experiments described in panel
A were collected at 24 h p.i. The infectious HCV titers in the supernatants were
determined by serial dilution.

FIG 8 Dominant negative effects of the 4M and K146E apoE mutants. Huh-
7.5 cells in 12-well cell culture plates were transfected with increasing amounts
(0.11, 0.33, and 1 �g) of pCMV6-XL5 vectors expressing wild-type apoE, the
apoE mutant with arginine-to-alanine mutations at residues 145, 146, 147 and
149 (4M), and the apoE mutant with a lysine to glutamic acid mutation at
amino acid residue 146 (K146E), respectively. The total amount of DNA was
kept constant at 1 �g using vector DNA. DNA was transfected into Huh-7.5
cell using DMRIE-C reagent (Invitrogen) by following the manufacturer’s
instructions. At 6 h p.t., the medium was replaced with DMEM containing
10% FBS. At 24 h p.t., Huh-7.5 cells were infected with HCV at an MOI of 5. At
24 h p.i., cell lysates and the culture media were collected for detection of apoE
by Western blotting (A) and for determination of infectious HCV titers by IHC
(B). Mean values and standard deviations of three experiments are shown in
panel B.
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DISCUSSION

Virus attachment to target cells is the very first step of the viral life
cycle. It has been the theory in virology that virus attachment is
mediated by the binding of viral envelope proteins to the cell sur-
face receptor(s). In contrast to this dogma, we have obtained sev-
eral lines of evidence demonstrating that the cellular protein apoE
mediates HCV attachment. First of all, an apoE-blocking mono-
clonal antibody and its Fab fragments efficiently inhibited HCV
infection (Fig. 1 and data not shown). When examined under the
virus attachment conditions, the apoE antibody was able to spe-
cifically block the binding of HCV to Huh-7.5 cells and primary
human hepatocytes (Fig. 2 and 3). After HCV bound to cells,
however, the apoE antibody failed to inhibit HCV cell entry (Fig.
2). Unlike apoE, the HCV E2 acts at a postattachment step(s) of
HCV infection. The E2-specific monoclonal antibody CBH5,
which was previously shown to be a highly potent inhibitor of
HCV infection (39), did not affect HCV attachment, although it
inhibited HCV cell entry even after virus attachment (Fig. 4). An-
other study recently found that a synthetic peptide of 16 amino
acids derived from the E2 transmembrane domain inhibited HCV
infection at a postbinding step (47). It has been thought that E2
mediates HCV attachment through binding to cell surface recep-
tors such as CD81, claudin-1, LDLr, occludin, SR-BI, and HSPGs
(7, 10, 21, 63, 87). Now, increasing evidence suggests that the
E2-binding receptors CD81, claudin-1, occludin, and SR-BI may
act at postattachment steps during HCV infection (25, 26, 30, 60).
HCV E1 may also mediate HCV entry at a postbinding step(s)
because E1-specific antibodies were shown to inhibit HCV infec-
tion at a postattachment step(s) (30). Additionally, the important
role of apoE in HCV attachment is supported by findings derived
from the mutagenesis analysis of the apoE receptor-binding re-
gion (Fig. 7). Numerous previous studies have demonstrated that
the apoE-binding receptors share the same binding site located in
helix 4, consisting of amino acid residues 136 to 150. Substitutions
of the positively charged arginine and lysine with neutral or neg-
atively charged residues in the receptor-binding site impaired the
apoE’s ability to mediate HCV infection (Fig. 7, 8, and 10). The
role of apoE in HCV attachment is also consistent with the find-
ings that apoE is an integral component localized to the HCV

envelope (18, 29, 36, 57). Our previous studies found that apoE
was detected in purified HCV particles and that HCV infectivity
was proportional to the abundance of apoE in infectious HCV
(18). ApoE in purified HCV was found to be sensitive to protease
digestion, suggesting its localization on the surface of the HCV
envelope (36). The C-terminal �-helical domain of apoE is impor-
tant for interaction with NS5A, and the apoE-NS5A interaction is
critical to HCV assembly and production (12, 24). The structural
nature of apoE has recently been confirmed by EM studies (29,
57). Both apoE and HCV E2 were visualized on the envelope of the
singular HCV particles by immunogold labeling. However, either
apoE or E2, but not both, was detected in a small fraction of HCV
particles (57). We believe that apoE plays a major role in mediat-
ing HCV attachment. It is also possible that apoE-deficient HCV
may use HCV E1/E2 proteins for attachment. It was estimated that
each HCV particle contained up to 300 molecules of apoE, which
outnumbered E2 protein in the HCV particle (57). This may ex-
plain the dominant role of apoE in HCV attachment. Neverthe-
less, compelling evidence derived from our studies demonstrates
that apoE is a structural component mediating HCV attachment.

Several previous studies suggested that HSPGs play an impor-
tant role in HCV infection (7, 40, 60). Removal of heparan sulfate
from cell surface by heparinase treatment reduced the susceptibil-
ity of cells to HCV infection (9, 40, 60). In this study, we further
found that HCV attachment was blocked by pretreatment of cells
with heparinase (Fig. 6). More significantly, we have determined
the underlying mechanism of HSPGs in HCV attachment by
binding to apoE on the surface of the HCV envelope. Mutations of
basic amino acids to neutral or acidic residues in the receptor-
binding region ablated the heparin-binding activity of apoE (Fig.
9). The other known HCV receptors and/or coreceptors such as
CD81, claudin-1, LDLr, occludin, and SR-BI do not play signifi-
cant roles in mediating HCV attachment, as demonstrated by spe-

FIG 10 Inhibition of HCV attachment by a synthetic peptide derived from the
apoE receptor-binding region. (A) Huh-7.5 cells in 12-well cell culture plates
were incubated with HCV on ice for 2 h in the absence or presence of various
concentrations of wild-type (E3-2) and mutant (E3-8) peptides. The unbound
HCV was removed by extensive washing with PBS. The vRNA of the cell-
bound HCV was isolated with RNAzol reagent (Molecular Research Center).
(B) The average levels of HCV vRNA, from triplicate experiments, were deter-
mined by qRT-PCR as described in Materials and Methods.

FIG 9 Effects of mutations in the receptor-binding region on the heparin
binding of apoE. The endogenous apoE expression was silenced to undetect-
able levels by a synthetic apoE-specific siRNA as described previously (24). The
wild type and individual apoE mutants (indicated on the top) were ectopically
expressed by recombinant adenoviruses. The supernatants were collected and
subjected to a pulldown assay with heparin-conjugated beads. The heparin-
bound (pulldown) and unbound apoE proteins were determined by Western
blotting using apoE-specific WuE4 monoclonal antibody and an ECL kit
(Pierce).
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cific blocking antibodies and siRNAs (Fig. 5 and data not shown).
Although apoE mediates HCV attachment through interactions
with the cell surface heparan sulfate, there are many questions
waiting to be answered. Why does HCV attachment use a cellular
protein unlike most other viruses using a virally encoded envelope
protein(s)? Why are so many receptors/co-receptors required for
HCV entry to cells? In the case of HIV, cellular proteins facilitate
HIV attachment (17, 73, 76). The unique advantage for viruses
that use cellular proteins for cell attachment is that this makes it
easy to get around the host immune system. The host proteins on
virions can evade the host immune response and therefore help
viruses to establish persistent infections. The requirement of apoE
for HCV attachment may partially contribute to the establishment
of a persistent HCV infection. Similar to HIV, HCV uses multiple
cellular receptors for its cell entry. The underlying molecular
mechanisms of cellular receptors/coreceptors in HCV entry have
not been determined. The current model is that each receptor/
coreceptor plays a distinct role at a specific stage or step of HCV
infection in a highly orchestrated manner through sequential in-
teractions with HCV E1 and E2 proteins (63). It is also possible
that multiple receptors are used preferentially by different virus
variants containing different mutations in viral envelope proteins
because of the quasispecies nature associated with both HCV and
HIV. Defining the role and mechanism of action of each receptor
in HCV entry will be very challenging.

A number of studies have demonstrated that apoE receptor
binding is mediated by a highly basic, �-helical sequence (�15
residues) within residues 136 to 150 in the receptor-binding do-
main which interacts with the LDLr family members, including
LDLr, LRPs, and HSPGs (43, 51, 53, 79, 83). SR-BI is also a known
receptor for apoE binding and HCV infection (1, 8, 11, 70). Like
other key HCV receptors, SR-BI functions at a postbinding
step(s), as determined by SR-BI-specific small molecule inhibitors
and antibodies (74, 88). A previous study suggested that apoE on
HCV virions facilitated HCV infection through interaction with
LDLr (62). However, findings derived from our studies clearly
show that only HSPGs, but not LDLr or SR-BI, are important for
HCV attachment. The siRNA-mediated knockdown of both LDLr
and SR-BI reduced HCV infection by 80% but did not signifi-
cantly inhibit HCV attachment. Interestingly, the Lys-to-Arg
mutations at residues 143 and 146 (K143/146R) in the receptor-
binding region, which were previously shown to decrease the
LDLr-binding activity to �30% (28, 85), did not affect the hepa-
rin-binding activity of apoE (Fig. 9). In fact, the K143/146R apoE
mutant slightly increased the HCV infectivity (Fig. 7). These find-
ings are consistent with those reported by others that basic residue
specificity is not required for the effective binding of apoE to hep-
arin, unlike its binding to LDLr (28). Furthermore, our recent
studies demonstrated that apoE2, which is defective in LDLR
binding, had no effect on HCV infectivity and production (24)
unlike the findings reported by others (32). Taken together, this
compelling evidence suggests that HSPG but not LDLr serves as a
receptor for the apoE-mediated HCV attachment. It is not clear
why the apoE-binding receptor SR-BI is not important for HCV
attachment. The preferential binding of apoE to different recep-
tors on the cell surface may also be influenced by the abundance of
receptors expressed among different cell types. Protein modifica-
tion, oligomerization, and structure configuration of apoE may
also modulate the receptor binding. ApoE is a glycosylated protein
with at least two glycosylation sites and also forms different oli-

gomers (20, 42, 80, 81, 84, 86). ApoE on the HCV virions appears
to be hyperglycosylated compared to apoE expressed in the cell
and secreted to supernatant (data not shown). Future studies are
warranted to determine the importance of glycosylation and oli-
gomerization of apoE in HCV attachment and the underlying mo-
lecular mechanism of apoE in HSPG binding and HCV attach-
ment.
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