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Recent advances in reverse genetics of hepatitis C virus (HCV) made it possible to determine the properties
and biochemical compositions of HCV virions. Sedimentation analysis and characterization of HCV RNA-
containing particles produced in the cultured cells revealed that HCV virions cover a large range of hetero-
geneous densities in sucrose gradient. The fractions of low densities are infectious, while the higher-density
fractions containing the majority of HCV virion RNA are not. HCV core protein and apolipoprotein B and
apolipoprotein E (apoE) were detected in the infectious HCV virions. The level of apoE correlates very well with
HCV infectivity. Both apoE- and HCV E2-specific monoclonal antibodies precipitated HCV, demonstrating
that HCV virions contain apoE and E2 proteins. apoE-specific monoclonal antibodies efficiently neutralized
HCV infectivity in a dose-dependent manner, resulting in a reduction of infectious HCV by nearly 4 orders of
magnitude. The knockdown of apoE expression by specific small interfering RNAs (siRNAs) remarkably
reduced the levels of intracellular as well as secreted HCV virions. The apoE siRNA suppressed HCV
production by more than 100-fold at 50 nM. These findings demonstrate that apoE is required for HCV virion
infectivity and production, suggesting that HCV virions are assembled as apoE-enriched lipoprotein particles.
Our findings also identified apoE as a novel target for discovery and development of antiviral drugs and
monoclonal antibodies to suppress HCV virion formation and infection.

Hepatitis C virus (HCV) is a major cause of liver diseases,
affecting approximately 170 million people worldwide (59).
Most (�85%) acutely HCV-infected individuals become
chronic carriers that can develop cirrhosis and hepatocellular
carcinoma (50). HCV is an enveloped RNA virus with a single-
strand and positive-sense RNA genome and is classified as
Hepacivirus in the Flaviviridae family (47). The genomic RNA
consists of a long open reading frame and relatively short
untranslated regions (UTR) at the 5� and 3� ends (11, 32, 36,
46, 53). The 5� and 3� UTR contain cis-acting RNA elements
important for HCV polyprotein translation and RNA replica-
tion (16–18, 38, 39, 61, 62). The translation of HCV polypro-
tein is mediated by the internal ribosomal entry site within the
5� UTR (46, 58). Upon translation, the HCV polyprotein is
cleaved by cellular peptidases and viral proteases into different
viral proteins in the order of C-E1-E2-p7-NS2-NS3-NS4A-
NS4B-NS5A-NS5B (36, 38). A number of studies demon-
strated that the NS3 to NS5B proteins are sufficient for HCV
RNA replication (4, 6, 37), which occurs in the membrane-
bound replication complex consisting of HCV RNA and pro-
teins as well as cellular proteins (13, 14, 42, 57). The core and
NS5B coding regions also contain cis-acting RNA elements
important for HCV RNA replication and regulation (40, 63).
Last, the newly synthesized HCV proteins and genomic RNA
are packaged to form progeny virus particles. However, the

molecular aspects underlying HCV virion assembly, matura-
tion, and egression have not been determined.

Accumulating evidence suggests that HCV virions possess
unusual properties distinctive from other members of the Fla-
viviridae family (2). HCV particles isolated from chronic hep-
atitis C patients or produced in vitro display a striking density
heterogeneity, covering a large range from 1.06 to 1.20 g/ml (2,
3, 9, 10, 26, 35, 43, 45, 54–56, 64). Biochemical and morpho-
logical studies by André et al. suggest that the low-density
HCV virions are packaged as lipoviroparticles (LVPs) with
densities similar to that of the very-low-density lipoprotein
(VLDL) (2, 3). Purified LVPs were rich in triglycerides and
contained at least apolipoprotein B (apoB), HCV RNA, and
core protein (2, 3). Both apoB and apoE were detected in the
low-density fractions of the HCV RNA-containing particles.
HCV virions could also be precipitated by apoB- and apoE-
specific antibodies (2, 43). However, the roles of lipoproteins
in HCV replication and infection have not been defined due to
the lack of a robust cell culture system for HCV propagation.
Recent success in HCV reverse genetics in vitro made it pos-
sible to study the molecular aspects of HCV infection, repli-
cation, virion assembly, and egression (9, 21, 35, 56, 64). The
characterization of HCV virions produced in vitro revealed a
remarkable disparity between the abundance of HCV virion
RNA (vRNA) and infectious titer (9, 35, 56, 64). The infec-
tious HCV titer was at least 1,000-fold lower than the HCV
vRNA copy number, suggesting that the majority of HCV
RNA-containing particles were not infectious (9). However,
the properties and biochemical compositions of HCV RNA-
containing particles have not been determined. A recent report
described that the intracellular infectious HCV virions exhibit
higher buoyant densities than those secreted into the culture
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medium, suggesting an alteration of biochemical compositions
conferring the low densities during HCV virion maturation and
secretion (19). It was reported recently that inhibition of
VLDL assembly by apoB-specific small interfering RNA
(siRNA) or an inhibitor of microsomal triglyceride transfer
protein (MTP) also suppressed HCV production, implying a
possible coupling of HCV production with VLDL assembly
(24). However, the roles of apolipoproteins in HCV infection
and virion assembly have not been defined.

In the present study, we sought to determine the properties
of HCV virions and the role of apoE in HCV infectivity and
production. The HCV RNA-containing particles secreted into
the media were separated by sucrose density gradient sedimen-
tation. Characterization of the resulting HCV virions revealed
that HCV virions display heterogeneous densities. The low-
density HCV virions were rich in apoE protein, suggesting an
important role of apoE in the HCV life cycle. Consistent with
this finding, HCV virions were precipitated specifically by
apoE- and HCV E2-specific monoclonal antibodies. Addition-
ally, HCV infectivity was neutralized efficiently by apoE-spe-
cific monoclonal antibodies. Furthermore, HCV production
was remarkably suppressed by siRNA-mediated knockdown of
apoE expression. Collectively, these findings demonstrate that
apoE is required for HCV infectivity and production, opening
up a novel target for discovery and development of antiviral
drugs and monoclonal antibodies against HCV infection.

MATERIALS AND METHODS

Cell lines and cell culture. Human hepatoma cell lines that stably produce
infectious HCV of genotype 2a (JFH1) were described previously (9). A Huh7.5
cell line was kindly provided by Charles M. Rice (7). Subgenomic JFH1 HCV
replicon-containing Huh7.5 cells were made in the same way as reported previ-
ously (29). All cell lines were grown in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS), nonessential amino acids,
penicillin, and streptomycin (Invitrogen). The JFH1 (2a) replicon cell lines were
maintained in the presence of 0.5 mg/ml of G418, while the HCV-producing cells
were maintained by the addition of 5 �g/ml of blasticidin (A.G. Scientific).

Production of apoE-specific monoclonal antibodies. A hybridoma cell line
producing an apoE (1506 A1.4) blocking monoclonal antibody was obtained
from the American Type Culture Collection (Manassas, VA) (34), and these
cells were maintained in RPMI 1640 (Invitrogen) medium supplemented with
10% FBS. Recombinant apoE proteins were purchased from PeproTech (Rocky
Hill, NJ). Female RBF-DnJ mice (Jackson Laboratories) were immunized sub-
cutaneously with 50 �g of purified recombinant apoE emulsified with Freund’s
complete adjuvant (Sigma). Three subsequent booster immunizations were given
to each animal at 10-day intervals. At 3 days after the last booster immunization,
animals were euthanized humanely and the spleens were removed with sterile
scissors. Splenic lymphocytes were fused with P3X myeloma cells by use of
polyethylene glycol 4000 (Sigma). Hybridomas were selected with RPMI 1640
medium supplemented with Hybrimax, controlled process serum replacement
type 3 (Sigma), hypothanxine-aminopterin-thymidine, and hypothanxine-thymi-
dine (Invitrogen). Hybridomas producing apoE monoclonal antibodies were
identified by screening with enzyme-linked immunosorbent assay using recom-
binant apoE as an antigen. Positive clones were subcloned twice by limiting
dilution using standard protocols (31). The apoE monoclonal antibodies were
purified from hybridoma media by use of a protein A antibody purification kit
(Sigma, St. Louis, MO). The concentration of purified monoclonal antibodies
was determined by spectrophotometry.

HCV preparation and sucrose gradient sedimentation analysis. The stable
HCV-producing cells were grown in 175-cm2 cell culture flasks. A large quantity
of cell culture media was prepared and cleared by being passed through a
0.22-�m filter unit (Corning). The HCV RNA-containing particles in the media
were concentrated by ultracentrifugation at 27,000 rpm and 4°C for 6 h in a
Beckman SW28 rotor. The concentrated HCV was subjected to 20 to 60%
sucrose gradient sedimentation analysis, as previously described (9). A total of 12
fractions with 1 ml each were collected from the top to the bottom of the sucrose

gradient. The sucrose in fractions was removed by dilution with 1� phosphate-
buffered saline (PBS) at a 1:12 ratio and then ultracentrifugation at 40,000 rpm
for 16 h at 4°C in a Beckman SW41 rotor. The resulting HCV pellets were
dissolved in PBS and aliquoted for subsequent studies.

Immunoprecipitation (IP) of HCV RNA-containing particles. A total of 300 �l
twofold-diluted protein G-conjugated agarose beads (Invitrogen) were first in-
cubated with various amounts (0.6, 3, and 15 �g) of normal mouse immunoglob-
ulin G1 (mIgG1), HCV E2-specific monoclonal antibody (CBH5), or apoE-
specific monoclonal antibody (mAb23) with shaking for 5 h at room temperature.
The unbound antibodies were removed by washing with 1� PBS three times. The
antibody-bound agarose beads were then mixed with 300 �l of infectious HCV at
4°C overnight. The unbound HCV virions were removed by washing with 1�
PBS three times. The HCV-bound agarose beads were resuspended into 250 �l
with 1� PBS and were subjected to vRNA extraction by the addition of 750 �l
of Trizol LS reagent (Invitrogen). The resulted vRNA was quantified by RNase
protection assay (RPA) using a radiolabeled RNA probe containing the negative
strand of the HCV 3� UTR (9).

HCV infection and antibody neutralization. Huh7.5 cells in 12-well (for de-
tection of HCV proteins) or 6-well (for quantification of HCV RNA) plates were
infected with purified HCV or HCV-containing culture medium at 37°C for 2 to
3 h. The HCV-infected cells were washed twice with PBS and then incubated
with 10% FBS-containing DMEM. For antibody neutralization of HCV infec-
tivity, HCV was incubated with increasing concentrations (0, 0.4, 2.0, 10, and 50
�g/ml) of normal mIgG or apoE monoclonal antibodies, respectively, at room
temperature for 1 h and then added onto Huh7.5 cells (9, 30). apoE monoclonal
antibodies include 1506 A1.4 (34) and apoE mAb23 and mAb30, which were
produced in our lab. At 2 h postinfection (p.i.), the antibody-HCV mixture was
aspirated and cells were washed twice with 1� PBS and then incubated with
DMEM containing 10% FBS for 3 to 4 days. The HCV titer in the medium was
determined by immunofluorescence analysis (IFA). Cell lysate was used for
detection of HCV NS3 protein by Western blotting, while total RNA was ex-
tracted with Trizol (Invitrogen) for determination of HCV RNA by RPA (9).

Knockdown of apoE expression by siRNA. Initially, SmartPool siRNAs tar-
geting apoE mRNA were obtained from Dharmacon. The most potent siRNAs
identified from SmartPool siRNAs were chosen for subsequent experiments. The
siRNA-targeting sequence for apoE mRNA is 5�-AGACAGAGCCGGAGCCC
GA-3�. A nonspecific control (NSC) siRNA was purchased from Dharmacon.
The apoE-specific siRNA was transfected into HCV-infected Huh7.5 cells by use
of Lipofectamine RNAiMax according to the manufacturer’s instruction (In-
vitrogen). The mixture of siRNA and RNAiMax was serially diluted with serum-
free medium to siRNA concentrations as indicated. At 4 to 5 days posttransfec-
tion, cell culture medium was collected and cleared by centrifugation to remove
any detached cells and cell debris. Cells attached to flasks were washed twice with
1� PBS and then scraped into 1� PBS. Cell pellets were resuspended in PBS
and frozen and thawed three times to isolate the intracellular HCV virions (19).
The infectivity of intracellular virions and HCV in the medium was determined
by subsequent infection of Huh7.5 cells, in which the levels of HCV NS3 protein
and positive-strand RNA were determined by Western blotting and RPA, re-
spectively. The titers of infectious HCV in the cell and medium were determined
by IFA. HCV RNA-containing particles in the medium were concentrated by
ultracentrifugation at 27,000 rpm for 6 h in a Beckman SW28 rotor. The HCV
pellet was dissolved in DMEM and used for vRNA extraction with Trizol LS
reagent (Invitrogen).

Ectopic overexpression of human apoE proteins. pcDNA3.1/hApoE3, which
expresses human apoE3, was kindly provided by Theodore Mazzone (University
of Illinois at Chicago). A human apoE4-expressing vector, pCMV/hApoE4, was
purchased from OriGene (Rockville, MD). Increasing amounts (0, 0.25, 0.5, 1,
and 2 �g) of apoE-expressing DNA were transfected into Huh7.5 cells in six-well
cell culture plates. The amount of DNA transfected into each well was kept
constant at 2 �g by adjustment with vector DNAs. The mixture of 2 �g DNA and
5 �l DMRIE-C lipids in Opti-MEM (Invitrogen) was incubated at room tem-
perature for 15 min prior to being transferred onto Huh7.5 cells. At 6 h post-
transfection, the DNA-lipid mixture was replaced with DMEM containing 10%
FBS. At 24 h posttransfection, cells were infected with HCV. At 3 days p.i., the
culture media were collected and cells were lysed. The culture media were used
to infect naı̈ve Huh7.5 cells to determine HCV infectivity in the media derived
from Huh7.5 cells with apoE overexpression. The levels of apoE expression in
the cell and apoE secreted into the medium were determined by Western blot
analysis.

Western blot analysis. The lysate of HCV-infected or subgenomic HCV rep-
licon-containing cells was prepared with standard procedures (9). The protein
concentration of cell lysate was determined using a protein assay reagent (Bio-
Rad). Twenty-five micrograms of total protein was resolved by 10% sodium
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dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by
transferring onto a nitrocellulose membrane. HCV NS3 was determined by
Western blotting using an NS3-specific monoclonal antibody, as previously de-
scribed (9). The �-actin protein was used as an internal control. For quantifying
the levels of apoE secretion, 12 �l of culture medium was electrophoresed by
10% SDS-PAGE. apoE was determined by Western blotting using an apoE-
specific monoclonal antibody (apoE mAb33).

RNA extraction and quantification by RPA. Total RNAs were extracted with
Trizol reagent (Invitrogen) from HCV-infected cells or subgenomic HCV repl-
icon-harboring cells. HCV vRNA in the medium was extracted with Trizol LS
reagent (Invitrogen). The levels of positive-strand HCV RNA in the cell or
vRNA in the medium were determined by RPA. RPA was the same as described
previously (9). After digestion with RNase A/T1, RNA products were analyzed
on a 6% polyacrylamide-7.7 M urea gel and visualized by autoradiography (39).

IFA. HCV in the media was serially diluted (10�) and then used to infect naı̈ve
Huh7.5 cells on coverslips in 24-well plates. At 3 to 4 days p.i., IFA was per-
formed to determine the numbers of cell foci stained for HCV NS3 protein. The
procedures of IFA were the same as those used in our previous studies (9, 13).

RESULTS

Correlation of apoE protein with HCV infectivity. Previous
studies revealed that the low-density HCV RNA-containing
particles isolated from patients were assembled as LVPs. Find-
ings derived from our recent studies as well as studies by others
demonstrate that the HCV RNA-containing particles pro-
duced in cell culture display a broad range of buoyant densi-

ties, suggesting the existence of different forms of HCV virions
(9, 35, 56, 64). To determine the properties of HCV virions and
the role of apolipoproteins in HCV virion assembly and infec-
tion, the secreted HCV RNA-containing particles of various
densities were separated by sucrose gradient sedimentation
analysis. The levels of HCV vRNA in the fractions of sucrose
gradient were quantified by RPA (Fig. 1A), while HCV infec-

FIG. 1. Characterization of HCV RNA-containing particles. (A) Density gradient sedimentation analysis of HCV produced in cell culture.
HCV virions secreted into the media were concentrated by ultracentrifugation and then fractionated through 20 to 60% sucrose density gradient
centrifugation. Fractions (1 ml each) were collected from the top to the bottom of the sucrose gradient. The HCV vRNA was extracted with Trizol
LS reagent and quantified by RPA, as described previously (9). (B) Determination of HCV infectivity in different fractions. Huh7.5 cells in six-well
plates were infected with concentrated HCV of each fraction in DMEM at 37°C for 2 h. Cells were washed with PBS and incubated with 2 ml of
DMEM containing 10% FBS. At 3 days p.i., total RNA was extracted with Trizol reagent and the levels of positive-strand (�) RNA were quantified
by RPA. (C) Detection of apoB100 and apoE by Western blot analysis. apoB100 and apoE proteins in each fraction of the sucrose gradient were
detected by Western blotting using apoB- and apoE-specific antibodies and visualized by enhanced chemiluminescence staining (9). (D) Com-
parison of HCV vRNA, infectivity, apoB100, and apoE levels in fractions of sucrose gradient. The data from panels A to C were quantified by
densitometry as percentages. The relative levels of HCV vRNA, HCV infectivity, apoB100, and apoE in different fractions are plotted.

FIG. 2. IP of infectious HCV virions. The procedures for IP of
HCV virions by apoE mAb23, HCV E2-specific CBH5, and the iso-
type-matched mIgG1 are described in Materials and Methods. The
vRNA of the immunoprecipitated HCV virions was determined by
RPA, as described previously (9). Total RNAs extracted from mock-
and HCV-infected Huh7.5 cells were used as negative and positive (�)
controls, respectively. The HCV probe and vRNA product are high-
lighted, and the amounts (�g/ml) of antibodies used for IP are indi-
cated.
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tivity in each fraction was determined by infection in cell cul-
ture (Fig. 1B). Also, HCV core, apoB, and apoE proteins in
different fractions were detected by Western blotting (Fig. 1C).
Similarly to previous findings (9), HCV RNA-containing par-
ticles cover a broad range of densities, varying from 1.03 to
1.23 g/ml, in sucrose gradient (Fig. 1A). The particles in the
low-density fractions (fractions 3 to 6, with densities of 1.08 to
1.12 g/ml) were infectious, whereas those in the higher-density
fractions (fractions 7 to 9, with densities of 1.15 to 1.21 g/ml),
which accounted for the majority of HCV vRNA, were poorly
or not infectious (Fig. 1B). Strikingly, fractions 4 to 6, with the
highest HCV infectivity, also contained peak levels of apoE
and HCV core protein (Fig. 1C). The levels of apoE in infec-

tious fractions are consistent with the levels of HCV vRNA
detected in the infectious fractions (Fig. 1D). In contrast, the
highest levels of apoB were found in fractions 2 and 3, whose
densities are lower than the fractions with the highest infectiv-
ity (Fig. 1C and D). To confirm the presence of apoE in
infectious HCV virions, an IP experiment was carried out using
apoE mAb23 and HCV E2-specific monoclonal antibody
CBH5 (30). An isotype-matched normal mIgG1 was used as a
control. Antibodies were bound to protein G-conjugated aga-
rose beads and then incubated with infectious fractions (the
mixture of fractions 3 to 6) (Fig. 1A). The levels of vRNA
extracted from the precipitated HCV virions were determined
by RPA. As shown in Fig. 2, both CBH5 and apoE mAb23

FIG. 3. Neutralization of HCV infectivity by apoE-specific monoclonal antibodies. (A) Determination of apoE monoclonal antibody neutral-
ization of HCV infectivity by RPA quantification of the levels of positive-strand HCV RNA. HCV (104 FFU/ml) was incubated with increasing
concentrations (0, 0.4, 2, 10, and 50 �g/ml) of apoE mAb23, mAb30, 1506 A1.4 (ApoE-A1.4), or mIgG1 at room temperature for 1 h and was
subsequently used to infect Huh7.5 cells in six-well cell culture plates. At 2 h p.i., the mixture of HCV and antibody was removed and cells were
washed twice with PBS and then incubated with DMEM containing 10% FBS. At 3 days p.i., total RNA was extracted from the HCV-infected cells
with Trizol reagent (Invitrogen). The levels of positive-strand (�) HCV RNA were determined by RPA. Antibody concentrations (�g/ml) are
indicated. P, probe; values at left are RNA sizes in nucleotides. (B) Potency of HCV-neutralizing apoE monoclonal antibodies. The quantitative
results derived from data shown in panel A were converted to percentages of the control. The levels of �-actin mRNA were used as controls to
normalize the levels of HCV RNA. The levels of HCV RNA relative to that without apoE monoclonal antibody treatment (100%) were calculated.
The relative levels of positive-strand HCV RNA on average are plotted against apoE monoclonal antibody concentrations. (C) Reduction of
infectious HCV titer by apoE-specific monoclonal antibodies. Media were collected from cells infected with HCV in the presence of apoE-specific
monoclonal antibodies, as described for panel A, at 3 days p.i. The titers of infectious HCV in the media were determined by IFA as FFU/ml. The
average infectious HCV titers are plotted against antibody concentrations. (D) Neutralization of HCV infectivity in the low-density fractions (F3
to F5) by apoE mAb23 and HCV E2-specific human E2-specific monoclonal antibody CBH5 (30). An aliquot (20 �l) of concentrated HCV of
fractions 3 to 5 diluted in DMEM was incubated with 10 �g/ml of either apoE mAb23 or CBH5 at room temperature for 1 h and then added onto
Huh7.5 cells in six-well plates. The HCV-infected cells were washed twice with PBS and then incubated with DMEM containing 10% FBS for 3
days. Total RNA was extracted with Trizol reagent from the HCV-infected cells. The levels of positive-strand HCV RNA were determined by RPA
and quantified by phosphorimager analysis. The levels of positive-strand HCV RNA relative to the control without antibody treatment were
calculated as percentages of HCV neutralization. M, marker (values at left are RNA sizes in nucleotides); (�), mock infection; C, no antibody
control; E, apoE mAb23; E2, HCV E2 monoclonal antibody CBH5.
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precipitated HCV RNA-containing particles in a dose-de-
pendent manner. It appeared that the IP of HCV particles
by apoE mAb23 reached a peak at 3 �g (Fig. 2). The lower
IP at 15 �g was likely due to the presence of excess unbound
mAb23 that prevented HCV from binding to mAb23-bound
agarose beads (Fig. 2). In contrast, mIgG1 failed to precip-
itate HCV RNA-containing particles (Fig. 2). Taken to-
gether, these results demonstrate that infectious HCV viri-
ons are rich in apoE, suggesting a role of apoE in HCV
assembly and infection.

Neutralization of HCV infectivity by apoE-specific monoclo-
nal antibodies. To determine whether apoE protein present in
infectious HCV virions is required for HCV infectivity, HCV
neutralization experiments were carried out using apoE-spe-
cific monoclonal antibodies. The commercially available apoE-
blocking monoclonal antibody (1506 A1.4) was described pre-
viously (34). We also raised our own apoE-specific monoclonal
antibodies by using purified recombinant apoE as an antigen.
Upon selection and screening, a number of apoE-specific
monoclonal antibodies were identified and purified. Five apoE
monoclonal antibodies were able to neutralize HCV infectivity
in cell culture (Fig. 3A and data not shown). Two of them,
apoE mAb23 and mAb30, were titrated to determine their
potency for neutralizing HCV infectivity. apoE mAb23 effi-
ciently neutralized HCV infectivity in a dose-dependent man-
ner (Fig. 3A and B). It lowered the HCV titers by 1, 2, 3, and
nearly 4 orders of magnitude at 0.4, 2, 10, and 50 �g/ml,
respectively (Fig. 3C). apoE mAb30 and 1506 A1.4 are much
less potent than apoE mAb23 (Fig. 3A and B). As a control,
the isotype-matched normal mIgG1 did not affect HCV infec-
tivity (Fig. 3). The HCV-neutralizing activity of apoE mAb23
was further confirmed by using infectious HCV in the low-
density fractions (F3 to F5) and compared in parallel with that
of a human monoclonal antibody specific to HCV E2 protein,
CBH5 (Fig. 3D). CBH5 was previously shown to be a very
potent HCV-neutralizing monoclonal antibody (30). The HCV
infectivities in fractions 3 to 5 (Fig. 1B) were neutralized
equally by both apoE mAb23 and CBH5 at 10 �g/ml (Fig. 3D),
consistent with the above-mentioned finding that HCV was
immunoprecipitated specifically by both apoE mAb23 and
CBH5 (Fig. 2). These results support the conclusion that in-
fectious HCV virions contain both E2 and apoE proteins.
Collectively, these findings demonstrate that apoE assembled
in HCV virions is an important determinant of HCV infectivity
and therein represents a novel target for antiviral intervention
against HCV infection.

Suppression of HCV virion production by siRNA-mediated
knockdown of apoE expression. To determine the role of apoE
in HCV virion assembly and egression, synthetic siRNA was
used to specifically knock down apoE expression in the HCV-
infected Huh7.5 cells. Huh7.5 cells were infected with HCV at
a multiplicity of infection of approximately 0.01 at 37°C for 2 h
and then transfected with apoE-specific or an NSC siRNA at
concentrations of 0.4, 2, 10, and 50 nM. The levels of apoE
secreted into the media were quantified by Western blotting
using an apoE-specific monoclonal antibody (mAb33). The
effect of apoE siRNAs on HCV production was subsequently
determined by quantifying the levels of HCV RNA-containing
particles and infectious HCV virions in the cell as well as in the
media.

Most of the apoE secreted into the culture medium upon
expression (data not shown). Therefore, the levels of apoE in
the media were determined and compared. The apoE siRNA
specifically reduced apoE secretion by 50%, 80%, and more
than 90% at concentrations of 2, 10, and 50 nM, respectively
(Fig. 4). However, apoE secretion was unaffected by the NSC

FIG. 4. Knockdown of apoE expression by an apoE-specific
siRNA. (A) Effects of apoE siRNA on apoE and apoB secretion.
Huh7.5 cells were transfected with apoE-specific siRNA at various
concentrations (nM) by use of Lipofectamine RNAiMax (Invitrogen)
according to the manufacturer’s instruction. An NSC siRNA was used
as a negative control. At 4 days posttransfection, the levels of apoE and
apoB100 secreted into the media were determined by Western blotting
using polyclonal apoB antibodies (Calbiochem and Biodesign) and
apoE mAb33 (raised in our lab), respectively. (B) Correlation of apoE
secretion and siRNA concentrations. The levels of apoE relative to the
control (without siRNA) were converted to percentages of the control.
The relative levels of apoE secretion are plotted against siRNA con-
centrations. (C) Effect of apoE siRNA on apoB secretion. The quan-
titative data exemplified in panel A were converted into percentages of
the control, considering the level of apoB100 in the absence of siRNA
as 100%. The levels of apoB100 relative to controls are plotted against
siRNA concentrations. The quantitative data in panels B and C rep-
resent means � standard deviations obtained from three independent
experiments. E, NSC siRNA; f, apoE siRNA.
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siRNA, demonstrating the specificity of the siRNA-mediated
knockdown of apoE expression. It was reported recently that
apoB siRNA resulted in a reduction of HCV production (24).
To examine whether apoE siRNA affected apoB secretion, we
determined the levels of apoB secretion by Western blot anal-
ysis. Results show that apoE siRNA did not affect apoB secre-
tion significantly (Fig. 4A and C). Taken together, these results
demonstrate that the apoE siRNA efficiently and specifically
knocked down apoE expression.

To determine the effect of apoE siRNA on HCV produc-
tion, the levels of HCV RNA-containing particles in the media
were quantified by several independent approaches. Initially,
the infectious HCV virions secreted into the media were ex-
amined by infectivity. The media of the HCV-infected and
siRNA-transfected cells were used to infect naı̈ve Huh7.5 cells
in 12-well (for detection of HCV NS3 protein) and 6-well (for
quantification of positive-strand HCV RNA) cell culture
plates. The levels of HCV NS3 protein and positive-strand
HCV RNA in the infected naı̈ve Huh7.5 cells were determined
by Western blotting and RPA, respectively (Fig. 5A). Consis-
tent with the reduction of apoE secretion, the levels of both
NS3 and positive-strand RNA in Huh7.5 cells infected with the
media correlated inversely with apoE siRNA concentrations
(Fig. 5A and B). The apoE siRNA resulted in a decrease of
NS3 protein by 80% at 10 nM and nearly 100% at 50 nM. The
positive-strand HCV RNA was also reduced by 60% and 90%
at 10 and 50 nM, respectively (Fig. 5A and B). The infectious
HCV titers in the media of the HCV-infected and siRNA-
transfected cells were then determined by IFA as focus-form-
ing units (FFU)/ml. As shown in Fig. 5C, infectious titers of
HCV virions secreted into the media were remarkably reduced
by siRNA-mediated knockdown of apoE expression in a dose-
dependent manner. The apoE siRNA reduced the infectious
titers of secreted HCV virions by 100-fold at 50 nM (Fig. 5C).
In contrast, the NSC siRNA did not affect HCV production, as
determined by the levels of HCV protein and RNA in the
infected cells as well as infectious HCV titers in the media of
the siRNA-transfected cells (Fig. 5).

apoE was shown to be required for HCV infectivity (Fig. 3).
Therefore, the reduction of HCV infectivity in the media of the
apoE-specific siRNA-transfected cells could be due to either
the absence of apoE in HCV virions or the blockage of HCV
production. To determine whether the siRNA-mediated
knockdown of apoE expression affected HCV virion produc-

FIG. 5. Suppression of HCV production by siRNA-mediated
knockdown of apoE expression. Huh7.5 cells in 175-cm2 flasks were
infected with HCV at a multiplicity of infection of approximately 0.01.
At 2 h p.i., cells were transfected with various concentrations (nM) of
apoE or NSC siRNA by use of Lipofectamine RNAiMax according to
the manufacturer’s instruction. After 4 days, the cell culture media and
HCV-infected Huh7.5 cells were collected for determining the effects
of siRNA-mediated knockdown of apoE expression on HCV produc-
tion. (A) Effects of the siRNA-mediated knockdown of apoE expres-
sion on the production of infectious HCV. The media derived from the
HCV-infected and siRNA-transfected Huh7.5 cells were used to infect
naı̈ve Huh7.5 cells in 12-well plates (for detection of NS3 by Western
blotting) or 6-well plates (for determination of positive-strand RNA by
RPA). At 3 days p.i., cell lysates of naı̈ve Huh7.5 cells infected with
HCV in 12-well plates were loaded into 10% SDS-PAGE gels and
proteins were separated by electrophoresis and transferred onto a
nitrocellulose membrane. HCV NS3 was detected by Western blotting
using an NS3-specific monoclonal antibody (9). The total RNA was
extracted with Trizol reagent from the HCV-infected Huh7.5 cells in
six-well plates. The levels of positive-strand (�) HCV RNA were
determined by RPA. The concentrations of apoE and NSC siRNAs are
indicated. The NS3 and �-actin (as an internal control) proteins as well

as positive-strand HCV RNA are highlighted. Mock, Huh7.5 cells
without HCV infection; P, probe. (B) Dose-dependent reduction of
positive-strand HCV RNA by apoE-specific siRNA. The levels of
positive-strand HCV RNA exemplified in panel A were quantified by
phosphorimager analysis and converted into percentages of the con-
trol, considering the HCV RNA level without siRNA as 100%. The
relative levels of HCV RNA are plotted against siRNA concentrations.
(C) Reduction of infectious HCV titers by knockdown of apoE expres-
sion. Huh7.5 cells on coverslips in 24-well plates were infected with
10� serially diluted HCV in the media. The titers of infectious HCV
virions were determined by IFA as the numbers of cell foci that stained
positive for NS3 (FFU/ml). The titers of infectious HCV virions are
plotted against siRNA concentrations. Open bars, NSC siRNA; filled
bars, apoE siRNA. The data shown in panels B and C are derived from
at least two separate experiments.
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tion, HCV vRNA extracted from the media, which reflects the
total level of HCV RNA-containing particles, was quantified
by RPA. Similarly to the findings on HCV infectivity (Fig. 5),
the apoE siRNA dramatically reduced the levels of HCV
vRNA in proportion to the increase of siRNA concentrations,
resulting in 50, 90, 95, and 99% reductions of HCV vRNA at
0.4, 2, 10, and 50 nM (Fig. 6). In contrast, the NSC siRNA did
not cause any reduction of HCV vRNA in the media (Fig. 6).
The degrees of HCV vRNA reduction were consistent with the
levels of apoE and infectious HCV virions secreted into the
media (Fig. 4 and 5). These findings demonstrate that apoE
siRNA specifically knocked down apoE secretion and therein
suppressed HCV virion production.

Inhibition of HCV assembly by the siRNA-mediated knock-
down of apoE expression. The reduction of HCV virions in the
media could be caused by inhibition of HCV assembly and/or
egression. To further determine whether apoE is required for
HCV virion assembly, the levels of intracellular HCV virions
were determined. The intracellular HCV virions were obtained
by repeated freezing and thawing of the HCV-infected and
siRNA-transfected Huh7.5 cells after extensive washing with
PBS, followed by centrifugation to remove nuclei and cell

FIG. 6. Suppression of the production of HCV RNA-containing
particles by apoE-specific siRNA. The media of Huh7.5 cells infected
with HCV and transfected with NSC or apoE siRNA were the same as
those described in the legend for Fig. 5. The HCV RNA-containing
particles in the media were concentrated by ultracentrifugation as
described in Materials and Methods. HCV vRNA was extracted with
Trizol LS reagent from concentrated HCV particles. (A) Determina-
tion of HCV vRNA levels by RPA. RPA was carried out using the
same procedures as described previously (9). The in vitro T7 transcript
of the JFH1 HCV RNA was used as a standard. The concentrations of
NSC and apoE siRNAs are indicated. The radiolabeled RNA probe
(P) and vRNA products are highlighted. (B) Correlation of HCV
vRNA levels with siRNA concentrations. The levels of HCV vRNA
shown in panel A were quantified by phosphorimager analysis and
converted into percentages of the control, considering the vRNA level
to be 100% in the medium derived from cells without siRNA treat-
ment. Relative vRNA levels are plotted against siRNA concentrations.
Open bars, NSC siRNA; filled bars, apoE siRNA.

FIG. 7. Inhibition of intracellular HCV assembly by knockdown of
apoE expression. The HCV-infected and siRNA-transfected Huh7.5
cells were derived from the same experiments as described in the
legend for Fig. 5. The intracellular HCV virions were prepared by the
same methods reported by others (19). (A) Determination of intracel-
lular HCV virions by the levels of positive-strand RNA in the infected
cells. Huh7.5 cells were infected with intracellular HCV virions at 37°C
for 2 h. At 3 days p.i., total RNA was extracted with Trizol reagent and
used for the determination of positive-strand (�) HCV RNA by RPA.
The concentrations of siRNA are indicated, and HCV RNA probe
(P) and products are highlighted. (B) Correlation of the reduction of
intracellular HCV virion production with siRNA concentrations. The
levels of positive-strand HCV RNA exemplified in panel A were cal-
culated as percentages of the control, considering the levels of positive-
strand HCV RNA in infected Huh7.5 cells as 100%. The levels of HCV
RNA relative to controls are plotted against siRNA concentrations.
(C) Reduction of intracellular infectious HCV titers by apoE siRNA.
The titers of intracellular infectious HCV were determined by IFA in
the same way as described in the legend for Fig. 5. Open bars, NSC
siRNA; filled bars, apoE siRNA.
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debris. The resulting supernatant was used to determine the
levels of intracellular HCV virions. Similarly to the reduction
of infectious HCV in the media, the level of intracellular HCV
virions was also decreased by apoE siRNA in a dose-depen-
dent manner, as determined by the reduction of positive-strand
HCV RNA (Fig. 7A and B). The infectious titers of intracel-
lular HCV virions were more than 100-fold lower than those of
secreted HCV virions. The apoE siRNA reduced infectious
titers of intracellular HCV virions by at least 10-fold (Fig. 7C).
These findings demonstrate that apoE is required for HCV
virion assembly in the cell.

Effect of ectopic apoE expression on HCV production. To
examine whether ectopic apoE expression will affect HCV
production, we transfected DNA vectors expressing human
apoE3 and apoE4 into Huh7.5 cells prior to HCV infection.
The levels of apoE expression in the cell and apoE secretion in
the medium were determined by Western blotting. The levels
of intracellular apoE3 and apoE4 were 2- to 3.5-fold higher in
the apoE DNA-transfected cells than in normal cells (Fig. 8).
Similarly, the levels of apoE3 and apoE4 secreted into the
media were increased up to twofold (Fig. 8). However, the
levels of HCV production were not significantly affected by
ectopic overexpression of apoE3 and apoE4, as determined by
HCV infectivity in the media derived from Huh7.5 cells with
apoE overexpression. These results suggest that the level of
apoE expression is not a limiting factor for HCV production,
as apoE is expressed abundantly in Huh7.5 cells.

apoE siRNA did not affect HCV RNA replication. The ques-
tion arose whether apoE-specific siRNA affected HCV RNA
replication, since apoE was found in the membrane-bound
HCV replication complex (24; K.-S. Chang and G. Luo, un-
published data). The apoE and NSC siRNAs were transfected
into Huh7.5 cells that harbored a subgenomic HCV replicon
RNA of the same genotype (2a) (JFH1) as the infectious HCV
used in this study (29). Similarly, apoE-specific siRNA but not
NSC siRNA reduced apoE secretion in the HCV RNA repli-
con-containing cells (data not shown). However, the levels of
positive-strand HCV RNA in the apoE siRNA-transfected
cells were unaffected by apoE siRNA, demonstrating that
apoE does not play a significant role in HCV RNA replication
(Fig. 9). Therefore, the reduction of HCV virions by the
siRNA-mediated knockdown of apoE expression in the cell
was most likely due to the blockage of HCV virion assembly.

DISCUSSION

Increasing evidence derived from a number of studies sug-
gests that infectious HCV virions are packaged as LVPs (2, 3).
Several previous studies found that the circulating HCV viri-
ons obtained from hepatitis C patients displayed a large range
of low densities, as revealed by density gradient sedimentation
analysis (10, 25, 41, 55). The HCV infectivity, when examined
in chimpanzees, correlated inversely with the density of HCV
particles (8, 23). These observations led to the speculation that
HCV virions were associated with the plasma lipoproteins in
vivo. However, it was not clear whether HCV virions were
simply associated with circulating lipoproteins or assembled as
integrated lipoprotein particles. To differentiate these possibil-
ities, André et al. performed an elegant biochemical and mor-
phological study of HCV particles isolated from the plasma of

FIG. 8. Effect of ectopic apoE expression on HCV production.
Huh7.5 cells in six-well culture plates were transfected with increasing
amounts (as indicated) of either pcDNA3.1/hApoE3 or pCMV-hApoE4
by use of DMRIE-C reagent (Invitrogen) following the manufacturer’s
instruction. At 6 h posttransfection, the medium was replaced with
DMEM containing 10% FBS. At 24 h posttransfection, Huh7.5 cells
were infected with HCV and then incubated for an additional 3 days.
The media were collected, and cells were lysed as previously described
(9). (A) Western blot analysis of apoE in the cell and media. The levels
of apoE expression in the cell (cApoE) and secretion into the medium
(sApoE) were determined by Western blotting in the same way as
described in the legend for Fig. 4. (B) Quantification of apoE levels in
the cell and medium. The intensities of apoE bands shown in panel A
were quantified by densitometry. The levels of apoE were converted to
percentages of the control, considering the level of apoE in normal
Huh7.5 cells as 100%. The levels of apoE are plotted against the
amounts of apoE-expressing DNA. (C) HCV infectivity, determined
by the levels of positive-strand HCV RNA in infected Huh7.5 cells.
The media derived from apoE DNA-transfected and HCV-infected
cells were used to infect naı̈ve Huh7.5 cells. At 3 days p.i., total RNA
was extracted with Trizol reagent from HCV-infected cells. The levels
of positive-strand HCV RNA were determined by RPA using
32P[UTP]-labeled RNA probe containing the negative-strand HCV 3�
UTR RNA. P, probe.
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chronic hepatitis C patients. When viewed under an electron
microscope, the HCV particles in the low-density fractions
appeared as large spherical VLPs with a diameter of more than
100 nm. Delipidation of VLPs resulted in HCV capsid-like
structures that reacted with core-specific antibodies. Purified
LVPs were also shown to enter hepatocytes efficiently in vitro
(2, 3). Supporting this concept, apoB- and apoE-specific poly-
clonal antibodies were able to precipitate more than 90% of
the low-density HCV particles (43). Similarly, our findings
described here demonstrate that both apoB and apoE were
present in infectious HCV virions but that apoE is particularly
enriched in infectious HCV virions (Fig. 1C). Furthermore, the
infectivity of HCV in the low-density fractions was neutralized
efficiently by HCV E2- and apoE-specific monoclonal antibod-
ies, demonstrating that infectious HCV virions contain E2 and
apoE proteins on the viral envelope (Fig. 3). Collectively, these
findings suggest that infectious HCV virions are likely assem-
bled as integrated apoE-enriched lipoprotein particles.

Several lines of evidence derived from our present study
demonstrate that apoE is required for HCV virion production.
This conclusion was suggested initially by the positive correla-
tion between the level of apoE and HCV infectivity in the
low-density fractions (Fig. 1) and the IP of HCV virions by
apoE- and HCV E2-specific monoclonal antibodies (Fig. 2).
More importantly, the siRNA-mediated knockdown of apoE
expression resulted in a reduction of infectious HCV in the
media by more than 2 orders of magnitude (Fig. 5). The level
of HCV vRNA in the media was decreased to a level of un-
derdetection by apoE-specific siRNA at 50 nM (Fig. 6), dem-

onstrating that the knockdown of apoE expression efficiently
suppressed HCV production. Likewise, the level of intracellu-
lar HCV virions was lowered considerably by apoE-specific
siRNA (Fig. 7). The suppression of HCV production corre-
lated closely with the siRNA-mediated knockdown of apoE
expression. However, apoE expression and HCV production
were unaffected by an NSC siRNA. Neither HCV RNA rep-
lication was affected by apoE-specific siRNA, as determined by
HCV RNA replication in a subgenomic HCV RNA-harboring
Huh7.5 cell line (Fig. 9). A recent study found that the siRNA-
mediated knockdown of apoB expression and an MTP inhibi-
tor blocking apoB secretion suppressed HCV production.
However, the apoE-specific siRNA used in our studies did not
affect apoB secretion significantly (Fig. 4). Collectively, these
findings demonstrate that apoE is likely required for HCV
assembly, although its role in virion maturation and egression
cannot be excluded completely. Structural determination of
the requirement of apoE for HCV virion assembly is warranted
for future investigations. The blockage of apoE-containing li-
poprotein assembly inhibits HCV production, opening up a
novel target for discovery and development of antiviral drugs
against HCV infection.

The underlying molecular mechanism for the assembly of
HCV virions is not yet known. Previous studies demonstrated
that HCV replication is closely related to lipid and lipoprotein
metabolism. Many of the cholesterol and lipoprotein biosyn-
thesis genes might play important roles in HCV RNA replica-
tion and virion assembly (27, 28, 51). The membrane fractions
isolated from HCV replicon-bearing Huh7 cells, which con-
tained the HCV replication complex, were also found to be
enriched with proteins (apoB, apoE, and MTP) required for
VLDL assembly (24). As with other positive-strand RNA vi-
ruses, HCV RNA replication takes place in the membrane-
bound replication complex containing multiple viral and cellu-
lar proteins (12, 13, 38, 42). HCV RNA replication and/or
HCV proteins were shown to induce an alteration of the en-
doplasmic reticulum (ER) membranes, resulting in distinct
membrane structures designated “membranous webs” (33, 48).
HCV RNA is thought to replicate within the modified ER
membrane structures (12, 13, 38, 42). In HCV-infected cells,
the E1/E2 glycoprotein heterodimer was also found to retain in
the ER (48). Similarly to the HCV replication complex, the
hepatic lipoproteins are assembled in the ER (15). Thus, the
assembly of HCV virion and VLDL occurs in the same intra-
cellular compartment, which provides a structural basis for
the assembly of HCV LVPs. This model is supported by the
findings that HCV core protein, E2, and apoE were all
found in the same membrane fraction (Chang and Luo,
unpublished), as determined by membrane flotation analysis
(13), suggesting that the structural components necessary
for formation of HCV virions are located in the same intra-
cellular compartment.

In the present study, our findings demonstrate that apoE is
required for HCV infectivity besides its important role in HCV
virion assembly. The infectivity of HCV RNA-containing par-
ticles in cell culture correlated perfectly well with the levels of
HCV vRNA and apoE protein in the low-density infectious
fractions (Fig. 1). apoE-specific monoclonal antibody was also
able to precipitate HCV virions in the infectious fractions (Fig.
2). These findings demonstrate that apoE is enriched in the

FIG. 9. Effect of apoE siRNA on replication of a subgenomic HCV
RNA replicon. Huh7.5 cells carrying a subgenomic JFH1 HCV repli-
con RNA were transfected with either apoE or NSC siRNA. After 3
days, the levels of positive-strand HCV RNA were determined by
RPA. The levels of �-actin mRNA were used as internal controls. The
positive-strand HCV RNA and �-actin mRNA products were analyzed
in a 6% polyacrylamide-urea (7.7 M) gel. The concentrations of siRNA
are shown, and the radiolabeled HCV RNA and �-actin probes
(P) and positive-strand (�) HCV RNA and �-actin mRNA products
are indicated.
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infectious HCV virions. Most significantly, apoE-specific
monoclonal antibodies were able to neutralize HCV infectivity
in a dose-dependent manner. apoE mAb23 resulted in a re-
duction of infectious HCV titer by nearly 4 orders of magni-
tude at 50 �g/ml (Fig. 3). Both apoE mAb23 and HCV E2-
specific CBH5 neutralized HCV infectivity in the infectious
fractions equally, by more than 80% at 10 �g/ml (Fig. 3D). We
have shown recently that the neutralization of HCV infection
by CBH5 was not due to a physical hindrance, since some of
the HCV E2-specific monoclonal antibodies did not neutralize
HCV infectivity even though they had equal or higher HCV-
binding affinity than CBH5 (30). The mechanism of action of
apoE-specific monoclonal antibodies for HCV neutraliza-
tion is under investigation. Nevertheless, our findings dem-
onstrate that human apoE is required for HCV infection
and thereby represents a novel target for antiviral interven-
tion against HCV infection. One immediate application of
the HCV-neutralizing apoE monoclonal antibodies is to be
pursued as prophylactic agents for preventing HCV infec-
tion in liver transplant recipients. The humanized apoE
monoclonal antibodies may also provide clinical benefits to
the treatment of chronic hepatitis C in combination with
other HCV inhibitors (52).

The requirement of apoE for HCV infectivity suggests that
it may also play an important role in the development of
persistent HCV infection. The most characteristic feature of
HCV is its ability to establish a chronic infection in the major-
ity of acutely HCV-exposed individuals. The advantage for
HCV to use a host protein for its cell entry is to mask the host
immune response so that it can establish a persistent infection.
This concept is supported by recent findings derived from
genetic studies that the outcome of HCV infection correlated
with apoE polymorphism (44, 60). The apoE3 allele was found
to correlate with persistent HCV infection (44), whereas the
apoE2 and apoE4 alleles were associated with a reduced like-
lihood of chronic HCV infection (44, 60). Therefore, func-
tional apoE gene polymorphisms may represent an important
determinant of outcome in HCV infection. Whether apoE
isoforms (E2, E3, and E4) will have different effects on HCV
virion assembly and/or infectivity remains to be determined by
future studies.

How apoE mediates the binding of HCV to cells remains an
interesting question that waits to be addressed in future stud-
ies. It is known that apoE can interact with a variety of cell
surface receptors (22), including the low-density-lipoprotein
receptor (LDLR), VLDL receptor, scavenger receptor class B
type I, LDLR-related protein, and apoE receptor. Both LDLR
and scavenger receptor class B type I have already been shown
to play important roles in HCV entry (1, 5, 20, 27, 49). It is not
yet clear, however, whether other apoE-binding receptors play
any role in mediating HCV cell entry. Future investigations are
warranted to determine the receptor for apoE and the under-
lying molecular mechanism of apoE-mediated HCV entry into
target cells.
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