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ABSTRACT

Hepatitis C virus (HCV) is a major cause of chronic liver disease, infecting approximately 170 million people worldwide. HCV
assembly is tightly associated with the lipoprotein pathway. Exchangeable apolipoprotein E (apoE) is incorporated on infectious
HCV virions and is important for infectious HCV virion morphogenesis and entry. Moreover, the virion apoE level is positively
correlated with its ability to escape E2 antibody neutralization. However, the role of apoE exchange in the HCV life cycle is un-
clear. In this study, the relationship between apoE expression and cell permissiveness to HCV infection was assessed by infecting
apoE knockdown and derived apoE rescue cell lines with HCV. Exchange of apoE between lipoproteins and HCV lipoviral parti-
cles (LVPs) was evaluated by immunoprecipitation, infectivity testing, and viral genome quantification. Cell and heparin column
binding assays were applied to determine the attachment efficiency of LVPs with different levels of incorporated apoE. The re-
sults showed that cell permissiveness for HCV infection was determined by exogenous apoE-associated lipoproteins. Further-
more, apoE exchange did occur between HCV LVPs and lipoproteins, which was important to maintain a high apoE level on
LVPs. Lipid-free apoE was capable of enhancing HCV infectivity for apoE knockdown cells but not apoE rescue cells. A higher
apoE level on LVPs conferred more efficient LVP attachment to both the cell surface and heparin beads. This study revealed that
exogenous apoE-incorporating lipoproteins from uninfected hepatocytes safeguarded the apoE level of LVPs for more efficient
attachment during HCV infection.

IMPORTANCE

In this study, a neglected but important role of apoE exchange in HCV LVP infectivity after virus assembly and release was iden-
tified. The data indicated that apoE expression level in uninfected cells is important for high permissiveness to HCV infection.
Secreted apoE-associated lipoprotein specifically enhances infection of HCV LVPs. apoE exchange between HCV LVP and lipo-
proteins is important to maintain an adequate apoE level on LVPs for their efficient attachment to cell surface. These data de-
fined for the first time an extracellular role of exchangeable apoE in HCV infection and suggested that exchangeable apolipopro-
teins reach a natural equilibrium between HCV LVPs and lipoprotein particles, which provides a new perspective to the
understanding of the heterogeneity of HCV LVPs in composition.

More than 170 million people worldwide are infected with
hepatitis C virus (HCV). Up to 80% of infected individuals

are unable to clear the virus, and persistent infections lead to a
high risk of developing liver cirrhosis and hepatocellular carci-
noma (1). Direct-acting antivirals (DAA) significantly improved
treatment efficiency, but an effective vaccine for the control of new
HCV infection is still needed due to the limited access to anti-
HCV treatment. Moreover, the emergence of DAA-resistant vi-
ruses calls for alternative strategies to control viral breakthrough
(2–4).

A hallmark of HCV infectious particles is their tight connec-
tion with very-low-density lipoproteins (VLDL) and low-density
lipoproteins (LDL), giving rise to a hybrid form of lipoviral parti-
cles (LVPs) with heterogeneous buoyant density (5–12). Nonex-
changeable apolipoprotein B (apoB) and several exchangeable
apolipoproteins (apoE, apoA-I, and apoC-I) have been found on
the LVP surface (13–15). apoB remains associated with triglycer-
ide-rich lipoprotein (TRL) from the beginning of lipoprotein as-
sembly and secretion to the end of remnant particle clearance,
whereas exchangeable apolipoproteins are able to dissociate from
one lipoprotein and reassociate with another lipoprotein in circu-
lation through an intermediate lipid-free stage (16–18). Among

exchangeable apolipoproteins, apoE is dispensable for HCV ge-
nome replication but essential for infectious HCV assembly and
entry (19–25). Because apoE is a low-density lipoprotein receptor
(LDLr) ligand, apoE exchange between lipoproteins is important
for cholesterol transport and lipoprotein metabolism (18, 26, 27).
However, the role of apoE exchange in HCV infection is not
known.

In this study, the role of apoE exchange in HCV infection was
examined using an HCV cell culture (HCVcc) system (28–30). We
found that the apoE expression level in uninfected hepatic cells is
important for their high cell permissiveness to HCV infection.
Through apoE exchange, exogenous apoE-incorporating lipopro-
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teins from uninfected hepatocytes safeguard apoE level on LVP
for more efficient attachment during HCV infection.

MATERIALS AND METHODS
Cell lines. The Huh7.5.1 cell lines and its derivatives were cultured in
Dulbecco’s modified minimal essential medium (DMEM; Invitrogen)
supplemented with 2 mM L-glutamine, nonessential amino acids, 100 U
of penicillin per ml, 100 �g of streptomycin per ml, and 10% fetal calf
serum (complete DMEM). Cells were routinely passaged twice a week at a
split ratio of 1:7. The 293T cell line is similarly cultured.

Custom DNA fragments encoding transcription activator-like effector
nucleases (TALENs) were designed to cleave the human apoE gene. DNA
fragments binding to the left and right target sites were cloned into
pCMV-SP6-TALEN vector set left and right arms (Sidansai Biotechnol-
ogy, Shanghai, China), respectively. TALEN plasmids were transfected
into Huh7.5.1 cells by Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. The cells were screened with puromycin 24 h
after transfection. Single cell clones were isolated afterwards, passaged,
and then used for Western blotting. Knockout clones were further verified
by sequencing a 500-bp PCR fragment covering the designed cleavage site
by using the following primers: 5=-GAGATAAGAGAAGACCAG-3= and
5=-CTCCTATCTCAAGGATGG-3=.

An apoE stable knockdown cell line and apoE-hemagglutinin (apoE-
HA) and apoE-Flag rescue cell lines were generated as previously de-
scribed. Briefly, lentiviruses encoding short hairpin RNAs (shRNA) were
used to establish cell lines sh-NT and sh-apoE. 293T cells were cotrans-
fected with the following vectors: first, transfer vector pAPM, which car-
ries the puromycin resistance gene and an shRNA sequence targeting the
3= untranslated region of apoE or control shRNA (sh-NT); second, an
HIV-1 packaging plasmid (psPAX2); and third, a vesicular stomatitis vi-
rus G protein expression vector (pMD2.G). The following shRNA target-
ing sequences were used: shmirAPOE, 5=-TGCTGTTGACAGTGAGCGC
GGACCCTAGTTTAATAAAGATTAGTGAAG CCACAGATGTAATCT
TTATTAAACTAGGGTCCATGCCTACTGCCTCGGA-3=, and sh-NT,
5=-TGCTGTTGACAGTGAGCGCTCTCGCTTGGGCGAGAGTAAGTA
GTGAAGCCACAGATGTACTTACTCTCGCCCAAGCGAGATAGTGA
AGCCACAGATGTA-3=. For the production of lentiviral particles suit-
able for overexpression, 293T cells were cotransfected with the transfer
vector carrying the gene of interest and a blasticidin resistance gene
(psPAX2) and pMD2.G. A similar method was applied to produce lenti-
viral particles encoding green fluorescent protein (GFP).

Plasmids, antibodies, and lipid-free apoE. Plasmids carrying full-
length genomes derived from the HCV chimera Jc1 (pFK_Jc1_dg,
pFK_Jc1_FlagE2, and pFK_i389RLuc2a_Core-3=_Jc1; abbreviated as Jc1,
Jc1FlagE2, and JcR2a, respectively) have been previously described. The
plasmids (pWPI_apoE2-HA, pWPI_apoE3-HA, and pWPI_apoE4-HA)
containing the coding sequences of human apoE2, -3, and -4 with C-ter-
minally HA-tagged apoE3 were generated according to a previously de-
scribed strategy. Mouse anti-NS5A and HCV chimeras were kindly pro-
vided by J. Zhong’s lab at Institut Pasteur of Shanghai, China. Mouse
anti-apoE (monoclonal antibody [MAb] 23) was kindly provided by G.
Luo’s lab at University of Alabama at Birmingham. Rabbit anti-core was
generated in-house. The following commercial antibodies were used: goat
anti-human apoE (ab947; Abcam), mouse anti-HA (Sigma), mouse anti-
tubulin (Santa Cruz), and mouse anti-CD81 (sc23962; Santa Cruz). Rab-
bit polyclonal antibodies against occludin (13409), claudin (13050), syn-
decan1 (10593), SR-BI (21277), epidermal growth factor receptor (EGFR)
(22542), and LDLr (10785) were from Proteintech Group. Commercial
lipid-free apoE (ALP70) was from Chemicon.

HCVTCP and patient-derived HCV. HCV transcomplementary par-
ticles (HCVTCP) from cell culture were produced as previously described
(24). HCV samples from patients with chronic HCV infection were ob-
tained from the First Hospital of Jilin University. All individuals signed an
informed-consent form. The study protocol was approved by the Ethics

Committee of the First Hospital of Jilin University. Samples 1, 2, and 3
came from patients infected by HCV genotype 1.

In vitro transcription and RNA transfection. In vitro transcripts gen-
erated with pFK-based plasmids were transfected into cells by electropo-
ration as described previously. The concentration of purified RNA was
determined by a spectrometer, and the integrity of the transcripts was
verified by agarose gel electrophoresis. Transcripts were stored as 10-�g
aliquots at �80°C for further use. For RNA transfection, subconfluent
Huh7.5 cell monolayers were detached from the culture dish by
trypsinization, washed once with phosphate-buffered saline (PBS), and
resuspended at a concentration of 1.5 � 107 cells per ml in cytomix con-
taining 2 mM ATP and 5 mM glutathione. Ten micrograms of in vitro
transcript was mixed with 400 �l of the cell suspension and transfected by
electroporation at 960 mF and 270 V using a GenePulser system (Bio-Rad)
and a cuvette with a gap width of 0.4 cm (Bio-Rad). Immediately after
electroporation, cells were resuspended in complete DMEM and seeded as
required.

Virus purification by using Flag- or HA-specific affinity gels. Mix-
tures of virus samples and medium containing exogenous lipoprotein
were subjected to either HA- or Flag-specific affinity purification by using
HA or Flag affinity gels (Sigma). After four washes with PBS (20-fold bed
volume each), immune-captured HCV particles were eluted by using 5
bed volumes of PBS containing 100 �g/ml of HA or Flag peptide (Sigma).
Fifty percent tissue culture infective dose (TCID50) assays, Western anal-
ysis, and quantitative PCR (qPCR) were applied to measure the infectivity
titers, genome copy number, and presence of apoE and HCV proteins.

Iodixanol density gradient analysis for fractionation of HCV LVPs
and lipoprotein particles. Concentrated HCV LVP or lipoprotein sam-
ples were analyzed by density gradient centrifugation as described previ-
ously. Briefly, samples were collected and concentrated to 0.5 ml by ultra-
filtration (Amicon Ultra, Millipore). Concentrated samples were loaded
onto a PBS-based 10 to 80% Optiprep (Axis-Shield) gradient and centri-
fuged at 34,000 rpm for 20 h at 4°C using an SW60 rotor (Beckmann).
Fractions were collected from the top of the gradient, and their density
was determined by measuring the refractive index of a 5-�l aliquot of each
fraction.

Quantification of HCV infectivity. Infectivity titers were determined
by using a limiting-dilution assay. In brief, Huh7.5.1 or derived sh-NT
cells, sh-apoE and derived apoE-HA rescued cells, and apoE knockout
clone 5 and derived apoE-HA rescued cells were seeded into 96-well
plates. The cells were fixed 3 to 4 days after infection. For immunohisto-
chemistry, we used a 1:100 dilution of an antibody reacting specifically
with the JFH1 NS5A. Bound antibody was detected with a 1:300 dilution
of a peroxidase-conjugated secondary antibody against mouse IgG (Sig-
ma-Aldrich).

Western blot analysis. Samples for Western blotting were denatured
in Laemmli buffer (125 mM Tris-HCl, 2% [wt/vol] SDS, 5% [vol/vol]
2-mercaptoethanol, 10% [vol/vol] glycerol, 0.001% [wt/vol] bromophe-
nol blue, [pH 6.8]) and separated by SDS–12% polyacrylamide gel elec-
trophoresis. Proteins were transferred onto a polyvinylidene difluoride
(PVDF) membrane. The membrane was blocked overnight in PBS sup-
plemented with 0.5% Tween (PBS-T) and 5% dried milk (PBS-M) at 4°C
prior to a 1-h incubation with primary antibody diluted in PBS-M. The
membrane was washed 3 times with PBS-T and then incubated for 1 h
with horseradish peroxidase-conjugated secondary antibody diluted at
1:10,000 in PBS-M. Bound antibodies were detected after washing 3 times
with the ECL reagent (PerkinElmer).

Cell-based and heparin bead-based attachment assays. For cell-
based HCV attachment assay, cold virus samples (4°C) were used to attach
prechilled Huh7.5.1 cells (4°C; 10E5 cells in 24-well plates). After incuba-
tion for 0.5 or 2 h, inoculated virus samples were removed by washing cells
with 1 ml of cold PBS 5 times. To extract HCV genomic RNA for quanti-
tative analysis, cells were subjected to following RNA extraction by using
TRIzol reagent (Sigma). For the heparin bead (Sigma)-based attachment
assay, cold virus samples were used to attach heparin beads at 4°C for 2 h.
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Unbound viruses were removed by washing cells with 5 bed volumes of
cold PBS 5 times. HCV genomic RNA was similarly extracted by using
TRIzol reagent for quantitative analysis. The primer pair 5=-TCTGCGGA
ACCGGTGAGTA-3= and 5=-TCAGGCAGTACCACAAGGC-3=was used
for quantitative PCR.

Statistical analysis. Differences between samples were analyzed using
the two-tailed, unpaired Student’s t test with the GraphPad Prism 5 soft-
ware package. P values of less than 0.05 (indicated by asterisks in the
figures) were considered statistically significant. The following categories
were used: ***, P � 0.001; **, P � 0.01; *, P � 0.05.

RESULTS
High permissiveness of Huh7.5.1 cells to HCV infection is de-
pendent on apoE expression. To define the role of apoE exchange
in HCV infection, apoE knockout cell clones from Huh7.5.1 cells
were generated by using transcription activator-like effector nu-
clease (TALEN) technology (Fig. 1A). From the apoE knockout
experiments, several cell clones were selected and examined for
apoE expression. Clones 2 and 4 showed marked reduction of
apoE (Fig. 1B). Based on clone 2, the apoE3HA rescue cell line was
generated and expression of apoE was detected by Western anal-

ysis (Fig. 1C). Clone 2 cells supported efficient HCV (Jc1, a J6/JFH
chimera strain) replication (Fig. 1D). In addition, the rescue cell
line expressing apoE3HA (24) supported efficient production of
infectious HCV particles (Fig. 1E). Using these cell lines, we found
that HCV produced from apoE knockout cells (apoE-KO virus)
and apoE3-expressing cells (Huh7.5.1 virus and apoE3HA virus)
were 3 to 5 times more infectious in apoE-expressing cells than in
apoE knockout cells (Fig. 1F). This result suggested that apoE
expression in Huh7.5.1 cells is important for new HCV infection.

To avoid single clone effects from TALEN selection, we gener-
ated apoE stable knockdown cells and derived apoE2HA,
apoE3HA, and apoE4HA rescue cell lines (Fig. 2A). We used vi-
ruses produced from nontargeting sh-RNA cells (sh-NT virus),
apoE stable knockdown cells (sh-apoE virus), and apoE3HA res-
cue cells (apoE3HA virus) to infect apoE normal (Huh7.5.1 and
sh-NT cells), knockdown (sh-apoE cells), and rescued cell lines
(apoE2HA-, apoE3HA-, and apoE4HA-expressing cells). We
found that regardless of the apoE level of virus-producing cells,
virus infectivity in apoE stable knockdown cells was always signif-
icantly lower than that in cells with normal apoE levels, including

FIG 1 Establishment of apoE knockout cell clone and permissiveness test. (A) Schematic representation of TALEN design and the sequencing of apoE knockout
clone 2. A schematic diagram of the apoE gene sequence is shown (nucleotide positions are indicated). The locations of two TALEN arms are underlined, and the
TALEN target is in bold. The sequence of apoE knockout clone 2 was aligned with that of the wild-type apoE gene (positive-strand sequence). (B) Western blot
verification of apoE knockout in isolated cell clones derived from the Huh7.5.1 cell line. Proteins are specified on the right, and the molecular mass standards are
marked on the left. Tubulin was used as a loading control. (C) Western blot verification of apoE3HA rescue cell line based on selected apoE knockout cell clone
2. (D) HCV replication efficiency in Huh7.5.1, apoE-KO, and apoE3HA cell lines was evaluated by electroporating JcR2a in vitro transcripts. (E) HCV production
in Huh7.5.1, apoE-KO, and apoEHA cell lines was evaluated by electroporating Jc1 in vitro transcripts. Infectivity of Jc1 virus produced from Huh7.5.1, apoE-KO,
and apoE3HA cells was detected by using a limiting-dilution assay in 96-well plates with Huh7.5.1 cells. (F) Detection of infectivity of Jc1 virus produced from
Huh7.5.1, apoE-KO, and apoE3HA cell lines by using a limiting-dilution assay in 96-well plates. Shown are the means from 3 independent experiments; error bars
indicate standard deviations from the means.
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the parental Huh7.5.1 cells, nontargeting sh-NT cell line, and
apoE2HA, apoE3HA, and apoE4HA rescue cells (Fig. 2B to D).
HCVTCP infectivity was similarly dependent on apoE expression
in Huh7.5.1 cells (Fig. 2E). This finding is in agreement with those
from apoE knockout and derived rescue cell lines. However, in-
fectivity of lenti-GFP virus was independent of apoE expression in
Huh7.5.1 cells (Fig. 2F), suggesting that apoE expression-en-
hanced viral infectivity is HCV specific. Moreover, infectivity of
JFH1 chimeric viruses from other genotypes, including H77(1a),
Con1(1b), JFH1(2a), J8(2b), S52(3a), and ED43(4a), all demon-
strated a similar dependence on apoE expression in infection tar-
geting cells (Fig. 3). Collectively, our observations indicated that
apoE expression, independent of apoE polymorphism, is impor-
tant for high permissiveness of Huh7.5.1 cells to HCVcc infection.

Secreted apoE from uninfected cells is responsible for effi-
cient HCV infection. To answer how apoE expression increases
permissiveness of Huh7.5.1 cells to HCVcc infection, we tested
HCV receptor levels in apoE normal (sh-NT cells), knockdown
(sh-apoE cells), and rescued (apoE3HA-expressing cells) cell
lines. We found that apoE expression has no detectable effect on
HCV receptor expression level (Fig. 4). Therefore, we hypothe-
sized that cell culture medium from apoE-expressing cell lines,
compared to that from the apoE knockdown cell line, contains an
important component to enhance HCV infectivity titers. To test
this hypothesis in sh-apoE cells, we first replaced the culture su-
pernatant with sh-NT medium, sh-apoE medium, and apoE3HA
medium and then infected the cells with sh-NT virus, sh-apoE
virus, and apoE3HA virus (Fig. 5A). We found that sh-NT me-
dium and apoE3HA medium replacement resulted in a signifi-
cantly higher infectivity of all three types of viruses than did sh-

apoE medium replacement (Fig. 5B). Comparable results were
obtained using the sh-NT cell line as an infection target (Fig. 5C).
This observation proved that an essential component is present in
culture supernatant from apoE-expressing cells.

To further answer whether secreted apoE-containing lipopro-
tein is responsible for this elevated infectivity, we partially de-
pleted apoE3HA-associated lipoproteins from apoE3HA medium
by an HA affinity gel (Fig. 6A) and detected a consequential re-
duction of the apoE3HA medium-mediated infection enhance-

FIG 2 Expression of apoE in uninfected cells is important for their permissiveness to HCV infection. (A) Western blot verification of apoE expression in
Huh7.5.1 and derived sh-NT, sh-apoE, apoE2HA, apoE3HA, and apoE4HA cell lines; tubulin was detected as a loading control. Proteins are specified on the
right. Positions of molecular mass standards are indicated on the left. (B to F) Detection of infectivity of sh-NT virus (B), sh-apoE virus (C), apoE3HA virus (D),
HCVTCP (E), and lenti-GFP virus (F) was determined by using a limiting-dilution assay in 96-well plates with Huh7.5.1, sh-NT, sh-apoE, apoE2HA, apoE3HA,
and apoE4HA cells, respectively. After 72 h of culture, cells were fixed and probed by anti-NS5A antibody to specify infection-positive wells. Shown are the means
from 3 independent experiments; error bars indicate standard deviations from the means.

FIG 3 Infectivity of chimeric HCV from other genotypes is dependent on
apoE expression in uninfected cells. Detection of infectivity of HCV chimeras
including H77(1a), Con1(1b), JFH1(2a), J8(2b), S52(3a), and ED43(4a) was
performed by using a limiting-dilution assay in 96-well plates with sh-NT,
sh-apoE, and apoE3HA cells. Shown are the means from 3 independent exper-
iments; error bars indicate standard deviations from the means.
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ment (Fig. 6B). Next, we mixed sh-apoE virus with equal volume
of either sh-NT medium or sh-apoE medium. This mixture was
subjected to an apoE antibody neutralization test. The results
showed that infectivity of sh-apoE virus became sensitive to apoE
antibody only when the sh-apoE virus was premixed with sh-NT
medium and not with sh-apoE medium (Fig. 6D). apoE antibody
significantly blocked infection of sh-NT virus mixed both sh-NT
medium and sh-apoE medium (Fig. 6C). Collectively, these data
strongly indicated that apoE expression in uninfected cells is im-
portant for high cell permissiveness to HCV infection, which is
due to the exogenous apoE but unlikely caused by the modulation

of HCV entry receptor level. Exogenous apoE enhances HCV in-
fection but not that of Japanese encephalitis virus (JEV), herpes
simplex virus (HSV), or HIV (data not shown), suggesting that the
unique characteristics of HCV LVP might be the major reason.
We hypothesized that apoE exchange between apoE-containing
lipoproteins secreted from uninfected cells and HCV LVPs might
occur for the benefit of HCV infection.

apoE transfer between LVPs and lipoproteins safeguards
high apoE levels of LVPs. The above-described data led us to
hypothesize that apoE exchange between apoE-containing lipo-
proteins secreted from uninfected cells and HCV LVPs augments

FIG 4 Expression level of HCV receptors was not affected by apoE expression. (A) Western blot analysis of expression level of occludin, syndecan 1, SR-BI,
claudin 1, EGFR, and LDLr in sh-NT, sh-apoE, and apoE3HA cells. Tubulin was detected as a loading control. Proteins are specified on the right. Positions of
molecular mass standards are indicated on the left. (B) Fluorescence-activated cell sorter (FACS) analysis of CD81 expression levels in sh-NT, sh-apoE, and
apoE3HA cells.

FIG 5 apoE-containing medium is important for efficient HCV infection. (A) Schematic representation of experimental design. (B and C) Impact of apoE-
containing medium on HCV infectivity. Detection of infectivity of sh-NT virus, sh-apoE virus, and apoE3HA virus by using a limiting-dilution assay was
conducted in 96-well plates with sh-apoE (B) and sh-NT (C) cell lines, respectively. Before virus inoculation and TCID50 testing, cell medium from 96-well plates
was replaced by sh-NT, sh-apoE, and apoE3HA cell culture medium. After 72 h of culture, cells were fixed and probed by anti-NS5A antibody to identify
infection-positive wells. Shown are the means from 3 independent experiments; error bars indicate standard deviations from the means.
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HCV infection. Before testing apoE exchange between HCV LVPs
and lipoproteins, we first verified apoE exchange between lipopro-
tein particles using cell lines that express either apoE3Flag or
apoE3HA (Fig. 7A). Secreted apoE3HA and apoE3Flag were sub-
jected to density gradient ultracentrifugation to check whether
apoE expressed from Huh7.5.1 is fully lipidated like that from
other hepatoma cells (31). The profile demonstrated that
apoE3HA and apoE3Flag secreted from Huh7.5.1 cells were al-
most completely associated with lipids, as lipid-free apoE was un-
der detectable levels (Fig. 7B). Subsequently, equal volumes of
apoE3HA lipoprotein and apoE3Flag lipoprotein containing cul-
ture supernatant were mixed and incubated at 37°C for 4 h. Im-
munoprecipitation by using either an HA tag or Flag tag affinity
gel was performed afterwards (Fig. 7C). The results demonstrated
that the Flag tag affinity gel could pull down apoE3HA and the HA
tag affinity gel could pull down apoE3Flag. These findings suggest
that apoE produced from Huh7.5.1 cells is fully lipidated and that
apoE is exchanged spontaneously between lipoprotein particles.

To investigate whether exogenous apoE produced from HCV
infection targeting cells could be mobilized to HCV LVPs, a two-
direction immunoprecipitation experiment was designed. We
first mixed sh-NT/apoE3HA culture medium with an equal vol-

ume of Jc1 virus generated from Huh7.5.1 cells. This mixture was
subjected to HA tag affinity purification after incubation at 37°C
for 4 h. From the HA tag affinity gel, HCV infectious virus parti-
cles, genome, and core protein were specifically recovered (Fig. 8A
and B). Subsequently, we mixed equal volumes of sh-NT/sh-
apoE/apoE3HA cell line culture medium and Huh7.5.1-derived
Jc1-FlagE2 virus (envelope protein E2-tagged Jc1) (32). This mix-
ture was subjected to Flag tag affinity purification after a similar
prior incubation. From the Flag tag affinity gel, HCV core protein
and apoE3HA were specifically obtained (Fig. 8C). More impor-
tantly, mixing apoE-containing medium (sh-NT/apoE3HA) re-
sulted in a more abundant apoE level on Flag tag-purified virus
than did mixing sh-apoE medium (Fig. 8D). These two-direction
immunoprecipitation assays demonstrated exogenous apoE
transfer to HCV infectious LVPs. In addition, a high exogenous
apoE level from HCV infection targeting cells contributes signifi-
cantly to viral infectivity by providing an optimal apoE equilib-
rium to maintain a sufficient apoE level on LVPs.

Lipid-free apoE enhances HCV infection in apoE knock-
down cells. A remarkable feature of HCV LVPs is their low buoy-
ant density, ranging between 1.03 and 1.15 g/ml (9, 33). In theory,
HCV LVPs might exist either as single hybrid particles with a

FIG 6 Exogenous apoE-positive lipoprotein is responsible for efficient HCV infection. (A) Partial depletion of apoE3HA from medium by using a Flag or HA
affinity gel. Western blot analysis was used to confirm depletion efficiency. Samples are specified on the right of each panel. Positions of molecular mass standards
are indicated on the left. (B) Impact of apoE-containing medium on HCV infectivity. Detection of infectivity of sh-NT virus, sh-apoE virus, and apoE3HA virus
by using a limiting-dilution assay was conducted in 96-well plates with the sh-apoE cell line. Before virus inoculation, cell medium from 96-well plates was
replaced by apoE3HA medium and apoE3HA partially depleted medium. After 72 h of culture, cells were fixed and probed by anti-NS5A antibody to identify
infection-positive wells. (C and D) HCV produced from sh-NT (C) or sh-apoE (D) cells was premixed with sh-NT and sh-apoE medium. After incubation for
4 h at 37°C, the samples were subjected to 1 h of incubation with control or apoE-specific antibody. Infectivity tests were performed afterwards by using a
limiting-dilution assay in 96-well plates. Shown are the means from 3 independent experiments; error bars indicate standard deviations from the means.
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continuous membrane or as complex particles consisting of con-
ventional virions decorated with HDL or LDL particles through
transient apoE and E1E2 interaction. Therefore, apoE could be
transferred from lipoprotein particles to HCV LVPs by either
apoE direct exchange to hybrid particles or a transient association
between apoE-containing lipoprotein and the complex particles.
To clarify the role of these two possible modes of apoE exchange,
we first performed density gradient analysis of a mixture of HCV
LVPs produced from Huh7.5.1 cells with culture supernatant
from either apoE knockdown cell or apoE3HA rescue cells (Fig.
8A). Dilution of apoE-positive lipoprotein transient association
by mixing LVPs with apoE-negative medium could, in theory,
shift the density of HCV LVP infectivity to a higher density range.
Density gradient analysis showed no significant shift of HCV in-
fectivity between HCV LVPs mixed with apoE-containing me-
dium and those mixed with apoE knockdown medium, which
suggested that the apoE-positive lipoprotein transient association
with HCV virions might play only a minor role. To further exam-
ine whether apoE is exchanged through an intermediate lipid-free
stage, lipid-free apoE at different concentrations was added to
different infection target cells (Huh7.5.1 and sh-apoE cells) and
then HCV infectivity was measured. The addition of lipid-free
apoE did not change HCV infectivity for Huh7.5.1 cells but en-
hanced HCV infectivity for apoE knockdown cells 5-fold (Fig.
9B). Moreover, the addition of lipid-free apoE could similarly
increase the apoE level of Flag-tagged purified HCV LVPs (Fig.
9C). Collectively, these observations demonstrated that the major
mechanism responsible for exogenous apoE-enhanced HCV in-
fection is apoE exchange between HCV LVPs and lipoproteins.

Higher apoE levels of LVPs confer more efficient HCV at-
tachment. apoE exchange between lipoproteins is critical for lipo-
protein clearance through apoE interaction with low-density lipo-
protein receptor (LDLr), heparan sulfate polyglycans (HSPG),
and other receptors (16, 18). Before HCV engagement with cellu-
lar receptors (15), cell surface HSPG was reported to be the major
HCV attachment factor (21, 22). We hypothesize that higher apoE
levels of LVPs facilitate the initial attachment step of HCV entry.
Therefore, assays of HCV infection attachment on the Huh7.5.1
cell surface and heparin column were performed. We showed that
higher apoE levels on HCV particles confer more efficient attach-
ment of HCV particles to both culture heparin column and
Huh7.5.1 cells (Fig. 10A and C). The more efficient attachment to
the cell surface was also observed for patient-derived virus (Fig.
10B). These findings confirmed that apoE exchange plays an im-
portant role in HCV infectivity. Additionally, secreted apoE from
uninfected hepatocytes helps to maintain high apoE levels on
LVPs for efficient attachment to the cell surface and HSPG during
HCV infection.

DISCUSSION

In this study, a neglected but important role of apoE exchange in
HCV LVP infectivity after virus assembly and release was identi-
fied. We found that the apoE expression level in uninfected cells is
important for high HCV infection permissiveness. In addition,
exogenous apoE-associated lipoprotein specifically enhances
HCV infection, which is independent of apoE genetically deter-
mined polymorphism. apoE3 and apoE4 bind with similar affin-
ities to the low-density lipoprotein receptor (LDLr), whereas

FIG 7 apoE exchange between lipoprotein particles produced from Huh7.5.1 cells. (A) Western blot verification of apoE3HA and apoE3Flag expression in
Huh7.5.1 cells. Tubulin was detected as a loading control. Proteins are specified on the right. (B) Density profile of secreted apoE3HA and apoE3Flag. Cell culture
supernatants containing apoE3HA and apoE3Flag were collected, concentrated by ultrafiltration, and fractionated by density gradient centrifugation. Fifteen
fractions were recovered from each gradient and analyzed by Western blotting using antibodies against HA tag and Flag tag. (C) Equal volumes of apoE3HA
medium and apoE3Flag medium were mixed and incubated for 4 h at 37°C. HA or Flag affinity purification of lipoprotein particles and Western analysis were
conducted to test apoE exchange between lipoprotein particles from apoE3HA- and apoE3Flag-expressing cells. Proteins are specified on the right. Positions of
molecular mass standards are indicated on the left.
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apoE2 has 2% or less of this binding capability. This difference
suggests that LDLr might not be the major HCVcc attachment
receptor during the initial step of viral entry. apoE secreted from
Huh7.5.1 cells is fully lapidated, and apoE exchange between lipo-
proteins takes place spontaneously. apoE exchange between HCV
LVPs and lipoproteins occurs too, which is important for main-
taining a sufficient apoE level on LVPs. apoE exchange is further
corroborated by lipid-free apoE-increased HCV LVP infectivity
for apoE knockdown cells. Finally, higher apoE levels on HCV
LVPs were found to be associated with more efficient HCV attach-
ment, most likely through interaction between apoE and HSPG.
SR-BI has been shown to serve as a rate-limiting factor which
mediates the initial capture of HCV (H77/JFH1 chimera) particles
of intermediate density (34). However, SR-BI knockdown did not
change the overall attachment efficiency of Jc1 (unpublished
data), suggesting that the role of SR-BI in HCV entry might be
density and virus strain specific. Detailed research involving more
HCV strains and spatio-temporal analysis of HCV engagement to
multiple entry factors from the initial attachment to functional

internalization will be required for a precise understanding of
HCV entry.

HCV virion morphogenesis has been shown to take place at the
connection site between the endoplasmic reticulum (ER) mem-
brane and the surface of lipid droplets (LD) (7–9, 12, 35). With
assistance from microsomal triglyceride transfer protein (MTTP)
and its close link to the very-low-density-lipoprotein pathway,
HCV virions are assembled as LVPs possessing characteristics
similar to those of lipoproteins for their association with apolipo-
proteins and neutral lipids (8, 10, 11, 32, 35). Many apolipopro-
teins, including apoB, apoE, apoC, apoA-I, and apoJ, were dem-
onstrated to play an important intracellular functional role in
HCV LVP assembly and secretion (7, 17, 35–37). Unlike apoB,
which remains associated with triglyceride-rich lipoproteins from
the beginning of assembly to the end of remnant clearance, ex-
changeable apolipoproteins (apoE, apoA-I, and apoC) are able to
dissociate from and reassociate with lipoprotein particles in circu-
lation (18). In this study, we demonstrated apoE exchange be-
tween lipoprotein particles and further defined, for the first time,

FIG 8 apoE is exchanged to HCV LVPs for their high apoE levels. (A) Flag-tagged HCV produced from Huh7.5.1 cells was mixed with equal volumes of sh-NT
medium and apoE3HA medium and incubated for 4 h at 37°C. Afterwards, HA affinity purification of HCV LVPs was conducted to evaluate mobilization of
apoE3HA to HCV LVPs. After HA affinity gel purification, HCV E2, apoE3HA, and core protein in eluates were detected by Western blot analysis. (B) Infectivity
and genome copy number of eluates were detected by limiting-dilution assay and quantitative reverse transcriptase PCR (qRT-PCR), respectively. Input and
eluted proteins are shown. Molecular sizes are indicated on the left, and proteins are specified on the right. (C) Flag-tagged HCV produced from Huh7.5.1 cells
was mixed with equal volumes of sh-NT medium, sh-apoE, and apoE3HA medium and incubated for 4 h at 37°C. Afterwards, Flag affinity purification of HCV
LVPs was conducted to reevaluate mobilization of apoE3HA to HCV LVPs. After Flag affinity gel purification, HCV E2, apoE3HA, and core protein in eluates
were detected by Western blot analysis. (D) ApoE abundance on Flag affinity-purified LVP was evaluated by calculating the ratio of apoE amount to genome copy
number. Shown are the means from 3 independent experiments; error bars indicate standard deviations from the means.
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an extracellular role of exchangeable apoE in HCV infection.
These data suggest that a natural exchange equilibrium of ex-
changeable apolipoproteins is reached between HCV LVPs and
lipoprotein particles. These findings provide a new perspective to
understand the heterogeneity of HCV LVPs in composition.

On the surface of HCV LVPs, both HCV envelope proteins and
apolipoproteins (including apoB, apoE, and apoA-I) are present.
However, a major unresolved issue is whether LVPs represent ei-
ther hybrid particles that share an envelope or conventional virus
particles that spontaneously interact with separable serum lipo-
protein particles (9, 12). On E2-specific antibody-coated electron
microscopy (EM) grids, affinity-purified HCV LVPs are generally
spherical and well separated under electron microscopy (14, 32),
indicating that most of the LVPs are in a hybrid particle form
which resembles lipoprotein particles and support exchangeable
apolipoprotein transfer. The diameters of HCV LVPs range from
40 nm to 100 nm, suggesting various extents of neutral lipid in-
corporation. Addition of lipid-free apoE secured apoE levels on
HCV LVP and increased HCV LVP infectivity for apoE knock-

down cells 5-fold, indicating that apoE exchange is indeed the
major reason.

E1E2 protein on HCV LVPs might interact spontaneously with
apoE (13, 38, 39), forming larger complexes in which conven-
tional virions are transiently decorated with apoE-coated HDL/
LDL particles. Hypothetically, for this complex type of HCV
LVPs, apoE-positive lipoprotein could also assist HCV LVP infec-
tion through virion and lipoprotein particle association. How-
ever, the possibility of this mode of assistance is relatively low for
the following reasons. (i) The diameters of HDL and LDL deco-
rating virions range from 7 nm to 60 nm, but virion particles with
a mean diameter of 50 nm associated with one or more HDL or
LDL particles were not frequently observed on E1E2 affinity anti-
body-coated grids (14). (ii) Less decoration of virions by lipopro-
tein particles could theoretically shift HCV LVP infectivity from a
lower to a higher density range. In our study, however, the addi-
tion of apoE-negative medium to HCV LVPs did not bring signif-
icant change to the biophysical property of LVP. (iii) The addition
of lipid-free apoE increased HCV LVP infectivity for apoE knock-

FIG 9 Lipid-free apoE enhances HCV infection in apoE knockdown cells. (A) Biophysical property of HCV LVPs conditioned with sh-apoE medium and
apoE3HA medium. One milliliter of HCV produced from Huh7.5.1 cells was mixed with 30 ml of either sh-apoE medium or apoE3HA medium. The mixture
was incubated for 4 h at 37°C, followed by concentration by ultrafiltration and fractionation by density gradient centrifugation. The virus infectivity of each
fraction was determined as described above. Shown are the means of 3 independent experiments; error bars indicate standard deviations from the means. (B)
Different amounts of lipid-free apoE were added into 96-well plates containing either Huh7.5.1 or sh-apoE cells. The final concentrations of lipid-free apoE were
0, 0.05, and 0.25 �g/ml. Infectivity of HCV was tested in these plates afterwards. Shown are the means of 3 independent experiments; error bars indicate standard
deviations from the means. (C) Flag-tagged HCV produced from Huh7.5.1 cells was mixed with equal volumes of sh-NT medium with different amounts of
lipid-free apoE. The mixture was incubated for 4 h at 37°C. Flag affinity purification of HCV LVPs was conducted to evaluate the apoE amounts on HCV LVPs
by Western analysis. Molecular sizes are indicated on the left, and proteins are specified on the right.
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down cells 5-fold (comparable to the effect from addition of me-
dium containing apoE-positive lipoproteins), suggesting that ex-
ogenous apoE-enhanced LVP infectivity is mainly due to apoE
exchange. Based on this rationale, we propose that either larger
complex forms of HCV LVPs represented only a minor fraction or
apoE-positive lipoprotein association with or dissociation from
virions was inefficient. Nevertheless, apoE exchange may still hap-
pen between lipoproteins from infection targeting cells to high-
order complex HCV LVP virion-associated lipoproteins from vi-
rus-producing cells. More in-depth analysis involving protease
digestion, gel filtration, and phospholipid labeling will be required
to measure the precise ratio between the hybrid model and com-
plex model of HCV LVPs.

In previous reports, it was shown that exchangeable apolipo-
proteins redundantly participated in the formation of HCV infec-
tious particles (40). And surprisingly, short segments of amphi-
pathic �-helices from apoE are equivalent to full-length apoE in
supporting infectious HCV assembly and release (33, 40, 41).
Lacking receptor bind domain from intact apoE did not signifi-
cantly reduce HCV infectivity. These HCV particles could use
other apolipoproteins, such as apoA, I and apoC, to gain efficient
virus entry through interacting with LDLr and HSPG, or they
could obtain intact apoE or other exchangeable apolipoproteins
through exchange from permissive cells for efficient attachment.
HCV-infected cells produce both infectious HCV LVPs and a
large excess of apoE-positive lipoproteins to protect viral infectiv-
ity. During new infection, apoE produced by uninfected cells is
essential to maintain a high apoE level on HCV LVPs, and the
infectivity of small HCV inocula is then secured by apoE exchange
equilibrium provided by uninfected cells. Neutralizing antibody
evasion of HCV LVPs through apoE masking of E1E2 glycopro-
tein (42) could be dependent on both HCV LVP-producing cells
and infection targeting cells.

Similar to the initiation of HCVcc infection in uninfected

Huh7.5.1 cells, in infection of a new human host by HCV or re-
population in an infected human host by DAA-resistant HCV, the
high apoE circulation level in blood might be a previously unap-
preciated factor. Interestingly, Younossi et al. found that success-
ful ledipasvir (LDV)/sofosbuvir (SOF) with ribavirin (RBV) treat-
ment of HCV is associated with decreased apoE and apoA-II levels
(43), suggesting that besides the direct antivirus effect, LDV/SOF/
RBV treatment may help HCV eradication in patients by reducing
the contribution of exchangeable apoE to limit the repopulation
of resistant viruses. It was reported that HCV infection of hepato-
carcinoma cells was increased by addition of HDL (44). This in-
creased infection could be attributed to the major exchangeable
apolipoproteins (apoA-I and apoE) incorporated in HDL.

In summary, this study demonstrated an important role for
apoE exchange in HCV infection. Exogenous apoE-incorporating
lipoproteins from uninfected hepatocytes safeguarded the apoE
level on LVPs for efficient attachment during HCV infection. Our
data highlighted a previously underappreciated dynamic dimen-
sion in heterogeneous composition of infectious HCV LVPs and
suggested high circulating exchangeable apoE as a neglected factor
for HCV infection.
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