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The presence of hepatitis C virus (HCV) RNA-containing particles in the low-density fractions of plasma has
been associated with high infectivity. However, the nature of circulating HCV particles and their association
with immunoglobulins or lipoproteins as well as the characterization of cell entry have all been subject to
conflicting reports. For a better analysis of HCV RNA-containing particles, we quantified HCV RNA in the
low-density fractions of plasma corresponding to the very-low-density lipoprotein (VLDL), intermediate-
density lipoprotein, and low-density lipoprotein (LDL) fractions from untreated chronically HCV-infected
patients. HCV RNA was always found in at least one of these fractions and represented 8 to 95% of the total
plasma HCV RNA. Surprisingly, immunoglobulins G and M were also found in the low-density fractions and
could be used to purify the HCV RNA-containing particles (lipo-viro-particles [LVP]). Purified LVP were rich
in triglycerides; contained at least apolipoprotein B, HCV RNA, and core protein; and appeared as large
spherical particles with a diameter of more than 100 nm and with internal structures. Delipidation of these
particles resulted in capsid-like structures recognized by anti-HCV core protein antibody. Purified LVP
efficiently bind and enter hepatocyte cell lines, while serum or whole-density fractions do not. Binding of these
particles was competed out by VLDL and LDL from noninfected donors and was blocked by anti-apolipopro-
tein B and E antibodies, whereas upregulation of the LDL receptor increased their internalization. These
results suggest that the infectivity of LVP is mediated by endogenous proteins rather than by viral components

providing a mechanism of escape from the humoral immune response.

Although hepatitis C virus (HCV) infection is a major cause
of chronic liver disease worldwide, the virus has not yet been
cultured in vitro and little is known about its biological and
physicochemical properties (16). A recent accumulation of
data revealed the density heterogeneity of HCV RNA-contain-
ing particles (7, 19, 27). By use of nonquantitative PCR to
detect HCV RNA in gradient fractions of infected human
serum, HCV RNA-containing particles were found at densities
of between 1.03 and 1.25 g/ml, with considerable variations
from serum sample to serum sample (41, 42). Titration of
infectivity in chimpanzees revealed a relationship between the
density of particles and infectivity; the highest infectivity of
plasma was associated with the majority of HCV RNA being
found in the low-density fraction (density of <1.06 g/ml), while
HCV RNA found in higher-density fractions seemed to be
poorly infectious (5, 15).

The unusually low density of some HCV RNA-containing
particles suggested an association of the virus with plasma
lipoproteins (41, 42). The main function of lipoproteins is to
transport and deliver lipids and lipid-soluble materials
throughout the body. Lipoproteins are 20- to 80-nm particles
which consist of a hydrophobic core of neutral lipid sur-
rounded by a monolayer of amphipathic phospholipids and
free cholesterol in which apolipoproteins reside. Synthesis and
secretion of these particles occur in hepatocytes in the form of
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very-low-density lipoprotein (VLDL) (density of <1.0063
g/ml) with apolipoproteins B and E (ApoB and ApoE, respec-
tively). Transformation of VLDL in the circulation gives rise to
particles of a smaller size, with intermediate to low density
(intermediate-density lipoprotein [IDL] and low-density li-
poprotein [LDLY]), enriched in cholesteryl esters, depleted of
triglycerides, and containing only ApoB (14, 39). The interac-
tion of HCV with plasma lipoproteins was first confirmed when
Thomssen et al. (41) found that low-density materials can be
precipitated with anti-ApoB antisera (41, 42). Several investi-
gators have since extended this observation and shown that
HCV envelope proteins bind to human lipoproteins of various
densities (28). It is not known, however, whether HCV simply
binds to circulating lipoproteins or whether an interaction oc-
curs during lipoprotein synthesis by infected hepatocytes to
form a hybrid virus-like particle.

Identification of the HCV receptor is a major challenge for
the development of both cell culture systems and therapy. Two
cell surface receptors, the LDL receptor and CD81, interact
with HCV and HCV envelope protein E2, respectively, leading
to the hypothesis that they both act as viral receptors (28, 30,
31, 40). Although several reports have shown a highly specific
interaction between HCV E2 and cellular CD81 (31), most
recent studies have indicated that putative lipoprotein-associ-
ated HCV particles may infect cells via the LDL receptor (1,
44). Characterization of this pathway has become challenging,
especially since it appears to be preferentially active on hepa-
tocytes.

The apparent heterogeneity of data concerning the various
putative forms of HCV RNA-containing particles may be due
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to the lack of systematic and comparative analyses. Using a
quantitative approach (22), we conducted an analysis of chron-
ically HCV-infected patients to determine the representative-
ness and the precise nature and infectivity of HCV particles in
low-density plasma fractions corresponding to VLDL, IDL,
and LDL.

MATERIALS AND METHODS

Samples. Thirty-six volunteers attending the Liver Unit at Necker Hospital,
Paris, France, were selected in accordance with hospital ethics committee state-
ments; they were chronically HCV-infected patients with chronic active hepatitis
and had not been given antiviral therapy for more than 6 months. Screening for
hepatitis B virus or human immunodeficiency virus infection was negative. Blood
was obtained by venous puncture. EDTA at a 1 mM final concentration was
added to 40 ml of blood, and samples were sent to the laboratory at an ambient
temperature. Plasma and serum were immediately processed for density fraction
separation, and aliquots were stored at —80°C. For control and competition
experiments, plasma from noninfected blood donors was provided by the Etab-
lissement de Transfusion Sanguine in Lyon, France.

Preparation of low-density fractions. Plasma from infected patients or from
blood donors was separated by sequential ultracentrifugation to obtain three
low-density fractions whose densities corresponded to those of VLDL, IDL, and
LDL (25). The lowest-density fraction, with a density of <1.0063 g/ml, was
obtained by centrifugation of plasma for 4 h at 4°C and 543,000 X g with a
TLA100.4 rotor and a TL100 ultracentrifuge (Beckman Instruments S. A.,
Gagny, France). After collection of the first fraction, the density of the remaining
plasma was adjusted to 1.025 g/ml with NaBr (Sigma). The second fraction, with
a density of between 1.006 and 1.025 g/ml, was collected after centrifugation
under the same conditions. A last run at a density of 1.055 g/ml (by the addition
of NaBr) allowed the collection of the third fraction, with a density of between
1.025 and 1.055 g/ml. All fractions were then extensively dialyzed at 4°C against
150 mM NaCl-0.24 mM EDTA (pH 7.4) buffer, filtered through 0.22-pm-pore-
size filters (Millipore S. A., Saint Quentin, France), and stored at 4°C in the dark.

Immunopurification. A 10-ul quantity of protein A-coated magnetic beads
(Miltenyi Biotec, Paris, France) was incubated at room temperature with 1 ml of
the low-density fractions in phosphate-buffered saline (PBS) with gentle rocking
for 30 min. The beads were then passed through a magnetic column (Miltenyi
Biotec), washed with PBS, and collected in 500 pl of PBS or Dulbecco modified
Eagle medium (DMEM)-0.2% bovine serum albumin (BSA) (Gibco/BRL, Life
Technologies, Cergy Pontoise, France). Inmunoprecipitated particles were des-
ignated purified lipo-viro-particles (LVP).

Electron microscopy. Dilution of HCV-infected low-density fractions or puri-
fied LVP were made in PBS. For some experiments, purified LVP were delipi-
dated by incubation for 30 min with gentle rocking in an 85% ether-15% butanol
solution. Phases were separated by centrifugation, and the aqueous phase was
recovered. Formvar-carbon support film-coated 200-mesh copper grids (Electron
Microscopy Sciences, Fort Washington, Pa.) were floated on drops of samples for
3 min at room temperature and stained for 3 min by flotation on 4% (wt/vol)
phosphotungstic acid buffered at pH 7.2 with NaOH. The grids were then dried
and examined with a JEOL apparatus at the Centre Commun d’Imagerie de
Laennec in Lyon, France.

For immunoelectron microscopy, Formvar-carbon support film-coated 200-
mesh nickel grids were floated on LVP that had been delipidated in 0.5% Tween
80-PBS for 30 min at room temperature with gentle rocking and were incubated
for 1 h at room temperature by flotation on 0.05 M Tris-HCI (pH 7.4) containing
1% BSA and 0.1% cold fish gelatin (Sigma). The grids were then floated on a
drop of monoclonal antibody 19D9D6 (18) or isotypic control immunoglobulin
G1 (IgG1) (5 ng/ml) in Tris-HCI (pH 7.4) overnight in a moist chamber at 4°C.
The grids were successively washed by flotation on drops of Tris-HCI (pH 7.4, pH
8.2, and pH 8.2) with 1% BSA. The second antibody was incubated by floating
grids on a 1:40 dilution of goat anti-mouse IgG—colloidal gold particles (10-nm
diameter; BioCell Research Laboratories, Cardiff, United Kingdom) in Tris-HCI
(pH 8.2)-1% BSA for 1 h at room temperature. Washings were first performed
with Tris-HCI at pH 8.2 and then at pH 7.4 and finally with water. The grids were
negatively stained by flotation on 3% uranyl acetate.

Protein, ApoB, and lipid quantitation. Protein concentrations were deter-
mined according to the Lowry method as modified by Markwell (Sigma). Protein
concentrations were calculated from a calibration curve by using BSA as a
standard. ApoB concentrations in fractions and sera were determined by using
an immunochemical kit according to the manufacturer’s protocol (ApoB kit;
bioM¢érieux S. A., Marcy I’Etoile, France). The concentrations were determined
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from a calibration curve established with the ApoB kit standard. Total choles-
terol, phospholipid, and triglyceride concentrations were calculated with Cho-
lesterol RTU, Phospholipides Enzymatique PAP 150, and Triglycerides Enzy-
matic PAP 150 kits (bioMérieux) according to the manufacturer’s
recommendations but with the inclusion of standard curves to calculate the
concentrations.

ApoB concentrations in purified LVP were determined by an enzyme-linked
immunosorbent assay. Ninety-six-well flat-bottom enzyme-linked immunosor-
bent assay plates (Maxisorb; Nunc) were coated overnight at 4°C with 100 pl of
monoclonal anti-human ApoB antibody (5 pg/ml; clone 1609; Biodesign, Saco,
Maine) in PBS and then blocked with 2% BSA for 1 h. Samples were first
incubated for 30 min at room temperature in PBS-0.2% BSA supplemented with
10 pg of human IgG/ml before being distributed on the plates at 100 pl/well.
After 2 h of incubation at 37°C and washing with PBS-0.05% Tween 20, perox-
idase-conjugated goat anti-human ApoB antibodies (1.6 pg/ml; Biodesign) in
PBS-0.2% BSA were incubated at 100 wl/well for 90 min at 37°C. The plates
were washed, and ortho-phenylenediamine substrate (Sigma) was added at 150
wl/well. The reaction was developed for 10 min, and the plates were read at 490
nm. Standard curves were established with LDL dilutions ranging from 2 to 100
ng of ApoB/ml. Controls included human IgG-saturated protein A-coated mag-
netic beads prepared under the same conditions.

HCV RNA quantitation. RNA was extracted from 50 wl of serum, 50 pl of
low-density fraction, or 10 ul of purified LVP with a QIAamp viral RNA kit
(Qiagen S. A., Courtaboeuf, France); the RNA was eluted in 50 wl of water and
stored at —80°C. Samples with a high lipid content were first diluted with 2
volumes of normal human serum to inactivate PCR inhibitors. HCV RNA
quantitation was performed by real-time PCR of the 5" HCV noncoding region
as previously described but with minor modifications (22). Briefly, RNA (4 l)
was reverse transcribed by using a Thermoscript reverse transcriptase kit (Gibco/
BRL) with the RC21 primer (4). Real-time PCR were carried out with 2 pl of
c¢DNA and the RC1 and RC21 primers by using an LC FastStart DNA Master
SYBR Green I kit and a LightCycler apparatus (Roche Diagnostics, Meylan,
France).

Direct calculation of the proportion of HCV RNA associated with low-density
fractions overestimated the association because of incomplete RNA recovery
from the remaining plasma and pellet after each centrifugation. Therefore, an
index of the association of HCV RNA with low-density fractions was determined
with ApoB included as an internal standard for the lipoprotein compartment.
The index of the association of HCV RNA with low-density fractions was cal-
culated as follows: (RNA copy number per milligram of ApoB in low-density
fractions/RNA copy number per milligram of ApoB in serum) X 100.

5’ HCV noncoding region sequencing and genotyping. PCR amplification
products synthesized during the HCV RNA quantitation process with the Light-
Cycler were directly sequenced in both directions by using PRISM Ready Re-
action AmplitagFS BigDye Terminator cycle sequencing kit (PE/Applied Bio-
systems, Roissy, France) and Applied Biosystems 377 and 373A automated DNA
sequencers. The HCV genotype was determined by comparison of the nucleotide
sequence with the HCVDB Hepatitis Sequence Database (http:/hepatitis.ibcp
r).

Western blotting. Five-microgram quantities of low-density fraction proteins
were resolved by sodium dodecyl sulfate (SDS)-10% polyacrylamide gel elec-
trophoresis (PAGE) and transferred to polyvinylidene difluoride (PVDF) mem-
branes (Millipore). The membranes were incubated in blocking solution (20 mM
Tris-HCI [pH 7.4], 150 mM NaCl, 0.05% Tween 20, 5% skim milk) and revealed
with goat serum anti-human IgG or IgM conjugated to horseradish peroxidase
(Jackson ImmunoResearch, West Grove, Pa.). Labeled antibodies were visual-
ized by enhanced chemiluminescence detection (Amersham Pharmacia Biotech
Europe, Freiburg, Germany).

Purified LVP were delipidated by ether-butanol extraction as described above.
Proteins were separated by SDS-14% PAGE and blotted onto PVDF mem-
branes. Membranes were blocked as described above and incubated with anti-
HCV core protein mouse monoclonal antibody 19D9D6 (18). Bound antibodies
were detected with goat anti-mouse antibody conjugated to horseradish peroxi-
dase (Promega, Lyon, France) and enhanced chemiluminescence.

Cells. Human hepatoma cell lines PLC/PFR/5 (PLC) and HepG2 were cul-
tured in DMEM (Gibco/BRL) supplemented with 10% fetal calf serum (FCS)
(Biowhittaker, Emerainville, France) or 10% lipoprotein-deficient FCS (LPDS)
(Sigma), 2 mM HEPES (Gibco/BRL), 1% nonessential amino acids (Gibco/
BRL), and 50 IU of penicillin-streptomycin (Gibco/BRL)/ml at 37°C in a 5%
CO, atmosphere; cultures were split twice a week. HepG2 clone N3 stably
expressing the HCV core protein was from T. Miyamura (34). Normal human
fibroblast N1 and familial hypercholesterolemia-affected patient fibroblast FH
(GM00488C; Human Genetic Cell Repository, Coriell Institute for Medical
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Average Extremes
Viremia (x 10® RNA copy /ml) 12 0,1-113
Fractions (x 10° RNA copy /mg)
« VLDL » d <1,006 4 0-17
«IDL » 1,006<d <1,025 9 0,001-140
«LDL » 1,025<d <1,055 5 0,004-52
Index of HCV RNA association (%) 42 8-95

B Fractions from
HCYV infected plasma

VLDL IDL LDL

IgG

-

Fractions from
non-infected plasma

Ig VLDL IDL LDL

HCV RNA (x10°

copy/lane) 1.5 1.5 1.9

FIG. 1. Characterization of HCV RNA-containing particles in very-low- to low-density plasma fractions. (A) Serum and three plasma fractions
corresponding to VLDL, IDL, and LDL were prepared from 27 chronically HCV-infected patients. The HCV genotype distribution was as follows:
1 genotype 1a, 15 genotype 1b, 1 genotype 2b, 5 genotype 3a, 5 genotype 4, and 3 ambiguous genotypes. Viremia was calculated as the number
of HCV RNA copies per milliliter of serum. Viral loads in fractions were calculated as the number of HCV RNA copies per milligram of protein.
The association of HCV RNA with low-density fractions is expressed as an index as described in Materials and Methods. d, density of fraction.
(B) Fractions from infected and noninfected plasma samples were analyzed for the presence of immunoglobulins (Ig). Five-microgram quantities
of fractions corresponding to VLDL, IDL, and LDL were separated by SDS-10% PAGE and transferred to PVDF membranes for IgG and IgM
detection. A positive control experiment was performed by running 200 ng of purified IgG in the gel.

Research, Camden, N.J.) lines were maintained in DMEM supplemented with
10 and 20% FCS, respectively, 2 mM HEPES, 1% nonessential amino acids, and
50 TU of penicillin-streptomycin/ml.

Cell association, uptake, and kinetic assays. For the HCV RNA cell associ-
ation assay, 5 X 10* PLC cells per well were cultured in 96-well plates for 24 h
with culture medium. PLC cells were washed three times with PBS and incubated
for 3 h with serum, whole-density fractions, or purified LVP and with or without
competitors in FCS-free medium containing 0.2% (wt/vol) BSA. After washing,
cells were harvested in 350 pl of RNeasy kit lysis buffer (Qiagen), and RNA was
extracted. HCV RNA was quantified as described above. For inhibition experi-
ments, the monoclonal antibodies against the receptor-binding site of ApoB were
4G3 and 5E11. The receptor-binding site of ApoE was blocked with monoclonal
antibody 1D7 (Ottawa Heart Institute Research Corporation, Ottawa, Ontario,
Canada).

For kinetic and uptake experiments, HCV RNA-containing particles bound to
cell surface receptors after the incubation period and three washings with PBS—
0.2% BSA were removed by incubation with 10 mM suramin (Sigma) in PBS at
4°C for 1 h. Cells were washed three times in PBS and harvested in 350 wl of
RNeasy kit lysis buffer. Internalized HCV RNA was quantified as described
above.

The cell protein content in the RNeasy lysis buffer was directly measured after
RNA binding to the RNeasy mini spin column. Nonspecific binding to plastic
wells was controlled by incubating HCV samples under identical conditions in
wells containing no cells.

RESULTS

Analysis of very-low-, intermediate-, and low-density plasma
fractions. Plasma from 27 chronically infected patients was
fractionated into three fractions corresponding to the floating
densities of VLDL (<1.0063 g/ml), IDL (1.0063 to 1.025 g/ml),
and LDL (1.025 to 1.055 g/ml). The amount of HCV RNA in
each fraction was measured by real-time PCR as previously
described (22). Figure 1A shows that all patients had HCV
RNA in at least one of the three fractions irrespective of the
amount of HCV RNA in the serum or the HCV genotype. The
index of the association of HCV RNA with the density frac-
tions varied from 8 to 95%, depending on the patient, with a
mean of 42%.

Some HCYV particles with a high density have been reported
to be associated with immunoglobulins (8, 15, 20, 42). To
search for immunoglobulins, we subjected the three fractions
to SDS-PAGE and Western blotting with anti-immunoglobulin
antibodies (Fig. 1B). IgG and IgM were found in fractions
from all patients but not noninfected donors, suggesting that
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TABLE 1. Quantitation of low-density HCV RNA-containing particles associated with immunoglobulins (Ig)
HCV RNA copy no. (10°) in the following fraction:
Patient Fraction density Yield (%)” % HCZ RI\IIIAI .
Whole Igt LVP~ Ig~ associated with Ig
1 <1.0063 9 1 8 99 11
2 <1.0063 19.3 13.2 2.65 82 68
3 1.025-1.055 4.32 0.73 2.8 81 17
4 1.025-1.055 1.04 0.89 <0.006 85 85

“Ig* LVP, Ig positive LVP depleted; Ig ™, Ig negative.

b Expressed as the percentage of HCV RNA copies in the Ig* and Ig~ fractions/HCV RNA copies in the whole fraction.
¢ Expressed as the percentage of HCV RNA copies in the Ig™ LVP~ fraction/HCV RNA copies in the whole fraction.

HCV RNA-containing particles can be the target of a humoral
response, with more immunoglobulins being found in the very-
low- and intermediate-density fractions. We found no correla-
tion between the amount of immunoglobulins and the amount
of HCV RNA.

Purification and characterization of HCV RNA-containing
particles. To verify whether immunoglobulins were directed to
HCV RNA-containing particles, immunoglobulins from vari-
ous fractions were purified with protein A-coated magnetic
beads, and the quantities of HCV RNA in the purified and
nonpurified materials were determined. HCV RNA always
copurified with immunoglobulins. Table 1 shows four repre-
sentative examples of copurification indicating that the associ-
ation of HCV RNA-containing particles with immunoglobulins
ranged from 11 to 85% irrespective of the density of the frac-
tion. The association of HCV RNA-containing particles with
immunoglobulins therefore depends on individual variations
rather than on density.

The presence of immunoglobulins on HCV RNA-containing
particles was then used for an additional step of purification
with protein A-coated magnetic beads. This step allowed the
separation of immunoglobulin-positive HCV RNA-containing
particles from normal lipoproteins and from particles not cov-
ered by immunoglobulins. Such immunopurified material was
referred to as purified LVP. Triglycerides, total cholesterol
(free cholesterol and cholesteryl esters), and ApoB in the den-
sity fractions and in the corresponding purified LVP were
quantified (Table 2). As expected, the triglyceride/cholesterol
ratios of the density fractions before LVP purification were 3.4
+ 1.7 and 0.42 = 0.2 for the very-low- and low-density frac-
tions, respectively. Conversely, the triglyceride/cholesterol ra-
tios of purified LVP from the very-low- and low-density frac-
tions did not vary (3.1 = 1.6 and 2.8 = 1.9, respectively).

TABLE 2. Biochemical characterization of the whole fraction and
corresponding purified LVP

Ratio of the indicated lipids® in:

Fraction density Whole fraction Purified LVP
TG/Chol TG/ApoB TG/Chol TG/ApoB
<1.006 3417 1513 31=16 160 = 47°
1.025-1.055 042*02° 08=02" 28=19° 26 + 20°

“ TG, triglycerides; Chol, cholesterol. Cholesterol data were obtained from six
samples, and ApoB data were obtained from four samples.

® The P value for a comparison of TG/ApoB ratios between whole fraction and
purified LVP was =0.04.

¢ The P value for a comparison of TG/Chol ratios between whole fraction and
purified LVP was =0.01.

Although the triglyceride/cholesterol ratios of VLDL and of
LVP purified from the very-low-density fraction appeared in
the same range, the lipid contents of LDL and of LVP purified
from the low-density fraction differed significantly (0.42 * 0.2
and 2.8 = 1.9, respectively; P < 0.01). In addition, LVP puri-
fied from the very-low-density fraction contained more triglyc-
eride per ApoB molecule than LVP purified from the low-
density fraction, explaining the difference in density. LVP
purified from both very-low- and low-density fractions con-
tained more triglyceride per ApoB molecule than lipoproteins
from the same fractions.

The lipid compositions of lipoproteins and purified LVP
suggested that LVP are unusual particles and not just aggre-
gates of lipoproteins and HCV virions. We found no correla-
tion between the amount of ApoB and the amount of HCV
RNA in purified LVP (data not shown).

Electron microscopy of purified LVP. Electron microscopy
was performed with purified LVP obtained from the plasma
fraction corresponding to LDL and with the same fraction
depleted of LVP. The LDL fraction from infected plasma after
LVP depletion displayed a homogeneous spherical structure
with an average diameter of 25 nm, similar to that of normal
LDL (Fig. 2A). In contrast, purified LVP (Fig. 2B) were un-
usually large spherical structures with an average diameter of
100 nm. Internal structures began to be visible when purified
LVP were observed at the highest magnification (Fig. 2C).
These structures could be better observed after delipidation of
purified LVP with ether-butanol and appeared as capsid-like
particles with some heterogeneity. The largest structures were
30 to 35 nm in diameter, and smaller particles might have
represented defective or incomplete capsids (Fig. 2D). These
structures were poorly recognized by immunoelectron micros-
copy with a monoclonal antibody to the basic and hydrophilic
N-terminal region of the HCV core protein (18) (data not
shown). However, after more drastic treatment with Tween 80,
particles appeared smaller and partially disrupted, with irreg-
ular borders (Fig. 3A), and could be identified by immunoelec-
tron microscopy with the same monoclonal antibody (Fig. 3B).
The presence of HCV core protein in purified LVP after de-
lipidation was further demonstrated by Western blotting with
the same anti-HCV core protein monoclonal antibody (Fig.
3C). Under our experimental conditions, both monomers and
dimers of HCV core protein were detected in LVP and in a
core protein-expressing cell line. In contrast, we failed to de-
tect any HCV envelope proteins in purified LVP by Western
blotting despite the use of monoclonal antibodies recognizing
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FIG. 2. Electron microscopy of fractions corresponding to LDL from infected and noninfected patients. (A) LDL fraction depleted of
immunoglobulin-positive LVP from an infected donor. (B) LVP purified from the LDL fraction of an infected donor. Protein A-coated magnetic
beads are seen as dark granules 10 to 20 nm in diameter. Purified LVP appears as spherical particles whose average diameter is 100 nm (extremes,
50 to 150 nm). (C) Same fraction as in panel B but at a higher magnification (X250,000), showing the internal structures. (D) Ether-butanol-treated
purified LVP adsorbed on grids and stained with phosphotungstic acid. Capsid-like particles 25 to 35 nm in diameter can be seen.
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FIG. 3. Immunodetection of HCV core protein in purified and delipidated LVP. (A) Control immunoelectron microscopy with an irrelevant
primary monoclonal antibody and a gold-labeled secondary antibody. No significant labeled antibody binding occurred. (B) Immunoelectron
microscopy of Tween 80-treated LVP with anti-HCV core protein monoclonal antibody 19D9D6 and a 10-nm-gold-labeled secondary antibody.
The binding of core protein-specific antibody on the particles can be seen. (C) Western blot of purified and delipidated LVP. Ether-butanol-treated
LVP corresponding to 3 X 10° HCV RNA copies (lane a), HepG2 cells (negative control) (lane b), and HepG2 cells stably transfected with HCV
core cDNA (positive control) (lane ¢) are shown. Detection of HCV core protein was performed with monoclonal antibody 19D9D6.

different conformational and linear HCV envelope epitopes
(provided by J. Dubuisson, Institut Pasteur, Lille, France) (31).

Cellular binding and uptake of purified LVP. Purification of
LVP combined with a previously described method for mea-
suring HCV RNA allowed a precise analysis of the binding,
association, and internalization of purified particles tested with
hepatocyte cell lines.

In the first experiment, samples containing 50,000 copies of
HCV RNA were incubated for 3 h with PLC cells at 37°C. Cells
were then washed, and RNA was extracted. Cell-associated
HCV RNA was quantified and represented the amount of
bound or internalized virus during this time period. We used
four sources of HCV RNA from the same patient: serum,
whole-density fraction corresponding to VLDL, the same frac-
tion depleted of LVP (and therefore containing immunoglob-
ulin-negative HCV RNA-containing particles and normal li-
poproteins), and purified LVP. Maximum association was
obtained with purified LVP (Fig. 4A). No association or an
extremely weak association was detected when serum or frac-
tions were used as a viral source.

As nonpurified LVP contained in fractions could not asso-
ciate with cells, it is likely that these fractions contained inhib-
itors of LVP binding. Lipoproteins were thus tested for their
ability to inhibit the cell association of purified LVP. Compe-
tition experiments revealed that the cell association of purified
LVP could be blocked in a dose-dependent manner by VLDL
from healthy donors, reaching more than 75% inhibition with
50 pg of VLDL/ml (Fig. 4B). LDL inhibited the cell associa-
tion of purified LVP in a similar fashion (data not shown). In

contrast, no inhibition was observed with an excess of IgG (Fig.
4C).

Suramin is a polysulfonylnaphthylurea that has been exten-
sively used to study receptor kinetics and specificity. In partic-
ular, it has been shown to separate lipoproteins from their cell
surface receptors (37) and to inhibit HCV infection of HepG2
cells as well as the binding of human immunodeficiency virus to
CD4 and galactosylceramide (12, 45). Suramin treatment was
thus applied to distinguish surface binding of purified LVP
from internalization. Quantitation of HCV RNA remaining
associated with cells after suramin treatment provides an esti-
mation of what has been internalized during incubation with
LVP. When purified LVP were incubated at 37°C for 3 h, half
of the HCV RNA was removed by subsequent suramin treat-
ment (Fig. 5A). This result indicated that 50% of the purified
LVP bound to hepatocarcinoma PLC cells were internalized
during the 3-h incubation period.

Figure 5B and C show the amounts of purified LVP inter-
nalized by PLC cells as a function of time. Two examples are
shown to illustrate representative data obtained with different
amounts of purified LVP. For both viral preparations, the
process of viral uptake was rapid and achieved saturation in
1 h. The rates of uptake did not differ but reached a higher
plateau when more HCV RNA copies were provided during
the incubation period.

Cell entry pathway for purified LVP. The activity of the LDL
receptor is regulated by cholesterol. As a consequence, LDL
receptor activity is upregulated when cells are grown in LPDS
instead of FCS (37). To determine whether the internalization
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FIG. 4. Cell association and uptake of purified LVP. (A) A total of 50,000 copies of HCV RNA from serum, fraction (fract.) 1 (whole fraction
containing lipoproteins and LVP), fraction 2 (whole fraction depleted of immunoglobulin-positive LVP but containing lipoproteins and remaining
immunoglobulin-negative LVP), and purified (pur.) LVP were incubated with PLC cells (50,000 cells/well). Cell association was quantified after
3 h of incubation and extensive washing and expressed as HCV RNA copy number per well. Data are representative of three independent
experiments. (B and C) Purified LVP (50,000 HCV RNA copies) were coincubated with increasing amount of VLDL from a noninfected donor
(B) or with increasing ratios of protein A-coated magnetic beads saturated with purified human IgG to purified LVP (C). Quantitation of
cell-associated HCV RNA was performed after 3 h of incubation. ip, immunopurified LVP. Error bars indicated standard deviations.

pathway for HCV is regulated by cholesterol, cells were grown and activity usually obtained under these experimental condi-
in 10% LPDS for 24 h before incubation with purified LVP. tions (data not shown).

Figure 6A shows a twofold increase in the uptake of purified N1 normal human fibroblasts were used to study the inter-
LVP when cells were grown in LPDS. This result is in agree- nalization of LVP in nonhepatocarcinoma cells. As shown in
ment with the twofold increase in LDL receptor expression Fig. 6B, N1 fibroblasts expressing the LDL receptor could
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FIG. 5. Kinetics of internalization of immunoglobulin-positive purified LPV. (A) After 3 h of incubation at 37°C with purified LVP and
extensive washing, PLC cells were subjected to suramin treatment at 4°C. The number of HCV RNA copies after suramin treatment is
representative of internalized purified LVP. As uptake does not occur at 4°C, the HCV RNA copy number remaining associated with cells
following incubation at 4°C and subsequent suramin treatment is indicative of the efficiency of suramin. The efficiency of suramin treatment was
greater than 95% (data not shown). Data are expressed as HCV RNA copy number per microgram of protein. (B and C) Purified LVP were
incubated with PLC cells for various periods of time before suramin treatment and quantitation of internalized HCV RNA. (B) Incubation with
50,000 copies of HCV RNA from purified LVP. (C) Incubation with 200,000 copies of HCV RNA from purified LVP. Data are representative of
three independent experiments. Error bars indicated standard deviations.
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FIG. 6. Endocytosis pathway for purified LVP. (A) A total of
200,000 copies of HCV RNA from purified LVP were incubated for
3 h with 50,000 HepG2 cells grown for 24 h in LPDS or FCS. Inter-
nalized HCV RNA was calculated after suramin treatment. (B) A total
of 500,000 copies of HCV RNA from purified LVP were incubated
with 20,000 N1 or FH fibroblasts for 3 h before suramin treatment and
quantitation of internalized HCV RNA. Error bars indicated standard
deviations.

internalize substantial amounts of HCV RNA. However, the
inoculum had to be more concentrated for N1 fibroblasts than
for HepG?2 cells to internalize similar amounts of purified LVP
in 3 h. The uptake of purified LVP was also analyzed by using
LDL receptor-negative fibroblasts (FH) derived from a patient
with familial hypercholesterolemia (13). Purified LVP could
still be internalized by FH fibroblasts, but the internalization
was 10 times less efficient than that seen with fibroblasts ex-
pressing the LDL receptor.

These data suggest that the LDL receptor pathway is the
main route of entry for purified LVP. The LDL receptor rec-
ognizes lipoproteins through the direct binding of ApoB on
LDL and ApoB and ApoE on VLDL (14, 39). We therefore
tested whether the binding of purified LVP to the LDL recep-
tor could be blocked by antibodies directed to the receptor-
binding sites of ApoB and ApoE (26, 43) (Fig. 7). Two anti-
ApoB monoclonal antibodies recognizing different epitopes
within the ApoB receptor-binding site and one anti-ApoE
monoclonal antibody directed to the receptor-binding site of
ApoE only slightly inhibited the cell association of purified
LVP when used independently. In contrast, a strong blockage
of purified LVP cell association (>85%; P < 0.02) was ob-
tained when all three antiapolipoprotein antibodies were used
together. The participation of the anti-ApoE monoclonal an-
tibody in the blockage of LVP binding also indicated that LVP
contained ApoE.

DISCUSSION

HCV RNA is detected over a large range of densities in
gradient fractions of infected human plasma, with variations
from serum sample to serum sample (7, 15, 27, 42). The pres-
ence of low-density fractions containing HCV RNA and the
possibility of immunoprecipitation of HCV RNA with anti-
ApoB antibodies suggested an association of viral components
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FIG. 7. Characterization of LVP binding to the LDL receptor. Pu-
rified LVP (6.6 X 10° HCV RNA copies) were incubated for 1 h with
200 pg of purified human IgG/ml. A total of 300,000 HCV RNA copies
were diluted in FCS-free medium supplemented with 0.2% BSA and
50 pg of each anti-ApoB or anti-ApoE monoclonal antibody/ml alone
or together. The samples were allowed to stand at room temperature
for 1 h with rocking. The samples were then incubated for 45 min on
40,000 HepG?2 cells that had been grown for 24 h in medium supple-
mented with LPDS. Quantitation of cell-associated HCV RNA was
then performed. Monoclonal antibodies were 4G3 (anti-ApoB), SE11
(anti-ApoB), and 1D7 (anti-ApoE). The P value for a comparison of
results obtained with the control and the pool of antibodies was <0.02.

with lipoproteins (32, 41, 42). To clarify this association, we
performed sequential centrifugations to prepare fractions con-
taining VLDL, IDL, and LDL from infected plasma (25).
Blood samples were processed within a few hours after collec-
tion without freezing or storage at low temperature. Real-time
PCR allowed accurate quantitation of HCV RNA in plasma.
However, HCV RNA amplification from low-density fractions
was impeded by inhibitors, most likely of lipid origin. These
inhibitors were inactivated by the addition of normal human
serum (data not shown). With this optimized procedure, we
confirmed the presence of HCV RNA in low-density fractions
and showed that low-density HCV RNA-containing particles
are a constant feature of chronic HCV infection.

It has been suggested that high-density HCV RNA-contain-
ing particles are immune complexes whereas particles of lower
density are free of immunoglobulins (8, 15, 21, 42). Surpris-
ingly, IgG and IgM were detected in the low-density fractions
from all chronically HCV-infected patients but not from con-
trols. This result indicated that low-density HCV RNA-con-
taining particles should contain large amounts of very-low-
density material to allow flotation during centrifugation
despite the presence of immunoglobulins. These particles
could then be purified with protein A-coated magnetic beads
and further characterized. In addition to HCV RNA and im-
munoglobulins, these purified particles contained the viral core
protein and ApoB. They were very rich in triglycerides, ex-
plaining their low density. Variations in the quantities of trig-
lycerides might also explain why we found these particles at
densities of between 1.006 and 1.055 g/ml. Importantly, the
differences in lipid compositions between LVP and their li-
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poprotein counterparts strongly suggested that LVP are not
just classical flavivirus-like virions attached to normal lipopro-
teins by HCV envelope glycoproteins, as previously suggested
(28, 41, 42). This suggestion was confirmed by electron micros-
copy of purified LVP, which appeared as spherical particles
with a diameter of more than 100 nm and not as HCV virions
bound to lipoproteins. LVP also contained internal structures
only visible at a high magnification. After delipidation, these
structures were 30 to 35 nm in diameter, the size of a flavivirus
capsid (33). The presence of capsids after delipidation of pu-
rified LVP is in agreement with reports showing naked capsids
by electron microscopy after treatment of serum or low-density
fractions with detergent (17, 24, 32). A monoclonal antibody
directed to the N-terminal region of the HCV core protein
clearly identified these particles as HCV capsids by immuno-
electron microscopy. The presence of HCV core protein in
delipidated LVP was further confirmed by Western blotting.
Interestingly, the absence of a correlation between the amount
of ApoB and the amount of HCV RNA suggests that some of
the particles may be defective or empty particles.

We did not detect viral envelope glycoproteins in purified
LVP. Anti-HCV envelope antibodies raised against recombi-
nant proteins may not bind to native envelope proteins (9, 29),
or epitopes may be altered during sample preparation. Alter-
natively, HCV envelope glycoproteins may be lost during high-
speed centrifugation. The presence of immunoglobulins on
LVP strongly suggests that these immunoglobulins are directed
to surface viral components, especially envelope glycoproteins.
However, because of the small amount of material available,
we have not yet determined the specificities of these antibod-
ies. For the same reason, we do not know whether IgM anti-
bodies present in these complexes are directed to viral struc-
tures or are monoclonal or polyclonal IgM anti-IgG
antibodies; the latter would provide an explanation for the high
frequency of cryoglobulinemia observed in chronically infected
patients (1).

Recent reports indicated that HCV may use the LDL recep-
tor for binding and entry (2, 28, 44). Here we provide evidence
that LVP behave as ligands of the LDL receptor: (i) purified
LVP binding was inhibited by low concentrations of VLDL and
LDL; (ii) the kinetics of purified LVP internalization were
rapid, reached saturation, and were compatible with LDL re-
ceptor-mediated endocytosis (6); (iii) the upregulation of LDL
receptor expression significantly increased purified LVP inter-
nalization; (iv) purified LVP internalization by LDL receptor-
deficient fibroblasts was considerably reduced compared to
that by normal fibroblasts (6, 13); and (v) monoclonal antibod-
ies to ApoB and ApoE together blocked purified LVP cell
association. These data indicate that purified LVP binding
relies on apolipoproteins and their receptors and explain why
this binding is efficiently inhibited by normal VLDL or LDL.
Furthermore, these data also suggest that HCV envelope gly-
coproteins which were not demonstrated to bind to the LDL
receptor may not have a major role in this pathway (44). This
scenario may also provide a mechanism for LVP to evade the
humoral immune response. Nevertheless, antibodies against
envelope glycoproteins on LVP, particularly against hypervari-
able region 1 of E2, may facilitate the clearance of LVP im-
mune complexes and participate in protection against infection

(11).
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A long-standing observation has been that molecules from
the host cell membrane can be incorporated into viral particles
(23). ApoB is an endoplasmic reticulum (ER) membrane-as-
sociated protein which initiates VLDL assembly, triglyceride
loading in the presence of microsomal triglyceride transfer
protein, and VLDL budding into the ER lumen. Nascent
VLDL (one ApoB molecule per particle) is packaged in secre-
tory vesicles and delivered into the hepatic extracellular space
by exocytosis. Within the bloodstream, VLDL acquires ApoE,
and three enzymes modify its content; it becomes enriched in
cholesteryl esters and depleted in triglycerides. VLDL is thus
converted to lipoproteins with higher densities, IDL and LDL
(35, 38). Most of the flavivirus replication steps occur in asso-
ciation with the ER. Some regions of the polyprotein, including
the envelope protein, are translocated into the lumen of the
ER, whereas the core protein and most of the nonstructural
proteins remain localized on the cytoplasmic side. The orien-
tations of the core and envelope proteins with respect to the
ER membrane suggest that nucleocapsids acquire an envelope
when budding into the ER lumen. Later stages in virion mat-
uration include the modification of envelope glycans, implying
that virions move by vesicular transport through the cellular
secretory pathway and are released by exocytosis (33). The lack
of an efficient system for cell culture replication has so far
hampered the understanding of HCV particle assembly. How-
ever, the absence of complex glycans, the localization of trans-
fected HCV glycoproteins in the ER, and the absence of these
proteins on the cell surface suggest that initial virion morpho-
genesis may occur by budding into intracellular vesicles (10).
During virion and VLDL budding into the ER lumen, both
vesicles may interfere, resulting in ApoB-bearing vesicles
which are enriched in triglycerides by microsomal triglyceride
transfer protein and form very-low-density lipoproteins con-
taining RNA-filled HCV capsids. Binding of the HCV core
protein to intracellular lipid droplets and to apolipoprotein
AII further supports the hypothesis of an interaction between
lipid metabolism and HCV (3, 36).

The quantitative analysis of LVP binding and internalization
showed that the entry of the viral genome into target cells via
LVP relies mainly on host molecules, apolipoproteins and li-
poprotein receptors, providing an efficient mechanism of es-
cape from neutralizing antibodies directed to envelope pro-
teins. As LDL receptor expression is ubiquitous, such an entry
mechanism may not restrict HCV infection to hepatocytes and
may lead to extrahepatic compartments of viral replication.
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