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An Interplay between Hypervariable Region 1 of the Hepatitis C Virus
E2 Glycoprotein, the Scavenger Receptor BI, and High-Density
Lipoprotein Promotes both Enhancement of Infection and
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Hepatitis C virus (HCV) circulates in the bloodstream in different forms, including complexes with immu-
noglobulins and/or lipoproteins. To address the significance of such associations, we produced or treated HCV
pseudoparticles (HCVpp), a valid model of HCV cell entry and its inhibition, with naive or patient-derived sera.
We demonstrate that infection of hepatocarcinoma cells by HCVpp is increased more than 10-fold by human
serum factors, of which high-density lipoprotein (HDL) is a major component. Infection enhancement requires
scavenger receptor BI, a molecule known to mediate HDL uptake into cells as well as HCVpp entry, and
involves conserved amino acid positions in hypervariable region 1 (HVR1) of the E2 glycoprotein. Additionally,
we show that the interaction with human serum or HDL, but not with low-density lipoprotein, leads to the
protection of HCVpp from neutralizing antibodies, including monoclonal antibodies and antibodies present in
patient sera. Finally, the deletion or mutation of HVR1 in HCVpp abolishes infection enhancement and leads
to increased sensitivity to neutralizing antibodies/sera compared to that of parental HCVpp. Altogether, these
results assign to HVR1 new roles which are complementary in helping HCV to survive within its host. Besides
immune escape by mutation, HRV1 can mediate the enhancement of cell entry and the protection of virions
from neutralizing antibodies. By preserving a balance between these functions, HVR1 may be essential for the

viral persistence of HCV.

Hepatitis C poses a major public health problem, with nearly
3% of the world’s population infected and approximately 3 to
4 million new infections occurring each year (22). Hepatitis C
virus (HCV) infection has become very prevalent, with about 5
million cases in Europe, 4 million in the United States, and 2
million in Japan. In the United States, HCV infection is the
most common chronic blood-borne infection, and HCV-asso-
ciated chronic liver disease is the principal cause of liver trans-
plantation and the 10th leading cause of death among adults
(27). At present, there exists no vaccine against HCV infection,
and the only authorized treatments, pegylated alpha interferon
and ribavirin, have shown limited effects against HCV, with
sustained virological response rates of 54% in general and 42%
for genotype 1. Furthermore, the treatments cause significant
side effects (28).

HCYV is transmitted by blood and progresses slowly, causing
no symptoms or only mild symptoms in the acute phase of
infection. However, only 20% of infected individuals clear the
virus spontaneously, while 80% develop chronic disease which
leads to various severe hepatic pathologies (cirrhosis and hepa-
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tocarcinoma) in the long term in one out of five cases. Spon-
taneous clearance of HCV has been associated with strong
cellular immune responses (reviewed in reference 48), while
detailed analysis of the role of the humoral immune response
has become possible only recently with the development of
HCV pseudoparticles (HCVpp), a recently described model of
HCYV cell entry and its inhibition (24, 19). Understanding the
virus-host interactions that enable acute viral clearance or that
favor HCV persistence is the key to the development of more-
effective therapeutic and prophylactic strategies. Such studies
have been difficult because HCV is genetically highly variable,
comprising six principal genotypes and numerous subtypes.
Furthermore, the small-animal-model systems which are cur-
rently emerging for the analysis of HCV pathology and the cell
culture systems that support the propagation of HCV in vitro
are still technically demanding and restricted.

In human patients, HCV has been described to exist in
heterogeneous forms within serum. By density equilibrium
centrifugation, HCV genomes are detected in high-density
fractions which are thought to represent virions bound to im-
munoglobulins. In addition, HCV can be detected in fractions
of low density, which contain plasma lipoproteins. Indeed, sev-
eral lines of evidence suggest that HCV associates with li-
poprotein particles of very low, low, and high densities (1, 18,
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20, 29, 30, 40, 49). Furthermore, several studies have shown a
correlation between acute or persistent liver damage and the
detection of lipoprotein-associated, rather than immunoglob-
ulin-associated, HCV (18, 20). Yet, it remains unclear whether
association with immunoglobulins neutralizes the virus and/or
whether lipoproteins influence and/or enhance HCV infection
and pathology. To address the significance of lipoprotein par-
ticles in HCV biology, we studied the effects of human serum
and lipoprotein particles on the infectivity of HCVpp.

(This study was presented at the 11th International Sympo-
sium on Hepatitis C Virus and Related Viruses, Heidelberg,
Germany, October 2004).

MATERIALS AND METHODS

Expression constructs and production of HCVpp. Expression vectors for E1
and E2 glycoproteins of genotypes la of strain H77 (GenBank accession no.
AF009606) and 1b of strain CG1b (accession no. AF333324) and the hypervari-
able region 1 (HVR1) deletion mutant (with G384 to N411 deleted; strain H77)
have been described previously (3, 4) and were used to construct point mutations
within HVR1 (G389L, L399R, G406L, and G406R) and E1 (Y276F) (one-letter
amino acid code, numbered according to the sequence of the polyprotein pre-
cursor [accession no. AF009606]) by site-directed mutagenesis (details avail-
able upon request). The murine leukemia virus (MLV) packaging and green
fluorescent protein (GFP) transfer vectors and the phCMV-RD114, phCMV-G,
phCMV-HA/NA, phCMV-LCMV, and phCMV-HIV expression plasmids en-
coding glycoproteins of feline endogenous virus RD114, vesicular stomatitis
virus, influenza virus, lymphocytic choriomeningitis virus, and human immuno-
deficiency virus (HIV), respectively, have been described previously (3, 43; un-
published results). 293T cells were transfected with expression vectors encoding
viral glycoproteins, retroviral core proteins, and GFP transfer vector by using
a CalPhos mammalian transfection kit (Clontech, France). Twenty-four hours
after transfection, the medium was replaced with Dulbecco modified Eagle me-
dium (DMEM)-10% fetal calf serum (FCS) for standard particle production or
with DMEM containing specified amounts of sera/lipoproteins. Supernatants
were harvested 24 h after the medium change, filtered (0.45-pum pore size), and
used to infect Huh-7 (32), PLC/PRF/5 (ATCC CRL-8024), SW-13 (CCL-105),
SK-Hepl (HTB-52), CHO-CDS81/SRBI (4), HepG2 (HB-8065), and HepG2-
CD81 (4) cells. Two hours prior to infection, target cells were preincubated in
DMEM containing 0.1% FCS or no serum at all. Then the medium was removed,
and dilutions of viral supernatants were added to the cells and incubated for 3 h.
As indicated, additional serum or lipoproteins (high-density lipoprotein [HDL],
low-density lipoprotein [LDL], or very-low-density lipoprotein [VLDL], contain-
ing 2.17 mg/ml, 9.46 mg/ml, and 4.39 mg/ml of cholesterol, respectively; pur-
chased from Calbiochem) were added to the infection reaction mixtures at the
indicated concentrations. The HDL preparation (density, 1.063 to 1.2 mg/ml)
contained a mixture of HDL, and HDL;. After 3 h of incubation, the superna-
tants were removed and the infected cells were kept in regular medium (DMEM,
10% FCS) for 72 h before analysis of the percentage of GFP-positive cells with
a fluorescence-activated cell sorter (3). Infections were controlled by using non-
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enveloped particles, which resulted in background titers below 10 TU/ml. The
downregulation of scavenger receptor BI (SR-BI) in Huh-7 cells was achieved via
small interfering RNA (siRNA)-expressing lentiviral vectors, as previously de-
scribed (25).

Reagents and antibodies. For preparation of sera, blood was incubated on ice
for 2 h and centrifuged at 4,000 rpm for 20 min, and the supernatants were
harvested and stored in aliquots at —80°C. The human sera used in this study
contained, on average, 3.27 * 1.48 mg/ml LDL (12 samples) and 1.40 * 0.38
mg/ml HDL. Normal human serum is reported to contain ca. 1.2 to 2.98 mg/ml
HDL (i.e., 0.37 to 0.92 mg/ml of cholesterol HDL) (www.doctissimo.fr/html
/dossiers/cholesterol.htm). BLTs were obtained from Chembridge and resus-
pended in dimethyl sulfoxide. 9/27 and AP33 (34) and E2mAb-1 (C. Granier, B.
Bartosch, and F.-L. Cosset, unpublished results) are E2-specific monoclonal
antibodies. A pool of HCV immunoglobulins G (IgG) (70 mg/ml) was concen-
trated and purified from a set of 25 different sera from patients with chronic
HCV, of genotypes 1a, 1b, and 3, using DEAE Affi-Gel Blue gel (Bio-Rad)
according to the manufacturer’s instructions. The origins of the sera from a
cohort of acutely infected HCV patients have been described previously (24).
Anti-RD polyclonal serum was used as previously described (3). Western blot
analysis of pseudoparticles purified on 20% sucrose cushions was performed as
previously described (3).

RESULTS

Human serum stimulates infectivity of HCVpp. HCVpp
have been shown previously to reproduce the cell entry steps of
HCV and its neutralization (2-4, 19). We generated HCVpp
by transfecting 293T cells with three plasmids encoding the
retroviral core proteins, the full-length, unmodified E1 and E2
glycoproteins of HCV of genotype 1a, and a recombinant ret-
roviral genome harboring a GFP marker (3). Infectivity of the
HCVpp recovered in the supernatant of transfected 293T cells
was determined on Huh-7 hepatocarcinoma cells by measuring
the number of GFP-positive cells. Compared to the HCVpp
infectivity produced in culture medium devoid of serum, the
addition of normal human serum (HS) to the culture medium
of transfected 293T cells strongly stimulated infection of Huh-7
cells in a dose-dependent manner, with a maximum increase of
20-fold (Fig. 1A). This increase was not due to increased par-
ticle production in the presence of large amounts of human
serum, as shown by immunoblotting purified viral particles
(Fig. 1A, inset), albeit a maximal twofold increase was seen
in some experiments. An enhancement of infection was not
observed when FCS, rather than HS, was used to produce
HCVpp (Fig. 1A). Infection of control pseudoparticles gener-
ated with the RD114 feline endogenous virus glycoprotein

FIG. 1. Enhancement of HCVpp infectivity by HS. Infection assays were performed on Huh-7 cells using HCVpp of genotype 1a and RD114pp
as the controls. The infectious titers of HCVpp and RD114pp produced in 0.1% FCS were ca. 5 X 10* and 1 X 107 IU/ml, respectively. To obtain
viral supernatants containing similar amounts of infectious particles, we therefore diluted all preparations of RD114pp 250-fold. Results show the
increases in infection determined by calculating the ratios between the average infectious titers determined in the presence or absence of serum,
as indicated. (A) Virions were produced in cell culture media containing the indicated quantities of normal HS or FCS. Results are expressed as
ratios between the average infectious titers determined in the presence or absence of serum (mean = SD, 5). The inset shows a Western blot of
purified viral particles that were produced in the absence (—) or presence of 1% HS. The glycoproteins of HCVpp and RD114 were revealed using
the A4 and H52 monoclonal antibodies against E1 and E2 (9, 13) and an anti-SU antiserum (ViroMed Biosafety Laboratories), respectively. The
MLV capsid (MLV CA) proteins of either pseudoparticle were detected with an anticapsid antiserum (ViroMed Biosafety Laboratories).
(B) Virions produced in low-serum medium (0.1% FCS) to which sera from the indicated species were added to 1% were used for infections. The
results are expressed as ratios between the average infectious titers determined in the presence of the indicated sera and the titers determined in
0.1% FCS (mean =+ SD, 4). (C) Virions were produced in cell culture media containing 0.1% FCS and defined quantities of purified vLDL, LDL,
and HDL, as indicated in pg/ml of cholesterol lipoprotein. The results are expressed as ratios between the average infectious titers obtained in
the presence or absence of the indicated lipoproteins (mean * SD, 4). The inset shows a Western blot of purified viral particles produced in
low-serum medium supplemented with 6 wg/ml LDL and HDL or not supplemented (—), as indicated. (D) Virions produced in low-serum medium
(0.1% FCS) were incubated with defined quantities of VLDL, LDL, and HDL, as indicated in pg/ml, or with defined quantities of an HDL-deficient
serum from a patient with Tangier disease (HDL-def. HS) and are compared to normal HS. The results are expressed as ratios between the average
infectious titers in the presence of lipoproteins or sera and the titers determined in the absence of lipoproteins or sera.
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FIG. 2. Role of SR-BI in facilitation of infection. (A) Results of infection assays with Huh-7, PLC/PRF/5, HepG2-CD81, SW-13, and SK-Hepl1
cells that express or do not express SR-BI receptors. HCVpp and RD114pp (1/250 dilution) were produced in cell culture medium containing 0.1%
FCS. The infectious titers of HCVpp for these cells in the absence of human serum were as follows: for SK-Hep1, 1.2 X 10° IU/ml; HepG2-CD8],
1.3 X 10* IU/ml; PLC/PRF/5, 5.7 X 10* IU/ml; SW-13, 10° IU/ml; and Huh-7, 2.4 X 10* IU/ml. Infection assays were performed in the absence
or presence of 1% normal HS, which was added during infection. The results are expressed as ratios between the average infectious titers
determined in the presence or absence of serum (mean * SD, 3). The inset shows the expression levels of SR-BI from immunoblotting equal
amounts of cell lysates with an SR-BI rabbit antiserum (ab396; Abcam; 1/1,500), as described previously (25). Note that we could detect very small

amounts
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(RD114pp) was increased less than threefold (2) (Fig. 1A) and
correlated well with a twofold increase in the incorporation of
RD114 glycoproteins in the presence of human serum (Fig.
1A, inset). Altogether, these results suggested that a specific
component(s) of HS enhances the infectivity of HCVpp. To
find out whether this component(s) changed the composition
of HCVpp during viral assembly and thus indirectly influenced
infection, or whether it acted directly on HCVpp by increasing
the infectivity, we tested the effect of HS added in trans to HCVpp
produced in serum-free medium. Again, the addition of normal
HS, but not FCS, increased infectivity (Fig. 1B), though ca. two-
to fourfold less efficiently than production of HCVpp in similar
amounts of HS. Enhancement of infection was also detected for
the other HCV genotypes/subtypes (genotypes 1 to 6; data not
shown) as well as with all types of normal HS we tested (over
12 types of HS; Fig. 1B and data not shown). Facilitation of
infection was specifically mediated by primate sera, since in-
cubation of HCVpp with normal sera from other vertebrate
species resulted in significantly reduced levels of enhancement
(Fig. 1B). Enhancement of infection for other viruses has been
described previously to be mediated by antibodies and/or by
complement (14, 16, 47). However, IgG-depleted normal HS
stimulated infection of HCVpp as efficiently as untreated HS
(data not shown), and incubation of HCVpp with immuno-
globulins purified from HCV-negative HS was not found to
facilitate infection (data not shown). Additionally, serum de-
complementation by heat treatment did not abrogate the fa-
cilitation of HCVpp infectivity (data not shown). Finally, only
HCVpp infectivity, not that of pseudoparticles generated with
the glycoproteins from alternative enveloped viruses (including
HIV, MLV, lymphocytic choriomeningitis virus, vesicular sto-
matitis virus, and influenza virus), was stimulated by normal
HS (data not shown). These data excluded a role of antibodies
or complement in the facilitation of HCVpp infectivity and
showed this effect to be highly specific for HCV.

HDL and SR-BI are infection-facilitating components. Since
HCYV isolated from the plasma of HCV-infected patients is
often associated with lipoproteins (1, 18, 20, 29, 30, 40, 49), we
asked whether lipoprotein interactions could enhance infec-
tion of HCVpp. As shown in Fig. 1C, HCVpp produced in the
presence of purified HDL had an infectivity that was strongly
increased compared to that of control RD114pp. Average con-
centrations of HDL in normal human serum are in the range of
0.37 to 0.92 mg/ml of cholesterol HDL, and maximal infection
enhancement by HS is observed at an HS concentration of
0.5 to 2.5% (Fig. 1A), which amounts to 1.85 to 23 wg/ml of
cholesterol HDL. This number corresponds well to the amount
of purified HDL (4 to 9 pg/ml cholesterol HDL) required for
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maximal infection enhancement (Fig. 1C). Furthermore, the
infectivity of HCVpp produced in optimal concentrations of
HDL could not be further enhanced by the addition of HS and
vice versa (data not shown), suggesting that HDL is the
predominant enhancing factor in HS. Consistently, no or less-
than-twofold enhancement of infection was detected when the
HCVpp were produced with LDL or vLDL, respectively (Fig.
1C).

To exclude possible indirect effects of lipoproteins on
HCVpp infectivity via modification of the membrane lipid
composition during viral production, all further experiments
were performed in trans by adding HS or lipoproteins to
HCVpp produced in low-serum medium. Consistent with pre-
vious experiments performed in cis, infection of HCVpp was
significantly increased when in trans-purified HDL, but not
LDL or vLDL, was added to HCVpp just before infection of
Huh-7 cells (Fig. 1D). Also, an HDL-deficient HS from
a patient with Tangier disease did not stimulate infection in
trans (Fig. 1D), further demonstrating that HDL is an es-
sential infection-enhancing factor in normal HS. Interestingly,
the pretreatment of HS with several polyclonal antibodies
targeted against Apo-Al, -A2, -Cl1, -C2, and -C3, which are
expressed on HDL, did not abrogate infection enhancement
(data not shown). While these results do not exclude the pos-
sibility that the active HDL component is a protein, it is pos-
sible that lipids or protein/lipid complexes are involved. Fi-
nally, the enhancement of infection by normal HS or by HDL
was restricted to pseudoparticles harboring glycoproteins de-
rived from HCV and did not include those from alternative
enveloped viruses (data not shown), suggesting a specific in-
terplay of the HCV glycoproteins with HDL and their cell
surface receptors.

HDL is a ligand of the scavenger receptor SR-BI, a molecule
required for HCV entry (4, 44), and its high-affinity binding to
SR-BI mediates the selective lipid uptake of cholesteryl esters
from lipid-rich HDL to cells (21). We therefore asked whether
HDL-mediated facilitation of HCVpp requires SR-BI. While
infection enhancement of HCVpp incubated with HS was de-
tected in Huh-7 cells as well as in other SR-BI-expressing cells,
such as PLC/PRF/5 hepatocarcinoma cells, or in SW-13 adre-
nocortical cells, no facilitation of infection could be detected in
SK-Hepl hepatocarcinoma target cells that express undetect-
able SR-BI levels (Fig. 2A). Additionally, no infection enhance-
ment could be detected when SR-BI was blocked using a poly-
clonal SR-BI-blocking antibody. While this antibody reduced
infection of HCVpp in the absence of HS, as previously re-
ported (4), it completely inhibited the stimulation of infection
mediated by both HS and HDL (Fig. 2B). Likewise, the down-

of SR-BI in SK-Hepl cells on overexposed autoradiographs. (B) HCVpp or RD114pp (1/250 dilution) were produced in cell culture medium
containing 0.1% FCS and used in infection assays with Huh-7 cells in the absence of HS (no HS) or in the presence of 1% HS or 6 pg/ml HDL.
The same set of infections was performed in the presence of a 1/50-diluted polyclonal anti-SR-BI mouse serum (4). Results are shown as ratios
between the average infectious titers determined in the presence or absence of human serum or HDL (mean *+ SD, 2). (C) Huh-7 cells expressing
a control or anti-SR-BI siRNA (25) were used as target cells for HCVpp or RD114pp (1/250 dilution) produced in 0.1% FCS in the absence (no
HS) or presence of HS, as indicated. Downregulation of SR-BI reduced the HCVpp titer fivefold from that of control siRNA-treated Huh-7 cells,
as reported previously (25). The inset shows the expression levels of SR-BI from immunoblotting of all lysates, as described previously (25). Results
are shown as ratios between the average infectious titers determined in the presence or absence of serum. (D) Huh-7 target cells were treated with
16.7 uM or 50 pM of BLT compounds before and during infection with HCVpp or RD114pp (1/250 dilution) that were produced in 0.1% FCS.
As indicated, no HS/HDL, normal HS (2.5%), or HDL (6 wg/ml) was added to the infection reaction mixture. Results are shown as ratios between
the average infectious titers determined in the presence or absence of HS or HDL (mean * SD, 3).
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TABLE 1. Enhancement of HCVpp infection by human serum

Sequential treatment of Huh-7 target cells Increase in
infection”
Step A Step B Step C (fold)
Preincubation of HS with HCVpp NA*® NA 4.1 x0.02
for 1 min®
Preincubation of HS with HCVpp NA NA 42 *0.05
for 60 min®
Preincubation of cells with HS No wash HCVpp 4.6 = 0.04
for 1 min®
Preincubation of cells with HS No wash HCVpp 52 +0.02
for 60 min®
Preincubation of cells with HS Wash HCVpp 0.81 = 0.04
for 1 min®
Preincubation of cells with HS Wash HCVpp 0.7 =0.02
for 60 min®
Prebinding of HCVpp to target cells’ No wash HS 3.8 £0.05
Prebinding of HCVpp to target cells’  Wash HS 3.5*0.02

“ Results of infections are expressed as ratios (*standard deviations) of the
average infectious titers (n = 3) determined in the presence and absence of HS
(2.5%).

> Virus and HS had been preincubated for the indicated times at room tem-
perature, before addition of the mixtures to Huh-7 cells.

¢ Huh-7 target cells were preincubated with HS for the indicated times at room
temperature and then directly infected with HCVpp or washed twice to remove
unbound HS before infection with HCVpp.

4 HCVpp were prebound to Huh-7 cells for 1 h at 4°C. Then, HS was directly
added to the infection, or unbound virus was removed by washing the Huh-7 cells
twice before the addition of HS. Removing unbound virus from the infection
reaction mixture resulted in a 15-fold reduction in the titer.

¢ NA, not applicable.

regulation of SR-BI with lentiviral vectors carrying an siRNA
targeted against SR-BI (25) significantly reduced infection en-
hancement by HS (Fig. 2C). Altogether, these results suggest-
ed that enhancement of infection involves an interplay be-
tween HCVpp and a serum component(s) such as HDL or
SR-BI. Interestingly, infection enhancement by HS was detect-
ed in HepG2 hepatoma cells transfected with CD81, another
HCV coreceptor (36). However, parental HepG2, as well as
CHO cells expressing both CD81 and SR-BI, remained non-
permissive to HCVpp in the presence of HS or HDL (data not
shown). Thus, HDL-mediated enhancement of HCVpp cell entry
requires SR-BI, CD81, and an as-yet-unidentified coreceptor(s).

To investigate which stages of cell entry HS or HDL en-
hances, we performed experiments where HS/HDL and virus
were added to target cells in various orders. Exposure of
HCVpp to HS prior to infection did not increase infection
enhancement compared to the concomitant addition of HS
and HCVpp to Huh-7 cells (Table 1), nor did preincubation of
target cells with HS for various amounts of time have an effect
on the level of HCVpp infection enhancement. However, if HS
was removed from target cells by washing them before HCVpp
addition, no infection enhancement was observed (Table 1).
When HCVpp prebound to Huh-7 target cells at 4°C were
subsequently exposed to HS, infectivity was enhanced (Table
1). Similar results were obtained with HDL, while LDL showed
no enhancing effect under any of the conditions described
(data not shown). This indicated that serum factor or HDL
either interacts with the virus particles or needs to be present
at the same time as HCVpp to exert a stimulatory effect. This
stimulatory effect may occur after virus attachment to cells, as
prebound HCVpp remain sensitive to HS/HDL. Consistently,
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we were not able to detect an increased binding of HCVpp to
SR-Bl-positive target cells in the presence of HS or HDL by
fluorescence-activated cell sorter analysis (23) (data not shown),
confirming that the enhancement of infection may occur at a
postbinding stage.

To further examine the role of SR-BI in HDL-mediated
infection enhancement of HCVpp, we preincubated target
cells with BLT-3 and -4, small-molecule inhibitors that block
SR-BI-mediated selective cholesteryl ester uptake from HDL
(33) prior to infection. While the BLT-3 and -4 compounds did
not significantly reduce the infectivity of HCVpp in the ab-
sence of HS or HDL, they abrogated the enhancement of
infection by HS or HDL in a dose-dependent manner (Fig.
2D). Infectivity of control RD114pp was not affected by the
BLT compounds (Fig. 2D). In conclusion, inhibition of the
cholesteryl ester uptake function of SR-BI by two structurally
unrelated inhibitors concomitantly blocks HS- or HDL-medi-
ated infection enhancement of HCVpp, suggesting that these
two processes may be linked.

HVR1 is a viral component involved in HDL-mediated en-
hancement of infection. HVR1, the 27 N-terminal amino acids
of the E2 HCV glycoprotein, has been implicated previously in
mediating interactions of HCVpp with SR-BI during cell entry
(4, 44). The removal of HVRI still allows efficient incorpora-
tion of E1 and E2 glycoproteins (Fig. 3A) but results in ca. 10-
fold-reduced cell entry (4). Interestingly, we found that the
infectivity of HCVpp harboring HVR1-deleted glycoproteins
was not stimulated by HS or HDL (Fig. 3C), indicating that
HVRI is required for enhancement of infectivity, perhaps by
interacting with the facilitating serum component(s) or HDL.
We confirmed this result with HVR1 deletion mutants gener-
ated from HCVpp harboring E1 and E2 glycoproteins from
alternative HCV genotypes (data not shown).

To further analyze the role of HVRI in infection, we intro-
duced changes in conserved amino acid positions of HVR1
(G389L, L399R, G406L, and G406R) that are thought to be
essential for its conformation and perhaps for cell interaction
(35). All mutants incorporated similar ratios of E1 and E2
glycoproteins (Fig. 3A). The virions exhibited infectious titers
between 2.4 X 10* and 1.4 X 10° IU/ml (Fig. 3B), consistent
with the <2- to 3-fold differences in envelope incorporation
levels. To take into account these slight variations in virion
production levels, the inputs of wild-type and mutant HCVpp
were adjusted to investigate the effects of HS and HDL on the
infectivity of the pseudoparticles. Interestingly, some muta-
tions, i.e., L399R and G406L, abrogated the enhancement of
HCVpp infection mediated by HS and HDL (Fig. 3C). The
G406R mutation resulted in an intermediate phenotype. In
contrast, the G389L mutation increased the infection enhance-
ment in the presence of HS or HDL, underlining the impor-
tance of HVR1 conformation in virus entry. Altogether, these
results confirmed the important role played by HVR1 in cell
entry and its enhancement by HS or HDL and pointed out key
amino acid residues mediating these functions.

HVR1 suppresses a neutralizing immune response in HCV-
infected patients. HVR1 is an important target of neutralizing
antibodies in vivo, and its variability is thought to allow HCV
to persist in vivo (10). Since HVR1 also appeared to be the
target of the enhancing serum factor (Fig. 3), we asked to what
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TABLE 2. Neutralizing responses in sera from acute-phase
HCV-infected patients

Neutralizing response” in sera from patients infected with:

Patient®
HCVpp-1b HCVpp-dellb HCVpp-la HCVpp-della

1 ++ +++ - ++

2 + ++ - +++
3 ++ +++ +/—= +++
4 + +++ - +

5 + +++ — +++
6 ++ +++ + +++
7 + +++ — ++

8 - + - ++

9 - + — +

10 - + - +

11 - + — +

12 - + - +

13 +/— + — ++

“ The cohort consisted of hemodialysis patients (mean age, 63.7 years; range,
37 to 77 years) with HCV RNA-positive acute HCV infection who had all been
infected by a single HCV source, genotype 1b, during a nosocomial outbreak that
occurred in a hemodialysis ward in mid-2002, as described in reference 26. They
were all followed for 6 months without treatment before a therapeutic decision
was made. Acute HCV infection was confirmed in patients 1 to 13 by charac-
terizing seroconversion profiles with a line immunoassay (INNO-LIA HCV 1V;
Innogenetics, Ghent, Belgium). One group of patients (patients 1 to 7) was
characterized by a strong decrease in HCV replication over time, correlated with
the emergence of neutralizing responses, whereas a second group (patients 8 to
13) did not clear or control the virus (26).

b The neutralizing responses were analyzed by incubating patient sera with
viral particles harboring the E1 and E2 glycoproteins of genotype 1b (HCVpp-
1b), genotype la (HCVpp-1a), and the HVR1-deleted versions of these glyco-
proteins (HCVpp-dellb and HCVpp-della, respectively). The results display the
maximal neutralizing activity detected during the 6-month followup and are
expressed as the mean percentages of inhibition of the average infectious titers
relative to that from incubation with medium devoid of HS. —, no detectable
neutralization; +/—, <25% neutralization; +, 25 to 80% neutralization; ++, 80
to 90% neutralization; +++, >90% neutralization. The results were derived
from at least three independent experiments, and the standard deviations (Fig.
4A) did not exceed 15% of the mean values.

extent its interplay with HS or HDL could modulate HCVpp
inhibition by neutralizing antibodies.

First, we investigated the effects of facilitating serum com-
ponents on the neutralization of HCVpp in the sera of a cohort
of acute-phase patients infected with a single HCV virus of
subtype 1b during a nosocomial outbreak in a hemodialysis
center (24). One group of patients (7/13 patients) developed
neutralizing antibodies of seemingly narrow specificity and
showed a >3- to 4-log decrease in HCV RNA titer (24) (Table
2 and Fig. 4A, panels Pt-3 and Pt-4). Indeed, as previously
reported (24), the emergence of neutralizing antibodies in
these patients could be readily detected using HCVpp display-
ing the autologous E1 and E2 glycoproteins derived from these
patients or displaying highly homologous E1 and E2 sequences
of a 1b subtype (strains CG1b and BK). No or poor neutral-
ization was detected when HCVpp of more-divergent strains,
including strain la or strains of different subtypes/genotypes,
were used. Strikingly, upon the deletion of HVR1, we found
that HCVpp of genotypes 1b and la were both efficiently
cross-neutralized (Fig. 4A and Table 2). Conversely, a second
group of acute-phase patients (6/13 patients) was characterized
by sustained high viral loads (<1-log decrease in HCV RNA
titers) and did not develop a neutralizing response detectable
with HCVpp harboring autologous E1 and E2 glycoproteins
(24) (Table 2 and Fig. 4A, panels Pt-8 and Pt-9). Again, we
found that sera from patients 8§ and 9 could efficiently cross-
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FIG. 3. Role of HVRI1 in facilitation of infection. (A) Immunoblots
of purified HCVpp generated with E1 and E2 wild-type or mutant
glycoproteins (genotype la) are shown. E2 point mutations G389L,
L399R, G406R, and G406L are located in the HVRI region. Y276F
HCVpp, an E1 point mutant, served as the control. The HCV glyco-
proteins and the MLV capsid (MLV CA) proteins were revealed with
A4 and H52 monoclonal antibodies against E1 and E2 (9, 13) or with
an anti-MLV capsid antiserum (ViroMed Biosafety Laboratories).
(B) Titers of HCVpp harboring point mutations. Results are expressed
as average infectious titers determined on Huh-7 cells in the absence
of serum or lipoproteins (mean * SD, 3). (C) Results of infection of
Huh-7 cells with HCVpp or RD114pp produced in 0.1% FCS, with the
addition of 2.5% normal HS or 6 pg/ml HDL to the infection reaction
mixture. The concentrations of viral supernatants were adjusted to ob-
tain infection of ca. 5 to 10% of target cells. The results are expressed
as ratios between average infectious titers determined in the presence
or absence of serum or lipoproteins (mean = SD, 3).
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TABLE 3. Modulation of HCVpp antibody-mediated
neutralization by HS or HDL

neutralize HVR1-deleted HCVpp of both subtypes 1a and 1b
(Fig. 4A and Table 2). Similar results were obtained from the
analysis of sera from chronic-phase patients. Indeed, the neu-

Neutralization in Antibody concn (pg/ml) at?:

tralization titers of such sera were at least 10-fold lower when Antibody presence of%: = . o .
using unmodified HCVpp compared to those with HVRI- i i % »
deleted HCVpp in infection assays (data not shown). Alto- ~ E2mAb-1 No serum 0.4 4 10 13.89
gether, these results suggested that the neutralizing activities of ESDL 2‘2‘ — — _

antibodies from sera of HCV-infected patients are inhibited or
not detectable in the presence of HVR1 on HCVpp. 9/27°

The presence of HVR1 and HDL protects HCV from neu-
tralizing antibodies. To investigate this issue further, we per-
formed neutralization assays of HCVpp with purified antibod-

No serum 1.95 2.62 3.06 3.38
HDL 1.83 2.85 3.98 7
HS 1.54 2.33 3.24 4.48

A K | AP33° No serum 4.53 13.83 19.02 21.86
ies in the presence or absence of HS or lipoproteins. In the HDL 18.86 _ — _
absence of HS or in the presence of LDL, the infectivity of HS 21.46 — — —
HCVpp could be neutralized by over 95% by antibodies puri-

fied from patients chronically infected with HCV (Fig. 4B and ~ HCV Ig” Egier”m }‘l‘ ;8 238 ;88
Table 3) or by some E2 monoclonal antibodies (Table 3). In HDL 70 350 o o

contrast, in the presence of HS or HDL, the neutralization of HS 90 450 _ _
HCVpp was much less efficient. Indeed, the polyclonal and
some monoclonal HCV antibodies, even at high concentra-
tions, could not neutralize the HCVpp by more than 80% and

Anti-RD114¢ No serum 0.431

HS 0.459

0.559 2.33 4
0.559 2.33 5

60%, respectively (Fig. 4B and Table 3). Interestingly, the 9/27
monoclonal antibody, raised against HVR1, formed an excep-
tion since no difference of neutralization titers could be de-
tected in the absence of HS or in the presence of HS or HDL
(Table 3).

By performing serial dilutions of neutralizing antibodies, we
calculated that, depending on the antibody, 4- to 20-fold more

“HS (2.5%), HDL (6 pg/ml), or LDL (39 pg/ml) was added to target cells
concomitantly with the indicated antibodies, before infection with HCVpp or
RD114pp.

’ Neutralization of HCVpp was achieved with the indicated antibodies. The
antibodies recognize a conformational epitope (E2mAb-1), the HVR1 (9/27),
and the amino acid 412 to 423 region (AP33) in E2.

¢ Neutralization of RD114pp was achieved with a polyclonal antibody against
RD114 glycoproteins.

@ Concentration of antibodies in infection medium required to neutralize the
HCVpp or RD114pp at the indicated ID values. —, not applicable, as neutral-

antibody was required to neutralize HCVpp in the presence of ization could not reach the indicated ID value at saturating antibody concentra-
HS or HDL than was required to neutralize HCVpp in the tions.

presence of LDL or in the absence of HS (Fig. 4B and Table
3). This was most likely an underestimation, since for most
antibodies, these ratios could be calculated only for the 60%
infective dose (IDg,) (and some IDg) values (Table 3). These
findings were specific to HCVpp, as RD114pp were neutral-
ized with the same efficiency by an anti-RD114 polyclonal
antibody in the absence or in the presence of HS (Table 3).
These results suggested that the interaction of HVR1 with a
component(s) of normal HS provides a mechanism to protect
HCV from neutralization by antibodies targeted outside the
HVRI. These findings are consistent with the increased capac-

ity of acute-phase patient sera to neutralize HVRI1-deleted
HCVpp (Fig. 4A). Furthermore, the capacity of HVR1 to
mediate both infection enhancement and protection from
neutralization was confirmed using HCVpp harboring mu-
tated HVRI1 sequences. Indeed, the mutations that inacti-
vated HVR1-mediated infection enhancement (e.g., L399R
and G406L [Fig. 3C]) also abolished the protection by HS from
inhibition by neutralizing antibodies (Fig. 4C).

FIG. 4. Human serum or HDL protects HCVpp from neutralization. (A) Effects of sera from a cohort of acutely infected HCV patients (24)
on infectivity of the indicated HCVpp. Data were obtained over a time interval of 16 weeks and are shown for four patients who are representative
of the cohort. The HCV RNA kinetics for each patient were measured weekly after inclusion in the cohort (HCV RNAs [given in IU/ml], analyzed
by means of a third-generation, branched-DNA-based assay [Versant HCV RNA 3.0 assay; Bayer Diagnostics, Tarrytown, N.J.]). The 13-patient
cohort consisted of two groups. The first group (7/13 patients), represented by patients 3 and 4 (Pt-3 and Pt-4), showed a >3- to 4-log reduction
in HCV RNA titers in the second half of the study period (24). Patients 8 and 9 (Pt-8 and Pt-9) represent the second group (6/13 patients), in whom
replication levels remained high (<1-log decrease in HCV RNA titers) throughout the entire study period (24). Serum samples chosen from the
beginning, middle, and end of the study period from these four patients were investigated in neutralization assays at 1/50 dilutions with HCVpp
(10* TU) of genotype 1b, strain CG1b (HCVpp-1b); HCVpp of genotype la, strain H77 (HCVpp-la); or their HVR1-deleted counterparts
(HCVpp-dellb and HCVpp-della, respectively) by incubation for 30 min at room temperature before infection of Huh-7 target cells. The results
are expressed as mean percentages (*standard deviations [SD]; n = 3) of inhibition of the infectious titers relative to inhibition from incubation
with medium devoid of patient sera. Note that no or poor neutralization was detected in Pt-3 and Pt-4 (group 1) with HCVpp-1a, and no
neutralization at all was detected in Pt-8 and Pt-9 (group 2) with both HCVpp-1a and HCVpp-1b (Table 2). The specificity of neutralization was
controlled with RD114pp, against which no antibodies were detected in HS (3). Nonspecific inhibition of RD114pp (data not shown) over a value
of =20% was never detected. (B) Titration of neutralizing antibodies in total IgG purified from chronically infected HCV patients. Neutralization
assays were performed in the absence of HS (no HS) or in the presence of 2.5% HS, 39 pg/ml LDL, or 6 pg/ml HDL. The results are expressed
as mean percentages (=SD; n = 4) of inhibition of the infectious titers relative to inhibition from incubation with medium devoid of antibodies.
(C) Neutralization curves of the AP33 monoclonal HCV E2 antibody in the absence (no HS) or presence of 2.5% HS using HCVpp harboring
the indicated point mutations in HVR1. The results are expressed as the mean percentages (=SD; n = 3) of inhibition of the infectious titers
relative to incubation with medium devoid of antibodies. IDy, values are indicated by dotted lines.



8226 BARTOSCH ET AL.

DISCUSSION

Enhancement of infection in vivo has been reported previ-
ously for several viruses: virus-specific antibodies can enhance
viral infectivity, both in vitro and in vivo, through the binding
of virus-antibody complexes to cellular Fc receptors (expressed
in, e.g., monocytes/macrophages) via the Fc portion of the
antibodies (38). Fixation of the C3 or Clq complement pro-
teins, activated by virus-antibody complexes, can also facilitate
virus entry, as has been shown for HIV (14), dengue virus (17),
and Ebola virus (47). Finally, antibody-independent enhance-
ment of HIV infection in vitro, via a mechanism that involves
receptors of the classical and alternative complement path-
ways, has also been reported (16). However, none of these
previously described mechanisms appear to be involved in the
facilitation of HCVpp infection by HS observed in this study.
Indeed, sera from healthy donors did not lose their ability to
facilitate HCVpp infection after decomplementation by heat
treatment, and incubation with normal purified human immu-
noglobulin or monoclonal antibodies did not augment infec-
tivity. Our results demonstrate that HCVpp infection is signif-
icantly increased by factors within HS, a major component of
this enhancement being HDL, which is in agreement with a
recent study (51). Furthermore, HDL-mediated infection en-
hancement requires the HCV receptor candidate, scavenger
receptor BI (SR-BI), involves the HVRI1 of the E2 glycopro-
tein, and leads to protection from neutralizing antibodies.

Cell entry of HCV is thought to involve several cell surface
molecules, including the LDL receptor (1); the type-C lectins
(DC-SIGN and L-SIGN), which act as virion capture receptors
(37); the tetraspanin CD81 (36); and the SR-BI receptor (44)
that acts as a cell entry coreceptor. The involvement of some of
these molecules in cell entry has been confirmed by using
HCVpp (3, 4, 19, 52). SR-BI is a 509-amino-acid glycoprotein
with two C- and N-terminal cytoplasmic domains separated by
a large extracellular domain. Although a direct interaction
between soluble E2 glycoproteins and SR-BI could be demon-
strated (44), how this receptor mediates HCV entry requires
further investigation. It has become clear that the HVRI do-
main located at the amino-terminal end of the E2 glycoprotein
is a critical region required for the functional interaction be-
tween E2 and SR-BI. Indeed, deletion of this region decreases
E2 binding to SR-BI (44) and SR-Bl-mediated cell entry (4)
and lowers infectivity of HVR1-deleted HCVpp more than
10-fold.

SR-BI is a lipoprotein receptor responsible for the selective
uptake of cholesteryl ester from HDL via a two-step mecha-
nism involving the binding of lipoproteins to its extracellular
domain followed by lipid uptake (8). It is possible that HDL
interacts with HCVpp, via protein/protein or lipid/protein in-
teractions, and hence stimulates interactions between SR-BI
and the HCV glycoproteins, leading to increased HCVpp en-
try. However, we have not been able to detect an enhancement
of HCVpp binding to target cells in the presence of HDL or a
stable physical association of HDL with HCVpp using sucrose
gradients and coimmunoprecipitation assays performed with
apolipoprotein or E1 and E2 antibodies (data not shown).
These negative results could mean that interactions between
HDL and HCVpp are transient and/or of low affinity, just as
interactions between HDL and SR-BI are of a transient nature
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due to loss of affinity to SR-BI after cholesteryl uptake (26).
Alternatively, as HDL enhances infection of HCVpp which are
already bound to target cells, infection enhancement may be
linked to cholesteryl ester uptake from HDL by SR-BI. Our
finding that inhibitors of cholesterol transfer (BLT-3 and -4)
(33) abolished HDL-mediated enhancement of HCVpp entry
supports this hypothesis. However, even though BLT-3 and
BLT-4 are structurally very different molecules (33), we cannot
exclude the possibility that BLTs may simply inhibit HCVpp
infection enhancement by HDL by modulating the physical
interaction(s) of SR-BI and/or HDL with HCVpp.

One consequence of SR-BI-mediated lipid uptake is an in-
crease of the cholesterol contents of target cell membranes,
which is known to facilitate the entry of many different viruses,
such as influenza virus and HIV (6, 41). Indeed, cholesterol
influx is essential for regulating the properties of cell mem-
branes, probably by maintaining sphingolipid rafts, which are
platforms for virus entry (6, 41), in a functional state (46).
However, under the experimental conditions described here,
HCVpp are many times more sensitive to HDL-mediated in-
fection enhancement than are other cholesterol-sensitive vi-
ruses. Furthermore, preincubation of target cells with HDL did
not facilitate HCVpp entry, suggesting that other mechanisms
or mechanisms in addition to simple cholesterol enrichment of
cell membranes are involved in HCVpp enhancement of in-
fection. More specifically, HCVpp may interact with SR-BI
and HDL to specifically target cholesterol-enriched microdo-
mains and/or to stimulate local cholesterol enrichment and
thus enhance its entry. Alternatively, the direct interaction(s)
of HDL with HCVpp, bound or not bound to SR-BI, may
induce or accelerate conformational changes within the HCV
glycoproteins or SR-BI which are required for the fusion pro-
cess.

We did not identify here the components in HDL which
mediate infection enhancement of HCVpp, but we do know
that this effect is limited to HDL from primate species, which
differ not only in their apolipoprotein sequences but also in
their lipid compositions. It remains unclear, therefore, whether
proteins and/or lipids contained in HDL are involved in HCV
infection enhancement. Using a number of antibodies directed
against apolipoproteins contained within HDL (anti-Apo-Al,
-A2, -C2, and -C3), we could not inhibit HCVpp infection,
although the antibodies we tested here may not have bound the
relevant epitopes. Of note, in a separate study, we found that
recombinant apolipoprotein C1 protein enhanced HCVpp in-
fectivity ca. twofold (29a).

The involvement of HVR1 in infection enhancement via
HDL and SR-BI is highly significant, given that its genetic
variability, which is thought to be the result of a continuous
selection process by the host humoral immune response, may
allow the virus to adapt to its host. Indeed, the early develop-
ment of HCV quasispecies and particularly the variation of
HVRI have been suggested to correlate with persistent infec-
tion (10), whereas reduction of genetic diversity, leading to
increasingly homogenous virus populations, has been shown to
be a consistent feature associated with viral clearance in sus-
tained responders (12). Consistently, HVR1 has been shown to
contain at least one neutralization epitope (2, 4, 11, 19, 45).
Furthermore, the emergence of antibodies against HVR1 in
inoculated chimpanzees was associated with variations in
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HVRI1, whereas no variation was detected in the absence of
detectable HVR1 antibodies (50). These findings and other
evidence in support of HVRI selection by the humoral re-
sponse (5, 42) have led to the notion that HVR1 may function
as an “immunological decoy,” stimulating a strong immune
response that causes variant selection but that is ineffective for
viral clearance (31).

Our results shed new light on the functions of HVRI1 as an
essential component of sustained HCV infection. Indeed, we
found that via an interplay with HDL, HVR1 not only pro-
motes infection enhancement but also increases protection
from neutralization >4- to 20-fold (Fig. 4). The mechanism
underlying protection from neutralizing antibodies is currently
unclear. A shielding of neutralizing epitopes on the virion by
HDL would be the most straightforward explanation. Indeed,
HCV purified from the plasma of infected patients is found in
a number of forms which vary at different stages of the disease.
Fractionation of blood samples by ultracentrifugation tech-
niques reveals three fractions in which HCV RNA is present:
a low-density fraction (<1.063 g/ml) containing infectious viri-
ons associated with LDL that is detected early in the infection
but not in chronically infected patients (18, 39); an intermedi-
ate-density fraction (1.063 to 1.21 g/ml) containing HDL that is
predominant in chronically infected patients (29) and that ac-
cumulates mutations in HVR1 (7); and a high-density, nonin-
fectious fraction (>1.21 g/ml) containing immunoglobulins
complexed with virions (7, 18). While HCV isolated from the
intermediate-density fraction was not detectably associated
with HDL, the available evidence suggests that it can be nei-
ther immunoprecipitated by HCV antibodies nor cleared by
the humoral immune response, in contrast to HCV detected in
the low-density fraction (40). These data are consistent with
our findings that HCVpp are protected from neutralizing an-
tibodies in the presence of HDL but not LDL (Fig. 4). The
implications of these results are significant for our understand-
ing of viral propagation and persistence in vivo. Indeed, HDL
strongly stimulates HCVpp infectivity because it enhances in-
fection and also because neutralization in the presence of HDL
requires at least 4- to 20-fold more antibody. Importantly, a
polyclonal antibody purified from a pool of chronically infected
patients could not neutralize more than 80% of the virions
treated with HDL or normal HS, even when it was used at high
concentrations. Interestingly, at saturation, a set of E2 mono-
clonal antibodies targeted to epitopes outside HVRI1 neu-
tralized HCVpp significantly less efficiently in the presence
of normal HS or HDL, while a monoclonal antibody against
HVRI could inhibit infection almost totally, most likely as a
result of inactivation of the protection mechanism itself.

Furthermore, we found that HVR1 impaired the detection
of neutralizing and cross-neutralizing antibodies in both acute-
ly and chronically infected patients. A recent study of the hu-
moral response in a cohort of acute-phase patients infected by
a single-source HCV revealed that HCV RNA loads decreased
in some patients, which correlated with the progressive emer-
gence of neutralizing antibodies of narrow specificity, while in
other patients, high and stable HCV RNA levels correlated
with a lack of neutralizing antibodies despite seroconversion
(24). Strikingly, the use of HVR1-deleted HCVpp in neutral-
ization assays with sera from this latter group of patients
revealed the existence of a relatively strong neutralization re-
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sponse against both homologous and heterologous HCV se-
quences. Moreover, the use of HVR1-deleted HCVpp, in con-
trast to wild-type HCVpp, led to the detection of a stronger
and broader neutralizing response in sera from the first group
of patients, indicating that HS/HDL may somehow mask
HCVpp from the cross-neutralizing antibodies present within
these sera. However, we have not yet been able to demonstrate
an interaction of HCVpp with HDL in order to explain such a
“masking” effect. Yet, interactions with lipoproteins may be
very transient in nature. Furthermore, interactions between,
e.g., lipid moieties in HDL and the HCV glycoproteins may be
of low affinity and thus hard to demonstrate. Alternatively, the
affinity of the glycoproteins to HDL may decrease after con-
formational changes are induced. Reconstitution of HDL par-
ticles with defined populations of lipids and apolipoproteins
may help to identify the HDL components required for
HCVpp enhancement of infection and interactions and allow
us to shed more light on how HDL helps HCVpp to escape
from neutralization.

Altogether, our results and those of others assign to HVR1
three different roles which are complementary in their aim to
help the virus to survive within its host: enhancement of cell
entry, masking of virions from (cross-)neutralizing antibodies
by HDL, and escape from a selective humoral immune re-
sponse by mutation. Preserving the three functions of HVR1
may be essential for viral persistence and is consistent with the
notions that, despite its high degree of genetic variability,
highly conserved amino acid positions are found throughout
HVRI and that, even at various positions, the physicochemical
properties of amino acids are maintained (35). Indeed, we
found that the nonconservative substitution of conserved
amino acids had a dramatic effect on infection enhancement,
suggesting that the genetic diversification of HVR1 may com-
promise immune escape and enhancement of cell entry. While
the conserved amino acids may be responsible for maintaining
HVRI1 in a conformation that allows interaction with HDL
and/or SR-BI, the truly variable positions are likely involved in
HVRI antigenicity, a type of organization similar to those of
immunoglobulin and T-cell-receptor variable domains that ex-
hibit variable sequences but conserved conformations (15).
Deciphering the molecular aspects of HVR1 in immune escape
and infection enhancement will provide valuable information
for HCV biology and the development of antiviral therapies.
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