
Recombinant Hepatitis C Virus Envelope Glycoprotein Vaccine Elicits
Antibodies Targeting Multiple Epitopes on the Envelope Glycoproteins
Associated with Broad Cross-Neutralization

Jason Alexander Ji-Xhin Wong,a Rakesh Bhat,a Darren Hockman,a Michael Logan,a Chao Chen,a Aviad Levin,a Sharon E. Frey,b

Robert B. Belshe,b D. Lorne Tyrrell,a John Lok Man Law,a Michael Houghtona

Li Ka Shing Institute of Virology, Department of Medical Microbiology and Immunology, University of Alberta, Edmonton, Alberta, Canadaa; Department of Internal
Medicine, Saint Louis University School of Medicine, Saint Louis, Missouri, USAb

ABSTRACT

Although effective hepatitis C virus (HCV) antivirals are on the horizon, a global prophylactic vaccine for HCV remains elusive.
The diversity of the virus is a major concern for vaccine development; there are 7 major genotypes of HCV found globally. There-
fore, a successful vaccine will need to protect against HCV infection by all genotypes. Despite the diversity, many monoclonal
antibodies (MAbs) with broadly cross-neutralizing activity have been described, suggesting the presence of conserved epitopes
that can be targeted to prevent infection. Similarly, a vaccine comprising recombinant envelope glycoproteins (rE1E2) derived
from the genotype 1a HCV-1 strain has been shown to be capable of eliciting cross-neutralizing antibodies in guinea pigs, chim-
panzees, and healthy human volunteers. In order to investigate the basis for this cross-neutralization, epitope mapping of anti-
E1E2 antibodies present within antisera from goats and humans immunized with HCV-1 rE1E2 was conducted through peptide
mapping and competition studies with a panel of cross-neutralizing MAbs targeting various epitopes within E1E2. The immu-
nized-goat antiserum was shown to compete with the binding of all MAbs tested (AP33, HC33.4, HC84.26, 1:7, AR3B, AR4A,
AR5A, IGH526, and A4). Antisera showed the best competition against HC84.26 and AR3B and the weakest competition against
AR4A. Furthermore, antisera from five immunized human vaccinees were shown to compete with five preselected MAbs (AP33,
AR3B, AR4A, AR5A, and IGH526). These data show that immunization with HCV-1 rE1E2 elicits antibodies targeting multiple
cross-neutralizing epitopes. Our results further support the use of such a vaccine antigen to induce cross-genotype neu-
tralization.

IMPORTANCE

An effective prophylactic vaccine for HCV is needed for optimal control of the disease burden. The high diversity of HCV has
posed a challenge for developing vaccines that elicit neutralizing antibodies for protection against infection. Despite this, we
have previously shown that a vaccine comprising recombinant envelope glycoproteins derived from a single genotype 1a strain
was capable of eliciting a cross-neutralizing antibody response in human volunteers. Here, we have used competition binding
assays and peptide binding assays to show that antibodies present in the antisera from vaccinated goats and humans bind
epitopes overlapping with those of a variety of well-characterized cross-neutralizing monoclonal antibodies. This provides a
mechanism for the cross-neutralizing human antisera: antibodies present in the antisera bind to conserved regions associated
with cross-neutralization. Importantly, this work provides further support for a vaccine comprising recombinant envelope gly-
coproteins, perhaps in a formulation with a vaccine component eliciting strong anti-HCV CD4� and CD8� T cell responses.

Hepatitis C virus (HCV), the causative agent of hepatitis C,
poses a global health problem, with an estimated �150 mil-

lion people infected worldwide and up to 3 to 4 million new in-
fections per year (1). Nearly complete cures are on the horizon
with the advent of directly acting antivirals (DAAs). However,
given the high cost of DAAs, they are unlikely to completely re-
duce the global health burden. A prophylactic vaccine for HCV
remains a crucial requirement for the eventual control of HCV (2,
3). One of the major obstacles to HCV vaccine development is the
considerable genetic diversity of the virus; there are 7 major geno-
types found around the world, with differences up to 30 to 40% at
the primary nucleotide sequence level (4). Many factors contrib-
ute to the diversity of HCV: an error-prone RNA-dependent RNA
polymerase that lacks proofreading activity, resulting in a muta-
tion rate of 2.5 � 10�5 mutations per nucleotide per genome
replication, the long-lived nature of infected cells, the presence of
multiple replication complexes in an infected cell, and the low

turnover rate of these replication complexes (5). As a result of this
diversity, HCV exists as a quasispecies in an infected individual,
which has been suggested to facilitate immune evasion via muta-
tions. One of the domains identified as important in immune
evasion is the N-terminal hypervariable region I of E2 (reviewed in
reference 6).

There have been studies clearly proving the importance of vi-
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rus-specific cell-mediated immunity in control of infection, and
furthermore, chimpanzees were shown to eradicate infection de-
spite poor anti-HCV antibody responses (7–10). However, there
is evidence that neutralizing antibodies targeting the envelope gly-
coproteins (E1 and E2) on the surface of the virion play a role in
spontaneous clearance of infection by preventing cell entry. Re-
ports have shown that in two instances of single-source outbreaks,
an early robust neutralizing antibody response was closely associ-
ated with clearance of the infection, while a late neutralizing anti-
body response was seen in patients who proceeded to develop a
chronic infection (11, 12). A more recent study has shown that an
early broadly neutralizing antibody response against a panel of
genotype 1 viruses in vitro was predictive of clearance in a cohort
of prospectively monitored young injection drug users (13). There
has been much work done in studying cross-neutralizing patient
sera and antisera from animals immunized with E1E2, with a par-
ticular focus on cross-neutralizing monoclonal antibodies
(MAbs) isolated from the patients and animals (reviewed in ref-
erence 14). This has resulted in an extensive collection of MAbs
with well-characterized epitopes and neutralizing activities. Both
patient sera and MAbs have been shown to prevent chronic infec-
tion in vivo using the chimeric human liver SCID/uPa mouse
model and chimpanzees (15–18). Taking the data together, while
cell-mediated immunity is protective, a prompt cross-neutraliz-
ing antibody response likely contributes to protection, as well.
Given the vast diversity of the virus, much of which is located
within E1E2, an optimal global prophylactic vaccine may need to
elicit antibodies capable of neutralizing the entry of highly variable
strains.

A vaccine based on the recombinant envelope glycoproteins
(rE1E2) from a single genotype 1a strain (HCV-1) protected
chimpanzees from chronic infection following homologous and
heterologous genotype 1a (gt1a) viral challenge (reviewed in ref-
erence 19). Antisera from the immunized chimpanzees were
shown to exhibit in vitro cross-neutralizing activity (20). A phase I
clinical trial was conducted in human volunteers with a similar
antigen (21). Antisera from selected vaccinated individuals were
similarly capable of neutralizing chimeric cell culture-derived vi-
ruses (HCVcc) expressing the structural proteins of strains repre-
senting all 7 major HCV genotypes in vitro (22). We hypothesized
that there are antibodies present in the antisera that recognize
conserved structural determinants on the surfaces of virions de-
spite the vast heterogeneity of the virus, enabling cross-neutraliza-
tion.

In this study, we performed peptide mapping and competition
enzyme-linked immunosorbent assays (ELISAs) with well-de-
scribed cross-neutralizing antibodies to explore the antigenic re-
gions of E1E2 antibodies present in neutralizing antisera. This was
used to investigate the basis of cross-genotype neutralization in
vitro using rE1E2 antisera.

MATERIALS AND METHODS
Cell cultures and antibodies. Chinese hamster ovary (CHO) cells stably
expressing E1E2 from the genotype 1a H77c strain (GenBank accession
number AF009606) were propagated in Iscove’s modified Dulbecco’s me-
dium (IMDM) (Thermo) containing 10% heat-inactivated fetal bovine
serum (FBS) (Gibco), 0.1 mM/0.016 mM sodium hypoxanthine/thymi-
dine (HT supplement; Gibco), 0.002 mM methotrexate, 100 units/ml
penicillin, and 100 �g/ml streptomycin (PenStrep; Invitrogen). Huh-7.5
cells were propagated in Dulbecco’s modified Eagle medium (DMEM)
(Gibco) containing 10% heat-inactivated FBS (Omega Scientific), 0.1

mM nonessential amino acids (NEAA) (Invitrogen), and penicillin and
streptomycin (PenStrep; Invitrogen). The MAbs mouse anti-cluster of
differentiation 81 (CD81) clone JS-81 (BD Biosciences), mouse isotype
control IgG1 (R&D Systems), mouse anti-NS5A (9E10), anti-HCV MAbs
(IGH526, A4, AP33, HC33.4, 1:7, AR3B, AR4A, and AR5A), and human
anti-HIV antibody B6 have been described previously (15, 16, 23–31).

HC33.4 and HC84.26 were provided by Steven K. H. Foung; B6,
AR3B, AR4A, AR5A, and IGH526 were provided by Mansun Law; AP33
was provided by Arvind Patel; 1:7 was provided by Mats Persson; A4 was
provided by Jean Dubuisson; and 9E10 was provided by Charlie Rice and
Tim Tellinghuisen.

Antiserum samples from immunized goats and human volunteers.
Two goats (G757 and G714) were immunized five times with 10 �g of
rE1E2 derived from the genotype 1a HCV-1 strain (Novartis; GenBank
accession number M62321.1). For the first three immunizations, the vac-
cine was formulated with the Addavax adjuvant (Invivogen), a squalene-
based oil-in-water emulsion similar to MF59, followed by one immuni-
zation formulated with complete Freund’s adjuvant (CFA) and one
immunization formulated with incomplete Freund’s adjuvant (IFA)
(Rockland Immunochemicals). The three antiserum samples examined in
this study were collected in blood draws performed prior to the immuni-
zations (Pre), after the 3 rounds of immunizations using the Addavax
adjuvant (Post-Addavax), and after the last two immunizations with
CFA-IFA (Post-Freund’s). Goat immunizations were performed by Rock-
land Immunochemicals under approved IACUC protocols.

Human antisera were obtained from an NIH-funded clinical trial
(DMID 01-012) in which the safety and immunogenicity of a vaccine
constituting a recombinant E1E2 immunogen derived from a genotype 1a
isolate (HCV-1) formulated with the MF59C.1 adjuvant was tested (21).
The trial was approved by the Saint Louis University Institutional Review
Board (IRB number 15719). Two samples were used for this study: prior
to immunization (Pre) and 2 weeks post-3rd immunization (Post).

Antisera from goats and humans were heat-inactivated at 56°C for 30
min prior to all assays in order to inactivate complement.

ELISA. (i) Binding to E1E2 glycoproteins. Microtiter plates (Corn-
ing) were coated with Galanthus nivalis lectin antigen (GNA) (20 �g/ml;
Sigma), and the plates were blocked with blocking buffer (phosphate-
buffered saline [PBS], 1% casein, 0.5% Tween 20). One hundred micro-
grams of lysates from CHO cells stably expressing H77c E1E2 were incu-
bated in each well. Antisera from goats and humans or MAbs were then
added to test binding. For titration experiments, MAbs were added in
6-fold dilutions starting at 36 �g/ml. Alkaline phosphatase (AP)-conju-
gated goat anti-human, goat anti-mouse, or rabbit anti-goat secondary
antibody (1:10,000; JacksonImmuno) was incubated in the wells, and p-
nitrophenyl phosphate (Sigma) was used to develop the signal. Absor-
bance was read at 405 nm in an Enspire 2300 Multilabel Plate Reader
(Perkin-Elmer).

(ii) Competition ELISA. GNA-captured H77c E1E2 was used as the
target antigen. Goat or human antisera in different dilutions were added
for 1 h prior to removal and adding MAb (at a concentration normally
resulting in 70% maximal binding) for 1 h. Binding of the MAb was
measured with AP-conjugated anti-human or anti-mouse secondary an-
tibodies (1:10,000; JacksonImmuno). When human antisera were used to
block binding of human MAbs, the MAbs used were biotinylated using
the EZ-Link Micro NHS-PEG4-Biotinylation Kit (Thermo), and binding
was detected using AP-conjugated streptavidin (1:4,000; Sigma). Fifty
percent inhibitory concentrations (IC50) were calculated with Prism 5
(GraphPad software).

Binding to linear synthetic peptides. N-terminal biotinylated pep-
tides (GLBiochem, Shanghai, China) were diluted in acetonitrile and wa-
ter to 1 mg/ml. Peptides were diluted to 10 �g/ml in peptide blocking
buffer (PBS, 1% casein, 1% Triton X-100, 0.5 M NaCl, 1 mM EDTA) and
added to NeutrAvidin-coated microtiter plates (Thermo). Antisera from
vaccinated goats and human MAbs were diluted in blocking buffer and
added to the plates. The same alkaline phosphatase-conjugated secondary
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antibodies described above were diluted to 1:10,000 in a 1:1 ratio of pep-
tide blocking buffer and Odyssey blocking buffer (Li-Cor Biosciences).
The peptides used were amino acids (aa) 409 to 423 of the HCV-1 (gt1a)
strain (QNVQLINTNGSWHLN), aa 433 to 447 of the HCV-1 (gt1a)
strain (LNTGWLAGLFYHHKF), and an irrelevant peptide (GYIRGLFP
NVLRE) derived from a rice protein (Oryza sativa japonica). For peptide
competition assays, different dilutions of goat antisera were added to the
peptides for 1 h prior to removal and adding the MAb for 1 h. The binding
of the MAb was then measured as described above.

HCVcc production and neutralization. Cell culture-derived chimeric
HCVcc were produced using a previously described protocol (32, 33).
Briefly, 6 � 106 Huh7.5 cells were mixed with 5 �g of HCV RNA in a
2-mm-gap electroporation cuvette. Five pulses of 860 V (99 �s; 1.1-s
intervals) were delivered with an electroporator (ElectroSquare Porator
ECM 830; BTX). The cells electroporated with HCV RNA were incubated
in DMEM-10% FBS-0.1 mM NEAA, and supernatant was collected to
produce virus stocks at 3 and 5 days postelectroporation. The virus titer
was calculated as the 50% tissue culture infectious dose (TCID50) as de-
scribed previously (32).

Neutralization was evaluated using the HCVcc in vitro model. Briefly,
dilutions of antisera from immunized goats and humans were preincu-
bated with 300 TCID50 of HCVcc for 1 h at 37°C. They were then added to
96-well plates seeded with Huh-7.5 cell monolayers (104 cells/well) 24 h
previously. The medium was removed 12 h postinfection and replaced
with fresh medium. The cells were fixed with 2% paraformaldehyde 48 h
postinfection. Mouse anti-NS5A antibody (9E10) or mouse isotype con-
trol IgG1 (R&D Systems) was added at 1 �g/ml as a primary antibody, and
an Alexa Fluor 647-conjugated goat anti-mouse secondary antibody was
added (1:400; Molecular Probes). Cells that stained positive for the pres-
ence of NS5A were counted using the fluorescence-activated cell sorter
(FACS) LSRFortessa (BD Biosciences). The results were analyzed with
FlowJo (TreeStar).

RESULTS
Recombinant E1E2 heterodimer elicits cross-neutralizing anti-
bodies in goats. Two goats (G757 and G714) were immunized
with rE1E2, the same genotype 1a (HCV-1) immunogen previ-
ously utilized in a phase I clinical trial (21). The first three vacci-
nations were formulated with the adjuvant Addavax, followed by
two sequential immunizations using CFA-IFA. The vaccine was
immunogenic: Post-Addavax and Post-Freund’s antisera exhib-
ited binding to E1E2 derived from the genotype 1a H77c sequence,
as measured by ELISA (Fig. 1A). Goat antisera also neutralized
infection by the chimeric HCVcc H77c/JFH-1 (H77c represents a
heterologous subgenotype 1a isolate). Of the two goats, antisera
from G757 exhibited higher neutralizing activity than antisera
from G714 (Fig. 1B). The immunogenicity was improved after
boosting with the CFA-IFA formulation; there was an increase in
E1E2 binding and neutralization potency after the boosts with
CFA-IFA for both goats. G757 was studied for neutralizing activity
against the same panel of HCVcc strains (representing all the ma-
jor global genotypes) that was previously used for the vaccinated
human volunteers. The antiserum was found to have broadly
cross-neutralizing activity, and notably, the neutralizing profile
was comparable with human vaccinee antisera (Fig. 1C) (22). In
the subsequent characterizations of the immune response, we fo-
cused on antiserum from G757 due to its greater neutralizing ac-
tivity.

Goat antiserum prevents the binding of cross-neutralizing
monoclonal antibodies to E1E2. Table 1 shows the cross-neutral-
izing antibodies examined in this study, and Fig. 2 provides a
model describing the epitopes on E1E2. Five of the antibodies
(AP33, HC33.4, HC84.26, 1:7, and AR3B) are capable of binding

soluble E2. These MAbs target the disparate regions of E2 that
form the CD81 receptor binding site (CD81bs) to block the inter-
action between E2 and CD81 (15, 23–28). Two other antibodies
(AR4A and AR5A) recognize unique epitopes outside the CD81bs
and bind to the native E1E2 heterodimer and do not bind dena-
tured E1E2 or either E1 or E2 alone (16). A4 and IGH526 recog-
nize epitopes in E1 alone. A4 is a nonneutralizing MAb, and
IGH526 is capable of cross-neutralizing various genotypes of
HCV (29–31). Competition ELISAs were used to determine if
vaccine-elicited antibodies targeted similar epitopes. First, we
performed titration experiments with MAbs in E1E2-binding
ELISAs. We elected to use the concentrations of the MAbs result-
ing in 70% maximal binding in the competition studies (data not
shown). We then tested the effects that various dilutions of anti-
sera from the immunized goat had on binding of the MAbs. Both
G757 Post-Addavax and Post-Freund’s antisera were capable of
partially inhibiting the binding of all MAbs to H77c E1E2, while
G757 Pre demonstrated minimal nonspecific inhibition (Fig. 3A
to C). The dilution of antiserum capable of inhibiting the binding
of the MAbs by 50% (IC50) was calculated (Table 2). Both Post-
Addavax and Post-Freund’s antisera were able to inhibit the bind-
ing of AP33, HC33.4, HC84.26, 1:7, AR3B, and AR5A by more
than 50% at the lowest dilution of antiserum tested (1:5). While
substantial competition was observed with IGH526, A4, and
AR4A, it was noticeably less; either Post-Addavax (IGH526 and
A4) or both postimmunization bleeds (AR4A) were incapable of
competing with the binding of these MAbs by at least 50% at a
dilution of 1:5 (Table 2). Our results showed that goat antisera
competed with the binding of MAbs targeting E1, E2, and the
E1E2 heterodimer. While the anti-E1 and anti-E2 MAbs varied in
their dependence on the native E1E2 conformation for binding,
both the anti-E1E2 MAbs were conformation sensitive (Table 1
and Fig. 2). Although E1 is usually considered less immunogenic,
we found that the goat antisera competed with the binding of two
anti-E1 antibodies (Fig. 3C).

Antisera from the other rE1E2-vaccinated goat (G714) showed
a similar pattern of competition with the binding of some of the
MAbs in the panel, but competition was less efficacious than with
G757 antisera, since the vaccine was generally less reactive in G714
(Fig. 1A and B and data not shown).

The MAbs HC33.4 and HC84.26 bind to linear synthetic pep-
tides, so we explored whether goat antiserum exhibits similar
properties (27, 28). Consistent with the literature, HC33.4 and
HC84.26 bound linear peptides spanning aa 409 to 423 and aa 433
to 447 from the E2 protein, respectively. While immunization
elicited antibodies in G757 capable of binding both peptides, the
reactivity was higher for peptide aa 433 to 447 (Fig. 4A and B).
Consistently, we observed better competition with G757 antisera
against HC84.26 than HC33.4 (Fig. 3A and Table 2). To explore
the specificity of the competition with binding of MAbs to E1E2
further, we studied the ability of goat antisera to compete with the
binding of HC33.4 and HC84.26 to their respective peptides. We
found G757 antisera could compete with the binding of these
MAbs to their respective peptides but did not affect nonspecific
binding to an irrelevant peptide (Fig. 4C). This indicates G757
antiserum competes with the binding of HC33.4 and HC84.26 by
directly blocking interaction with their target epitopes.

E1E2 vaccine induces antibodies recognizing epitopes asso-
ciated with broad neutralization in humans. We extended our
findings to the vaccinated human volunteers and investigated if
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antibodies targeting the epitopes of cross-neutralizing MAbs were
elicited. Competition assays were conducted with antisera from
five of the volunteers vaccinated in the clinical phase I trial in the
100-�g-dose group. The antiserum samples from these volunteers
(2, 5, 7, 10, and 14) identified as Pre and Post were the same

samples previously studied for in vitro neutralizing activity. Post
samples from two of the volunteers (5 and 7) were found to have
broad cross-neutralizing activity against chimeric HCVcc express-
ing the structural proteins from strains from all 7 HCV genotypes
(22). Due to the paucity of vaccinee antisera, we tested competi-

FIG 1 Antisera from two goats (G757 and G714) immunized with recombinant E1E2 (HCV-1) were tested for E1E2 binding (A) and activity to prevent HCV
infection (B and C). The goat antisera tested were collected prior to immunization (Pre), following the immunizations formulated with Addavax (Post-Addavax),
and after the two sequential immunizations with complete and incomplete Freund’s adjuvant (Post-Freund’s). (A) GNA was used to capture E1E2 in lysates from
CHO cells stably expressing recombinant E1E2 (strain H77c). The goat antisera were diluted in blocking buffer in 4-fold serial dilutions (1:25, 1:100, 1:400, and
1:1,600) and added to ELISA microtiter wells containing E1E2. Antibody binding was detected with an AP-conjugated anti-goat secondary antibody. The error
bars represent standard deviations between triplicates. (B and C) Neutralization of HCVcc expressing the Core-NS2 regions of various strains by immunized-goat
antisera. HCVcc were preincubated with diluted goat antisera and used to infect Huh-7.5 cells. The cells were fixed 48 h postinfection, and infected cells were
detected by flow cytometry (see Materials and Methods). The results are shown as percent neutralizing activity by postvaccination antisera normalized to activity
by prevaccination antisera. The error bars represent standard deviations between at least two independent experiments. (B) Neutralization of chimeric H77c
HCVcc (genotype 1a) by diluted Post-Addavax and Post-Freund’s antisera (1:50, 1:100, and 1:200) from both goats. (C) Neutralization of chimeric HCVcc
expressing the Core-NS2 regions of the H77c (1a), J4 (1b), J6 (2a), J8 (2b), S52 (3a), ED43 (4a), SA13 (5a), and HK6a (6a) strains by Post-Freund’s antiserum
from G757 at a 1:50 dilution.
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tion with just five MAbs (AP33, AR3B, AR4A, AR5A, and
IGH526). Since all the MAbs with the exception of AP33 were
human derived, the MAbs were biotinylated to enable detection in
competition ELISAs. Biotinylation did not affect binding of MAbs
to E1E2 or competition by goat antisera (data not shown). Prevac-
cination antisera from all the volunteers exhibited no effect on
binding of all tested MAbs compared to a no-serum control. An-
tibodies recognizing epitopes of these MAbs were present in the

vaccinees; similar patterns of competition with binding of the
MAbs were exhibited by postvaccination antisera from all the vol-
unteers, albeit with varying degrees of competition (Fig. 5A).
Postvaccination antiserum from volunteer 5 blocked binding of
the MAbs to an extent comparable with postvaccination goat an-
tiserum from G757. We also observed a dose-dependent effect, as
competition was enhanced at 1:10 compared to 1:30 (Fig. 5B).

DISCUSSION

Previously, antisera from human volunteers immunized with ge-
notype 1a rE1E2 (HCV-1) were found to have cross-genotype
neutralizing activity (22). In this study, we characterized the cross-
neutralizing epitope repertoire within these antisera. We found
evidence of antibodies present in the antisera of vaccinated goats
and humans targeting numerous epitopes associated with broad
cross-neutralization.

HCV has a complex entry process involving numerous entry
coreceptors and cofactors, including heparan sulfate proteogly-
cans (HSPG) (34), scavenger receptor BI (SR-BI) (35), CD81 (36),
the cholesterol absorption receptor Niemann-Pick C1-like 1
(NPC1L1) (37), and the tight-junction proteins claudin 1
(CLDN1) (38) and occludin (OCLN) (39). Addtionally, the recep-
tor tyrosine kinases epidermal growth factor receptor (EGFR) and
ephrin type A receptor 2 (EphA2) have been identified as impor-
tant factors that regulate the CLDN1-CD81 interactions necessary
for entry (40). Transferrin receptor 1 has also been identified as an
entry factor (41). Both soluble E2 and the E1E2 heterodimer have
been shown to directly bind to CD81 and SR-BI, and a direct
interaction between the E1E2 heterodimer and CLDN1 has also
recently been described (35, 36, 42–47). Interaction with HSPG
has been shown to be facilitated by both E1 and E2 (34, 48, 49). In
addition, virion-associated lipid components (apolipoprotein E,
apolipoprotein B, apolipoprotein C-1, and cholesterol) have a role
in facilitating and modulating interactions with HSPG, low-
density lipoprotein receptor (LDLR), SR-BI, and NPC1L1 (37,
50–53).

Many monoclonal antibodies with broad cross-neutralizing
activity have been isolated and characterized (reviewed in refer-
ence 14). The majority of these antibodies recognize overlapping

TABLE 1 Monoclonal antibodies used in competition ELISAs

MAb
Protein
targeted

Conformation
dependence Species Critical binding residuesa

Interaction
targeted Neutralization potencyb Reference

AP33 E2 No Mouse 413, 415, 418, 420 CD81 2a (HCVcc); 1a, 1b, 2a, 3a, 4a, 5a,
6a (HCVpp)

23–25

HC33.4 E2 No Human 413, 418, 420, 421 CD81 1a, 2a, 3a, 4a, 5a, 6a (HCVcc) 28
HC84.26 E2 Yes Human 429, 441, 442, 446, 616 CD81 1a, 2a, 3a, 4a, 5a, 6a (HCVcc) 27
1:7 E2 Yes Human 415, 417, 484, 491, 523, 525, 526, 527,

529, 530, 533, 535, 540
CD81 2a (HCVcc); 1a, 1b, 2a, 3a, 4a, 5a,

6a (HCVpp)
26

AR3B E2 Yes Human 412, 416, 418, 423, 424, 523, 525, 530,
535, 540

CD81 2a (HCVcc); 1a, 1b, 2a, 2b, 4, 5, 6
(HCVpp)

15

AR4A E1E2 Yes Human 201, 204, 205, 206, 487, 657, 658, 692,
698

Unknown 1a, 1b, 2a, 3a, 4a, 5a, 6a (HCVcc);
1a, 1b, 2a, 2b, 2i, 2x, 3a, 4, 5, 6
(HCVpp)

16

AR5A E1E2 Yes Human 201, 204, 205, 206, 639, 657, 658, 665,
692

Unknown 1a, 2a, 4a, 5a, 6a (HCVcc); 1a, 1b,
4, 5, 6 (HCVpp)

16

IGH526 E1 Untested Human 313–327 Unknown 1a, 1b, 2a, 4a, 5a, 6a (HCVpp) 31
A4 E1 No Mouse 197–207 None NA 29, 30
a All amino acid numbering is based on the H77c isolate strain (GenBank accession number AF009606) as specified by international consensus (66).
b HCVcc, cell culture-derived HCV; HCVpp, HCV retroviral pseudoparticles; NA, not applicable.

FIG 2 Model of E1E2 showing the locations of epitopes targeted by the MAbs
used in the study. The model of the E2 core (reprinted from Science [55] with
permission of the publisher) has been modified to include representations of
the epitopes of the MAbs used in this study. Hypervariable region I (HVR1) is
indicated at the N-terminal end of the E2 protein. With the exception of A4,
which is nonneutralizing, all of the MAbs have cross-neutralizing activity (Ta-
ble 1). A4 and IGH526 bind to different epitopes in E1. The MAbs directly
targeting epitopes in E2 (AP33, HC33.4, HC84.26, 1:7, and AR3B) block the
interaction between E2 and CD81. The epitopes targeted by these MAbs all
contain residues that facilitate or modulate the E2-CD81 interaction. The as-
terisk highlights the fact that AR4A and AR5A bind conformation-dependent
epitopes on the native E1E2 heterodimer.
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FIG 3 Competition studies with G757 goat antisera (�, Pre; �, Post-Addavax; Œ, Post-Freund’s) and a panel of MAbs. Microtiter wells containing GNA-
captured E1E2 of H77c were first incubated with diluted antiserum samples from G757 (1:5, 1:25, 1:100, and 1:400) for 1 hour, followed by incubation with the
indicated MAb. Monoclonal antibodies were added at a concentration resulting in 70% maximal binding to E1E2, as determined in prior titration experiments.
Binding of the MAbs was detected with species-specific AP-conjugated secondary antibodies. The percentage of MAbs binding in the presence of goat antisera
normalized to binding in the absence of any antiserum was calculated. The data are reported as the mean values of at least 2 experiments performed in triplicate.
The error bars represent the standard deviations of all replicates. The eight MAbs used in competition ELISAs are grouped based on their reactivities: antibodies
that bind E2 (A), antibodies that require E1E2 for binding (B), and antibodies that target E1 (C).
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regions on the E2 protein: E2 aa 412 to 424, 433 to 447, 523 to 540,
and 613 to 616 contain residues critical for binding to CD81 (27,
54). The CD81bs on E2 is a conserved conformational structure
that interacts with CD81 during entry, and many cross-neutraliz-

ing antibodies bind various residues in the CD81bs. The interac-
tions of E2 with CD81and these antibodies are described in two
recent papers characterizing the crystal structure of E2 (55, 56). All
the anti-E2 MAbs used in this study (AR3B, HC33.4, AP33,
HC84.26, and 1:7) bind to various domains of the CD81bs to
inhibit the E2-CD81 interaction (Table 1 and Fig. 2). G757 anti-
sera competed with the binding of all of these MAbs similarly,
indicating that the immunogen elicited antibodies covering the
broad CD81bs on E2 (Fig. 3A). Similar results were obtained using
human volunteer antisera to compete with the binding of AP33
and AR3B (Fig. 5A and B). This is supported by previous findings
showing that the human vaccinees’ antisera inhibited the E2-
CD81 interaction (21).

AR4A and AR5A are two recently identified MAbs targeting
epitopes outside the CD81bs and do not inhibit interaction with
CD81 (16). These MAbs require the native E1E2 heterodimer for
binding and do not bind E1 alone, E2 alone, or denatured E1E2.
The MAbs were isolated through an exhaustive-panning strategy
of an antibody antigen-binding fragment (Fab) phage display li-
brary generated from a patient chronically infected with HCV

TABLE 2 Goat G757 antiserum IC50

MAb

G757 antiserum IC50
a

Post-Addavax Post-Freund’s

AP33 1:7.4 1:145
HC33.4 1:12.4 1:252
HC84.26 1:30 �1:400
1:7 1:18.0 1:296
AR3B 1:22.7 �1:400
AR4A �1:5 �1:5
AR5A 1:17.2 1:244
IGH526 �1:5 1:8.75
A4 �1:5 1:44.3
a IC50 were calculated with Prism 5 (GraphPad Software). “�1:5” indicates the
immunized goat antiserum sample was incapable of inhibiting binding of a MAb by at
least 50% at the lowest dilution (1:5).

FIG 4 Binding of immunized-goat antisera and MAbs to linear-synthetic biotinylated peptides by ELISA. (A and B) Human MAbs (HC33.4, HC84.26, and human IgG1
isotype control B6) at 5�g/ml (A) or immunized-goat antisera from G757 diluted 1:50 (B) were incubated with biotinylated peptides precaptured in NeutrAvidin-coated
microtiter plate wells. Two peptides from E2 (aa 409 to 423 and aa 433 to 447) and an irrelevant (Irr) biotinylated peptide of similar length were used (see Materials and
Methods for the sequences). Binding was detected with species-specific AP-conjugated secondary antibodies. The results are presented as fold binding signal to peptide
over the cutoff value. The cutoff value was determined by the mean binding to the same peptide plus 3 standard deviations by either G757 Pre (A) or human IgG1 isotype
control MAb B6 (B). (C) The ability of goat sera to compete with MAb binding to peptide was determined. Diluted goat antisera were added to wells containing peptide
for 1 hour, followed by incubation of the MAb at 5�g/ml. The MAb and the target peptide are indicated. Binding of the MAbs was detected, and the percent MAb binding
in the presence of G757 antisera was normalized to binding in the presence of G757 Pre. The error bars show standard deviations of all replicates from at least two
independent experiments done in triplicate. Statistical evaluation comparing the competition with the binding of MAbs to target peptide or irrelevant peptide was
performed using a two-tailed unpaired t test, and the P values are shown.
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using the E1E2 heterodimer protein preblocked with previously
isolated anti-E2 MAbs to obtain unique and rare MAbs. They are
broadly cross-neutralizing, but the exact binding modes are cur-
rently unknown. AR4A and AR5A can bind E1E2 simultaneously
without cross-competition. However, alanine-scanning mutagen-
esis studies revealed that the two MAbs share a dependency to
bind E1E2 on several residues in the N terminus of E1 and the C
terminus of E2. D698 and D639 of E2 were critical for the binding
of AR4A and AR5A, respectively. Interestingly, D698 is within the
highly conserved membrane-proximal external region (MPER),

which is important for E1E2 heterodimerization and membrane
fusion (57). There is still much to be discovered about how the
epitopes of these MAbs are formed by E1E2 heterodimerization.
While G757 and human antisera competed with the binding of
AR4A and AR5A, there was a distinctly reduced competition
against AR4A (Fig. 3B and 5A and B). Although recognition of
AR5A requires native E1E2, binding to E1E2 was shown to be
effectively competed by CBH-7, an anti-E2 MAb that inhibits the
E2-CD81 interaction (16, 58, 59). As such, it is possible that the
antibodies present in vaccine antisera compete with the binding of

FIG 5 Competition studies with human volunteers’ antisera and a panel of neutralizing MAbs. Antiserum samples collected prior to immunization (Pre) and
2 weeks post-3rd immunization (Post) from five volunteers (2, 5, 7, 10, and 14) were tested. Microtiter wells containing GNA-captured E1E2 of H77c were first
incubated with diluted volunteers’ antisera or G757 for 1 hour, followed by incubation with the indicated MAb. Each MAb (AP33, AR3B, AR4A, AR5A, and
IGH526) was added at a concentration resulting in 70% maximal binding. AR3B, AR4A, AR5A, and IGH526 were biotinylated to enable specific detection.
Binding was detected with AP-conjugated NeutrAvidin or AP-conjugated anti-mouse secondary antibody. The results are shown as the percent binding of MAbs
in the presence of human or goat antisera normalized to binding in the absence of antisera. (A) Competition assay results from antiserum samples from five
volunteers at a dilution of 1:10. The statistical significance of the competition between Pre and Post antiserum samples for each of the MAbs was evaluated by a
two-tailed paired t test. (B) Results comparing immunized-goat antisera and matched antiserum samples from one of the volunteers (5) at dilutions of 1:10 and
1:30. Due to the paucity of human vaccinee antisera, experiments were performed only once in duplicate with a 1:10 dilution and twice in duplicate with a 1:30
dilution. The error bars show standard deviations between replicates.
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AR5A in a fashion similar to that of CBH-7 and prevent E2-CD81
interaction. The reduced competition against AR4A binding is
intriguing. There may be differences in the recognition of the
AR4A epitope between species, as human antisera exhibited
higher competition against AR4A binding than G757 Post-Add-
avax antiserum, while competition with the other MAbs was sim-
ilar (Fig. 5A). It may also be possible that the epitope for AR4A is
somewhat inaccessible in the recombinant E1E2 structure com-
pared to the native HCV virion, rendering it less immunogenic. It
will be of future interest to compare the relative competition of
AR4A by both vaccine antisera and infected patient sera.

There are very few anti-E1 antibodies available, limiting the
study of such antibodies in vaccine antisera. Nevertheless, our
studies revealed that G757 antisera competed with the binding of
two anti-E1 antibodies (A4 and IGH526), indicating that an im-
mune response was elicited against the E1 component of the E1E2
vaccine (Fig. 3C). Similar findings were observed using human
antisera to compete with the binding of IGH526 (Fig. 5A and B).
IGH526 has cross-neutralizing activity and binds a linear peptide
spanning aa 313 to 327 from the E1 protein (31). Competition
with IGH526 by goat antisera was reduced in comparison with the
other MAbs. Future work will compare the relative competition
afforded by both vaccine antisera and patient sera to see if it re-
flects an altered structure of recombinant E1E2 compared with
that of virions circulating in infected humans. More attention has
been paid to E2 as a neutralizing antibody target, and anti-E2
MAbs have been used to demonstrate protection in both chimeric
human liver mice and chimpanzees (15–17). However, anti-E1
antibodies have also been shown to confer protection. Recombi-
nant E1 protein derived from a genotype 1b strain elicited neu-
tralizing antibodies in two chimpanzees and protected them from
heterologous genotype 1b viral challenge (60). With only one neu-
tralizing epitope exclusively in E1 characterized so far (aa 313 to
327), there is likely much more to learn about neutralizing
epitopes on E1 and their roles in protection.

We have shown that vaccine antiserum binds directly to linear
peptides targeted by cross-neutralizing antibodies HC33.4 and
HC84.26 and competes for the binding of numerous other dis-
crete cross-neutralizing antibodies targeting conformational
epitopes. Our data suggest that the HCV-1 rE1E2 immunogen is
capable of eliciting antibodies that bind conserved residues over-
lapping the epitopes of many broadly cross-neutralizing antibod-
ies targeting the E2-CD81 interaction (represented by AP33,
HC33.4, HC84.26, 1:7, and AR3B) and other regions (represented
by IGH526, AR4A, and AR5A). These antibodies are likely respon-
sible for the cross-neutralizing activity exhibited by the antisera.
This study supports and confirms earlier studies showing that this
vaccine induced antibodies in human volunteers capable of inhib-
iting the E2-CD81 interaction and neutralization of HCVcc rep-
resenting strains from all 7 major global genotypes, even though
rE1E2 was derived from a single strain (21, 22). Future work will
focus on characterizing the nature of cross-neutralizing monoclo-
nal antibodies elicited by the vaccine and on elucidating the mech-
anisms of neutralization by rE1E2 antisera in the sequential pro-
cess of viral entry.

Early studies performed both in vitro and in vivo suggested that
antibody-mediated neutralization was isolate specific (61, 62).
Later findings implicated hypervariable region I in E2 as a major
determinant for both isolate-specific neutralizing antibodies and
progression to chronic infection (63–65). These studies posed a

challenge to the goal of a prophylactic vaccine based on eliciting
neutralizing antibodies. However, our previous study has shown
that E1E2 derived from a single strain can induce antibodies ca-
pable of cross-neutralizing diverse HCV strains, and similarly, the
current work shows that these antibodies are capable of compet-
ing with the binding of broadly cross-neutralizing monoclonal
antibodies (22). While the most impressive cross-neutralization
and competition activity was obtained after vaccination with the
CFA-IFA adjuvant system, the human volunteers’ antisera and
both the Post-Addavax and Post-Freund’s bleeds from G757
showed similar trends in both the cross-neutralization and com-
petition profiles. Importantly, this work indicates that the HCV-1
rE1E2 immunogen is capable of eliciting antibodies targeting
multiple conserved regions on E1E2 that confer cross-neutralizing
activity. This work provides further support for the clinical devel-
opment of rE1E2 as a vaccine antigen. In fact, this is the only HCV
vaccine candidate for which statistically significant preclinical ef-
ficacy exists (19). More powerful adjuvants are also being investi-
gated in order to further increase immune responses. The addition
of rE1E2 to a vaccine component eliciting broad anti-HCV CD4�

and CD8� T cell responses could elicit broadly protective re-
sponses from both the humoral and cell-mediated arms of the
immune system and offer enhanced protection.
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