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Hepatitis C (HCV) E2 glycoprotein is involved in virus attachment and entry, and its structural organization
is largely unknown. Characterization of a panel of human monoclonal antibodies (HMAbs) to HCV by
competition studies has led to an immunogenic organization model of E2 with three domains designated A, B,
and C and epitopes in each domain having similar structural and functional properties. Domain A contains
nonneutralizing epitopes, and domains B and C contain neutralizing epitopes. The isolation and character-
ization of three new HMAbs within domain A for a total of six provide support for this model. All six domain
A HMAbs do not neutralize HCV retroviral pseudotype particle (HCVpp) infection on Huh-7 cells, and all six
HMAbs have similar binding affinity and maximum binding, Bmax, a relative indicator of epitope density, as
other neutralizing HMAbs, suggesting that neutralization is epitope specific and not by binding to any surface
epitope. The dose-dependent neutralizing activity of CBH-7, an HMAb to a domain C epitope in spatial
proximity to domain A, and of CBH-5, a domain B HMAb to a more distant epitope, were tested in the presence
and absence of each domain A HMAb. No enhancement or reduction in CBH-7 or CBH-5 neutralizing activity
was observed, indicating that the potential induction of nonneutralizing antibodies should not be a central
issue for HCV vaccine design. To assess whether domain A is involved in the structural changes as part of a
pH-dependent virus envelope fusion process, changes in antibody binding patterns to normal pH and acid
pH-treated HCVpp were measured. Antibody binding affinity of HMAbs to HCVpp was not affected by low pH.
However, the Bmax values for low-pH-treated HCVpp with antibodies to domain A increased 46%, for domain
C (CBH-7) they increased 23%, and for domain B (CBH-5) there was a decrease of 12%. Collectively, the
organization and function of HCV E2 antigenic domains are roughly analogous to the large envelope glyco-
protein E organizational structure for other flaviviruses with three distinct structural and functional domains.

Infection with hepatitis C virus (HCV), leading to chronic
hepatitis, cirrhosis, and hepatocellular carcinoma, is a major
healthcare problem worldwide that affects over 170 million
individuals (17). Although current therapy has led to clinical
improvements in some patients, significant adverse effects and
a high relapse rate when patients discontinue treatment are
major limitations. Other strategies are needed to treat and
prevent HCV infection. An effective vaccine will need detailed
information on the structure and function of the viral envelope
proteins. The virus is a member of the family Flaviviridae,
composed of three structural proteins, capsid, two envelope
proteins, E1 and E2, and six nonstructural proteins (15, 18, 24).
Virus entry is thought to be mediated by the envelope proteins,
which are responsible for virus attachment, and receptor-me-
diated endocytosis which, under a low-pH environment in the
endosomes, triggers conformational structural changes leading
to virus envelope fusion with the endosomal membrane (2, 10,
21). These early steps of infection have been difficult to study
because of an inability to reliably grow the virus in vitro. A
robust means to analyze functional envelope proteins involved
in virus attachment and entry is infectious HCV retroviral
pseudotype particles expressing E1E2 (HCVpp) (2, 3, 10).

These HCVpp contain fully functional envelope glycoproteins
that preferentially infect human hepatocytes and hepatocellu-
lar cell lines. The envelope proteins are at least in part non-
covalent E1E2 heterodimers, and their recognition by a panel
of human monoclonal antibodies (HMAbs) to conformational
epitopes on E2 confirms the expression of native antigenic
structures (21).

Vaccine studies with recombinant E1E2 proteins in chim-
panzees showed some degree of protection against infection
challenge with homologous virus that correlated with the neu-
tralizing antibody titers to the E2 glycoprotein (5, 26). Subse-
quent binding studies with soluble E2 glycoprotein and cell
surface molecules have identified candidate receptors, includ-
ing CD81, a member of the tetraspannin family of proteins
(14), the low-density lipoprotein receptor (1, 20), the scavenger
receptor type B class I (2, 27), and two closely related mem-
brane-associated C-type mannose binding lectins, DC-SIGN
and L-SIGN (6, 16, 22). The functional and structural organi-
zation of the envelope E2 glycoprotein clearly are central to
understanding the mechanisms of virus-cell interactions. But
the structural organization of the E2 glycoprotein compared
with other flaviviruses remains largely unknown, which is
caused by difficulties in performing high-resolution crystal
structural studies for HCV proteins hindered by an inability to
purify HCV particles in sufficient amounts from infectious
sources. An alternative approach to gain insights on properties
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of HCV E2 is functional and biochemical studies with antigen-
specific antibodies. Based on competition binding studies with
a panel of HMAbs to conformational epitopes on HCV E2,
three distinct antigenic domains containing conformational
epitopes on E2 are proposed and designated as domains A, B,
and C (11). Domain A contains conserved conformational
epitopes among different HCV genotypes as originally defined
by three nonneutralizing HMAbs. Domains B and C contain
conformational epitopes that mediate virus neutralization and
are either highly conserved or more restricted among different
HCV genotypes. Domain A is felt to be in spatial proximity to
domain C in that moderate cross-competition or binding en-
hancement is observed between antibodies to these two do-
mains. This organization of HCV E2 antigenic domains has
some similarity to the large envelope glycoprotein E organiza-
tional structure for other flaviviruses, such as tick-borne en-
cephalitis virus (TBEV), and is consistent with the proposed
three-dimensional structural model of HCV E2, having three
domains based on fold recognition methods (23, 28). Detailed
immunogenic, functional, and high-resolution crystal structural
studies established an organizational structure of TBEV gly-
coprotein E into three distinct immunogenic and functional
domains (DI, II, and III) with epitopes within each structural
domain having similar structural and functional properties (23;
review in reference 19). DI is a central domain containing type-
and subtype-specific epitopes, and DII containing cross-reac-
tive epitopes is responsible for dimerization. A conserved hy-
drophobic sequence among all flaviviruses is at the tip of DII
and is felt to be responsible for the fusion activity. The low-
pH-induced structural rearrangement affects DI and DII, with
hinge-like motion leading to exposure of the fusion peptide
and subsequent fusion. DIII resembles an immunoglobulin-
like constant region, is least affected by low pH, and is felt to
be responsible for receptor binding.

We report here the functional and structural role of an
immunogenic domain, A, encoding predominately nonneutral-
izing epitopes, that supports the model of three distinct do-
mains for HCV E2. Two related issues relevant to vaccine
design are also addressed. First, whether nonneutralizing an-
tibodies are to epitopes expressed on the surface of HCV
virions was explored with six HMAbs to domain A using
HCVpp as a model virus. For some viruses, such as the human
immunodeficiency virus type 1 (HIV-1), the existence of virion
surface epitopes not mediating virus neutralization is contro-
versial, with some studies showing nonneutralizing antibody
binding to virions (9) and other studies suggesting that non-
neutralizing antibodies do not bind to surface native structures
(8). Second, whether nonneutralizing antibodies can interfere
with neutralizing antibodies was investigated by studying the
functional relationship between nonneutralizing epitopes in
domain A that are in spatial proximity to a neutralizing epitope
in domain C and to a more distant epitope in domain B.
Furthermore, in an effort to determine the functional role of
domain A, its involvement in the low-pH-induced structural
rearrangement of HCV glycoproteins leading to virus envelope
fusion was studied by observing for changes in antibody bind-
ing patterns of domain A HMAbs to normal and low-pH-
treated HCVpp.

MATERIALS AND METHODS

Cells and culture conditions. 293T cells were obtained from the American
Type Culture Collection (CRL-11268), and Huh-7 cells were generously pro-
vided by Michael Lai (University of Southern California). The cells were grown
in Dulbecco’s modified minimal essential medium (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal calf serum (Gemini Bioproducts Inc., Calabasas,
CA) and 2 mM glutamine.

Monoclonal antibodies. Isolation of new HCV HMAbs from hybridomas pro-
duced from peripheral blood B cells of a chronically HCV-infected individual
was as described elsewhere (7) using recombinant E2 protein (genotype 1b;
GenBank accession no. AF348705) constitutively expressed in CHO cells (11) as
the target antigen. The external domain of human CD4 (amino acids 1 to 371)
was amplified from peripheral blood leukocyte cDNA and cloned into the same
vector as the E2 gene (above) serving as a negative control for antibody identi-
fication. Monoclonality was confirmed by DNA sequencing (Megabace 1000; GE
Healthcare, Piscataway, NJ) of the immunoglobulin G (IgG) genes from 10
individual cell clones derived from each hybridoma. Cloning and analysis of the
VL and VH domains of these clones were performed as previously described (12).
HCV HMAb production and purification were performed as described else-
where (7), and biotinylation of the antibodies was carried out according to the
manufacturer’s instructions (Pierce Biotechnology, Inc., Rockford, IL).

Production and purification of HCV-retroviral pseudoparticles. HCVpp (ge-
notype 1a) were produced as described elsewhere (3) and isolated by first passing
supernatant containing HCVpp through a 0.45-�m filter. Concentrated HCVpp
were obtained by processing 30 ml of filtered supernatant through a 20% sucrose
cushion by ultracentrifugation using a Beckman Coulter SW 28 rotor (25,000
rpm, 2 h at 4°C). The cushion pellet was resuspended in 150 �l of NTE buffer
(150 mM NaCl, 1 mM EDTA, 10 mM Tris-HCl, pH 7.4). For further purification,
HCVpp cushion pellets were separated by sucrose density-equilibrium gradient
centrifugation in 20 to 60% sucrose at 36,000 rpm for 18 h at 4°C using a
Beckman SW 55Ti rotor. After ultracentrifugation, 250-�l fractions were col-
lected from top to bottom of the gradient. E1E2 in the fractions was detected by
Western blot analysis, and HCVpp infectivity was detected by a luciferase assay
as described below for virus neutralization. Based on HCVpp infectivity peaks,
fractions 10, 11, and 12 were pooled for the following studies as purified HCVpp.

Antibody affinity measurements. Antibody affinity measurements were per-
formed with sucrose density-equilibrium gradient–purified HCVpp. Microtiter
plates were prepared by coating each well with 500 ng of Galanthus nivalis lectin
(GNA; Sigma, St. Louis, MO), followed by blocking of the wells with BLOTTO,
consisting of 2.5% nonfat dry milk and 2.5% normal goat serum in TBST (20 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20). After blocking, HCVpp were
captured on the GNA-coated plates and later bound by a range of 0.01 to 200
�g/ml of HMAbs. The bound HMAbs were incubated with alkaline phosphatase-
conjugated goat anti-human IgG (Promega, Madison, WI), followed by incuba-
tion with p-nitrophenyl phosphate disodium hexahydrate for color development.
Absorbance was measured at 405 nm and 570 nm with an FL600 plate reader
from Bio-Tek Instruments (Winooski, VT). The data were analyzed by nonlinear
regression to measure the antibody disassociation constant, Kd, and maximum
binding, Bmax (optical density at 405 nm) using Prism software (GraphPad).

Acidic treatment of HCV retroviral pseudoparticles. Sucrose density-equilib-
rium gradient–purified HCVpp was diluted with 10% FBS-supplemented IMDM
before ultracentrifugation with a 20% sucrose cushion to get sucrose-free
HCVpp. The pelleted HCVpp was resuspended in NTE buffer and equally
divided into two parts. One part was treated with 150 mM morpholinoethane-
sulfonic acid (MES; pH 5.5) at 37°C for 20 min, followed by neutralization with
150 mM triethanolamine (pH 7.5) at room temperature for 5 min. The second
part was used for a normal pH control and adjusted with the same volume of
NTE buffer following the same treatments as the acidified part. Kd and Bmax

values for HCVpp with or without acid treatment were determined as described
above for antibody affinity measurements, with statistical analysis by paired t test
using Prism software (GraphPad).

Competition assay. This test was performed essentially as previously described
(11). Briefly, recombinant E2 protein was captured onto 96-well plates coated
with GNA in phosphate-buffered saline (PBS) for 1 hour at 37°C. After washing
and blocking, the competing antibodies at 20 �g/ml were added to E2 proteins
for 30 min at room temperature, followed by adding the biotinylated test anti-
body at 2 �g/ml. After incubating for 1.5 h at room temperature, the test
antibody was detected with alkaline phosphatase-conjugated streptavidin (Am-
ersham-Pharmacia Biotech, Piscataway, NJ) followed by incubation with p-ni-
trophenyl phosphate disodium hexahydrate for color development. Absorbance
was measured at 405 nm with a multiwell plate reader (BioTek Instruments,
Winooski, VT). The mean optical density values measured with biotinylated test
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HMAb and E2 in the presence of competing antibody were divided by signals
measured from biotinylated test HMAb and E2 without competing antibody,
followed by multiplying by 100 to obtain the percentage of test antibody bound
to E2.

Phylogenetic grouping of HCV HMAbs. Relatedness of the new HMAbs to
other antibodies was found by competition studies and clusters within a phylo-
genetic group were identified using a modified approach of unweighted pair-
group method using arithmetic averages (11). This method assumes the extent of
bidirectional inhibition as the extent of epitope overlap by the competing anti-
bodies. Unidirectional inhibition or enhancement is interpreted as proximal but
not overlapping epitopes. If one antibody competed with another antibody, their
epitopes were considered in close proximity and the antibodies were classified in
the same cluster. In this analysis, the cross-competition percentages of any two
antibodies were averaged and are expressed as a fraction (see Fig. 1B, below)
(the smaller the fraction, the greater the cross-competition). A relationship
matrix was generated, and the closest two antibodies were paired together. Their
inhibition percentages against each of the other antibodies were averaged and
added to the matrix in proximity to the original pair. This cycle was repeated until
all HMAbs were assigned in this matrix.

Neutralization of HCV retroviral pseudoparticles. This assay was performed
as described previously (3). Briefly, Huh-7 cells were seeded at 8 � 103 cells per
well in a white nontransparent 96-well plate 24 h before infection. Filtered
HCVpp-containing supernatants were added to Huh-7 cells as the infection
medium. For the neutralization assay, the infection medium was incubated with

various concentrations of HMAbs for 60 min at 37°C, with PBS and an isotype-
matched HMAb, RO4, as controls. For the antibody competition assay, the
infection medium was first incubated with 100 �g/ml of competing nonneutral-
izing antibody (e.g., an HMAb to domain A) for 30 min at room temperature
followed by the addition of testing neutralizing HMAb (CBH-7 or CBH-5) and
together incubated for an another hour before adding to Huh-7 cells. The cell
culture plate was centrifuged at 1,000 � g for 2 hours at room temperature
before placing in a humidified cell culture chamber containing 5% CO2 at 37°C.
After 15 h of incubation, the HCVpp medium was replaced with fresh complete
medium and incubated for 72 h. After adding 100 �l of reconstituted Bright-Glo
(Promega) to each well followed by 2 min of mixing, luciferase activity was
measured by a Veritas microplate luminometer (Turner Biosystems). Virus neu-
tralization activity of an antibody was determined by the percent reduction of
luciferase activity compared with that with the infection medium containing PBS.

RESULTS

Identification of new domain A HMAbs. To follow up our
previously proposed model of HCV E2 protein with three
immunogenic domains containing conformational epitopes
with distinct properties and biological functions (11), we rea-
soned that new antibodies to HCV E2 conformational epitopes

FIG. 1. Competition analysis of three new antibodies with existing HCV HMAbs (7). (A) Cross-competition matrix. (B) Phylogenetic grouping
of HCV HMAbs based on the competitive binding assay. Solid lines with numbers indicate the relatedness of the two adjacent antibodies. Circles
are clusters of antibodies in a specific domain. The three domains are as indicated on the left.
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should fall into the three immunogenic domains having similar
structural and functional properties. Peripheral blood B cells
were isolated from a chronically HCV genotype 1b-infected
individual with high-titer serum antibodies to E2 and high
neutralization of binding activity. The B cells were activated by
Epstein-Barr virus and used to produce human hybridomas as
previously described (7, 26). Three hybridomas, labeled CBH-
20, CBH-21, and CBH-22, were identified as secreting anti-
bodies that bound to genotype 1a E2 protein by immunofluo-
rescent assay. This screening emphasizes isolation of HMAbs
to conserved epitopes, as shown previously (11). Monoclonal-
ity of the hybridomas was confirmed by sequencing the IgG
genes isolated from 10 individual cell clones derived from each
hybridoma. All three cell lines produced IgG1 antibodies with
� light chains and secreted 80 to 120 �g human IgG per ml in
spent cultured supernatant. The three antibodies were able to
immunoprecipitate E2 proteins but could not detect E2 pro-
teins under reducing conditions by either enzyme-linked im-

munosorbent assay or Western blot analysis, suggesting that
they are to conformational epitopes on the HCV E2 protein
(data not shown). Sequence analysis of their Ig genes (VL and
VH) showed that CBH-20, -21, and -22 were derived from
independent B cells expressing a unique combination of heavy
and light chain CDR1, -2, and -3 regions compared with the
other CBH HMAbs to E2 protein (sequences deposited in
GenBank as accession numbers DQ109964, QD109965,
QD109966, QD109967, QD109968, and QD109969). Compar-
ison with databank sequences allowed the assignment of CBH-
20, -21, and -22 antibody germ line counterparts, respectively,
for VH domains VH3-21, VH3-21, and VH1-69 and for VL

domains VL1-1b, VL2-2e, and VL1-1b. To find out whether
the new antibodies fell into one of the previously described
immunogenic epitope clusters on E2 protein, competition
analysis with selected biotin-labeled domain A (CBH-4D), B
(CBH-5), and C (CBH-7) HMAbs was performed (Fig. 1). All
three HMAbs showed either minimum or no competition with

FIG. 2. HMAbs to domain A have no neutralization activities. (A) Neutralization assay with antibodies as indicated at 20 �g/ml. HC60, an
HCV-positive human serum, was tested at 1:100 dilution. CBH-5 and -7 represent domain B and C HMAbs, respectively. RO4 is an isotype-
matched HMAb to cytomegalovirus. (B) Neutralization assay with antibodies as indicated at various concentrations.
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domain B and C antibodies and 97% competition with
CBH-4D (Fig. 1A), suggesting the epitopes recognized by
these new antibodies are in domain A. The six antibodies to
domain A were further cross-competed with each other, and
their relatedness is shown as a phylogenetic group (Fig. 1B). In
this analysis, the most closely related antibodies among the six
domain A HMAbs were placed next to each other as deter-
mined by an algorithm as previously described (11), where the
cross-competition percentages of two antibodies are averaged
and a smaller fraction indicates greater cross-competition. Af-
ter the two closest-related antibodies (CBH-4B and CBH-22)
were placed next to each other, their cross-competition aver-
age was then used to identify the next-closest-related antibody
(CBH-20) to this pair, until all antibodies were assigned (Fig.
1B).

Effect of new domain A HMAbs on HCVpp infection of
Huh-7 cells. Earlier studies showed that genotype 1a HCVpp
infection of Huh-7 cells could be blocked by domain B and C
HMAbs but not by domain A HMAbs (21). The expectation is
that CBH-20, -21, and -22 should have similar characteristics as
the three other HMAbs (CBH-4B, -4D, and -4G), since all six
HMAbs are clustered in the same domain. As shown in Fig. 2,
the three domain A HMAbs (CBH-4B, -4D, and -4G) showed
minimum or no virus neutralization activities at 20 �g/ml (Fig.

2A). The three new antibodies (CBH-20, -21, and -22) also
showed no effect on 1a HCVpp infection of Huh-7 cells at a
concentration of 0.1 to 20 �g/ml of HMAbs (Fig. 2B). All six
domain A HMAbs were tested and showed no neutralization
at higher concentrations of up to 200 �g/ml (data not shown).
In contrast, domain B HMAb (CBH-5) or domain C HMAb
(CBH-7) and HC-60 (a polyclonal HCV serum) showed
greater than 70% neutralization against HCVpp infection of
Huh-7 cells. No neutralization activity was detected with R04,
an isotype control antibody (HMAb to a cytomegalovirus-spe-
cific protein). The six domain A antibodies showed the same
nonneutralizing activity with genotype 1b HCVpp (data not
shown). These results are consistent with the model of three
segregated conformational immunogenic domains on the E2
protein having distinct functions.

The inability of HMAbs in domain A to neutralize HCVpp
to Huh-7 cells could be caused by their epitopes not being on
the surface of HCVpp or by inadequate domain A antibody
binding to a critical number of sites on the surface of HCVpp.
We previously showed that some HMAbs in domain A can
immunoprecipitate HCVpp, suggesting that their epitopes are
accessible on the surface of HCVpp (11). We measured anti-
body binding affinity and maximum binding, Bmax, as a relative
indicator of the number of binding sites of domain A epitopes

FIG. 3. (A) Sucrose density-equilibrium gradient purification of HCVpp. Extracellular supernatant was centrifuged through 20% sucrose. The
pellet was then subjected to sucrose density-equilibrium gradient centrifugation in 20 to 60% sucrose. Fractions were collected, with fraction 1
referring to the top of the gradient. The sucrose gradient is shown as a dotted line by weight. HCVpp infectivity was analyzed on Huh-7 cells.
Sedimentation densities of sucrose gradient fractions 10, 11, and 12 are indicated by arrows. (B) Representative saturation binding of HMAbs to
purified 1a HCVpp. (C) Antibody binding affinity as represented by the disassociation constant, Kd, and maximum binding, Bmax, of tested HMAbs.
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on the surface of HCVpp compared with epitopes in domains
B and C, which have the capacity to mediate virus neutraliza-
tion. To avoid contamination of unpackaged free E2 protein,
HCVpp-containing supernatant was first passed through a su-
crose cushion and the HCVpp pellet was further purified in a
nonlinear sucrose density-equilibrium gradient from 20 to 60%
(Fig. 3 A). As shown in Fig. 3A, peak infectivity of HCVpp
sediment was as a distinct band with a density of 1.120 to 1.146
g/ml. Gradient-isolated HCVpp were used immediately for
antibody affinity measurements (Fig. 3B). As summarized in
Fig. 3C, each domain A antibody bound to genotype 1a
HCVpp, confirming the expression of their epitopes on the
surface of HCVpp and having moderate binding affinities of Kd

at 10�8 M. The Kd values of domain A HMAbs are comparable
to domain B HMAbs as represented by CBH-5 but lower than
the single antibody to domain C, CBH-7. As for the density of
HCVpp surface binding sites, CBH-4B, -20, and -22 have lower
Bmax values than CBH-5 and -7, whereas CBH-4D, -4G, and
-21 have higher Bmax values than CBH-5. If the six antibodies
to domain A are taken as one group, their average Bmax value
(0.711) lies between the Bmax for CBH-5 (0.630) and that for

CBH-7 (1.083). The similar binding affinity and Bmax values of
domain A antibodies to epitopes on the surface of HCVpp
compared to domain B and C antibodies to their respective
epitopes suggest that neutralization is not merely caused by
binding to any HCVpp surface epitope but is rather epitope
specific.

Relationship between domain A and domains B and C. A
potential concern in vaccine design is competition between
inducing neutralizing and nonneutralizing antibodies. To find
out whether nonneutralizing antibodies could interfere with
the function of neutralizing antibodies by steric hindrance, the
ability of each nonneutralizing domain A HMAb to modulate
CBH-7 and CBH-5 (respective domain C and B HMAbs) neu-
tralization of HCVpp infection to Huh-7 cells was studied (Fig.
4). Earlier competition studies showed that domain A is distant
to domain B, but some bidirectional competition or enhance-
ment of binding to E2 protein between HMAbs to domain A
and domain C suggested that domains A and C are spatially in
proximity to each other (11). As shown in Fig. 4, CBH-7 or
CBH-5 dose-dependent neutralization of 1a HCVpp was mea-
sured in the presence and absence of each domain A HMAb at

FIG. 4. HMAbs to domain A do not interfere with the function of neutralizing antibodies. Dose-dependent CBH-7 or CBH-5 neutralization
of HCVpp on Huh-7 cells is shown for CBH-7 in the presence (}) and absence ({) of each HMAb to domain A and for CBH-5 in the presence
(F) and absence (E) of each HMAb to domain A.
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an oversaturating antibody binding concentration of 200 �g/
ml. Each nonneutralizing antibody was mixed with HCVpp for
30 min to maximize binding before adding CBH-7 or CBH-5.
None of the domain A HMAbs either enhanced or inhibited
the neutralizing activity of CBH-7 or CBH-5. The same results
were obtained with various concentrations of nonneutralizing
antibodies or when neutralizing and nonneutralizing antibod-
ies were added simultaneously to HCVpp (data not shown).
Identical experiments were performed with HCVpp genotype
1b to test whether this is a subtype-specific phenomenon. Sim-
ilar results as with HCVpp 1a were noted (data not shown).

HCV infection induces a polyclonal antibody response in the
susceptible host, where antibodies to all three HCV E2 immu-
nogenic domains would be simultaneously present. We further
studied whether nonneutralizing antibodies could interfere
with the role of combined neutralizing antibodies to domains B
and C (Fig. 5). Since CBH-7 is a log higher in antibody binding
affinity over CBH-5, we used CBH-5 at 5 �g/ml, CBH-7 at 1
�g/ml, and each nonneutralizing domain A HMAb at 200
�g/ml. The nonneutralizing domain A HMAb was mixed with
1a HCVpp for 30 min to maximize binding before adding the
combined CBH-7 and CBH-5. As shown in Fig. 5, CBH-5 and
CBH-7 had respective neutralizing activities of 15.9% and
14.4%, and in combination it was 29.4%. The combined
CBH-5 and -7 neutralizing activities remained essentially the
same at 29.3%, 29.2%, 28.3%, 29.1%, 30.1%, and 30.7% in the
presence of each domain A HMAb (CBH-4B, -4D, -4G, -20,
-21, and -22, respectively). Collectively, nonneutralizing anti-
bodies appear not to interfere with neutralizing antibodies to
spatially related epitopes as with CBH-7, an antibody to do-
main C, or to more distant epitopes, as with CBH-5, an anti-
body to domain B. A more detailed analysis of the relationship
between domains B and C will be discussed elsewhere (unpub-
lished data).

Effects on domain A epitopes after low-pH treatment of
HCVpp. A model of HCV entry involving low pH-induced
envelope protein structural changes leading to fusion is sup-
ported by the observations that bafilomycin A1, which prevents

vesicular acidification, will reduce HCVpp infectivity and that
HCVpp infectivity is low-pH sensitive (2, 10). We reasoned
that if the model for the three antigenic domains of the HCV
E2 protein shared a similar organization as the structural do-
mains of other flaviviruses, domain A might participate in the
fusion process. To assess whether domain A undergoes con-
formational changes in such a pH-induced transition, domain
A HMAbs binding to HCVpp under normal conditions and
after low-pH treatment were analyzed (Fig. 6). Sucrose densi-
ty-equilibrium gradient–purified 1a HCVpp, as shown in Fig. 3,
was treated with morpholine ethanesulfonic acid and back
neutralized. To ensure the integrity of HCVpp after low-pH
treatment, the densities of HCVpp with and without low-pH
treatment were compared using a sucrose density-equilibrium
gradient. Similar sedimentation densities by sucrose gradient
banding suggested that both forms of HCVpp remain intact as
particles for this study. Antibody binding affinity to HCVpp
with and without low-pH treatment was determined by a GNA-
capture enzyme-linked immunosorbent assay with analysis us-
ing Prism software (GraphPad). Saturation binding profiles of
HMAbs to domain A and B (CBH-5) and domain C (CBH-7)
are shown in Fig. 6 and summarized in Table 1. The antibody
disassociation constant, Kd, showed no significant changes with
any HMAb to neutral or low pH-treated HCVpp, suggesting
there were no detectable changes in the conformation of do-
main A epitopes under the treatment. In contrast, maximum
binding, Bmax, to low-pH-treated HCVpp with all antibodies to
domain A was significantly increased in a range from 36.5 to
67.5%, with a P value of 0.0008. The average Bmax increase for
domain A was 46% and for domain C (CBH-7) the Bmax

increase was 23%. In contrast, binding of CBH-5 to domain B
showed a slight decrease of 12%. A similar low-pH effect of
Bmax increase without a Kd change for domains C HMAbs is
consistent with the spatial proximities of domain A and C on
the surface of HCVpp. Low-pH-inducing irreversible confor-
mational changes were confirmed by a 75% loss in HCVpp
infectivity, consistent with previous observations by other in-
vestigators (10). To assure that the Bmax increase observed with

FIG. 5. HMAbs to domain A do not interfere with the functions of combined neutralizing HMAbs to domains B and C. Data shown are in the
presence (�) and in the absence (-) of HMAbs, as indicated on the left.
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domain A HMAbs was due to a low-pH-induced effect, binding
to HCVpp in a pH 7.1 MES–triethanolamine buffer was com-
pared to the pH 7.4 control NTE buffer. No significant differ-
ence in maximum binding was observed (data not shown). The
significant rise in Bmax for domain A epitopes without a change
in antibody binding kinetics suggests some E2 glycoprotein
structural rearrangement after exposure to low pH leading to
a substantially higher number of domain A epitopes being

more accessible without changing the conformation of domain
A epitopes.

DISCUSSION

In this study, we showed that three new HMAbs, CBH-20,
-21, and -22, are clustered in domain A by cross-competition
studies with previously defined domain A, B, and C antibodies.
The new antibodies and three other domain A HMAbs, CBH-

FIG. 6. Saturation binding of HMAbs to domain A on 1a HCV pp, with (‚) and without (Œ) low-pH treatment. CBH-5 and -7 represent
domain B and C HMAbs, respectively, and were tested as controls.
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4B, -4D, and -4G bind to purified HCVpp, confirming the
expression of these epitopes on the surface of HCVpp. Each
HMAb has an antibody binding affinity of Kd in a range of 10�8

M and is not able to block HCVpp infection. Furthermore, all
six HMAbs to domain A do not interfere with the virus neu-
tralizing activity by CBH-7, a domain C HMAb whose epitope
is in proximity to domain A or with CBH-5, a domain B HMAb
to a more distant epitope. A lack of domain A effect was also
observed on the combined neutralizing activity by CBH-5 and
-7. The similarity in properties among domain A epitopes
extends to low-pH-induced structural changes on the E2 gly-
coprotein. Each domain A HMAb has a significant increase in
maximum binding, Bmax, to low-pH-treated HCVpp compared
with nontreated HCVpp. These findings are consistent with a
proposed antigenic organization of HCV E2 glycoprotein with
three immunogenic domains designated A, B, and C having
similar structural and functional properties of the epitopes
within each domain (11).

A controversial issue on mechanisms of virus neutralization
and that is important for vaccine development is whether non-
neutralizing antibodies could modulate the effects of neutral-
izing antibodies (8, 9). Antibodies to epitopes that are partially
overlapping have been reported to be antagonistic, where a
nonneutralizing HMAb to HIV-1 inhibited the activity of a
neutralizing HMAb by competing for the binding site (9).
Other studies showed the opposite or a lack of effect between
overlapping nonneutralizing and neutralizing epitopes and
questioned whether nonneutralizing antibodies actually bind
to functional envelope complexes on the virion surface (8). For
HCV, we showed that neutralizing (domains B and C) and
nonneutralizing (domain A) HMAbs bind to E2 epitopes on
the surface of HCVpp with similar binding affinity and Bmax

values, a relative indicator of epitope density. In addition,
antibodies to domain A, which lies in spatial proximity to
domain C, when tested at oversaturating concentrations did
not interfere with the neutralizing activity of a domain C
HMAb or a domain B HMAb to a more distant epitope. These
findings are in contrast to an HIV-1 model in which inhibition
of virus infection correlates with increasing antibody binding to
virion surface sites and is independent of the epitopes recog-
nized by the antibody. Neutralization is then the result of a
critical number of binding sites being occupied and virus entry
being prevented through steric hindrance (4). A model for
HCV is more analogous to other flaviviruses, such as TBEV,
where epitopes in an immunogenic domain share similar prop-

erties, such as virus neutralization, and where distinct domains
are responsible for virus attachment and initiation of viral
envelope fusion with the cellular membrane (23). Our studies
suggest the potential induction of nonneutralizing antibodies
should not be a central issue for HCV vaccine design.

What might be the functional and structural roles of domain
A on HCV E2 glycoprotein? For TBEV, the major envelope
glycoprotein E is organized in three antigenic domains that
correspond to three structural domains, I, II, and III. Virus
entry is through endocytosis, and in the low-pH endosomal
environment the E protein undergoes an irreversible rear-
rangement. The low-pH-induced transition from a dimeric to
trimeric form mostly involves domains I and II, as antibodies to
conformational epitopes in these two regions are generally no
longer recognized. This hinge-like motion leads to the expo-
sure of the fusion protein, the “cd loop,” that starts fusion with
the endosomal membrane as part of the virus entry pathway
(23, 25). Our results showed that domain A epitopes appear to
be strongly affected after low-pH treatment of HCVpp. The
maximum binding for domain A HMAbs rose on average 46%,
which was observed to a lesser extent for domain C and not for
domain B epitopes (Table 1). Sucrose gradient banding after
low-pH treatment showed a similar HCVpp density as under
normal pH, suggesting the pseudovirus particles are funda-
mentally intact. However, it remains possible that some E1E2
disassociation occurs, as suggested by a reduced amount of E1
coprecipitation after low-pH treatment (21). These observa-
tions show that E1E2 might reorganize under low pH with
structural changes within E2 and/or between E1 and E2 gly-
coproteins (21). In addition, the change in antibody binding
pattern to domain A from normal pH to acidified HCVpp
suggests a region that is highly flexible with greater exposure or
hinge-like as part of the low-pH-induced structural rearrange-
ment. It is possible that domain A provides some structural
protection to a fusion peptide region under normal pH.
Whether domain A is part of the hinge region directly linked to
a fusion peptide remains to be determined.

Although there are similarities in the immunogenic organi-
zation of HCV E2 glycoprotein with other flaviviruses, differ-
ences do exist, as suggested by the antibody binding profile to
normal and low-pH-treated forms of envelope glycoproteins. A
significant part of conformational epitopes in domains I and II
are no longer recognized in TBEV under low pH, whereas an
increase in the availability of epitopes in domain A and C of
HCV E2 protein is observed, suggesting a different structural

TABLE 1. Effect of acidic pH on HMAbs binding to 1a HCVpp domain A epitopes

Antibody
Bmax Kd (M)

Normal pH Acidic pHa % Deltab Normal pH Acidic pH

CBH-4B 0.415 0.579 39.4 2.24 � 10�8 1.57 � 10�8

CBH-4D 0.888 1.246 40.3 3.70 � 10�8 3.00 � 10�8

CBH-4G 0.824 1.125 36.5 8.49 � 10�8 7.59 � 10�8

CBH-20 0.497 0.732 47.2 3.65 � 10�8 2.83 � 10�8

CBH-22 0.611 1.024 67.5 3.53 � 10�8 2.49 � 10�8

CBH-21 1.002 1.456 45.3 3.86 � 10�8 3.53 � 10�8

CBH-5 0.630 0.552 �12.4 3.48 � 10�8 4.12 � 10�8

CBH-7 1.083 1.331 22.9 3.10 � 10�9 1.80 � 10�9

a Sucrose gradient-purified HCVpp was treated at pH 5.5.
b [Acidic pH/normal pH � 100] � 100%.
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rearrangement occurring in HCV during the fusion process. It
remains possible that antibodies to pH-sensitive epitopes on
HCV E2 protein will be identified, which would be more con-
sistent with the conformational changes seen in DI and DII of
TBEV. But unlike the TBEV E protein, HCV glycoprotein
contains a heterodimer of E1 and E2 glycoproteins in its native
form. Perhaps a second model for HCV is Semliki Forest virus
(13), an alphavirus that has E1 and E2 glycoproteins as a
heterodimer in its native form. Both flaviviruses and alphavi-
ruses have class II pH-dependent fusion proteins and these
viruses share a similar overall folding organization and prob-
ably descended from a common ancestor (23). Our study on
the effect of low pH on the conformational structure of domain
A shows that HCV E2 protein changes structurally when ex-
posed to a low-pH environment, which hypothetically could
lead to the exposure of a previously buried hydrophobic fusion
peptide. We believe the results of domain A showing a
changed binding pattern at low pH are the first direct evidence
to support that the HCV E2 protein, like the TBEV E protein
and Semliki Forest virus E1 protein, undergoes a structural
rearrangement as part of an endocytosis entry pathway. A
further understanding and detailed mapping for this highly
flexible or hinge-like region will provide insight on the HCV
fusion process as an important step of infection.
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