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A challenge in hepatitis C virus (HCV) vaccine development is defining conserved protective epitopes. A
cluster of these epitopes comprises an immunodominant domain on the E2 glycoprotein, designated domain B.
CBH-2 is a neutralizing human monoclonal antibody to a domain B epitope that is highly conserved. Alanine
scanning demonstrated that the epitope involves residues G523, G530, and D535 that are also contact residues
for E2 binding to CD81, a coreceptor required for virus entry into cells. However, another residue, located at
position 431 and thus at a considerable distance in the linear sequence of E2, also contributes to the CBH-2
epitope. A single amino acid substitution at this residue results in escape from CBH-2-mediated neutralization
in a genotype 1a virus. These results highlight the challenges inherent in developing HCV vaccines and show
that an effective vaccine must induce antibodies to both conserved and more invariant epitopes to minimize

virus escape.

The ability of passively administered neutralizing polyclonal
antibody preparations to delay and suppress hepatitis C virus
(HCV) infection in experimental animals (11), coupled with
subsequent correlations with antibody titers inhibiting HCV
E2 glycoprotein binding to CD81 (16) and in vitro infection
with retrovirus-based pseudotyped particles (HCVpp) bearing
genotype la HCV E1E2 glycoproteins (1), provides a strong
impetus to develop a vaccine that is able to elicit these anti-
bodies. A significant challenge is defining protective epitopes
that are conserved broadly among different HCV genotypes
and subtypes. Antibodies to these epitopes generally recognize
conformational determinants on the HCV E2 envelope glyco-
protein. Many bind to epitopes involving amino acid residues
W420, Y527, W529, G530, and/or D535 that are also contact
residues for E2 binding to CDS81, an essential coreceptor for
HCV entry (5, 7, 8, 12, 15). This cluster of overlapping neu-
tralizing epitopes, which we refer to here as “domain B,” is
conserved across most HCV genotypes and thus is an attractive
target for vaccine design. However, a concern for vaccine de-
velopment is whether a strong antibody response to this region
could select for virus escape variants. The high error rate
inherent in the replication of HCV RNA leads to high levels of
genetic diversity, particularly within the E2-coding segment of
the genome. Selection of escape variants during chronic infec-
tion has been associated with progressive mutations within a
hypervariable region at the N terminus of E2 (17). Thus, it
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remains possible that a similar escape mechanism could occur
with antibodies directed against domain B epitopes. Here, we
describe the fine mapping of a highly conserved epitope within
domain B that is recognized by a human monoclonal antibody
(HMAD), CBH-2, and demonstrate how a single amino acid
substitution within it can lead to a high level of neutralization
escape without apparent loss of replication fitness.

CBH-2 is an HMAD derived from B cells of a donor who was
chronically infected with genotype 1b HCV (5). The antibody
is directed against a conformational epitope, as suggested by its
ability to immunoprecipitate E2, but it is unable to detect
denatured E2 by Western blot analysis. Initially, we found
that CBH-2 neutralizes the infectivity of retrovirus-based
pseudotyped particles (HCVpp) bearing the genotype 1la HCV
E1E2 glycoproteins from an H strain variant (H,,,) that is
closely related to the prototypical genotype la H77c strain
(accession number AAB67037) (2, 6). In a subsequent study,
we found that this antibody also neutralized HCVpp bearing
envelope proteins from multiple other genotypes (1b, 2a, 2b, 4,
5, and 6) but failed to neutralize HCVpp bearing E1E2 from a
genotype 3a virus or, surprisingly, E1IE2 from the la H77c
strain itself (13).

To follow up on these observations, we carried out compar-
ative neutralization studies of HCVpp bearing the H,,, and
H77¢ E1E2 proteins, and a cell culture infectious chimeric
HCV containing the H77c structural proteins (with a Y361H
substitution in E1) placed in the background of the replication-
competent JFH1 strain: H-NS2/NS3-J/Y361H/Q1251L (HJ3-5)
virus (18) (referred to here simply as HCVcc). We studied
neutralization mediated by CBH-2, as well as by two other
neutralizing anti-HCV HMAbs, CBH-5 and CBH-7, which are
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FIG. 1. Neutralization of HCVpp and HCVcc by CBH-2.
(A) HCVpp containing either H77c or H,,, envelope proteins were
preincubated with 20 pg of HMAb CBH-2, CBH-5, or CBH-7/ml
before infection of Huh7 cells. The negative control R04 is an isotype-
matched HMAD to cytomegalovirus. The results are expressed as the
percentage of neutralization as measured by luciferase activity.
(B) Neutralization of 1la HCVcc by HMAbs CBH-2, CBH-5, and
CBH-7. Infectious genotype 1a HJ3-5 chimeric virus inoculum was
incubated with each antibody at different concentrations, as indicated
for 1 h at 37°C prior to inoculation onto Huh-7.5 cells preseeded into
eight-well tissue culture chamber slides. Cells were fixed and stained by
an indirect immunofluorescence procedure using MAb to core antigen
at day 4 postinoculation, followed by enumeration of the foci of in-
fected cells. Neutralization is reported as the percent reduction in

focus-forming units of virus.

representatives of antibodies recognizing two distinct immu-
nogenic domains in E2: domain B and domain C (10). R04, an
isotype-matched HMAD directed against an unrelated antigen,
was used as a negative control. Neutralization of HCVpp and
the chimeric HCVcc was done as described previously (8, 18).
As shown in Fig. 1A, CBH-2, CBH-5, and CBH-7 (at 20 pwg/ml)
each neutralized the H,,, HCVpp (40, 60, and 70% neutral-
ization, respectively). However, CBH-2 failed to neutralize
H77¢c HCVpp, whereas CBH-5 and CBH-7 were capable of
doing so (0, 40, and 90%, respectively). Similar results were
obtained with the infectious chimeric HCVcc, in which E1E2
are derived from H77c (18). It was resistant to neutralization
by CBH-2 but effectively neutralized by CBH-5 and CBH-7 (60
and 85% reduction, respectively, in infected cell foci) (Fig. 1B).
Importantly, the finding that the H77c envelope was resistant
to CBH-2 neutralization but not neutralization by CBH-5 and
CBH-7 suggests that the relevant differences in the E2 proteins
of H,,, and H77c are not global but rather localized specifically
to the CBH-2 epitope.

We next created a series of substitution mutants in order to
map the residues contributing to the CBH-2 epitope. Since this
antibody inhibits E2 binding to CD81 (5), our initial efforts
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focused on two regions containing contact residues that are
known to be engaged in this interaction (3, 14) and on three E2
glycosylation sites (N417, N532, and N645) that have been
shown to modulate the response to neutralizing antibodies (6).
These regions of E2 are depicted in Fig. 2C. We created a
series of single Ala substitution mutants at positions G523A,
P525A, W529A, G530A, AS531A, N532A, D5S33A, T534A,
D535A, V536A, F537A, and N540A within a plasmid encoding
the H,,, E1E2 proteins, by site-directed mutagenesis as de-
scribed by the manufacturer (Stratagene). We then assessed
CBH-2 binding to these proteins by enzyme-linked immu-
nosorbent assay (ELISA), using as antigen lysates of tran-
siently transfected HEK-293T cells (9) (Fig. 2A). E1E2 pro-
teins present in the lysates were captured onto Galanthus
nivalis lectin (GNA)-coated plates and, after blocking, were
incubated with the HMADb (10 pg/ml). The bound HMAb was
detected by alkaline phosphatase-conjugated goat anti-human
immunoglobulin G (Promega, Madison, WI), followed by color
development. The results were normalized according to the E2
abundance in each lysate, which was determined by measuring
the binding of a non-neutralizing HMAb, CBH-17, that recog-
nizes a linear HCV E2 epitope (5). We also assessed binding to
CBH-4G, since this antibody recognizes an E2 epitope within
domain A that elicits non-neutralizing antibodies (10). Since
this epitope is outside the region being mutated, substitutions
that result in a reduction in binding to both CBH-2 and
CBH-4G may be interpreted as having a global effect on E2
structure instead of being CBH-2 epitope specific. As shown in
Fig. 2A, the binding of CBH-2 was reduced by >90% by
mutations G530A and D535A, approximately 80% by G523A,
and 60% by W529A. Since the binding of CBH-4G to these
mutants was relatively unchanged from the wild type (wt),
these substitutions are likely to be within the CBH-2 epitope.
On the other hand, the F537A and N540A substitutions re-
sulted in reduced binding to both CBH-2 and CBH-4G. F537A
substitution probably leads to a global change on the E2 struc-
ture since the two antibodies recognize nonoverlapping
epitopes. Asn540 is modified by N-linked glycosylation, and
substitution at this residue alters the folding of E2 (4). Thus,
N540 is not likely to be part of an epitope. These experiments
demonstrated that residues G530 and D535 are critical, and
that G523 is also likely needed, for CBH-2 binding. The results
are in agreement with prior mapping of the CBH-5 epitope
(13) and suggest that these residues form the core for all
domain B epitopes. Although N532 was not identified as con-
tributing to the epitope by this approach, its proximity to G530
and D535 provides an explanation for how glycosylation at
N532 may lessen neutralization by domain B-reactive HMAbs
(6).

A comparison of the amino acid sequences of the E2 pro-
teins of H,,, and H77c revealed seven differences: H394R,
D431E, T434N, R444Q, R564C, V566A, and G650E (shown as
H, .. H77c), none of which were identified in these initial
epitope-mapping experiments. Thus, the different susceptibil-
ities of H, . and H77c¢ to neutralization by CBH-2 and CBH-5
infer that additional contact residues are involved. More
CBH-2 mapping studies were carried out with a genotype 1b
E2 (GenBank accession no. AF348705), since both antibodies
bound and neutralized HCVpp bearing this E2 protein. To
interrogate the glycosylation sites at N417 and N645 (6), 14 Ala
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FIG. 2. CBH-2 epitope mapping. (A) Alanine scanning of the CBH-2 epitope from residues 523 to 540, a CD81 binding region that
includes the glycosylation site N532. 293T cells transfected with H,,, wt and E2 mutants were lysed and analyzed by ELISA as described
previously (9) The individual protein expression level was normalized by CBH-17 binding, an HCV E2 HMAD to a linear epitope (5). On
the x axis, the mutated amino acids are depicted. The numbers correspond to their relative positions in the polyprotein of reference strain
H (GenBank accession no. AF009606). The y axis shows the mean optical density values for triplicate values, and the error bars represent
one standard deviation from the mean. The binding was normalized to the nonsubstituted sequence (H,,,) that is set at 100%. CBH-4G
binding was used as an indicator for specific CBH-2 binding sites. (B) Substitution mutagenesis of the CBH-2 epitope from residues 430 to
444, a second CDS81 binding region, and surrounding glycosylation sites N417 (residues 415 to 428) and N645 (residues 640 to 647).
(C) Conformational epitope mapping strategy is shown as a linear schematic of HCV 1a E2 with labeled regions that are associated with
CDS81 binding, glycosylation sites that affect domain B HMADb neutralization, and hypervariable regions. The underlined residues are in the
CBH-2 epitope. L640, A642, and A643 in italics are necessary for overall E2 structure. Residue differences between H77c and H,,, are shown

as “(H77c/H,,,)".
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FIG. 3. Neutralization of H77c and mutants E431A and E431D. HCVpp containing either H77c (WT), mutant E431A, or mutant E431D
envelope proteins were preincubated for 1 h with each HMAb—CBH-2 (A), CBH-5 (B), and CBH-7 (C)—at the indicated concentrations for 1 h
at 37°C before infection of Huh7 cells. Neutralization of test antibody is expressed as a percentage of luciferase activity reduction compared to
RO4. (D) Inoculum of infectious genotype la HJ3-5 chimeric virus (WT) or E431D mutant was incubated with each HMAD at different
concentrations for 1 h at 37°C prior to inoculation onto Huh7.5 cells preseeded into eight-well tissue culture chamber slides. Cells were fixed and
stained with MAb to core antigen at day 4 postinoculation, and the focus-forming units (FFU) were enumerated. (E) HMAb neutralization
potency. The table summarizes the ICs, of each HMAb against wt and mutant HCVpp.

substitution mutants spanning positions N415 to N428 and 7
mutants spanning positions L640 to T647 were generated. To
examine a second proposed CD81 binding region (3) located
between the two E2 hypervariable domains, HVR1 and HVR2,
15 mutants spanning positions D430 to V444 were constructed.
Importantly, this region contains three residues that differ be-
tween H,,, and H77c, namely, D431E, T434N, and R444Q.
As shown in Fig. 2B, the binding of CBH-2 was eliminated
by the D431A and F437A mutations and reduced approxi-
mately 70% by T425A and A426G. CBH-4G binding to these
mutants was minimally affected, with the exception of F437A
that was reduced by 60%. Substitutions at S432, 1433, and
N434 reduced CBH-2 binding by 50 to 60% but similarly re-
duced the binding of CBH-4G, suggesting that they induced
global changes in the conformation of E2. Substitutions at
N417 or N645 did not directly affect CBH-2 or CBH-4G bind-
ing. However, changes in the residues in close proximity to
N645 (L640A, A642G, and A643G mutations) resulted in near
elimination of binding by both CBH-2 and CBH-4G, suggest-
ing that this region is essential to the native E2 structure,
possibly modulated by the glycan at N645 (6). These data

indicate that the critical contact residues for CBH-2 include
D431, G523, G530, and D535. F437 may also be involved in the
epitope, but E2 proteins containing W437, such as H,,,, are
also bound by CBH-2 (see below). The data also indicate that
the CBH-2 epitope also involves 1L.640, A642, and A643, all of
which are in close proximity to glycan N645. Overall, when
taken collectively, they suggest that there is spatial proximity of
the two CD81-binding regions, and two of the three glycosy-
lation sites, on the surface of the folded E2 glycoprotein. In
addition, the findings of contact residues at distant sites con-
firm that CBH-2 recognizes a conformational epitope.

Since the substitution of D431 with Ala completely eliminated
CBH-2 binding, it seemed likely that the presence of E431 in
H77c (rather than D431, as in H,,,) might account for the escape
of H77c from neutralization by CBH-2. To assess whether the
different side chains residing at position 431 in the two H strains
are in fact responsible for the differences in neutralization by
CBH-2, we replaced the E431 residue in the H77c HCVpp with
Asp (as found in H, ) or Ala. As shown in Fig. 3A, wt H77c and
E431A mutant HCVpp were not neutralized by CBH-2 at con-
centrations up to 100 pg/ml. However, the E431D H77c HCVpp
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FIG. 4. Binding of HMADs to E2 glycoproteins of H77¢ (WT) and mutants (E431A and E431D) by ELISA. Antibody affinity measurements
were performed with E1IE2 expressed in 293T cells containing 1 pg of E2/ml essentially as described previously (9). E1E2 was captured by
precoated GNA on the plate and later bound by a range of 0.01 to 200 pg of each HMAb/ml (x axis): CBH-2 (A), CBH-5 (C), and CBH-7 (D).
The y axis shows the mean optical density values for triplicate wells. Error bars represent one standard deviation from the mean. (B) Comparison
of antibody binding affinity to wt and 431 substitution mutants. The data were analyzed by nonlinear regression to calculate the antibody

disassociation constant (K,) using Prism software (GraphPad).

mutant showed dose-dependent CBH-2 neutralization with a
50% inhibitory concentration (ICs,) of 0.48 wg/ml (Fig. 3E),
thereby proving that residue 431 is critical for CBH-2 neutraliza-
tion activity. Interestingly, CBH-2 showed higher neutralizing ac-
tivity against E431D HCVpp than wt H,,,, as CBH-2 was unable
to reach 50% of the H,,, HCVpp at 20 pwg/ml (compare Fig. 3A
and 1A). It is thus possible that other residues that differ between
the two E2 sequences may contribute to differences in the sus-
ceptibility of H,,, and H77c HCVpp to neutralization by CBH-2.
The E431A and E431D mutant HCVpp remained sensitive to
CBH-5 and CBH-7 (Fig. 3B and C), as expected. However, the
1G5, for CBH-5 against the E431A mutant was 36 pg/ml com-
pared to 3.84 pg/ml for the E431D mutant, suggesting that the
nature of the side chain on residue 431 influences the CBH-5
epitope in a discrete conformational manner leading to altered

neutralizing potencies with this antibody. This could explain why
CBH-5 neutralized wt H77¢ at 40% but H,,,,. at 60%, as shown in
Fig. 1A. To confirm these observations with infectious virus, we
also constructed an infectious E431D HCVcc variant. The meth-
ods of mutagenesis, HCVcc virus stock production, infection, and
neutralization have been described previously (18). As shown in
Fig. 3D, whereas the parental HCVce with the wt H77¢ E2 pro-
tein was resistant to neutralization, the mutated chimeric HCVcc
became sensitive to CBH-2 neutralization. The mutant also
showed enhanced susceptibility to neutralization with CBH-5
compared to the wt chimeric HCVcc, confirming the observations
made with HCVpp.

To determine whether the absence of CBH-2 neutralization
with H77c and its reconstitution by the E431D substitution
correlated with the binding affinity of the antibody, we carried
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out E2 binding assays using the ELISA method described
above for Fig. 2A (9). As shown in Fig. 4A, CBH-2 bound to
the mutant E431D with a K, of 4.34 nM but failed to bind to
either the wt H77c or the E431A mutant. This result shows that
restoration of binding to the CBH-2 epitope was the mecha-
nism underlying the gain in susceptibility to neutralization ac-
companying the E431D substitution. In contrast, the K, for the
binding of CBH-7 was similar (approximately 1 nM) for wt
H77c and E431A and E431D mutants (Fig. 4B and D), dem-
onstrating that CBH-7 binds and neutralizes HCV by interact-
ing with an epitope distinctly different from that recognized by
CBH-2, as proposed previously (10). There were modest dif-
ferences in the K, for CBH-5, which demonstrated a slight
increase in affinity for the E431A mutant (K, = 3.2 nM), and
a nearly threefold increase in affinity (K, = 1.7 nM) for the
E431D mutant compared to wt H77c (K, = 4.6 nM) (Fig. 4B
and C). The similarity in the changes in CBH-2 and CBH-5
binding affinity, albeit on different scales, is consistent with the
concept that their epitopes overlap each other within the dom-
inant immunogenic domain B (10).

Collectively, these results indicate that the neutralization
escape phenotype displayed by H77c against the CBH-2
HMAD is due to a loss of the CBH-2 epitope on E2 envelope
protein and that this is conferred by a single amino acid sub-
stitution at residue 431. The aspartic acid residue at 431 is
highly conserved, with tabulated percentages of different ge-
notypes and subtypes as follows: 44%, 1a; 95%, 1b; 90%, 2a;
100%, 2b; 50%, 3; 95%, 4; 100%, 5; and 94%, 6 (http://hcv.lanl
.gov). The fact that CBH-5 and CBH-7 retain binding and the
ability to neutralize H77c confirms that its ability to escape
CBH-2 neutralization is due to an epitope-specific change that
does not have a global impact on E2 conformation.

In summary, our findings show how an amino acid substitu-
tion at one residue within a conformation-dependent epitope
can result in escape from neutralization by a MADb, leaving the
mutant virus sensitive to other related and unrelated neutral-
izing antibodies. CBH-2 is one of a series of antibodies that
have been described as recognizing overlapping epitopes that
comprise a discreet antigenic domain (domain B). The con-
served nature of this domain makes it of interest in terms of
vaccine development. However, the results reported here in-
dicate that additional studies are required to assess the likeli-
hood that other substitutions in E2 may similarly lead to es-
cape from neutralization by other domain B HMADbs without
loss of envelope function or viral fitness. While the identifica-
tion of neutralizing epitopes that are broadly conserved among
different HCV genotypes and subtypes is important, an effec-
tive vaccine will need to induce antibodies that ideally are
directed at more invariant epitopes in order to minimize the
possibility of virus escape. Further, our findings are relevant to
antibody-based therapy and suggest that such therapies should
consist of two or more antibodies recognizing different and
nonoverlapping epitopes to lessen the chances of virus escape.
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