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Identification of anti-hepatitis C virus (anti-HCV) human antibody clones with broad neutralizing activity
is important for a better understanding of the interplay between the virus and host and for the design of an
effective passive immunotherapy and an effective vaccine. We report the identification of a human monoclonal
Fab (e137) able to bind the HCV E2 glycoprotein of all HCV genotypes but genotype 5. The results of antibody
competition assays and testing the reactivity to alanine mutant E2 proteins confirmed that the e137 epitope
includes residues (T416, W420, W529, G530, and D535) highly conserved across all HCV genotypes. Fab e137
neutralized HCV pseudoparticles bearing genotype 1a, 1b, and 4 E1-E2 proteins and to a lesser extent,
genotype 2b. Fab e137 was also able to inhibit cell culture-grown HCV (genotype 2a). These data indicate that
broadly cross-reacting and cross-neutralizing antibodies are generated during HCV infection.

It is widely accepted that antibodies play a crucial role in the
prevention and treatment of many viral infections of humans,
including respiratory syncytial virus (16), rabies virus (34), and
hepatitis B virus (35) infections. In contrast, a protective role
of antibodies during infections by several persistent RNA vi-
ruses has not been widely accepted. In hepatitis C virus (HCV)
infection, the frequent inability of the host to clear the virus
and the possible reinfection after virus clearance (21) have
been considered evidence against a protective role of specific
antibodies. However, it has recently been shown that the anti-
HCV antibody repertoire includes neutralizing and cross-reac-
tive clones that are dispersed within a majority of antibody
molecules that have minimal benefit for the host (8, 9, 25, 39,
36). Parallel analyses have recently suggested that antibodies
play a crucial role in different phases of the natural history of
HCV infection (3, 14, 15, 19, 30, 31).

In the present study, we characterized the anti-HCV E2
human monoclonal antibody (MAb) e137, which was cloned as
a Fab fragment by phage display from the immunoglobulin G1
(IgG1) light-chain � repertoire of an infected patient (7, 11).
The E2-binding activity of Fab e137 is inhibited by sera of
patients infected with different HCV genotypes (9, 25, 26),
suggesting that this human MAb could recognize E2 proteins
of a wide range of HCV genotypes and subtypes.

In order to better define the breadth of e137 cross-reactivity,
we used human epithelial kidney (HEK) 293T cells expressing
HCV E1-E2 of different genotypes (23). In detail, the HEK
293T cells were transfected with 3 �g of pcDNA3.1 vector (23),

encoding E1-E2 glycoproteins from different HCV genotypes.
The binding of e137 was assayed by immunofluorescence using
a fluorescein isothiocyanate-conjugated anti-human Fab
(Sigma) (18). Fab e137 was able to bind all HCV genotypes but
genotype 5 (Fig. 1A). The data were confirmed using cells
expressing HCV E1-E2 from other isolates (Fig. 1B). In only
one case, e137 did not recognize HCV of genotype 2a (strain
UKN2A2.4). The isolate UKN2A2.4 E2 sequence diverges by
17% from that derived from UKN2A1.2 (which was recognized
by e137). These sequence differences likely cause a loss of
contact residues or conformational changes that could make
the epitope of e137 less accessible. The broad cross-reactivity
of e137 was also confirmed by an immunoprecipitation assay
performed on lysates of HEK 293 cells expressing E1-E2 glyco-
proteins from all genotypes (Fig. 1C). The immunoprecipita-
tion assay was performed as previously described (28).

Considering these data, an important point is the definition
of the HCV E2 regions having the potential of eliciting the
cross-reactive antibody. Our previous attempts to identify the
epitope recognized by e137 using multiple antigenic peptides
of HCV envelope glycoprotein E2 were not successful (11).
Furthermore, Fab e137 did not bind to recombinant maltose-
binding protein–E2 fusion protein or to hypervariable region
(HVR) multiple antigenic peptides using an enzyme-linked
immunosorbent assay (ELISA) (data not shown). These data
suggest that e137 is directed against a conformational epitope
retained in the full-length HCV E2, as usually seen in broadly
neutralizing antibodies (1, 5, 17, 18). Accordingly, as an alter-
native strategy for mapping the epitope recognized by e137, we
used an ELISA competition assay with a panel of mouse and
rat MAbs directed against known epitopes of genotype 1a
HCV E2 (Table 1). Competition experiments were performed
as described previously (5). Using this approach, binding of
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e137 to HCV E2 was shown to be inhibited by the mouse MAb
AP33 and two rat MAbs (2/64a and 9/75) each recognizing
linear epitopes spanning E2 regions from amino acid (aa) 421
to 423, 524 to 531, and 528 to 535, respectively. Interestingly,
the regions from aa 412 to 423 and 524 to 535 have been
reported to be crucial for CD81 binding and retroviral pseu-
doparticle (HCVpp) infectivity (29). To confirm these data, we
used a panel of H77-derived E1-E2 (genotype 1a) proteins
containing alanine replacement mutants, some of which have
been previously shown to be important for CD81 binding (29).
The analysis of e137 binding of the panel of E1-E2 mutants
(Fig. 2) confirmed that the e137 epitope is centered in aa 412
to 423 and aa 528 to 535 of HCV E2 regions, since substitu-
tions at conserved positions 416, 420, 529, 530, and 535 re-
duced binding by greater than 90%. These data confirm that
the conformational epitope bound by e137 includes conserved
residues that are crucial for CD81 binding and HCVpp infec-

tivity. These data are interesting, considering that e137 has
been described to be an antibody with neutralization of binding
activity (11). Furthermore, the data highlight that the epitope
of e137 includes two conserved residues (aa 416 and 420) that
were described to be critical within the epitope recognized by
MAb AP33 (36). Interestingly, among the genotype 2a-derived
E2 sequences studied in this paper (UKN2A1.2, UKN2A2.4,
and JFH-1), a mutation from threonine to serine at position
416 was present only in the isolate not bound in the binding assay
analyzed by fluorescence-activated cell sorting (UKN2A2.4), thus
confirming that this mutation plays a crucial role in the lack of
e137 binding to this strain. Indeed, T416 is quite conserved
among different E2 genotypes, being always present in geno-
types 1a, 1b, 2b, 3, 5, and 6. However, the T416S replacement
has been reported in 59% of E2 sequences derived from ge-
notype 2a and in 40% of E2 sequences derived from genotype
4 (37). As far as the other unbound genotype is concerned, all

FIG. 1. (A) Analysis of binding of the Fab e137 by immunofluorescence staining of cells expressing E1-E2 proteins derived from different HCV
genotypes. The cells were counterstained with Evans blue (red-stained cells). (a) Genotype 1a isolate UKN1A20.8; (b) genotype 1b isolate
UKN1B5.23; (c) genotype 2a isolate UKN2A1.2; (d) genotype 2b isolate UKN2B1.1; (e) genotype 3 isolate UKN3A13.6; (f) genotype 4 isolate
UKN4.21.16; (g) genotype 5 isolate UKN5.15.11; (h) genotype 6 isolate UKN6.5.8; (i) a human recombinant Fab (c33-3) specific for a
nonstructural antigen of HCV (NS3) was included as a negative control (data generated on UKN1A20.8 are shown). Fab fragments were tested
at a concentration of 10 �g/ml. (B) Binding activity of anti-HCV E2 Fab e137 on E1-E2 proteins derived from HCV isolates with different
genotypes (genotypes 1a, 1b, 2a, 2b, 3, 4, 5, and 6): H77.20, UKN1B12.16, UKN2A.2.4, UKN2B2.8, UKN3A1.28c, UKN4.21.16, UKN5.15.11, and
UKN6.5.8. Binding activity was expressed as a percentage of reactivity of the e137 Fab on E1-E2 proteins of genotype 1a (H77 strain). A human
recombinant Fab (c33-3) specific for a nonstructural antigen of HCV (NS3) was included as a negative control (data generated on H77 are shown).
The binding was assayed by fluorescence-activated cell sorting, using a fluorescein isothiocyanate-conjugated secondary anti-human Fab (Sigma)
and measured by analysis of the percentage of cells with a higher fluorescence signal than cells without Fab. Fab e137 was also tested using
untransfected cells, and this fluorescence was subtracted as background. The broadly cross-reactive AP33 was used in order to analyze the efficiency
of transfection. The percentage of AP33-incubated cells with a higher fluorescence signal than untreated cells was at the same level among cells
expressing E1-E2 proteins of different genotypes (data not shown). Fab e137 was tested at 10 �g/ml. (C) Radiolabeled proteins in the lysate of HEK
293T expressing E1-E2 glycoproteins of all genotypes were immunoprecipitated using e137. AP33 and c-33 were used as positive and negative
controls, respectively. The immune complexes were analyzed by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis under reducing
conditions. The protein sizes (in kilodaltons) are shown to the left of the gel. Data for E1-E2 of genotype 1a are shown.

1048 NOTES J. VIROL.



available HCV E2 sequences of genotype 5 present in online
databases and those belonging to all isolates tested in our study
have been aligned, confirming the constant presence of unmu-
tated T416. This suggests the possibility that the lack of binding
to this single genotype is due to mutations outside the regions
examined by our approach.

We have previously shown that e137 is able to strongly
neutralize the infection of pseudoparticles derived from vesic-
ular stomatitis virus expressing E2 of HCV genotype 1a (10).
However, concerns about the reliability of the vesicular stoma-
titis virus model system (6), together with the broad E2 reac-
tivity reported here, prompted us to define neutralizing activity
of e137 using alternative strategies. First, Fab e137 activity was
tested against pseudoparticles derived from murine leukemia

virus displaying unmodified and functional full-length E1-E2
proteins of all HCV genotypes. The pseudoparticle neutraliza-
tion analysis was performed as previously described (4).

This approach confirmed that e137 is a strong neutralizer of
HCV genotype 1a, with a 50% neutralization activity (50%
inhibitory concentration [IC50]) at concentrations of 5 �g/ml
(Fig. 3a). Furthermore, when tested at a single concentration
of 15 �g/ml, e137 was able to neutralize the infectivity of
HCVpp bearing E1-E2 of genotypes 1b, 2b, and 4 by 25%,
20%, and 75%, respectively (Fig. 3b). Although e137 was
cloned from a HCV genotype 1b-infected patient, the neutral-
izing activity of HCVpp displaying E1-E2 of genotype 1b was
lower than that of pseudoparticles displaying E1-E2 of geno-
type 1a. It is possible that differences in terms of density of
e137 epitope on the pseudoparticle surface affect the neutral-
izing activity of e137. Another possible explanation is that
E1-E2-derived UKN1B5.23 may show some mutation within or
near the e137 epitope that can affect the neutralizing activity of
e137.

The cross-neutralizing activity of e137 was also analyzed
using the authentic cell culture infectious HCV (HCVcc) sys-
tem based on HCV genotype 2a strain JFH-1 (12). The trans-
fection of Huh-7 cells with in vitro-transcribed strain JFH-1
genomic RNA was performed as previously described (20).
The Fab e137 showed a strong neutralizing activity, since at a
concentration as low as 1 �g/ml, it was able to completely
abrogate the infectivity of HCV genotype 2a (Fig. 3c). These
data showed that e137 was capable of potent neutralization of
the genotype 2 JFH-1 isolate. This is intriguing, as e137 was
unable to neutralize the genotype 2a sample UKN2A1.2 in the
HCVpp assay. Likely explanations for this are differences in
the E2 sequences within or close to the e137 epitope. Alter-
natively, it may reflect differences between the two assays, for
example, E1-E2 glycosylation pattern and packaging of viral
pseudoparticles, which may affect the arrangement of the en-
velope glycoproteins and consequently modulate the accessi-
bility of the E2 epitopes. Differences in terms of the neutral-
ization profiles between HCVpp and HCVcc assays have been
previously described (20). Which system is more predictive of
neutralization in vivo is not known, but HCVcc should be more
similar to plasma-derived virions than HCVpp.

The data shown here document that MAb e137 is a broadly

TABLE 1. Inhibition of human anti-HCV E2 Fab e137 binding by
competing anti-HCV E2 rat or mouse MAbs directed

against known regions of E2

Competing mouse or
rat MAb

Location (aa) or type of
HCV E2 epitopea

% of inhibition of Fab
137 bindingb

7/59 384–391 25
3/11 412–423 21
AP33c 412–423 55
1/39 436–443 33
11/20 436–447 3
7/16b 436–447 5
H47 452–459 2
6/1a 464–471 0
6/41a 480–493 0
2/64a 524–531 45
9/75 528–535 81
6/53 544–551 0
H62 644–655 8
H60 Conf. 4
H53 Conf. 3
H61 Conf. 4
H33 Conf. 0
H44 Conf. 0
H50 Conf. 58
None 2

a Conf., conformational epitope.
b Inhibition data between 20% and 50% are shown in italic type, and Inhibition

data more than 50% are shown in bold type.
c The only MAb able to react with all HCV genotypes is AP33, a mouse MAb

that is capable of potent neutralization of HCVpp representing a broad variety
of HCV genotypes.

FIG. 2. Reactivity of anti-HCV E2 Fab e137 on a panel of mutated E1-E2 glycoproteins. Binding activity expressed as a percentage of the
reactivity on wild-type E1-E2 (H77 strain) is shown on the y axis, and the wild type E1-E2 protein and the mutations are shown on the x axis. The
means plus standard errors of the means (error bars) for three replicate assays are reported. Fab e137 was tested at 10 �g/ml.
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cross-reactive and cross-neutralizing human antibody clone
generated during the natural course of HCV infection. This
antibody is directed against a conformational epitope centered
on the conserved HCV E2 regions from aa 412 to 420 and aa
528 to 535 and therefore outside hypervariable region 1
(HVR1). Importantly, the regions recognized by e137 show a
lower variability rate than HVR1 does, and some E2 amino
acid residues crucial for HCV infection are also critical for
e137 binding. In particular, mutations of these residues gener-
ate variants able to escape from the e137 binding, but in par-
allel abrogate the infectivity of HCVpp (29). These data sug-
gest that viral mutants able to escape e137 could have a
reduced replication capacity. To date, the only MAb able to
react with all HCV genotypes is AP33, a mouse MAb that is
capable of potent neutralization of HCVpp representing a
broad variety of HCV genotypes (28).Two intriguing points are
that the epitope recognized by e137 partially overlaps with that
of AP33 and that it is a broadly cross-neutralizing antibody in
the pseudovirus-based neutralization assay. Indeed, e137 is
able to neutralize HCVpp bearing E1-E2 of genotypes 1a, 1b,
and 4 and to a lesser extent, genotype 2b. Moreover, e137 is
able to neutralize HCVcc at a lower concentration than AP33
is. Notably, AP33 is a full-length immunoglobulin, while e137
is a Fab fragment, and the activity of a Fab molecule may
increase in the whole immunoglobulin format (22, 38).
Should the HCVcc neutralizing activity be a projection of
the in vivo neutralizing potential and the IgG1 format in-
crease the Fab neutralization activity by only 10-fold, a

passive administration of e137-derived IgG MAb could eas-
ily reach serum levels potentially beneficial for the patient
(2). Moreover, using e137 in combination with other neu-
tralizing antibodies might result in an enhancement of the
neutralizing activity and in a broadening of the panel of
HCV genotypes neutralized.

Although several human MAbs against HCV have been
described, the evidence of a broad cross-reactivity is still lim-
ited. Only a few anti-HCV E2 human MAbs have been shown
to have cross-neutralizing activity. In particular, Fab 4, showed
an IC50 from 0.3 to 10 �g/ml on HCVpp bearing E1-E2 of
HCV genotypes 1a, 1b, and 2a, while data on HCVcc are not
available (33). A group of anti-HCV IgG1 exhibited an IC50

ranging from 1.3 to 16 �g/ml and from 0.05 to 0.2 �g/ml, using
HCVpp (bearing genotype 1b E1-E2) and the HCVcc system
(genotype 2a), respectively (20); however, the antibodies were
unable to neutralize HCV genotype 1a (27). Additionally, a
recent clinical trial evaluated the use of a human MAb directed
against HCV E2 as support in preventing the reinfection of
patients with liver transplant for the end stage of the HCV liver
disease (32). The trial showed an efficacy limited to the pa-
tients receiving very high doses; this could be due to the fact
that the molecule used in this trial neutralizes HCVpp bearing
E1-E2 of genotype 1a at 20 �g/ml (13), a dose difficult to reach
in passive immunotherapy, leaving room for the expectation
that a powerful antibody could possibly exert a beneficial effect
in a similar clinical setting.

Overall, the availability of cross-reactive MAbs with

FIG. 3. (a) Neutralizing activity of Fab e137 using virus pseudoparticles displaying E1-E2 genotype 1a (UKN1A20.8). Data obtained from
HCVpp infection in the presence of c33-3 (negative control [neg]), AP33, and in the presence of different concentrations (in micrograms per
milliliter) of immunoaffinity-purified (�90%) Fab e137 are presented as a percentage of the infection detected in the absence of antibody.
Neutralization activity was expressed by percent reduction of luciferase activity relative to the value for the control without competing antibodies.
The experiment was performed three times, and the means � standard errors of the means (error bars) from the three replicate assays are
reported. (b) Neutralizing activity of Fab e137 at 15 �g/ml using virus pseudoparticles displaying E1-E2 proteins of different genotypes (HCV
genotypes 1a to 6) (UKN1A20.8, UKN1B5.23, UKN2A1.2, UKN2B1.1, UKN3A13.6, UKN4.21.16, UKN5.15.11, and UKN6.5.8). The means plus
standard errors of the means (error bars) of two replicate assays are reported. (c) Neutralization activity of e137 using the HCVcc system (genotype
2a). The infectivity of JFH-1 in the presence of e137, negative-control Fab (c33-3), and AP33 is presented as the viral RNA quantity normalized
against glyceraldehyde-3-phosphate dehydrogenase RNA, as determined by quantitative reverse transcription-PCR. The virus infectivity was
evaluated by measuring the levels of positive-stranded HCV RNA (24).
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strong neutralizing activity (i) allows a better understanding
of the virus-host interplay, (ii) provides new opportunities to
develop antigens potentially able to elicit a broadly neutral-
izing immune response, and (iii) may assist in the develop-
ment of an effective passive immunotherapy for HCV infec-
tion.
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