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ABSTRACT

The hepatitis C virus (HCV) envelope glycoprotein E1E2 complex is a candidate vaccine antigen. Previous immunization studies
of E1E2 have yielded various results on its ability to induce virus-neutralizing antibodies in animal models and humans. The
murine model has become a vital tool for HCV research owing to the development of humanized mice susceptible to HCV infec-
tion. In this study, we investigated the antibody responses of mice immunized with E1E2 and a novel soluble form of E1E2
(sE1E2) by a DNA prime and protein boost strategy. The results showed that sE1E2 elicited higher antibody titers and a greater
breadth of reactivity than the wild-type cell-associated E1E2. However, immune sera elicited by either immunogen were only
weakly neutralizing. In order to understand the contrasting results of binding and serum neutralizing activities, epitopes tar-
geted by the polyclonal antibody responses were mapped and monoclonal antibodies (MAbs) were generated. The results
showed that the majority of serum antibodies were directed to the E1 region 211 to 250 and the E2 regions 421 to 469, 512 to 539,
568 to 609, and 638 to 651, instead of the well-known immunodominant E2 hypervariable region 1 (HVR1). Unexpectedly, in
MAb analysis, �12% of MAbs isolated were specific to the conserved E2 antigenic site 412 to 423, and 85% of them cross-neutral-
ized multiple HCV isolates. The epitopes recognized by these MAbs are similar but distinct from the previously reported HCV1
and AP33 broadly neutralizing epitopes. In conclusion, E1E2 can prime B cells specific to conserved neutralizing epitopes, but
the levels of serum neutralizing antibodies elicited are insufficient for effective virus neutralization. The sE1E2 constructs de-
scribed in this study can be a useful template for rational antigen engineering.

IMPORTANCE

Hepatitis C virus infects 2 to 3% of the world’s population and is a leading cause of liver failures and the need for liver transplan-
tation. The virus envelope glycoprotein complex E1E2 produced by detergent extraction of cells overexpressing the protein was
evaluated in a phase I clinical trial but failed to induce neutralizing antibodies in most subjects. In this study, we designed a
novel form of E1E2 which is secreted from cells and is soluble and compared it to wild-type E1E2 by DNA immunization of mice.
The results showed that this new E1E2 is more immunogenic than wild-type E1E2. Detailed mapping of the antibody responses
revealed that antibodies to the conserved E2 antigenic site 412 to 423 were elicited but the serum concentrations were too low to
neutralize the virus effectively. This soluble E1E2 provides a new reagent for studying HCV and for rational vaccine design.

Hepatitis C virus (HCV) is a leading cause of liver cirrhosis and
hepatocellular carcinoma in developed countries, with an es-

timated 170 million people being infected worldwide (1, 2). Of
particular concern in the United States is the increasing number
of cases in the 15- to 24-year-old age group, while the national rate
of symptomatic HCV infection declined and began to level off in
2006 (3, 4). Standard-of-care therapy consists of pegylated alpha
interferon, ribavirin, and a direct-acting antiviral (DAA), boce-
previr (5, 6) or teleprevir (7), which is partially effective but has
significant side effects. New DAAs are on the horizon and show
great promise in replacing the interferon-based treatment in the
foreseeable future (8). However, it is uncertain if affordable treat-
ment will eventually be available to the majority of patients due to
the high drug costs. To combat this global public health problem,
it is imperative that more affordable drugs, as well as a broadly
effective HCV vaccine to prevent new infections, be developed.

Although vaccines and therapeutic antibodies have been suc-
cessfully developed to protect at-risk populations against many
viral diseases, so far they have not been successful for HCV. The
extreme genetic diversity of circulating HCV is a major roadblock
to an HCV vaccine. The sequences of HCV isolates from different

genotypes can differ by as much as 35% (9). Consequently, any
given vaccine based on a single isolate is unlikely to be effective. To
overcome this challenge, a broadly effective vaccine must target
conserved B or T cell epitopes. To study conserved B cell epitopes,
we and others have isolated murine, rat, and human monoclonal
antibodies (MAbs) that can cross neutralize diverse HCV isolates
(10–19). The majority of cross-neutralizing MAbs have been
found to neutralize HCV by blocking the viral envelope glycopro-
tein E2 from binding to the HCV receptor/entry factor CD81.
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These MAbs include MAbs HCV1, AP33, 3/11, and HC-33 bind-
ing to the E2 antigenic site from 412 to 423 (10, 18, 20) and a group
of MAbs recognizing a cluster of overlapping discontinuous
epitopes forming antigenic region 3 (AR3) of the E1E2 complex
(12, 16). AR3 has been mapped to the E2 regions from amino acids
(aa) 396 to 424, 436 to 447, and 523 to 540 and to E2 residues S424,
G523, G530, and D535 by competition enzyme-linked immu-
nosorbent assay (ELISA) and alanine scanning mutagenesis (16).
Of note, these E2 residues are also critical for E2 binding to CD81
(21). MAbs similar to AR3 antibodies recognizing epitopes with
some variations in the contacting residues have also been identi-
fied by others (13–15). Another interesting murine MAb, H77.39,
was reported to be able to block E2 binding to both CD81 and
another HCV receptor, the scavenger receptor class B1 (SR-B1),
and it was reported that E2 residues N415 and N417 are involved
in the interactions (22). For E1, the human MAbs H-111 (23) and
IGH526 (17) were reported to neutralize HCV by binding to the
E1 antigenic sites from aa 192 to 202 and 313 to 327, respectively.
Another important conserved neutralizing epitope is present on
the quaternary structure of the E1E2 complex, defined by the MAb
AR4A (12). The binding of MAb AR4A depends on both E1 and
E2, and mutations in the E1 region from aa 201 to 206, the E2
region from aa 657 to 659, and E2 aa 692 that disrupt E1E2 com-
plex formation abolish binding of this MAb. Protection against
heterologous HCV isolated by the AR3- and AR4-specific MAbs
and MAb HCV1 has been demonstrated in the humanized mouse
and chimpanzee model, respectively (12, 24). These new findings
underscore the fact that, despite the extreme genetic diversity,
conserved B cell epitopes are present on HCV for rational vaccine
design.

The E1E2 glycoprotein complex has been evaluated as a vac-
cine candidate in a phase I clinical trial (25–27). Early immuniza-
tion studies in the chimpanzee model provided proof that HCV
infection can be prevented and controlled by antibodies to E1E2
(28). However, protection was achieved only for autologous virus
challenge and not heterologous virus challenge. Immunizations
with E1E2 formulated in MF59 adjuvant for the elicitation of neu-
tralizing antibodies (NAbs) have produced various results, rang-
ing from good immunogenicity in guinea pigs to modest immu-
nogenicity in mice and humans (25, 26, 29, 30). E1E2 had also
been presented on virus-like particles (VLPs) (31) and retroviral
particles (32) or delivered by recombinant measles viruses (33),
where modest levels of cross-NAbs were reported in some of the
studies. Overall, the E1E2 complex is an attractive vaccine candi-
date, although improvement of its ability to elicit broadly NAbs
(bNAbs) is required for it to be useful as a broadly effective HCV
vaccine. Currently, only limited information on the specificities of
antibody responses following immunization with the glycopro-
teins is available. A better understanding of the antigenic and im-
munogenic properties of E1E2 will provide useful information for
improving E1E2 as a vaccine antigen. The mouse model was uti-
lized in this study because several humanized mouse models for
HCV infection have now been developed (34–38), whereas the
chimpanzee model is no longer available for academic research.
Consequently, the humanized mouse models will likely be used in
most preclinical HCV vaccine studies; therefore, a detailed char-
acterization of murine antibody responses to HCV antigens is
warranted.

In this study, we took advantage of recent advances in HCV
antibody studies and investigated the possibility of designing a

soluble form of the E1E2 complex that maintains the quaternary
fold of the complex. This complex will be useful as a template for
engineering immunogens to focus B cell responses to conserved
neutralizing epitopes on the complex. We also studied the speci-
ficities of antibody responses elicited by immunization with the
full-length and soluble E1E2, isolating new MAbs specific to the
highly conserved E2 antigenic region from aa 412 to 423 and other
immunodominant regions.

MATERIALS AND METHODS
Cloning and expression of E1E2 envelope glycoprotein complex. The
nucleotide DNA sequence of genotype 1a isolate H77 E1E2 (GenBank
accession number AF009606) was codon optimized (GenBank accession
number KJ701242) (GenScript) and used as a template for generation of
the expression plasmids shown in Fig. 1A. To generate soluble E1E2
(sE1E2) constructs, the nucleotide sequences of the ectodomains of E1
and E2 were amplified and joined together by splicing overlapping
extension PCR and then cloned into the pCMVtpa expression vector
(pCMVtpa_sE1E2) (39). In the pCMVtpa_sE1E2v4 plasmid construct, a
tobacco etch virus (TEV) cleavage site and a Strep-tag II were introduced
between the E1 and E2 ectodomains. The removal of the transmembrane
domains (TMDs) enables the expressed protein to be secreted from the
cell. Soluble constructs were generated by cotransfection of 293T cells
with pAdvantage (Promega) and the corresponding expression plasmids
encoding the engineered E1E2 genes at a 1:1 ratio by polyethylenimine
(Polysciences Inc.). Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 5% fetal calf serum (Invitrogen) and kifunensine (Callaghan
Innovation Research) at a final concentration of 10 �M was used as the
growth medium for expression of the soluble constructs. Supernatants
were harvested at 72 h posttransfection and analyzed by ELISA and West-
ern blotting for the presence of sE1E2.

Purification of sE1E2. sE1E2v4 was expressed by transient transfec-
tion of 293F cells (Life Technologies) and was purified from the cell su-
pernatant using an antibody-affinity column based on MAb AR3A (11).
The glycoproteins were analyzed by reducing and nonreducing SDS-
PAGE, and the gel was stained with Coomassie-based SimplyBlue
SafeStain (Life Technologies). The protein species were quantified on the
basis of the results for the bovine serum albumin control by densitometry
using the ImageJ program (v1.47), obtained from the NIH website (http:
//rsbweb.nih.gov/ij/download.html).

Experimental animals. Female specific-pathogen-free inbred BALB/c
mice were purchased from The Scripps Research Institute (TSRI) breed-
ing colony at 5 to 6 weeks of age. Animals were housed in ventilated
microisolator cages under environmentally controlled conditions at the
TSRI animal facility in compliance with AAALAC guidelines and an ap-
proved IACUC protocol.

Immunization protocol. DNA vaccines for E1E2 and sE1E2 were de-
livered by in vivo electroporation using a TriGrid delivery system (for
rodents) developed by Ichor Medical Systems, Inc. (40). A previous in-
house study demonstrated that the efficacy of this method in eliciting
antibody responses to HIV-1 gp120 is comparable to that of eliciting
antibody responses to proteins in adjuvant (39). Blood samples were
taken prior to immunization (prebleed samples). Each animal was in-
jected with a 40 �g/dose of DNA plasmid in the two tibialis anterior
muscles. Animals were immunized at 2-week intervals, and blood was
drawn at 7 days postinjection. A final protein boost with a purified
truncated E2 glycoprotein (isolate H77 residues 412 to 645) at 50
�g/animal was administered intraperitoneally without adjuvant, and
terminal bleed samples were collected 7 days later while the animals
were under anesthesia.

Hybridoma fusion protocol. The spleens and lymph nodes of immu-
nized mice were removed aseptically, and lymphocytes were harvested
after lysing red blood cells by osmotic shock. Hybridomas were produced
following standard techniques using SP2/0-AG14 myelomas (ATCC
CRL-1581) as fusion partners and polyethylene glycol (molecular mass,
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FIG 1 Characterization of sE1E2 constructs. (A) Schematic illustration of 6 sE1E2 constructs. The numbering corresponds to the amino acid positions in the
polyprotein of the genotype 1a H77 strain. TMD, transmembrane domain; Strep-Tag II sequence, WSHPQFEK; long linker sequence, GGSSRSSSSGGGGSG
GGG; TEV cleavage site sequence, GENLYFQ. (B) Antigenicity of sE1E2. The sE1E2 constructs were expressed in 293T cells by transient transfection in the
presence of kifunensine and captured from the cell supernatants onto microwells by MAb AR4A. Captured sE1E2 was probed by MAbs AR1A, AR1B, AR2A,
AR3A, AR4A, AR5A, IGH526, and CD81 LEL-Fc. As expected, poor binding was observed for the cell-associated wild-type E1E2 and for detection with MAb
AR4A, which was the capture antibody. However, a binding signal was not detected for MAb AR2A, suggesting the absence of this isolate-specific E2 epitope on
the engineered sE1E2 complexes. OD450, optical density at 450 nm. (C) sE1E2, sE1E2v4, and E1E2 in cell supernatant and cell lysate. The expressed glycoproteins
were captured onto ELISA plates precoated with MAb AR4A and detected with anti-E1 MAb IGH526 and anti-E2 MAb AR1B, as described for panel B. (D)
Immunoblot analysis of sE1E2 and sE1E2v4. Soluble E1E2 was treated with TEV protease at 30°C for the specified times, and digested samples were resolved in
a reducing SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride membrane for immunoblotting. Mouse anti-E1 MAb A4 and human anti-E2
MAb HCV1 primary antibodies, followed by IRDye800CW anti-mouse (green signal) and IRDye700DX anti-human (red signal) secondary antibodies, were
used. Codetection of E1 and E2 generated a yellow signal. (E) SDS-PAGE analysis of purified sE1E2v4. Five micrograms of sE1E2v4 proteins was resolved by
reducing (lane 2) and nonreducing (lane 3) SDS-PAGE, and bovine serum albumin (BSA; reduced) (lane 1) was used as a control. The relative abundance of the
sE1E2v4 oligomeric forms was determined by densitometry using ImageJ software, and it was found that the sE1E2v4 preparation contained 5%, 19%, 19%, and
37% monomers, dimers, trimers, and higher oligomers, respectively. The numbers on the left are molecular masses (in kilodaltons).
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1,500 kDa) as the fusogen. Hybridoma cultures were maintained in RPMI
1640 medium (Life Technologies) supplemented with 1 mM pyruvate,
100 U/ml penicillin, 100 �g/ml streptomycin, 2 mM GlutaMAX, 100 �M
sodium hypoxanthine, 16 �M thymidine, and 10% fetal calf serum (In-
vitrogen). Culture supernatant from wells with cell growth was screened
by ELISA using an H77 E1E2-transfected cell lysate as the solid-phase
antigen. Aliquots of stable H77 E1E2 glycoprotein-specific hybridomas
were frozen in a mixture of 10% (vol/vol) dimethyl sulfoxide and 90%
low-IgG fetal calf serum for storage in liquid nitrogen.

Antibody isotyping. Antibodies were isotyped using a commercial
isotyping kit (Thermo Scientific). Briefly, ELISA strip wells were pre-
coated with anti-mouse heavy-chain capture antibody (anti-IgG1, IgG2a,
IgG2b, IgG3, IgA, and IgM) or anti-mouse light-chain capture antibody
(kappa or lambda). Diluted mouse MAb culture supernatant premixed
with goat anti-mouse IgG-IgA-IgM-horseradish peroxidase (HRP) con-
jugate was added to the wells, and the plates were incubated for 1 h and
washed before the addition of the chromogenic substrate. The results were
recorded by measuring the absorbance of the plates at 450 nm.

Serum and antibody characterization. To study whether the antibod-
ies recognized continuous or discontinuous epitopes, E1E2 antigens were
captured onto ELISA wells precoated with 5 �g/ml Galanthus nivalis lec-
tin. Native proteins or proteins that had been reduced with 0.1% SDS–50
mM dithiothreitol at 100°C for 5 min were captured onto ELISA wells by
the lectin. Binding of antibodies to the folded and unfolded proteins was
detected by peroxidase-conjugated goat anti-mouse IgG secondary anti-
body (The Jackson Laboratory) at 10 �g/ml. Mouse MAb A4, specific for
the E1 linear epitope from aa 198 to 207 (41), was used as a positive
control for unfolded proteins.

The specificity of the antibodies to E1E2 or E2 was determined by
incubating the MAbs with E1E2 or E2 antigens without the transmem-
brane region (soluble E2) precaptured by lectin onto microwells. Soluble
E2 antigens were produced in the cell supernatant from 293T cells trans-
fected with an expression plasmid encoding the soluble E2 cDNA (E2
from aa 384 to 717 or E2 with a deletion of the transmembrane region).
After 1 h of incubation, the plates were washed, and bound antibodies
were detected with HRP-conjugated goat anti-mouse F(ab=)2 fragment
antibody (1:2,000; The Jackson Laboratory) and tetramethylbenzidine
(TMB) substrate (Pierce).

To study sera and MAb cross-reactivity to other HCV genotypes,
ELISA was performed as described above with native and reduced E1E2
cell lysates from isolates H77 (genotype 1a), J6E3 (genotype 2a),
UKN3A1.28, UKN4.11.1, UKN5.15.7, and UKN6.5.34.

To map the serum antibody responses to different antigenic regions
on E1E2 (12, 16), a saturating concentration of blocking MAbs (20 �g/ml)
was added to the E1E2 antigens (isolate H77) that had been captured by
precoated G. nivalis lectin (5 �g/ml; Vector Laboratories) for 30 min
before the addition of the detecting MAbs. E1E2 antigens were prepared
from cell lysates from 293T cells transfected with the H77 E1E2 expression
plasmid. Nonfat milk (4%; Bio-Rad) in phosphate-buffered saline (PBS)
and 0.05% Tween 20 (PBST-M) was used as a blocker in assays using
lectin-captured antigens. The ELISA plates were washed after 1 h incuba-
tion, and binding of the detecting antibodies was detected by HRP-con-
jugated goat anti-mouse IgG Fc antibody (1:2,000; The Jackson Labora-
tory) in 1% milk–PBST and TMB substrate (Pierce). The level of
inhibition by the blocking antibody was calculated as the percent reduc-
tion of the optical density signals produced by the detecting antibody in
the presence of the blocking antibody.

To study the ability of the MAbs to inhibit E1E2 binding to CD81, the
CD81 long external loop (LEL) was immobilized onto ELISA plates at 5
�g/ml to capture 293T cell lysates containing H77 E1E2 in the presence of
MAbs. Plates were blocked with PBST-M, and biotinylated MAbs A4 and
AR2A, which do not block E2 binding to CD81, were used as detecting
MAbs. MAb AR3A, recognizing an epitope overlapping with CD81 bind-
ing on E2, was used as a control.

The apparent affinities (50% effective concentrations [EC50s]) of the

antibodies were calculated by fitting a dose-response curve to the levels of
binding of serially diluted antibodies to lectin-captured E1E2 antigens
using GraphPad Prism software.

HCV neutralization assays. HCV pseudotype particles (HCVpp)
were generated by cotransfection of 293T cells with pNL4-3.lucR-E- (42,
43) and the corresponding expression plasmids encoding the E1E2 genes
at a 4:1 ratio by polyethylenimine. The E1E2 expression plasmids for
isolates H77, UKN1b12.6, and J6E3 have been described previously (44–
46). Virus infectivity was detected with the firefly luciferase assay system
(Promega), and percent neutralization was calculated as the residual virus
infectivity at the antibody concentrations indicated below divided by the
infectivity without antibody after background subtraction. The back-
ground infectivity of the pseudotype virus was defined by infecting cells
with virus made with pNL4-3.lucR-E- only. Pseudotype virus particles
displaying the vesicular stomatitis virus envelope glycoprotein G (VSVpp)
were a control for nonspecific neutralizing activity. The virus was incu-
bated with the diluted sera/antibodies for 1 h at 37°C before it was added
to Huh-7 cell monolayers and was removed after 6 h of incubation. Ex-
pression of the luciferase reporter gene in the infected cells was measured
at 3 days postinfection.

For cell culture HCV (HCVcc) neutralization, HCV isolate JFH-1 was
propagated using Huh-7.5.1 cells as described previously (47). The MAbs
were titrated 4-fold from 20 �g/ml and incubated with HCVcc for 1 h at
37°C. The virus-antibody mixture was added to 7 � 103 Huh-7.5.1 cells/
well for 6 h and replaced with fresh medium. After 3 days of incubation,
cell monolayers were fixed with 4% paraformaldehyde, permeabilized
with 0.1% Triton X-100, and blocked with PBS–10% fetal calf serum.
Virus neutralization was determined by measurement of the reduction of
the number of infectious foci. Infectious foci were visualized by indirect
immunofluorescent staining using MAb AR3A (2 �g/ml) and Alexa 555-
conjugated anti-human IgG (1 �g/ml) (Molecular Probes) with a fluores-
cence microscope.

Mapping of antibody epitopes by peptide ELISA. Epitope mapping
was done using a series of overlapping peptides covering the E1E2 region
of the HCV isolate H77 sequence. The peptides consisted of 18-mers with
an overlap of 11 amino acids covering the E1E2 HCV glycoprotein region
(HCV type 1a H77 Peptides-Complete Set, catalog no. 7620, lot no. 4,
provided by the NIH AIDS Research and Reference Reagent Program).
Briefly, plates were coated with 5 �g/ml of peptide, blocked with 4%
PBST-M, and incubated with sera/MAbs, and binding was detected in an
ELISA format as described above.

RESULTS
Immunogen design. The E1 and E2 glycoproteins are known to
form a complex (E1E2) via noncovalent interactions of their
transmembrane domains (48). The E1E2 complex in previous im-
munization studies has been produced as membrane-associated
glycoproteins and was solubilized and purified in the presence of
nonionic detergents (25, 28). Recently, we demonstrated that the
ectodomains of E1 and E2 are involved in complex formation,
with the N-terminal region of E1 interacting with the membrane-
proximal external region of E2 (12). Specific mutations in either
E1 or E2 can abolish the binding of MAbs recognizing nonover-
lapping epitopes present on the quaternary structure of the com-
plex. Given that both flaviviruses and alphaviruses use class II
fusion proteins for viral entry, it seems that HCV also likely uses
the class II fusion protein for entry. In flaviviruses, the envelope
protein E is responsible for both receptor binding and fusion (49).
In alphaviruses, two envelope glycoproteins are used instead (50).
Since HCV has two envelope glycoproteins forming het-
erodimers, we propose that the ectodomains of HCV E1 and E2
interact in a manner reminiscent of that of the E2–E1 complexes
of the alphaviruses (50, 51). In structural studies of the alphavirus
envelope glycoprotein complex, the complex can be expressed as a
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soluble complex by replacing the transmembrane domain be-
tween E1 and E2 with a short linker. Following a similar strategy,
we designed a number of soluble E1E2 (sE1E2) constructs (Fig.
1A). The expression of the soluble complexes was analyzed by a
capture ELISA with the MAb AR4A and by detection with MAbs
specific for the E1 and E2 epitopes and the receptor CD81. MAb
AR4A neutralizes HCV by binding to an epitope which is found
exclusively on the E1E2 complex and not E1 or E2 per se (12). The
constructs sE1E2, sE1E2v1a, and sE1E2v4 expressed soluble E1E2
complexes with more favorable binding properties than the sE1E2
constructs sE1E2v1, sE1E2v2, and sE1E2v3 with a partially trun-
cated E1 transmembrane region or an 18-residue linker inserted
between the E1 and E2 ectodomains (Fig. 1B). The secreted forms
of E1E2 (sE1E2 and sE1E2v4) were more readily detected in the
cell supernatants than full-length E1E2, which required detergent
extraction to release the glycoproteins (Fig. 1C). Surprisingly, a
folded sE1E2 complex can be obtained by simply deleting the
transmembrane domains of E1 and E2 without a flexible linker
(construct sE1E2). In the construct sE1E2v4, a tobacco etch virus
(TEV) protease cleavage site and a Strep-tag II were inserted be-
tween the E1 and E2 ectodomains. Figure 1D shows that sE1E2v4
but not sE1E2 can be cleaved into E1 and E2 by TEV protease. In
SDS-PAGE analysis, purified sE1E2v4 showed multiple oligo-
meric forms under nonreducing conditions. Densitometric anal-
ysis showed that sE1E2v4 existed mostly as dimers (19%), trimers
(19%), and higher oligomers (37%), with �5% being present as
monomers (Fig. 1E). Although we think that the quaternary
epitopes (AR4A and AR5A) are present on each sE1E2 molecule,
the current data do not eliminate the possibility that the epitopes
are formed by two or more interacting sE1E2 proteins. Further

protein engineering is under way to improve protein homogeneity
for studying the presentation of the neutralizing epitopes on the
soluble complex and for structural studies.

Immunization and antiserum analysis. Wild-type E1E2 and
sE1E2 were chosen for DNA immunizations. Mice were immu-
nized 4 times biweekly with 40 �g of the DNA constructs by in vivo
electroporation (39, 40), followed by a protein boost of 50 �g of a
truncated form of soluble E2 (aa 412 to 645). Blood samples were
collected 1 week after the fourth and fifth immunizations (Fig.
2A). The serum antibody titers were determined by ELISA, and
the titers of antibody to E1E2 were calculated as the half-maximal
antibody titer (EC50) (Fig. 2B). The terminal serum titration
showed that immunization with sE1E2 and wild-type E1E2 re-
sulted in antibody titers of �5,700 and 1,000, respectively. The
same assay detected a titer of �9,800 in the control pooled human
serum (from 5 chronic patients), and the antibody had good vi-
rus-neutralizing activity.

Since HCV is genetically diverse, the characterization of
epitopes important for protection or antibody escape will provide
useful information for the rational design of immunogens for elic-
iting bNAbs rather than antibodies to immunodominant nonneu-
tralizing epitopes. To address this, we assessed how genotypic
variation affected serum reactivity in native and reduced forms of
E1E2 glycoproteins (Fig. 2C). As expected, the immune responses
were the highest against the homologous H77 E1E2 in both the
reduced and the nonreduced forms. E1E2-immunized mice
showed restricted reactivity, as they reacted mainly with H77
E1E2. In contrast, antisera from the sE1E2 group had more diverse
reactivity across the genotypes. The human sera had moderate
binding to native glycoproteins but had noticeably higher reactiv-

FIG 2 (A) Schematic representation of the study design. Mice were immunized with DNA vaccine at biweekly intervals and boosted with purified E2 protein
(arrows), and blood samples obtained at the indicated time points were analyzed for humoral responses. (B) Antibody titers of pooled mouse and human sera
to E1E2. Sera were serially diluted, and their reactivity against E1E2 lysate was determined by ELISA. The EC50s of the polyclonal antibody responses were
calculated from the titration curve, and values are the means from at least 3 independent experiments. *, P � 0.05). (C) Reactivity of immune sera (diluted 1:300)
to native and reduced E1E2. The data shown are the mean values from at least 2 experiments.

Murine Antibody Responses to HCV Env
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ity to denatured E1E2. The results suggest that, during chronic
HCV infection, unfolded E1 or E2 is presented to the immune
system, eliciting antibodies to epitopes that are not found on na-
tive E1E2. Overall, the immunization regimen was effective in
eliciting anti-E1E2 antibodies in mice.

The specificities of the antibody responses to continuous and
discontinuous epitopes were mapped by overlapping peptides and
competition ELISA. To map antibody responses to continuous
epitopes, a library of E1E2 overlapping peptides (18-mers with
11-amino-acid overlaps) was used in an ELISA (Fig. 3A). On the
E1 region, wild-type E1E2-immunized mice reacted only with aa
225 to 231, while sE1E2 reacted with aa 211 to 217 and aa 239 to
250. There was little reactivity with the rest of the continuous
epitopes in the E1 ectodomain and transmembrane domain in all
the immunized groups. The mice showed greater reactivity to-
ward the E2 glycoprotein than the E1 glycoprotein. Wild-type
E1E2-immunized mice reacted with aa 442 to 460, aa 582 to 602,
and aa 638 to 651, while sE1E2-immunized mice reacted with aa
442 to 469, aa 519 to 539, aa 568 to 59,5 and aa 638 to 651. Both
groups had little reactivity toward hypervariable region 1 (HVR1)
aa 384 to 411 and E2 variable region 2 (VR2) aa 460 to 485, al-
though sE1E2-immunized mice had reactivity against E2 variable
region 3 (VR3) aa 570 to 580.

To map antibody specificities to discontinuous epitopes, a pre-
viously reported panel of MAbs that recognize 5 distinct antigenic
regions (AR1 to AR5) on the HCV E1E2 glycoprotein (12, 16) was
used in competition ELISA (Table 1). The neutralizing human
sera had the most reactivity toward the AR3A, AR4A, AR2A, and
AR5A regions in decreasing order of reactivity. They showed little
competition with AR1B antibody. The wild-type E1E2-immu-
nized mice did not compete with the MAb panel, while sE1E2-
immunized mice competed with MAbs AR3A and AR4A.

To assess neutralizing activity, preimmune and terminal bleed
sera (diluted 1:20) were tested against a panel of HCV pseudotype
virus particles (HCVpp). Weak to moderate neutralizing activity
(up to 46% neutralization) was detected in the immune sera of
E1E2- and sE1E2-immunized mice (preimmune sera had no no-
ticeable neutralization relative to that for the negative control)
(Table 2). In comparison, at a 1:100 dilution pooled human sera
from infected individuals neutralized HCVpp �70%.

Overall, the results indicate that sE1E2 elicits a stronger anti-
body response than wild-type E1E2 in DNA vaccination, yet the
serum neutralizing activities are similar for both antigens. The
results are consistent with those of previous studies where animals
immunized with E2 engineered to be expressed on the cell surface
or secreted had antibody responses better than those of rodents

FIG 3 Reactivity of sera from E1E2- and sE1E2-immunized animals (A) and MAbs (B) to a library of overlapping E1E2 peptides in ELISA. The MAbs not shown
did not bind to the peptides in the ELISA and were assumed to bind discontinuous epitopes. All 7 neutralizing MAbs except 23D9 were mapped to the region from
amino acids 412 to 423 of the E1E2 glycoprotein. *, MAb 22C9 was also mapped to this region but was nonneutralizing. Peptides were supplied by the NIH AIDS
Research and Reference Reagent Program. Data shown are representative of those from 3 independent experiments performed in duplicate.
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and macaques to wild-type E1E2 produced by DNA immuniza-
tions (30, 52, 53).

MAb analysis. The antibody responses were studied further at
the monoclonal level. Splenocytes and lymphocytes in lymph tis-
sues from the animals with the highest titers were used in a classi-
cal polyethylene glycol fusion with mouse SP2/0-AG14 myeloma
cells to generate MAbs. A total of 37 hybridoma clones were ob-
tained and produced MAbs with � light chains; 33 of these se-
creted IgG1 antibodies, 3 secreted IgG2a antibodies, and 1 se-
creted IgG2b antibodies. All MAbs bound E2: 27 of them reacted
only with the immunizing antigen (H77, genotype 1a), whereas 10
cross-reacted with heterologous viral genotypes (Table 3). Eleven
MAbs recognized discontinuous epitopes, and 26 MAbs recog-
nized continuous epitopes. In pepscan analysis, 7 MAbs bound to
peptides corresponding to E2 aa 407 to 424, 19 bound to the im-
munodominant region from aa 428 to 469, and 4 bound to aa 512
to 539 (Fig. 3B). MAb 21B3 bound to multiple peptides from aa
428 to 445, aa 456 to 480, and aa 589 to 606, while MAb 23D9
bound to peptides aa 428 to 452 and aa 589 to 606. Five MAbs
(19F11, 20F9, 21E2, 21E3, and 21F5) that bound poorly to dena-
tured E2 were reactive in the pepscan assay, indicating that their
epitopes are partly discontinuous. In terms of conformational
epitope specificities, the MAb panel did not compete strongly with
our in-house human MAbs specific for AR1 to AR5 (data not
shown). The MAbs in hybridoma supernatants were screened for
neutralization, and 20% of them neutralized �50% of the infec-
tivity of HCVpp displaying the homologous H77 E1E2 (Table 3).
Several MAbs were also found to neutralize heterologous HCV
strains UKN1b12.6 (genotype 1b) and J6E3 (genotype 2a) but not
the negative control, VSVpp. All the neutralizing MAbs except
MAb 23D9 reacted with multiple genotypes in ELISA and bound
both reduced and nonreduced forms of E1E2.

Seven MAbs (19B3, 22A9, 22D11, 22E9, 23D9, 23F1, and
23G1) with neutralization potential in the preliminary assessment
were chosen for further characterization. The binding properties
of the purified antibodies are summarized in Tables 4 and 5. All 7
MAbs were E2 specific, and all except 23D9 cross-reacted with
other genotypes. Interestingly, 6 of the NAbs recognized the con-

served E2 antigenic site 412 to 423 (Fig. 3B). In a competition
ELISA, the MAbs indeed competed for the same E2 binding site
for bNAbs HCV1 and AP33 (10, 18, 54–56). The MAbs did not
compete with MAbs AR1 to AR5 but competed against each other,
indicating that they bind to the same antigenic region on E2 (Ta-
ble 4). Interestingly, MAb 23D9 competed strongly only when
used as a blocking antibody, suggesting that it could bind E2 out-
side aa 412 to 423 when it was blocked by other MAbs. The exact
discontinuous epitope has yet to be determined. At high concen-
trations (�10 �g/ml), the MAbs interfered with E1E2 binding to
CD81.

The E2 antigenic site 412 to 423 is highly conserved and a
known target for the cross neutralization of HCV genotypes by
NAbs (10, 18). Alanine scanning mutagenesis was performed in
this site to map the epitopes of the new MAbs (Fig. 4 and Table 6).
The results showed that the MAbs 19B3 and 22E9 required L413,
G418, and W420 for binding, whereas the MAbs 22A9 and 23F1
mainly required N415, G418, and W420 for binding. The MAbs
22D11 and 23G1 were sensitive to most mutations between L413
and W420. The results showed distinct patterns on the residues
critical for binding, though all MAbs required G418 and W420.
The data show that these MAbs recognize distinct yet overlapping
neutralizing epitopes in this antigenic site originally defined by the
bNAbs HCV1 and AP33 (10, 18, 21, 54–56).

DISCUSSION

An effective vaccine against HCV will be one of the most effective
and economical tools to combat this important human pathogen.

TABLE 1 Reactivity of sera to AR1 to AR5 on E1E2a

a The data shown are representative of those from at least 3
experiments. Numbers indicate the percentage of the residual
binding signals of biotinylated human MAbs in the presence of
blocking sera, and the extent of competition (residual binding)
is highlighted by shading: black background, 0 to 25%; gray
background, 26 to 70%; and white background, �70%.
Statistical analyses were performed using a two-tailed Student’s
t test, P values of �0.1 were considered significant. *, P values of
between 0.05 and 0.1; **, P values of between 0.01 and 0.05; ***,
P values of �0.01). Antibodies to antigenic regions 1 to 5 have
been described previously (11, 52).

TABLE 2 Serum neutralization of HCVppa

a *, sera were assayed at a 1:20 dilution for mice and a
1:100 dilution for human. The data shown are the
mean percent neutralization values from 3 independent
experiments with duplicate measurements. White
background, neutralization level of �50%; black
background, neutralization level of �50%. Statistical
analyses were done using a two-tailed Student’s t test. P
values of �0.1 were considered significant. ***, P
values of �0.01. #, there was no statistically significant
difference between the neutralization levels before and
after the E2 protein boost (data not shown).
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Previous studies have demonstrated that eliciting NAbs to HCV
by immunization can prevent virus infection. However, the pro-
tection was restricted to homologous virus and ineffective against
heterologous virus challenge (28). Despite the extreme genetic
diversity of the virus, bNAbs to HCV have recently been shown to
protect the humanized mouse and the chimpanzee models against
heterologous virus in passive transfer experiments (12, 16, 24),

suggesting that it may be possible to develop a vaccine with broad
coverage of HCV genotypes by targeting highly conserved im-
mune epitopes.

Elicitation of bNAbs against highly variable viruses remains a
great challenge in vaccine research. Early immunization studies in
chimpanzees using E1E2 glycoproteins expressed by HeLa cells
infected with recombinant vaccinia virus expression vector (28,

TABLE 3 MAbs to E1E2 isolated from immunized animalsa

a �, MAbs in bold recognize discontinuous epitopes on E2. 			, strong binding (optical density at 450 nm,
�1.5) to E1E2; 		, moderate binding (optical density at 450 nm, �1.5 and �0.6) to E1E2; 	, weak binding
(optical density at 450 nm, �0.6) to E1E2; 
, no appreciable binding/neutralization detected. Data are
representative of those from at least 2 experiments in duplicate. #, neutralization assay against a pseudotype
virus panel consisting of vesicular stomatitis virus envelope glycoprotein G (control) and E1E2 of HCV isolates
H77 (genotype 1a), UKN1B12.16 (genotype 1b), and J6E3 (genotype 2a) that produce signals consistently at
least 10-fold higher than the background signal induced by the control pseudotype virus generated without
HCV Env cDNA. Antibodies that did not neutralize more than 50% at a 1:5 supernatant dilution were
considered negative. The data shown are the mean percent neutralization values from 3 independent
experiments with duplicate measurements. Neutralization levels of less than 50% were considered statistically
insignificant in this study. Statistical analyses were done using a two-tailed Student’s t test, and P values of �0.1
were considered significant. *, P values of between 0.05 and 0.1; **, P values of between 0.01 and 0.05; ***, P
values of �0.01).
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57) and with E1E2 expressed in Chinese hamster ovary cell lines
(27, 58) induced antibodies that mediated various levels of neu-
tralization in different animal models (30, 59). In human vaccine
trials, the vaccine candidate E1E2 glycoproteins have been found
to be only mildly immunogenic, inducing weak to modest NAb
responses (25–27, 60). Clearly, a better understanding of the qual-
ity and specificity of antibody responses following immunization
is warranted to inform further improvement of the vaccine anti-
gens. With the recent development of humanized mouse models
potentially useful for HCV vaccine research (34–38), we aimed at
elucidating the specificity of murine antibody responses to E1E2
immunization in this study.

Our laboratory has developed a large panel of E1E2-specific
MAbs and alanine scanning mutants (12, 16) that enables us to
study polyclonal and monoclonal antibody specificities in detail.
DNA immunization provides a convenient platform that can be
used to study immune responses to HCV glycoproteins expressed
endogenously. Here we assessed the ability of the cell-associated
form and a soluble form of E1E2 to elicit NAbs by DNA immuni-
zation. Plasmids expressing full-length E1E2 and soluble versions
of E1E2 were constructed and used to immunize mice. Previously,
it has been shown that cell surface-expressed E1 and E2 glycopro-
teins are better immunogens than the wild-type antigens (52, 61,
62). It was also true in this study that sE1E2 had a greater breath of
reactivity than wild-type E1E2, probably due to the better chance
of it being captured by both local and distal antigen presentation
cells, thus increasing its immunogenicity (30, 52, 53, 62). The
antibody titers observed here were quite high in comparison to
those seen in an earlier study which induced anti-HCV serocon-

version at a lower rate (53). This is likely a result of the use of in
vivo electroporation technology. Serum responses to E1 glycopro-
tein were limited, in agreement with the poor immunogenicity of
E1 observed in previous studies (63). After boosting with E2 gly-
coprotein, the overall titers against E1E2 did not increase signifi-
cantly, suggesting that the low E1 responses were not caused by
boosting with E2. On the basis of the results, it appears that E1E2
immunization can elicit NAbs but not at levels sufficient to medi-
ate effective serum neutralization of HCV.

E2 HVR1 (aa 384 to 410) has been suggested to be an immu-
nodominant region involved in viral escape of antibodies in in-
fected chimpanzees and humans (27, 64–66). We did not observe
a high reactivity toward this region in the mouse sera, similar to
the results of previous mouse studies (52, 53). It seems that HVR1
may not be as immunogenic as was previously thought and that
strong antibody responses might not be required to select for mu-
tations in this region. Perhaps its main role is to shield other con-
served E2 epitopes underneath (67, 68).

The sera competed significantly with MAbs AR3A (16) and
AR4A (12) in binding to E1E2, suggesting that antibodies to the
discontinuous antigenic regions were elicited. However, only
weak neutralization of HCV was observed in the E1E2- and
sE1E2-immunized groups, suggesting that those antibodies were
either of low affinity or bound to sites near but outside the neu-
tralizing epitopes.

Despite moderate serum reactivity toward the E2 antigenic site
from aa 412 to 423, 7 of the 37 MAbs bound to this site and 6 of
them were neutralizing. This is a surprising result, as these anti-
bodies were expected to be relatively rare on the basis of the serum
analysis (Fig. 3A). The results suggest a discrepancy between the
level of serum antibodies (which are produced mainly by plasma
cells in bone marrow) and the frequency of peripheral memory B
cells encoding the specified antibodies used in hybridoma fusion.
The results are in agreement with the report by Purtha et al. that
the memory B cell compartment can possess antigen specificities
different from those of the long-lived plasma cells in the host and
the two cell compartments may serve two different and nonredun-
dant roles in B cell immunity (69). Comparing the E1E2- and
sE1E2-immunized mice, sE1E2 elicited antibodies with a broader
epitope coverage than E1E2. The immune sera reacted domi-
nantly with the E1 region 211 to 250 and the E2 regions 421 to 469,
512 to 539, 568 to 609, and 638 to 651. It was previously reported

TABLE 4 Competition ELISA of murine MAbs with human MAbs recognizing five antigenic regionsa

a Numbers indicate the percent residual binding signals of biotinylated MAbs in the presence of blocking mouse MAbs, and the extent of
competition (residual binding) is highlighted by shading: black background, 0 to 25%; gray background, 26 to 70%; and white background,
�70%.

TABLE 5 HCV-neutralizing MAbsa

MAb Isotype Specificity
Genotype
reactivity Epitope

Apparent
affinity (nM)

19B3 IgG2a E2 Broad Continuous 0.2
22A9 IgG1 E2 Broad Continuous 0.4
22D11 IgG1 E2 Broad Continuous 1.3
22E9 IgG1 E2 Broad Continuous 0.7
23D9 IgG1 E2 1a only Discontinuous 6.6
23F1 IgG1 E2 Broad Continuous 1.2
23G1 IgG1 E2 Broad Continuous 3.2
a No competition with AR1-5 MAbs was detected (Table 4), and E1E2 binding to CD81
was weakly blocked.
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that antibodies to the so-called epitope II at aa 434 to 446 could
inhibit virus neutralization by antibodies specific to aa 412 to
426 (70). However, recent studies reported a contradictory
conclusion that antibodies to this E2 region can effectively neu-
tralize HCV (20, 71, 72). In this study, MAbs to this region did
not neutralize HCV (e.g., 20B9, 20F9, 21F5, 22E2, and 23H6;
Table 3).

Previously, mapping experiments suggested that the CD81-
binding site on E2 is formed by at least three E2 regions (aa 412 to
424, 436 to 447, and 523 to 540) (16, 21, 73). Interestingly, MAbs
to the last two E2 regions are nonneutralizing, suggesting that
neither region was presented in the correct conformation during
immunization, thus eliciting only nonneutralizing antibodies.

Nevertheless, bNAbs specific to discontinuous epitopes in the E2
CD81-binding site have frequently been isolated by us and others
(13, 15, 16), suggesting that the correct conformation of this site is
immunogenic during an infection. Therefore, an E2 or E1E2 en-
gineered to stabilize the three E2 regions forming the CD81-bind-
ing site may promote the production of NAbs after vaccination.

Lastly, murine and human antibodies to the HCV E2 antigenic
site 412 to 423 have been isolated previously (10, 18, 74). The
human MAb HCV1 has received recent attention, as it neutralizes
a broad range of HCV genotypes (10) and was used to prevent and
treat HCV infection in chimpanzees (24). Its structure has been
solved, demonstrating that the E2 residues L413, N415, G418, and
W420 are critical for antibody binding (10, 55). Another bNAb

FIG 4 E2 residues required for MAb binding to the conserved E2 antigenic site 412 to 423. Expressed proteins with the indicated amino acid mutated to alanine
were analyzed in an E1E2 capture ELISA. Bound antibodies were detected by peroxidase-conjugated goat anti-mouse IgG secondary antibody. The binding of
antibody to each mutant is expressed as a percentage of the binding to H77 wild-type protein. Residual binding of �50% was defined as positive, and the critical
residues are denoted with asterisks. Note the clear dependence of the contacting residues L413, N415, G418, and W420 for the binding of MAb HCV1, as revealed
in the X-ray structure (55). Data shown are representative of those from 3 independent experiments performed in duplicate.

TABLE 6 Summary of HCV-neutralizing MAbsa

a Serial dilutions of MAbs from 20 to 0.02 and 50 to 1 �g/ml were tested for neutralization of HCVcc and HCVpp, respectively. The amount
of antibody required for 50% and 90% (in parentheses) neutralization was calculated from titration data. 
, the MAb did not neutralize
�50% at 50 �g/ml. The 50% inhibitory concentrations of MAbs are highlighted by shading: black background, �1 �g/ml; gray background,
1 to 10 �g/ml; light gray background, �10 �g/ml. None of the MAbs neutralized the control (VSVpp). Residues G418 and W420 were
critical for binding by all the MAbs. Data are representative of those from at least 3 independent experiments done in duplicate. N.D., not
determined.
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MAb, AP33, recognizing the same antigenic site requires similar
binding residues and I414 (55, 56, 74), whereas N415, W420, and
H421 are required by the mildly neutralizing MAb 3/11 (11, 74).
In alanine scanning mutagenesis analysis, our MAb panel had di-
verse binding patterns to E2 412 to 424, although G418 and W420
were required for all MAbs, indicating that multiple distinct neu-
tralizing epitopes are present in this highly conserved E2 antigenic
site. Of note, W420 is 100% conserved in all HCV isolates, and it is
a critical residue for virus binding to CD81 (21).

The results presented above provide useful information on the
antigenicity of E1E2. The sE1E2 construct designed in this study,
which does not require detergent extraction of cells during pro-
duction, can be a useful template for rational engineering for im-
proved presentation of conserved neutralizing epitopes.
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