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Abstract

Hepatitis C virus (HCV) infection is still a serious global health burden. Despite improved therapeutic options, a preventative
vaccine would be desirable especially in undeveloped countries. Traditionally, highly conserved epitopes are targets for
antibody-based prophylactic vaccines. In HCV-infected patients, however, neutralizing antibodies are primarily directed
against hypervariable region | (HVRI) in the envelope protein E2. HVRI is the most variable region of HCV, and this
heterogeneity contributes to viral persistence and has thus far prevented the development of an effective HVRI-based
vaccine. The primary goal of an antibody-based HCV vaccine should therefore be the induction of cross-reactive HVRI
antibodies. In this study we approached this problem by presenting selected cross-reactive HVRI variants in a highly
symmetric repeated array on capsid-like particles (CLPs). SplitCore CLPs, a novel particulate antigen presentation system
derived from the HBV core protein, were used to deliberately manipulate the orientation of HVRI and therefore enable the
presentation of conserved parts of HVRI. These HVRI-CLPs induced high titers of cross-reactive antibodies, including
neutralizing antibodies. The combination of only four HVRI CLPs was sufficient to induce antibodies cross-reactive with 81 of
326 (24.8%) naturally occurring HVRI peptides. Most importantly, HVRI CLPs with AS03 as an adjuvant induced antibodies
with a 10-fold increase in neutralizing capability. These antibodies were able to neutralize infectious HCVcc isolates and 4 of
19 (21%) patient-derived HCVpp isolates. Taken together, these results demonstrate that the induction of at least partially
cross-neutralizing antibodies is possible. This approach might be useful for the development of a prophylactic HCV vaccine
and should also be adaptable to other highly variable viruses.
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Introduction evidence that intravenous drug users (IDUs) who have previously
o ) recovered from HCV infection are more likely than HCV-naive
At present, more than 180 million people worldwide are DU (o resolve the infection. Again, this resolution is associated

chronically infected with the hepatitis C virus (HCV). Despite with high titers of broadly neutralizing antibodies [6-8].
many efforts (for review see [1]), there is still no vaccine against
HCV. Only 30% of infected patients can spontaneously resolve
the infection, and CD8* T cells are the key component for this

Given the importance of both cellular and humoral immune
responses for protection against chronic HCV infection, a
successful vaccine should be able to induce not only a vigorous
resolution [2]. However, neutralizing antibodies are also impor- T-cell response but also high titers of neutralizing antibodies
tant in protecting people against HCV infection. Studies with capable of neutralizing various viral isolates. In HCV-infected
HCV pseudoparticles (HCVpp) and cell culture-derived HCV patients, most neutralizing antibodies are directed against hyper-
(HCVcc) showed that neutralizing antibodies develop in sponta- variable regions I through III (HVRI-HVRII) in envelope
neous resolvers [3] and that rapid induction of neutralizing protein 2 (E2); therefore, these regions are a prime target antigen.
antibodies is associated with viral control [4,5]. There is also Unfortunately, HVRI is also the most variable region of HCV,
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and its constant evolution allows the virus to escape the existing
antibody response [9]. That sequence evolution is indeed driven
by immune pressure is shown by the stability of HVRI in infected
individuals with agammaglobulinemia [10,11]. However, even in
HVRI the sequence flexibility is not unlimited, because this region
also contains highly conserved residues surrounded by mutational
hotspots [12]. Furthermore, HVRI can be roughly divided into a
highly variable N-terminal domain, which may serve as an
immunological decoy [13], and a less variable C-terminal domain;
the higher conservation probably reflects the functional impor-
tance of HVRI for the interaction with the SR-BI receptor and
glycosaminoglycans and for shielding the CD81 binding site
[3,14-19]. Antibodies against this region are neutralizing [20],
inhibit cell-to-cell spread in vitro [21], and protect chimpanzees
from HCV challenge in vivo [22]. Recently, a phase I vaccination
trial in humans with E1 and E2 as antigens showed that patient
sera that were virus neutralizing contained high concentrations of
high-avidity HVRI-specific antibodies [23]. However, in both
studies protection was restricted to viruses containing the same
HVRI sequences as those used for immunization. Hence,
sequence heterogeneity in the HVRI remains an important
challenge for HVRI-based vaccines.

One way of overcoming the problem of target heterogeneity is
immunization with a combination of several HVRIs. First, these
variants must be chosen in a way that enables them to induce a
broad, cross-reactive and neutralizing antibody response. Second,
the genuinely low immunogenicity of the HVRI peptides must be
boosted, e.g., by combination with an immune-enhancing carrier.
The first issue was recently addressed by the use of HVRI
mimotopes [24-26] designed to be cross-reactive with many
natural HVRI sequences and by selecting naturally occuring cross-
reactive HVRI sequences from patient isolates [27]. Both types
induce cross-reactive but genotype-specific antibodies. The second
issue can be addressed by presentation of the peptides on capsid-
like particles (CLPs). Viral capsids combine several features that
make them attractive as antigen carriers for vaccine design [28].
The mammalian immune system is highly adapted to recognize
particles of viral size (20-200 nm) [29] and viral appearance (e.g.,
repetitive surface, incorporated nucleic acids). The 183 aa hepatitis
B virus (HBV) core protein (HBcAg) spontaneously assembles into
icosahedral 34-nm particles [30]. Authentic nucleocapsids and E.
coli—expressed CLPs are highly stable, can package nucleic acids,
and are exceptionally immunogenic [31,32]. B-cell epitopes, such
as the immunodominant c/el-epitope, are symmetrically arranged
in repetitive arrays on the HBV CLP surface. This arrangement
allows direct B-cell activation via B-cell receptor crosslinking [33].
In addition, HBV CLPs can induce both T cell-dependent and T
cell-independent immune responses [32]. Finally, the much
higher stability of the packaged versus free nucleic acid promotes
its release only in late endosomes, where recognition via Toll-like
receptors (TLRs) efficiently activates the innate immune system
[34,35]. This exceptional immunogenicity of CLPs can be
transferred to foreign protein sequences, especially if they are
mserted into the surface-exposed but sequence-internal c/el
epitope of the core protein [36,37]. In phase I trials, CLPs
displaying small epitopes were immunogenic and well tolerated
[38,39]. Because of the central location of the insertion site, only
small peptides or proteins with a compatible structure or size can
be presented on HBV CLPs without disturbing their structure and
self-assembling capability [40-42]. We recently overcame this
limitation by splitting the core protein inside the c/el loop into
two self-complementing fragments (CoreN and CoreC) that
associate into regularly shaped CLPs (SplitCore system). Foreign
sequences can now be fused to CoreN, CoreC, or both without
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imposing conformational stress, largely regardless of their structure
and size [43]. Importantly, the surface orientation of the antigen
can be deliberately chosen depending on whether it is fused to
CoreN or CoreC.

In the present study, we used this system with the goal of
showing that the presentation of HVRI variants on SplitCore
CLPs boosts the immune response and that a selected number of
HVRI variants can induce broadly neutralizing antibodies.

Results

Design and expression of recombinant HVRI core fusion
proteins

Because of the huge intragenotype differences, we used HVRI
variants that were most similar to genotype (G'T) 1b for proof of
principle that HVRI-displaying CLPs can induce neutralizing
antibodies. The sequence of the four 27 aa long HVRI variants is
depicted in Figure 1. Variants YK5807 and YK5829 are naturally
occurring cross-reactive HVRI variants derived from patients
infected with HCV GT1b (Fig. 1A). Variants R9 and G31 are
artificially selected HVRI mimotopes generated by Puntoriero et
al. [44]. The mimotope R9 is similar to Gtlb and was reported to
react with 75% of patient sera. Although the mimotope G31 is
similar to GT3a, it was included because of its high cross-reactivity
(79%) and because we wished to determine whether an HVRI
variant from a different genotype can broaden the response.

Fusion of the HVRI sequences to the SplitCore CoreC
fragment (Fig. 1B) would mimic the natural orientation of the
HVRI in the E2 protein (exposed HVRI N-terminus). However,
because the neutralizing determinants are believed to be located
primarily in the C terminus [45,46], we decided to fuse the HVRI
variants to the CoreN fragment to maximize its exposure to the
immune system.

The various fusion proteins were highly expressed in E. coli (as
high as 10-15 mg/L of culture) and soluble. For the SplitCore
HVRI R9 fusion protein, the CoreN HVRI and the CoreC
fragment co-sedimented into particle-typical center fractions in
sucrose gradients (fractions 5-8 of 14) (Fig. 1C), indicating that
SplitCore HVRI R9 can form CLPs. In the same gradient
fractions, assembled particles were detected by native agarose gel
electrophoresis (NAGE), where particles with their low diffusion
coefficient migrate as distinct bands (Fig. 1D NAGE-CB).
Immunostaining with the HBcAg particle-specific monoclonal
antibody (mAb) 3120 further confirmed the formation of particles
(Fig. 1D NAGE-WB). Comparable data were obtained for the
other three fusion proteins (not shown). Finally, electron micro-
scopic inspection of all four HVRI CLPs showed abundant
spherical particles (Fig. 1E). As expected from the relatively small
size of the fused HVRI sequences, no morphological differences
were detectable between HVRI CLPs and wild-type (wt) CLPs.

To determine whether immunization with a single HVRI
variant is sufficient to induce neutralizing antibodies, we first used
each purified HVRI CLP preparation separately for immuniza-
tion. C57BL/6 mice were immunized subcutaneously on days 0,
14, 28, and 56 with 20 ug of SplitCore fusion proteins HVRI R9,
HVRI G31, HVRI YK5809, or HVRI YK5829. Antibody titers
were determined on days 28, 56, and 84.

After two immunizations, all constructs induced high titers of
HVRI-specific antibodies (endpoint titers in the range of 1:15,000
to 1:24,000; Fig. 2A). After four immunizations, all HVRI CLPs
induced final titers higher than 1:24,000. As expected, all sera also
contained high titers of carrier-specific antibodies (anti-HBc;
Fig. 2B), demonstrating the excellent immunogenicity of the core
protein. The antigenic cross-reactivity between the HVRI variants
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Figure 1. Efficient particle formation of HVRI SplitCore fusion proteins. A X-ray structures of HBV core protein. Side and top views of the
HBc monomer (PDB, 1QGT; aa 1-143). The insertion site for HVRI variants lies in the c/e1 epitope connecting helix a-3 and helix a-4. In SplitCore
constructs the core protein was separated between residues Pro-79 and Ala-80 (green) spheres, indicating C-positions. Below: aa sequence of the
HVRI variants used. The C-terminal part is marked yellow. B Schematic view. The antigen orientation on the particle surface can be deliberately
chosen depending on the fragment to which the HVRI variants are fused. Fusion of HVRI variants to the CoreN fragment exposes the more conserved
C-terminus of the HVRI. Linker sequences (G4S) are not shown. C Expression and particle formation of CoreN-HVRI-R9. Crude lysate from the bacteria-
expressing CoreN-HVRI-R9 fusion protein was sedimented through a preparative 10% to 60% sucrose step gradient; 14 fractions of 860 ul each were
harvested from the top. Aliquots of 8 ul each were analyzed by SDS-PAGE and Coomassie Blue (CB) staining; marker proteins with their molecular
masses (in kDa) are indicated on the left. Both fragments, CoreN (arrow up) and CoreC (arrow down), peaked around fractions 5 to 8, as is typical for
intact CLPs [77]. D Native agarose gel electrophoresis (NAGE). Aliquots of the gradient shown in C were run in 1% agarose gels; they were either
stained with CB or the gel content was blotted onto polyvinylidene difluoride (PVDF) membranes and particles were detected with the particle-
specific mAb 3120 [78] E Electron microscopy. Aliquots of the fusion proteins were negatively stained with uranyl acetate.
doi:10.1371/journal.pone.0102235.9001

was determined in antisera from day 84 (Fig. 2C); the Replacement of the HVRI had little effect on HCVpp formation,

corresponding peptides were used as targets. A monoclonal
antibody directed against the R9 sequence, which was used as a
control, reacted exclusively with the R9 peptide. As expected, all
CLP-induced sera reacted strongly to the HVRI variant used for
immunization (highest dilution tested, 1:24,000; Fig. 2C, shaded in
grey); however, some of the heterologous peptides were also well
recognized, even though none of the sera reacted with all test
peptides. Hence, the HVRI CLPs induced at least a partially cross-
reactive antibody response.

Anti-HVRI antibodies cross-neutralize chimeric HCVpp
To analyze the neutralization ability of our antisera, we
generated chimeric HCV pseudoparticles (HCVpp) in which the
HVRI-encoding region of the E2 protein from the HCV single-
source outbreak AD78 isolate ([4], Gtlb) was swapped for the
corresponding R9, G31, YK5807, or YK5829 sequences
HCVpp-RY, -G31, -YK5807, and -YK5829, respectively).
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and all chimeric HCVpp formed infectious particles. As expected,
all antisera were able to neutralize the HCVpp containing the
HVRI variant used for immunization in a dose-dependent manner
(neutralization at dilution, 1:200: R9, 70%; G31, 41%; YK5807,
67%; and YK5829, 60%; Fig. 2D-G). Cross-neutralization of the
other HCVpp was detectable but clearly weaker (Fig. 2D-G).
Interestingly, although all antisera efficiently neutralized HCVpp
containing the natural HVRI variants (YK5807 and YKJ5829),
HCVpp with HVRI mimotopes (HCVpp-R9 and HCVpp-G31)
were neutralized only by R9 antisera or G31 antisera, respectively.
To rule out the possibility that the observed cross-reactivity is
biased by our choice of the four HVRI variants, we further
analyzed neutralization of HCVpp bearing the H77¢ ([17], Gtla),
AD78 ([4], Gtlb), or J6 ([47], Gt2a) sequence (HCVpp-H77, -
Ad78, and -J6, respectively) (Fig. 2H-]). At a dilution of 1:100 all
antisera were able to neutralize HCVpp-H77 with 50% to 80%
efficiency. Neutralization was still detectable at a dilution of 1:200
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Figure 2. HVRI CLPs are highly immunogenic in mice and induce neutralizing antibodies. Groups of mice (6 per group) were immunized
subcutaneously with the four HVRI particles (20 pg per variant) in IFA at days 0, 14, 28, and 56. Mice were bled on days 0, 28, 56, and 84. Serum was
pooled and tested for HVRI peptide and HBV core-specific antibodies by ELISA. Bars represent the mean of 3 replicate values; error bars represent
standard error of the mean (SEM). A Antibody response against the HVRI variant used for immunization. B Antibody response against HBcAg. C
Cross-reactivity between the various HVRI variants. A monoclonal antibody against R9 (concentration, 1.2 pg/ul) was used as a control. D-J HCVpp
encoding a luciferase reporter were preincubated with pre-sera or with day 84 sera for 2 h before infection of Huh-7.5 cells. Luciferase activity was
measured 72 h after infection. Neutralization efficacy was calculated by comparing the infectivity in the presence of preimmune serum to the

infectivity in the presence of postimmune serum. Values higher than 50% were scored as neutralization (continuous black line).

doi:10.1371/journal.pone.0102235.g002

in case of anti-YK5907 and anti-G31 antibodies (Fig. 2H).
HCVpp-Ad78 was neutralized by anti-YK5829 antibodies up to
a dilution of 1:100 but not by R9-, G31-, or YK5807-specific
antibodies (Fig. 2I). Interestingly, HCVpp-J6, containing a
genotype Gt2a HVRI, was poorly neutralized by all antisera,
and G31 anti-serum completely failed to react with HCVpp-J6 in
several independent experiments (Fig. 2J). In conclusion, immu-
nization with even one HVRI variant induced strong and partially
cross-neutralizing antibodies.

Combination of HVRI CLPs induces cross-reactive
antibodies

Aiming to further improve the neutralization capability, we
vaccinated mice with a mixture of all four HVRI CLPs
simultaneously (5 pg per construct, termed HVRI mix). Immuni-
zation with HVRI mix induced a strong HVRI-specific antibody
response (Iig. 3 A, left, endpoint titer of 1:14,000 to 1:36,000),
cross-reacting with peptides corresponding to all four HVRIs used
for immunization. Anti-HBc-specific antibody titers were compa-
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rable to those detected after immunization with the single HVRI
CLPs (Fig. 3 A, right).

To analyze the cross-reactivity with naturally occurring HVRI
sequences, we used ELISA to test the binding of HVRI mix sera to
a panel of 326 patient-derived HVRI peptides from various
genotypes. For comparison we used pooled sera from immuniza-
tion with single HVRI CLPs (termed pooled sera). The HVRI mix
sera reacted with 81 of 326 peptides (24.8%) while the pooled sera
reacted with 62 of the 326 peptides (19%) (Fig. 3B). Compared to
pooled sera, the HVR mix sera also showed a stronger binding of
individual peptides (Fig. 3B).

The increased cross-reactivity after immunization with HVRI
mix was also reflected by enhanced neutralization of HCVpp.
HVRI mix—specific antibodies neutralized HCVpp-R9, -YK5807,
-YK5829, and HCVpp-H77 up to a dilution of 1:200 (Fig. 3C).
Interestingly, HVRI mix antisera were also poorly able to
neutralize HCVpp-J6 (Fig. 3D, black triangles), a finding
indicating that immunization with HVRI mix induced a strong
and broad antibody response but was not cross-reactive with
genotype 2a.
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D Neutralization of unrelated heterologous HCVpp. For details see Fig. 2.

doi:10.1371/journal.pone.0102235.g003

ASO03 adjuvant further boosts the immunogenicity of
HVRI CLPs

The previous immunizations were performed with water-in-oil
adjuvant IFA as an adjuvant. To determine whether an oil-in-
water adjuvant formulation could further improve immunogenic-
ity, a mixture of all four HVRI CLPs were administered in AS03
in a 14-day immunization scheme (termed AS03-M). Although
anti-HBc—specific antibody titers were comparable to those
achieved in the previous immunizations, AS03-M induced a
much stronger HVRI-specific antibody response than did HVR
CLPs in IFA (Fig. 4 A; endpoint titer of 1:32,000 to 1:80,000).
Furthermore, the neutralization capability of AS03-M antisera was
dramatically increased, especially against HCVpp-R9, -G31, -
YK5807, and HCVpp-YK5829, all of which were neutralized up
to a dilution of 1:3,200 (Fig. 4B). The neutralization of HCVpp-
H77 and HCVpp-AD78 was also enhanced (Fig. 4C). However, in
line with previous findings, J6-HCVpp was not neutralized
(Fig. 4C, black triangles).

HVRI CLP-induced antibodies can neutralize patient
isolates

For proof of principle that antibodies induced by AS03-M are
broadly neutralizing within one HCV genotype, we tested the
neutralization of 19 additional HCVpps from genotypes la and 1b
[5]. When the cutoff for neutralization was set to 50% the AS03-M
serum was able to neutralized 4 of 19 (21%) HCVpp (Figure 4D).
Interestingly, when the cutoff is slightly reduced to 45% the AS03-
M serum was able to neutralize 8 of 19 (42%) HCVpp (Fig. 4D),
indicating that with slight lower dilutions more HCVpp could be
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neutralized. As expected, HCVpp from GT1b were necutralized
more efficiently; however, selected HCVpp from GT1la were also
neutralized. Interestingly, the only sequence similarities between
the neutralized HCVpp are aa 20-24 in the C-terminal part of the
HVRI (Table S1).

Finally, we analyzed the ability of the anti-HVRI antibodies to
neutralize infectious JC1-HCVcc virions (a genotype 2a chimera,
[47]). No antiserum was able to neutralize JC1. This finding was
expected because neither the J6-HVRI peptide nor the HCVpp-J6
(both represent the HVRI present in JC1) was recognized by our
HVRI-specific antibodies. Therefore, we replaced the J6-HVRI in
the JC1 virus with the naturally occurring HVRI variant YK5829.
Incubation of JC1-YK5829 with AS03-M sera efficiently blocked
the infection of Huh7.5 cells in a dose-dependent matter (Fig. 4E),
whereas pre-serum or serum from mice immunized with empty wt
CLPs did not. A JC1 variant lacking the HVRI region was not
neutralized (not shown), showing that neutralization was HVRI
dependent.

Taken together, we could show that immunization with 4
designed HVRI variants presented on CLPs induces high titers of
cross-reactive antibodies that can neutralize many circulating

GTla and GTl1b isolates.

Discussion

HCYV infection is still a fundamental health problem, especially
in developing countries. Although new antiviral therapies are
rapidly developed and promise to effectively cure most of the
infected patients in the developed world, a protective vaccine
would be needed for the eradication of HCV. An effective vaccine
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pooled HVRI CLPs (5 pg per variant) in AS03 on days 0, 14, and 28. Mice were bled on days 0, 14, 28, and 42. Sera were analyzed as described in Fig. 2
B Neutralization of homologous HCVpp. € Neutralization of heterologous HCVpp. For details see Fig. 2. D Neutralization of patient-derived HCVpp.
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neutralizing antibodies. Huh7.5 cells were inoculated with JC1-YK5829 viruses in the presence of decreasing amounts of serum from day 42. Pre-
serum and serum from mice immunized with wild-type CLPs served as a control. Neutralization efficiency was determined by luciferase assays 72 h
after inoculation. Data are expressed as means and standard deviations of triplicate measurements. One of three representative experiments is
shown.

doi:10.1371/journal.pone.0102235.9g004

should elicit broad immune responses conferring antibody- and study corroborated the observation that the presentation of small
cell-mediated protection [4,6,20]. In particular, the induction of =~ peptides on a large antigen carrier enormously enhances their
strong and broadly neutralizing antibody responses against HCV immunogenicity [43,48-51].

is a challenging task. Vaccination trials in humans with Another advantage of SplitCore CLPs is the expression in
recombinant E1 and E2 showed that a key determinant in bacteria. Bacterial expressed CLPs contain only bacterial mRNA
neutralizing serum samples is the presence of high-affinity HVRI- [31], avoiding any potential regulatory concern about eukaryotic
specific antibodies [23]. Previous vaccination with various HVRI or viral DNA content in the CLPs. However, during assembly the
peptides induced HVRI-specific binding antibodies [24,25,44]; CLPs can package E.coli proteins and crude preparations usually
however, their neutralizing potential was not addressed. Our contain high concentrations of endotoxin. The later issue has been

current findings showed that immunization with CLPs presenting solved by repeated TX114 phase separation reducing the
HVRI variants can indeed induce neutralizing antibodies. We endotoxin concentration >1 EU/mg [52]. To purify CLPs from

further showed that immunogenicity is improved by using packed protein, CLPs can be disassembled into dimers, purified
SplitCore CLPs as particulate antigen carriers and by deliberate and later reassembled into CLPs [53].
exposure of the conserved parts of HVRI on the particle surface. It may be noteworthy that HBcAg is derived from a human
The first important observation was that HVRI SplitCore fusion pathogen and that worldwide approximately 2 billion people are
proteins formed intact CLPs. Genetic insertion of heterologous anti-HBcAg positive. The role of preexisting immunity to a carrier
sequences into surface-exposed loops of viral capsid proteins often is still controversial, with examples in favor of [54,55] and against
suffers from structural incompatibility and inaccessibility of [49] carrier-mediated suppression [56]. Although repeated vacci-
neutralizing epitopes. The HBc SplitCore approach overcomes nations with HVRI-CLPs did not lead to carrier-mediated
this restriction by providing surface-exposed N- and C-termini, suppression of the anti-HVRI response, despite the strong anti-
which leads to the successful presentation of HVRI variants on carrier response, the use of HBcAg as a carrier may therefore be
intact particles. Structural integrity of the HVRI CLPs is crucial problematic. This potential shortcoming can be overcome by
because enhanced immunogenicity is intimately linked to intact substituting  HBcAg with other hepadnaviral core proteins
particles [29]. Although large aggregates can also induce a strong [43,55,57,58]. Woodchuck hepatitis core protein (WHc), for
immune response [48], intact particles induce higher titers and, in Instance, 1s not cross-reactive with HBcAg-specific antibodies.

particular, more neutralizing antibodies [43]. Our HVRI CLPs Indeed, the mimotope R9 fused to a split woodchuck core variant
induced high titers of antibodies comparable to those induced by (SplitWHc-R9) efficiently formed CLPs (Fig. S1) In previous
multiple antigenic HVRI peptides [25], and our antibodies were studies, WHc CLPs and HBc CLPs were comparable in
highly neutralizing. Taken together, the findings of the present immunogenicity [55,58].
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Because of the enormous variability of HCV, the induction of
highly cross-reactive antibodies is very important for an effective
vaccine. Although we used primarily HVRI variants similar to
GT1b for immunization, the HVRI mix antibodies were cross-
reactive with 25% of patient-derived HVRI peptides from all
genotypes. In the HCVpp neutralization assay we observed
neutralization of Gtlb HCVpp and also of GTla HCVpp.
Notably, the only sequence similarity between the neutralized
HCVpps are 4 aa located in the C-terminal part of HVRI. This
finding agrees with those of a previous study [45] and highlights
the importance of the correct antigen orientation on a carrier [43].

Rey et al showed that high-affinity HVRI-specific antibodies are
a key determinant of neutralization [23]. Therefore, one of the
most important observations was that immunization by HVRI
CLPs with ASO3 adjuvants induced antibodies with drastically
enhanced neutralization efficiency. As shown previously, the TH1
response induced by ASO3 may have led to the production of
superior neutralizing antibodies [59]. The enhanced stability of the
particles in the oil-in-water emulsion AS03 may be another
explanation for the enhanced neutralization. Intact particles are
crucial for efficient B-cell activation and maturation, and both the
core protein and the assembled particle structure are stabilized by
hydrophobic interactions [60] and may therefore be more stable in
AS03.

The antibodies were also able to inhibit the infection of Huh7.5
cells with HCVcc-derived viruses but only when the GT2a HVRI
was swapped with a GT1 HVRI. This finding was expected
because we used GT1b HVRI sequences for immunization, and
the antibodies were not able to neutralize GT2a-derived HCVpp
and HCVce (HCGVpp-J6 and HCVcc, respectively). Interestingly,
Meunier et al. [61] also observed good cross-reactivity within GT'1
and a lack of cross-reactivity with GT2 and GT3 when they
immunized chimpanzees with complete E1/E2 from GTla. This
finding implies that HVRI variants from all genotypes must be
included in a vaccine cocktail. And, indeed, preliminary findings
suggest that immunization with a number of selected HVRI
peptides induces cross-reactive antibodies that react with more
than 95% of our peptide library [27]. Using twenty or more
related antigens in a vaccine cocktail is a feasible approach, as
shown by the commercial 23-valent polysaccharide vaccine, which
has been used for 35 years in the vaccine against Streptococcus
pneumoniae [62].

The exact nature of protective HCV immunity is not clear.
Compelling evidence suggests that self-limiting infection is
associated with an early anti-HCV antibody response [4,6,20].
However, the role of neutralizing antibodies in the late phase of
infection remains elusive, because most chronically infected
patients cannot clear the infection despite the presence of
neutralizing antibodies [3,63-65]. Interestingly, immunizing
chimpanzees with complete E1/E2 protected 4 out of 5 animals.
The one animal with viral breakthrough developed an acute self-
limiting infection [61]. These findings lead us to speculate that
neutralizing antibodies in the early phase attenuate the HCV
infection. Because of the enormous number of HCV quasispecies,
it is unlikely that an HVRI-based vaccine will offer sterile
protection. Rather, such antibodies may blunt the HCV infection
to facilitate the development of protective cellular immune
responses [66]. Therefore, the most promising vaccine should be
a combination of HVRI CLPs and vaccines that induce robust T-
cell responses, such as transgenic adenoviruses or MVA [67]. For
example, Barnes et al. [68] have recently shown that immuniza-
tion with adenoviral vectors encoding the HCV NS genes induces
strong, broad, and long-lasting T-cell responses in humans. The
authors suggest that such a vaccine should accelerate the
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generation of HCV immunity after infection. At the same time,
Barouch et al. showed in the SIV model that immunization with
an adenovirus primer and a MVA boost is partially protective;
however, a substantial reduction in the risk of infection requires
the inclusion of envelope proteins in the vaccine [69].

In conclusion, by presentation of HVRI-peptides in a top-side
down orientation on SplitCore CLPs we were able to induce cross-
protective antibody in mice. This approach might be useful for the
development of a HCV vaccine, however could also be adapted
for other highly variable pathogens.

Materials and Methods

Ethical statement

Mice entered experiments when they were between 8 and 10
weeks of age and treated in accordance with the 8th Edition Guide
for the Care and Use of Laboratory Animals and the institutional
guidelines of the University Hospital Essen, Germany. The study
was approved by the Northrhine-Westphalia State Office for
Nature, Environment and Consumer Protection (LANUV NRW)
and was carried out on the project license numbers G1088/09 and
G815/05 issued by the same state office. The animals were housed
under specific pathogen free [SPF] conditions in ICV mouse racks.
All experiments were performed under isoflurane anesthesia. Mice
were sacrificed by cervical dislocation under isoflurane anesthesia
and all efforts were made to minimize suffering.

Plasmid constructs

All fusion protein constructs were based on the parental
plasmids pET28a2_HBc_c1-79_80-149H6 [43] and featured a
T7 promoter—controlled synthetic [70] HBV SplitCore protein
(HBV genotype D, serotype ayw; accession no.: CAA24706)
truncated after aal49 and containing a C-terminal His6 tag.
HVRI variants were introduced by standard PCR mutagenesis
using long primers encoding the complete HVRI variants
including a G4S linker. Plasmid pNL4-3.luc.R-E and phCMV-
IRES-E1-E2 (H77) were kindly provided by Jane McKeating.
Plasmid phCMV-IRES-E1-E2 (Ad78) was kindly provided by
Thomas Baumert. HCVpp derivatives were generated by intro-
ducing the corresponding HVRI sequence by standard PCR
mutagenesis into plasmid phCMV-IRES-E1-E2 (Ad78). All
constructs were verified by DNA sequencing.

Protein expression and purification

E. coli BL21(DE3) Codonplus cells (Stratagene) were used
throughout as described [43,71,72]. Expression and purification
were performed as previously described [42]. In brief, crude E. coli
lysates were loaded onto 10% to 60% sucrose step gradients and
sedimented at 20°C. Depending on the sample volume, we used
SW28 rotor (3:45 h at 28,000 rpm) or SW40 rotor (2 h at
40,000 rpm). The gradients were harvested in 14 equal fractions
from the top (2.6 ml per fraction for SW28; 820 ul per fraction for
SW40). For further purification, the pooled center gradient
fractions were dialyzed against TN150 buffer (25 mM Tris-Cl
[pH 7.5], 150 mM NaCl), concentrated, and subjected to a
second gradient sedimentation or size exclusion chromatography
on Superose 6 (GE Healthcare).

Endotoxin

Endotoxin was depleted by Triton X-114 phase separation and
repeated dialysis against excess PBS at 4°C, as described
previously [43]. Endotoxin contents dropped from approximately
10* EU/ug protein in the crude lysates to less than 1 EU/ug, as
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determined by the pyrochrome assay (Associates of Cape Cod,
Inc., MA).

Native agarose gel electrophoresis (NAGE) and
immunoblotting

NAGE was performed in 1% agarose gels, as previously
described [31]. For immunological detection, NAGE or SDS-
PAGE gels were blotted to PVDF membranes, which were probed
with specific primary antibodies and peroxidase-conjugated
secondary antibodies plus chemiluminescent substrates. We used
the monoclonal anti-HBc antibodies 10E11 and 10F10 (anti-
coreN and anti-coreC, respectively) [73] and the particle-specific

3120 [30].

Electron Microscopy

Negative staining electron microscopy (EM) using 2% uranyl
acetate was kindly performed by G. Lattwig (Pathology, University
Hospital Essen), as previously described [74].

Immunization experiments in mice

Groups of 6 to 10 female C57BL/6 mice (Harlan Laboratories,
Germany) housed under specific pathogen—free (SPF) conditions
were immunized with HVRI CLPs either intramuscularly (1.m.)
with ASO3 or subcutaneously (s.c.) with incomplete Freund’s
adjuvant (IFA). Mice were immunized with either 20 pg of single
HVRI CLPs or 20 pg of HVRI mixture (5 ug per variant) as
indicated. Mice were bled either at days 28, 56, and 84 or at days
14, 28, and 42. Sera were pooled, and anti-HBc or anti-HVRI
antibodies were measured by indirect solid-phase ELISA using
solid-phase wt HBcAg (50 ng per well) or HVRI peptides (0.5 mg
per well). Goat anti-mouse IgG (or IgG isotype-specific) antibodies
were used as secondary antibodies. Synthetic peptides were
synthesized by the CDC peptide synthesis facility (Atlanta,
Georgia, US). Peptide sequences used for cross-reactivity analysis
can be obtained upon request.

HCV pseudoparticles (HCVpp) and HCVcc neutralization
experiments

Human immunodeficiency virus (HIV)-HCV pseudotypes were
generated as previously described [17]. Briefly, we used the
CalPhos mammalian transfection kit (Clontech) to co-transfect
2.5x10° 293T cells with plasmid pNL4-3.luc.R-E [75] encoding
HIV AEnv and expressing luciferase or with vector phCMV-
IRES-E1-E2 [76] encoding the HCV envelope glycoproteins.
Sixteen hours after transfection, the medium was replaced.
Supernatants were harvested at 48 h and 72 h, pooled, and
clarified by centrifugation. The resulting supernatants were
immediately used for infectivity and neutralization assays.

References

1. Houghton M (2011) Prospects for prophylactic and therapeutic vaccines against
the hepatitis C viruses. Immunol Rev 239: 99-108.

2. Kim AY, Kuntzen T, Timm J, Nolan BE, Baca MA, et al. (2011) Spontaneous
control of HCV is associated with expression of HLA-B 57 and preservation of
targeted epitopes. Gastroenterology 140: 686-696 ¢681.

3. Bartosch B, Bukh J, Meunier JC, Granier C, Engle RE, et al. (2003) In vitro
assay for neutralizing antibody to hepatitis C virus: evidence for broadly
conserved neutralization epitopes. Proc Natl Acad Sci U S A 100: 14199-14204.

4. Pestka JM, Zeisel MB, Blaser E, Schurmann P, Bartosch B, et al. (2007) Rapid
induction of virus-neutralizing antibodies and viral clearance in a single-source
outbreak of hepatitis C. Proc Natl Acad Sci U S A 104: 6025-6030.

5. Dowd KA, Netski DM, Wang XH, Cox AL, Ray SC (2009) Selection pressure
from neutralizing antibodies drives sequence evolution during acute infection
with hepatitis C virus. Gastroenterology 136: 2377-2386.

PLOS ONE | www.plosone.org

Induction of Cross-Neutralizing Antibodies against HCV

To investigate pseudotype virus infectivity, we seeded 5x10°
Huh7.5 cells in 96-well plates on the day before infection. The
infection medium was removed, and HCVpp diluted in DMEM
supplemented with 6% FCS were added. For neutralization,
serum samples were mixed with the HCVpp at various dilutions
and were incubated at 37°C for 2 h before to infection of the cells.
After 72 h of incubation, the medium was removed, and cells were
lysed with Bright Glo lysis buffer (Promega) for 2 h at —20°C.
Luciferase activity was measured 10 min after the addition of the
Bright Glo Luciferase Assay buffer (Promega) in a luminometer
(Glomax Multi Detection System, Promega). Cell lysates were
measured In triplicate; data are expressed as the mean of the
results from at least two independent experiments. HCVce
neutralization experiments were performed as previously de-

scribed [14].

Supporting Information

Figure S1 Expression and particle formation of
SplitWHC-R9. A Crude lysate from bacteria-expressing
SplitWHC-R9 fusion protein was sedimented through a prepar-
ative 10% to 60% sucrose step gradient; 14 fractions of 860 ul
each were harvested from the top. Aliquots of 8 pul each were
analyzed by SDS-PAGE and Coomassie Blue (CB) staining;
marker proteins with their molecular masses (in kDa) are indicated
on the left. Both fragments, CoreC (arrow up) and CoreN-R9
(arrow down), peaked in the center fractions. B Native agarose gel
electrophoresis (NAGE). Aliquots of the gradient shown in A were
run in 1% agarose gels; they were either stained with CB or their
gel content was blotted onto polyvinylidene difluoride (PVDF)
membranes and detected with the monoclonal antibody 10E11. G
Electron microscopy. Aliquots of the fusion proteins were
negatively stained with uranyl acetate.

(TIF)
Table S1 Alignment of HVRI sequences used for HCVpp

neutralization experiments.

(PDF)

Acknowledgments

We thank Kerstin Uhde-Holzem and Vadim Bichko for monoclonal
antibodies and Gabi Lattwig for negative-staining electron microscopy.

Author Contributions

Conceived and designed the experiments: MF SV ARZ YK MN PP TP JT
MR AW. Performed the experiments: ML MF DB WO OB YK AW.
Analyzed the data: ML MF DB WO SV ARZ YK TP JT MR AW.
Contributed reagents/materials/analysis tools: MN PP ARZ. Wrote the
paper: MF MN JT MR AW.

6. Osburn WO, Fisher BE, Dowd KA, Urban G, Liu L, et al. (2010) Spontaneous
control of primary hepatitis C virus infection and immunity against persistent
reinfection. Gastroenterology 138: 315-324.

7. Page K, Osburn W, Evans J, Hahn JA, Lum P, et al. (2013) Frequent
longitudinal sampling of hepatitis C virus infection in injection drug users reveals
intermittently detectable viremia and reinfection. Clin Infect Dis 56: 405-413.

8. Mehta SH, Cox A, Hoover DR, Wang XH, Mao Q, et al. (2002) Protection
against persistence of hepatitis C. Lancet 359: 1478-1483.

9. von Hahn T, Yoon JC, Alter H, Rice CM, Rehermann B, et al. (2007) Hepatitis
C virus continuously escapes from neutralizing antibody and T-cell responses
during chronic infection in vivo. Gastroenterology 132: 667-678.

10. Kumar U, Monjardino J, Thomas HC (1994) Hypervariable region of hepatitis
C virus envelope glycoprotein (E2/NS1) in an agammaglobulinemic patient.
Gastroenterology 106: 1072-1075.

11. Booth JC, Kumar U, Webster D, Monjardino J, Thomas HC (1998)
Comparison of the rate of sequence variation in the hypervariable region of

July 2014 | Volume 9 | Issue 7 | 102235



20.

21.

29.

30.

36.

37.

38.

E2/NSI region of hepatitis C virus in normal and hypogammaglobulinemic
patients. Hepatology 27: 223-227.

. Callens N, Ciczora Y, Bartosch B, Vu-Dac N, Cosset FL, et al. (2005) Basic

residues in hypervariable region 1 of hepatitis C virus envelope glycoprotein e2
contribute to virus entry. J Virol 79: 15331-15341.

. Penin F, Combet C, Germanidis G, Frainais PO, Deleage G, et al. (2001)

Conservation of the conformation and positive charges of hepatitis C virus E2
envelope glycoprotein hypervariable region 1 points to a role in cell attachment.
J Virol 75: 5703-5710.

. Bankwitz D, Steinmann E, Bitzegeio J, Ciesek S, Friesland M, et al. (2010)

Hepatitis C virus hypervariable region 1 modulates receptor interactions,
conceals the CD81 binding site, and protects conserved neutralizing epitopes.
J Virol 84: 5751-5763.

. Prentoe J, Jensen TB, Meuleman P, Serre SB, Scheel TK, et al. (2011)

Hypervariable region 1 differentially impacts viability of hepatitis C virus strains
of genotypes 1 to 6 and impairs virus neutralization. J Virol 85: 2224-2234.

. Vieyres G, Dubuisson J, Patel AH (2010) Characterization of antibody-mediated

neutralization directed against the hypervariable region 1 of hepatitis C virus E2
glycoprotein. J Gen Virol 92: 494-506.

. Hsu M, Zhang ], Flint M, Logvinoff C, Cheng-Mayer C, et al. (2003) Hepatitis

C virus glycoproteins mediate pH-dependent cell entry of pseudotyped retroviral
particles. Proc Natl Acad Sci U S A 100: 7271-7276.

. Mondelli MU, Cerino A, Meola A, Nicosia A (2003) Variability or conservation

of hepatitis C virus hypervariable region 1? Implications for immune responses.
J Biosci 28: 305-310.

. Guan M, Wang W, Liu X, Tong Y, Liu Y, et al. (2012) Three different

functional microdomains in the hepatitis C virus hypervariable region 1 (HVRI)
mediate entry and immune evasion. J Biol Chem 287: 35631-35645.

Zibert A, Schreier E, Roggendorf M (1995) Antibodies in human sera specific to
hypervariable region 1 of hepatitis C virus can block viral attachment. Virology
208: 653-661.

Brimacombe CL, Grove J, Meredith LW, Hu K, Syder AJ, et al. (2011)
Neutralizing antibody-resistant hepatitis C virus cell-to-cell transmission. J Virol
85: 596-605.

. Farci P, Shimoda A, Wong D, Cabezon T, De Gioannis D, et al. (1996)

Prevention of hepatitis C virus infection in chimpanzees by hyperimmune serum
against the hypervariable region 1 of the envelope 2 protein. Proc Natl Acad
Sci U S A 93: 15394-15399.

. Ray R, Meyer K, Banerjee A, Basu A, Coates S, et al. (2010) Characterization of

antibodies induced by vaccination with hepatitis C virus envelope glycoproteins.
J Infect Dis 202: 862-866.

. Roccasecca R, Folgori A, Ercole BB, Puntoriero G, Lahm A, et al. (2001)

Induction of cross-reactive humoral immune response by immunization with
mimotopes of the hypervariable region 1 of the hepatitis C virus. Int Rev
Immunol 20: 289-300.

. Roccasecca R, Folgori A, Ercole BB, Puntoriero G, Lahm A, et al. (2001)

Mimotopes of the hyper variable region 1 of the hepatitis C virus induce cross-
reactive antibodies directed against discontinuous epitopes. Mol Immunol 38:
485-492.

5. Zucchelli S, Roccasecca R, Meola A, Ercole BB, Tafi R, et al. (2001) Mimotopes

of the hepatitis C virus hypervariable region 1, but not the natural sequences,
induce cross-reactive antibody response by genetic immunization. Hepatology
33: 692-703.

. Campo DS, Dimitrova Z, Yokosawa J, Hoang D, Perez NO, et al. (2012)

Hepatitis C' virus antigenic convergence. Sci Rep 2: 267.

. Douglas T, Young M (2006) Viruses: making friends with old foes. Science 312:

873-875.

Manolova V, Flace A, Bauer M, Schwarz K, Saudan P, et al. (2008)
Nanoparticles target distinct dendritic cell populations according to their size.
Eur J Immunol 38: 1404-1413.

Conway JF, Watts NR, Belnap DM, Cheng N, Stahl SJ, et al. (2003)
Characterization of a conformational epitope on hepatitis B virus core antigen
and quasiequivalent variations in antibody binding. J Virol 77: 6466-6473.

. Birnbaum F, Nassal M (1990) Hepatitis B virus nucleocapsid assembly: primary

structure requirements in the core protein. J Virol 64: 3319-3330.

. Milich DR, McLachlan A (1986) The nucleocapsid of hepatitis B virus is both a

T-cell-independent and a T-cell-dependent antigen. Science 234: 1398-1401.

. Fehr T, Skrastina D, Pumpens P, Zinkernagel RM (1998) T cell-independent

type I antibody response against B cell epitopes expressed repetitively on
recombinant virus particles. Proc Natl Acad Sci U S A 95: 9477-9481.

. Keller SA, Schwarz K, Manolova V, von Allmen CE, Kinzler MG, et al. (2010)

Innate signaling regulates cross-priming at the level of DC licensing and not
antigen presentation. Eur J Immunol 40: 103-112.

. Lee BO, Tucker A, Frelin L, Sallberg M, Jones J, et al. (2009) Interaction of the

hepatitis B core antigen and the innate immune system. J Immunol 182: 6670~
6681.

Pumpens P, Grens E (2001) HBV core particles as a carrier for B cell/T cell
epitopes. Intervirology 44: 98-114.

Ulrich R, Nassal M, Meisel H, Kruger DH (1998) Core particles of hepatitis B
virus as carrier for foreign epitopes. Adv Virus Res 50: 141-182.

Gregson AL, Oliveira G, Othoro C, Calvo-Calle JM, Thorton GB, et al. (2008)
Phase I trial of an alhydrogel adjuvanted hepatitis B core virus-like particle
containing epitopes of Plasmodium falciparum circumsporozoite protein. PLoS
One 3: ¢1556.

PLOS ONE | www.plosone.org

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Induction of Cross-Neutralizing Antibodies against HCV

. Oliveira GA, Wetzel K, Calvo-Calle JM, Nussenzweig R, Schmidt A, et al.

(2005) Safety and enhanced immunogenicity of a hepatitis B core particle
Plasmodium falciparum malaria vaccine formulated in adjuvant Montanide ISA
720 in a phase I trial. Infect Immun 73: 3587-3597.

Nassal M, Skamel C, Vogel M, Kratz PA, Stehle T, et al. (2008) Development of
hepatitis B virus capsids into a whole-chain protein antigen display platform:
new particulate Lyme disease vaccines. Int J] Med Microbiol 298: 135-142.
Kratz PA, Bottcher B, Nassal M (1999) Native display of complete foreign
protein domains on the surface of hepatitis B virus capsids. Proc Natl Acad
Sci U S A 96: 1915-1920.

Skamel C, Ploss M, Bottcher B, Stehle T, Wallich R, et al. (2006) Hepatitis B
virus capsid-like particles can display the complete, dimeric outer surface protein
C and stimulate production of protective antibody responses against Borrelia
burgdorferi infection. J Biol Chem 281: 17474-17481.

Walker A, Skamel C, Nassal M (2011) SplitCore: An exceptionally versatile viral
nanoparticle for native whole protein display regardless of 3D structure. Sci Rep
1: 5.

Puntoriero G, Meola A, Lahm A, Zucchelli S, Ercole BB, et al. (1998) Towards a
solution for hepatitis C virus hypervariability: mimotopes of the hypervariable
region 1 can induce antibodies cross-reacting with a large number of viral
variants. EMBO J 17: 3521-3533.

. Vieyres G, Dubuisson J, Patel AH (2011) Characterization of antibody-mediated

neutralization directed against the hypervariable region 1 of hepatitis C virus E2
glycoprotein. J Gen Virol 92: 494-506.

Zibert A, Kraas W, Meisel H, Jung G, Roggendorf M (1997) Epitope mapping
of antibodies directed against hypervariable region 1 in acute self-limiting and
chronic infections due to hepatitis C virus. J Virol 71: 4123-4127.
Pietschmann T, Kaul A, Koutsoudakis G, Shavinskaya A, Kallis S, et al. (2006)
Construction and characterization of infectious intragenotypic and intergeno-
typic hepatitis C virus chimeras. Proc Natl Acad Sci U S A 103: 7408-7413.
Nassal M, Skamel C, Kratz PA, Wallich R, Stehle T, et al. (2005) A fusion
product of the complete Borrelia burgdorferi outer surface protein A (OspA) and
the hepatitis B virus capsid protein is highly immunogenic and induces protective
immunity similar to that seen with an effective lipidated OspA vaccine formula.
Eur J Immunol 35: 655-665.

Geldmacher A, Skrastina D, Borisova G, Petrovskis I, Kruger DH, et al. (2005)
A hantavirus nucleocapsid protein segment exposed on hepatitis B virus core
particles is highly immunogenic in mice when applied without adjuvants or in
the presence of pre-existing anti-core antibodies. Vaccine 23: 3973-3983.
Ameiss K, Ashraf S, Kong W, Pckosz A, Wu WH, et al. (2010) Delivery of
woodchuck hepatitis virus-like particle presented influenza M2e by recombinant
attenuated Salmonella displaying a delayed lysis phenotype. Vaccine 28: 6704—
6713.

Sallberg M, Hughes J, Jones J, Phillips TR, Milich DR (2002) A malaria vaccine
candidate based on a hepatitis B virus core platform. Intervirology 45: 350-361.
Walker A, Skamel C, Nassal A (2011) SplitCore: An exceptionally versatile viral
nanoparticle for native whole protein display regardless of 3D structure. Nature
Scientific Reports 1.

Singh S, Zlotnick A (2003) Observed hysteresis of virus capsid disassembly is
implicit in kinetic models of assembly. J Biol Chem 278: 18249-18255.
Jegerlehner A, Wiesel M, Dietmeier K, Zabel F, Gatto D, et al. (2010) Carrier
induced epitopic suppression of antibody responses induced by virus-like
particles is a dynamic phenomenon caused by carrier-specific antibodies.

Vaccine 28: 5503-5512.

. Billaud JN, Peterson D, Lee BO, Maruyama T, Chen A, et al. (2007) Advantages

to the use of rodent hepadnavirus core proteins as vaccine platforms. Vaccine
25: 1593-1606.

Herzenberg LA, Tokuhisa T (1980) Carrier-priming leads to hapten-specific
suppression. Nature 285: 664-667.

Whitacre DC, Lee BO, Milich DR (2009) Use of hepadnavirus core proteins as
vaccine platforms. Expert Rev Vaccines 8: 1565-1573.

Billaud JN, Peterson D, Barr M, Chen A, Sallberg M, et al. (2005)
Combinatorial approach to hepadnavirus-like particle vaccine design. J Virol
79: 13656-13666.

Guy B (2007) The perfect mix: recent progress in adjuvant research. Nature
Reviews Microbiology 5: 505-517.

Wynne SA, Crowther RA, Leslie AG (1999) The crystal structure of the human
hepatitis B virus capsid. Mol Cell 3: 771-780.

Meunier JC, Gottwein JM, Houghton M, Russell RS, Emerson SU, et al. (2011)
Vaccine-induced cross-genotype reactive neutralizing antibodies against hepa-
titis C virus. J Infect Dis 204: 1186-1190.

Conaty S, Watson L, Dinnes J, Waugh N (2004) The effectiveness of
pneumococcal polysaccharide vaccines in adults: a systematic review of
observational studies and comparison with results from randomised controlled
trials. Vaccine 22: 3214-3224.

Law M, Maruyama T, Lewis J, Giang E, Tarr AW, et al. (2008) Broadly
neutralizing antibodies protect against hepatitis C virus quasispecies challenge.
Nat Med 14: 25-27.

Logvinoft C, Major ME, Oldach D, Heyward S, Talal A, et al. (2004)
Neutralizing antibody response during acute and chronic hepatitis G virus
infection. Proc Natl Acad Sci U S A 101: 10149-10154.

. Law JL, Chen C, Wong J, Hockman D, Santer DM, et al. (2013) A Hepatitis C

Virus (HCV) Vaccine Comprising Envelope Glycoproteins gpE1/gpE2 Derived

July 2014 | Volume 9 | Issue 7 | 102235



66.

67.

68.

69.

70.

71.

72.

from a Single Isolate Elicits Broad Cross-Genotype Neutralizing Antibodies in
Humans. PLoS ONE 8: ¢59776.

Burton DR (2002) Antibodies, viruses and vaccines. Nat Rev Immunol 2: 706—
713.

Fournillier A, Frelin L, Jacquier E, Ahlen G, Brass A, et al. (2013) A
heterologous prime/boost vaccination strategy enhances the immunogenicity of
therapeutic vaccines for hepatitis C virus. J Infect Dis 208: 1008-1019.

Barnes E, Folgori A, Capone S, Swadling L, Aston S, et al. Novel adenovirus-
based vaccines induce broad and sustained T cell responses to HCV in man. Sci
Transl Med 4: 115ralll.

Barouch DH, Liu J, Li H, Maxfield LF, Abbink P, et al. Vaccine protection
against acquisition of neutralization-resistant SIV challenges in rhesus monkeys.
Nature.

Nassal M (1988) Total chemical synthesis of a gene for hepatitis B virus core
protein and its functional characterization. Gene 66: 279-294.

Vogel M, Vorreiter J, Nassal M (2005) Quaternary structure is critical for
protein display on capsid-like particles (CLPs): efficient generation of hepatitis B
virus CLPs presenting monomeric but not dimeric and tetrameric fluorescent
proteins. Proteins 58: 478-488.

Walker A, Skamel C, Vorreiter J, Nassal M (2008) Internal core protein cleavage
leaves the hepatitis B virus capsid intact and enhances its capacity for surface
display of heterologous whole chain proteins. J Biol Chem 283: 33508-33515.

PLOS ONE | www.plosone.org

10

73.

74.

76.

77.

78.

Induction of Cross-Neutralizing Antibodies against HCV

Bichko V, Schodel F, Nassal M, Gren E, Berzinsh I, et al. (1993) Epitopes
recognized by antibodies to denatured core protein of hepatitis B virus. Mol
Immunol 30: 221-231.

Bottcher B, Vogel M, Ploss M, Nassal M (2006) High plasticity of the hepatitis B
virus capsid revealed by conformational stress. ] Mol Biol 356: 812-822.

5. Connor RI, Chen BK, Choe S, Landau NR (1995) Vpr is required for efficient

replication of human immunodeficiency virus type-1 in mononuclear phago-
cytes. Virology 206: 935-944.

Bartosch B, Vitelli A, Granier C, Goujon C, Dubuisson J, et al. (2003) Cell entry
of hepatitis C virus requires a set of co-receptors that include the CD8I
tetraspanin and the SR-B1 scavenger receptor. Journal of Biological Chemistry
278: 41624-41630.

Vogel M, Diez M, Eisfeld J, Nassal M (2005) In vitro assembly of mosaic
hepatitis B virus capsid-like particles (CLPs): rescue into CLPs of assembly-
deficient core protein fusions and FRET-suited CLPs. FEBS Lett 579: 5211~
5216.

Belnap DM, Watts NR, Conway JF, Cheng N, Stahl SJ, et al. (2003) Diversity of
core antigen epitopes of hepatitis B virus. Proc Natl Acad Sci U S A 100: 10884~
10889.

July 2014 | Volume 9 | Issue 7 | 102235



