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Abstract: Hepatitis C virus (HCV) infection with associated chronic liver diseases is a major health
problem worldwide. Here, we designed hepatitis B virus (HBV) small surface antigen (sHBsAg)
virus-like particles (VLPs) presenting different epitopes derived from the HCV E2 glycoprotein
(residues 412–425, 434–446, 502–520, and 523–535 of isolate H77C). Epitopes were selected based on
their amino acid sequence conservation and were previously reported as targets of HCV neutralizing
antibodies. Chimeric VLPs obtained in the Leishmania tarentolae expression system, in combination
with the adjuvant Addavax, were used to immunize mice. Although all VLPs induced strong humoral
responses, only antibodies directed against HCV 412–425 and 523–535 epitopes were able to react
with the native E1E2 glycoprotein complexes of different HCV genotypes in ELISA. Neutralization
assays against genotype 1–6 cell culture infectious HCV (HCVcc), revealed that only VLPs carrying
the 412–425 epitope induced efficient HCV cross-neutralizing antibodies, but with isolate specific
variations in efficacy that could not necessarily be explained by differences in epitope sequences.
In contrast, antibodies targeting 434–446, 502–520, and 523–535 epitopes were not neutralizing HCVcc,
highlighting the importance of conformational antibodies for efficient virus neutralization. Thus,
412–425 remains the most promising linear E2 epitope for further bivalent, rationally designed
vaccine research.

Keywords: hepatitis C virus; vaccine; virus like particles (VLPs); HBV small surface antigen (sHBsAg)

1. Introduction

Hepatitis C virus (HCV) poses a serious medical problem as the number of new infections continues
to be on the rise. Thus, there are at least 2 million acute infections annually, and in 80% of these
individuals chronic hepatitis will develop [1]. Over time this has resulted in at least 70 million people
chronically infected with HCV worldwide with a significant risk for progression to liver cirrhosis and
hepatocellular carcinoma [1]. In recent years, new antiviral therapies based on direct-acting antivirals
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(DAAs) have been devised [2]. However, due to poor diagnostic coverage and high treatment cost,
only a minor fraction of HCV-infected individuals will receive DAA therapy. In addition, emerging
resistance to DAAs is expected to compromise treatment efficacy [3,4]. Thus, development of an
effective prophylactic vaccine against HCV is required to control this deadly virus.

While both neutralizing antibodies and T cells contribute to spontaneous clearance of HCV
infection [5,6], most antiviral vaccines protect by neutralizing antibodies induced by whole virus
or virus-like particle (VLP) antigens [7,8]. For HCV, neutralizing antibodies induced by a subunit
envelope protein vaccine had protective effects in chimpanzees [9], while a viral vector-based vaccine
inducing T cells did not protect against chronic HCV infection in chimpanzees and humans [10,11].
Thus, development of an HCV vaccine inducing antibodies is a current research focus.

The high genetic heterogeneity of HCV poses an obstacle for development of an anti-HCV vaccine.
At present, we can distinguish six major HCV genotypes with proven epidemiological relevance,
while more recently genotypes 7 and 8 have been reported in a few individuals in central Africa and
India, respectively [12,13]. Further, there are at least 90 HCV subtypes [14]. Genotypes 1, 2, and 3 are
distributed across the globe with genotype 1 being the most common worldwide. Among genotype 1
isolates, subtypes 1a and 1b are most prevalent with predominance of subtype 1b. Genotype 4 is most
common in the Middle East and Central and North Africa, genotype 5 in South Africa, and genotype 6
in Southeast Asia [12,13,15,16].

As the prime target of host neutralizing antibodies, the HCV envelope glycoproteins E1 and
E2 located on the surface of the viral particle show extensive genetic heterogeneity, in particular in
the hypervariable region 1 (HVR1) of E2. E1 and E2 form a covalent heterodimer embedded in the
lipid envelope of the virus particle and play a crucial role in the infection process by interacting with
the HCV-entry receptors, including tetraspanin CD81 [17]. In view of the high variability of E1E2,
an effective vaccine should preferentially raise neutralizing antibodies against genetically conserved
regions of the E1E2 heterodimer to elicit antibodies able to neutralize different HCV strains [18,19].

A number of relatively conserved epitopes able to induce cross-neutralizing antibodies have been
identified, including two well-defined CD81-binding regions on E2; residues 412–423 (epitope I) (all E2
positions are assigned using H77C polyprotein numbering) [18,20,21], previously proposed as the
target for anti-HCV therapeutic antibodies, and residues 434–446 (epitope II) [22,23]. Downstream of
the epitope II sequence there are additional neutralizing epitopes, spanning residues 502–520 and
residues 523–535 (epitope III), which also play a key role in HCV cell entry by influencing interactions
between the viral particle and the CD81 receptor [24–27]. These regions offer interesting targets for
rational vaccine design.

Although synthetic peptides can trigger immune responses, peptide vaccines are generally weakly
immunogenic and require carriers for delivery [28,29]. Recently, there has been an increased interest
in VLPs as platforms for immunogen exposition. VLP-based vaccines have several advantages over
conventional immunogens. First, due to their virus-like appearance and highly organized structure,
VLPs are effective as immunostimulants as they are able to elicit both humoral and cellular responses.
Second, they can easily be produced in heterologous expression systems to large quantities and can
easily be purified. Finally, VLPs do not contain virus genetic material and are considered safe in
comparison to replicating vectors [30].

One of the best-characterized VLP-forming proteins is the hepatitis B virus (HBV) small surface
antigen (sHBsAg). Yeast-derived sHBsAg forms particles of 22 nm in diameter and is currently used
worldwide as the commercial recombinant hepatitis B virus vaccine. The sHBsAg tertiary structure
features a highly conserved, hydrophilic loop containing major B-cell epitopes, also known as the
“a”-determinant [31,32]. Because of its immunogenic potential, sHBsAg has been applied as an
antigen carrier to deliver foreign sequences to induce humoral and cellular immune responses [33–38].
At the outset of this study, proof-of-concept was obtained that sHBsAg particles could be used as
carriers of small HCV epitopes inserted into the antigenic external hydrophilic loop to induce strong
and specific antibody responses [38–40].



Vaccines 2020, 8, 294 3 of 19

In the present study, we designed a panel of sHBsAg VLPs with epitopes derived from the HCV
E2 glycoprotein inserted into the “a”-determinant. The E2 epitopes were selected due to their relative
sequence conservation and since they were reported to be targets of HCV neutralizing antibodies.
The particles were produced in a non-conventional, cost-efficient Leishmania tarentolae expression
system, purified by ultracentrifugation, and then used to immunize mice. This study is a follow-up of
our previously published work in which we described the expression of chimeric sHBsAg particles
carrying the highly conserved HCV 412–425 epitope and characterized binding of vaccine-induced
antibodies to denatured HCV genotype 1–6 E2 glycoproteins [39]. In this study, we widened the panel
of tested HCV E2 epitopes and evaluated the ability of vaccine-induced antibodies to bind native
HCV genotype 1–6 E1E2 complexes and their potential to cross-neutralize cell culture infectious HCV
(HCVcc) of genotype 1–6.

2. Materials and Methods

2.1. Plasmids

Figure 1 summarizes the construction of the chimeric genes for HBV/HCV particle generation.
The regions of the HCV E2 glycoprotein expressing residues 412–425, 434–446, 502–520, and 523–535
(isolate H77C, GenBank accession no. AF011751 [41]) were inserted in the HBV subtype adw2 sHBsAg
(GenBank accession no. AF397207.1). Insertions of the HCV E2 epitopes into the hydrophilic loop of
the sHBsAg protein were performed at position I110/S117 (∆111–116)—for construct sHBsAg_434–446;
at position P127/A128—for constructs sHBsAg_502–520 and sHBsAg_523–535; or at both positions—for
constructs sHBsAg_434–446_523–535, sHBsAg_434–446_412–425, and sHBsAg_502–520_523–535.
Additionally, constructs carrying epitope 502–520 had the cysteine residues at positions 503 and
508 substituted with alanine (C503A and C508A). Construction of the chimeric gene coding for
construct sHBsAg_412–425 has been described earlier [39].

The constructs were obtained by gene synthesis using L. tarentolae-adapted codons (Thermo
Scientific, Waltham, MA, USA). Synthetized genes were ligated into the BglII–NotI restriction sites in
the pLEXSY_I-blecherry3 vector (Jena Bioscience, Jena, Germany).

For expression of HCV E2 glycoprotein in human epithelial kidney (HEK) 293 cells for ELISA, we
used plasmids coding for full-length E1E2, derived from HCV genotypes (isolates): 1a(H77C) [41];
1b(12.6); 2a(2.4); 2b(1.1); 3a(1.9); 4a(21.16); 5a(14.4); and 6a(5.8) [42].

2.2. Leishmania tarentolae Cultivation and Protein Expression

The chimeric sHBsAg-based proteins were expressed using the inducible LEXSY expression
system in accordance with the manufacturer’s instructions (Jena Bioscience). Briefly, the plasmids
were transfected into L. tarentolae cells by electroporation. The transfected cells were selected with
bleomycin (100 µg/mL) in suspension culture. Subsequently, recombinant cell lines were cultivated in
25 cm2 tissue culture flasks filled with 10 mL of selective medium supplemented with hemin protected
from light at 26 ◦C. The T7 promoter driven transcription was induced by adding tetracycline to the
final concentration of 15 µg/mL. The cells were grown in agitated culture, in 500 mL shake flasks for
72 h at 26 ◦C, aiming at a final optical density of 4–5 at 600 nm (OD600).

2.3. SDS-PAGE and Western Blot

An analysis of the particle expression was carried out by SDS-PAGE of Leishmania tarentolae
cell lysates using 4–12% gradient Bis–Tris gels in MES SDS running buffer. After electrophoresis,
proteins were transferred onto a PVDF membrane by electroblotting, and subsequently the membranes
were blocked overnight at 4 ◦C with 3% nonfat milk in TBST [TBS buffer, 0.1% (v/v) Tween-20].
Following blocking, the membranes were incubated for 1 h at room temperature (RT) with primary
anti-HBsAg antibodies diluted in 3% nonfat milk in TBST, washed with TBST, and then incubated with
goat anti-rabbit secondary horseradish peroxidase-conjugated antibodies (Santa Cruz Biotechnology,
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Dallas, TX, USA). The results were obtained through development in the substrate for enhanced
chemiluminescence (Thermo Scientific).

2.4. Cell Lysis and Ultracentrifugation

One hundred milliliters of tetracycline-induced cell culture were centrifuged at 4 ◦C, 8800× g for
15 min. The cell pellet was immediately resuspended in 10 mL of ice-cold lysis buffer [PBS buffer,
0.6% (v/v) Tween-20]. The cells were sonicated, and the suspension clarified by centrifugation at 4 ◦C,
8000 rpm, for 35 min; the supernatant was left for 16–24 h at RT to form particles. Subsequently, the
lysate was layered on an OptiPrep (Sigma-Aldrich, Saint Louis, MO, USA) gradient formed in ultra-clear
tubes [2 mL of 30% (v/v) OptiPrep, 2 mL 24% (v/v) OptiPrep, 1.5 mL 18% (v/v) OptiPrep, 1.5 mL 12%
(v/v) OptiPrep, and 1.5 mL 6% (v/v) OptiPrep in PBS] and ultracentrifuged at 90,000× g for 16 h at
4 ◦C. Then, 500 µL fractions were harvested and analyzed by a western blot using anti-HBsAg rabbit
polyclonal antibodies (OriGene, Rockville, MD, USA). Fraction purity was analyzed by SDS-PAGE
with Coomassie R-250 staining. The fractions with the highest number of particles were pooled, and
protein concentration was measured by Bradford assay. Finally, the OptiPrep solution was replaced
with PBS using Amicon Ultra 100 K centrifugal filter units (Merck Millipore, Burlington, MA, USA).
Additionally, samples containing sHBsAg_434–446 particles were normalized against sHBsAg_412–425
protein using anti-HBsAg rabbit polyclonal antibodies (OriGene). These samples were used for further
analysis and immunization.

2.5. Electron Microscopy

For visualization of the particles, the OptiPrep gradient fractions were diluted 1:5 in PBS and
deposited on carbon-coated 200 mesh nickel grids. Negative staining was performed using 2% uranyl
acetate. Following the staining, the samples were analyzed using a transmission electron microscope
(University of Gdańsk, Gdańsk, Poland).

2.6. Immunization Protocol

Groups of 6 female BALB/c mice, 6–8 weeks of age, were immunized subcutaneously with
squalene-based oil-in-water nanoemulsion adjuvant (Addavax, InvivoGen). The mice were immunized
with 15 µg of protein on day 0, and with 10 µg on days 14 and 28. The mice used as negative controls
were immunized with PBS-adjuvant mixture alone. All experiments on animals were conducted by an
accredited company (Tri-City Academic Laboratory Animal Centre, Medical University of Gdańsk,
Gdańsk, Poland), in accordance with the current guidelines for animal experimentation. The protocols
were approved by the Local Committee on the Ethics of Animal Experiments of the University of
Science and Technology in Bydgoszcz (Permit Number: 38/2018). All procedures were performed
under isoflurane anesthesia, and all effort was taken to minimize suffering.

2.7. Analysis of the Antibody Response by ELISA

Mouse sera were collected two weeks after the last immunization and pooled according to
experimental groups. The antibody response against HCV E2 epitopes was measured by direct
solid-phase ELISA. Pre-blocked, streptavidin-coated plates (Thermo Scientific) were incubated with
biotinylated peptides at 5 µg/mL (JPT-Innovative Peptide Solutions, Berlin, Germany) for 16 h at 4 ◦C.
Following the coating and washing, serially diluted mouse sera were added to the wells and incubated
for 1 h at RT. Goat anti-mouse secondary HRP-conjugated antibodies (Santa Cruz Biotechnology, Dallas,
USA) were used for detection. Similarly, the antibody response against sHBsAg protein was tested
using ELISA plates coated with Pichia pastoris-derived sHBsAg protein at 5 µg/mL (OriGene, Rockville,
MD, USA). The plates were then blocked for 2 h with 3% (w/v) BSA in PBST [PBS buffer, 0.05% (v/v)
Tween-20], and serially diluted mouse sera were added to the wells as described above.

For testing serum cross-reactivity to E1E2 complexes, HEK293 cells were transfected with plasmids
expressing glycoproteins E1E2 derived from different HCV genotypes. The cells were washed with
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PBS buffer and lysed in lysis buffer (PBS buffer, 0.5% Triton X-100) 72 h after transfection. The clarified
cell lysates were normalized against each other using anti-E2 goat polyclonal antibodies (Bio-Rad,
Hercules, CA, USA) and later used to perform ELISA in denatured/reduced and native conditions.
For the denatured ELISA, the HEK293 cell lysates were first diluted 10× in PBS buffer containing 50 mM
DTT and 2% SDS and incubated for 10 min at 100 ◦C; for the native ELISA, the HEK293 cell lysates
were diluted 10× in PBS alone. Next, the cell lysates were moved onto ELISA plates precoated with
Galanthus nivalis lectin (GNA) and incubated for 16 h at 4 ◦C. Following that, the plates were blocked
in PBST with 3% BSA and used immediately or stored at −20 ◦C. The pooled mouse sera were tested in
1:1000 PSB dilutions containing 0.3% BSA. Finally, the binding of the antibodies to the recombinant
proteins was detected by goat anti-mouse HRP-conjugated secondary antibodies diluted to 1:2500
(Santa Cruz Biotechnology, Dallas, TX, USA) and the 3,3′,5,5′-Tetramethylbenzidine substrate.

2.8. IgG Purification from Mouse Sera

IgGs were isolated from mouse serum using NAb Protein G Spin Kit (Thermo Scientific, Waltham,
MA, USA) in accordance with the manufacturer’s instructions. Briefly, 300 µL of pooled mouse sera
was transferred into the spin columns and incubated for 30 min at RT. Subsequently, purified IgGs
were eluted from the resin with low pH elution buffer and concentrated using Amicon Ultra 100 K
centrifugal filter units (Merck Millipore, Burlington, MA, USA).

2.9. Virus Stocks for HCVcc Neutralization Assay

HCVcc virus stocks with sequence confirmed E1 and E2 were produced in Huh7.5 cells in DMEM
supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin (P/S) as previously
described [43]. As HCVcc, JFH1-based HCV recombinants with Core-NS2 of the following genotypes
(isolates) and specified cell culture adaptive substitutions were used: 1a(TN) with R1408W [44],
1b(J4) with F886L and Q1496L [43], 2a(J6) [45], 2b(J8) [43], 3a(S52) with I793S and K1404Q [43],
4a(ED43) with T827A and T977S [46], 5a(SA13) with A1022G and K1119R [47], and 6a(HK6a) with
F350S and N417T [43].

2.10. HCVcc Neutralization Assay

The cell-based in vitro HCV neutralization assay was done as previously described [47] with
modifications. Briefly, 7 × 104 Huh7.5 cells were plated per well in a poly-D-lysine-coated 96-well
plate (Nunc, Roskilde, Denmark) in DMEM supplemented with FBS and P/S. The next day, a 96-well
pre-plate with virus and antibody mixes was prepared. The amount of virus stock yielding counts
of 20–100 focus forming units (FFU)/well in pilot assays was diluted in medium to a total volume of
7 µL and mixed with 3 µL serially diluted purified IgG; for virus-only wells, 3 µL medium was added.
Virus/antibody mixes were incubated at 37 ◦C and 5% CO2 for 1.5 h. Subsequently, medium was
added to a total volume of 40 µL per well and the solution was transferred to the cell plate. After 4.5 h
incubation at 37 ◦C and 5% CO2, cells were washed with PBS and incubated with fresh medium. Each
antibody concentration was tested in triplicates. At least 6 virus-only wells and negative control wells
without virus and antibody mixes were included in each assay. At 48 h post-infection, cells were fixed
with methanol and incubated with PBS containing 0.5% (w/v) BSA and 0.1% (w/v) skimmed milk for
1 h and subsequently incubated with AffiniPure Fab Fragment Goat Anti-Mouse IgG (H+L) (Jackson
Immuno Research, West Grove, USA) diluted in PBS at 100 µg/mL for 1 h and immunohistochemically
stained. Antibodies were diluted in PBS containing 0.5% (w/v) BSA and 0.1% (w/v) skimmed milk;
the primary antibody 9E1042 was diluted 1:5000, and the secondary antibody ECL anti-mouse IgG
HRP-linked whole antibody (GE Healthcare, Amersham, UK) was diluted 1:500; both were incubated
overnight at 4 ◦C and visualized with Pierce™ DAB Substrate Kit (Thermo Scientific, Waltham, MA,
USA). FFU were counted and neutralization was evaluated as described [48]. Briefly, an ImmunoSpot
series 5 UV analyzer (CTL Europe GmbH, Bonn, Germany) and customized software were used for
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automated counting of FFU. Percentage of neutralization was calculated by relating the number of
FFU in each well to the mean number of FFU in virus-only wells.

3. Results

3.1. Expression of the Chimeric sHBsAg-Based Particles

The sequences coding for HCV (genotype 1a, isolate H77C [41]) E2 glycoprotein regions spanning
residues 412–425, 434–446, 502–520, and 523–535 were inserted individually or in combinations into
the sequence of the major antigenic loop of HBV sHBsAg protein at positions corresponding with
amino acids I110/S117 (∆111–116) and P127/A128 (Figure 1a,b), previously reported to support peptide
insertions without an impact on particle formation. Additionally, cysteine residue substitution (C→A)
in epitope 502–520 was performed in order to minimize the risk of tertiary conformation disturbance.
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Figure 1. Construction of chimeric proteins. (a) Epitope sequences were derived from the hepatitis C
virus (HCV) isolate H77C (GenBank accession no. AF011751). The underlined alanine corresponds to the
substituted cysteine. (b) Recombinant constructs were generated by insertion of the sequences coding
for HCV E2 epitopes into the sequence coding for the hydrophilic loop of the hepatitis B virus (HBV)
small surface antigen (sHBsAg) protein at positions I110/S117(∆111–116) and/or P127/A128—insertion
sites are marked with black arrows.

Chimeric VLPs were produced in high-density cell cultures using the tetracycline-inducible
Leishmania tarentolae expression system. The expression of proteins was confirmed by SDS-PAGE of cell
lysates, followed by a western blot with sHBsAg-specific antibodies (Figure 2a). In reducing conditions,
the molecular masses of monomers of the chimeric proteins fell in the range of 27–35 kDa. The difference
in the molecular masses of the monomers was probably associated not only with the insertion of the
HCV E2-derived epitopes, but also with the molecular mass of the additional N-glycans. In comparison



Vaccines 2020, 8, 294 7 of 19

to the wild-type sHBsAg, chimeric particles carrying the 412–425 epitope contain two additional
glycosylation sites at positions N417 and N423. The chimeric particles exposing the 523–535 epitope
contain one additional glycosylation site at position N532. For all chimeric proteins, multimers of higher
molecular mass were also detected. Notably, during cultivation of the recombinant Leishmania tarentolae
cells, we consistently observed a lower protein level for sHBsAg_434–446 in comparison to those of
other chimeric proteins and the sHBsAg wild-type (wt) control. This finding is in agreement with the
poor growth kinetics indicated by relatively low OD600 of the sHBsAg_434–446 Leishmania tarentolae
culture reached after 72h of induction, in comparison to the other recombinant cell cultures (Table 1).

Table 1. OD600 of Leishmania tarentolae cell cultures. The measurement was performed for L. tarentolae
recombinant cell lines expressing chimeric proteins 72 h after tetracycline induction. The data represent
the mean values from a minimum of three independent procedures.

OD600

sHBsAg_502–520 4.9
sHBsAg_434–446 2.4
sHBsAg_523–535 4.8

sHBsAg_434–446_523–535 4.8
sHBsAg_434–446_412–425 4.5
sHBsAg_502–520_523–535 5.0

sHBsAg_412–425 5.3
sHBsAg_wt 4.9

The chimeric VLPs were concentrated and partially purified from the cell lysate by ultracentrifugation
on an OptiPrep gradient. Most of the sHBsAg protein monomer was distributed in fractions 9–13
(Figure 2b). The figure represents an example of the sHBsAg protein distribution in the OptiPrep gradient
for sHBsAg_wt and two chimeric VLPs: sHBsAg_434–446 and sHBsAg_434–446_412–425. All other
chimeric VLPs demonstrated analogous sHBsAg distribution profiles after gradient ultracentrifugation
(Figure S1). Particle assembly was confirmed by transmission electron microscopy. The sHBsAg-positive
fractions showed spherical particles approximately 20–30 nm in diameter (Figure 2c). In summary,
although some differences in the particle expression level were observed, we were able to confirm
sHBsAg-based chimeric protein production and particle formation for all designed VLPs.

3.2. Immunogenicity of the Chimeric sHBsAg-Based Particles

To investigate immunogenicity, eight groups of BALB/c mice were immunized subcutaneously
with fractions containing different VLPs. All mice were immunized using the squalene-based Addavax
adjuvant, an MF59 analogue, the latter being licensed in Europe for human use. After mouse
immunizations, we found strong and specific antibody responses against biotinylated peptides,
corresponding with the E2 sequence exposed on the surface of the chimeric VLPs. Antibody titers
approaching 5 × 104 were observed for sera from all mouse groups (Figure 3a–d). The results evidenced
that immunization with particles carrying single and double foreign epitopes could elicit a strong and
specific antibody response against all exposed HCV epitopes.
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On the left protein ladder, the molecular weight in kDa is given. (b) In order to concentrate and 
partially purify the chimeric particles, lysates from the L. tarentolae cell cultures expressing chimeric 
proteins were placed on top of an OptiPrep density gradient. Seventeen fractions of 0.5 mL were 
harvested from top to bottom. The aliquots of fractions 2–15 were then analyzed using a western blot 
with anti-HBsAg antibodies. On the left protein ladder, the molecular weight in kDa is given. (c) 
Electron micrographs of chimeric sHBsAg-based particles. After concentration on the Optiprep 
density gradient, the chimeric particles were stained with uranyl acetate and analyzed using electron 
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virus-like particles (VLPs). Scale bar: 50 nm. 
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Figure 2. Expression and characterization of the chimeric proteins. (a) Western blot analysis of the
chimeric proteins expressed in L. tarentolae. Cell lysates were separated using SDS-PAGE and detected
with the anti-HBsAg antibody. The lysate from wild-type L. tarentolae cells was used as the negative
control (NC). Bands of higher molecular mass correspond with the multimeric forms of the proteins.
On the left protein ladder, the molecular weight in kDa is given. (b) In order to concentrate and partially
purify the chimeric particles, lysates from the L. tarentolae cell cultures expressing chimeric proteins
were placed on top of an OptiPrep density gradient. Seventeen fractions of 0.5 mL were harvested from
top to bottom. The aliquots of fractions 2–15 were then analyzed using a western blot with anti-HBsAg
antibodies. On the left protein ladder, the molecular weight in kDa is given. (c) Electron micrographs
of chimeric sHBsAg-based particles. After concentration on the Optiprep density gradient, the chimeric
particles were stained with uranyl acetate and analyzed using electron microscopy. Observed particles
were approximately 20–30 nm in diameter. Black arrows: Chimeric virus-like particles (VLPs). Scale
bar: 50 nm.
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Figure 3. Immunization with chimeric sHBsAg-based particles elicited specific antibody responses in
mice. (a–d) For analysis of binding of immune sera to HCV peptides, streptavidin-coated microplates
were coated with 5 µg/mL of biotinylated synthetic peptides covering epitopes 412–425, 523–535,
502–520, and 434–446 of HCV E2. (e) For analysis of binding of immune sera to yeast-derived
sHBsAg (yHBsAg), ELISA plates were coated with 5 µg/mL of purified sHBsAg protein derived from
Pichia pastoris. The dilution factors of the mouse sera are shown on axis x. The mean A450 values are
shown on axis y. The background signal from the negative control mouse sera was subtracted from
the obtained results. The data represent the results from two independent experiments performed in
duplicate, and error bars indicate standard deviations. The dashed horizontal line represents the cutoff

value (three times the mean background value).

A detailed serum characterization showed strong cross-reactivity to purified yeast-derived
sHBsAg protein (yHBsAg) for the sera collected from the mice immunized with the sHBsAg_502–520,
sHBsAg_523–535, and sHBsAg_412–425 VLPs (Figure 3e), with the antibody endpoint titer
comparable to that of wild-type sHBsAg VLPs. Weaker or no responses were observed following
immunization using sHBsAg_434–446 and all VLPs exposing two epitopes (sHBsAg_434–446_523–535,
sHBsAg_434–446_412–425, and sHBsAg_502–520_523–535).
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We next tested cross-reactivity of the sera from the immunized mice against the E1E2 complexes
of HCV genotypes 1–6 in ELISA assays. Under reduced/denatured conditions (Table 2a), six out of
seven antisera recognized E1E2 from HCV genotypes 1a, 1b, 2a, 2b, 3a, 4a, and 6a. The immune sera
derived from the mice immunized with particles carrying epitope 412–425 only failed to recognize
the 5a (14.4) E1E2. This is in line with previous results, as the 5a (14.4) isolate shows five amino
acid changes in region 412–425 in comparison to the source sequence derived from the H77C isolate
(Figure 4a) [39]. The antibodies elicited by VLPs carrying the 502–520 or 523–535 epitopes were able to
bind all tested E1E2. Finally, sHBsAg_434–446 VLPs did not elicit any antibodies capable of binding to
HCV E1E2. We then carried out ELISA under native conditions (Table 2b). Interestingly, we observed
significant variation among the antisera in the binding profile to the native E1E2 complexes expressed
in mammalian cells. The broadest cross-reactivity was found for sera from mice immunized with VLPs
carrying the 412–425 epitope (sHBsAg_412–425 and sHBsAg__434–446_412–425), as they only failed
to recognize the non-conserved 5a (14.4) E1E2. Antisera from mice immunized with VLPs carrying
the 523–535 epitope (sHBsAg_523–535, sHBsAg_434–446_523–535, and sHBsAg_502–520_523–535)
recognized E1E2 from genotypes 1a, 1b, 2a, and 5a, but not 3a and 4a. Additionally, a limited
recognition of E1E2 of genotypes 2b and 6a was observed. At last, sera from mice immunized with
sHBsAg_502–520 and sHBsAg_434–446 VLPs failed to recognize native E1E2 from any tested genotype.

Table 2. Cross-reactivity of immune sera to E1E2 complexes from different HCV genotypes in
(a) reduced/denatured and (b) native conditions. The sera dilution factor was 1:1000. “+” sections
suggest signal of high intensity (A450 > 0.5 for native conditions; A450 > 1.5 for reduced/denatured
conditions), indicating strong binding. “−“ sections suggest low intensity (A450 < 0.15), indicating no
appreciable binding. “+/−“ sections suggest moderate intensity (0.15 ≤A450 ≤ 0.5 for native conditions),
indicating moderate binding. The background signal from the sHBsAg wt serum was subtracted from
the obtained results. The data represent the mean values from two independent experiments performed
in duplicate.

(a)

Reduced/Denatured Genotype (Isolate)

MOUSE GROUP 1a
(H77C)

1b
(12.6)

2a
(2.4)

2b
(1.1)

3a
(1.9)

4a
(21.16)

5a
(14.4)

6a
(5.8)

sHBsAg_502–520 + + + + + + + +
sHBsAg_434–446 - - - - - - - -
sHBsAg_523–535 + + + + + + + +

sHBsAg_434–446_523–535 + + + + + + + +
sHBsAg_434–446_412–425 + + + + + + - +
sHBsAg_502–520_523–535 + + + + + + + +

sHBsAg_412–425 + + + + + + - +

(b)

Native Genotype (Isolate)

MOUSE GROUP 1a
(H77C)

1b
(12.6)

2a
(2.4)

2b
(1.1)

3a
(1.9)

4a
(21.16)

5a
(14.4)

6a
(5.8)

sHBsAg_502–520 - - - - - - - -
sHBsAg_434–446 - - - - - - - -
sHBsAg_523–535 + + + +/− - - + +/−

sHBsAg_434–446_523–535 + - + +/− +/− - + +/−
sHBsAg_434–446_412–425 + + + + +/− + - +/−
sHBsAg_502–520_523–535 + + + + - - + -

sHBsAg_412–425 + + + + + + - +
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derived from the HCV genotype 1a isolate H77C (GenBank accession number AF011751) is used as 
the reference and indicated on the top of each alignment. Other sequences are designated according 
to genotype (isolate). Amino acids conserved in reference to the H77C sequence are marked with dots. 
For 6a(HK6a), the boxed threonine is a cell culture adaptive substitution. 
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less than 50% neutralization was observed at the highest concentrations tested. For genotype 6a 
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Figure 4. Amino acid alignment showing the sequence conservation of the regions 412–425, 434–446,
502–520, and 523–535 for full-length E1E2 (a) and HCVcc isolates (b) used in this study. The sequence
derived from the HCV genotype 1a isolate H77C (GenBank accession number AF011751) is used as the
reference and indicated on the top of each alignment. Other sequences are designated according to
genotype (isolate). Amino acids conserved in reference to the H77C sequence are marked with dots.
For 6a (HK6a), the boxed threonine is a cell culture adaptive substitution.

Finally, we evaluated the neutralizing potency of IgG purified from the mouse sera against
genotypes 1–6 HCVcc. As shown in Figure 5, a neutralizing effect was only observed for antibodies
derived from the mice immunized with VLPs carrying the 412–425 epitope (sHBsAg_412–425 and
sHBsAg_434–446_412–425). These antibodies showed the most potent neutralization efficacy against
genotype 1a, 1b, 4a, and 5a viruses, with 80–100% neutralization at the highest IgG concentrations.
In addition, they were able to neutralize genotype 2a and 2b viruses with lower efficacy, approaching
~60% neutralization at the highest IgG concentrations. In contrast, for genotype 3a and 6a viruses, less
than 50% neutralization was observed at the highest concentrations tested. For genotype 6a viruses,
this is likely explained by the essential cell culture adaptive substitution N417T in the 412–425 region
(Figure 4b) [43].
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Figure 5. Chimeric VLP-induced antibodies cross-neutralized different HCV genotypes. Viruses were
incubated with IgGs purified from the sera of immunized mice and pooled for each experimental group.
The antibodies were pre-incubated with viruses of HCV genotypes (isolates) 1a (TN), 1b (J4), 2a (J6), 2b
(J8), 3a (S52), 4a (ED43), 5a (SA13), and 6a (HK6a) for 1.5 h, followed by incubation of Huh7.5 cells
with antibody-virus mixes for 4.5 h. The neutralization effect (%) was determined relative to cultures
infected with the respective viruses in the absence of antibodies. The data represent the mean values
from three technical replicates and error bars indicate standard deviations. The dashed horizontal line
marks 50% virus neutralization. Neutralization values of ≤0% are not shown; *, asterisks are added in
cases where error bars and neutralization values are <0%.

Thus, immunogenicity studies revealed that all designed VLPs were immunogenic, as they were
eliciting antibodies recognizing specifically the HCV E2 epitope used for immunization. However, only
sera from mice immunized with VLPs carrying epitopes 412–425 and 523–535 were able to recognize
native E1E2 heterodimers and only VLPs with epitope 412–425 were capable of eliciting a strong HCV
cross-neutralizing antibody response.
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4. Discussion

We developed a panel of sHBsAg-based VLPs carrying moderately to highly conserved and
immunogenic epitopes derived from the HCV E2 glycoprotein using the economically attractive
Leishmania tarentolae expression system. Following immunization with the adjuvant Addavax, which is
similar to the MF59 adjuvant licensed for human use in Europe, VLPs carrying the 412–425 epitope
elicited potent cross-neutralizing IgGs with isolate specific neutralization differences, suggesting
differences in epitope accessibility on HCVcc.

Previously, chimeric sHBsAg-based VLPs were developed carrying the HCV E2 HVR1 [38,40].
This approach might be problematic due to the high variability of the HVR1 protein sequence.
Considering the high genetic diversity and structural flexibility of HCV E2, efforts should be made to
target immune responses to conserved epitopes. Therefore, we here explored several HCV E2 epitopes
as potential vaccine antigens.

Epitope I (residues 412–423) is an important target for broadly neutralizing antibodies and
has been proposed as the target of antibody-based therapy [18,20,21]. Our results highlight the
ability of epitope I to induce HCV cross-reactive antibodies. In previous research, we found sera of
sHBsAg_412–425-immunized mice to bind E2 glycoproteins derived from different HCV genotypes
under denaturing conditions by western blotting [39]. Here, we demonstrated that sera induced
by immunization with VLPs carrying epitope I recognized E1E2 complexes derived from different
genotypes under native conditions by ELISA, suggesting that epitope I is accessible in the native
E1E2 complexes. Most importantly, purified IgG targeting epitope I showed an impressive HCV
cross-neutralization potency.

While genotype 2a and 2b viruses showed comparatively low neutralization sensitivity, we
observed highly efficient neutralization of genotype 1a, 1b, 4a, and 5a viruses. It should be noted that
although the antibodies directed against the 412–425 epitope failed to recognize 5a (14.4) E1E2 in the
native ELISA, they effectively neutralized 5a (SA13) HCVcc only differing at one residue in the 412–425
epitope from H77C. Observed neutralization efficacies were comparable to those reported for efficient
human monoclonal antibodies [49]. In contrast, antibodies to epitope I failed to neutralize genotype 3a
and 6a viruses. For the 6a virus, the lack of neutralization sensitivity can most probably be explained
by the presence of the “glycan shift” substitution N417T, which is critical for cell culture adaptation,
also of another genotype 6a isolate [50]. It was previously described that a single substitution N417S
or N417T resulted in a shift of the N-glycosylation site from N417 to N415 and effectively prevented
recognition of epitope I by some antibodies [20,51,52]. Future neutralization studies with genotype 6a
HCVpp not depending on this cell culture adaptive substitution could prove whether genotype 6a
isolates with native epitope I sequence are neutralized by sHBsAg_412–425-induced antibodies.

Interestingly, our data suggest that epitope I might be shielded in the studied genotype 3a virus
and to a lesser extend in the genotype 2a and 2b viruses, as the efficiently neutralized 1a virus had the
same epitope I sequence as the 3a virus, and the efficiently neutralized 1b virus had the same epitope
I sequence as the 2a virus. This hypothesis is supported by the finding that AP33 Fab fragments,
targeting epitope I, neutralized the 1b virus used in this study with high efficacy and the studied 2a and
2b viruses with lower efficacy, while no significant neutralization of the used 3a virus was observed
(Prentoe, personal communication). It has previously been reported that HCV envelope features,
such as HVR1-mediated epitope protection, determined differences in neutralization susceptibility
rather than just sequence diversity [53]. Future research possibly involving structural analysis will
be required to prove the hypothesis on differential shielding of epitope I in different HCV isolates.
Moreover, in future research, it would be interesting to investigate if these observed effects are genotype
or isolate specific, by developing and/or using already developed HCVcc, preferably without cell
culture adaptive substitutions in the envelope proteins.

We investigated immunogenicity of three additional relatively conserved epitopes localized in the
E2 CD81-binding region comprising residues 434–446, 502–520, and 523–535. Each of these epitopes
has previously been described as important for binding of both neutralizing and non-neutralizing
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anti-HCV antibodies. However, most of these antibodies were described to be conformation-sensitive
and recognized discontinuous epitopes located within the CD81 binding region [22,26,54,55]. Similarly,
we found that these epitopes were immunogenic and that antibodies targeting these epitopes recognized
synthetic peptides and, except for antibodies targeting epitope 434–446, also denatured E1E2. In contrast,
antibodies targeting these epitopes were less efficient in recognizing E1E2 in native ELISA and were not
neutralizing HCVcc. This suggests that residues 434–446, 502–520, and 523–535 might not be accessible
in the E1E2 complex and on HCVcc and thus, induction of antibodies targeting conformational epitopes
covering these regions might be required for efficient virus neutralization. The role of antibodies
binding residues 434–446 (epitope II) is still under debate. It was reported that such antibodies enhanced
HCV neutralization mediated by antibodies targeting epitope I in a synergistic manner [56,57]. On the
other hand, it was also suggested that epitope II might be associated with non-neutralizing antibodies
mediating antibody-interference by hindering binding of neutralizing antibodies targeting epitope I.
Thus, depletion of epitope II-specific antibodies from the serum samples collected from HCV-positive
patients [58,59] as well as E1E2 immunized chimpanzees [59] and humans [60] improved neutralizing
activity of antibodies targeting epitope I [58–60].

Residues 523–535 (epitope III) localize to the C-terminal part of the CD81 binding loop and are an
important target for human conformation-sensitive, broadly neutralizing antibodies [61]. Even though
antibodies induced by VLPs carrying epitope 523–535 were binding native E1E2 of several isolates, they
failed to neutralize HCVcc. Thus, also according to prior evidence, antibodies targeting conformational
but not linear epitopes within this region might be required for efficient neutralization [62]. Moreover,
the 523–535 region is suggested to adopt different conformations [63,64], which might influence
epitope accessibility.

The less well characterized residues 502–520 were proposed as a possible fusion peptide [65], and,
more recently, to be of importance for interaction with HCV entry receptors [26]. Antibodies induced
by VLPs carrying residues 502–520 were binding denatured but not native E1E2 of all tested isolates
and failed to neutralize HCVcc. This could be explained by poor accessibility of the 502–520 epitope,
as it is located within the E2 β-sandwich structure [25,26]. In line with this hypothesis, antibodies
targeting this region were detected after animal immunizations using a subunit vaccine, but were not
induced during natural infection of chimpanzees and humans [24]. It is also possible that C503A and
C508A substitutions in the 502–520 epitope (Figure 1) hindered the binding of the sHBsAg_502–520
VLP-elicited antibodies to the native E1E2 heterodimer.

The obtained results proved that exposition of a single epitope on the sHBsAg particle does not
necessarily disturb the ability of chimeric particles to induce an immune response against the carrier
protein. Thus, sera from mice immunized with most VLPs exposing a single epitope yielded titers
of anti-sHBsAg antibodies that were comparable to that of the sera from mice immunized with the
wild-type sHBsAg VLPs. This phenomenon is consistent with previously published data [34,38–40].
In contrast, insertion of the 434–446 epitope reduced the particle’s ability to elicit sHBsAg-specific
antibodies. This might be caused by changes in the carrier protein conformation or overall particle
formation. This hypothesis is supported by our observation that sHBsAg proteins including HCV
residues 434–446 at position P127/A128 were unable to assemble into VLPs (unpublished data).
Even though this hindrance was overcome by insertion at position I110/S117 (∆111–116), growth of
Leishmania tarentolae cells expressing sHBsAg__434–446 and expression of these VLPs was significantly
reduced compared to the other VLPs (Figure 2a, Table 1). In addition, inclusion of two HCV epitopes
into the hydrophilic loop of sHBsAg interfered strongly with the antibody response elicited against the
carrier protein. Thus, if an sHBsAg-based VLP vaccine should feature different HCV epitopes and
protect against both HCV and HBV, a mixture of VLPs carrying single HCV epitopes might be more
suitable than exposure of different epitopes on the surface of a single VLP.

A recent study by Wei et al. [66] also explored immunogenicity of sHBsAg-based VLPs carrying
different HCV epitopes (residues 313–327 in E1 as well as 412–423, 523–535, and HVR1 in E2). Less than
50% neutralization of genotype 1a, 1b, and 2a HCVcc in comparison to pre-immunization control
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serum was observed for serum from mice immunized with single VLPs. The fact that Wei et al.
observed limited neutralization with antibodies induced by epitope III might be explained by different
presentation of the 523–535 epitope on the surface of the VLPs, due to the insertion of a HIS-tag.
However, direct comparison of our results with the study by Wei et al. is hindered due to the lack of
specification of the dilutions of mouse sera used for HCVcc neutralization and use of serum instead of
purified IgG in neutralization assays, which might be problematic, as interfering serum components
might perturb assay results [67].

In this study, we have shown that sHBsAg-based VLPs are able to successfully present different
linear HCV epitopes. Elicited antibodies specifically target linear epitopes within the E2 glycoprotein
and could in the future be used in studies addressing epitope accessibility for different HCV isolates.
Among all tested VLPs, only those comprising 412–425 or 523–535 epitopes were able to induce
antibodies recognizing native E1E2 complexes. An HCV neutralization effect was only observed for
antibodies induced by VLPs carrying the 412–425 epitope. Although epitope I is suggested to be hidden
from the humoral immune response in HCV-infected individuals [68], chimeric particles carrying
this epitope elicited high titers of cross-reactive and cross-neutralizing antibodies against HCV while
preserving anti-sHBsAg immunity. Interestingly, isolate-specific differences in neutralization efficacy
of the antibodies elicited using epitope I suggested isolate-specific epitope accessibility. Future in vivo
studies could potentially verify the effectiveness of vaccine-induced immunity; however, at present
there are no robust immunocompetent animal models permissive for HCV [15]. In light of the data
from the present study, region 412–425 derived from the HCV E2 glycoprotein remains the most
promising epitope for further sHBsAg-based bivalent prophylactic vaccine research. In conclusion,
vaccination with sHBsAg_412–425 VLPs in combination with additional antigen capable of inducing
conformation-dependent antibodies would be beneficial for successful development of a pan-genotypic
vaccine against HCV.
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Immunogenicity of Leishmania-derived hepatitis B small surface antigen particles exposing highly conserved
E2 epitope of hepatitis C virus. Microb. Cell Fact. 2016, 15. [CrossRef] [PubMed]

40. Netter, H.J.; Macnaughton, T.B.; Woo, W.P.; Tindle, R.; Gowans, E.J. Antigenicity and immunogenicity of
novel chimeric hepatitis B surface antigen particles with exposed hepatitis C virus epitopes. J. Virol. 2001, 75,
2130–2141. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.ppat.1003364
http://www.ncbi.nlm.nih.gov/pubmed/23696737
http://dx.doi.org/10.1002/hep.28850
http://www.ncbi.nlm.nih.gov/pubmed/27641232
http://dx.doi.org/10.1016/j.vaccine.2011.10.045
http://dx.doi.org/10.1126/science.1243876
http://www.ncbi.nlm.nih.gov/pubmed/24288331
http://dx.doi.org/10.1128/JVI.01402-14
http://dx.doi.org/10.1128/JVI.00271-06
http://www.ncbi.nlm.nih.gov/pubmed/16912317
http://dx.doi.org/10.3390/vaccines2030515
http://www.ncbi.nlm.nih.gov/pubmed/26344743
http://dx.doi.org/10.1586/erv.10.115
http://www.ncbi.nlm.nih.gov/pubmed/20923267
http://dx.doi.org/10.1159/000150471
http://www.ncbi.nlm.nih.gov/pubmed/8957666
http://www.ncbi.nlm.nih.gov/pubmed/7085648
http://dx.doi.org/10.1016/j.antiviral.2008.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19007818
http://dx.doi.org/10.1016/j.jviromet.2009.01.015
http://www.ncbi.nlm.nih.gov/pubmed/19189849
http://dx.doi.org/10.1126/science.2425433
http://www.ncbi.nlm.nih.gov/pubmed/2425433
http://dx.doi.org/10.1128/CVI.05295-11
http://www.ncbi.nlm.nih.gov/pubmed/22205658
http://dx.doi.org/10.1016/j.nbt.2009.01.001
http://dx.doi.org/10.1186/s12934-016-0460-4
http://www.ncbi.nlm.nih.gov/pubmed/27075377
http://dx.doi.org/10.1128/JVI.75.5.2130-2141.2001
http://www.ncbi.nlm.nih.gov/pubmed/11160717


Vaccines 2020, 8, 294 18 of 19

41. Yanagi, M.; Purcell, R.H.; Emerson, S.U.; Bukh, J. Transcripts from a single full-length cDNA clone of hepatitis
C virus are infectious when directly transfected into the liver of a chimpanzee. Proc. Natl. Acad. Sci. USA
1997, 94, 8738–8743. [CrossRef] [PubMed]

42. Lavillette, D.; Tarr, A.W.; Voisset, C.; Donot, P.; Bartosch, B.; Bain, C.; Patel, A.H.; Dubuisson, J.; Ball, J.K.;
Cosset, F.-L. Characterization of host-range and cell entry properties of the major genotypes and subtypes of
hepatitis C virus. Hepatology 2005, 41, 265–274. [CrossRef]

43. Gottwein, J.M.; Scheel, T.K.H.; Jensen, T.B.; Lademann, J.B.; Prentoe, J.C.; Knudsen, M.L.; Hoegh, A.M.;
Bukh, J. Development and characterization of hepatitis C virus genotype 1-7 cell culture systems: Role of
CD81 and scavenger receptor class B type I and effect of antiviral drugs. Hepatology 2009, 49, 364–377.
[CrossRef] [PubMed]

44. Scheel, T.K.H.; Gottwein, J.M.; Carlsen, T.H.R.; Li, Y.-P.; Jensen, T.B.; Spengler, U.; Weis, N.; Bukh, J.
Efficient culture adaptation of hepatitis C virus recombinants with genotype-specific Core-NS2 by using
previously identified mutations. J. Virol. 2011, 85, 2891–2906. [CrossRef] [PubMed]

45. Lindenbach, B.D.; Evans, M.J.; Syder, A.J.; Wölk, B.; Tellinghuisen, T.L.; Liu, C.C.; Maruyama, T.; Hynes, R.O.;
Burton, D.R.; McKeating, J.A.; et al. Complete replication of hepatitis C virus in cell culture. Science 2005,
309, 623–626. [CrossRef] [PubMed]

46. Scheel, T.K.H.; Gottwein, J.M.; Jensen, T.B.; Prentoe, J.C.; Hoegh, A.M.; Alter, H.J.; Eugen-Olsen, J.; Bukh, J.
Development of JFH1-based cell culture systems for hepatitis C virus genotype 4a and evidence for
cross-genotype neutralization. Proc. Natl. Acad. Sci. USA 2008, 105, 997–1002. [CrossRef] [PubMed]

47. Jensen, T.B.; Gottwein, J.M.; Scheel, T.K.H.; Hoegh, A.M.; Eugen-Olsen, J.; Bukh, J. Highly efficient JFH1-based
cell-culture system for hepatitis C virus genotype 5a: Failure of homologous neutralizing-antibody treatment
to control infection. J. Infect. Dis. 2008, 198, 1756–1765. [CrossRef] [PubMed]

48. Gottwein, J.M.; Scheel, T.K.H.; Callendret, B.; Li, Y.-P.; Eccleston, H.B.; Engle, R.E.; Govindarajan, S.;
Satterfield, W.; Purcell, R.H.; Walker, C.M.; et al. Novel infectious cDNA clones of hepatitis C virus genotype
3a (strain S52) and 4a (strain ED43): Genetic analyses and In Vivo pathogenesis studies. J. Virol. 2010, 84,
5277–5293. [CrossRef] [PubMed]

49. Carlsen, T.H.R.; Pedersen, J.; Prentoe, J.C.; Giang, E.; Keck, Z.-Y.; Mikkelsen, L.S.; Law, M.; Foung, S.K.H.;
Bukh, J. Breadth of neutralization and synergy of clinically relevant human monoclonal antibodies against
HCV genotypes 1a, 1b, 2a, 2b, 2c, and 3a. Hepatology 2014, 60, 1551–1562. [CrossRef] [PubMed]

50. Pham, L.V.; Ramirez, S.; Gottwein, J.M.; Fahnøe, U.; Li, Y.-P.; Pedersen, J.; Bukh, J. HCV genotype 6a escape
from and resistance to Velpatasvir, Pibrentasvir, and Sofosbuvir in robust infectious cell culture models.
Gastroenterology 2018, 154, 2194–2208. [CrossRef] [PubMed]

51. Li, Y.; Pierce, B.G.; Wang, Q.; Keck, Z.-Y.; Fuerst, T.R.; Foung, S.K.H.; Mariuzza, R.A. Structural basis for
penetration of the glycan shield of hepatitis C virus E2 glycoprotein by a broadly neutralizing human
antibody. J. Biol. Chem. 2015, 290, 10117–10125. [CrossRef] [PubMed]

52. Pantua, H.; Diao, J.; Ultsch, M.; Hazen, M.; Mathieu, M.; McCutcheon, K.; Takeda, K.; Date, S.; Cheung, T.K.;
Phung, Q.; et al. Glycan shifting on hepatitis C virus (HCV) E2 glycoprotein is a mechanism for escape from
broadly neutralizing antibodies. J. Mol. Biol. 2013, 425, 1899–1914. [CrossRef] [PubMed]

53. Prentoe, J.; Velázquez-Moctezuma, R.; Foung, S.K.H.; Law, M.; Bukh, J. Hypervariable region 1 shielding of
hepatitis C virus is a main contributor to genotypic differences in neutralization sensitivity. Hepatology 2016,
64, 1881–1892. [CrossRef] [PubMed]

54. Keck, Z.-Y.; Li, T.-K.; Xia, J.; Bartosch, B.; Cosset, F.-L.; Dubuisson, J.; Foung, S.K.H. Analysis of a highly
flexible conformational immunogenic domain A in hepatitis C virus E2. J. Virol. 2005, 79, 13199–13208.
[CrossRef] [PubMed]

55. Giang, E.; Dorner, M.; Prentoe, J.C.; Dreux, M.; Evans, M.J.; Bukh, J.; Rice, C.M.; Ploss, A.; Burton, D.R.;
Law, M. Human broadly neutralizing antibodies to the envelope glycoprotein complex of hepatitis C virus.
Proc. Natl. Acad. Sci. USA 2012, 109, 6205–6210. [CrossRef] [PubMed]

56. Tarr, A.W.; Urbanowicz, R.A.; Jayaraj, D.; Brown, R.J.P.; McKeating, J.A.; Irving, W.L.; Ball, J.K.
Naturally occurring antibodies that recognize linear epitopes in the amino terminus of the hepatitis
C virus E2 protein confer noninterfering, additive neutralization. J. Virol. 2012, 86, 2739–2749. [CrossRef]
[PubMed]

http://dx.doi.org/10.1073/pnas.94.16.8738
http://www.ncbi.nlm.nih.gov/pubmed/9238047
http://dx.doi.org/10.1002/hep.20542
http://dx.doi.org/10.1002/hep.22673
http://www.ncbi.nlm.nih.gov/pubmed/19148942
http://dx.doi.org/10.1128/JVI.01605-10
http://www.ncbi.nlm.nih.gov/pubmed/21177811
http://dx.doi.org/10.1126/science.1114016
http://www.ncbi.nlm.nih.gov/pubmed/15947137
http://dx.doi.org/10.1073/pnas.0711044105
http://www.ncbi.nlm.nih.gov/pubmed/18195353
http://dx.doi.org/10.1086/593021
http://www.ncbi.nlm.nih.gov/pubmed/19032070
http://dx.doi.org/10.1128/JVI.02667-09
http://www.ncbi.nlm.nih.gov/pubmed/20200247
http://dx.doi.org/10.1002/hep.27298
http://www.ncbi.nlm.nih.gov/pubmed/25043937
http://dx.doi.org/10.1053/j.gastro.2018.02.017
http://www.ncbi.nlm.nih.gov/pubmed/29454794
http://dx.doi.org/10.1074/jbc.M115.643528
http://www.ncbi.nlm.nih.gov/pubmed/25737449
http://dx.doi.org/10.1016/j.jmb.2013.02.025
http://www.ncbi.nlm.nih.gov/pubmed/23458406
http://dx.doi.org/10.1002/hep.28705
http://www.ncbi.nlm.nih.gov/pubmed/27351277
http://dx.doi.org/10.1128/JVI.79.21.13199-13208.2005
http://www.ncbi.nlm.nih.gov/pubmed/16227243
http://dx.doi.org/10.1073/pnas.1114927109
http://www.ncbi.nlm.nih.gov/pubmed/22492964
http://dx.doi.org/10.1128/JVI.06492-11
http://www.ncbi.nlm.nih.gov/pubmed/22171278


Vaccines 2020, 8, 294 19 of 19

57. Keck, Z.; Wang, W.; Wang, Y.; Lau, P.; Carlsen, T.H.R.; Prentoe, J.; Xia, J.; Patel, A.H.; Bukh, J.; Foung, S.K.H.
Cooperativity in virus neutralization by human monoclonal antibodies to two adjacent regions located at the
amino terminus of hepatitis C virus E2 glycoprotein. J. Virol. 2013, 87, 37–51. [CrossRef] [PubMed]

58. Zhang, P.; Wu, C.G.; Mihalik, K.; Virata-Theimer, M.L.; Yu, M.W.; Alter, H.J.; Feinstone, S.M. Hepatitis C
virus epitope-specific neutralizing antibodies in Igs prepared from human plasma. Proc. Natl. Acad. Sci. USA
2007, 104, 8449–8454. [CrossRef] [PubMed]

59. Zhang, P.; Zhong, L.; Struble, E.B.; Watanabe, H.; Kachko, A.; Mihalik, K.; Virata-Theimer, M.L.; Alter, H.J.;
Feinstone, S.; Major, M. Depletion of interfering antibodies in chronic hepatitis C patients and vaccinated
chimpanzees reveals broad cross-genotype neutralizing activity. Proc. Natl. Acad. Sci. USA 2009, 106,
7537–7541. [CrossRef] [PubMed]

60. Kachko, A.; Frey, S.E.; Sirota, L.; Ray, R.; Wells, F.; Zubkova, I.; Zhang, P.; Major, M.E. Antibodies to an
interfering epitope in hepatitis C virus E2 can mask vaccine-induced neutralizing activity. Hepatology 2015,
62, 1670–1682. [CrossRef] [PubMed]

61. Tzarum, N.; Wilson, I.A.; Law, M. The neutralizing face of hepatitis C virus E2 envelope glycoprotein.
Front. Immunol. 2018, 9. [CrossRef] [PubMed]

62. Ball, J.K.; Tarr, A.W.; McKeating, J.A. The past, present and future of neutralizing antibodies for hepatitis C
virus. Antivir. Res. 2014, 105, 100–111. [CrossRef] [PubMed]

63. Vasiliauskaite, I.; Owsianka, A.; England, P.; Khan, A.G.; Cole, S.; Bankwitz, D.; Foung, S.K.H.; Pietschmann, T.;
Marcotrigiano, J.; Rey, F.A.; et al. Conformational flexibility in the immunoglobulin-like domain of the
hepatitis C virus glycoprotein E2. mBio 2017, 8. [CrossRef] [PubMed]

64. Khan, A.G.; Whidby, J.; Miller, M.T.; Scarborough, H.; Zatorski, A.V.; Cygan, A.; Price, A.A.; Yost, S.A.;
Bohannon, C.D.; Jacob, J.; et al. Structure of the core ectodomain of the hepatitis C virus envelope glycoprotein
2. Nature 2014, 509, 381–384. [CrossRef] [PubMed]

65. Krey, T.; d’Alayer, J.; Kikuti, C.M.; Saulnier, A.; Damier-Piolle, L.; Petitpas, I.; Johansson, D.X.; Tawar, R.G.;
Baron, B.; Robert, B.; et al. The disulfide bonds in glycoprotein E2 of hepatitis C virus reveal the tertiary
organization of the molecule. PLoS Pathog. 2010, 6, e1000762. [CrossRef] [PubMed]

66. Wei, S.; Lei, Y.; Yang, J.; Wang, X.; Shu, F.; Wei, X.; Lin, F.; Li, B.; Cui, Y.; Zhang, H.; et al. Neutralization
effects of antibody elicited by chimeric HBV S antigen viral-like particles presenting HCV neutralization
epitopes. Vaccine 2018, 36, 2273–2281. [CrossRef] [PubMed]

67. Tarr, A.W.; Backx, M.; Hamed, M.R.; Urbanowicz, R.A.; McClure, C.P.; Brown, R.J.P.; Ball, J.K. Immunization
with a synthetic consensus hepatitis C virus E2 glycoprotein ectodomain elicits virus-neutralizing antibodies.
Antivir. Res. 2018, 160, 25–37. [CrossRef] [PubMed]

68. Tarr, A.W.; Owsianka, A.M.; Jayaraj, D.; Brown, R.J.P.; Hickling, T.P.; Irving, W.L.; Patel, A.H.; Ball, J.K.
Determination of the human antibody response to the epitope defined by the hepatitis C virus-neutralizing
monoclonal antibody AP33. J. Gen. Virol. 2007, 88, 2991–3001. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/JVI.01941-12
http://www.ncbi.nlm.nih.gov/pubmed/23097455
http://dx.doi.org/10.1073/pnas.0703039104
http://www.ncbi.nlm.nih.gov/pubmed/17494735
http://dx.doi.org/10.1073/pnas.0902749106
http://www.ncbi.nlm.nih.gov/pubmed/19380744
http://dx.doi.org/10.1002/hep.28108
http://www.ncbi.nlm.nih.gov/pubmed/26251214
http://dx.doi.org/10.3389/fimmu.2018.01315
http://www.ncbi.nlm.nih.gov/pubmed/29951061
http://dx.doi.org/10.1016/j.antiviral.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/24583033
http://dx.doi.org/10.1128/mBio.00382-17
http://www.ncbi.nlm.nih.gov/pubmed/28512091
http://dx.doi.org/10.1038/nature13117
http://www.ncbi.nlm.nih.gov/pubmed/24553139
http://dx.doi.org/10.1371/journal.ppat.1000762
http://www.ncbi.nlm.nih.gov/pubmed/20174556
http://dx.doi.org/10.1016/j.vaccine.2018.03.036
http://www.ncbi.nlm.nih.gov/pubmed/29576303
http://dx.doi.org/10.1016/j.antiviral.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/30217650
http://dx.doi.org/10.1099/vir.0.83065-0
http://www.ncbi.nlm.nih.gov/pubmed/17947521
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plasmids 
	Leishmania tarentolae Cultivation and Protein Expression 
	SDS-PAGE and Western Blot 
	Cell Lysis and Ultracentrifugation 
	Electron Microscopy 
	Immunization Protocol 
	Analysis of the Antibody Response by ELISA 
	IgG Purification from Mouse Sera 
	Virus Stocks for HCVcc Neutralization Assay 
	HCVcc Neutralization Assay 

	Results 
	Expression of the Chimeric sHBsAg-Based Particles 
	Immunogenicity of the Chimeric sHBsAg-Based Particles 

	Discussion 
	References

