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A multiepitope peptide vaccine against
HCV stimulates neutralizing humoral and
persistent cellular responses in mice
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Abstract

Background: Although DAAs hold promise to significantly reduce rates of chronic HCV infections, its eradication
still requires development of an effective vaccine. Prolonged T cell responses and cross neutralizing antibodies are
ideal for vaccination against the infection. We aimed to design and synthesize a 6 multi epitope peptide vaccine
candidate and provide evidence for production of extended cellular and neutralizing Abs in mice.

Methods: Six peptides derived from conserved epitopes in E1, E2 (n = 2),NS4B, NS5A and NS5B were designed,
synthesized in a multiple antigenic peptide (MAP) form and administered w/o adjuvant to BALB/c mice as HCVp6-
MAP at doses ranging from 800 ng to 16 μg. Humoral responses to structural epitopes were assayed by ELISA at
different times after injection. ELISpot assay was used to evaluate IFN ɣ producing CD4+/ CD8+ T- lymphocytes at
extended durations i.e. > 20 weeks. Viral neutralization by mice sera was tested for genotypes 2a (JFH1) and a
chimeric 2a/4a virus (ED43/JFH1) in HCVcc culture.

Results: HCVp6-MAP confers potent viral neutralization and specific cellular responses at > 1600 ng/ animal for at
least 20 weeks.

Conclusion: We report on a promising anti HCV vaccine for future studies on permissive hosts and in clinical trials.
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Background
Hepatitis C Virus (HCV) infection is the main clinical en-
tity leading to cirrhosis and hepatocellular carcinoma [1,
2]. Approximately 71 million patients are chronically in-
fected worldwide [3]. Egypt has one of the global successful
strategies of HCV control via enhanced screening, diagno-
sis and treatment protocols. Egypt had the highest global
HCV epidemic witj 14% prevalence of chronic infection
[4]. The global incidence of new infections is around 3–4
millions per year [2, 5], where not only developing but also
developed countries contribute significantly as 18,000 new
infections were recorded every year in the USA [6]. The
use of direct-acting antivirals (DAAs) brought a new hope
to beat such debilitating health problem, however,

achieving HCV elimination is unlikely in absence of vac-
cines that diminish transmission of the infection. An ideal
preventive vaccine should have the ability to induce cross
neutralizing antibodies as well as extended and specific
cytotoxic T lymphocytes (CTL) against HCV infected cells.
Envelope glycoproteins gpE1 and gpE2 of HCV are

known to play active roles in cell entry. It was reported
that the gpE1 region is more conserved and less immuno-
genic than gpE2, thus minimizing chances to generate
neutralizing antibodies to gpE1 epitopes. Nevertheless,
two monoclonal antibodies (mAbs) directed against the
gpE1 peptide ranging from residues 313 to 327 have been
identified as neutralizing antibodies [7]. On the other
hand, gpE2 interacts with HCV receptor CD81 and is the
major target of neutralizing antibodies. Indeed, gpE2 has a
hypervariable region, called HVR1, at its N-terminus
which contains a highly variable non-conformational
neutralizing epitope [8, 9]. In addition, gpE2 envelope
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glycoprotein also contains two well-characterized non-
conformational neutralizing epitopes, called epitopes I and
II. Epitope I is located at residues 412–426 and is relatively
conserved between different genotypes. Epitope II is
located at positions 434–446 which varies among different
genotypes. However, it seems that epitope II can also be a
target of non-neutralizing antibodies which can potentially
interfere with HCV neutralization [10]. We have previ-
ously shown that peptides derived from epitope II exerted
potent interference with viral neutralization induced by
epitope I [11]. It is noteworthy, that a majority of neutral-
izing antibodies targeting gpE2 recognize conformational
epitopes located in the CD81-binding region. Moreover,
AR3, a human neutralizing mAb, has been shown to con-
tain discontinuous epitopes directed against three differ-
ent regions in gpE2. These regions are 396–424, 436–447
and 523–540; the first and third regions also contribute to
the CD81-binding domain of gpE2 [12].
On the other hand, it has been reported that T cell

specific responses map to epitopes located within the
nonstructural proteins of HCV [13]. Earlier data pro-
vided a strong evidence for the implication of the HCV
specific CD4+ T lymphocyte response in HCV spontan-
eous clearance [14]. Furthermore, the depletion of CD4+
and CD8+ T lymphocytes was associated with persistent
infection in chimpanzee [15, 16]. Moreover, the magni-
tude of IFN-γ secreted by HCV specific CD8+ T cells
has been shown to be correlated with the HCV- RNA
decline [17]. There is compelling evidence that the con-
trol of HCV infection requires a combination of a po-
tent, specific and extended T cell response as well as
broad neutralizing antibodies [18].
Several HCV vaccines have been designed, the major-

ity are preclinical studies, while others include phases I
or II clinical trials [19]. The vaccine candidates devel-
oped so far include: (i) recombinant proteins such as
HCV core protein, non-structural proteins emulsified
with MF59, HCV gpE1/E2 emulsified with MF59 [20],
GI-5005: HCV NS3 and core proteins [21], HCV core
protein/ISCOMATRIX [22]; (ii) synthetic peptides such
as IC41 [23], a peptide (core) emulsified with ISA51 [24]
and E1/E2 derived peptides [25]; (iii) DNA-based vaccine
such as CIGB-230 [26] and others [27–29]; (iv) virus-
based vaccine such as modified vaccinia Ankara virus-
based HCV vaccine: TG4040 [30] recombinant adeno-
viral HCV vaccines [31], lentiviral vector-based HCV
vaccine [32]. The majority of these strategies have lim-
ited efficacy for a number of reasons such as the delivery
of a limited number of protective viral epitopes, the
inclusion of incorrectly folded recombinant proteins, the
limited humoral and cell-mediated responses that are
associated with DNA vaccines, and the use of adjuvants
with relatively poor potency [18, 33]. Moreover, there
are several hurdles for the development of effective anti-

HCV vaccine, namely hyper-variability of HCV genome,
existence of multiple viral subtypes and quasispecies [34]
and most importantly the absence of small animal model
that provides statistically meaningful data upon challen-
ging with the viral infection. The known adjuvants in
several studies also displayed weak response in present-
ing the HCV epitopes.
In the current study, we designed 6 peptides derived

from the most conserved regions of gpE1 (one peptide),
gpE2 (2 peptides), NS4B (one peptide), NS5A (one pep-
tide) and NS5B (one peptide). The amino acid sequences
of the synthetic peptides were derived from HCV geno-
type 4 (ED43: GenBank accession no. Y11604) [35], the
most prevalent genotype in Egypt (> 93%) [36, 37]. All
peptides were synthesized using solid phase peptide syn-
thesis (SPPS) technique in a multiple antigenic peptide
form (8 arm MAP) to enhance immunogenicity of the
peptides and avoid the use of the commercial adjuvants.
The main aim of this study was to determine specific
humoral and cellular responses against the selected 6
peptides prepared as a peptide mix and administered in
3 escalating doses in BALB/c mice. Most importantly
the time course of both B and T cell responses were
evaluated over more than 6months post-vaccination.

Methods
Peptide design and synthesis
The three peptides derived from the envelope proteins
gpE1 and gpE2 have been shown to possess B cell function
as described previously in the epitope maps reported by
Yusim, K. et al. (2005) [38] and by our laboratory [11, 25].
Whereas the 3 peptides derived from the nonstructural
proteins (NS4B, NS5A, NS5B) have been shown to trigger
HCV-specific CD4+ T cell response in subjects who spon-
taneously cleared the infection [13]. The peptides were
synthesized by using the 9-fluorenylmethoxy carbonyl
method. Each peptide was made up of an 8-branch mul-
tiple antigenic peptide (MAP) form where the arms are
bound via a lysine backbone with 90% purity (Anaspec,
Fremont, California, USA). The amino acid sequences in
each peptide were aligned with viral isolates in HCV
database to record the degree of sequence identity with
HCV subtypes. The six peptide sequences used in the
current study were derived from HCV genotype 4a
(EG.ED43.Y11604). The alignment was done by using
Clustal W multiple sequence alignment program at http://
align.genome.jp/. Peptide sequences and alignments are
summarized in Table 1.
All lyophilized peptides were dsissolved in DMSO

(Sigma, Germany) at a concentration of 10 μg/μL and
stored at − 20 °C. Prior to immunization, peptides
were diluted to the desired dose concentration and
were kept at 4 °C.

Dawood et al. BMC Infectious Diseases          (2019) 19:932 Page 2 of 11

http://align.genome.jp/
http://align.genome.jp/


Selection of the epitopes
Selection of the Epitopes are based on three different criteria:

1) Their association with spontaneous clearance of
viremia during acute infections.

2) Conservation of the sequence identity, especially
among genotype 4 and other less frequent
genotypes in Egypt .

3) Potential of each epitope to induce humoral and/or
cellular immune responses as reported by other
laboratories [13, 39, 40].

4) Peptides for CTL epitopes were selected on
bioinformatics based calculations of the binding
capacity to HLA molecules by using the program
SYFPEITI (http://www.syfpeithi.de)

Ethics statement
The mice (female BALB/c, 6–8weeks old), weighing 18–20
g, were obtained from the animal house of the National Re-
search Center in Egypt. Ethical approval was obtained from
the Institutional Animal Care and Use Committee, NRC

#17112). Animal care and handling were performed accord-
ing to the guidelines set by the (WHO), Geneva, Switzerland
and the MREC (Medical Research Ethics Committee), Cairo,
Egypt [41]. Mice were maintained in a temperature con-
trolled environment at 24 °C with a 12 h light/dark cycle, and
were provided with drinking water and feed ad libitum. All
efforts were taken to minimize the suffering of animals used.
The mice were acclimatized in the laboratory conditions for
a period of 1week before being used in the experiment
under observation to exclude any inter-current infection.

Mice and immunization
Three groups were constituted, each consisting of 12
mice. Each mouse received a mixture of equal concen-
trations from each of the 6 peptides at a total dose of
800 ng (group 1), 1600 ng (group 2) and 16 μg (group 3).
Mice were immunized subcutaneously (S.C.) with a

total volume of 120 μL containing either one of the
above mentioned doses of the 6 peptide mixes in the
MAP form (HCVp6) at weeks 0, 4, 8 and were bled for
analysis through retro-orbital plexus/sinus before each

Table 1 Sequence identity of the selected peptide epitopes as compared with corresponding regions derived from genotypes 2a (JFH1)
and a chimeric 2a/4a virus (ED43/JFH1)

Protein Peptide name Amino acid position Sequence alignment

E1 P315 a.a. 315–326 GHRMAWDMMMNW- Selected peptide Sequence
GHRMAWDMMMNW- (ED43)/(JFH1)
GHRMAWDMMMNW- JFH1

E2 P412 a.a. 412–423 QLINSNGSWHIN- Selected peptide Sequence
QLINSNGSWHIN- (ED43)/2a (JFH1)
QLINTNGSWHIN- JFH1

E3 P517 a.a. 517–531 GTTDHVGVPTYDWGK- Selected peptide Sequence
GTTDHVGVPTYTWGE- (ED43)/(JFH1)
GTTDRRGVPTYTWGE- JFH1

NS4B P1771 a.a. 1771–1790 GIQYLAGLSTLPGNPAIASL- Selected peptide Sequence
GIQYLAGLSTLPGNPAVASM- (ED43)/(JFH1)
GIQYLAGLSTLPGNPAVASM- JFH1

NS5A P2121 a.a. 2121–2140 FFTEVDGIRLHRHAPKCKPL- Selected peptide Sequence
FFSWVDGVQIHRFAPTPKPF - (ED43)/(JFH1)
FFSWVDGVQIHRFAPTPKPF- JFH1

NSB5 P2941 a.a. 2941–2960 CGIYLFNWAVKTKLKLTP- Selected peptide Sequence
CGRYLFNWAVKTKLKLTP- (ED43)/(JFH1)
CGRYLFNWAVKTKLKLTP- JFH1

Table 2 Immunization and sampling schedule of BALB/c mice

Weeks 0 W 2W 4W 6W 8W 10W 20W

Groups Action Pre-immunization
analysis

Analysis Boost1 & analysis Analysis Boost 2 & analysis Analysis Analysis

1 (n = 12)
800 ng HCVp6

800 ng ELISA
& EliSpot

ELISA & EliSpot 800 ng ELISA,
EliSpot & Neutralization

ELISA & EliSpot 800 ng ELISA
& EliSpot

ELISA & EliSpot EliSpot

2 (n = 12)
1600 ng HCVp6

1600 ng ELISA
& EliSpot

ELISA & EliSpot 1600 ng ELISA,
EliSpot & Neutralization

ELISA & EliSpot 1600 ng ELISA
& EliSpot

ELISA & EliSpot EliSpot

3 (n = 12)
16 μg HCVp6

16 μg ELISA
& EliSpot

ELISA & EliSpot 16 μg ELISA,
EliSpot & Neutralization

ELISA & EliSpot 16 μg ELISA
& EliSpot

ELISA & EliSpot EliSpot

control (n = 12)
PBS 120 ul

PBS ELISA
& EliSpot

ELISA & EliSpot PBS ELISA,
EliSpot & Neutralization

ELISA & EliSpot PBS ELISA
& EliSpot

ELISA & EliSpot EliSpot
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injection and two weeks after each injection. Mice were kept
for 20weeks post-immunization and blood samples were
withdrawn to test the persistence of cellular responses. The
separated sera and PBMC’s were preserved at − 80 °C until
tested. The control group (12 mice) received 120 μL PBS
and were treated in the same way as groups 1–3. At 20
weeks post-immunization, mice were anaesthetized with di-
ethyl ether and euthanized by cervical dislocation, then car-
casses were incinerated. Immunization, sampling and testing
protocol is shown in (Table 2).

Detection of humoral response by ELISA
Sera of the immunized mice receiving different doses of
HCVp6 or PBS at different time points were tested for
specific IgG AB against the followings; a) keyhole limpet
hemocyanin (KLH) conjugated individual structural pep-
tides representing the linear epitopes (KLH 315, KLH
412, KLH 517), b).mixture of KLH conjugated individual
structural peptides and c) a mixture of 3 MAP peptides
(MAP-mix) representing the conformational epitopes.
Briefly, ELISA plates were coated with 100 μL of individ-

ual structural peptides i.e. KLH 315, KLH 412, or KLH 517
(10 μg/mL). Additional plates were coated with 100 μL of
6MAP (10 μg/ml) which was prepared in 0.5M carbonate/
bicarbonate buffer (pH 9.6). The reason why humoral re-
sponses were not tested against non structural peptides is
that the titers of antibody response to the 3 structural pep-
tides used in the current immunogen was not different
from the titer induced by 6 peptides including the above 3
structural plus 3 non structural peptides described herein.
(results not shown).
Coated plates were incubated overnight at room

temperature and washed with PBS containing 0.05%
Tween 20 (PBS-T). Blocking buffer (2% Bovine serum al-
bumin in PBS) was added and incubated for 2 h at 37 °C.
After washing with PBS-T, diluted mice sera (1:1000 in
PBS buffer containing 1% nonfat milk and 0.05% Tween-
20) were added and incubated at 37 °C for two hours. Ser-
ial dilutions of mice sera, ranging from 1:50 to 1:2000
were tested in ELISA and showed that 1:1000 was the least
serum concentration that elicited detectable Ab responses,
results not shown). Plates were washed with PBS and in-
cubated at 37 °C for two hours with Horseradish Peroxid-
ase (HRP) conjugated Goat Anti-mouse IgG (1:2000; KPL,
Maryland, USA). Detection was performed with O-
Phenylene Diamine (OPD, 0.01%) substrate (Sigma, USA)
for 30min at 37 °C. Finally, the reaction was stopped using
3M HCl and the absorbance was measured at 450 nm.

Viral neutralization by the generated murine antibodies
The genotype 2a virus used in this study was based on the
JFH1 isolate (genotype 2a; GenBank accession number
AB237837) [42], kindly provided by T. Wakita (National
Institute of Infectious Diseases, Tokyo, Japan). This virus

contains mutations at the C terminus of the core protein
leading to amino acid changes F172C and P173S, which
have been shown to increase viral titers [43]. Furthermore,
the N-terminal E1 sequence encoding residues 196
TSSSYMVTNDC has been modified to reconstitute the
A4 epitope (SSGLYHVTNDC), as described previously
[44]. In addition, neutralization experiments were also
performed with a chimeric virus (ED43/JFH1), kindly
provided by J. Bukh (Copenhagen University Hospital,
Denmark), which is based on a JFH1 recombinant ex-
pressing core-NS2 of genotype 4a ED43 strain [45].
Neutralization experiments were performed as described

previously [46]. Briefly, the 3 Antibodies (Abs) were di-
luted to final concentration of 1:50 and incubated with
virus inoculums (containing 500 FFU/well) of JFH1 or
ED43/JFH1 for 1 h at 37 °C. Ab/virus inoculum were
added (50 μL/well) onto Huh-7 cells (1 × 104 cells/well)
[47], that were plated into a 96-well plate 24 h before.
After 3 h of incubation at 37 °C and 5% CO2, the inocu-
lum was replaced with 100 μL of complete medium
followed by an additional incubation time of 27 h. Infected
cells were fixed after 30 h with ice-cold methanol and
stored at − 20 °C for 5 min at least. Immunofluorescence
detection was performed with anti-E1 A4 mAb [48]for
JFH1 infected cells and anti-NS5A Ab, which was kindly
provided by M. Harris (University of Leeds, UK), for
ED43/JFH1 infected cells. Both primary and secondary
antibody incubations were carried out in PBS containing
10% goat serum or 10% horse serum respectively for 30
min at room temperature. For quantification of infection
levels, images of randomly picked areas from each well
were recorded and processed using Image J software. For
each condition 12 pictures were counted, as we took 4
non-overlapping pictures per well working in triplicates.
Cells labeled with anti-E1 mAb A4 or anti-NS5A were
counted as infected cells. The total number of cells was
obtained from DAPI-labeled nuclei. The infections were
scored as the ratio of infected cells to total cells. Each ex-
periment was performed 3 times in triplicates. Percentage
neutralization was calculated in relation to the mean of
non-immunized BALB/c mice serum/virus mix controls.
The 50% Inhibitory concentration (IC50) was determined

against JFH-1 by performing serial dilutions of our anti-
bodies in a similar manner to the inhibition assays. The
percent neutralization was calculated as the percent reduc-
tion in Focus Forming Unit (FFU) normalized to virus incu-
bated with non-immunized BALB/c mice sera. Data
transformation and four-parameter nonlinear regression
analysis were performed using GraphPad Prism software.

Detection of IFN γ secreting CD4+ and CD8+ T
lymphocytes
Peripheral blood mononuclear cells (PBMCs) were sepa-
rated from mice blood using Ficol Hypaque and were then
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preserved in liquid N2 until assayed. A total of 20,000
mouse cells per well were collected equally from three ani-
mals (0.5ml from each animal). Peptides were directly
added to wells at a final concentration of 10 ng/mL.
The IFN γ secreting T lymphocytes were quantified

using a mouse ELISPOT kit (Abcam, Cambridge, Mas-
sachusetts, USA). Briefly, 100 μL of PBS were added to
96-well plates pre-coated with an anti-IFN-γ mAb
(MAHA S4510; Millipore). Twenty thousand cells per
well were incubated in duplicate with 5 μg/mL of
peptide or medium alone (Negative control wells) for
16 h in a 37 °C humidified incubator with 5% CO2.
PBMCs from nonimmunized mice were stimulated with
PHA and served as positive control. After removing
cells and washing with wash buffer (PBS with 0.1%
Tween 20, Sigma, Saint Louis, USA), 1:100 diluted bio-
tinylated anti-IFN-γ were added and incubated for 90
min at 37 °C. After each incubation step, the plates
were washed three times with (PBS-0.1% / Tween 20).
After 1 h of incubation with streptavidin-alkaline
phosphatase conjugate (1/5000 in PBS-0.1% Tween 20;
Boehringer Germany), the plates were developed with
a solution of 5-bromo-4-chloro-3-indolylphosphate
(BCIP)-nitroblue tetrazolium (ready made provided
with the kit) until blue spots appeared. Tap water
was used to stop the reaction, and the plates were
dried in air overnight. Individual spots were counted
under a dissecting microscope.

Statistical analysis
Comparisons were analyzed by one-way analysis of vari-
ance (ANOVA) with Post Hoc Tests (Duncan) and P
value less than 0.05 was considered significant.

Results
Humoral immune responses to HCVp6
To evaluate the antibody titer against HCV p6, an in-
house ELISA was used. Plates were coated with either
individual envelope peptides linked to keyhole limpet
hemocyanin (KLH) protein i.e.KLH-315, KLH-412 and
KLH-517, a mixture of the 3 KLH-linked peptides
(KLH-mix) or a mixture of 3 MAP peptides (MAP-mix).
Sera of the three animal groups were tested for specific
IgG titers.
Antibody titers towards the HCVp3 (structural pep-

tides) and towards the HCVp6 (3 structural plus 3 non-
stuctural peptides), revealed no significant difference in
the ODs of HCVp3 compared to HCVp6). This might
be attributed to the less immunogenicity of nonstruc-
tural peptides to induce B cells and also the low sensitiv-
ity of ELISA to detect such minor differences between
HCVp3 and HCVp6.
The data depicted in Fig. 1 show that in groups A

[800 ng] and B [1600 ng], the MAP mix displayed higher

O. D values than individual peptides after 6–8 weeks
when used for coating the plates. Finally, when using the
dose 16 μg for immunization [group C], MAP mix dis-
played higher IgG antibody response than other immu-
nizations only after 10 weeks. The drop in Ab response
to 16 μg MAP mix after 8 weeks is not fully understood.
As expected, when peptide mix (either KLH or MAP)
was used for coating, the Ab reactivity displayed higher
values compared with plates coated with individual pep-
tides (P < 0.01). Based on this experiment, we selected
MAP mix to study humoral response using a dose of
1600 ng HCVp6 throughout the period 6 to10 weeks
post immunization.
In general, Ab reactivity tended to increase significantly

with increasing the HCVp6 dose used for mice
immunization i.e. Ab titers after 10 weeks of 16 μg HCVp6
were significantly higher (P < 0.01) than the group receiv-
ing 1600 ng which, in turn, was higher (P < 0.01) than the
800 ng group. Antibody production against the envelope
peptides continued to be at the top levels (P < 0.01) until
10 weeks of immunization and remained at the same
levels after 20 weeks of immunization (data not shown).

HCV neutralization in vitro by murine antibodies
To test whether the antibodies generated in response to
HCVp6 can neutralize HCV replication in Huh-7 cells
[47], two viruses were used: the genotype 2a isolate JFH1
and a chimeric virus ((ED43/JFH1) based on a JFH1 re-
combinant expressing core-NS2 of genotype 4a ED43
strain in transfection of Huh-7.5 cells.

Dose-dependent neutralization of JFH-1 HCVcc GT2a as
determined by FFU reduction assay
The results depicted in Fig. 2 show that murine anti-
bodies generated in response to HCVp6 at doses 800 ng,
1600 ng and 16 μg could completely neutralize the virus
as determined by FFU reduction assay when used at a
dilution of 10− 1. The neutralization capacity has shown
gradual decrease with more dilution of mice sera in a
clear dose dependent fashion. It is worth mentioning,
that there is no difference between antisera derived from
mice vaccinated with either dose of HCVp6. For each
antibody, dose-dependent neutralization was measured
to determine the concentration that resulted in a 50%
reduction in FFU (IC50). For diluted IgG from mice im-
munized with 800 ng, 1600 ng and 16 μg, IC50 was cal-
culated by nonlinear regression as a dilution of 0,
004714, 0,004187 and 0,001185 respectively.

Viral neutralization in Huh-7 cells infected with JFH1
isolate (genotype 2a)
To test for the neutralizing activity of mice antibodies
produced in response to HCVp6 immunization at 3 dif-
ferent doses, pools of sera were pre-incubated with JFH1
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isolate (genotype 2a) followed by incubation with Huh-7
cells. Results of Fig. 3A show that murine anti HCVp6
Ab reduced the HCVcc infection as compared with
controls in a dose dependent fashion with more
neutralization of Abs raised against mice treated with
1600 ng [~ 70% inhibition] as compared to those treated
with 800 ng [~ 40% inhibition]. Antibodies from mice
treated with 16 μg HCVp6 reduced the HCV cc infection
to less than 25% of controls [i.e. ~ 75% inhibition], It is
noted that Abs raised by groups 2 and 3 had almost
similar neutralizing capacities despite the large differ-
ence in the doses used for immunization (group 3 is 10-
fold > group 2). Therefore 1600 ng is the optimum dose
for subsequent studies.

Viral neutralization in Huh-7.5 cells infected with ED43/
JFH1 chimera (genotype 4a/ 2a)
To test for the neutralizing activity of mice antibodies
produced in response to HCVp6 immunization at 3 dif-
ferent doses, pools of sera were pre-incubated with
ED43/ JFH1 chimeric virus followed by incubation with
Huh-7.5 cells. Results of Fig. 3B show that murine anti

HCVp6 Ab reduced the HCVcc infection as compared
with controls in a dose dependent manner with more
neutralization of murine Abs that were generated in
response to 1600 ng [~ 50% inhibition] than those
responded to 800 ng [~ 25% inhibition]. Antibodies from
mice treated with 16 μg HCVp6 reduced the HCVcc
infection to around 40% of controls. Similar to
neutralization assay of JFH1, 1600 ng HCVp6 is a suit-
able dose for subsequent experiments.
Of note, ED43 virus infectivity was neutralized to a

lesser extent by our generated Abs than observed for the
JFH1 strain, which will be discussed later.

Cellular immune responses in immunized mice
Counts of IFN γ secreting CD4+ and CD8+ T lympho-
cytes in response to HCVp6 were determined using
Elispot method in mice immunized with 800 ng, 1600 ng
or 16 μg of HCVp6 at 2, 4, 6, 8 and 10 weeks post-
immunization. To determine whether T cell response per-
sists for longer periods, IFN γ secreting T lymphocytes
were scored after 20 weeks post-immunization. The data
displayed in Fig. 4 show that the T cell responses to the 3

Fig. 1 Humoral response to HCVp6 immunization Specific serum IgG response (expressed as OD) towards HCVP6 at different time points
following mice immunization with 800 ng (a), 1600 ng (b) and 16 μg (c) of HCVP6. Peptides used for coating the plates are indicated in each
figure. Serum samples of 3 animals from each time point were pooled and used for measuring IgG titers. Standard deviations are indicated above
each column

Dawood et al. BMC Infectious Diseases          (2019) 19:932 Page 6 of 11



doses of HCVp6 were significantly higher than the control
group (i.e. non-immunized mice (P < 0.01). In group 1
(800 ng) the T cell response appeared after 6 weeks of
immunization, then declined during the period from 6 to
10 weeks post-immunization then rose to moderate level
after 20 weeks. In groups 2 and 3 (1600 ng and 16 μg) the
cellular response began early after 2 weeks of
immunization and stayed consistently throughout the en-
tire period of the experiment, with less fluctuation of IFN
γ secreting cell population in group 2 (1600 ng) than in
group 3 (16 μg).

Discussion
In absence of effective strategies to reduce annual rates of
new HCV infections, research on the development of an
HCV preventive vaccine remains a priority. An ideal pre-
ventive HCV vaccine should elicit neutralizing humoral as
well as a persistent and specific CTL responses. The
present findings revealed that murine immunity to
HCVp6 vaccine candidate induced antibody as well as
specific long lasting CTL responses. The strategy used in
designing the current vaccine candidates is based on the
selection of HCV epitopes that have been previously
shown to induce potent CTL responses only in spontan-
eous clearers as well as to generate neutralizing antibodies
that proved to play effective roles in viral clearance during
acute HCV infection. Core specific epitopes were excluded
since T-cell response magnitudes within core epitopes
were similar in patients who spontaneously cleared HCV
infection versus those who progressed to persistent infec-
tion [13]. In most cases, the selected epitopes were more
or less genetically conserved across HCV genotypes.
Wiesch et al. [13] reported that HCV-specific T cell epi-
topes are preferentially located in the nonstructural pro-
teins. Furthermore, accumulated data support the
importance of the cellular immune response in spontan-
eous clearance during acute HCV infection [49, 50].
Huang, et al. [40] demonstrated that the peptide vaccine
vall 44 derived from two non-structural proteins and the
core protein can enhance CD4+ and CD8+ cell subsets in
HHD-2 mice and at in vitro level. The vall 44 displayed
the ability to stimulate the IFN γ secreting cells in 30% of
HCV chronically infected patients. During the acute phase
of HCV infection, the cellular immune response plays a
pivotal role in HCV clearance. Indeed, elevated counts of
CD4+ and CD8+ T lymphocytes are closely associated
with HCV elimination [51, 52].

Fig. 3 Neutralization of JFH1 genotype 2a (a) and chimeric virus (ED43/JFH1) based on a JFH1 recombinant expressing core-NS2 of genotype 4a
ED43 strain (b) by murine antibodies generated in response to 3 doses of HCVp6. An Infectious virus inoculum pre-incubated with pools of
immunized sera at a dilution of 1:50 were inoculated onto Huh-7 (a) or Huh-7.5 (b) cells. Infected cells were fixed at 30 h post-infection and
processed for immunofluorescence to measure the number of residual infected cells. The data were normalized to parallel control experiments
performed in the presence of non-immunized mice serum. Positive cells were scored as a ratio of infected cells to total cells as described in
materials and methods. Diluted IgG from mice immunized with 800 ng,1600 ng and 16 μg HCVp6 as well as from controls were used for viral
neutralization. The error bars are standard errors of the mean (SEMs) of results from 3 replicates

Fig. 2 Dose-dependent neutralization of JFH-1 HCVcc GT2a as
determined by FFU reduction assay. Infectious 2a JFH1 inoculum
was incubated with each Ab, at dilutions ranging from 1:10 to
1:2000 against 2a JFH1, prior to inoculation onto Huh7 cells that
were pre-seeded in 96 well plates. Cells were fixed and
immunostained with A4 MAb at 30 h post infection, and counted by
FFU-reduction assay. Each assay was performed in triplicates and
data are shown as mean of three experiments. For each antibody,
dose-dependent neutralization was measured to determine the
concentration that resulted in a 50% reduction in FFU (IC50). For
diluted IgG from mice immunized with 800 ng, 1600 ng and 16μg
IC50 was calculated by nonlinear regression as a dilution of 004714,
0,004187 and 0,001185 respectively
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On the other hand, peptides containing epitopes de-
rived from the gpE1 and gpE2 glycoproteins have been
shown to generate neutralizing antibodies [53]. Esumi
et al. [54] reported that immunization with recombinant
proteins derived from gpE1 and gpE2 together with
HVR1 peptides derived from different isolates can confer
a complete protection of chimpanzee challenged with
the same isolate [54]. Peptides used in the current study
have been recently shown to contain amino acid residues
involved in CD81 blockade such as L413, G418, W420,
G523, P525, Y527, W529 and G530 [55] Moreover, rab-
bits immunized with HVR1 derived peptides generated
cross- reactive antibodies to HCV at high titers that
blocked MOLT-4 infection with HCV [56]. In the
present study, we have shown that the humoral arm of
HCVP6 could efficiently neutralize HCV in vitro using
two different genotypes, namely 2a (JFH1) and a
chimeric virus 4a (ED43/JFH1). The reason why murine
antibodies had more neutralization capacity for 2a as
compared to 4a is not clearly understood. However, it is
worth noting that HCV isolates have distinguishable
neutralization-sensitive which are independent of geno-
type [57], and this might also explain that the genotype
4a strain used in our experiments was less sensitive to
antibody neutralization than the genotype 2a strain.

The specificity of murine antibodies has been proven
by a dose dependent assay which indicated that a vaccin-
ation with the least dose of HCVp6 i.e. 800 ng /mouse
could achieve comparable neutralization efficiency to
higher doses i.e. 1600 ng or 16 μg when anti sera were
used at up to 1/2000 dilution in vitro.
A human mAb targeting gpE2 was shown to lower

HCV titer in chronically infected chimpanzees [58].
Furthermore, HCV 1a derived gpE1/gpE2vaccine was
protective against homologous or heterologous HCV
1a challenge in chimanzees [59]. This vaccine was ap-
proved for phase I clinical trial in humans. Recently,
alteration in glycosylation pattern of gpE2 was shown
to increase viral neutralization and confer protection
against challenge in mice [60] However, HCV has the
ability to mutate and produce new neutralizing anti-
body resistant viruses, a phenomenon that supports
the notion that peptide vaccine which stimulates only
the humoral response is not sufficient to achieve
complete elimination of HCV. Furthermore, persistent
infection leads to loss of CD4 helper T cell responses
and compromises CD8 T cell activity with subsequent
emergence of viral escape mutations in targeted CD8
T cell epitopes [61]. To overcome these mutational
events we have focused, while selecting peptides, on

Fig. 4 Murine cytokine production assay of PBMCs by Elispot in response to HCVp6. In vitro stimulation of cells derived from mice immunized
with 800 ng (a), 1600 ng (b) and 16 μg (c) was performed with sc. HCVp6 immunization. Cells were pooled from 2 to 3 mice from each time
point and allowed to react with anti IFN γ Ab followed by blue color development. Blue spots were counted and compared with controls.
Standard deviations are shown above each column
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amino acid stretches exhibiting relatively low variabil-
ity among different HCV subtypes.
The current knowledge suggests that envelope glyco-

proteins are not totally devoid of T cell activity since at
the level of clinical trials, the recombinant gpE1/gpE2
vaccine induced humoral and cellular responses in
healthy volunteers [61–63].
Taken together the above findings, effective vaccine

against HCV infection should elicit cellular immune re-
sponse besides neutralizing antibodies. It was found
that the NS5A protein inhibits the antiviral activity of
the 2′-5′-OAS through direct interaction [64] and in-
duces the IL8 production resulting in down regulation
of the interferon stimulated gene expression [65], thus
suggesting that NS5A plays a role in HCV immune eva-
sion. Moreover, NS5A can bind to MYD88 and inhibits
the TLRs signaling pathway [66] and hence blocks the
IFN production [67]. We, therefore hypothesize that
immunity against NS proteins can eliminate the cells
that present non-structural epitopes in the context of
major histocompatibility complex (MHC) class I, thus
diminishes the ability of HCV to evade the immune sys-
tem and potentiates viral clearance by the host.
Although we have obviously neglected the fact that lin-
ear peptides may not retain their function within the
naturally folded viral proteins, we thought, in the
present study, that immune protection may be achieved
via composing an immunogen made up of 6 MAP pep-
tides; 3 genetically conserved/neutralizing antibody
producing epitopes and 3 specific CD4+/CD8+ T
lymphocyte stimulating epitopes. The findings pre-
sented in this study show that the 3 doses of non adju-
vanted HCVp6 could elicit significant elevation of IgG
titer throughout the 10 weeks of the experiment. Taken
together, antibody production, viral neutralization and
dose dependent studies indicate that the observed
intracellular viral neutralization in vitro is a result of
murine humoral immunity against HCVP- 6 while the
inclusion of T cell epitopes in this vaccine can stimu-
late CTL activity. This activity displayed larger breadth
of response and consistent stimulation of specific
CD4+/CD8+ cells for more than 20 weeks post-
immunization when using doses 1600 ng or 16 μg of the
HCVp6 per mouse.
An increase in the IFN-γ gene expression was not de-

tected by microarray or by quantitative PCR in the liver
of chimpanzees chronically infected with HCV com-
pared to uninfected chimpanzees [68], whereas IFN-γ
mRNA expression levels in peripheral blood mono-
nuclear cells of patients were significantly lower in non-
responders to IFN α treatment compared to responders
[69]. During the acute phase of HCV infection, the
increased count of IFN-γ-producing HCV-specific CD8+
T cells is associated with virus elimination [70]. The

isolated HCV-specific CD4+/ CD8+ T cells from chron-
ically infected patients have been shown to display an
impaired functional response including reduced cyto-
toxic potential, reduced secretion of Th1-type cytokines
and a reduced proliferative capacity in response to
ex vivo antigenic stimulation [71, 72]. In the liver of
chimpanzees acutely infected with HCV, IFN-γ was de-
tected only in animals displaying sustained or transient
viral clearance in the context of an intra-hepatic HCV-
specific T-cell response [73, 74]. Since IFN-γ is known
to inhibit HCV genome replication in vitro [75], the
current procedure based on EliSpot assay for scoring the
IFN γ secreting cells provides reasonable experimental
evidence on T cell efficiency.

Conclusions
In summary, a peptide vaccine containing the B cell epi-
topes derived from the structural proteins and T cell
epitopes from the non-structural region was designed
and its immunogenicity was evaluated for its humoral
and cellular efficiencies in a laboratory animal model.
We conclude that the HCVp6 at a dose of 10 times dilu-
tion for any of the doses implemented is sufficient to
block viral infection in HCVcc system. And the specific
CD8+ cells produce high levels of IFN γ for extended
periods and hence retain a potential function as CTL.
After testing the safety profiles, this study opens the
door for developing a well-tolerated and perhaps effi-
cient vaccine that can progress towards clinical trials. A
major limitation of this study is the lack of data on indi-
vidual non structural peptides` stimulation of T- cells. A
detailed analysis of this function is the subject of this
laboratory’s next endeavor::

Abbreviations
(CTL): cytotoxic T lymphocytes; (DAAs): direct-acting antivirals; (gp): Envelope
glycoproteins; (HCV): Hepatitis C Virus; (HVR): hypervariable region;
(KLH): keyhole limpet hemocyanin; (mAbs): monoclonal antibodies;
(MAP): multiple antigenic peptide; (NR): non-structural protein;
(PBMCs): Peripheral blood mononuclear cells; (S.C.): subcutaneously

Acknowledgements
Not applicable.

Availability of data and material
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Authors’s contributions
Study concept and design: ME, RD. Analysis and interpretation of data: RD,
RM. Drafting of the manuscript: RD. Critical revision of the manuscript for
important intellectual content: ME, JD. Contribution to the immunization of
animals and the collection of blood samples: RD, TA, RE, YE, NB. Performing
neutralization assay. RM, JD. All authors read and approved the final
manuscript.

Funding
This study was funded by the National Research center project 10010202 to Dr.
Reham.

Dawood et al. BMC Infectious Diseases          (2019) 19:932 Page 9 of 11



Dawood. The funding source has been only responsible for the financial aspects
of the project and has no functional role in aspects like (study design; in the
collection, analysis and interpretation of data; in the writing of the manuscript).

Ethics approval and consent to participate
Ethical approval was obtained from the Institutional Animal Care and Use
Committee of National Research Center, Egypt with number (17112). Animal
care and handling were performed according to the guidelines set by the World
Health Organization (WHO), Geneva, Switzerland and the MREC (Medical
Research Ethics Committee), Cairo, Egypt.

Consent for publication
Not applicable.

Competing interests
The authors declare no significant competing financial and /or non financial
interests that might have influenced the performance or presentation of the
work described in this manuscript.

Author details
1Micrbial Biotechnology Department, National Research Center, 33 Tahrir
street, Dokki, Cairo 12622, Egypt. 2Univ. Lille, CNRS, Inserm, CHU Lille, Institut
Pasteur de Lille, U1019 - UMR 8204 - CIIL- Centre d’Infection et d’Immunité
de Lille, F-59000 Lille, France.

Received: 8 January 2019 Accepted: 16 October 2019

References
1. Veldt BJ, et al. Increased risk of hepatocellular carcinoma among patients

with hepatitis C cirrhosis and diabetes mellitus. Hepatology. 2008;47:1856–
62. https://doi.org/10.1002/hep.22251.

2. Westbrook, R. H. & Dusheiko, G. Natural history of hepatitis C. J Hepatol 61,
S58–S68, doi: S0168-8278(14)00481-4 [pii] https://doi.org/10.1016/j.jhep.2014.
07.012 (2014).

3. Messina JP, et al. Global distribution and prevalence of hepatitis C virus
genotypes. Hepatology. 2015;61:77–87. https://doi.org/10.1002/hep.27259.

4. Mohamoud, Y. A., Mumtaz, G. R., Riome, S., Miller, D. & Abu-Raddad, L. J. The
epidemiology of hepatitis C virus in Egypt: a systematic review and data
synthesis. BMC Infect Dis 13, 288, doi:1471-2334-13-288 [pii] https://doi.org/
10.1186/1471-2334-13-288 (2013).

5. Mohamed AA, et al. Hepatitis C virus: A global view. World J Hepatol. 2015;
7:2676–80. https://doi.org/10.4254/wjh.v7.i26.2676.

6. Ward JW. The hidden epidemic of hepatitis C virus infection in the United States:
occult transmission and burden of disease. Top Antivir Med. 2013;21:15–9.

7. Meunier, J. C. et al. Isolation and characterization of broadly neutralizing human
monoclonal antibodies to the e1 glycoprotein of hepatitis C virus. J Virol 82,
966–973, doi: JVI.01872-07 [pii] https://doi.org/10.1128/JVI.01872-07 (2008).

8. Bartosch, B. et al. Cell entry of hepatitis C virus requires a set of co-receptors
that include the CD81 tetraspanin and the SR-B1 scavenger receptor. J Biol
Chem 278, 41624–41630, doi:https://doi.org/10.1074/jbc. M305289200
M305289200 [pii] (2003).

9. McCaffrey, K., Gouklani, H., Boo, I., Poumbourios, P. & Drummer, H. E. The
variable regions of hepatitis C virus glycoprotein E2 have an essential
structural role in glycoprotein assembly and virion infectivity. J Gen Virol 92,
112–121, doi:vir.0.026385-0 [pii] https://doi.org/10.1099/vir.0.026385-0 (2011).

10. Zhang, P. et al. Hepatitis C virus epitope-specific neutralizing antibodies in
Igs prepared from human plasma. Proc Natl Acad Sci U S A 104, 8449–8454,
doi:0703039104 [pii] https://doi.org/10.1073/pnas.0703039104 (2007).

11. El Abd, Y. S. et al. Neutralizing activities of caprine antibodies towards
conserved regions of the HCV envelope glycoprotein E2. Virol J 8, 391, doi:
1743-422X-8-391 [pii] https://doi.org/10.1186/1743-422X-8-391 (2011).

12. Law, M. et al. Broadly neutralizing antibodies protect against hepatitis C
virus quasispecies challenge. Nat Med 14, 25–27, doi:nm1698 [pii] https://
doi.org/10.1038/nm1698 (2008).

13. Schulze Zur Wiesch J. et al. Broad repertoire of the CD4+ Th cell response
in spontaneously controlled hepatitis C virus infection includes dominant
and highly promiscuous epitopes. J Immunol 175,3603–3613, doi:175/6/
3603 [pii] (2005).

14. Grakoui, A. et al. HCV persistence and immune evasion in the absence of
memory T cell help. Science 302, 659–662, doi:https://doi.org/10.1126/
science.1088774 302/5645/659 [pii] (2003).

15. Shoukry, N. H. et al. Memory CD8+ T cells are required for protection from
persistent hepatitis C virus infection. J Exp Med 197, 1645–1655, doi:https://
doi.org/10.1084/jem.20030239 jem.20030239 [pii] (2003).

16. Sung PS, Racanelli V, Shin EC. CD8(+) T-cell responses in acute Hepatitis C virus
infection. Front Immunol. 2014;5:266. https://doi.org/10.3389/fimmu.2014.00266.

17. Freeman, A. J. et al. The presence of an intrahepatic cytotoxic T
lymphocyte response is associated with low viral load in patients with
chronic hepatitis C virus infection. J Hepatol 38, 349–356, doi:
S0168827802004245 [pii] (2003).

18. Torresi, J., Johnson, D. & Wedemeyer, H. Progress in the development of
preventive and therapeutic vaccines for hepatitis C virus. J Hepatol 54,
1273–1285, doi: S0168-8278(11)00018-3 [pii] https://doi.org/10.1016/j.jhep.
2010.09.040 (2011).

19. Yu CI, Chiang BL. A new insight into hepatitis C vaccine development. J
Biomed Biotechnol. 2010;2010:548280. https://doi.org/10.1155/2010/548280.

20. O'Hagan, D. T. et al. Cationic microparticles are a potent delivery system for
a HCV DNA vaccine. Vaccine 23, 672–680, doi: S0264-410X(04)00525-0 [pii]
https://doi.org/10.1016/j.vaccine.2004.06.037 (2004).

21. Haller, A. A. et al. Whole recombinant yeast-based immunotherapy induces
potent T cell responses targeting HCV NS3 and Core proteins. Vaccine 25,
1452–1463, doi: S0264-410X(06)01171-6 [pii] https://doi.org/10.1016/j.
vaccine.2006.10.035 (2007).

22. Drane, D. et al. Priming of CD4+ and CD8+ T cell responses using a HCV
core ISCOMATRIX vaccine: a phase I study in healthy volunteers. Hum
Vaccin 5, 151–157, doi:6614 [pii] (2009).

23. Firbas, C. et al. Immunogenicity and safety of a novel therapeutic hepatitis C
virus (HCV) peptide vaccine: a randomized, placebo controlled trial for dose
optimization in 128 healthy subjects. Vaccine 24, 4343–4353, doi: S0264-
410X(06)00273-8 [pii] https://doi.org/10.1016/j.vaccine.2006.03.009 (2006).

24. Yutani, S. et al. Phase I clinical study of a peptide vaccination for hepatitis C
virus-infected patients with different human leukocyte antigen-class I-A
alleles. Cancer Sci 100, 1935-1942, doi: CAS1256 [pii] 10.1111/j.1349-7006.
2009.01256.x (2009).

25. Abdelhafez TH, et al. Mice antibody response to conserved Nonadjuvanted
multiple antigenic peptides derived from E1/E2 regions of Hepatitis C virus.
Viral Immunol. 2017. https://doi.org/10.1089/vim.2016.0123.

26. Alvarez-Lajonchere, L. et al. Immunogenicity of CIGB-230, a therapeutic DNA
vaccine preparation, in HCV-chronically infected individuals in a Phase I
clinical trial. J Viral Hepat 16, 156–167, doi: JVH1058 [pii] https://doi.org/10.
1111/j.1365-2893.2008.01058.x (2009).

27. Lang Kuhs, K. A. et al. Peripheral immunization induces functional
intrahepatic hepatitis C specific immunity following selective retention of
vaccine-specific CD8 T cells by the liver. Hum Vaccin 7, 1326–1335, doi:
18279 [pii] https://doi.org/10.4161/hv.7.12.18279 (2011).

28. Lang, K. A., Yan, J., Draghia-Akli, R., Khan, A. & Weiner, D. B. Strong HCV NS3-
and NS4A-specific cellular immune responses induced in mice and Rhesus
macaques by a novel HCV genotype 1a/1b consensus DNA vaccine. Vaccine
26, 6225–6231, doi: S0264-410X(08)00954-7 [pii] https://doi.org/10.1016/j.
vaccine.2008.07.052 (2008).

29. Alvarez-Lajonchere, L. & Duenas-Carrera, S. Advances in DNA immunization
against hepatitis C virus infection. Hum Vaccin 5, 568–571, doi:8572 [pii] (2009).

30. Habersetzer, F. et al. A poxvirus vaccine is safe, induces T-cell responses, and
decreases viral load in patients with chronic hepatitis C. Gastroenterology
141, 890–899 e891–894, doi: S0016-5085(11)00766-9 [pii] https://doi.org/10.
1053/j.gastro.2011.06.009 (2011).

31. Echeverria I, et al. Enhanced T cell responses against hepatitis C virus by
ex vivo targeting of adenoviral particles to dendritic cells. Hepatology. 2011;
54:28–37. https://doi.org/10.1002/hep.24325.

32. Jirmo, A. C. et al. Monocytes transduced with lentiviral vectors expressing
hepatitis C virus non-structural proteins and differentiated into dendritic cells
stimulate multi-antigenic CD8(+) T cell responses. Vaccine 28, 922–933, doi:
S0264-410X(09)01733-2 [pii] https://doi.org/10.1016/j.vaccine.2009.10.150 (2010).

33. Puig M, et al. CD4+ immune escape and subsequent T-cell failure following
chimpanzee immunization against hepatitis C virus. Hepatology. 2006;44:
736–45. https://doi.org/10.1002/hep.21319.

34. Bukh J, Miller RH, Purcell RH. Genetic heterogeneity of hepatitis C virus:
quasispecies and genotypes. Semin Liver Dis. 1995;15:41–63. https://doi.org/
10.1055/s-2007-1007262.

Dawood et al. BMC Infectious Diseases          (2019) 19:932 Page 10 of 11

https://doi.org/10.1002/hep.22251
https://doi.org/10.1016/j.jhep.2014.07.012
https://doi.org/10.1016/j.jhep.2014.07.012
https://doi.org/10.1002/hep.27259
https://doi.org/10.1186/1471-2334-13-288
https://doi.org/10.1186/1471-2334-13-288
https://doi.org/10.4254/wjh.v7.i26.2676
https://doi.org/10.1128/JVI.01872-07
https://doi.org/10.1074/jbc
https://doi.org/10.1099/vir.0.026385-0
https://doi.org/10.1073/pnas.0703039104
https://doi.org/10.1186/1743-422X-8-391
https://doi.org/10.1038/nm1698
https://doi.org/10.1038/nm1698
https://doi.org/10.1126/science.1088774
https://doi.org/10.1126/science.1088774
https://doi.org/10.1084/jem.20030239
https://doi.org/10.1084/jem.20030239
https://doi.org/10.3389/fimmu.2014.00266
https://doi.org/10.1016/j.jhep.2010.09.040
https://doi.org/10.1016/j.jhep.2010.09.040
https://doi.org/10.1155/2010/548280
https://doi.org/10.1016/j.vaccine.2004.06.037
https://doi.org/10.1016/j.vaccine.2006.10.035
https://doi.org/10.1016/j.vaccine.2006.10.035
https://doi.org/10.1016/j.vaccine.2006.03.009
https://doi.org/10.1089/vim.2016.0123
https://doi.org/10.1111/j.1365-2893.2008.01058.x
https://doi.org/10.1111/j.1365-2893.2008.01058.x
https://doi.org/10.4161/hv.7.12.18279
https://doi.org/10.1016/j.vaccine.2008.07.052
https://doi.org/10.1016/j.vaccine.2008.07.052
https://doi.org/10.1053/j.gastro.2011.06.009
https://doi.org/10.1053/j.gastro.2011.06.009
https://doi.org/10.1002/hep.24325
https://doi.org/10.1016/j.vaccine.2009.10.150
https://doi.org/10.1002/hep.21319
https://doi.org/10.1055/s-2007-1007262
https://doi.org/10.1055/s-2007-1007262


35. Simmonds P, et al. Sequence variability in the 5′ non-coding region of
hepatitis C virus: identification of a new virus type and restrictions on
sequence diversity. J Gen Virol. 1993;74(Pt 4):661–8. https://doi.org/10.1099/
0022-1317-74-4-661.

36. Omran, M. Y., SS; El Garf, WT; Tabll, AA; Bader El Din, NG; Atef, K; Nabil, W; El
Awady, MK. Phylogenetic and Genotyping of Hepatitis C Virus in Egypt. .
Australian J of Basic and Applied Sciences 3, 1–8 (2009).

37. Abdel-Razek W, Waked I. Optimal therapy in genotype 4 chronic hepatitis C:
finally cured? Liver Int. 2015;35(Suppl 1):27–34. https://doi.org/10.1111/liv.12724.

38. Yusim, K. et al. Los alamos hepatitis C immunology database. Appl
Bioinformatics 4, 217–225, doi:442 [pii] (2005).

39. Pishraft Sabet L, et al. Immunogenicity of multi-epitope DNA and peptide
vaccine candidates based on Core, E2, NS3 and NS5B HCV epitopes in
BALB/c mice. Hepat Mon. 2014;14:e22215. https://doi.org/10.5812/
hepatmon.22215.

40. Huang, X. J. et al. Cellular immunogenicity of a multi-epitope peptide
vaccine candidate based on hepatitis C virus NS5A, NS4B and core proteins
in HHD-2 mice. J Virol Methods 189, 47–52, doi: S0166-0934(13)00008-6 [pii]
https://doi.org/10.1016/j.jviromet.2013.01.003 (2013).

41. Abdel-Aal W, Ghaffar EA, El Shabrawy O. Review of the medical research ethics
committee (MREC), National Research Center of Egypt, 2003-2011. Curr Med
Res Opin. 2013;29:1411–7. https://doi.org/10.1185/03007995.2013.815158.

42. Wakita, T. et al. Production of infectious hepatitis C virus in tissue culture
from a cloned viral genome. Nat Med 11, 791–796, doi:nm1268 [pii] https://
doi.org/10.1038/nm1268 (2005).

43. Delgrange, D. et al. Robust production of infectious viral particles in
Huh-7 cells by introducing mutations in hepatitis C virus structural
proteins. J Gen Virol 88, 2495–2503, doi:88/9/2495 [pii] https://doi.org/
10.1099/vir.0.82872-0 (2007).

44. Goueslain, L. et al. Identification of GBF1 as a cellular factor required for
hepatitis C virus RNA replication. J Virol 84, 773–787, doi: JVI.01190-09 [pii]
https://doi.org/10.1128/JVI.01190-09 (2010).

45. Scheel, T. K. et al. Development of JFH1-based cell culture systems for
hepatitis C virus genotype 4a and evidence for cross-genotype
neutralization. Proc Natl Acad Sci U S A 105, 997–1002, doi:0711044105 [pii]
https://doi.org/10.1073/pnas.0711044105 (2008).

46. Keck, Z. Y. et al. Human monoclonal antibodies to a novel cluster of
conformational epitopes on HCV E2 with resistance to neutralization escape
in a genotype 2a isolate. PLoS Pathog 8, e1002653, doi:https://doi.org/10.
1371/journal.ppat.1002653 PPATHOGENS-D-11-02162 [pii] (2012).

47. Nakabayashi H, Taketa K, Miyano K, Yamane T, Sato J. Growth of human
hepatoma cells lines with differentiated functions in chemically defined
medium. Cancer Res. 1982;42:3858–63.

48. Dubuisson J, et al. Formation and intracellular localization of hepatitis C
virus envelope glycoprotein complexes expressed by recombinant vaccinia
and Sindbis viruses. J Virol. 1994;68:6147–60.

49. Diepolder, H. M. et al. Possible mechanism involving T-lymphocyte
response to non-structural protein 3 in viral clearance in acute hepatitis
C virus infection. Lancet 346, 1006–1007, doi: S0140–6736(95)91691–1
[pii] (1995).

50. Gerlach, J. T. et al. Recurrence of hepatitis C virus after loss of virus-specific
CD4(+) T-cell response in acute hepatitis C. Gastroenterology 117, 933–941,
doi: S0016508599003601 [pii] (1999).

51. Ulsenheimer, A. et al. Detection of functionally altered hepatitis C virus-specific
CD4 T cells in acute and chronic hepatitis C. Hepatology 37, 1189–1198, doi:
https://doi.org/10.1053/jhep.2003.50194 S0270913903002118 [pii] (2003).

52. Schmidt J, Blum HE, Thimme R. T-cell responses in hepatitis B and C virus
infection: similarities and differences. Emerg Microbes Infect. 2013;2:e15.
https://doi.org/10.1038/emi.2013.14.

53. Wahid A, Dubuisson J. Virus-neutralizing antibodies to hepatitis C virus. J
Viral Hepat. 2013;20:369–76. https://doi.org/10.1111/jvh.12094.

54. Esumi M, et al. Experimental vaccine activities of recombinant E1 and E2
glycoproteins and hypervariable region 1 peptides of hepatitis C virus in
chimpanzees. Arch Virol. 1999;144:973–80.

55. Vietheer PT, et al. The core domain of hepatitis C virus glycoprotein E2
generates potent cross-neutralizing antibodies in Guinea pigs. Hepatology.
2017;65:1117–31. https://doi.org/10.1002/hep.28989.

56. Shang, D., Zhai, W. & Allain, J. P. Broadly cross-reactive, high-affinity
antibody to hypervariable region 1 of the hepatitis C virus in rabbits.
Virology 258, 396–405, doi: S0042-6822(99)99730-1 [pii] https://doi.org/
10.1006/viro.1999.9730 (1999).

57. Urbanowicz RA, et al. A Diverse Panel of Hepatitis C Virus Glycoproteins for
Use in Vaccine Research Reveals Extremes of Monoclonal Antibody
Neutralization Resistance. J Virol. 2015;90:3288–301, doi: JVI.02700-15 [pii].
https://doi.org/10.1128/JVI.02700-15.

58. Morin, T. J. et al. Human monoclonal antibody HCV1 effectively
prevents and treats HCV infection in chimpanzees. PLoS Pathog 8,
e1002895, doi:https://doi.org/10.1371/journal.ppat.1002895 PPATHOGENS-
D-12-01073 [pii] (2012).

59. Meunier, J. C. et al. Vaccine-induced cross-genotype reactive neutralizing
antibodies against hepatitis C virus. J Infect Dis 204, 1186–1190, doi:jir511
[pii] https://doi.org/10.1093/infdis/jir511 (2011).

60. Li, D. et al. Altered Glycosylation Patterns Increase Immunogenicity of a
Subunit Hepatitis C Virus Vaccine, Inducing Neutralizing Antibodies Which
Confer Protection in Mice. J Virol 90, 10486–10498, doi: JVI.01462-16 [pii]
https://doi.org/10.1128/JVI.01462-16 (2016).

61. Shoukry N, Hepatitis H. C vaccines, antibodies, and T cells. Front Immunol.
2018;9:1480. https://doi.org/10.3389/fimmu.2018.01480.

62. Frey, S. E. et al. Safety and immunogenicity of HCV E1E2 vaccine adjuvanted
with MF59 administered to healthy adults. Vaccine 28, 6367–6373, doi: S0264-
410X(10)00925-4 [pii] https://doi.org/10.1016/j.vaccine.2010.06.084 (2010).

63. Cashman SB, Marsden BD, Dustin LB. The Humoral immune response to
HCV: understanding is key to vaccine development. Front Immunol. 2014;5:
550. https://doi.org/10.3389/fimmu.2014.00550.

64. Taguchi T, et al. Hepatitis C virus NS5A protein interacts with 2′,5′-
oligoadenylate synthetase and inhibits antiviral activity of IFN in an IFN
sensitivity-determining region-independent manner. J Gen Virol. 2004;85:
959–69. https://doi.org/10.1099/vir.0.19513-0.

65. Polyak SJ, et al. Hepatitis C virus nonstructural 5A protein induces
interleukin-8, leading to partial inhibition of the interferon-induced antiviral
response. J Virol. 2001;75:6095–106. https://doi.org/10.1128/JVI.75.13.6095-
6106.2001.

66. Abe, T. et al. Hepatitis C virus nonstructural protein 5A modulates the toll-
like receptor-MyD88-dependent signaling pathway in macrophage cell lines.
J Virol 81, 8953–8966, doi: JVI.00649-07 [pii] https://doi.org/10.1128/JVI.
00649-07 (2007).

67. Ibrahim, M. K. et al. Transcriptional Dysregulation of Upstream Signaling of
IFN Pathway in Chronic HCV Type 4 Induced Liver Fibrosis. PLoS One 11,
e0154512, doi:https://doi.org/10.1371/journal.pone.0154512 PONE-D-15-
56432 [pii] (2016).

68. Bigger, C. B. et al. Intrahepatic gene expression during chronic hepatitis C
virus infection in chimpanzees. J Virol 78, 13779–13792, doi:78/24/13779
[pii] https://doi.org/10.1128/JVI.78.24.13779-13792.2004 (2004).

69. He, Q., Graham, C. S., Durante Mangoni, E. & Koziel, M. J. Differential
expression of toll-like receptor mRNA in treatment non-responders and
sustained virologic responders at baseline in patients with chronic hepatitis
C. Liver Int 26, 1100–1110, doi: LIV1357 [pii] https://doi.org/10.1111/j.1478-
3231.2006.01357.x (2006).

70. Gruner, N. H. et al. Association of hepatitis C virus-specific CD8+ T cells with
viral clearance in acute hepatitis C. J Infect Dis 181, 1528–1536, doi:
JID991221 [pii] https://doi.org/10.1086/315450 (2000).

71. Urbani S, et al. Virus-specific CD8+ lymphocytes share the same effector-
memory phenotype but exhibit functional differences in acute hepatitis B
and C. J Virol. 2002;76:12423–34.

72. Wedemeyer H, et al. Impaired effector function of hepatitis C virus-
specific CD8+ T cells in chronic hepatitis C virus infection. J Immunol.
2002;169:3447–58.

73. Major ME, et al. Hepatitis C virus kinetics and host responses associated
with disease and outcome of infection in chimpanzees. Hepatology. 2004;
39:1709–20. https://doi.org/10.1002/hep.20239.

74. Kanda, T., Steele, R., Ray, R. & Ray, R. B. Inhibition of intrahepatic gamma
interferon production by hepatitis C virus nonstructural protein 5A in
transgenic mice. J Virol 83, 8463–8469, doi: JVI.00751-09 [pii] https://doi.org/
10.1128/JVI.00751-09 (2009).

75. Frese, M. et al. Interferon-gamma inhibits replication of subgenomic and
genomic hepatitis C virus RNAs. Hepatology 35, 694–703, doi:ajhep0350694
[pii] https://doi.org/10.1053/jhep.2002.31770 (2002).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Dawood et al. BMC Infectious Diseases          (2019) 19:932 Page 11 of 11

https://doi.org/10.1099/0022-1317-74-4-661
https://doi.org/10.1099/0022-1317-74-4-661
https://doi.org/10.1111/liv.12724
https://doi.org/10.5812/hepatmon.22215
https://doi.org/10.5812/hepatmon.22215
https://doi.org/10.1016/j.jviromet.2013.01.003
https://doi.org/10.1185/03007995.2013.815158
https://doi.org/10.1038/nm1268
https://doi.org/10.1038/nm1268
https://doi.org/10.1099/vir.0.82872-0
https://doi.org/10.1099/vir.0.82872-0
https://doi.org/10.1128/JVI.01190-09
https://doi.org/10.1073/pnas.0711044105
https://doi.org/10.1371/journal.ppat.1002653
https://doi.org/10.1371/journal.ppat.1002653
https://doi.org/10.1053/jhep.2003.50194
https://doi.org/10.1038/emi.2013.14
https://doi.org/10.1111/jvh.12094
https://doi.org/10.1002/hep.28989
https://doi.org/10.1006/viro.1999.9730
https://doi.org/10.1006/viro.1999.9730
https://doi.org/10.1128/JVI.02700-15
https://doi.org/10.1371/journal.ppat.1002895
https://doi.org/10.1093/infdis/jir511
https://doi.org/10.1128/JVI.01462-16
https://doi.org/10.3389/fimmu.2018.01480
https://doi.org/10.1016/j.vaccine.2010.06.084
https://doi.org/10.3389/fimmu.2014.00550
https://doi.org/10.1099/vir.0.19513-0
https://doi.org/10.1128/JVI.75.13.6095-6106.2001
https://doi.org/10.1128/JVI.75.13.6095-6106.2001
https://doi.org/10.1128/JVI.00649-07
https://doi.org/10.1128/JVI.00649-07
https://doi.org/10.1371/journal.pone.0154512
https://doi.org/10.1128/JVI.78.24.13779-13792.2004
https://doi.org/10.1111/j.1478-3231.2006.01357.x
https://doi.org/10.1111/j.1478-3231.2006.01357.x
https://doi.org/10.1086/315450
https://doi.org/10.1002/hep.20239
https://doi.org/10.1128/JVI.00751-09
https://doi.org/10.1128/JVI.00751-09
https://doi.org/10.1053/jhep.2002.31770

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Peptide design and synthesis
	Selection of the epitopes
	Ethics statement
	Mice and immunization
	Detection of humoral response by ELISA
	Viral neutralization by the generated murine antibodies
	Detection of IFN γ secreting CD4+ and CD8+ T lymphocytes
	Statistical analysis

	Results
	Humoral immune responses to HCVp6
	HCV neutralization in�vitro by murine antibodies
	Cellular immune responses in immunized mice

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Availability of data and material
	Authors’s contributions
	Funding
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

