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Original article

Individual expression and
processing of hepatitis C virus E1/
E2 epitopes-based DNA vaccine
candidate in healthy humans’
peripheral blood mononuclear
cells

Purpose: The development and study of hepatitis C virus (HCV) vaccine candidates’ individu-
alized responses are of great importance. Here we report on an HCV DNA vaccine candidate
based on selected envelope (E1/E2) epitopes. Besides, we assessed its expression and pro-
cessing in human peripheral blood mononuclear cells (PBMCs) and in vivo cellular response
in mice.

Materials and Methods: HCV E1/E2 DNA construct (EC) was designed. The antigen expres-
sion of EC was assayed in PBMCs of five HCV-uninfected donors via a real-time quantitative
polymerase chain reaction. Serum samples from 20 HCV antibody-positive patients were used
to detect each individual PBMCs expressed antigens via enzyme-linked immunosorbent as-
say. Two groups, five Swiss albino mice each, were immunized with the EC or a control con-
struct. The absolute count of lymph nodes’ CD4* and CD8* T-lymphocytes was assessed.
Results: Donors’ PBMCs showed different levels of EC expression, ranging between 0.83—
2.61-fold in four donors, while donor-3 showed 34.53-fold expression. The antigens expressed
in PBMCs were significantly reactive to the 20 HCV antibody repertoire (all p=0.0001). All
showed comparable reactivity except for donor-3 showing the lowest reactivity level. The
absolute count % of the CD4* T-cell significantly increased in four of the five EC-immunized
mice compared to the control group (p=0.03). No significant difference in CD8* T-cells % was
observed (p=0.89).

Conclusion: The inter-individual variation in antigen expression and processing dominance
was evident, showing independence in individuals’ antigen expression and reactivity levels
to antibodies. The described vaccine candidate might result in a promising natural immune
response with a possibility of CD4* T-cell early priming.

Keywords: Hepatitis C virus, DNA vaccines, Human peripheral blood mononuclear cells, Indi-
viduality, Envelope protein

Hepatitis C virus (HCV) infection is a universal health threat. Prophylactic or thera-
peutic vaccine development is considered a milestone in the scientific community.
The importance of vaccine development was emphasized despite the success of re-
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cently developed direct-acting antivirals. This was due to the
reported associated risks [1], viral drug resistance [2], and
challenges of reinfection or relapses, as well as the related
cost burden, especially in developing countries [3].

The positive single-stranded genome of HCV encodes for
structural and non-structural proteins [4]. Among the struc-
tural proteins are the envelope E1 and E2, both are consid-
ered the main targets in HCV vaccine development ap-
proaches. E1 and E2 proteins represent key determinants for
receptor binding, viral entry, and assembly. The E2 protein is
known to be with the highest genetic diversity resulting in the
host exhausting escape mutants, also harboring sequences
that might interfere with the host immune response [4].

HCV vaccine design can mimic the immune response from
reported events of spontaneous clearance occurring in 25%-
30% of HCV patients in the first 6-12 months of infection [5].
The clearance was reported to be associated with early stim-
ulation of humoral response and robust long-term cellular
response of both CD4* and CD8* T-lymphocytes [5]. This was
further supported by the reports that infection chronicity was
associated with specific CD4" dysfunction followed by CD8*
T-cells exhaustion [6]. Specific long-term CD4" T-cells, in par-
ticular, play an essential role in infection resolution [7]. It was
reported to modulate the activation and production of B-lym-
phocytes, which was evident to correlate to the levels of neu-
tralizing antibodies (nAb) in HIV co-infected patients, an in-
fection known to destroy CD4" T-cells [8]. Also, CD4* T-cells
modulate and prime CD8" T-cells, which play an important
role in the recognition and damage of the infected cells [9]. In
our study, the vaccine design and assessment target both, the
possibility of the production of natural occurring nAbs as well
as early cellular immune responses.

Recently, DNA vaccines showed a potential advantage
over other traditional approaches. It is known to be stable,
non-infectious, and easy to produce and formulate. Besides
being cost-effective in terms of production and non-cold-
chain transportation and distribution [10]. The best-fitting
model for DNA vaccine ex vivo studies is known to be the pe-
ripheral blood mononuclear cells (PBMCs) [10]. PBMCs in-
cluding the antigen-presenting cells that engulf DNA con-
structs are responsible for the humoral and cellular response
efficiency of the DNA vaccination [11]. The cells also prime
productive T-cell responses that are reported to be of the
highest importance in anti-HCV immunity [12]. These rea-
sons encourage interest in the study of an HCV DNA vaccine
approach based on E1 and E2 proteins in the human PBMCs

population.

El and E2 conserved and immunogenic sequences are re-
quired for efficient broad nAb (bnAb) production [13]. Past
trials of HCV DNA vaccine approaches were based on the
full, truncated, or selected E1 and E2 immunogenic regions.
Despite showing promising results yet viral clearance and
protection against infection relapses were not fully achieved.
It was also reported that the vaccines based on the proteins’
full length showed low immune responses, this was claimed
to occur due to the inclusion of unfavorable regions that
should be avoided. Among such regions are the hypervari-
able region 1 (HVR1) and the protein kinase receptor (PKR)-
elF2 alpha phosphorylation homology domain (PePHD).

The neutralizing anti-HVR1 antibodies were reported to
act as a decoy for important receptor-binding nAbs, which
leads to increased infectious events in vivo [14]. PePHD was
found to inactivate the PKR, a viral replication suppressor in-
nate mechanism [15]. A DNA vaccine approach, including
PePHD region, resulted in increased immunogenicity and
hinder the progression to chronicity yet did not stimulate
sterilizing immunity [16]. Another approach, which included
both HVR1 and PePHD regions, improved liver histology yet
showed no major effects on viral clearance [17]. While anoth-
er study compared vaccine candidates, including both HVR1
and PePHD regions, in the presence and absence of an adju-
vant. The DNA vaccines resulted in a low immune response
that was slightly induced in presence of the adjuvant [18].
Despite that each approach had its limitations, we do believe
that one of the possible reasons was the lack of protein modi-
fication before vaccine construction. Thus, the selection of
the immunogenic epitopes should consider the respective
modifications and deletions to the virus proteins.

Inter-individual variability results in differences in the
DNA uptake, expression, and antigen-processing patterns of
introduced genes as well. This might be due to genetic or epi-
genetic variability, promotor activity, messenger RNA stabili-
ty, or transcriptional factors [19]. Recent approaches tend to
consider individual responses and interactions rather than
studying the population mean. Personalized response stud-
ies aim at the evaluation of the vaccine fitness level among
the population that can lead to the improvement tailored to
the unfit groups accordingly [20].

In our study, we targeted the design of a DNA vaccine can-
didate based on selected immunogenic epitopes in the HCV
E1 and E2 proteins. We also studied the differential expres-
sion and processing of the antigenic epitopes in PBMCs iso-
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lated from HCV uninfected human donors. On the other
hand, the designed vaccine candidate was tested for its ca-
pacity to stimulate early in vivo CD4" and CD8" T-lympho-
cytes in Swiss albino mice.

Design of the E1/E2 DNA vaccine candidate and in vitro con-
firmatory tests
The HCV E1 and E2 epitopes were selected according to pre-
vious reports. The epitopes were HCV-E1 313:327 domain
and the E2-stretch 412: 538 that includes the 3 domains of
412:423, 436:446, and 523:538; numbering was according to
the ED43 genotype 4a reference sequence (GenBank acces-
sion number: CAA72338.1). The sequence used in the con-
struct was a consensus from 10 envelope protein sequences
(accession numbers and steps are detailed in section A of
Supplement 1). The separated equimolar expression of both
El and E2 transcripts was maintained using the T2A cis-act-
ing hydrolase element sequence (GSGEGRGSLLTCGDVEEN-
PGP). The element was inserted at the 3° and 5'- ends of E1
and E2 sequences, respectively. The B-cell epitope prediction
was done to test the recognition of the domains as separated
antigens in case of T2A hydrolysis failure. The complete E1/
T2A/E2 open-reading frame (ORF) sequence was submitted
to the BepiPred-2.0: Sequential B-Cell Epitope Predictor Im-
mune Epitope Database tool.

The E1/T2A/E2 sequence was synthesized and inserted in
a mammalian expression construct (OriGene PS100026; Ori-
Gene, Rockville, MD, USA) under the control of a cytomega-
lovirus promotor (synthesized via Blue Heron Biotech LLC,
Bothell, WA, USA) (envelope epitopes construct abbreviated
as EC) while an empty construct (without the insert) was
used as a control (control construct abbreviated as the CC).
The design of the construct elements is detailed in Fig. 1. The
plasmid was amplified and purified and its construction was
confirmed via polymerase chain reaction (PCR) and se-
quencing (section B of Supplement 1).

in vitro experiments: Constructs transfection optimization and
transcript amplification in 293T cells

The transfection and expression analysis of both EC and CC
were optimized in the 293T mammalian cell line. Cells were
seeded at a density of 1x10° in RPMI-1640 medium (Sigma-
Aldrich, Darmstadt, Germany) supplemented with 10% of fe-
tal bovine serum (Lonza, Basel, Switzerland) and 1% antibi-
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Fig. 1. lllustrative view for the epitopes multiple sequence alignment
(MSA) of the selected hepatitis C virus (HCV) envelope and the mam-
malian expression construct design. (A) Amino acid (aa) MSA of HCV
envelope protein sequences used for the consensus sequence devel-
opment (consensus sequence is the last row). The gap between E1
and E2 is the position of the T2A hydrolysis element. (B) E1/T2A/E2
DNA mammalian expression construct map developed by SnapGene
software (GSL Biotech LLC, Boston, MA, USA). E1/T2a/E2 insert is
under the control of a cytomegalovirus promotor, downstream to it
the unfused reporter gene of Turbo green fluorescent protein under
control of an SV40 promoter. The position of the primers used for
both the insert detection and correct orientation confirmation (insert
forward and reverse) and the primers used in the insert sequencing
analysis (construct forward and reverse) are labeled.

otic/antimycotic mixture (Lonza). After 24 hours the cells
were transfected with the constructs using Xfect (Takara Bio,
Kusatsu, Japan) nano-biopolymers complex with 7.5 pg
DNA/well according to the manufacturer protocol. Trans-
fected cells were examined for fluorescent green fluorescent
protein (GFP)-reporter gene expression and harvested at
3-time points (24, 48, 72 hours post-transfection [hpt]).

RNA was extracted from the harvested cells using the
RNeasy kit (QIAGEN, Diisseldorf, Germany). RNA extraction
protocol included a DNase digestion step to get rid of the re-

https://doi.org/10.7774/cevr.2023.12.1.47 49



VACCINE

Rola Nadeem et al « Individual expression and processing of an HCV vaccine candidate

maining constructs’ DNA before reverse transcription. And
250 ng of clean RNA from each treatment was reverse tran-
scribed using an Omniscript RT kit (QIAGEN) and the ex-
pressed transcript was detected by PCR using Tag DNA poly-
merase (QIAGEN) and the insert specific primer set (forward:
5-ACTGGGTTCTTGGCTAGCTT-3 and reverse: 5'-AGGGC
TGGGAGTGAAACAAT-3').

Ex-vivo experiments: constructs expression in HCV-uninfect-
ed human PBMCs

Five female blood donors (designated hereafter as D1 through
D5) of 29-42 years age range (mean age=35.5 years) were se-
lected as HCV uninfected individuals. This was confirmed by
both HCV-antibody rapid test (Acon Laboratories, San Diego,
CA, USA) and target PCR. Blood was collected at midday in
the same time range from the five donors. The collected
blood was divided into two portions, the first was collected on
lithium heparin for PBMCs separation and the other portion
was clotted for autologous serum separation. PBMCs were
separated using the Ficoll gradient separation protocol (Lym-
phoprep; ProteoGenix, Schiltigheim, France). Each donor’s
cells were seeded in duplicates for each treatment at a density
of 1x10° in RPMI-1640 medium (Sigma-Aldrich) supple-
mented with 10% respective autologous serum and 1% anti-
biotic/antimycotic mixture (Lonza). After 24 hours the cells
were transfected with the constructs using Xfect (Takara Bio)
nano-biopolymers complex with 7.5 pg DNA/well according
to the manufacturer protocol.

Cells were harvested 72 hpt, the harvest was divided into
two portions. the first was subjected to RNA extraction (as
described in the former in vitro PCR analysis methods sec-
tion) for gene expression evaluation via quantitative PCR
(gPCR). While the second portion was lysed for antigen de-
tection via direct enzyme-linked immunosorbent assay (ELI-
SA) assay (lysis buffer: 50 mM Tris base, 150 mM NaCl, 1%
NP-40, 1 mM PMSF: pH=38).

Gene expression evaluation via semi-quantitative qPCR

Equal complementary DNA (cDNA) concentration of each
treatment was subjected individually to a real-time semi-
quantitative PCR reaction targeting both GAPDH reference
gene (forward: 5'-GAGTCAACGGATTTGGTCGT-3’ and re-
verse: 5'-TTGATTTTGGAGGGATCTCG-3’) [21] and insert
transcript (mentioned in the in vifro PCR confirmation meth-
od). Reactions were done in duplicates using Quantitect
SYBR green master mix (QIAGEN). The cycle quantitation

threshold (Ct) of both genes was recorded and the mean Ct
for duplicates was calculated. The efficiency (E) of our refer-
ence gene amplification PCR method was typically 90%. It
was calculated using the E=10""™-1 equation, where m is the
slope of the standard curve.

Detection of the expressed E1/E2 antigens via direct ELISA
Direct ELISA assay was used to evaluate the reactivity of each
individual donor’s expressed antigens. Sera collected from 20
HCV antibody-positive patients were used as the individual
HCV antibody repertoire, while the five donors’ sera were as
negative HCV antibody control. Each donor’s treatment with
either EC (intervention treatment) or CC (baseline treat-
ment) was tested individually against each individual serum
(i.e., five individual donors’ reactions against 25 individual
serum samples). An equal concentration of 1 pg/mL from
each individual treatment total protein was used to coat the
ELISA plates. The detailed assay steps are described in sec-
tion C of Supplement 1. Data points were statistically ana-
lyzed as detailed later and net values of intervention (sub-
tracting each baseline read from its respective intervention
read) were plotted.

In-vivo experiment: cell-mediated immune response analysis
in immunized mice

Two groups of five female Swiss albino mice each, randomly
selected as healthy mice at the age of 8 weeks, were immu-
nized with either EC or CC prepared in phosphate buffer sa-
line. Mice were immunized simultaneously with 20 pg of
DNA/injection, 4 doses one week apart in a combined deliv-
ery route. Prime immunization was intraepidermal in the ear
area and the 3 booster doses were as an intra-tibial intra-
muscular injection. Mice have been sacrificed 1-week post-
last immunization. Mesenteric lymph nodes were collected
from each mouse individually. Cells extracted from lymph
nodes of each individual mouse were stained using FITC-
conjugated anti-mouse CD4" and CD8" antibodies (BioLeg-
end, San Diego, CA, USA). The absolute count of each T-lym-
phocyte type per 1,000 total cell count was recorded.

Statistical analysis

All statistical analyses were done using the calculators avail-
able on the Socscistatistics website (https://www.socscista-
tistics.com/). The recorded optical density reads of the ELISA
assay followed two statistical test types that apply for a single-
case study, to preserve the individuality of the data points
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during the analysis. The data were grouped as follows: (1) the
intervention data (Ag+ coat: Ab+ serum): represents the reac-
tion of each donor’s EC transfected cell lysate with each of
the 20 HCV-antibody positive serum (n=20 per donor). (2)
Baseline data (Ag- coat: Ab+ serum): represents the reaction
of each donor’s CC transfected cell lysate with each of the 20
HCV-antibody positive serum (n=20 per donor). (3) Negative
control data (Ag+ or Ag- coat: Ab- serum): represents the re-
action of donor’s cell lysate transfected with either EC (n=5)
or CC (n=>5) with each of the five HCV-antibody negative se-
rum (total n=10 per donor).

To compare the intervention and baseline/negative groups
for each donor, the non-parametric independent Mann-
Whitney U test was used. The test parameters were two-tailed
a=0.05, number of intervention data points=20, number of
baselines and negative data points=30, Ueiica=200. All cases
where U <Uditical no., p-value <0.05 reflect significant domi-
nance of intervention over baseline/control group.

The non-parametric dependent Wilcoxon signed ranks
test was applied to compare the five donors’ reactivity to the

VACCINE

o Individual expression and processing of an HCV vaccine candidate

20 HCV antibody repertoires. The test parameters were two-
tailed a=0.05, the number of intervention data points per do-
nor =20, critical value=52. In this test, we applied an interpre-
tational twist, where we rather accept than reject the null hy-
pothesis, which will refer to that there was no significant dif-
ference between the two groups of data and that both donors
reacted the same. In all cases where |W|>W.aitcal vawe, p-value
>0.05 reflects the significant similarity in reactivity of the two
compared donors.

The in vivo experiment statistical analysis of the two
groups’ mean cell counts comparison was calculated using
the unpaired two-sample Student t-test (p-value <0.05). A
sample size of 5 for each group was accepted, this is in refer-
ence to a previous study showing that for n=>5 the type I error
rate reaches a nominal level of 5% [22].

Ethics approval

The study protocol was approved by Medical Research Ethics
Committee at the National Research Center (registration
number: 16-159). The Animals were both purchased from,
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and maintained at, the animal facility of the National Re-
search Centre (NRC) in Egypt. Animals were fed on a stan-
dard diet and maintained at an ambient temperature accord-
ing to the animal welfare protocols of the NRC animal house.
Anesthesia procedures complied with the guidelines of the
National Institutes of Health in the USA. Before injection, the
animal was anesthetized using diethyl ether vapor discontin-
uous sniffs till numbness to reduce awareness of pain. Ani-
mals were checked for normal vital signs (breath, movement,
feeding) and leg movement for 30 minutes post-injection
procedure. Before dissection and sacrifice, the animals were
anesthetized to complete sedation using xylazine (10 mg/kg
body weight). All animals and tissues were placed in labeled
biohazard bags and handed to the waste management unit at
the NRC.

Un-transfected cells

The four E1/E2 peptides recognized as separate B-cell binding
antigenic determinants

The unseparated E1/T2A/E2 ORF prediction supports the
detection of the four domains as a separated B-cell domain
antigenic determinant even in the minor cases of hydrolysis
failure (Fig. 2).

In vitro experiments: constructs transfection and expression
in 293T cells

The cultured 293T cell line transfected with the EC showed a
gradual increase in the GFP-reporter intensity through the
24, 48, and 72 hpt treatments (Fig. 3B-D, respectively). Ex-
pression was further supported by the gradual increase in the

EC transfected cells 24-hpt

EC transfected cells 48-hpt

cC

Marker 24 48
hr hr

EC transfected cells 72-hpt

Fig. 3. Constructs expression optimization in 293T cell line. (A) Un-transfected 293T control cells. (B-D) Showing a gradual increase in the ex-
pression of the green fluorescent protein-reporter gene through image (A). (E) While image shows the amplification of the 240 bp E1/E2-insert
transcript from 293T cells post-transfection with both EC and CC. There is gradual amplification intensity in EC reactions 24-, 48-, and 72-hpt in
comparison to clean reactions of the CC reactions. EC, E1/E2 construct; CC, control construct; htp, hours post-transfection.
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intensity of the specific 240 bp amplification product, com-
pared to the clean CC transfection reactions (Fig. 3E).

Ex-vivo experiments: individual transcript expression levels

by semi-qPCR

The CC treatment resulted in no Ct values; it was not applica-

Fig. 4. Differential semi-quantitative expression level in individual blood donors. E1/E2 expression of the EC transfected peripheral blood
mononuclear cells of each donor normalized to GAPDH reference gene 72 hpt. (A) The relative fold change of the normalized absolute gene
expression (calculated by 22-dCt equation) level of each donor’s reaction was related to the median gene expression of D5. The five donors
showed different comparative fold changes in gene expression, while D3 showed a 34.5 relative folds increase. (B) Close-up on values of D1,
D2, D4, and D5 showing the relatively close relative fold change to D5 except for D2 that showed a slightly higher value. This chart excludes
D3 for a better visual comparison, showing differential expression between the four donors. EC, E1/E2 construct; htp, hours post-transfection;
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of D3 that represents less overall dominance. EC, E1/E2 construct; CC, control construct; D1 to D5, donor 1 to donor 5.
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absolute value using the 2/A-dCt equation, then in order to
calculate a relative fold change the individual samples’ values
were compared to the sample of median value (donor num-
ber D5). This will refer to the D5 expression level of the val-
ue=1, referencing other donor’s values to it.

D1 and D4 resulted in 0.83 and 0.88 relative fold values, re-
spectively (Fig. 4B). D2 resulted in a 2.61 relative fold increase
(Fig. 4B) while D3 showed an extreme 34.53 relative fold in-
crease (Fig. 4A).

——D1 eeen D2 = =D4 ——D5 © D3

0.25
0.23 -
021
0.19
017
0.15 |
013 -
0.1
0.09 -
0.07
0.05

Net OD value after background subtraction

123 45 6 7 8 9101 121314 1516 17 18 19 20

Fig. 6. Net values of donor’s EC antigen reactivity to hepatitis C virus
(HCV) antibody repertoires subtracting the background of donor’s CC
reaction value. The y-axis represents the net optical density (OD)
value of each donor reaction to each HCV patient’s sera (numbered
along x-axis). The graph is showing that D3 has the lowest reactivity
except in 3 out of the 20 (number 3, 5, and 20) of the antibody rep-
ertoires. This graph can be considered as the visual representation
of the Wilcoxon test numerical values (shown in Table 1). EC, E1/E2
construct; CC, control construct; D1 to D5, donor 1 to donor 5.

Individual HCV antigen detection by the HCV antibody
repertoires

The outcomes of the Mann-Whitney test resulted in a U value
less than the Udigea of 200 (all p<0.0001) for the five donors
(Fig. 5A-E). This reflected a significant difference in the EC
antigen interaction with the HCV antibody repertoires than
that of the baseline/negative control. By comparing the do-
nors’ respective U values (Fig. 5F), D1, D2, and D4 showed a
close overall interaction level with a U value of 0, 0, and 7, re-
spectively. D5 showed lower yet comparable dominance lev-
els with U values of 18. D3 showed the lowest dominance of
intervention over the baseline/negative treatments with a U
value of 42. The U value of D3 is far from the critical value of
200 yet higher than that of the other donors’ values. Despite
that, the significance of the D3 U value, plotting the net values
showed that three out of the 20 reactions (of patients 3, 5, and
20) resulted in a comparable reactivity to other donors even
though the other seventeen reactions were not considered as
reactive (Fig. 6).

Comparison hetween donors’ EC antigens’ reactivity to the
individual HCV antibody repertoires

The outcomes of the Wilcoxon signed ranks test reflected the
comparison between every two donors regarding their re-
spective matched pair of interaction with the same HCV anti-
body repertoire. As illustrated in Table 1, the significance of
the matched pairs showed a resemblance in the EC antigens
reactivity of D1, D2, and D4 (bold values in Table 1). Where
the W values of D1-D2=92, D1-D4=89, and D2-D4=89

Table 1. Wilcoxon (W) matched-pair signed-rank test results of the five donors (D1:05)

D1 D2

D1 W=92
Z-value: -0.4853
p-value: 0.62414
D2

D3

D4

D5

D3

W=5

Z-value: -3.7333
p-value: 0.0002

W=1

Z-value: -3.8826
p-value: 0.0001

D4

W=89

Z-value: -0.5973
p-value: 0.5485

W=89

Z-value: -0.5973
p-value: 0.5485

W=0

/-value: -3.9199

p-value: 0.00008

D5

W=44

Z-value: -2.2773
p-value: 0.0226
W=17

Z-value: -3.2853
p-value: 0.001
W=0

/-value: -3.9199
p-value: 0.00008
W=45

Z~value: -2.24
p-value: 0.0251

It shows the comparison in the donor’s expressed antigens' reactivity to the hepatitis C virus patient’s sera antibody repertoire. The critical value for Wh-2 (p<0.05, two-
tailed) is 52. Bold values of insignificant p-values indicate the resemblance between each two compared donors.
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Fig. 7. Absolute CD4* and CD8"* T-cell count per 1,000 cells in the mesenteric lymph node of immunized mice groups with EC and CC. Data is
represented as individual values (black dots) with group mean horizontal line value+standard deviation. (A) Data shows a significant increase
in CD4* T-cell count in the mice group immunized with the EC group compared to the CC group. (B) Data shows no significant increase in CD8*
T-cell count in the mice group immunized with the EC group compared to the CC group. EC, E1/E2 construct; CC, control construct.

(p=0.62, 0.54, and 0.54, respectively) were higher than the
Waiticat Of 52. D5 showed a less resemblance to D1, D2, and
D4, with W values less than the Weisca 0f 52. Where their com-
parison resulted in W values of D5-D1=44, D5-D2=17, and
D5-D4=45(p=0.022, 0.001, and 0.025, respectively). D3 showed
the least resemblance to the other four donors’ interaction to
the HCV antibody repertoire, where W values ranged 0-5 (all
p<0.0002).

In vivo experiments: the absolute count of CD4* and CD8*
T-lymphocytes of the immunized mice’s mesenteric lymph
nodes’ cell population

The mean of the absolute cell count (n=5) of CD4* T-lym-
phocytes in the mesenteric lymph nodes’ cells of the EC im-
munized mice were significantly higher than that of the CC
immunized group (t[4] =-2.61, p=0.03) (Fig. 7A). On the other
hand, the CD8" T-lymphocytes mean of the absolute cell
count (n=5) comparison of the two groups showed an insig-
nificant change (t[4]=0.135, p=0.89) (Fig. 7B).

With the aim of developing an HCV DNA vaccine candidate
that targets both humoral and cellular immune responses,
we designed and assessed an E1- and E2-selected epitopes-
based DNA construct according to previously reported epit-
opes immunogenicity. The selected E1 epitope (313-327) is
one of the conserved bnAb that was found to be prevalent in
infected human sera [23] and recognized by various mono-
clonal antibodies (mAbs). It also showed efficient results in

the HCV pseudo-particle neutralization that was efficient in
HCV infection prevention [23]. The selected E2 stretch in-
cluded three different epitopes. The first E2 epitope (412-423)
was reported to induce strong bnAbs [24] that are resistant to
immune escape [25]. While the second E2 epitope (436-446)
generates both specific and synergistic bnAbs that stimulate
the E1 epitope (selected herein) neutralization activity [15].
Lastly, the third E2 epitope (523-538) was recognized by sev-
eral bnAbs known to be resistant to the escape mutants [26].
The regions between the three epitopes also include con-
served residues for the CD81 receptor binding to HCV enve-
lope protein [27].

The EC transcript expression level in the five individual
donors’ PBMCs was evaluated using the semi-quantitative
PCR assay. All five donors’ cells’ expression level was com-
pared to the median value (D5) of the five data points. While
the D5 expression level was considered the ground value of
1-fold, D1 and D4 expression were slightly different yet com-
parably alike to D5. D2 showed a slightly higher expression of
2.61-fold increase while D3 expression reached an extreme of
34.5-fold increase than the D5 median value. All experimen-
tal factors that might affect the reliability of the results were
unified among the five donors’ tests. There were several re-
ports about the variability of gene expression among individ-
uals that were evident in the results of our study. While three
out of the five donors (60%) showed low variability, the other
two donors were completely unrelated. This might be due to
a difference in DNA uptake or the transcription regulation
[28]. DNA uptake was reported to be variable among individ-
uals that might lead to differences in transcriptional levels
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and potency of the overall induced response [29].

The antigenicity of the EC expressed epitopes were as-
sessed through their reactivity to individual antibody reper-
toires from 20 HCV patients’ sera. All patients were at a
chronic active state of the infection, thus expected to include
a diverse antibody repertoire covering possible antigenic rep-
resentation. The observed difference in reactivity can be in-
terpreted on two levels. First, is the diversity shown by the 20
repertoire’s reaction to the same processed epitopes by each
individual donor’s PBMCs (20 antibody repertoires versus a
single donor’s processed antigens). The variable level of reac-
tivity was evident and can be compared using the Mann-
Whitney U analysis values. D1 and D2 showed the highest
overall comparable reactivity to the repertoires while D4 and
D5 were slightly lower. Contrary to the expectations, D3 reac-
tivity was the lowest and nearly similar to the control back-
ground. Fig. 5 shows an obvious individual difference in the
antibody detection levels of the same donor’s processed epit-
opes that might reflect antibody diversity and/or titer.

Second, is the diversity in the processing of the same con-
struct antigen by each individual donor (comparable donors’
antigen detection versus a single antibody repertoire). This
was observed by tracking the different reactivity of the five-
donor’s antigens to the same individual antibody repertoire
(Fig. 5). We performed a matched pair Wilcoxon signed
ranked test (W) statistical analysis to compare the individual
reactivity of the donors against each individual HCV reper-
toire and not in an overall pattern. Once again, the calculated
W value shown in Table 1 was evident not only in the vari-
ability between the five donors but also in the near-ground
level reaction of D3. We can rank the five donors’ reactivity
into three different levels: the highest to include the compa-
rable D1, D2, and D4, the moderate to include D5, and the
lowest to include D3. All such conclusions are only based on
considering the uptake, expression, and processing of the
vaccine candidate and do not represent the possible immune
response.

The individual difference in both, the antigen processing
and the antigenic dominance in antibody repertoires can be
understood under the immune dominance theories. It is
known that upon DNA uptake, the construct is imported to
the nucleus for transcription. Gene transcripts are then ex-
ported to the cytosol and directed to the endoplasmic reticu-
lum for translation. Translated peptides then undergo post-
translational modifications and folding. In antigen-present-
ing cells, the major histocompatibility complex (MHC) II

molecules aided by specific molecules bind different stretch-
es of the antigens in an MHC II groove [30]. This binding, up-
on mediated dissociation, if it showed dissociation resistance
will be captured as an MHC II molecule optimum antigenic
determinant. Captured determinants are then proteolyzed by
cellular proteases keeping the dominant optimum epitope
bound to MHC II molecule ready to be presented for T-cell
activation [31].

Some epitopes are capable of optimum binding to MHC II
over others, gaining dominance regardless of their relevance
to infection clearance. This is obvious in the diversity of HCV
chronic patients’ repertoire yet failed to clear the infection.
The other subdominant epitopes, known as cryptic epitopes,
are less represented but can elicit the T-cell activation in ab-
sence of the dominant epitopes [32]. It was reported that epi-
tope immune dominance is not absolute, where an epitope
might exchange its dominance. This exchange is controlled
by some factors, including the simultaneous presence of oth-
er epitopes, such epitopes might be of a different pathogenic
source but with a similar or a higher fitness competing to
bind to MHC II molecules [31]. Another factor can be the
availability of the epitope to bind at its optimum to the MHC
II groove, being dominant only upon modifications [33].
Those factors, and others, result in the different presentation
of the same pathogenic antigen according to the overall state
that controls either its dominant or its cryptic presentation.
This understanding can give an explanation for the difference
among donors in processing the same modified E1/E2 anti-
gen and the difference among patients in processing the
pathogenic full-length envelope proteins. Antigen domi-
nance and abundance might be affected by the donor’s or the
patients’ MHC II optimum binding during exposure and
there is a possibility for an exchange in processing domi-
nance in the same individual of the five donors in a different
condition [31].

Among the five donors, D3 showed a questionable activity,
where the extreme transcript level was expected to reflect the
antigenic abundance which was not the case. D3 showed the
least comparable reactivity to antibody repertoires that re-
flected a deficiency in antigen expression or proper process-
ing (Fig. 5). But, checking the comparable net reactivity val-
ues of D3 of patients 5 and 20 showed a reactivity comparable
to the other donors (Fig. 6). HCV antibody repertoires of pa-
tients 5 and 20 showed the highest reactivity among all five
donors, reflecting their diversity and/or high titer level in de-
veloped antibodies. Despite that the low overall reactivity of
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D3 might reflect an impaired antigen processing/presenta-
tion that is reactive to the natural repertoires, its reactivity to
patients 5 and 20 does not support that notion. This might di-
rect our interpretations to the possibility that D3 showed a
different immune dominance or processing of cryptic epit-
opes that are not presented in the other antibody repertoires
than 5 and 20. This raises the question of whether this pattern
would change if D3 reacted to HCV’s spontaneously cleared
antibody repertoire that was reported to include different an-
tigenic dominance than that of chronic cases.

On the other side, D3 low reactivity might also reflect a de-
ficiency that can be explained by a number of assumptions.
First, is the possible formation of short defective ribosomal
products that resulted in a pre-mature unfolded protein [34].
Such protein might not be subjected to proper post-transla-
tional modifications interfering with the detectability and the
specific antibody recognition. While its reactivity to patients 5
and 20 might reflect high titer to antibodies raised against lin-
ear epitopes that are not affected by misfolding or modifica-
tions. Second, the messenger RNA (mRNA) instability or the
production of mRNA transcription inhibitors might result in
an impaired expression [35]. This can lead to mRNA accumu-
lation or destruction before reaching the endoplasmic reticu-
lum affecting peptide presentation levels [36]. In general, the
activity of the donors including D3 might be further improved
under the effect of boosting elements through the co-expres-
sion of stimulatory molecules, cytokines, or adjuvants [37].

The immunization procedure in mice was designed in or-
der to assess the very early cellular responses in vivo. Mice
were injected with low consistent doses of the constructs and
scarified early enough to assess the primary T-cell response
only. The groups that received EC showed an early significant
increase in CD4" T-lymphocytes over the CC control group,
while there was no significant change in CD8" T-cells (Fig. 7).
The primed CD4"' T-lymphocyte has been considered a
promising and most desirable response from HCV vaccine
development approaches. The CD4" T-cell potential stimula-
tion in vivo is a crucial factor associated with acute infection
resolution [5]. The stimulation of CD4" over CD8* T-cells was
previously reported in E1/E2 antigenic peptides expression
vaccine development approach tested in both mammalian
cell lines and animal models [38]. Although the primed T-
lymphocytes response should be assessed for HCV-specifici-
ty, the response was promising to further study the response
in both mice models and human PBMCs stimulation in anti-
gen naive as well as previously infected patients.

However, some limitations should be noted. First, the sam-
ple size of five (either donors or mice) should be increased to
decrease the possibility of bias. Second, testing the in vivo
stimulated antibodies in a neutralization assay against HCV
pseudo-particles would have assessed the pan genotype nAb
production that supports the vaccine efficiency. Another lim-
itation was the lack of previous studies on the individual
mRNA to protein level and DNA vaccine regulations lead to
gaps in the interpretations.

In conclusion, the study opens up a promising HCV DNA
vaccine candidate based on envelope 1 and 2 conserved epi-
topes that might result in a natural humoral immune re-
sponse developed by natural infection. The described vac-
cine candidate can elicit an early CD4" T-cell response in vi-
vo, which is the desired response to mimic the spontaneous
clearance events that will prime CD8" T-cell development.
The study stresses that the difference in the human individu-
al immune response to vaccines might be related to individu-
al differences in antigen processing and presentation. We al-
so postulate that the individual antigen expression and pre-
sentation might be independent of the antigenic reactivity
levels. This emphasizes the importance of studying the fac-
tors that would support vaccine fitness and increased effi-
ciency before modifying the vaccine design. This would aid
in the selection of proper boosting elements and the fitness
of a broader population group.
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