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Abstract 

Background: Vaccination against HCV is an effective measure in reduction of virus‑related public health burden and 
mortality. However, no prophylactic vaccine is available as of yet. DNA‑based immunization is a promising modality to 
generate cellular and humoral immune responses. The objective of this study is to provide a systematic review of HCV 
DNA vaccines and investigate and discuss the strategies employed to optimize their efficacies.

Methods: MEDLINE (PubMed), Web of Science, Scopus, ScienceDirect, and databases in persian language including 
the Regional Information Centre for Science & Technology (RICeST), the Scientific Information Database and the Ira‑
nian Research Institute for Information Science and Technology (IranDoc) were examined to identify studies pertain‑
ing to HCV nucleic acid vaccine development from 2000 to 2020.

Results: Twenty‑seven articles were included. Studies related to HCV RNA vaccines were yet to be published. A vari‑
ety of strategies were identified with the potential to optimize HCV DNA vaccines such as incorporating multiple viral 
proteins and molecular tags such as HBsAg and Immunoglobulin Fc, multi‑epitope expression, co‑expression plasmid 
utilization, recombinant subunit immunogens, heterologous prime‑boosting, incorporating NS3 mutants in DNA 
vaccines, utilization of adjuvants, employment of less explored methods such as Gene Electro Transfer, construction of 
multi‑ CTL epitopes, utilizing co/post translational modifications and polycistronic genes, among others. The effective‑
ness of the aforementioned strategies in boosting immune response and improving vaccine potency was assessed.

Conclusions: The recent progress on HCV vaccine development was examined in this systematic review to identify 
candidates with most promising prophylactic and therapeutic potential.

Keywords: Hepatitis C Virus, Immunogenicity, Systematic review, DNA vaccines, RNA vaccines, Immune response

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Hepatitis C virus (HCV) particle contains a sin‑
gle‑stranded positive‑sense RNA genome that encodes a 
single polyprotein which is further processed to generate 
at least 11 polypeptides/proteins, including three struc‑
tural proteins (core, and envelope proteins E1 and E2), 
a small polypeptide named p7, the novel F protein, and 

six nonstructural (NS) proteins (NS2, NS3, NS4A, NS4B, 
NS5A, and NS5B) [1, 2]. At present, infection with HCV 
poses a significant threat to global health and is associ‑
ated with significant mortality and morbidity worldwide. 
Approximately, 184 million individuals were infected by 
the virus by 2005, many of which may progress to cir‑
rhosis, liver fibrosis, and hepatocellular carcinoma if left 
untreated [3]. It was previously estimated that three to 
four million people are infected every year with about 
90% being unaware of their chronic infection. This had 
led to projected estimations of up to 30 million carriers in 
china by 2050 if large‑scale screening programs were not 
to be implemented [4, 5]. In line with this, almost all of 
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10 million chronic HCV carriers in Pakistan are unidenti‑
fied, despite projection of a decreasing trend for the inci‑
dence of HCV infection [4, 6]. Therefore, considering the 
global burden of the infection, financial burden of direct‑
acting antiviral agents, risk of reinfection, and higher risk 
of hepatocellular carcinoma in previously infected indi‑
viduals even after sustained virologic response [4, 7, 8], 
there is a strong incentive to develop prophylactic vac‑
cines even with partial protection against HCV.

A novel vaccine for HCV would be able to significantly 
reduce the incidence of HCV infection and has the poten‑
tial to achieve global control and possibly lead to the 
eradication of the virus. However, several barriers exists 
to development of such preventive measures includ‑
ing limited host tropism and full‑length genome HCV 
culture in most cell lines, virus diversity, difficult iden‑
tification of at‑risk populations for testing vaccines, and 
the incomprehensive understanding of immune system 
and its protective response against HCV [9, 10]. Among 
the established vaccine types, a number of experimental 
nucleic acid‑based vaccines are being developed which 
are mostly directed at inducing antibodies and cytotoxic 
T lymphocyte (CTL) responses against the non‑struc‑
tural proteins and envelope proteins of the virus.

A variety of elements have been implicated in adjust‑
ing the effectiveness of DNA vaccines such as host, 
target antigenic region, prime‑boost approaches, pres‑
ence or absence of adjuvant, dosage and immunization 
schedule which can be utilized to boost immunization 
outcomes [11]. To improve the effectiveness of the vac‑
cines, several studies have been carried out to assess the 
efficacy of a variety of modifications in improving vaccine 
potency. In this regard, the use of truncated form of the 
highly immunogenic NS3 protein [12], taking advantage 
of vector‑based and plasmids vaccines [13, 14], exploring 
prime‑boost regimens with DNA and recombinant virus 
vaccines [15], utilizing multi‑epitope DNA and peptide 
vaccines and novel techniques such as Gene Electrotrans‑
fer [16, 17], development of multigenotype vaccines [18], 
and inclusion of genetic adjuvants such as Human and 
avian hepatitis B virus (HBV) core antigen (HBcAg) [19], 
perforin (PRF) [20], heat shock protein gp96 [21], CC‑
chemokine ligand 20 (CCL20) gene [22], Interleukin‑12 
(IL‑12) [23], IL‑23, granulocyte‑monocyte colony stimu‑
lating factor (GM‑CSF) [24], etc. have been explored in 
previous studies.

In this study, a systematic review of the existing liter‑
ature over the last 20 years was conducted to assess the 
efficacy, effectiveness, immunogenicity, and safety data 
regarding HCV nucleic acid vaccines on laboratory ani‑
mals. We have also outlined a number of approaches to 
improve vaccine efficacy, in hopes that this work will aid 

future studies in development of prophylactic and thera‑
peutic vaccines against HCV.

Methods
Search strategy
This study reviewed published articles in English and Per‑
sian language between 2000 and 2020. International data‑
bases including MEDLINE (PubMed), Web of Science, 
Scopus and ScienceDirect as well persian repositories 
including the Regional Information Centre for Science & 
Technology (RICeST), the Scientific Information Data‑
base and the Iranian Research Institute for Information 
Science and Technology (IranDoc) were explored to find 
relevant reports on HCV nucleic acid vaccines from 2010 
to 2020. The keywords and terms used to find articles rel‑
evant to DNA immunization included ‘Hepatitis C Virus 
and DNA vaccine’, ‘HCV DNA vaccine and development’, 
‘HCV DNA vaccine and Adjuvant’, ‘HCV DNA vaccine 
and Antigenic target’, ‘HCV DNA vaccine and Immuno‑
genicity’, ‘HCV DNA vaccine and efficiency’. For RNA‑
based immunization the following keywords were used: 
‘Hepatitis C Virus and RNA vaccine’, ‘Hepatitis C Virus 
and RNA and vaccine’, ‘HCV RNA vaccine and devel‑
opment’, ‘HCV RNA vaccine and Adjuvant’, ‘HCV RNA 
vaccine and Antigenic target’, ‘HCV RNA vaccine and 
Immunogenicity’, and ‘HCV RNA vaccine and efficiency’.

In addition, relevant cited references in the original 
articles were examined to include articles which were 
not indexed by the aforementioned databases. References 
and their abstracts were saved and reviewed using End‑
Note X9.1 and EndNote 20 reference manager software 
(Clarivate Analytics, USA).

Selection criteria and data extraction
Following systematic search, studies were screened to 
select original research articles focusing on HCV infec‑
tion, HCV DNA vaccines and their immunogenicity and 
efficacy. Reports were removed if the individuals in the 
studies were infected with other genera of hepaciviruses 
or if the study was based on non‑DNA vaccines. Studies 
without full texts or in languages other than persian or 
english were also excluded.

Two independent reviewers screened and evaluated 
the included studies to extract the following data: title, 
abstract, main text, authors, country of origin, the host, 
target antigenic region, number of boosters, presence or 
absence of adjuvant, dosage, and immunization.

Results
The preliminary search for DNA‑based vaccine develop‑
ment identified 853 papers in Web of Science, 474 papers 
in MEDLINE (PubMed), 1381 papers in Scopus, 678 
papers in ScienceDirect, 38 papers in Iranian databases, 
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and 12 articles from manual search. After omission of 
1678 duplicate papers, 1758 articles were surveyed for 
eligibility, out of which 27 articles were included. The 
search for RNA vaccines yielded no relevant studies, 
alluding to the lack of research on RNA vaccines for 
HCV. Therefore, a total of 27 records were found eligi‑
ble for this systematic review (Fig. 1). A summary of the 
prominent included studies is available in Table 1.

HCV vaccine target sequence
Protein selection
Previous studies have focused on several viral proteins 
and their combinations in generating adequate immune 
response for HCV vaccine development. Among the pro‑
teins assessed for vaccine utilization, plasmids encoding 
HCV NS3, NS4, NS5, core, and the envelope proteins E1/
E2 as their full or truncated isoforms, or fractured pep‑
tides consisted the majority of the previous works. A 
summary of these studies is provided below.

The expression of partial length of NS3 gene, which 
encodes immunogenic epitopes (1095–1379 aa) was 
demonstrated to be capable of induction of significant 
levels of total antibody, IgG2a subclass antibody, Inter‑
feron (IFN)‑γ, Interleukin (IL)‑4 and proliferation assay 
[12]. Furthermore, incorporation of NS4A in NS3‑
based genetic immunization using a cloned full‑length 

genotype NS3/4A gene resulted in increased expression 
of NS3 and higher levels of NS3‑specific antibodies (10‑ 
to 100‑fold) and IgG2a/IgG1 ratio (420 vs. 3) in humoral 
responses compared to NS3 gene, demonstrating a 
favorable Thelper 1‑skewed response. In line with this, 
low dose i.m. (10  mg) immunization with the NS3/4A 
gene inhibited the growth of an NS3/4A‑expressing 
tumor cells in  vivo, whereas immunization using the 
NS3 gene alone or NS3 protein did not. Furthermore, a 
three to four 4 mg dose of a NS3/4A plasmid administed 
using a gene gun primed CTL at a precursor frequency 
of 2–4%, which inhibited the growth of NS3/4A‑ express‑
ing tumor cells in vivo. further demonstrating the effec‑
tiveness of multiprotein DNA vaccines [25]. The direct 
immunogenicity of NS3/4A plasmids were also examined 
by Ahlen et al. and Behzadi et al. whom reported removal 
of transiently transgenic hepatocytes by T cells in liver 
and significant cell‑mediated immune responses with a 
DNA vaccine encoding HCV‑3a NS3/NS4A in C57BL/6 
mice, respectively [26, 27].

The safety concerns regarding RNA helicases and 
their disruption of cellular functions and their possible 
role in development of cancer had let Ratnoglik et  al. 
construct plasmids encoding mutated NS3 protein 
without serine protease and helicase catalytic activ‑
ity to replace their bioactive counterpart in vaccine 

Records identified from:
Databases (n = 3412)

Records removed before 
screening:

Duplicate records removed
(n = 1678)

Records screened
(n = 1734)

Records excluded**
(n = 1546)
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Reports assessed for eligibility
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Did not fit the inclusion and 
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Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta‑Analyses (PRISMA) flow diagram for search and screening strategy
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development. They subsequently demonstrated com‑
parable immune response following immunization 
using non‑catalytic NS3 mutants compared to wild 
type NS3. Their results indicated that the comparable 
effectiveness and reduced bioactivity of these immu‑
nogens, would prove to be efficient alternatives to wild 
type HCV proteins in DNA vaccines against HCV [28]. 
Gene electrotransfer of a DNA vaccine encoding an 
optimized version of the nonstructural region of HCV 
(from NS3 to NS5B) also induced substantially more 
potent, broad, and long‑lasting CD4+ and CD8+ cel‑
lular immunity than naked DNA injection in mice and 
in rhesus macaques, as measured by a combination of 
assays, including IFN‑γ ELISPOT, intracellular cytokine 
staining, and CTL assays [17]. Furthermore, the work of 
Martin, P et al. revealed three epitopes mapping within 
the NS3 protease (GLL: aa 1038–1047) or helicase 
(ATL: aa 1260–1268 and TLH: aa 1617–1625) which 
display similar and high in  vitro binding capacities 
to soluble HLA‑A2 molecules, are capable of induc‑
ing either CTLs and/or IFN‑γ‑producing T cells. This 
peptide could recall in  vitro HCV‑specific IFN‑γ and 
IL‑10‑producing T cells from peripheral blood mono‑
nuclear cells of chronically infected patients. These data 
increase the pool of NS3‑specific CD8 + T‑cell epitopes 
available to analyze HCV associated immunity and 
could contribute to the design and evaluation of candi‑
date vaccines [29].

It is of note to say to that in vaccinations of chimpan‑
zees with recombinant DNA and adenovirus express‑
ing HCV core, E1E2, and NS3‑5 genes based on HCV1b 
genotype, viral loads were 100 times lower than naïve 
infected controls and the antibody levels against E2 gly‑
coproteins were inversely correlated with peak viral 
loads after intravenous challenge. Interestingly, one vac‑
cine that had sterilizing immunity against slightly heter‑
ologous virus, generated highest level of E2‑specific total 
and neutralizing antibody responses as well as NS3/NS5‑
specific T‑cell proliferative responses. The other four vac‑
cinees with low levels of E2‑specific antibody had about 
44‑fold reduced peak viral loads but eventually developed 
persistent infections [30].

Other studies have focused on using DNA‑based vac‑
cines utilizing multiple expression cassettes. Expression 
of HCV core protein regulated by an inducible in  vivo‑
activated Salmonella promoter and HCV E2 protein by 
the cytomegalovirus enhancer/promoter resulted in 
efficient induction of HCV core and E2‑specific cellu‑
lar immune responses and antibodies in oral immuni‑
zation of BALB/c mice with the attenuated Salmonella 
strain SL7207 carrying this plasmid. IgG purified from 
immunized mice could neutralize the infectivity of HCV 
pseudoparticles of both the autologous Con 1 isolate and 

the heterologous H77 isolate, and cell culture‑produced 
HCV of Con1‑JFH1 chimera [31]. While using multiple 
expression cassettes stands out as a promising modifica‑
tion to plasmid sequence for boosting immunity, further 
studies are needed to confirm their efficacy and safety.

Multi‑epitope expression
Previous studies have shown that immunization using 
serial administration of multi‑epitope plasmid DNAs 
and peptides harboring immunodominant CD8 + T 
cell epitopes (HLA‑A2 and H2‑Dd) from Core (132–
142), NS3 (1073–1081) and NS5B (2727–2735), a Th 
CD4 + epitope from NS3 (1248–1262), and a B‑cell 
epitope from E2 (412–426)) formulated with Monta‑
nide ISA 720 adjuvant resulted in less robust immune 
response and HCV‑specific level of total IgG, IgG1 and 
IgG2a in those receiving heterologous DNA/peptide and 
DNA/DNA compared to those receiving peptide/pep‑
tide regimen. Interestingly, IFN‑γ levels in those receiv‑
ing three doses of the peptide vaccines were significantly 
higher than those receiving two doses of the plasmid vac‑
cine and a single dose of the peptides with Montanide 
ISA 720 adjuvant. Notably, the triple‑dose peptide vac‑
cine had a higher IFN‑γ/IL‑4 ratio compared to the other 
group.weeks [16]. In contrast, Masalova et al. have dem‑
onstrated that combined use of a fragmented NS3‑NS5B 
plasmid and recombinant core, NS3, NS4, NS5A, and 
NS5B proteins and peptides induced statistically greater 
cytokine expression compared to recombinant proteins 
and plasmid‑based immunogens alone. Furthermore, 
their findings demonstrated that the pcNS3–NS5B plas‑
mid induced a more T‑cell‑oriented response, whereas 
the recombinant NS3 and NS5B proteins stimulated a 
potent humoral immune response [32].

Moreover, mice receiving polycistronic construct cap‑
sid/E1/E2/NS2/NS3 (pRC/C‑NS3) encoding 5 struc‑
tural and nonstructural proteins in a canarypox virus 
had enhanced antibody and cellular responses to HCV 
proteins. Immunodominant CD8 + T cell responses to 
several HCV structural and nonstructural proteins, char‑
acterized by cytotoxicity and interferon‑γ production or 
IFN‑γ production without significant cytotoxicity, were 
observed in both strains of mice. The combination of 
naked DNA with a non‑replicating canarypox booster 
encoding HCV polycistronic pRC/C‑NS3 genes appears 
to diversify and enhance T‑cell responses to HCV pro‑
teins [33].

A multiple antigenic peptide immunization using six 
peptides derived from conserved epitopes in E1, E2 
(n = 2), NS4B, NS5A and NS5B administered to BALB/c 
mice as HCVp6‑multiple antigenic peptide at doses rang‑
ing from 800 ng to 16 μg resulted in humoral responses 
to structural epitopes, induction of IFN‑γ producing 
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CD4+/CD8+ T‑ lymphocytes at extended durations 
i.e., > 20  weeks, and viral neutralization of genotypes 2a 
and a chimeric 2a/4a virus in HCV culture using mice 
sera at > 1600 ng/animal doses for at least 20 weeks. They 
have shown that HCVp6‑multiple antigenic peptide 
confers potent viral neutralization and specific cellular 
responses [34].

Different combinations of a candidate HCV vaccine 
consisting of 100 µg recombinant HCV core/E1/E2 DNA 
plasmid and/or 25 µg recombinant HCV polyprotein and 
50µL Montanide ISA‑ 51 were also constructed in a pre‑
vious study. IgG titers for specific HCV antibodies (total 
IgG, IgG1, and IgG2a), cell proliferation, and intracellular 
IFN‑γ 4 weeks after the final injection was only assessed 
in mice immunized with recombinant HCV DNA plas‑
mid, recombinant HCV polyprotein, and montanide and 
mice immunized with recombinant HCV polyprotein and 
montanide. IgG1 was the predominant antibody detected 
in the group receiving recombinant HCV DNA and 
HCV core/E1/E2 polyprotein, and montanide as well as 
those receiving recombinant polyprotein and montanide. 
However, no IgG2a response was detected in any of the 
groups. Proliferation assays demonstrated that spleno‑
cytes from recombinant HCV DNA primed/recombinant 
HCV polyprotein boost group had developed significant 
anti‑HCV proliferative responses. The combination of 
a recombinant HCV DNA plasmid, recombinant HCV 
polyprotein, and montanide induced a high antibody titer 
with a predominance of IgG1 antibodies while recogniz‑
ing the major neutralization epitopes in hypervariable 
region 1 of E2 glycoprotein [35].

BALB/c mice (H‑2d restricted) vaccinated intramus‑
cularly with a multi‑CTL epitope gene consisting of two 
epitopes of HCV (H‑2d‑restricted HCV core 133–142 
and E1315–322) cloned into the eukaryotic expression 
vector pcDNA3.1 inducted CTLs against target cells 
(P815, H‑2d restricted) pulsed with various CTL epitope 
peptides. Therefore, the multi‑CTL epitope‑based DNA 
vaccine directed against two HCV CTL epitopes could 
induce specific CTL responses to each of the two CTL 
epitopes independently and long‑term CD8+ T‑cell 
memory responses. The epitope‑specific CTLs produced 
helper T‑cell type 1 cytokines. [36].

Furthermore, chimpanzees immunized transdermally 
twice with recombinant replication competent vaccinia 
viruses expressing HCV genes resulted in resolution of 
HCV infection with the rate of chronicity between the 
immunized and the control animals being close to sta‑
tistical significance (P = 0.067). Immunized animals 
developed vigorous IFN‑γ enzyme‑linked immunospot 
responses and moderate proliferative responses [37]. To 
investigate cross‑genotype protection, the immunized, 
recovered chimpanzees in the described study were 

challenged with a pool of six major HCV genotypes. Dur‑
ing the acute phase after the multigenotype challenge, all 
animals had high‑titer viremia in which genotype 4 dom‑
inated (87%), followed by genotype 5 (13%). After fluc‑
tuating low‑level viremia, the viremia eventually turned 
negative or persisted at very low levels [37].

Optimization of prime‑boost regimen
Vaccines designed as prime‑boost regimens confer fur‑
ther protection by repeated and/or serialized exposure 
of viral epitopes during immunization period. Gener‑
ally, the most successful protocol for DNA immuniza‑
tion to induce CTL responses is priming plasmid DNA 
to induce low‑level, persistent immunity with strong but 
short‑lived immunity of the recombinant virus boosters 
[38, 39]. However, the use of heterologous DNA prime–
recombinant adenovirus boost regimen also had promis‑
ing results.

Mice primed with either conventional pVRC‑based or 
suicidal pSC‑based DNA vaccines carrying DEC‑205‑tar‑
geted NS3 antigen and boosted with type 5 adenoviral 
vectors encoding the partial NS3 and core antigens C44P, 
induced a marked increase in antigen‑specific humoral 
and T‑cell responses in comparison with either recom‑
binant Adenovirus‑based vaccines or DEC‑205‑targeted 
DNA immunization in isolation. The protective effect 
against heterogeneous challenge was correlated with 
high levels of antiNS3 IgG and T‑cell‑mediated immunity 
against NS3 peptides. Moreover, prime‑boosting with a 
suicidal DNA vaccine (pSC‑DEC‑NS3), which elicited 
increased TNF‑a‑producing CD4+ and CD8+ T‑cells 
against NS3‑2 peptides (aa 1245–1461), demonstrated 
increased heterogeneous protection compared with 
priming with a conventional DNA vaccine (pVRC‑DEC‑
NS3) [40].

Another study reporting the development of recom‑
binant Lambda bacteriophage nanoparticles encod‑
ing HCV core antigen investigated the antigen‑specific 
immune responses triggered in mice by different prime–
boost combinations. The homologous prime/boost with 
recombinant Lambda nanoparticles induced higher lev‑
els of cellular and humoral immune response than the 
DNA vaccines. However, the protective effects of the 
vaccine (lymphocyte proliferation, CD8+ cytotoxic activ‑
ity) was still lower than a heterologous prime immu‑
nization with HCV Core protein using DNA vaccine 
followed by Lambda boost, which resulted in shifting the 
immune response toward a Th1 pattern with a greater 
overall immunity [41]. A DNA‑based vaccine expressing 
HCV genotype 1a NS3/4A proteins and a boost regimen 
with a modified vaccinia virus expressing genotype 1b 
NS3/4/5B proteins (MVATG16643) also induced signifi‑
cantly higher levels of IFN‑γ or IL‑2 ELISpot responses 
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compared with each vaccine alone, independent of the 
time of analysis and the time interval between vaccina‑
tions. Both CD8+ and CD4+ T‑cell responses as well 
as the spectrum of epitopes recognized were improved. 
A significant increase in polyfunctional IFN‑γ/tumor 
necrosis factor α (TNF‑α)/CD107a+ CD8+ T cells were 
detected following vaccination (from 3 to 25%), and 
prime/boost was the only regimen that activated quad‑
rifunctional T cells (IFN‑γ/TNF‑α/CD107a/IL‑2). Incor‑
poration of interleukin‑12 (IL‑12) expression in DNA 
plasmid also led to a highly efficient CTL induction and 
clearance of HCV‑core expressing vaccinia virus in a tri‑
ple prime‑boost regimen using HCV core antigen [38]. 
In vivo functional protective capacity of the DNA prime/
MVA boost was also demonstrated in a Listeria‑NS3‑1a 
challenge model [42].

Noticeably, recombinant adenovirus vaccines elic‑
ited greater levels of IFN‑γ secreting T‑cell response 
and CTL response than the DNA vaccines in a study by 
Park, S. H et al.. However, a heterologous regimen prim‑
ing DNA vaccine with a recombinant resulted in higher 
level of Th1 responses compared to the other regimens 
including double immunuzation with the recombinant 
adenovirus. Furthermore, three E2‑specific CTL epitopes 
were mapped using a peptide pool spanning the E2 pro‑
tein sequence (a.a. 384–713) in BALB/c mice, and one 
of these (E2 405–414: SGPSQKIQLV) was shown to be 
immunodominant. It is of note to say that no significant 
differences were found in the repertoire of E2‑specific 
T‑cell responses or in the immunodominance hierar‑
chy of the three epitopes with different regimens, dem‑
onstrating the effectiveness of the heterologous DNA 
prime‑recombinant adenovirus boost in confering T‑cell 
based immune response[43]. Triple prime‑boost immu‑
nization combination with HCV core expression using 
plasmid (pCEP4‑core) and replication‑ defective ade‑
novirus (Adex1SR3ST) in another study induced CTL 
response in mice in all but one combination in which all 
three immunizations were done using the plasmid vac‑
cine [38].

Complementary strategies
While a considerable portion of the reviewed literature 
on HCV vaccine development focused on optimal pro‑
tein and epitope selection and prime‑boost combina‑
tions, a group of studies have also focused on strategies 
to refine adjuvants, target sequences, and vaccine deliv‑
ery which could be used in tandem with  the aforemen‑
tioned strategies in order to boost or prolong vaccine 
immunogenicity.

Adjuvant selection
Previous reports have studied a variety of potential adju‑
vants for HCV vaccines. For instance, Levander et  al. 
research showed that HBV core antigen (HBcAg) can 
act as an adjuvant in hepatitis C virus (HCV) based 
DNA vaccines. Addition of full‑length and fragmented 
stork HBcAg gene sequences added to an HCV non‑
structural 3/4A protein gene (NS3/4A‑stork‑HBcAg) 
resulted in an enhanced priming of HCV‑specific IFN‑γ 
and IL‑2 responses in both wild‑type and NS3/4A trans‑
genic mice, the latter with dysfunctional NS3/4A‑specific 
T‑cells [19]. On the other hand, Behzadi et al. have shown 
in their study that the use of complete Freund’s adjuvant, 
monophosphoryl lipid A can induce the production of 
Th1/Th2 cells and CD8+ T‑cells in all the immunized 
groups [26]. Interestingly, an eccentric study on vaccine 
development have shown that polysaccharides derived 
from Artemisia annua could be utilized as an adjuvant 
and modulate immune response induced by a NS3 plas‑
mid DNA vaccine by increasing IFN‑γ but not antibody 
or IL‑4, suggesting the mechanism to be the result of 
modulation of Th1 response [44]. Synthesized Poly(D,L‑
lactic acid)‑co‑poly(ethylene glycol)‑co‑poly(D,L‑lactic 
acid) (PLA–PEG–PLA) and poly(d,l‑lactic‑co‑glycolic 
acid;PLGA)–PEG–PLGA used as micelles with encap‑
sulated plasmid pcDNA3.1 also had appealing results 
as adjuvants with no considerable side effects in single 
oral immunization with DNA/polymers with noticable 
immune responses in in vivo tests [45].

Heat shock protein gp96
Utilizing N‑terminal domain of heat shock protein gp96 
(NT(gp96)) has also been shown to be a potent adjuvant 
for enhancing immunity. A PT DNA vaccine studied in a 
previous study which encoded four HCV immunodomi‑
nant CTL epitopes (two HLA‑A2‑ and two H2‑Dd‑spe‑
cific motifs) from the Core, E2, NS3 and NS5B antigens 
in addition to a T‑helper CD4 + epitope from NS3 and a 
B‑cell epitope from E2 with the NT(gp96) was fused to 
the C‑ or N‑terminal end of the PT DNA (PT‑NT(gp96) 
or NT(gp96)‑PT) demonstrated that immunization of 
mice with PT DNA vaccine fused to NT(gp96) induced 
significantly stronger T‑cell and antibody responses than 
PT DNA alone. Additionally, the adjuvant activity of 
NT(gp96) was more efficient in the induction of immune 
responses when fused to the C‑terminal end of the HCV 
DNA polytope [21].

HBsAg and immunoglobulin Fc
Immunization with a vector harboring coding sequence 
of HBsAg and Hepatitis C Virus core protein in tandem 
within the pCDNA3.1 backbone shifted the immune 
responses pathway to T‑helper (Th1) by enhancing the 
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IFN‑γ cytokine level much higher than protein immu‑
nization while the proliferative and CTL responses were 
comparatively the same (or slightly in favor of DNA 
immunization) [1]. Moreover, a recombinant plasmid 
termed cDNA3.1‑E2‑Fc expressing HCV E2 with an 
immunoglobulin Fc fusion tag induced higher titers of 
E2‑specific IgG in mice immunized with pcDNA3.1‑
E2‑Fc compared to mice immunized with pcDNA3.1‑
E2 alone. Furthermore, pcDNA3.1‑E2Fc immunization 
could boost E2‑specific lymphocyte proliferation and 
enhance the secretion of IFN‑γ by lymphocytes upon 
in  vitro stimulation with soluble E2 compared to 
pcDNA3 [46].

Immunization of mice using several HCV epitopes 
(encoding; core132–142 [C], E2405–414 [E4], E2614–
622 [E6] and NS31406–1415 [N] CD8+ CTL epitopes 
as CE4E6N polytope) and its HBsAg‑fused counterpart 
elicited strong CTLs and IFN‑γ‑secreting cells that were 
further augmented towards a Th1 response and partial 
tumor protection by DNA‑prime/peptide‑boosting regi‑
men compared to the adjuvant‑formulated synthetic‑
peptide immunization. Priming with HBsAg alone could 
not explain the augmenting effect of the vaccine, indicat‑
ing the importance of priming by polytope itself.

Several other studies have also investigated the modu‑
lation of immune response against HCV immunogens 
using HBV antigens. Co‑Administration of DNA Vac‑
cine Encoding HBV Surface Antigen and HCV Envelope 
Antigen in BALB/c mice resulted in antibody production 
against both HBV and HCV and increased expression of 
IL‑2 and RANTES but not IL‑4, and therefore, induc‑
ing a Th1 response [47]. Furthermore, immunization of 
C57BL/6 mice with plasmid DNA expressing five frag‑
ments of HCV E2 fused to HbsAg gene was accompanied 
by an IgG2a‑dominant antibody production against both 
proteins in mice sera and high IFN‑γ expression in cul‑
tured splenic cells [48]. Hence, fusion of immune carriers 
like HBsAg conjoined with DNA‑prime/peptide‑boost 
immunization regimen is a feasible strategy to enhance 
the epitope‑specific immune responses towards poly‑
CTL‑epitopic vaccines [49].

Perforin
Coexpression of PRF, a pore forming protein released by 
CD8 T‑cells and NK cells, and HCV antigens on a sin‑
gle plasmid elicits strong cell mediated immunity against 
the HCV NS proteins (3, 4A, 4B, and 5B) [50]. The 
results of the same study evaluating the vaccine dem‑
onstrated that encoding the NS4A protein in a vaccine 
which encoded only NS3 counterintuitively reduced the 
immunogenicity of NS3, while addition of PRF increased 
NS3 immunogenicity. On the other hand, the inclusion 
of NS4A in a PRF‑encoding DNA vaccines increased 

the immunogenicity of the NS3, NS4B, and NS5B pro‑
teins [50]. Furthermore, a truncated mouse PRF with 
cytolytic activity lacking the final 12 amino acids of the 
C terminus was used instead of the full‑length protein 
[51], which was also determined to be more immuno‑
genic than the respective canonical DNA vaccine lacking 
PRF. DNA‑based vaccines using pNS3‑PRF, pNS4/5‑PRF, 
pNS3/4/5B plasmids could elicit robust long‑term cell 
mediated immunity evidenced by high reactogenicity 
with Interferon‑γ enzyme‑linked immunosorbent spot 
(ELISpot) assay against HCV peptides. The multi‑anti‑
genic vaccine primed with PRF promoted cytolytic vac‑
cination without any adverse side‑effects in mice [52]. 
The mechanisms for the higher immunogenicity gener‑
ated by PRF could be explained by the study conducted 
by Grubor‑Bauk et al. They examined the mechanism of 
cell death by the bicistronic DNA vaccine encoding the 
HCV NS3 and PRF under the control of CMV and SV40 
promoters, respectively. The results of the study showed 
that the inclusion of perforin in the DNA vaccine altered 
the fate of NS3‑positive cells from apoptosis to necrosis, 
and resulted in more robust immune responses in mice 
and pigs [20].

GM‑CSF
The conflicting results of the previous studies, precludes 
decisive judgement on inclusion of GM‑CSF in HCV 
DNA vaccines. In contrast to some of the previous works 
such as the one from Masalova O. V., et al. who showed 
pcGM‑CSF increase humoral and cellular immune 
response [32], Chen et  al. demonstrated that co‑inocu‑
lated GM‑CSF causes significant suppression to the den‑
gue virus type 1 and type 2 prM‑E DNA vaccinations and 
influences protective efficiency against virus challenge. 
Counterintuitively, GM‑CSF showed little or no effect on 
the immune response elicited by hepatitis C virus C or E1 
DNA vaccine candidates. Notably, these effects of GM‑
CSF were long‑lasting [53]. Moreover, co‑vaccination of 
DNA encoding GM‑CSF and Flt‑3 ligand together with 
a plasmid encoding for the HCV NS5 protein induced 
increased antibody responses and CD4 + T cell prolif‑
eration to this protein. Vaccination with DNA encoding 
GM‑CSF and Flt‑3L promoted protection against tumor 
formation and/or reduction in mice co‑ immunized with 
cytokine‑encoding DNA constructs [54].

Macrophage inflammatory protein 3‑beta
Macrophage inflammatory protein 3‑beta gene added as 
an adjuvant in a triple‑dose HCV core DNA vaccine elic‑
ited an enhanced Th1 biased systemic immune response 
as evidenced by higher IFN‑γ/ IL‑4 and anti‑core IgG2a/
IgG1 ratio, lymphoproliferation, strong cytolytic GrzB 
release and enhanced population of IFN‑γ producing 
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immunocytes. Likewise, the humoral immune response 
assumed as the total anti‑core IgG level was augmented 
by Macrophage inflammatory protein 3‑beta co‑delivery 
[55]. Similarly, mice co‑immunized with a CCL20‑con‑
taining plasmid developed higher levels of core specific 
IFN‑γ/IL‑4 ratio and IL‑2 release, IFN‑γ producing cells, 
lymphocyte proliferation and cytotoxic Granzyme B 
release in both draining lymph nodes and spleen cells 
of immunized mice. The core‑specific serum total IgG 
and IgG2a/IgG1 ratio were significantly higher when the 
pCCL20 was co‑inoculated [22].

Listeriolysin O
Pouriayevali et  al. introduced Listeriolysin O of Lis‑
teria monocytogenes (toxin with an extremely immu‑
nogenic feature) as an attractive adjuvant. They have 
shown that introduction of NS3 and Listeriolysin O gene 
induced the highest titer of total IgG against NS3 anti‑
gen compared with other controls. Determination of 
IgG subclasses confirmed an effective increase in mixed 
responses with Th1 dominancy. In addition, significant 
levels of cytokines (P < 0.05) and lymphocyte prolifera‑
tion responses (P < 0.05) indicated the superiority of this 
regimen. The findings may have important implication 
for Listeriolysin O gene application as genetic adjuvant in 
immune response against HCV [56].

IFN‑λ3
Addition of IFN‑λ3 to a plasmid encoding NS3‑NS5A 
also increased IFN‑γ spot‑forming cells and both 
CD4+ and CD8+ T cell subsets produced multiple 
cytokines. However, the frequency and phenotype of 
HCV‑specific MHC‑I dextramer + CD8+ T cells were 
not changed. Interestingly, the frequency of Treg cells, 
particularly activated Treg cells, was decreased which 
was in line with previous reports indicating that IFN‑λ3 
adjuvants decrease Treg cell frequency. Ex  vivo IFN‑λ3 
treatment similarly reduced Treg frequency in pre‑vacci‑
nation peripheral blood mononuclear cells. Finally, Treg 
cell frequency inversely correlated with HCV‑specific, 
IFN‑γ‑producing T cell responses in the study partici‑
pants [57].

Modification of signal sequence
Injection of plasmids encoding full‑length E2 and non‑
structural protein 1 (p7) fused to either 13 or 38 C‑ter‑
minal amino acids (aa) of HCV E1 or a complete E1 
stop‑transfer signal with duplicated second hydrophobic 
segment resulted in potent antibody production against 
E2/p and T‑helper cell response targeted against hyper‑
variable region 1, aa 472–586 of E2, and a novel epitope 
at aa 774–796 of p7. Profile of cytokines secreted by 
proliferating mouse splenocytes stimulated in vitro with 

E2‑ and p7‑derived peptides, indicated mixed Th1/Th2 
type of immune response. Thus, the full‑length E2 and 
p7 genes supplied in one cassette modulated the immu‑
nogenic profile of E2. E2/p7 containing a complete E1 
stop‑transfer signal with prolonged membrane span‑
ning domain was superior to the shorter E2/p7 version 
in terms of both antibody and cellular immunogenic‑
ity. Thus, optimal performance of HCV E2 could be 
achieved through modification of the E2 signal sequence, 
the release of E2 from the rough ER while retaining full‑
length E2 and p7 sequences, improving Th2 performance 
of HCV envelope genes as prototype vaccine [58].

CpG adjuvants and plasmid enrichment
Yu et  al. showed that a plasmid enriched with 24 CpG 
motifs (pBISIA24‑NS3) tends to induce a strongest and 
consistent Th1‑biased immune response. Subsequently, 
it was shown that NS3 formulated with CpG oligodeoxy‑
nucleotide and Quil A (rNS3 + CpG + Quil A) adjuvants 
induces a balanced immune response in mice, compared 
to recombinant NS3 combined with either CpG or QuilA 
which elicit a Th2‑biased response. To further enhance 
NS3‑specific cell‑mediated immune responses, a vac‑
cination regime consisting of priming with pBISIA24‑
NS3, followed by boosting with rNS3 + CpG + Quil A, 
was explored in mice and pigs. In contrast to immuniza‑
tion with rNS3 + CpG + Quil A, this regimen shifted the 
immune response to a Th1‑type response and, accord‑
ingly, enhanced MHC I‑restricted killing by CTL in 
mice. Although immunization with pBISIA24‑NS3 also 
induced a Th1‑biased response, including cytotoxicity in 
the mice, the humoral response was significantly lower 
than that induced by the DNA prime–protein boost 
regime [59].

Utilization of co/post translational modification
In a recent study by Masavuli et  al. incorporation of 
secreted E1 and E2 (sE1 and sE2) into oligomers by 
fusion with the oligomerization domain of the C4b‑bind‑
ing protein, IMX313P resulted in increased effectiveness 
in eliciting humoral and cell‑mediated immunity against 
the envelope proteins. Further boosting with recombi‑
nant E1E2 proteins but not DNA nor virus‑like particles 
expressing E1E2 increased the immunogenicity of the 
DNA prime‑boost regimen. However, antibodies gener‑
ated by the homologous DNA prime‑boost vaccinations 
more effectively inhibited the binding of virus‑like par‑
ticles to target cells and neutralized transduction with 
HCV pseudoparticles derived from different genotypes 
including genotypes 1, 2, 3, 4, 5, and 6 [60].

Analysis of immunogenicity of wild type E1E2, five 
N‑glycosylation sites‑mutated E1E2 glycoproteins, and 
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five CpG‑coupled E1E2 N‑glycosylation‑mutated gly‑
coproteins in BALB/c mice showed that deletion of 
N‑glycans can enhance viral immunogenicity and the 
CpG‑coupled DNA vaccine mutant elicited increased 
CD4+ Th1 and CD8+ T cell responses and neutralizing 
antibody production against HCV infection [61].

Modification of N‑linked glycosylation of HCV E1 pro‑
tein, a naturally poor immunogen, through site‑directed 
mutagenesis of N‑linked glycosylation sites in plasmids 
containing the genes for both wild type and mutant E1 
in BALB/C mice resulted in enhanced E1‑specific CTL 
activities, expression of IFN‑γ producing T cells, and 
suppression of tumor growth E1‑M2 mutant (at site 
of N209SS). While E1‑M4 mutant (at site of N305CS) 
induced the highest specific antibody response among all 
groups. Moreover, E1 wild‑type vaccinated mice devel‑
oped a mixture of IgG1 and Ig2a, but E1‑M2 mutant 
induced only IgG2a isotype, and E1‑M4 mutant domi‑
nantly developed IgG1 isotype. According to the study, 
N‑linked glycosylation can limit both cellular and anti‑
body response to the HCV E1 protein and deletion of the 
glycosylation sites at N209SS and N305CS in the enve‑
lope protein E1 results in higher immunogenicity [62].

In addition, immunization with plasmids contain‑
ing genes encoding either wild type or mutant E2 pro‑
teins with mutated N‑glycosylation sites (N560NT and 
N576ST) close to these regions were mutated separately 
or in combination led to significantly higher E2‑specific 
CTL response, IgG2a/IgG1 ratios, expression of IFN‑
γ, and suppression of tumor growth (P < 0.05) with the 
E2‑M2 mutant (at N576ST) compared to control. IgG2a/
IgG1 ratios were elicited in a Th1‑type response. There‑
fore, modulation of the N‑glycosylation site N576ST of 
HCV E2 protein may enhance specific cellular immune 
response and could be utilized in the development of 
E2‑based DNA vaccines with enhanced immunogenicity 
[63].

Discussion
Successful induction of immune response against trans‑
duced antigen proteins in the early 1990s introduced the 
concept of DNA immunization into the scientific spot‑
light [64]. Nucleic acid vaccines have been proven since 
then to be a safe platform to elicit protective humoral and 
cellular immune response to a variety of infectious agents 
and diseases as well as therapeutic modalities to treat 
malignancies and autoimmune disorders [64–66].

Compared to classic non‑live vaccines, nucleic acid‑
based vaccines could be easily mass produced and 
can readily stimulate humoral and, particularly cel‑
lular immune responses in preclinical studies, which 
is favorable for immunization against viral infections 
such as HCV. Furthermore, they do not carry the risk of 

transmitting active infection in immunocompromised 
individuals as seen with live attenuated vaccines while 
similarly mimicking live infection [64, 67]. As such, DNA 
vaccines would be optimal candidates to induce strong 
and protective CD4 + T‑cell and CTL response early on 
in HCV infections, where viral clearance is closely associ‑
ated with virus‑specific T cell immunity [68, 69]. Never‑
theless, the suboptimal immunogenicity and anti‑vector 
immunity observed in first generation DNA vaccines 
in primates has highlighted the need for strategies to 
enhance the immune response as described in this review 
[51].

While this systematic review attempted to cover stud‑
ies on RNA vaccines in HCV, the initial database search 
revealed no studies fitting the inclusion and exclusion 
criteria, reflecting the lack of adoption of widespread 
RNA platform in vaccine HCV design. Although the ini‑
tial concerns regarding instability and large‑scale manu‑
facturing of RNA halted the widespread adoption of RNA 
vaccines, the promising aspects of this type of vaccines 
such as the ability to express a variety of antigens with 
high efficiency while having no risk of integrating exog‑
enous DNA into host genome, has made them an attrac‑
tive alternative to DNA vaccines [67, 70]. The preliminary 
reports on mass vaccination with SARS‑CoV‑2 mRNA 
vaccines have demonstrated their general safety and 
high efficacy in disease prevention [71]. Therefore, with 
proper backbone, mRNAs encoding HCV antigens [72] 
could obviate the need for electroporation to generate 
sufficient immune response and demonstrate higher effi‑
cacy and immunogenicity compared to DNA vaccines.

This review summarized recent original researches 
on the topic of HCV DNA vaccines and discussed the 
strategies on optimization of HCV DNA vaccines and 
their efficiency. Based on the reviewed literature, the 
authors suggest that incorporation of multiple viral pro‑
teins or their epitopes in a homologous or heterologous 
prime‑boost regimen or using CpG‑enriched DNA and 
recombinant virus vaccines with coexpression of potent 
adjuvants with high immunogenicity are valid strategies 
to increase the potency of potential vaccines. Consider‑
ing the limited efficacy of the results of the registered 
clinical trials with candidate vaccines [73, 74], future 
studies show focus on maximizing the immunogenicity 
of their vaccines by incorporating the strategies men‑
tioned throughout this text.
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