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Abstract: Therapy against the Hepatitis C virus (HCV) has significantly improved with the intro-
duction of direct-acting antiviral drugs (DAAs), achieving over 95% sustained virological response
(SVR). Despite this, the development of an effective anti-HCV vaccine remains a critical challenge
due to the low number of patients treated with DAAs and the occurrence of HCV reinfections in
high-risk groups. Current vaccine strategies aim to stimulate either B-cell or T-cell responses. Vaccines
based on E1 and E2 proteins can elicit broad cross-neutralizing antibodies against all major HCV
genotypes, though with varying efficiencies and without full protection against infection. In humans,
the neutralizing antibodies induced by such vaccines mainly target the AR3 region, but their levels
are generally insufficient for broad neutralization. Various HCV proteins expressed through different
viral vectors have been utilized to elicit T cell immune responses, showing sustained expansion of
HCV-specific effector memory T cells and improved proliferation and polyfunctionality of memory
T cells over time. However, despite these advancements, the frequency and effectiveness of T-cell
responses remain limited.
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1. Introduction

The Hepatitis C virus (HCV) infects more than 185 million people worldwide [1].
Health complications such as cirrhosis, liver failure, and hepatocellular carcinoma (HCC)
linked to chronic HCV infection cause around 580,000 deaths per year [2,3]. HCC is caused
by the direct activity of viral proteins and the indirect effects of fibrinogenesis, dysfunctional
immunity, and chronic liver inflammation [4]. HCV is considered the main risk factor for
HCC in developed countries [5]. Overall, HCC accounts for approximately 75% of total
liver cancers, with 31% of them being HCV-positive [6]. Prevention of the onset of HCC
is hampered by the low diagnosis rate of HCV infection, wherein over 79% of infections
remain undiagnosed [7]. Rapid diagnostic tests (RDTs) represent a valid instrument for
screening HCV subjects; however, their cost and the lack of infrastructure for follow-up
and treatment of HCV-positive subjects represent an obstacle to the care and management
of HCV patients, especially in low-income countries.

HCV typically progresses slowly, with persistent hepatic inflammation often result-
ing in cirrhosis in about 10-20% of patients within 20-30 years. Nonetheless, there is
substantial variability in the rate of progression to cirrhosis, ranging from 2-3% to 51%
over 22 years [8,9]. Recent research has highlighted that the progression of hepatic fibrosis
in hepatitis C is influenced by multiple factors. Various elements have been identified
that increase the risk of developing significant fibrosis or cirrhosis, including the age at
which the infection occurs, male gender, alcohol use, obesity, insulin resistance, type 2 dia-
betes, co-infection with hepatitis B or HIV, use of immunosuppressive therapy, and genetic
predispositions. Additionally, factors affecting fibrosis progression can evolve over time,
indicating that the advancement of hepatitis C is not necessarily a linear process [10-12].
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Genetic polymorphisms have been associated with progression towards chronic HCV in-
fection. Polymorphisms in the TNFA gene, such as TNFA-308G- > A and IL10-1082A- > G,
appear to be predictive biomarkers of chronic HCV infection [13]. Additionally, the IL28B
gene polymorphism rs12979860, but not rs8099917, contributes to the occurrence of chronic
HCYV infection in Uruguayan patients [14].

Therapy against HCV has been considerably improved by the introduction of direct-
acting antiviral drugs (DA As) with pangenotypic efficacy, through which the success of
therapy reaches over 95% of sustained virological response (SVR) [15,16]. These drugs
are inhibitors of three different viral proteins: NS3/4A protease, NS5A, and NS5B poly-
merase [17]. Because these DA As target three different viral proteins, any form of resistance
to one antiviral drug can be neutralized by sensitivity to another.

However, the development of an anti-HCV vaccine remains a crucial issue for several
reasons: (1) the low number of patients treated with DAAs; (2) HCV reinfections reported
in high-risk groups such as HIV-coinfected individuals, those with mental illness, and
drug users; in Europe, for example, more than 50% of new HCV infections occur among
drug users [18-21]; and (3) the onset of HCC despite achieving SVR after DAA treat-
ment [22,23], keeping the debate on the effectiveness of DAA treatment in the prevention
of hepatocarcinoma current.

In this review, after providing an overview of the characteristics of HCV and the
defense mechanisms induced in the host, we will review the progress made and obstacles
encountered in the development of anti-HCV vaccines.

2. Hepatitis C General Aspects

HCV is a positive-strand enveloped RNA virus belonging to the genus hepacivirus
of the Flaviviridae family. Its genome is approximately 9600 nucleotides in length and
is translated into structural and non-structural proteins in the host cell [24]. The three
structural proteins are core, Envelope 1 (Envl), and Envelope2 (Env2), while the non-
structural proteins are p7, NS2, NS3, NS4A /B, NS5A, and NS5B (Figure 1) [25].
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Figure 1. Hepatitis C virus (HCV) structure. Enveloped HCV virion comprises E1/E2 dimers. The
viral genome consists of a single positive-sense RNA molecule enclosed in an icosahedral capsid
composed of core proteins. Created with BioRender (https://www.biorender.com/, accessed on
19 July 2024).

Some of these proteins are involved in different viral replication phases and play a
crucial role in B- and T-cell immune responses (see below). Conversely, the 5" and 3’ un-
translated regions (5’-3' UTR) influence viral replication but seem not to impact the immune
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response. The RNA-dependent RNA polymerase, NS5B, lacks proofreading activity and in-
troduces many mutations during the viral replication cycle [26]. A study demonstrated that
the in vivo mutation rate of HCV is 1.15 # 0.29 x 10~* [27], which is similar to the mutation
rate observed in other RNA viruses [28]. This high error rate leads to fast evolution and
genetic heterogeneity and generates a “quasispecies” population whose genetic variability
can be appreciated by Next Generation Sequencing (NGS). Longitudinal studies carried
out by NGS revealed that the mutation rate differs according to the region considered. For
example, the UTR remains almost conserved, while Hypervariable Region 1 (HVR1) shows
multiple variants, diversifying overtime to escape the host immune response [29] and to
establish a chronic infection.

The high genetic variability has led to the phylogenetical classification of HCV into
eight distinct genotypes (GTs). The core-E1 region, or NS5B region, is commonly used
to determine HCV genotypes [30]. A difference of 30% or more at the nucleotide level
distinguishes the genotypes [31]. Subtypes of genotypes have a sequence diversity of less
than 15% [31]. All genotypes are indicated by Arabic numbers. The first isolated clone by
Choo et al. was indicated as subtype 1a [32,33]. GT4 and GT6 are the most variable, with
18 and 29 genotypes, respectively [34,35]. The subtypes, which are indicated by a letter
after the Arabic number, are classified by sequencing the core-E1 region from nt position
869 to 1292 of the H77 reference sequence [accession number AF09606] [36].

GT1 is diffused worldwide, representing 46% of all HCV infections [35]. It accounts
for 75% of HCV infections in North America [37]. GT3 is the second most prevalent
genotype (30% of HCV infections), mainly found in South Asian countries such as India,
Bangladesh, Pakistan, Myanmar, Nepal, and Thailand, and among people who inject drugs
(PWID) in European countries [38]. GT4 is mainly observed in Africa but has spread to
European countries among PWID. GT5 is confined to Southern Africa, and GT6 is prevalent
in Southeast Asia, particularly in Laos and Vietnam [39]. GT7 is rarely observed in Central
Africa [40]. Recently, a new HCV genotype, GT8, has been identified in Punjab, India [41].
Moreover, full genome analysis has evidenced the presence of recombinant forms such
as 1b/2k observed among IV drug users in St. Petersburg, Russia [42,43] or the intra-
genotype la/1b recombinant form described in Peru [44]. Further information can be
found on the Hepatitis Virus Database (http:/ /hcv.lanl.gov/content/index, accessed on
19 July 2024) [34].

GT2 is another significant genotype of HCV. It is less prevalent globally but has distinct
epidemiological characteristics. GT2 is often found in West Africa, southern Italy, and
Japan [33]. It is associated with higher rates of SVR to antiviral therapy compared to other
genotypes, particularly when treated with DAAs [45]. The relatively stable genetic structure
of GT2, along with its responsiveness to treatment, makes it a key focus for epidemiological
and clinical studies. GT2 infections are generally considered to have a better prognosis and
treatment outcome compared to other genotypes, contributing to a more favorable public
health perspective in regions where this genotype is predominant.

3. B-Cell Response

The humoral response by B cells appears shortly after HCV infection but is inadequate
to fully control the infection. The neutralizing antibody (nAb) response targets the envelope
glycoproteins (GPs) E1 and E2, although E1 is less immunogenic compared to E2 [46]. Most
nAbs target E2 epitopes, followed by E1-E2 heterodimers and E1 glycoproteins. The GPs
E1 (residues 192-383, shown in Figure 2) and E2 (residues 384-746, shown in Figure 2) are
type I transmembrane proteins with poorly understood roles, but E1 harbors a putative
fusion loop. The E1 and E2 proteins’ ectodomains each have five and eleven glycosylation
sites, respectively [47]. The glycans are crucial for E1-2 stability and antigenicity.
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Figure 2. Schematic representation of the Hepatitis C virus (HCV) genome. (a) The figure shows the
organization of genes encoding the structural (Core, E1, and E2) and non-structural (p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B) proteins of the virus. Structural proteins are indicated in green, and
non-structural proteins are indicated in orange. (b) E1 and E2 protein segments are shown in detail,
with boxes representing the different functional regions and their respective amino acid residue
numbers in black. Additionally, the antigenic domains are mapped on the E2 protein as follows: A
(red), B (blue), C (green), D (purple), and E (orange). HVR1, Hypervariable Region 1; VR2, Variable

Region 2; VR3, Variable Region 3; Post VR3, Post Variable Region 3; TM, Transmembrane Domain;
NTD, N-terminal Domain; pFP, putative Fusion Peptide; CR, Conserved Region.

E1 and E2 form a heterodimeric complex (E1-E2 complex) on viral surfaces, mediating
receptor binding and viral entry into host cells via interactions with CD81, scavenger
receptor class B type 1 (SR-B1), and other molecules. After this interaction, claudin-1
(CLDN1), along with other claudin molecules, the tight junction (T]) protein of hepatocytes,
and Occludin, facilitate the activation of the entry pathway. In this manner, the envelope
glycoproteins E1 and E2 are responsible for virus attachment and receptor-mediated en-
docytosis [48,49]. Antibodies against E1 and E2 are produced in the early phase of viral
infection, but their levels remain low during chronic infection [50,51]. Vaccination studies
in chimpanzees with E1-E2 proteins suggest their potential protective value, although
antibody levels decline rapidly in HCV patients [52].

HCYV infection can directly stimulate B cells via E2 binding to cell surfaces, leading
to dysregulated cell proliferation independent of B-cell receptor (BCR) engagement [53].
As reported by a recent clinical trial of an HCV vaccine candidate, generating a T-cell
response alone is insufficient for providing vaccine protection to high-risk individuals
(NCTO01436357). Therefore, stimulating a neutralizing antibody (nAb) response through
vaccination is a priority in HCV vaccine research. There are five antigenic domains (A-E)
identified by antibody and epitope mapping methods within aa residues 412-633 of the
E2 protein.

Using the phage-display method, five discontinuous epitopes called Antigenic Regions
(ARs) are recognized in the E2 or E1-E2 complex. The E2 neutralizing face (E2 NF) is
found to be accessible on the viral surface and recognized by many cross-nAbs [54]. NF,
overlapping with the CD81 binding site, is highly conserved and immunogenic, crucial for
broad neutralizing antibodies bnAb like A3C [55]. However, bnAbs targeting E2 NF are
often insufficient in quantity for protective levels due to molecular features in HCV env,
including immunodominant regions like HVR1 and others, potentially competing with E2
NF in boosting B-cell responses [46,56].

The antibody response against HCV can be classified into three categories: broadly
neutralizing, strain-specific, and non-neutralizing antibodies with distinct epitopes. Glyco-
sylation sites on E2 regulate epitope accessibility, with conserved core regions contrasting
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with surface-exposed loops and HVR regions. The immune response in acute and chronic
infections primarily targets the immunologically pressured HVR region of E2. The anti-
genic domain A (and AR1) primarily induces non-neutralizing antibody response [57].
Several neutralizing Abs against the domain B-E in the E2 core structure (domains B-E)
mostly target the highly conserved flexible CD81 binding site, the front layer, and the CD81
binding loop (residues 519-535), inhibiting cell entry [54].

Domain E, corresponding to the segment adjacent to HVR1 (aa 412-423), is also desig-
nated epitope I or AS412 and contains highly conserved neutralizing epitopes. A mouse
monoclonal antibody (AP33) specific for the residues 412—423 shows broad neutralization
against HCV virions bearing E1-E2 from major HCV genotypes 1-6 [58]. Understanding
antibody-epitope interactions is crucial for designing HCV vaccines.

Domain D corresponds to the region encompassing residues 420428 and 441443, with
contributions from residues 613-616; it is also designated AS432. Neutralizing antibodies
against domain D inhibit E2 binding to CD81 interaction and block virus entry [59].

Domain B of HCV E2 is highly immunogenic, containing overlapping epitopes induc-
ing potent neutralizing antibodies, with escape mutants observed (e.g., D431G, A439E) [60].

Domain C, which mediates broad neutralization, is located in part at residues 544-549
in the central beta sandwich of the E2 [46].

Broad neutralization is also mediated by antigenic regions 4 and 5, formed at the
interface of E1-E2 residues. Specific sites AS108, AS112, and AS146 have been identified
within AR5 [61].

Antibodies targeting HVR1, encompassing the initial 27 amino acids (384-410) at the
N terminus of the E2 region and forming part of the AR3 epitope, are found in the majority
of HCV-infected individuals. In animal models, these antibodies may drive the replication
of viral variants that evade recognition by pre-existing antibodies [62]. In animal models,
antibodies against HVR1 appear to elicit a stronger response compared to those against
recombinant HCV E1E2 proteins. However, over time, these HVR1 antibodies drive the
replication of viral variants that the existing antibody response fails to recognize [63,64].
Another study demonstrated that neutralizing antibodies during chronic infection may not
neutralize new HVR1 variants [65]. HVR1 deletion significantly enhanced HCV neutraliza-
tion sensitivity, increasing it by three orders of magnitude and indicating that eliminating
HVR1 maximizes neutralization sensitivity [66,67]. Studies have shown that high-titer
antibodies can effectively suppress viral replication, preventing the emergence of escape
mutants, likely due to the low fitness of these mutants [68]. This finding underscores the
importance of ensuring the efficacy of an HCV vaccine. It suggests that an effective vaccine
should induce antibodies with a sustained titer and incorporate conserved epitopes to
minimize the viral escape phenomenon.

Several factors can inhibit the nAbs activity, in addition to a genetic mutation that
allows viral escape. There are various evasion strategies that negatively affect the neutraliz-
ing antibody response. These include glycosylation of the virus envelope, non-neutralizing
antibodies, or virus-associated proteins, which can interfere with antibody-mediated neu-
tralization by either masking neutralization epitopes or limiting access of neutralizing
antibodies to their target epitopes [69-71]. It has been proposed that a segment of the
E2 protein spanning amino acids 434—446 (epitopes II) contains epitopes associated with
non-neutralizing antibodies. These antibodies can interfere with the neutralizing activ-
ities of antibodies directed at an adjacent E2 segment spanning amino acids 412-426
(epitopes I) [72,73].

This suggests that a possible vaccine must contain epitopes that stimulate the produc-
tion of only some neutralizing antibodies in order to avoid negative interference.

Another limitation of the B cell response is its weak antibody protection against
different HCV genotypes. Cross-reactivity among different genotypes is minimal, estimated
at less than 10% [74,75]. Generally, the level of nAb in convalescent HCV patients is very
low, which likely explains why nAbs from previous infections cannot protect against
reinfection by different strains or genotypes [19,76]. Additionally, immunodominance
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can be influenced by genotype [77]. There are no specific epitopes associated with viral
clearance; rather, viral clearance is linked to the presence of multiple nAbs targeting unique
neutralizing domains [77,78].

4. Adaptive Immune Response T Cells

T cells, both CD4+ and CD8+, play an important role in defending against pathogens
by producing cytokines that can inhibit pathogen replication and by lysing infected cells
(Figure 3). Rapid control of HCV infection is marked by the expansion of both CD4+ and
CD8+ T cells in peripheral blood [79,80]. A weak T cell response, particularly CD4+ T cells,
during the first six months is a strong predictor of persistent infection [81]. During the acute
phase, the CD4+ T cell response is very broad, targeting mainly 10 classes of MHC class
II-restricted epitopes primarily located in the non-structural regions NS3 and NS4 [82].
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Figure 3. Adaptive immunity during HCV infection. Immune response involves activation of
dendritic cells and other components of innate immunity, whereas B lymphocytes, CD4+ T cells,
and CD8+ T cells are effectors of adaptive immunity. Abbreviations: Th1l, T helper 1 cell; Th17, T
helper 17 cell; Treg, T regulatory cell; Tfh, T follicular helper cell; MBC, memory B cell; CTL, cytotoxic
lymphocyte. Created with BioRender.

In the case of persistent HCV infection, the repertoire of CD4+ T cells decreases until
it becomes undetectable [82,83]. Furthermore, CD4+ T cells express several inhibitory
receptors, including programmed death-1 (PD-1), cytotoxic T-lymphocyte-associated pro-
tein 4 (CTLA-4), CD305, and CD200r [84]. The signaling from these inhibitory receptors
influences the adaptive immune response, regulating the cytotoxic T lymphocyte (CTL)
response and antigen-specific B lymphocytes. CD4+ T cells can differentiate into Thl,
Th17, or Treg cells, each with distinct functions/activities influenced by stimuli received
through their TCR and cytokine milieu produced during acute HCV infection [85]. Th1
cells, the main pro-inflammatory subset, express the transcription factor T-bet (Tbx21) and
participate in cell-mediated immune responses by secreting IFN-y, TNF-«, and IL-2, which
stimulate macrophages and CTL functions [85]. Treg lymphocytes, expressing CD25 and
Foxp3, suppress immune responses and inflammation to maintain self-tolerance, acting
through direct cell-cell contact and the secretion of anti-inflammatory cytokines such as
IL-10 and TGEF- [86]. Moreover, Treg lymphocytes are increased in individuals with HCV
infection [87]. Th17 cells, characterized by ROR-y expression and the secretion of IL17-A/F,
IL21, and IL22 [85], are considered pro-inflammatory since they recruit other inflammatory
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immune cells. Th17 lymphocytes are implicated in the pathogenesis of other liver diseases
of different etiologies, such as alcoholic hepatitis, primary biliary cirrhosis, and chronic
hepatitis B [88]. The role of Treg in liver damage remains debatable, but their presence in
chronic hepatitis C (CHC) liver suggests a potential role in immune response modulation.
The correlation between Treg and both CTL and Th1 cells indicates that the inflammatory
state in the liver may promote recruitment or differentiation towards a Treg profile. Tregs
may help control effector lymphocytes (CTL presence and Th1); thus, the lack of associa-
tion between CTLs and Th1 cells with the severity of hepatitis or fibrosis could be due to
Treg-mediated inhibition of Th1 and CTL actions, thereby preventing liver damage [89].

Finally, the T follicular helper (Tfh) cells, a specialized subset of CD4+ T cells, play
a pivotal role in the germinal center (GC) response, providing essential help to B cells for
the production of effective antibody-mediated immune responses. Virus-specific Tth cells
have been detected in the blood of patients acutely infected by HCV [90]. In these patients,
a correlation between the frequency of HCV-specific activated circulating Tth (cTfh) cells
and the production of plasma HCV NS4-specific antibodies has been reported, while in
chronically infected HCV patients, cTth cells seem to disappear [90].

In addition, E2-specific memory B cells (MBCs) from individuals who spontaneously
resolved HCV infection were observed to peak early after infection (4-6 months), correlating
with the expansion of activated cTfh cells expressing interleukin 21 (IL-21). This early
activation of cTfh cells was associated with the production of monoclonal antibodies
with fewer somatic hypermutations but effective neutralizing capacity, contributing to the
spontaneous clearance of the virus. In contrast, chronically infected subjects exhibited a
delayed expansion of E2-specific MBCs, which occurred in the absence of significant cTth
cell activation [91].

CD8+ T cells specific to HCV virus response are present at higher levels than CD4+ T
helper cells in chronic HCV infection. They persist for decades and target multiple Class
I epitopes.

CD8+ T cells are crucial for controlling HCV infection since they eliminate infected cells
by releasing cytotoxic granules and expressing cell-death-inducing receptor ligands. They
also inhibit viral replication through non-cytolytic mechanisms, such as IFN-y and TNF-o
secretion. However, in HCV chronic infection, CD8+ T cells may be functionally impaired
regarding IFN-y production, proliferation, cytotoxicity, and potential degranulation [92].
Furthermore, while the presence of CTLs in the liver helps inhibit viral replication, it can
also lead to liver damage due to inflammation and increased cytokine production at the
site of infection. The presence of intrahepatic Treg may suggest their regulatory function in
mitigating liver damage by regulating the immune response [89].

The antiviral activity of CD8+ T cells can be blocked in several ways, including
interference with antigen processing or the expression of Class  MHC, as demonstrated
in hepatocytes in vitro [93], and the production of inhibitory cytokines by regulatory T
cells [94]. Two main mechanisms can impair CD8+ T cell activity: (1) Mutational escape of
Class I epitopes of HCV and (2) physiological exhaustion, which leads to the loss of their
effector functions [95].

Viral escape is the primary mechanism used by HCV to evade CD8+ T cell antiviral
activity. In chronically infected HCV patients, the viral genome exhibits nonsynonymous
mutations that enable viral escape from CD8+ T cell recognition. This phenomenon is more
frequently observed in class I restriction epitopes than in flanking sequences [96]. The
nonsynonymous mutation rate is particularly pronounced during the first 12 years of HCV
infection and then declines as the infection persists [97]. These selected nonsynonymous
mutations associated with viral escape become fixed during chronic infection [98]. The
decrease in CD4+ T helper cells and the limited antigen receptor repertoire in CD8+ T
cells hinder the generation of new CD8+ T cells capable of counteracting the new mutant
epitopes [99]. Additionally, the persistence of HCV is not necessarily dependent on the
mutational escape of Class I epitopes. The rate at which Class I epitopes develop mutations
varies significantly across patients, with estimates ranging from 25% to 50% [100]. CD8+ T



Viruses 2024, 16, 1337

8 of 20

cells continue to recognize intact epitopes but tend to become exhausted and terminally dif-
ferentiated over time [101]. These virus-specific CD8+ T cells exhibit prolonged expression
of several inhibitory receptors, such as PD-1, CTLA-4, T cell immunoglobulin, and nucleic
domain-containing molecules 3 (TIM-3) [102]. This exhausted state is marked by increased
inhibitory receptor expression, disrupted metabolic processes, reduced survival capacity,
and distinct transcriptional and epigenetic alterations. T cells are pivotal in determining
whether an acute HCV infection resolves spontaneously or progresses to chronicity.

Finally, there are unconventional T cells (UTCs), a heterogeneous group of T cells
known for their rapid response to specific pathogen antigens. Chronic HCV infection
causes dysfunction in several subsets of UTCs. During HCV infection, the UTC phenotype
is altered, and this alteration persists even after the clearance of chronic HCV by direct-
acting antivirals (DAAs). However, the response of UTCs to acute HCV infection is not
fully understood. Notably, the frequency of mucosal-associated invariant T (MAIT) cells
decreases during HCV infection. Key subsets of UTCs include MAIT cells, v T cells,
double-negative T cells (DNT cells), and CD1d-restricted NKT cells [103]. MAIT cells are
found in mucosal tissues, the liver, and peripheral blood [104,105].

A reduction in MAIT cells has been observed during HCV infection, with circulating
MAIT cells exhibiting an exhausted phenotype and an altered response to bacterial chal-
lenge [106,107]. An altered phenotype is also observed in y/8 T cells, which become less
efficient in cytokine production [108,109]. DNTs respond to HCV infection by producing
more than 30 inflammatory mediators. The UTC activation may be driven by inflammatory
cytokines, though it remains to be determined whether they play a role in controlling
liver damage.

The adaptive immune response during HCV infection is illustrated in Figure 3.

The vast genetic diversity and the propensity to evade the host immune responses
represent the main obstacles in the development of an HCV vaccine. However, the evidence
that approximately 25% of HCV acutely infected individuals spontaneously resolve the
infection and that, if reinfected, 80% of these individuals clear viremia indicates that
adaptive immunity against HCV can be induced, and although it is not sterilizing, it can
protect against chronic infection [110].

These data have stimulated the study of the protective immune responses that are
able to control HCV during infection. Early studies on protective immunity pointed to
the important role of cellular as well as humoral immune responses in the control of
HCV infection.

Strong, broad, specific, vigorous, and multispecific CD4+ T helper cells and CD8+ cyto-
toxic T cell responses targeting the non-structural protein of HCV have been detected during
the early stage of the infection in people who spontaneously resolve infection [111,112].
Similar results were obtained in chimpanzees, and in this model, depletion of CD4+ or
CD8+ T cells in the reinfected animals resulted in the persistence of viremia [113,114].

Concerning the humoral immune response, early studies showed that in vitro neutral-
ization of HCV with a rabbit hyperimmune serum raised against HVR1 induced protection
against the homologous HCV infection in chimpanzees but not against the emergence of
neutralization escape mutants [115]. In addition, vaccination with E1 and E2 glycoproteins
could protect chimpanzees from intravenous infection with the autologous virus [116].

The definitive evidence that antibodies could protect from HCV persistent infection in
humans was obtained in studies in which, using autologous HCV pseudoparticles (HCVpp),
a correlation was demonstrated between the presence of neutralizing Abs in the acute
phase of the infection and both control of viremia and spontaneous resolution [117,118].
In addition, using a GT1 HCV pseudoparticle library, it was reported that control of HCV
infection is associated with more rapid development of a broad nAb response, independent
of the infection viral genotype [119].

The development of prophylactic HCV vaccines that have been evaluated in clinical
studies followed two main approaches that were distinguished for their ability to preferen-
tially induce T cell-mediated or humoral immune responses. Induction of T cell responses
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by the vaccine was achieved through the delivery of non-structural HCV antigens by
viral vectors. Induction of HCV-specific antibodies by immunization with recombinant
envelope proteins.

5. B Cell Vaccine

One of the first vaccine candidates against HCV consisted of the GT1la E1 and E2
glycoproteins purified from mammalian Chinese hamster ovary cells. Vaccination of seven
chimpanzees with E1E2 followed by intravenous HCV infection showed that the five
vaccinees that developed high antibody titers were sterilized [116] against homologous
virus infection, whereas the two chimpanzees with low anti-E1E2 antibodies developed a
milder disease.

Reexamination of the sera in the protected chimpanzees revealed that four of the
five protected chimpanzees had significant titers of cross-neutralizing antibodies react-
ing with HCVpp, representing genotypes 1a, 4a, 5a, and 6a [120]. However, when nine
chimpanzee vaccinees were challenged with the GT1la HCV-H strain, although none of
the vaccinated animals was protected against the acute infection, all but one resolved the
infection, demonstrating that the vaccine was able to protect against chronic infection with
either homologous or heterologous HCV GT1a [121].

Clinical testing of the E1/E2 glycoproteins adjuvanted with MF59C.1 (a squalene
oil/water (0/w) emulsion without the presence of additional immunostimulators [122]) in a
phase I randomized, double-blind, placebo-controlled dose-escalation study demonstrated
that the vaccine was well tolerated and that all immunized volunteers developed antibodies
against the glycoproteins gpE1/gpE2 and strong T-helper responses to the vaccine [123].

Investigation of the breath of the neutralization response elicited by vaccination in
eight healthy immunized volunteers revealed that all immune serum samples neutralized
HCVpp expressing the closely related GT1a, the heterologous GT1b, and the more distantly
related GT2a strain, albeit less efficiently [124].

Testing of cross-neutralizing activity against representatives of all major genotypes of
HCV showed that at least 1 of the 16 vaccinees tested developed broad cross-neutralizing
antibodies against all known major genotypes of HCV, although with different efficien-
cies. Although observed in a minority of vaccinees, these results proved the key concept
that a vaccine derived from a single strain of HCV can elicit broad cross-neutralizing
antibodies [125].

Important insights into the characteristics of antibody responses elicited by the re-
combinant E1E2 glycoproteins utilized in the clinical trial were obtained by the analysis of
vaccinated volunteers and after vaccination of non-human primates and mice. In humans
and in the two animal models, the dominant antibody responses elicited by vaccination
were directed against the non-neutralizing epitopes E1 N-terminus and E2 HVR1. In con-
trast, neutralizing antibody responses to the known antigenic sites AS412, AS434, and AR3
were relatively rare. In humans and in NHPs, the nAb antibodies elicited by the vaccine
were mainly directed against AR3, but their level in the blood was insufficient for broad
neutralization [126].

A comparison of the immunoreactivity and antigenicity between the recombinant HCV
GT1a strain H77C envelope glycoprotein heterodimer gpE1/gpE2 and the recombinant
gpE2 alone, derived from an infectious molecular clone (H77C), revealed that gpE1/gpE2
has a stronger binding affinity for a wider range of bnAbs than gpE2 alone. Moreover,
gpE1/gpE2 induced a broader cross-neutralizing antibody response in animal models,
particularly against more heterologous, non-1a genotypes. These findings support the
inclusion of gpE1/gpE2 in the development of an HCV vaccine [127].

6. B Cell Vaccine Optimization by Antigen Modification, Adjuvants and Formulation

The analysis of the characteristics of the antibody response elicited by the E1/E2
vaccine underlined the need to enhance the immunogenicity of the vaccine, possibly
through the modification of the antigens, adjuvants, and formulation.
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Based on the evidence that HVRI1 is immunodominant and can restrict access to
many neutralizing antibodies, it has been proposed that gpE1/gpE2 lacking this domain
could be a better vaccine antigen to induce broadly neutralizing antibodies [128]. A
comparison of the immunogenicities of WT and AHVR1 gpE1/gpE2 in mice showed
that the removal of HVR1 adversely affected the immunogenicity of the glycoprotein.
Although AHVRI1 gpE1/gpE2 induced similar titers of antibodies, AHVR1 gpE1/gpE2
immune serum displayed lower neutralization activity towards the homologous virus.
However, cross-neutralization of G3a, G4a, and G5a viruses was similar for immune sera
from both groups, suggesting that the removal of HVR1 does not affect the generation of
cross-Nabs [128].

Another approach to focusing the immune response on highly conserved nAb epitopes
consisted of the deletion of the three variable regions (HVR1, HVR2, and VR3) from a recom-
binant subdomain of E2, resulting in the generation of a soluble E2 core domain (residues
384-661) that maintained CD81 binding and recognition by human monoclonal antibod-
ies [129]. Immunization of guinea pigs with the high molecular form of the A123 antigen in
the ISCOMATRIX adjuvant elicited distinct antibody specificities with potent and broad
neutralizing activity against all seven HCV genotypes [130].

Optimization of the E2 core protein in terms of antigenicity and stability was obtained
by mutation of seven cysteine residues in the A123 [131].

Since glycosylated asparagine (Asn) residues in E2 play an important role in the mask-
ing of epitopes recognized by broadly neutralizing antibodies, another approach to enhance
envelope glycoprotein immunogenicity consisted of the modification of glycosylated sites
of the proteins [69,132].

Deletion of N-glycans through site-directed mutagenesis and the addition of immune
activator CpG during DNA vaccination induced the highest cellular immune response
compared to the WT E1E2. The anti-serum induced by mouse immunization with the
mutated E1/E2 proteins effectively neutralized the infection of cell-cultured HCV and HCV
pseudoparticles (HCVpp, genotypes 1 to 7) in Huh-7.5.1 hepatocytes [133].

In addjition, the soluble E2 produced in insect cells, which impart mainly paucimannose-
type glycans, was more immunogenic compared to the soluble E2 produced in mammalian
cells, which confer mostly complex- and high-mannose-type glycans [134]. An increase
in the immunostimulatory capacity of a sE2 variant showing the addition of a potential
N-linked glycosylation site and reduced CD81 binding activity (sE2F442NYT) was observed
in mice immunized with an E1/sE2F442NY-mRNA lipid nanoparticle preparation [135].

The selection of an appropriate adjuvant ideally capable of inducing robust, long-
lasting, humoral, and cell-based immune responses is needed for the development of an
efficacious HCV vaccine.

To further improve neutralizing antibody and T-cell responses, the immunogenicity
of HCV rE1/E2 combined with different adjuvants was evaluated in mice. H77 rE1/E2
formulated with Alum/MPLA, MF59, c-di-AMP, or archaeosomes (liposomes based on
archaeal lipids [136,137]) induced neutralizing antibodies able to prevent the entry of
HCVpp expressing GT1a (H77) in an in vitro neutralization assay [138]. Administration of
the antigen in combination with c-di-AMP or archaeosomes induced more robust T-cell
responses compared to those elicited by the Ag with Alum/MPLA. rE1/E2 adjuvanted
with MF59 did not induce T-cell responses. Further studies on different formulations
of sulfated S-lactosylarchaeol (SLA) archaeosomes, whereby E1/E2 were encapsulated
within or admixed with SLA archaeosomes, revealed that the simpler admixed archaeo-
some formulation SLA (Enc) generated strong levels of HCV neutralizing antibodies and
polyfunctional antigen-specific CD4+ T cells producing multiple cytokines such as IFN-y,
TNF-«, and IL-2 [139].

Another approach to improving the immunogenicity of HCV candidate vaccines
consisted of their presentation on nanoparticles. Self-assembled nanoparticles displaying
sE2 on the surface were obtained after the fusion of sE2 with a ferritin unit. The sE2 moiety
on the sE2-ferritin nanoparticle had nearly natural conformation and better affinities than
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the unfused sE2 to neutralize antibodies, receptors, and patient serum. sE2-ferritin was
more potent than sE2 in inducing broadly neutralizing anti-HCV antibodies in immunized
mice [140].

Multiple NP platforms were used to display an optimized version of the sE2 from HCV
GT1a and GTé6a, and their antigenicity and immunogenicity were tested. After redesigning
variable region 2 in a truncated form (tVR2) on E2 cores derived from GT1a and GT6a, the
E2 cores were displayed on ferritin (24-mer), E2p (60-mer), and I3-01 (60-mer) nanoparticle
platforms. The E2 nanoparticles demonstrated high yield, high purity, and enhanced
antigenicity with respect to individual E2 cores. In addition, nanoparticles induced more
effective NADb responses than soluble E2 [141].

Recently, soluble E2E1 trimers were engineered for HCV vaccine development through
the permutation of genes encoding the E1 and E2 subunits. The resulting E2E1 trimers
were presented on two-component nanoparticles, a design that facilitated the creation of
nanoparticle cocktails and mosaic nanoparticles displaying multiple E2E1 trimers simulta-
neously. These mosaic nanoparticles elicited a significant breadth of neutralizing antibodies
after just two immunizations [142].

Virus-like particles (VLPs) constitute another approach to the development of HCV
vaccines. Several HCV VLP-based vaccines have been shown to elicit cross-reactive nAb
and T cell responses in different animal models, including mice and macaques, and to
confer partial protection in chimpanzees [143,144].

More recently, a quadrivalent HCV VLP vaccine containing particles of genotypes
la, 1b, 2a, and 3a has been developed, and it has been shown that it produced strong
antibody and T cell responses in mice and in a pre-clinical large animal model. Indeed,
intradermal vaccination of Landrace pigs with quadrivalent VLP generated durable HCV
multi-genotypic neutralizing antibodies and CMI responses [145,146].

Finally, it has been reported that replication-deficient culture-generated HCV (HCVcc)
more efficiently induced the production of anti-E1 and anti-E2 antibodies compared to
the recombinant E2 glycoproteins in a rodent model [147]. In addition, immunization of
non-human primates with a chimeric GT2a replication-deficient HCV, in combination with
an adjuvant, induced cellular responses and antibodies against HCV structural proteins
that cross-neutralized HCVpp (genotypes 1a, 1b, and 2a) and HCVcc (genotypes 1a, 1b, 2a,
and 3a) [148].

7. T Cell Vaccine

The concept of a prophylactic T-cell vaccine was first demonstrated in a chimpanzee
challenge model [149].

Vaccination with adenoviral vectors and plasmid DNA coding for the non-structural
region (NS3-NS5) of the HCV GT1b protected chimpanzees from acute hepatitis induced
by challenge with a heterologous GT1a virus differing from the vaccine sequence by more
than 13% at the amino acid level. In chimpanzees successfully vaccinated, HCV-specific
T cells emerged earlier, retained greater functionality, and persisted at higher frequencies
for longer periods following the HCV challenge compared to those in mock-vaccinated
chimpanzees. The vaccine-induced T cells exhibited higher expression of CD127, lower
levels of PD-1, and demonstrated multifunctionality compared to infection-induced T
cells [150].

In humans, two T-cell prophylactic vaccines have been tested for immunogenicity.
The first one consisted of the HCV core protein and ISCOMATRIX adjuvant (HCV Core
ISCOMATRIX TM vaccine), while the second vaccine delivered genes encoding NS3, N54,
NS5A, and NS5B within a replicative defective simian adenoviral vector (CHAd3) and a
modified vaccinia Ankara (MVA) vector.

The safety, tolerability, and immunogenicity of the HCV Core ISCOMATRIX TM vac-
cine in healthy individuals were evaluated in a Phase I placebo-controlled dose escalation
clinical study. The vaccine was immunogenic, safe, and well-tolerated. Humoral immune
responses occurred in all subjects, and T cell cytokines were detected in 7 of the 8 partic-
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ipants, while CD8+ T cell responses were only detected in two of the eight participants
receiving the highest dose of HCV core protein, suggesting that the limited CD8+ T cell
immunogenicity of the vaccine could be improved by the use of larger HCV antigens [151].

The development of a viral vector HCV vaccine for humans required preliminary
studies to identify suitable vaccine carriers. Thus, a large collection of replication-defective
adenovirus vectors was generated and screened for several characteristics, including neu-
tralization by human sera, the ability to grow in human cell lines already approved for
clinical studies, and immunological potency. This led to the selection of two of the most
potent chimpanzee adenovirus vectors (ChAd), ChAd3 and ChAd 63, allowing the design
of a vaccination strategy based on heterologous prime-boost modality with serologically
distinct ChAd to maximize immunization strength [152]. The first highly immunogenic
HCV T cell vaccine used a heterologous prime/boost vaccination regimen based on priming
with ChAd3 and boosting with MVA encoding the NS3, NS4, NS5A, and NS5B proteins of
HCV GT1b with an inactivating mutation in the HCV polymerase (ChAd3-NSmut/MVA-
NSmut) [153].

Assessment of the safety and immunogenicity of the vaccine in a phase I trial demon-
strated that ChAd3-NSmut priming followed by MVA-NSmut boosting induced very high
levels of both CD8+ and CD4+ HCV-specific T cells targeting multiple HCV antigens in
healthy volunteers [154].

Sustained expansion of HCV-specific effector memory T cells (Tem) was detected, and
memory T cells showed an improvement in proliferation and polyfunctionality over time.
The T cell responses induced by the vaccine 1b genotype cross-reacted with antigens from
heterologous HCV genotypes, although the frequencies of IFN-y SFCs specific for GT1a
were reduced by about 30% and those specific for GT3a and GT4a by about 70%.

The safety and efficacy of the ChAd3-NSmut/MVA-NSmut vaccine were assessed in a
phase 1-2 randomized, double-blind, placebo-controlled trial conducted between 2012 and
2018. The trial included HCV-uninfected individuals at high risk for HCV infection, who
were randomly assigned to receive an intramuscular injection of either the ChAd3-NSmut
vaccine (2.5 x 100 viral particles) on day 0 and the MVA-NSmut vaccine (1.8 x 108 plaque-
forming units) on day 56 (vaccine group) or a saline placebo on the same days (placebo
group). A total of 548 volunteers were monitored for 20 months post-enrollment and for
9 months post-infection. Of these, 202 participants in the vaccine group and 199 in the
placebo group were followed until either chronic infection or trial completion. A total of
14 participants in each group developed chronic HCV infection, indicating that the vaccine
regimen did not prevent chronic infection. However, the vaccine-induced HCV-specific
T-cell responses reduced peak HCV RNA levels and did not result in serious adverse
events [155].

Finally, targeting Tth cells represents a novel strategy in the development of HCV
vaccines aimed at enhancing the quality of the humoral immune response. Recent vaccine
designs incorporate antigens that specifically stimulate Tfh responses. For instance, viral
vector-based vaccines have shown the potential to induce robust Tfh responses, leading to
the generation of potent bnAbs against HCV [156]. Additionally, studies have demonstrated
that virus-specific CD4+ T cells in both acute and chronic HCV infections exhibit functional
and phenotypic characteristics of Tth cells, suggesting that targeting these cells could
be a promising approach for vaccine development [90]. This approach addresses the
challenge posed by HCV’s high mutation rate, aiming to provide long-lasting immunity
and protection across diverse viral strains.

8. Conclusions

HCV infection represents a relevant public health problem, causing chronic infection
in 75% of cases. Therapy with pangenotypic DAA leads to the eradication of the virus in
>90% of cases; however, it does not eliminate the possibility of developing hepatocellular
carcinoma (HCC). Furthermore, reinfections cannot be avoided, and this is a significant
problem, especially in some categories, such as drug users. Therefore, the development
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of a vaccine is still a main subject in HCV infection management. However, this is a great
challenge due to the high genetic variability and mutational escape of the virus. At present,
the development of prophylactic HCV vaccines that have been evaluated in clinical studies
followed two main approaches that were distinguished for their ability to preferentially
induce T cell-mediated or humoral immune responses. The most advanced B cell-targeting
vaccine consisted of the E1/E2 heterodimer. The vaccine induced neutralizing antibodies,
but their level in the blood was insufficient for broad neutralization.

Reverse Vaccinology and Structure-Based Vaccine Design have been used to optimize
the response to the vaccine, but the results are not yet definitive [157-159].

Even vaccines capable of stimulating the T response with broader efficacy against
different HCV genotypes have not given satisfactory results. In humans, two T-cell pro-
phylactic vaccines have been tested. The first one consisted of the HCV core protein and
ISCOMATRIX adjuvant, while the second vaccine delivered genes encoding NS3, NS4,
NS5A, and NS5B within a replicative defective simian adenoviral vector (CHAd3) and
MVA vector. In the first case, the CD8+ T cell response was modest, so much so that in one
patient, no appreciable response was observed, while in the second case, the CD8+ T cell
response was more sustained; however, a non-negligible part of the subjects to whom the
vaccine was administered (14/202) developed a chronic HCV infection, suggesting that the
success of a future protective vaccine may rely on its ability to engage both humoral and
cellular immune responses.

Author Contributions: Funding acquisition: A.R.G. and P.D.P.; writing—original draft: A.R.G. and
P.D.P; writing—review and editing: S.P., V.Z., and PD.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by a public grant, “Ricerca Corrente linea epatiti”, Ministero
della Salute, Italy.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Mohd Hanafiah, K.; Groeger, J.; Flaxman, A.D.; Wiersma, S.T. Global epidemiology of hepatitis C virus infection: New estimates
of age-specific antibody to HCV seroprevalence. Hepatology 2013, 57, 1333-1342. [CrossRef] [PubMed]

2. Blach, S.; Zeuzem, S.; Manns, M.; Altraif, I.; Duberg, A.-S.; Muljono, D.H.; Waked, I.; Alavian, S.M.; Lee, M.-H.; Negro, F.; et al.
Global prevalence and genotype distribution of hepatitis C virus infection in 2015: A modelling study. Lancet Gastroenterol.
Hepatol. 2017, 2, 161-176. [CrossRef] [PubMed]

3. World Health Organization (WHO). Global Hepatitis Report 2017; World Health Organization: Geneva, Switzerland, 2017.

4.  Ghiglione, Y.; Polo, M.L.; Urioste, A.; Rhodes, A.; Czernikier, A.; Trifone, C.; Quiroga, M.E; Sisto, A.; Patterson, P.; Salomén,
H.; et al. Hepatitis C Virus (HCV) Clearance After Treatment With Direct-Acting Antivirals in Human Immunodeficiency Virus
(HIV)-HCV Coinfection Modulates Systemic Immune Activation and HIV Transcription on Antiretroviral Therapy. Open Forum
Infect. Dis. 2020, 7, ofaall5. [CrossRef] [PubMed]

5. Galle, PR;; Forner, A.; Llovet, ].M.; Mazzaferro, V.; Piscaglia, F.; Raoul, J.-L.; Schirmacher, P,; Vilgrain, V. EASL Clinical Practice
Guidelines: Management of hepatocellular carcinoma. J. Hepatol. 2018, 69, 182-236. [CrossRef]

6.  Petrick, J.L.; Florio, A.A.; Znaor, A.; Ruggieri, D.; Laversanne, M.; Alvarez, C.S.; Ferlay, J.; Valery, P.C.; Bray, F.; McGlynn, K.A.
International trends in hepatocellular carcinoma incidence, 1978-2012. Int. J. Cancer 2020, 147, 317-330. [CrossRef] [PubMed]

7. Adee, M.; Zhong, H.; Reipold, E.I.; Zhuo, Y.; Shilton, S.; Chhatwal, J. Cost-Effectiveness of a Core Antigen-Based Rapid Diagnostic
Test for Hepatitis C. Value Health 2022, 25, 1107-1115. [CrossRef]

8. Tong, M.].; El-Farra, N.S.; Reikes, A.R.; Co, R.L. Clinical Outcomes after Transfusion-Associated Hepatitis C. N. Engl. J. Med. 1995,
332, 1463-1466. [CrossRef]

9. Wiese, M.; Berr, F.; Lafrenz, M.; Porst, H.; Oesen, U. Low frequency of cirrhosis in a hepatitis C(genotype 1b) single-source
outbreak in germany: A 20-year multicenter study. Hepatology 2000, 32, 91-96. [CrossRef] [PubMed]

10. Thein, H.-H.; Yi, Q.; Dore, G.J.; Krahn, M.D. Estimation of stage-specific fibrosis progression rates in chronic hepatitis C virus
infection: A meta-analysis and meta-regression. Hepatology 2008, 48, 418—431. [CrossRef]

11.  Pradat, P; Voirin, N.; Tillmann, H.L.; Chevallier, M.; Trépo, C. Progression to cirrhosis in hepatitis C patients: An age-dependent
process. Liver Int. 2007, 27, 335-339. [CrossRef]

12.  Jacobson, L.M.; Davis, G.L.; El-Serag, H.; Negro, E; Trépo, C. Prevalence and challenges of liver diseases in patients with chronic

hepatitis C virus infection. Clin. Gastroenterol. Hepatol. 2010, 8, 924-933; quiz e117. [CrossRef] [PubMed]


https://doi.org/10.1002/hep.26141
https://www.ncbi.nlm.nih.gov/pubmed/23172780
https://doi.org/10.1016/S2468-1253(16)30181-9
https://www.ncbi.nlm.nih.gov/pubmed/28404132
https://doi.org/10.1093/ofid/ofaa115
https://www.ncbi.nlm.nih.gov/pubmed/32391403
https://doi.org/10.1016/j.jhep.2018.03.019
https://doi.org/10.1002/ijc.32723
https://www.ncbi.nlm.nih.gov/pubmed/31597196
https://doi.org/10.1016/j.jval.2022.01.004
https://doi.org/10.1056/NEJM199506013322202
https://doi.org/10.1053/jhep.2000.8169
https://www.ncbi.nlm.nih.gov/pubmed/10869294
https://doi.org/10.1002/hep.22375
https://doi.org/10.1111/j.1478-3231.2006.01430.x
https://doi.org/10.1016/j.cgh.2010.06.032
https://www.ncbi.nlm.nih.gov/pubmed/20713178

Viruses 2024, 16, 1337 14 of 20

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

Santiago, A.M.; da Silva Graga Amoras, E.; Queiroz, M.A.F; da Silva Conde, S.R.S.; Cayres-Vallinoto, LM.V.; Ishak, R.; Vallinoto,
A.C.R. TNFA -308G>A and IL10 -1082A>G polymorphisms seem to be predictive biomarkers of chronic HCV infection. BMC
Infect. Dis. 2021, 21, 1133. [CrossRef] [PubMed]

Echeverria, N.; Chiodi, D.; Lépez, P.; Sanchez Ciceron, A.; Angulo, J.; Lépez-Lastra, M; Silvera, P.; Canavesi, A.; Bianchi, C,;
Colistro, V.; et al. IL28B gene polymorphism rs12979860, but not rs8099917, contributes to the occurrence of chronic HCV infection
in Uruguayan patients. Virol. J. 2018, 15, 40. [CrossRef] [PubMed]

Afdhal, N.; Zeuzem, S.; Kwo, P.; Chojkier, M.; Gitlin, N.; Puoti, M.; Romero-Gomez, M.; Zarski, ].-P.; Agarwal, K.; Buggisch,
P; et al. Ledipasvir and sofosbuvir for untreated HCV genotype 1 infection. N. Engl. ]. Med. 2014, 370, 1889-1898. [CrossRef]
[PubMed]

Leroy, V.; Angus, P.; Bronowicki, J.-P.; Dore, G.J.; Hezode, C.; Pianko, S.; Pol, S.; Stuart, K.; Tse, E.; McPhee, F; et al. Daclatasvir,
sofosbuvir, and ribavirin for hepatitis C virus genotype 3 and advanced liver disease: A randomized phase III study (ALLY-3+).
Hepatology 2016, 63, 1430-1441. [CrossRef]

Aghemo, A.; De Francesco, R. New horizons in hepatitis C antiviral therapy with direct-acting antivirals. Hepatology 2013, 58,
428-438. [CrossRef] [PubMed]

Guntipalli, P,; Pakala, R.; Kumari Gara, S.; Ahmed, F.; Bhatnagar, A.; Endaya Coronel, M.-K,; Razzack, A.A.; Solimando,
A.G.; Thompson, A.; Andrews, K,; et al. Worldwide prevalence, genotype distribution and management of hepatitis C. Acta
Gastro-Enterol. Belg. 2021, 84, 637-656. [CrossRef]

Islam, N.; Krajden, M.; Shoveller, J.; Gustafson, P; Gilbert, M.; Buxton, J.A.; Wong, J.; Tyndall, M.W.; Janjua, N.Z. Incidence, risk
factors, and prevention of hepatitis C reinfection: A population-based cohort study. Lancet Gastroenterol. Hepatol. 2017, 2, 200-210.
[CrossRef]

Craine, N.; Hickman, M.; Parry, J.V.; Smith, J.; Walker, A.M.; Russell, D.; Nix, B.; May, M.; McDonald, T.; Lyons, M. Incidence of
hepatitis C in drug injectors: The role of homelessness, opiate substitution treatment, equipment sharing, and community size.
Epidemiol. Infect. 2009, 137, 1255-1265. [CrossRef]

Falade-Nwulia, O.; Sulkowski, M.S.; Merkow, A.; Latkin, C.; Mehta, S.H. Understanding and addressing hepatitis C reinfection in
the oral direct-acting antiviral era. |. Viral Hepat. 2018, 25, 220-227. [CrossRef]

Singal, A.G.; Lim, ] K.; Kanwal, F. AGA Clinical Practice Update on Interaction Between Oral Direct-Acting Antivirals for Chronic
Hepatitis C Infection and Hepatocellular Carcinoma: Expert Review. Gastroenterology 2019, 156, 2149-2157. [CrossRef] [PubMed]
Reig, M.; Marifio, Z.; Perell6, C.; Ifarrairaegui, M.; Ribeiro, A.; Lens, S.; Diaz, A.; Vilana, R.; Darnell, A.; Varela, M.; et al.
Unexpected high rate of early tumor recurrence in patients with HCV-related HCC undergoing interferon-free therapy. J. Hepatol.
2016, 65, 719-726. [CrossRef] [PubMed]

Moradpour, D.; Penin, F.; Rice, C.M. Replication of hepatitis C virus. Nat. Rev. Microbiol. 2007, 5, 453-463. [CrossRef] [PubMed]
Lapa, D.; Garbuglia, A.R.; Capobianchi, M.R.; Del Porto, P. Hepatitis C Virus Genetic Variability, Human Immune Response, and
Genome Polymorphisms: Which Is the Interplay? Cells 2019, 8, 305. [CrossRef] [PubMed]

Thomas, H.C.; Lemon, S.M.; Zuckerman, A.]J. Viral Hepatitis, 3rd ed.; Blackwell Publishing: Malden, MA, USA, 2005; ISBN
978-0-470-98713-1.

Cuevas, ].M.; Gonzalez-Candelas, F; Moya, A.; Sanjuan, R. Effect of ribavirin on the mutation rate and spectrum of hepatitis C
virus in vivo. J. Virol. 2009, 83, 5760-5764. [CrossRef]

Sanjuan, R.; Nebot, M.R.; Chirico, N.; Mansky, L.M.; Belshaw, R. Viral mutation rates. J. Virol. 2010, 84, 9733-9748. [CrossRef]
Wang, G.P; Sherrill-Mix, S.A.; Chang, K.-M.; Quince, C.; Bushman, F.D. Hepatitis C virus transmission bottlenecks analyzed by
deep sequencing. J. Virol. 2010, 84, 6218-6228. [CrossRef]

Nakano, T.; Lau, GM.G.; Lau, G.M.L.; Sugiyama, M.; Mizokami, M. An updated analysis of hepatitis C virus genotypes and
subtypes based on the complete coding region. Liver Int. 2012, 32, 339-345. [CrossRef]

Smith, D.B.; Bukh, J.; Kuiken, C.; Muerhoff, A.S.; Rice, C.M.; Stapleton, ].T.; Simmonds, P. Expanded classification of hepatitis C
virus into 7 genotypes and 67 subtypes: Updated criteria and genotype assignment web resource. Hepatology 2014, 59, 318-327.
[CrossRef]

Choo, Q.L.; Richman, K.H.; Han, ]J.H.; Berger, K.; Lee, C.; Dong, C.; Gallegos, C.; Coit, D.; Medina-Selby, R.; Barr, P.J. Genetic
organization and diversity of the hepatitis C virus. Proc. Natl. Acad. Sci. USA 1991, 88, 2451-2455. [CrossRef]

Simmonds, P.; Bukh, J.; Combet, C.; Deléage, G.; Enomoto, N.; Feinstone, S.; Halfon, P.; Inchauspé, G.; Kuiken, C.; Maertens,
G.; et al. Consensus proposals for a unified system of nomenclature of hepatitis C virus genotypes. Hepatology 2005, 42, 962-973.
[CrossRef] [PubMed]

Kuiken, C.; Yusim, K.; Boykin, L.; Richardson, R. The Los Alamos hepatitis C sequence database. Bioinformatics 2005, 21, 379-384.
[CrossRef]

Hedskog, C.; Parhy, B.; Chang, S.; Zeuzem, S.; Moreno, C.; Shafran, S.D.; Borgia, S.M.; Asselah, T.; Alric, L.; Abergel, A.; et al.
Identification of 19 Novel Hepatitis C Virus Subtypes-Further Expanding HCV Classification. Open Forum Infect. Dis. 2019, 6,
0fz076. [CrossRef] [PubMed]

Kuiken, C.; Combet, C.; Bukh, J.; Shin-I, T.; Deleage, G.; Mizokami, M.; Richardson, R.; Sablon, E.; Yusim, K.; Pawlotsky, ].-M.; et al.
A comprehensive system for consistent numbering of HCV sequences, proteins and epitopes. Hepatology 2006, 44, 1355-1361.
[CrossRef]


https://doi.org/10.1186/s12879-021-06835-9
https://www.ncbi.nlm.nih.gov/pubmed/34732154
https://doi.org/10.1186/s12985-018-0946-2
https://www.ncbi.nlm.nih.gov/pubmed/29499724
https://doi.org/10.1056/NEJMoa1402454
https://www.ncbi.nlm.nih.gov/pubmed/24725239
https://doi.org/10.1002/hep.28473
https://doi.org/10.1002/hep.26371
https://www.ncbi.nlm.nih.gov/pubmed/23467911
https://doi.org/10.51821/84.4.015
https://doi.org/10.1016/S2468-1253(16)30182-0
https://doi.org/10.1017/S095026880900212X
https://doi.org/10.1111/jvh.12859
https://doi.org/10.1053/j.gastro.2019.02.046
https://www.ncbi.nlm.nih.gov/pubmed/30878469
https://doi.org/10.1016/j.jhep.2016.04.008
https://www.ncbi.nlm.nih.gov/pubmed/27084592
https://doi.org/10.1038/nrmicro1645
https://www.ncbi.nlm.nih.gov/pubmed/17487147
https://doi.org/10.3390/cells8040305
https://www.ncbi.nlm.nih.gov/pubmed/30987134
https://doi.org/10.1128/JVI.00201-09
https://doi.org/10.1128/JVI.00694-10
https://doi.org/10.1128/JVI.02271-09
https://doi.org/10.1111/j.1478-3231.2011.02684.x
https://doi.org/10.1002/hep.26744
https://doi.org/10.1073/pnas.88.6.2451
https://doi.org/10.1002/hep.20819
https://www.ncbi.nlm.nih.gov/pubmed/16149085
https://doi.org/10.1093/bioinformatics/bth485
https://doi.org/10.1093/ofid/ofz076
https://www.ncbi.nlm.nih.gov/pubmed/30949527
https://doi.org/10.1002/hep.21377

Viruses 2024, 16, 1337 15 of 20

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Spach, D.H. HCV Epidemiology in the United States-Lesson I-Hepatitis C. Available online: https:/ /www.hepatitisc.uw.edu/go/
screening-diagnosis/epidemiology-us (accessed on 17 July 2024).

Messina, J.P.; Humphreys, I.; Flaxman, A.; Brown, A.; Cooke, G.S.; Pybus, O.G.; Barnes, E. Global distribution and prevalence of
hepatitis C virus genotypes. Hepatology 2015, 61, 77-87. [CrossRef]

Tsukiyama-Kohara, K.; Kohara, M. Hepatitis C Virus: Viral Quasispecies and Genotypes. Int. |. Mol. Sci. 2017, 19, 23. [CrossRef]
Murphy, D.G.; Sablon, E.; Chamberland, ]J.; Fournier, E.; Dandavino, R.; Tremblay, C.L. Hepatitis C virus genotype 7, a new
genotype originating from central Africa. J. Clin. Microbiol. 2015, 53, 967-972. [CrossRef]

Borgia, S.M.; Hedskog, C.; Parhy, B.; Hyland, R.H.; Stamm, L.M.; Brainard, D.M.; Subramanian, M.G.; McHutchison, J.G.; Mo,
H.; Svarovskaia, E.; et al. Identification of a Novel Hepatitis C Virus Genotype From Punjab, India: Expanding Classification of
Hepatitis C Virus Into 8 Genotypes. J. Infect. Dis. 2018, 218, 1722-1729. [CrossRef] [PubMed]

Kalinina, O.; Norder, H.; Magnius, L.O. Full-length open reading frame of a recombinant hepatitis C virus strain from St
Petersburg: Proposed mechanism for its formation. J. Gen. Virol. 2004, 85, 1853-1857. [CrossRef]

Kalinina, O.; Norder, H.; Mukomolov, S.; Magnius, L.O. A natural intergenotypic recombinant of hepatitis C virus identified in St.
Petersburg. J. Virol. 2002, 76, 4034-4043. [CrossRef] [PubMed]

Colina, R.; Casane, D.; Vasquez, S.; Garcia-Aguirre, L.; Chunga, A.; Romero, H.; Khan, B.; Cristina, J. Evidence of intratypic
recombination in natural populations of hepatitis C virus. J. Gen. Virol. 2004, 85, 31-37. [CrossRef] [PubMed]

Dieterich, D.T.; Rizzetto, M.; Manns, M.P. Management of chronic hepatitis C patients who have relapsed or not responded to
pegylated interferon alfa plus ribavirin. J. Viral Hepat. 2009, 16, 833-843. [CrossRef] [PubMed]

Keck, M.-L.; Wrensch, F; Pierce, B.G.; Baumert, T.F.; Foung, S.K.H. Mapping Determinants of Virus Neutralization and Viral
Escape for Rational Design of a Hepatitis C Virus Vaccine. Front. Immunol. 2018, 9, 1194. [CrossRef] [PubMed]

Goffard, A.; Dubuisson, J. Glycosylation of hepatitis C virus envelope proteins. Biochimie 2003, 85, 295-301. [CrossRef]
Benedicto, I.; Molina-Jiménez, F,; Barreiro, O.; Maldonado-Rodriguez, A.; Prieto, J.; Moreno-Otero, R.; Aldabe, R.; Lépez-Cabrera,
M.; Majano, P.L. Hepatitis C virus envelope components alter localization of hepatocyte tight junction-associated proteins and
promote occludin retention in the endoplasmic reticulum. Hepatology 2008, 48, 1044-1053. [CrossRef]

Meertens, L.; Bertaux, C.; Cukierman, L.; Cormier, E.; Lavillette, D.; Cosset, E-L.; Dragic, T. The tight junction proteins claudin-1,
-6, and -9 are entry cofactors for hepatitis C virus. . Virol. 2008, 82, 3555-3560. [CrossRef]

Aebi-Popp, K.; Wandeler, G.; Salazar-Vizcaya, L.; Metzner, K.; Stockle, M.; Cavassini, M.; Hoffmann, M.; Liithi, A.; Suter, F,;
Bernasconi, E.; et al. Rapid decline of anti-hepatitis C virus (HCV) antibodies following early treatment of incident HCV infections
in HIV-infected men who have sex with men. HIV Med. 2018, 19, 420-425. [CrossRef] [PubMed]

Strasak, A.M.; Kim, A.Y.; Lauer, G.M.; de Sousa, P.S.; Ginuino, C.E; Fernandes, C.A.; Velloso, C.E.; de Almeida, A.].; de Oliveira,
J.M.; Yoshida, C.E,; et al. Antibody dynamics and spontaneous viral clearance in patients with acute hepatitis C infection in Rio
de Janeiro, Brazil. BMC Infect. Dis. 2011, 11, 15. [CrossRef]

Dahari, H.; Feinstone, S.M.; Major, M.E. Meta-analysis of hepatitis C virus vaccine efficacy in chimpanzees indicates an importance
for structural proteins. Gastroenterology 2010, 139, 965-974. [CrossRef]

Law, M. Antibody Responses in Hepatitis C Infection. Cold Spring Harb. Perspect. Med. 2021, 11, a036962. [CrossRef] [PubMed]
Tzarum, N.; Wilson, I.A.; Law, M. The Neutralizing Face of Hepatitis C Virus E2 Envelope Glycoprotein. Front. Immunol. 2018, 9,
1315. [CrossRef] [PubMed]

Kong, L.; Giang, E.; Nieusma, T.; Kadam, R.U.; Cogburn, K.E.; Hua, Y.; Dai, X,; Stanfield, R.L.; Burton, D.R.; Ward, A.B.; et al.
Hepatitis C virus E2 envelope glycoprotein core structure. Science 2013, 342, 1090-1094. [CrossRef] [PubMed]

Ruwona, T.B.; Giang, E.; Nieusma, T.; Law, M. Fine mapping of murine antibody responses to immunization with a novel soluble
form of hepatitis C virus envelope glycoprotein complex. J. Virol. 2014, 88, 10459-10471. [CrossRef] [PubMed]

Sevvana, M.; Keck, Z.; Foung, S.K.; Kuhn, R.J. Structural perspectives on HCV humoral immune evasion mechanisms. Curr. Opin.
Virol. 2021, 49, 92-101. [CrossRef] [PubMed]

Tarr, A\W.; Owsianka, A.M.; Timms, ].M.; McClure, C.P; Brown, R.J.P,; Hickling, T.P,; Pietschmann, T.; Bartenschlager, R.; Patel,
A.H.; Ball, ]. K. Characterization of the hepatitis C virus E2 epitope defined by the broadly neutralizing monoclonal antibody
AP33. Hepatology 2006, 43, 592-601. [CrossRef] [PubMed]

Keck, Z.; Xia, J.; Wang, Y.; Wang, W.; Krey, T.; Prentoe, J.; Carlsen, T.; Li, A.Y.-]; Patel, A.H.; Lemon, S.M.; 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. 2012, 8, €1002653. [CrossRef] [PubMed]

Keck, Z.-Y,; Saha, A.; Xia, J.; Wang, Y; Lau, P; Krey, T,; Rey, FA.; Foung, S.K.H. Mapping a region of hepatitis C virus E2 that is
responsible for escape from neutralizing antibodies and a core CD81-binding region that does not tolerate neutralization escape
mutations. J. Virol. 2011, 85, 10451-10463. [CrossRef]

Colbert, M.D,; Flyak, A.L; Ogega, C.O.; Kinchen, V.J.; Massaccesi, G.; Hernandez, M.; Davidson, E.; Doranz, B.J.; Cox, A.L.; Crowe,
J.E.; et al. Broadly Neutralizing Antibodies Targeting New Sites of Vulnerability in Hepatitis C Virus E1E2. ]. Virol. 2019, 93,
€02070-18. [CrossRef]

Shimizu, Y.K.; Hijikata, M.; Iwamoto, A.; Alter, H.].; Purcell, R.H.; Yoshikura, H. Neutralizing antibodies against hepatitis C virus
and the emergence of neutralization escape mutant viruses. J. Virol. 1994, 68, 1494-1500. [CrossRef]

Kato, N.; Sekiya, H.; Ootsuyama, Y.; Nakazawa, T.; Hijikata, M.; Ohkoshi, S.; Shimotohno, K. Humoral immune response to
hypervariable region 1 of the putative envelope glycoprotein (gp70) of hepatitis C virus. . Virol. 1993, 67, 3923-3930. [CrossRef]


https://www.hepatitisc.uw.edu/go/screening-diagnosis/epidemiology-us
https://www.hepatitisc.uw.edu/go/screening-diagnosis/epidemiology-us
https://doi.org/10.1002/hep.27259
https://doi.org/10.3390/ijms19010023
https://doi.org/10.1128/JCM.02831-14
https://doi.org/10.1093/infdis/jiy401
https://www.ncbi.nlm.nih.gov/pubmed/29982508
https://doi.org/10.1099/vir.0.79984-0
https://doi.org/10.1128/JVI.76.8.4034-4043.2002
https://www.ncbi.nlm.nih.gov/pubmed/11907242
https://doi.org/10.1099/vir.0.19472-0
https://www.ncbi.nlm.nih.gov/pubmed/14718617
https://doi.org/10.1111/j.1365-2893.2009.01218.x
https://www.ncbi.nlm.nih.gov/pubmed/19889142
https://doi.org/10.3389/fimmu.2018.01194
https://www.ncbi.nlm.nih.gov/pubmed/29904384
https://doi.org/10.1016/S0300-9084(03)00004-X
https://doi.org/10.1002/hep.22465
https://doi.org/10.1128/JVI.01977-07
https://doi.org/10.1111/hiv.12602
https://www.ncbi.nlm.nih.gov/pubmed/29573533
https://doi.org/10.1186/1471-2334-11-15
https://doi.org/10.1053/j.gastro.2010.05.077
https://doi.org/10.1101/cshperspect.a036962
https://www.ncbi.nlm.nih.gov/pubmed/32341067
https://doi.org/10.3389/fimmu.2018.01315
https://www.ncbi.nlm.nih.gov/pubmed/29951061
https://doi.org/10.1126/science.1243876
https://www.ncbi.nlm.nih.gov/pubmed/24288331
https://doi.org/10.1128/JVI.01584-14
https://www.ncbi.nlm.nih.gov/pubmed/24965471
https://doi.org/10.1016/j.coviro.2021.05.002
https://www.ncbi.nlm.nih.gov/pubmed/34091143
https://doi.org/10.1002/hep.21088
https://www.ncbi.nlm.nih.gov/pubmed/16496330
https://doi.org/10.1371/journal.ppat.1002653
https://www.ncbi.nlm.nih.gov/pubmed/22511875
https://doi.org/10.1128/JVI.05259-11
https://doi.org/10.1128/JVI.02070-18
https://doi.org/10.1128/jvi.68.3.1494-1500.1994
https://doi.org/10.1128/jvi.67.7.3923-3930.1993

Viruses 2024, 16, 1337 16 of 20

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

Weiner, A.J.; Geysen, H.M.; Christopherson, C.; Hall, J.E.; Mason, T.J.; Saracco, G.; Bonino, F.; Crawford, K.; Marion, C.D;
Crawford, K.A. Evidence for immune selection of hepatitis C virus (HCV) putative envelope glycoprotein variants: Potential role
in chronic HCV infections. Proc. Natl. Acad. Sci. USA 1992, 89, 3468-3472. [CrossRef] [PubMed]

Dowd, K.A.; Netski, D.M.; Wang, X.-H.; Cox, A.L.; Ray, S.C. Selection pressure from neutralizing antibodies drives sequence
evolution during acute infection with hepatitis C virus. Gastroenterology 2009, 136, 2377-2386. [CrossRef] [PubMed]

Prentoe, ].; Velazquez-Moctezuma, R.; Augestad, E.H.; Galli, A.; Wang, R.; Law, M.; Alter, H.; Bukh, J. Hypervariable region 1 and
N-linked glycans of hepatitis C regulate virion neutralization by modulating envelope conformations. Proc. Natl. Acad. Sci. USA
2019, 116, 10039-10047. [CrossRef]

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

Wang, Y.; Keck, Z.-Y.; Foung, S.K.H. Neutralizing Antibody Response to Hepatitis C Virus. Viruses 2011, 3, 2127-2145. [CrossRef]
[PubMed]

Helle, F.; Goffard, A.; Morel, V.; Duverlie, G.; McKeating, J.; Keck, Z.-Y.; Foung, S.; Penin, F,; Dubuisson, J.; Voisset, C. The
neutralizing activity of anti-hepatitis C virus antibodies is modulated by specific glycans on the E2 envelope protein. J. Virol.
2007, 81, 8101-8111. [CrossRef] [PubMed]

Falkowska, E.; Kajumo, F.; Garcia, E.; Reinus, J.; Dragic, T. Hepatitis C virus envelope glycoprotein E2 glycans modulate entry,
CD81 binding, and neutralization. J. Virol. 2007, 81, 8072-8079. [CrossRef] [PubMed]

Thomssen, R.; Bonk, S.; Propfe, C.; Heermann, K.H.; Kochel, H.G.; Uy, A. Association of hepatitis C virus in human sera with
beta-lipoprotein. Med. Microbiol. Immunol. 1992, 181, 293-300. [CrossRef] [PubMed]

Zhang, P; Wu, C.G.; Mihalik, K.; Virata, M.L.; Yu, M.-Y.W.; Alter, H.]J.; Feinstone, S.M. Hepatitis C virus epitope-specific
neutralizing antibodies in Igs prepared from human plasma. Proc. Natl. Acad. Sci. USA 2007, 104, 8449-8454. [CrossRef]
Zhang, P; Zhong, L.; Struble, E.B.; Watanabe, H.; Kachko, A.; Mihalik, K.; Virata, M.L.; Alter, H.J.; Feinstone, S.; Major, M.
Depletion of interfering antibodies in chronic hepatitis C patients and vaccinated chimpanzees reveals broad cross-genotype
neutralizing activity. Proc. Natl. Acad. Sci. USA 2009, 106, 7537-7541. [CrossRef]

Walker, M.R,; Leung, P;; Eltahla, A.A.; Underwood, A.; Abayasingam, A.; Brasher, N.A.; Li, H.; Wu, B.-R.; Maher, L.; Luciani,
F.; et al. Clearance of hepatitis C virus is associated with early and potent but narrowly-directed, Envelope-specific antibodies.
Sci. Rep. 2019, 9, 13300. [CrossRef] [PubMed]

Tarr, A.W.; Urbanowicz, R.A.; Hamed, M.R,; Albecka, A.; McClure, C.P.; Brown, R]J.P; Irving, W.L.; Dubuisson, ].; Ball, ].K.
Hepatitis C patient-derived glycoproteins exhibit marked differences in susceptibility to serum neutralizing antibodies: Genetic
subtype defines antigenic but not neutralization serotype. J. Virol. 2011, 85, 4246—4257. [CrossRef] [PubMed]

Bhandari, R.; Morey, S.; Hamoodi, A.; Thompson, C.; Jones, D.; Hewett, M.; Hunter, E.; Taha, Y.; McPherson, S. High rate of
hepatitis C reinfection following antiviral treatment in the North East England Prisons. |. Viral Hepat. 2020, 27, 449-452. [CrossRef]
[PubMed]

Brasher, N.A.; Eltahla, A.A.; Underwood, A.; Boo, I; Rizzetto, S.; Walker, M.R.; Rodrigo, C.; Luciani, F; Maher, L.; Drummer, H.E,;
et al. B cell immunodominance in primary hepatitis C virus infection. J. Hepatol. 2020, 72, 670-679. [CrossRef] [PubMed]
Kinchen, VJ.; Massaccesi, G.; Flyak, A.L; Mankowski, M.C.; Colbert, M.D.; Osburn, W.O.; Ray, S.C.; Cox, A.L.; Crowe, ].E.; Bailey,
J.R. Plasma deconvolution identifies broadly neutralizing antibodies associated with hepatitis C virus clearance. J. Clin. Investig.
2019, 129, 4786-4796. [CrossRef] [PubMed]

Thimme, R.; Oldach, D.; Chang, K.M; Steiger, C.; Ray, S.C.; Chisari, F.V. Determinants of viral clearance and persistence during
acute hepatitis C virus infection. J. Exp. Med. 2001, 194, 1395-1406. [CrossRef]

Thimme, R.; Bukh, J.; Spangenberg, H.C.; Wieland, S.; Pemberton, J.; Steiger, C.; Govindarajan, S.; Purcell, R.H.; Chisari, EV. Viral
and immunological determinants of hepatitis C virus clearance, persistence, and disease. Proc. Natl. Acad. Sci. USA 2002, 99,
15661-15668. [CrossRef]

Holz, L.; Rehermann, B. T cell responses in hepatitis C virus infection: Historical overview and goals for future research. Antivir.
Res. 2015, 114, 96-105. [CrossRef]

Schulze Zur Wiesch, J.; Ciuffreda, D.; Lewis-Ximenez, L.; Kasprowicz, V.; Nolan, B.E.; Streeck, H.; Aneja, J.; Reyor, L.L.; Allen,
T.M.; Lohse, A.W.,; et al. Broadly directed virus-specific CD4+ T cell responses are primed during acute hepatitis C infection, but
rapidly disappear from human blood with viral persistence. J. Exp. Med. 2012, 209, 61-75. [CrossRef] [PubMed]

Cox, A.L.; Mosbruger, T.; Lauer, G.M.; Pardoll, D.; Thomas, D.L.; Ray, S.C. Comprehensive Analyses of CD8+ T Cell Responses
during Longitudinal Study of Acute Human Hepatitis C. Hepatology 2005, 42, 104-112. [CrossRef]

Raziorrouh, B.; Ulsenheimer, A.; Schraut, W.; Heeg, M.; Kurktschiev, P.; Zachoval, R.; Jung, M.-C.; Thimme, R.; Neumann-Haefelin,
C.; Horster, S.; et al. Inhibitory molecules that regulate expansion and restoration of HCV-specific CD4+ T cells in patients with
chronic infection. Gastroenterology 2011, 141, 1422-1431.e6. [CrossRef] [PubMed]

Schmitt, N.; Ueno, H. Regulation of human helper T cell subset differentiation by cytokines. Curr. Opin. Immunol. 2015, 34,
130-136. [CrossRef] [PubMed]

Lu, L.; Barbi, J.; Pan, E. The regulation of immune tolerance by FOXP3. Nat. Rev. Immunol. 2017, 17, 703-717. [CrossRef] [PubMed]
Claassen, M.A.A.; de Knegt, R.J.; Tilanus, H.W.; Janssen, H.L.A.; Boonstra, A. Abundant numbers of regulatory T cells localize to
the liver of chronic hepatitis C infected patients and limit the extent of fibrosis. ]. Hepatol. 2010, 52, 315-321. [CrossRef] [PubMed]
Veldhoen, M. Interleukin 17 is a chief orchestrator of immunity. Nat. Immunol. 2017, 18, 612—-621. [CrossRef]


https://doi.org/10.1073/pnas.89.8.3468
https://www.ncbi.nlm.nih.gov/pubmed/1314389
https://doi.org/10.1053/j.gastro.2009.02.080
https://www.ncbi.nlm.nih.gov/pubmed/19303013
https://doi.org/10.1073/pnas.1822002116
https://doi.org/10.1002/hep.28705
https://doi.org/10.3390/v3112127
https://www.ncbi.nlm.nih.gov/pubmed/22163337
https://doi.org/10.1128/JVI.00127-07
https://www.ncbi.nlm.nih.gov/pubmed/17522218
https://doi.org/10.1128/JVI.00459-07
https://www.ncbi.nlm.nih.gov/pubmed/17507469
https://doi.org/10.1007/BF00198849
https://www.ncbi.nlm.nih.gov/pubmed/1335546
https://doi.org/10.1073/pnas.0703039104
https://doi.org/10.1073/pnas.0902749106
https://doi.org/10.1038/s41598-019-49454-w
https://www.ncbi.nlm.nih.gov/pubmed/31527718
https://doi.org/10.1128/JVI.01332-10
https://www.ncbi.nlm.nih.gov/pubmed/21325403
https://doi.org/10.1111/jvh.13240
https://www.ncbi.nlm.nih.gov/pubmed/31749225
https://doi.org/10.1016/j.jhep.2019.11.011
https://www.ncbi.nlm.nih.gov/pubmed/31785346
https://doi.org/10.1172/JCI130720
https://www.ncbi.nlm.nih.gov/pubmed/31408439
https://doi.org/10.1084/jem.194.10.1395
https://doi.org/10.1073/pnas.202608299
https://doi.org/10.1016/j.antiviral.2014.11.009
https://doi.org/10.1084/jem.20100388
https://www.ncbi.nlm.nih.gov/pubmed/22213804
https://doi.org/10.1002/hep.20749
https://doi.org/10.1053/j.gastro.2011.07.004
https://www.ncbi.nlm.nih.gov/pubmed/21763239
https://doi.org/10.1016/j.coi.2015.03.007
https://www.ncbi.nlm.nih.gov/pubmed/25879814
https://doi.org/10.1038/nri.2017.75
https://www.ncbi.nlm.nih.gov/pubmed/28757603
https://doi.org/10.1016/j.jhep.2009.12.013
https://www.ncbi.nlm.nih.gov/pubmed/20129690
https://doi.org/10.1038/ni.3742

Viruses 2024, 16, 1337 17 of 20

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Rios, D.A.; Casciato, P.C.; Caldirola, M.S.; Gaillard, M.I; Giadans, C.; Ameigeiras, B.; De Matteo, E.N.; Preciado, M.V.; Valva, P.
Chronic Hepatitis C Pathogenesis: Inmune Response in the Liver Microenvironment and Peripheral Compartment. Front. Cell.
Infect. Microbiol. 2021, 11, 712105. [CrossRef] [PubMed]

Raziorrouh, B.; Sacher, K.; Tawar, R.G.; Emmerich, F; Neumann-Haefelin, C.; Baumert, T.F; Thimme, R.; Boettler, T. Virus-Specific
CD4+ T Cells Have Functional and Phenotypic Characteristics of Follicular T-Helper Cells in Patients With Acute and Chronic
HCYV Infections. Gastroenterology 2016, 150, 696-706.e3. [CrossRef] [PubMed]

Salinas, E.; Boisvert, M.; Upadhyay, A.A.; Bédard, N.; Nelson, S.A.; Bruneau, J.; Derdeyn, C.A.; Marcotrigiano, J.; Evans, M.].;
Bosinger, S.E.; et al. Early T follicular helper cell activity accelerates hepatitis C virus-specific B cell expansion. J. Clin. Investig.
2021, 131, €140590. [CrossRef]

Heim, M.H.; Thimme, R. Innate and adaptive immune responses in HCV infections. ]. Hepatol. 2014, 61, 514-525. [CrossRef]
Kang, W.; Sung, PS.; Park, S.-H.; Yoon, S.; Chang, D.-Y.; Kim, S.; Han, K.H.; Kim, J.K.; Rehermann, B.; Chwae, Y.-J.; et al. Hepatitis
C Virus Attenuates Interferon-Induced MHC Class I Expression and Decreases CD8+ T-Cell Effector Functions. Gastroenterology
2014, 146, 1351-1360.e4. [CrossRef]

Kared, H.; Fabre, T.; Bédard, N.; Bruneau, J.; Shoukry, N.H. Galectin-9 and IL-21 mediate cross-regulation between Th17 and Treg
cells during acute hepatitis C. PLoS Pathog. 2013, 9, e1003422. [CrossRef] [PubMed]

McLane, L.M.; Abdel-Hakeem, M.S.; Wherry, E.J. CD8 T Cell Exhaustion During Chronic Viral Infection and Cancer. Annu. Rev.
Immunol. 2019, 37, 457-495. [CrossRef] [PubMed]

Bull, R.A.; Leung, P.; Gaudieri, S.; Deshpande, P.; Cameron, B.; Walker, M.; Chopra, A.; Lloyd, A.R.; Luciani, F. Transmit-
ted/Founder Viruses Rapidly Escape from CD8+ T Cell Responses in Acute Hepatitis C Virus Infection. J. Virol. 2015, 89,
5478-5490. [CrossRef]

Callendret, B.; Bukh, J.; Eccleston, H.B.; Heksch, R.; Hasselschwert, D.L.; Purcell, R H.; Hughes, A.L.; Walker, C.M. Transmission
of clonal hepatitis C virus genomes reveals the dominant but transitory role of CD8" T cells in early viral evolution. J. Virol. 2011,
85,11833-11845. [CrossRef] [PubMed]

von Hahn, T.; Yoon, ].C.; Alter, H.; Rice, C.M.; Rehermann, B.; Balfe, P.; McKeating, ].A. Hepatitis C virus continuously escapes
from neutralizing antibody and T-cell responses during chronic infection in vivo. Gastroenterology 2007, 132, 667—-678. [CrossRef]
[PubMed]

Wolfl, M.; Rutebemberwa, A.; Mosbruger, T.; Mao, Q.; Li, H.; Netski, D.; Ray, 5.C.; Pardoll, D.; Sidney, J.; Sette, A.; et al. Hepatitis
C virus immune escape via exploitation of a hole in the T cell repertoire. J. Immunol. 2008, 181, 6435-6446. [CrossRef] [PubMed]
Ruhl, M.; Knuschke, T.; Schewior, K.; Glavinic, L.; Neumann-Haefelin, C.; Chang, D.-I.; Klein, M.; Heinemann, F.M.; Tenckhoff,
H.; Wiese, M.; et al. CD8+ T-cell response promotes evolution of hepatitis C virus nonstructural proteins. Gastroenterology 2011,
140, 2064-2073. [CrossRef] [PubMed]

Kroy, D.C.; Ciuffreda, D.; Cooperrider, ].H.; Tomlinson, M.; Hauck, G.D.; Aneja, J.; Berger, C.; Wolski, D.; Carrington, M.;
Wherry, E.J.; et al. Liver environment and HCV replication affect human T-cell phenotype and expression of inhibitory receptors.
Gastroenterology 2014, 146, 550-561. [CrossRef]

Owusu Sekyere, S.; Suneetha, P.V,; Kraft, AR.M.; Zhang, S.; Dietz, ].; Sarrazin, C.; Manns, M.P.; Schlaphoff, V.; Cornberg, M.;
Wedemeyer, H. A heterogeneous hierarchy of co-regulatory receptors regulates exhaustion of HCV-specific CD8 T cells in patients
with chronic hepatitis C. J. Hepatol. 2015, 62, 31-40. [CrossRef]

Godfrey, D.I.; Uldrich, A.P.; McCluskey, J.; Rossjohn, J.; Moody, D.B. The burgeoning family of unconventional T cells. Nat.
Immunol. 2015, 16, 1114-1123. [CrossRef]

Dusseaux, M.; Martin, E.; Serriari, N.; Péguillet, I.; Premel, V.; Louis, D.; Milder, M.; Le Bourhis, L.; Soudais, C.; Treiner, E.; et al.
Human MAIT cells are xenobiotic-resistant, tissue-targeted, CD161hi IL-17-secreting T cells. Blood 2011, 117, 1250-1259. [CrossRef]
[PubMed]

Hengst, J.; Theorell, J.; Deterding, K.; Potthoff, A.; Dettmer, A.; Ljunggren, H.-G.; Wedemeyer, H.; Bjorkstrom, N.K. High-
resolution determination of human immune cell signatures from fine-needle liver aspirates. Eur. ]. Immunol. 2015, 45, 2154-2157.
[CrossRef]

Hengst, J.; Strunz, B.; Deterding, K.; Ljunggren, H.-G.; Leeansyah, E.; Manns, M.P.; Cornberg, M.; Sandberg, ].K.; Wedemeyer, H.;
Bjorkstrom, N.K. Nonreversible MAIT cell-dysfunction in chronic hepatitis C virus infection despite successful interferon-free
therapy. Eur. |. Immunol. 2016, 46, 2204-2210. [CrossRef] [PubMed]

Bolte, FJ.; O'Keefe, A.C.; Webb, L.M.; Serti, E.; Rivera, E.; Liang, T.J.; Ghany, M.; Rehermann, B. Intra-Hepatic Depletion of
Mucosal-Associated Invariant T Cells in Hepatitis C Virus-Induced Liver Inflammation. Gastroenterology 2017, 153, 1392-1403.e2.
[CrossRef]

Ghosh, A.; Mondal, R.K.; Romani, S.; Bagchi, S.; Cairo, C.; Pauza, C.D.; Kottilil, S.; Poonia, B. Persistent gamma delta T-cell
dysfunction in chronic HCV infection despite direct-acting antiviral therapy induced cure. J. Viral Hepat. 2019, 26, 1105-1116.
[CrossRef]

Yin, W.; Tong, S.; Zhang, Q.; Shao, J.; Liu, Q.; Peng, H.; Hu, H.; Peng, M.; Hu, P; Ren, H.; et al. Functional dichotomy of V52 y5 T
cells in chronic hepatitis C virus infections: Role in cytotoxicity but not for IFN-y production. Sci. Rep. 2016, 6, 26296. [CrossRef]
[PubMed]

Osburn, W.O.; Fisher, B.E.; Dowd, K.A.; Urban, G.; Liu, L.; Ray, S.C.; Thomas, D.L.; Cox, A.L. Spontaneous control of primary
hepatitis C virus infection and immunity against persistent reinfection. Gastroenterology 2010, 138, 315-324. [CrossRef]


https://doi.org/10.3389/fcimb.2021.712105
https://www.ncbi.nlm.nih.gov/pubmed/34414132
https://doi.org/10.1053/j.gastro.2015.11.005
https://www.ncbi.nlm.nih.gov/pubmed/26584604
https://doi.org/10.1172/JCI140590
https://doi.org/10.1016/j.jhep.2014.06.035
https://doi.org/10.1053/j.gastro.2014.01.054
https://doi.org/10.1371/journal.ppat.1003422
https://www.ncbi.nlm.nih.gov/pubmed/23818845
https://doi.org/10.1146/annurev-immunol-041015-055318
https://www.ncbi.nlm.nih.gov/pubmed/30676822
https://doi.org/10.1128/JVI.03717-14
https://doi.org/10.1128/JVI.02654-10
https://www.ncbi.nlm.nih.gov/pubmed/21900166
https://doi.org/10.1053/j.gastro.2006.12.008
https://www.ncbi.nlm.nih.gov/pubmed/17258731
https://doi.org/10.4049/jimmunol.181.9.6435
https://www.ncbi.nlm.nih.gov/pubmed/18941234
https://doi.org/10.1053/j.gastro.2011.02.060
https://www.ncbi.nlm.nih.gov/pubmed/21376049
https://doi.org/10.1053/j.gastro.2013.10.022
https://doi.org/10.1016/j.jhep.2014.08.008
https://doi.org/10.1038/ni.3298
https://doi.org/10.1182/blood-2010-08-303339
https://www.ncbi.nlm.nih.gov/pubmed/21084709
https://doi.org/10.1002/eji.201445369
https://doi.org/10.1002/eji.201646447
https://www.ncbi.nlm.nih.gov/pubmed/27296288
https://doi.org/10.1053/j.gastro.2017.07.043
https://doi.org/10.1111/jvh.13121
https://doi.org/10.1038/srep26296
https://www.ncbi.nlm.nih.gov/pubmed/27192960
https://doi.org/10.1053/j.gastro.2009.09.017

Viruses 2024, 16, 1337 18 of 20

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.
123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Klenerman, P.; Thimme, R. T cell responses in hepatitis C: The good, the bad and the unconventional. Gut 2012, 61, 1226-1234.
[CrossRef]

Shin, E.-C.; Sung, P.S,; Park, S.-H. Immune responses and immunopathology in acute and chronic viral hepatitis. Nat. Rev.
Immunol. 2016, 16, 509-523. [CrossRef]

Shoukry, N.H.; Grakoui, A.; Houghton, M.; Chien, D.Y.; Ghrayeb, J.; Reimann, K.A.; Walker, C.M. Memory CD8+ T cells are
required for protection from persistent hepatitis C virus infection. J. Exp. Med. 2003, 197, 1645-1655. [CrossRef]

Grakoui, A.; Shoukry, N.H.; Woollard, D.J.; Han, J.-H.; Hanson, H.L.; Ghrayeb, J.; Murthy, K.K,; Rice, C.M.; Walker, C.M. HCV
persistence and immune evasion in the absence of memory T cell help. Science 2003, 302, 659-662. [CrossRef] [PubMed]

Farci, P; Shimoda, A.; Wong, D.; Cabezon, T.; De Gioannis, D.; Strazzera, A.; Shimizu, Y.; Shapiro, M.; Alter, H.J.; Purcell, R.H.
Prevention of hepatitis C virus infection in chimpanzees by hyperimmune serum against the hypervariable region 1 of the
envelope 2 protein. Proc. Natl. Acad. Sci. USA 1996, 93, 15394-15399. [CrossRef]

Choo, Q.L.; Kuo, G.; Ralston, R.; Weiner, A.; Chien, D.; Van Nest, G.; Han, J.; Berger, K.; Thudium, K.; Kuo, C. Vaccination of
chimpanzees against infection by the hepatitis C virus. Proc. Natl. Acad. Sci. USA 1994, 91, 1294-1298. [CrossRef] [PubMed]
Lavillette, D.; Morice, Y.; Germanidis, G.; Donot, P.; Soulier, A.; Pagkalos, E.; Sakellariou, G.; Intrator, L.; Bartosch, B.; Pawlotsky,
J.-M.; et al. Human serum facilitates hepatitis C virus infection, and neutralizing responses inversely correlate with viral
replication kinetics at the acute phase of hepatitis C virus infection. J. Virol. 2005, 79, 6023-6034. [CrossRef]

Pestka, ].M.; Zeisel, M.B.; Blaser, E.; Schiirmann, P.; Bartosch, B.; Cosset, E-L.; Patel, A.H.; Meisel, H.; Baumert, ].; Viazov, S.; et al.
Rapid induction of virus-neutralizing antibodies and viral clearance in a single-source outbreak of hepatitis C. Proc. Natl. Acad.
Sci. USA 2007, 104, 6025-6030. [CrossRef]

Osburn, W.O,; Snider, A.E.; Wells, B.L.; Latanich, R.; Bailey, ].R.; Thomas, D.L.; Cox, A.L.; Ray, S.C. Clearance of hepatitis C
infection is associated with the early appearance of broad neutralizing antibody responses. Hepatology 2014, 59, 2140-2151.
[CrossRef] [PubMed]

Meunier, J.-C.; Gottwein, ].M.; Houghton, M.; Russell, R.S.; Emerson, S.U.; Bukh, J.; Purcell, R H. Vaccine-induced cross-genotype
reactive neutralizing antibodies against hepatitis C virus. J. Infect. Dis. 2011, 204, 1186-1190. [CrossRef]

Houghton, M.; Abrignani, S. Prospects for a vaccine against the hepatitis C virus. Nature 2005, 436, 961-966. [CrossRef]

Singh, M.; O'Hagan, D. Advances in vaccine adjuvants. Nat. Biotechnol. 1999, 17, 1075-1081. [CrossRef] [PubMed]

Frey, S.E.; Houghton, M.; Coates, S.; Abrignani, S.; Chien, D.; Rosa, D.; Pileri, P.; Ray, R.; Di Bisceglie, A.M.; Rinella, P; et al. Safety
and immunogenicity of HCV E1E2 vaccine adjuvanted with MF59 administered to healthy adults. Vaccine 2010, 28, 6367-6373.
[CrossRef] [PubMed]

Stamataki, Z.; Coates, S.; Abrignani, S.; Houghton, M.; McKeating, J.A. Immunization of human volunteers with hepatitis C
virus envelope glycoproteins elicits antibodies that cross-neutralize heterologous virus strains. J. Infect. Dis. 2011, 204, 811-813.
[CrossRef]

Law, J.L.M.; Chen, C.; Wong, J.; Hockman, D.; Santer, D.M.; Frey, S.E.; Belshe, R.B.; Wakita, T.; Bukh, J.; Jones, C.T; et al. A hepatitis
C virus (HCV) vaccine comprising envelope glycoproteins gpE1/gpE2 derived from a single isolate elicits broad cross-genotype
neutralizing antibodies in humans. PLoS ONE 2013, 8, e59776. [CrossRef]

Chen, F; Nagy, K.; Chavez, D.; Willis, S.; McBride, R.; Giang, E.; Honda, A.; Bukh, J.; Ordoukhanian, P; Zhu, J.; et al.
Antibody Responses to Immunization With HCV Envelope Glycoproteins as a Baseline for B-Cell-Based Vaccine Development.
Gastroenterology 2020, 158, 1058-1071.e6. [CrossRef] [PubMed]

Kundu, J.; Le, H.T.; Logan, M.; Hockman, D.; Landi, A.; Crawford, K.; Wininger, M.; Johnson, J.; Kundu, J.K,; Tiffney, E.A.; et al.
Recombinant H77C gpE1/gpE2 heterodimer elicits superior HCV cross-neutralisation than H77C gpE2 alone. J. Hepatol. 2024,
S0168-8278(24)02335-3. [CrossRef]

Law, ].L.M.; Logan, M.; Wong, ].; Kundu, J.; Hockman, D.; Landi, A.; Chen, C.; Crawford, K.; Wininger, M.; Johnson, J.; et al. Role
of the E2 Hypervariable Region (HVR1) in the Immunogenicity of a Recombinant Hepatitis C Virus Vaccine. J. Virol. 2018, 92,
€02141-17. [CrossRef] [PubMed]

McCaffrey, K.; Boo, I.; Poumbourios, P.; Drummer, H.E. Expression and characterization of a minimal hepatitis C virus glycoprotein
E2 core domain that retains CD81 binding. J. Virol. 2007, 81, 9584-9590. [CrossRef] [PubMed]

Vietheer, P.T.; Boo, I; Gu, ].; McCaffrey, K.; Edwards, S.; Owczarek, C.; Hardy, M.P; Fabri, L.; Center, R.].; Poumbourios, P.; et al.
The core domain of hepatitis C virus glycoprotein E2 generates potent cross-neutralizing antibodies in guinea pigs. Hepatology
2017, 65, 1117-1131. [CrossRef]

Center, R.J.; Boo, I; Phu, L.; McGregor, J.; Poumbourios, P.; Drummer, H.E. Enhancing the antigenicity and immunogenicity of
monomeric forms of hepatitis C virus E2 for use as a preventive vaccine. J. Biol. Chem. 2020, 295, 7179-7192. [CrossRef]

Lavie, M.; Hanoulle, X.; Dubuisson, J. Glycan Shielding and Modulation of Hepatitis C Virus Neutralizing Antibodies. Front.
Immunol. 2018, 9, 910. [CrossRef]

Ren, Y,; Min, Y.-Q.; Liu, M.; Chi, L.; Zhao, P.; Zhang, X.-L. N-glycosylation-mutated HCV envelope glycoprotein complex enhances
antigen-presenting activity and cellular and neutralizing antibody responses. Biochim. Biophys. Acta 2016, 1860, 1764-1775.
[CrossRef]

Urbanowicz, R.A.; Wang, R.; Schiel, ].E.; Keck, Z.-Y.; Kerzic, M.C.; Lau, P; Rangarajan, S.; Garagusi, K.J.; Tan, L.; Guest, ].D.; et al.
Antigenicity and Immunogenicity of Differentially Glycosylated Hepatitis C Virus E2 Envelope Proteins Expressed in Mammalian
and Insect Cells. J. Virol. 2019, 93, e01403-18. [CrossRef]


https://doi.org/10.1136/gutjnl-2011-300620
https://doi.org/10.1038/nri.2016.69
https://doi.org/10.1084/jem.20030239
https://doi.org/10.1126/science.1088774
https://www.ncbi.nlm.nih.gov/pubmed/14576438
https://doi.org/10.1073/pnas.93.26.15394
https://doi.org/10.1073/pnas.91.4.1294
https://www.ncbi.nlm.nih.gov/pubmed/7509068
https://doi.org/10.1128/JVI.79.10.6023-6034.2005
https://doi.org/10.1073/pnas.0607026104
https://doi.org/10.1002/hep.27013
https://www.ncbi.nlm.nih.gov/pubmed/24425349
https://doi.org/10.1093/infdis/jir511
https://doi.org/10.1038/nature04081
https://doi.org/10.1038/15058
https://www.ncbi.nlm.nih.gov/pubmed/10545912
https://doi.org/10.1016/j.vaccine.2010.06.084
https://www.ncbi.nlm.nih.gov/pubmed/20619382
https://doi.org/10.1093/infdis/jir399
https://doi.org/10.1371/journal.pone.0059776
https://doi.org/10.1053/j.gastro.2019.11.282
https://www.ncbi.nlm.nih.gov/pubmed/31809725
https://doi.org/10.1016/j.jhep.2024.06.029
https://doi.org/10.1128/JVI.02141-17
https://www.ncbi.nlm.nih.gov/pubmed/29540595
https://doi.org/10.1128/JVI.02782-06
https://www.ncbi.nlm.nih.gov/pubmed/17581991
https://doi.org/10.1002/hep.28989
https://doi.org/10.1074/jbc.RA120.013015
https://doi.org/10.3389/fimmu.2018.00910
https://doi.org/10.1016/j.bbagen.2015.08.007
https://doi.org/10.1128/JVI.01403-18

Viruses 2024, 16, 1337 19 of 20

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Vijayamahantesh, V.; Patra, T.; Meyer, K.; Alameh, M.-G.; Reagan, E.K.; Weissman, D.; Ray, R. Modified E2 Glycoprotein of
Hepatitis C Virus Enhances Proinflammatory Cytokines and Protective Immune Response. J. Virol. 2022, 96, €0052322. [CrossRef]
[PubMed]

Patel, G.B.; Agnew, B.].; Deschatelets, L.; Fleming, L.P.; Sprott, G.D. In vitro assessment of archaeosome stability for developing
oral delivery systems. Int. J. Pharm. 2000, 194, 39-49. [CrossRef] [PubMed]

Benvegnu, T.; Lemiegre, L.; Cammas-Marion, S. New Generation of Liposomes Called Archaeosomes Based on Natural or
Synthetic Archaeal Lipids as Innovative Formulations for Drug Delivery. Recent Pat. Drug Deliv. Formul. 2009, 3, 206-220.
[CrossRef] [PubMed]

Landi, A.; Law, J.; Hockman, D.; Logan, M.; Crawford, K.; Chen, C.; Kundu, ].; Ebensen, T.; Guzman, C.A.; Deschatelets,
L.; et al. Superior immunogenicity of HCV envelope glycoproteins when adjuvanted with cyclic-di-AMP, a STING activator or
archaeosomes. Vaccine 2017, 35, 6949-6956. [CrossRef] [PubMed]

Akache, B.; Deschatelets, L.; Harrison, B.A.; Dudani, R.; Stark, F.C.; Jia, Y.; Landi, A.; Law, ].L.M.; Logan, M.; Hockman, D.; et al.
Effect of Different Adjuvants on the Longevity and Strength of Humoral and Cellular Immune Responses to the HCV Envelope
Glycoproteins. Vaccines 2019, 7, 204. [CrossRef] [PubMed]

Yan, Y.; Wang, X,; Lou, P; Hu, Z,; Qu, P; Li, D.; Li, Q.; Xu, Y.; Niu, J.; He, Y,; et al. A Nanoparticle-Based Hepatitis C Virus Vaccine
With Enhanced Potency. J. Infect. Dis. 2020, 221, 1304-1314. [CrossRef] [PubMed]

He, L.; Tzarum, N.; Lin, X,; Shapero, B.; Sou, C.; Mann, C.J.; Stano, A.; Zhang, L.; Nagy, K.; Giang, E.; et al. Proof of concept for
rational design of hepatitis C virus E2 core nanoparticle vaccines. Sci. Adv. 2020, 6, eaaz6225. [CrossRef]

Sliepen, K.; Radi¢, L.; Capella-Pujol, J.; Watanabe, Y.; Zon, I.; Chumbe, A.; Lee, W.-H.; de Gast, M.; Koopsen, J.; Koekkoek, S.; et al.
Induction of cross-neutralizing antibodies by a permuted hepatitis C virus glycoprotein nanoparticle vaccine candidate. Nat.
Commun. 2022, 13, 7271. [CrossRef]

Garrone, P; Fluckiger, A.-C.; Mangeot, P.E.; Gauthier, E.; Dupeyrot-Lacas, P.; Mancip, J.; Cangialosi, A.; Du Chéné, L; LeGrand, R ;
Mangeot, I; et al. A prime-boost strategy using virus-like particles pseudotyped for HCV proteins triggers broadly neutralizing
antibodies in macaques. Sci. Transl. Med. 2011, 3, 94ra71. [CrossRef] [PubMed]

Elmowalid, G.A.; Qiao, M.; Jeong, S.-H.; Borg, B.B.; Baumert, T.E; Sapp, R.K.; Hu, Z.; Murthy, K; Liang, T.]. Immunization with
hepatitis C virus-like particles results in control of hepatitis C virus infection in chimpanzees. Proc. Natl. Acad. Sci. USA 2007, 104,
8427-8432. [CrossRef]

Christiansen, D.; Earnest-Silveira, L.; Chua, B.; Meuleman, P.; Boo, I.; Grubor-Bauk, B.; Jackson, D.C.; Keck, Z.Y.; Foung, SK.H.;
Drummer, H.E.; et al. Inmunological responses following administration of a genotype 1a/1b/2/3a quadrivalent HCV VLP
vaccine. Sci. Rep. 2018, 8, 6483. [CrossRef] [PubMed]

Christiansen, D.; Earnest-Silveira, L.; Grubor-Bauk, B.; Wijesundara, D.K,; Boo, I.; Ramsland, P.A.; Vincan, E.; Drummer, HE;
Gowans, E.J.; Torresi, J. Pre-clinical evaluation of a quadrivalent HCV VLP vaccine in pigs following microneedle delivery. Sci.
Rep. 2019, 9, 9251. [CrossRef]

Akazawa, D.; Moriyama, M.; Yokokawa, H.; Omi, N.; Watanabe, N.; Date, T.; Morikawa, K.; Aizaki, H.; Ishii, K.; Kato, T.; et al.
Neutralizing antibodies induced by cell culture-derived hepatitis C virus protect against infection in mice. Gastroenterology 2013,
145, 447-455.e4. [CrossRef]

Yokokawa, H.; Higashino, A.; Suzuki, S.; Moriyama, M.; Nakamura, N.; Suzuki, T.; Suzuki, R.; Ishii, K.; Kobiyama, K.; Ishii,
KJ.; et al. Induction of humoural and cellular immunity by immunisation with HCV particle vaccine in a non-human primate
model. Gut 2018, 67, 372-379. [CrossRef] [PubMed]

Folgori, A.; Capone, S.; Ruggeri, L.; Meola, A.; Sporeno, E.; Ercole, B.B.; Pezzanera, M.; Tafi, R.; Arcuri, M.; Fattori, E.; et al. A
T-cell HCV vaccine eliciting effective immunity against heterologous virus challenge in chimpanzees. Nat. Med. 2006, 12, 190-197.
[CrossRef] [PubMed]

Park, S.-H.; Shin, E.-C.; Capone, S.; Caggiari, L.; De Re, V.; Nicosia, A.; Folgori, A.; Rehermann, B. Successful vaccination
induces multifunctional memory T-cell precursors associated with early control of hepatitis C virus. Gastroenterology 2012, 143,
1048-1060.e4. [CrossRef]

Drane, D.; Maraskovsky, E.; Gibson, R.; Mitchell, S.; Barnden, M.; Moskwa, A.; Shaw, D.; Gervase, B.; Coates, S.; Houghton,
M,; 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. 2009, 5, 151-157. [CrossRef]

Colloca, S.; Barnes, E.; Folgori, A.; Ammendola, V.; Capone, S.; Cirillo, A.; Siani, L.; Naddeo, M.; Grazioli, F.; Esposito, M.L.; et al.
Vaccine vectors derived from a large collection of simian adenoviruses induce potent cellular immunity across multiple species.
Sci. Transl. Med. 2012, 4, 115ra2. [CrossRef]

Barnes, E.; Folgori, A.; Capone, S.; Swadling, L.; Aston, S.; Kurioka, A.; Meyer, J.; Huddart, R.; Smith, K.; Townsend, R.; et al.
Novel adenovirus-based vaccines induce broad and sustained T cell responses to HCV in man. Sci. Transl. Med. 2012, 4, 115ral.
[CrossRef]

Swadling, L.; Capone, S.; Antrobus, R.D.; Brown, A.; Richardson, R.; Newell, EW.; Halliday, J.; Kelly, C.; Bowen, D.; Fergusson,
J.; et al. A human vaccine strategy based on chimpanzee adenoviral and MVA vectors that primes, boosts, and sustains functional
HCV-specific T cell memory. Sci. Transl. Med. 2014, 6, 261ra153. [CrossRef] [PubMed]


https://doi.org/10.1128/jvi.00523-22
https://www.ncbi.nlm.nih.gov/pubmed/35612312
https://doi.org/10.1016/S0378-5173(99)00331-2
https://www.ncbi.nlm.nih.gov/pubmed/10601683
https://doi.org/10.2174/187221109789105630
https://www.ncbi.nlm.nih.gov/pubmed/19534669
https://doi.org/10.1016/j.vaccine.2017.10.072
https://www.ncbi.nlm.nih.gov/pubmed/29089195
https://doi.org/10.3390/vaccines7040204
https://www.ncbi.nlm.nih.gov/pubmed/31816920
https://doi.org/10.1093/infdis/jiz228
https://www.ncbi.nlm.nih.gov/pubmed/31074790
https://doi.org/10.1126/sciadv.aaz6225
https://doi.org/10.1038/s41467-022-34961-8
https://doi.org/10.1126/scitranslmed.3002330
https://www.ncbi.nlm.nih.gov/pubmed/21813755
https://doi.org/10.1073/pnas.0702162104
https://doi.org/10.1038/s41598-018-24762-9
https://www.ncbi.nlm.nih.gov/pubmed/29691437
https://doi.org/10.1038/s41598-019-45461-z
https://doi.org/10.1053/j.gastro.2013.05.007
https://doi.org/10.1136/gutjnl-2016-312208
https://www.ncbi.nlm.nih.gov/pubmed/27797937
https://doi.org/10.1038/nm1353
https://www.ncbi.nlm.nih.gov/pubmed/16462801
https://doi.org/10.1053/j.gastro.2012.06.005
https://doi.org/10.4161/hv.5.3.6614
https://doi.org/10.1126/scitranslmed.3002925
https://doi.org/10.1126/scitranslmed.3003155
https://doi.org/10.1126/scitranslmed.3009185
https://www.ncbi.nlm.nih.gov/pubmed/25378645

Viruses 2024, 16, 1337 20 of 20

155.

156.

157.

158.

159.

Page, K.; Melia, M.T.; Veenhuis, R.T.; Winter, M.; Rousseau, K.E.; Massaccesi, G.; Osburn, W.O.; Forman, M.; Thomas, E.; Thornton,
K.; et al. Randomized Trial of a Vaccine Regimen to Prevent Chronic HCV Infection. N. Engl. J. Med. 2021, 384, 541-549. [CrossRef]
[PubMed]

Donnison, T.; McGregor, J.; Chinnakannan, S.; Hutchings, C.; Center, R.J.; Poumbourios, P.; Klenerman, P.; Drummer, H.E.; Barnes,
E. A pan-genotype hepatitis C virus viral vector vaccine generates T cells and neutralizing antibodies in mice. Hepatology 2022, 76,
1190-1202. [CrossRef] [PubMed]

Rappuoli, R.; Bottomley, M.].; D’Oro, U.; Finco, O.; De Gregorio, E. Reverse vaccinology 2.0: Human immunology instructs
vaccine antigen design. J. Exp. Med. 2016, 213, 469-481. [CrossRef] [PubMed]

Byrne, P.O.; McLellan, ].S. Principles and practical applications of structure-based vaccine design. Curr. Opin. Immunol. 2022, 77,
102209. [CrossRef]

Guest, ].D.; Pierce, B.G. Structure-Based and Rational Design of a Hepatitis C Virus Vaccine. Viruses 2021, 13, 837. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1056/NEJMoa2023345
https://www.ncbi.nlm.nih.gov/pubmed/33567193
https://doi.org/10.1002/hep.32470
https://www.ncbi.nlm.nih.gov/pubmed/35313015
https://doi.org/10.1084/jem.20151960
https://www.ncbi.nlm.nih.gov/pubmed/27022144
https://doi.org/10.1016/j.coi.2022.102209
https://doi.org/10.3390/v13050837

	Introduction 
	Hepatitis C General Aspects 
	B-Cell Response 
	Adaptive Immune Response T Cells 
	B Cell Vaccine 
	B Cell Vaccine Optimization by Antigen Modification, Adjuvants and Formulation 
	T Cell Vaccine 
	Conclusions 
	References

