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Abstract

The molecular mechanisms of hepatitis C virus (HCV) persistence and pathogenesis are poorly
understood. The design of an effective HCV vaccine is challenging despite a robust humoral
immune response against closely related strains of HCV. This is primarily because of the huge
genetic diversity of HCV and the molecular evolution of various virus escape mechanisms. These
mechanisms are steered by the presence of a high mutational rate in HCV, structural plasticity of
the immunodominant regions on the virion surface of diverse HCV genotypes, and constant amino
acid substitutions on key structural components of HCV envelope glycoproteins. Here, we review
the molecular basis of neutralizing antibody (nAb)-mediated immune response against diverse
HCV variants, HCV-steered humoral immune evasion strategies and explore the essential
structural elements to consider for designing a universal HCV vaccine. Structural perspectives on
key escape pathways mediated by a point mutation within the epitope, allosteric modulation of the
epitope by distant mutations and glycan shift on envelope glycoproteins will be highlighted
(abstract graphic).
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Introduction

Hepatitis C Virus (HCV), is a blood-borne pathogen identified more than 30 years ago
causing acute (30%) and chronic hepatitis (70%) [1-3]. According to the WHO, an
estimated 71 million individuals globally have chronic hepatitis C infection. HCV is a major
cause of hepatocellular carcinoma leading to about half a million worldwide deaths annually.
Acute HCV infections are increasing in the USA from 0.3/100,000 in 2009 to 1.2/100,000 in
2018 and the rate is increasing highest among young adults of 3./100,000 [4]. Hlicit injection
drug use is a major contributing factor and unfortunately during the COVID-19 pandemic,
drug overdose is accelerating [5]. HCV is classified into seven genetically distinct genotypes
(1 to 7) with substantial differences in geographical distribution [6,7]. Direct acting
antivirals (DAAS) can cure more than 95% of chronic infections upon early detection and
treatment availability [8]. However, reinfection will occur after successful treatment [9]. No
preventive vaccines are available against HCV due in part to its high genetic variability and
frequent mutations to escape the immune response [10-13].

HCV, a member of the family Flaviviridae and genus Hepacivirus, is an enveloped positive
stranded RNA virus. The ~9.6 Kb genome encodes a single polyprotein of about 3011 amino
acids, which is processed into ten proteins (3 structural) by viral and host proteases [14]. The
N-terminal region of the HCV genome encodes three structural proteins: the core or capsid
protein that protects the viral genome and the heterodimeric envelope glycoproteins (GPs),
E1 and E2. The neutralization antibody (nAb) response against HCV, which is under
constant immunological pressure in natural infections, is largely directed against the two
surface accessible envelope GPs, E1 and E2. Although E1 is less immunogenic when
compared to E2 in natural infections, a wide-range of genotype-specific and broadly
neutralizing Abs against E1, E2 and E1E2 heterodimers have been identified and
characterized, as reviewed in Keck, M et al., 2018 [15]. However, sequence and structural
plasticity of highly variable regions on the extensively glycosylated E1 and E2 GPs
facilitates viral escape mechanisms, thus demonstrating a major challenge for efficacious
vaccine design with broader specificity. Limited knowledge about the three-dimensional
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(3D) structures of the ELIE2 GPs and the structural components of the HCV is an added
constraint to decipher the surface accessibility of epitopes.

Here, we review the molecular basis of nAb mediated immune response against diverse
HCV variants, HCV-steered humoral immune evasion strategies and explore the essential
elements to consider for designing a universal HCV vaccine.

The architecture of HCV and its glycoproteins

HCV exists as lipoviral particles (L\VP) in patient serum and is associated with very low
density lipoprotein particles (VLDL) or low density lipoprotein particles (LDL) [16]. The
LVPs are heterogeneous in size, ranging in diameter from 40 to 100 nm, and are associated
with apolipoproteins, cholesterol and triglycerides [17] [18]. Most of the cell-culture
produced particles although heterogenous in size, appear to have spherical shape, suggesting
a regular arrangement of the GPs, E1 and E2 on the virus surface. E1 and E2 form
heterodimers and are embedded in a host-derived lipid bilayer membrane [19,20].
Oligomeric E1E2 heterodimers shield the nucleocapsid core as shown in a cartoon
representation of the structure in Figure 1. A few studies suggest that E1 might form trimers
on the virus surface [21]. As observed in other flaviviruses such as Zika virus and dengue
virus, particle morphology, the oligomeric state and the conformation of the GPs on the
virus surface are a few factors influencing neutralization by diverse Abs and evolution of
virus escape mechanisms [22].

The 3D structure elucidation of native HCV particles has not been successful to date, due to
the pleomorphic nature of the viruses and limitations in preparing large amounts of virus
particles from cultured hepatic cells. However, in the past decade, numerous 3D structures of
truncated HCV envelope GP E2, in complex with neutralizing antibodies (nAbs) were
valuable in understanding the mechanisms of a broadly neutralizing immune response
[19,23-36]. The GPs, E1 (residues 192-383) and E2 (residues 384—-746) are type |
transmembrane proteins with an N-terminal ectodomain and a C-terminal transmembrane
domain [33] (Figure 1). The GP, E2 mediates cell entry by binding to the SR-B1 and CD81
co-receptors and other host factors [37,38]. The role of E1 is poorly understood but harbors
a putative fusion loop. The ectodomains of the E1 and E2 proteins have five and eleven
glycosylation sites, respectively [39]. The glycans are essential for the stability and
antigenicity of the ELE2 proteins. The E1 and E2 ectodomains, also contain eight and
eighteen cysteines, which can form inter- and intra-molecular disulfide bonds [40]. Both, the
glycosylation and the disulfide bond formation play a role in the proper folding of the E1E2
proteins [41].

Significant but not adequate progress has been made in understanding the structure of the
core domains of HCV E1 and E2 proteins [23,26,31,42]. The crystal structure of the N-
terminal region of E1 shows a higher oligomeric, domain swapped and covalently linked
complex with unexpected features [42]. Truncated E1 structure consists of a p-hairpin
followed by an alpha-helix, sandwiched between a two and a three-stranded anti-parallel -
sheet structure. It was also shown that the E1 protein is similar to parts of
phosphatidylcholine transfer protein, which is important for binding of lipid-like molecules.
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Whereas, the core domain of truncated forms of E2 adopts a central immunoglobulin-like
fold (the B-sandwich domain) flanked by short alpha-helices and loops (the front layer and
the back layer) as shown in Figure 1 [23,26]. The core domain of E2 consists of several
conserved and variable residues for inducing a protective immune response. A large
proportion of the structurally unresolved regions in E1 and E2 proteins essential for
immunogenicity are predicted to be disordered. Attempts to resolve these disordered regions
may be possible by examining the structure of E1E2 with bound nAbs that fix the variable
residues in place.

Genetic diversity and immunogenic regions of E1 and E2

HCV is classified into seven distinct genotypes with a median intra-genotype and inter-
genotype diversity at amino-acid level of 9.71% and 25.2%, respectively [7]. The highest
overall diversity is displayed by the glycoprotein E2 (median diversity of 18.23%) [7]. The
greatest variation is observed in the N-terminal region of E2, hypervariable region 1, HVR1
(384-410). Two other hypervariable regions of the E2 protein are the HVR2 (460-485)
located proximal in 3D structure to the highly conserved CD81-binding region and the
HVR3 or the intergenotype variable region (igVR; 570-580) located closer to the
transmembrane domain of E2.

A majority of the nAbs are directed against the epitopes on the glycoprotein E2 followed by
E1E2 heterodimer and the E1 glycoprotein (reviewed in [15]). The diversity of E2 might not
influence the overall 3D structure of the protein but has a considerable impact on the surface
accessible epitopes and immune response. The epitopes on E2 are either linear or
conformational and can be further grouped into clusters of overlapping epitopes as antigenic
domains (ADs): HVR1 and domains A-E or antigenic regions (ARs): AR1-3. Linear
epitopes lie adjacent to each other or are separated by a few residues on the primary
sequence of E2, while conformational epitopes are separated on the primary sequence and
proximal in the 3D structure. Although, the epitope clusters, ADs and ARs are distinct in
their properties, they also exhibit overlapping clusters. Several characteristics of the E2
antigenic domains and antigenic regions are listed in Table 1 and shown in Figure 2 along
with examples of HCV nAbs.

Immune response against HCV E1, E2 and E1E2

The antibody response against HCV can be classified into three categories: broadly
neutralizing, strain-specific and non-neutralizing antibodies with structurally distinct
epitopes. The glycosylation sites on each of the ADs or ARs of E2 regulate the surface
accessibility of the epitopes. The core regions of E2 are highly conserved in contrast to the
surface exposed loops and HVR regions similar to what has been observed in other viruses.

The immune response in acute and chronic infections mainly targets HVR regions on E2,
which are under constant immune selection pressure. The large conformational space
occupied by the HVRs and the glycosylation sites act as decoys shielding the more
conserved regions on E2 and therefore assist in viral escape [43,44]. NAbs against HVR
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regions are usually strain-specific and linear [44-46]. The antigenic domain A (and AR1) on
the E2 back layer primarily elicits a non-neutralization antibody response.

Despite the high sequence diversity several broadly neutralizing regions can be identified on
the core structure of E2 (antigenic domains B-E) (Figure 2). Broadly neutralizing E2 Abs
mostly target the highly conserved but flexible CD81 binding site and block cell entry [25].
This site consists of the AS412 region or antigenic domain E (residues 412-423), the front
layer and the CD81 binding loop (residues 519-535). For example, the CD81 binding site
bNAbs, HC33.1, HC33.4, HCV1 and AP33 recognize the domain E or AS412 region,
whereas the antigenic domains B and D (AR3) Abs recognize the highly conserved E2 front
layer (Table 1). The antigenic sites on E1 are not well-characterized because of the low
immunogenicity of these epitopes. While a small number of NAbs have been identified to
E1 and their epitopes are conserved [47,48], only one showed broad neutralization potential,
IGH526 and crystal structural studies identified key contact residues at 314-324 [47-49].
The antigenic regions 4 and 5, formed by the E1E2 interface residues also mediate broad
neutralization. Novel broadly neutralizing antigenic sites distinct from previously defined
AR1-5 and E1 sites were recently identified: AS 108, AS112 and AS 146 [30]. However, it
has also been observed that alternate conformation of HCV E2 neutralizating face alters the
epitope presentation patterns on its surface uncovering novel antigenic sites [50].

aspects of immune escape pathways in HCV

The underlying molecular mechanism(s) of HCV persistence and pathogenesis is yet to be
elucidated. Viral escape in HCV is driven by three factors: a high mutational rate, its
intrahost display as a large heterogenous population of closely related species with structural
plasticity, and constant amino acid substitutions on key structural components of HCV
glycoproteins. A few examples will be discussed in the next section elaborating some of the
possible mechanisms.

Point mutation at a contact residue of the bNAb conformational epitope

CBH-2 is a neutralizing monoclonal antibody against a highly conserved conformational
epitope on antigenic domain B. CBH-2 specifically inhibits binding of HCV to CD81.
Alanine scanning mutagenesis identified two E2 regions, 430-435 and 520-540, and more
specifically, D431, G523, G530 and D535 as essential residues for antibody-mediated
binding and neutralization (Figure 3A). A point mutation atD431 results in loss of CBH-2-
mediated neutralization [51]. Homology modelled E2 protein displays that the N-terminal
long loop conformation of the front layer (421-460) can orient itself near to the CD81
binding loop and be part of nAb binding epitope. D431 is also proximal to a conserved
glycosylation site (N430) in addition to a conserved cysteine (C429), which forms a
disulfide bond with C503.
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Escape from bNADbs that can be overcome by increasing antibody

concentration

A group of bNAbs (HC84) to overlapping epitopes that were not associated with viral
escape were identified [29,52]. These bNAbs bind to conformational epitopes overlapping
the CDB81 receptor binding site and segments 434-446 and 610-619 on E2 (Figure 3B). It
was observed that after co-culturing infectious HCVcc at a critical antibody concentration,
the majority of the infectious virions were neutralized. Structural studies confirmed that
three residues are pivotal with these overlapping epitopes, 441, 442 and 443. Crystal
structures of HC84-1 or HC84-27 in complex with a peptide mimicking 434-446 shows
that the peptide adopts an alpha helical conformation similar to the homology model shown
in Figure 3B. The C-terminal portion of the HVR1 region and the N-terminal portion of the
E2 front layer shows interactions with this region in the homology model. The residue Y443
forms stackinig and hydrogen bonding interactions with the CDR loops of the HC-84 Ab,
whereas the interactions between the residues 442-443 and the CDR loops are hydrophobic.
The C-terminal HVR region in the homology model (shown as transparent loop in Figure
3B) shielding 441-443 is partly hydrophilic and can be easily displaced by a nAb with
hydrophobic CDR loops. However, a mutation at the 442 position to either lle or Leu leads
to a decrease in binding of the Fab to E2. The mutation leads to a partial escape that can be
overcome by increasing antibody concentration [52,53].

Multiple escape pathways associated with a region of mainly linear

epitopes

The region downstream of HVR1, AD E/AS412 (412-423), is highly conserved and able to
elicit protective antibodies against HCV isolates of different genotypes and subtypes. There
are broadly nAbs, as represented by AP33 [54] or HCV1, that are associated with viral
escape from a glycan shift at the 417 position to the 415 position (Figure 3C). N415 has
been shown to be important for epitope recognition by AP33 and HCV1. Here, the region
412-423 adopts a beta-hairpin conformation, where the N415 appears to be buried in the
Ab-peptide (peptide mimicking the 412-423 region) interface. Attachment of an N-glycan at
N415 would sterically hinder the formation of E2-Ab complex and therefore cause HCV
resistance to AP33 and HCV1.

However, when this occurs, escape is not associated with other broadly nAbs to this region,
as represented by antibodies, HC33.1 and HC33.4. The co-crystal structure of these Abs
with peptide mimicking the 412-423 region displayed a different conformation where the
glycan on N415 is surface exposed. In fact, the glycan shift is associated with increased
sensitivity to neutralization by the HC33 broadly nAbs. It was determined that the 415
position is associated with the AP33 epitope but not the HC33 epitopes [27,34,55]. Lastly,
the binding of anti-HVRI Abs to the C-terminal region of HVR1 interferes with the binding
of HC33.1 by steric hindrance. Conformational flexibility seems to be one of the main
mechanisms used by HCV to evade immune response.
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Escape from multiple bNAbs by distant mutations

Identification of mutations at E2 residues 501 and 506 positions leads to viral escape from
many bNADbs to different regions in E2 that are reflected by decreased E2 binding to CD81.
These residues flank the B-sandwich domain of the E2 core protein. These mutations must
have an overall structural effect on E2. While viral fitness is compromised, viral persistence
is observed [56]. In the homology modelled HCV E2, the residues 501 and 506 form several
hydrogen bonds to maintain an intact 3D structure of the core domain (Figure 3D). The
residue V506 is buried in the hydrophobic core stabilizing the B-sandwich fold. The
hydrophobic core is formed by the residues: V497, V516, F537, L539 and W554. Any
conformational change in the loop 500-506 or the B-sandwich core structure, in addition to
altering the epitope accessibility, might also affect the conformation of the CD81 binding
loop, which is stacked in front of the loop 500-506. When the mutations at 501 and 506 are
converted back to an earlier isolate, N501S and A506V, wild-type infectivity is restored and
sensitivity to bNAbs is re-established.

Escape from neutralization at sites distinct from the epitope are not uncommon in viruses.
The complex folding and use of oligomeric assemblies create opportunities for dynamics
that allow viral surface proteins increased freedom of movement. Thus, amino acid
substitution at a flexible site may impose conformational influence at a distant site, such as
an epitope. Identification of glycoprotein interactions and dynamics through structure-based
approaches should help to further explain neutralizing antibody escape from mutations at a
distance.

Conclusion

Several structures of nAbs in complex with truncated E2 core domains and E2-derived
peptides were valuable in mapping epitopes and to understand neutralization mechanisms, a
significant first step towards immunogen design. However, the structures of HVR1, HVR2
and the C-terminal regions of E2, the structure of ELE2 heterodimer and its oligomeric state
on the HCV particle remain unknown. Furthermore, it has recently been shown that there is
inherent structural flexibility in the E2 protein, which might be employed as an immune
evasion strategy. The conformation of the unresolved regions of E2 and the structure of
E1E2 heterodimers in the context of their interactions with nAbs and receptor molecules is a
vital missing piece of the puzzle to understand immune evasion mechanisms and the design
of vaccines based on structure. Utilization of structure-based design approaches similar to
the introduction of proline mutations in SARS-CoV2, HIV, Influenza and RSV might assist
in the development of a stable, conformation specific vaccine against HCV. The possibility
of cooperativity within oligomeric association of E1E2 heterodimers on the virion surface
adds additional complexity that is unclear at this time.
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Figure 1. HCV envelope glycoproteins.
(A) Domain organization of HCV envelope glycoproteins, E1 and E2. The glycosylation

sites are shown as purple triangles in (A) and (C). The hypervariable region 1 (HVR1),
variable regions 2 and 3 (HVR2 and HVR3), the front layer, the back layer, the B-sandwich
domains, stem and the transmembrane (TM) regions are labelled on E2. The N-terminal
domain (NTD), putative fusion peptide (pFP), the conserved region (CR) and the
transmembrane regions are labelled on E1. (B) Hepatitis C virion architecture. E1 (dark
blue) and E2 (dark purple) form heterodimers which in turn might arrange into trimers on
the virus surface. The components of the virion are labelled. (C) Crystal structure of E2 core
domain (PDB ID: 4AMWF). Missing regions in the structure are shown as dotted lines and
highlighted with a star. The coloring scheme is similar to (A)
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Figure 2. The immunogenic regions of HCV E2.
(A) Cartoon representation of heterodimeric ELE2 proteins. The dimer of E1E2

heterodimers representation was prepared to simultaneously depict the antigenic regions and
the secondary structure definitions. This does not represent the functional oligomeric state of
the E1E2 heterodimers on the virus surface. Figure prepared from a homology model of E2
(residues 405-645) calculated using the program modeler, where the missing loops of the
crystal structure and part of the N-terminus are modeled. The antigenic domains A (581-
584, 627-633), B (431-439, 529-535), C (544-549), D (441-446) and E (412-423) are
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colored red, magenta, cyan, green and blue, respectively, and shown as rectangular bars
below the E2 sequence in (B). The hypervariable region 1 (HVR1), variable regions 2 and 3
(VR2 and VR3), the front layer, the back layer, the B-sandwich domains, stem, and the
transmembrane (TM) regions are labelled on E2. The E1 protein, its TM domains, and the
stem and TM helices of E2 are drawn as cartoon. The glycosylation sites are labelled and
shown as spheres. (B) shows the sequence of E2 protein (subtype 1a, PDB ID: 6MEJ)
colored according to conservation and mapped onto the E2 protein homology model in (C).
Green depicts the least conserved and purple depicts the most conserved residues. The
percent conservation was calculated using the ConSurf server. The N and C-termini are
labelled in (C).

Curr Opin Virol. Author manuscript; available in PMC 2022 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sevvana et al. Page 15

NAb CBH-2 epitope

( ) Hydrophobic core
stabilizing the fold
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Figure 3. Examples of E2 epitope mutations leading to immune escape.
(A) The NAb CBH-2 crucial epitope residues are shown in yellow and ball and stick

representation. G523, D535, W529 and G528 are farther from D431 in the primary
sequence. (B) The epitope residues of NAb HC84 are shown in yellow and ball and stick
representation. L441, F442 and Y443 adopt a helical conformation. In the homology model
they are packed against the N-terminus of AS412 region. A single amino acid exchange of
F442 to lle or Leu decreases the HC84 binding affinity to E2 protein. (C) The AS412
epitope is shown in dark cyan. The positions of N417 and N415 are labeled. The cysteine
residues forming disulfide bonds are in yellow ball and stick representation. The shifting of
the glycan from N417 to N415 would cause steric hindrance for Ab binding. (D) The side
chains (in ball and stick) of the residues 501 and 506 and the loop 500-506 are shown in
yellow. The backbone structure is involved in various hydrogen bonds to keep the E2 core
structure intact. Residue V506 is part of the hydrophobic core stabilizing the p-sandwich
fold. The side chains of the residues involved in hydrophobic core stabilization (V497,
V516, F537, L539, W554) are colored grey and rendered in ball and stick representation.
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Table 1.

Immunogenic regions of HCV E1 and E2 proteins and nAb examples.
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Antigenic . . . . .
Domains Epitope type Residues Protein region nAbs Mechanism
. . . . Isolate-specific SR-B1
HVR1 Linear 384-410 N-terminus loop H77.16; HEPC98; interaction
] 581-584 CBH-4B; CBH-4D; CBH-20; ‘s
A Conformational 555 £2a E2 back layer CBH-21: A33: Non-neutralizing
HC-1; HC-11; AR3A; i
B Conformational éggl:slgg E2 surface layer AR3C; CBH-2; Er:g%]gsqegit;zliﬁmg
HEPC3; HEPC74; &
. . CBH-7; CBH-23; ARI1A; Weakly or non-
C Conformational ~ 544-549 E2 B-sandwich AR1B: HEPC50: neutralizing
. 441-446 . . . Broadly neutralizing
D Conformational 616 E2 back layer HC84.1; HC84.26; HC84.27; surface of E2
E Linear 412-423 N-terminus loop Rgg’gl HC33.4; HCVYL, Broadly neutralizing
égélig(re]mc Epitope type Residues Secondary structure nAbs Mechanism
. 495, 519, 544, 545, CBH-7; CBH-23; AR1A; Weakly or non-
ARL Conformational 547" 549’ 632 E2 apex ARIB; HEPC50; HEPC-167;  neutralizing
AR2 Conformational 625, 628 E2 back layer Narrow neutralization
HC-1; HC-11; AR3A,;
AR3C; CBH-5; HEPCS;
. 427-443 .. HEPC74; HC84.1; HC84.26; Neutralizing and
AR3 Conformational 59 £an E2 neutralizing face HC84.27- HEPC-122; CD-81 binding
HEPC-151-1; HEPC-153;
HEPC-154;
AR4 E1E2 698 E1E2 interface AR4A; HEPC111; Broadly neutralizing
AR5 E1E2 639, 665 E1E2 interface ARSA; HEPC-130 Broadly neutralizing
Others Epitope type Residues Secondary structure nAbs Mechanism
472,474, 543-549, E2 VR2, B-sandwich, . .
AS108 Conformational ~ 569: 585, 594; 597,  Post-VR3 and back PEpS 108; HEPCL32 Broadly neutralizing
598, 635, layer ’
E1 C-terminus, CD81
AS112 Conformational 321, 330, 517, 520, binding region and B- HEPC-146; Broadly neutralizing
529, 534, 535, 549 :
sandwich
215,232, 233,246,
AS146 Conformational 249, 252, 259, 260, ELNTD and E1 stem HEPC-112; Broadly neutralizing

263,297, 299, 354,
361,378, 382

region
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