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Abstract

Broadly neutralizing antibodies (bNAbs) block infection by genetically diverse hepatitis C virus
(HCV) isolates by targeting relatively conserved epitopes on the HCV envelope glycoproteins,
E1 and E2. Many amino acid substitutions conferring resistance to these bNAbs have been
characterized, identifying multiple mechanisms of bNAb escape. Some resistance substitutions
follow the expected mechanism of directly disrupting targeted epitopes. Interestingly, other
resistance substitutions fall in E2 domains distant from bNAb-targeted epitopes. These
substitutions, which can confer broad resistance to multiple bNADbs, act by less clearly defined
mechanisms. Some modulate binding of HCV to cell surface receptors, while others may induce
conformational changes in the E2 protein. In this review, we discuss mechanisms of HCV bNAb
resistance and implications for HCV vaccine development.
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Introduction

One of the major challenges to the development of a successful hepatitis C virus (HCV)
vaccine is the genetic diversity of the virus. There are seven well-described HCV genotypes
that exhibit approximately 30% inter-genotypic amino acid variation in their envelope genes
(E1 and E2). Each genotype has many subtypes that differ at approximately 15% of their
E1E2 amino acids, and viral strains within the same subtype differ by up to 10% [1-3]. In
addition to viral diversity at a population level, the virus’ high rate of replication with an
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error-prone polymerase, coupled with immune pressure, leads to rapid viral evolution within
infected individuals [4-10]. Therefore, an effective vaccine must induce a broad immune
response capable of neutralizing diverse HCV isolates.

Broadly neutralizing antibodies (bNAbs) target relatively conserved epitopes in the HCV
envelope glycoproteins, E1 and E2. Early development of bNAbs has been associated with
spontaneous clearance of HCV infection in humans [11-14], and infusion of bNAbs is
protective against HCV infection in animal models [15-18]. However, some HCV strains
resist even the most broadly neutralizing antibodies described to date. In this article, we
will review studies of antibody selective pressure in vivo and in vitro that have been
instrumental in elucidating how bNAb resistance arises and how it affects E2 function.
Some resistance substitutions follow the expected mechanism of directly disrupting targeted
epitopes, affecting only the bNAb targeting that epitope. Interestingly, other resistance
substitutions are distant from targeted epitopes and act by less clearly defined mechanisms,
either by modulating binding of HCV to cell surface receptors CD81 or scavenger receptor
B1 (SR-B1), or perhaps by inducing conformational changes in the E2 protein. These
substitutions can confer broad resistance to multiple bNADs targeting distinct antigenic sites.

Antigenic sites targeted by bNAbs

Although this article is not intended as an exhaustive review of HCV bNAbs or HCV
envelope protein structural biology [19-22], it is useful to consider antigenic sites targeted
by bNAbs and the structure of HCV E2 when discussing mechanisms of bNAD resistance.
Of the human mAbs with cross-reactivity against multiple HCV strains that have been
isolated to date. the majority have binding residues falling within three overlapping antigenic
sites on E2 or E1E2 [19, 21, 23, 24]. Many potent bNADbs (e.g., AR3A, HEPC3, HEPC74,
HC-1 and HCB84.26) target overlapping conformational epitopes spanning the front layer
(amino acids 424-459, numbering based on reference strain H77) and CD81 binding loop
(amino acids 519-535) of E2, at sites that have been designated antigenic Domain B,
Domain D, antigenic region 3 (AR3) or ‘epitope II' [15, 17, 25-29]. In this review, these
bNADbs will be referred to as ‘front layer bNAbs’. Other bNAbs such as HC33.1 and HCV1
target a conserved continuous epitope spanning amino acids 412-423 of the CD81 binding
site of E2, which is referred to as Antigenic Domain E, AS412 or ‘epitope I’ [27, 30-34]. In
this review, these bNAbs will be referred to as ‘AS412 bNAbs’. Binding epitopes of bNAbs
AR4A, AR5A, and HEPC111/130 are poorly defined, but these mAbs recognize intact EIE2
heterodimers, with dependence on residues in the stem of E2 [17, 28, 35, 36]. In this review,
these bNADbs will be referred to as ‘E1E2 bNADs’.

Thus far, 17 structures of E2 in complex with Fabs of various monoclonal antibodies
(mAbs) have been characterized [37—42]. The structure of H77 (genotype 1a) or HK6a
(genotype 6a) E2 ‘core’ (E2 with various deletions and truncations) in complex with various
front layer bNADs revealed that E2 consists of a central g sandwich flanked by front
(residues 421 to 459) and back layers (residues 597 to 645) [37, 40]. The structures of

near full-length genotype 1a and genotype 1b E2 ectodomains complexed with bNADbs
HEPC3 or HEPC74 showed a disulfide-stabilized p-turn motif at the tip of heavy-chain
complementarity-determining region 3 (CDRH3) of the bNAbs that is essential for high
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affinity binding to the front layer of E2. These structures also revealed that the AS412 region
of E2 is flexible, with different conformations in each structure [39]. The back layer, B
sandwich core, and front layer structures of genotype 1a, 1b, and 6a E2 structures were
very similar, indicating that the structure of E2 is largely conserved despite very extensive
genetic variation. Different conformations of g sandwich loop were noted among two Fab-
E2 complexes that utilize the identical strain of E2 ectodomain, suggesting that that region
of E2 is flexible [39]. Several studies using electron microscopy or hydrogen—deuterium
exchange have also suggested that the front layer of E2 may be conformationally flexible
[38, 43-45]. A recent publication of structures of bNAbs HC1AM or 212.1.1 in complex
with truncated E2 core constructs suggests that the front layer of E2 may also adopt an
alternative conformation with exposure of several back-layer residues that were buried in
prior structures [41].

Resistance to bNADbs targeting the front layer and CD81 binding loop of E2

A remarkable variety of substitutions have been identified that can confer resistance to front
layer bNAbs (Table 1 and Figure 1). These substitutions fall either within or distant from
targeted epitopes. Some substitutions abrogate bNAb binding while others appear to act

at post-binding steps. Many substitutions carry significant fitness cost, while others may
enhance viral entry.

In many cases, resistance to front layer bNAbs develops as a result of substitutions within
targeted epitopes. Propagating JFH-1 replication competent cell culture virus (HCVcc)
under increasing concentrations of front layer bNAbs CBH-2, HC-1, or HC-11 generated
escape mutations at E2 front layer residues 425-443 that had varying degrees of viral fitness
loss and loss of CD81 binding [46]. By culturing HVR1-deleted J6/JFH1 in the presence

of AR3A, Velazquez-Moctezuma et al. identified a D431G substitution that resulted in
decreased infectivity and decreased AR3A neutralization and binding of HVR1-deleted
J6/JFH1. While no effect in AR3A sensitivity of J6/JFH1 was observed, this substitution
conferred increased AR4A and AR5SA neutralization sensitivity of J6/JFH1. With a similar
approach, the authors also identified a F442Y substitution that conferred AR3A resistance
to HVR1-deleted H77/JFH1 and reduced viral fitness [47]. In another study, Keck et al.
compared sequences of sensitive and resistant isolates to identify D431E/A substitutions that
conferred resistance to some front layer bNAbs [25]. Our group analyzed neutralization and
amino acid sequences of a panel of HCV E1E2 clones isolated from individuals infected
with genotype 1 HCV, also finding that D431E/A substitutions can confer resistance to
front layer bNADbs, including CBH-2, AR3C, and HC84.22, without significant viral fitness
cost. In the same study, we identified F442L/1 substitutions conferring resistance to front
layer bNAbs HC84.22 and HC84.26. Interestingly, introduction of F4421 by site directed
mutagenesis significantly reduced entry of HCV pseudoparticles (HCVpp) generated

with this E1E2, but other HC84.26-resistant E1E2 clones with naturally-ocurring F442I
substitutions had normal function, indicating that fitness cost of some bNADb resistance
mutations is dependent on the E2 strain sequence [48].

Substitutions distant from targeted epitopes also appear to be a major mechanism of
resistance to front layer bNADs. A study of sequential E1E2 isolates from a chronically

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frumento et al.

Page 4

infected person found that one variant was resistant to neutralization by a panel of bNAbs
targeting overlapping front layer epitopes. Substitutions in this variant at ELE2 residues 501
and 506 led to escape by reducing antibody binding. These changes also reduced E1E2
binding to CD81. Since these changes were distant from targeted epitopes, they presumably
induced a structural change in conformational front layer epitopes that disrupted antibody
and CD81 binding to E2 [49]. A study from our group also identified 1538V, Q546L,

and T563V substitutions in the central p-sheet of E2 that conferred broad resistance to
front layer bNADbs as well as immune plasma by reducing bNAb binding to E2. These
substitutions fell in a domain of E2 that was distant from bNAD binding sites, indicating
that, like the substitutions identified by Keck et al., these substitutions must disrupt bNAb
binding by causing conformational changes in E2 [48].

Another recent study by our group investigated mechanisms of bNAb resistance during
spontaneous clearance of HCV infection. HCVpp bearing ELE2 amplified from longitudinal
plasma isolates of two subjects who ultimately cleared HCV infection were progressively
more resistant to neutralization and binding by autologous plasma and monoclonal
autologous bNAbs HEPC3 and HEPC74. Of the resistance substitutions that arose in

E2, N434D, H444Y, P498S, and D533N fell at or near HEPC3 binding residues, while
L438l, F4421, and N445H fell at or near HEPC74 binding residues. In contrast, resistance
substitutions R461L, F465Y, A466D, A475T, and D610H fell in hypervariable region 2
(HVR?2) or the back layer of E2, distant from binding epitopes of either bNAb. These
substitutions also resulted in significantly reduced E2 binding to CD81, progressive loss if
viral fitness, and spontaneous clearance of infection [50].

Another case of viral escape was observed in viruses isolated during liver graft infection
after transplant. Substitutions at positions 447, 458, and 478 in the front layer and HVR2 of
E2 conferred resistance to antibodies in autologous pretransplant serum, as well as a panel
of front layer bNADbs, including CBH-2, CBH-5, and HC-1. In contrast with the studies
described above, these resistance substitutions enhanced rather than abrogated E2 binding
to CD81, and they did not reduce bNAb binding to E1E2. Rather, they appeared to inhibit
neutralization at a post-binding step [51].

Resistance to bNADbs targeting AS412

Another mechanism of HCV escape from bNADbs is the masking of targeted epitopes by
glycosylation, which is known as glycan shielding [52-55]. Using in vitro HCVcc resistance
selection studies, resistance substitutions conferring resistance to bNAbs HCV1 (human)
and AP33 (rodent-derived) at asparagine 417 were identified. These substitutions caused an
N-linked glycosylation shift from N417 to N415 [56]. In contrast, AS412 bNAb HC33.1
(isolated from a yeast display human antibody library) retained the ability to neutralize E2
with N415 glycan. The crystal structure of E2 region 412-423 peptide in complex with this
mAb showed that HC33.1 recognizes a more extended conformation of the AS412 epitope
than HCV1 or AP33, which might explain why N417 or N415 glycans do not interfere
with HC33.1 binding [57]. A third study examining resistance mutants generated in vitro
under the selective pressure of AS412-specific MAb24 determined that N415D, N417S
and H386R/N415D substitutions resulted in resistance. Interestingly, these substitutions
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increased sensitivity to bNADbs targeting epitopes outside of the AS412 region, suggesting
that a glycosylation shift in AS412 may have led to change in E2 structure, increasing
sensitivity to neutralization by non-AS412 bNAbs [58]. Another study identified AS412
resistance substitions arising in vivo. HCV-infected patients receiving a liver transplant were
treated in a clinical trial with AS412-specific bNAb HCV1. All treated patients experienced
delayed viral rebound with virus with substitutions at N415 or N417 positions within the
AS412 epitope [59]. Together, these studies demonstrate that glycosylation shifts within the
AS412 epitope are a major mechanism of resistance to AS412 bNAbs.

Resistance to bNADbs targeting the ELE2 complex

AR4-, and AR5-specific bNAbs (‘E1E2 bNAbs’) bind epitopes on the E1E2 heterodimer
surface and potently neutralize multiple HCV genotypes [17, 36]. Taking advantage of the
fact that deletion of hypervariable region 1 (HVR1) renders HCV isolates more sensitive

to antibody neutralization, escape mutants for AR5A were generated by passaging chimeric
HVR1-deleted H77/JFH1 (genotype 1a) and J6/JFH1 (genotype 2a) HCVcc in the presence
of increasing concentrations of the bNAb. For both strains, resistance substitutions at residue
L665 (in the stem region of E2) caused loss of mAb binding with no decrease in viral
replication competence. When these mutations were introduced into other genotypes 2—6
viruses, a reduction in AR5A sensitivity was observed, highlighting the importance of this
residue in ARSA resistance across diverse viral isolates [60]. In a similar study, passage of
HCVcc with bNAb AR4A induced only low level resistance substitutions in HVR1-deleted
H77/JFH1 or J6/JFH1 HCVCcc, suggesting that AR4A has a higher barrier to resistance than
ARS5A [61]. Notably, substitutions 1696T or 1696N in J6/JFH1 conferred AR4A resistance
and loss of viral fitness in an isolate-dependent manner. Overall, substitutions in the stem
region of E2 can confer resistance to ELE2-specific bNAbs, but some bNADbs in this class
appear to have a high barrier to resistance.

Broad resistance to multiple bNAbs targeting distinct antigenic sites

A striking feature of HCV is the influence of substitutions distant from bNAb binding
epitopes on bNAD resistance. As we have described, some of these substitutions can
influence sensitivity to groups of bNAbs targeting a single antigenic site. Perhaps

even more importantly, some substitutions confer resistance to multiple bNADbs targeting
distinct antigenic sites. Recent studies have begun to elucidate possible mechanisms of
this phenomenon, which include modulation of HCV receptor binding and temperature-
dependent conformational changes of HCV envelope proteins (i.e. envelope ‘breathing’).

E1E2 variants with resistance to both HC33.4 (an AS412 bNADb) and AR4A (an E1E2
bNADb) were identified using a large panel of HCVpp generated using natural E1E?2 isolates.
Known critical binding residues for both bNAbs were conserved across the panel, but
substitutions L403F or L438V, both distant from either bNADb binding epitope, conferred
increased resistance or sensivity, respectively, to neutralization by both bNAbs. These
substitutions had no effect on binding of either bNAb to E1E2, and instead increased or
decreased neutralization resistance by enhancing (L403F) or reducing (L438V) E2 binding
to HCV co-receptor SR-B1 [62]. In another study, polymorphism R424S conferred broad
resistance to neutralization of Bolela, a computationally derived, ancestral genotype 1a
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HCV strain, by both polyclonal HCV sera and diverse array of bNAbs targeting multiple
antigenic sites (CBH-5, HC84.22, HC84.26, HC33.4, AR3A and AR4A). Interestingly,
HCVcc carrying S424 showed lower replicative fitness than the R424 variant, suggesting
that bNADb selection favors persistence of S424 variants, while greater replicative fitness
favors persistence of R424 variants [63].

Prentoe et al. found that removal of glycans from E1E2 rendered HCVcc more sensitive
to neutralization by AR3A (front layer bNAb), AR4A, AR5A (E1E2 bNADbs) and J6.36
(an HVR1-specific bNAD), even if the glycans did not fall near bNAD targeted epitopes.
Interestingly, deletion of HVR1 rendered HCVcc neutralization sensitive regardless of
whether glycans were present or deleted. Temperature-dependent neutralization experiments
revealed that the removal of glycans or the absence of HVR1 appeared to destabilize
E1E2, making it more globally neutralization sensitive. Removal of glycans or deletion

of HVR1 also decreased SR-B1 dependency of HCVcc, leading the authors to suggest
that ELE2 binding to SR-B1 may precipitate a conformational shift from a “‘closed’ to an
‘open’' conformation that is also precipitated by glycan or HVR1 deletion [64]. Another
study by the same group used similar temperature-dependent neutralization experiments
to show that polymorphisms at position 400-404 in HVR1 and 414, 431, and 453 in E2
can confer resistance to multiple bNAbs by modulating this shift between closed and open
E2 conformations [65]. X-ray crystallographic studies with E2 variants possessing such
polymorphisms are still needed provide a molecular basis for the existence of multiple E2
conformations.

Conclusions

HCYV resistance to bNAbs is driven by substitutions within targeted epitopes, but also by
amino acid changes distant from binding epitopes that likely induce conformational changes
in E1E2 or alter E1E2 affinity for cell surface receptors. Some resistance substitutions

(in particular substitutions in the E2 front layer region) have a significant fitness cost for
the virus by decreasing the capacity of E2 to bind to CD81 and/or SR-B1, while others
appear to have minimal impact on E2 function. Understanding these mechanisms of bNAb
resistance is critical for HCV vaccine development. First, more work is needed to identify
the bNADbs for which resistance substitutions consistently induce the greatest fitness cost to
the virus, since these are the bNADbs that are most desirable for vaccine induction. Structural
differences between monomeric, soluble E2 (sE2), full-length E2 in complex with E1, and
E1E2 on replication competent virus or virus-like particles should be carefully considered
in structure—function analyses, since antibody resistance and receptor binding effects of
some substitutions may not be fully recapitulated by sE2 [65, 66]. Second, inclusion of
both bNAD sensitive and resistant antigens in a vaccine might broaden the vaccine-induced
antibody response. Third, multiple studies have shown that some combinations of bNAbs
are synergistic, so a vaccine may need to simultaneously induce bNAbs targeting multiple
distinct epitopes in order to limit immune escape [67—69]. Finally, more work is needed to
understand the different conformational states that may be tolerated by functional E1E2 in
vivo, so that bNADbs targeting these different states can be identified, and potentially antigens
mimicking these states could be stabilized and included in a vaccine. Structural studies
with E2 and E1E2 sensitive and resistant variants in complex with bNAbs will further
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aid in immunogen stabilization efforts. Overall, efforts to date have greatly advanced our
understanding of HCV bNAD resistance, but very important work still remains.
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Figure 1.
Location of resistance substitutions on the E2 ectodomain structure [PDB 6MEI] [39]. E2 is

gray, with the front layer (aa 424-459) and CD81 binding loop (aa 519-535) shaded in pink
and AS412 (aa 412-423) shaded in light blue. Location of substitutions conferring resistance
to (i) bNADbs targeting front layer/CD81 binding loop (red), (ii) bNAbs targeting AS412
(blue), or (iii) multiple bNAbs targeting distinct antigenic sites (green) are displayed on the
surface of E2. V506 (front layer bNAb resistance) is not visible because it is buried within
the structure. Positions of resistance substitutions for ELE2 complex bNAbs (L665, 1696) as
well some substitutions conferring resistance to multiple bNAbs (V400, G401, L403, T404)
are not shown because they are truncated or unresolved in the crystal structure.

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



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Frumento et al.

bNADb resistance substitutions.

Table 1.
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bNADb target Representative bNAbs Resistance substitutions” References

Front layer and CD81 binding AR3C, CBH-2, HC84.26, D431G, A439E, 438FZ, L438F/N434D, L438F/T435A [46, 47, 50]

loop of E2 (aa 424-459, HC-11, HC84.22, CBH-5,

519535) HC-2, HEPC3, HEPC74
F442L/1, D431E/A [25, 48, 50]
Fa42Y [47]
S501N/V506A [49]
1538V, Q546L, T563V [48]
F447L, S458G, R478C [51]
N434D, H444Y, N445H, R461L, F465Y, A466D, A475T,  [50]
P498S, D533N, D610H

AS412 of E2 (aa 412-423) HC33.1, F:V1, AP33 N417S/T, N415K/S/D [56-59]
H386R/N415D [58]

E1E2 complex > AR4A, ARSA L665S/S680T, L665W/S [60]
1696T/N [61]

wxe AR3A CBH-5 HC84.22, L403F, V438L [62]

Multiple E2 and E1E2 sites HC33.4, AR4A
R424S [63]
V400A, G401S, L403F, T404S, V4141, D431E, S453P [65]

*
Amino acid position numbering based on reference strain H77

*:

ok
Epitopes poorly defined

Aok

Targeted sites include front layer, AS412, and E1E2 complex
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