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In brief

Frumento et al. identify a mechanism of
antibody-mediated antiviral protection by
which neutralizing antibodies evolve to
select and then exploit deleterious
escape mutations in the HCV envelope
glycoprotein E2. These mutations
selected by unmutated ancestor broadly
neutralizing antibodies (bNAbs) can
confer hypersensitivity to mature bNAbs
and loss of viral replication fitness,
contributing to repeated immune-
mediated clearance of HCV infection.
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SUMMARY

Individuals who clear primary hepatitis C virus (HCV) infections clear subsequent reinfections more than 80%
of the time, but the mechanisms are poorly defined. Here, we used HCV variants and plasma from individuals
with repeated clearance to characterize longitudinal changes in envelope glycoprotein E2 sequences, func-
tion, and neutralizing antibody (NADb) resistance. Clearance of infection was associated with early selection of
viruses with NADb resistance substitutions that also reduced E2 binding to CD81, the primary HCV receptor.
Later, peri-clearance plasma samples regained neutralizing capacity against these variants. We identified a
subset of broadly NAbs (bNAbs) for which these loss-of-fitness substitutions conferred resistance to unmu-
tated bNAb ancestors but increased sensitivity to mature bNAbs. These data demonstrate a mechanism by
which neutralizing antibodies contribute to repeated immune-mediated HCV clearance, identifying specific
bNADbs that exploit fundamental vulnerabilities in E2. The induction of bNAbs with these specificities should

be a goal of HCV vaccine development.

INTRODUCTION

Hepatitis C virus (HCV) infection can cause hepatocellular carci-
noma (HCC), liver failure, and liver-related mortality.”* Despite
the advent of direct-acting antiviral (DAA) therapy, the incidence
of new HCV infections continues to rise®*; therefore, a prophy-
lactic HCV vaccine is needed to achieve the World Health Orga-
nization’s goal of eliminating HCV as a public health problem by
2030.° Despite this urgent need, the development of an effective
HCV vaccine has been difficult. Two major challenges are the
extraordinary genetic diversity of the virus and its rapid evolution
in infected people.®'°

Spontaneous clearance of primary HCV infection occurs in
about 25% of infected individuals.'""'> We and others have found
that clearance of primary HCV infection is associated with the
early development of broadly neutralizing antibodies (bNAbs),
which are capable of blocking infection by genetically diverse viral
variants.">?" BNAbs target the viral envelope glycoproteins E1
and E2, and we previously showed in two individuals that bNAbs
selected substitutions in E2 that caused a loss of viral fithess prior
to spontaneous clearance of their primary infections. Although
limited to a small number of study participants, these data sug-
gested that bNAbs can play an important role in clearance of pri-

mary HCV infection.”” However, an important unanswered ques-
tion is how HCV-Ab coevolution leads to persistent E2 recognition
by bNAD lineage antibodies and selection for less fit E2s.

Interestingly, and for reasons that remain unclear, immune re-
sponses mediating clearance of primary infection do not always
provide sterilizing immunity but lead to enhanced virus clearance
rates as high as 80%. These reinfections are associated with a
rapid rise in neutralizing antibody (NAb) titers, expansion of B
cell and CD8+ T cell responses, shorter duration of infection,
and lower peak viremia, demonstrating protective adaptive im-
munity that can serve as a model for a protective vaccine
response.'??%?* We and others have isolated bNAbs from a
small number of individuals who cleared multiple infec-
tions, '®?"?2 but defining mechanisms by which bNAbs lead to
viral clearance has been challenging.

In this study, we investigated the humoral immune mechanism
of repeated immune-mediated clearance of HCV reinfectionsina
prospective, longitudinal cohort of persons who inject drugs
(PWIDs). We sequenced the viral quasispecies at longitudinal
time points in individuals with repeated HCV clearance (n = 8)
or persistent infection (n = 8) to characterize the evolution of
the envelope glycoprotein E2 genetically, antigenically, and
functionally. We assessed the global prevalence of substitutions
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Table 1. Participant demographic and HCV infection data

Reinfection Reinfection Clearance Persistence

clearance  persistence 1 infection 1 infection
No of subjects 5 2 1 8
Age® 23.4 (1.5) 26.5 (3.5) 28 24.1 (3.1)
% female 40 50 100 25
% Caucasian 100 100 100 100
No of 9 4 1 8
infections
HCV subtype
(%)
1a 55.5 100.0 100.0 100.0
1b 1.1 0.0 0.0 0.0
2b 1.1 0.0 0.0 0.0
3a 22.2 0.0 0.0 0.0

2At seroconversion, mean years (SD).

arising in E2, and we measured the effect of these E2 substitu-
tions on virus sensitivity to neutralization by longitudinal autolo-
gous plasma samples, bNAbs, and bNAb unmutated ancestors.
We also measured the effect of these substitutions on E2 binding
to CD81, the primary HCV receptor, and on the efficiency of virus
entry into cells. We used these data to infer a mechanism by
which repeated virus infection results in enhanced bNAb-medi-
ated clearance of HCV reinfection.

RESULTS

Selection of study participants

Study participants were PWIDs enrolled in the Baltimore Before
and After Acute Study of Hepatitis (BBAASH) cohort who were fol-
lowed prospectively with regular blood sampling, beginning while
they were HCV seronegative, through acute infection, and then
during HCV clearance or chronic infection. We selected study par-
ticipants who spontaneously cleared at least one HCV infection
(n = 8) or who had a single, persistent HCV infection (n = 8) (Fig-
ure S1; Table 1). Five participants cleared multiple infections
with periods of aviremia between each infection (Figure S1A).
Two participants cleared their primary infections spontaneously
and, after a period of aviremia, were reinfected with a different vi-
rus that was not cleared (Figure S1B). One participant cleared one
infection spontaneously with no documented reinfection (Fig-
ure S1C). As controls, we selected eight participants with incident
HCV infection who remained persistently infected with a single
HCV strain over many years of follow-up (Figure S1D). All primary
infections and reinfections were grouped into cleared (n = 12) or
persistent (n = 10) categories. Duration of infection at the time of
sampling, participant age at the time of infection, sex, race, and
HCV infection genotype were not different between cleared and
persistent infections (Figure S1E; Table 1).

Distinct substitutions developed in E2 in cleared or
persistent infections

We performed RT-PCR amplification and sequencing of 5 hemi-
genomes (Core-NS4A) of plasma viruses obtained at longitudinal
time points during each infection. An average of 29 (2-66) clonal
sequences were examined from each plasma time point, and the
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most abundant viral variant at the earliest and latest available
viremic time point for each cleared infection was selected for
further analysis (Table S1). For persistent infections, we selected
the most abundant virus at the earliest available viremic time point
and at a median of 6 months after initial infection (Table S1). We
identified multiple amino acid substitutions arising over time
in each infection (Figure 1A). Notably, in cleared infections
(p < 0.0001), but not in persistent infections (p > 0.999), substitu-
tions were significantly enriched in E2 relative to the remainder of
the hemigenome (Figure 1B). We also compared the nonsynony-
mous and synonymous mutation rates (dN-dS) in the 5" hemige-
nomes between the early and late viral populations for each infec-
tion (Figure S2). Overall, cleared infections showed positive
dN-dS in E2, which is evidence of selective pressure in E2,
whereas most persistent infections showed lower dN-dS values,
consistent with reduced or absent selective pressure. These data
suggest that substitutions developed in E2 in cleared infections
due to selective pressure rather than by chance. Therefore, we
analyzed E2 amino acid substitutions in greater depth.

We found that amino acid substitutions arising over time in
both cleared and persistent infections were present in all do-
mains of E2. We also assessed the global prevalence of these
substitutions by analyzing subtype-matched sequences from
the HCV-Genes Linked by Underlyng Evolution (GLUE) data-
base, which incorporates HCV sequences from around the
world.?>?% |In both cleared and persistent infections, substitu-
tions ranged in prevalence from very common (frequency > 0.9
in subtype-matched sequences) to extremely uncommon (fre-
quency 0.0 to <0.1 in subtype-matched sequences) (Figures
2A and 2B; Tables S2 and S3).

To further characterize these substitutions, we compared the
number of E2 amino acid changes and the global prevalence
of substitutions arising in cleared or persistent infections. We
found that there was a trend toward a higher frequency of substi-
tutions in cleared infections (Figure 2C, p = 0.05). Most substitu-
tions in cleared infections arose in hypervariable region 1 (HVR1),
the front layer, and VR2. In persistent infections, substitutions
also arose most commonly in HVR1, but the remainder of substi-
tutions were more evenly distributed across E2. We also
observed a trend toward lower prevalence substitutions arising
in cleared infections (Figure 2D, p = 0.05). In particular, multiple
low prevalence substitutions were observed in HVR1, the front
layer, and VR2 in cleared infections that were not observed in
persistent infections. Taken together, these data showed that
amino acid substitutions developed in E2 in both cleared and
persistent infections, but E2 substitutions arising in cleared in-
fections were more frequent and less prevalent in a worldwide
database relative to substitutions arising in persistent infections.

E2 substitutions in cleared infections were selected by
the early plasma NAb response and led to decreased E2
function

To better understand the role of NAbs in the selection of E2 sub-
stitutions, we measured the neutralization of HCV pseudopar-
ticles (HCVpp)-expressing dominant early and late E1E2 variants
from each infection by autologous plasma from the same infec-
tions (Figure 3A). We tested autologous, early plasma from a
visit at a median of 1 month after the first viremic time point
and autologous, late plasma from the latest viremic time point
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Figure 1. Amino acid substitutions are enriched in E2 in cleared but
not in persistent infections

(A) Amino acid sequence evolution of 5 kb hemi-genome sequences in cleared
and persistent infections. Mismatches between the dominant early sequence
and the dominant late sequence for each infection are shown in red. An
average of 29 clonal sequences (2-66) per time point were used to identify the
dominant sequences. Amino acid positions (top) were based on the H77
sequence. Plots were generated using the HIV Sequence Database Pixel tool.
(B) Frequency of amino acid substitutions within E2 vs. outside of E2 in cleared
or persistent HCV infections. Kruskal-Wallis test was conducted. Means with
SD are shown. ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
See also Figures S1 and S2.

(contemporaneous to the late E1E2). For cleared infections,
autologous, early plasma was able to neutralize HCVpp-ex-
pressing early E1E2s, whereas HCVpp-expressing late, peri-
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clearance E1E2s from the same infection were resistant to
neutralization by the early plasma (p = 0.011). This finding indi-
cates that the substitutions observed in E2 of cleared infections
were likely selected by early plasma NAbs. Unexpectedly, late,
peri-clearance plasma regained capacity to neutralize HCVpp-
expressing late, autologous, contemporaneous E1E2 (p =
0.021), indicating that the NAb response “caught up” to the
mutated virus immediately prior to clearance of infection. In
contrast with cleared infections, we observed minimal neutrali-
zation of autologous HCVpp by either early or late plasma from
persistent infections, indicating that plasma NAbs were less
likely responsible for selection of the substitutions appearing
over time in the persistent infections.

To further characterize the phenotypic effects of the amino
acid substitutions arising in E2, we measured binding of soluble
forms of the early and late E2 proteins (sE2) to CD81 or scav-
enger receptor-B1 (SR-B1), the two principal HCV cell surface
receptors,”’ expressed on the surface of Chinese hamster ovary
(CHO) cells. We also measured binding of sE2 to the CD81 long
extracellular loop (CD81 LEL) in an ELISA. We validated this
method by testing binding to CD81 LEL by a wild type, functional
sE2 protein (strain 1a157), or a negative control 1a157 sE2 pro-
tein with mutations introduced to the front layer at CD81 binding
residues (1a157 FRLYKO)?® (Figure S3A). As expected, we saw
strong binding of wild-type 1a157 sE2 and complete loss of
CD81 LEL binding by 1a157 FRLYKO.

We observed a significant decrease in CD81 binding from early
to late E2 for cleared infections measured using either CHO-
CD81 or CD81 LEL binding (p = 0.007 and p = 0.044), whereas
there is no change in CD81 binding over time for sE2 variants
from persistent infections (Figures 3B and S3B). We also tested
E2 binding to SR-B1 expressed on CHO cells and observed a
nonsignificant trend of decreased binding from early to late E2
from cleared infections (Figure 3B). We have previously shown
that differences in E2 binding to CD81 expressed on CHO cells
correlate positively with differences in viral fithness measured us-
ing chimeric replication competent (HCVcc) viruses with the
same E2 sequences.?” To further validate sE2 binding to CD81
as a relevant measure of viral fitness, we generated chimeric
HCVcc using early and late E1E2 sequences from one cleared
and one persistent infection. We observed a greater drop in
HCVcc infectivity between early and late E1E2 for the cleared
infection than for the persistent infection, and we also observed
a greater decrease in CD81 binding of the corresponding early
and late sE2 from the cleared infection relative to the persistent
infection (Figures S3C-S3F). Overall, these studies demon-
strated that NADb resistance substitutions arising over time in
cleared infections led to reduced E2 binding capacity for CD81.

To determine whether there was also a difference in the
magnitude of sE2 binding to CD81 between cleared and persis-
tent infections, we compared early or late sE2 binding with CD81
LEL between cleared and persistent infections (Figure S4). We
detected no difference in early sE2 binding between the two
groups, indicating that participants who cleared HCV infections
were not infected with a defective virus relative to those with
persistent infections. Rather, the difference in outcome between
groups appeared to be driven by differences in the immune
response. Taken together, these data showed that clearance
of infection was associated with early selection of NAb
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Figure 2. Cleared infections have a greater number of lower prevalence E2 amino acid substitutions relative to persistent infections

(A and B) Substitutions in E2 in cleared or persistent infections, with positions numbered based on the H77 sequence and indicated with (A) spheres super-
imposed on the HEPC3-E2ecto1b09 (aa 410-647) structure (PDB: 6MEE) or (B) colored blocks in HVR1, which was unresolved in the crystal structure (aa 384—
409). Substitutions are colored with a red heatmap to indicate their global prevalence in the HCV-GLUE alignment (ngt14 = 15,060; Ngtaa = 3,464; Ngtop, = 506).
Regions of E2 are indicated with different colors.

(C) Comparison of number of substitutions per infection anywhere in E2 (left) or by E2 domain (right) between cleared (dark gray) and persistent (light gray) in-
fections. Unpaired t test was conducted. Mean with 95% confidence interval (Cl) is shown.

(D) Comparison of global prevalence of substitutions per infection anywhere in E2 (left) or by E2 region (right) between cleared (dark gray) and persistent (light gray)
infections. Mann-Whitney test was conducted. Mean with 95% Cl is shown.
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resistance substitutions that reduced E2 binding to CD81, with
later, peri-clearance plasma samples regaining neutralizing ca-
pacity against these variants.

Public E2 substitutions arising in multiple participants
with HCV clearance led to reduced E2 function
To identify specific amino acids targeted by protective NAbs, we
investigated whether single substitutions arising in natural vari-
ants could recapitulate the phenotype observed for those vari-
ants. To do so, we selected a subset of E2 substitutions based
on whether they met four selection criteria. First, we chose sub-
stitutions that arose exclusively in either cleared or persistent in-
fections. Second, we chose two substitutions representative of
each domain of E2 to avoid overrepresenting domains that
have a higher frequency of substitutions, such as HVR1 and
the front layer (Figure 2B). Third, we chose substitutions that
were shared by the greatest number of infections. Fourth, we
chose substitutions that were the least prevalent in HCV-GLUE
because we predicted they would have a more profound effect
on E2 function. By doing so, we maintained the same relative
prevalence between clearance and persistence subsets of sub-
stitutions chosen for further analysis and all substitutions arising
in natural variants (Figure S5). The substitutions selected based
on these four selection criteria were introduced individually in
subtype-matched genotype 1a or 3a transmitted/founder vi-
ruses (“reference E2”) via site-directed mutagenesis (SDM)
(Figures 4A and 4B).

When we tested binding of the sE2 mutants to CD81, we saw
that most E2 substitutions arising in cleared infections reduced
CD81 binding relative to the reference E2 (Figures 4C, 4D, and
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***p < 0.001; ***p < 0.0001. See also Figures S3

and S4.
E2

S6, p = 0.04). Although some substitutions arising in persistent in-
fections also conferred a reduction in CD81 binding, the majority
(60%) had no change or even increased binding to the receptor.
We designated substitutions in sE2 leading to decreased or
increased CD81 binding as loss of function (LOF) or gain of function
(GOF), respectively. To further understand the effect of each sub-
stitution on E2 function, we examined each infection individually
and found that most of the SDM substitutions were co-expressed
in late E2 variants (Figures 4E, S7A, and S7B). Notably, the two
GOF substitutions from cleared infections were co-expressed in
natural E2 variants with multiple other substitutions that conferred
LOF. We also observed a correlation between lower prevalence of
substitutions and greater LOF, indicating that less globally preva-
lent substitutions led to greater loss in fitness (Figure S7C).

LOF and GOF substitutions in sE2 conferred resistance
to unmutated ancestor bNAbs and sensitivity to

mature bNAbs

Next, we investigated whether neutralization by bNAbs would
be affected by these same LOF and GOF substitutions by intro-
ducing each substitution into reference E1E2s and generating
HCVpp for neutralization assays. We tested four bNAbs
(HEPC74, HEPC108, HEPC146, and AR4A) in both their inferred
reverted unmutated ancestor (RUA) form and their mature form,
with all naturally acquired somatic mutations present. HEPC74
targets the E2 front layer,”® and AR4A targets the E2 stalk.*®
HEPC146 and HEPC108 have not been structurally character-
ized; therefore, their epitopes are less well defined, but available
data indicate that they also target the E2 front layer (see STAR
Methods and Colbert et al.’®). We hypothesized that these
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(A and B) Substitutions arising in cleared or persistent infections, which were introduced into reference E2s (gt1a strain C110 DO or gt3a strain UKNP3.1.2) by site-
directed mutagenesis (SDM) are indicated by residue number (H77 reference) and the letter corresponding to the introduced amino acid. Amino acid substitutions
are indicated with (A) spheres on the HEPC3-E2ecto1b09 (aa 410-647) structure (PDB: 6MEE) or (B) with colored blocks in HVR1 (aa 384-409). Substitutions are
colored with ared heatmap to indicate their global prevalence in the HCV-GLUE alignment (ngt15 = 15,060; Ngt3a = 3,464; Ngton = 506). E2 regions are indicated with
different colors on the ribbon structure.
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RUA and mature bNAbs would be representative of the NAb
repertoire present in the early and late plasma of the study par-
ticipants because we previously showed that combinations of
these four bNAb-types were present in the late plasma of the
same participants.®’ Overall, we observed that most LOF and
GOF substitutions conferred increased resistance to most un-
mutated ancestor bNAbs, as well as mature HEPC146, and
increased sensitivity to mature HEPC74, HEPC108, and AR4A
(Figure 5A). We found that the fold changes in neutralization
sensitivity after introduction of LOF substitutions were signifi-
cantly different between AR4A RUA and mature AR4A
(p = 0.0008), HEPC74 RUA and mature HEPC74 (p = 0.0071),
and HEPC108 RUA and mature HEPC108 (p = 0.0008). For
each mAb pair, LOF substitutions conferred resistance to the
RUA form and increased sensitivity to the mature form. Fold
changes in sensitivity to HEPC146 RUA and mature HEPC146
did not differ significantly (p = 0.37) because most LOF substitu-
tions conferred resistance to both RUA and mature forms. In
contrast, GOF substitutions had significantly different effects
on RUA and mature bNAbs only for AR4A RUA and mature
AR4A (p < 0.0001) or HEPC108 RUA and mature HEPC108 pairs
(p = 0.04), with increased sensitivity to both HEPC74 RUA and
mature HEPC74 and increased resistance to both HEPC146
RUA and mature HEPC146 (Figure 5B). When we quantitatively
compared the effects of LOF and GOF substitutions, we found
that both sets of substitutions were equally resistant to the
RUA antibodies (Figure 5C), but GOF substitutions conferred a
greater increase in sensitivity than LOF substitutions to mature
bNAbs AR4A, HEPC74, and HEPC108 (p = 0.004, 0.0009, and
0.017, respectively). Overall, we identified a subset of bNAbs
(AR4A, HEPC74, and HEPC108) for which LOF E2 substitutions
increased resistance to RUA forms but increased sensitivity to
mature forms. GOF substitutions conferred even more dramatic
increases in sensitivity to the mature forms of these bNAbs rela-
tive to LOF substitutions. Notably, although HEPC146 is also a
bNAb, both LOF and GOF substitutions conferred resistance
to both the RUA and mature forms of this antibody.

Next, we mapped LOF substitutions that increased resistance
to one or more RUA bNAbs and increased sensitivity to the corre-
sponding mature bNAb(s) onto the AR4A Fab-E1E2 structure
recently determined by de la Pefia et al.*> We superimposed the
AR4A Fab-E1E2 structure along with the HEPC74-E2 and CD81
LEL-E2 structures on their E2 ectodomains®®*® (Figures 6A and
6B). Of the 14 LOF substitutions, half (S391R, K408N, N448D,
S496F, Y527H, M574M, and D577N) conferred resistance to all
three RUA bNAbs and increased sensitivity to the corresponding
mature bNADb(s). Four substitutions (P498S, S528N, D533N, and
S557A) conferred resistance only to AR4A RUA and increased
sensitivity to mature AR4A. Two substitutions (T463V and V636l)
conferred resistance to both HEPC108 RUA and HEPC74 RUA
and increased sensitivity to the corresponding mature bNAbs.

Immunity

One substitution (N570Y) conferred resistance to HEPC108
RUA and increased sensitivity to mature HEPC108. Overall, we
observed that these LOF substitutions were distributed across
E2, oftenin domains far removed from the bNAb binding or contact
residues, as well as the CD81 binding site (Figure 6C).

DISCUSSION

Mechanisms of immune-mediated clearance of HCV reinfec-
tions remain poorly understood. Because reinfections are
generally cleared very efficiently, these immune responses
can serve as a model for responses that a vaccine should
induce. Here, we identified amino acid substitutions in E2
that were shared across multiple cleared infections. We deter-
mined that these substitutions were selected by early autolo-
gous plasma NAbs, and they reduced E2 binding to CD81.
Later, peri-clearance plasma samples regained neutralizing ca-
pacity against these variants. We concluded that the combina-
tion of reduced viral fitness due to selection pressure from early
antibodies and simultaneously the neutralization by late anti-
bodies likely contributed to viral clearance. We then identified
a subset of bNAbs (AR4A, HEPC74, and HEPC108) for which
these same loss-of-fitness E2 substitutions conferred resis-
tance to unmutated bNAb ancestors but increased sensitivity
to mature bNADs.

The observation that naturally occurring plasma NAb resis-
tance substitutions in E2 conferred resistance to some unmu-
tated ancestor bNAbs but increased sensitivity to the corre-
sponding mature bNAbs was unexpected and potentially
important for vaccine development. If a vaccine could induce
these bNAb-types, responses would presumably include a
mixture of immature and mature bNAb variants. The immature
bNAbs might select both LOF and GOF substitutions in E2, but
the mature bNAbs would neutralize these LOF E2 variants effec-
tively and GOF E2 variants even more effectively. It is important
to note that although HEPC146 is also a bNADb, which is thought
to target the front layer of E2 similar to HEPC74 and HEPC108,'®
both LOF and GOF substitutions conferred resistance to both
HEPC146 RUA and mature HEPC146. Although the epitope of
HEPC146 has not been fully defined, available data indicate
that this bNAb primarily binds at the CD81 binding loop of
E2."® In contrast, HEPC74 targets a wider range of residues
distributed across the E2 front layer, which may explain why
GOF substitutions in E2 confer resistance to HEPC146 but not
to HEPC74. Therefore, if HEPC146-like bNAbs were induced
by a vaccine, they might not be protective because they could
select escape mutants that also confer E2 GOF. Overall, these
findings suggest that bNAb responses to particular E2 epitopes
are likely to be protective, whereas bNAb responses to other epi-
topes are not. Therefore, quantitation of neutralizing breadth of
serum or even delineation of the antigenic regions targeted by

(C) Comparison of binding (50% effective concentration [ECsq]) to CD81 LEL between the reference sE2 and reference sE2 after introduction of single sub-
stitutions from cleared (left) or persistent (right) infections. ECsos were derived from one experiment, performed in duplicate. GOF, gain of function, LOF, loss of

function.

(D) Fold change in CD81 LEL binding after SDM introducing individual substitutions was calculated from ECs values of the reference sE2 divided by ECs values
of SDM sE2. Normality of data was tested by Shapiro-Wilk test with Kolmogorov-Smirnov test for significance. Means with SD are indicated.

(E) Each column in the heatmap illustrates the fold difference in binding to CD81 LEL by early vs. late natural E2 clones from each infection, and by reference E2 vs.
E2 with individual substitutions that arose in that infection. ns, p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.
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Figure 5. Naturally selected LOF and GOF substitutions confer resistance to unmutated ancestor bNAbs and increase sensitivity to most

mature bNAbs

(A) Heatmap illustrating the fold change in neutralization sensitivity of reference HCVpp (strain C110 DO or strain UKNP3.1.2) after introduction by SDM of in-
dividual E2 substitutions, tested using reverted unmutated ancestor (RUA) bNAbs or mature bNAbs. Fold change was calculated as AUC of the reference HCVpp
divided by AUC of SDM HCVpp. Substitutions are segregated based on whether they led to LOF or GOF in CD81 LEL binding.

(B) Fold change in neutralization sensitivity of HCVpp by an RUA bNAb vs. the corresponding mature bNAb after introduction of individual LOF (left) or GOF
substitutions (right). Normality of data was tested by Shapiro-Wilk test. One-Way ANOVA and Sidak’s multiple comparisons tests were conducted. Medians are

indicated. LOF, loss of function; GOF, gain of function.

(C) Fold change in neutralization sensitivity of HCVpp by RUA bNADbs (left) or mature bNADbs (right) after introduction of LOF vs. GOF substitutions. AUCs were
derived from one experiment performed in duplicate. ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. See also Figures S5-S7.

NAbs might not provide the high-resolution information needed
to fully assess the potential for protection by candidate vaccine
responses. In addition to these standard assays, new ap-
proaches, such as high-resolution structural studies of RUAs
and matured bNADbs, should be optimized to identify the specific
bNAb-types induced by vaccine candidates.

In this study, we identified public LOF E2 substitutions arising
primarily in cleared infections, and GOF substitutions arising pri-
marily in persistent infections. Interestingly, we observed two in-

stances where different substitutions that arose in E2 at the
same amino acid positions (391 and 574) led to opposite E2 phe-
notypes: S391R and V574M (arising in cleared infections)
conferred a loss of E2 function, whereas S391T and A574T
(arising in persistent infections) led to a gain in E2 function. These
data highlight the important effect of single substitutions on E2-
CD81 binding, confirming that both the position and the specific
amino acid change should be considered when assessing the
functional impact of substitutions in E2.
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Figure 6. Loss-of-function substitutions that confer resistance to unmutated ancestor bNAbs and increase sensitivity to corresponding
mature bNAbs are distributed across E2

(A and B) LOF substitutions that conferred resistance to one or more reverted unmutated ancestor (RUA) bNAbs and increased sensitivity to the corresponding
mature bNAb(s) displayed as spheres on the E1E2-AR4A-AT12009-IGH505 cryoelectron microscopy (cryo-EM) structure (PDB: 7T6X) (A) or as colored blocks on
the HVR1 cartoon (B). Substitutions are colored based on the individual bNAb or combination of bNAbs to which they confer RUA bNADb resistance and mature
bNAb sensitivity. (—) = decreased neutralization sensitivity, (+) = increased neutralization sensitivity. E1E2-AR4A-AT12009-IGH505 (PDB: 7T6X), HEPC74 Fab-E2
(PDB: 6MEH), and CD81-LEL-E2 (PDB: 7MWX) structures were superimposed on their E2 ectodomains. The AT12009 Fab, IGH505 Fab, 2A12 Fab, AR4A-LC,
and HEPC74-LC are not shown for clarity. E1 is tan, E2 is gray, AR4A-VH is purple, HEPC74-VH is orange, and CD81 LEL is green.

(C) Most E2 substitutions depicted in (A) and (B) do not fall at known bNAb-E2 or CD81-E2 contact and/or binding residues. HEPC108 binding residues were
determined by alanine scanning mutagenesis. Amino acid residues are indicated that fall at contact or critical binding residues (**) or within three amino acids of a
contact or critical binding residue (*). LOF, loss of function. GOF, gain of function.
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We found that the loss-of-fitness E2 substitutions that
conferred resistance to unmutated bNAb ancestors, but
increased sensitivity to mature bNAbs, were distributed across
E2 and mostly did not fall at known bNAb-E2 or CD81-E2 binding
residues.'®2°°2:33 We observed a loss in CD81 binding when in-
dividual substitutions are introduced outside and far away from
the CD81 binding site, which is located at the front layer and
the CD81-binding loop of E2.°* One possible explanation for
this result is that these substitutions triggered global conforma-
tional changes in the E2 that reduced both CD81 binding and
binding of unmutated ancestor bNAbs, which target conforma-
tional epitopes. Further studies are needed to determine whether
the observed increased sensitivity to mature bNAbs was the
result of increased mature bNAb-E2 binding affinity, or simply
that reduced CD81 affinity made viral entry less efficient and
thus more susceptible to mature bNAb neutralization.

Several substitutions that arose over time in E2 in cleared in-
fections in this study were previously identified as bNAb resis-
tance substitutions by other groups (Table S2).°* Of these,
L438I, N434D, F442I, H444Y, N445H, R461L, A466D, F465Y,
P498S, D533N, and D610H were found to be resistant to bNAbs
targeting the front layer or CD81 binding loop of E2 (aa 424-459
and 519-535).%2%5%8 Another study found that L403F, G4018S,
and T404S, which we found in cleared infections, conferred
resistance to several bNAbs targeting multiple E2 and E1E2
sites, potentially by modulating a shift between closed and
open E1E2 conformations.®® L403F was also previously found
to modulate resistance to neutralization by both HC33.4 and
AR4A in a separate study.*® Although not all of these substitu-
tions were individually characterized via SDM in this study, their
prior identification as bNAb resistance substitutions supports
our conclusion that NAbs selected viruses with these substitu-
tions prior to HCV clearance.

In this study, we investigated the related effects of viral bNAb
sensitivity and viral fithess on infection outcomes. We observed
that in participants who repeatedly cleared infections, naturally
selected substitutions in E2 that conferred resistance to early
autologous plasma antibodies also led to the loss of E2 function.
Viruses containing the same substitutions were sensitive to later,
peri-clearance plasma antibodies and to mature bNAbs. In
contrast, in participants who remained persistently infected
with HCV, NAb pressure was minimal and substitutions in E2
favored enhanced function. From this, we conclude that NAbs
targeting specific sites of vulnerability in E2 significantly
contribute to clearance of HCV infections. We also identified a
set of bNADbs for which these same loss-of-fitness E2 substitu-
tions conferred resistance to unmutated bNAb ancestors but
increased sensitivity to mature bNAbs. Induction of these spe-
cific bNAb-types should be a goal of HCV vaccine development.

Limitations of the study

One limitation of this study is the relatively small number of study
subjects, necessitated by the extraordinary challenge of identifi-
cation and frequent, longitudinal sampling of individuals with
incident HCV infection followed by reinfections. Our results
should be confirmed in additional participants and other cohorts.
However, despite this limitation, results were quite consistent
across participants. The small sample size makes it particularly
remarkable that we identified public NAb resistance, LOF substi-

¢ CellP’ress

OPEN ACCESS

tutions across multiple participants with cleared infections, sug-
gesting that targeting these specific sites of vulnerability in E2
may be important for HCV control. Although we did not differen-
tiate between primary infections and reinfections in this analysis,
given the limited number of reinfection episodes, it is worth
noting that most of the reinfection participants were repeatedly
infected with antigenically related viruses belonging to antigenic
clade 1 (Table S4) and developed progressively greater plasma
neutralization breadth and potency with each reinfection.®'
Although clearance of established infection is dictated to a
greater extent by neutralization of autologous viruses, these ob-
servations regarding plasma neutralization breadth and potency
might further explain the development of selective pressure
driving viral evolution and clearance of reinfections. In addition
to the humoral response, T cell responses are also important
for HCV control.*'~*® A recent study by Mazouz et al. demon-
strated expansion of both anti-HCV CD8+ T cell and B cell re-
sponses after reinfection, along with increased NAD titers, sug-
gesting that both humoral and T cell immunity are important in
combination for clearance of reinfection.?* Therefore, further
work needs to be done to assess the potential contribution of
T cell responses to viral evolution and clearance of infection in
these subjects.
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STARXxMETHODS

KEY RESOURCES TABLE

Immunity

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

6x-His Tag Monoclonal Antibody (HIS.H8)
AF647 6x-His Tag Monoclonal Antibody (HIS.H8)
Goat anti-human IgG secondary antibody (HRP)

Nonspecific human IgG
IgG1 Fc Mouse anti-Human antibody

Ms x polyHis-HRP-conjugated antibody

Primary anti-NS5A antibody 9E10

Dylight 488—conjugated goat anti-mouse 1gG

Thermo Fisher Scientific
Thermo Fisher Scientific
Vector Laboratories
Sigma-Aldrich

R&D Systems™

R&D Systems™
Lindenbach et al.**

Abcam

Cat#MA1-21315, RRID: AB_557403
Cat#MA1-21315-AF647, RRID: AB_2610647
Cat#PI-3000, RRID: AB_2336151

Cat# 14506, RRID:AB_1163606
Cat#110-HG, RRID:AB_276244
Cat#MABO050, RRID:AB_357353

N/A

Cat# ab96879, RRID:AB_10687475

HRP-conjugated goat anti-mouse Abcam Cat# ab97023, RRID:AB_10679675
IgG secondary antibody

HEPC74 Bailey et al.”” N/A

HEPC146 Bailey et al.”’ N/A

HEPC108 Bailey et al.”’ N/A

AR4A Giang et al.*® N/A

Bacterial and virus strains

max efficiency DH5a competent cells Thermo Fisher Scientific Cat#18258012

HCV viral strains S110

HCV viral strains S152

HCV viral strains S18
HCV viral strains S133
HCV viral strains S48
HCV viral strains S112
HCV viral strains S176
HCV viral strains S29

Kinchen et al.”?

Frumento et al.®’

Frumento et al.®’

Frumento et al.®’

Frumento et al.®’

Frumento et al.®’
Frumento et al.*’

Kinchen et al.””

Genbank: MH_834892 -GenBank: MH_835192 *, GenBank:
OK_582746 - GenBank: OK_583164

GenBank: OL_332220 - GenBank: OL_332312, GenBank:
MZ_556841 - GenBank: MZ_556946

GenBank: OK_553726 - GenBank: OK_554430
GenBank: OK_583165 - GenBank: OK_583829
GenBank:OK_502877 - GenBank: OK_503334
GenBank: OK_503618 - GenBank: OK_504315
GenBank: OK_582292 - GenBank: OK_582745
GenBank: OK_503335 - GenBank: OK_503617

HCV viral strains S117 Bailey et al.”’ GenBank: KY_965445-GenBank: KY_965807, GenBank:
MH_834650 - GenBank: MH_834671 *, GenBank:
OL_332047-GenBank: OL_332219

HCV viral strains S2, S15, S56, Liu et al.*® GenBank: DQ_061308 - GenBank: DQ_061310, GenBank:

S161, S175, S138, S28 DQ_061312, GenBank: DQ_061323 - GenBank:
DQ_061326, GenBank: FJ_828967 - GenBank: FJ_828969,
GenBank: HM_000514, GenBank: HM_000520, GenBAnk:
HM_000521, GenBank: HM_000529, GenBank: HM_000538,
GenBank: HM_000543 - GenBank: HM_000562, GenBank:
HM_000939-GenBank: HM_000960, GenBAnk:
HM_001118 - GenBank: HM001137, and GenBank:
JQ_343222 - GenBank: JQ_343826.

Biological samples

Human plasma Cox et al.”’ N/A

Chemicals, peptides, and recombinant proteins

Lipofectamine 2000 transfection reagent Thermo Fisher Scientific Cat#11668019

3 30 5 50-tetamethylbenzidine (TMB) liquid Sigma Aldrich Cat#T4319

Pure Galanthus nivalis lectin (Snowdrop Bulb) EY Labs Cat#L74015

CD81 LEL Fc Chimera protein

R&D Systems™

Cat#9144-CD
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Ortho HCV version 3.0 ELISA Test System Ortho Clinical Diagnostics ~ Cat#930740

In-Fusion HD Cloning Plus Clontech Cat#638909

HCV Real-time Assay Abbot Cat#01N30-090

QlAamp viral RNA mini column Qiagen Cat# 52904

Luciferase Assay System Promega Cat#E1500

QuikChange Lightning Multi Agilent Cat#210513

Site-Directed Mutagenesis Kit

T7 MEGAscript kit Ambion Cat#AM1334

Nucleofector Kit T Amaxa Cat#VCA-1002

Experimental models: Cell lines

Human: Hep3B2.1-7 ATCC Cat# HB-8064, RRID: CVCL_0326

Human: HEK293T/17 ATCC Cat# CRL-11268, RRID: CVCL_1926

Human: CD81-knockout HEK293T Kalemera et al.*® N/A

Human: Huh7 Urbanowicz et al.*® N/A

Human: Huh7.5.1 Blight et al.”® N/A

CHO-CD81 Sabo et al.”" N/A

CHO-SR-B1 Sabo et al.”’ N/A

Recombinant DNA

pNL4-3.Luc.R-E- NIH AIDS Reagent Cat# 3418

pAdvantage Promega Cat#E1711

phCMV3-Ig Kappa-HIS Kong et al.*” N/A

Software and algorithms

Prism v10 GraphPad RRID: SCR_002798

Pixel HIV Sequence Database https://www.hiv.lanl.gov/

The PyMOL Molecular Graphics
System v2.0

FlowJo v10

Schrédinger, LLC

Tree Star

RRID:SCR_000305

RRID: SCR_008520)

Other

Immulon 2HB strips

Thermo Fisher Scientific

Cat# 14-245-81

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Justin

Bailey (jbailey7@jhmi.edu).

Materials availability

E1E2 and E2 expression plasmids generated in this study are available from the lead contact upon request.

Data and code availability

- E1E2 nucleotide sequences have been deposited in GenBank and are publicly available from the date of publication. Accession
numbers are listed in the key resources table.

- This paper does not report any additional code.

- Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

Plasma was obtained from the BBAASH cohort.”” Details of the cohort are provided in Table 1. All samples were collected prior to
availability of direct acting antiviral therapy for HCV, and none of the participants in the study pursued interferon-based HCV
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treatment. The protocol was approved by the Institutional Review Board of the Johns Hopkins Hospital, and written informed consent
was obtained from all study participants.

Cell lines

HEK293T/17 cells (sex: female) were obtained from ATCC (cat# CRL-11268), used for production of sE2, and maintained in Dulbec-
co’s Modified Eagle Medium and supplemented with sodium pyruvate, 10% heat inactivated fetal bovine serum, and glutamine.
CD81-knockout HEK293T cells*® (Dr Joe Grove, University of Glasgow, Glasgow, United Kingdom) were used for production of
HCVpps, and maintained in the same media as HEK293T/17 cells. HEP3B cells (sex: male), obtained from the ATCC (cat # HB-
8064), and Huh7 cells*® were used for neutralization assays. HEP3B cells were maintained in Modified Eagle Medium, supplemented
with sodium pyruvate, 10% heat inactivated fetal bovine serum, nonessential amino acids, penicillin-streptomycin, and glutamine.
Huh?7 cells were maintained in Modified Eagle Medium, supplemented with 10% heat inactivated fetal bovine serum, and nonessen-
tial amino acids. Huh7.5.1 cells®® (sex: male) were obtained from Charles Rice (The Rockefeller University, New York City, New York,
USA), maintained in Dulbecco’s Modified Eagle Medium supplemented with 10% heat inactivated fetal bovine serum, and nones-
sential amino acids, and used for HCVcc generation and infectivity. All cells were cultured at 37°C in a humidified incubator with
5% CO,, and monolayers were disrupted at 80% to 100% confluence with Trypsin-EDTA.

METHOD DETAILS

Source of bNAbs

HEPC74, HEPC146, and HEPC108 were isolated in the James Crowe laboratory.'®?" AR4A was a kind gift of Dr. Mansun Law
(Scripps Research Institute, La Jolla, California).*> Reverted unmutated ancestor (RUA) variants of HEPC74, HEPC146, HEPC108,
and AR4A were inferred with IMGT/V-QUEST using complete sequences of heavy- and light-chain variable domains as previously
described.*®

Epitope mapping of HEPC108

The epitope of HEPC108 was partially mapped in a prior publication.'® For this study, to improve epitope mapping resolution, ELISA
binding of HEPC108 was measured with wild-type variant H77 E1E2 protein or a curated set of 25 H77 E1E2 single alanine mutant
variants, selected based on binding epitopes of all published bNAbs (a gift of Dr. Mansun Law at The Scripps Research Institute).
E1E2 lysates were generated following lipofectamine transfection of HEK293T cells. The single substitutions were as follows:
V246A, R259A, H316A, M323A, M324A, L413A, N417A, G418A, W420A, T425A, N428A, G436A, L441A, F442A, G523A, W529A,
G530A, T534A, D535A, P545A, G547A, W549A, R639A, R657A, and D698A. Critical binding residues were defined as positions
where alanine mutation reduced HEPC108 binding by at least 50% (L441, F442, G523, G530, D535, N540, P545).

HCV Viral Load and Serology Testing
HCV viral loads (IU/mL) were quantified after RNA extraction from serum with commercial real-time reagents (Abbot HCV Real-time
Assay) migrated onto a research-based real-time PCR platform (Roche 480 LightCycler). This assay has a lower limit of detection of
50 1U/mL.

HCV seropositivity was determined using the Ortho HCV version 3.0 ELISA Test System (Ortho Clinical Diagnostics).

Amplification and Cloning of the 5 Hemigenome

All HCV strains from clearance participants and P29 were amplified by RT-PCR from plasma of HCV-infected individuals after limiting
dilution to ensure single-genome amplification, using previously described methods.>® PCR products were gel extracted and directly
Sanger sequenced. E1E2 was PCR amplified from single-genome amplification amplicons of interest and cloned as previously
described.'* For each subject, E1E2 genes were cloned and expressed from transmitted/founder strains and strains isolated longitu-
dinally over the course of infection. Sequences of all E1E2 clones were confirmed after cloning. HCV-RNA from persistence participants
(except P29) were extracted, reverse transcribed, and nested-PCR amplified by Liu et al.*® Nucleotide sequences described in this
report were previously described”’??*"® and have GenBank accession numbers: OK553726-0K554430, OK583165 ~OK583829,
MZ834892-MZ835192, OK582746-0OK583164, OL332220-0L332312, MZ556841-MZ556946, OK502877-OK503334, MZ457964—
MZ458098, OK503618-0K504315, OK582292-0K582745, MZ834892-MZ835192, DQ061308-DQ061310, DQ061312, DQ0O61323-
DQ061326, FJ828967-FJ828969, HM000514,HM000520, HM000521, HM000529, HM000538,HM000543-HM000562,HM000939-
HM000960,HM001118-HM001137, and JQ343222-JQ343826.

E1E2 clone selection

Clones from earliest viremic and last viremic timepoints for each infection were selected. In infections with multiple viremic time-
points, when possible, clones from the same phylogenetic lineage spanning multiple timepoints were selected. When clones from
the same lineage could not be selected, a dominant clone was selected from the dominant clade (clade with most clones) from
each timepoint. Within a clade, the most abundant clone was selected, or if there was no most abundant clone, the clone closest
to the most recent common ancestor for that clade was selected. For infections that were sequenced at a single timepoint, the
most abundant clone was selected. A mean of 29 SGA sequences (2-66) per timepoint were used to identify the dominant sequences.
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The second infection of subject C133 was excluded was excluded from the analysis because the patient missed visits for 4 months
after the virus was detected.

HCVpp Production, Infectivity, and Neutralization Assays

HCVpp were produced by lipofectamine-mediated transfection of HCV E1E2, pNL4-3.Luc.R-E, and pAdVantage (Promega) plas-
mids into CD81-knockout HEK293T cells as previously described.'®** For infectivity testing, HCVpp were incubated on Hep3B
target cells for 5 hours before removing media. All HCVpp used in neutralization assays produced RLU values at least 10-fold above
background entry by mock pseudoparticles. Only HCVpp preparations producing at least 5E5 RLU were used for neutralization ex-
periments, and HCVpp input was normalized to 1 to 10E6 RLU. Neutralization assays were performed as described previously.® To
assess neutralization of autologous variants, mAbs were serially diluted five-fold, starting at a concentration of 100 ug/mL. To assess
neutralization of autologous variants by plasma, heat-inactivated plasma was serially diluted 2.5-fold, starting at a 1:50 dilution. For
each primary infection, we tested early plasma at a median of 1 month after the earliest viremic timepoint (when the early E1E2 was
isolated) by preferentially choosing the earliest plasma with some neutralization activity or at a timepoint prior to longitudinal substi-
tutions appearing in the E1E2, when such information was available. For each reinfection, early plasma was contemporaneous to the
early E1E2 (from the earliest viremic timepoint). For all infections, late plasma was contemporaneous to the late E1E2 (from the last
viremic timepoint prior to clearance or at a median of 6 months for persistent infections). Heat-inactivated pre-immune plasma at 1:50
(mean AUC=4.9) and nonspecific human IgG (Sigma-Aldrich) at 100 pg/mL (mean AUC=35.2) were used as a negative control in every
neutralization assay.

Site Directed Mutagenesis
Substitutions were introduced into reference E1E2 and sE2 plasmids C110 D0®' or UKNP3.1.2%9%6 using the QuikChange Lightning
Multi Site-Directed Mutagenesis Kit (Agilent) and confirmed by Sanger sequencing.

Expression of Soluble E2

The E2 ectodomains were cloned into a mammalian expression vector (phCMV3-Ig Kappa-HIS, a gift of Leopold Kong, The Scripps
Research Institute, La Jolla, California, USA) and sequence verified. This truncated, soluble form of E2 ectodomain (sE2) retains an-
tigenicity and function as previously described,®” encompassing residues 384-645. The vector allows expression of E2 protein with a
C-terminal His tag as well as an N-terminal murine |g Kappa leader signal for efficient protein secretion. Each E2 construct was co-
transfected with pAdvantage (Promega) into HEK293T cells and incubated for 72 hours at 37C. Supernatant was collected at 48 and
72 hours, passed through a 0.2 mm filter, and concentrated using a regenerated cellulose centrifugal filter with a 10 kDa cutoff
(Amicon).

Quantitation of Relative sE2 Protein Concentration

Serial 5-fold dilutions of each sE2 supernatant were immobilized onto ELISA wells pre-coated with 500 ng Galanthus nivalis lectin (Ey
Labs) and blocked with PBS containing 0.5% Tween 20, 1% nonfat dry milk, and 1% goat serum. Wells were probed with 0.5 mg of a
mouse monoclonal anti-6x His-tag antibody (Thermo Fisher Scientific) and quantified using an HRP-conjugated goat anti-mouse IgG
secondary antibody (Abcam). The EC50 value for each sE2 construct was calculated by nonlinear regression analysis. Fold differ-
ences in EC50 values were used to normalize sE2 concentration in subsequent experiments.

sE2 Binding to CHO Cells

CHO-CD81 and CHO-SR-B1 binding experiments were carried out as previously described.®’ CHO cells expressing recombinant
human CD81 or SR-B1 (a gift from Dr. Matthew Evans, Icahn School of Medicine, Mount Sinai, New York) were detached using
PBS supplemented with 4mM EDTA and 10% FBS and washed in PBS containing 1% BSA. Cells (2 x 10°% were pelleted in a
96-well u-bottom plate and resuspended in 2-fold serial dilutions of each normalized sE2 construct. Following a 30-min incubation
on ice, the cells were washed twice and incubated with 0.5 mg of AF647-conjugated mouse anti-6x His-tag antibody (Thermo Fisher
Scientific) for another 20 min on ice. After a final wash, the cells were fixed with 1% paraformaldehyde and analyzed on a LSRII flow
cytometer (Becton, Dickinson).

sE2 Binding to CD81 LEL

96-well plates were coated with IgG1 Fc Mouse anti-Human antibody (R&D Systems™) at 1 ng/mL in cold PBS. After overnight in-
cubation at 2-8 °C, plates were washed three times with ELISA wash buffer (0.05% Tween 20 in PBS, pH 7.2 - 7.4) and blocked with
blocking buffer (PBS with 1% BSA) for 2 hours at 37 °C. In a separate working plate, 3-fold serial dilutions of sSE2 were made in binding
buffer (PBS with 0.5% BSA) starting at undiluted. CD81 LEL Fc Chimera protein (R&D Systems™) at 4 ug/mL was added to the work-
ing plate. Following a 30 min incubation on a shaker at 500 RPM at room temperature, the CD81 LEL Fc Chimera protein and sE2 mix
was transferred to the coated assay plate. Assay plates were incubated at 2-8 °C overnight. After washing 3 times, Ms x polyHis-
HRP-conjugated antibody (R&D Systems™) at 0.5 ug/mL in binding buffer was added. After 2 hours at room temperature, the binding
was quantified. Purified strain 1a157 sE2 protein was used as a positive control for CD81 LEL binding, and 1a157 FRLYko sE2 with
mutations at CD81 binding residues (T425A, L427A, N428A, S432A, G436A, W437A, G530A, and D535A) was used as a negative
control.
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Generation of HCVcc Chimeras

HCVcc chimeras were generated as previously described.®”°® Briefly, after digestion of the HCVcc backbone with Afel (New England
Biolabs), E1E2 genes were inserted in frame using In-Fusion cloning (Clontech). Plasmid DNA was linearized using Xbal (New En-
gland Biolabs) and then used for in vitro RNA transcription using the T7 MEGAscript kit (Ambion). RNA clean-up was performed using
RNeasy mini kit (QIAGEN), quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). 10 ug of RNA was trans-
fected into Huh7.5.1 cells®° (a gift of Charles Rice, The Rockefeller University, New York City, New York, USA) using Nucleofector Kit
T (Amaxa) and plated in a 6-cm plate. Medium was changed at 24 hours and supernatants were collected 48 hours later. To control for
transfection efficiency, FFU values were adjusted for relative input copy numbers of HCVcc.

HCVcc Infectivity Assays

8,000 Huh7.5.1 cells®® (a gift from Charles Rice, The Rockefeller University, New York City, New York, USA) per well were plated in
flat-bottom 96-well tissue culture plates and incubated overnight at 37°C. The following day, HCVcc were serially diluted 2-fold and
added to Huh7.5.1 cells in triplicate and incubated overnight, after which the HCVcc were removed, and media was replaced and
incubated for 24 hours at 37°C. After 24 hours, the medium was removed, and cells were fixed and stained with primary anti-
NS5A antibody 9E10* (a gift from Charles Rice, The Rockefeller University, New York City, New York, USA) at a 1:2,000 dilution
for 1 hour at room temperature, and with secondary antibody Dylight 488-conjugated goat anti-mouse IgG (Abcam) at a 1:500 dilution
for 1 hour at room temperature. Images were acquired and spot-forming units (SFU) were counted using an AID iSpot Reader Spec-
trum operating AID ELISpot Reader version 7.0.

QUANTIFICATION AND STATISTICAL ANALYSIS
Correlations with p values < 0.05 were deemed statistically significant. Neutralization curves for HCVpp and ELISA binding curves

were fit by nonlinear regression in Prism v10 (Graphpad). Flow cytometry data were analyzed using FlowJo v10 software (Tree
Star). Mean fluorescence intensity (MFI) values were calculated from 10,000 events.
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