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SUMMARY

The role that broadly neutralizing antibodies (bNAbs)
play in natural clearance of human hepatitis C virus
(HCV) infection and the underlying mechanisms
remain unknown. Here, we investigate the mecha-
nism by which bNAbs, isolated from two humans
who spontaneously cleared HCV infection, contribute
to HCV control. Using viral gene sequences amplified
from longitudinal plasma of the two subjects, we
found that these bNAbs, which target the front layer
of the HCV envelope protein E2, neutralized most
autologous HCV strains. Acquisition of resistance to
bNAbs by some autologous strains was accompa-
nied by progressive loss of E2 protein function, and
temporally associated with HCV clearance. These
data demonstrate that bNAbs can mediate clearance
of human HCV infection by neutralizing infecting
strains and driving escaped viruses to an unfit state.
These immunopathologic events distinguish HCV
from HIV-1 and suggest that development of an
HCV vaccine may be achievable.

INTRODUCTION

Hepatitis C virus (HCV) infection is a global health crisis, with
approximately 71 million people infected worldwide (WHO,
2017). Direct-acting antiviral (DAA) therapy has revolutionized
care for patients with HCV, but infection incidence rates remain
high globally and are rising in the United States (Suryaprasad
et al., 2014). The WHO estimates that there were 1.75 million
new HCV infections in 2017, and incident infection is likely to
remain an issue in the absence of a preventative HCV vaccine.
Only a small minority of those people who are aware of their
infection have access to treatment, and those who are untreated
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remain at risk for transmitting the infection to others and devel-
oping HCV-related complications. For these reasons, develop-
ment of a prophylactic vaccine remains a critical component of
HCYV eradication efforts.

While most individuals who are infected with HCV remain
persistently infected, approximately 25% clear the infection
without treatment (Micallef et al., 2006; Osburn et al., 2010).
Notably, clearance of primary human HCV infection is associ-
ated with the early development of broadly neutralizing plasma
antibodies (bNabs) against HCV (Osburn et al., 2014; Pestka
et al., 2007). However, there is also an association between
robust T cell responses and clearance (Chang et al., 2001;
Rehermann, 2009), and bNAb neutralization of autologous
viruses has never been analyzed in persons who spontaneously
cleared HCV infection. Therefore, it has remained unclear
whether bNADbs play a direct role in natural clearance of human
HCV infection.

To address this question, we studied the antibody responses
of two human subjects, designated C117 and C110, who
cleared one or multiple HCV infections without treatment. We
recently described bNAbs isolated from the B cells of both sub-
jects (Bailey et al., 2017). We demonstrated that these bNAbs
neutralized broadly across diverse heterologous HCV strains,
despite having surprisingly few somatic mutations. A bNAb iso-
lated from subject C117, designated HEPC3, showed reduced
binding affinity for autologous envelope proteins (E1E2) of viral
strains circulating immediately prior to clearance of infection,
suggesting that HEPC3 may have selected resistant viral
strains. However, it remained unclear whether this selection
pressure played a role in clearance of infection. The accompa-
nying study by Flyak et al. (2018) describes the X-ray crystal
structures of HEPC3 as well as a bNAb designated HEPC74,
which was isolated from subject C110, demonstrating that these
bNAbs are structurally homologous. The structural similarity of
these bNAbs, as well as our previous data suggesting that
HEPC3 drove evolution of autologous viruses, engendered
interest in determining whether these bNAbs mediated HCV
clearance in vivo.
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In this study, we define the mechanism by which C117 and
C110 bNAbs mediated clearance of HCV infection. Using HCV
gene sequences amplified from longitudinal plasma isolates of
these subjects, we found that bNAbs neutralized most autolo-
gous HCV strains. Remarkably, when bNAb resistance devel-
oped, it was accompanied by progressive loss of E2 protein
function, which was temporally associated with clearance of
HCV infection. These data demonstrate that bNAbs targeting
the front layer of E2 can mediate clearance of human HCV infec-
tion both by neutralization and by driving bNADb resistant viruses
to an unfit state.

RESULTS

Early Development of bNAbs in Persons with
Spontaneous Clearance of HCV

Subjects C110 and C117 were persons who inject drugs
(PWIDs) enrolled in the Baltimore Before and After Acute Study
of Hepatitis (BBAASH) cohort who were identified before or very
early during acute HCV infection and subsequently followed
with frequent sampling of plasma and peripheral blood mononu-
clear cells (PBMCs) for over 6 years (Figure 1A). C117 was avire-
mic and HCV seronegative until 3 months after entry into the
cohort, when he became infected with a genotype 1a virus.

718 Cell Host & Microbe 24, 717-730, November 14, 2018

genes of plasma viruses 178 days later

indicated that the Infxn 1 had been re-
placed by a distinct genotype 1a HCV strain (“Infxn 2”). Subject
C110 cleared this second infection without treatment 436 days
after initial infection, then exhibited recurrent viremia 665 days
later with a third genetically distinct genotype 1a HCV strain
(“Infxn 3”). Infxn 3 persisted for 774 days, with low-level viremia,
brief intervals of intervening aviremia, transient co-infection with
a genotype 1b strain (“Infxn 4”), and ultimately clearance without
treatment 1,875 days after initial infection. Clearance was
confirmed with frequent HCV RNA testing without detection of
virus over the subsequent 5 years. We isolated bNAbs desig-
nated HEPC74 and HEPC43 from C110 B cells immediately after
clearance of Infxn 3, as previously described (Bailey et al., 2017).

A subject with persistent infection, designated P29, was
selected as a control for this study because he also was identi-
fied prior to HCV infection with a genotype 1a strain, and then
sampled frequently during acute and chronic infection. P29
remained persistently HCV infected over more than 6 years of
follow-up.

We measured neutralizing breadth of antibodies in plasma ob-
tained at longitudinal time points during infection of subjects
C117, C110, and P29, as well as neutralizing breadth of bNAbs
HEPCS3, HEPC98, HEPC74, and HEPCA43, and of control bNAb
CBH-2, using a panel of 19 genotype 1a and 1b HCV pseudopar-
ticles (HCVpp) (Figure 1B). This panel comprises 94% of the
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amino acid polymorphisms present at greater than 5% fre-
quency in a reference panel of 643 genotype 1 HCV isolates
from GenBank. Consistent with prior studies of subjects with
HCV clearance, both C117 and C110 displayed very early devel-
opment of bNAbs, with detectable neutralizing activity against
heterologous HCV strains in plasma isolated 17 or 178 days after
infection of C117 or C110, respectively. Neutralizing breadth of
the plasma of both subjects generally increased over time,
reaching a peak of 12 of 19 HCVpp neutralized by C117 plasma
and 13 of 19 HCVpp neutralized by C110 plasma. In contrast,
plasma isolated from P29 failed to neutralize any HCVpp, which
is typical of early infection plasma from subjects who subse-
quently develop persistent infection (Osburn et al., 2014; Pestka
et al., 2007). Neutralizing breadth of bNAbs HEPC3, HEPC74,
and HEPC43 at 10 pg/mL concentration was similar to peak
neutralizing breadth of plasma from the same donors, neutral-
izing 14, 17, and 11 out of 19 HCVpp, respectively. HEPC98
and the control bNAb CBH-2 each neutralized 5 of 19 HCVpp.
Together, these data confirm that bNAbs developed very early
during acute infection of C117 and C110, and the peak neutral-
izing breadth of plasma from these donors was similar to that
of bNAbs isolated from the B cells of the same donors.

We previously demonstrated that a neutralization profile (i.e.,
pattern of relative neutralization potency across a panel of
diverse heterologous HCV strains) is unique for each bNAb
(Bailey et al., 2015), and others have demonstrated that neutral-
ization profiles can be used to identify the activity of virus-spe-
cific bNAbs present in plasma (Georgiev et al., 2013). Therefore,
to determine the time points at which specific autologous bNAbs
were likely present in plasma, we used Spearman correlations to
compare neutralization profiles of autologous bNAbs to the
neutralization profiles of longitudinal plasma samples from
C117 and C110 (Figures 1C and S1). Remarkably, the neutraliza-
tion profile of each C117 plasma sample correlated significantly
with the neutralization profile of autologous bNAb HEPC3. The
strength of this correlation generally increased with successive
plasma samples (day [D]17, r = 0.55, p = 0.015; D388, r = 0.66,
p = 0.002). Correlations with the autologous bNAb HEPC98
were positive, but not statistically significant. The neutralization
profile of each C110 plasma sample correlated significantly
with the neutralization profiles of autologous bNAbs HEPC74
and HEPCA43. Correlation of HEPC43 was greatest with D436
(Infxn 2) plasma (r = 0.64, p = 0.003), and correlation of
HEPC74 was greatest with D1875 (Infxn 3) plasma (r = 0.68,
p = 0.002). As expected, correlations between plasma and
the control bNAb, CBH-2, were not significant. Neutralization
profiles of P29 plasma could not be analyzed due to a lack of
detectable neutralizing activity. Taken together, these data
demonstrate that HEPC3-like antibodies developed very early
in infection of C117 (on or before D17) and were present

in plasma through D388 when C117 cleared their infection.
HEPC74 and HEPC43-like antibodies developed early in infec-
tion of C110 (on or before D178) and were present in plasma
on D436 and D1875, when C110 cleared Infxn 2 and Infxn 3,
respectively. P29, who remained persistently infected, did not
develop bNADbs during the first 416 days of infection.

Phylogenetic Analysis of HCV Nucleotide Sequences
Obtained at Longitudinal Time Points Reveals
Transmitted/Founder Strains, Selection Bottlenecks,
and Strains Circulating Immediately Prior to Clearance
of Infection

We performed extensive longitudinal sequencing of the HCV
quasispecies present in plasma samples collected over time
from acute infection through clearance (C117 and C110) or
through D416 of persistent infection (P29) (Figure 2). Plasma
RNA was isolated and RT-PCR was performed with single-
genome amplification of 10-45 (median 33) amplicons per time
point in order to define viral diversity and viral evolution over
time for each subject. For C117, near full-genome amplification
was performed from D17 to D354 plasma, and D388 genomes
were amplified with overlapping 5 and 3’ hemigenomic ampli-
cons. For C110 and P29, approximately 5 kb hemigenomes
spanning Core through NS3 genes were amplified from all
plasma time points. As shown in Figure 2A, phylogenetic analysis
of 5 hemigenomes indicated that C117 was infected initially by at
least three different transmitted/founder (T/F) viruses, which was
consistent with our prior analysis limited to E1E2 genes from this
subject (Bailey et al., 2017). T/F#1 and T/F#2 lineages were extin-
guished early in infection, but the T/F#3 lineage persisted and
evolved throughout the course of infection, exhibiting a series
of stringent population bottlenecks. This lineage was last
detected at the final viremic time point (D388) just prior to its
extinction, when the HCV RNA level had declined to 754 [U/mL.

From D17 to D388 (immediately before clearance of infec-
tion), the T/F#3 lineage accumulated twelve substitutions in
E2, with one substitution in NS5A and two in NS5B (Figure S2A;
Table S1). Of these twelve E2 substitutions, six fell in the hyper-
variable region 1 (HVR1, aa 385-411), two in the front layer (aa
424-459), and four in the remainder of E2. The substitutions
accumulated in E2 in a stepwise manner and were present in
100% of the viral genomes amplified from D388 plasma, indi-
cating strong selective pressure favoring viruses with these
substitutions.

Phylogenetic and genetic distance analyses of hemigenomic
sequences confirmed that C110 was infected sequentially with
at least three distinct genotype 1a strains (Figure S3). At the first
sampled time point, when still HCV antibody negative, C110 was
infected with a quasispecies of closely related viruses (Infxn 1)
(Figure 2B). By D178 of infection, Infxn 1 was extinguished and

Figure 2. Maximum Likelihood Phylogenetic Trees of 5 kb Hemigenomic HCV Nucleotide Sequences Obtained by Single-Genome Amplifi-
cation from Plasma at Longitudinal Time Points throughout the Course of Infection

Sequences are color-coded by duration of infection at the time of sampling. Transmitted/founder (T/F) sequences inferred by phylogeny and date of sampling are
indicated. Identical sequences amplified in multiple independent reactions are boxed. Strains selected for further phenotypic analysis are indicated with an
asterisk. All distances are drawn to scale, except distance to the outgroup. Nodes with bootstrap values >80 are indicated with black circles.

(A) C117, clearance of a genotype 1a infection.
(B) C110, clearance of three genotype 1a infections.
(C) P29, persistence of a genotype 1a infection.
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replaced by at least six T/F strains of a distinct genotype 1a
infection (Infxn 2). The T/F#5 (D178-A31) lineage persisted and
evolved over time. Like C117 viruses, C110 Infxn 2 viruses ex-
hibited a series of stringent population bottlenecks until infection
was cleared after D436. Infxn 3 already was established for
5 months when virus was sequenced on D1260, so T/F strains
could not be identified, but Infxn 3 viruses also exhibited a series
of stringent population bottlenecks over the sampled interval,
until Infxn 3 was cleared after D1875.

We also analyzed the sequences of Infxn 1, 2, and 3 viruses
together to identify polymorphisms that may have provided
Infxn 2 and 3 strains with a selective advantage relative to
the Infxn 1 viruses that were cleared rapidly (Figure S2B;
Table S1). Core-NS3 sequences of D178-A31 (Infxn 2) and
DO0-A4 (Infxn 1) strains differed by 66 amino acids (4%). Given
this large number of amino acid differences, we also compared
the D178 virus to the Bolela sequence, a phylogenetically
reconstructed ancestor of genotype 1a viruses, because we
previously found that amino acid differences from Bolela are
more likely to represent immune escape substitutions (Burke
et al., 2012). We identified 35 polymorphisms in the D178-A31
sequence that differed from both the D0-A4 (Infxn 1) virus
and the Bolela sequence. Sixteen of these polymorphisms
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Figure 3. Naturally Selected Substitutions in
C117 E2 Confer Partial Resistance to Autolo-
gous Plasma Antibodies and Autologous
bNAbs

(A) All substitutions arising longitudinally in E2 over
the course of C117 infection. Dots indicate ho-
mology with the D17-1a53 (T/F) sequence.

(B-D) Binding in an ELISA to longitudinal C117
E1E2 proteins (left) or neutralization of HCVpp ex-
pressing longitudinal C117 E1E2 proteins (right) by
C117 D388 plasma IgG (B), HEPC3 (C), or HEPC98
(D). All assays were performed in duplicate, and
values are means + SD (see Figure S5 for additional
independent experiments).

= D17-1a53
= D194-FB05
D194-Fco3  fell in E2, with six polymorphisms in
HVR1 and ten in the remainder of E2.
2 1

Seven additional substitutions arose sub-
sequently in HVR1 of the D178-A31 line-
age over the course of Infxn 2, along
with two substitutions in NS2 and one in
NS3. We performed similar analysis with
Infxn 3 viruses and found that strain
D1260-B3 (Infxn 3) virus had 19 polymor-
phisms in E2 that did not match D0-A4
(Infxn 1) or Bole1a sequences. Over the
course of Infxn 3, this lineage also ac-
quired four new substitutions: three in
E2 and one in NS3.

P29 was infected initially by at least two
distinct T/F viruses (Figure 2C). Like C117
and C110, P29 viruses exhibited popula-
2 tion bottlenecks over time. Over the
416 days of infection analyzed, P29 vi-
ruses acquired only four substitutions:
two in E2 and two in NS2 (Figure S2C;
Table S1). Unlike C117 and C110 viruses, P29 viruses did not
accumulate any substitutions in HVR1.

Taken together, viral sequencing of the subjects who cleared
infection indicated strong selective pressure favoring viruses
with progressive substitutions in E2. Next, we investigated the
hypothesis that antibodies provided this strong selective
pressure.

2

Naturally Selected Substitutions in C117 E2 Confer
Partial Resistance to Autologous Plasma Antibodies and
to the Autologous bNAb HEPC3, and Complete Escape
from HEPC98

To determine whether antibodies in C117 plasma could bind
E1E2 of autologous viruses, we used an ELISA to measure
plasma IgG binding to longitudinal C117 E1E2 proteins, which
demonstrated progressive divergence from the T/F in both
HVR1 and more conserved regions of E2 (Figure 3A). For these
experiments, we used D388 plasma, which was isolated imme-
diately prior to clearance of infection (Figure 3B). Remarkably,
we observed progressively less binding of D388 plasma IgG to
sequential C117 E1E2 strains (Figure 3B, left panel). For E1E2
strains that could be used to generate HCVpp with adequate
hepatoma cell entry for neutralization assays, we also tested
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HCVpp neutralization by D388 plasma (Figure 3B, right panel).
We observed potent neutralization of D17 HCVpp, with reduced
neutralization of later strains D194-FB05 and D194-FCO03.
Together, these data suggest that NAbs present in D388 plasma
selected NAb-resistant E1E2 strains.

Next, we measured binding and neutralization of the same
E1E2 strains by HEPCS3, the bNAb that was likely predominant
in C117 plasma. Remarkably, as with D388 plasma, we observed
progressively less binding of HEPC3 to sequential C117 E1E2
proteins (Figure 3C, left panel). We also observed a similar pro-
gressive drop in HEPC3 binding to D17 E1E2 variants after step-
wise introduction by site-directed mutagenesis (SDM) of only
non-HVR1 E2 substitutions (N434D, H444Y, F465Y, P498S,
D533N, and D610H), suggesting that these substitutions were
mediators of the HEPC3 resistance observed with the longitudi-
nal natural C117 E1E2 strains (Figure S4A). As with D388 plasma,
we observed potent neutralization of D17 HCVpp by HEPCS3,
with reduced neutralization of later strains D194-FB05 and
D194-FCO03 (Figure 3C, right panel). Together, these data sug-
gest that HEPC3 selected Nab-resistant E1E2 strains. Notably,
however, later E1E2 strains still exhibited some sensitivity to
HEPCS3 binding and neutralization, suggesting that HEPCS3 resis-
tance was incomplete.

We also assessed binding and neutralization of the same E1E2
strains by HEPC98, another bNAb isolated from C117 (Fig-
ure 3D). We observed potent binding of D17 E1E2, with reduced
binding of D194-FB05 E1E2. For all other variants, binding was
not detected, suggesting complete escape from HEPC98 by
later strains. HEPC98 neutralization results using HCVpp were
concordant with the binding results. Together, these data sug-
gest that HEPC98 selected progressively more resistant E1E2
strains early in infection, and by D285 of infection all circulating
strains had escaped fully from HEPC98 binding and
neutralization.

Naturally Selected Substitutions in C110 E2 Confer
Partial Resistance to Autologous Plasma Antibodies and
to Autologous bNAbs HEPC43 and HEPC74

To determine whether antibodies in C110 plasma neutralized
autologous viruses, we first measured neutralization of HCVpp
bearing E1E2 amplified from Infxn 1 or Infxn 2 viruses. Each of
the Infxn 2 strains differed in HVR1 sequence but carried the
same polymorphisms relative to Infxn 1 (DO) virus in the
remainder of E2 (Figure 4A). First, we tested neutralization by
plasma isolated on D436 of infection, immediately prior to clear-
ance of Infxn 2 (Figure 4B). We observed potent neutralization of
D0 HCVpp, with reduced neutralization of Infxn 2 T/F and inter-
mediate time point viruses, and no detectable neutralization of

contemporaneous D436 HCVpp. Together, these data suggest
that NAbs present in D436 plasma selected progressively more
NAb-resistant E1E2 strains.

Next, we measured neutralization of the same HCVpp by
HEPC43 and HEPC74, since these bNAbs likely were present
in D436 plasma at the time of clearance of Infxn 2 (Figures 4C
and 4D). As expected, longitudinal E1E2 strains showed the
same hierarchy of resistance to HEPC43 as they had with
D436 plasma. DO HCVpp was most neutralization sensitive,
with Infxn 2 T/F and intermediate time point virus more resistant,
and D436 HCVpp most resistant. We also measured HEPC74
neutralization of these same HCVpp. Like HEPC43, HEPC74
neutralized the DO HCVpp most potently, with relatively reduced
neutralization of all Infxn 2 HCVpp. Together, these data suggest
that HEPC43 and HEPC74 selected NAb-resistant E1E2 strains
during Infxn 2. Notably, later viral strains still exhibited partial
sensitivity to HEPC43 and HEPC74, suggesting that resistance
to these bNAbs was incomplete.

To better define the specific polymorphisms in Infxn 2 E1E2
clones conferring partial HEPC74/43 resistance, we evaluated
the phenotype of six E2 front layer and variable region 2
(VR2, aa 460-485) polymorphisms present in Infxn 2 viruses
(L438I, F4421, N445H, R461L, A466D, and A475T) (Figure S4B).
We hypothesized that these polymorphisms were most likely to
confer resistance to HEPC43 and HEPC74, given their prox-
imity to the HEPC74/43 epitopes. We used SDM to introduce
these six substitutions into the DO E1E2 clone. As predicted,
these substitutions conferred partial resistance to both
HEPC43 and HEPC74, suggesting that they contributed to the
partial HEPC43 and HEPC74 resistance observed in natural
Infxn 2 strains.

We also assessed plasma and autologous bNAb neutralization
of HCV strains isolated during C110 Infxn 3. These viruses
differed in both HVR1 sequence and at polymorphisms in the
remainder to E2 (Figure 4E). In contrast with D436 plasma,
D1875 plasma, which was isolated immediately prior to clear-
ance of Infxn 3, potently neutralized all strains tested (Figure 4F).
HEPCA43 also neutralized these HCVpp (Figure 4G). Relative
neutralization of these HCVpp by HEPC74 was strikingly similar
to neutralization by plasma (Figure 4H). Together, these data
suggest that C110 Infxn 3 viruses did not escape from
HEPC74 and HEPC43 neutralization and that these bNAbs
contributed to the suppression of viremia and ultimate clearance
of Infxn 3.

Finally, we measured neutralization of autologous HCVpp
by P29 plasma. P29 viruses acquired only two substitutions in
E2 over 416 days of infection (Figure 4l). We did not observe
neutralization of HCVpp with T/F, intermediate time point, or

Figure 4. Naturally Selected Substitutions in C110 E2 Confer Partial Resistance to Autologous Plasma Antibodies and Autologous bNAbs
(A) E2 polymorphisms where the D178-A31 (Infxn 2 T/F) sequence differs from both D0-A4 (Infxn 1) and Bole1a (an inferred ancestral reference sequence), and
substitutions arising over the course of Infxn 2. Homology to the D0-A4 sequence is indicated with a dot.

(B-D) Neutralization of HCVpp expressing longitudinal C110 E1E2 strains from Infxn 1 and 2 by D436 C110 plasma (B), HEPC43 (C), or HEPC74 (D).

(E) E2 polymorphisms where the D1260-B3 (Infxn 3) sequence differs from both D0-A4 (Infxn 1) and Bole1a, and substitutions arising over the course of Infxn 3.

Homology to the D0-A4 sequence is indicated with a dot.

(F-H) Neutralization of HCVpp expressing longitudinal C110 E1E2 strains from Infxns 1 and 3 by D1875 C110 plasma (F), HEPC43 (G), or HEPC74 (H).

(I) Substitutions arising in longitudinal P29 E1E2 clones.

(J) Neutralization of HCVpp expressing longitudinal P29 E1E2 strains by autologous D416 plasma. All assays were performed in duplicate, and values are means +

SD (see Figure S5 for additional independent experiments).
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contemporaneous autologous E1E2 by D416 plasma (Figure 4J),
demonstrating that this plasma lacked the capacity to neutralize
autologous viruses from any time point in the first 416 days of
infection in the subject who progressed to chronic infection.

HEPC3 and HEPC74/HEPC43 Resistance Substitutions
Lead to Progressive Loss of Viral Fitness

We next assessed the mechanism of clearance of viral strains
that acquired partial resistance to bNAb neutralization. Since
some E1E2 clones arising later in infection were relatively
HEPCS3 or HEPC74/43 resistant, it is less likely that these viruses
were cleared through neutralization alone. Therefore, we next
assessed the effect of HEPC3 and HEPC74/43 resistance sub-
stitutions on E1E2 function. First, we measured entry of HCVpp
expressing longitudinal E1E2 clones isolated over the course
of C117 infection (Figure 5A). Entry of D17 HCVpp was greatest,
with a progressive drop in entry of each longitudinal HCVpp.
Remarkably, entry of HCVpp expressing E1E2 isolated immedi-
ately prior to clearance of C117 infection (D388) was only 1.3% of
entry of HCVpp expressing D17 E1E2. We observed a similar
progressive drop in entry of HCVpp expressing D17 E1E2 after
stepwise introduction by SDM of only non-HVR1 E2 substitu-
tions (N434D, H444Y, F465Y, P498S, D533N, and D610H), sug-
gesting that these substitutions were the principal mediators of
the fitness loss observed with the longitudinal natural C117
E1E2 strains (Figure 5B).

We performed similar experiments with longitudinal E1E2
clones isolated over the course of C110 Infxn 1 and 2 (Figure 5C).
Infxn 3 viruses were not included in this analysis because all
strains were potently neutralized by autologous plasma and
bNAbs. As with C117 HCVpp, we observed a progressive
decline in entry of longitudinal C110 HCVpp. Entry of HCVpp ex-
pressing E1E2 isolated immediately prior to clearance of C110
Infxn 2 (D436) was 18% of HCVpp expressing DO E1E2. We
observed a similar reduction in DO HCVpp infectivity after intro-
duction by SDM of only the Infxn 2 E2 front layer and VR2 poly-
morphisms (L438I, F4421, N445H, R461L, A466D, and A475T),
suggesting that these polymorphisms were the principal media-
tors of the reduced function of Infxn 2 strains relative to Infxn 1
(Figure 5D). As a control, we compared entry of HCVpp express-
ing longitudinal E1E2 clones isolated over more than a year of
infection of P29, the subject who remained persistently infected
(Figure 5E). In contrast to the reduction in entry observed over
time with C117 and C110 E1E2 clones, HCVpp expressing
E1E2 isolated on D416 of P29’s infection displayed 2-fold
greater entry than HCVpp expressing T/F virus E1E2. Thus,
E1E2 evolution in the subject who progressed to chronic infec-
tion suggests selection of substitutions that enhanced entry.

We confirmed HCVpp entry results by cloning representative
longitudinal C117 and C110 E1E2 genes into chimeric, full-
length, replication competent HCV (HCVcc) (Figures 5F and
5@). Infectivity of these HCVcc followed the same hierarchy as
HCVpp entry. Of chimeric C117 HCVcc, D17 was most infec-
tious, D285 less infectious, and D388 least infectious (D388
maximum FFU/mL = 110, 154-fold less infectious than D17).
Similarly, of chimeric C110 HCVcc, DO was most infectious,
D178 less infectious, and D436 least infectious (D436 maximum
FFU/mL = 5,420, 3-fold less infectious than DO0). Overall, these
results suggest that HEPC3 and HEPC74/43 resistance substitu-
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tions in E2 conferred a progressive loss of E1E2 function, while
E1E2 in the subject with persistence of infection gained function
over time.

HEPC3 and HEPC43/HEPC74 Resistance Substitutions
Reduced E2 Binding Affinity for CD81 and SR-B1

To investigate the mechanism of the loss of E1E2 function
associated with acquisition of bNAb resistance substitutions,
we expressed longitudinal E2 strains from C117 and C110 as
soluble E2 proteins and measured binding of these proteins
to two principal HCV cell surface receptors, CD81 or scavenger
receptor B1 (SR-B1), expressed on the surface of Chinese
hamster ovary (CHO) cells (Figure 6). Longitudinal C117 sE2
clones displayed progressively lower binding to CD81, with
the same ranking that they demonstrated in HCVpp and HCVcc
fitness (Figure 6A). Maximal CD81 binding of D388 sE2 was
only 17% of D17 sE2 binding. SR-B1 binding of D388 sE2
was similar to that of D17 sE2 (Figure 6B). We used SDM to
introduce only non-HVR1 E2 substitutions into D17 sE2. One
mutant D17 clone (D17-SDM3) was generated expressing
N434D, F465Y, and D610H, since these substitutions were pre-
sent in most E1E2 strains by D285 of infection. A second
mutant D17 clone (D17-SDM5) was generated expressing
N434D, H444Y, F465Y, P498S, D533N, and D610H, since
these substitutions were present in all HCV isolates circulating
at D388 immediately prior to clearance of infection. As with the
natural sE2 clones, these site-directed mutants displayed
dramatically reduced binding to CD81. For example, maximal
CD81 binding of D17-SDM5 was 13% of maximal binding of
wild-type D17 sE2 (Figure 6C). Binding of D17 sE2 and the
site-directed mutant sE2s to SR-B1 was similar (Figure 6D).
Overall, these studies demonstrate that HEPC3 resistance sub-
stitutions reduced E1E2 function by reducing E2 binding affinity
for CD81.

We performed similar experiments to measure CD81 and
SR-B1 binding of longitudinal C110 sE2 clones from Infxn 1
and Infxn 2. CD81 binding of both Infxn 2 strains was reduced
relative to binding of the DO strain, again following the same
ranking as in HCVpp entry and HCVcc fitness (Figure 6E).
Notably, in contrast with C117 sE2 clones, SR-B1 binding of
C110 Infxn 2 clones also was reduced dramatically relative
to DO sE2 (Figure 6F). Remarkably, introduction by SDM of
only the six Infxn 2 E2 front layer and VR2 polymorphisms
(L438I, F4421, N445H, R461L, A466D, and A475T) into DO
sE2 also led to a dramatic drop in both CD81 and SR-B1 bind-
ing (Figures 6G and 6H). Notably, this loss of SR-B1 binding
occurred even though no substitutions were introduced into
HVR1, the best characterized SR-B1 binding domain. Overall,
these studies demonstrate that the HEPC74/43 resistance
polymorphisms in the front layer and VR2 of E2 reduced
E1E2 function by reducing E2 binding affinity for both CD81
and SR-B1.

BNADb Resistance/Loss of Fitness Substitutions

Selected in C117 and C110 E2 Overlap with HEPC3/74
Binding Epitopes and the CD81 Binding Site

To investigate the link between bNADb resistance and loss of
E1E2 function, we mapped C117 and C110 bNADb resistance/
loss of fitness substitutions onto the E2ectoqg Crystal structure,
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Figure 5. Naturally Selected HEPC3 and HEPC74/43 Resistance Substitutions Lead to Progressive Loss of Viral Fitness

(A and B) Relative entry into hepatoma cells of HCVpp expressing (A) longitudinal natural C117 E1E2 strains (B) C117 D17 E1E2 before and after introduction by
site-directed mutagenesis (SDM) of the substitutions that arose outside of HVR1. Substitutions present in each SDM are indicated, with homology to the D17
sequence indicated with a dot.

(C) Longitudinal natural C110 E1E2 strains.

(D) C110 DO E1E2 before and after introduction by SDM of polymorphisms present in the front layer and VR2 of Infxn 2 viruses.

(E) Longitudinal natural P29 E1E2 strains. HCVpp entry values were normalized to the entry of the chronologically earliest strain from each subject. Each symbol
represents an independent experiment. Horizontal lines indicate means.

(F and G) Infectivity of serial dilutions of chimeric replication competent cell culture virus (HCVcc) expressing longitudinal C117 (F) or C110 (G) E1E2 strains,
measured as focus-forming units/mL (FFU/mL) in Huh7.5.1 cells 48 hr after inoculation. Values are normalized for input HCV viral copy number. (See Figure S6 for
second independent experiment.) All assays were performed in duplicate, and values are means + SD.

along with bNAb and CD81 long extracellular loop (CD81LEL) with E2 protein ectodomains, demonstrating that E2 contact
contact residues and/or critical binding residues (Figure 7). residues of HEPC3 and HEPC74 fall in the front layer (aa 424-
The accompanying study by Flyak et al. (2018) describes 459) and the CD81 binding loop (aa 519-535) of the E2 protein
the X-ray crystal structures of HEPC3 and HEPC74 in complex (Table S2).
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Critical E2-binding residues for HEPC3, HEPC43, HEPC74,
HEPC98, and CD81LEL, a required HCV cell surface receptor,
were previously reported based upon relative binding of these
bNAbs (Bailey et al., 2017) or CD81LEL (Gopal et al., 2017) to
strain H77 E1E2 protein or a comprehensive panel of alanine
scanning mutants spanning the full H77 E1E2 sequence. We
re-analyzed these alanine scanning-binding data to more
comprehensively define residues where mutation reduced bind-
ing of these bNAbs and CD81LEL (STAR Methods; Table S2).

Four of six HEPC3 resistance substitutions arising in C117 E2
fell at or within two amino acids of a HEPC3 contact residue and/
or a HEPCS critical binding residue (N434D, H444Y, D533N, and
P498S), suggesting that each of these substitutions could
disrupt the contact interface between HEPC3 and E2 (Figure 7A).
Notably, the site of one resistance substitution, N434, forms one
hydrogen bond with the HEPC3 heavy chain complementarity
determining region 3 (CDRH3) and one hydrogen bond with
heavy chain framework region 1 (FRH1). Similarly, as shown in
Figure 7B, three of six HEPC74/43 resistance polymorphisms
in C110 E2 fell at a HEPC74 contact and/or a critical binding res-
idue (L438I, F442I1, and N445H), making it likely that they would
disrupt the contact interface between HEPC74 and E2. In order
to evaluate the role of these same substitutions in the loss of E2
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(Figure 7C). Five of twelve substitutions
fell at or within two amino acids of a
CDB81LEL critical binding residue (L438l,
F4421, H444Y, N445H, and D533N).
Notably, L438 is a critical binding residue
for HEPC3, HEPC74, HEPC43, and
CD81LEL, and F442 is a critical binding
residue for both HEPC3 and CD81LEL.
Taken together, this analysis suggests
that, given the remarkable similarity be-
tween the HEPC3/74/43 binding epitopes and the binding site
of CD81, as well as the critical role of CD81 in HCV entry, acqui-
sition of resistance to these bNADs is tightly linked to loss of viral
replicative fitness.

-~ D0-A4
= D0-SDM

T Cell Responses

To assess the potential contribution of T cell responses to viral
evolution and clearance of infection in these subjects, we used
an ELISpot assay to measure T cell interferon gamma secretion
in response to overlapping peptides spanning the entire HCV
polyprotein, using previously described methods (Cox et al.,
2005b) (Table S3). Surprisingly, G117 had no detectable T cell re-
sponses at any of the four time points tested, ranging from D46
to D285 of infection. For C110, sufficient numbers of cells were
not available to perform this analysis using Infxn 2 time points,
but responses to six different epitopes in NS3, NS5A, or NS5B
proteins were detected using D1267 (Infxn 3) cells. None of the
epitopes in the sequenced amplicon acquired substitutions
over the course of Infxn 3. P29, the control subject with persis-
tent infection, had detectable T cell responses at each of three
time points tested, D58, D114, and D135 of infection. These
responses targeted one E2 epitope and two NS3 epitopes.
Only the E2 epitope mutated over the course of infection. Taken
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Figure 7. BNADb Resistance/Loss of Fitness Substitutions Selected in C117 and C110 E2 Overlap with HEPC3 and HEPC74 Binding Epitopes,

as well as the CD81 Binding Site

Binding and resistance substitution positions are indicated with colored spheres superimposed on the HEPC3-E2ecto4pq9 Structure. E2 structure is gray.
(A) Main chain atoms of critical binding residues and/or contact residues of HEPC3 (yellow spheres) and C117 resistance/loss of fitness substitutions (magenta

spheres).

(B) Main chain atoms of critical binding residues and/or contact residues of HEPC74 (orange spheres) and C110 resistance/loss of fitness substitutions (blue

spheres).

(C) Main chain atoms of critical binding residues of CD81LEL (cyan spheres) and resistance/loss of fitness substitutions of C117 (magenta) or C110 (blue). Resis-
tance/loss of fitness substitutions are indicated that fall at contact or critical binding residues (**) or within two amino acids of a contact or critical binding residue (*).

together, these results demonstrate that C117 cleared HCV
despite an undetectable HCV-specific T cell response, while
P29 infection persisted despite detectable responses against
multiple epitopes. For C110, we could not determine whether
T cell responses were present during Infxn 2, but a relatively
broad T cell response during Infxn3 likely contributed to clear-
ance of this infection.

DISCUSSION

Here, we demonstrate that bNAbs targeting the front layer of E2
mediated clearance of human HCV infection. These bNAbs
neutralized most autologous HCV strains, and when bNAD resis-
tance developed, it was accompanied by progressive loss of E2
protein function that was associated temporally with clearance
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of HCV infection. We found that the loss of E1E2 function in both
bNAb donors could be attributed to a loss of E2 binding affinity
for CD81, and that the link between bNAb resistance and loss
of E1E2 fitness could be explained by the extraordinary degree
of overlap between the bNAb epitopes and the CD81 receptor
binding site of E2.

It is likely that T cells and bNAbs each contributed to HCV
clearance in subjects C110 and C117, given extensive literature
documenting an association between robust T cell responses
and clearance (Rehermann, 2009; Schulze Zur Wiesch et al.,
2012), and evidence for T cell responses against multiple epi-
topes in subject C110. Clearance of infection by subject C117
was particularly remarkable given the lack of detectable HCV-
specific T cells in peripheral blood, although responses may
have been detected if assays were performed using autologous
peptides or intrahepatic T cells.

These findings contrast notably with similar studies of another
clinically important human RNA virus, HIV-1. Potent and broadly
neutralizing antibodies can develop relatively late in HIV-1 infec-
tion, and some studies have demonstrated fitness loss of autol-
ogous viruses resulting from acquisition of resistance to these
bNAbs (Lynch et al., 2015; Reh et al., 2018). However, adequate
replication capacity of these escaped viruses is maintained,
since all HIV-1 bNAbs identified to date were isolated from indi-
viduals who failed to control viremia (Bunnik et al., 2008; Euler
et al., 2010). In the case of the potent HIV-1-specific bNAb
VRCO1, infection persisted despite bNAb escape-associated
viral fitness loss because the virus rapidly acquired compensa-
tory fitness substitutions in the env gene (Lynch et al., 2015).
Even if full suppression of replication were achieved, it is unlikely
that bNAbs could clear the latent reservoir of integrated HIV-1
proviruses in resting CD4+ T cells (Sengupta and Siliciano,
2018). In contrast, there is no latent integrated form of HCV,
and we show here that HCV-specific bNAbs arose early in infec-
tion, selecting viruses with profound deficits in replicative fitness,
without acquisition of compensatory fitness substitutions, lead-
ing to natural clearance of infection.

We described in a prior study (Bailey et al., 2017) and in Flyak
et al. the structural and functional similarities among HEPCS3,
HEPC74, and a bNAb designated AR3C, which was isolated
by Law et al. from a person with chronic HCV infection, along
with closely related mAbs AR3A, AR3B, and AR3D (Law et al.,
2008). Notably, infusion of AR3A or AR3B partially protected
human liver chimeric mice from HCV challenge, and infusion of
ARBA, AR3B, and a third bNAb abrogated established HCV
infection in a mouse model (de Jong et al., 2014). Together, these
results support our findings here that bNADbs in this class can be
protective in vivo.

Itis interesting to note that, unlike C117 and C110, the donor of
the AR3 bNADbs did not spontaneously clear HCV infection. There
are multiple possible explanations for this observation. First,
structural differences between HEPC3, HEPC74, and AR3C
described in Flyak et al. may have important functional implica-
tions. Second, unlike for C117 and C110, it has not been demon-
strated that bNAbs were expressed at significant titers in the
serum of the AR3 donor. Third, the timing of development of
the AR3 bNAbs is unclear. In contrast, HEPC3, HEPC74, and
HEPCA43 likely developed very early in acute infection. Timing
of bNAb development may be crucial, if it limits opportunities
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for acquisition of resistance and compensatory fitness substitu-
tions and maximizes opportunities for synergy with the CD8+
T cell response, which tends to wane during the transition from
acute to chronic infection (Cox et al., 2005a; Rehermann,
2009). The development of neutralizing antibodies in subject
C117 only 17 days after infection was somewhat surprising since
seroconversion to HCV infection requires a median of 36 days
(Cox et al., 2005c). Although multiple antibody tests prior to
infection were negative, indicating that C117 was not previously
infected, it is intriguing to consider that past low-level exposure
to HCV through repeated injection drug use might have primed
this individual to mount a very rapid antibody response. Finally,
NAbs targeting other epitopes may also have contributed to
HEPC3/74/43-mediated clearance. In the case of C117, we
found that HEPC98 and HEPC3 exerted simultaneous selective
pressure on different E2 epitopes early in infection. It would be
of particular interest to determine whether mAbs specific for
the E1E2 heterodimer were also expressed by these subjects,
given recent studies suggesting that these mAbs can be syner-
gistic with mAbs targeting the CD81 binding site of E2 (Carlsen
et al., 2014; de Jong et al., 2014). Each of these hypotheses
merits further investigation.

Despite dramatic improvements in HCV treatment, an effec-
tive prophylactic vaccine is also needed to eradicate the HCV
pandemic. Vaccine development efforts to date have been
hindered by the extraordinary genetic diversity of the virus.
Extensive E2 diversity, strong evidence for a role of CD8+
T cells in control of HCV, and a relative lack of similar direct
evidence for bNAb-mediated control have tempered enthusiasm
somewhat for development of a bNAb-inducing vaccine. Some
recent vaccine trials, including the only vaccine trial in at-risk hu-
mans, have focused exclusively on induction of T cell responses
(clinicaltrials.gov NCT01436357; Swadling et al., 2014). Data
here suggest that induction of bNAbs also may be critical for
vaccine protection. These data also suggest that pan-neutral-
izing breadth may not be necessary for protection if bNAb-
resistant strains are replication-deficient. This study provides
strong in vivo evidence that bNAbs directed at the CD81 binding
residues of E2 may result in infection clearance through a
combination of neutralization and pressure that selects replica-
tion-deficient viruses with impaired CD81 binding. This study
highlights the value of selection of vaccine antigens that induce
bNADbs targeting the CD81 binding site as an important strategy
in prophylactic HCV vaccine design.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat Anti-Mouse IgG H&L (DyLight 488) Abcam Cat#ab96879, RRID: AB_10687475

6x-His Tag Monoclonal Antibody (HIS.H8)
AF647 6x-His Tag Monoclonal Antibody (HIS.H8)
Goat Anti-Mouse IgG Fc (HRP)

Goat anti-human IgG secondary antibody (HRP)

Thermo Fisher Scientific
Thermo Fisher Scientific
Abcam

Vector Laboratories

Cat#MA1-21315, RRID: AB_557403
Cat#MA1-21315-AF647, RRID: AB_2610647
Cat#ab97265, RRID: AB_10680426
Cat#PI-3000, RRID: AB_2336151

CBH-2 (Keck et al., 2012) N/A

HC33.1 (Keck et al., 2013) N/A

9E10 (Lindenbach et al., 2005) N/A

HEPC3 (Bailey et al., 2017) N/A

HEPC43 (Bailey et al., 2017) N/A

HEPC74 (Bailey et al., 2017) N/A

HEPC98 (Bailey et al., 2017) N/A

Bacterial and Virus Strains

max efficiency DH5a competent cells Thermo Fisher Scientific Cat#18258012

HCV viral strain s117 D17-1a53
HCV viral strain s117 D194-FB05
HCV viral strain s117 D194-FC03
HCV viral strain s117 D194-FD13
HCV viral strain s117 D285-FB11
HCV viral strain s117 D285-FA06
HCV viral strain s117 D388-5A12
HCV viral strain s110 D0-A4
HCV viral strain s110 D178-A31
HCV viral strain s110 D178-A38
HCV viral strain s110 D339-E9
HCV viral strain s110 D436-C22
HCV viral strain s110 D1260-B3
HCV viral strain s110 D1875-C3
HCV viral strain s29 D16-B11
HCV viral strain s29 D182-A2
HCV viral strain s29 D416-A26
19 HCVpp genotype 1 panel

(Bailey et al., 2017)
(Bailey et al., 2017)
(Bailey et al., 2017)
(Bailey et al., 2017)
(Bailey et al., 2017)
(Bailey et al., 2017)
(Bailey et al., 2017)
This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

(Bailey et al., 2015; Osburn et al., 2014)

GenBank: JQ343820
GenBank: KY965659
GenBank: KY965666
GenBank: KY965678
GenBank: KY965739
GenBank: KY965717
GenBank: KY965802
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

GenBank: KJ187972-KJ187978, KJ187980-
KJ187985, KJ187987-KJ187990, KM660628-9

Biological Samples

Human plasma (C110, C117, P29) BBAASH cohort (Cox et al., 2005¢c) N/A

Human PBMCs (C110, C117, P29) BBAASH cohort (Cox et al., 2005¢) N/A

Chemicals, Peptides, and Recombinant Proteins

Lipofectamine 2000 transfection reagent Thermo Fisher Scientific Cat#11668019
3 3’ 5 5'-tetamethylbenzidine (TMB) liquid Sigma Aldrich Cat#T4319
Pure Galanthus nivalis lectin (Snowdrop Bulb) EY Labs Cat#L74015
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

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Luciferase Assay System Promega Cat#E1500
MEGAscript T7 Transcription Kit Ambion Cat#AM1334
RNeasy mini kit QIAGEN Cat# 7-4106
Cell Line Nucleofector Kit T Lonza Cat# VCA-1002
QuikChange Lightning Multi Site-Directed Agilent Technologies Cat#210516

Mutagenesis Kit

Deposited Data

HCV sequences GenBank GenBank: MH834650-MH835192
Experimental Models: Cell Lines

Human: Hep3B2.1-7 ATCC Cat# HB-8064, RRID: CVCL_0326
Human: Huh7.5.1 (Blight et al., 2002) RRID: CVCL_E049

Human: 293T/17 ATCC Cat# CRL-11268, RRID: CVCL_1926
Hamster: Naive Cho (Sabo et al., 2011) N/A

Hamster: Cho-Trip-CD81-GFP (Sabo et al., 2011) N/A

Hamster: Cho-TRIP-SRB1-GFP (Sabo et al., 2011) N/A

Recombinant DNA

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

pAdvantage Promega Cat#E1711

HCVcc backbone (Wasilewski et al., 2016a) N/A

Software and Algorithms

Prism 7 GraphPad RRID: SCR_002798
PyMOL Schrodinger, LLC RRID: SCR_000305
FlowJo V10 TreeStar RRID: SCR_008520
Highlighter Los Alamos Database https://www.hiv.lanl.gov/
MEGA 7 software N/A RRID: SCR_000667
MUSCLE N/A RRID: SCR_011812
Other

Immulon 2HB strips

Thermo Fisher Scientific

Cat# 14-245-81

CONTACT FOR REAGENT AND RESOURCE SHARING

Further requests for information, resources, and reagents should be directed to and will be fulfilled by the Lead Contact, Justin Bailey

(jbailey7@jhmi.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects

Plasma and PBMCs were obtained from the BBAASH cohort (Cox et al., 2005c). In this cohort, the incidence, immunology, and
virology of HCV infection in young injection drug users is prospectively monitored. Ages at seroconversion of subjects C110,
C117 and P29 were 28, 31, and 25, respectively. All subjects were HIV-negative, and none were treated with interferon or antiviral
drugs over the course of sampling. 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) and maintained in Dulbecco’s Modified Eagle Medium
and supplemented with sodium pyruvate, 10% heat inactivated fetal bovine serum, and glutamine. HEP3B cells (sex: male), were
obtained from the ATCC (cat # HB-8064), and maintained in Modified Eagle Medium, supplemented with sodium pyruvate, 10%
heat inactivated fetal bovine serum, nonessential amino acids and glutamine. Huh7.5.1 cells (sex: male) were obtained from Charles
Rice (The Rockefeller University, New York City, New York, USA), and maintained in Dulbecco’s Modified Eagle Medium and sup-
plemented with sodium pyruvate, 10% heat inactivated fetal bovine serum, and nonessential amino acids. 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.
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Virus Strains

All HCV strains used in this study were amplified by RT-PCR from plasma of HCV-infected individuals. Neutralizing breadth against
heterologous strains was measured using a panel of HCVpp generated using genotype 1a and 1b E1E2 clones isolated from unre-
lated individuals. All viral strains amplified and analyzed for this study from subjects C117, C110, and P29 were genotype 1a. For each
subject, E1E2 genes were cloned and expressed from transmitted/founder strains and strains isolated longitudinally over the course
of infection.

METHOD DETAILS

Source of Reference bNAbs
CBH-2 (Keck et al., 2012) and HC33.1 (Keck et al., 2013) were gifts from Steven Foung (Stanford University School of Medicine, Stan-
ford, California, USA). HEPC3, HEPC43, HEPC74, and HEPC98 were isolated by AIF and JEC (Bailey et al., 2017).

HCYV Viral Load and Serology Testing

HCYV viral loads (IU/mL) were quantified after RNA extraction with the use of commercial real-time reagents (Abbot HCV Real-time
Assay) migrated onto a research-based real-time PCR platform (Roche 480 LightCycler). HCV seropositivity was determined using
the Ortho HCV version 3.0 ELISA Test System (Ortho Clinical Diagnostics).

Identification of bNAb and CD81LEL Critical Binding Residues

Comprehensive alanine scanning mutagenesis of an expression construct for HCV E1E2 (genotype 1a, strain H77) changed each
residue to alanine (with alanine residues changed to serine) to create a library of clones, each representing an individual point mutant,
covering 552 of 555 target E1E2 residues. Binding of each mAb and CD81LEL to wild-type E1E2 and to each of these alanine mutants
was quantitated as previously described (Bailey et al., 2017; Gopal et al., 2017). Binding residues for HEPC3, HEPC43, HEPC74,
HEPC98 (Bailey et al., 2017), and CD81LEL (Gopal et al., 2017) based on this binding data were previously reported, but revised
for this study using new analysis of alanine scanning-binding results. Substitutions inducing global misfolding of E1E2 were identified
and excluded as binding residues using all alanine scanning mutagenesis mapping data from Integral Molecular, Philadelphia PA
published in Gopal et al. (2017), and Bailey et al. (2017) as follows: residues at which alanine substitution reduced E1E2 binding
of all conformational E2-binding and E1E2-binding mAbs to < 75% of binding to wild-type protein were excluded as potential binding
residues. For each mAb, after exclusion of these global misfolding substitutions, E1E2 residues were ranked from greatest to least
effect of alanine substitution on mADb binding. Up to 20 substitutions with greatest effect on binding that also reduced binding by at
least 50% were selected as critical binding residues. The maximum number of likely binding residues was chosen based on studies
suggesting that the average epitope includes 15+/—4 contact residues (Kringelum et al., 2013).

HCVpp Production, Infectivity, and Neutralization Assays

HCVpp were produced by lipofectamine-mediated transfection of HCV E1E2 and pNL4-3.Luc.R-E- plasmids into HEK293T cells as
previously described (Hsu et al., 2003; Logvinoff et al., 2004). For infectivity testing, HCVpp were serially diluted 10-fold and incu-
bated on Hep3B target cells for 5 to 6 hours before media was removed. Values from HCVpp dilutions within the linear range of
the luminometer were compared. The panel of 19 heterologous genotype 1 HCVpp has been described previously (Bailey et al.,
2015; Osburn et al., 2014). Neutralization assays were performed as described previously (Dowd et al., 2009). For breadth testing,
HCVpp were incubated for 1 hour with heat-inactivated plasma at a 1:100 dilution or mAb at 10 ng/mL and then added in duplicate
to Hep3B target cells for 5 to 6 hours before medium was changed. Infection was determined after 3 days by measurement of lucif-
erase activity of cell lysates in RLU. All HCVpp used in neutralization assays produced RLU values at least 10-fold above background
entry by mock pseudoparticles. To assess neutralization of autologous variants, mAbs were serially diluted five-fold, starting at a
concentration at 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.

Generation of HCVcc Chimeras

HCVcc chimeras were generated as previously described (Wasilewski et al., 2016a, 2016b). Briefly, after digestion of the HCVcc
backbone with Afel (New England Biolabs), c110 and c117 E12 genes were inserted in frame using In-Fusion cloning (Clontech).
Plasmid DNA was linearized using Xbal (New England Biolabs) 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 ng of RNA was transfected into 1.8 x 10° 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
Human hepatoma Huh7.5.1 cells (a gift from Charles Rice, The Rockefeller University, New York City, New York, USA) were main-
tained in DMEM supplemented with 10% fetal bovine serum and non-essential amino acids. 8,000 Huh7.5.1 cells per well were plated

Cell Host & Microbe 24, 717-730.e1-e5, November 14, 2018 e3

CellPress




Cell’ress

in flat-bottom 96-well tissue culture plates and incubated overnight at 37°C. The following day, HCVcc were normalized for viral load
then serially diluted 2-fold and added to Huh7.5.1 cells in duplicate and incubated overnight, after which the HCVcc were removed
and replaced with 100 pL of medium and incubated for 24 hours at 37°C. After 24 hours, 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 Spectrum operating AID ELISpot Reader version 7.0.

Single HCV Genome Amplification

HCV hemigenomes from plasma virus were amplified by RT-PCR after limiting dilution to ensure single-genome amplification, using
previously described methods (Li et al., 2012). 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 (Osburn et al., 2014).
Sequences of all E1E2 clones were confirmed after cloning. All original sequence data were deposited in GenBank.

Site Directed Mutagenesis
Substitutions were introduced into E1E2 and sE2 plasmids using the QuikChange Lightning Multi Site-Directed Mutagenesis Kit
(Agilent) and confirmed by Sanger sequencing.

Phylogenetic Analysis

Nucleotide sequences were trimmed and aligned using MUSCLE, with the alignment manually adjusted in BioEdit. Phylogenetic
trees were inferred from nucleotide sequences using the maximum likelihood method based on the Tamura 3-parameter model
(Tamura and Kumar, 2002), gamma distributed. The tree with highest log likelihood is shown with branches drawn to scale. Initial
tree(s) for the heuristic search were obtained automatically by applying neighbor-joining and BioNJ algorithms to a matrix of pairwise
distances estimated using the maximum composite likelihood approach and then selecting the topology with superior log likelihood
value. 500 bootstrap tests were performed. Analyses were implemented in the Mega7 program (https://www.megasoftware.net). T/F
genomes were inferred as previously described (Li et al., 2012, 2015). Highlighter plots were generated using aligned E1E2 amino
acid sequences and the Highlighter tool at the Los Alamos HIV database (https://www.lanl.gov/).

HCV E1E2 ELISA

mADb binding to E1E2 was quantitated using an ELISA as previously described (Keck et al., 2009). Briefly, 293T cells were transfected
with E1E2 expression constructs. Cell lysates were harvested at 48 hours. Plates were 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, and E1E2—containing cell lysates
were added. MAbs were assayed in duplicate at 5-fold serial dilutions, starting at 100 pg/mL, and binding was detected with HRP-
conjugated anti-human IgG secondary antibody (Vector Laboratories PI-3000). Equivalent protein concentrations in each E1E2
lysate preparation were confirmed using serial dilutions of control mAb, HC33.4 (Figure S7).

Expression of Soluble E2

The E2 ectodomain of s110 and s117 HCV strains were cloned into a mammalian expression vector (phCMV3-Ig Kappa-HIS, a gift of
Leopold Kong, The Scripps Research Institute, La Jolla, California, USA). This truncated, soluble form of E2 ectodomain (sE2) retains
antigenicity and function as previously described (Kong et al., 2013), encompassing residues 384-645. The vector allows expression
of E2 protein with a C-terminal His tag as well as an N-terminal murine Ig 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 37°C. Supernatant was
collected at 48 and 72 hours, passed through a 0.2 um filter, and concentrated using a regenerated cellulose centrifugal filter with a
10 kDa cutoff (Amicon).

Quantitation of Relative sE2 Protein Concentration

See Figure S7. 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 ng 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 ECsg value for each sE2 construct was calculated by nonlinear regression analysis
and fold differences in ECsg values 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 (Sabo et al., 2011). 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
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30-min incubation on ice, the cells were washed twice and incubated with 0.5 pug 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).

Interferon-y ELISpot Assay
HCV-specific CD8+ T cell responses were quantified by interferon-y ELISpot assay as previously described (Cox et al., 2005a).
Briefly, PBMC were screened for recognition of HCV-specific antigens using overlapping peptides and previously described optimal
HCV epitopes. Pooled cytomegalovirus, Epstein-Barr virus, and influenza antigens and phytohemagglutinin were used as positive
controls. Responses were considered positive if the number of spots per well minus the background was at least 25 spot forming
cells (SFC) per million PBMC.

Experimental Design

Each neutralization and ELISA assay was performed in duplicate with values reported as means + SD. Experiments shown in Figures
3B-3D, 4B, 4J, 5F, and 5G were repeated in duplicate experiments (See Figure S5). Entry of HCVpp was tested in three independent
experiments, with all data shown in Figures 5A-5D. Infectivity of HCVcc was tested in two independent experiments (Figures 5F, 5G,
and S6). 10,000 events were recorded for each flow cytometry measurement (Figure 6).

QUANTIFICATION AND STATISTICAL ANALYSIS

Neutralization profiles of plasma samples were compared pairwise to neutralization profiles of HEPC3, HEPC98, HEPC74, HEPC43,
and CBH-2 mAbs (Figure 1) using Spearman correlation in Prism v7.0 (Graphpad). 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 v7.0
(Graphpad). Flow cytometry data were analyzed using FlowJo v10 software (Tree Star). Mean fluorence intensity (MFI) values
were calculated from 10,000 events.

DATA AND SOFTWARE AVAILABILITY

Viral sequences generated for this study are accessible from GenBank (GenBank: MH834650-MH835192). All other data that support
the findings of this study are available from the Lead Contact upon request.
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