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Introduction
Hepatitis C virus (HCV) infects approximately 185 million people worldwide and is a major cause of  
liver failure and hepatocellular carcinoma (1). With the recent development of  potent, oral interfer-
on-free therapies, treatment of  HCV infection has improved significantly. However, HCV eradication 
is unlikely to be achieved with treatment alone. Identification of  those with HCV infection is challeng-
ing. Therapies are too costly for countries with the highest incidence. Reinfection can occur following 
treatment, and transmission of  drug-resistant HCV is possible (2). The rate of  acute HCV infection 
increased in most US states between 2010 and 2014, following an ongoing epidemic in opioid/heroin 
use (3–5). This rising epidemic of  acute HCV infection in the US gives new urgency to prophylactic 
vaccine development efforts.

Broadly neutralizing human mAbs (bNAbs) capable of  neutralizing diverse HCV strains have been 
isolated from HCV-infected individuals, proving that antibodies can target relatively conserved regions of  
the two HCV envelope glycoproteins (E1 and E2), despite the enormous genetic diversity of  HCV (6–17). 
Infusion of  bNAbs is protective against infection in animal models of  HCV (17, 18), and a recent study also 
showed that bNAbs could abrogate established HCV infection in a humanized transgenic mouse model 
(19). Given the efficacy of  these bNAbs in blocking HCV infection, the molecular and genetic features of  
bNAbs and their epitopes may serve as a useful guide for rational HCV vaccine design.

Here, we report the isolation of broadly neutralizing mAbs (bNAbs) from persons with broadly 
neutralizing serum who spontaneously cleared hepatitis C virus (HCV) infection. We found that 
bNAbs from two donors bound the same epitope and were encoded by the same germline heavy 
chain variable gene segment. Remarkably, these bNAbs were encoded by antibody variable genes 
with sparse somatic mutations. For one of the most potent bNAbs, these somatic mutations 
were critical for antibody neutralizing breadth and for binding to autologous envelope variants 
circulating late in infection. However, somatic mutations were not necessary for binding of the 
bNAb unmutated ancestor to envelope proteins of early autologous transmitted/founder viruses. 
This study identifies a public B cell clonotype favoring early recognition of a conserved HCV epitope, 
proving that anti-HCV bNAbs can achieve substantial neutralizing breadth with relatively few 
somatic mutations, and identifies HCV envelope variants that favored selection and maturation 
of an anti-HCV bNAb in vivo. These data provide insight into the molecular mechanisms of 
immune-mediated clearance of HCV infection and present a roadmap to guide development of a 
vaccine capable of stimulating anti-HCV bNAbs with a physiologic number of somatic mutations 
characteristic of vaccine responses.
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Studies of  the evolution of  HIV-specific bNAbs have enabled an entire field of  germline-targeted vaccine 
designs and stabilization of  envelope antigens (20–22). However, studies of  the natural evolution of  HIV 
bNAbs still may not be the optimal method for fully understanding the fundamental principles of  breadth and 
potency for bNAbs, because HIV-infected individuals do not clear their infections. In contrast, approximately 
30% of individuals who become infected with HCV spontaneously clear the infection (23), even though the 
viral diversity in HCV-infected individuals is comparable to or exceeds that of  the diversity of  HIV isolates in 
HIV-infected subjects (24–27). Spontaneous clearance of  HCV has been associated with effective innate and T 
cell responses, but we and others have shown that spontaneous clearance is associated with early appearance 
of  broadly neutralizing antibodies against HCV in serum (28, 29). mAbs from individuals with broadly neu-
tralizing serum and clearance of  HCV have not been isolated to date, so it is not known whether these mAbs 
have unique features relative to the mAbs previously isolated from individuals with persistent HCV infection. 
It is of  interest to define the molecular basis for recognition and neutralization of  an entire quasispecies of  an 
antigenically diverse virus like HCV, with subsequent immune-mediated clearance.

To study this mechanism, we have followed prospectively a cohort of  subjects from a time point prior 
to infection through the time of  their spontaneous clearance of  HCV. In this study, we isolated a panel 
of  bNAbs from two of  these subjects who spontaneously cleared HCV infection. We characterized the 
neutralizing breadth of  these bNAbs, mapped the targeted epitopes, identified a germline heavy chain vari-
able gene segment that was used by multiple bNAbs, and identified somatic mutations in one bNAb that 
were critical for breadth of  recognition of  heterologous envelope variants. We also defined the longitudinal 
evolution of  the virus in the donor of  this bNAb, allowing us to show that the bNAb unmutated ancestor 
could bind envelope proteins of  early autologous transmitted/founder (T/F) viruses and the mature bNAb 
could bind variants circulating immediately prior to viral clearance. Defining these determinants of  bNAb 
breadth and the critical antigenic determinants favoring bNAb induction provides insight into molecular 
mechanisms of  immune-mediated clearance of  HCV infection and informs rational vaccine design.

Results
Identification of  subjects who spontaneously cleared HCV infection and possess broadly neutralizing circulating anti-
bodies. We developed a diverse panel of  19 genotype 1a and 1b HCV pseudoparticles (HCVpp) that 
allowed us to screen donor plasma for HCV neutralizing breadth (28, 30). This panel comprises 94% of  
the amino acid polymorphisms present at greater than 5% frequency in a reference panel of  643 genotype 
1 HCV isolates from GenBank. In a previous study, we used this panel to screen plasma samples isolated 
prior to viral clearance from 21 subjects who spontaneously cleared HCV infection or 42 duration-of-in-
fection-matched plasma samples from subjects with persistent infection (28). We identified two subjects 
who spontaneously cleared HCV and who possessed exceptionally broad plasma neutralizing antibody 
activity. Subject 117 was HCV plasma antibody negative and HCV RNA negative on study enrollment 
before becoming infected with genotype 1a HCV. Subject 110 was initially viremic, also with genotype 
1a virus, but was HCV serum antibody negative, indicating recent infection. Both subjects exhibited 
typical high viral loads during acute infection, followed by a subsequent viral load decline and eventual 
clearance of  the infection (Figure 1A). Subject 117 was infected for about 1 year total prior to clearance. 
Subject 110 had a more unusual disease course, with high viral loads for about 1 year, followed by a drop 
in viral load, years of  extremely low-level intermittent viremia, and eventual viral clearance. Repeated 
sequencing of  viral structural genes throughout infection did not reveal any large genetic shifts in either 
subject that would suggest superinfection or reinfection with a new viral strain. After clearance, each 
subject was followed for more than 5 years with frequent viral load testing, with no recurrence of  vire-
mia. Plasma of  subject 117 was tested for neutralizing antibody breadth at day 388 after infection, the 
last time point prior to viral clearance. Plasma of  subject 110 was tested at day 401 after infection, the 
time point immediately preceding a decline of  107 IU/ml in viral load. Using a threshold of  at least 50% 
neutralization by a 1:100 dilution of  plasma, the plasma of  subject 117 neutralized 14 of  19 HCVpp 
variants (74%) and the plasma of  subject 110 neutralized 17 of  19 variants (89%) (Figure 1B). For com-
parison, the median percentage of  neutralization by time-matched plasma samples from 42 subjects with 
persistent infection did not exceed 50% for any of  the 19 HCVpp tested.

Isolation of  neutralizing mAbs and measurement of  neutralizing breadth. We isolated peripheral blood mono-
nuclear cells (PBMCs) from subjects 110 and 117 after HCV clearance. Using previously established meth-
ods (see Methods), we transformed B cells in PBMC samples with EBV and screened the transformed B 
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lymphoblastoid cell line culture supernatants for neutralizing activity against one autologous HCV variant 
and a second heterologous variant. Cells from wells with neutralizing activity against either variant were 
fused with myeloma cells to produce hybridomas, which then were cloned biologically using limiting dilu-
tion and flow cytometric sorting and repeated screening of  culture supernatants for HCV E1E2 protein–
binding activity. We isolated 15 anti-E1E2 mAbs from the two subjects. Purified mAbs were tested for 
intragenotypic neutralizing breadth against the panel of  19 genotype 1 HCVpp, using a threshold of  ≥50% 
reduction as the definition of  neutralization. The most broadly neutralizing mAbs are shown in Figure 2, 
with the remaining mAbs shown in Supplemental Figure 1 (supplemental material available online with 
this article; https://doi.org/10.1172/jci.insight.92872DS1). For comparison, two previously described 
bNAbs, AR4A and AR3C (9, 17), were tested against the same viral panel. The most broadly neutralizing 
mAbs isolated from subject 117, designated HEPC3 and HEPC84, neutralized 16 of  19 (84%) or 11 of  19 
(58%) of  variants, respectively. HEPC43 and HEPC74, the most broadly neutralizing mAbs isolated from 
subject 110, each neutralized 17 of  19 (90%) variants. For comparison, AR3C and AR4A neutralized 16 of  
19 (84%) and 12 of  19 (63%) variants, respectively. Next, we measured cross-genotypic neutralizing titers of  
mAbs HEPC3, HEPC43, HEPC74, or HEPC84 against a standard panel of  genotype 1–6 replication com-
petent cell culture viruses (HCVcc) (Figure 3). HEPC3, HEPC43, and HEPC74 each neutralized variants 
from 5 of  6 genotypes, and HEPC84 neutralized variants from 4 of  6 genotypes. None of  the mAbs showed 

Figure 1. Identification of subjects who spontaneously cleared HCV and possess broadly neutralizing antibodies 
in plasma. (A) HCV viral loads of two subjects who spontaneously cleared HCV infection sampled periodically from 
the time of initial infection through viral clearance. The dashed line indicates limit of detection (LOD) of the viral load 
assay, which is 50 IU/ml. Values below the LOD are set at 25 IU/ml and marked with gray circles. Plasma samples that 
were HCV antibody negative or positive by commercial antibody-binding assay (EIA) are indicated by - and +, respec-
tively. The green triangles represent plasma samples tested for neutralizing breadth against the panel of 19 genotype 1 
HCV pseudoparticle (HCVpp). The yellow triangles represent time points from which anti-HCV mAbs were isolated. The 
blue triangles represent plasma samples from which the viral quasispecies was sequenced by single-genome ampli-
fication. (B) Neutralizing breadth of plasma from the two subjects tested against a diverse panel of genotype 1a or 1b 
HCVpp. Values shown are the percentage of neutralization achieved by a 1:100 dilution of plasma, tested in duplicate. 
*For comparison, the median neutralization of each HCVpp from 42 subjects with persistent HCV infection, matched 
with subjects who cleared for duration of infection (Control plasma), is also shown.
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potent neutralizing activity against the genotype 3 isolate (S52), which, interestingly, is also true of  many 
other previously described broadly neutralizing anti-HCV human mAbs (17). HEPC3, HEPC43, HEPC74, 
and HEPC84 each bound native E1E2 protein in an ELISA but did not bind to denatured protein, indicat-
ing that they bind conformational epitopes on E1E2 (Supplemental Figure 2).

Epitope mapping. mAb-binding epitopes were mapped using comprehensive alanine-scanning mutagen-
esis across E1E2. Six mAbs displayed adequate binding to the target variant, strain H77 E1E2, to allow 
mapping by this method (Figure 4 and Supplemental Figure 3). HEPC3, HEPC43, and HEPC74 displayed 
overlapping epitopes with multiple shared binding residues. Surprisingly, the binding epitope of  these mAbs 
also overlapped with the epitope of  the previously described bNAb, AR3C, which was determined by cocrys-
tallization of  AR3C Fab with HCV E2 core (31). Two of  the binding residues shared by HEPC3, HEPC43, 
and HEPC74 (aa 530 and 535) also have been shown to be critical for interaction with the HCV receptor 
CD81, suggesting that escape mutations at these positions might adversely affect viral fitness (32). We further 
mapped the binding epitopes of  these mAbs by measuring competition for E1E2 binding among the mAbs or 
between the mAbs and a panel of  previously characterized reference bNAbs. The six most broadly neutraliz-
ing mAbs are shown in Figure 4, B and C, with all mAbs shown in Supplemental Figure 4. HEPC3, HEPC43, 
and HEPC74 showed reciprocal competition for binding with each other, and HEPC82 reduced binding of  
HEPC84 and HEPC98. As expected from the alanine-scanning maps, reference mAb AR3C reduced binding 
of  HEPC3, HEPC43, and HEPC74, suggesting that the mAbs compete for overlapping binding sites. Refer-
ence mAb AR4A, which binds only to complexed E1 and E2, reduced binding of  the mAbs HEPC82 and 
HEPC84. Reference mAb HC33.8 (8), which targets an epitope spanning amino acids 408–423, competed 
with mAb HEPC98, which has binding residues at amino acids 402, 405, and 408.

In addition, we characterized relationships between bNAbs using a neutralization profiling method 
that has been used extensively for characterization of  anti-HIV mAbs (33). We recently adapted this 
method to allow grouping of  HCV mAbs into functionally related clusters based upon relative neutral-
izing capacity across a genetically diverse panel of  HCV variants (30). In this analysis, we compared 
neutralization values of  the previously uncharacterized mAbs across the panel of  19 HCVpp to each 
other and to a large panel of  previously described reference bNAbs (30) using Spearman correlations 
(Figure 4D and Supplemental Figure 5). HEPC3, HEPC43, and HEPC74 clustered most closely with 
each other, and, of  the 18 reference bNAbs tested, they clustered most closely with mAb AR3C, in agree-
ment with the alanine-scanning and competition-binding data. Consistent with the competition-binding 
results, HEPC84 clustered most closely with mAb AR4A and HEPC98 clustered near mAbs HC33.4 and 
HC33.8. Taken together, these three mapping studies show remarkable similarity between the binding 

Figure 2. Intragenotypic neutralizing breadth of anti-HCV mAbs isolated from two subjects who spontaneously 
cleared HCV infection. Neutralizing breadth of mAbs against a diverse panel of genotype 1a or 1b HCV pseudoparticles 
(HCVpp). Neutralization patterns for the 5 most broadly neutralizing mAbs are shown; data for the remaining 10 mAbs 
are shown in Supplemental Figure 1. mAbs marked with blue were isolated from subject 117 and mAbs marked with 
green were isolated from subject 110. Values shown are the percentage of neutralization achieved by 50 μg/ml mAb. 
Values are means of two independent experiments, each performed in duplicate. For reference, previously described 
bNAbs AR4A and AR3C were tested in parallel against the same HCVpp panel.
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epitopes of  mAbs HEPC3, HEPC43, and HEPC74, which were isolated from two different subjects who 
spontaneously cleared HCV infection, and AR3C, a previously described bNAb isolated from a patient 
with persistent HCV infection (17). Based upon competition-binding data and neutralization profiling, 
HEPC84 and the reference mAb AR4A also appear to bind to overlapping epitopes, as do HEPC98 and 
the reference mAb HC33.8.

Somatic mutations and antibody breadth. We sequenced the heavy and light chain variable gene sequences 
of  each of  the mAbs. Surprisingly, despite developing in two different individuals, HEPC3, HEPC43, and 
HEPC74 are each encoded by the same antibody heavy chain variable gene segment, VH1-69 (Table 1). Of  
note, mAb AR3C, which was isolated from a subject with chronic HCV infection, also uses VH1-69 (17), as 
do some other anti-HCV bNAbs (12, 34). Together with the epitope mapping data, these results suggest that 
VH1-69 encodes antibodies with capacity to form a public B cell clonotype that favors binding to an immuno-
dominant broadly neutralizing HEPC3/AR3C epitope. Remarkably, these bNAbs were encoded by antibody 
genes with sparse somatic mutations. HEPC3 has 95% identity to its germline heavy chain VH gene sequence, 
while HEPC43 has 95% and HEPC74 has 92% identity to its germline heavy chain VH gene sequence. The 
light chains encoding these mAbs have 96%–98% identity to their germline VL genes. By comparison, mAb 
AR3C, isolated previously from a subject with chronic HCV infection, has only 86% identity to its VH gene 
(17), meaning that the bNAbs isolated from subjects who spontaneously cleared infection have substantially 
fewer VH gene somatic mutations than AR3C. In addition, these mAbs have substantially fewer somatic muta-
tions than most previously described anti-HIV bNAbs, including VRC01 (22), which has only 68% identity to 
its germline heavy chain VH gene sequence.

To identify somatic mutations critical for bNAb breadth, we mutated all 13 somatic mutations in the 
HEPC3 heavy chain, all 7 somatic mutations in the light chain, or both, to match the inferred germline 
sequence, generating HEPC3 reverted unmutated ancestor (RUA) variants designated H-RUA, L-RUA, 
and H,L-RUA, respectively. We measured the ability of  mature HEPC3, H-RUA, L-RUA, and H,L-RUA 
antibodies to neutralize a diverse panel of  genotype 1 E1E2 variants (Figure 5A). As in prior tests, mature 
HEPC3 neutralized the majority of  variants in the panel. HEPC3 L-RUA showed nearly identical neutral-

Figure 3. Cross-genotypic neutralizing breadth of anti-HCV mAbs. Neutralizing breadth of mAbs against a panel of genotype 1–6 repli-
cation competent hepatitis C viruses (HCVcc). The 4 mAbs with greatest neutralizing breadth in Figure 2 were tested. The name of each 
HCVcc strain is indicated, with the viral subtype in parenthesis. Values shown are the means of two independent experiments, each 
performed in triplicate, and error bars represent standard deviations between experiments. The half-maximal inhibitory concentration 
(IC50) of each mAb/HCVcc combination is shown. Curves with neutralization exceeding 50% at only the highest mAb concentration (50 
μg/ml) were assigned an IC50 of 50 μg/ml.
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ization results, indicating that somatic mutations in the light chain are not critical for neutralizing breadth. 
Neutralizing breadth of  both HEPC3 H-RUA and H,L-RUA was greatly attenuated, indicating that somat-
ic mutations in the heavy chain are critical for HEPC3 neutralizing breadth. Consistent with the neutraliza-
tion data, mature HEPC3 bound all heterologous E1E2 variant proteins in an ELISA (Figure 5B). There 
was little reduction in binding of  HEPC3 L-RUA relative to mature HEPC3. Binding of  HEPC3 H-RUA 
and H,L-RUA to all E1E2 proteins was significantly reduced, confirming that somatic mutations in heavy 
chain CDR1, CDR2, and/or CDR3 are critical for binding affinity and breadth of  HEPC3.

To identify individual somatic mutations that are important for breadth of  HEPC3, we also performed 
site-directed mutagenesis to revert each heavy chain somatic mutation individually to the germline-encoded 

Figure 4. Epitope mapping of anti-HCV bNAbs. (A) Critical binding residues for bNAbs based on relative binding to alanine-scanning mutants spanning 
the full H77 E1E2 sequence. Binding residues are marked with green spheres superimposed on the H77 E2 core structure (31). For reference, contact resi-
dues for mAb AR3C, identified by Kong et al., are indicated with blue spheres. Additional mAbs are shown in Supplemental Figure 3. In the table, critical 
binding or contact residues shared by at least two mAbs are highlighted in red, and those shared by all 4 mAbs in purple. (B and C) Competition binding 
between mAbs. The 6 most broadly neutralizing mAbs from s117 (blue) and s110 (green) are shown, with additional mAbs shown in Supplemental Figure 
4. Relative binding of 2 μg/ml of the biotinylated mAbs to strain 1a53 E1E2 in the presence or absence of blocking mAbs at a concentration of 20 μg/ml. 
Combinations resulting in relative binding <0.7 or <0.35 are marked in yellow or red, respectively. (B) Competition binding between newly identified mAbs 
and each other. Values represent the average of two independent experiments performed in duplicate. (C) Competition binding between newly identi-
fied mAbs and reference bNAbs. Values represent the average of replicates from one experiment, except for AR3C, which was tested in duplicate in two 
independent experiments. (D) Clustering of the 6 most broadly neutralizing mAbs (blue or green) with reference bNAbs (red) based upon neutralization 
profiling. For each mAb, neutralization of each of 19 HCV pseudoparticles was measured, generating a neutralization profile, and pairwise Spearman cor-
relations were measured between these neutralization profiles. Circles at each intersection were scaled by the magnitude of the correlation between the 
indicated mAbs. Hierarchical clustering analysis using these pairwise correlations is depicted as a tree. Numbers at tree nodes are approximately unbiased 
(AU) test values (49), indicating strength of support for a particular cluster.
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amino acid, without altering the other 12 somatic mutations in the sequence. We expressed the mAbs and 
measured binding to the panel of  heterologous E1E2 variants proteins (Figure 5B). We also measured the 
effect of  simultaneous reversion of  all somatic mutations in the sequence encoding HCDR1, HCDR2, 
or HCDR3. Reversion of  all mutations in HCDR1 or HCDR3 significantly reduced binding across the 
E1E2 panel, suggesting that these somatic mutations are important for binding to most heterologous E1E2 
variants. Reversion of  all somatic mutations in HCDR2 reduced binding to a subset of  E1E2 variants. On 
evaluation of  individual somatic mutations, reversion of  glutamic acid 38 to alanine in HCDR1 significant-
ly decreased binding of  HEPC3 across the genotype 1 E1E2 panel. Similarly, reversion of  threonine 65 to 
alanine in HCDR2 also significantly reduced binding across the panel, as did reversion of  arginine 112 to 
serine in HCDR3. Interestingly, reversion of  other individual somatic mutations had no detectable effect on 
binding to some E1E2 variants but profoundly reduced binding to others. For example, as shown in Figure 
6A, reversion of  leucine 30 to phenylalanine in HCDR1 or reinsertion of  the germline-encoded glycine at 
the site of  a deletion in HCDR2 (Del63G) had no effect on antibody binding to genotype 1a variants 1a09 
or 1a157, but these reversions profoundly reduced binding to 1b variants 1b09 and 1b52. Overall, reversion 
of  each somatic mutation reduced binding to one or more variants in the heterologous panel, and each sin-
gle amino acid reversion, except framework mutation T 87 to alanine, reduced median binding across the 
E1E2 panel relative to mature HEPC3. These results, together with the almost complete loss of  binding of  
HEPC3 H-RUA to all E1E2 variants, suggest that most or all somatic mutations present in the heavy chain 
of  HEPC3 contribute in combination to the breadth of  E2 recognition by the bNAb.

We also performed quantitative kinetic binding analysis with the panel of  HEPC3 mAb variants and 
purified soluble J6 (genotype 2a) E2 protein (sE2) (Figure 6B and Supplemental Figure 6). Individual rever-
sion of  11 of  13 heavy chain somatic mutations slightly reduced HEPC3 binding affinity for E2, as did 
reversion of  all mutations simultaneously in HCDR1, HCDR2, or HCDR3. Interestingly, we observed 
large reductions in binding affinity with reversion of  E38 to alanine and T66 to asparagine, two reversions 
that also consistently reduced binding across the heterologous genotype 1 panel. Notably, we also observed 
a reduction in binding affinity after reversion of  L30 to F in HCDR1 and Del63 to G in HCDR2, which 
supports the qualitatively similar effects of  these reversions on antibody binding to genotype 1b variants 
1b09 and 1b52 (Figure 6A). Together, these data confirm that the majority of  the heavy chain somatic 
mutations in HEPC3 are critical in combination for binding to heterologous E1E2 variants and that L30 
and Del63 somatic mutations are particularly important for binding to subtype 1b and 2a strains that are 
highly divergent from the genotype 1a virus infecting the HEPC3 donor.

Longitudinal evolution of  autologous virus. To define the autologous E1E2 antigenic variants that favored 
selection and maturation of  HEPC3 and investigate molecular mechanisms of  viral clearance, we performed 

Table 1. Heavy and light chain variable gene usage

Donor mAb VH gene nt identity (%) VL gene nt identity (%)A

117 HEPC3 1-69 95 Vκ 1-39 96
HEPC80 3-49 96 Vκ 3-11 98
HEPC82 4-31 98 Vλ 6-57 97
HEPC84 3-49 94 Vκ 1-39 94
HEPC85 3-30 90 Vκ 2-29 95
HEPC87 4-31 93 Vλ 6-57 NA
HEPC90 3-33 94 Vκ 3-15 98
HEPC91 3-30 86 Vκ 2-29 92
HEPC96 4-30 95 Vκ 3-20 98
HEPC97 4-34 92 Vλ 3-9 NA
HEPC98 1-69 92 Vλ 3-25 91

110 HEPC43 1-69 95 Vλ 7-46 98
HEPC46 1-18 97 Vλ 1-47 98
HEPC50 1-58 98 Vκ 2-28 99
HEPC74 1-69 92 Vκ 1-5 96

Chronically infected AR3CB 1-69 86 Vκ 3-15 95
ANA, not available. BmAb isolated from a chronically HCV-infected donor by Law et al. (17).
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extensive longitudinal sequencing of  the HCV quasispe-
cies of  viruses present in plasma samples collected over 
time from subject 117. Plasma was isolated at 7 longitu-
dinal time points — the first when HCV viremia initially 
was detected approximately 17 days after infection, and 
the last immediately prior to HCV clearance. Plasma 
RNA was isolated and RT-PCR was performed with sin-
gle-genome amplification of  16–41 E1E2-spanning ampl-
icons per time point in order to define the viral diversity 
at each time point and the viral evolution over time. As 
shown in Figure 7, the subject was infected initially by 
at least 3 different T/F viruses that differed from each 
other by 0.42%–1.23% in E1E2 nucleotide sequence and 
0.72%–1.99% in E1E2 amino acid sequence. This esti-

mate of  3 T/F genomes responsible for productive clinical infection is a minimum estimate, whose accuracy 
and precision are based on the numbers of  sequences determined at the earliest sampling time points. In this 
subject, we determined 65 sequences in the initial 46 days of  infection; previously described statistical power 
calculations (35) indicate that this provides a >95% probability of  detecting minor variant sequences present 
at a frequency of  at least 5%. Two of these viral lineages, T/F 1 and T/F 2, persisted and diversified over the 
next two sampling time points before they were apparently extinguished. The T/F 3 lineage persisted and 
evolved throughout the course of  infection but exhibited a series of  stringent population bottlenecks, such 
that only a single sublineage of  day 194 sequences, exemplified by clone D194-FD13, gave rise to the last 
detectable virus population at day 388. Remarkably, day 388 sequences were comprised of  a homogeneous 
expansion from a single genome present at day 285, again indicative of  a stringent population bottleneck. 
This lineage, D388-5A12, was last detected at the final sampling time point when HCV viral load had already 
declined to 754 IU/ml just prior to its extinction. The ratio of  nonsynonymous to synonymous changes was 
high in genes encoding E1E2, suggesting positive selection (Supplemental Figure 7). The majority of  non-
synonymous changes occurred in the hypervariable region 1 (HVR1) of  E2. Outside of  HVR1, 6 amino acid 
changes in E2 became fixed in the viral quasispecies over time (Supplemental Figure 8). Notably, 4 of  these 
amino acid changes fell in a region of  E2 spanned by the HEPC3-binding epitope, indicating selective pres-
sure at this locus. E1E2 variants representative of  all viral clades observed throughout the course of  infection 
were cloned and expressed for binding studies.

Somatic mutations and recognition of  autologous E1E2. We measured binding with an ELISA of  mature 
HEPC3, HEPC3 H-RUA, and HEPC3 H,L-RUA to each of  the 21 longitudinal autologous E1E2 vari-
ants (Figure 8). Remarkably, mature HEPC3 showed binding above background to all autologous variants, 
including the variants circulating immediately prior to viral clearance, suggesting that this mAb may have 

Figure 5. Role of somatic mutations in neutralization and 
binding of heterologous E1E2 proteins. (A) Neutralization of 
a heterologous genotype 1 HCV pseudoparticle (HCVpp) panel 
by HEPC3, HEPC3 with reversion of all somatic mutations in 
the light chain variable region to the germline encoded amino 
acids (L-RUA), HEPC3 with reversion of all somatic mutations 
in the heavy chain variable region (H-RUA), or HEPC3 with 
reversion of all somatic mutations in both light and heavy 
chain variable regions (H,L-RUA) at a concentration of 50 μg/
ml mAb, measured in duplicate. (B) Binding of serial dilutions 
of the indicated mAbs to genotype 1 E1E2 proteins, mea-
sured by ELISA. The individual reversion or combination of 
reversions introduced into HEPC3 is indicated on the vertical 
axis. The heatmap was generated using log10 (area under the 
curve) of binding of each mAb/E1E2 dilution series, which 
was measured in duplicate. Asterisks indicate significant 
differences between binding of each mAb to all E1E2 variants 
relative to binding of HEPC3 to the same E1E2 variants, 
measured by 1-way ANOVA with adjustment for multiple 
comparisons (*P < 0.05, **P < 0.005, ****P < 0.0001).



9insight.jci.org   https://doi.org/10.1172/jci.insight.92872

R E S E A R C H  A R T I C L E

contributed to clearance of  infection. HEPC3 H,L-RUA, with all somatic mutations in both heavy and light 
chain reverted to the germline-encoded sequence, lost detectable binding to 18 of  21 autologous variants 
but retained binding to 2 of  3 T/F E1E2 variants and to a third variant also present at day 17 after infection. 
HEPC3 H-RUA showed a very similar pattern of  binding to HEPC3 H,L-RUA, consistent with testing 
against heterologous E1E2 showing that somatic mutations in the heavy chain are more important than 
light chain somatic mutations for the neutralizing breadth of  this bNAb. Taken together, these data suggest 
that the HEPC3 lineage may have arisen through binding of  the unmutated ancestor of  HEPC3 to T/F 
virus present very early after infection and that B cell clones with somatic mutations necessary for neutral-
izing breadth were likely selected by more resistant E1E2 variants circulating later in infection.

Discussion
These studies suggest that early emergence in diverse individuals of  commonly occurring genetically related B 
cell clones encoding HCV-specific bNAbs with sparse somatic mutations is associated with spontaneous viral 
clearance. The data suggest a rational epitope-based vaccine approach may be highly feasible for HCV. To 
study the immune mechanism associated with clearance, we isolated and characterized bNAbs from subjects 
who spontaneously cleared HCV infection. We found that the intragenotypic and cross-genotypic neutraliz-
ing breadth of  these mAbs compares favorably with the most potent anti-HCV bNAbs described to date. We 
also found that the binding epitopes of  3 mAbs isolated from two different subjects were remarkably similar to 
each other and to the binding epitope of  the well-characterized bNAb AR3C (from a third subject), suggesting 
that the VH1-69 antibody gene segment commonly encodes a public B cell clonotype that favors early recogni-

Figure 6. HCV strain–specif-
ic effects of bNAb somatic 
mutations. (A) Binding of 
serial dilutions of HEPC3 or the 
indicated HEPC3 mAb variants 
to 4 different genotype 1 E1E2 
protein variants, measured by 
ELISA. Values are means of 
duplicate wells, and error bars 
indicate standard deviations. (B) 
Kinetic binding analysis of HEPC3 
and HEPC3 mAb variants and 
soluble J6 strain (genotype 2a) E2 
protein. Dissociation constants 
(KD) for each mAb are shown. 
Error bars represent the standard 
error of the mean, which was 
calculated using a global fit mode 
that includes several analyte 
concentrations. Single amino acid 
reversions in HEPC3 are grouped 
by their location in HCDR1, 
HCDR2, HCDR3, or framework 
regions (Frm).
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tion of  this AR3C/HEPC3 epitope. Remarkably, the antibody genes encoding these bNAbs were not exten-
sively somatically mutated, but the few somatic mutations present were critical in combination for facilitating 
the neutralizing breadth of  one of  the most potent bNAbs, HEPC3, as well as recognition of  autologous viral 
variants circulating prior to viral clearance. Finally, we identified early T/F autologous envelopes that likely 
were responsible for selection of  B cells expressing the HEPC3 unmutated ancestor antibody.

Multiple studies have now confirmed that several anti-HCV bNAbs are encoded by the VH1-69 anti-
body gene segment (12, 34). This study shows for the first time to our knowledge that VH1-69 commonly 
encodes a public B cell clonotype that can lead to bNAb development after a relatively brief  period of  
infection, producing an antibody with recognition of  an entire autologous viral quasispecies, thus pro-
viding what we believe to be the first potential mechanistic link between this B cell clonotype and spon-
taneous clearance of  HCV. These data suggest that antigens selecting B cells expressing VH1-69–encoded 
antibodies may be highly desirable for vaccine development.

Figure 7. Longitudinal evolution of autolo-
gous E1E2 genes. Maximum likelihood phy-
logenetic tree of E1E2 nucleotide sequences 
amplified by single-genome amplification 
from plasma of subject 117 at 7 longitudi-
nal time points throughout the course of 
infection. Sequences are color-coded by date 
of sampling. Transmitted/founder (T/F) 
sequences inferred by phylogeny and date 
of sampling and variants cloned for protein 
expression are indicated. The outgroup is 
composed of genotype 1a sequences from the 
heterologous E1E2 panel (Figure 2). Bootstrap 
values greater than 80 are indicated.
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It is noteworthy that these bNAbs achieved broad neutralizing activity without extensive somatic muta-
tion and after only a year of  persistent viral infection. This finding stands in contrast to the typical evolution 
of  bNAbs against HIV, which tend to require extensive somatic mutation that develops after years of  chronic 
infection (21, 22). These results may suggest that, despite the enormous genetic variation of  HCV, some E1E2 
epitopes are relatively conserved and accessible to antibody binding. The degree of  somatic mutation neces-
sary to generate HEPC3, HEPC43, or HEPC74 (which exhibit 92%–95% identity to inferred germline genes) 
is generally achievable with traditional vaccination strategies (36, 37), whereas the more extensive level of  
somatic mutation found in anti-HIV bNAbs or even the anti-HCV mAb AR3C is less likely to be achievable.

Elegant studies of  longitudinal viral evolution have been performed in HIV-infected subjects who devel-
oped bNAbs, with the goal of  informing sequential vaccination strategies (21, 22). The results of  these studies 
have been sobering, as they showed extensive and complex viral evolution driving the late development of  
bNAbs against HIV. This study suggests that the antigens required for stimulation of  bNAbs against HCV 
may be less complex. Excluding HVR1, which is not the target of  the bNAbs isolated in this study, HCV 
E1E2 of  the most divergent E1E2 variant isolated from subject 117 differed by only 7 of  546 amino acids (~1 
percent) from the T/F viruses that initially infected subject 117. It is remarkable that the epitopes presented 
by the initial T/F strains along with these few mutations in E1E2 were adequate to facilitate selection of  both 
the bNAb unmutated ancestor and the mature antibody, which is capable of  binding and neutralizing HCV 
variants from multiple genotypes, which differ at approximately 30% of their amino acids.

In addition, this study suggests that subjects who spontaneously clear HCV infection have mAbs that 
are similar in potency, neutralizing breadth, and epitope recognition to mAbs developed later in infection 
by some subjects with persistent HCV infection. However, these mAbs developed early in those who cleared 
infection without requiring extensive somatic hypermutation, which may have allowed mAbs to contribute to 
clearance before viral diversity and antibody resistance became too extensive. Therefore, the timing of  emer-
gence of  bNAbs may be a critical factor in their ability to contain infection and restrict the emergence of  addi-

Figure 8. Role of somatic 
mutations in binding of autol-
ogous E1E2 proteins. Binding of 
serial dilutions of HEPC3, HEPC3 
with all heavy chain somatic 
mutations reverted to the 
germline-encoded amino acid 
(HEPC3 H-RUA), or HEPC3 with 
all somatic mutations reverted 
to the germline-encoded amino 
acid (HEPC3 H,L-RUA) to 21 
unique autologous E1E2 pro-
teins. Proteins are color-coded 
by date of sampling. Values are 
the means of duplicate wells, 
and error bars indicate standard 
deviations. Median binding of 
an isotype control antibody to 
all E1E2 variants is shown as a 
control for nonspecific binding.
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tional viral diversity. The concentration of  HEPC3-like mAbs present in plasma of  these subjects at the time 
of  clearance is not known, so further studies are needed to confirm a direct contribution of  these mAbs to 
clearance of  infection. However, phylogenetic bottlenecks in the virus of  subject 117, with selection of  muta-
tions in E1E2 conferring partial HEPC3 resistance, provide intriguing evidence that HEPC3-like mAbs were 
present at sufficient concentrations during infection to exert physiologically relevant pressure on the virus. We 
observed some recognition of  all autologous variants by HEPC3, but the other distinct bNAbs isolated from 
this donor likely also contributed to clearance. The mechanisms by which these bNAbs may contribute in 
combination to clearance of  HCV infection warrant further investigation.

In summary, we have isolated bNAbs from subjects with broadly neutralizing serum who spontaneously 
cleared HCV infection. Multiple bNAbs bind to the same epitope and use the same heavy chain V gene allele, 
identifying a public B cell clonotype that favors early binding to a conserved neutralizing epitope. Remark-
ably, these bNAbs were encoded by antibody genes with few somatic mutations. These somatic mutations 
were critical for antibody neutralizing breadth and binding to autologous envelope variants circulating late in 
infection, but they were not required for binding of  the HEPC3 unmutated ancestor to envelope proteins of  
early autologous T/F viruses. This study shows that anti-HCV bNAbs can achieve substantial breadth with 
relatively few somatic mutations, and it identifies HCV envelope variants that were sufficient for selection and 
maturation of  an anti-HCV bNAb in vivo. These data provide a roadmap to guide development of  a vaccine 
capable of  stimulating anti-HCV bNAbs with a physiologic number of  somatic mutations characteristic of  
vaccine responses. The work also provides one of  the first views of  the molecular basis for antibody-mediated 
clearance of  an antigenically diverse and evolving chronic viral infection in humans.

Methods
Study subjects. Plasma samples and PBMCs were obtained from subjects in the BBAASH cohort (38).

Source of  reference bNAbs. HC84.26 (13) and HC33.8 (8) were gifts from Steven Foung (Stanford Uni-
versity School of  Medicine, Stanford, California, USA). AR1A, AR2A, AR3A, AR3C (17), AR4A, and 
AR5A (9) were gifts from Mansun Law (The Scripps Research Institute, La Jolla, California, USA).

HCV viral load and serology testing. HCV 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).

Generation of  human hybridomas secreting mAbs. Human hybridomas were generated as described previously 
(39). In brief, cryopreserved PBMC samples from subjects 110 and 117 were transformed with EBV, CpG, 
and additional supplements. After 7 days, cells from each well of  the 384-well culture plates were expanded 
into four 96-well culture plates using cell culture medium containing irradiated heterologous human PBMCs 
and incubated for an additional 4 days. B cell culture supernatants were screened in ELISAs with E1E2 cell 
lysates and in neutralization assays against autologous or heterologous HCV variants. Screening was per-
formed against E1E2 variants 1a53 (autologous) and 1a154 (H77) (heterologous) for subject 117 and 1a53 
(heterologous) and 1a38 (autologous) variants for subject 110. Cells from wells with supernatants reacting 
with HCV antigens were fused with HMMA2.5 myeloma cells using an electrofusion technique (40). After 
fusion, hybridoma cell lines were cloned by limited dilutions and single-cell fluorescence-activated cell sorting 
and expanded in post-fusion medium as previously described (39). HiTrap Protein G or HiTrap MabSelect-
Sure columns were used to purify HCV-specific antibodies from filtered cell culture supernatants.

HCVpp production and neutralization assays. The panel of  19 heterologous genotype 1 HCVpp has been 
described previously (28, 30). The HCVpp panels used to measure neutralizing breadth of  plasma sam-
ples and mAbs were identical, except that two E1E2 clones used to screen plasma, 1b20 and 1a114, were 
replaced in mAb experiments by related clones 1b21 and 1a116, which gave more consistent HCVpp 
infectivity results. HCVpp were produced by lipofectamine-mediated transfection of  HCV E1E2 and 
pNL4-3.Luc.R-E- plasmids into HEK293T cells as previously described (41, 42). Neutralization assays 
were performed as described previously (43). HCVpp were incubated for 1 hour with plasma at a 1:100 
dilution or mAb at a final concentration of  50 or 10 μg/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  luciferase activity of  cell lysates in RLU. The majority of  HCVpp used in neutralization assays pro-
duced >2 × 106 RLU, or more than 100-fold above background produced by mock pseudoparticles lack-
ing any E1E2. All HCVpp used in neutralization assays produced at least 200,000 RLU, which is at least 



1 3insight.jci.org   https://doi.org/10.1172/jci.insight.92872

R E S E A R C H  A R T I C L E

10-fold above background. Percentage of  neutralization was calculated as (1 – RLUtest mAb / RLUcontrol IgG ) 
× 100. Neutralization of  MLV-pseudotyped particles was measured as a negative control.

HCVcc neutralization assays. Chimeric genotype 1–6 HCVcc constructs (44, 45) were gifts from Jens 
Bukh (Copenhagen University Hospital, Copenhagen, Denmark). HCVcc neutralization assays were per-
formed as described elsewhere (46). Briefly, human hepatoma Huh7.5.1 cells (a gift from Jake Liang, NIH, 
Bethesda, Maryland, USA) were maintained in DMEM supplemented with 10% fetal bovine serum, 1% 
sodium pyruvate, and 1% l-glutamate. 10,000 Huh7.5.1 cells per well were plated in flat-bottom 96-well tis-
sue culture plates and incubated overnight at 37°C. The following day, HCVcc were mixed with mAb (2.5-
fold dilutions started at 50 μg/ml) and then incubated at 37°C for 1 hour. Medium was removed from the 
cells and replaced with 50 μl HCVcc/antibody mixture. The plates were placed in a CO2 incubator at 37°C 
overnight, after which the HCVcc were removed and replaced with 100 μl Huh7.5.1 medium and incubated 
for 48 hours at 37°C. After 48 hours, medium was removed and cells were fixed and stained. Images were 
acquired and spot-forming units (SFU) were counted in the presence of  mAb (HCVccSFUtest) or nonspecific 
IgG (HCVccSFUcontrol) using an AID iSpot Reader Spectrum operating AID ELISpot Reader version 7.0. 
Percentage of  neutralization was calculated as 100 × [1 – (HCVccSFUtest/HCVccSFUcontrol)].

HCV NS5A immunostaining. HCV NS5A immunostaining was conducted as described elsewhere (46). 
Briefly, cells were fixed with 4% formaldehyde and then stained for HCV NS5A using primary anti-NS5A 
antibody 9E10 (a gift from Charles Rice, The Rockefeller University, New York City, New York, USA) at a 
1:10,000 dilution for 1 hour at room temperature. Cells were washed twice with PBS and stained using sec-
ondary antibody Alexa Daylight 488–conjugated goat anti-mouse IgG (Life Technologies) at a 1:500 dilution 
for 1 hour at room temperature. Cells were washed twice in PBS and then stored covered in 100 μl PBS at 4°C.

Shotgun mutagenesis epitope mapping. Comprehensive alanine-scanning mutagenesis of  an expression con-
struct for HCV E1/E2 (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 E1/E2 residues. Each mutation was confirmed by DNA sequencing, and clones were arrayed into 
384-well plates, one mutant per well, transfected into HEK-293T cells, and allowed to express for 22 hours.

Cells were fixed in 4% paraformaldehyde, permeabilized with 0.1% (wt/vol) saponin (Sigma-Aldrich) in 
PBS plus calcium and magnesium, and stained with mAbs diluted in 10% normal goat serum (NGS; Sigma-Al-
drich) and 0.1% w/v saponin, pH 9.0. Primary mAb concentrations were determined using an independent 
immunofluorescence titration curve against wild-type HCV E1/E2 to ensure that signals were within the linear 
range of detection. The cells were incubated with anti-HCV antibody for 1 hour at 20°C, followed by a 30-min-
ute incubation with Alexa Fluor 488–conjugated secondary antibody (Jackson ImmunoResearch Laboratories) 
in 10% NGS. Cells were washed twice with PBS without calcium or magnesium and resuspended in Cellstripper 
(Cellgro) plus 0.1% BSA (Sigma-Aldrich). Cellular fluorescence was detected using the Intellicyt high-through-
put flow cytometer (Intellicyt). Background fluorescence was determined by fluorescence measurement of vec-
tor-transfected control cells. mAb reactivities against each mutant HCV E1/E2 clone were calculated relative 
to wild-type E1/E2 reactivity by subtracting the signal from mock-transfected controls and normalizing to the 
signal from wild-type HCV E1/E2–transfected controls.

Mutated residues within critical clones were identified as critical to the mAb epitope if  they did 
not support reactivity of  the test mAb but did support reactivity of  other control anti-HCV mAbs. This 
counter-screen strategy facilitates the exclusion of  E1/E2 mutants that are locally misfolded or that 
have an expression defect (47, 48).

Hierarchical clustering of  mAbs based on correlations between neutralization profiles. Neutralization of  each of  
19 HCVpp by each mAb was compared pairwise for all mAbs using Spearman correlation. Spearman rho 
and P values then were used as input for hierarchical clustering as implemented in the “pvclust” package 
for R (http://cran.r-project.org/web/packages/pvclust/index.html) (49). Approximately unbiased values 
of  greater than 95 are considered strongly supported by the data. This clustering, depicted as a tree, was 
also used to order a matrix of  correlation values produced using the “corrplot” package for R (http://
cran.r-project.org/web/packages/corrplot/index.html) (50).

HCV E1E2 ELISA. mAb binding to E1E2 was quantitated using an ELISA as previously described 
(15). 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 (Sigma-Aldrich) 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 μg/ml, 
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and binding was detected with HRP-conjugated anti-human IgG secondary antibody (BD Pharmingen 
555788). ELISA used for hybridoma screening followed the same protocol with the following mod-
ifications: 384-well ELISA plates were coated with Galanthus nivalis lectin (Sigma-Aldrich) at 5 μg/
ml in Dulbecco’s PBS (DPBS). Plates were blocked with a blocking solution consisted of  10 g pow-
dered milk, 10 ml goat serum, 100 ml 10× DPBS, and 0.5 ml Tween-20 mixed to a 1-l final volume 
with distilled water. Autologous and heterologous E1E2 cell lysates were diluted in DPBS with 0.05% 
Tween-20 and added to plates. B cell culture supernatants from tissue-culture plates were transferred 
to ELISA plates coated with E1E2 lysates. For binding competitions with ELISA, E1E2 protein–coat-
ed ELISA wells were preincubated with 20 μg/ml of  blocking bNAbs, followed by biotinylated mAbs 
at 2 μg/ml, with binding of  the biotinylated bNAb detected using streptavidin–horseradish peroxidase. 
The ratio of  binding of  each biotinylated bNAb in the presence of  blocking bNAb to binding in the 
absence of  blocking bNAb was calculated. For ELISA with denatured E1E2 protein, E1E2 was boiled 
for 5 minutes in Tris-buffered saline–10% FCS containing 1.0% sodium dodecyl sulfate and 50 mM 
dithiothreitol, prior to addition to GNA-lectin–coated plates.

Sequence analysis of  antibody variable region genes. Total cellular RNA was extracted from clonal hybrid-
omas that produced HCV antibodies, and RT-PCR reaction was performed using mixtures of  primers 
designed to amplify all heavy chain or light chain antibody variable regions. Antibody variable gene 
sequence analysis was performed as previously described (39). Heavy and light chain antibody variable 
region sequences were analyzed using the IMGT/V-Quest program (51, 52).

HEPC3 mutagenesis and antibody expression. The genes encoding HEPC3 heavy or light chain variable 
regions were synthesized and cloned into a mammalian expression plasmid vector for full-length IgG1 by 
GenScript. Site-directed mutagenesis to revert individual somatic mutations was performed using the Qui-
kChange Lightning Site-Directed Mutagenesis kit (Agilent). Transient expression of  HEPC3 variants was 
done in Freestyle 293-F cells (Thermo Fisher Scientific). Briefly, equal amounts of  heavy and light chain 
DNA were mixed with polyethylenimine (PEI; Polysciences Inc.) at 2:1 ratio of  PEI to DNA and the DNA-
PEI complexes were added to Freestyle cells. 200 ml or 300 ml of  culture was used for each variant, and 
supernatants were collected on day 6 after transfection. mAbs were harvested from the supernatant using 
HiTrap MabSelectSure columns (Life Technologies).

Biolayer interferometry-based KD measurements. HEPC3 variant binding affinities were determined using 
an Octet RED biosensor (ForteBio). HEPC3 variants were diluted in 1× kinetic buffer to 10 μg/ml and 
immobilized onto anti-human IgG Fc Capture sensors (ForteBio). The kinetic experiments included five 
steps: (a) baseline (60 seconds); (b) HEPC3 variants loading onto sensors (60 seconds); (c) second baseline 
(60 seconds); (d) association of  J6 E2 (300 seconds); and (e) dissociation of  J6 E2 (300 seconds). Fitting 
curves were constructed using ForteBio Data Analysis 7.0 software using a 1:1 binding model, and back-
ground subtraction was used for correction.

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 (53). PCR 
products were gel extracted and directly Sanger sequenced. E1E2 was PCR amplified from hemigenomic 
single-genome amplification amplicons of  interest and cloned as previously described (28). All E1E2 clones 
were Sanger sequenced to confirm that errors had not been introduced by the additional PCR step. All orig-
inal sequence data were deposited in GenBank (accession KY965445-KY965807). Two E1E2 sequences 
included in this study, GenBank accession FJ828970.1 and FJ828971.1, were previously described (43).

E1E2 sequence analysis. Nucleotide sequences spanning E1E2 were trimmed and aligned using MUS-
CLE, with the alignment manually adjusted in BioEdit. The phylogenetic tree was inferred from nucleotide 
sequences using the maximum likelihood method based on the Tamura 3-parameter model (54), 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 select-
ing the topology with superior log likelihood value. 500 bootstrap tests were performed. Analyses were 
implemented in the Mega6 program (http://www.megasoftware.net). Sliding window nonsynonymous/
synonymous analysis was performed by the Nei-Gojobori method implemented in VarPlot (http://sray.
med.som.jhmi.edu), with 20-codon windows and 1-codon steps. T/F genomes were inferred as previously 
described (53, 55). Highlighter plots were generated using aligned E1E2 amino acid sequences and the 
Highlighter tool at the Los Alamos HIV database (http://www.lanl.gov/).
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Statistics. Neutralization curves for HCVcc and ELISA binding curves were fit by nonlinear regression 
in Graphpad Prism, and mAb 50% inhibitory concentration (neutralization assay) or area under the curve 
(binding assay) was calculated based on that curve. Log10 (area under the curve) of  binding to each of  the 19 
genotype 1 heterologous E1E2 variants was compared between HEPC3 and HEPC3 variant mAbs by paired 
1-way ANOVA analysis with correction for multiple comparisons. P < 0.05 were considered significant.

Study approval. The protocol was approved by the Institutional Review Board of  the Johns Hopkins 
Hospital, and informed consent was obtained from all study participants.
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