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Abstract

Broadly neutralizing antibodies have been associated with spontaneous clearance of the hepatitis C 

infection as well as viral persistence by immune escape. Further study of neutralizing antibody 

epitopes is needed to unravel pathways of resistance to virus neutralization, and to identify 

conserved regions for vaccine design. All reported broadly neutralizing antibody (BNAb) epitopes 

in the HCV Envelope (E2) glycoprotein were identified. The critical contact residues of these 

epitopes were mapped onto the linear E2 sequence. All publicly available E2 sequences were then 

downloaded and the contact residues within the BNAb epitopes were assessed for the level of 

conservation, as well as the frequency of occurrence of experimentally-proven resistance 

mutations. Epitopes were also compared between two sequence datasets obtained from samples 
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collected at well-defined time points from acute (<180 days) and chronic (>180 days) infections, 

to identify any significant differences in residue usage.

The contact residues for all BNAbs were contained within 3 linear regions of the E2 protein 

sequence. An analysis of 1749 full length E2 sequences from public databases showed that only 10 

out of 29 experimentally-proven resistance mutations were present at a frequency greater than 5%. 

Comparison of subtype 1a viral sequences obtained from samples collected during acute or 

chronic infection revealed significant differences at positions 610 and 655 with changes in residue 

(p<0.05), and at position 422 (p<0.001) with a significant difference in variability (entropy).

The majority of experimentally-described escape variants do not occur frequently in nature. The 

observed differences between acute and chronically isolated sequences suggest constraints on 

residue usage early in infection.

Keywords

Broadly neutralizing antibodies; hepatitis C; epitopes; glycoprotein E2; InC3 collaboration

1. Introduction

Hepatitis C virus (HCV) infection is a global health problem with an estimated 80 million 

infections and 700,000 deaths annually (Gower et al., 2014; Hajarizadeh et al., 2013). The 

hepatitis C virion consists of a positive sense, single strand RNA genome enclosed by a 

capsid and an envelope (E) with two immunogenic glycoproteins, E1 and E2 (Ashfaq et al., 

2011). The enormous genetic diversity of HCV, which currently spreads across seven 

genotypes and 67 subtypes is a major barrier to the successful development of a prophylactic 

vaccine (Smith et al., 2014). This diversity is a result of the viral RNA-dependent RNA 

polymerase that has no proof-reading capacity, resulting in a high mutation rate and the 

development of genetically diverse intra-host viral variants termed a quasi-species (Liang, 

2013; Wang et al., 2011). This diversity underpins the considerable antigenic complexity 

observed in HCV infection.

Despite this diversity, several observations offer hope for a HCV vaccine. Firstly, analogous 

to Human Immunodeficiency Virus (HIV), only one, or very few, of the large number of 

circulating quasi-species are capable of being transmitted and establishing infection in a new 

host (so-called transmitted founder variants, T/F) (Bull et al., 2011), thereby potentially 

offering a restricted range of targets for neutralisation. In HIV, this genetic bottleneck has 

been shown to be driven by the viral fitness of the founder and the affinity of the T/F virus 

for the entry receptors (Boeras et al., 2011). Secondly, unlike HIV infection, 25% of primary 

HCV infections are naturally cleared by the host (Grebely et al., 2014). Thirdly, some 

individuals repeatedly clear infections from different genotypes (May et al., 2015; Osburn et 

al., 2010; Pham et al., 2010; Sacks-Davis et al., 2015). One factor that has been implicated 

in successful clearance is the development of broadly neutralizing antibodies (BNAb) 

(Osburn et al., 2014), which are defined as antibodies with cross neutralization capacity 

against genotypes and subtypes other than that to which the host has been exposed. 

Existence of such antibodies has been demonstrated against other RNA viruses such as HIV 
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and influenza, as well as HCV (Corti and Lanzavecchia, 2013). BNAbs against HCV have 

been shown to confer passive immunity to immunodeficient mice transplanted with human 

hepatocytes (Law et al., 2008).

BNAbs bind to viruses directly, generally targeting epitopes across the viral envelope, 

thereby interfering with virus-cell interactions and subsequent entry (Wang et al., 2011). The 

viral entry to host hepatocytes is mainly modulated by E1 and E2 glycoproteins of the HCV 

Envelope (Zeisel et al., 2011) and several key molecules on the host hepatocyte cell surface, 

namely: CD81, occludin, scavenger receptor B1, and claudin (Wang et al., 2011). The CD81 

– E2 interaction has been of particular interest to researchers seeking to identify strategies to 

prevent virus entry into hepatocytes.

The epitopes targeted by BNAbs can be linear or conformational (Wang et al., 2011). Linear 

epitopes are regions of the viral envelope that interact with the antibody as a whole. 

Conformational epitopes consist of sites that sit in close proximity on the three dimensional 

folded protein structure. Elucidation of the crystal structure of E2 has given much insight 

into interactions of linear and conformational epitopes, helping to reveal potential targets for 

vaccine design (Kong et al., 2013). Currently, the sites/regions these epitopes encompass 

have been variably defined as domains A-E, antigenic regions (AR) and epitopes I-III 

(Giang et al., 2012; Sautto et al., 2013). However, many of these epitopes overlap with each 

other when plotted on the linear protein sequence of E2 (Supplementary figure 1).

Non-synonymous mutations within BNAb epitopes have been shown to facilitate escape 

from humoral immune responses (i.e. escape variants) (Dhillon et al., 2010; Gal-Tanamy et 

al., 2008). However, the prevalence of escape variants in the HCV-infected population is 

understudied, and in vitro studies have limitations as escape mutations induced in the 

laboratory may not occur in nature, especially if such mutations are associated with a fitness 

cost. In addition, it is of particular interest to resolve whether the genetic bottleneck 

encountered when the T/F variant establishes infection in a new host can be strategically 

targeted to facilitate immune protection (Bull et al., 2011). In this regard, it is crucial to 

study the diversity within BNAb epitopes in early acute infections, as well as in chronic 

infections. This has not been done previously as the asymptomatic nature of acute HCV has 

made it difficult to obtain samples for sequencing in acute infection.

This study aimed to: i) review binding epitopes of all BNAbs identified against HCV to 

recognize patterns of epitope localisation on linear regions of the E2 protein; ii) identify 

conserved and variable residues within these epitopes across all genotypes from publicly 

available sequence data; iii) identify experimentally-proven resistance variations within 

BNAb epitopes and their frequency of occurrence in the population; and iv) compare 

similarities and differences in BNAb epitopes in samples from acute and chronic HCV 

infections.
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1. Methods

2.1 Review of BNAbs, contact residues and resistance mutations

A systematic literature search was carried out to identify all neutralizing and broadly 

neutralizing antibodies directed against HCV envelope proteins described to date. 

MEDLINE, PUBMED, EMBASE and Web of Science were searched for articles with the 

keywords ‘hepatitis C’ in the abstract and ‘neutralizing’ or ‘neutralizing antibodies’ in any 

field. There were no time or language restrictions to the search (last date of search: 6 

January 2016). There were 1145 abstracts in the original search after duplicates were 

removed. Endnote X7 software (Thomson Reuters, Carlsbad, CA 92011, USA) was used to 

filter the articles. Bibliographies of cited literature were also searched. All abstracts were 

read by the first author, and relevant articles were selected. Fifty-eight full text articles were 

selected for the final synthesis, which included in vitro experimental studies, animal studies, 

observational human studies and clinical trials. After reading the final selection of articles, 

the data on BNAb epitopes, as well as the breadth of neutralization and potency of 

antibodies as expressed in EC50 values (minimum concentration of antibody that reduces 

infectivity by 50%) were summarized. Experimentally-proven resistance mutations within 

BNAb binding epitopes were also recorded.

2.2 Characterization of the variation between epitope regions in the host population

All available full-length HCV E2 sequences derived from natural infection (coding for 

glycoprotein E2) were downloaded from the Los Almos HCV sequence database (http://

hcv.lanl.gov/content/index). Only the genotypes 1a, 1b, 2a, 2b, 3a, 4a, 5a and 6a were 

considered for further analysis to ensure the availability of at least 10 sequences per subtype. 

An additional 190 recently generated sequences from subjects with acute HCV were added 

(Rodrigo C, 2015). Short partial E2 sequences were excluded by setting a limit on the 

minimum sequence length at 1000 nucleotides. All sequences were processed in Geneious 

software (version 8.0.5, Biomatters Inc.) for manual curation and removal of ambiguous 

sequences with inappropriate stop codons. Clonal sequences were manually removed after 

tracing individual papers (to avoid duplication of counts when calculating frequencies of 

mutations), and using meta-data available on GenBank. Sequences were realigned with 

MUSCLE algorithm with all genotypes combined. All nucleotide sequences were translated 

to amino acid sequences for further analysis.

The individual epitope regions identified from the literature were mapped onto the final 

alignment. When there were multiple overlapping epitopes described by different research 

groups, a linear region of the genome inclusive of all overlapping epitopes was selected for 

further analysis. These composite epitope areas are henceforth referred to as “epitope 

regions”. Within the selected epitope regions, the frequency of occurrence of individual 

amino acids was plotted to identify conserved residues. For each residue, Shannon entropy 

was calculated as a measure of complexity using an online tool available from the Los 

Alamos HCV database (Kuiken et al., 2008). The experimentally-proven escape mutants 

were specifically sought to determine their prevalence in the HCV infected host population.
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2.3 Comparison of BNAb epitopes between acute and chronic infection

As there were inadequate numbers of sequences from other genotypes, comparison of acute 

(within 180 days since the estimated date of infection) and chronic sequences was restricted 

to genotype 1a. The late infection time points were selected from the sequencing project 

described by Kuntzen et al. (Kuntzen et al., 2008), which reported treatment-naïve patients 

who had been infected for at least one year prior to the sequencing time point. This cohort 

included patients from United States (Boston, Memphis, New York and Denver), Germany, 

and Switzerland. This dataset was rich in subtype 1a and 1b sequences. Additional chronic 

sequences representative of Australian isolates were obtained from an Australian cohort, the 

Hepatitis Incidence and Transmission Study in prisons study (HITS-p)(Bull et al., 2011; 

Luciani et al., 2014). The acute infection sequences were obtained from the International 

Collaboration of Incident HIV and Hepatitis C in Injecting Cohorts Study (InC3)(Grebely et 

al., 2013). Our recent report regarding the InC3 acute infection sequencing project is 

described elsewhere (Rodrigo C, 2015). Briefly, the InC3 is a collaboration of nine 

international prospective cohorts (Australia-4, USA–3, Canada-1, The Netherlands–1) 

studying acute HCV infection in people who inject drugs. The earliest viraemic time points 

of all incident infections have been sequenced using next generation sequencing (Rodrigo C, 

2015). All individuals included in this dataset were HCV antibody negative on enrolment 

and were observed to be RNA or antibody positive during follow up. There were no 

reinfections or super-infections with a second genotype identified within the first 180 days 

of the infection. The consensus sequences of the E2 protein generated from these samples 

(enriched in subtype 1a and 3a) were used as the acute infection dataset in this analysis.

The pairwise genetic distances between each of the BNAb epitope regions was firstly 

compared between sequences obtained from acute and chronic infection samples. For this 

purpose, the amino acid sequences of recognized epitope regions, and the hypervariable 

region 1 (HVR1), were separated from the remainder of E2. The pairwise distances (p-

distances) between sequences within epitope regions were calculated using MEGA 6.0 

software separately for acute and chronic infection samples. The summary statistics from 

this analysis were standardized by adjusting for sequence length (p-distance per amino acid 

residue), and compared across the epitope regions and between acute and chronic samples.

In order to identify differences in individual residues between acute and chronic infection 

samples, consensus sequences of each alignment and entropies per residue were compared. 

To calculate significant entropy differences between a query sequence (acute infection 

dataset) and the comparator sequence (chronic infection dataset), a tool available at the Los 

Almos HCV sequence database was used (http://hcv.lanl.gov/content/sequence/ENTROPY/

entropy.html). This analysis was repeated for each position within each epitope region 

separately, with a moderately conservative level of significance set at p<0.001. The amino 

acid residues in this paper are represented according to their standard IUPAC single letter 

abbreviation (IUPAC, 1984).
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2. Results

3.1 BNAbs and their binding epitopes

Comparison of the neutralization capacity of BNAbs reported in the literature revealed some 

antibodies to have a greater cross-genotype neutralization capacity than others. A summary 

of BNAbs with neutralization capacity against at least four of the most common HCV 

subtypes worldwide (1a, 1b, 2a, 2b, 3a) is given in Table 1. The binding residues of all 

BNAbs are shown in supplementary table 1. When the residues targeted by these BNAbs 

were plotted on the linear HCV polypeptide, the majority of the contact residues lay within 

three distinct regions on the linear E2 polypeptide. These “epitope regions” extend between 

amino acid residues 412 – 447 (often otherwise referred to as epitopes I and II), 523–540 

(often referred to as epitope III) and 610 – 659 (Supplementary figure 1).

3.2 Understanding conservation of amino acid residues at the population level

The full length E2 sequences from the Los Alamos HCV database included genotype 1a 

sequences (n= 2803), 1b (n=922), 3a (n= 891) and 2b (n=197). All other genotypes (2a, 4a, 

5a and 6a) had less than 60 sequences available. After removal of clonal sequences, a total of 

1749 sequences remained for alignment using the MUSCLE algorithm. The epitope regions 

highlighted in figure 1 (412 – 447, 523 – 540 and 610 – 659+698) were extracted from this 

alignment.

The Shannon entropy for each amino acid residue was calculated as a measure of probability 

of variation (Figure 1). The analysis showed that at 70 sites within epitope regions there was 

either no observable variation, or very limited variation (Shannon entropy was close to zero 

and in most occasions less than 0.2). Thirteen of these sites included most of the 

hypothesized CD81 binding residues, including W420, H421, L441, Y443, Y527, W529, 

G530, D535, Y613, R614, W616, H617, Y618 and P619. Similarly, glycosylation sites 

known to be involved in BNAb binding (N417, N423, N532 and N645) also showed very 

limited variation.

In addition, there were many other sites within the epitope regions to which no function has 

yet been assigned (with regard to BNAb binding), but were more than 99% conserved across 

genotypes at the population level (e.g. T425). The proportion of sites which had an entropy 

below 0.2 were 58.3% for the first epitope region, 55.5% for the second epitope region, and 

68% for the third epitope region. The consensus sequences for each epitope region across all 

genotypes are shown in Figure 1. A genotype specific analysis of the entropy values for 

subtypes 1a, 1b, 2b and 3a (95.3% of all sequences) is shown in Supplementary table 2.

3.3 Frequency of occurrence of resistance mutations

From the literature review, 27 experimentally-proven resistance mutations were identified 

within BNAb epitopes (and two others outside the epitope regions). The frequency of 

occurrence of these mutations in the sequence dataset is shown in Table 2. Only 10 

mutations (34%) were present at a frequency greater than 5%. Interestingly, 7 (24%) of the 

experimentally-observed resistant mutations were not observed in any of the E2 sequences 

analysed.
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3.4 Comparison of genetic diversity between acute and chronic samples

There were 337 genotype 1a sequences available for the chronic infection group, and 89 for 

the acute infection group. The results of the comparative analysis are summarized in Figure 

2. The HVR1 region had a similar mean genetic distance in both datasets (0.019 per amino 

acid residue) (Figure 2). The pairwise genetic distance per amino acid residue was smallest 

in the third epitope region (0.002 per residue). There was no significant difference between 

acute and chronic infections with regard to the variability observed within each epitope 

region (Figure 2).

Two significant amino acid differences were noted within the third epitope region, while 

none were observed for the first and second epitope regions. These differences were 

observed at positions 610 [chronic infection; histidine (H) 40.9%: aspartic acid (D) 34.4%, 

acute infection; H 28.6%: D 52.7%, p =0.003] and 655 [chronic infection; glutamic acid (E) 

54.9%: aspartic acid (D) 38.6%, acute infection; E 40.7%: D 47.3%, p =0.046]. The change 

at position 610 was from an acidic residue (D) to a basic residue (H). Residue 610 is on the 

exposed surface and lies within the centre of the conformational structure that the third 

epitope region residues encompass (Figure 3). At position 655, both residues were acidic, 

but resulted in change from a smaller (D), to a larger, side chain (E). Position 655 lies 

outside the residues solved in the recent crystal structure (Khan et al., 2014; Kong et al., 

2013).

Comparison of the entropy difference calculated for each residue within the epitope regions 

between acute and chronic infection datasets, revealed a statistically significant difference 

(p<0.001) at position 422 (epitope region 1) with the higher entropy being observed in the 

acute infection dataset (Supplementary table 3). The most common replacement for 

isoleucine seen at position 422 was valine, which was found at a prevalence of 0.6% in 

chronic infection samples compared to 4.4% in acute infection samples.

3. Discussion

This paper examined the pattern of BNAb binding residues clustering on the linear E2 

polypeptide, and identified three distinct regions. Key residues within epitopes, such as 

proposed glycosylation and CD81 binding sites were highly conserved across genotypes. 

The additional conserved residues between these putative contact sites may not necessarily 

be participating in the virus-antibody interactions (i.e. not part of the conformational 

epitope), or their significance in such interactions is as yet undiscovered. Although 

speculative, these residues probably have a higher likelihood of being involved in such an 

interaction compared to any other random residues on E2 that are located outside the epitope 

regions defined in Figure 1. They may also play a key role in maintaining the correct tertiary 

protein structure for binding with antibodies.

A significant proportion (24%) of experimentally-proven resistance mutations did not occur 

in any of the E2 sequences. Also, even though variation was observed at other sites (e.g. 

N417, G418, A439 and T435) it was the sensitive variant (neutralized by BNAb) that 

dominated, despite the advantage of immune escape offered by the resistant variants. There 

are several possible explanations for this finding. Firstly, many BNAbs identified to-date 
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may occur only rarely in vivo and hence exert insufficient immune pressure to drive 

selection at the population level. Secondly, BNAbs isolated from experimental animal 

sources, such as mice, commonly do not accurately reflect the in vivo specificity of 

antibodies in humans. Thirdly, mutation at these BNAb epitope sites may be associated with 

a fitness cost that hinders viral replication. For example, it has been demonstrated that 

W420A mutation confers resistance to the murine BNAb AP33. Yet, no variations of W420 

were seen in human sequences. Tarr et al. reported that only about 2.5% of chronic HCV 

carriers produce antibodies that recognise the linear epitope targeted by AP33 (Tarr et al., 

2007). Nevertheless, epitopes targeted by such murine antibodies remain an area of interest 

for vaccine development. If the residues are highly conserved in the host population, this 

implies a selection pressure to constrain mutation. Indeed, such heterologous approaches are 

commonly used in passive immunisation against rabies (Both et al., 2012), and are being 

utilised for products in development against HIV (Heydarchi et al., 2016). Finally, the 

resistant mutations may occur as the dominant variants when put under appropriate immune 

pressure. Chung et al. described a randomized controlled trial where monoclonal BNAb 

HCV-1 (binding epitope: 412–423) was administered to 6 patients with hepatitis C requiring 

liver transplantation (the placebo arm included 5 patients) (Chung et al., 2013). In all 

patients who received the antibody, the resistant variants emerged at positions 415 and 417 

(N415D/S/K, N417S) and dominated over the wild type starting from day 7 post-

transplantation. It was also demonstrated that either the 415 or 417 mutation was sufficient 

to confer resistance. In the placebo group, the sensitive variant remained except in one 

patient who had the resistant N417S as the dominant type prior to transplantation (Babcock 

et al., 2014; Chung et al., 2013). It is evident that the data in table 2 should be interpreted in 

this context, where the low frequency of occurrence may be due to the lack of a selection 

pressure by naturally occurring antibodies. Should such antibodies be used therapeutically, 

or an Envelope-containing vaccine be deployed the prevalence of resistant variants may 

increase.

A recent study has shown that two mutations (A475T, T563V) which occur at a frequency of 

greater than 10% in the host population, but sit outside the epitope regions defined here can 

also confer resistance to several BNAb (Bailey et al., 2015). In the previously cited sequence 

analysis following HCV-1 administration to patients undergoing liver transplantation, in 

addition to the key mutations at positions 415 and 417, several other sites also mutated 

between pre and post transplantation between the treatment and placebo groups (Babcock et 

al., 2014). Not all these sites were within the defined epitope regions. This suggests that 

critical binding residues can either occur outside the recognised epitope regions, or that co-

occurring mutations can balance the survival disadvantage conferred by a non-fit resistance 

mutation. The interactions between binding residues (or their variants) with other residues 

may not be simplified to a pairwise interaction. In fact, epistatic interactions between 

residues may well happen in a more complex network, in which multiple residues influence 

each other across the genome, potentially including residues outside the envelope proteins. 

This has been shown to be true of other rapidly mutating viruses such as influenza (Wu et 

al., 2016).

Assessment of the consensus level differences between the acute and chronic infections, 

revealed two significant differences at positions 610 and 655. Experimental evidence shows 
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these positions to be important for neutralization by antibodies, and in the case of 610, for 

viral replication (Kawaguchi et al., 2011). At position 655, E and D are chemically 

equivalent amino acids and a switch may not affect the protein folding or the chemical 

environment of the surrounding amino acids. However, other mutations at position 655 have 

been shown to confer resistance to the BNAbs AP33 and 3/11, in conjunction with a 

mutation at position 415 (Gal-Tanamy et al., 2008). In particular, N415Y together with 

E655G resulted in a more potent viral escape than with either N415Y or E655G by itself, 

whereas the E655G mutation by itself conferred partial resistance against AP33 (Gal-

Tanamy et al., 2008). Position 610 is located at the centre of the third epitope region, which 

sits to the side of the broadly neutralising face, which encompasses the first and second 

epitope regions, and is often referred to as the non- or weak-neutralising face. This region 

includes residues (613, 617 and 618) that have also been reported to influence the interaction 

with CD81 (Wang et al., 2011). Despite lying outside of the broadly neutralising face of E2, 

position 610 has been suggested to confer resistance via the K610R mutation to the human 

BNAb, HC33.1, that targets residues within the first epitope region (Keck et al., 2014). 

However, neither the sensitive, nor the resistant variant, was observed in the sequences 

derived from natural infection described here. In addition, a D610N mutation has been 

shown to emerge, along with co-occurring mutations at positions E431D and N434T, after 

passaging patient-derived E1 and E2 JFH-1 chimeras in vitro (Kawaguchi et al., 2011). 

These three mutations synergistically reduced the neutralization capacity of LMF87, an anti-

HVR1 antibody, despite lying outside the binding domain of the antibody. Interestingly, the 

mutations also enhanced the replicative capacity of the chimeric virus in cell culture. More 

recently, the naturally occurring residues at position 610 have been shown to be directly 

involved in resistance to a key BNAb; HC84.26 with variants carrying H610 (instead of D) 

being more sensitive to neutralization (Prentoe et al., 2016). It should be noted that this was 

demonstrated with a genotype 5a, HVR-deleted, chimeric virus, while our analysis between 

acute and chronic samples was restricted to genotype 1a.

While there were no differences between acute and chronic infection datasets, resistance 

mutations at positions 424, 434, 438, 538 and 546 did occur at a frequency greater than 10% 

in the total sequence dataset. Of these mutations, N434D is of particular interest. In cell 

culture, virions carrying this mutation became dominant through cell passage (Keck et al., 

2014). N434D may be a fitness mutation that can undermine the efficacy of a BNAb that is 

rendered ineffective by this mutation.

Calculation of significant entropy differences between acute and chronic infection samples 

allows identification of sites that are changing, but may not be evident at a consensus level 

analysis. Using a moderately conservative significance level, only one such site was 

observed at position 422 with higher variability (i.e higher entropy) found in the acute 

infection dataset. This is likely to reflect a population of viruses undergoing fixation at this 

position towards a more stable phenotype observed among chronic infections (from valine to 

isoleucine). However, confirmation of this hypothesis would require sequence analysis from 

samples collected during longitudinal follow up of individual subjects from acute to chronic 

infection. The I422 residue is highly conserved in the population and has not been shown to 

bind any BNAbs reported to date, but does sit adjacent to a glycosylation site at N423 which 

is 100% conserved. Glycan shielding is a well-recognized method of conferring resistance to 
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BNAbs (Pantua et al., 2013) and in combination both these residues may form an important 

structural motif. Isoleucine is larger than valine which may make the glycosylation site 

protrude further from the tertiary structure.

This analysis sought to link the experimental observations on BNAb epitopes with sequence 

data from the host population. It should be acknowledged that the dataset referred to here 

was restricted to currently available sequencing data, which is biased towards the more 

common subtypes (1a, 1b, 2a, 2b, 3a). This dataset also does not capture the complexity of 

the viral quasi-species within each infected person. Next generation sequencing will help to 

overcome this limitation. Similarly, comparison of acute and chronic infections should 

ideally be conducted within individual subjects followed from acute to chronic infection. 

The InC3 collaborative is facilitating further analysis in this regard. Another limitation is 

that available data on BNAb binding sites identified by alanine scanning may be restricted to 

conserved areas. This will bias the currently available evidence to such sites. This limitation 

cannot be overcome until more comprehensive characterization of binding sites is available.

4. Conclusions

The recognised HCV BNAbs have overlapping epitopes in three regions when mapped onto 

the linear E2 protein. A population level analysis of these regions from publicly available E2 

sequences showed that many residues with structurally important links to BNAbs 

(glycosylation sites, CD81 binding sites) are highly conserved across genotypes. In addition, 

many experimentally-proven escape mutations with resistance to BNAbs are absent or rare 

in the host population, suggesting a possible fitness cost of these mutations. A comparison 

of epitope regions between acute and chronic infection has identified a limited number of 

differences in subtype 1a envelope sequences. These findings will guide further BNAb 

studies, and HCV vaccine design, by linking experimental observations with sequencing 

data.
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T/F Transmitted founder

HCV Hepatitis C virus

NS5B Non-structural protein 5B

BNAbs Broadly neutralizing antibodies
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Highlights

• Broadly neutralizing antibody binding residues are clustered on three areas of 

HCV E2

• The majority of experimentally-proven escape variants are rare in nature

• Positions 610 and 655 commonly differ at the consensus level in acute and 

chronic infections
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Figure 1. 
A – C Shannon entropy of each amino acid residue within epitope clusters of E2. The amino 

acid residue number and IUPAC abbreviation is indicated in X-axis. * indicates a 

glycosylation site and ** indicates a glycosylation site known to affect antibody 

neutralization according to Wang et al.(Wang et al., 2011). # Indicates potential CD81 

binding sites (Rothwangl et al., 2008; Wang et al., 2011). All E2 sequences available from 

Los Almos HCV database for genotypes 1a,1b,2a,2b,3a,4a,5a and 6a (after removing clones) 

plus InC3 sequencing project data (n=1749) were used for this analysis. Amino acid 

numbering follows that of the translated HCV polyprotein of the reference subtype 1a 

genome (H77)

The consensus sequence for each epitope cluster is given below

E2

A. Epitope cluster 1: 412-

QLINTNGSWHINRTALNCNDSLNTGWLAGLFYYHKF – 447

B. Epitope cluster 2: 523-GAPTYNWGENETDVFVLNNTRPPLGNW – 549

C. Epitope cluster 3: 610-

DYPYRLWHYPCTVNYTIFKVRMYVGGVEHRLEAACNWTRGERCDLEDR

DR-659 + D698
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Figure 2. 
Pairwise genetic distances of individual epitope clusters compared with each other and 

between acute (n-91, < 180 days since infection) and chronic infection (n-337, > 180 days 

since infection) time points for subtype 1a. Hypervariable region 1(HVR) is also compared 

as a control. Error bars show standard deviation.
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Figure 3. 
Crystal structure of the HCV E2 core protein (Protein database, accession number 4WMF 

(Kong et al., 2013)). The residues contained within the three linear epitope regions and 

identified as critical for interaction with neutralising antibodies are depicted. Orange: 

indicates critical residues within epitope region I, red: epitope region II and blue: epitope 

region III. The residue D610, identified to be significantly different between acute and 

chronically sampled sequences is depicted in cyan and lies within the conformational pocket 

of region III. The pink dashes depict the regions not solved in the crystal structure
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Table 1

Properties of selected broadly neutralizing antibodies described against HCV

Antibody Epitopes with critical interacting 
residues on E1 or E2

Neutralization capacity Comments

IGH505 and 
IGH526 (Meunier et 
al., 2008)

Residues 313–327 Genotypes 1a, 1b, 4a, 5a, 6a were 
neutralized, EC50 : <2–25 μg/ml
Genotypes 3a was not neutralized and 
2a gave mixed results (2a HCVpp 
were not neutralized but JFH-1 clone 
was neutralized)

These are one of the few anti E1 
antibodies with broadly 
neutralizing capacity. Both had 
overlapping but non-identical 
epitopes within residues 313–327.

AP 33(Dhillon et 
al., 2010; Gal-
Tanamy et al., 2008; 
Owsianka et al., 
2005; Tarr et al., 
2006)

Linear epitope, residues 412–423 
(L413, N415, G418, W420)

Against genotypes 1–6 (tested with 
HCVpp)
** EC50 : 0.6–32 μg/ml

First monoclonal antibody from 
animal sera to show significant 
broadly neutralizing capacity 
across all genotypes. Inhibits 
CD81–E2 interaction.

MRCT 10.v362 
(Pantua et al., 2013)

Linear epitope
Residues 412–423

Neutralized HCVpp of genotypes 1a, 
1b, 2a and HCVcc of 2a
EC90: 0.07–1.76 μg/ml

Humanised version of murine 
antibody, AP33

Hu5B3.v3 (Pantua 
et al., 2013)

Linear epitope
Residues 412–423 (N415, N417, 
W420)

Neutralized HCVpp of genotypes 1a, 
1b, 2a and HCVcc of 2a
EC90: 0.7–17.4 μg/ml

Anti E2 antibodies Interferes with 
CD81 binding

Mab 24(Alhammad 
et al., 2015)

Conformational residues; L413, N415, 
G418, W420, and H421

Inhibited infectivity of all genotypes 
1–7 to varying extents. Over 90% 
inhibition for subtypes 1a, 2a, 4a, 5a.
EC50: 1–6 μg/ml (against subtype 1a)

Blocks CD81-E2 interaction

HC33.1, 
HC33.4(Keck et al., 
2013; Keck et al., 
2014)

Linear epitope, residues 412–423 EC50 for chimeric JFH1 HCVcc of 
genotypes 1a, 2a, 3a, 4a, 5a, 6a 
ranged from 0.1 – >50 μg/ml

Interferes with CD81 – E2 
interaction.

95-2 and HCV 1 
(Broering et al., 
2009)

Linear epitope, residues 412–423 
(L413, W420)

Neutralized HCVpp of genotypes 1a, 
1b, 2b, 3a,4a
EC50 : 1–100 nM (approximations 
based on a graph in the paper)

Probably interferes with CD81-E2 
binding

HC-84.1, 
HC84.26(Fofana et 
al., 2012)

Conformational epitopes, residues 
418–446, 611–616

EC50 for chimeric JFH1 HCVcc of 
genotypes 1a, 2a, 3a, 4a, 5a, 6a 
ranged from 0.043 – >50 μg/ml for 
HC 84.1 and 0.005–12.91 μg/ml for 
HC 84.26

Interferes with CD81 – E2 
interaction.

3/11(Tarr et al., 
2006)

Linear epitope, residues 412–423 
(N415, W420, H421)

Neutralized HCVpp of genotypes 1–6 
except genotype 5 when tested at a 
fixed concentration of 50μg/ml. 
Percentage of neutralization varied 
from 10–80% for different genotypes.

Less potent than AP33. Interferes 
with CD81 – E2 interaction.

1:7 and 
A8(Johansson et al., 
2007)

Conformational epitope, residues 523–
535 (G523, W529, G530, D535)

Neutralization across genotypes 1–6 
(tested with HCVpp and JFH - 1)
EC50 : 0.06–0.56 μg/ml for JFH1. 
EC50 for HCVpp not mentioned

Inhibits CD81 – E2 interaction.

HC-1, 2, 
11,12,13(Keck et 
al., 2008)

Mapped for HC 1 and 12 only (as other 
antibodies were similar to one of these 
two)
Conformational epitope, residues 523–
540 (W529, G530, D535)

EC50 for 1a and 2a HCVcc varied 
from 0.03–4.6 μg/ml. Inhibition of 
infectivity of HCVpp of genotypes 1–
6 (by a fixed dose of 20μg of each 
antibody) ranged between 0–90%.

The inhibition of 1a and 1b 
HCVpp were high for all 
antibodies (>78%). HC-1 had the 
best neutralization capacity across 
all HCVpp genotypes (29–86% 
inhibition of infectivity).

AR3A, AR3B, 
AR3C, AR3D (Law 
et al., 2008)

Conformational epitopes, residues, 
396–424), 436–447 and 523–540 
(S424, G523, P525, G530, D535, 
N540)

Neutralization against genotypes 1–6 
(tested with HCVpp and JFH - 1)
EC50 : 1–50 μg/ml

Interferes with CD81–E2 
interaction.
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Antibody Epitopes with critical interacting 
residues on E1 or E2

Neutralization capacity Comments

CBH-5(Keck et al., 
2007; Owsianka et 
al., 2008)

Conformational epitope, residues 523–
540 (G523, P525, G530, D535, N540)

CBH-5 had neutralization capacity 
against all genotypes (tested with 
HCVpp and JFH - 1)
EC50 : 0.04–13μg/ml

Interfered with CD81-E2 binding. 
CBH-2, another monoclonal 
antibody also had broadly 
neutralizing capacity but not 
against all genotypes

e20, e137(Mancini 
et al., 2009; Perotti 
et al., 2008; Sautto 
et al., 2012)

Conformational epitope, residues 412–
423, 523–540 (T416, W420, W529, 
G530, D535)

e137 neutralized infectivity of 
HCVpp of genotypes 1a, 1b, 2b and 4 
by 20–75% when tested at a fixed 
dose of 15μg/ml A second paper 
describes that e20 and e137 both 
additionally neutralized HCVpp of 
genotypes 2a and 5 along with 
HCVcc of JFH-1
EC50 of e20: 0.02–1.2 μg/ml
EC50 of e137: 0.03–1.4μg/ml

Interfered with CD81-E2 binding

AR4A (Giang et al., 
2012)

Conformational, residues, 201–206 
(E1), 657–659, 698 (E2).

Neutralized HCVcc and HCVpp of 
all six genotypes
EC50: 0.03–38.5 μg/ml

Anti E1 and E2 antibody, does not 
interfere with CD81 binding

Human monoclonal 
antibody 55 
(Shimizu et al., 
2013)

Conformational, residues 508–607 Inhibited infectivity of all genotypes 
1–6 to varying extents
EC50: 1.3 – 230μg/ml (Genotype 7 
excluded as it was not neutralized 
effectively)

Probably blocks CD81-E2 
interaction

D03(Tarr et al., 
2013)

Probably conformational, residues 415, 
523 and 526 appear critical for binding

Neutralized infectivity of genotypes 
1–6
EC50: 1 – 10μg/ml

Alpaca nanobody. Mechanism of 
action is probably not exclusive to 
inhibition of E2-CD81 binding. 
First BNAb to inhibit cell to cell 
transmission

**
EC50 : Minimum concentration of antibody that reduces infectivity by 50%
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