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Abstract

Background

Around 30% of the HCV infected patients can spontaneously clear the virus. Cumulative evi-

dence suggests the role of neutralizing antibodies in such spontaneous resolution. Under-

standing the epitope specificity of such antibodies will inform the rational vaccine design as

such information is limited to date. In addition to conformational epitope targeted antibodies,

linear epitope specific antibodies have been identified that are broadly cross reactive against

diverse HCV strains. In this study, we have characterized the potential role of three con-

served linear epitopes in the spontaneous clearance of HCV.

Methods

We tested the reactivity of sera from chronic patients (CP) and spontaneous resolvers

(SR) with linear peptides corresponding to three conserved regions of HCV envelope pro-

tein E2 spanning amino acids 412–423, 523–532 and 432–443 using ELISA. Subse-

quently, we characterized the dependency of HCV neutralization by the reactive serum

samples on the antibodies specific for these epitopes using pseudoparticle-based neutrali-

zation assay.

In ELISA most of the CP sera showed reactivity to multiple peptides while most of the SR

samples were reactive to a single peptide suggesting presence of more specific antibodies

in the SR sera. In most of the HCVpp neutralizing sera of particular peptide reactivity the

neutralization was significantly affected by the presence of respective peptide. HCV neutrali-

zation by CP sera was affected by multiple peptides while 75% of the HCVpp neutralizing

SR sera were competed by the 432 epitope.

Conclusions

These findings suggest that individuals who spontaneously resolve HCV infection at the

acute phase, can produce antibodies specific for conserved linear epitopes, and those
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antibodies can potentially play a role in the spontaneous viral clearance. The epitope pres-

ent in the 432–443 region of E2 was identified as the primary neutralizing epitope with poten-

tial role in spontaneous viral clearance and this epitope potentiates for the design of

immunogen for prophylactic vaccine.

Introduction

Globally, chronic hepatitis C virus (HCV) infections occur in over 71 million people with a

mortality rate of around 400,000 [1–3]. Although the paradigm shift from interferon to direct

acting antiviral (DAA) regimens has significantly improved the situation in developed coun-

tries to combat the infection as most of these DAAs are highly efficacious [4,5]. However, the

global impact of these treatments is limited by several factors. Globally, only a small proportion

of the HCV infected individuals has been estimated to have access to DAAs [6–8]. Due to the

asymptomatic nature of the infection, many infected individuals in developing countries

remain unaware of their infection status to pursue treatment. Moreover, cost ineffectiveness of

DAAs and high mutation index of the virus leading to the emergence of escape mutants and

drug resistant viral variants are other contributing factors to the limited global impact of these

DAAs [9–12]. Therefore, a prophylactic vaccine is required to effectively control the HCV

infections. Understanding of the underlying mechanism of immune response particularly

details of epitope recognition by neutralizing antibodies (NAbs) would provide guidance in

vaccine design perspective.

Around 30% of the HCV infected individuals can spontaneously clear the virus at the

acute phase [13,14]. While effective cellular immune response has been described for the suc-

cessful viral clearance [15], emerging evidence suggest the role of NAbs in such clearance

[16–19]. Although the role of NAbs in spontaneous resolution of the HCV infection is well

established, very limited information is available about the epitope specificity of such

antibodies.

The E2 envelope glycoprotein primarily mediates viral interactions with different cellular

receptors at the early stage of viral entry and is the main target for NAbs. The E2 protein incor-

porates conformational as well as linear epitopes of NAbs. Three of the highly conserved epi-

topes of cross-reactive NAbs have been mapped in the E2 regions spanning residues 412–423,

432–443 and 523–532, which here we will refer to as the 412-epitope, the 432-epitope and the

523-epitope, respectively (S1 Fig). These regions are the part of the CD81 receptor-binding site

and are located in the neutralizing face of the E2 structure [20–23]. Most of the known anti-

bodies specific for the 523-epitope recognize this site as a part of conformational epitope.

However, NAbs specific for the 412- and the 432-epitopes either recognize these sites as linear

epitopes or as a part of conformational epitopes [24]. Some of the most potent antibodies that

can neutralize a broad range of circulating HCV strains are targeted against these regions and

are linear epitope specific [25,26]. At least one of these linear epitope specific antibodies has

shown protection in Chimpanzees [27]. On the basis of the demonstrated role of linear epi-

topes to elecit broadly neutralizing antibodies we hypothesized that linear epitope specific anti-

bodies can have potential role in spontaneous clearance of HCV. Here, we characterized the

conserved linear epitope specificity of antibodies present in the sera of chronic patients and

spontaneous-resolvers to decipher the details of neutralizing epitopes important for spontane-

ous resolution of the infection.
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Materials and methods

Blood collection and serum separation

Ethical Committees of Lahore University of Management Sciences, Pakistan Kidney and Liver

Institute and Shalamar Hospital approved the study with reference number: LUMS-IRB/2017-

01-12. After the approval and written informed consents, we collected blood samples from 84

individuals including 30 CP, 49 SR and 5 healthy donors. Blood was collected in plain vacutai-

ners and subsequently the serum was separated and stored at -20˚C. Spontaneous resolvers

were identified on the basis of positive anti-HCV antibody response and negative viral RNA

detection twice with an interval of four weeks. These were identified through screening of

patients visiting primary care and gastroenterology clinics of Shalamar Hospital and Pakistan

Kidney and Liver Institute (PKLI) by performing relevant diagnostic tests. None of these indi-

viduals was aware of his/her past HCV infection that had been cleared without pursuing treat-

ment. Chronically infected patients were identified on the basis persistent infection (viral load)

for over six months or those who had developed symptoms of early hepatic cirrhosis. Healthy

uninfected donors were defined as individuals with no present or past infection of HCV.

Enzyme Linked Immunosorbent Assay (ELISA)

Solutions of linear peptides were prepared in 50 mM sodium carbonate–bicarbonate buffer

(pH 9.6) at final concentrations of 5 μg/ml. ELISA plates (Thermo scientific Immulon 4HBX)

were coated with 100 μl of peptide antigens and incubated overnight at 4˚C. Next day plate

surface was blocked using 200 μl of blocking buffer (5% skimmed milk/BSA) after removing

peptide solution, incubated at room temperature for 2 hours and washed with 200 μl of wash-

ing buffer (0.02% sodium azide in PBS). Primary monoclonal antibody, Ap33 as well as patient

sera were diluted in PBS, 50 μl of which was added per well in triplicates and the plate was

incubated at room temperature for 1 hour. The AP33 antibody was kindly provided by Dr

Arvind Patel, Institute of Infection, Immunity and Inflammation, University of Glasgow. BSA-

coated wells and blank wells containing only carbonate buffer served as negative controls for

nonspecific binding. Plate was washed and incubated for 1 hour with goat anti-human alkaline

phosphatase conjugated IgG (Santa Cruz, sc-2454) for human serum samples and goat anti-

mouse alkaline phosphatase conjugated IgG (Abcam, ab97020) as secondary antibodies at

1000-fold dilution. Absorbance was measured at 405 nm on Synergy HTX reader after adding

p-nitrophenyl phosphate substrate [28,29]. Data was plotted using the Graphpad prism

software.

HCV neutralization assay

HCV neutralization of serum samples was evaluated using HCV pseudoparticles (HCVpp)

expressing luciferase reporter gene as previously described [30]. In brief, HEK293T cells

seeded for 24 hours in T-75 flask were co-transfected with 6 μg of HCV envelope expressing

vector and 18 μg of pNL4-3.Luc.R- E- backbone vector also containing luciferase reporter gene

using lipofectamine-3000 as a transfection reagent. The HCV genotype-1a (strain H77) enve-

lope-expressing vector was kindly provided by Dr Parizia Farci at NIAID, NIH, USA while the

backbone vector was obtained through the AIDS Research and Reference Program, Division

of AIDS, NIAID, NIH. VSV-G-enveloped plasmid was used to produce VSVpp as nonspecific

control. Supernatant containing pseudoparticles was harvested on day 5 after transfection,

centrifuged at 2000 rpm, filtered through a 0.45 μm filter and stored at -80˚C. For neutraliza-

tion, Huh7.5 cells (1.5 × 104 cells per well) were seeded into a 96-well plate in 100 μl of growth

medium and incubated overnight at 37˚C and 5% CO2. Serum samples were heated at 56˚C
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for 30 minutes followed by centrifugation at 1200xg. From the supernatants, serum dilutions

were prepared in cDMEM media and incubated with HCVpp for 1.5 hours. Subsequently,

serum-HCVpp mix was transferred to wells containing Huh7.5 cells and media was changed

after 6 hours. After 72 hr of infection media was removed and cells were lysed by adding 50 μL

of 1x GloLysis buffer (Promega). Cell lysate was transferred to white opaque plates and lumi-

nescence was measured by adding 45 μL of luciferase substrate (Promega). Percent neutraliza-

tion of each sample was calculated by comparing with the control containing no serum and

ED50 values were calculated from the dose response curve.

Peptide competition assay

100 μl of peptide stock solution (125 μg/ml) was incubated with 100 μl of serum dilution at

37˚C for 2 hours on gentle rocking. The mix was centrifuged at 15000 rpm, 37˚C for 10 min,

and supernatant was collected. 180 μl of supernatant was mixed with 150 μl media containing

HCVpp and incubated for 1 hour. HCV neutralization assay was repeated as discussed in the

previous section [31].

Statistical analysis

One-way ANOVA with Bonferroni corrections was used to compare HCV neutralization by

peptide treated serum samples with untreated ones and significance was defined as �p�0.05,
��p� 0.01, ���p� 0.001 ����p� 0.0001.

Results

Linear epitopes to delineate the reactivity of serum samples

To delineate the linear epitope specificity of antibodies in the sera of chronic patients (CP) and

spontaneous-resolvers (SR), peptides corresponding to three highly conserved regions of E2

spanning amino acids aa 412–423, aa 523–532 and aa 432–443 were synthesized in consensus

sequence of all major genotypes of HCV (Table 1) as we were unaware of the viral genotype

that had infected spontaneous resolvers. In some of the peptides with poor predicted solubility,

more polar residues were added at the termini to increase their solubility index.

Reactivity of serum samples to conserved linear epitopes

We used ELISA to profile the reactivity of antibodies in the sera of 84 individuals including 30

CPs, 49 SRs and 5 healthy donors with peptides corresponding to three conserved linear epi-

topes. In this regard, reactivity of every serum was tested at three different dilutions, 10-fold,

100-fold and 1000-fold. Cutoff was defined as mean optical density (OD) at 405 nm plus 3x

the standard deviation from five healthy serum samples. At 10-fold dilution the reactivity of

CP sera for the 432-, the 412- and the 523-epitopes were observed in 63%, 43% and 30% of the

samples, respectively (Fig 1a). However, at 100-fold dilution only 1 out of 30 samples was

Table 1. Details of peptides with amino acid sequences corresponding to conserved linear epitopes present in the E2 envelope protein.

Epitope name Length (aa) Amino acid sequence Sequential position in E2

412 16 KKQLVNTNGSWHINKK� 412–423

432 14 SLNTGFIAGLFYKK� 432–443

523 14 �RSGAPTYSWGANKK� 523–532

� The residues at the termini written in italic letters were added to increase the solubility of the peptide but these are not the part of viral protein sequence.

https://doi.org/10.1371/journal.pone.0256816.t001
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reactive to the 412- and the 523-epitopes while 33% of the samples showed reactivity to the

432-epitope (Fig 1a) suggesting the presence of high titers of the 432-epitope specific antibod-

ies. Most of the CP samples were reactive to multiple epitopes (Figs 1a and 2).

In case of the SR serum samples, the observed reactivity was more specific. Only 47% of the

SR samples (23 of 49) showed reactivity to any of the peptides. From these samples 78% were

Fig 1. ELISA-based reactivity of three peptides corresponding to conserved linear epitopes, with CP and SR serum samples. ELISA was performed using peptides

corresponding to three conserved linear epitopes, the 412-epitope, the 432-epitope and the 523-epitope, against three different serum dilutions (10-fold, 100-fold,

1000-fold) of (a) 30 serum samples from chronic patients and (b) 49 serum samples from spontaneous resolvers. Dotted line represents the cutoff value using the mean

value from five healthy serum controls plus three times the standard deviation.

https://doi.org/10.1371/journal.pone.0256816.g001
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reactive to the 432-epitope, while 21% and 17% showed reactivity to the 412- and the 523-epi-

topes, respectively at 10-fold dilutions. At 100-fold dilutions, reactivity against the 432- and

the 412-epitopes was observed in 30% and 13% samples, respectively (Fig 1b). Contrary to the

CP samples, most of the positive serum samples from SR group were reactive to a single epi-

tope primarily the 432-epitope– 82% of the reactive SR samples were single epitope specific

and 80% of which were specific to the 432-epitope (Figs 1b and 2). This analysis indicated that

antibodies reactive to any of these peptides were present only in 47% of the tested SR serum

samples while 87% of the CP samples were reactive to these peptides. Secondly, CP sera con-

tained antibodies specific for multiple epitopes while in the SR group most of the samples were

reactive to a single epitope.

HCV neutralization

The serum samples reactive to any of the peptides in ELISA were tested for their ability to neu-

tralize HCV in pseudo-typed virus based neutralization assay. In this regard, initially we used

50-fold serum dilution to obtain preliminary data. Serum samples with more than 30% neu-

tralization in the initial tests were subjected to measure effective dilution with 50% neutraliza-

tion (ED50) through dose response curve. Five serum samples from healthy individuals were

also subjected to test their HCV neutralizing activity at 10-fold dilution. None of the healthy

serum samples showed any HCVpp neutralization. Moreover, five of the chronic serum sam-

ples were tested against VSVpp to rule out the non-specific neutralizing effect. Only negligible

neutralizing effect by two of the samples was observed at 10-fold dilution (S2 Fig) suggesting

their specificity for HCV. Five of the CP samples showed ED50 values higher than 1:500 against

Fig 2. Comparison of the CP and the SR sera for their reactivity to a single epitope or multiple epitopes.

https://doi.org/10.1371/journal.pone.0256816.g002

PLOS ONE Role of linear epitopes in spontaneous clearance of HCV

PLOS ONE | https://doi.org/10.1371/journal.pone.0256816 August 27, 2021 6 / 16

https://doi.org/10.1371/journal.pone.0256816.g002
https://doi.org/10.1371/journal.pone.0256816


HCVpp with the most potent sample showing ED50 value of 1:5137. Most of these potent

CP serum samples had shown reactivity to multiple peptides (Fig 3 and Table 2). Overall, out

of 26 reactive CP serum samples 11 neutralized HCVpp with minimum ED50 values of 1:75

(Table 2).

Fig 3. Dose response curves of selected CP serum samples to measure their ED50 values in HCVpp neutralization assay. Dose response curves showing

neutralization of HCVpp by serum samples of chronic patients. Serum samples at varying dilutions were mixed with HCVpp at 37˚C and subsequently added to the

wells containing Huh7.5 cells. After 72 h, cells were lysed and luciferase activity was measured. Subsequently, percent neutralization of each dilution was calculated by

comparing with the control containing no serum.

https://doi.org/10.1371/journal.pone.0256816.g003

Table 2. Details of peptide reactivity (epitope specificity) and HCVpp neutralization activity of different CP and SR serum samples.

Chronic Patients Spontaneous Resolvers

Sample ID ED50 Epitope specificity� Sample ID ED50 Epitope specificity�

191 1:760 412, 432, 523 PK2 1:222 432

193 1:5137 412, 432, 523 PK3 1:850 432

201 1:356 412, 432 PK13 1:16 432

196 1:960 412, 432, 523 SH503 1:84 Non reactive

226 1:198 412, 432, 523 SH16 1:4 432, 523

336 1:1408 412, 432 SH511 1:212 432

843 1:610 412 PK4 1:10 432

2967 1:361 412, 432 PK7 1:113 432

574 1:75 412, 432 PK9 1:35 412

978 1:92 432, 412 PK10 1:11 432

762 1:127 412,432 PK14 1:31 412

SH19 1:48 412

https://doi.org/10.1371/journal.pone.0256816.t002

PLOS ONE Role of linear epitopes in spontaneous clearance of HCV

PLOS ONE | https://doi.org/10.1371/journal.pone.0256816 August 27, 2021 7 / 16

https://doi.org/10.1371/journal.pone.0256816.g003
https://doi.org/10.1371/journal.pone.0256816.t002
https://doi.org/10.1371/journal.pone.0256816


For the SR group, we tested HCVpp neutralization of 23 serum samples that were reactive

in ELISA along with a few additional non-reactive samples. Twelve of these samples neutral-

ized HCVpp and were subjected to ED50 measurement through dose response curves (Fig 4,

Table 2). Out of these 12 samples 8 were reactive to the 432-epitope including 7 reactive only

to this epitope. The 432-epitope reactive serum samples had higher ED50 values as compared

to other samples (Table 2) indicating higher titers of 432-epitope reactive antibodies. Three of

the HCV neutralizing SR samples were specific only to the 412-epitope; one sample had dual

reactivity with the 523-epitope and the 432-epitope, and one (sample SH503) was not reactive

to any of the three peptides (Table 2).

Peptide competition assay

To further clarify if the observed HCV neutralization by the serum samples was due to the lin-

ear epitope specific antibodies that were the source of reactivity in ELISA, we performed pep-

tide competition HCV neutralization assay. In these experiments the HCV neutralizing sera

reactive to specific linear epitopes were incubated with individual peptides before testing their

viral neutralizing activity. Among the 10 CP sera tested in competition assay, 8 samples

showed significant decrease in viral neutralization of the sera by the presence of competing

Fig 4. Dose response curves of selected SR serum samples to measure their ED50 values in HCVpp neutralization assay. Dose response

curves showing neutralization of HCVpp by serum samples of spontaneous resolvers. Serum samples at varying dilutions were mixed with

HCVpp at 37˚C and subsequently added to the wells containing Huh7.5 cells. After 72 h, cells were lysed and luciferase activity was measured.

Subsequently, percent neutralization of each dilution was calculated by comparing with the control containing no serum.

https://doi.org/10.1371/journal.pone.0256816.g004
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peptides (Table 3). Four of these samples had specificity for the 523-epitope that contains

some most conserved residues directly involved in the interactions with CD81 receptor during

the viral cellular entry.

For the SR group, 12 serum samples with HCVpp neutralization activity were subjected to

competition assay including the one with no ELISA reactivity to any of the peptide. Apart

from two serum samples, SH511 and SH19, HCV neutralizing activity of all peptide reactive

samples were competed by the presence of respective peptides (Fig 5). Six of these samples had

specificity for the 432-epitope and two were specific for the 412-epitope. A sample, SH16 that

had shown reactivity to the 432- and the 523-epitopes, was competed by both of the peptides.

A neutralizing serum sample without reactivity to any of the peptides was used in competition

assay to rule out false positive effects, as its activity was not affected by any of the peptides.

Moreover an irrelevant peptide corresponding to a part of the V3 domain of HIV gp120 was

also used in competition assays as nonspecific peptide control. Overall, in 73% of the HCV

neutralizing serum samples of particular linear epitope reactivity of the SR group the neutrali-

zation was significantly affected by the presence of respective peptides. Among these, 75% of

the samples had specificity for the 432-epitope. Among all HCV neutralizing SR samples with

ELISA reactivity, 54% of the samples showed their dependency primarily on the 432-epitope-

targeted antibodies. Moreover, A serum sample showed its HCV neutralization dependency

on the antibodies specific for the 523-epitope containing some highly conserved residues, and

this epitope has rarely been observed as a linear neutralizing epitope before.

Discussion

Peptide or small protein subunit based-immunogens as vaccine candidates could be more

advantageous over the whole surface protein or attenuated virus owing to specific response of

antibodies against smaller immunogens [32]. Viral surface proteins incorporate epitopes of

neutralizing, non-neutralizing and interfering antibodies [33,34]. Elicitation of all kinds of

antibodies by a vaccine, in particular, interfering antibodies could mask neutralizing epitopes

limiting the efficacy of a vaccine [35]. Moreover, surface exposed regions of a viral surface pro-

tein exhibit higher sequence variability and antibodies targeting these epitopes are not broadly

neutralizing [35]. Sequentially conserved epitopes, which are generally less exposed, can elicit

antibodies that are broadly cross reactive [36,37]. In recent years, small peptides corresponding

to conserved epitopes of antibodies have been considered as potential vaccine candidates

[32,38]. In this study we characterized the conserved linear epitope specificity of NAbs poten-

tially involved in spontaneous viral clearance by detecting the reactivity of the serum samples

Table 3. Details of peptide reactivity (epitope specificity) and effect of respective peptides on HCVpp neutraliza-

tion activity of different CP serum samples.

Sample ID Epitope specificity HCV neutralizing activity competed by peptides

191 412, 432, 523 412, 432, 523

193 412, 432, 523 412, 432, 523

201 412, 432 412, 432

196 412, 432, 523 432, 523

226 412, 432, 523 432, 523

336 412, 432 412, 432

843 412 No effect

2967 412, 432 412, 432

574 412, 432 432

762 412,432 No effect

https://doi.org/10.1371/journal.pone.0256816.t003
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with peptide epitopes and subsequently evaluating the dependency of serum samples on par-

ticular epitope specific antibodies to neutralize HCVpp. In this regard we identified spontane-

ous resolvers on the basis of positive anti-HCV antibody response and negative viral RNA

detection. The diagnostic anti-HCV antibody response in spontaneous resolvers and chronic

patients was observed to be comparable indicating these antibodies persist for a long period of

time after the clearance of the virus.

Fig 5. Effect of peptides corresponding to different conserved linear epitopes on HCVpp neutralization by the SR serum samples. HCVpp neutralizing serum

samples of spontaneous resolvers were incubated at 1:50 dilution with different peptides at 125 μg/ml concentration at 37˚C for 2 hr before performing HCVpp

neutralization assay. Column bars labeled with HCVpp represent 100% infection; column bars labeled with “Serum” represent HCV neutralization by the respective

serum sample in the absence of peptide; and column bars labeled with “Serum+412”, “Serum+432” or “Serum+523” represent neutralization by the serum samples

after incubation of that serum with respective peptides. Plus and minus signs at the tops of each graph indicates the presence or absence of ELISA reactivity of that

serum sample with individual peptides indicated by colors. HCVpp neutralization by the AP33 monoclonal antibody at 1 μg/ml concentration and the effect of the

412 peptide on this neutralization was also determined and shown in the bottom left panel. significance was defined as �p�0.05, ��p� 0.01, ���p� 0.001,
����p� 0.0001.

https://doi.org/10.1371/journal.pone.0256816.g005
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For the particular linear epitope specific antibody response, we observed that most of the

CP serum samples were reactive in ELISA and to more than one peptide suggesting that anti-

bodies of diverse linear-epitope specificities were present in majority of the chronic patients.

On the other hand less than half of the SR samples showed reactivity to any of the three pep-

tides, and most of these were reactive to a single epitope that was primarily the 432-epitope.

We do want to mention that direct immobilization of linear peptides on the surface of ELISA

plate has potential limitation of false negative outcome due to the conformational restriction

of the immobilized peptide. Owing to this limitation, reactivity of a small proportion of anti-

bodies might have missed in our ELISA assay. However, the comparison of the ELISA reactiv-

ity of two groups, suggest that only a proportion of spontaneous resolvers produced antibodies

targeted against these linear-epitopes and those antibodies were more specific in their reactiv-

ity as compared to ones present in chronic patients. Early appearance of neutralizing antibod-

ies directed against a narrow range of envelope epitopes has also been described previously as

a key factor in spontaneous HCV clearance [39,40]. In chronic patients, an active infection

phase persists for a long period of time therefore high titers of different antibodies of diverse

specificities are produced. On the other hand individuals who can clear the virus at acute

phase, experience active infection for a short period of time therefore contain low overall anti-

body titers. However, in our ELISA based analysis, specific linear epitope reactive antibodies

were observed in comparable titers in the two groups (Fig 1) suggesting that these linear epi-

tope specific antibodies possibly exist in the larger proportion of the total antibodies in sponta-

neous-resolvers as compared to in chronic patients, and these antibodies could have role in

spontaneous clearance. It has previously been observed that the spontaneous viral clearance by

NAbs at the acute phase depends on the early induction of these NAbs at higher titers as such

antibodies do not appear at the acute phase of chronic infections [39,40]. Our observation of

comparable titers of specific linear epitope targeted antibodies in the two groups of serum

samples is in agreement with these findings.

Around half of the ELISA reactive serum samples of each group neutralized HCVpp. This

suggested that in roughly half of the cases antibodies reactive to any of the three peptides

were non-neutralizing and/or had been interfered by other antibodies to neutralize as several

previous studies have reported the masking of neutralizing epitopes on the HCV envelope by

interfering non-neutralizing antibodies [41,42]. Overall neutralizing ED50 values of the CP

serum samples were much higher as compared to those of SR samples. In chronic patients due

to the longer exposure several types of antibodies targeting various epitopes are produced.

These epitopes include conformational as well as different linear epitopes [34,43–46]. The

observed higher ED50 values of the CP serum samples can be explained by the presence of a

diverse set of antibodies targeting different epitopes on the virus that contribute to HCVpp

neutralization.

The neutralizing activity of most of the CP sera was affected by the presence of the compet-

ing peptides that had shown reactivity in ELISA. This suggests that antibodies specific for dif-

ferent linear epitopes in the CP sera contributed to the HCV neutralization by these serum

samples. Despite the presence of these NAbs targeted against conserved epitopes the infection

persisted at chronic phase in these patients. Several previous studies have described that the

appearance of broadly cross-reactive antibodies at the early acute phase is critical for the clear-

ance of the virus and appearance of such antibodies at the later stage in chronic progressors

cannot overcome the emergence of escape variants [16,39,47]. However, the details of muta-

tions responsible for the escape of neutralization by these conserved epitope specific antibodies

remains to be evaluated in the follow up investigation.

In the SR group HCV neutralizing activity of most of the neutralizing serum samples was

significantly affected by the presence of competing peptides according to the ELISA
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reactivity suggesting HCV neutralization by most of these samples was partially or fully

dependent on antibodies specific for respective linear epitope. Among these samples 75%

showed their dependency primarily on the 432-epitope-targeted antibodies to neutralize the

virus suggesting a potential role of this neutralizing epitope in spontaneous viral clearance.

Overall, out of 49 SR serum samples included in this study, 6 (12%) showed their depen-

dency on the 432 linear epitope specific antibodies for HCVpp neutralization while 2 and 1

of the samples respectively were dependent on the 412- and the 523-epitopes targeted anti-

bodies. Several broadly cross-reactive antibodies targeting the 412-epitope have been identi-

fied [27]. However, no antibody targeting the 523-region as a linear epitope has been

reported earlier but several antibodies specific for conformational epitopes involving resi-

dues from the 523-region have been described [48]. The E2 region encompassing aa 432–

443 contains highly conserved overlapping linear epitopes and parts of conformational epi-

topes, and the antibodies targeting this region exhibit the broadest reactivity as compared to

the ones specific for other epitopes [49,50]. Keck et al., recently reported the early acute

phase appearance of NAbs that target a conformational epitope involving the aa 432–446

region of E2 in an individual who spontaneously resolved three sequential HCV infections

[50]. Anne Olbrich et al., recently identified two broadly neutralizing antibodies responsible

for spontaneous resolution of the infection at the acute phase, these antibodies specifically

recognize a linear epitope (aa483-499) in the central front layer of the E2 glycoprotein.

These studies highlight the significance of linear epitopes in general and the region encom-

passing aa 432–443 of E2 in spontaneous viral clearance [18]. Although, we observed possi-

ble role of three conserved linear epitopes targeted NAbs only in a small proportion of

individuals, these linear epitopes, in particular the 432-epitope, represent important neutral-

izing epitopes for spontaneous viral clearance and further studies on structural basis of their

recognition by respective antibodies will provide more information for rational vaccine

design. There are multiple factors potentially contributing to the spontaneous viral clear-

ance, however in this study we have discussed only the potential contribution of antibodies

specific for linear epitopes.

Taken together, we have identified that individuals who spontaneously resolve HCV infec-

tion at the acute phase can produce antibodies specific for highly conserved linear epitopes,

and those antibodies can play a primary role in the spontaneous clearance of the infection.

Among these conserved linear epitopes the E2 region encompassing aa 432–443 was identified

as the prominent neutralizing epitope with potential role in spontaneous viral clearance. Fur-

ther study is needed to delineate the epitope-antibody recognition details using purified mono-

clonal antibodies as such information would enhance our understanding in rational vaccine

design perspective.
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19. Pestka JM, Zeisel MB, Bläser E, Schürmann P, Bartosch B, Cosset FL, et al. Rapid induction of virus-

neutralizing antibodies and viral clearance in a single-source outbreak of hepatitis C. Proc Natl Acad Sci

U S A. 2007; 104(14):6025–6030. https://doi.org/10.1073/pnas.0607026104 PMID: 17392433

20. Clayton RF, Owsianka A, Aitken J, Graham S, Bhella D, Patel AH. Analysis of Antigenicity and Topology

of E2 Glycoprotein Present on Recombinant Hepatitis C Virus-Like Particles. J Virol. 2002; 76

(15):7672–7682. https://doi.org/10.1128/jvi.76.15.7672-7682.2002 PMID: 12097581

21. Owsianka AM, Timms JM, Tarr AW, Brown RJ, Hickling TP, Szwejk A, et al. Identification of conserved

residues in the E2 envelope glycoprotein of the hepatitis C virus that are critical for CD81 binding. J

Virol. 2006; 80(17):8695–8704. https://doi.org/10.1128/JVI.00271-06 PMID: 16912317

22. Drummer HE, Boo I, Maerz AL, Poumbourios P. A conserved Gly436-Trp-Leu-Ala-Gly-Leu-Phe-Tyr

motif in hepatitis C virus glycoprotein E2 is a determinant of CD81 binding and viral entry. J Virol. 2006;

80(16):7844–7853. https://doi.org/10.1128/JVI.00029-06 PMID: 16873241

23. Tzarum N, Wilson IA, Law M. The Neutralizing Face of Hepatitis C Virus E2 Envelope Glycoprotein.

Front Immunol. 2018; 9:1315–1315. https://doi.org/10.3389/fimmu.2018.01315 PMID: 29951061

24. Sautto G, Tarr AW, Mancini N, Clementi M. Structural and antigenic definition of hepatitis C virus E2 gly-

coprotein epitopes targeted by monoclonal antibodies. Clin Dev Immunol. 2013; 2013:450963. https://

doi.org/10.1155/2013/450963 PMID: 23935648

25. Owsianka A, Tarr AW, Juttla VS, Lavillette D, Bartosch B, Cosset FL, et al. Monoclonal antibody AP33

defines a broadly neutralizing epitope on the hepatitis C virus E2 envelope glycoprotein. J Virol. 2005;

79(17):11095–11104. https://doi.org/10.1128/JVI.79.17.11095-11104.2005 PMID: 16103160

26. Broering TJ, Garrity KA, Boatright NK, Sloan SE, Sandor F, Thomas WD Jr., et al. Identification and

characterization of broadly neutralizing human monoclonal antibodies directed against the E2 envelope

glycoprotein of hepatitis C virus. J Virol. 2009; 83(23):12473–12482. https://doi.org/10.1128/JVI.01138-

09 PMID: 19759151

27. Morin TJ, Broering TJ, Leav BA, Blair BM, Rowley KJ, Boucher EN, et al. Human monoclonal antibody

HCV1 effectively prevents and treats HCV infection in chimpanzees. PLoS Pathog. 2012; 8(8):

e1002895. https://doi.org/10.1371/journal.ppat.1002895 PMID: 22952447

28. Das S, Mullick R, Kumar A, Tandon H, Bose M, Gouthamchandra K, et al. Identification of a novel epi-

tope in the C terminus of hepatitis C virus-E2 protein that induces potent and cross-reactive neutralizing

antibodies. J Gen Virol. 2017; 98(5):962–976. https://doi.org/10.1099/jgv.0.000735 PMID: 28221101

29. Ksiazek TG, West CP, Rollin PE, Jahrling PB, Peters CJ. ELISA for the detection of antibodies to Ebola

viruses. J Infect Dis. 1999; 179 Suppl 1:S192–198. https://doi.org/10.1086/514313 PMID: 9988184

PLOS ONE Role of linear epitopes in spontaneous clearance of HCV

PLOS ONE | https://doi.org/10.1371/journal.pone.0256816 August 27, 2021 14 / 16

https://doi.org/10.4254/wjh.v7.i6.831
http://www.ncbi.nlm.nih.gov/pubmed/25937861
https://doi.org/10.3390/v7112902
https://doi.org/10.3390/v7112902
http://www.ncbi.nlm.nih.gov/pubmed/26561827
http://www.ncbi.nlm.nih.gov/pubmed/28820725
https://doi.org/10.1038/nature08463
https://doi.org/10.1038/nature08463
http://www.ncbi.nlm.nih.gov/pubmed/19759533
https://doi.org/10.3748/wjg.v13.i31.4224
http://www.ncbi.nlm.nih.gov/pubmed/17696252
https://doi.org/10.1002/hep.26639
http://www.ncbi.nlm.nih.gov/pubmed/23908124
https://doi.org/10.1002/hep.27013
http://www.ncbi.nlm.nih.gov/pubmed/24425349
https://doi.org/10.3389/fimmu.2018.01917
http://www.ncbi.nlm.nih.gov/pubmed/30197646
https://doi.org/10.1093/infdis/jiz274
http://www.ncbi.nlm.nih.gov/pubmed/31165162
https://doi.org/10.1073/pnas.0607026104
http://www.ncbi.nlm.nih.gov/pubmed/17392433
https://doi.org/10.1128/jvi.76.15.7672-7682.2002
http://www.ncbi.nlm.nih.gov/pubmed/12097581
https://doi.org/10.1128/JVI.00271-06
http://www.ncbi.nlm.nih.gov/pubmed/16912317
https://doi.org/10.1128/JVI.00029-06
http://www.ncbi.nlm.nih.gov/pubmed/16873241
https://doi.org/10.3389/fimmu.2018.01315
http://www.ncbi.nlm.nih.gov/pubmed/29951061
https://doi.org/10.1155/2013/450963
https://doi.org/10.1155/2013/450963
http://www.ncbi.nlm.nih.gov/pubmed/23935648
https://doi.org/10.1128/JVI.79.17.11095-11104.2005
http://www.ncbi.nlm.nih.gov/pubmed/16103160
https://doi.org/10.1128/JVI.01138-09
https://doi.org/10.1128/JVI.01138-09
http://www.ncbi.nlm.nih.gov/pubmed/19759151
https://doi.org/10.1371/journal.ppat.1002895
http://www.ncbi.nlm.nih.gov/pubmed/22952447
https://doi.org/10.1099/jgv.0.000735
http://www.ncbi.nlm.nih.gov/pubmed/28221101
https://doi.org/10.1086/514313
http://www.ncbi.nlm.nih.gov/pubmed/9988184
https://doi.org/10.1371/journal.pone.0256816


30. Flint M, Logvinoff C, Rice CM, McKeating JA. Characterization of infectious retroviral pseudotype parti-

cles bearing hepatitis C virus glycoproteins. J Virol. 2004; 78(13):6875–6882. https://doi.org/10.1128/

JVI.78.13.6875-6882.2004 PMID: 15194763

31. Liu R, Rao H, Wang J, Xie X, Jiang D, Pan X, et al. Determination of the human antibody response to

the neutralization epitopes encompassing amino acids 313–327 and 432–443 of hepatitis C virus E1E2

glycoproteins. PLoS One. 2013; 8(6):e66872. https://doi.org/10.1371/journal.pone.0066872 PMID:

23826163

32. Malonis RJ, Lai JR, Vergnolle O. Peptide-Based Vaccines: Current Progress and Future Challenges.

Chem Rev. 2020; 120(6):3210–3229. https://doi.org/10.1021/acs.chemrev.9b00472 PMID: 31804810

33. Trier N, Hansen P, Houen G. Peptides, Antibodies, Peptide Antibodies and More. Int J Mol Sci. 2019;

20(24):6289.

34. Harman C, Zhong L, Ma L, Liu P, Deng L, Zhao Z, et al. A View of the E2-CD81 Interface at the Binding

Site of a Neutralizing Antibody against Hepatitis C Virus. J Virol. 2015; 89(1):492–501. https://doi.org/

10.1128/JVI.01661-14 PMID: 25339761

35. Bankwitz D, Pietschmann T. Hepatitis C virus plays hide and seek with neutralizing antibodies. Hepatol-

ogy. 2016; 64(6):1840–1842. https://doi.org/10.1002/hep.28760 PMID: 27515101

36. Tarr AW, Urbanowicz RA, Jayaraj D, Brown RJP, McKeating JA, Irving WL, et al. Naturally occurring

antibodies that recognize linear epitopes in the amino terminus of the hepatitis C virus E2 protein confer

noninterfering, additive neutralization. J Virol. 2012; 86(5):2739–2749. https://doi.org/10.1128/JVI.

06492-11 PMID: 22171278

37. Tarr AW, Owsianka AM, Timms JM, McClure CP, Brown RJ, Hickling TP, et al. Characterization of the

hepatitis C virus E2 epitope defined by the broadly neutralizing monoclonal antibody AP33. Hepatology.

2006; 43(3):592–601. https://doi.org/10.1002/hep.21088 PMID: 16496330

38. Francis JN, Thaburet JF, Bonnet D, Sizer PJ, Brown CB, Georges B. Increasing cellular immunogenic-

ity to peptide-based vaccine candidates using a fluorocarbon antigen delivery system. Vaccine. 2015;

33(8):1071–1076. https://doi.org/10.1016/j.vaccine.2014.12.061 PMID: 25573036

39. Pestka JM, Zeisel MB, Blaser E, Schurmann P, Bartosch B, Cosset FL, et al. Rapid induction of virus-

neutralizing antibodies and viral clearance in a single-source outbreak of hepatitis C. Proc Natl Acad Sci

U S A. 2007; 104(14):6025–6030. https://doi.org/10.1073/pnas.0607026104 PMID: 17392433

40. Walker MR, Leung P. Clearance of hepatitis C virus is associated with early and potent but narrowly-

directed, Envelope-specific antibodies. Scie Rep. 2019; 9(1):13300. https://doi.org/10.1038/s41598-

019-49454-w PMID: 31527718

41. Zhang P, Wu CG, Mihalik K, Virata-Theimer ML, Yu M-yW, Alter HJ, et al. Hepatitis C virus epitope-spe-

cific neutralizing antibodies in Igs prepared from human plasma. Proc Natl Acad Sci U S A. 2007; 104

(20):8449–8454. https://doi.org/10.1073/pnas.0703039104 PMID: 17494735

42. Zhang P, Zhong L, Struble EB, Watanabe H, Kachko A, Mihalik K, et al. Depletion of interfering antibod-

ies in chronic hepatitis C patients and vaccinated chimpanzees reveals broad cross-genotype neutraliz-

ing activity. Proc Natl Acad Sci U S A. 2009; 106(18):7537–7541. https://doi.org/10.1073/pnas.

0902749106 PMID: 19380744

43. Lavie M, Sarrazin S, Montserret R, Descamps V, Baumert TF, Duverlie G, et al. Identification of con-

served residues in hepatitis C virus envelope glycoprotein E2 that modulate virus dependence on CD81

and SRB1 entry factors. J Virol. 2014; 88(18):10584–10597. https://doi.org/10.1128/JVI.01402-14

PMID: 24990994

44. Chang C-C, Hsu H-J, Yen J-H, Lo S-Y, Liou J-W. A Sequence in the loop domain of hepatitis C virus E2

protein identified in silico as crucial for the selective binding to human CD81. PloS one. 2017; 12(5):

e0177383–e0177383. https://doi.org/10.1371/journal.pone.0177383 PMID: 28481946

45. Kachko A, Frey SE, Sirota L, Ray R, Wells F, Zubkova I, et al. Antibodies to an interfering epitope in

hepatitis C virus E2 can mask vaccine-induced neutralizing activity. Hepatology (Baltimore, Md). 2015;

62(6):1670–1682.

46. Deng L, Ma L, Virata-Theimer ML, Zhong L, Yan H, Zhao Z, et al. Discrete conformations of epitope II

on the hepatitis C virus E2 protein for antibody-mediated neutralization and nonneutralization. Proc Natl

Acad Sci U S A. 2014; 111(29):10690–10695. https://doi.org/10.1073/pnas.1411317111 PMID:

25002515

47. Dowd KA, Netski DM, Wang XH, Cox AL, Ray SC. Selection pressure from neutralizing antibodies

drives sequence evolution during acute infection with hepatitis C virus. Gastroenterology. 2009;

136(7):2377–2386. https://doi.org/10.1053/j.gastro.2009.02.080 PMID: 19303013

48. Law M, Maruyama T, Lewis J, Giang E, Tarr AW, Stamataki Z, et al. Broadly neutralizing antibodies pro-

tect against hepatitis C virus quasispecies challenge. Nat Med. 2008; 14(1):25–27. https://doi.org/10.

1038/nm1698 PMID: 18064037

PLOS ONE Role of linear epitopes in spontaneous clearance of HCV

PLOS ONE | https://doi.org/10.1371/journal.pone.0256816 August 27, 2021 15 / 16

https://doi.org/10.1128/JVI.78.13.6875-6882.2004
https://doi.org/10.1128/JVI.78.13.6875-6882.2004
http://www.ncbi.nlm.nih.gov/pubmed/15194763
https://doi.org/10.1371/journal.pone.0066872
http://www.ncbi.nlm.nih.gov/pubmed/23826163
https://doi.org/10.1021/acs.chemrev.9b00472
http://www.ncbi.nlm.nih.gov/pubmed/31804810
https://doi.org/10.1128/JVI.01661-14
https://doi.org/10.1128/JVI.01661-14
http://www.ncbi.nlm.nih.gov/pubmed/25339761
https://doi.org/10.1002/hep.28760
http://www.ncbi.nlm.nih.gov/pubmed/27515101
https://doi.org/10.1128/JVI.06492-11
https://doi.org/10.1128/JVI.06492-11
http://www.ncbi.nlm.nih.gov/pubmed/22171278
https://doi.org/10.1002/hep.21088
http://www.ncbi.nlm.nih.gov/pubmed/16496330
https://doi.org/10.1016/j.vaccine.2014.12.061
http://www.ncbi.nlm.nih.gov/pubmed/25573036
https://doi.org/10.1073/pnas.0607026104
http://www.ncbi.nlm.nih.gov/pubmed/17392433
https://doi.org/10.1038/s41598-019-49454-w
https://doi.org/10.1038/s41598-019-49454-w
http://www.ncbi.nlm.nih.gov/pubmed/31527718
https://doi.org/10.1073/pnas.0703039104
http://www.ncbi.nlm.nih.gov/pubmed/17494735
https://doi.org/10.1073/pnas.0902749106
https://doi.org/10.1073/pnas.0902749106
http://www.ncbi.nlm.nih.gov/pubmed/19380744
https://doi.org/10.1128/JVI.01402-14
http://www.ncbi.nlm.nih.gov/pubmed/24990994
https://doi.org/10.1371/journal.pone.0177383
http://www.ncbi.nlm.nih.gov/pubmed/28481946
https://doi.org/10.1073/pnas.1411317111
http://www.ncbi.nlm.nih.gov/pubmed/25002515
https://doi.org/10.1053/j.gastro.2009.02.080
http://www.ncbi.nlm.nih.gov/pubmed/19303013
https://doi.org/10.1038/nm1698
https://doi.org/10.1038/nm1698
http://www.ncbi.nlm.nih.gov/pubmed/18064037
https://doi.org/10.1371/journal.pone.0256816


49. Keck ZY, Xia J, Wang Y, Wang W, Krey T, Prentoe J, et al. Human monoclonal antibodies to a novel

cluster of conformational epitopes on HCV E2 with resistance to neutralization escape in a genotype 2a

isolate. PLoS Pathog. 2012; 8(4):e1002653. https://doi.org/10.1371/journal.ppat.1002653 PMID:

22511875

50. Keck ZY, Pierce BG, Lau P, Lu J, Wang Y, Underwood A. Broadly neutralizing antibodies from an indi-

vidual that naturally cleared multiple hepatitis C virus infections uncover molecular determinants for E2

targeting and vaccine design. PloS Pathog. 2019; 15(5):e1007772. https://doi.org/10.1371/journal.ppat.

1007772 PMID: 31100098

PLOS ONE Role of linear epitopes in spontaneous clearance of HCV

PLOS ONE | https://doi.org/10.1371/journal.pone.0256816 August 27, 2021 16 / 16

https://doi.org/10.1371/journal.ppat.1002653
http://www.ncbi.nlm.nih.gov/pubmed/22511875
https://doi.org/10.1371/journal.ppat.1007772
https://doi.org/10.1371/journal.ppat.1007772
http://www.ncbi.nlm.nih.gov/pubmed/31100098
https://doi.org/10.1371/journal.pone.0256816

