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Abstract: Hepatitis C virus (HCV) infection is a major global health problem. In the majority of
cases the virus is not cleared by the host immune response and progresses to chronic infection.
Studies of the neutralizing antibody responses in individuals that naturally clear infection are limited.
Understanding what constitutes a successful antibody response versus one that has ‘failed’ and
resulted in chronic infection is important to understand what type of antibody response would need
to be elicited by a protective vaccine. Samples from spontaneous clearers are difficult to obtain
therefore studies are often limited. In our study through HCV Research UK, we had access to a
cohort of over 200 samples. We identified the samples that contained HCV neutralizing antibodies
using ELISA and HCV pseudoparticle (HCVpp) assays. We then utilised mutagenesis and cross-
competition analysis to determine the profile of the neutralizing antibody responses. In addition,
we analysed a cohort of samples from chronic infection using the same techniques to enable direct
comparison of the antibody profiles observed in both cohorts. We conclude that similar profiles
are present in both cohorts indicating that it is not the neutralizing antibody response per se that
determines the outcome of infection. These data will provide useful information for future HCV
vaccine design.
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1. Introduction

Hepatitis C virus (HCV) is a positive-sense RNA virus within the Flaviviridae family.
The virus is extremely diverse and is classified into seven distinct genotypes and 67 sub-
types [1]. Globally an estimated 70 million people are infected with HCV contributing
to around 400,000 deaths annually. In recent times significant advances have been made
in the development of very effective direct-acting antiviral drugs (DAAs) that can clear
viral infection. However, due to the silent nature of the initial infection which is often
asymptomatic many of those infected remain undiagnosed. Additionally, a significant
proportion of infected individuals live in the developing world and do not have access to
DAA treatment. Therefore, development of a protective vaccine is important to contribute
to the prevention and eradication of this disease.

In natural infections, roughly 20–25% clear acute infection and 75–80% proceed to
chronic infection [2,3]. Factors including female gender, younger age of infection, co-
infection with hepatitis B virus (HBV) and specific alleles of the Il-28B (interferon-λ3)
and HLA class II genes are associated with spontaneous resolution of infection [4–6].
While T-cell responses have long been demonstrated to be associated with spontaneous
clearance [2,7,8], the role of neutralizing antibody (nAb) responses is less clear. An early
study failed to detect nAbs in five out of seven individuals that spontaneously cleared the
virus [9]. More recently there is evidence that an early neutralizing antibody response is in-
volved in spontaneous clearance [10,11]. Classical spontaneous clearance refers to clearance
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during the acute phase of infection (6–24 months) post-infection, however spontaneous
clearance of chronic infection is often overlooked despite multiple reports in the litera-
ture [12–18]. In many cases, clearance of chronic infection has been associated with another
event including infection with other hepatitis viruses, surgery or withdrawal of antiretrovi-
ral therapy (ART). Bulteel et al. (2016) concluded that similar to spontaneous clearance
during acute infection, clearance of chronic infection was also positively associated with
female gender, younger age of infection and co-infection with HBV [17].

In order to inform vaccine design, it is important to understand nAb responses during
spontaneous clearance. In this study we have investigated the antibody responses in a
cohort of individuals that have cleared HCV infection without treatment. We compared
these responses to those from individuals that have chronic HCV infection to understand if
the antibody profiles are fundamentally different between these two groups. We show that
the neutralizing antibodies produced by both groups target the same domains of the HCV
E2 glycoprotein. Our data indicate that it is not the nature of the antibody response per se
that determines outcome of infection.

2. Materials and Methods
2.1. Patient Characteristics of Spontaneous Resolver Cohort

Serum samples for the study were requested from the HCV Research UK Clinical
Database and Biobank [19]. The cohort has >10,000 individuals recruited from 56 centres
across the UK. The biobank provided us with 233 serum samples from individuals that
had been identified in medical records as having cleared HCV infection without treatment.
Ethical approval for the study was granted by the HCV Research UK Tissue and Data
Access Committee.

2.2. Patient Characteristics of Chronic HCV (CHCV) Cohort

Subjects infected with chronic genotype (gt) 1 or gt 3 HCV were recruited from three
local liver clinics. Those individuals with BMI over 30, co-existing liver pathologies or
hepatocellular carcinoma were excluded from the study. Also recruited were healthy
individuals with no liver pathologies or significant co-morbidities. All subjects completed
a symptom questionnaire, baseline biochemistry, IL-28B profiles and virology, and clinical
details were checked and recorded. Serum and whole blood samples were obtained and
stored at −70 ◦C. Ethical approval was granted for this study by regional ethics committees
and all patients gave informed consent.

2.3. Cell Lines

Human hepatoma Huh-7 cells and HEK-293T cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% foetal calf serum, 5% nonessential amino acids
and 200 mM L-glutamine.

2.4. Antibodies

The HCV anti-E2 human monoclonal antibodies (HmAb) CBH-4B, CBH-7, HC-1,
HC-11 and HC33.1 have been described previously [20,21] and were a generous gift from
Steven Foung. The sequences of the heavy and light chain sequences of monoclonal
antibody 1:7 were obtained from a publish patent, synthesized and subcloned into the
appropriate pFuse-ss human IgG vectors (Invivogen, San Diego, USA) [22]. The plasmids
were verified by Sanger sequencing then expressed in the Expi293 expression system as
per the manufacturers’ instructions (ThermoFisher Scientific, Waltham, MA, USA). After
3–5 days the medium was harvested, and IgG was purified using a HiTrap Protein G
column on an ÄKTA Pure system (Cytiva, Marlborough, MA, USA).

2.5. IgG Purification

Triton X-100 was added to patient serum samples at a final concentration of 0.05% (v/v)
and IgGs therein purified using Protein G IgG purification spin columns (ThermoFisher
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Scientific, Waltham, MA, USA). The final concentration was determined using a Nanodrop
1000 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA).

2.6. GNA Capture Assay

The ELISA to detect antibody binding to E1 and E2 glycoproteins was performed
as described previously [23]. HEK-293T cells were transfected with plasmid expressing
H77 Gt1a E1E2, then incubated for three days. The E1E2 glycoproteins present in the
cell lysates were captured on GNA (Galanthus nivalis agglutinin) lectin coated Immulon
2HB enzyme immunoassay plates (ThermoFisher Scientific, Waltham, MA, USA). Patient
sera were added at 1:500 dilution in PBS-T and bound antibodies were detected using
HRP-conjugated anti-human IgG antibody (A0170, Sigma-Aldrich, St. Louis, MO, USA)
and TMB (3,3′, 5,5′-tetramethylbenzidine, Thermofisher Scientific, Waltham, MA, USA)
substrate. A positive control serum from an individual with chronic HCV infection was
included on all plates. Absorbance values were measured at 450 nm and normalized
according to the positive control, to enable comparison of separate ELISA plates. Bind-
ing to HEK-293T lysate lacking HCV glycoproteins was used as a control to eliminate
false positives.

2.7. Generation of HCV Pseudoparticles (HCVpp) and Neutralization Assays

The Gt1 E1E2 HCVpp panel is composed of 11 diverse Gt1 HCVpp, as we described
previously [24]. HEK-293T cells were co-transfected with plasmids expressing MLV Gag-
pol, the MLV transfer vector carrying firefly luciferase reporter and HCV E1E2. After 72 h,
the medium was harvested, filtered through a 0.45 µM membrane and used as a source
of HCVpp as described previously [25]. For neutralization assays HCVpp and purified
human IgG at 100 µg/mL were incubated together for 1 h at 37 ◦C, and then the mixture
used to infect Huh7 cells for 3 h. The HCVpp-IgG mix was removed, and fresh media was
added. At 3 days post-infection, cells were lysed and luciferase activity measured using
the GloLysis Luciferase substrate assay (Promega, Madison, WI, USA).

2.8. Mutagenesis of E2 Epitopes

E1E2 mutants L413A, W420A, W529A and G530A have been described previously [26].
Site-directed mutagenesis PCR using the QuikChange II kit (Agilent, Santa Clara, CA,
USA) was used to generate H77 gt1a E1E2 containing alanine substitutions at positions
E2 L441 and F442. The sequence of E1E2 L441A and E1E2 L442A clones was verified by
sanger sequencing. The panel of mutant E1E2 cell lysates was produced by transfecting
8µg of each plasmid into HEK-293T cells. The cells were lysed after 72 h.

2.9. Normalisation ELISA for Mutant Lysates

Lysate was added to Immulon 2HB plates (Thermo Scientific) coated with GNA and
incubated at RT for 2 h. Anti-E2 mouse monoclonal (mAb) antibody ALP98 at 0.1 µg/mL
was added and incubated for 1 h. Bound ALP98 was detected with 1:1000 anti-mouse-HRP
(A4416, Sigma-Aldrich, St. Louis, MO, USA) then TMB reagent. Plates were washed in
PBS-T (x3) between steps. Absorbance was measured at A450 nm.

2.10. Mutagenesis ELISA Assay

The GNA ELISA was adapted to detect binding to the E1E2 mutant panel. The
normalised lysate was added to Immulon 2HB plates coated with GNA and incubated
for 2 h. For each sample 20 µg/mL purified IgG was added and incubated for 1 h to
allow binding to E1E2. A positive control of 0.1 µg/mL mouse mAb ALP98 was also
included. The plates were washed in PBS-T (x3) then secondary anti-human-HRP antibody
(A0170 Sigma, 1:5000) or anti-mouse-HRP (A4416 Sigma, 1:1000) was added for 1 hr. The
plates were washed again in PBS-T (x6) then developed with TMB substrate. Absorbance
was read at 450 nm.
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2.11. Epitope Targeting by Cross-Competition Assay

Soluble gt 1a E2 (H77) protein (sE2) was purified following expression in High Five
insect cells. Briefly, cells were infected with recombinant baculovirus expressing sE2 and
harvested after 4 days. sE2 protein was purified from the supernatant via a His-tag using
affinity chromatography on a Ni-NTA column. The sE2 at 1 µg/mL was used to coat
Immulon 2HB plates then incubated with purified patient IgG at 200 µg/mL in PBS-T. The
biotinylated antibodies to known epitopes were then added at a concentration close to
their EC50 [27–30]. Finally, Streptavidin-HRP was added, binding was detected using TMB
substrate by measuring the absorbance at 450 nm. The reduction in the relative binding of
each biotinylated antibody (calculated as percentage reduction in absorbance) on addition
of patient IgG compared to the PBS-T control was determined.

2.12. Analysis

The parametric t-tests and correlation statistical analysis was performed using Graph-
Pad Prism 6 Software (GraphPad Software, San Diego, CA, USA) and SPSS v. 19.09 (IBM,
New York, NY, USA).

3. Results

A retrospective cohort (SR cohort) of 233 samples from HCV spontaneous resolvers
collected from 28 centres across the UK was provided by HCV Research UK [19]. All
individuals included in the study have been clinically diagnosed as spontaneous clearers
and critically, have never received any treatment for HCV. The demographics for the cohort
are shown in Table 1. As expected for the UK, the cohort is predominantly Caucasian
(90.6%) and two-thirds of the cohort are male (66.7%). The main route of infection is
through intravenous drug use (67.9%). The mean age at sample collection is 45.6 yrs (range
20–80 yrs). Due to the retrospective nature of the study the clinical data for all subjects
is incomplete, where it is known, the median duration from the first positive HCV test
to serum collection is 5.5 yrs (range 0–23.1 yrs, no data for 13 samples) and the median
duration from the first negative HCV test to serum collection is 0.38 yrs (range 0–19.9 yrs,
no data for 114 samples). The median duration from confirmed positive HCV test to
negative HCV test is 2.1 yrs (range 0–20.2 yrs, no data for 119 samples). Unfortunately, in
many cases the true date of infection and indeed clearance could not be estimated, as a
result it is difficult to determine if individuals cleared infection during the acute or chronic
phase. Therefore, we did not attempt to separate the samples further into these groups The
majority of samples were not genotyped, however, for the small group that we do have
data for, as expected for the UK, they are evenly distributed between Gt1 and Gt3, There
was also one Gt2 and one Gt4 sample.

Table 1. Cohort demographics.

Demographics SR Cohort (233) CHCV Cohort
(41)

Age (yrs) Median (Range) 45 (20–80) 46 (34–68)
Gender (M/F) No. male (%) 156 (66.9%) 28 (68.3%)
Ethnicity No. Caucasian (%) 212 (91%) 37 (90.2%)
Source of infection No. IVDU (%) 159 (68.2%) 26 (63.4%)
Estimated duration (yrs) Median (Range) 2.15 (0–20.2 a) 29 (2–58 b)
Genotype No. Gt1, No. Gt3 Gt1 (12), Gt3 (13) c Gt1 (23), Gt3 (18)

a no data for 122 subjects, b no data for 10 subjects, c no data for 199 subjects.

3.1. E1E2 Binding of Spontaneous Resolver Cohort

In order to identify samples that had detectable levels of HCV antibodies we screened
the sera for HCV E1E2 binding antibodies by ELISA. To setup the assay we compared two
dilutions of sera (1:500 and 1:1000) and different concentrations of secondary antibody. We
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found that 1:500 sera dilution and 1:10,000 secondary antibody were optimal. A 1:500 sera
dilution is roughly equivalent to 15–44 ng IgG based on the average range of IgG present in
human sera (7.5–22 mg/mL). The binding to gt1a E1E2 strain H77 lysate was assessed for
all the samples. The HCV genotype was not known for the majority of the samples therefore
we chose to use strain H77 E1E2 for the screen. It is possible that we may have missed some
positive sera in the screen although in our experience E1E2 antibodies present in sera from
gt1–6 infected individuals can bind to strain H77 E1E2. Indeed, our positive sera group
includes samples from individuals infected with HCV gt 1,2,3 and 4. A positive control
sera from a chronic HCV infection was included on all ELISA plates, to enable comparison
between experiments. Eighty-eight samples from the cohort tested positive for binding
to H77 E1E2, these were subsequently screened for false positives by testing binding to
negative control lysate that does not contain HCV E1E2. Forty-nine samples (21%) had
>10% E1E2 binding relative to the positive control, thereby confirming the presence of HCV
E1E2 antibodies in these samples (Figure 1a). The clinical data of these samples is provided
in Supplementary Materials Table S1.
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Figure 1. Binding to E1E2 lysate. Serum samples diluted 1:500 were screened for binding to gt1a
H77 E1E2 lysate in a GNA ELISA assay. The binding activity is expressed as a percentage relative
to binding of a control HCV sera sample and is adjusted for binding to control lysate with no E1E2.
Values shown are the mean of two independent replicate experiments. (a) Sera from the spontaneous
resolver cohort. (b) Sera from the chronic HCV cohort.

3.2. Neutralization Profile of Spontaneous Resolver Cohort

To investigate the neutralizing capacity of the spontaneous clearer samples we mon-
itored neutralization of a panel of eleven representative gt1 panel of HCVpp which we
had reported previously [24]. Neutralization was assessed using purified IgG to avoid the
possibility of anomalies caused by other sera components. This also allowed a standard
amount of IgG to be tested although the actual levels of E1E2 binding antibodies within the
IgG population was not measured. In total, about 50% (24/49) of samples could neutralize
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at least one HCVpp isolate by at least 50% (Table 2). However, only five serum samples
were classified as broadly-neutralizing i.e., able to neutralize six or more members of the
panel by at least 50%.

Table 2. Neutralization activity of SR cohort. The relative neutralization activity (%) of the Gt1 panel
is shown. The data is the mean value from triplicate independent experiments.

Sera ID

Relative Neutralization (%) of HCVpp in Panel Gt1 a

N
o.

H
C

V
pp

N
eu

-
tr

al
iz

ed
by

>5
0%

H
77

U
K

N
1B

5.
23

U
K

N
1A

14
.3

8

U
K

N
1A

14
.4

3

U
K

N
1B

14
.8

18

U
K

N
1A

20
.8

G
C

12
.0

2

G
C

13
.0

1

G
C

34
.1

1

G
C

.3
7.

04

ET
10

S935 6811 356 650 652 794 3116 612 692 6614 553 683 9
S37 675 3910 613 521 754 386 578 399 582 630 653 8

S922 721 3310 681 514 725 308 569 435 631 544 6611 8
S25 612 3114 424 341 834 3311 6113 615 501 503 540 7
S887 623 254 473 521 593 161 433 418 563 510 592 6
S107 665 399 388 3210 613 216 496 2511 547 584 484 4

S9 534 258 414 432 444 305 568 418 533 413 393 3
S12 538 321 343 3610 529 2710 432 1318 526 444 372 3
S78 5310 449 374 193 586 319 395 −621 394 415 537 3

S197 614 185 327 3217 464 3212 527 2115 544 401 414 3
S934 377 346 364 341 623 306 472 292 572 535 471 3
S10 4513 −34 343 266 594 −145 358 309 520 386 313 2
S15 489 256 424 474 582 253 327 221 597 377 344 2
S58 604 409 345 332 556 433 485 2910 408 481 401 2
S893 431 259 356 332 525 1210 511 2810 3711 451 407 2
S135 392 279 143 263 542 2510 406 1211 321 413 352 1
S151 415 180 226 131 599 2317 358 156 381 3611 313 1
S888 233 138 42 164 589 2423 331 −1326 326 328 371 1
S890 317 206 271 2610 546 423 3117 354 320 426 316 1
S924 591 147 228 366 446 3116 351 3115 352 397 295 1
S927 369 422 282 226 515 −17 425 615 1226 413 2910 1
S930 361 2119 247 2015 502 61 346 269 389 332 299 1
S939 337 2112 326 1717 587 1015 3211 208 317 446 424 1
S948 411 350 334 2811 606 391 423 262 392 420 363 1

>50% 12 0 3 4 21 0 7 2 12 6 5
<20% 0 6 2 4 0 7 0 6 1 0 0

a Values in bold show the neutralization of HCVpp >50% and values that are underlined show neutralization of
HCVpp <20%. The superscript number indicates the standard error of the mean (SEM).

3.3. Comparison with Sera from HCV Chronic Infection

We were interested to determine how the results obtained from the spontaneous re-
solver cohort would compare in the same assays to sera from individuals with chronic HCV
infection. To address this question, we selected a small cohort of 41 serum samples from
the Glasgow chronic HCV cohort [24]. This had similar demographics to the spontaneous
clearer cohort. The cohort was predominantly male Caucasians and the principal route of
infection was through IVDU. The samples were all either Gt1 or Gt3 (Table 1).

3.4. E1E2 Binding of Chronic Cohort

The sera were screened for binding to H77 gt1a E1E2 lysate and in parallel to the
negative control lysate. The same positive control for normalization between experiments
was included on the ELISA plate. For this group, perhaps not surprisingly as they have
an ongoing HCV infection, we found much stronger binding to E1E2. In addition, a
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higher proportion of the cohort (38/41 (92.7%)) had >10% binding to H77 gt1a E1E2 lysate
(Figure 1b).

3.5. Neutralization of Chronic Cohort

To enable comparison of the neutralization activity between the two cohorts, the
IgG was purified from the strongest binding chronic sera (33) and neutralization of the
Gt1 HCVpp panel was assessed under the same conditions. Similar to the observations
for E1E2 binding, overall the chronic cohort was much more potent for neutralization. All
chronic sera could neutralize at least one HCVpp isolate by at least 50% (Table 3) and more
than half the cohort (18/33) was classified as broadly neutralizing. Interestingly, but per-
haps not surprisingly, in both cohorts we found a significant correlation between the level
of E1E2 binding and the neutralization activity of the sera (Figure 2a). In addition, there
was a highly significant difference between the E1E2 binding of the cohort samples, this
may explain why the chronic sera have stronger neutralization activity overall (Figure 2b).
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Figure 2. Correlation of binding and neutralization. (a) For each sample, the relative binding (%) to
gt1a H77 E1E2 lysate was plotted against the number of HCVpp that were neutralized. SR cohort
(top panel) and CHCV cohort (lower panel). Spearman’s rho correlation was plotted for both graphs.
(b) The relative binding (%) to gt 1a H77 E1E2 lysate of samples within both cohorts were plotted. A
parametric t-test was used to compare binding between both groups, (**** denotes that the p-value is
less than 0.0001).
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Table 3. Neutralization of CHCV cohort. The relative neutralization activity (%) of the Gt1 panel.
The mean value from triplicate independent experiments is shown.

Sera ID

Relative Neutralization (%) of HCVpp in Panel Gt1 a

N
o.

H
C

V
pp

N
eu

-
tr

al
iz

ed
by

>5
0%

H
77

U
K

N
1B

5.
23

U
K

N
1A

14
.3

8

U
K

N
1A

14
.4

3

U
K

N
1B

14
.8

18

U
K

N
1A

20
.8

G
C

12
.0

2

G
C

13
.0

1

G
C

34
.1

1

G
C

.3
7.

04

ET
10

C1003 b 88 73 54 64 89 25 57 55 53 84 90 10
C1013 b 86 17 67 72 81 37 61 58 89 81 88 9
C1023 b 84 35 56 68 72 17 74 65 76 71 77 9
C1032 b 86 44 81 82 90 28 57 70 89 74 74 9
C1035 b 78 43 61 62 76 45 67 65 71 67 83 9
C1012 b 80 34 76 58 87 24 54 50 67 84 79 8
C1016 875 555 665 494 942 4423 508 405 637 758 897 8

C1031 b 77 37 56 56 70 28 46 64 72 72 68 8
C1042 787 2 578 599 772 1122 586 489 6110 767 775 8

C1001 b 69 14 72 61 81 11 29 45 52 53 73 7
C1022 b 77 39 49 46 65 24 55 53 55 66 76 7
C1036 b 79 41 42 50 57 28 51 44 55 69 70 7
C1046 699 272 537 574 741 2213 5010 491 5310 598 434 7

C1010 b 78 31 46 56 87 18 44 41 55 77 70 6
C1021 794 605 369 504 693 1511 5013 379 568 605 529 6

C1037 b 94 28 54 34 77 16 45 41 79 62 75 6
C1050 778 392 2613 2517 665 616 528 404 568 514 536 6
C1029 788 345 295 2617 666 189 3710 1818 568 574 526 5
C1038 667 351 372 502 627 145 3012 287 547 542 608 5
C1061 527 284 183 166 637 1514 384 3714 6110 535 544 5
C1015 5110 288 2114 416 624 1712 289 2111 451 512 6210 4
C1055 585 2713 582 5111 584 1218 109 1512 333 454 3111 4
C1056 5611 213 218 228 616 620 4117 323 425 5411 522 4
C1018 531 321 2012 2711 586 2011 2612 4010 516 376 3511 3

C1030 b 58 45 27 20 63 16 23 20 21 48 60 3
C1045 b 70 12 29 28 70 0 33 30 53 48 49 3
C1060 b 51 40 24 33 58 15 36 30 48 56 49 3
C1034 b 47 24 24 24 50 18 32 4 22 53 42 2
C1049 503 332 1416 2417 552 1413 4513 89 445 497 317 2
C1054 646 322 146 1227 527 216 4413 287 432 435 407 2
C1062 575 245 217 2011 396 1610 375 4212 503 424 376 2
C1040 3011 177 −58 521 526 −1125 217 1312 −123 4712 2912 1

>50% 30 3 13 15 31 0 13 8 23 24 22
<20% 0 4 4 3 0 21 1 5 1 0 0

a Values in bold show the neutralization of HCVpp >50% and values that are underlined show neutralization of
HCVpp <20%. The superscript number indicates the standard error of the mean (SEM). b Neutralization data for
many Gt1 samples in the CHCV cohort has been published previously [24].

3.6. Analysis of Neutralizing Epitopes

To address the question of whether the generated antibody response has enabled clear-
ance of the virus because it is fundamentally distinct from the ‘failed’ antibody response
during chronic infection we investigated the neutralizing epitopes targeted by sera from both
cohorts. We analysed all the samples in the SR cohort that neutralized at least two HCVpp.
For the CHCV cohort we randomly selected a pair of sera that neutralized two to nine HCVpp
respectively. The epitopes targeted by many bNAbs have been reported in the literature. Most
of these epitopes lie on the neutralizing face of the E2 molecule [31,32]. Three important
regions each bound by several bNAbs are Domain E (E2 aa412-423), Domain D (E2 aa 420-428,
441-443, 616) and Domain B (E2 aa 431-439, 529-535). Within these regions it is notable that
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particular highly conserved residues are recognised by multiple bNAbs. We created a small
group of E1E2 mutants, in a gt1a H77 background, each with a key epitope-binding residue
mutated to alanine. Within Domain E we selected L413 and W420, for Domain D, L441 and
F442 and finally for Domain B, W539 and G530. Cell lysates containing the mutant E1E2 pro-
teins were produced and used in a GNA-ELISA. The binding of purified IgG to wildtype
(wt) gt1a H77 E1E2 and the E1E2 carrying the mutant epitope was measured and expressed
relative to the wt gt1a H77 E1E2 control (Table 4). The Domain E mutants did not strongly
inhibit binding of any sera, however several sera, bound more strongly (>150%) to L413A and
W420A. This suggests that there are no antibodies binding directly to these residues in the
sera, at least at a level sufficient for detection in this assay. The increase in binding suggests
that mutation of L413A or W420A has altered the conformation of E1E2 such that some
epitopes are more available, most likely within the E2 hypervariable region 1 (HVR-1) which
is immediately upstream to Domain E. In contrast, mutation within the Domain D region,
particularly at residue L441 reduced binding of the majority of sera in both cohorts. This
suggests that within each serum, Domain D-binding antibodies are present. More interesting
are the observations for Domain B, in both groups, mutation at either W529 or G530 reduced
E1E2 binding indicating the presence of antibodies that bind this region. However, the G530A
mutation has a significantly greater effect on the sera in the spontaneous resolver cohort than
sera from the chronic cohort. This suggests that the spontaneous resolver cohort has more
antibodies binding to Domain B.

Table 4. E1E2 mutagenesis binding analysis.

Sample
Domain E Domain D Domain B No. HCVpp

NeutralizedL413A W420A L441A F442A W529A G530A

SP
O

N
TA

N
EO

U
S

R
ES

O
LV

ER

SR935 1032 981 641 904 954 800 9
SR37 981 982 642 963 1032 894 8

SR922 993 992 760 1112 1102 895 8
SR25 1136 1033 473 809 7610 771 7

SR887 1088 1004 6213 8420 8116 690 6
SR107 1104 1094 738 1084 1105 285 4
SR9 1154 1015 6012 9416 868 582 3
SR12 1127 1014 559 7113 7810 732 3
SR78 1054 1375 828 1165 1264 608 3

SR197 1134 1214 674 1018 9711 414 3
SR934 15412 1218 491 695 1108 481 3
SR10 828 8010 497 7111 719 662 2
SR15 1198 13512 6710 11916 13319 806 2
SR58 1246 1081 434 778 877 611 2

SR893 1385 1233 101 603 763 646 2

C
H

R
O

N
IC

C1003 1087 1167 663 1105 1154 933 10
C1013 10610 10910 511 1128 1147 875 9
C1035 10011 989 506 11116 11720 9913 9
C1012 968 9910 578 9114 8211 854 8
C1042 1089 1188 504 1046 1069 824 8
C1001 11212 1166 443 1054 1102 743 7
C1022 8311 10511 8010 1049 1108 9119 7
C1010 10112 10612 676 1045 1120 11119 6
C1050 1637 18912 1014 16211 1297 1048 6
C1038 1083 1179 592 1126 1157 813 5
C1029 1545 1738 785 15810 1405 1285 5
C1055 22017 24415 577 886 943 725 4
C1056 1806 2136 513 752 802 483 4
C1018 8614 10112 731 11515 1164 894 3
C1045 1027 1198 481 1217 1341 979 3
C1049 18517 13512 115 332 313 244 2
C1054 14022 14810 155 575 549 434 2
ALP98 1024 1127 1309 1118 13411 1237 Control

The relative binding (%) of purified IgG to a group of E1E2 lysates containing a single alanine mutation of key
antibody binding residues. The mean value of three independent experiments is shown. The superscript number
indicates the standard error of the mean (SEM). The values are shaded to reflect the level of binding compared to
the wt control (brown = 0–30%, orange = 31–50%, light orange = 51–80%, white = 81–120%, light blue = 121–150%,
blue = >150%).
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In order to investigate further the epitopes bound by serum IgGs from both cohorts we
performed cross-competition ELISA analysis with a group of well-characterized monoclonal
antibodies (mAbs) that target different epitope regions; Domain A (CBH-4B), Domain B
(HC-1, HC-11, 1.7), Domain C (CBH-7) and Domain E (HC33.1). Importantly, we assessed
the cross-competition activity of each mAb against itself and the other mAbs (Table 5). As
expected, in all cases the strongest competition was observed between each mAb and itself.
We observed similar trends in both cohorts; none of the sera tested could compete with
antibody to Domain E (HC33.1). In both cohorts there were one or two samples that could
compete with the remaining antibodies targeting different regions, the non-neutralizing
Domain A (CBH-4B) and Domain C (CBH-7). The majority of cross-competition between
mAbs and the purified IgG from the sera was observed against the Domain B antibodies
(HC-1, HC-11, 1.7). Similarly, 8/15 (53%) of SR cohort samples and 10/17 (58%) of the
CHCV cohort samples could significantly inhibit binding of at least one of the Domain
B antibodies (HC-1, HC-11, 1.7). A slightly higher proportion of the SR cohort (7/15
(47%)) compared to (7/17 (41%)) of the CHCV cohort samples could not cross-compete
significantly with any of the mAbs tested even though they could effectively neutralize at
least two different HCVpp suggesting that they contained nAbs that bound other epitopes.
The most interesting of these was C1001 which could still neutralize seven different HCVpp
even though it did not cross-compete with any of the mAbs tested.

Table 5. Cross-competition analysis with neutralizing mAbs.

Biotinylated Antibody No. HCVpp
NeutralizedCBH-7 HC-1 HC-11 1.7 HC33.1 CBH-4B

C
on

tr
ol

CBH-7 97.81 68.02 82.51 86.52 −5.68 82.28

HC-1 12.14 96.21 93.02 97.70 1.16 34.716

HC-11 7.55 39.45 92.91 82.31 12.315 12.07

1.7 10.16 54.98 87.94 88.63 23.623 11.56

HC33.1 23.72 43.38 54.311 57.88 86.25 31.34

CBH-4B 10.21 9.47 24.77 22.36 22.110 95.11

Sp
on

ta
ne

ou
s

re
so

lv
er

s

S935 30.59 64.15 82.75 78.45 1.95 40.76 9
S922 64.64 62.36 72.79 77.74 −1.35 39.97 8
S37 31.510 64.36 59.511 68.69 −7.51 13.65 8
S25 5.04 36.99 56.715 52.710 −1.83 11.34 7

S887 23.49 48.410 63.98 68.19 6.48 57.06 6
S107 11.71 13.72 32.03 32.44 −22.24 27.13 4
S12 5.01 16.23 35.35 32.910 −10.71 −5.35 3
S934 5.83 15.72 30.55 33.27 −11.32 8.94 3

S9 10.32 23.02 24.76 26.15 −5.12 15.84 3
S78 38.14 48.21 74.12 63.03 −4.02 63.34 3

S197 20.12 48.52 70.12 61.21 −9.41 23.65 3
S58 0.33 10.34 4.93 21.91 -23.310 13.44 2
S15 12.43 18.02 25.84 27.92 −6.36 11.86 2
S10 28.85 31.91 50.63 49.93 −17.03 32.63 2

S893 1.13 13.94 11.09 21.05 −8.47 −3.44 2
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Table 5. Cont.

Biotinylated Antibody No. HCVpp
NeutralizedCBH-7 HC-1 HC-11 1.7 HC33.1 CBH-4B

C
hr

on
ic

C1003 19.72 59.23 79.08 79.56 −7.55 1.65 10
C1013 2.03 44.47 64.38 70.12 0.86 12.09 9
C1035 23.97 47.94 68.82 58.57 0.55 −4.34 9
C1012 45.67 55.35 78.94 80.22 15.27 54.94 8
C1042 9.64 74.92 94.52 89.21 6.11 23.88 8
C1022 26.32 21.84 92.02 87.30 −3.61 22.49 7
C1001 18.99 20.94 8.46 24.97 3.23 08 7
C1010 54.61 56.02 89.31 87.41 −6.91 34.314 6
C1050 17.17 66.05 67.46 74.75 −0.27 32.47 6
C1038 12.72 16.41 14.06 16.16 6.48 0.64 5
C1029 13.07 65.96 80.95 76.96 08 19.13 5
C1055 7.74 25.99 32.26 37.78 5.54 13.07 4
C1056 7.82 57.13 70.45 70.04 7.76 14.21 4
C1018 −0.46 19.33 10.96 32.46 −10.58 −1.75 3
C1045 8.03 19.73 12.54 25.22 0.63 5.73 3
C1049 5.04 30.75 34.98 49.23 −4.26 15.67 2
C1054 5.55 39.96 39.54 51.12 08 16.35 2

Competition of purified IgG against a panel of well-characterized control E2 mAbs (CBH-7, HC-1, HC-11, 1.7,
HC33.1 and CBH-4B) was performed in triplicate. The mean percent competition, reduction in mAb binding
in the presence of IgG is shown. The superscript number indicates the standard error of the mean (SEM). The
values are shaded to reflect the level of reduced binding compared to the no antibody control. (brown = 90–100%,
orange = 70–89%, light orange = 50–69%; white = 0–49%, light blue = −1–−19%, blue = >−20% ).

4. Discussion

Our study of the neutralizing antibody responses of a large retrospective cohort of
individuals that have spontaneously cleared HCV infection found that most of the SR
Cohort samples did not contain detectable levels of E1E2 glycoprotein antibodies. This
could be due to multiple reasons; firstly, there are examples of spontaneous clearance
samples where nAbs could not be detected [9], secondly, it has been shown that while
HCV antibodies can be detected within weeks of infection, antibodies to E1E2 could not be
detected until much later timepoints [9,16]. In addition, studies have also shown that the
antibody response wanes over time post-clearance, presumably due to lack of the presence
of viral antigen [16,33] therefore even if nAbs were present initially, they may no longer
be detectable as in many cases samples were collected up to several years post-clearance.
Comparison of the level of detectable E1E2 glycoprotein antibodies in the sera was lower in
the SR cohort than that detected in samples taken from individuals with a persistent chronic
infection. Again, this is consistent with previous reports whereby the level of antibody
detected in spontaneous clearers was lower than in chronic infection [9,16,34].

Similarly, when we investigated the neutralizing response against a panel of diverse
Gt1 HCVpp we found that the SR cohort had lower levels of neutralization overall, com-
pared to the CHCV cohort. This is in concordance with a previous study [9]. This could
simply be a consequence of the lower levels of E1E2 binding antibodies detected in the SR
cohort, indeed, we observed a strong correlation between the level of E1E2 binding and the
level of neutralization. Alternatively, the lower levels of neutralization may be indicative
of the breadth of neutralizing response present in the samples. We are unable to assess
the level of autologous neutralization in the SC cohort samples as we do not have virus
from the individuals, indeed in many cases we do not even know what genotype they were
infected with. Therefore, we are reliant on assessing how efficiently the antibodies present
can neutralize a heterologous, diverse panel of HCVpp. It is possible that for those indi-
viduals that cleared early during infection, they mounted effective neutralizing responses
against autologous virus but as this was cleared the antibody response did not mature and
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diversify over time to become efficient at neutralizing different viruses. However, this is
perhaps less likely as our cohort is composed of individuals that have cleared during both
acute and chronic infection.

Further investigation to characterize the type of neutralizing response for both cohorts
using mutagenesis and mAb cross-competition approaches showed broadly similar results
for both cohorts. Interestingly, in the mutagenesis study the SR cohort samples were more
sensitive to mutation of G530A in Domain B than the CHCV cohort samples. While in the
cross-competition analysis, samples within both cohorts could effectively compete with
the Domain B antibodies. The mutagenesis analysis indicates that a higher proportion
of E1E2 antibodies present in the SR cohort bind to this region than in the CHCV cohort.
Although the cross-competition analysis suggests that even though antibodies recognizing
Domain B appear to be less prevalent in the CHCV samples, they are more efficient
at cross-competing with the Domain B mAbs. This implies that the CHCV Domain B
antibodies, though fewer, may have higher affinity for this epitope. Investigation of
Domain E by mutagenesis or cross-competition analysis did not indicate the presence of
antibodies binding to this region in either cohort. This is perhaps not surprising as it is
well-documented that Domain E antibodies are rare [35]. Although interestingly, mutation
of Domain E did increase E1E2 binding in several samples in both cohorts, this is most
likely caused by these mutations making other E1E2 epitopes more accessible. The domain
E region is notably a very flexible region of the E2 protein [36–39], thus mutagenesis may
alter the conformation of the protein [40]. Mutagenesis analysis also indicated that most
of the samples in both cohorts developed antibodies that could bind to domain D of E2.
Domain B and Domain D antibodies both bind to the neutralizing face of the E2 protein and
inhibit the critical interaction of E2 with the CD81 receptor, indeed the epitopes for Domain
B and D overlap [21,41]. Only one sample in each cohort could compete with CBH-7 which
binds to the Domain C region of E2, and this is also on the neutralizing face but does not
overlap with Domains B and D [29]. Similarly, only three samples could compete with the
non-neutralizing antibody CBH-4B which binds to Domain A.

A limitation of our analysis of the antibody response is that using the mutagenesis
approach and the cross-competition analysis we were confined to those nAbs that have well-
documented epitopes and were suited to the cross-competition assay. Consequently, with
these methods we cannot detect nAbs that bind other regions of the E1E2proteins. These
may be epitopes that have already been described for other HCV nAbs such as the AR4A
mAb which recognises the E1E2 heterodimer [42], the recently described E1 nAbs [43],
or novel nAbs which are yet to be described. We do, however, observe in both cohorts,
samples that could neutralize HCVpp but could not cross-compete with any of the mAbs
tested indicating the presence of different nAbs in these samples. While the mutagenesis
analysis indicates Domain D antibodies in these samples, it is likely that other nAbs are
also present.

Our study of nAb responses of individuals that have spontaneously cleared infection
or are chronically infected with HCV has identified similar profiles of nAb responses in
both cohorts. This suggests that the neutralizing responses that succeed in clearing virus
infection are similar to those that ‘fail’ and lead to chronic infection. The fact that samples
from both cohorts had varied nAb profiles also indicates that with the methodological
approaches described in this study, there is no singular immune response that is required
for clearance, suggesting that multiple factors likely contribute to clearance vs. chronicity.
The timing of the antibody response has been suggested to be important both in clearance
of acute infection and chronic infection [11,16,18]. Furthermore, development of nAbs
stimulates virus evolution to escape the immune pressure, which in some cases has been
shown to result in reduced viral ‘fitness’ [30,44–46]. Thus, it is probable that a complex
interplay between host and virus dictates the outcome of infection.

Our findings agree with other studies that have investigated this question by other
methods. Keck et al. (2019) analysed in detail broadly neutralizing antibodies present in
an individual that had cleared multiple HCV infections and concluded that the specificity
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of the antibody response was similar to that of a chronic infection [47]. Equally, Bailey
et al. (2017) isolated nAbs from a spontaneous clearer and showed that even though the
antibodies had fewer somatic mutations than those isolated from chronic infection, the
epitopes of these nAbs mapped to Domains B and D [48]. A further study by Eliyahu et al.
(2018) and colleagues analysing the antibody repertoire of spontaneous clearers concluded
that nAbs were different compared to those found in chronic infection in that they had
fewer somatic mutations [49]. This agrees with the report by Bailey et al. (2017), although
critically, while Eilyahu et al. (2018) confirmed that antibodies from spontaneous clearers
were broadly neutralizing they did not identify the epitopes that were targeted [48,49].
These data together with our findings bode well for the potential development of an
effective HCV vaccine in that it seems likely that a vaccine does not need to elicit a highly
specific nAb or nAb profile.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14071391/s1, Table S1: Clinical data of spontaneous resolvers
with E1E2 binding activity.
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