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spontaneous clearance of HCV.

Introduction

Mechanisms of immune protection are not well defined for many
rapidly evolving RNA viruses, such as HIV and hepatitis C virus
(HCV), which affect millions worldwide without effective vaccines
(1, 2). It has been challenging to study the kinetics and protective
roles of neutralizing antibodies (nAbs) during acute infection by
these viruses in humans. HCV is a blood-borne virus and people
who inject drugs have the highest risk for infection, making them
a suitable cohort for studying the immune response to HCV (3).
Moreover, HCV infection is an interesting model for comparing
immune responses associated with divergent infection outcomes,
as approximately 75% of acutely infected subjects develop chronic
infection, while 25% resolve spontaneously (4).

Antigen-specific CD4* and CD8* T cells are essential for clear-
ance of acute HCV infection. Loss of CD4" T helper (Th) cells
during acute infection and exhaustion of CD8* T cells are associ-
ated with persistence of viremia and virus escape (5, 6). However,
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Early appearance of neutralizing antibodies during acute hepatitis C virus (HCV) infection is associated with spontaneous
viral clearance. However, the longitudinal changes in antigen-specific memory B cell (MBCs) associated with divergent HCV
infection outcomes remain undefined. We characterized longitudinal changes in E2 glycoprotein-specific MBCs from subjects
who either spontaneously resolved acute HCV infection or progressed to chronic infection, using single-cell RNA-seq and
functional assays. HCV-specific antibodies in plasma from chronically infected subjects recognized multiple E2 genotypes,
while those from spontaneous resolvers exhibited variable cross-reactivity to heterotypic E2. E2-specific MBCs from
spontaneous resolvers peaked early after infection (4-6 months), following expansion of activated circulating T follicular
helper cells (cTfh) expressing interleukin 21. In contrast, E2-specific MBCs from chronically infected subjects, enriched in VH1-
69, expanded during persistent infection (> 1year), in the absence of significantly activated cTfh expansion. Early E2-specific
MBCs from spontaneous resolvers produced monoclonal antibodies (mAbs) with fewer somatic hypermutations and lower
E2 binding but similar neutralization as mAbs from late E2-specific MBCs of chronically infected subjects. These findings
indicate that early cTfh activity accelerates expansion of E2-specific MBCs during acute infection, which might contribute to

a recent phase 1/2 trial (NCT01436357) found that viral vectors
encoding HCV nonstructural (NS) proteins, designed to induce
HCV-specific T cell responses (a prime-boost strategy), did not
significantly curb HCV persistence in people who inject drugs
(7). This might be because the vaccine was ineffective at induc-
ing cross-reactive, virus-specific CD4* T cells. Furthermore, these
results suggest that T cell responses alone are insufficient to clear
HCV infection.

Early appearance of serum nAbs is associated with spon-
taneous clearance of acute HCV infection and reinfection in
humans (8, 9). In contrast, subjects with delayed nAb respons-
es often develop persistent infection (9, 10). Elucidation of the
crystal structure of HCV envelope glycoprotein E2, peptide map-
ping, and computerized modelling of antibodies against E1E2
heterodimer has led to identification of conserved nAb binding
epitopes on E1 and E2 (11-13). Despite these advances, little is
known about the dynamics and function of antigen-specific B
cells during acute HCV infection. For example, it is not clear
which signals induce activation and expansion of antigen-spe-
cific B cells that produce nAbs and contribute to HCV clear-
ance. More importantly, attempts to characterize the changes in
phenotypes and functions of B cells during HCV infection have
been restricted to analyses of bulk B cell populations due to a
limited capacity for detecting antigen-specific B cells directly
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Figure 1. HCV-specific antibodies in the plasma of chronically infected subjects are more abundant and react to a wider breadth of HCV genotypes than anti-
bodies in plasma from resolvers. (A and B) Longitudinal anti-E2 and NS3 IgG responses in plasma measured by ELISA and represented as 0D450-570 with sub-
traction of the baseline sample for each subject (baseline > 8 weeks before EDI; early acute, 8 + 2 weeks after EDI; late acute, 20 + 4 weeks after EDI; follow-up,
> 51weeks after EDI). Antigens are indicated on top of the graphs. Each symbol represents a single subject. (A) Resolvers (black, rn = 8). (B) Chronically infected
subjects (red, n =10). (C) Combined data from A and B, presented as mean + SD for each group. (D) Heatmaps showing the magnitude of the ELISA response at
follow-up against different E2 and NS3 proteins. Infecting HCV genotype for each subject is indicated on the left. Key: blue, low or no response; yellow, medium
response; red, maximum response. (E and F) Anti-rubella virus IgG response (E) and HBsAg (F) for resolvers (SR, n = 8) and chronically infected subjects (CI, n =
10). Values for healthy donor group (n = 10) were only available for HBsAg (gray). (C, E, and F) Data are shown as means for each group of subjects and error bars
represent SD. Two-way repeated measure ANOVA with Tukey’s post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001; NS, P > 0.05.

ex vivo (14-16). Moreover, interactions between HCV-specific B
cells and T follicular helper (Tfh) cells, a critical component of
germinal centers (GCs), require further characterization in the
context of acute and persistent HCV infection.

Tth cells mediate affinity maturation and differentiation
of GC B cells into antibody-secreting and/or memory B cells

(MBCs) in response to antigens, including chronic infection
with viruses such as lymphocytic choriomeningitis, HIV, and
simian immunodeficiency virus (17). Tth cells from GCs in lym-
phoid tissues are difficult to sample in humans, but circulating
Tth (cTth) cells can be collected from peripheral blood and stud-
ied (18, 19). Nevertheless, only a few studies have characterized

2 J Clin Invest. 2021;131(2):e140590 https://doi.org/10.1172/)CI140590
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Figure 2. Plasma from chronically infected subjects neutralizes H77 HCVpp more effectively than plasma from resolvers. Longitudinal plasma neutral-
izing activity from resolvers (black, n = 8) and chronically infected subjects (red, n = 10) against H77 HCVpp (A and B), J6/)FH1 HCVpp (D and E), and S52
HCVpp (G and H) at 1:50 dilution, presented as percentage of neutralization relative to baseline (see Figure 1 for time point definitions). (C) Combined data

from A and B. (F) Combined data from D and E. (I) Combined data from G and

H. All data are presented as the mean + SD for each group. Dotted line indi-

cates the 50% neutralization threshold. Results are presented as the mean of 3 independent experiments and error bars represent SD. Two-way repeated
measure ANOVA with Tukey’s post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001; NS, P > 0.05.

cTth cell function during human HCV infection. Frequency of
HCV-specific activated cTth cell correlates with increased plas-
ma HCV NS4-specific antibody responses during acute HCV
infection, and their frequency decreases as viremia persists
(20). Interestingly, HCV elimination with direct-acting antivi-
ral therapy results in a sharp increase of HCV-specific CD4* T
cellsin the blood, and a shift from a Th1 to a Tth cell profile (21).
However, it has not been possible to simultaneously analyze
the dynamics of cTth and HCV-specific B cells in subjects with
divergent acute infection outcomes.

We used an HCV E2 tetrameric bait to study phenotypes, gene
expression patterns, B cell receptor (BCR) repertoire, and func-
tions of antigen-specific MBCs in people who inject drugs who
spontaneously resolved acute HCV infection (resolvers) or became
chronically infected. We report that resolvers experienced earlier
expansion of E2-specific MBCs during late acute infection (4-6

J Clin Invest. 2021;131(2):e140590 https://doi.org/10.1172/JC1140590

months after estimated date of infection [EDI]), whereas E2-spe-
cific MBCs expanded during the follow-up time point in chron-
ically infected individuals (>1 year after EDI). HCV persistence
led to a shift of VH3-23 to enrichment of VH1-69 gene usage and
increased somatic hypermutation (SHM) in the BCR repertoire
of E2-specific MBCs. mAbs derived from chronically infected
subjects at follow-up had increased binding to E2 antigen and
increased SHM, but neutralized HCV pseudoparticles (HCVpp) as
efficiently as mAbs with low SHM derived from resolvers during
late acute infection. Importantly, cTth cell activation and effector
function increased before E2-specific B cell expansion in resolv-
ers, while no significant changes in cTth cells were observed in
chronically infected subjects at any time point analyzed. Our find-
ings indicate that early cTth cell activity is associated with earli-
er expansion of E2-specific B cells during acute infection, which
might contribute to resolution of acute HCV infection.
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Results

HCV-specific antibodies in plasma of chronically infected individuals
are more abundant and react to a wider breadth of HCV genotypes
than antibodies from resolvers. High-risk subjects with acute HCV
infection were recruited among people who inject drugs who were
participating in the Montreal Acute Hepatitis C Cohort Study
(HEPCO) (22). Subjects’ clinical and demographic data are sum-
marized in Supplemental Table 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI140590DS1.
EDIwas defined as the median date between the last negative and
the first positive HCV test (RNA or antibody). We collected data
before HCV infection (baseline, = 8 weeks before the first posi-
tive HCV test), at early acute infection (8 + 2 weeks after EDI), at
late acute infection (20 * 4 weeks after EDI), and at the follow-up
examination (= 51 weeks after EDI). We compared polyclonal
HCV-specific antibody responses between resolvers (n = 8) and
chronically infected individuals (n = 10) by measuring relative lev-
els of E2- and NS3-specific antibodies (IgG) in plasma, over time,
by ELISA. Importantly, the HCV genotypic diversity in resolvers
was higher than that of chronically infected subjects, as 3, 1, and
4 of 8 resolvers were infected with genotypes (gts) 1, 2, and 3,
respectively, compared with 8 and 2 subjects chronically infected
with gts 1 and 3, respectively. We detected a positive response in 5
of 8 resolvers, with 2 of 8 subjects (one each for gts 1 and 3) display-
ing a strong and broad response to multiple E2 genotypes, and 3 of
8 (all gt 3) having a weaker response directed mostly to autologous
E2 protein (Figure 1A). In contrast, plasma antibodies from 9 of
10 chronically infected subjects (8 for gt 1 and 1 for gt 3) reacted
strongly to autologous and heterologous E2 proteins at late acute
and follow-up time points (Figure 1B). Moreover, E2-specific anti-
body responses in plasma from chronically infected subjects were
more robust at follow-up than antibody responses from resolvers
(Figure 1C).

Plasma antibody reactivity to NS3 was nearly indistinguish-
able from baseline in 7 of 8 resolvers (Figure 1A). In contrast, plas-
ma from chronically infected subjects had a significant increase
in NS3-specific antibody responses at late acute in 4 of 10 sub-
jects, which increased to 6 of 10 subjects (all gt 1) at follow-up
(Figure 1B). Moreover, the antibody response to NS3 in plasma of
chronically infected subjects was significantly higher than that of
resolvers at late acute and follow-up (Figure 1C). To highlight the
differences in magnitude and breadth of the antibody responses
between resolvers and chronically infected subjects at follow-up,
we generated a heatmap based on the OD values for each antigen
(Figure 1D). The map shows high reactivity to all HCV antigens in
most chronically infected subjects (shown in red) but limited and
lower responses (in yellow / blue) in resolvers.

To determine whether differences in antibody respons-
es between both groups is due to a generalized impairment in
the humoral response, we quantified plasma titers of antibod-
ies against common vaccines before and after HCV infection.
We tested a common childhood vaccine (rubella, Figure 1E) and
hepatitis B surface antigen (HBsAg, Figure 1F) because 19 of 20
subjects from our study reported immunization with the TWIN-
RIX vaccine (combined hepatitis A and hepatitis B virus vaccine).
Plasma antibody responses against rubella or HBsAg did not differ
significantly between baseline and follow-up in resolvers or chron-

The Journal of Clinical Investigation

ically infected subjects (Figure 1, E and F). There was also no dif-
ference in antibody titers against HBsAg or rubella between both
groups (Figure 1, E and F). Our findings indicate that antibodies in
plasma of resolvers display variable reactivity against heterotypic
E2, whereas HCV-specific antibodies in chronically infected sub-
jects react strongly to autologous and heterologous genotypes of
E2. Moreover, plasma antibodies from resolvers reacted weakly to
gt 1b NS3, while antibody reactivity to NS3 from chronically infect-
ed subjects was robust, consistent with previous findings (23, 24).
These differences in responses are not due to overall impairments
in antibody responses in these subjects.

Plasma from chronically infected subjects neutralizes H77 HCVpp
more effectively than plasma from resolvers. We evaluated longitudi-
nal neutralizing activity of plasma from resolvers and chronically
infected subjects against HCVpp from genotypes 1a (H77), 2a (J6/
JFH1), and 3a (S52). For H77 HCVpp, neutralizing activity in plas-
ma of resolvers and chronically infected subjects resembled kinet-
ics observed for their respective E2 antibody plasma responses
(Figure 1). Specifically, neutralizing activity of plasma from resolv-
ers against H77 HCVpp was generally low, as plasma from only 2
of 8 resolvers (same subjects with high ELISA response to H77 E2)
had greater than 50% neutralization (Figure 2A). In contrast, plas-
ma from 4 of 10 chronically infected subjects had strong neutral-
izing activity against H77 HCVpp at late acute, and this increased
to 6 of 10 at follow-up (Figure 2B). At this later time point, neu-
tralizing activity against H77 HCVpp was significantly higher in
chronically infected subjects compared with resolvers (Figure 2C).

Neutralization of J6/JFH1 HCVpp by plasma from resolvers
and chronically infected subjects was weak and did not differ sig-
nificantly between groups (Figure 2, D-F). Plasma from only 1 of
8 resolvers had greater than 50% neutralization at early acute and
late acute time points, whereas plasma from 2 of 10 chronical-
ly infected subjects neutralized J6/JFH1 HCVpp above the 50%
threshold at late acute (Figure 2, D and E). Surprisingly, all sub-
jects, including those infected with gt 3 HCV, neutralized S52 (gt 3)
HCVpp poorly (< 50% neutralization) for all time points (Figure 2,
G-I). Furthermore, neutralization of S52 HCVpp by plasma from
chronically infected subjects was significantly higher than that of
resolvers at follow-up time point, although it was still well below
the 50% threshold (Figure 2I). These findings indicate that nAbs
to H77 HCVpp in plasma are mostly present at follow-up in chron-
ically infected subjects, but are not readily detected in resolvers.
Moreover, antibodies from chronically infected subjects react-
ed to E2 from HCV gts 1a, 2a, and 3a, but only neutralized gt 1a
HCVpp effectively.

E2-specific MBCs undergo earlier expansion in resolvers than in
chronically infected subjects. We examined longitudinal changes
in E2-specific, class-switched MBCs in blood from resolvers and
chronically infected subjects using fluorescent J6 E2 tetramers
(Figure 3A). E2-specific MBCs (CD19*CD27*IgM E2 tet*) frequen-
cies peaked at late acute infection compared with baseline in 7 of
10 resolvers (Figure 3B), whereas only 4 of 10 chronically infected
subjects had E2-specific MBCs above the threshold at the same
time point (Figure 3C). At follow-up, E2-specific MBCs decreased
in most resolvers, but their numbers peaked in 9 of 10 chronical-
ly infected subjects (Figure 3C) and were also significantly high-
er than in resolvers (Figure 3D). These differences in E2-specific

J Clin Invest. 2021;131(2):e140590 https://doi.org/10.1172/)CI140590
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***P < 0.001; NS, P> 0.05.

MBC frequencies were not a by-product of fluctuations in total
MBCs, because the total frequency of MBCs remained consis-
tent in both groups throughout infection (Supplemental Figure
1A). Importantly, while our J6 E2 tetramer enables us to detect
cross-reactive, E2-specific MBCs from subjects infected with
different HCV genotypes, we cannot exclude the possibility that
MBCs expressing BCRs with restricted genotype specificity (other
than gt 2a) may not be detected.

Activated, E2-specific MBCs from chronically infected subjects
increase at follow-up. We evaluated activation of E2-specific MBCs
in a subset of subjects (n = 5 for each group) at late acute and fol-
low-up. Eighty percent of E2-specific MBCs from resolvers had
a resting phenotype (CD71") (25). The phenotype of E2-specific
MBCs in chronically infected subjects was heterogeneous at late
acute, but 65% had an activated phenotype (CD71*CD20"C-
D38 at follow-up, indicative of viral replication and antigen
stimulation (Figure 3, E and F). Interestingly, bulk-activated MBCs
(as frequencies of total MBCs) from resolvers did not change from
baseline throughout acute infection, whereas total bulk activated
MBCs increased significantly, compared with baseline, in chron-
ically infected subjects during early and late acute infection (Sup-
plemental Figure 1B). Frequencies of bulk-activated MBCs were

J Clin Invest. 2021;131(2):e140590 https://doi.org/10.1172/JC1140590

also significantly higher in chronically infected subjects com-
pared with resolvers at late acute (Supplemental Figure 1B). These
data show that the proportion of activated E2-specific MBCs in
resolvers is relatively low during their peak expansion at the late
acute time point, whereas levels of total and activated, E2-specif-
ic MBCs continue to increase in chronically infected subjects as
acute infection progresses to chronicity. This late expansion of
activated E2-specific MBCs in chronically infected subjects begins
during late acute infection, concomitant with peak expansion of
total, activated MBCs.

E2-specific MBCs from resolvers and chronically infected subjects
sorted at their respective peaks of expansion have similar patterns
of gene expression. We investigated factors that affect kinetics of
E2-specific MBCs expansion and activation between resolvers
and chronically infected subjects. We sorted single E2-specific
MBCs from resolvers at late acute infection (n = 6 subjects) and
chronically infected subjects at follow-up (n = 5 subjects) and
compared gene expression profiles (Supplemental Figure 2A).
To mitigate batch effects, we analyzed 3 plates that had E2-spe-
cific MBCs from 1 chronically infected subject and 1 resolver on
the same plate and compared gene expression patterns between
resolvers (3 subjects, 47 single cells) and chronically infected sub-
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Figure 4. VH1-69 usage is higher in BCR repertoire of E2-specific MBCs from chronically infected subjects compared with BCR of resolvers. (A-C) Circos
diagrams showing relative frequencies of V gene pairs from heavy and light chains of pooled E2-specific MBCs from resolvers (SR, n = 6 subjects, 219
pooled cells, A) at late acute stage and chronically infected (Cl) subjects (n = 5) at late acute (123 pooled cells, B) and follow-up (403 pooled cells, C) time
points. The width of each ribbon indicates the frequency of the VH-VK/VL pairing. The length of the arc corresponds to V gene frequency. (D and E) Rela-
tive abundances of heavy (D) or light (E) chain V genes in BCRs of pooled E2-specific MBCs from resolvers (dark gray) at late acute and Cl subjects at late
acute (white, red border) or follow-up (solid red) time points, presented as mean percentages of repertoire + SD. Two-way ANOVA with Bonferroni's post
hoc test (D and E), unpaired, Mann-Whitney U test (F). *P < 0.05; **P < 0.01; ***P < 0.001; NS, P > 0.05.

jects (3 subjects, 95 single cells) (Supplemental Table 2). Most
cells expressed mRNAs encoding the same B cell-specific surface
markers (such as CD19, CD27, CD20) that define class-switched
MBCs, which we sorted by flow cytometry, thereby confirming
our target population (Supplemental Figure 2B). Most cells also
expressed low levels of genes associated with B cell exhaustion,
such as FCRL4, SOX5, CDI1IC, RUNX1, RUNX2, RANKL, and
DLL, with the exception of FGR (Supplemental Figure 2C) (26).

;

Few cells expressed genes associated with GC responses (such as
AID, BCL6, and FAS), the cell cycle (cyclins E, D1, A2, B1, and
B2, cyclin-dependent kinases), or proliferation (MKI67), with the
exception of C-MYC (Supplemental Figure 2, D and E) (27). These
results indicate that E2-specific MBCs from resolvers and chron-
ically infected subjects have similar gene expression profiles and
are not functionally impaired, as they do not express markers of
B cell exhaustion.
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Figure 5. E2-specific mAbs from resolvers neutralize HCVpp as efficiently as mAbs from chronically infected subjects despite weaker |6 E2 binding. (A)
Relative binding strength of pooled mAbs from resolvers (SR, black circles, n = 3 subjects, 10 mAbs per subject) and Cl subjects (red squares, n = 3 subjects,
10 mAbs per subject) to J6 E2 protein, quantified by biolayer interferometry and expressed as mean log EC, ™ + SD. (B and C) Neutralization against J6/JFH1
(B) or H77 (C) HCVpp of pooled mAbs from resolvers or Cl subjects. Dotted line indicates the threshold of IC, " = 0.02. (D and E) Comparison of neutralizing
activity against H77 and )6/)FH1 by individual mAbs from resolvers (D) and Cl subjects (E). (F and G) Correlation between |6/JFH1 HCVpp neutralization and
binding abilities by individual mAbs of resolvers (F) or Cl subjects (G). Results for binding experiments represent means of pooled mAbs and error bars rep-
resent SD. Results for neutralization experiments represent the mean of 3 independent experiments. Unpaired, Mann-Whitney U test (A-D), Spearman’s
correlation (E-H). **P < 0.01; ***P < 0.001; NS, P > 0.05. In all graphs, each dot represents a single mAb.

Enrichment of heavy and light chain variable regions differs
between E2-specific MBCs from resolvers vs. chronically infected
subjects at different stages of infection. We compared differences in
BCR repertoires of single, E2-specific MBCs sorted from resolv-
ers (n = 6) at the late acute time point vs. E2-specific MBCs sorted
from chronically infected subjects at the late acute and follow-up
time points (n = 5). Paired Ig chains from scRNA-seq and Sanger
sequences of PCR samples from resolvers and chronically infect-
ed subjects were combined. Among all groups, the most frequent
IgH isotypes identified were IgG1 and IgG2, but a dominant bias
of kappa light chain usage was evident (Supplemental Figure
3A). We also compared variable regions of heavy (VH) and light
(VL) chains of all BCRs from both groups. We observed enrich-
ment of VH3-23 and VH3-15 among BCRs from 4 of 6 resolvers
at late acute infection (Figure 4A and Supplemental Figure 3B).
In contrast, although VH3-23 was initially enriched in chronical-
ly infected subjects during late acute infection (Figure 4B and
Supplemental Figure 3C), VH1-69 was significantly enriched in
BCRs from all chronically infected subjects (5/5) at follow-up
(Figure 4C and Supplemental Figure 3D) compared with all other
VH families. This indicates selection of VH1-69 in the E2-spe-
cific MBCs population over time. We also observed significantly
higher frequencies of VH3-23 and VH3-15 in pooled BCRs from
resolvers at the late acute time point compared with pooled
BCRs from chronically infected subjects at follow-up, but not
in pooled BCRs from chronically infected subjects at late acute

J Clin Invest. 2021;131(2):e140590 https://doi.org/10.1172/JC1140590

infection (Figure 4D). Conversely, VH1-69 was significantly
higher in pooled BCRs from chronically infected subjects at fol-
low-up compared with VH1-69 in pooled BCRs from both groups
at late acute infection (Figure 4D). VL chains were not enriched
in BCRs from either group at late acute infection. In contrast,
VK3-20 usage was significantly increased in BCRs from chron-
ically infected subjects at follow-up and was significantly higher
than BCRs from resolvers (Figure 4E).

We quantified the frequencies of all combinations of paired
heavy and light chains from BCRs of both groups (Figure 4A and
Supplemental Figure 3B) The heavy and light chain pair with the
highest frequency in BCRs from resolvers at late acute infection
was VH3-23 and VK3-11. For BCRs from chronically infected sub-
jects, the heavy and light chain pairs with the highest frequencies
were VH4-39 and VL1-47 and VH1-69 and VK3-20, for late acute
and follow-up, respectively (Figure 4, B and C, Supplemental Fig-
ure 3C and D). These results indicate that VH3-23 and VH1-69 are
enriched in BCRs from resolvers at late acute infection and chron-
ically infected subjects at follow-up, respectively.

Monoclonal antibodies derived from E2-specific MBCs of chron-
ically infected subjects at follow-up bind more strongly to J6 E2 than
mAbs from resolvers at late acute infection. To evaluate the functional-
ity of antibodies encoded by BCRs of E2-specific MBCs, we cloned
paired heavy and light chains from 3 resolvers at late acute (SR-2-
LA, SR-4-LA, and SR-6-LA) and 3 chronically infected subjects at
follow-up (CI-3-FU, CI-1-FU, and CI-9-FU) and expressed them
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Figure 6. mAbs from resolvers at late acute stage have fewer somatic hypermutation than mAbs from chronically infected subjects at follow-up. (A-D)
SHMs in pooled, single E2-specific MBCs (n = 219) from resolvers (n = 6 subjects, gray violins) and Cl subjects (n = 123 cells, n = 5 subjects, white violins with
red border) at late acute and Cl subjects (n = 5) at follow-up (n = 403 cells, red violins) time points, presented as the number of nucleotide substitutions

(A and B) and amino acid mutations (C and D) in heavy (A and C) and light (B and D) chains plotted as absolute number of mutations. (E and F) Correlation
between mAbs neutralization combined rank (rank of 1= best neutralizer, rank of 114 = worst neutralizer, established from H77 and J6/JFH1 neutralization,
see Figure 5) and number of SHMs in CDR3H and CDR3L regions of mAbs derived from resolvers (n = 3 subjects, 30 mAbs, E) or chronically infected sub-
jects (n = 3, 30 mAbs, F). (G and H) Number of SHMs in CDR3 regions of all cloned mAbs (G) or the top neutralizers (H, combined rank < 50). (E-H) Each dot
represents the rank value for an individual mAb. Results represent means of pooled mAbs and error bars represent SD 1-way ANOVA with Tukey’s post hoc
test (A-D) or paired Student’s t test (G and H). *P < 0.05; **P < 0.01; ***P < 0.001; NS, P > 0.05.

as human IgG1 mAbs. For each subject, we cloned, expressed, and
purified 10 mAbs and calculated their binding to varying concentra-
tions of HCV J6 E2 glycoprotein by biolayer interferometry. We test-
ed binding to J6 E2 specifically because these mAbs were derived
from E2-specific MBCs that were captured with J6 E2 tetramer,
thus BCRs (and mAbs) from these cells should cross-react to J6
E2, regardless of the subject’s infecting HCV genotype. Individual
binding curves for all mAbs are shown in Supplemental Figure 4,
A-F. MADs from chronic CI-1-FU had significantly higher binding to
J6 E2 than mAbs from all 3 resolvers, whereas mAbs from CI-3-FU
had significantly higher binding to E2 than mAbs from SR-4-LA and
SR-6-LA (Supplemental Figure 4G). However, E2-specific binding

:

of mAbs from chronic CI-9-FU did not differ significantly from
binding efficiency of mAbs from any resolvers (Supplemental Fig-
ure 4G). Nevertheless, the mean binding of pooled mAbs from all
chronically infected subjects was significantly higher than binding
of mAbs from pooled resolvers (Figure 5A). These results indicate
that mAbs produced by E2-specific MBCs of chronically infected
subjects present at follow-up bind to J6 E2 more strongly than mAbs
produced during late acute infection in resolvers.

MADbs derived from E2-specific MBCs of resolvers and chronically
infected subjects neutralize HCVpp with comparable efficiencies. We
investigated whether differences in E2 binding between mAbs
from resolvers and chronically infected subjects affect their ability

J Clin Invest. 2021;131(2):e140590 https://doi.org/10.1172/)CI140590
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Figure 7. Activated cTfh cells expand early during acute infection in
resolvers but not in chronically infected subjects. (A) Representative
gating strategy of total cTfh cells (CD3*CD4*CD45RA-CXCR5*PD1*FoxP37),
activated cTfh cells (ICOS*), total cTfr cells (CD3*CD4*CD45RA-CXCR5*PD1+
FoxP3*), and activated cTfr cells (ICOS*), from PBMCs of HCV-infected sub-
jects. (B) Frequencies of total cTfh cells at different time points in resolv-
ers (n =10, black) or chronically infected subjects (n = 10, red; see Figure 1).
Data from 5 healthy donors (controls) are shown in gray. (C) Frequencies
of activated cTfh cells at different time points. (D) Ratio of activated cTfh
over cTfr cells at different time points, shown as fold-change from base-
line. (E) Frequencies of activated Th1-like (CXCR3*) cTfh cells at different
time points. (F) Frequencies of activated Th2-like (CXCR3") cTfh cells at
different time points. (G) Representative gating strategy of cytokine-pro-
ducing or CD40L-expressing, activated cTfh cells before (no stim, top) and
after PMA and ionomycin stimulation (5 hours, bottom). (H-)) Frequencies
of ICOS*1L-21* cells (H), ICOS*CD40L" cells (1), and ICOS*IFN-y* () cTfh cells
at different time points. (K) Summary heatmaps of the main data from
this study. Each component (row) indicates the intensity of response of
the indicated test (far left) at the indicated time point (far right). Each
square provides data for one resolver (left) or chronically infected subject
(right). An X indicates no response (values of 0); N/A, subject for which the
test could not be done (no baseline blood sample available). Blue, low or
no response; yellow, medium response; red, maximum response. Data are
shown as means for each group of subjects and error bars represent SD.
Two-way repeated measure ANOVA with Tukey'’s post hoc test. *P < 0.05;
**P < 0.01; ***P < 0.001; NS, P> 0.05.

to neutralize 2 different genotypes of HCVpp (J6/JFH1 and H77).
We followed a similar rationale for testing neutralization against
J6/JFH1 HCVpp, as stated for our binding assays in that mAbs
from both resolvers and chronically infected subjects cross-react
with J6 E2 (the genotype of our E2 tetramer). Individual J6/JFH1
neutralization curves for all mAbs are shown in Supplemental
Figure 5, A-F. mAbs from SR-2-LA had significantly higher neu-
tralizing activity than mAbs from SR-4-LA, SR-6-LA and CI-9-FU
(Supplemental Figure 5G). Fifteen of 30 mAbs from resolvers and
20 of 30 mAbs from chronically infected subjects neutralized J6/
JFH1 HCVpp above the threshold (IC, * = 0.02) (Figure 5B). How-
ever, overall neutralizing activity of pooled mAbs did not differ
significantly between resolvers and chronically infected subjects
(Figure 5B). For H77 HCVpp, less than 50% of pooled mAbs from
resolvers (8/30) and chronically infected subjects (13/30) neutral-
ized H77 HCVpp above the threshold (Figure 5C). Individual H77
neutralization curves for all mAbs are shown in Supplemental Fig-
ure 6, A-F. There was no significant difference in neutralization of
H77 HCVpp between pooled mAbs from resolvers and chronically
infected subjects (Figure 5C, Supplemental Figure 6G). We also
compared each individual mAb’s neutralizing activity against H77
and J6/JFH1 HCVpp. mAbs from both resolvers and chronically
infected subjects neutralized J6/JFH1 HCVpp with significantly
higher efficiency than H77 HCVpp (Figure 5, D and E). This may
potentially result from a preferential binding of isolated mAbs to
J6 E2, since our E2 tetramer is of J6 (gt 2a) origin.

We found no correlation between J6 E2 binding and neutraliz-
ing activity against J6/JFH1 HCVpp for mAbs from resolvers (Fig-
ure 5F). In contrast, we observed a positive correlation between
J6 E2 binding and neutralization of J6/JFH1 HCVpp for mAbs
from chronically infected subjects (Figure 5G). These findings
indicate that mAbs from resolvers neutralize HCVpp as effective-
ly as mAbs from chronically infected subjects, even though mAbs

The Journal of Clinical Investigation

from resolvers bind E2 less efficiently than mAbs from chronically
infected subjects. Supplemental Tables 3 and 4 summarize mAb
binding, neutralization, and other BCR characteristics for resolv-
ers and chronically infected subjects.

mADbs from resolvers at late acute have fewer somatic hypermuta-
tion than mAbs from chronically infected subjects at follow-up. Bind-
ing strength of mAbs to their cognate antigen is typically deter-
mined by accumulation of SHMs in the BCR as antigen-specific
B cells undergo multiple cycles of GC reactions (28). BCRs from
E2-specific MBCs of chronically infected subjects at follow-up
contained significantly higher combined nucleotide and amino
acid mutations in heavy and light chains than BCRs from E2-spe-
cific MBCs of resolvers and chronically infected subjects at late
acute infection (Figure 6, A-D), possibly resulting from continued
antigen stimulation. However, the number of SHMs in BCRs of
E2-specific MBCs from resolvers at late acute infection was similar
to that of BCRs from E2-specific MBCs from chronically infected
subjects at the same time point (Figure 6, A-D). These results indi-
cate that BCRs from E2-specific MBCs from chronically infected
subjects at follow-up accrue significantly more SHMs than BCRs
from both groups at late acute infection.

Since we observed stronger J6 E2 binding and higher SHM in
nAbs from chronically infected subjects, we hypothesized that a
correlation might exist between HCVpp neutralization and SHMs.
Thus, we ranked combined neutralization of H77 and J6/JFH1
HCVpp for each mAb from highest neutralizer (rank close to 2) to
lowest neutralizer (rank close to 120) (Supplemental Table 3 and
Supplemental Table 4) and correlated ranks of individual mAbs
with their respective SHMs. Interestingly, we found no correlation
between SHM and neutralization rank of mAbs from resolvers
(Figure 6E) but we found a negative correlation between SHMs
and neutralization rank from chronically infected subject-derived
mAbs, indicating that the best neutralizing mAbs have high num-
bers of SHMs (Figure 6F). Moreover, the mean number of SHMs
of all mAbs tested for chronically infected subjects was signifi-
cantly higher than the mean number of SHMs of all mAbs from
resolvers (Figure 6G). This difference was even greater when we
compared the top neutralizing mAbs (combined rank <50) (Figure
6H). Thus, mAbs from resolvers neutralize HCVpp as efficiently as
mAbs from chronically infected subjects even though mAbs from
resolvers have fewer SHMs.

Activated cTfh cells expand during early acute infection in resolv-
ers but not in chronically infected subjects. Given that the overall gene
expression pattern of E2-specific MBCs did not differ significantly
between both groups, we investigated whether Tth cells promote
expansion of E2-specific B cells in resolvers. We found no signif-
icant changes in total cTth cell populations (CD4*CD45RACX-
CR5'PD1") (Figure 7A) throughout HCV infection in either group
(Figure 7B). However, significantly higher frequencies of cTth
cells from resolvers were activated (ICOS") at early acute infec-
tion, compared with all other time points. This difference was not
observed in cTth cells from chronically infected subjects (Figure
7C, Supplemental Figure 7A and B). There was also a significantly
higher frequency of activated cTth in resolvers as compared with
chronically infected subjects at the early acute time point (Figure
7C). Regulatory cTth cells (cTfr, FoxP3*) can reduce cTth activity,
and a high cTth/cTfr ratio indicates increased GC reaction poten-
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tial (29, 30). The frequencies of total or activated (ICOS*) cTfr cells
did not change over time in any group (Supplemental Figure 7C
and D), but the ratio of activated cTth/cTfr significantly increased
at early acute infection only in resolvers (Figure 7D, Supplemental
Figure 7E and F). cTth can be further stratified into different pro-
files based on expression of additional chemokine markers. Th2-
like cTth (CXCR3") were shown to provide better help to B cells
as compared with Thi-like ¢cTth (CXCR3") in healthy donor cells,
stimulated with SEB (18, 19). However, in the context of influenza
vaccine, Thil-like cTth cells were activated after vaccination and
correlated with antibody production (31). We investigated the pro-
file of activated cTth in acute HCV infection. Similar to influen-
za vaccination, Thi-like cTth cells were significantly activated in
early acute HCV in resolvers (Figure 7E, Supplemental Figure 7G
and H) while no activation of Th2-like ¢ Tth was observed through-
out the infection period in either group (Figure 7F). These results
demonstrate that more activated cTth cells with a Thi-like phe-
notype are present at early acute infection in resolvers compared
with chronically infected subjects and this could affect the kinetics
of B cell responses.

Activated cTfh cells from resolvers produce higher levels of IL-21,
CD40L, and interferon gamma (IFN-y) during early acute infection.
Two major components of Tfh cell help toward B cells are the
expression of CD40L for costimulation, and secretion of IL-21 (17).
Tth cells also produce IL-4, IL-17, and IFN-y, depending on their
phenotype (18). We stimulated cTth cells from resolvers and chron-
ically infected subjects and assessed activated cells (ICOS*) for
expression of IL-21, CD40L, and IFN-y expression (Figure 7G). We
observed a significant increase in the frequency of activated cTth
cells that express IL-21 (Figure 7H, Supplemental Figure 7, I and
]), CD40L (Figure 71, Supplemental Figure 7, K and L), and IFN-y
(Figure 7], Supplemental Figure 7, M and N) at early acute infection
in resolvers but not in chronically infected subjects. Moreover, fre-
quencies of ICOS*IL-21* and ICOS*CD40L* cTth cells were signifi-
cantly higher in resolvers compared with chronically infected sub-
jects at the early acute time point (Figure 7, H and I). These results
indicated that activated cTth cells expand faster in resolvers and
are more functional than cTth cells from chronically infected sub-
jects, and this might contribute to the early activation of E2-specif-
ic B cells in subjects who resolve HCV infection.

Discussion

We performed an in-depth, longitudinal characterization of
HCV-specific responses of B cells, at the single-cell level, inte-
grating analyses of humoral responses including antigen-specif-
ic antibodies in plasma, BCR repertoire, and mAbs derived from
single antigen-specific B cells. We also examined the kinetics and
function of cTth cells to determine interactions between activities
of cTth cells and HCV-specific B cell responses. We demonstrat-
ed that early expansion of HCV-specific B cells producing nAbs
correlated with resolution of primary infection in 7 of 10 resolv-
ers. This seems to require the help of other immune components,
such as Tth cells, to foster early emergence of antigen-specific B
cells. Failure to do so potentially leads to persistence of infection
despite the generation of antigen-specific B cells with high levels
of SHM and strong binding to cognate antigen, from which the
virus appears to escape.

J Clin Invest. 2021;131(2):e140590 https://doi.org/10.1172/JC1140590

RESEARCH ARTICLE

Our results demonstrate that antibodies from plasma of
resolvers react with and neutralize a limited breadth of E2 proteins.
These observations differ from other studies, which found that
plasma from resolvers had an increased neutralization breadth,
compared with plasma from chronically infected subjects, during
acute HCV infection (9, 11, 32). However, it is important to note
that the majority of subjects from the cohorts in these studies were
predominantly infected with gt 1 HCV, while the resolvers in our
study were infected with a greater diversity of HCV genotypes
(3 infected with gt 1, 2 with gt 2, and 4 with gt 3) compared with
chronically infected subjects (8 infected with gt 1 and 2 with gt 3),
which may explain why plasma from more chronically infected
subjects neutralized H77 HCVpp.

Interestingly, plasma from both resolvers and chronically
infected subjects infected with gt 3 HCV failed to effectively neu-
tralize autologous HCVpp. Variations in neutralizing activity of
antibodies from human and chimpanzee plasma against different
HCV genotypes have also been reported by other studies (33, 34).
Plasma from humans and chimpanzees infected with gt 1a HCV
generally contains stronger nAbs against autologous gt 1 and het-
erologous gts 4a, 5a, and 6a HCVpp, but not against gts 2a and 3a
HCVpp (33, 34). Meunier et al. also reported that neutralization of
gt 3 HCVpp by plasma of HCV-infected humans and chimpanzees
was the weakest for all 6 genotypes tested (33). These studies also
noted a weak nAb presence in plasma from both resolvers and
chronically infected subjects infected with gt 1a HCV during acute
infection that later increased during persistent infection, similar
to our findings. Thus, the nature of the subject’s infecting HCV
genotype may significantly impact neutralization efficiency and
breadth against autologous and heterologous HCVpp.

While E2-specific MBCs expanded earlier in 7 of 10 resolvers
compared with those from chronically infected subjects, plasma
neutralization of HCVpp was relatively weak, possibly relating
to a low nAb abundance at these time points. Moreover, neutral-
izing activity from plasma of chronically infected subjects only
improved at the follow up time point, as a correlate of increasing
E2-specific antibodies in plasma. Nevertheless, E2-specific mAbs,
isolated from single MBCs, from both resolvers and chronically
infected subjects neutralized autologous and heterologous HCVpp
with similar efficiencies at their respective peak of E2-specific
MBC expansion. This is an important observation because it sug-
gests that although the total nAb titer in plasma is relatively low
in resolvers at the peak of E2-specific MBC expansion, individu-
al mAbs from resolvers neutralize HCVpp as efficiently as mAbs
from chronically infected subjects that arise much later during
persistent infection. Our data are consistent with recent observa-
tions by Chen et al. (35) demonstrating that nAbs from nonhuman
primates immunized with E1/E2 were not present in plasma at
sufficient levels for broad neutralization of HCVpp, but mAbs iso-
lated from sorted plasma cells and MBCs exhibited high levels of
neutralization. Thus, we posit that the timing and quality of nAbs
produced by rapidly expanding antigen-specific B cells constitutes
amore pivotal factor in the resolution of acute HCV infection than
the quantity of nAbs present in plasma.

A possible factor affecting differences in antibody kinetics
between resolvers and chronically infected subjects is the skewed
proportion of activated B cells during acute infection. Activat-
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ed B cells (including E2-specific MBCs) steadily increase during
acute infection in chronically infected subjects, concurrent with
an increase in HCV-specific IgG in plasma. We surmise that many
of these activated B cells differentiate into plasmablasts or plas-
ma cells that secrete HCV-specific antibodies. We and others
observed an increase in HCV-specific, antibody-secreting cells
in PBMCs from chronically infected subjects that coincides with
an increase in HCV-specific antibody titers in plasma (14, 36, 37).
In contrast, fewer activated B cells and HCV-specific antibodies
are present in PBMCs from resolvers. This reduced production of
HCV-specific IgG in plasma from resolvers cannot be attributed to
impaired B cell function during acute infection, because antibod-
ies against rubella virus or HBsAg in plasma of resolvers are simi-
lar to those of chronically infected subjects, before and after HCV
infection. This indicates that HCV infection does not disrupt gen-
eral B cell responses in resolvers. Furthermore, E2-specific MBCs
from resolvers are not functionally exhausted and have similar
gene expression patterns as E2-specific MBCs from chronically
infected subjects at their respective expansion peaks.

An increasing dominance of VH1-69* antibodies in the BCR
repertoire of E2-specific MBCs as acute infection transitions to
persistence might account for the broad reactivity of HCV-spe-
cific antibody responses in chronically infected subjects. Previ-
ous studies have reported an increased presence of HCV-spe-
cific, VH1-69* mAbs in chronically infected subjects as viremia
persists and shown that these mAbs have broadly neutralizing
activity against HCVpp and HCV cell culture isolates (38-41).
Moreover, there is some evidence that certain HCV antigens,
such as E2, are specifically recognized by VH1-69* B cells, as
prime boost immunization with recombinant E1E2 promotes
expansion of VH1-69* antigen-specific B cells (35). Accordingly,
our data show that VH1-69* E2-specific mAbs from chronically
infected subjects have the highest neutralizing activity against
2 different genotypes of HCVpp. However, VH1-69* E2-specif-
ic B cells do not comprise most E2-specific B cells in resolvers
or chronically infected subjects during acute infection—rath-
er, enrichment of VH3-23* B cells is observed in both groups.
Although the role of VH3-23* mAbs in controlling HCV infection
is unclear, they neutralize and protect against infections by relat-
ed flaviviruses like Zika and Dengue (42).

As mAbs from both resolvers and chronically infected sub-
jects were enriched in VH3-23 at the late acute time point, there
are possibly other factors besides V gene usage that could influ-
ence the function of mAbs from HCV-specific B cells. SHMs, for
example, correlate with neutralizing activity in mAbs of chronical-
ly infected subjects. However, SHM does not affect the neutral-
izing activity of nAbs in resolvers, because mAbs with few SHMs
neutralize HCVpp as effectively as mAbs with high SHMs isolat-
ed from chronically infected subjects. Similar findings by Bailey
et al. support this observation (12). Antibodies with low levels of
SHMs can be generated earlier, since they require fewer rounds of
mutations and selection by Tth cells. This is associated with early
expansion of circulating E2-specific MBCs in circulation in resolv-
ers and might contribute to clearance.

cTth cells may potentially drive E2-specific MBC expansion
in resolvers, as they increase sharply during early acute infection.
These cells also produce increased levels of IL-21 and CD40L,

The Journal of Clinical Investigation

which could stimulate antigen-specific B cells to enter GC reac-
tions and differentiate into MBCs or plasma cells. While our find-
ings are focused on total rather than HCV-specific cTth cells, pre-
vious studies have demonstrated that a large subset of activated
cTth cells during acute infection are HCV-specific and are asso-
ciated with an increased NS4 antibody response (20). Further
studies of the relationship between HCV E2-specific cTth cells
and development of nAbs in acute resolving infection will remain
a high priority to guide future vaccine design. Even though we
could not detect a significant increase of activated cTth cells in
blood from chronically infected subjects during acute infection,
this does not mean that they are completely absent. We observed
a sharp increase in frequency of activated cTth cells in 2 of 10
chronically infected subjects at late acute infection. Moreover,
SHMs in E2-specific MBCs of chronically infected subjects sig-
nificantly increased at follow-up stages, indicating rounds of
active replication and mutation in GCs, possibly induced by Tth
cells. Other studies have identified activated cTth cells in livers of
chronically infected individuals (20, 21, 43). Moreover, cTfh cells
expand following direct-acting antiviral therapy and loss of virus
replication (21). It is therefore possible that transient activation of
cTth cells in chronically infected subjects occurs during late acute
infection, or periodically during persistence, in response to fluc-
tuating levels of viremia.

Our findings support a model in which c¢Tth cells become
activated during early acute HCV in resolvers and specifically
activate B cells that react with HCV antigens, via IL-21 secretion
and CD40L interactions (Figure 7K). This stimulates HCV-spe-
cific B cell entry into limited GC cycles, where many of them
switch to VH3-23* IgG1 or IgG2 isotype and accrue SHMs. A
fraction of these cells differentiates into short-lived plasmab-
lasts that secrete HCV-specific antibodies in the serum, where-
as others exit as MBCs during late acute infection. It is possible
that many of these antigen-specific MBCs eventually differen-
tiate into plasmablasts or plasma cells that secrete nAbs against
HCV antigen as acute infection resolves. In the case of chron-
ically infected subjects, an early absence of activated cTth cells
leads to a slower activation of antigen-specific B cells by an
unknown mechanism (Figure 7K). These “helpless” B cells pos-
sibly differentiate directly into plasmablasts that secrete anti-
bodies against autologous and heterologous HCV antigens in
sera. As infection persists, more antigen-specific B cells, many
of which express VH1-69, undergo multiple GC reactions, pos-
sibly induced by delayed cTth cell activity. This results in the
accumulation of SHMs in their BCRs, which increases binding
to cognate HCV antigen. Antigen-specific MBCs increase over
time, seeding more plasmablasts that secrete HCV antibodies
with limited neutralization breadth in sera.

It is important to note that even with early cTth cell activa-
tion, the relative abundance and breadth of HCV-specific nAbs
in resolvers is limited. nAbs are probably therefore not the main
determinant of viral clearance, which is likely to also involve
robust HCV-specific CD8* and CD4* Th-cell responses that
eliminate HCV infection together. Increasing our understand-
ing of the interactions between functions of T and B cells could
contribute to development of an efficacious vaccine against
HCV infection.
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Methods

Human study participants. Study subjects were recruited among people
who inject drugs who were participating in HEPCO (22). All subjects
were HIV negative. Acute HCV infection was identified as a posi-
tive HCV RNA or antibody test following a negative test in the past 3
months. EDI was defined as the median point between the last nega-
tive and the first positive test. Chronic HCV infection was defined as a
positive result from an HCV RNA test at 6 months after EDI. Twenty
subjects were selected for longitudinal analysis: 10 resolvers (HCV Ab*
and HCV RNA") and 10 who developed a chronic infection (HCV Ab*
and HCV RNA"). Time points were baseline (negative for HCV RNA
and antibodies, = 8 weeks before EDI), early acute (8 + 2 weeks after
EDI), late acute (20 * 4 weeks after EDI), and follow-up (= 51 weeks
after EDI). PBMCs from 5 healthy donors were obtained from the leu-
kapheresis study of the Fonds de recherche du Québec - Santé (FRQS)
AIDS and Infectious Disease Network (Réseau SIDA-MI). An addi-
tional 10 HCV-naive people who inject drugs from the HEPCO cohort
were added for the analysis of B cell subsets. Participants’ demograph-
ics and clinical characteristics are listed in Supplemental Table 1.

Cell lines and cell culture. Human embryonic kidney 293T/17
(HEK293T/17, ATCC) and human hepatoma Huh-7.5 cells (gener-
ated in-house) (13) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin and maintained at 37°C and
5% CO,. Human Expi293F cells (Thermo Fisher Scientific) were
cultured in Expi293 expression medium (Thermo Fisher Scientific)
without FBS or antibiotics at 37°C and 8% CO, while shaking at a
constant speed of 80 rpm.

HCV E2 and NS3 ELISA. Flat-bottom 96-well plates (Corn-
ing) were coated with 0.5 pg/mL H77 E2 and J6 E2 (both generated
in-house)(13), S52 E2 and H77 E1E2 (both provided by Michael Hough-
ton, John Law, and Michael Logan, University of Alberta, Edmonton,
Canada) or NS3 protein (Abcam, recombinant NS3 (gt 1b) amino acids
1192 to 1456) overnight at 4°C. Plates were washed twice with PBS-T
(PBS 1X, 0.05% Tween-20; Thermo Fisher Scientific) and blocked
with 10% normal goat serum (Jackson ImmunoResearch Laborato-
ries, catalog 005-000-121) in PBS-T overnight at 4°C. Plates were
washed twice and 100-pL diluted plasma samples from the subjects
was added to each well (starting dilution was 1:250 with 4-fold dilu-
tions up to 1:16,000 in 0.1% normal goat serum in PBS-T) and incubat-
ed for 2 hours at room temperature. Plates were washed 6 times and
HRP-conjugated anti-human IgG (BD Biosciences, clone G18-145,
catalog 555788) was added at a dilution of 1:5000 for 90 minutes at
room temperature. Plates were washed again 6 times and developed
with Tetramethylbenzidine (TMB) substrate (BD Biosciences) for 15
minutes at room temperature before adding 1 volume of stop solution
(2N H2S04). Absorbances were read at 450 and 570nm.

Heatmaps. Heatmaps were generated with GraphPad Prism, using
the actual values of indicated tests and a 3-colors scheme, where red
indicates the highest value, blue the lowest value, and yellow the
median value of each test.

Measurement of antibodies against rubella and HBsAg. Plasma IgG
levels against rubella and HBsAg were evaluated by the clinical labo-
ratory of the Montreal University Hospital.

Generation of HCV pseudoparticles. HCVpp for genotype la (H77),
genotype 2a (J6/JFH1) E1E2, and genotype 3a (S52) were generated
in-house as described. Briefly, HEK293T/17 were seeded at 9.0 x 10°
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cells/dish on 15 cm dishes precoated with poly-L-lysine solution (Mil-
liporeSigma). The following day, cells were transfected with pV1-Gluc
reporter, HIV-gagpol, and HCV H77, J6/JFH1, or S52 Env plasmids for
a total of 15 pg plasmid DNA using 92 pL Trans-IT-LT1 transfection
reagent (Mirus Bio) following the manufacturer’s instructions. Media
were changed 24 hours later, and supernatants were collected at 72
and 120 hours after transfection. Supernatants were centrifuged and
filtered through a 0.45 um filter. Supernatants were then centrifuged
at 131,100 g for 4 hours over a 20% sucrose cushion at 4°C to concen-
trate HCVpp. Viral pellets were resuspended in a reduced volume of
DMEM supplemented with 3% fetal calf serum (FCS), separated into
aliquots and stored at -80°C until future use.

HCVpp neutralization assays. Neutralization assays were performed
as previously described (44). Huh7.5 cells were plated on wells of ster-
ile 96-well plates (Corning) precoated with collagen solution (0.01%,
MilliporeSigma) at a density of 1 x 10* cells/well. The next day, plas-
ma aliquots were incubated at 56°C for 30 minutes to inactivate com-
plement. Fixed plasma dilutions (1:25) were added to an equal volume
of either H77, J6/JFH1, or S52 E1E2 HCVpp (2-fold concentrated). For
assays involving mAbs cloned from human subjects, each individual
mADb was diluted into five 5-fold serial dilutions in DMEM/3% FCS in
96-well round-bottom plates. Dilutions of human polyclonal IgG (Mil-
liporeSigma, catalog AG711) and mouse anti-HCV E2 mAb (2C1, gener-
ated in-house; ref. 36) were included as negative and positive controls,
respectively. Plasma-HCVpp or mAb-HCVpp complexes (final plasma
dilution 1:50) were incubated at 37°C for 1 hour. Fifty microliters of
plasma/mAb-HCVpp mixture was added to cell monolayers for 16-18
hours, after which the monolayers were washed and cultured in fresh
media. After 48 hours, cells were lysed in 50 pL Renilla Luciferase Assay
Lysis Buffer (Promega), and 30 uL of cell lysates was mixed with 30 uL
of Renilla Luciferase Assay Substrate (1X, Promega). Luminescence was
detected on a Synergy H1 Microplate Reader (Biotek Instruments). Per-
cent neutralization was calculated and normalized to baseline using the
following equation: % neutralization = [1- (RLU, ; . . point ™ RLUmock) /
(RLUbaseline - RLUmock) 1x100%.

For assays involving subject mAbs, a neutralization threshold was
set to an inverse IC,; value (IC,;?) of 0.02 (or IC,; = 50 pg/mL) as
designated by previous studies (44). IC, values were calculated from
4PL dose response nonlinear regression curves fitted to percentage of
neutralization as a function of increasing mAb concentrations. mAbs
from all subjects regardless of infection outcome were ranked from 1
to 60 according to neutralizing activity for H77 and J6/JFH1 HCVpp,
as measured by inverse IC, values. The highest neutralizing mAb had
the highest inverse IC,, value and was ranked 1, whereas the lowest
neutralizing mAb had the lowest IC,  value and was ranked 60. Ranks
were assigned using the RANK function in Microsoft Excel. The com-
bined rank was calculated as the sum of ranks for H77 and J6/JFH1
neutralization. Three independent experiments were performed for
all neutralization assays.

Flow cytometry. Cryopreserved PBMCs were thawed, washed with
FACS buffer: PBS 1X, 1% FBS (MilliporeSigma), 0.01% sodium azide
(Thermo Fisher Scientific) then either stained directly or stimulated
for functional analysis. Cells (2 x 109) were stimulated with phorbol
myristate acetate (PMA, 2.5 ng/mL) and ionomycin (1 pg/mL) in snap
cap tubes (BD Biosciences) for 5 hours at 37°C. Brefeldin-A and mon-
ensin (both 10 pg/mL) were added 1 hour after stimulation.

Biotinylated E2 monomers (generated in-house, ref. 36) were
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used to prepare tetramers by adding phycoerythrin-labeled (PE-la-
beled) ExtrAvidin (MilliporeSigma) (5 aliquots of 7.5 pL, 10 minutes
incubation at room temperature each). Tetramer staining was per-
formed for 30 minutes at room temperature. Cells were then stained
with surface marker (antibodies used are listed in Supplemental Table
5) and live cells were identified using LIVE/DEAD fixable aqua dead
cell stain kit (Thermo Fisher Scientific) for 30 minutes at 4°C. Cells
were permeabilized using either BD Cytofix/Cytoperm (BD Biosci-
ences) for 15 minutes at 4°C or FoxP3 fixation and permeabilization
buffer (Thermo Fisher Scientific) for 30 minutes at 4°C for functional
or phenotypic analyses, respectively. Intracellular staining was done
for 30 minutes at 4°C. Cells were fixed with 1% paraformaldehyde
(PFA, MilliporeSigma) in PBS before FACS analysis. Multiparameter
flow cytometry was performed at the flow cytometry core of the Cen-
tre de Recherche du Centre Hospitalier de I'Université de Montréal
using a BD LSRII instrument equipped with violet (405 nm), blue (488
nm), yellow-green (561 nm), and red (633 nm) lasers and FACSDiva
version 8.0.1 (BD Biosciences). FCS data files were analyzed using
Flow]Jo version 10.0.8 for Mac (Tree Star).

Sorting and reverse-transcription PCR of single E2-specific MBCs.
Cryopreserved PBMCs were thawed and stained with fluorescently
labeled J6 E2 tetramer and cell surface markers as described above.
Single E2-specific MBCs were sorted on a FACS Aria Cell Sorter into
individual wells of 96-well PCR plates (Bio-Rad Laboratories) con-
taining 10 pL of one of 2 formulations of “catch” buffer: RLT buffer
(QIAGEN) supplemented with 2-mercaptoethanol (MilliporeSigma)
for single-cell RNA-seq; or 10 mM Tris pH 8.0 supplemented with
RNase inhibitor rRNAsin (Promega) for samples that were exclusively
used for BCR sequencing and cloning. Plates were centrifuged briefly,
immediately frozen on dry ice, and stored at -80°C.

Reverse transcription PCR of sorted, single cells was performed
using Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo
Fisher Scientific) as previously outlined (45). Single cell lysates were
thawed on ice and mixed with 5X Reaction Buffer, Maxima Enzyme
Mix, and 5% IGEPAL. RNA was transcribed to cDNA under the fol-
lowing conditions: 25°C for 10 minutes, 50°C for 30 minutes, 85°C for
5 minutes, and 4°C hold. Two microliters cDNA were used in subse-
quent PCR reactions for amplifying heavy and light chain Ig genes.

Immunoglobulin bioinformatic analyses. Ig reconstruction of paired
heavy and light chains from single cells was carried out using the
IG-mapped_Unmapped filtering method within the BCR Assignment
of Lineage using De novo Reconstruction (BALDR) pipeline (46). The
default trimmomatic v0.36 parameters were modified to only include
reads with a minimum length of 50. Gnu parallel was used to run par-
allel BALDR reconstructions.

As part of the BALDR pipeline, the reads were mapped to the
human reference genome GRCh38 (Ensembl release 86 primary
assembly) using STAR v 2.5.2b (47, 48). The reads mapping to Ig loci
and unmapped reads were combined using samtools v1.7 and seqtk
v1.2-r94 and then assembled using Trinity v2.3.2 (49, 50). The assem-
bled reads were annotated with IgBLAST v1.6.1 (51) using the Inter-
national Immunogenetics Information System (IMGT) database (52,
53). The reads were mapped to the assembled sequences using bow-
tie2 v2.3.0 (54). The assembled sequences were ranked based on the
number of mapped reads and the best heavy and light chain sequenc-
es were selected manually. The Circos plots were generated using the
Circos v0.69-6 command-line software (55).
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Cloning of monoclonal antibodies. Paired heavy (IgH) and light chain
(IgK/L) genes were amplified from cDNA of single E2-specific MBCs
using a nested PCR approach using DreamTaq Green PCR Master Mix
(Thermo Fisher Scientific) or Q5 High Fidelity 2X Master Mix (New
England Biolabs) and V gene-specific primers (Supplemental Table 6)
and (45, 56, 57). PCR products were purified and concentrated by col-
umn purification using a DNA Clean and Concentrator-100 kit (Zymo
Research). Purified PCR products and human heavy (pFUSEss-CHIg-
hG1; InvivoGen) or light chain (pFUSE2ss-CLIg-hK for kappa chain
or pFUSE2ss-CLIg-hL2 for lambda chain; InvivoGen) plasmids were
digested with EcoRI-HF and Nhel-HF for IgH chain, EcoRI-HF and Bsi-
WI-HF for IgK chain, or EcoRI-HF and AvrII for IgL chain (New England
Biolabs) and ligated into respective heavy or light chain vectors in-frame
with and upstream of human IgG1 Fc region. IgH and IgK/L constructs
were transformed into NEB 50 Competent E. coli (New England Bio-
labs) and plated on LB Zeocin (InvivoGen) or LB Blasticidin (InvivoGen)
plates for selection. Colonies were screened for presence of V gene insert
by colony PCR using the appropriate primers (Supplemental Table 6).
Positive clones were grown in 5 mL LB overnight and 37°C, and plasmid
DNA was purified using Qiaprep Spin Miniprep Kit (QIAGEN). Plasmids
were further screened by Dral (New England Biolabs) restriction digest
and sequenced for proper insertion of heavy or light V chain gene.

Expression and purification of monoclonal antibodies. Expi293F cells
(Thermo Fisher Scientific) were transfected with Expifectamine (Thermo
Fisher Scientific) and separate plasmids encoding paired heavy and light
chain genes in a 1:1 ratio using the Expi293 Expression System (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Superna-
tants containing secreted mAbs were harvested 7 days after transfection
and centrifuged to remove cells and cell debris. mAbs were purified as
previously described (45). mAbs were precipitated by overnight incuba-
tion with Pierce Protein A Agarose beads (Thermo Fisher Scientific) in
Pierce immunoprecipitation IP buffer (25 mM Tris, 150 mM NaCl, pH
7.2). mAb-Protein A complexes were transferred to Mini Bio-Spin Chro-
matography Columns (Bio-Rad) and washed once with 1M NacCl, fol-
lowed by 2 washes with 1X PBS. mAbs were eluted with 0.1M glycine-HCl
(pH 2.5) into tubes containing 1M Tris pH 9.0. mAb eluates were further
concentrated in sterile 1X PBS buffer by centrifugation in Amicon Ultra
0.5 mL Centrifugal Filter (MilliporeSigma). IgG yield was measured using
a NanoDrop Spectrophotometer (Thermo Fisher Scientific).

E2 binding assays. Binding of mAbs to J6 E2 glycoprotein was
measured by biolayer interferometry (BLI) using an Octet RED96
instrument (Fortebio). Individual mAbs were diluted in binding
buffer (0.1% BSA, 0.02% Tween-20, 0.05% NaN, in 1X PBS) at a
fixed concentration of 10 pg/mL and immobilized on Anti-hIgG
Fc Capture (AHC) biosensor (Fortebio) for 300 seconds. Baseline
readings were recorded for 60 seconds. Sensors were then sub-
merged into varying concentrations (1000 nM, 333 nM, 111 nM, 37
nM, 12.3 nM, and 0 nM) of HCV ]6 E2 glycoprotein (aa 368 - 713)
for 300 seconds at 30°C. Sensor-mAb-E2 complexes were then
allowed to dissociate for 600 seconds while shaking at 1000 rpm.
Sensors were stripped of mAbs by 3 cycles of immersion in regen-
eration buffer (10 mM glycine-HCI, pH 1.7) and binding buffer.
Polyclonal human IgG (10 pg/mL; MilliporeSigma, catalog AG711)
was included as a negative control. Binding strength, defined as
the fraction of E2-mAb complexes (measured by changes in optical
intensity) over total bound and unbound mAbs formed at increas-
ing concentrations of J6 E2, were calculated using ForteBio Data
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Analysis 9.0 software. Binding strength was expressed as inverse
EC,, values (EC, ") calculated from 4PL dose response nonlinear
regression curves fitted to response intensities as a function of
increasing J6 E2 molar concentrations.

Statistics. Statistical analyses were performed with SigmaPlot
(Systat Software) or Prism versions 5.0, 7.0, or 8.0 (GraphPad).
Details of tests (including number of data points (n) and P values)
are provided in each figure legend. Differences between groups in
longitudinal analyses were determined by 2-way repeated measure
ANOVA with Tukey’s post hoc test. Analyses that did not include
multiple time points were determined by Mann-Whitney test or
1-way ANOVA (Kruskal-Wallis test with Dunn’s multiple compar-
isons test) as indicated. For all statistical tests, P values less than
0.05 were considered significant.

Data code and availability. Gene expression data are deposited in
the NCBI Gene Expression Omnibus (GEO) repository under accession
number GSE157447. The code used to obtain Ig sequences is available
at https://github.com/BosingerLab/HCV_manuscript. The Ig sequenc-
es are deposited in GenBank under accessions MW176150-MW177530.

Graphical illustrations. The graphical abstract was created with
BioRender.com.
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