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Hepatitis C virus (HCV) is a major public health concern, witover 70 million people
infected worldwide, who are at risk for developing life-tleatening liver disease. No
vaccine is available, and immunity against the virus is noteil-understood. Following
the acute stage, HCV usually causes chronic infections. Hoewer, 30% of infected
individuals spontaneously clear the virus. Therefore, ugj HCV as a model for comparing
immune responses between spontaneous clearer (SC) and chmically infected (Cl)
individuals may empower the identi cation of mechanisms gwerning viral infection
outcomes. Here, we provide the rst in-depth analysis of adative immune receptor
repertoires in individuals with current or past HCV infeadh. We demonstrate that
SC individuals, in contrast to Cl patients, develop clusterof antibodies with distinct
properties. These antibodies' characteristics were usechia machine learning framework
to accurately predict infection outcome. Using combinataal antibody phage display
library technology, we identi ed HCV-speci ¢ antibody sequences. By integrating these
data with the repertoire analysis, we constructed two antibdies characterized by
high neutralization breadth, which are associated with clrance. This study provides
insight into the nature of effective immune response againdHCV and demonstrates
an innovative approach for constructing antibodies corralting with successful infection
clearance. It may have clinical implications for prognosisf the future status of infection,
and the design of effective immunotherapies and a vaccine fdHCV.

Keywords: hepatitis C virus, antibody repertoire, neutral izing antibodies, infectious disease, immune signature

INTRODUCTION

HCV infection can lead to hepatitis, cirrhosis, liver fadyrand hepatocellular carcinoma (HCC);
it is the leading cause of liver transplantatial).(HCC is the fth most common cancer, and the
third leading cause of cancer-related death worldwide. Uniaaitely, its prevalence in the US and
Western Europe is increasind)( No vaccine is currently available for HCV, and immunityeamst

the virus is not well-understood. Cure rates are expecteactoeiase with the recent approval of
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Direct-Acting Antiviral Drugs (DAAS). Yet, despite this pragss, repertoires between distinct patient populations may provide
many challenges remain, such as limited implementationinformation that can be correlated with clinically relevant
ecacy, and protection from reinfection ). Thus, global outcomes 81, 32). Indeed, recent studies have found common
eradication of HCV by implementing DAAs is currently not antibody sequences in unrelated individuals following Desg
a feasible goal3(6). Since vaccination is considered the most(33), inuenza (34), and HIV (35 infections, as well as
e ective means of eradicating viral infections)(a prophylactic autoimmune diseases such as celi&®} énd pemphigus vulgaris
HCV vaccine is an urgent, unmet medical ne€d). However, (37). In chronic lymphocytic leukemia, 30% of patients carry
critical gaps in understanding the correlates of protectiveVH highly similar antibodies38). Here we utilized high-resolution
immunity have hindered the design of anti-HCV vaccines andechnologies to identify unique antibodies that stratifgtiveen
novel immunotherapeutics3(6). Cl and SC HCV infection outcomes. We also used antibody
Unlike HIV-infections, which are not spontaneously cleared repertoires in combination with phage display to construct HCV-
20-40% of HCV-infected individuals experience spontaneouspeci ¢ broadly nAbs associated with HCV infection clearance.
recovery (). A multitude of evidence suggests that induction
of an e cient HCV-speci ¢ natural immunity can control the MATERIALS AND METHODS
infection. Therefore, using HCV as a model for comparing
immune responses between spontaneous clearer (SC) afiell Lines
chronically infected (Cl) individuals will enable the idénation Huh-7.5 cells (a generous gift from Charles Rice, Rockefeller
of unique mechanisms that govern human disease outcomegniversity) and Huh7/FT3-7 cells (a generous gift from Stgnle
Until recently, protection against persistent HCV infectiomsv M. Lemon, University of North Carolina at Chapel Hill)
thought to be associated with a vigorous T-cell respore ( are human hepatoma cell lines that are highly permissive
However, it is now widely accepted that neutralizing antilesd for infection and replication of cell culture infectious HCV
(nAbs) also play a key role in viral clearancg-12). This (HCVcc) (39. Cells were cultured in Dulbecco's modi ed Eagle's
point was strengthened by demonstrating that natural cleeega medium (DMEM) containing high glucose; 10% fetal bovine
correlates with the early development of nAEs3( and with  serum (FBS); 1% L-glutamine; 1% penicillin streptomycin; and
nAbs that exhibit distinct epitope speci cityld). Extensive 1% non-essential amino acid. The cells were incubated in a
characterization of monoclonal HCV-neutralizing antided  humidi ed incubator at 37 C containing 5% C@. The irradiated
(mnAbs), combined with crystal structures of the HCV enymo 3T3-msCD40L feeder cells that express CD40L were obtained
protein E2, which is the target of most HCV-nAbs, has providedrom the National Institutes of Health (NIH) and cultured as
valuable information regarding the E2 antigenic landscalge (  previously describedi().
19. However, since most HCV mnAbs characterized to date were
generated from ClI patientsl@, 20, 21), the nature and epitope Virus
speci cities of mnAbs in SC individuals remain to be elucielht Virus stocks from HJ3-5 chimeric virus [a generous gift from
Recent studies have demonstrated that the early appearan8tanley M. Lemon, University of North Carolina at Chapel Hill
of broadly neutralizing antibodies (bnAbs) is associatdthw (39)] and the other chimeric viruses containing E2 envelope
spontaneous clearancé 3. Interestingly, bnAbs also protect protein from genotypes 1-7: HJ3-5/1a, H77C/1a, j6/2b, s52/3a,
against HCV infection in animal model2¢-24). Very recently, EDA43/4a, sal3/5a, HK6A/6a, QC69/7a [a generous gift from Jen
the rst panels of bnAbs isolated from SC infections haveBukh (41)], were produced in Huh7/FT3-7 cells and viral titers
been developed2g, 26). The panel reported by Bailey et al. were determined by FFU assay in Huh-7.5 cells, as described
displayed a low number of somatic mutations compared with thepreviously 89).
well-characterized nAbs from chronic patients exhibitingtrer
neutralization breadth, but were similar to nAbs from chion Antibodies
infections in terms of clonality and epitope speci citiea3d. It A panel of HCV mnAbs CBH-4B, CBH-4D, HC-1, HC-11,
remains unknown whether and how the immune response of SCBH-7, HC84.22, HC84.26, HC33.1, and HC33.4 that are
individuals is distinct from that of CI patients. representative E2 antigenic domain A-E antibodies, and &robn
New emerging technologies empowering high-throughputon-speci ¢ antibody R0412, 20, 21) were kindly provided by
direct screening for specic antibodies have provided deefSteven Foung, Stanford Univ., Stanford, California.
insights into the immunogens that elicit broad antibody
responses A7, 29). In the case of HIV, such technologies Sample-Collection
led to the generation of broadly neutralizing monoclonalAll blood samples were collected from the Liver Institute
antibodies with signi cantly higher potency, breadth, andwel at Belinson and the Galilee Medical Center, Israel. In total,
epitope speci cities [reviewed i2f)]. These novel revolutionary we obtained blood samples from 80 individuals; of these, 18
methods of studying immune responses can o er importantwere individuals that spontaneously cleared HCV infection,
insights into the nature of immune responses to infectionise T 52 were with persistent chronic HCV infections, and 10 were
antibody repertoire of an individual stores information alio from healthy controls. Subjects were de ned as spontaneously
current and past threats that the body has encountered, andeared HCV if anti-HCV antibodies are detectable, with
thus has the potential to shed light on screening antibodies a undetectable HCV RNA assessed by the Tagman reverse-
vaccine design2(, 30). Comparing the features of antibody transcription polymerase chain reaction (RT-PCR) quanti@ti
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assays. HCV chronic infections were de ned as viremia ife¢he light chains). For the combinatorial assembly of the heawy a
were detectable viral loads for more than 1 year. Both cahortight chain variable domains into complete single-chainiable
were not treated with any anti-viral treatment. All bloodsgles fragments (scFv), the fragments were mixed according t@ the
were collected using protocols approved by the Institutionahatural frequencies, and PCR was performed using the assembly
Review Boards and were in accordance with the ethical stasdarprimer (forward) and the primers set Hu-JK1-5-Notl-FORF for

of the Helsinki Declaration. Sample data are summarized itKappa scFv or the primers set Hu-JL1-7-Notl-FORF for Lambda
Supplementary Table 1 For the isolation of peripheral blood scFv (reverse) (primers are listed 8upplementary Table 2
mononuclear cells (PBMCs), 30-50 ml of whole blood from eaciihe amplied scFvs were cloned into the phagemid vector
donor was separated on Ficoll-Paque gradient (Lymphoprgp PCC16 ¢3. The ligated DNA was used for electroporation

according to the manufacturer's instructions. into electrocompetent XL-1 cells (Agilent Technologies) end
the following conditions: 2.5 kV, 260, 25 mF. In total, we
Expression and Puri cation of the E2 conducted 75 electroporations that yielded a total librérg ©f

: 6 10’ individual clones. To test the diversity of the librariess w
%lyca%mem N la E2 GenBank amplify the scFv genes from 30 colonies from the library by PCR.
€ genotype 1a sequence (GenBank access fle PCR products were digested by BstNI (NEB). The digested

no. AF009606), spanning residues 384-661 (not Coma'nmgamples were separated on 2.5% agarose gel. A diverse running

'::lgvtrar smg;nbﬁ?ée 5dogn am)o’l was ampléﬁ((j) £¥EFI;CR UES'anpattern indicates sequence diversity. Rescue of the librsingu
plasmid pHJ3-5 9 and primers p . “Sec-te helper phage and preparation of library stocks was performed
la-SE and pSHOOTER-sec-E2-1la-As (primers are listed 'stentially as describetty

Supplementary Table 2 The PCR product was digested with
Notl and Ncol and cloned into plasmid pCMV-SEC-MBP (a _. . .
generous gift from Itai Benhar, Tel-Aviv University, Tel-&vi  Biopanning and Isolation of Monoclonal
Israel) containing signal peptide for secretion, His and MycAnti-E2 Phages
tags, and fused to maltose-binding protein (MBP) for higherTo enrich E2-specic phages, ve cycles of biopanning were
expression and stabilization. The resulting plasmid was égfm performed for the SC library essentially as describég. (In
pCMV-SEC-MBP-E2-384-661-1a-His-Myc. brief, phages were rst rescued from the library. Then, thet r

For production of E2 protein, 293T cells were transfected witleycle of enrichment was performed by coating the wells with E2
12 mg pCMV-SEC-MBP-E2-384-661-1a-His-Myc expressiorglycoprotein, and then 28 phages were added to the wells. Non-
plasmid by PEI transfection reagent. At 72 h post transfegtiorspeci ¢ phages were washed by PBST and then speci ¢ phages
medium containing the secreted protein was collected frolis ce were eluted with 100 mM triethylamine. For neutralizatioriyi1
for protein puri cation. The E2 protein was puri ed using Ni- Tris Cl pH 7.4 was added. Eluted phages were used for the next
NTA agarose beads (Qiagen) according to the manufacturerycle of biopanning. Phages were pooled from the 4th and 5th
instructions. Puri ed E2 glycoprotein was stored aR0 C. E2  biopanning cycles. Next, 96 colonies were picked from eadk cyc
glycoprotein-containing fractions were analyzed on SDS 10%nd rescued essentially as describ&g).(Their speci city to E2

polyacrylamide gels. was screened by ELISA, as described below.
Construction of an Immune anti-HCV Expression and Puri cation of Full-Length
Antibody Phage Display Library Antibodies

We constructed a phage display antibody library from aTo produce full-length IgGs, the heavy and light chains from
source of pooled PBMCs obtained from 10 SC patientsscFvs were cloned into pMAZ-IgH and pMAZ-IgL vectors (a
For library construction, we designed a degenerative primegenerous gift from Itai Benhar, Tel-Aviv University) thatrdain

set by using the IMGT database (IMGT the international the constant regions of IgGland a signal peptide for secretion
ImMunoGeneTics information systefh http://www.imgt.org (44). The variable heavy chain region was recovered by PCR
(founder and director: Marie-Paule Lefranc, Montpellieakce) from pCC16 vector, which carries the selected scFv using psimer
(42) (primers are listed inSupplementary Table 2 The phage TAB-RI and CBD-As Supplementary Table 2 Alternatively,
antibody library was produced using a protocol as previouslyhe variable Heavy chain region sequences identi ed arecsed
described 43). In brief, total RNA was extracted from 10 by bioinformatic analysis were custom-synthesized (IDT, rae
PBMCs using the RNeasy mini kit (Qiagen). cDNA was produced he variable Kappa and Lambda chain regions were recovered by
from mRNA by reverse transcription using the AccuScript Hi- PCR from pCC16 vector, which carries the selected scFv using
Fi cDNA Synthesis Kit (Agilent). Heavy and light chain védia  primers TAB-RI and CBD-As Supplementary Table 2 PCR
domains were ampli ed from the RT-PCR cDNA product by products were digested witBssHI and Nhd for heavy chains,
PCR using the primer sets we have designed. The heavy variaBigsHI and Bsiw for the light Kappa chain, andssHI and
domains were ampli ed using the primer sets Hu-VH1-6-Ncol- Avrll for the light Lambda chain, and cloned into the appropriate
BACK and Hu-JH1-6-FORF and the light variable domain wassectors.

ampli ed using primer sets Hu-VK1-6-BACKF and Hu-JK1-  For antibody production, 293T cells were transfected with
5-Notl-FORF (for amplifying Kappa light chains) or Hu-VL1- pMAZ-IgH expressing the Heavy chain and with pMAZ-IgL
10-BACKF and Hu-JL1-7-Notl-FORF (for amplifying Lambda expressing the Light chain. At 72 h post transfection, medium
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was collected from the cells and antibodies were puri ed gsin slides were incubated for 24 h. Next, 28f DMEM was added
Protein A Sepharose CL-4B beads (GE healthcare) accordingtmeach well and the slide was incubated for another 24 h. Then
the manufacturer's instructions. Puri ed antibodies westwred  the slides were washed twice with 280PBS. The PBS was gently
at 20 C. Fractions containing antibodies were analyzed on SDfmoved and 10&1 of Methanol:Acetone 1:1 was added to each

15% polyacrylamide gels. well, followed by 10 min incubation at RT. Each well was washed
twice with 200m PBS. Then 7.5% BSA in PBS was added with

ELISA serum from a Cl HCV patient at a dilution of 1:1,000, followed

For Detecting Speci ¢ Antibodies in Patients' Sera by 1 h of incubation at 37C. Each well was washed twice with

Each well of the ELISA plate was coated with 6 of rE2  200m PBS. Next, 10@1 of 7.5% BSA in PBS with uorescently
diluted in 100m of coating bu er and the plates were incubated labeled goat anti-human antibody diluted 1:100 was added to
at 4 C overnight. The plates were washed twice with PBST anelach well, followed by 1h of incubation at RT. Each well was
blocked with 3% skim milk in PBS for 1 h at 32. Next, the washed 3 times with 208 PBS. Neutralization was measured by
plates were washed twice with PBST and serum (diluted 1:1,00@muno uorescence microscopy, followed by manual counting
from di erent patients were added to the wells, followed by 1 hof foci of infected cells. The percent neutralization waswated
incubation at RT. The plates were washed three times with PBS® the percent reduction in FFU compared with virus incubated
and goata human HRP-conjugated antibody diluted 1:10,000with an irrelevant control antibody.

was added to each well, followed by 1 h incubation at RT. Then,

100m of Tetramethylbenzidine (TMB) was added to each well

and following incubation of 5-10 min, the reaction was stoppedsolation of HCV-Speci ¢ B Cells

by adding 50m of H,SQ; 0.5 M to each well. The signal was We established a platform for the propagation and isolation of

detected at a wavelength of 450 nm by a plate reader. HCV-specic B cells. PBMCs from Cl and SC patients were
. o isolated and CD19 B cells were separated by a FACS sorter.
For Detecting Binding Phages B cells were then plated on feeder irradiated 3T3-msCD40L

ELISA was performed as previously describ&d.(First, 96-well  cells that express CD40L, which induces proliferation, Absclas
ELISA plates were coated withnig of rE2 or negative control switching, and secretiont¢). B cells were activated withnag/ml
protein (BSA). Plates were incubated overnight, then washed rE2 protein and a combination of IL2 (10,000 U/ml) and IL21
3 with PBS, and blocking bu er was added to the plates for 2 {{100mg/ml) (47). The combination of CD40L feeder cells and
at 37 C. Next, individual rescued phages were added from théhe addition of cytokines IL2 and IL21 can successfully state
master plate. Plates were incubated at RT for 1h and washewitched memory B cells to produce high concentrations of IgG
3 with PBS. Next, 1:5,000 HRP conjugatec@tdl13 antibody to the supernatant.
was added. Then, 100l of TMB was added and following an ~ Supplementary Figure 1 demonstrates the successful
incubation of 30 min, the reaction was stopped by adding 5@ropagation of memory B cells following separation of C319
m of H,SO, 0.5 M to each well. The signal was detected at 8 cells from a healthy individual, that were grown on 3T3-
wavelength of 410nm by a plate reader. Specic phages wengsCD40L cells and stimulated with a pool of positive peptides
picked by detection of positive signal for rE2 compared with BSAand IL2 and IL-21. Evaluation of CFSE staining following 14
. o o days of culture demonstrates CFSE fading, only under stitedl
For Determining Antibodies' Speci city conditions. This indicates the proliferation of the actigdt
For detecting antibodies binding to rE2, ELISA plates weede  cyture (Supplementary Figure 1A. Moreover, in the activated
with 5mg of rE2. The plate was incubated and blocking bu er wasyiture, 23% of the population was memory B-cells that are
added. Then, antibodies were added in concentration ohg/nl positive for CD2T, compared with very low numbers of CDE7
and incubated for 1 h at RT. HRP-conjugated Gadumanwas  cel|ls in the non-activated cultureéS(pplementary Figure 1B
added at 1:10,000 dilution and the plate was incubated fortl h &or evaluating the ability of B cells to di erentiate and proguc
RT. TMB was added and following an incubation of 5-10min,;gG, we measured the concentrations of IgG secreted to the
50 m of H2S( 0.5M was added to each well. The signal wagy|ture medium 3 or 8 days following B-cell activation by AL

detected at a wavelength of 450 nm by a plate reader. As shown inSupplementary Figure 1Cthe activation induced

) . . IgG secretion, in atime and cell number-dependent manner.
Focus-Forming Unit (FFU) Reduction For isolation of HCV-speci ¢ B-cells, B-cells from CI, and SC
Neutralization Assay patients were isolated and stimulated as described abowe. Th

Neutralization assays were carried out essentially as s@&ibed cultures were incubated for 14 days and then HCV-specic B
previously ¢5). Huh7.5 cells were seeded on an eight-chambetells were isolated. Activated B cells were incubated with rE
slide and incubated overnight at 3Z. The next day, 5.0  and stained with CD19-PE, CD27-BV421, and tagged rE2 (anti-
of each selected phage or dierent concentrations of puri edcMyc, alexa uor 633). Viable CD9 CD2F, and ES were
IgGs were incubated for 1h with 100 FFU of HCVcc HJ3-Ssolated by FACS. These HCV-speci ¢ B cells were then grown for
chimeric virus or viruses containing E2 from genotypes 1-71 week, as described above. Supernatants were collectechat ea
[1a (H77/JFH1); 2b (J8/JFH1); 3a (S52/JFH1); 4a (ED43/JFHE)ep and used in the HCV-neutralization assays. The backgto

5a (SA13/JFH1); 6a (HK6a/JFH1); 7a (QC69/JFH1)]. Nextyas compared to healthy individuals, stained, and gated @s th
phages/lgGs and virus mixtures were added to the wells. Thested samples.
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Sequencing B-Cell Repertoires Comparing HCV-Speci c B Cells and
Library Preparation General Repertoires From SC and Cl
Total RNA was puri ed from 510° PBMCs from each sample Clinical Groups by Amino Acid

(using RNeasy Mini kit, Qiagen). RT-PCR was performed usin

an oligo dT primer. An adaptor sequence was added to the %hor}servatlonf Le\;els . id (AA h CDR3 .
end, which contains a universal priming site and a 17-nudtkot e frequency of each amino acid (AA) at eac position

unique molecular identier ¢8-51). Products were puri ed, was calculated for each B-cell cluster. The sums of frequency

followed by PCR using primers targeting the IgD, IgM, IgG, angSquares were calcula_t(_ad for each clinical group. B-cell m_lus;e
IgA regions, and the universal adaptor. PCR products were thefontaining CDRS positions for Wh'Ch, the sum of frequencies in
puri ed using AMPure XP beads. A second PCR was performeéc was greater than the correspon_dlng sum for CI by more than
to add the lllumina P5 adaptor to the constant region end, anoo'5 were selected. Only clusters with sequences origiétm

a sample-indexed P7 adaptor to the universal adaptor. Findore than one sample, and sequences with CONSCOWNT

products were puri ed, quanti ed with a TapeStation (Agilent were used.
Genomics), and pooled in equimolar proportions, followed by P : '
2 300 paired-end sequencing with a 20% PhiX spike oPredICtIon Model Based on the Patients

the Illumina MiSeq platform according to the manufacturer'srl]'?eperto're )
recommendations. 1. Sequences were grouped to clusters as described above.

2. The frequency of each cluster per sample was calculated.
3. Aclassi cation model was applied as follows:

B|0|nformat|c Analyses . . . a. The data set was randomly divided into 1890%) and 2
Pre-processing of raw sequencing reads: Repertoire Seqgencin samples ( 10%) of training and test sets, respectively.

TOolkit (pRESTO version 0.5.8)f) was applied totherawreads 1, - £oap e selection was performed by a random forest model,
using the fqllowmg steps: (a) Removal of low-quality readez{lm choosing the most informative 18 features.
Phred quallty_ score 20). (b) Removal (_Jf reads where th? primer . Logistic regression with an L2 regularization penalty was
could not be identi e_d or_had a poor alignment score (m_|sma_tch applied to these 18 remaining features, and the model was
rate>0.1). (c) Identi cation .of sets of sequences with identical applied to the test set. The accuracy rate was measured.
molecular IDs (correspondmg to the same mRNA molecule). . The process was repeated 100 times: each time two
These_ are collapsed into one consensus sequence per set, after di erent samples were taken as a test set.
removing sets with a mean mismatch r_aié).z. @ Assemb!y e. Random predictions: to ensure that our results are not
of the two consensus paired-end reads into a complete antibody biased, clinical group labels were randomly shu ed. Then,
sequence. Then, V(D)J_ segments were assigned for_each of the steps a-d were applied to this permuted labels model.
antibody sequences using IMGT/HighV-QUEST3|. This was
followed by quality control and additional ltering: (a) Remaal 4. A similar model was applied to T-cell repertoires, except that
of non-functional sequences due to a stop codon or a reading clusters of sequences were de ned by identical CDR3 regions
frame shift between the V and the J gene. (b) Sequences with at the amino acid level.
CDR3 length< 12 nucleotides. (c) Samples with an unusually -
abundant single V-J CDR3 length combination were excluded?ata Availability
samples Cl4 and SC12 met this criterion, since they had a singld1€ antibody repertoires sequencing datasets for this stugfy
sequence ir» 50% of the raw reads. (d) For mutation analysisdeposited in the European Nucleotide Archive. The accession
sequences with read numbers (CONSCOUNT) lower than tw@umbers are ERR2843386-ERR2843427.
were removed. (e) For IGHV gene usage we showed analysis for
only functional genes that were in the 15 topmost frequenttin aBRESULTS
least one sample.
Our overall approach is summarized Figure 1; it included a

] collection of blood samples from Cl and SC HCV infections in
Clustering of Related B-cell Sequences addition to healthy controls, and a screen to identify saraple
Across all Samples containing high levels of HCV-nAbs. Selected samples were used
Sequences were rst grouped according to their V-gene, J;genf@r sequencing of total and HCV-speci ¢ antibody repertoires,
and CDR3 length. For each group, the dierence in aminoas well as total T-cell receptor repertoires. This was foltbwe
acids between each pair of CDR3s was calculated by Hammilbg constructing monoclonal antibodies associated witle@tibn
distance. Hierarchical clustering by a complete linkage meth clearance, based on phage display antibody library and repertoi
was applied and sequences were clustered by genetic distard@fa Figure 1).
using a threshold of 0.15, i.e., the maximal dissimilarigween . . . .
any two CDR3 sequences in a cluster never exceeded 1581ti-HCV Antibodies in Resolved
As an additional quality control step, sequence clusters folnfections Are Potent Neutralizers
which >90% of sequences came from a single sample wewge collected PBMCs and sera from 80 individuals. Of
removed. these, 18 were individuals that spontaneously cleared HCV
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FIGURE 1 | Scheme of work ow. The work ow included the following steps: collection of blood samples from SC, ClI, and healthy individus, sequencing of total
B-cell repertoires, T-cell repertoires, and HCV-speci ¢ Beell repertoires, analysis of repertoires and identi catio of antibody clusters and TCR sequences associated
with viral clearance, construction of an antibody phage diglay library, isolation of a panel of HCV-binding antibodyegjuences that associate with cleared infections,
and integration of all data to construct HCV-broadly neutrizing antibodies associated with clearance.

infection, 52 were with persistent chronic HCV infection, anti-viral therapy (SVR). The blood samples were collected
and 10 were from healthy controls. To validate the presenceetween 6 months and 1 year after achieving SVR. Using
of nAbs in sera from CI and SC HCV infections, we rst these samples, we again tested binding to rE2 and HCV-
screened these sera by ELISA for antibodies able to bind reeutralization. As expected, we observed a signi cant drop
recombinant HCV envelope protein E2 (rE2) that we haveboth in binding and in neutralizing HCV following treatment
produced. Although high levels of anti-rE2 were detected ir(Supplementary Figures 2C,d  Collectively, these results
chronic HCV infections, very low levels were detected imnsuggest that although the anti-HCV antibodies in resolved
resolved HCV infections Supplementary Figure 2A. This is infections are at low levels, they are potent neutralizefsee T
expected, since the ongoing infection in CI patients resultsamples that displayed high neutralization e ciency were
in the generation of large numbers of anti-HCV antibodiesselected for further analysis.
from plasma cells, whereas in resolved individuals, anti-HCV_ o
antibodies are secreted from lower number of circulatingwc  Differentiating Features Between SC and
speci ¢ long lived plasma cells or memory B-cells. Then, weCl Antibody Repertoires
screened these sera for HCV-neutralization by performing afPrevious studies suggested de ning a successful immune
HCVcc neutralization assay. Approximately a 2-fold drop inresponse to HCV by studying SC vs. C8, (9, 13 26).
neutralization e ciency was observed in resolved infeasoan  However, a deep insight into these responses is lacking., Mere
average of 45%) compared with chronic infections (an averge sought to use high-resolution technologies that will sigantly
85%) Supplementary Figure 2B increase the number of screened samples and the screening
To validate that we indeed measured HCV-speci ¢ immunity,depth of each sample. We sequenced antibody repertoires from
we collected two CI samples before and after successf28 individuals; among these are 10 HCV Cl, 11 SC that
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displayed the highest neutralization e ciency as describbdve well as V-J-CDR3 length also did not yield signi cant results.

(Supplementary Figure 2B, and 7 healthy control samples. We We performed a similar analysis ftrchains of TCRs from the

identi ed 10%-1C° unique full-length heavy chain sequences forsame individual groupsSupplementary Figure 34, and did not

each sampleHigure 2A). observe di erences in CDR3 length, V, and J gene usage between
To identify features in B-cell repertoires that are unique toSC and ClI clinical groupsSupplementary Figures 3B—

Cl or SC HCV infections, we evaluated the usage frequency We next sought to explore the possibility that clusters of

of each V and J gene segment, the CDR3 length, as well sisilar antibody sequences are enriched in either SC or ClI

the mutation frequencies across the V genes. Sequences wgreups. To this end, we grouped the antibody sequences by

grouped by their V gene, J gene, and CDR3 length, clusteradJ-CDR3 similarity. We identi ed 337 clusters that are di eten

by genetic distance, and the frequencies within and betwleen between the clinical groups by more than four samples. Of these

clinical groups were compared. We did not observe signi cantL65 clusters were enriched in SC samples and 172 clusters were

di erences in CDR3 length, V, and J gene distributions betweernriched in Cl samples. To narrow down the list of candidate

the clinical groups Figures 2B-D). V-J gene combinations, as clusters for classi cation, we increased the thresholddalting
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FIGURE 2 | Characterization of B-cell repertoires in SC, Cl, and healghindividuals.(A) The number of unique sequences per sample after pre-processg. (B) The
CDR3 length distribution.(C) The IGHV gene distribution. Only functional V genes that weia the 15 topmost frequent in at least one sample are shown(D) The
IGHJ gene distribution.(E) Feature combinations whose abundance differ between the S@nd CI groups are presented for sequence clusters grouped bydentical
IGHV and IGHJ and by high CDR3 similarity, which were signi calytmore abundant in either SC or CI cohort ([#samplesc-#samplesc| > 3 samples). Sequence
logos CDR3 of these clusters are presented irBupplementary Figure 4 .
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a cluster enriched, from four samples to ve. Using this highe between the SC and Cl samples (termed “stratifying clusters”)
threshold, we identi ed 13 enriched clusters. Of these,lldters Of the 10 best clusterg=jgure 3C Supplementary Figure ,
were unique to SC, and one was unique to Eigure 2Eand four (IGHV3-15I1GHJ48 130, IGHV4-34IGHJ6 14 103,
Supplementary Figure % IGHV3-23 IGHJ4 10 707, and IGHV3-23IGHJ6 20 367)
To evaluate the mutation frequencies between the clinicalere also previously found in the single-feature comparisons
groups, we rst subdivided the sequences into IgM, IgD, IgG(Figure 2B).
or IgA isotypes. No signi cant di erences in the frequencies Possible inaccuracies in multiplexed sample sequencing as a
of the dierent isotypes were observed between the clinicalesult of rare barcode impurities might cause biases. Toooree
groups Supplementary Figure 5A. Supplementary Figure 5B  this di culty we determined a strict cuto . We used only clones
displays a violin plot comparing the distribution of somatic in which at most 90% of the sequences originated from one
mutation frequencies across IgA, IgD, 1gG, and IgM. As exgkcte sample. If we had not used any cuto , the prediction precision
higher mutation numbers were observed in the IgG and IgAwould improve by only 2%. Lowering the cuto to 80% decreases
isotypes, compared with the IgM and IgD isotypes. No signi cantthe precision by 13.5%. Still, a high performance of the algorit
di erences were observed in mutation numbers within each Training the model for T-cell repertoires was very similar
isotype between the clinical grougSupplementary Figure 5¢.  to the one for the B-cell repertoires, except that the data
We also compared mutation numbers for each isotype acrossere categorized by identical AA CDR3 sequences. The average
V genes between the clinical groups. Interestingly, 14 moty accuracy was 79 and 85% for the SC and CI groups, compared
speci c V genes were signi cantly di erent when comparing with 50% using shu ed labelsKigure 3B). Of the 10 best CDR3
the clinical groups $upplementary Figure 50. Of these, sequencesHgure 3D), two sequences, CASSTAGQGLTEAFF
four displayed higher mutation numbers in SC than in Cl,and CASSLGTPNEQFF, were also found in the single feature
including IGHV3-53, IGHV2-70, IGHV1-8, and IGHV3-33. The comparisons.
remaining ten V genes displayed lower mutation numbers in SC
thanin CI. ) L
Differentiating the Features of
. : : HCV-Speci c B-cell Repertoires
A _M_aChme Learning Model Predicts . Previousrz)studies reported thepfrequencies of circulatinggan-
Clinical Outcomes Based on the Antibody specic B cells in humans of up to 1% of the overall B-
Repertoire cell population §4). Therefore, the polyclonal nature of the
To determine whether a combination of features, rather thanmmune response may impose signi cant background noise
one at a time, would provide better insight into the antibodythat interferes with characterizing the HCV-speci c immune
sequences that participate in the response to HCV, we usedrasponse. Thus, we sought to isolate HCV-specic B cells
machine learning approach, which predicts the clinical groupmand characterize their properties. Here, we have established
based on a combination of features. This approach can beediliz novel platform for thein vitro propagation and isolation of
not only as a prediction model; it can also be used as a tool tBlCV-speci c memory B cells (described in the Materials and
identify signi cant features that did not arise in the singkeature  methods). The HCV E2-speci ¢ populations were separated
analysis. from six Cl and three SC individuals and healthy individuals
For feature selection, we calculated frequency per sample fas controls Figure 4A). The fold enrichment of HCV-speci c B
each cluster of sequences. To avoid false clusters that ctay o cells from each sample was calculated compared to the number
due to grouping of several erroneous sequences with cornas,0 of B cells isolated from healthy individuals, as demonsttate
we removed rare clusters that appeared at low frequencies or Bupplementary Figure 7 The fold enrichment of cells isolated
fewer than four samples. Then, we left out two samples as a tédfsbm HCV-speci ¢ B cells ranged from 2 to 466-igure 4A).
set, and we trained the model on the remaining samples. To validate the enrichment of HCV-speci ¢ B cells, the growth
We applied a random forest model to extract the best 18nedia of the cells were used for the HCV-neutralization
clusters (equal to the size of the training set), followeddyydtic  assay, which displayed higher neutralization in the Cl and SC
regression on the selected clusters to generate the pradictisamples compared with healthy controls. Neutralization was
model. Finally, we applied the model to the remaining twofurther enhanced following separation of HCV-speci ¢ B cells
samples and calculated their accuracy. The process of sampliffigure 4B).
and training was repeated 100 times, to ensure that the model The variable regions of the antibody's heavy chains of the
was not biased toward speci ¢ samples. HCV-speci c B cells were sequenced. First, we evaluated the
The nal predication results, summarized irFigure3  genomic distance of the VDJ region sequences between the
indicate 91% accuracy of the prediction. As a control, when wdi erent samples by the Levenshtein distance. Interestingiyies
randomly shu ed the clinical groups and trained our model, of the most closely related sequences originated from dnéere
the prediction rates were 49 and 35% for the SC and CI groupsamples Figure 40). This observation implies that similar
respectively Kigures 3A,Bfor T cells), suggesting that we did antibodies convergently evolve in di erent patients to bind IC
not achieve the high accuracy predictions due to over ttingTo compare the repertoire of HCV-speci ¢ binding sequences
or another random bias of any specic sample. Thereforewith the total repertoire of a given donor, de ned here as the
we identied sequence clusters that can accurately syratif‘general repertoire,” we searched for sequences in the gkener
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FIGURE 3 | Machine learning model used to stratify between SC and C[A) Accuracy was based on the B cells' repertoire. Original lalle represent clustered
sequences by identical IGHV and IGHJ and the high similarity ¢fe CDR3 amino acid sequence. For validation purposes, the odel was trained and applied on
randomly labeled data.(B) Prediction model based on the T cells' repertoire. The traing for the T-cell repertoires model is very similar to the Bell model, except that
the data were clustered solely by CDR3 amino acid identitfC,D) The top 10 clusters used by the model to stratify between the ahorts. (C) In B-cell clusters.(D) In
T-cell clusters. Sequence logos of the CDR3 of the B cell clusrs are presented inSupplementary Figure 6 .

repertoire that are similar to the speci ¢ binders. Similgnivas HCV-speci ¢ repertoire. In the speci c repertoire we identi ed
de ned as having the same V gene, J gene, and CDR3 sequerde clusters that were enriched in SC samples in the general
that are at least 75% identical at the AA level. In total, wected  repertoire, and 15 clusters that were enriched in Cl samples
5,447 clusters in the general repertoire that were similathe®o in the general repertoire. An enriched cluster was de ned as
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FIGURE 4 | Isolation of HCV-speci ¢ B cells from resolved and chronic HC\infection. (A) HCV-speci ¢ B-cells isolated from six Cl and three SC individals, as
compared with control healthy individuals. The fold enriaghent of HCV-speci c B cells from each sample was calculated conpared with the number of B cells isolated
from a healthy individual, as demonstrated irsupplementary Figure 7 . (B) HCVcc-neutralization assays using supernatants of culted B cells from healthy, SC, and
Cl samples after two 2 weeks of activatiorin vitro. (*P < 0.03, **P < 0.003, ***P < 0.0001, ***P < 0.00003, t-test). (C) Dendogram of CDR3s from HCV-speci c B

cells, generated based on Levenshtein distances. Each cotmf the CDR3 sequence corresponds to an individual(D) Mutation numbers in IGHV genes in the general
(Continued)
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FIGURE 4 | repertoire compared with the HCV-speci c repertoire. Each peci ¢ sequence was randomly matched to a non-speci ¢ sequence with the same IGHV
and IGHJ genes. The sequences were grouped by isotype and mut@éns were compared by Mann Whitney test (IG4 D 3.488873e-07, IGGp D 6.849511e-08,
IGM p D 3.764229e-04). (E) Mutation number in the IGHV genes in the speci c repertoire foBC and CI (IGAp D 0.000574, IGG p D 0.435930). (F) Conserved
amino acids in CDR3 from the HCV-speci ¢ repertoire (bindefscompared with the general repertoire (non-binders). Foraeh speci ¢ sequence, a non-speci ¢
sequence was randomly matched. Sequences were then groupedy IGHV, IGHJ, and CDR3 length. Cases where CDR3 amino acids werery conserved for binder
sequences but not for non-binders are shown.

being represented in more than three samples in the cohort, ankdentifying Binder Antibody Sequences

in addition, the fraction of samples in the cohort represegtin Associated With HCV Infection Clearance
this cluster out of the total number of samples representing itye next sought to construct antibodies that are associated
is larger than 2/3. The lists of these clusters are presemted jyith infection clearance, and to explore their properties. One
Supplementary Tables 3. A comparison between these two lists|imjtation of constructing mAbs directly from bulk repertar
reveals that except for the V-J combination IGHV3-83HJ4,  analysis is the pairing of heavy and light chains. We applied an
which is abundant in both lists, di erent HCV-binding cluste approach for matching heavy with light chains, by constructing
are enriched in the two clinical groups. a phage display antibody library. These antibodies contain the

Another feature that we have analyzed in the generajariable regions of both heavy and light chains as a singiénch
repertoire, compared to the specic repertoire, is mutability.(scFv), and thus enable the design of full antibodis.(
Against each speci ¢ sequence, one non-speci ¢ sequence wassince we speci cally focused on nAbs associated with HCV
randomly sampled from the general repertoire. The samplegjearance, we have constructed a phage display antibodyylibrar
sequence contained the same V and J gene as the correspondjpgn a source of pooled PBMCs obtained from 10 SC individuals
specic sequence. Then, sequences were grouped by isotypgypplementary Table L The scFv library was constructed by
and mutation numbers in the V gene were compared. Bothympiji cation of the VH and VL genes separately, and then their
for IgA and IgG, we detected signi cantly higher mutation combinatorial assembly and cloning into a phagemid vector.
numbers in speci ¢ compared with non-speci ¢ repertoires. For|n total, we obtained a library of 07 individual scFvs. We
IgM, however, we observed an opposite trend (Mann Whitne¥creened for HCV E2 binders, and identied and validated
test, IGAp D 3.488873e-07, IG@ D 6.849511e-08, IGM  sjx dierent phages that displayed 2- to 15-fold binding to
D 3.764229e-04)Fgure 4D). This might result from the long  rE2 compared with BSA as backgrounigure 5A4). We then
infection period of the chronic HCV patients. identi ed clusters of sequences from the general reperttiigg

We then evaluated the mutation number in the HCV-speci ¢ were similar to the isolated scFv sequences, and selected th
repertoire in SC compared with CI. All specic sequences of|gsest sequence to each sdFig(re 5B).
SC samples were uni ed into one bulk, and CI samples were \ye searched for candidates for constructing full-length
uni ed in a second bulk. Then, the sequences were grouped byntipodies from these six scFvs. We decided to focus on scFv
isotype and the mutation numbers in the V genes were compare&c11 and SC28, since they showed the highest binding to HCV
The number of mutations in the SC-specic repertoire bulk g2 protein Figure 5A) and were the most similar to the SC
was lower than that in the Cl-speci c repertoird=igure 4B. general repertoires Fgure 5BSupplementary Figure 3 The
This is expected, as in Cl the B cells have been through longg[osest cluster to scFv SC28 was IGHV4iG$J4 13 861,
and repeated rounds of somatic hypermutation process which ighich was detected in the repertoires of four out of nine
consistent with a chronic situation that allowed the accuation  gc samples, and the closest cluster to scFv SC11 was
of mutations, compared with the short period of infection in SC |GHv6-1 IGHJ6 17 20, which was detected in repertoires

The heavy chain CDR3 is the most diverse region in theyf ve out of nine SC samplesF{gure 2B. Both clusters
antibody sequences. Therefore, conservation of AAs in thigere not detected in ClI repertoires. Cluster |IGHV6-
region can highlight positions that are important for antigen1 |GHJ6 17 20 was also enriched in the HCV-speci ¢
binding. Here we searched for conserved AAs in the CDR3epertoire Gupplementary Table % Lineage trees revealed that
region in the HCV-speci ¢ repertoire compared to the generalihe closest sequences to SC11 and SC28 are positioned helative
repertoire. Against each binder sequence, we selected amand high in the tree Figures 5C,D), suggesting that these sequences
sequence with identical V, J, and CDR3 lengths from thppeared earlier during the infection. We therefore selected

general repertoires, de ned as non-binder. Then, amino &cidscFyvs SC11 and SC28 as candidates for constructing futhleng
that were conserved in binder sequences but not in nonzntihodies and characterizing their properties.

binders were selected. We identied four combinations of
V, J, and CDR3 lengths containing di erentially conserved . ..
AAs in CDR3 Figure A?F). Interestinglg)]/, IGHV4-39XIGHJ6—17 Construction of Broadly Neutralizing

contained a stretch of seven conserved residues in CDR3 afhtibodies Associated With HCV Infection

was observed in three di erent samples (CI56H, CI57H, andClearance

CI59H). These results imply that clones evolved indepenglent\We constructed and produced full-length antibodies from\scF

in dierent subjects and converged to similar CDR3 AA SC11 and SC28. In addition, we constructed and produced
patterns. full-length antibodies with identical light chains, but theavy
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FIGURE 5 | Identi cation of HCV-speci ¢ antibody sequences associated wth HCV infection clearance(A) Binding of the phage-displayed antibodies to the rE2
protein (5mg/ml) by ELISA. Each bar indicates the mean fold change SD in the OD compared with BSA binding, from three independerexperiments. (B) Violin plot
of the distances between HCV-speci ¢ sequences and the healty, Cl and SC repertoires(C,D) Phylogenetic trees of the two closest clusters to scFv SC11C), and
SC28 (D).

chains were replaced with one of the nearest sequences to thetein. We observed more than 35-fold higher binding signal
heavy chains of scFv SC11 and scFv SC28 from the generalantibodies RMS11 and RMS28 than with antibodies SC11
repertoires (RMS11 and RMS28, respectively). We evaluatedd SC28 Kigure 6A). To further characterize the binding
the binding speci cities of these four antibodies to HCV rE2 capacity of RMS11 and RMS28, we compared the binding of
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these antibodies to a well-characterized panel of mAbsjiticy  and CI groups. The most prominent di erences between SC
CBH-4B, CBH-4D, HC-1, HC-11, CBH-7, HC84.22, HC84.26and CIl are speci c sequence clusters enriched in one of the
HC33.1, and HC33.4, which are representative E2 antigengroups, identi ed both in the general and in the HCV-speci ¢ B-
domain A-E antibodies [(2) and reviewed in Z0, 21)]. ELISA  cell repertoires. Strikingly, we found that enrichment of cipe
results with rE2 protein indicated binding capacity of RMS11clusters in SC or Cl is indicative of infection outcome, anithw
and RMS28 comparable to the well-de ned panEigure 6B).  an accuracy of over 90% for B-cell repertoires and 80% for T-
To evaluate neutralization breadth, we performed neutedion  cell repertoires. This may have important clinical relevanse a
assays with these antibodies across all HCV genotypes usimgll as prognostic value for the outcome of an active infectio
a panel of infectious HCVcc containing envelope proteindn the DAAs era, when the availability of e ective HCV therapy
from HCV genotypes 1-74(1). The percent neutralization was is limited by the high costs?], using the platform we have
calculated as the percent reduction in FFU compared witlestablished may indicate the best clinical decisions fotrreat.
virus incubated with an irrelevant control antibody ROZ6¢ Fewer mutations were observed in the general B-cell
59. Antibodies RMS11 and RMS28 e ciently neutralized all repertoires compared with HCV-speci ¢ B-cell repertoires. In
seven HCV genotypes, including genotype three which was leasdldition, fewer mutations were observed in HCV-specic B-
e ciently neutralized by previous panels of HCV antibodies cell repertoires from SC vs. Cl. These ndings validate amece
including a recent SC panel), pointing out their exceptionally study demonstrating that a panel of HCV- nAbs isolated from

high neutralization breadthRigures 6C,D. SC contained a lower number of mutations compared with HCV-
nAbs isolated from CIZ6). Our ndings expand the above results
DISCUSSION to many HCV-specic sequences from multiple individuals.

Moreover, we validated the broad neutralization potential of

This study provides the rst in-depth analysis of HCV-speci ¢ tWO0 Of the identi ed HCV-speci ¢ sequences observed in SC.
immune response and identi es features that correlate witfBroadly nAbs were suggested to be induced in the early stiges
infection outcome. The landscapes of B- and T-cell reperﬁoirei”fec'fion in SC, whereas Cls were associated with the indoct
including usage of specic V and J genes, CDR3 lengths, arfef such antibodies at later stages. Furthermore, Cl anidgm®d
mutation numbers, did not signi cantly di er between the SC require higher mutation numbers to achieve broad neutwtian

FIGURE 6 | Construction and characterization of antibodies correlad with infection clearance.(A) Binding of antibodies RMS28 and RMS11 to the rE2 protein
(5mg/ml) compared with the phage display antibodies SC28 and SC1 by ELISA, using 16ng/ml Ab. Each bar indicates the mean fold change SD in binding,
compared with BSA, from three independent experiments(B) Binding of antibodies RMS11 and RMS28 to the rE2 protein (Bg/ml), compared with a well-de ned
panel of nAbs and a non-speci ¢ control antibody RO4 by ELISA, sing 16 mg/ml Ab. Presented are mean OD (450 nm) values SD, from three independent
experiments. (C,D) HCVcc neutralization assays were carried out with genotyeG1-G7 using 20mg/ml of antibodies RMS11(C) and RMS28 (D). The percent
neutralization was calculated as the percent reduction infFU compared with virus incubated with an irrelevant contrantibody (RO4). Presented are means of %
neutralization SD from three independent experiments.
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to the variable quasi-species population of viruses that edolv infections, and use this information to produce full antibies.

in these later stages. Therefore, it has been suggesteiithbs  Identifying the epitopes of these antibodies may provide
with a relatively low number of mutations are associatechwit translational information for designing a rational prophgti
viral clearance 46). In contrast to HCV, in the case of HIV vaccine. In addition, passive immunization with combinaisoof
infection, bnAbs require high mutation numbers and manymAbs possessing well-de ned epitope speci cities may overcome
years to evolve60-62). Indeed, the ability to provoke broad virus resistance’), confer a prophylactic e ect, such as in
neutralization with low mutation numbers in HCV infectiorsi liver transplantation §6), where re-infection of the transplant
translated to approximately 30% SCs, compared with none iis rapid 7), and may also prove e ective in treating existing
HIV infections (7). Here, we show that HCV-speci ¢ antibodies HCV infections @4). From a more general point of view, the
in SC are characterized by not only low mutation numbersn-depth analysis of immune repertoires demonstrated here may
and high neutralization breath compared with antibodies ih C open a world of possibilities for advancing monoclonal antijpod
but also that the context of these di erences is within di eten discovery and engineering strategies, which bear many giaten
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Supplementary Figure 2| Characterization of sera from HCV-infected
individuals.(A) HCV antibodies binding to rE2 protein (0.5ng/ml) performed with
1:1,000 diluted sera of Cl f D 52) and SC 6 D 18) by ELISA. Each dot represents
a patient. The background of the binding to BSA was subtractd from all samples.
Presented are mean OD (450 nm) values from three independeskperiments. (B)
The HCVcc neutralization assays were performed with 1:1,@diluted sera of CI
(n D 52) and SC (1 D 18) to screen for antibodies that can neutralize HCV
infection. The Y axis shows the percentage of neutralizatiocapacity compared
with neutralization by sera from a healthy control. Each daepresents the mean
neutralization for a patient, from three independent expénents. (C,D)
Characterizing HCV binding and neutralizing in sera obtasd from two patients
(CI21 and CI22) before and after anti-HCV treatment and follang SVR by ELISA
(with 0.5mg/ml rE2 protein and 1:1,000 diluted sera)C) and by the HCVcc
neutralization assay (with 1:1,000 diluted ser&D). The HCV-cured blood samples
were collected from 6 months to 1 year after achieving a susiaed virological
response. P < 0.003, P < 0.0003. Presented are means SD from three
independent experiments.

Supplementary Figure 3| General characterization of T-cell repertoires of
resolved and chronic HCV infection(A) The number of sequences per sample
after pre-processing.(B) TRBJ gene usage, colored by clinical group(C) CDR3
length distribution per sample, colored by clinical group(D) TRBV gene usage,
colored by clinical group.

Supplementary Figure 4| CDR3 from the SC and Cl abundant B cells clusters.
Sequence logos of the overall AA composition of the CDR3s inapious clusters.
The individual abundance of these clusters is shown in

Figure 2E.

Supplementary Figure 5| IGHV mutation characterization in SC and Cl
infections. (A) Isotype usage distribution.(B) IGHV mutation distribution, per
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