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SUMMARY
The unexplained association between infection and autoimmune disease is strongest for hepatitis C virus-
induced cryoglobulinemic vasculitis (HCV-cryovas). To analyze its origins, we traced the evolution of patho-
genic rheumatoid factor (RF) autoantibodies in four HCV-cryovas patients by deep single-cell multi-omic
analysis, revealing three sources of B cell somatic mutation converged to drive the accumulation of a large
disease-causing clone. A method for quantifying low-affinity binding revealed recurring antibody variable
domain combinations created by V(D)J recombination that bound self-immunoglobulin G (IgG) but not viral
E2 antigen. Whole-genome sequencing revealed thousands of somatic mutations, numerically comparable
to chronic lymphocytic leukemia and normal memory B cells, but with 1–2 corresponding to driver mutations
found recurrently in B cell leukemia and lymphoma. V(D)J hypermutation created autoantibodies with
compromised solubility in complex with self-IgG. In this virus-induced autoimmune disease, infection pro-
motes a catastrophic confluence of somatic mutagenesis in the descendants of a single B cell.
INTRODUCTION

Viral infection is postulated to trigger many autoimmune

diseases, yet their connection is poorly understood. Here,

we explore the pathogenesis of one of the strongest

known associations between an autoimmune disease and

an infection, namely the development of cryoglobulinemic

vasculitis (cryovas) following infection with hepatitis C

virus (HCV).

An estimated 58 million people are living with HCV infection,1

and the development of direct-acting antiviral (DAA) therapy has

been a pivotal impetus for the global hepatitis C elimination strat-
412 Immunity 58, 412–430, February 11, 2025 ª 2025 The Authors.
This is an open access article under the CC BY license (http://cr
egy.2 HCV-cryovas is an autoimmune disease complicating HCV

infection, characterized by small vessel leukocytoclastic vascu-

litis and mediated by a rheumatoid factor (RF) cryoglobulin: an

IgM autoantibody that binds multiple monomers of plasma

immunoglobulin G (IgG), forming insoluble precipitates at tem-

peratures below 37�C.3–6 Approximately half of HCV-infected

individuals develop a circulating cryoglobulin. A subgroup de-

velops clinical vasculitis: skin purpura and arthralgias develop

in >15% of HCV-infected individuals, while neuropathy or

glomerulonephritis occur in 9%and 5%, respectively.7 In individ-

uals diagnosed with cryovas prior to the advent of HCV treat-

ments, >80% had HCV infection and were viremic with HCV
Published by Elsevier Inc.
eativecommons.org/licenses/by/4.0/).
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Figure 1. IgM+ B cell clonal expansions persist in the blood of cryovas patients following clearance of HCV, related to Figure S1

(A) Timeline of treatment and sample acquisition.

(B) Gating strategy for memory B cells.

(legend continued on next page)
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RNA.8–10 In �30% of individuals with HCV-cryovas, the IgM

autoantibody is polyclonal (type 3 cryoglobulinemia), while in

�70%, the IgM is monoclonal (type 2 cryoglobulinemia).7,11 Indi-

viduals with acute HCV-cryovas are often treated with immuno-

suppression, but clearance of the virus through DAA treatment

results in gradual remission of vasculitis in 70%–90% of

individuals.12–16

Antigenic mimicry between viral and self-antigens is one

explanation for the association between infection and autoim-

munity. Favoring this possibility, HCV-neutralizing antibodies

and HCV-crovas autoantibodies often start with identical

sequences at four of six complementarity determining regions

(CDRs). One antibody heavy-chain variable element, IGHV1-

69, is used by 90% of potent HCV-neutralizing antibodies

recognizing the envelope glycoprotein, E2.17–23 These anti-

bodies employ diverse kappa light-chain variable elements,

with 22% employing IGKV3-20. Identical pairing of IGHV1-69

with IGKV3-20 occurs in 60% of pathogenic IgM RFs in HCV-

cryovas, comprising the public ‘‘Wa’’ antibody idiotype.24–26

Expanded B cell clones displaying IGVH1-69/IGKV3-20 IgM re-

ceptors are found in many individuals with HCV-cryovas as a

non-leukemic, monoclonal B cell lymphocytosis.27–32 These

clonal expansions have usually acquired V(D)J mutations

required for binding to self-IgG, but an unresolved question is

whether or not the unmutated precursor antibodies bind HCV

E2 or IgG.31–35

For reasons yet to be determined, individuals with HCV are 2.4

times more likely to develop B cell lymphoma than the general

population, and this increases to 35 times in those with cryo-

vas.36,37 These lymphomas often display membrane IgM with

the same public Wa idiotype and RF activity as the pathogenic

secreted cryoglobulins.21,38,39 One hypothesis for HCV-cryovas

is that clones making the pathogenic autoantibody have

escaped immune tolerance checkpoints and accumulated to

larger numbers by acquiring somatic mutations corresponding

to recurrent ‘‘driver’’ mutations found in B cell lymphomas and

leukemias.40–42 B cell tolerance checkpoints inhibit self-reactive

B cell survival, proliferation, and plasma cell differentiation,42,43

and drivermutations dysregulate these processes.44 Suchmuta-

tions have been found in patients developing cryovas as a

complication of Sjogren’s syndrome,45 where there is no known

infectious trigger.

To investigate how HCV infection may trigger autoimmune

cryovas, here we traced the steps in the evolution of the patho-

genic RF autoantibodies by performing in-depth single-cell RNA,

DNA, and protein analysis of self-reactive B cell clones in four

HCV-cryovas patients.
(C) Percentage of memory B cells expressing membrane IgM heavy chain and

clearance (HCV�).
(D) Immunoglobulin heavy-chain VDJ and light-chain VJ gene rearrangements in

(E) Frequency of CD21loCD11c+ cells within the B cell clone of each patient at base

B cells of three age-matched healthy controls. Gating strategy shown in Figure S

(F) Single-cell mRNA sequencing analysis of immunoglobulin receptor and global

the clearance (HCV�) time point, with dimension reduction by uniform manifold

annotated as the IGHV1-69 B cell clone (n = 849, red) or polyclonal cells based on

B cells (n = 360, dark blue) were annotated according to landmark genes.

(G) Volcano plot of differentially expressedmRNAs between single cells correspon

(n = 360) of patient P1 at the clearance time point. Differentially expressed genes w

increased (e.g., ITGAX and TBX21) or decreased (e.g., CR2) in CD21lo CD11c+ a
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RESULTS

Large IgM+ memory B cell clones with public
autoantibody idiotypes accumulate before and after
HCV treatment
In four HCV-cryovas patients aged 54–66 years, blood was

analyzed at baseline when HCV RNA was detectable (HCV+)

and again 25–50weeks later following DAA therapy-induced viral

clearance (HCV�) (Figure 1A; Table S1). All four experienced

remission of vasculitis symptoms 1–26 weeks after DAA

commencement. Patient P1 experienced a relapse of HCV-cry-

ovas followed by remission again at 124 weeks following DAA

commencement (Table S1).

Circulating B cell clones were identified in each patient

both before and after HCV clearance, defined as CD19+

CD20+IgDlo/� memory B cells (Figure 1B) expressing surface

IgM and restricted to kappa light chain (IgM+IgK+; Figure 1C).

At the baseline time point (HCV+), the IgM+IgK+ B cell clone

comprised 70%–94% of the memory B cell compartment, which

remained largely unchanged in all four patients following clear-

ance of HCV (HCV�) (Figure 1C). No patients exhibited an

elevated total lymphocyte count (Table S1) or an overall

increased frequency of B cells, with the exception of patient

P2, who demonstrated a slightly elevated B cell frequency at

the clearance time point (Figure S1A).

Bulk and single-cell immunoglobulin RNA sequencing of the

patients’ blood confirmed the expanded IgM+ B cell clones at

the clearance time point were the same clones detected at the

baseline time point (Figures S1C and S1D). Their IgM corre-

sponded to recurring ‘‘public’’ idiotypes of HCV-associated RF

immunoglobulin heavy/light-chain combinations encoded by

IGHV1-69/IGKV3-20 (Wa idiotype), IGHV4-59/IGKV3-15 (Bla id-

iotype), or IGHV3-7/IGKV3-15 (Po idiotype) (Figure 1D). The IgM+

B cell expansion of patient P4 was bi-clonal, composed of

a dominant IGHV1-69/IGKV3-20 clone (35% of total B cells)

and a smaller IGHV4-59/IGKV3-15 clone (3% of B cells)

(Figures 1D, S1C, and S1D). Using the IGHV1-69 anti-idiotypic

antibody, G6,46 blood IgM+IGHV1-69+ cells decreased 30%

39 weeks after commencing DAA therapy in patient P4 but

increased 20% 13 weeks post-DAA therapy in P1 (Figure S1B).

CD2lloCD11c+ age-associated memory B cell clones
persist in the absence of virus
At the baseline time point, most IgM+ clonal cells in patients P1,

P3, and P4 (and 28% in P2) displayed a CD21loCD11c+CD19hi

age-associated memory B cell profile, consistent with previous

studies,28,31,32,34 undergoing a small decrease after HCV
kappa (Igk) light chains in each patient (P1–P4) before (HCV+) and after virus

each patient’s clone.

line and clearance. Gray shading: range of CD21loCD11c+ cells amongmemory

1F.

gene expression in CD19+CD20+ B cells sorted from the blood of patient P1 at

approximation and projection (UMAP). Individual cells (denoted by dots) were

their immunoglobulin sequence. Polyclonal naive (n = 490, brown) andmemory

ding to the clonal IGHV1-69 B cells (n = 849) and the polyclonal memory B cells

ith family-wise error rate (FWER) < 0.05 are shown in black. Landmark mRNAs

ge-associated memory B cell genes are shown in red.
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Figure 2. Somatic genome-wide and lymphoma driver mutations in the IgM+ clone of each patient, related to Figure S2

(A) Workflow to detect genome-wide somatic mutations.

(B) Gating strategy for bulk sorting of clonal B cells and polyclonal memory B cells from patient blood at the baseline (HCV+) time point.

(legend continued on next page)
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clearance (Figures 1E, S1E, and S1F). Single-cell repertoire and

gene expression mRNA sequencing (RAGE-seq)47 in patient

P1 confirmed the CD21loCD11c+ profile in the persisting

IgM+IGHV1-69+ B cell clonewith upregulation of landmark genes

including ITGAX (CD11c), LGALS1 (Galectin-1), CXCR3, SOX5,

ZBTB32, TBX21 (T-bet), and ZEB2 (Figure 1H), indicating the vi-

rus is not required for sustaining the age-associated memory B

cell phenotype of the expanded clones. Patient P2 was the

only case where the CD21loCD11c+ subset declined into the

normal range, despite the clone persisting or increasing in this

patient at the clearance time point (Figure 1C).

HCV-cryovas clonal expansions accumulate thousands
of somatic mutations across the genome
To identify genome-wide somatic mutations that might confer a

clonal advantage, thousands of cells from each patient’s

IgM+IgK+ B cell clone at baseline were bulk sorted with esti-

mated clone purity >90%, and genomic DNA was processed

for short-read whole-genome sequencing (WGS) (Figure 2A).

Paired analysis of WGS on DNA from pools of sorted control B

cells from each patient (Figure 2B) was performed to remove

germline variants. A three-tiered bioinformatic approach de-

tected somatic mutations: (1) single-nucleotide variants (SNVs)

and small (<50 bp) indels; (2) large chromosomal structural var-

iants (SVs), including >50 bp deletions, translocations, and inver-

sions; and (3) somatic ploidy events (Figure 2A). As an internal

benchmark, the same bioinformatic pipeline called somatic mu-

tations in tumor versus normal WGS pairs from four IGHV-

mutated B cell chronic lymphocytic leukemias (CLLs) and four

B cell non-Hodgkin’s lymphomas (B-NHLs) representative from

a large published analysis.48

Across the genome, the HCV-cryovas clones carried a mean

of 2,281 SNVs (range 1,459–6,771) and 217 indels (range 169–

296; Figures 2D and 2E; Table S2). A comparable mutation

burden of mean 2,678 SNVs and 248 indels was called in the

four CLLs, consistent with independent analysis of a large CLL

set,48 whereas mutations were 7–8 times higher in B-NHLs.48

The majority of SNVs in the HCV-cryovas clonal B cells corre-

sponded to mutation signatures associated with blood stem

cell aging (SBSblood) and non-canonical activation-induced

cytidine deaminase activity (SBS9) (Figure 2C), as observed in

IGHV-mutated CLL48,49 and in normal memory B cells.50,51 The

HCV-cryovas B cell clones carried a mean of 0.75 (range 0–2)

chromosomal SVs not involving immunoglobulin genes (Fig-

ure 2F; Table S3), lower than the burden in CLL (mean 2.5, range

1–4) and much lower than B-NHL (mean 64, range 4–174) (Fig-

ure 2F). With respect to ploidy events, only the HCV-cryovas

P2 clone had an event detected consisting of a whole chromo-

some 12 gain (Figure 2G; Table S4). A similar burden of ploidy
(C) Proportion of somatic SNVs in each patient’s clone corresponding to the ind

(D–G) Number (#) of somatic SNVs (D), indels (E), and SVs at non-immunoglobulin

WGS of the HCV-cryovas B cell clones (P1–P4) comparedwith 4 representative IG

from logarithmic scale to a linear scale on the y axis.

(H) Summary of lymphoma driver mutations detected.

(I) Confirmation of KLF2p.C279del somatic mutation in patient P1’s clone and abse

(J) Confirmation of the NOTCH1p.P2514fs*4 and TRAF3p.S233fs*30 somatic mutation

(K) Confirmation of the 11q22-23 deletion in the clone (red) and not in polyclonal B

(top arrow). Primers to a control gene (SEC23IP) were included as a positive con

(L) Ratio of average WGS read depth per chromosome in patient P2’s clone rela
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events was called in CLL and B-NHL (range 0–2), including the

identical chromosome 12 gain in two of the CLL samples

(Table S4). Collectively, these analyses suggest the overall so-

matic mutation burden of the HCV-cryovas clones in these four

patients is similar to CLL and lower than B-NHL.

Each clone acquires at least one lymphoma driver
somatic mutation
Cross-referencing the somatic mutations in each HCV-cryovas

clone with databases of lymphoma driver mutations found recur-

rently in human B cell lymphomas and leukemias45 revealed a

single putative driver mutation in patients P1, P2, and P3 and

two putative driver mutations in P4 (Figure 2H). In patient P1, a

heterozygous 3 bp exonic deletion present in 35% of reads,

KLF2p.Cys279Del, deleted a cysteine (Figures 2I and S2B; data

not shown). Loss-of-function KLF2 somatic mutations occur in

20%–42% of splenic marginal zone lymphoma (SMZL) and

�30% of diffuse large B cell lymphomas (DLBCLs) associated

with hepatitis B virus infection (Figure S2B).52–55 The deleted

cysteine was absolutely conserved between species and pa-

ralogues (Figure S2C) and critical for coordinating a zinc ion to

fold the C2H2 zinc finger for DNA binding. A KLF2p.Cys274Tyr so-

matic mutation in the other zinc-coordinating cysteine in this

finger, from an SMZL patient, confers loss of function.53 We

confirmed both KLF2p.Cys279Del and KLF2p.Cys274Tyr mutations

diminish the ability of KLF2 to repress an nuclear factor kB

(NF-kB) reporter in transfected cells (Figure S2D).

In patient P4, the clone had two driver somatic mutations: a

2-nt exonic deletion, NOTCH1p.Pro2514fs*4, and a 4-nt exonic

deletion, TRAF3p.Ser233fs*30, present in 45% and 39% of reads,

respectively (Figures 2J, S2E, and S2F; data not shown).

NOTCH1p.Pro2514fs*4 occurs in 4%–12% of CLL patients and in

monoclonal B cell lymphocytosis (MBL), conferring gain of func-

tion by truncating the C-terminal PEST domain (Figure S2E).56–62

The truncating TRAF3p.Ser233fs*30 mutation eliminates the coiled-

coil domain required for heterodimerization with TRAF2 and for

stabilizing TRAF3 trimers63 and eliminates the MATH and

TRAF-C domain that recruits NIK for ubiquitination by

BIRC3.64,65 Similar TRAF3 truncating mutations and small chro-

mosomal deletions eliminating TRAF3 occur in 10% of SMZL,

2%of CLL, 10%ofmyelomas, 9% of DLBCL, and 45%of canine

B cell lymphomas.58,66–70

In patient P3’s clone, BIRC3 was inactivated by a 15 Mb dele-

tion within chromosome 11 (11q22-23 del) with breakpoints in

BIRC3 and PAFH1B2 (Figures 2K and S2I; Table S3). The pres-

ence of the deletion in clonal B cells but not polyclonal memory

B cells or T cells was confirmed by PCRwith primers flanking the

breakpoint (Figure 2K). Between 18% and 30% of CLL cases

carry 11q deletions.58,71 Patient P3’s 11q22-23 deletion results
icated mutational signatures.

(IG) loci (F) and ploidy events, including chromosome gain/loss (G), within the

HV-mutated CLL samples and 4 B-NHLs.48 Dotted line in (F) indicates a change

nce in polyclonal B cells by PCR and Sanger sequencing.

s in patient P4’s clone by PCR and Sanger sequencing.

cells (blue) or T cells of patient P3 by PCR amplification across the breakpoint

trol (bottom arrow).

tive to polyclonal memory B cells.
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in a truncating mutation, BIRC3p.N442*, and heterozygous loss of

95 protein-coding genes, including genes relevant to B cell func-

tion: ATM, BIRC2, POU2AF1, BTG4, CUL5, NPAT, PPP2R1B,

and caspases 1, 4, and 5 (Figure S2I). BIRC3 loss-of-function

mutations occur in 11% of SMZL, 5% of CLL, and 8% of MBL,

and loss of BIRC3 occurs in 83% of CLL cases with an 11q

deletion.56,58,69,72

Patient P2’s clone had chromosome 12 trisomy (Figure 2L;

Table S4), a cytogenetic abnormality found in 10%–20% of

CLL58,71 (Table S4) and 18% of MBL.73 WGS read coverage

was increased 1.4–1.53 for chromosome 12 from sorted clonal

cells compared with polyclonal memory B cell counterparts from

the baseline blood sample (Figure 2L) and after HCV clearance

(Figure S2G; Table S4). GSEA of differentially expressed mRNAs

in clonal B cells revealed enrichment of gene sets corresponding

to many chromosome 12 cytogenetic bands (Figure S2H), as

observed for CLL samples with trisomy 12.74,75

Lymphoma driver mutations arise prior to clonal tree
branching
Amplification and sequencing of mRNA and genomic DNA from

single sortedmemory B cells (Figure 3A) were used to analyze in-

traclonal heterogeneity of the HCV-cryovas clonal B cells at the

baseline time point. Immunoglobulin mRNA V(D)J sequences re-

vealed prior and ongoing somatic hypermutation among the

clonal cells, enabling the generation of a clonal tree for each pa-

tient (Figures 3B–3E). Analysis of DNA for a subset of these single

B cells placed the driver mutations within the clonal trees. As

controls, sorted single memory B cells that were not part of the

expanded clone were analyzed in parallel, with each displaying

a polyclonal, unique antibody V(D)J rearrangement (Figure S3).

In patient P1 (Figure 3B), the KLF2p.Cys279Del mutation was de-

tected in cells across the clonal tree, including branches that

precede the predominant expansion of cells with the heavy-

chain Thr125Ala (h125:T>A) mutation that increases binding to

IgG (see below). The mutant KLF2 allele was amplified in 63%

of clonal B cells tested (n = 7/11 cells) and none of the polyclonal

memory B cells (n = 0/16 cells) (Figure S3A). Only�50% of allelic

sequences present in genomic DNA of single cells are amplified

during multiple displacement amplification, explaining why the

mutant allele was not detected in all cells from the clonal tree.

Thus, theKLF2mutation was acquired before the clone acquired

potent RF activity and accumulated to the size circulating when

P1 began DAA treatment.

Similarly, in patient P4, the NOTCH1p.Pro2514fs*4 and

TRAF3p.Ser233fs*30 mutations were both found in single cells

across the clonal tree but not in polyclonal memory B cells

(Figures 3C and S3A). TRAF3p.Ser233fs*30 was already present in

an early branch preceding acquisition of the heavy-chain M53V

mutation shared by 88% of clonal B cells (Figure 3C).
Figure 3. Clonal trees inferred from single-cell mutation analysis, relat

(A) Schematic of mutation detection in genomic DNA and immunoglobulin V(D)J

(B–E) Clonal trees depicting the acquisition of individual V(D)J mutations by manu

(‘‘ancestor’’) and inferred intermediate cells. Colored circles denote one or more se

the size of the circle proportional to the number of cells (cell number indicated

indicated driver mutation. Length of branches corresponds to the number of V(D

lines, number of silent mutations. Amino acid change and position (IMGT numbe

light chain.
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By contrast, the pathogenic clones in patients P2 and P3

(Figures 3D and 3E) displayed almost no intraclonal V(D)J diver-

sity. PCR amplification of single cells from patient P3 detected

the 11q22-23 deletion in 60% of individual clonal B cells

(n = 18/30 cells) and none of three polyclonal B cells sampled

(n = 0/3 cells) (Figure S3A), consistent with carriage by all of

the clonal cells. In patient P2, flow cytometric measurement of

CD27 (encoded on chromosome 12) revealed increased CD27

on the majority of clonal cells compared with polyclonal memory

B cells (Figure S3B). CD27 was not increased on clonal cells of

the other patients (data not shown). In P2, CD27 fluorescence in-

tensity >2 SD above the mean of non-expanded polyclonal B

cells was observed on 55% of clonal cells (n = 33/60 cells),

including an ancestral cell yet to acquire the heavy-chain

Ser92Thr (h92:S.T) mutation shared by all other cells in the circu-

lating clone (Figures 3D and S3B). Collectively, these results indi-

cate that a lymphoma driver gene mutation was acquired before

each clone accumulated to the large size circulating at the base-

line time point.

Accumulation of V(D)J mutations confers pathogenic
autoantibody activity
Next, we tested the hypothesis that the clonal B cells were the

source of RF cryoglobulins in the HCV-cryovas patients. We

selected the immunoglobulin sequence shared by at least 50%

of individual clonal cells; Figures 3B–3E, S4A, and S4B) and ex-

pressed it as pentameric secretory IgM. In parallel, unmutated

ancestor IgM antibodies were synthesized corresponding to

each patient’s most frequent clone but with the V(D)J somatic

mutations reverted to their ancestral sequence (Figures S4A

and S4B).

The clonal IgM antibodies from patients P1, P2, and P4 bound

IgG in ELISA and thus demonstrated RF activity (Figure 4A) and

cryoprecipitated with IgG below 25�C (Figure 4B). By contrast,

IgM corresponding to the unmutated ancestor of each clone dis-

played minimal or no detectable RF or cryoglobulin activity

(Figures 4A and 4B). These results indicate the 5–8 non-synony-

mous V(D)J mutations acquired by the clones in patients P1, P2,

and P4 conferred IgG self-reactivity and pathogenic insolubility

of the IgM autoantibody when complexed with IgG.

In patient P1, 51% of clonal cells had diverged by acquiring a

heavy-chain Thr125Ala mutation (Figure 3B). When this single

mutation was reverted to express the immediate precursor anti-

body, the RF activity measured by ELISA was markedly reduced

(Figures 4C and S4C). Since cells in both branches already

carried KLF2p.Cys279Del, increased self-reactivity to IgG was

acquired after the driver mutation.

Two heavy-chain mutations, Ala38Thr and Ile57Thr, were

independently acquired early in the clonal tree by the IGHV1-

69+ B cell clones of patients P1 and P4 (Figure S4A). Reversion
ed to Figure S3

mRNA.

al nearest neighbor analysis. Gray circles indicate inferred unmutated ancestor

quenced cells sharing the identical immunoglobulin nucleotide sequence, with

in center). Red asterisk or hash denotes one or more cells identified with the

)J mutations (see scale): solid lines, number of replacement mutations; dotted

ring) are indicated with lower case ‘‘h’’ for heavy chain and ‘‘k’’ for the kappa
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Figure 4. IgG binding and cryoprecipitation of expressed pentameric IgM, related to Figure S4

(A) Mutated (red) and unmutated ancestor (gray) IgM antibodies were expressed and tested by ELISA for binding to human IgG. Negative control (black) was

AR3C expressed as IgM. Representative of 2–4 independent experiments, run in duplicate. OD, optical density.

(B) Expressed IgM antibodies in (A) were mixed with human polyclonal IgG, and aggregation measured by visible wavelength optical density in a spectrometer

cooled from 37�C to 4�C at 0.1�C/min. Representative of 2-3 independent experiments.

(C) ELISA for expressed IgM from patient P1 as described in A but comparing IgM corresponding to the predominant clonal sequence without the IGHV1-69

T125A mutation (dark purple).

(D) Heat-aggregated IgGwasmixedwith plasma from patient P3 at baseline time point, or positive or negative control plasma samples, and precipitates analyzed

by SDS-PAGE under non-reducing conditions to detect intact IgM and IgG (arrows).
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of Ala38Thr alone had no impact on IgG binding (Figure S4C). It

occurred within a predicted activation-induced cytidine deami-

nase (AID) hotspot comprising overlapping DGYW and WRCY

motifs andmay have co-occurred by chance. By contrast, rever-

sion of Ile57Thr alone abolished IgG binding to IgM in patients P1

and P4 (Figure S4C), consistent with convergent evolution to in-

crease self-reactivity. Ile57Thr arose early in the clonal tree in

both patients (h57:I>T, Figures 3B and 3C).

Synthesized IGHV3-7 IgM of patient P3 lacked demonstrable

RF in ELISA (Figure S4D) nor cryoglobulin activity in the rapid cool-

ing spectrophotometer assay (data not shown). However, when

the plasma of patient P3 was mixed with heat-aggregated IgG,

IgM RF activity was detected (Figure 4D). This precipitating IgM

RF was gel purified and subject to de novo sequencing by mass

spectrometry, identifying heavy- and light-chain CDR3 amino

acid sequences identical to the synthesized IgM. Thus, the

IGHV3-7/IGKV3-15 antibody expressed on the IgM+ B cell clone

of patient P3 corresponds to the cryoglobulin autoantibody pre-

sent in blood but is too low affinity to bind IgG in ELISA.
HCV E2 reactivity in anti-E2 ancestors but not
autoantibody ancestors
Apparent lack of self-IgG binding by the unmutated ancestral au-

toantibodies in the four patients posed a dilemma for under-

standing how clonal expansion was initiated. We sought to

distinguish between two possible explanations: (1) the ancestor

IgM bound HCV E2, and this initiated B cell proliferation, with

daughter cells acquiring IgG binding through V(D)J mutations,

or (2) the ancestor IgM bound IgG, albeit with too low affinity

for detection by ELISA. To resolve these alternatives, we

extended a protocol that permits detection of low-affinity IgM

binding to influenza hemagglutinin76 by expressing membrane

IgM on HEK293 cells (Figure 5A). Binding to multimerized HCV

E2 or IgG antigen was tested by flow cytometry using fluorescent

dextran molecules carrying 20–25 biotin acceptor sites (5–6

streptavidin molecules) loaded with biotinylated antigen (Fig-

ure 5A). A valuable characteristic of this method arises from

each transfected cell expressing a different amount of mem-

brane IgM, spanning a 500-fold range comparable to the range
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Figure 5. Cryoglobulin clones ancestral IgM bind multimerized IgG but not HCV E2, related to Figure S5

(A) Experimental protocol. HEK293F cells were transiently transfected with vectors encoding membrane IgM corresponding to patient or control antibodies.

Fluorescent dextran molecules bearing an estimated 5–6 streptavidin molecules were mixed with biotinylated proteins (e.g., IgG), and binding to the transfected

cells was analyzed by flow cytometry.

(B) Flow cytometric analysis of transfected or mock-transfected HEK293F cells stained with fluorescently labeled anti-human IgM and anti-human kappa light-

chain antibodies, demonstrating the wide range of cell surface IgM density from cell to cell.

(legend continued on next page)
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of membrane IgM concentrations on human B cells (Figures 5B

and S5A).

Multimerized HCV E2 corresponded to genotype 1a (isolate

H77) and genotype 3a (isolate UNK 3a.13.6), which comprise

>80% of Australian HCV infections.77 All four patients were in-

fected with HCV genotype 1, patients P2 and P4 matching H77

(Table S1). As positive and negative controls, HEK293 cells

were transfected to express membrane IgM corresponding to

a hypermutated, pathogenic IGHV1-69/IGKV3-20 IgM cryoglo-

bulin, TJ4, from a Sjogren’s syndrome patient with cryovas,45

or a hypermutated, broadly neutralizing IGHV1-69/IGKV3-20

HCV E2 antibody, AR3A.19 In parallel, E2-dextran binding was

tested on transfected cells expressing the unmutated ancestor

IgM of two clonally unrelated IGHV1-69/IGKV3-20 anti-HCV E2

antibodies, B04 and H04, isolated from circulating memory B

cells of a patient chronically infected with HCV (R.A. Bull et al.,

unpublished data). The heavy- and light-chain amino acid se-

quences of the ancestral B04 and H04 antibodies were identical

to the RF ancestors of patients P1 and P4 with the exception of

the heavy- and light-chain CDR3 loops (Figures 5C and 5D).

Cells with each different antibody sequence were trans-

fected, stained, and analyzed in parallel to hold key variables

constant, including the extent of antigen multimerization or

sensitivity of the flow cytometer. None of the transfected cells

bound fluorescent dextran devoid of antigen (Figure 5E, top

row). As expected, cells expressing the HCV E2 antibody

AR3A19 bound E2 dextran (Figure 5E, far left). Cells expressing

ancestral B04 and H04 bound fluorescent dextran decorated

with E2 H77 (genotype 1a) (Figure 5E, second row). A higher

threshold membrane IgM was needed for ancestral B04-ex-

pressing cells to bind E2 dextran for isolate UNK3a.13.6 (geno-

type 3a) (Figure 5E, third row). Neither isolate of HCV E2

dextran bound to cells expressing the ancestral IgM from pa-

tients P1 to P4 (Figure 5E). Additionally, none of the mutated

IgM RF cryoglobulins from patients P1 to P4 bound HCV E2

(Figures S5C and S5D).

The results above did not support the hypothesis that clonal

expansion of the autoantibody-forming cells was driven by bind-

ing to HCV E2, neither in the unmutated ancestor nor in their

mutated progeny. By contrast, HEK cells expressing high mem-

brane densities of the IgM ancestor from P2 and P3 consistently

bound IgG dextran. For P1 and P4, only cells with the very high-

est densities of the ancestor IgM bound IgG dextran, and this

was at the limit of sensitivity in some experiments (Figures 5E

bottom row, 6A second row, S6A, and S6B; Table S6). Recipro-

cally, no IgG-dextran binding was detectable on cells expressing

membrane IgM corresponding to the ancestral anti-HCV B04

and H04 antibodies (Figure 5E, bottom row).
(C and D) Amino acid alignments of heavy- (C) and kappa light-chain (D) variable do

ancestor IgM for the anti-HCV E2 antibodies B04 andH04. IMGT numbering, with C

(navy blue), J gene segment (green), and likely N-additions are shown in pink. Pe

(E) Binding of empty dextran (top row), HCVE2H77 dextran (second row), and HCV

transfected HEK293 cells expressingmembrane IgM corresponding to themutate

anti-HCV E2 antibodies (B04 and H04), the unmutated ancestors of patients P1

patient, TJ4 (far right).

(F) Percent of IGHV1-69/IGKV3-20 antibodies with the indicated amino acid leng

antibodies that bindHCVE2 (E2, blue, n = 10). The black line denotes correspondin

representing the naive repertoire (<2% SHM) from PBMCs of 61 healthy donors.
The ancestral B04 and H04 antibodies have longer heavy-

chain CDR3 loops than the ancestral P1 and P4 antibodies (Fig-

ure 5C). We, therefore, compared CDR3H lengths in published

sequences for IGHV1-69/IGKV3-20 hypermutated antibodies

known to bind either HCV E2 (10 sequences) or self-IgG (17 se-

quences) and for 1,343 IGHV1-69 unmutated IgM antibodies of

unknown specificity expressed in the circulating B cell reper-

toire of healthy adults (Figures 5F and S5B). The naive IgM

repertoire spanned a broad range of CDR3H lengths with

mode 15 aa. IgG-binding autoantibodies were skewed toward

the shorter part of this range (mode 14–15 aa, range 11–17),

whereas E2-binding antibodies were skewed toward longer

CDR3H lengths (mode 19 aa, range 15–26) (Figure 5F). CDR3H
length, which becomes fixed by V(D)J recombination at the

pre-B cell stage, appears to be one of the determining factors

for self or virus antigen to bind to IGHV1-69/IGKV3-20

antibodies.

Next, we tested whether the unmutated IgM ancestors

would recognize IgG bound to a multivalent array of virus an-

tigen. When soluble monomeric IgG1 corresponding to the

anti-E2 broadly neutralizing antibody AR3C was mixed with

dextran-bearing multimerized biotinylated E2 virus protein,

the IgG1-virus antigen complexes bound to cells expressing

high membrane IgM corresponding to the ancestral IgM cryo-

globulins (Figure S5E). Thus, while the ancestral autoanti-

bodies had no detectable binding to the virus E2 antigen,

they bound self-IgG when it decorated multimers of viral

antigen.

IgG self-reactivity is low affinity at clonal initiation
Transfected cells expressing the mutated cryoglobulin autoan-

tibodies or the unmutated IgM ancestors bound IgG dextran

above a threshold amount of membrane IgM that differed be-

tween the patients. Above the threshold, binding of IgG

dextran increased steeply with small increases in membrane

IgM (Figures 5E, 6A, and 6B). The ancestor with the lowest

threshold for IgG-dextran binding, from patient P2, was the

only ancestral antibody with detectable cryoglobulin activity

(Figure 4B). To test if the different thresholds reflected differing

affinities for IgG, we transfected cells to express membrane

IgM with known affinities for IgG previously determined by bio-

layer interferometry.45 The mutated IGHV1-69/IGKV3-20 cryo-

globulin, TJ5, and its immediate clonal precursor lacking one

replacement mutation, TJ4, bind IgG with monovalent KD of

4.8 x 10�6 M and 11.2 3 10�6 M, respectively. Consistent

with a 2.3-fold higher KD, the threshold IgM per cell needed

to bind IgG dextran was 1.9-fold higher for TJ4 than for TJ5

(Figure 6B).
mains of the unmutated ancestor IgM in patients P1 and P4 and the unmutated

DR flanking residues in bold. The V gene segment (dark gray), D gene segment

riods (.) indicate identity, and dashes (-) indicate gaps.

E2 UNK3a.13.6 dextran E2 dextran (third row) and IgG dextran (bottom row) to

d anti-HCV E2 antibody AR3A (far left column), the unmutated ancestors of two

–P4, or a mutated IgM RF cryoglobulin from a Sjogren’s syndrome-cryovas

th of heavy-chain CDR3, for antibodies that bind self-IgG (RF, red, n = 17) and

g length distribution for 1,343 IGHV1-69 IgM antibodies of unknown specificity,

Points show mean ± SD.
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Figure 6. Estimating antibody affinities for IgG, related to Figure S6

(A) Binding of empty dextran or IgG dextran to HEK293 cells expressing membrane IgM corresponding to the ancestor or the predominant V(D)J mutated clone

from patients P1 to P4. Control cells (far left and right columns) express membrane IgM corresponding to a mutated IGHV1-69/IGKV3-20 RF cryoglobulin from a

(legend continued on next page)
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The shapes of the IgG-dextran-binding curves correspond to

the superselective binding reaction predicted by mathematical

modeling of low-affinity interactions between multivalent ligand

in solution and surfaces bearing cognate receptors78–82 (STAR

Methods). The model predicts that, holding other variables con-

stant, an increase in antibody KD shifts the threshold amount of

membrane IgM to a proportionally higher value (Figure 6C;

STAR Methods). As such, if the KD value of a reference IgM is

known, an unknown KD can be extrapolated from the membrane

IgM binding threshold and subsequent shift in the binding curve

(Figure 6C). To test the equation linking IgM threshold to KD, we

used the equation and the visually determined membrane IgM

threshold for IgG-dextran binding for TJ4 to calculate TJ5 IgG af-

finity to be KD = 5.73 10�6 M, and the unmutated ancestor of the

TJ4 and TJ5 RF antibodies, TJ0, to be KD = 135 3 10�6 M (Fig-

ure 6D; Table S6) (see STAR Methods), which were within range

of their biolayer interferometry measurements of KD = 4.83 10�6

M and KD > 100 3 10�6 M, respectively.

We used the equation and visually called thresholds to extrap-

olate the affinities for IgG in three independent experiments that

used TJ4 as the reference (Figures 6B, 6D, S6A, and S6B;

Table S6). In one of the three experiments, the threshold could

not be called for the lowest affinity ancestor, P4 (Figure S6B;

Table S6), indicating the limit of sensitivity for the assay. The

KD of the four V(D)J mutated pathogenic HCV-cryovas autoanti-

bodies was estimated (from highest to lowest affinity): P2, 12 3

10�6 M; P1, 153 10�6 M; P4, 313 10�6 M; and P3, 633 10�6 M

(Figure 6D; Table S6). The estimated IgG affinities of their ances-

tors were: P2, 213 10�6 M; P3, 723 10�6 M; P1, 1033 10�6 M;

and P4, 132 3 10�6 M.

An alternative, objective method was also used to calculate

the membrane IgM threshold for onset of IgG-dextran binding.

The IgM and dextran fluorescent values for individual trans-

fected cells expressing membrane IgM were fit to an equation

using a basin-hopping Monte Carlo procedure using original

code (‘‘FluorescenceFit’’) (Figure S6C) (see STAR Methods).

The mean KD estimates determined using the fitting algorithm

(Figure S6D) were similar to the KD estimates determined by

visual inspection (Figure 6D). However, no KD could be objec-

tively estimated for ancestral P1 and P4 despite IgG binding to

the highest membrane IgM-expressing cells (Figures 6A, S6A,

and S6B), likely limited by insufficient cells for the

Monte Carlo procedure to fit a curve with high confidence.

The flow cytometric methods developed here provide a

practical way to quantify low binding affinities with KD in the

1–100 mM range.
Sjogren’s syndrome-cryovas patient (MN) or a mutated IGHV1-69/IGKV3-20 bro

intensity threshold for IgG-dextran binding determined by visual inspection is sh

(B) Comparison of IgG-dextran binding by cells expressing V(D)J mutated IgM fro

related IGHV1-69/IGKV3-20 RF autoantibodies with known affinities (TJ4 and TJ5

by the dotted black arrow.

(C) Mathematical modeling of absorption curves (e.g., fluorescence intensity, rep

(or affinities) for a fixed number of ligands (NL). Themodel shows the effect of incre

black), causing the binding curve to rigidly shift to the left (or right). This relations

(D) Estimated KD for IgG of each patient’s ancestor and mutated antibodies from

shown in (B), which used RF antibody TJ4 with known KD as the reference antibod

inspection (see STARMethods). RF antibodies TJ5 and TJ0with knownKDwere in

are shown for P4 ancestor, as sufficient membrane IgM- for IgG-dextran binding w

Table S6). Bar columns represent the mean estimated KD for each antibody.
DISCUSSION

These findings address the question of why autoimmune cryo-

vas arises in HCV-infected individuals and why individuals with

HCV-cryovas have a 35-fold increased risk of B cell lymphoma.

In the four patients analyzed in-depth here, three different sour-

ces of somatic mutation in B cells converged upon damaging

combinations that allowed a pathogenic autoantibody-produc-

ing clone to accumulate in large numbers and cause clinical

vasculitis. One source was V(D)J recombination, fixing a

particular IGHV/IGKV pair and short CDR3H length conferring

low-affinity binding to self-IgG but not to HCV E2. The second

somatic contributor was genome-wide accumulation of indel,

SV, and trisomy mutations, one or two of which conferred a

growth or survival advantage on the self-reactive B cells,

enabling their accumulation. The third pathogenic category

was V(D)J hypermutation, which created clonal trajectories to

produce insoluble cryoglobulin complexes of autoantibody and

autoantigen.

Out of hundreds of different pairs of IGHV and IGKV frequently

produced by V(D)J recombination, the pathogenic cryoglobulins

in the four patients were specified by three that occur in >95% of

HCV-induced cryoglobulins and monoclonal RFs.24–26 Antigenic

mimicry between HCV and IgG could hypothetically explain this

bias, since the IGHV1-69/IGKV3-20 pair found in 60% of cryo-

globulins is frequent in HCV-neutralizing IgG antibodies. This hy-

pothesis was not supported here since the IgM ancestor in each

patient bound self-IgG but not E2, and IGHV1-69/IGKV3-20 pairs

that bind HCV have a longer CDR3H than those binding IgG.

Crystallographic studies of HCV-neutralizing IGHV1-69 anti-

bodies bound to E2 show 40%–60% of buried surface area

derives from CDR3H.
19,22,23 By contrast, crystallography of an

IgG-bound IGHV1-69/IGKV3-20 autoantibody showed CDR3H
contributes only 10% of buried surface area and proposed that

longer CDR3H loops may prevent binding to IgG because they

could no longer fit within the IgG CH2-CH3 cleft and would fill

the binding pocket for a protruding IgG CH3 Leu432-His435

loop.83 The higher frequency of IGHV1-69/IGKV3-20 RFs may

simply reflect the higher frequency of this pair in the human B

cell repertoire (5%) compared with the frequency of IGHV3-7/

IGKV3-15 and IGHV4-59/IGKV3-15 pairs (1% and 2%,

respectively).84

Among thousands of somatic SNV, indel, and SV mutations

acquired genome-wide in each patient’s clone, only one or two

corresponded to putative driver mutations found recurrently in

human B cell lymphomas and leukemias. Two complementary
adly neutralizing HCV E2 antibody (AR3A). The membrane IgM fluorescence

own by the dotted black arrow.

m P1 to P4 with cells expressing membrane IgM corresponding to two clonally

). The IgG-dextran-binding threshold determined by visual inspection is shown

resented by q) and surface receptor density (sr) for different bond strengths (c)

asing (or decreasing) bond strength (e.g., c = 0.1; red, c = 1.0; blue, and c = 10;

hip can be described by Equation 1 (see STAR Methods).

3 independent experiments (circles), including the representative experiment

y, Equation 1, and threshold IgM fluorescence intensities determined by visual

cluded as validation antibodies. Only one data point for TJ0 and two data points

as only achieved in 1 and 2 out of 3 experiments, respectively (see Figure S6B;
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bodies of evidence support the conclusion that these mutations

provided a growth or survival advantage explaining the large size

of these clones. First, the loss-of-function mutations in KLF2,

TRAF3, and BIRC3 and gain-of-function mutations in NOTCH1

and chromosome 12 occur frequently in neoplastic B cell clones

and in their asymptomatic precursor, MBL, but were not

observed in normal memory B cells.50 Second, the mutated

genes regulated key biochemical events in B cell growth and sur-

vival. The 11q22-23 deletion results in dual loss of BIRC3 and

BIRC2, while the TRAF3 indel mutation creates a loss of function.

TRAF3, BIRC3, and BIRC2 are critical negative regulators of the

NF-kB signaling pathway that mediates the response to B cell

growth and survival factors CD40L, B-cell activating factor

(BAFF), or Toll-like receptor (TLR) ligands.64,68,85 The KLF2

mutation diminished its activity as a negative regulator of NF-

kB.86–88 The gain-of-functionNOTCH1mutation prevents degra-

dation of an intracellular NOTCH fragment that promotes expres-

sion of B cell proliferation genes, cyclin D andMYC.89,90 Trisomy

12 increased expression of chromosome 12 genes in the clonal B

cells. Among ch12 genes are drivers of cell cycle (CCND2,

CDKN1B, CDK2, and CDK4), B cell lymphomagenesis (BCL7A,

P2RX7, BTG1, KRAS, KMT2D, and STAT6), and B cell signaling

(PIK3C2G and IRAK4).

Acquisition of lymphoma driver mutations in the autoimmune

clones provides an explanation for the 35-fold higher incidence

of B cell lymphoma in HCV patients with cryovas compared

with the 2.4-fold increased incidence in HCV patients over-

all.36,37 In �70% of individuals with HCV-cryovas, the IgM auto-

antibody is monoclonal and associated with higher serum cryo-

globulin concentrations, indicating a clonal advantage.7,11

Based on the acquisition of a lymphoma driver mutation in

each of the four monoclonal HCV-cryovas cases studied here,

and the absence of driver mutations found in normal memory

B cells,50 people with monoclonal HCV-cryovas have a B cell

clone that has already taken a key step along the mutation

pathway to malignant lymphoma. Current international guide-

lines do not provide specific advice on monitoring HCV-cryovas

patients for lymphoproliferative disease after DAA treatment.91

Our findings highlight the need for longitudinal studies to test if

patients remain at elevated risk of B cell lymphoma after viral

clearance.

The findings here inform a specific hypothesis to explain why

HCV so frequently creates a perfect mutation storm in a single

B cell. Plasma IgG is effectively monovalent for binding to ‘‘pub-

lic idiotype’’ monoclonal RFs.92–94While the plasma IgG concen-

tration (10�4 M) is above the KD of these antibodies, it may not

crosslink membrane IgM receptors to trigger B cell tolerance

checkpoints. Transgenic mouse experiments tracing B cells dis-

playing membrane IgM with low affinity for self-IgG (AM14, KD =

23 10�6 M) have shown circulating plasma IgG does not trigger

B cell tolerance checkpoints in these cells.95 However, when a

small amount of anti-DNA or anti-RNA IgG is multimerized on nu-

cleic acid-containing apoptotic cell nanoparticles, it acquires the

capacity to bind stably to the AM14 IgM-expressing B cells

measured by flow cytometry and to stimulate their proliferation,

V(D)J hypermutation, and RF secretion.96–98 Similarly, we

showed here that multimerization of anti-HCV IgG on E2 dextran

conferred binding to cells expressing membrane IgM corre-

sponding to public idiotype RFs. Our data support a model
424 Immunity 58, 412–430, February 11, 2025
whereby IgG-coated virus forms multivalent Fc particles that

trigger the recruitment of low-affinity, self-reactive B cells into

the immune response.

In chronic HCV infection, large amounts of viral RNA circu-

late in plasma primarily within IgG-bound 35–65 nm parti-

cles.99–101 Cryoglobulinemia is also a common feature of other

chronic viral infections in humans, albeit with a lower preva-

lence, for example, in chronic HIV infection (�20%)102 and

chronic HBV infection (<5%).103,104 One explanation for the

differences in cryoglobulinemia prevalence may be plasma

viral loads, with higher viral loads providing a greater antigenic

stimulus in the form of multivalent IgG-coated virus. Average

viral loads for patients with chronic infection are 106 copies/

mL in HCV infection,105 104–105 copies/mL in HIV infection,106

and 103.7 copies/mL in chronic HBV infection.107 Over time,

circulating IgG-virus nanoparticles may activate naive B cells

emerging from V(D)J recombination with public idiotype RFs,

promoting each into proliferation and further somatic muta-

genesis. The result is a catastrophic confluence where the

normal processes of genome-wide mutagenesis, V(D)J recom-

bination, and V(D)J hypermutation converge by chance on rare

combinations that produce an autoantibody in sufficient quan-

tity and quality to trigger clinical vasculitis in 5%–15% of in-

fected individuals.

Given that each of the sources of somatic mutation is common

to all memory B cells, it is conceivable that similar processes

contribute to the pathogenesis of other autoimmune diseases

where the environmental trigger is less understood.

Limitations of the study
Future studies of larger numbers of B cell clones will be needed

to determine the prevalence of the findings here for HCV-cryovas

and to determine towhat extent the somatic variant burden in the

pathogenic clones fromHCV-cryovas patients differs from those

in normal memory B cells, malignant B cells, or in self-reactive

memory B cell clones in other autoimmune diseases. Second,

we have not studied HCV-infected patients without cryoglobuli-

nemia or HCV-infected patients with cryoglobulinemia but

without vasculitis, so it is unclear at what stage of HCV infection

these somaticmutation events first arise.While our data focus on

the molecular events in B cells that contribute to disease patho-

genesis in four patients with clinical vasculitis, our data do not

explain what other viral and host factors help determine the sub-

set of HCV-infected patients that develop cryovas. Third, we

have not directly demonstrated that the individual driver muta-

tions present in each patient B cell clone provide a growth or sur-

vival advantage in vivo. Fourth, while we did not detect binding of

ancestor antibodies to the HCV E2 protein, this does not exclude

the possibility of very low-affinity interaction with E2 below the

sensitivity of the multimerized dextran flow cytometry assay,

nor with other HCV proteins.

RESOURCE AVAILABILITY

Lead contact

Requests for resources and reagents should be directed to Chris Goodnow

(c.goodnow@garvan.org.au).

Materials availability

This study did not generate new, unique reagents.
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Data and code availability

d Single-cell RNA-seq (103) and WGS data deposited at NCBI GEO and

NCBI with data accession numbers listed in the key resources table.

Antibody sequences are in Table S5. Bulk immunoglobulin sequencing,

single-cell RNA-seq (Smart-seq2), and RAGE-seq V(D)J data will be

shared upon request. This paper analyzes existing, publicly available

data with accession numbers listed in the key resources table.

d Original code has been deposited on Github with DOI listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
ACKNOWLEDGMENTS

We thank Daniel Lingwood formembrane IgM assay advice, HeatherMachado

for advice on somatic mutations in memory B cells, and Daniele Cultrone for

assistance with the NF-kB luciferase assay. This work was supported by

the Bill and Patricia Ritchie Foundation, the Croall Foundation, the National

Health and Medical Research Council, Australia grants APP2010134 and

APP1113904, and the UNSW Cellular Genomics Futures Institute.

AUTHOR CONTRIBUTIONS

Conceptualization: C.Y., D.S., and C.C.G.; resources: M.D., A.C., A.D.K.,

G.J.D., G.M., R.A.B., and D.S.; methodology: C.Y., M.S., K.J.L.J., M.A.F.,

S.A.-U., D.F., G.A.-E., J.H.R., D.S., and C.C.G.; investigation: C.Y., M.S.,

J.J.W., D.A., and M.L.F.; formal analysis: C.Y., K.J.L.J., T.J.P., M.A.F.,

S.A.-U., S.R., M.G., and C.C.G.; visualization: C.Y., M.S., K.J.L.J., T.J.P.,

S.A.-U., and C.C.G.; software: S.A.-U.; data curation: K.J.L.J., T.J.P.,

M.A.F., and S.A.-U.; supervision: F.L., R.B., D.S., and C.C.G.; funding acquisi-

tion: D.S. and C.C.G.; writing – original draft: C.Y., D.S., and C.C.G.; writing –

review & editing: C.Y., S.A.-U., A.C., G.J.D., D.S., and C.C.G.

DECLARATION OF INTERESTS

The authors declare no competing interests.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Patient samples

d METHOD DETAILS

B Flow cytometry

B Fluorescence activated cell sorting (FACS)

B Bulk immunoglobulin sequencing

B Single cell RNA sequencing

B Single cell immunoglobulin analysis and clonal tree generation

B Single cell RNA-seq gene expression analysis

B Whole genome sequencing

B SNV mutational signatures

B Small (<50bp) somatic variant (SNV and indel) analysis

B Large (>50bp) structural somatic variant analysis

B Somatic ploidy analysis

B Somatic variant validation

B NF-kB luciferase assay

B Soluble IgM antibody expression

B Soluble IgM quantification by ELISA

B IgG (RF) ELISA

B Cryoglobulin assay

B RF peptide sequencing and data analysis

B Recombinant HCV E2 (including biotinylated)

B Surface IgM expression and antigen staining

B IGHV1-69/IGKV3-20 anti-HCV E2 antibodies
B IGHV1-69 CDR3 amino acid lengths

B Estimating KD using the IgM onset of binding

B Modelling of multivalent antigen binding to membrane IgM

B Fitting procedure for calculating the IgM binding threshold

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

immuni.2024.12.011.

Received: January 30, 2024

Revised: September 22, 2024

Accepted: December 18, 2024

Published: January 15, 2025

REFERENCES

1. Polaris Observatory HCVCollaborators (2022). Global change in hepatitis

C virus prevalence and cascade of care between 2015 and 2020: a

modelling study. Lancet Gastroenterol. Hepatol. 7, 396–415. https://

doi.org/10.1016/S2468-1253(21)00472-6.

2. Dore, G.J., Martinello, M., Alavi, M., and Grebely, J. (2020). Global elim-

ination of hepatitis C virus by 2030: why not? Nat. Med. 26, 157–160.

https://doi.org/10.1038/s41591-019-0706-x.

3. Meltzer, M., Franklin, E.C., Elias, K., McCluskey, R.T., and Cooper, N.

(1966). Cryoglobulinemia—a clinical and laboratory study. II.

Cryoglobulins with rheumatoid factor activity. Am. J. Med. 40,

837–856. https://doi.org/10.1016/0002-9343(66)90200-2.

4. Desbois, A.C., Cacoub, P., and Saadoun, D. (2019). Cryoglobulinemia:

An update in 2019. Joint Bone Spine 86, 707–713. https://doi.org/10.

1016/j.jbspin.2019.01.016.

5. Cacoub, P., and Saadoun, D. (2021). Extrahepatic manifestations of

chronic HCV infection. N. Engl. J. Med. 384, 1038–1052. https://doi.

org/10.1056/NEJMra2033539.

6. LoSpalluto, J., Dorward, B., Miller, W., and Ziff, M. (1962).

Cryoglobulinemia based on interaction between a gammamacroglobulin

and 7S gamma globulin. Am. J. Med. 32, 142–147. https://doi.org/10.

1016/0002-9343(62)90191-2.

7. Cacoub, P., Renou, C., Rosenthal, E., Cohen, P., Loury, I., Loustaud-

Ratti, V., Yamamoto, A.-M., Camproux, A.-C., Hausfater, P., Musset,

L., et al. (2000). Extrahepatic manifestations associated with hepatitis

C virus infection: a prospective multicenter study of 321 patients.

Medicine 79, 47–56.

8. Choo, Q.L., Kuo, G., Weiner, A.J., Overby, L.R., Bradley, D.W., and

Houghton, M. (1989). Isolation of a cDNA clone derived from a blood-

borne non-A, non-B viral hepatitis genome. Science 244, 359–362.

https://doi.org/10.1126/science.2523562.

9. Agnello, V., Chung, R.T., and Kaplan, L.M. (1992). A role for hepatitis C

virus infection in type II cryoglobulinemia. N. Engl. J. Med. 327, 1490–

1495. https://doi.org/10.1056/NEJM199211193272104.

10. Misiani, R., Bellavita, P., Fenili, D., Borelli, G., Marchesi, D., Massazza,

M., Vendramin, G., Comotti, B., Tanzi, E., and Scudeller, G. (1992).

Hepatitis C virus infection in patients with essential mixed cryoglobuline-

mia. Ann. Intern. Med. 117, 573–577. https://doi.org/10.7326/0003-

4819-117-7-573.

11. Lunel, F., Musset, L., Cacoub, P., Frangeul, L., Cresta, P., Perrin, M.,

Grippon, P., Hoang, C., Piette, J.C., Huraux, J.-M., et al. (1994).

Cryoglobulinemia in chronic liver diseases: role of hepatitis C virus and

liver damage. Gastroenterology 106, 1291–1300. https://doi.org/10.

1016/0016-5085(94)90022-1.

12. Bonacci, M., Lens, S., Londoño, M.-C., Mariño, Z., Cid, M.C., Ramos-

Casals, M., Sánchez-Tapias, J.M., Forns, X., and Hernández-

Rodrı́guez, J. (2017). Virologic, clinical, and immune response outcomes

of patients with hepatitis C virus–associated cryoglobulinemia treated
Immunity 58, 412–430, February 11, 2025 425

https://doi.org/10.1016/j.immuni.2024.12.011
https://doi.org/10.1016/j.immuni.2024.12.011
https://doi.org/10.1016/S2468-1253(21)00472-6
https://doi.org/10.1016/S2468-1253(21)00472-6
https://doi.org/10.1038/s41591-019-0706-x
https://doi.org/10.1016/0002-9343(66)90200-2
https://doi.org/10.1016/j.jbspin.2019.01.016
https://doi.org/10.1016/j.jbspin.2019.01.016
https://doi.org/10.1056/NEJMra2033539
https://doi.org/10.1056/NEJMra2033539
https://doi.org/10.1016/0002-9343(62)90191-2
https://doi.org/10.1016/0002-9343(62)90191-2
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref7
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref7
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref7
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref7
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref7
https://doi.org/10.1126/science.2523562
https://doi.org/10.1056/NEJM199211193272104
https://doi.org/10.7326/0003-4819-117-7-573
https://doi.org/10.7326/0003-4819-117-7-573
https://doi.org/10.1016/0016-5085(94)90022-1
https://doi.org/10.1016/0016-5085(94)90022-1


ll
OPEN ACCESS Article
with direct-acting antivirals. Clin. Gastroenterol. Hepatol. 15, 575–

583.e1. https://doi.org/10.1016/j.cgh.2016.09.158.

13. Cacoub, P., Si Ahmed, S.N.S., Ferfar, Y., Pol, S., Thabut, D., Hezode, C.,

Alric, L., Comarmond, C., Ragab, G., Quartuccio, L., et al. (2019). Long-

term efficacy of interferon-free antiviral treatment regimens in patients

with hepatitis C virus–associated cryoglobulinemia vasculitis. Clin.

Gastroenterol. Hepatol. 17, 518–526. https://doi.org/10.1016/j.cgh.

2018.05.021.

14. Gragnani, L., Visentini, M., Fognani, E., Urraro, T., De Santis, A.,

Petraccia, L., Perez, M., Ceccotti, G., Colantuono, S., Mitrevski, M.,

et al. (2016). Prospective study of guideline-tailored therapy with direct-

acting antivirals for hepatitis C virus-associated mixed cryoglobulinemia.

Hepatology 64, 1473–1482. https://doi.org/10.1002/hep.28753.

15. Saadoun, D., Pol, S., Ferfar, Y., Alric, L., Hezode, C., Ahmed, S.N.S., de

Saint Martin, L., Comarmond, C., Bouyer, A.S., and Musset, L. (2017).

Efficacy and safety of sofosbuvir plus daclatasvir for treatment of HCV-

associated cryoglobulinemia vasculitis. Gastroenterology 153, 49–52.e5.

16. Sise, M.E., Bloom, A.K., Wisocky, J., Lin, M.V., Gustafson, J.L.,

Lundquist, A.L., Steele, D., Thiim, M., Williams, W.W., Hashemi, N.,

et al. (2016). Treatment of hepatitis C virus–associated mixed cryoglobu-

linemia with direct-acting antiviral agents. Hepatology 63, 408–417.

https://doi.org/10.1002/hep.28297.

17. Law, M., Maruyama, T., Lewis, J., Giang, E., Tarr, A.W., Stamataki, Z.,

Gastaminza, P., Chisari, F.V., Jones, I.M., Fox, R.I., et al. (2008).

Broadly neutralizing antibodies protect against hepatitis C virus quasis-

pecies challenge. Nat. Med. 14, 25–27. https://doi.org/10.1038/nm1698.

18. Keck, Z.-Y., Li, T.-K., Xia, J., Gal-Tanamy, M., Olson, O., Li, S.H., Patel,

A.H., Ball, J.K., Lemon, S.M., and Foung, S.K.H. (2008). Definition of a

conserved immunodominant domain on hepatitis C virus E2 glycoprotein

by neutralizing human monoclonal antibodies. J. Virol. 82, 6061–6066.

https://doi.org/10.1128/JVI.02475-07.

19. Tzarum, N., Giang, E., Kong, L., He, L., Prentoe, J., Augestad, E., Hua, Y.,

Castillo, S., Lauer, G.M., Bukh, J., et al. (2019). Genetic and structural in-

sights into broad neutralization of hepatitis C virus by human VH1-69 an-

tibodies. Sci. Adv. 5, eaav1882. https://doi.org/10.1126/sciadv.aav1882.

20. Colbert, M.D., Flyak, A.I., Ogega, C.O., Kinchen, V.J., Massaccesi, G.,

Hernandez, M., Davidson, E., Doranz, B.J., Cox, A.L., and Crowe, J.E.,

Jr. (2019). Broadly neutralizing antibodies targeting new sites of vulnera-

bility in hepatitis C virus E1E2. J. Virol. 93, e0207018.

21. Chan, C.H., Hadlock, K.G., Foung, S.K., and Levy, S. (2001). VH1-69

gene is preferentially used by hepatitis C virus–associated B cell lym-

phomas and by normal B cells responding to the E2 viral antigen.

Blood 97, 1023–1026.

22. Flyak, A.I., Ruiz, S., Colbert, M.D., Luong, T., Crowe, J.E., Jr., Bailey, J.R.,

and Bjorkman, P.J. (2018). HCV broadly neutralizing antibodies use a

CDRH3 disulfide motif to recognize an E2 glycoprotein site that can be

targeted for vaccine design. Cell Host Microbe 24, 703–716.e3. https://

doi.org/10.1016/j.chom.2018.10.009.

23. Weber, T., Potthoff, J., Bizu, S., Labuhn, M., Dold, L., Schoofs, T.,

Horning, M., Ercanoglu, M.S., Kreer, C., Gieselmann, L., et al. (2022).

Analysis of antibodies from HCV elite neutralizers identifies genetic de-

terminants of broad neutralization. Immunity 55, 341–354.e7. https://

doi.org/10.1016/j.immuni.2021.12.003.

24. Kunkel, H.G., Agnello, V., Joslin, F.G., Winchester, R.J., and Capra, J.D.

(1973). Cross-idiotypic specificity among monoclonal IgM proteins with

anti-g-globulin activity. J. Exp. Med. 137, 331–342. https://doi.org/10.

1084/jem.137.2.331.

25. Victor, K.D., Randen, I., Thompson, K., Forre, O., Natvig, J.B., Fu, S.M.,

and Capra, J.D. (1991). Rheumatoid factors isolated from patients with

autoimmune disorders are derived from germline genes distinct from

those encoding the Wa, Po, and Bla cross-reactive idiotypes. J. Clin.

Invest. 87, 1603–1613. https://doi.org/10.1172/JCI115174.

26. Andrews, D.W., and Capra, J.D. (1981). Complete amino acid sequence

of variable domains from two monoclonal human anti-gamma globulins

of the Wa cross-idiotypic group: suggestion that the J segments are
426 Immunity 58, 412–430, February 11, 2025
involved in the structural correlate of the idiotype. Proc. Natl. Acad.

Sci. USA 78, 3799–3803. https://doi.org/10.1073/pnas.78.6.3799.

27. Carbonari, M., Caprini, E., Tedesco, T., Mazzetta, F., Tocco, V., Casato,

M., Russo, G., and Fiorilli, M. (2005). Hepatitis C virus drives the uncon-

strained monoclonal expansion of VH1–69-expressing memory B cells in

type II cryoglobulinemia: a model of infection-driven lymphomagenesis.

J. Immunol. 174, 6532–6539. https://doi.org/10.4049/jimmunol.174.

10.6532.

28. Charles, E.D., Brunetti, C., Marukian, S., Ritola, K.D., Talal, A.H., Marks,

K., Jacobson, I.M., Rice, C.M., and Dustin, L.B. (2011). Clonal B cells in

patients with hepatitis C virus-associated mixed cryoglobulinemia

contain an expanded anergic CD21low B-cell subset. Blood 117,

5425–5437. https://doi.org/10.1182/blood-2010-10-312942.

29. Charles, E.D., Green, R.M., Marukian, S., Talal, A.H., Lake-Bakaar, G.V.,

Jacobson, I.M., Rice, C.M., and Dustin, L.B. (2008). Clonal expansion of

immunoglobulin M+ CD27+ B cells in HCV-associated mixed cryoglobu-

linemia. Blood 111, 1344–1356.

30. Franzin, F., Efremov, D.G., Pozzato, G., Tulissi, P., Batista, F., and

Burrone, O.R. (1995). Clonal B-cell expansions in peripheral blood of

HCV-infected patients. Br. J. Haematol. 90, 548–552. https://doi.org/

10.1111/j.1365-2141.1995.tb05582.x.

31. Terrier, B., Joly, F., Vazquez, T., Benech, P., Rosenzwajg, M., Carpentier,

W., Garrido, M., Ghillani-Dalbin, P., Klatzmann, D., Cacoub, P., et al.

(2011). Expansion of functionally anergic CD21�/low marginal zone-

like B cell clones in hepatitis C virus infection-related autoimmunity.

J. Immunol. 187, 6550–6563. https://doi.org/10.4049/jimmunol.

1102022.

32. Visentini, M., Cagliuso, M., Conti, V., Carbonari, M., Casato, M., and

Fiorilli, M. (2011). The VH1-69–expressing marginal zone B cells

expanded in HCV-associated mixed cryoglobulinemia display prolifera-

tive anergy irrespective of CD21low phenotype. Blood 118, 3440–3441.

https://doi.org/10.1182/blood-2011-05-353821.

33. Charles, E.D., Orloff, M.I.M., Nishiuchi, E., Marukian, S., Rice, C.M., and

Dustin, L.B. (2013). Somatic hypermutations confer rheumatoid factor

activity in hepatitis C virus–associated mixed cryoglobulinemia.

Arthritis Rheum. 65, 2430–2440. https://doi.org/10.1002/art.38041.

34. Comarmond, C., Lorin, V., Marques, C., Maciejewski-Duval, A., Joher,

N., Planchais, C., Touzot, M., Biard, L., Hieu, T., Quiniou, V., et al.

(2019). TLR9 signalling in HCV-associated atypical memory B cells trig-

gers Th1 and rheumatoid factor autoantibody responses. J. Hepatol.

71, 908–919. https://doi.org/10.1016/j.jhep.2019.06.029.

35. Ferri, C., Cacoub, P., Mazzaro, C., Roccatello, D., Scaini, P., Sebastiani,

M., Tavoni, A., Zignego, A.L., and De Vita, S. (2011). Treatment with ritux-

imab in patients with mixed cryoglobulinemia syndrome: results of multi-

center cohort study and review of the literature. Autoimmun. Rev. 11,

48–55. https://doi.org/10.1016/j.autrev.2011.07.005.

36. Monti, G., Pioltelli, P., Saccardo, F., Campanini, M., Candela, M.,

Cavallero, G., De Vita, S., Ferri, C., Mazzaro, C., Migliaresi, S., et al.

(2005). Incidence and characteristics of non-Hodgkin lymphomas in a

multicenter case file of patients with hepatitis C virus–related symptom-

atic mixed cryoglobulinemias. Arch. Intern. Med. 165, 101–105. https://

doi.org/10.1001/archinte.165.1.101.

37. Pozzato, G., Mazzaro, C., Dal Maso, L., Mauro, E., Zorat, F., Moratelli, G.,

Bulian, P., Serraino, D., and Gattei, V. (2016). Hepatitis C virus and non-

Hodgkin’s lymphomas: meta-analysis of epidemiology data and therapy

options. World J. Hepatol. 8, 107–116. https://doi.org/10.4254/wjh.v8.

i2.107.

38. Ivanovski, M., Silvestri, F., Pozzato, G., Anand, S., Mazzaro, C., Burrone,

O.R., and Efremov, D.G. (1998). Somatic hypermutation, clonal diversity,

and preferential expression of the VH 51p1/VL kv325 immunoglobulin

gene combination in hepatitis C virus–associated immunocytomas.

Blood 91, 2433–2442.

39. De Re, V., De Vita, S., Marzotto, A., Rupolo, M., Gloghini, A., Pivetta, B.,

Gasparotto, D., Carbone, A., and Boiocchi, M. (2000). Sequence analysis

of the immunoglobulin antigen receptor of hepatitis C virus–associated

https://doi.org/10.1016/j.cgh.2016.09.158
https://doi.org/10.1016/j.cgh.2018.05.021
https://doi.org/10.1016/j.cgh.2018.05.021
https://doi.org/10.1002/hep.28753
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref15
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref15
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref15
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref15
https://doi.org/10.1002/hep.28297
https://doi.org/10.1038/nm1698
https://doi.org/10.1128/JVI.02475-07
https://doi.org/10.1126/sciadv.aav1882
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref20
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref20
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref20
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref20
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref21
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref21
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref21
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref21
https://doi.org/10.1016/j.chom.2018.10.009
https://doi.org/10.1016/j.chom.2018.10.009
https://doi.org/10.1016/j.immuni.2021.12.003
https://doi.org/10.1016/j.immuni.2021.12.003
https://doi.org/10.1084/jem.137.2.331
https://doi.org/10.1084/jem.137.2.331
https://doi.org/10.1172/JCI115174
https://doi.org/10.1073/pnas.78.6.3799
https://doi.org/10.4049/jimmunol.174.10.6532
https://doi.org/10.4049/jimmunol.174.10.6532
https://doi.org/10.1182/blood-2010-10-312942
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref29
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref29
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref29
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref29
https://doi.org/10.1111/j.1365-2141.1995.tb05582.x
https://doi.org/10.1111/j.1365-2141.1995.tb05582.x
https://doi.org/10.4049/jimmunol.1102022
https://doi.org/10.4049/jimmunol.1102022
https://doi.org/10.1182/blood-2011-05-353821
https://doi.org/10.1002/art.38041
https://doi.org/10.1016/j.jhep.2019.06.029
https://doi.org/10.1016/j.autrev.2011.07.005
https://doi.org/10.1001/archinte.165.1.101
https://doi.org/10.1001/archinte.165.1.101
https://doi.org/10.4254/wjh.v8.i2.107
https://doi.org/10.4254/wjh.v8.i2.107
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref38
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref38
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref38
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref38
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref38
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref39
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref39
http://refhub.elsevier.com/S1074-7613(24)00575-2/sref39


ll
OPEN ACCESSArticle
non-Hodgkin lymphomas suggests that the malignant cells are derived

from the rheumatoid factor–producing cells that occur mainly in type II

cryoglobulinemia. Blood 96, 3578–3584.

40. Burnet, F.M. (1972). A reassessment of the forbidden clone hypothesis of

autoimmune disease. Aust. J. Exp. Biol. Med. Sci. 50, 1–9. https://doi.

org/10.1038/icb.1972.1.

41. Dameshek, W., and Schwartz, R.S. (1959). Leukemia and auto-immuni-

zation—some possible relationships. Blood 14, 1151–1158. https://doi.

org/10.1182/blood.V14.10.1151.1151.

42. Goodnow, C.C. (2007). Multistep pathogenesis of autoimmune disease.

Cell 130, 25–35. https://doi.org/10.1016/j.cell.2007.06.033.

43. Goodnow, C.C., Cyster, J.G., Hartley, S.B., Bell, S.E., Cooke, M.P.,

Healy, J.I., Akkaraju, S., Rathmell, J.C., Pogue, S.L., and Shokat, K.P.

(1995). Self-tolerance checkpoints in B lymphocyte development. Adv.

Immunol. 59, 279–368. https://doi.org/10.1016/s0065-2776(08)60633-1.

44. Young, R.M., Phelan, J.D., Wilson, W.H., and Staudt, L.M. (2019).

Pathogenic B-cell receptor signaling in lymphoid malignancies: new in-

sights to improve treatment. Immunol. Rev. 291, 190–213. https://doi.

org/10.1111/imr.12792.

45. Singh, M., Jackson, K.J.L., Wang, J.J., Schofield, P., Field, M.A.,

Koppstein, D., Peters, T.J., Burnett, D.L., Rizzetto, S., Nevoltris, D.,

et al. (2020). Lymphoma driver mutations in the pathogenic evolution of

an iconic human autoantibody. Cell 180, 878–894.e19. https://doi.org/

10.1016/j.cell.2020.01.029.

46. Potter, K.N., Li, Y., Mageed, R.A., Jefferis, R., and Capra, J.D. (1999).

Molecular characterization of the VH1-specific variable region determi-

nants recognized by anti-idiotypic monoclonal antibodies G6 and G8.

Scand. J. Immunol. 50, 14–20. https://doi.org/10.1046/j.1365-3083.

1999.00524.x.

47. Singh, M., Al-Eryani, G., Carswell, S., Ferguson, J.M., Blackburn, J.,

Barton, K., Roden, D., Luciani, F., Giang Phan, T., and Junankar, S.

(2019). High-throughput targeted long-read single cell sequencing re-

veals the clonal and transcriptional landscape of lymphocytes. Nat.

Commun. 10, 3120.

48. Alexandrov, L.B., Kim, J., Haradhvala, N.J., Huang, M.N., Tian Ng, A.W.,

Wu, Y., Boot, A., Covington, K.R., Gordenin, D.A., Bergstrom, E.N., et al.

(2020). The repertoire of mutational signatures in human cancer. Nature

578, 94–101. https://doi.org/10.1038/s41586-020-1943-3.

49. Kasar, S., Kim, J., Improgo, R., Tiao, G., Polak, P., Haradhvala, N.,

Lawrence, M.S., Kiezun, A., Fernandes, S.M., Bahl, S., et al. (2015).

Whole-genome sequencing reveals activation-induced cytidine deami-

nase signatures during indolent chronic lymphocytic leukaemia evolu-

tion. Nat. Commun. 6, 8866. https://doi.org/10.1038/ncomms9866.

50. Machado, H.E., Mitchell, E., Øbro, N.F., K€ubler, K., Davies, M.,

Leongamornlert, D., Cull, A., Maura, F., Sanders, M.A., Cagan, A.T.J.,

et al. (2022). Diverse mutational landscapes in human lymphocytes.

Nature 608, 724–732. https://doi.org/10.1038/s41586-022-05072-7.

51. Zhang, L., Dong, X., Lee, M., Maslov, A.Y., Wang, T., and Vijg, J. (2019).

Single-cell whole-genome sequencing reveals the functional landscape

of somatic mutations in B lymphocytes across the human lifespan.

Proc. Natl. Acad. Sci. USA 116, 9014–9019. https://doi.org/10.1073/

pnas.1902510116.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient samples
Peripheral blood was taken from patients with chronic Hepatitis C virus (HCV) infection preparing to undergo direct acting antiviral

(DAA) treatment recruited and consented under the Surveillance for Antiviral Resistant Variants in Chronic Hepatitis C (SEARCH-C)

study, St Vincent’s Hospital (SVH), Sydney, Australia. The SEARCH-C was approved by the St Vincent’s Hospital Human Research

Ethics Committee (HREC/11/SVH/197). Peripheral blood was collected and processed by Ficoll-Paque centrifugation for periph-

eral blood mononuclear cells (PBMC) collection. Blood samples were collected before the start of DAA therapy (baseline) and

again between 25-50 weeks later. Because this was a retrospective study, there was no way to determine if all blood samples

had been collected and processed at 37�C to preserve cryoglobulin RFs in plasma. At the baseline timepoint, the patients

commenced 12 weeks of DAA therapy. All patients achieved HCV clearance which was confirmed by absence of HCV RNA in

serum. Four HCV patients from the SEARCH-C study were retrospectively identified as having been diagnosed with HCV-asso-

ciated cryoglobulinemic vasculitis before recruitment into the SEARCH-C study based on their clinical features, laboratory and

biopsy results. Patient age, sex and clinical features are indicated in Table S1. Patient ethnicity and socioeconomic status

were not recorded for the study. Patient P3 suffered from glomerulonephritis and was treated with rituximab 7 weeks before

the baseline sample (HCV+) and commencement of DAA therapy (Table S1). Patient P4 experienced a more severe neuropathy

and was treated with methotrexate, mycophenolate and prednisolone both before and after DAA (Table S1). All patients were

consented and their samples were transferred to and analysed under the SOMAD study/HOPE Research Program at the Garvan

Institute of Medical Research, Sydney, Australia approved by the Western Sydney Local Health District Human Research Ethics

Committee (HREC17/5449).

METHOD DETAILS

Flow cytometry
PBMCs were thawed and washed in 2% FCS/PBS and incubated with Fc block for 20 min on ice. PBMCs were stained with eF780

Fixable Viability Dye (ThermoFisher Scientific) and a cocktail of antibodies (see key resources table) for 30 mins on ice. Anti-idiotypic

monoclonal antibody G6, specific for F-allele IGHV1-69 heavy chains, was fluorescently labelled using the Alexa Fluor 488 Antibody

Labelling kit (Life Technologies).126 After staining, cells were washed and fixed in 2% formaldehyde (5% formalin, Sigma) for 15 min

on ice.
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Fluorescence activated cell sorting (FACS)
Cells were either bulk sorted for WGS or single cell RNA-sequencing (10X Genomics) or single cell sorted for downstream single cell

RNA-sequencing (Smart-seq2), either done alone or in parallel with single cell DNA sequencing (G&T). For both bulk and single cell

sorting, PBMCs were stained using the same buffers and steps as described for flow cytometry (above), with the exception of the

anti-idiotypic monoclonal antibody G6, which was only used to stain the PBMCs of patients P1 and P4. For bulk sorting for whole

genome sequencing, two populations from the baseline timepoint were sorted: IgM+ B cell clone and polyclonal B cells, according

to the gating strategy shown (Figure 2B). For single cell sorting for immunoglobulin and DNA analysis, total B cells (CD19+CD20+) or

memory B cells (CD27+) from the baseline (HCV+) timepoint were sorted into 96 well Lo bind plates containing buffers as described

below. For single cell RNA-sequencing using the 10X Genomics platform, total B cells (CD19+CD20+) from patient P1 PBMC were

sorted at the clearance (HCV-) timepoint.

Bulk immunoglobulin sequencing
Total RNA from roughly 1-3 million thawed patient PBMCs was extracted using a RNeasy Mini Extraction kit (Qiagen) and reverse

transcribed to cDNA using oligo-DT primers and the iScript cDNA Synthesis Kit (Bio-Rad). Immunoglobulin heavy and light chain

cDNA was amplified using the Q5 High-Fidelity 2X Master mix (NEB) and pooled forward primers that bind the leader sequences

of the variable regions and the reverse primers that bind the first exon of the mu and kappa constant regions, as previously

described.45 The primers incorporate 5’ sequences compatible with sequencing on the Illumina platform. Two separate PCR reac-

tions were performed for each antibody isotype i.e. mu and kappa. PCR products were indexed (Illumina), pooled and sequenced on

an MiSeq machine (Illumina) capturing 300bp paired end reads to a depth of 1 million reads per sample. B cell clones were identified

using the MiXCR software tool (v3.0.12),110 with the top clones based on total number of reads sharing >90%CDR3 amino acid iden-

tity. The top five clones were displayed as proportion of all sequenced reads.

Single cell RNA sequencing
Libraries for single cell RNA sequencing on the patient baseline samples (HCV+) were prepared using Smart-seq2 protocol.127 If

genomic DNA was also being extracted simultaneously, cells were processed as described for the Genome & Transcriptome

(G&T) protocol.128 The Smart-seq2 protocol was modified to halve the volume of lysis buffer added to each well of the plate (from

4 mL to 2mL), ensuring the lysis buffer/oligo-DT/dNTP was maintained at a ratio of 2:1:1. cDNA was generated as described,127

but with reactions performed at half the volumes. cDNA was amplified as described127 but with the ISPCR primer final concentration

reduced to 50nM. For each cell, 1ng of DNA was added to a new 96 well plate for library generation. Amplified DNA was tagmented

and barcoded using the Nextera XT DNA Library Preparation Kit (Illumina). The same quantity of each barcoded DNA libraries (range

4-10ng) were pooled together for sequencing. DNA libraries were sequenced on anNextSeq550machine (Illumina) at amedian depth

of 1 million reads per cell.

Single cell V(D)J and RNA-sequencing at the clearance (HCV-) timepoint for blood of patient P1 was performed using Repertoire

and Gene Expression by Sequencing (RAGE-Seq) using droplet based capture of approximately 10,000 cells using 10X Genomics

Chromium 3’ system as described.47 In brief, following reverse transcription and before fragmentation, two extra PCR cycles were

performed and full length cDNA equally spilt for short-read gene expression library generation (Illumina) and targeted V(D)J capture

followed by long-read library generation (Oxford Nanopore Technologies, ONT). Short-read gene expression libraries were

sequenced on a NovaSeq 500 (Illumina) at 50,000 mean reads per cell. Long-read V(D)J libraries were loaded onto R9.5.1 (FLO-

MIN107) flowcells (ONT) with base calling performed using the Albacore software pipeline (v2.2.7) (ONT).

Single cell immunoglobulin analysis and clonal tree generation
The immunoglobulin B cell receptor (BCR) heavy and light chain nucleotide sequences for each cell of patient P1 clearance (HCV-)

sample were generated by targeted capture and long-read sequencing using the RAGE-Seq protocol, were generated as

described.47 In brief, long-read sequencing data was demultiplexed by cell barcode, subject to de novo assembly, aligned and ‘‘pol-

ished’’ to generate fasta files containing consensus transcript contigs. The immunoglobulin sequences were determined by aligning

the contigs to IgBLAST111 and BLASTN to determine V(D)J and constant region gene usage respectively. Immunoglobulin sequences

that were non-productive, out-of-frame or contained stop codons were removed. Each cell was annotated as polyclonal or clonal,

where clones were defined as having >90% amino acid identity with the heavy chain and light chain CDR3 of P1 B cell clone

(Figure 1E).

The immunoglobulin B cell receptor (BCR) heavy and light chain nucleotide sequences for each cell generated by the Smart-

seq2 protocol from the patient baseline (HCV+) samples was reconstructed from the single cell RNA-seq data using the

VDJPuzzle software package.113 The individual heavy and light chain nucleotide sequences obtained by VDJPuzzle were up-

loaded to IMGT HighVQuest (v1.9.1). Using the somatic hypermutation annotations, a clonal tree was constructed. The diameter

of each circle is proportion to the number of individual B cells sharing an identical immunoglobulin sequence, with the exception

of the unmutated ancestor circle (grey). The joining lines between the circles present number of somatic hypermutations be-

tween the immunoglobulin sequences, where the length of the lines is proportional to the number of somatic hypermutations

(linear scale, 1 unit of distance = 1 mutation). Somatic V(D)J mutations over the whole V(D)J gene loci were counted i.e. including

CDR3 and FR4.
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Single cell RNA-seq gene expression analysis
Raw sequencing files binary base call (bcl) files were demultiplexed and converted to Fastq using bcl2fastq (v2.19.0.316) (Illumina).

Alignment and barcode counting were performed using cell ranger (v6.0.2) (10X Genomics). Gene expression reads were aligned to

human genome reference GRCh38 (hg38). Gene expression count matrices were exported by cell barcode linked to a polyclonal or

clonal annotation (as determined above) using R.129 Single cell gene expression counts were normalized using SAVER with default

values.114 Single cells were excluded if the library size or number of expressed genes fell below 2 median absolute deviations, or if

mitochondrial reads accounted for more than 20% of the reads. Polyclonal naı̈ve and B cell memory clusters were determined using

landmark genes IGHM, IGHG1, IGHD, TCL1A. Differentially expressed genes were determined using limma on log normalised

values.115 Bonferroni correction was applied to each set of p-values, to determine the family-wise error rate (FWER). Statistically sig-

nificant differentially expressed genes were defined as FWER <0.05.

Whole genome sequencing
For the two patients with an IGHV1-69 B cell clone (P1 and P4), the G6 antibody was used to sort the expanded B cell clone (G6+ IgK+

B cells) and the control polyclonal B cell population (G6- B cells) (Figure 2B). For the other two patient B cell clones encoded by heavy

chains for which no anti-idiotypic antibody exists (P2; IGHV4-59 and P3; IGHV3-7), the B cell clone was identified and sorted from the

IgM+ kappa light chain restricted memory B cell population (CD27+ IgM+ IgK+ B cells) and the control polyclonal B cell population

consisted of all remaining B cells that did not co-express IgM and IgK (Figure 2B). Polyclonal B cells were not fractionated into naı̈ve

andmemory B cells based on the assumption that the additional burden of AID off-target somatic mutations in memory B cells would

be different in each cell and comprise a low percentage of reads, falling below the threshold for variant calling. The gating strategy for

the expanded clone were predicted to result in purity >90% (>95% for the IGHV1-69 B cell clones).

Approximately 30,000 cells (minimum 8,000) of either the B cell clone or polyclonal B cells of the patients were directly FACS sorted

into 100mL ALT lysis buffer (Qiagen MicroKit). gDNA was extracted as per manufacturer’s instructions (Qiagen MicroKit). Approxi-

mately 2/3 of gDNA was taken to generate DNA libraries (minimum 10ng), with remaining gDNA to be stored for variant confirmation.

DNA libraries for whole genome sequencing were generated using the Kapa Hyper Plus Kit (Roche) for low input DNA. DNA libraries

were generated according to manufacturer instructions, with the following modifications: fragmentation for 17 minutes, adapter liga-

tion for 1 hour and PCR amplification with 3-5 cycles depending on starting DNA amount (5 cycles for �10ng DNA). DNA libraries

were sequenced on a HiSeqX instrument (Illumina) with 150bp paired end reads at 30X coverage for the polyclonal population

and at 60X coverage for the B cell clone. WGS sequencing quality was verified by calculating the coverage (unique reads) per nucle-

otide base over�180 genes at exonic locations totalling�1,430kb, using the BAM files generated from somatic variant analysis and

BEDtools.116

SNV mutational signatures
To detect small somatic variants (SNV), the Dynamic Read Analysis for Genomics (DRAGEN) Somatic Pipeline (v3.3.7) (Illumina) for

tumour/normal pair was used, with the expanded B cell clone assigned as ‘‘tumour’’ and polyclonal B cells assigned as ‘‘normal.’’

Reads were aligned to GRCh37 (hg19) reference genome. The COSMIC (v3) single base substitution (SBS) mutational signatures

of somatic SNV calls of the HCV-cryovas clones were fit to mutational signatures relevant to lymphocytes (SBSBlood, SBS1,

SBS7a, SBS8, SBS9, SBS18) as described50 using the R package sigfit (v2.0).117 The SBS signatures were plotted as a relative pro-

portion for each clone.

Small (<50bp) somatic variant (SNV and indel) analysis
Four PCAWG tumour/normal sample pairs from the CLL-mutated (‘‘Lymph-CLL’’) and BNHL (‘‘Lymph-BNHL) patient cohort were

identified48 and extracted from ICGC Controlled Data. Variants were called using a workflow previously described.130,131 In brief,

the PCAWGBAM files were downloaded and HCVB cell clone tumour/normal BAM files generated using the Dynamic Read Analysis

for Genomics (DRAGEN) Somatic Pipeline (v3.3.7) (Illumina) (see above) were used to extract reads using SAMtools132 bam2fq. Read

were aligned to GRCh38.p14 (hg38) using BWA119 and prepared for variant calling using GATK best practices.120 For detecting so-

matic SNV and indel calls, default filtering was applied for both GATK-MuTect2120 and Strekla2121 and for each sample a consensus

of SNVs and indels were generated using an approach previously described133 (Table S2). Somatic variant output file was annotated

using the Ensembl Variant Effect Predictor (VEP) algorithm.122 Somatic variants were filtered selecting for coding variants resulting a

frameshift, in-frame deletion or insertion, missense, stop gain or loss or synonymous variant that occurred within a gene of a curated

list of 178 genes frequently mutated in B cell lymphomas.45 Somatic variants were verified using the Integrative Genomics Viewer

(IGV) (v2.5.3)123 and used to calculate the proportion of reads carrying the variant (i.e. variant allele frequency, VAF).

Large (>50bp) structural somatic variant analysis
To detect somatic SVs in the patient HCV-cryovas clones, the CLL-mutated (‘‘Lymph-CLL’’) and BNHL (‘‘Lymph-BNHL) samples (see

above),48 Manta124 and Delly125 were run in somatic tumour/normal mode with default filtering. Manta and Delly identify and score

possible SVs based on two types of evidence; discordant pair end reads and split read alignments. For each sample, a consensus of

SVs were generated using an approach previously described133 (Table S3). The consensus SV list was manually annotated for var-

iants occurring at the heavy, kappa or lambda immunoglobulin loci using the hg38 UCSC Genome Browser.
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Somatic ploidy analysis
To detect the presence of any ploidy event such as a chromosome gain, the averagewhole genome sequencing coveragewas calcu-

lated for the whole genome for chromosomes 1 to 22 using the Samtools depth command.61 An average across every base for the

entire genome for each of the B cell clone and the polyclonal B cells was first calculated, and this ratio utilised as a baseline. The same

was done for each chromosome and this ratio compared to the whole genome baseline ratio (Table S4). If a whole chromosome gain

was present, we would expect �1.5X more reads in the chromosome ratio than the baseline genomic ratio. Any chromosome loss

(monoploidy) was defined as a ratio %0.6, any single whole chromosome gain (triploidy) was defined as a ratio R1.4 but %1.8 and

whole duplication of both chromosomes (tetraploidy) was defined as a ratio R1.9.

Somatic variant validation
PCR with or without sanger sequencing was performed on either remaining bulk sorted gDNA or from single cell amplified gDNA

performed in parallel with mRNA extraction for single cell immunoglobulin sequencing using the Genome & Transcriptome (G&T) pro-

tocol.128 Following separation of single cell mRNA and gDNA, gDNA was amplified via multiple displacement amplification (MDA)

using the REPLI-g Single Cell Kit (Qiagen) according to manufacturer’s instructions. MDA rapidly amplifies DNA at a constant tem-

perature, by using a combination of random hexamer primers and a high-fidelity bacteriophage DNA polymerase (error rate 1 in 106-

107 bases). PCR primers and PCR conditions used on bulk or single cell derived gDNA are listed in the key resources table. All PCR

primers were designed in house with the exception of the KLF2 primers.53 All PCR reactions used a standard Taq polymerase

(Invitrogen), with the exception of KLF2 which was performed using the Q5 High-Fidelity kit (NEB). For the 11q deletion variant

(P3), primers for a control gene (SEC23IP) giving rise to a PCR product half the size was also included in the same PCR reaction.

Purified PCR products (with the exception of the SEC23IP control gene) were submitted for Sanger sequencing.

NF-kB luciferase assay
Adherent HEK293T cells were co-transfected with 0.3mg NF-kB luciferase reporter (pcDNA3.1-luc) (Promega), 0.2mg of b-galactosi-

dase plasmid (CMV.b-galactosidase, gifted by Shane Grey) and either 0.5mg pcDNA3.1 vectors encoding wildtype or KLF2 variants

or empty pcDNA3.1 vector (total 1mg DNA) (Genscript). Transfection was performed using Lipofectamine 3000 (ThermoFisher)

in serum-free conditions. Two hours before harvest, cells were stimulated with human recombinant TNFa (R&D Systems) at

300IU/mL. Luciferase activity was measured in cell lysates collected 8 hours after transfection. To correct for transfection efficiency,

luciferase results were normalised to b-galactosidase activity.

Soluble IgM antibody expression
Secretory IgM antibodies were produced in house by transient transfection of non-adherent Expi293F (Gibco) cells using the Expi293

Expression System Kit (Gibco). The heavy immunoglobulin variable region sequences (Table S5) were inserted into the human heavy

chain mu constant region secretory sequence (Genbank: BC073758.1) and synthesised into mammalian vector pcDNA3.1 (Gen-

script). Similarly, the light chain immunoglobulin variable region sequences were inserted into the human kappa constant region

sequence (Genbank: OM584289.1) and synthesised into mammalian vector pcDNA3.1 (Genscript). Leader sequences inserted up-

stream of the heavy and light chain variable region were obtained from IMGT. Human J chain (Genbank: AK312014.1) was also syn-

thesised intomammalian vector pcDNA3.1. Broadly neutralising anti-E2 HCVAR3C heavy and light chain nucleotide sequenceswere

derived from the immunoglobulin amino acid sequences (PBD: 6MEF).22 Expi293F cells were transfected according to manufac-

turer’s instructions with a 10mg of heavy chain plasmid, 10mg of light chain plasmid and 10mg of J chain plasmid (ratio 1:1:1) for total

of 30mg DNA per flask at a density of �3 x 106 cells/mL. On Day 7 post-transfection, supernatant for each flask was collected, and

spun for 10 min at 3000g and passed through a 0.22mM filter. Soluble IgM was purified by concentrating the supernatant using cen-

trifugal filter units (Amicon, Merek) with a 30K membrane cut-off spun at 4000g for 40-60 mins at room temperature until <2mL

concentrate remained.

Soluble IgM quantification by ELISA
A 384-well plate (Corning) was coated with 0.5mg/mL purified goat anti-human IgM (Jackson ImmunoResearch) diluted in 1X PBS for

1 hour at room temperature and blocked with 3%BSA/1XPBS for 1 hour at 37oC. An IgM standard was prepared using human whole

IgM derived from serum (Jackson ImmunoResearch) starting at 10mg/mL concentration followed by a 1:2 serial dilution. Concen-

trated supernatants containing soluble IgMwere diluted 1:100 followed by a 1:2 serial dilution performed in duplicates and incubated

for 1 hour at room temperature. Presence of IgM was detected using anti-human monoclonal IgM-alkaline phosphatase (Sigma Al-

drich) (1:1000) incubated for 1 hour at room temperature before addition of para-nitrophenylphosphate substrate (Sigma Aldrich).

ELISA plate was read an optical density (OD) at 405nm (ClarioStar instrument, BMG Labtech). Concentration of IgM (mg/mL) in

each supernatant was interpolated using the standard curve.

IgG (RF) ELISA
384-well plates (Corning) were coated with 5mg/mL whole IgG obtained from human serum (Jackson ImmunoResearch) in NPP

coating buffer overnight. ELISA plates were blocked with 3% BSA/PBS for 1 hour at 37�C. Samples were added in duplicate or trip-

licate to the plate at a starting concentration of 100mg/ml, followed by 1:2 serial dilution and incubated for 1 hour at 37�C. Anti-human

monoclonal IgM-alkaline phosphatase (Sigma Aldrich) (1:1000) was used as secondary detection antibody incubated at 45 mins at
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37�C before addition of para-nitrophenylphosphate substrate (Sigma Aldrich). Plates were read at an optical density (OD) at 405nm

(ClarioStar instrument, BMG Labtech).

Cryoglobulin assay
Cryoglobulin activity was analysed via a temperature-controlled spectrophotometer (Cary Series UV-Vis spectrometer, Agilent). Anti-

body cryoaggregation causes changes in light scattering.134 IgM supernatants stored at 4�Cwere allowed towarm to 37�Con a heat-

block for 20 min (cryoglobulins redissolve upon warming). An equal volume of IgM antibody at a concentration of 150-200mg/mL was

mixedwith equal volume of human IgG obtained from blood (Sigma-Aldrich) at a concentration of 1mg/mL (ratio�1:5) in 1X PBS. The

mixture of IgM and IgGwas incubated for another 20min at 37�Con a heat-block before immediately transferring to the spectrometer

set to 37�C. Approximately 200 optical density (OD) measurements were taken at 500nm as the spectrophotometer reduced in tem-

perature by 0.1�C/min from 37�C to 4�C.

RF peptide sequencing and data analysis
IgM RF antibody was purified from patient P3 plasma by precipitating with heat-aggregated IgG followed by reduced SDS-PAGE135

and non-reduced SDS-PAGE,45 respectively. The IgM RF gel band of the heavy and light chain was excised and digested with Pierce

trypsin protease (ThermoFisher Scientific) and chymotrypsin (Promega) to generate peptides for LC-MS/MS using a Thermo Scien-

tific Orbitrap Exploris 480 mass spectrometer coupled to an Ultimate 3000 UHPLC (Dionex). Peptide sequence analysis was per-

formed by de novo sequencing and the IMGT database matching using Peaks studio XPro software (Bioinformatics Solution Inc).

Parameters for database searches, data refinement and immunoglobulin variable region subfamily assignments were described pre-

viously.135,136 An average local confidence score threshold of 80% was applied to select high quality de novo peptides. A false dis-

covery rate (FDR) threshold of 1.0%was applied at the peptide level to each data set. The immunoglobulin variable region subfamily

is assigned from the presence of a unique peptide corresponding to the subfamily.

Recombinant HCV E2 (including biotinylated)
The E2 protein sequence was derived from HCV Genotype 1a (isolate H77, GenBank accession number AF011751) and HCV Geno-

type 3a (isolate UNK3a.13.6, GenBank accession number AY894683). Recombinant HCV E2 (rE2) antigen was produced as

described.108 In brief, the E2 construct was incorporated the HCV polyprotein amino acid residues 384 to 661 encoding the E2 ec-

todomain (no stemor transmembrane domain) into a pcDNA3.1 vector with aN-terminus secretion signal, a C-terminal Avitag� and a

six-histidine tag (63His) and transiently transfected into HEK293F cells. Media was harvested 96 hours later and rE2 was purified by

passing through a 1 ml HiTrap chelating HP chromatography column. Biotinylation of rE2 was performed at the C-terminal Avitag�
using E.coli biotin ligase (BirA).

Surface IgM expression and antigen staining
Methods for transient transfection for expression of membrane-bound IgM on ExpiHEK293F cells were adapted from the published

protocol.76 Desired heavy immunoglobulin variable region sequences (Table S5) were inserted into the human heavy chain mu con-

stant region membrane sequence that includes the transmembrane region (Genbank accession no. BC009851.2) and synthesised

into mammalian vector pcDNA3.1 (Genscript). Leader sequences upstream of the variable region were obtained from IMGT. Immu-

noglobulin light chain constructs were the same as used for secretory IgM expression. Broadly neutralising anti-E2 HCV AR3A heavy

and light chain nucleotide sequences were derived from the immunoglobulin amino acid sequence (PBD: 6BKB).19 Expi293F cells

were transfected according to manufacturer’s instructions with 10mg of heavy chain plasmid and10mg of light chain plasmid (ratio

1:1) for total of 20mg DNA per flask at a density of approximately 1 x 106 cells/mL. On Day 2 post-transfection, Expi293 cells were

harvested and 1 x 106 cells were transferred to a 96 well U bottom plate (Corning). Cells were stained with 10uL of biotinylated

IgG (2mg/mL, Jackson Immunoresearch) or 10uL of commercial fluorescently labelled dextran molecule (Klickmer�, Immudex)

loaded with biotinylated IgG, biotinylated rE2 or biotinylated rE2 bound with anti-E2 IgG1 monoclonal antibody (clone AR3C,

PDB: 6MEF)22 (Genscript), for 10 min at room temperature. After staining with the antigen loaded Klickmer dextran, anti-human

IgM BV421 antibody (clone MHM-88) was added to the cells and incubated for a further 25 min on ice. Cells were washed with

1%BSA/PBS/0.02% sodium azide buffer and run immediately on a LSRII Fortessa or Symphony (BD) instrument.

Klickmer� molecules carry 20-25 biotin acceptor sites (�5-6 streptavidin molecules) attached along a dextran backbone conju-

gated to phycoerythrin (PE). Biotinylated E2 (described above) or biotin-SP (long spacer) ChromPure human IgG (Jackson Immunor-

esearch) were mixed with PE-Klickmers according to manufacturer’s instructions (HCV rE2; 60kDa, whole IgG; 150kDa) at molar ra-

tios to achieve full loading of acceptor sites. Antigen was incubated with Klickmer� for 30 mins in the dark at room temperature.

Where required, Klickmer� molecules loaded with biotinylated rE2 were incubated with 5uL purified anti-E2 AR3C monoclonal

IgG1 antibody (1mg/mL, Genscript) for 20 minutes in the dark. Antigen-Klickmer� molecules were diluted with 1%BSA/PBS/

0.02% sodium azide buffer to 16nM (1:10 dilution), ready for staining. Antigen-Klickmer� mix was stored in the dark at 4oC for up

to 4 weeks.

IGHV1-69/IGKV3-20 anti-HCV E2 antibodies
Antibodies B04 andH04were identified by single cell mRNA sequencing of single cell sorted HCVE2 (cocktail of Genotype 1a and 3a)

tetramer-binding memory B cells from a patient chronically infected with HCV (Genotype 3a)108 (R.A. Bull, unpublished data).
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Antibodies were confirmed to be HCV E2 specific by ELISA. Mutations in heavy and light chains were reverted to the unmutated

ancestor using IMGT112 (Table S5). Non-synonymous mutations in the heavy chain and light chain CDR3 were also reverted if the

mutation resided within the V and J gene. In the case of H04 and B04, non-synonymous mutations were also reverted in the D genes

(deemed to reside at positions clear of N addition sites).

IGHV1-69 CDR3 amino acid lengths
Seventeen IGHV1-69/IGKV3-20 RF antibody sequences confirmed to bind IgGwere acquired from this project (P1,P4) and published

data.33,34,45,83,137 Ten IGHV1-69/IGKV3-20 anti-HCV E2 antibody sequences were derived from the same HCV patient as described

above (R.A. Bull, unpublished data). IGHV1-69/IGKV3-20 antibody sequences with unknown specificity were obtained from single

memory B cells from three healthy donors.84 Unmutated (<2% SHM) IGHV1-69 IgM (‘‘naı̈ve’’) and mutated (R 2% SHM) IGHV1-

69 IgG (‘‘memory’’) antibody sequences were from bulk repertoire sequencing of healthy donor PBMCs filtered for least 50,000

clones (61 healthy adult donors).109 CDR3 amino acid lengths were defined as according to IMGT, with anchor residues removed.

Estimating KD using the IgM onset of binding
For a full description of how the IgM threshold or onset of binding is linked to the affinity constant (KD), see methods below. In brief, if

the KD value for a reference antibody A is known, we can extrapolate the KD value of any other antibody to the same antigen by

comparing the shift in IgM fluorescence threshold at which antigen-dextran binding is first detectable on a logarithmic scale, using

the equation shown below (Equation 1). To obtain the IgM fluorescence threshold at which antigen binding can be detected, two

methods were used. The first method relies on subjective visual inspection of the flow cytometry plots. The geometric mean fluores-

cence on a narrow gate of �200 events was generated at the threshold IgM showing onset of IgG-binding as identified by visual in-

spection using FlowJo� software (v.10). In cases where binding was visually ambiguous, binding was considered to be occurring if

the binding signal of cells with the highest density of membrane IgM was statistically significant (p<0.0001) compared to cells with

intermediate levels of membrane IgM. The IgG-dextran fluorescence intensity for individual cells with ‘‘medium’’ and ‘‘high’’ surface

IgM density was exported using Flowjo� software. The second method relied on objective fitting of the antigen-dextran binding

curves. The flow cytometry fluorescent scale values for the IgM (x-axis) and IgG-Dextran (y-axis) parameters for each Expi293F

cell expressing IgMwere exported and fit to an equation using a basin-hoppingMonte Carlo procedure using original code generated

for this paper (‘‘FluorescenceFit-main’’, see key resources table). For a full description of the fitting procedure see methods below.

Given the fitted curve, we define the IgM threshold of binding (‘‘calculated onset’’ or ‘‘onset for best solution at x’’) as the intercept

along the x-axis between the intensity baseline and a straight line tangent to the fitting curve at the mid-point between the minimum

and maximum intensity value (Figure S6C). The fitting procedure was run three times for the reference antibody (e.g. TJ4). The

average onset of the reference antibody was used to estimate the KD for the unknown antibodies using Equation 1. Antibodies

with an unknown KD were only run through the fitting procedure once.

Using the IgM binding onset as calculated by either method (i.e. visual inspection or fitting algorithm) including for the reference

antibody with a known KD, the IgM binding thresholds were used to calculate the KD of the unknown antibody using the following

equation:

log KD;A = log KD;B + log sR;A � log sR;B (Equation 1)

An example calculation is included below. Here, we are estimating the affinity of HCVB cell clone of patient P1 to IgG-dextran using

TJ4 as a reference with known IgG affinity constant (KD;A = 11.2 x 10-6 M). Visual inspection of flow cytometry plots indicated TJ4 has

an IgM IgG binding onset (sR;AÞ = 3000, and P1 has an IgM IgG binding onset (sR;BÞ = 3600 (Figure 6B). To estimate the affinity con-

stant (KD;B) for the HCV B cell clone of patient P1:

log KD;A � log KD;B = log sR;A � log sR;B (Equation 1), rearranged
log
�
11:2 3 10� 6

� � log ðKD;P1Þ = logð3000Þ � logð3600Þ
log
�
11:2 3 10� 6

�
KD;P1

�
= logð3000 = 3600Þ
11:2 3 10� 6
�
KD;P1 = 3000

�
3600
KD;P1 = 11:23 10� 6 3 3600
�
3000
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KD;P1 = 13:4310� 6 M
= 13mM

Modelling of multivalent antigen binding to membrane IgM
Our mathematical model for surface IgM expression binding to IgG-dextran arises from adapting previous results on the interaction

between multivalent ligand-functionalised nanoparticles and surfaces bearing cognate receptors.78–82 Equilibrium binding probabil-

ities in multivalent systems can be accurately described within the context of statistical mechanics. If a receptor coated surface (i.e.

surface IgMexpressed on Expi293F cells) is in contact with a solution containing ligand-functionalised constructs (i.e. IgG-dextran),78

the number of constructs bound is given by the Langmuir formula:

Nads = M
z Q

ð 1+z QÞ (Equation 2)

M is the maximum number of adsorption sites on the surface and Q = QðNL;sR;cÞ, the binding partition function, depends on the

number of ligands NL, the surface density of receptors sR and c, a parameter related to the strength of the ligand-receptor bond.

Furthermore, z is the so-called activity in solution138 of the multivalent construct, which for all practical cases of interest is given

by z = v0rB, where rB is the molar concentration of the multivalent construct in solution and v0 the adsorption volume. Within the

Langmuir description used here, q = Nads=M can be interpreted as the binding probability of a single multivalent particle binding

to the surface.78 In Equation 2, in contrast to the more general definition,78 we assumed that each binding site contains exactly

the same number of receptors.

In order to calculateQ, we assume that each of theNL ligands in themultivalent construct can independently form a bondwith each

of the NR = sRA receptors, where A is the area of a binding site on the surface. In this case, the total bound partition function is

given by:

Q = ð 1:0+NR c ÞNL (Equation 3)

Where c is related to the ligand-receptor dissociation constant KD by Varilly et al.79:

c = expð � DGbond = kBTÞK D = ðKD = r0Þccnf (Equation 4)

where DGbond is the effective bond energy, r0 = 1M is the standard molar concentration and 0< ccnf < 1 a (bond-weakening) correc-

tion that arises from the fact that the ligands are not free in solution, but attached to a scaffold (i.e. dextran) that limits their transla-

tional and rotational freedom. Although the exact value of ccnf depends on details of how the ligands are grafted to the particle,79 in

our experiments it is the same across all systems, since the mixture of ligand (IgG) and the scaffold (dextran) is kept consistent within

the same experiment.

Nads as described by Equation 2 has the form of a Hill-equation with an exponent equal to NL. Qualitatively, on a logarithmic scale

the adsorption curve thus resembles a smoothened step function, with Nadsz0 until the receptor density reaches a certain critical

value, s�R, after which Nads increases very rapidly (at least until it reaches its maximum value, M). This is the behaviour we observed

in our experiments (Figures 5C and 6A).

To estimate the value of the bond dissociation constant (KD), we note that in the partition functionQ, and thus also in the expression

for the number of adsorbed particles Nads, NR (or sRÞ and c only appear as a product, not alone. Although the expression for Q is

derived assuming independent ligands, more general treatments that do not make these assumptions80,82 still lead to expressions

where only the NRc product appears, making the following conclusions quite robust. Because these two quantities only appear as a

product, mathematically, this means that when plotting log Nads vs log sR, multiplying KD by an arbitrary (positive) factor g, simply

rigidly shifts all points of the curve by exactly -log g. This happens for every single point on the curve, and thus also for the critical

receptor density s�R at which bound construct (IgG-dextran) begins to rapidly rise. In other words, if we plotNads vs sR for two systems

A and B that differ only in their ligand-receptor pairs, in our case, different IgM antibody sequences, and we compare two points for

these systems with the same value of Nads, we have:

Nads;A = Nads;B / cAsR;A = cBsR;B (Equation 5)

Or, using Equation 4 to connect with KD and rearranging the terms in Equation 1.

Notably, in Equation 1 the dependence on the configurational contribution ccnf to the bond strength, which would be otherwise

difficult to estimate, drops out because it is the same for two systems that only differ by the ligand-receptor pair used. Thus, if

the KD value for a reference system A is known, Equation 1 allows us to calculate the KD value of any other ligand-receptor pair

by simply comparing the shift in the adsorption (i.e. IgM fluorescence threshold at which IgG-dextran binding occurs) on a logarithmic

scale.
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Fitting procedure for calculating the IgM binding threshold
First, we make the natural assumption that the measured fluorescence signal increases linearly with the amount of dextran

bound, i.e.:

S = A+ Iq (Equation 6)

Which allows us to interpolate the intensity with the functional form:

S = A+B
C ð 1+D x ÞE
1+Cð1+D xÞE (Equation 7)

where x is the number of IgM receptors per cell and A,B,C,D and E are fitting parameters. In principle, one can try to relate the values

of these parameters to other physical quantities characterising the system and, if known, they could be directly substituted inside

Equation 7. In this regard, A is related to the baseline value of the fluorescence signal, while B is the proportionality constant between

the amount of dextran adsorbed and the fluorescence provided, C = r vB is the activity of dextran in solution, where r is the number

concentration of dextran and vB the so-called binding volume.82D = KD s is the product of the dissociation constant of a single bond,

expressed in M, and s the area occupied by an adsorbing dextran molecule. Finally E is the number of ligands on a dextran molecule

that can form bonds with the receptors on cell’s surface. Whereas this microscopic interpretation could be useful in extracting addi-

tional information, compensation of errors canmake the exact values obtained for the fitting parameters quite sensitive, and thus their

exact interpretation should be done with care. Nevertheless, the general shape of the adsorption curve described by Equation 6 fits

the data well and together with a geometric construction, can be reliably used to extract the IgM threshold or onset of binding, using

the following procedure.

First, we find the optimal value for the fitting parameters by performing a numerical fit of the flow cytometry fluorescence scale

values for the IgM (x-axis) and IgG-dextran (y-axis) parameters for IgM expressing Expi293F cells. We do this by using a basin-hop-

ping Monte Carlo procedure to find the global optimum, as implemented in the Scipy python library, with an effective temperature of

T=3 and 2000 iterations. The code used for fitting and for building the geometrical construction necessary is located in the key re-

sources table. Second, given the fitted curve, we define the IgM onset of binding as the intercept along the x-axis between the in-

tensity baseline (i.e., the line described by the equation y = A) and a straight line tangent to the fitting curve at the mid-point between

the minimum andmaximum intensity value (see Figure S6C). The IgM onset of binding can be used to estimate the KD using Equation

1, and as described in the methods section above. While performing the fitting procedure, we use an F-test based on the variance

measured using our binding model versus that obtained by fitting the data with a constant value (reported p-values). In other words,

we test our hypothesis (‘‘there is binding with measurable fluorescence signal’’), against the null hypothesis (‘‘no binding is

measured’’). The threshold of the p-value for statistical relevance between the difference in the obtained variance calculated by

the two models is set to 1%. As such, when the presence of a binding signal is not statistically significant, we cannot calculate

the binding onset, and thus cannot calculate the value of the dissociation constant KD. In this scenario, if any binding does occur,

we assume the onset of binding occurs at an IgM fluorescence intensity X equal or greater than the maximum IgM value recorded

in the relevant experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using Prism Graphpad software, R129 and original code. Statistical details can be found in

Figure legends and in relevant STAR Methods sections.
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