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A B S T R A C T

Background: In autoimmune disease it is not understood how self-reactive B cells escape immune tolerance 
checkpoints to produce pathogenic autoantibodies.
Objective: In patients with demyelinating polyneuropathy caused by IgM autoantibodies against myelin associ
ated glycoprotein (MAG) and the sulphated trisaccharide CD57, we aimed to test the hypothesis that B cells 
making the autoantibody escaped tolerance by acquiring lymphoma driver somatic mutations.
Methods: Deep single-cell RNA, DNA, flow cytometric and antibody specificity analysis of blood from three pa
tients with MAG neuropathy.
Results: MAG autoantibody-producing B cell clones exhibited extensive intraclonal immunoglobulin V(D)J 
hypermutation. In many of the sub-clonal branches, the replacement:silent ratio of V-region mutations was not 
different from that expected for unselected mutations, although in some branches the mutations either increased 
or eliminated binding to MAG and CD57 autoantigens. Prior to intraclonal V(D)J diversification, each clone had 
acquired a gain-of-function MYD88p.L265P mutation, and some branches had acquired additional somatic muta
tions in CXCR4, IGLL5 and BTG2. Whilst all MAG-binding clones harboured the MYD88p.L265P mutation, the same 
mutation was also found in some control, polyclonal B cells. Deep sequencing of different blood cell subsets 
indicated MYD88p.L265P was confined to B cells.
Conclusion: In three MAG neuropathy patients we find evidence that the self-reactive B cells responsible for their 
disease acquired a classical lymphoma driver somatic mutation early in their clonal expansion.

1. Introduction

A key question in autoimmune disease is how do B cells making 
pathogenic autoantibodies evade the series of immune tolerance 
checkpoints that normally inhibit their maturation, survival, prolifera
tion and plasma cell differentiation? [1] Here we address this question in 

the context of myelin associated glycoprotein (MAG) neuropathy.
MAG neuropathy is a form of chronic inflammatory demyelinating 

polyradiculoneuropathy (CIDP) caused by IgM autoantibodies that bind 
to MAG, a 100 kDa transmembrane glycoprotein on the plasma mem
brane of Schwann cells that is critical in the formation and maintenance 
of neuronal myelin sheaths around axons [2,3]. The classical form of 

* Corresponding author. Garvan Institute of Medical Research, Darlinghurst, NSW, Australia.
E-mail address: c.goodnow@garvan.org.au (C.C. Goodnow). 

1 These senior authors contributed equally to this work.

Contents lists available at ScienceDirect

Journal of Autoimmunity

journal homepage: www.elsevier.com/locate/jautimm

https://doi.org/10.1016/j.jaut.2025.103474
Received 16 March 2025; Received in revised form 23 July 2025; Accepted 23 August 2025  

Journal of Autoimmunity 157 (2025) 103474 

Available online 6 September 2025 
0896-8411/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
nc/4.0/ ). 

mailto:c.goodnow@garvan.org.au
www.sciencedirect.com/science/journal/08968411
https://www.elsevier.com/locate/jautimm
https://doi.org/10.1016/j.jaut.2025.103474
https://doi.org/10.1016/j.jaut.2025.103474
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaut.2025.103474&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


MAG neuropathy, accounting for three quarters of cases, presents with 
paraesthesia or sensory ataxia followed by slowly progressive, sym
metrical weakness and later tremor [4,5]. Nerve conduction studies 
demonstrate a distal acquired demyelinating symmetric polyneuropathy 
(“DADS” phenotype), with disproportionately prolonged distal motor 
latencies. Nerve biopsies typically demonstrate characteristic widening 
and splitting of the myelin lamellae, associated with loss of myelinated 
axons. IgM, with or without C3d, may be deposited on myelin sheaths 
[6,7], although this is highly variable in larger cohorts of MAG neu
ropathy patients [4]. Evidence for the pathogenic nature of the auto
antibody comes from studies where MAG neuropathy patient serum and 
purified IgM caused demyelination when injected with fresh comple
ment into feline peripheral nerves [8,9]. In chickens, injection of 
anti-MAG antibodies caused segmental peripheral nerve demyelination 
and histological features similar to the human disease [10].

Atypical forms of MAG neuropathy include those with a “CIDP 
phenotype” and predominant weakness or small fibre neuropathy, and 
MAG autoantibody levels by ELISA may not differentiate these subtypes 
from the typical form of the disease [2,4,5]. 10–22 % of MAG neurop
athy patients also test positive for autoantibodies against ganglioside 
antigens, including GD1b, GQ1b, GM1, GM2, GM3 and GM4 [4,5]. No 
other autoantibodies have been consistently reported in MAG neurop
athy, nor is there an association between MAG neuropathy and systemic 
connective tissue diseases (e.g. lupus), anti-nuclear antibodies, nor 
antecedent infective triggers (c.f. Guillain Barre syndrome).

The “self” molecule targeted by MAG autoantibodies is CD57, a 
sulphated trisaccharide SO4-3GlcAβ1–3Galβ1–4GlcNAc present on pe
ripheral nerve myelin as part of N-linked or O-linked glycans on MAG, 
other myelin glycoproteins and in sulfoglucuronyl glycosphingolipids 
[11,12]. CD57 sulphated trisaccharide attached to a 110 kDa protein is 
also displayed abundantly on the surface of natural killer cells in the 
blood, where the antigen was originally called human natural killer 1 
(HNK-1), and on a subset of effector CD8 and CD4 T cells in blood and 
tissues [13]. MAG neuropathy autoantibodies can be depleted by 
adsorption with CD57+ T cell lysates [14], and serum antibody titres 
against the synthetic CD57 sulphated trisaccharide are better correlated 
with disease severity than antibody titres measured by ELISA against 
MAG glycoprotein [15]. Since tolerance checkpoints normally inhibit 
the maturation and survival of B cells making immunoglobulin against 
self-antigens on the plasma membrane of lymphocytes [16–19], B cells 
that express CD57− and MAG-binding immunoglobulins would not be 
expected to accumulate as mature, recirculating B cells and would be 
expected to lose CD57 binding during immunoglobulin hypermutation 
in germinal centres [16,20].

It is not known how anti-MAG/CD57 B cells overcome these toler
ance checkpoints in MAG neuropathy, but a clue comes from the 
observation that most patients with MAG neuropathy have a measurable 
monoclonal IgM paraprotein in their blood [2,5]. This homogeneous 
secreted IgM antibody binds the CD57 sulphated trisaccharide on MAG, 
whilst deglycosylation of the MAG antigen abolishes the IgM reactivity 
of serum from patients with MAG neuropathy [21]. The plasma con
centrations of monoclonal IgM in MAG neuropathy are typically much 
lower than in the IgM-secreting lymphoplasmacytic lymphoma disease, 
Waldenstrom’s macroglobulinemia, or in other forms of B cell non-
Hodgkin’s lymphoma, although these lymphomas develop in 12–35 % of 
patients with MAG neuropathy [2].

Were it not for the neuropathological effects of their monoclonal 
IgM, most MAG neuropathy patients would fit within the haemato
logical criteria of IgM monoclonal gammopathy of undetermined sig
nificance (IgM-MGUS), due to the low paraprotein level and absence of 
end-organ damage. IgM-MGUS can be incidentally detected by serum 
electrophoresis and immunofixation screening in ~300–600 per 
100,000 (0.3–0.6 %) people aged over 50 years [22,23], which is higher 
than the ~10 per 100,000 (0.01 %) incidence of CIDP in this age bracket 
[2]. Among people with MGUS, ~15 per 100,000 persons per year 
develop CIDP [24], whereas more than 1000 per 100,000 persons per 

year with IgM MGUS will progress to Waldenstrom’s macroglobuli
nemia, B cell lymphoma, or chronic lymphocytic leukemia (CLL), with 
relative risks of 288, 10.6 and 4.3, respectively [25].

Waldenstrom’s macroglobulinemia is unusual among B cell neo
plasms because >90 % of these malignancies have acquired the same 
lymphoma driver mutation, a point mutation in MYD88 changing the 
Leucine 265 codon to Proline [26]. MYD88L265P is also found in >50 % 
of IgM MGUS [27–29], 29 % of activated B cell type diffuse large B cell 
lymphomas (ABC DLBCL) with a lymphoplasmacytic gene expression 
program [30], and 6 % of the subtype of CLL with hypermutated IGHV 
genes [31,32].

MYD88 propagates signals downstream of Toll-like receptors (TLRs) 
and the IL-1 receptor by nucleating helical fibres (myddosomes) 
composed of MYD88, IRAK1/IRAK2 and IRAK4 to activate nuclear 
translocation of the NF-κB transcriptional activator [33,34]. 
MYD88L265P creates a gain-of-function in this pathway [30], but animal 
studies show that it is insufficient to drive sustained B cell clonal growth 
or lymphoma on its own because it is countered by the induced NF-κB 
inhibitor, TNFAIP3 (A20), and the induced BCL2 inhibitor, BCL2L11 
(BIM) [35–37]. MYD88L265P corrupts immune tolerance checkpoints, 
driving mouse B cells with self-binding surface IgM to differentiate into 
lymphoplasmacytic cells secreting IgM autoantibodies in vivo if accom
panied by increased expression of the surface IgM receptor subunit, 
CD79B [38].

The presence of MYD88L265P lymphoma driver mutations in bulk 
sequencing of bone marrow samples of 59–73 % of people with MAG 
neuropathy [39,40] poses two key questions in the pathogenesis of this 
autoimmune disease. First, is MYD88L265P present in the cells making the 
pathogenic autoantibody? If so, this leads to a second question: was 
MYD88L265P present at the start of evolution of a rogue clone making 
anti-MAG IgM, where dysregulated NF-κB might contribute to check
point escape, or was it acquired later? Since MYD88L265P is only found in 
the CLL subset that has undergone IGHV gene somatic hypermutation 
[31,32], self-reactive B cells causing MAG neuropathy may first need to 
escape tolerance, proliferate and undergo AID-mediated hypermutation 
before the MYD88 mutation is acquired. Here, we address these ques
tions by undertaking in-depth analysis of the autoantibody-forming 
clonal B cells in three patients with MAG neuropathy, using single cell 
DNA and RNA sequencing and by expressing representative antibodies 
from single cells.

2. Methods

2.1. Patient samples

Peripheral blood was collected from three patients (P1, P2 and P3; 
details in Supplementary Table 1) with demyelinating polyneuropathy 
associated with MAG autoantibodies >10,000 BTU by ELISA. Peripheral 
blood mononuclear cells (PBMCs) were prepared by Ficoll-Paque 
centrifugation and cryopreserved in RPMI 1640, 50 % foetal calf 
serum and 10 % DMSO. Written informed consent was obtained prior to 
blood collection. The study was approved by the relevant human 
research ethics committee (HREC/19/WSLHD/5449) and all research 
was conducted in accordance with The Code of Ethics of the World 
Medical Association (Declaration of Helsinki) for experiments involving 
humans.

2.2. Flow cytometry and fluorescence activated cell sorting (FACS)

Thawed PBMCs were washed twice in PBS/1 % BSA and incubated 
with Fc block for 30 min on ice. Cells were washed and stained with 
fluorophore-labelled antibodies (Supplementary Table 2) as well as a 
Fixable Viability Dye (eBioscience). Approximately 1 × 107 PBMCs were 
sorted for P1 and P3, and 2 × 107 PBMCs for P2 (across two sorts), 
performed using a FACS Aria III (BD Biosciences). Single cell indexed 
sorting was performed, gated on clonal B cells and control memory B 
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cells; details of the gating strategy are discussed in the results section for 
each of the three patients. Cells were sorted into 2 μL of RLT buffer 
(Qiagen) in 96-well LoBind PCR plates (Eppendorf).

2.3. Parallel single cell genomic and transcriptomic sequencing

Genomic DNA (gDNA) and mRNA were isolated from the same single 
cells using G&T-seq [41,42]. The mRNA of each cell was processed for 
scRNA-seq using the Smart-seq2 protocol described below. gDNA was 
subjected to multiple displacement amplification (MDA) using the 
REPLI-g Single Cell Kit (QIAGEN) according to the manufacturer’s in
structions. MDA amplified products were purified using AMPure XP 
beads (Agencourt) and processed for either targeted capture or 
gene-specific PCR amplification.

2.4. Single cell RNA sequencing and gene expression analysis

mRNA from each cell was processed for scRNA-seq using the Smart- 
seq2 protocol [43]. Sequencing libraries were prepared using the Nex
tera XT Library Preparation Kit (Illumina). Cells were sequenced using 
an Illumina NextSeq 500 instrument with 150 bp paired-end reads to a 
median depth of 1 million reads per cell. scRNA-seq sequencing reads 
were aligned to GRCh38.p12 using STAR2.5.4b [44], and de-duplicated 
using SAMtools 0.1.19 [45]. Per-gene expression levels were called at 
count and transcript per million (TPM) levels using RSEM v1.3.0 [46]. 
Gene expression counts were normalized using Sanity [47] with default 
values, and differentially expressed genes (DEGs) were identified using 
limma [48] on the log-transformed recovered counts. Bonferroni 
correction was applied to each set of p-values and DEGs were defined as 
having a family-wise error rate (FWER) of <0.05.

2.5. Targeted capture sequencing for lymphoma driver mutations

Two target enrichment libraries (Roche NimbleGen) were designed 
for a panel of 178 genes found recurrently mutated in Waldenstrom’s 
macroglobulinemia, CLL and non-Hodgkin’s lymphoma [42]. For each 
gene, genome coordinates of their corresponding exons were obtained 
from the GRCh38 primary assembly. Design of probes from target re
gions and synthesis was performed by Roche NimbleGen using the 
SeqCap EZ format with a maximum of five matches to the human 
genome.

For targeted capture the quality of MDA efficiency from each single 
cell was first assessed with 3–5 individual PCR reactions of different 
chromosomal regions, using primer sequences [49] and PCR with Taq 
polymerase kit (Invitrogen) and the following conditions: 95 ◦C for 
3min; [95 ◦C for 30s, 60 ◦C for 15s, 72 ◦C for 1min] x35 cycles; 72 ◦C for 
5min. Only single cell samples that contained more than 30 % PCR 
amplicons among all PCR reactions were selected for targeted capture. 1 
μg of amplified DNA was used for Illumina library preparation with the 
KAPA Hyper Plus Kit (Roche) with 9 cycles of PCR. Targeted capture was 
performed using the previously described protocol [50] with the 
following modifications. Two rounds of hybridisation were performed 
for 24 h each at 47 ◦C. Following each round of hybridisation and 
capture, PCR was performed using KAPA HiFI HotStart ReadyMix 
(Roche) with the following PCR cycling conditions: 98 ◦C for 3 min; 
98 ◦C for 20 s, 65 ◦C for 15 s, 72 ◦C for 30 s 5 cycles (first round) or 20 
cycles (second round); 72 ◦C for 1min. Enrichment of post-capture li
braries was measured using qPCR and sequencing performed on an 
Illumina NextSeq instrument with 150bp paired end reads to a depth of 
10 million reads per cell. For P1 a total of 46 single cells (22 red branch, 
12 yellow branch and 12 control cells), with two control pools of 50 
CD27+ memory B cells and 50 T cells, respectively, were sequenced. For 
P2 a total of 72 single cells (18 red branch, 17 green branch, 17 yellow 
branch, 6 blue branch and 14 controls cells) were sequenced. For P3 a 
total of 71 single cells (18 red branch, 18 yellow branch, 15 blue branch, 
6 green branch and 14 control cells) and one pool of 50 CD27+ memory 

B cells were sequenced.

2.6. Whole genome sequencing (WGS)

In P2 and P3, WGS was performed on 10,000 CD19+IgM+kappa+

cells, and 5000 CD27+IgD− IgM- control memory B cells. WGS was not 
performed on P1 as we had limited sample for this patient, which was 
prioritised for single cell sequencing. Cells were sorted into 100 μl Buffer 
ATL in a 1.5 ml Eppendorf tube, which was processed on the same day as 
cell sorting. It was processed as per QIAamp DNA Micro Kit (Qiagen) 
instructions. gDNA was transferred to one well per sample of a 96 well 
plate and made to a concentration of 10 ng in 35 μl of water. Samples 
were processed as per the kit instructions (KAPA Hyper Plus Kit 96 
Reactions, Roche). Sequencing was performed on an Illumina NovaSeq 
6000 utilising a v1.5 (300 cycle) reagent kit. The pool was normalized to 
1 nM, and sequencing was run on a single lane of an S4 flowcell utilising 
the XP workflow. Run conditions utilised were 2 × 150bp paired-end, 
dual indexed (8bp) sequencing.

Germline variants were called on whole genome sequencing data 
using a modified version of a previously described workflow [51]. 
Validation of variants of interests identified from genomic sequencing 
was performed via visual inspection of read alignments in IGV and 
confirming the location and impact of variants within ENSEMBL (emsem 
bl.org). Finally, mutations were then checked against published muta
tions at ciobioportal.org.

2.7. Somatic variant analysis

Using G&T-Seq single cell data, somatic mutations between clonal 
and control B cells were determined using DeepSNVMiner [52] in 
combination with a modified version of an existing pipeline [53] opti
mised for rare somatic variant detection. Variants were reported as so
matic if: i) at least two clonal cells contained read depth≥15, ii) at least 
two control cells contained read depth≥15, iii) the variant was present 
in two or more clonal cells, and iv) the variant was not present in any 
control B cells. A further variant quality score filter of >20 was applied 
for each variant and annotated using variant effect predictor [54] in 
order to prioritise missense and nonsense SNPs and frameshift indels. All 
mutations were confirmed by Sanger sequencing.

Read depth for each clone across all amplicons was calculated using 
SAMtools depth [45]. The mean cover across all clones as well as the 
portion of bases with >1 or >15 reads was calculated. A read depth≥15 
was considered a conservative cutoff to reliably detect heterozygous 
variants. Single cells across all patients had an average of 81.46 % and 
60.69 % target bases covered by > 1 read or >15 reads, respectively.

2.8. Somatic variant validation by sanger sequencing

Sanger sequencing was performed on PCR products generated from 
amplified gDNA from MDA reactions to validate the variants called. 
gDNA was diluted 1/100 and amplified using primers (Supplementary 
Table 3) using Taq polymerase (Invitrogen) with the following condi
tions: 98 C for 20 s; [98 C for 10 s, 60 C for 30 s, 72 C for 1 min] x 45 
cycles; 72 C for 5 min. Positive PCR products were purified with AMPure 
XP beads (Beckman Coulter) and Sanger sequenced by the Garvan Mo
lecular Genetics facility (Garvan Institute, Australia).

2.9. Quantitation of MYD88L295P in bulk-sorted cell populations

PBMCs from P2 and P3, along with four age- and sex-matched 
healthy controls, were stained with fluorophore-labelled antibodies, 
and the following cell subsets sorted on an Aria III (BD Biosciences): 
CD4+ T cells, CD8+T cells, NK cells, CD34+ hematopoietic stem cells, 
monocytes, IgM+kappa+ B cells and CD27+IgM+lambda+ memory B 
cells. DNA was prepared from the bulk sorted subsets using the 
QIAmpDNA micro kit (Qiagen). DNA from 75 to 100000 pooled cells (75 
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was the minimum for the rare CD34+ hematopoietic stem cells) was 
amplified by PCR using Q5 2x High Fidelity Mastermix (New England 
Biolabs) with barcoded versions of the L265P primers (Supplementary 
Table 3) to allow read identification following pooling of PCR products. 
Products were purified with AMPure XP beads (Beckman Coulter) and 
pooled in equal quantities. Amplicon libraries were sequenced using 
Miseq 250bp paired end reads (Ramaciotti, UNSW).

Barcoded datasets corresponding to the different sorted cell pop
ulations were demultiplexed as part of Illumina’s FASTQ generation 
pipeline. Read pairs for each cell population were mapped to the tar
geted region of MYD88 using bwa aln and sampe [55] and samtools [45] 
to generate BAM files. BAM files were converted to variant call files 
(VCFs) using bcftools mpileup and call functions [56]. Variant counts 
and frequencies were calculated from VCFs in R using packages vcfR 
[57] and tidyverse [58].

2.10. Single cell immunoglobulin analysis and clonal tree generation

Immunoglobulin heavy and light chain nucleotide sequences for 
each single cell were reconstructed from the single cell Smart-seq2 data 
using the VDJPuzzle software package (https://bitbucket.org/kirbyvisp 
/vdjpuzzle/src/master/; [59]. To build lineage trees, sequences of in
terest (a clone, or a set of sequences sharing IGHV, IGHJ and CDR3 
length) were extracted from VDJPuzzle output (sequence_alignment 
column) and FASTA formatted files were generated for input to linear
ham [60]. Tree building used full length IGH nucleotide sequences and 
linearham was called with default parameters plus the addition of the 
–all-clonal-seqs flag to generate a single tree for each sequence set. Trees 
were visualised in R (version 4.3.0; R Core Team (2023). _R: A Language 
and Environment for Statistical Computing_. R Foundation for Statistical 
Computing, Vienna, Austria.<https://www.R-project.org/>.) using 
ggtree (version 3.10.1, [61]) and tidyverse packages (version 2.0.0; 
[58]).

To calculate expected replacement:silent ratios for each antibody 
sequence in the absence of selection, the ‘mutability’ of each germline 
sequence framework region (FR) and complementary-determining re
gion (CDR) was calculated by summing the trinucleotide probabilities 
for the sequence, derived from non-productive sequences, indicating the 
likelihood of a mutation at the central position of the 3-mer. This was 
performed for FR1, CDR1, FR2, CDR2 and FR3. The relative mutability 
of the CDRs (and FRs) for each germline gene was calculated by 
(CDR1_mut + CDR2_mut)/(total_seq_mut). This was used to indicate the 
likelihood of a random mutation in a sequence occurring in the CDR or 
FR. The ‘replacement frequency’ was calculated by taking the germline 
sequences for each CDR/FR region and considering each position. The 
number of R (replacement, non-synonymous) and S (silent, synony
mous) changes were calculated (stop codons were counted as R) for each 
position and then summed across the sequence. The replacement fre
quency was then calculated as the proportion of R/total mutational 
outcomes for the region. This Rf value was used to indicate the likeli
hood of a random mutation being a replacement, while (1-Rf) was the 
likelihood of a silent mutation. To determine the expected R:S ratio for a 
sequence the mutability and Rf values for the utilised germline were 
used to calculate the expected number of R and S changes in the CDR and 
FR given the total number of mutations in the sequence. The R:S ratio 
was then calculated as for the observed mutations: (R_CDR + 1)/(S_CDR 
+ 1) where the +1 is a pseudo count added to deal with sequences that 
have 0 observed silent mutations.

2.11. IgG antibody expression

B cell receptor sequences of clonal populations, from both mutant 
and selected corresponding predicted germline sequences, were 
commercially synthesised and purified as IgG1 antibodies (Biointron 
and Genscript) using the amino acid sequences assembled from the 
scRNA-seq data for individual cells using VDJPuzzle [59]. Where it was 

not possible to predict the germline amino acid in heavy and light chain 
CDR3 sequences (marked “X” in the Figures and Supplementary 
Table 4), the CDR3 sequence of the mutated sequence was used in the 
“germline” reverted ancestral sequence. Additionally, the B cell receptor 
sequence of one non-clonal IgM kappa B cell from P2 was also expressed 
as an IgG kappa antibody and purified to serve as a negative “antibody 
control”.

2.12. Enzyme-linked immunosorbent assay (ELISA)

Expressed IgG1 antibodies were tested in triplicate in serial dilutions 
from 8 μg/mL to 0.125 μg/mL, in parallel with patient sera, using a 
commercial MAG ELISA plate (Bulhmann). They were also tested in 
duplicate at 16 μg/mL on commercial GanglioCombi MAG ELISA plates 
(Bulhmann), whose individual wells are coated with one of six antigens: 
MAG, GM1, GM2, GD1a, GD1b, GQ1b. Serum and recombinant anti
bodies were prepared at the desired concentrations with the kit diluent. 
100 μL of sample and kit controls were added to each well and incubated 
on ice for 2 h. Negative control wells containing only buffer were run 
with each plate as per manufacturer’s instructions. Plates were washed 
four times with 200 μL of kit wash buffer (Wash Buffer Concentrate10x, 
diluted at 1:10). 100 μL of HRP anti-IgM conjugate was added to each 
well that contained serum samples. For those wells that contained the 
expressed IgG antibodies, HRP anti-IgG conjugate was added. Plates 
were incubated on ice for 2 h and washed four times with 200 μL of wash 
buffer. 100 μL of kit TMB Chromogen was added to each well and the 
plate incubated in the dark for 30 min. 100 μL of HRP Stop Solution was 
then added to each well. The absorbance of each well was read within 
30 min at 450 nm using a spectrophotometer microplate reader (BMG 
Labtech).

3. Results

3.1. Extensively branched clonal tree producing MAG autoantibody in P1

P1 is an 89-year-old male who presented twenty years earlier with 
impaired lower limb sensation and poor balance (Supplementary 
Table 1). Nerve conduction studies showed a demyelinating sensori
motor polyneuropathy. He was diagnosed with CIDP and commenced on 
monthly intravenous immunoglobulin, without immunosuppression. At 
age 89, he presented with worsening neuropathy and mobility problems. 
Testing revealed two IgM kappa paraproteins (both 1 g/L) on serum 
immunoelectrophoresis. Total serum IgM was elevated at 9.59 g/L 
(normal range [NR] 0.3–2.3 g/L), and he had a mild lymphopenia of 0.9 
× 109/L (NR 1.0-4.0 × 109/L) with no evidence of lymphadenopathy or 
hepatosplenomegaly. MAG serology was positive by ELISA at >70,000 
BTU (NR < 1000 BTU) and by immunoblot.

Flow cytometric analysis of peripheral blood from P1 revealed a 
prominent population comprising 20 % of CD19+ B cells with high levels 
of surface IgM almost exclusively paired with kappa light chains 
(Fig. 1A). Since polyclonal B cells randomly use either kappa or lambda 
light chains in a 60:40 ratio, the skewed IgM+kappa+ subset represented 
a candidate monoclonal population. The IgM+kappa+ cells comprised 
12.3 % of IgD− CD27+CD20+ memory B cells (Fig. 1A). Among CD19+

cells, 23 % had a CD20dim phenotype consistent with lymphoplasma
cytic cells, and 29 % of CD20dim cells were IgM+kappa+ cells (Fig. 1A). 
By contrast, among more differentiated plasmablasts defined by 
expressing CD38 and CD27 in addition to being CD20dim, only 1 % were 
IgM+kappa+ cells (Fig. 1A).

Single cells were flow sorted into individual wells of 96 well plates, 
selecting in a 2:1 ratio the CD19+IgM+kappa+ candidate monoclonal 
cells and control polyclonal memory B cells. Control 
CD19+CD20+CD27+IgD− IgM+lambda+ B cells were initially selected, 
but due to their low frequency, we also sorted 
CD19+CD20+CD27+IgD− IgM- cells. Due to limited sample availability, 
four plates were acquired and processed in parallel. From each single 
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Fig. 1. IgM-producing memory B cell clones with lymphoma driver mutations and extensive intraclonal V(D)J sequence divergence in P1. 
(A) Flow cytometric analysis of peripheral blood CD19+ B cells showing % within key gated subsets (denoted in red in top row), and % IgM+kappa+ cells within those 
subsets (red in bottom row). 
(B) Indexed sorting flow cytometric data showing unsorted CD19+ cells (grey) and individual cells identified by immunoglobulin mRNA sequence as belonging to 
expanded subclonal branches in red and yellow. 
(C) Immunoglobulin heavy chain (top) and kappa light chain (bottom) amino acid sequences for germline V and J elements, and somatic substitutions in the most 
expanded subclonal branches (red and yellow). Dashes denote identity with germline. X’s denote unable to infer germline CDR3 sequence. 
(D). Clonal trees reconstructed by nearest-neighbour clustering of shared V(D)J mutations in paired heavy- and light-chain nucleotide sequences of individual B cells. 
Solid lines show nucleotide divergence of each subclonal branch. Amino acid substitutions in V regions of each subclonal branch and CDR3 sequence divergence are 
displayed in the centre of the figure. Lymphoma driver mutations in the indicated genes are annotated above each subclonal branch where these mutations were 
detected in one or more cells. Due to allelic dropout during gDNA amplification, failure to detect a driver mutation in a branch cannot be interpreted as the absence of 
a mutation in that branch. Number of cells identified in each subclonal branch is denoted under “Cell nos”. The right panel shows the observed replacement to silent 
(R:S) ratio of mutations in heavy and light chain V element CDRs and FRs is shown for each branch of the tree by a coloured dot, and the expected R:S ratio in the 
absence of selection denoted by a grey vertical line. Asterisks (*) denote a truncated sequence with a complete heavy chain sequence but lacking a light 
chain sequence.
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cell, gDNA and mRNA were prepared using the G&T-seq protocol [41,
42], employing MDA of the DNA genome and Smart-seq2 cDNA library 
sequencing of the mRNA transcriptome.

The complete V(D)J nucleotide sequence of the immunoglobulin 
heavy and light chain mRNAs made in each cell was reconstructed from 
large numbers of overlapping short read cDNA fragments using 
VDJPuzzle (Supplementary Tables 4 and 5) [59]. As expected, the 
control memory B cells were polyclonal with unrelated V(D)J sequences 
(data not shown). By contrast, 53 % of IgM+kappa+ cells were members 
of a single clone sharing identical heavy chain IGHV3-15*07 and 
IGHJ4*02 and light chain IGKV2-28*01 and IGKJ1*01 elements and 
identical CDR3H length, but forming a clonal tree with very divergent 
branches due to numerous somatic point mutations (Fig. 1C and D).

A major subclonal branch, comprising 43 IgM+kappa+ cells and 
denoted in red in Fig. 1B–D and referred to herein as the red branch, had 
identical IGHM and IGK mRNA and protein sequences to one another, 
with 9.5 % and 4.35 % of VJ nucleotides in heavy chain and light chain, 
respectively, changed by somatic hypermutation relative to the germline 
V and J sequences (Fig. 1C–Supplementary Table 5). It was not possible 
to infer a germline D element because of extensive sequence divergence 
from all germline D elements. Excluding the CDR3H region, the red 
branch had 19 and 5 replacement mutations in the heavy and light 
chains, and 4 and 5 silent mutations, respectively.

A second, highly divergent subclonal branch comprising 11 
IgM+kappa+ cells, denoted in yellow in Fig. 1B–D and referred to herein 
as the yellow branch, made identical IGHM and IGK mRNA and protein 
sequences to one another with 7.7 % and 6.9 % hypermutated VJ nu
cleotides and 14 and 11 amino acid substitutions relative to the heavy 
chain and light chain germline sequences, respectively 
(Fig. 1C–Supplementary Table 4). Again, it was not possible to infer a 
germline D element for the yellow branch because of extensive sequence 
divergence from all germline D elements. The CDR3H sequence was 
extremely divergent between the red branch (CVPQINNMRYW) and the 
yellow branch (CVPRSDSIPYW, differences in bold). Remarkably, 
despite the extensive antibody hypermutation of both the red and yellow 
branches, they shared only one nucleotide mutation (Supplementary 
Table 5). The two branches thus appear to have descended from 
different daughter cells of a single B cell at the onset of clonal expansion 
and subsequent somatic hypermutation. In both branches, the ratio of 
replacement to silent mutations (R:S ratio) in CDR1 and CDR2 of heavy 
and light chains was not different from the ratio predicted for unselected 
mutations (Fig. 1D, right panel).

Additional cells were also identified either as singletons or pairs 
expressing IGHV3-15*07 IgM and IGKV2-28*01 kappa mRNA sequences 
descended from the same unmutated ancestor B cell as the red and 
yellow branches (Fig. 1D–Supplementary Table 4). Each of these 
divergent branches had heavily mutated V(D)J sequences highly 
divergent from the more abundant red or yellow branches. The CDR R:S 
ratio was consistent with unselected mutations in most of these se
quences (Fig. 1D, right panel).

Because the single cells were index sorted, it was possible to analyse 
the cell surface protein expression for each cell in the two most abundant 
subclonal branches, compared with the corresponding data acquired in 
parallel for millions of unsorted CD19+ cells in the sample (Fig. 1B). 
Cells in the two branches had similar flow cytometric profiles: high 
surface expression of IgM and kappa, expression of CD27 but not CD38, 
and most were CD20dim. This profile is consistent with lymphoplasma
cytic cells that have yet to further differentiate into CD38+ plasmablasts, 
as is also observed for infiltrating bone marrow clonal B cells in IgM- 
MGUS and Waldenstrom’s macroglobulinemia [62].

These flow results were reinforced by comparison of the full tran
scriptome of the sorted single cells (Supplementary Fig. 1). The most 
differentially expressed mRNA sequences between the clonal and poly
clonal cells were the clone-specific IGHV3-15 and IGKV2-28 elements, 
followed by constant region sequences for IgM and kappa light chains, 
which were highly expressed in each of the clonal cells. By contrast, 

many polyclonal memory B cells lacked IGHM because they have 
switched to IgG or IgA (as revealed in VDJPuzzle analysis), and lacked 
IGKC mRNA and instead expressed IGLC2 or IGLC3 lambda light chain 
mRNAs due to allelic exclusion. An early marker of plasma cell differ
entiation, mRNA encoding Immunoglobulin J-chain, was strongly 
expressed in the majority of clonal cells but only a small subset of 
polyclonal cells (Supplementary Fig. 1A and 1B). PMAIP3, encoding the 
pro-apoptotic protein NOXA, and DUSP22 encoding a JNK-activating 
phosphatase, were also increased in most of the clonal cells 
(Supplementary Fig. 1A and 1B).

Single cell V(D)J mRNA sequencing of the control memory B cells 
revealed five of the cells were members of an expanded clone, denoted in 
blue in Fig. 1D, expressing IGHV3-7 IgM and IGLV10-54 lambda light 
chains unrelated to the large IGHV3-15*07/IGKV2-28*01 clone 
described above. This IgM lambda B cell clone comprised many sub
clonal branches that were highly divergent due to V(D)J mutations 
(Fig. 1D–Supplementary Table 4). Mutations in the CDRs of the V-re
gions in this clone exhibited a high R:S ratio compared to that expected 
by chance (Fig. 1D, right panel).

3.2. Antibody mutations in P1 increase binding to MAG and CD57

To investigate the binding specificity of the IGHV3-15*07/IGKV2- 
28*01 antibodies made by the most expanded clone in patient P1, an
tibodies with variable domains corresponding to the hypermutated 
sequence of the predominant red and yellow subclonal branches were 
synthesised and purified as IgG. Parallel antibodies were synthesised 
with V and J sequences of light and heavy chain reverted to the 
unmutated common ancestor, although the CDR3H sequences remained 
unchanged from the hypermutated antibodies because the ancestral D 
and N region sequences could not be determined. The sequence of a 
polyclonal control IgM kappa memory B cell from P2 was expressed in 
parallel to serve as a negative control IgG antibody. The mutated and 
unmutated ancestor IgG antibodies were tested by ELISA for binding to 
immobilised MAG protein (Fig. 2A) or synthetic CD57 SO4- 
3GlcAβ1–3Galβ1–4GlcNAc trisaccharide (Fig. 3A, B). As expected, P1’s 
sera bound both MAG (Fig. 2D) and CD57 (Fig. 3C) by IgM ELISA. 
Antibody corresponding to the yellow branch bound to MAG and CD57, 
and both binding activities were decreased in the unmutated yellow 
ancestor, which was only marginally higher than the negative control 
IgG expressed in parallel. Antibody corresponding to the dominant red 
branch bound more weakly to MAG protein and CD57 than the yellow 
branch antibody, but this binding was higher than the unmutated red or 
yellow ancestors or the control IgG (Figs. 2 and 3). While it was more 
feasible to express and purify a series of antibodies as monomeric IgG 
instead of pentameric IgM, it is possible that stronger binding to MAG 
and CD57 would have been observed if expressed as IgM. We did not 
synthesise and test the antibody from the blue clone for binding to MAG 
or CD57, since we only identified this small lambda clone later and had 
already determined the larger IgM kappa yellow branch bound MAG, 
consistent with the serum IgM kappa paraprotein. Compared to their 
CD57 binding, neither the red or yellow branch antibodies, nor the 
unmutated ancestors, bound detectably greater than the negative con
trol IgG to five ganglioside antigens coating adjacent wells: GM1, GM2, 
GD1a, GD1b or Gq1b (Supplementary Figure 4). Collectively, the results 
above indicate that the completely different sets of antibody mutations 
acquired in red and yellow subclonal branches increased binding to the 
self-antigens MAG and CD57 SO4-3GlcAβ1–3Galβ1–4GlcNAc, despite 
exhibiting an R:S ratio no greater than would be expected in the absence 
of selection.

3.3. Shared MYD88p.L265P mutation in divergent clonal branches making 
anti-MAG antibody in P1

Amplified genomic DNA from 22 single cells from the red branch, 12 
single cells from the yellow branch, and 12 single polyclonal 

S. Kelly et al.                                                                                                                                                                                                                                    Journal of Autoimmunity 157 (2025) 103474 

6 



CD20+CD27+ cells underwent targeted capture sequencing of all the 
exons of 178 lymphoma driver genes [42]. As a reference for P1’s 
germline sequence, genomic DNA from two control samples of 50 pooled 
sorted CD3+ T cells and 50 pooled sorted CD19+IgD− IgM-CD27+

memory B cells was processed and sequenced by targeted capture at the 
same time. Comparison with the reference samples revealed non
synonymous somatic mutations in four lymphoma driver genes: 
MYD88p.L265P, CXCR4p.R334*, BTG2p.A45T and IGLL5p.G19S 

(Supplementary Fig. 2A).
To validate each of these mutations, targeted primers were used to 

PCR amplify and Sanger sequence the relevant regions of each gene from 
amplified gDNA of each sorted single cell. The incomplete and frag
mentary nature of MDA of gDNA from single cells fails to amplify one or 
other allele of a given genomic target in more than half the cells [42]. 
The resulting “allelic drop-out” yielded 25–50 % of cells where no allele 
was amplified, and a high proportion of cells that appeared homozygous 
for either the variant or reference sequence because of failure to amplify 
the other allele. Among informative cells where at least one allele was 
PCR amplified and Sanger sequenced, MYD88p.L265P was confirmed in 12 
of 26 successfully sequenced red branch cells, 2 of 5 yellow branch cells 
and in at least one cell from three other divergent branches of the 
IgM+kappa+ clonal tree (Fig. 1D and Supplementary Fig. 2A). There are 
two interpretations for the presence of MYD88p.L265P in five highly 
divergent subclonal branches of the IgM + kappa + clone, including the 
yellow and red branches shown to make MAG- and CD57-binding 
autoantibody: (1) the mutation arose independently five times during 
the somatic evolution of the clone; or (2) the mutation arose once in the 
unmutated ancestor of all the branches, before its progeny diverged by V 
(D)J hypermutation and gained stronger binding to MAG and CD57.

MYD88p.L265P was also present in two divergent branches of the 
unrelated IGHV3-7 IgM + lambda + blue clone (Fig. 1D), but not detected 
in 55 successfully sequenced polyclonal CD27+ B cells (Supplementary 
Fig. 2A). The unmutated ancestor of this clone may have independently 
acquired MYD88p.L265P, or the driver mutation may have arisen once in a 
hematopoietic progenitor and different progeny of this progenitor un
derwent V(D)J recombination to rearrange different heavy and light 
chain V and J elements and differentiate into the unrelated B cell an
cestors of the two observed clonal expansions.

The CXCR4p,R334*, BTG2p,A45T and IGLL5p,G19S mutations detected by 
targeted capture sequencing in the large autoantibody-producing clone 
were validated by PCR and Sanger sequencing in 7, 7 and 4 cells 
respectively in the most abundant red branch, and each mutation was 
found in the yellow branch, but not in polyclonal memory B cells 
(Fig. 1D and Supplementary Fig. 2A). An identical CXCR4R334* mutation 
in the germline is responsible for 52 % of cases of the autosomal 
dominant disease, WHIM syndrome (warts, hypogammaglobulinaemia, 
immunodeficiency and myelokathexis), where it truncates the CXCR4 
cytoplasmic tail to render the G-protein coupled receptor overactive by 
eliminating serine phosphorylation sites needed for receptor internal
isation and desensitization upon binding CXCL12 chemokine [63,64]. 
CXCR4R334* gain-of-function mutation prevents CXCR4 internalisation 
and dramatically exaggerates AKT activation in response to CXCL12 [65,
66]. Truncating CXCR4 somatic mutations accompany MYD88L265P in 
29 % of cases of Waldenstrom’s macroglobulinemia, although >50 % 
are CXCR4S338* whereas CXCR4R334* only accounts for 1.7 % [67]. The 
presence of this uncommon CXCR4 somatic mutation in the red and 
yellow subclonal branches is unlikely to reflect independent occurrence 
twice. The more likely explanation is that a single CXCR4R334* mutation 
occurred before the onset of clonal expansion and V(D)J somatic 
hypermutation.

Missense IGLL5 mutations occur frequently in DLBCL, although their 
functional consequences are unknown. The function of IGLL5 is un
known but it is homologous to the pre-B cell receptor subunit, Lambda5 
(IGLL1 gene), and can be secreted to form pathological amyloids [68]. 
An identical IGLL5p.G19S mutation to P1, within the predicted signal 
peptide sequence, has been found in CLL [69] and myeloma [70] and 

proposed to result from off-target mutagenesis by activation-induced 
cytidine deaminase (AICDA).

3.4. Extensively branched clonal tree producing MAG autoantibody in P2

P2 was a 71-year-old male with a ten year history of IgM-MGUS, 
serum IgM kappa paraprotein of 5 g/L, and a small kappa-restricted B 
cell monoclonal population present in peripheral blood and on bone 
marrow biopsy, without features of myeloma (Supplementary Table 1). 
He had a normal blood lymphocyte count of 1.5 × 109/L (NR 1.0- 4.0 ×
109/L), mild secondary hypogammaglobulinaemia with a serum IgG of 
4 g/L (NR 6–17 g/L) and a history of recurrent cellulitis, but no history 
of anaemia, renal impairment, bone fractures or hypercalcaemia. At age 
71 he presented with predominant ataxia and nerve conduction studies 
were consistent with a demyelinating sensorimotor polyneuropathy. 
Anti-MAG serology was positive both by ELISA at >70,000 BTU (NR 
<1,000 BTU) and by immunoblot. CT scanning showed no evidence of 
lymphoproliferative disease. After progression of his neuropathy four 
months later, he was treated with rituximab. He did not receive corti
costeroid treatment or other systemic immunosuppression. Peripheral 
blood was collected twice prior to rituximab treatment.

Flow cytometry of blood cells revealed a prominent IgM+kappa+

population with high surface IgM, accounting for 76.4 % of CD19+ cells 
(Fig. 4A). Most IgM+kappa+ cells also expressed IgD, so that only 15.9 % 
of IgD− CD27+ memory B cells were IgM+kappa+ cells (Fig. 4A). Single 
cell sorting and G&Tseq allowed VDJPuzzle reconstruction of the 
immunoglobulin heavy and light chain mRNA sequences in 97 sorted 
CD19+IgM+kappa+ cells and two sorted CD20+CD27+IgM+IgD− mem
ory B cells (Supplementary Tables 4 and 5). This revealed 95 % of 
IgM+kappa+ cells were clonally related descendants from a single B cell, 
sharing the same IGHV3-30, IGHJ5, IGKV3-15 and IGKJ4 elements and 
identical CDR3H length, although the germline D element could not be 
determined because of extensive somatic hypermutation. These cells 
formed a clonal tree with numerous highly divergent branches due to 
antibody somatic mutations (Fig. 4C and D), including accumulations of 
cells with identical sequence in three branches – herein referred to as the 
red, green and yellow branches - with 9.79 %, 9.76 % and 9.62 % 
nucleotide substitutions, respectively, relative to the germline heavy 
chain V and J elements and 2.49 %, 5.13 % and 2.48 % mutations in 
their light chain V and J elements. Amongst the numerous replacement 
mutations in each of these branches, only two in the heavy chain were 
common to all three branches, whilst no light chain mutations were 
common to all three branches (Fig. 4C). Nevertheless the R:S ratio in the 
CDRs of the three main branches was much higher than expected for 
unselected mutations (Fig. 4D, right panel). Cells from the red branch 
accounted for twice as many cells as those in the green branch, which in 
turn were twice as frequent as yellow branch cells (Fig. 4D and Sup
plementary Table 4).

Indexed sort analysis comparing flow cytometric data acquired for 
each sequenced clonal cell with all unsorted CD19+ cells revealed the 
red and yellow branch cells corresponded to the 
CD19+CD20+CD27+CD38− memory B cell population with high surface 
IgM and kappa, and most of these co-expressed surface IgD (Fig. 4B). By 
contrast, cells in the green branch formed a distinct subset with lower 
surface IgM and disproportionately lower surface kappa light chain 
staining, the latter explained by absence of surface IgD (Fig. 4B). Their 
lack of IgD resulted in the green branch of the clone appearing among 
the sorted polyclonal control IgD− CD27+ memory B cells, revealed as a 
subclonal branch upon single cell V(D)J sequencing.

These three dominant sub-clonal branches were also present in blood 
collected 4 months later just prior to rituximab treatment 
(Supplementary Fig. 3A). At this timepoint red branch cells were still the 
dominant subset, whereas yellow branch cells were less frequent than at 
time of diagnosis. From this second sample the sort gate for clonal cells 
was restricted to CD27bright and widened to admit cells with lower sur
face expression of IgM and kappa, due to the identification of the 
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IgMdimkappadim green subclonal branch in the first indexed sort. In 
contrast to the red and yellow branch cells, those in the green branch 
lacked IgD but expressed CD38 (Supplementary Fig. 3A). Sequencing 
cells from the wider gate revealed a small accumulation of cells in a 
fourth branch of the clone, denoted as the blue branch (Fig. 4C and D), 
which had lower surface IgM similar to the green branch but without the 
disproportionate decrease in kappa staining because blue branch cells 
expressed IgD (Supplementary Fig. 3A). The immunoglobulin sequence 
of blue branch cells was highly divergent from the other branches, 
although the numerous CDR mutations had an R:S ratio comparable to 
that expected for unselected mutations (Fig. 4D, right panel). From this 
second sample, single polyclonal control memory B cells were sorted in 
parallel as CD19+CD20+CD27+IgM+lambda+ cells.

The mRNA transcriptome of the single sorted cells at this second 
timepoint revealed higher expression of mRNA encoding J-chain in the 
clonal cells overall and in red or green branch cells, compared to poly
clonal memory B cells (Supplementary Fig. 3B and 3C). CD79B, whose 
overexpression cooperates with MYDL265P to disrupt tolerance check
points and promote autoantibody secretion [38], and IGLL5 were also 
elevated in the clonal cells (Supplementary Fig. 3B and 3C). Like the 
clonal cells in P1, PMAIP1 and DUSP22 were also increased. Consistent 
with flow cytometric expression of surface IgD on red but not green 
branch cells, IGHD mRNA was expressed more highly in red branch cells 
(Supplementary Fig. 3D and 3E). By contrast RASSF6, encoding a 
TP53-stabilizing tumour suppressor [71], was selectively elevated in 
green branch cells (Supplementary Fig. 3D and 3E).

3.5. Divergent effects of antibody mutations on binding to MAG in P2

Immunoglobulin sequences of the four divergent IgM+kappa+ sub
clonal branches in P2 were synthesised and purified as IgG, along with 

those from a polyclonal control IgM+kappa+ memory B cell to serve as a 
negative control IgG. In addition, IgG with the variable domain sequence 
of the unmutated ancestors of the two most abundant branches (red and 
green branch) was also synthesised although we could not revert the 
extensive mutations in CDR3H because these obscured identification of 
the germline D element or N regions. Each of the expressed IgG anti
bodies were tested by ELISA for binding to MAG protein (Fig. 2B) or to 
synthetic CD57 SO4-3GlcAβ1–3Galβ1–4GlcNAc trisaccharide (Fig. 3A 
and B), and for binding to a series of gangliosides (Supplementary 
Fig. 4). P2’s sera bound both MAG (Fig. 2D) and CD57 (Fig. 3C) by IgM 
ELISA. IgG corresponding to the most prevalent red branch cells bound 
MAG and the sulphated trisaccharide strongly, as did its unmutated 
ancestor. IgG corresponding to the highly divergent blue branch with a 
low R:S ratio in the CDRs bound comparably strongly, whereas the 
yellow branch antibody bound half as strongly to both antigens. Curi
ously, immunoglobulin corresponding to the green branch did not bind 
MAG or the synthetic trisaccharide, whereas its unmutated ancestor 
bound strongly to both (Fig. 2B and 3B).

Compared to their CD57 binding, the red, yellow or blue branch 
antibodies did not bind detectably greater than the negative control IgG 
to five ganglioside antigens coating adjacent wells: GM1, GM2, GD1a, 
GD1b or Gq1b (Supplementary Fig. 4). By contrast, the unmutated 
ancestor antibodies of the green and red branch weakly bound gangli
osides GD1a, GD1b and GM2, and this cross-reactivity was abolished in 
the fully mutated green and red branch antibodies (Supplementary 
Fig. 4). Thus, in P2 the extensive V(D)J mutations accumulating in the 
divergent clonal sub-branches did not increase autoantigen binding, 
despite a high R:S ratio in the CDRs. In the second largest subclonal 
branch (green), the V-region mutations had abolished autoreactivity 
with MAG, CD57, and gangliosides GM2, GD1a and GD1b. A caveat, 
however, is that we were unable to test an unmutated ancestor where 

Fig. 2. Antibodies corresponding to expanded subclonal branches in P1, P2 and P3 bind to MAG. 
Immunoglobulin V(D)J sequences of the most abundant clonal branches, their unmutated ancestral sequences, or from an unrelated polyclonal IgM kappa memory B 
cell serving as a negative control (grey) were synthesised as IgG and tested by ELISA at the indicated concentrations for binding to immobilised MAG. The mean OD 
value for the kit negative control was 0.018. All OD values are expressed after subtraction of blank well controls. Each point shows the mean of triplicates. Data 
representative of 3 independent experiments. Panels A, B and C represent separate experiments. 
(A–C) Binding of the mutated and unmutated ancestor antibodies for the largest subclonal branches from P1 (A), P2 (B), and P3 (C). 
(D) Binding of IgM in each patient’s sera to MAG at the indicated serum dilutions.
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the CDR3H mutations were reverted, because the sequences were so 
divergent that an ancestral sequence could not be deduced.

3.6. MYD88p.L265P mutation in divergent clonal branches making anti- 
MAG antibody in P2

Amplified genomic DNA from 18, 16, 6 and 17 cells from the red, 
green, blue and yellow branches, respectively, and 14 polyclonal 
CD20+CD27+IgM+lambda+ memory B cells, underwent targeted cap
ture sequencing of all the exons of 178 lymphoma driver genes [42]. As a 

reference for P2’s germline sequence, DNA from 5000 sorted pooled 
CD19+CD20+CD27+IgM− IgD- memory B cells was analysed by WGS. 
This revealed MYD88p.L265P in each of these subclonal branches and a 
trio of IGLL5 missense mutations, IGLL5p.K4R, IGLL5p.H36R and IGLL5p. 

M42L, that co-occurred in cis in individual sequence reads from multiple 
cells only in the red branch. MYD88p.L265P was confirmed by PCR and 
Sanger sequencing to be present in 58 cells from 15 divergent subclonal 
branches, including multiple cells in each of the red, green, yellow and 
blue branches (Fig. 4D and Supplementary Fig. 2A). This result has two 
interpretations: (1) MYD88p.L265P arose independently 15 times during 

Fig. 3. Antibodies corresponding to expanded subclonal branches in P1, P2 and P3 bind to CD57. 
Immunoglobulin V(D)J sequences of the most abundant clonal branches, their unmutated ancestral sequences, or from an unrelated polyclonal IgM kappa memory B 
cell serving as negative control (grey) were synthesised as IgG and tested in parallel by ELISA for binding to immobilised CD57 SO4-3GlcAβ1-3Galβ1-4GlcNAc 
synthetic trisaccharide. The mean OD value for the kit negative control was 0.028. All OD values are expressed after subtraction of blank well controls. Value shows 
the mean of duplicates. 
(A) Binding of 16 μg/mL IgG corresponding to the mutated clonal branch antibodies from P1, P2 and P3 and the negative control antibody. 
(B) Binding of 16 μg/mL IgG corresponding to unmutated ancestor antibodies from P1, P2 and P3, measured alongside those in (A) so that OD’s can be directly 
compared between A and B. 
(C) Binding of 1:50 dilution of serum from each patient, developed with second-stage antibody to IgM.
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Fig. 4. IgM-producing memory B cell clone with lymphoma driver mutations and extensive intraclonal V(D)J sequence divergence in P2. 
(A) Flow cytometric analysis of peripheral blood CD19+ B cells analysed as in Fig. 1A. 
(B) Indexed sorting flow cytometric data showing unsorted CD19+ cells (grey) and individual cells identified by immunoglobulin mRNA sequence as belonging to 
expanded subclonal branches in red, yellow and green. 
(C) Immunoglobulin heavy chain (top) and kappa light chain (bottom) amino acid sequences for germline V and J elements, and somatic substitutions in the most 
expanded subclonal branches denoted red, green, blue and yellow. Dashes denote identity with germline. X’s denote unable to infer germline CDR3 sequence. (D). 
Clonal tree prepared as in Fig. 1D. Asterisks (*) denote a truncated sequence with a complete heavy chain sequence, but lacking a light chain sequence.
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the somatic evolution of the clone; or (2) the mutation arose once in the 
unmutated ancestor of all the branches, before its progeny diverged 
extensively by V(D)J hypermutation.

Validation and further analysis of the IGLL5 mutations by PCR and 
sanger sequencing DNA from single cells revealed three mutant haplo
types, denoted H1A, H1B and H2, which segregated across different 
branches of the clonal tree (Fig. 4D and 5, Supplementary Fig. 2A). 
Haplotype H1A comprised three intronic single nucleotide substitutions 
in cis, which were present in cells in the green, yellow and blue branches. 
Haplotype H1B carried in cis these same three intronic mutations plus 
one additional intronic nucleotide substitution and the three exonic 
missense mutations IGLL5p.K4R, IGLL5p.H36R and IGLL5p.M42L, and was 
only present in cells in the red branch. Haplotype H2 carried five distinct 
intronic nucleotide substitutions and one synonymous exonic substitu
tion, and was also limited to cells in the red branch (Fig. 4D, Supple
mentary Fig. 2A). The high frequency of allelic drop-out during MDA of 
DNA from single cells established that the H1B and H2 haplotypes 
comprised separate alleles. These results indicate an initial round of 
IGLL5 somatic mutation created three intronic substitutions in the 
ancestral H1A allele either before V(D)J recombination or in the 
ancestral B cell before the clonal branches diverged by antibody 
hypermutation. A second round of IGLL5 mutation occurred in the red 
branch, adding three missense mutations and an intronic mutation to the 
ancestral H1A allele and introducing six synonymous mutations in the 
other allele.

In polyclonal memory B cells unrelated to the expanded clone from 
patient P2, MYD88p.L265P was also present in 6 of 32 informative single 
cells (Supplementary Fig. 2B). Each of these MYD88p.L265P mutant 
memory B cells had unrelated antibody H and L chain sequences to one 
another or to the expanded clone, including one with lambda light 
chain. It is possible MYD88p.L265P arose independently in each of these 
six memory B cells and in the ancestor of the expanded clone. 

Alternatively a single MYD88p.L265 mutation may have arisen in a he
matopoietic progenitor preceding V(D)J recombination, and was 
inherited by these six normal B cells and by the B cell that founded the 
large, divergent clone.

3.7. MYD88p.L265 mutant memory B cell clones in patient P3

P3 was an 85-year-old male who presented thirty years earlier with 
paraesthesia in his hands (Supplementary Table 1). A sural nerve biopsy 
at initial diagnosis showed demyelination with IgM deposits in the 
perineurium and perivascular regions. He had been treated with daily 
low-dose prednisolone for almost thirty years and plasma exchange 
every seven weeks. He had also received nine years of azathioprine in 
the past. At the time we encountered his case the patient exhibited slow 
but steady progression of neuropathy. Progress nerve conduction studies 
showed a demyelinating sensorimotor peripheral neuropathy with no 
responses in the lower limbs consistent with axonal loss due to the 
chronicity of his neuropathy. Serum immunoelectrophoresis showed 
three IgM kappa paraproteins (2 g/L, 3 g/L and a beta-migrating para
protein that could not be accurately quantitated) and the MAG ELISA 
was positive at 10,340 BTU (NR < 1000 BTU), but was negative by 
immunoblot.

Flow cytometry of blood cells revealed a prominent IgM+kappa+

population representing 64.3 % of CD19+ B cells, many with higher 
surface IgM and kappa than kappa-negative or IgM-negative cells in the 
sample (Fig. 6A). Single cell sorting and G&T-seq analysis was per
formed on CD19+IgM+kappa+ B cells and 
CD19+CD20+CD27+IgM+lambda+ control memory B cells. Paired 
immunoglobulin heavy and light chain full-length sequences assembled 
from scRNA-seq data for individual cells revealed four unrelated 
IgM+kappa+ clonal populations with different V and J gene usage and 
different CDR3H lengths (Fig. 6C). In order of frequency, which again 

Fig. 5. Three somatic variant IGLL5 haplotypes in different subclonal branches of P2 validated by single cell Sanger sequencing. 
The transcribed region of the IGLL5 gene is shown at the top and the genomic region surrounding exon 1 (dashed box) is expanded below, with hg38 genomic 
coordinates for the nucleotides substituted in individual cells. The bottom three lines show the location of variant nucleotides linked in cis in individual cells, 
representing variant haplotypes. The H1A variant haplotype was found in cells from the yellow, green and blue subclonal branches but not in cells from the red 
branch. Red branch cells had two allelic IGLL5 variant haplotypes: H1B carried the three variants defining haplotype H1A plus four additional variants (1 synon
ymous and three missense); H2 lacked any of the variants in H1A but carried six unique synonymous variant nucleotides.
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have been assigned colours for reference: the red clone (IGHV4-34*01, 
IGHJ2*01, IGKV1-17*01, IGKJ2*01) comprised 32 % of IgM+kappa+

cells; the yellow clone (IGHV3-7*01, IGHJ5*02, IGKV4-1*01, IGKJ1*01) 
comprised 24 %; the green clone (IGHV3-23*01, IGHJ4*02, IGKV2- 
24*01, IGKJ1*01) comprised 12 %; and the blue clone (IGHV3-7*01, 
IGHJ4*02, IGKV3-20*01, IGKJ5*01) was 5.7 % of IgM+kappa+ cells. 
The percentage nucleotide substitution was 5.47 %, 5.53 %, 14.89 %, 
and 3.84 % for the red, yellow, green and blue heavy chains, respec
tively, and 2.03 %, 4.55 %, 2.13 %, and 2.47 % for the corresponding 
light chains. The R:S ratio in CDRs was comparable to that expected for 
unselected mutations for the main accumulating population of each 
clone (Fig. 6D, right panel). Indexed sort flow cytometric data revealed 
the individual cells corresponding to each of the expanded clones were 
IgD+CD27+CD20+CD38low/- (Fig. 6B). Cells in the red clone had low 
surface IgM and kappa, lower than most non-clonal memory B cells in 
the same sample (Fig. 6A and B).

The immunoglobulin sequences corresponding to the four indepen
dent clones were synthesised and purified as IgG and tested for binding 
to MAG protein (Fig. 2C) and synthetic CD57 (Fig. 3A and B) by ELISA, 
along with patient serum. The serum bound both MAG (Fig. 2D) and 
CD57 (Fig. 3C) by IgM ELISA. IgG corresponding to the largest red clone 
bound both antigens strongly, and this binding was higher in the V-re
gion unmutated ancestor (Fig. 2C and 3A, B). Antibody corresponding to 
the mutated blue clone also bound MAG and CD57. By contrast the 
yellow and green clones did not bind either antigen appreciably relative 
to the negative control IgG. None of the antibodies bound appreciably to 
the ganglioside autoantigens GM1, GM2, GD1a, GD1b or Gq1b 
(Supplementary Fig. 4).

Targeted capture DNA sequencing of all the exons of 178 lymphoma 
driver genes was performed on 18 cells from the red clone, 18 cells from 
the yellow clone, 15 cells from the green clone, 6 cells from the blue 
clone, and 14 polyclonal control CD19+C20+ CD27+IgM+lambda +

memory B cells. MYD88p.L265P was identified and confirmed by PCR and 
Sanger sequencing in cells from three divergent branches of the red 
clone. It was also present in yellow and green clone cells, but not 
detected in the two informative blue clone cells (Fig. 6D, Supplementary 
Fig. 2A). MYD88p.L265P was also confirmed in 1 of 8 informative poly
clonal control cells expressing a lambda light chain (Supplementary 
Fig. 2B). A CXCR4p.E345* mutation was also identified by targeted cap
ture sequencing and confirmed by PCR and Sanger sequencing in the 
yellow clone but not in the other clones (Fig. 6D, Supplementary 
Fig. 2A). Thus patient P3 had two circulating clones of memory B cells 
making anti-MAG antibody: a large clone (red) with MYD88p.L265P and a 
small clone (blue) with too few cells to exclude the presence of this 
mutation. MYD88p.L265P was also carried by two intermediate sized 
clones that did not make MAG-binding antibody.

The presence of MYD88p.L265P in at least four unrelated memory B 
cells in P3 could either be explained by four independent MYD88 mu
tation events during B cell clonal expansion, or a single event in a he
matopoietic progenitor prior to V(D)J recombination. We attempted to 
phase variants around MYD88L265P mutations in different cells by 
identifying heterozygous inherited single nucleotide polymorphisms 
(SNPs) within 5 kb. P3 inherited a heterozygous SNP (rs4988457) in the 
third intron of MYD88, 505 bp upstream of the MYD88L265 codon 
(Supplementary Fig. 5A). PCR and Sanger sequencing for the inherited 
SNP thus distinguished which MYD88 allele had undergone MDA during 
G&T-seq from each single informative cell, because one allele had the 

variant nucleotide at MYD88L265 and the other had the reference 
nucleotide. From four informative cells in the red clone making anti- 
MAG antibody, two had the MYD88L265 mutated allele amplified and 
this amplicon carried the rs4988457 reference nucleotide, whereas in 
the other two cells the amplicon lacked the MYD88 mutation and carried 
the variant nucleotide at rs4988457 (Supplementary Fig. 5B). This same 
pattern linking the MYD88L265 mutation in cis with the reference 
rs4988457 allele was observed in the yellow clone and in the single 
polyclonal memory B cell carrying MYD88L265 (Supplementary Fig. 5B). 
By contrast, in the green clone the MYD88L265 mutation was carried in cis 
on the allele with the variant nucleotide at rs4988457 (Supplementary 
Fig. 5B). Thus at least two independent mutation events involving 
different alleles gave rise to MYD88L265P in the different expanded B cell 
clones circulating in patient P3. We were unable to perform the same 
analysis in patients P1 and P2 as they lacked an inherited heterozygous 
SNP linked to MYD88L265P.

3.8. MYD88L265P mutations appear restricted to B cell lineage in P2 and 
P3

As noted above, the presence of MYD88L265P in six clonally unrelated 
memory B cells and in 15 branches of a large clone in patient P2, and 
occurrence of MYD88L265P on the same allele in three unrelated B cells in 
patient P3, raised the possibility that these mutations arose once in a 
hematopoietic progenitor prior to V(D)J recombination, and were 
seeded out into divergent progeny. Evidence for MYD88L265P in B cell 
precursors in the bone marrow of patients with Waldenstrom’s macro
globulinemia [72] supports the possibility it may arise before V(D)J 
recombination. We therefore tested for the presence of MYD88L265P in 
other hematopoietic lineages in P2 and P3, compared to four healthy 
controls with no known history of lymphoproliferative disease.

The MYD88L265P genomic segment was PCR amplified and deep 
sequenced in DNA from bulk-sorted populations of CD4+ T cell, CD8+ T 
cell, NK cell, CD34+ hematopoietic stem cells and monocytes, in addi
tion to IgM+kappa+ B cells and IgM+lambda+ memory B cells. The 
variant MYD88L265P nucleotide was present in 0.02–0.05 % of reads in 
every cell type including kappa+ or lambda+ memory B cells from 
healthy controls HC1, HC3 and HC4, and this low variant allele fre
quency is assumed to represent the error rate generated by PCR ampli
fication and sequencing (Supplementary Fig. 6). By contrast, variant 
frequencies of 47 % and 28 % were observed in the CD27+IgM + kappa 
+ B cell populations and at 1.22 % and 0.098 % in CD27+IgM + lambda 
+ memory B cells in patients P2 and P3, respectively (Supplementary 
Fig. 6), consistent with the single cell analysis identifying MYD88L265P in 
the expanded clones and in unrelated polyclonal B cells in these two 
patients (Supplementary Fig. 2). Variant allele frequencies of 0.02-0.06 
%, which are within the assumed error rate, were observed in all other 
blood cell types tested from P2 and P3, indicating that MYD88L265P was 
limited to clonal and polyclonal B cells in these patients and was either 
absent or in <0.1 % of hematopoietic stem cells or other blood cell 
lineages.

Unexpectedly, one of the healthy controls, HC2, was also discovered 
to have a high frequency of MYD88L265P variant B cells, with allele 
frequencies of 6 % and 18 % in kappa+ and lambda+ memory B cells, 
respectively (Supplementary Fig. 6). HC2 was a 60 year old male with no 
history of an autoimmune, lymphoproliferative or haematological dis
order and this finding may correspond to the 0.3–0.6 % people aged over 

Fig. 6. Four independent IgM+ kappa+ clones in P3, three harbouring MYD88-mutated cells. 
(A) Flow cytometric analysis of peripheral blood CD19+ B cells in P3 analysed as in Fig. 1A. 
(B) Indexed sorting flow cytometric data from P3 analysed as in Fig. 1B. 
(C) Immunoglobulin heavy chain (top) and kappa light chain (bottom) amino acid sequences for germline V and J elements in the independent red, yellow, green and 
blue clones, and somatic substitutions in the most expanded subclonal branches. Dashes denote identity with germline. X’s denote unable to infer germline CDR3 
sequence. 
(D). Clonal trees of the four independent clones, prepared as in Fig. 1D. Asterisks (*) denote a truncated sequence with a complete heavy chain sequence, but lacking 
a light chain sequence.
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50 years with IgM MGUS [22,23]. Despite high frequencies of 
MYD88L265P in the two subsets of memory B cells, the mutation was 
either absent or in <1 % of hematopoietic stem cells or other blood cell 
lineages in this incidental case.

4. Discussion

Here we sought to understand how self-reactive B cells evade im
mune tolerance checkpoints to produce damaging autoantibodies in a 
prototypic antibody-mediated demyelinating disease, MAG neuropathy. 
By performing deep single cell RNA and DNA analysis of three patients, 
our experiments aimed to answer two questions. First, is MYD88L265P 

present in the cells making the pathogenic autoantibody? In all three 
patients, we demonstrated MYD88L265P was present in multiple cells 
whose immunoglobulin V(D)J sequences, when expressed as IgG, bound 
specifically to MAG protein and to synthetic CD57 sulphated 
trisaccharide.

Given this affirmative answer, the follow-on question was when did 
the MYD88 mutation arise during the evolution of these autoantibody- 
producing clones? The results reveal unexpectedly diverse clonal 
evolutionary trees responsible for making MAG- and CD57-binding IgM 
autoantibodies in each patient. In P1 the B cell clone had diverged at the 
outset of V(D)J-hypermutation, yielding many subclonal branches 
accumulating non-overlapping antibody mutations. Taking the simplest 
interpretation, that a single MYD88L265P mutation event explains its 
presence in five different branches, we conclude the NF-κB dysregulat
ing mutation was present in the ancestral B cell before the onset of V(D) 
J-hypermutation and clonal expansion. The unmutated ancestor B cell 
also appears to have acquired, prior to clonal expansion, a CXCR4 gain- 
of-function somatic mutation like those found frequently in Walden
strom’s macroglobulinemia, and mutations in BTG2 and IGGL5 of un
known functional consequence but reported previously in B cell 
neoplasms. In P2 the B cell clone had diverged through antibody gene 
hypermutation into an even larger number of divergent branches, with 
15 branches shown to carry MYD88L265P, indicating the NF-κB dysre
gulating mutation was present at the beginning of this antibody diver
gence. In addition to MYD88L265P the ancestral B cell had also already 
acquired three somatic mutations in the first intron of one IGGL5 allele, 
with the MAG/CD57 autoantibody-producing progeny acquiring many 
additional IGGL5 mutations in the two most abundant branches. In P3, 
MYD88L265P also appeared to have been present at the start of clonal 
expansion of the largest clone making MAG/CD57 autoantibodies, being 
found in three divergent subclonal branches.

The presence of MYD88L265P in MAG/CD57 self-reactive B cells at the 
outset of extraordinary clonal proliferation and IgM autoantibody 
secretion raises the possibility that exaggerated MYD88 signalling 
mimics the effects of lipopolysaccharide (LPS) or other TLR-dependent B 
cell mitogens that activate MYD88. Classic experiments demonstrate 
that LPS cooperates with surface immunoglobulin stimulation by foreign 
antigens to induce IgM antibody secreting cells, but LPS is unable to do 
this in B cells recognising self-antigens on autologous erythrocytes or 
rendered tolerant to foreign gammaglobulin [73,74]. Tolerant B cells 
have lost the synergistic proliferative response to low concentrations of 
TLR ligands plus surface immunoglobulin signals, although high con
centrations of LPS or a TLR9 agonist induce proliferation without 
autoantibody secretion; the latter being actively repressed by surface 
immunoglobulin signalling from binding to self antigen [75–77]. 
Enforced expression of MYD88L265P protects tolerant B cells from self 
antigen-induced apoptosis and drives their differentiation into lym
phoplasmacytic cells secreting IgM autoantibodies in vivo [38]. How
ever, this effect is countered by MYD88L265P-induced downregulation of 
surface IgM and only unleashed proportional to dysregulation of the 
surface IgM receptor subunit, CD79B, and resulting increases in surface 
IgM [38]. Consistent with cooperation with surface IgM signalling, the 
MYD88L265P-bearing clonal B cells making anti-MAG/CD57 in P1 and P2 
had higher surface IgM than their normal memory B cell counterparts, 

with evidence of increased CD79B mRNA in P2. There was similarly high 
IgM expression on the MYD88L265P-bearing yellow clone making a 
non-MAG binding IgM in P3.

By contrast, surface IgM and kappa light chains were lower than on 
normal memory B cells in the anti-MAG IGHV4-34 antibody-producing 
clone in P3, although the cells expressed high levels of IgD. This IgMlo

wIgDhi phenotype mirrors tolerant human B cells expressing IGHV4-34 
IgM encoding IgM against the Ii carbohydrate autoantigen, which are 
normally excluded from the memory B cell compartment [78]. While 
MYD88L265P was present in the anti-MAG IGHV4-34 clone here and in 
two previously described cases of IGHV4-34 anti-MAG IgM-MGUS [39], 
this driver mutation was absent from IGHV4-34 B cell clonal expansions 
in 27 cases of IgM-MGUS with primary cold agglutinin disease (PCAD) 
[79]. Instead, B cells clones causing PCAD often acquire gain-of-function 
CARD11 mutations [80], involving an essential signalling protein be
tween surface immunoglobulin and NF-kB required for persistence of 
IgMlow tolerant B cells [81]. Unlike MYD88L265P, enforced expression of 
CARD11 gain of function (GOF) mutations are not countered by surface 
IgM downregulation and drive proliferation and differentiation of 
self-reactive B cells into lymphoplasmacytic cells secreting IgM auto
antibodies in vivo [82]. Unlike the anti-MAG clone in P3, which paired 
IGHV4-34 with IGKV1-17, 83 % of IgM-MGUS clones in PCAD pair 
IGHV4-34 with IGKV3-20 or IGKV3-15, which potentially increases IgM 
binding affinity for the I autoantigen and the temperature at which it 
fixes complement to autologous erythrocytes [79]. Collectively, these 
observations imply cooperation between surface IgM specificity and 
different NF-kB activating driver mutations: MYD88L265P preferred in 
IgM-MGUS clones with high surface IgM, and CARD11GOF preferred in 
clones with low surface IgM.

Dependence of MYD88L265P on crosstalk with surface IgM may 
explain the 85 % median decrease in serum IgM and alleviation of 
neuropathy in MYD88L265P-bearing Waldenstrom’s macroglobulinemia 
patients treated with ibrutinib or zanubrutinib, two drugs that inhibit 
the surface IgM signal-initiating enzyme, Bruton’s tyrosine kinase (BTK) 
[83,84]. A physical complex of MYD88L265P and phosphorylated BTK 
exists in Waldenstrom’s cells, and MYD88-IRAK-BTK signalling con
tributes to NF-kB activation and survival in vitro [85]. Similarly, an 
ibrutinib-sensitive super-complex of surface IgM, BTK-interacting pro
teins, TLR9, MYD88L265P, NF-kB activating proteins, and the MTORC1 
complex exists in ABC DLBCL cells [86]. Collectively these observations 
provide a rationale for trialling BTK inhibitors to treat MAG neuropathy 
[87,88].

It is unclear if surface IgM binding to CD57 is a cooperating factor 
driving clonal expansion of the MYD88L265P mutant clones. The R:S ratio 
for mutations in CDRs in P1 and P3, and in the blue branch of P2, was 
not higher than expected for unselected mutations. A high R:S ratio 
consistent with selection was observed in the other clonal branches of 
P2, but these mutations in one branch abolished binding to CD57 and 
self-gangliosides, and in another branch abolished binding to self- 
gangliosides. In the P2 red branch, the high R:S ratio of acquired mu
tations was not accompanied by any increase in binding to MAG or 
CD57, but instead the mutations decreased binding to CD57 (Fig. 3). 
Viewing all three patients and their divergent branches and clones, there 
is no consistent pattern of selection to improve binding to CD57 during 
extensive hypermutation. If CD57-binding is not selected, it is possible 
that surface IgM binding to another self- or foreign antigen, or poly
reactivity with multiple antigens, drives the mutation and accumulation 
of diverse subclonal branches in cooperation with MYD88L265P. While 
the mutated antibodies from each patient did not display polyreactivity 
with respect to the five gangliosides we tested, we did not test for 
reactivity against more diverse antigens. Alternatively, it is possible that 
MYD88L265P frees the hypermutating progeny from selection for binding 
any antigen to surface IgM, explaining the divergent patterns of CD57 
binding and low R:S ratios.

The study here has several limitations. First, while MAG neuropathy 
is a prototypic demyelinating disease where the pathogenic role of the 
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monoclonal IgM is established, it may not be representative for the 
pathogenesis of other forms of CIDP where no monoclonal IgM can be 
detected in serum. Second, because single cell DNA and RNA sequencing 
and antibody expression studies are labour-intensive and costly, we did 
not have the resources to study more than three patients, so we cannot 
be certain these findings are typical of the broader MAG neuropathy 
population and studies on larger number of patients are warranted. 
Thirdly, we were unable to deduce the ancestral sequences for CDR3H 
because of extensive mutation, and were unable to test the specificity of 
antibodies where these mutations were reverted. Finally, we did not 
express the BCR sequences as IgM, as it is technically difficult to do so, 
nor did we express the sequences as membrane IgM and test binding to 
multimerised CD57 to recapitulate B cell recognition of the antigen on 
the plasma membrane of NK cells or T cells. Low affinity binding to 
CD57 may therefore have gone undetected by ELISA, as we described 
recently for the unmutated ancestors of pathogenic rheumatoid factors 
[89].

The findings here nevertheless enable reconstruction of a series of 
evolutionary steps involving somatic mutation resulting in human 
autoimmune disease. In the three MAG neuropathy patients analysed 
here, the first step appears to be acquisition of a lymphoma driver mu
tation, MYD88L265P. This step may occur preceding or soon after the 
second step, V(D)J recombination, which produces a B cell expressing 
surface IgM that binds CD57 self-glycan. A third step is clonal prolifer
ation of the CD57-binding B cell followed by extensive V(D)J hyper
mutation in the progeny, accompanied by other molecular 
abnormalities such as CXCR4 and IGLL5 mutations. As an ensemble, 
these mutations appear sufficient to drive accumulation of large 
numbers of clonal progeny exhibiting lymphoplasmacytic differentia
tion, and accumulation of high titres of anti-MAG IgM in the blood. 
When the secreted IgM reaches a sufficient concentration in the circu
lation it triggers clinically significant demyelination and clinical neu
ropathy. It is conceivable that a similar sequence of events may 
contribute to other autoimmune diseases that - like MAG neuropathy 
and MGUS - become more frequent in people older than fifty.
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