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Introductory Paragraph  24 
 25 
B cells are important in the pathogenesis of many, and perhaps all, immune-mediated 26 
diseases (IMDs). Each B cell expresses a single B cell receptor (BCR)1, with the 27 
diverse range of BCRs expressed by an individual’s total B cell population being 28 
termed the “BCR repertoire”. Our understanding of the BCR repertoire in the context 29 
of IMDs is incomplete, and defining this could reveal new insights into pathogenesis 30 
and therapy. We therefore compared the BCR repertoire in systemic lupus 31 
erythematosus (SLE), ANCA-associated vasculitis (AAV), Crohn’s disease (CD), 32 
Behçet’s disease (BD), eosinophilic granulomatosis with polyangiitis (EGPA) and IgA 33 
vasculitis (IgAV), analysing BCR clonality, and immunoglobulin heavy chain gene 34 
(IGHV) and, in particular, isotype usage. An IgA-dominated increased clonality in SLE 35 
and CD, together with skewed IGHV gene usage in these and other diseases, 36 
suggested a microbial contribution to pathogenesis. Different immunosuppressive 37 
treatment had specific and distinct impacts on the repertoire; B cells persisting after 38 
rituximab were predominately isotype-switched and clonally expanded, the inverse of 39 
those persisting after mycophenolate mofetil. A comparative analysis of the BCR 40 
repertoire in immune-mediated disease reveals a complex B cell architecture, 41 
providing a platform for understanding pathological mechanisms and designing 42 
treatment strategies. 43 
 44 
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 51 
Main Text  52 
 53 
Immunoglobulin gene recombination during B cell development in the bone marrow 54 
(or fetal liver)2 forms the “naïve” repertoire, which is modified by the 55 
removal/suppression of self-reactive B cells to reduce the chance of autoimmune 56 
disease3 (although 20-40% of B cells remain autoreactive4). Further repertoire 57 
diversification occurs after B cells respond to antigen. Many undergo “isotype 58 
switching” where stepwise DNA deletion and recombination from IgM generates 59 
“downstream” isotypes (IgG1/2/3/4, IgA1/2, IgD and IgE) which confer distinct 60 
functional characteristics and roles in disease5,6. Isotype delineation is thus vital for a 61 
full analysis of the BCR repertoire. Further BCR diversification occurs in specialized 62 
germinal centers (GCs) – where V gene somatic hypermutation (SHM) may enhance 63 
BCR affinity and specificity7. This post-antigenic diversification of B cell clones is 64 
tempered by tolerance “checkpoints” to reduce the risk of autoimmunity8. The 65 
peripheral BCR repertoire is thus a composite of both the naïve repertoire and that 66 
generated by antigenic encounter. 67 
 68 
BCR repertoire features have been correlated with both microbial interactions and 69 
IMDs, with specific IGHV regions recognizing commensal and/or pathogenic microbes 70 
or being associated with IMDs (Table S1). We analysed the BCR repertoire in 209 71 
individuals across six IMDs (Tables S2,Extended Data Figure 1a), comparing (i) IMDs 72 
characterized by autoantibody responses against either single dominant (AAV) or 73 
multiple (SLE) autoantigens, (ii) those not thought to be autoimmune (CD, BD), and 74 
(iii) those with incomplete evidence of B cell involvement or autoimmunity: EGPA 75 
(formerly Churg-Strauss syndrome) and IgAV (formerly Henoch-Schönlein purpura) 76 
(disease descriptions, Supplementary discussion file 1). 77 

 78 
We developed a method to barcode, amplify, and sequence BCR repertoires from 79 
RNA encoding the antigen-binding (IgH (VDJ)) and constant regions of the BCR heavy 80 
chain, facilitating isotype class/subclass analysis while allowing quantitation of clone 81 
frequency and correction of PCR/sequencing error (Extended Data Figure 1b)9. We 82 
then analyzed the BCR repertoire in sorted B cells from 19 healthy controls 83 
(Supplementary discussion file 2, Extended Data Figure 1-2) to develop methods to 84 
control for the impact of age and differential cellular RNA content (Methods, Extended 85 
Data Figure 2-3a-c, Table S4). We define the “normalized” isotype usages 86 
representing the percentage of unique VDJ sequences per isotype, thus counting each 87 
B cell’s contribution to the repertoire only once. 88 
 89 
Comparative studies in IMDs have often been confounded by differences in disease 90 
duration, activity and treatment. We therefore specifically recruited patients with 91 
objective evidence of active disease and had not yet commenced treatment (although 92 
stable doses of low-level therapy known not to affect repertoire were permitted; 93 
methods, Supplementary discussion file 1). The majority were newly diagnosed. In all 94 
patients the number of B cells sampled was less that the number of unique BCR 95 
sequences detected (Table S3). We compared isotype use in repertoires from 96 
unseparated peripheral blood mononuclear cells (PBMC) in healthy controls and IMD 97 
patients (Figure 1a-b,Extended Data Figure 3d). Compared to health, IgA was over-98 
represented in all diseases except AAV and EGPA, particularly so in SLE and CD. 99 
This corresponded with increased serum IgA most pronounced in SLE (Figure 1c). IgE 100 
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was raised in SLE, CD and, in particular, EGPA (Figure 1b,Extended Data Figure 101 
3d,e), which also exhibited elevated IgG3. Isotype usage in AAV was similar to healthy 102 
controls. There is therefore marked variation in isotype use in IMD, with IgA the 103 
unexpected dominant isotype in diseases such as SLE and BD. 104 
 105 
BCR repertoire diversity is driven in part by differential use of IGHV genes, as well as 106 
non-template additions/deletions. Some individual genes, and IGHV subgroups 107 
(defined by structural similarity10), preferentially bind microbial antigens and/or have 108 
been associated with autoimmunity (Table S1). We examined IGHV gene frequency 109 
in naïve and antigen-experienced B cells across IMDs (Figure 1d, Extended Data 110 
Figure 4a, Supplemental data files 2-3). IGHV4 family genes were increased in CD, 111 
SLE and EGPA, as was IGHV6-1. Interestingly, IGHV4-34 binds both autoantigens11 112 
and commensal bacteria12, and has been associated with SLE13. Our data extends the 113 
SLE association of IGHV4-34 (and its 9G4 idiotype) to EGPA and CD (Extended Data 114 
Figure 4b). Both IGHV6-1 and IGHV4-59 have been associated with autoreactivity 115 
(Table S4). IGHV gene associations were seen in both the predominantly “naïve” and 116 
“post-antigenic” compartments, and in both non-expanded and expanded clones 117 
(Extended Data Figure 4a), raising the possibility they are not purely a consequence 118 
of selected expansion after disease development (except in CD where IGHV 119 
differences were predominantly “pre-antigenic”). V1 family genes were over-120 
represented in IMDs, particularly CD and BD. The most striking association was of BD 121 
with IGHV1-46, -3 and -69, all previously associated with infection, in both the naive 122 
and post-antigenic repertoires. Reduced representation of IGHV genes is also seen in 123 
some diseases, reflecting either a proportional reduction due to increased frequency 124 
of other IGHV genes or real disease associations. Levels of SHM did not vary between 125 
diseases (Extended Data Figure 4c). 126 
 127 
Increased length of complementary determining region 3 (CDR3) of the BCR is 128 
associated with antibody polyreactivity and autoimmunity14. Building on previous 129 
work9, we found an association between CDR3 length and IGHV gene use in healthy 130 
individuals (Extended Data Figure 2, Extended Data Figure 4d). In disease, increased 131 
CDR3 length was found in SLE (IgG and IgA) and CD (unswitched B cells) (Extended 132 
Data Figure 4c). 133 
 134 
B cell clones are defined by sharing a unique VDJ rearrangement, and can be 135 
characterised by size (clonal expansion) and diversification (due to SHM and isotype 136 
switching). Using a “clone sampling” repertoire visualization method (Supplementary 137 
discussion file 4, Extended Data Figure 5), we found no differences between healthy 138 
controls and AAV or IgAV, reduced clonality in BD, but increased clonal expansion 139 
and complexity in CD, EGPA and SLE (Supplementary data file 5,6). We extended 140 
this analysis by determining the Clonal Expansion Index (a measure of “unevenness” 141 
of the number of RNA molecules per unique VDJ region sequence via the Gini index15) 142 
and Clonal Diversification Index (measuring the unevenness of unique VDJ region 143 
sequences per clone) (see Methods, Figures 1e-g,Extended Data Figure 6). CD 144 
patients had increased clonal expansion and diversification across many isotypes, 145 
particularly IgA, IgG and IgM. SLE showed a similar pattern, though with increased 146 
clonality primarily in unswitched cells and with greater variation between patients, as 147 
did EGPA, but with IgE predominant. Differences in maximum clone size were 148 
consistent with these data (Extended Data Figure 6c,d,7a). In contrast, patients with 149 
active AAV or IgAV showed no gross difference in clonal expansion or diversification, 150 
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and in BD both were reduced compared to controls. We then used a multivariate 151 
comparison to assess “clonal normality” (see Methods), and found significant 152 
dissimilarity between the repertoires of CD, EGPA and SLE patients, compared to 153 
healthy, AAV, and BD patients (Extended Data Figure 7b), reinforcing the concept that 154 
while some diseases are associated with broad abnormalities of the BCR repertoire, 155 
others are comparatively normal.  156 
 157 
Class-switch recombination (CSR) is a deletional DNA recombination process, so the 158 
order of constant regions on the chromosome defines the possible isotypes to which 159 
any given B cell can switch (Figure 2a,Extended Data Figure 7c-d). Progression of 160 
CSR between each possible constant region (‘switch events’) may be assessed by 161 
quantifying the frequency of unique VDJ regions sharing two isotypes (suggesting their 162 
common clonal origin; Figure 2b) after normalising for read depth (Extended Data 163 
Figure 7e,f). The class-switch types detectable in this analysis are reduced by the 164 
isotype ambiguity between IgA1/2 and IgG1/2 in the isotype-specific sequencing, and 165 
by alternative splicing of IgD from IgM-containing transcripts (Extended Data Figure 166 
8a-b). We confirmed reported switch event frequencies in healthy individuals16 (Figure 167 
2c). Switching differences between isotypes in IMDs usually corresponded with 168 
differences in isotype usage (Figure 2d). All switching was reduced in AAV and BD, 169 
and that between IgM and IgG in IgAV. In SLE and CD, increased IgA representation 170 
and IgA and IgE switching was seen. The elevated isotype switching in CD appeared 171 
independent of isotype frequency. In EGPA increased switching to IgE from all 172 
isotypes was striking (Figure 2d), particularly IgG3 - perhaps secondary to increased 173 
IgG3 frequency (Extended Data Figure 9a,b). This first systematic analysis of isotype 174 
switching in IMD reveals disease-specific increases that contribute to isotype profiles. 175 
Some of these, such as the prominence of IgG3/IgE in EGPA, and reduced switching 176 
in AAV and BD, were unexpected and may be relevant to disease pathogenesis.  177 
 178 
This BCR repertoire analysis supports suggestions in the literature17,18 that, like the 179 
mouse19, human IgE clones might usually arise from clonally diversified memory cells 180 
of precursor isotypes. Consistent with this IgE+ peripheral blood B cells are commonly 181 
plasmablasts (Extended Data Figure 2), are unusually likely to share a clonal origin 182 
with non-IgE cells, and have fewer IgE closest clonal relatives (Figure 2e-f,Extended 183 
Data Figure 9c,d, Supplementary discussion file 2). IgE also commonly arises from 184 
multiple independent switch events in large clones (Figure 2g). 185 
 186 
Different immunosuppressive regimens have different impacts on the B cell 187 
compartment, and these can correlate with clinical efficacy20. We investigated the 188 
effect of treatment on the BCR repertoire in SLE and AAV, taking repeat samples at 3 189 
or 12 months after diagnosis. Most patients were treated with rituximab (RTX, B cell-190 
depleting anti-CD20 monoclonal antibody), or mycophenolate mofetil (MMF, inosine 191 
5’-monophosphate dehydrogenase inhibitor precursor predominantly impacting 192 
proliferating cells21). These regimens were standardized but not formally protocolized, 193 
reflecting real-world practice based on international guidelines, and were 194 
accompanied by similar steroid and subsequent maintenance therapy (Supplementary 195 
discussion file 1, Methods), allowing their effect on BCR repertoire to be compared. 196 
 197 
MMF and RTX had markedly different impacts on repertoire (Figure 3a-e, Extended 198 
Data Figure 10a-c). MMF therapy resulted in an increased proportion of IgM+/D+ B 199 
cells and concomitantly reduced isotype-switched B cell number and clonality, with 200 
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relative preservation of both SHM+ and SHM- IgM clones compared to switched clones. 201 
This could be consistent with a short half-life for switched but not IgM memory B cells 202 
in humans (as seen in the mouse22), adding to the ongoing debate on this topic23-24. 203 
Conversely, after RTX, circulating B cell numbers were low25 but persisting cells were 204 
largely isotype-switched and clonally expanded, predominantly IgA in AAV and IgG1/2 205 
in SLE. Larger studies are required to determine if these repertoire changes associate 206 
with disease subsets, pathogenic clonal persistence, and/or treatment efficacy. 207 
Nonetheless, this suggests that B cell receptor repertoire impact might inform the 208 
design of therapeutic strategies (e.g. the ability of MMF to reduce class-switched 209 
clones might suggest efficacy in preventing relapse following RTX therapy).  210 
 211 
Clonal persistence 3 months after therapy was observed in >90% patients, with the 212 
isotype of persistent clones differing between therapies (Figures 3f, Extended Data 213 
Figure 10d-e, Methods). In AAV, reduced persistence of isotype-switched clones was 214 
associated with reduced ANCA titre (Figure 3g). Persistent clones could expand, 215 
undergo SHM and isotype switch despite continuing therapy (Figure 3h). By 216 
considering the time between the last MMF or RTX dose and sample collection, we 217 
could analyse repertoire “recovery”. After MMF, the isotype-switched population 218 
reached healthy levels after approximately one year (Figure 3i). In contrast, the slow 219 
reconstitution of IgD+/M+ unmutated cells after RTX is consistent with the known 220 
kinetics of B cell recovery after such depletion26. 221 
 222 
This study reveals profound variation in many aspects of the BCR repertoire across 223 
IMDs, both at diagnosis and after therapy. Many of the disease-associated changes 224 
in isotype use, in particular, have not been previously described. The B cell receptor 225 
repertoire changes in these diseases illustrate deficiencies in our understanding of 226 
disease pathogenesis (Supplementary discussion file 2). SLE, CD and EGPA 227 
exhibited abnormal isotype-specific clonal expansion/diversity and IGHV gene use, 228 
such broad repertoire dysregulation being consistent with their associations with 229 
multiple antibodies. Increased IgA was expected in an intestinal disease like CD, but 230 
not in SLE where IgG is implicated in pathogenesis and intestinal inflammation is not 231 
prominent27. These observations suggests unanticipated commonality in 232 
pathogenesis of SLE, CD and EGPA, suggesting they might share unknown drivers, 233 
perhaps within the mucosal microbiome given known IGHV affinities for microbial 234 
antigens11-13,28. EGPA also displayed IgG3 expansion and disproportionate switching 235 
to IgE. The IgE association was expected29, but whether expanded IgG3 is important 236 
to EGPA pathogenesis remains uncertain. IgAV associated with increased IgA and 237 
mucosal involvement, but showed no evidence of IgA clonal expansion or abnormal 238 
IGHV gene usage, consistent with distinct pathogenesis from CD. It is also possible to 239 
have severe active autoimmune disease, such as AAV, without detectable B cell 240 
receptor repertoire changes – the pathogenic anti-MPO or anti-PR3 clones 241 
presumably being too infrequent to skew PBMC-level repertoire analysis. Finally BD 242 
shows a marked increase in IGHV1-46, IGHV1-69 and IGHV1-3, all of which bind to 243 
both microbial antigens and autoantigens (Table S4), enhancing speculation that 244 
infection might drive disease30. Future expanded repertoire studies with, for example, 245 
comparison to the microbiome or determination of the antigenic specificity of 246 
expanded clones, would be illuminating. Altogether, this comprehensive analysis of 247 
the B cell receptor repertoire across diseases reveals a complex architecture, which 248 
may provide a platform for better understanding pathological mechanisms and 249 
designing treatment strategies. 250 
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Figure legends 332 
 333 
Figure 1. Differences in isotype, IGHV gene usages and clonality between IMDs. 334 
a) Heatmap of the normalized isotype usages per disease. b) The percentages of 335 
normalized IgA1/2 and IgE BCR percentage usages per disease. c) IgA titre in healthy 336 
individuals (n=4) and CD (n=20) and SLE (n=8) patients. d) Heatmap of IGHV gene 337 
frequency and BCR subtypes in health and disease: IgM+D+SHM- BCR sequences, 338 
(>78% derived from naive B cells); IgM+D+SHM+ BCR sequences - SHM is evidence 339 
of antigenic stimulation; and IgM-D- BCR sequences, all isotype-switched and 340 
therefore post-antigenic. Light and dark orange squares indicate significantly higher, 341 
and light and dark blue squares lower, gene frequency in disease than health. Only 342 
genes >0.1% in frequency are shown. Relative mean gene frequencies in healthy 343 
individuals are indicated at the top (full heatmap in Supplemental data file 3). IGHV 344 
genes are ordered according to amino acid similarity, indicated by the IGHV gene 345 
amino acid similarity tree (see methods). e) Explanations of clonality measures and 346 
network representations of BCR repertoires. f) Heatmap showing the (left) Clonal 347 
Expansion Index and (right) Clonal Diversification Index of each isotype per disease 348 
from total PBMC B cells. g) The (left) Clonal Expansion Index and (right) Clonal 349 
Diversification Index for PBMC BCR repertoires per disease. For (a),(b),(d),(f),(g): 350 
n=32, 18, 32, 12, 10, 23, 10 and 13 for healthy, AAV MP0+, AAV PR3+, EGPA, SLE, 351 
CD IgAV and Behçet’s patients respectively. P-values calculated by two-sided ANOVA 352 
for (a)-(c) and * denotes false discovery rate (FDR) <0.05, ** <0.005, *** <0.0005, 353 
where FDR determined by Šidák method. For (d),(f): Light and dark orange squares 354 
indicate significantly higher, and light and dark blue squares significantly lower, isotype 355 
use in disease compared to health. Boxplots show the 25th, 50th and 75th percentiles; 356 
whiskers show upper and lower quartiles. 357 
 358 
Figure 2. Class-switching in IMDs. 359 
a) Schematic diagram of class-switch recombination (CSR). b) Relative frequencies 360 
of CSR between different constant regions may be determined through the frequency 361 
of unique VDJ regions expressed as two isotypes normalized for read depth. c) 362 
Relative class-switch recombination event frequencies across healthy individuals 363 
(n=32). d) CSR frequencies across autoimmune diseases. Each circle represents an 364 
isotype class per disease, where the size is proportional to percentage of unique BCRs 365 
corresponding to that isotype, coloured according to whether it is significantly higher 366 
(red), lower (blue) or not different (black) to healthy individuals. Arrows indicate class-367 
switching between isotypes, where the thickness is proportional to the relative class-368 
switch recombination event frequencies for each disease, colored according to 369 
whether these are significantly higher (red), lower (blue) or not different (black) to 370 
healthy individuals. P-values calculated by two-sided ANOVA, FDR determined by 371 
Šidák method and threshold of significance is FDR<0.05. e) The proportion of VDJ 372 
sequences per isotype that are also observed as other isotypes (across health and 373 
diseases, n=149). f) The proportion of VDJ sequences where closest clonal relatives 374 
are also present as same isotype (across health and diseases, n=149). g) A 375 
representative phylogenetic tree of an IgE-associated clone maintained over the 376 
course of therapy from an EGPA ANCA- patient (patient 145). Colors indicate isotype 377 
usage and time-point for each BCR. All nodes scaled to unitary size. For (c),(e)-(g): 378 
Boxplots show the 25th, 50th and 75th percentiles; whiskers show upper and lower 379 
quartiles. For (e)-(g): P-values calculated by two-sided Wilcoxon tests for (a)-(c); * 380 
denotes FDR <0.05, ** <0.005, *** <0.0005, and FDR determined by Šidák method.  381 
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 382 
Figure 3. The impact of therapy on the B cell receptor repertoire. 383 
a) Mean proportion and phenotype distribution of B cells within PBMCs in healthy 384 
controls and in AAV and SLE patients before and after therapy (B cell percentage of 385 
PBMC in brackets). Data from AAV and SLE patients is combined post-therapy. b-d) 386 
Percentages of b) unmutated IgD/IgM, mutated IgD/IgM and antigen-experienced 387 
switched BCRs (IgA1/2/IgG1/2/IgG3/IgE), c) Clonal expansion, d) Clonal 388 
Diversification Indices, and e) ratio of the percentage of IgM+SHM+ BCRs over class-389 
switched BCRs of AAV and SLE patient samples at diagnosis (red, untreated), and 390 
patients 3-months post-treatment with MMF (blue) or RTX (green). For AAV: Untreated 391 
(n=42), MMF (n=5), RTX (n=5), and for SLE: Untreated (n=11), MMF (n=6), RTX 392 
(n=9). f) Isotype percentages of persistent clones between diagnosis and post-393 
induction therapy in AAV patients: MMF (n=5) and RTX (n=6). g) Percentages of 394 
persistent BCRs shared between diagnosis and 3-months, or between 3- and 12-395 
months post-induction therapy respectively, split between patients who became serum 396 
ANCA-negative after induction versus those who remain serum ANCA positive. h) 397 
Percentages of persistent clones expanded by >2 fold, changed <2-fold or decreased 398 
by >2-fold between diagnosis and post-induction therapy in AAV patients (n=12, 20 399 
and 19 for 0-3-months, 0-12-months and 3-12-months respectively. i) Correlation 400 
between proportions of BCR types with time since last treatment of (top) MMF (n=27), 401 
and (bottom) RTX (n=26). Pearson's correlation p-values indicated. Healthy individual 402 
BCR frequencies in red. For (b)-(h): P-values calculated by two-sided ANOVA, * 403 
denotes FDR <0.05, **<0.005, ***<0.0005, FDR determined by Šidák method. 404 
Boxplots show the 25th, 50th and 75th percentiles; whiskers show extent of outliers. 405 
 406 
  407 
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Materials and methods (online) 408 
 409 
Ethical approval 410 
Ethical approval for this study was obtained from the Cambridge Local Research 411 
Ethics Committee (reference numbers 04/023, 08/H0306/21, 08/H0308/176) and 412 
Eastern NHS Multi Research Ethics Committee (07/MRE05/44), with informed 413 
consent obtained from all subjects enrolled.  414 
 415 
Samples  416 
 417 
Healthy participants 418 
Inclusion criteria for healthy individuals were people aged between 20-77 years, with 419 
no serious co-morbidities, no direct family history of autoimmune disease, no use of 420 
immunosuppressants or steroids, and no hospitalization within the last 12 months. The 421 
healthy individual samples used for B cell sorting were recruited through the NIHR 422 
Cambridge BioResource. 423 
 424 
Patients with AAV 425 
AAV patients attending or referred to the specialist vasculitis unit at Addenbrooke’s 426 
Hospital, Cambridge, UK, between July 2004 and June 2016 were enrolled. Active 427 
disease at presentation was defined by at least 1 major or 3 minor Birmingham 428 
Vasculitis Activity Score (BVAS) criteria31 and the clinical impression that induction 429 
immunosuppression would be required. Prospective disease monitoring was 430 
undertaken monthly with serial BVAS assessment31 and serum ANCA status 431 
(Supplementary discussion file 1). 41/54 patients were sampled at diagnosis and 432 
13/54 patients at disease flare as defined above. A minority of patients (11/54) had 433 
received prior treatment with oral prednisolone, and 3 patients had received 434 
Azathioprine within 6 months prior to sampling. Patients on low dose steroids and 435 
azathioprine have been analysed separately, and their inclusion does not impact upon 436 
any of the findings described in this study. 437 
 438 
Patients with SLE 439 
The SLE cohort comprised patients attending or referred to the Addenbrooke’s 440 
Hospital specialist vasculitis unit between July 2004 and June 2016 who met at least 441 
four American College of Rheumatology SLE criteria32, presenting with active disease. 442 
Active disease was defined as meeting all three of the following prospectively defined 443 
criteria: new British Isles Lupus Assessment Group (BILAG) score A or B in any 444 
system, clinical assessment of active disease by the reviewing physician and increase 445 
in immunosuppressive therapy as a result. After treatment with an 446 
immunosuppressant, patients were followed up monthly. Disease monitoring was 447 
undertaken with serial BILAG assessment and serum ANA status. Patients’ treatment 448 
was at the physician’s discretion, not dictated by study participation and includes 449 
therapy used for induction of remission at enrolment (‘induction’). 8/10 patients were 450 
sampled at diagnosis and 2/10 patients at disease flare. A minority of patients (3/10) 451 
had received prior treatment with oral prednisolone and/or hydroxychloroquine.  452 
 453 
Patients with CD 454 
Patients with active Crohn’s disease were recruited from a specialist IBD clinic at 455 
Addenbrooke’s Hospital, before starting treatment. 22/23 patients were recruited at 456 
the time of diagnosis. Diagnosis was made using standard endoscopic, histological 457 
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and radiological criteria33. All patients had at least moderately active Crohn’s disease 458 
at enrolment as evidenced by clinical symptoms in conjunction with some or all of 459 
elevated C-reactive protein, elevated fecal calprotectin, radiologically active disease 460 
or endoscopically active disease. All patients were treatment naïve, with none 461 
receiving immunomodulators, corticosteroids or biological therapy.  462 
 463 
Patients with CLL  464 
Patients with CLL were recruited from the specialist leukemia/lymphoma unit at 465 
Addenbrooke’s Hospital unit between January 2011 and July 2014. CLL patient 466 
inclusion required the presence of at least 5×109 B cells/L circulating clonal B cells 467 
persisting for 3 months and a characteristic phenotype (typically CD5, CD19, CD20, 468 
and CD23).  469 
 470 
Patients with EGPA 471 
EGPA patients attending or referred to the specialist vasculitis unit at Addenbrooke’s 472 
Hospital, Cambridge, UK, between July 2004 and June 2016 were enrolled into the 473 
present study. EGPA diagnosis was based on the history or presence of both asthma 474 
and eosinophilia (>1.0 x 109/L and/or > 10% of leukocytes) plus at least two additional 475 
features of EGPA, criteria used in the recent Phase III clinical trial “Study to Investigate 476 
Mepolizumab in the Treatment of Eosinophilic Granulomatosis with Polyangiitis”. 7/11 477 
patients were sampled at diagnosis and 4/11 patients at disease flare. A minority of 478 
patients (4/11) had received prior treatment with oral steroids (methylprednisolone or 479 
prednisolone), 2/11 patients treated with azathioprine and 1/11 patients treated with 480 
cyclophosphamide within 6 months of sampling. 481 
 482 
Patients with IgAV and Behçet’s Disease 483 
IgAV patients and Behçet’s disease patients were recruited from the specialist 484 
vasculitis clinic at Addenbrooke’s Hospital were enrolled into the present study 485 
between 2005 and 2015. Clinical data recorded for Behçets disease patients 486 
comprised: (i) Basis for diagnosis i.e. orogenital mucosal ulceration, prior ocular 487 
inflammation, and characteristic skin rash (erythema nodosum or pseudofolliculitis); 488 
(ii) Major complications such as venous or arterial thrombosis, central nervous system 489 
involvement or involvement of the pulmonary vascular system; and (iii) disease activity 490 
(expert physician global assessment). 5/11 of patients had received prior treatment 491 
with oral steroids (prednisolone) and 3/11 patients had been treated with azathioprine 492 
within 6 months prior to sampling. 493 
 494 
The diagnosis of IgAV was based on the American College of Rheumatology 1990 495 
criteria for the classification of Henoch-Schönlein purpura34 and the 2012 Revised 496 
International Chapel Hill Consensus Conference Nomenclature of Vasculitides35. All 497 
patients had to have a biopsy-proven diagnosis of IgAV. Patient inclusion was based 498 
on if they had i) severe involvement of at least 1 organ (including biopsy-proven IgAV-499 
related nephritis class 3–4; gastrointestinal involvement with haemorrhage, ischemia, 500 
perforation, and/or abdominal pain unresponsive to common analgesics and lasting 501 
for >24 hours; pulmonary haemorrhage, episcleritis, cardiac and central nervous 502 
system involvement); and ii) other systemic autoimmune or neoplastic diseases were 503 
excluded. 8/10 IgAV patients were sampled at diagnosis and 2/10 patients at disease 504 
flare. 4/10 of patients had received prior treatment with oral prednisolone, 1/10 patients 505 
treated with azathioprine and 1/10 patients treated with cyclophosphamide within 6 506 
months of sampling.  507 
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 508 
Cell separation, RNA extraction and antibody titres 509 
For PBMCs and CD19+ B cells: PBMCs were isolated from 110 ml of whole blood by 510 
centrifugation over Ficoll. CD19+ B cells were isolated by positive selection using 511 
magnetic beads as previously described36. Total RNA was extracted from each 512 
sample using an RNeasy mini kit (Qiagen) with quality assessed using an Agilent 513 
BioAnalyser 2100 and RNA quantification performed using a NanoDrop ND-1000 514 
spectrophotometer. 515 
 516 
For flow-sorted B cell samples from Espéli et al.37: Flow sorting was performed using 517 
CD19-BV785, CD38-BV711, CD3-NC650, CD14-605NC, CD24-PerCP-Cy5.5, IgD-518 
FITC. CD27-PE-Cy7 and Aqua (Invitrogen) (flow protocol outlined in Extended Data 519 
Figure 1), into sorting buffer (10mM Tris pH 8.0 and RiboLock RNase Inhibitor (1U/µL)) 520 
and frozen immediately.  521 
 522 
Total IgA and IgE levels in patient serum were measured using a ProcartaPlex 523 
immunoassay kit (ThermoFisher) using 25ul of serum from each individual and run on 524 
a Luminex xMAP analyser. Raw data (MFI) were normalised to a concurrently 525 
measured 7 point standard curve according to the manufacturer’s instructions to return 526 
an absolute quantification (pg/ml). All measured values were encompassed by the 527 
standard distribution. 528 
 529 
Reverse transcription and amplification with barcoded primers  530 
Reverse transcription (RT) was performed in a 23uL reaction: 14ul of RT mix 1 531 
(containing RNA template, 10uM reverse primer mix, 1 μL dNTP (10mM), and 532 
nuclease-free water) was incubated for 5 min at 70°C. This mixture was immediately 533 
transferred to ice for 1 min, and the RT mix 2 (4 μL 5x FS buffer, 1 μL DTT (0.1M), 1 534 
μL SuperScript®III (Thermo Fisher)) was added and incubated at 50oC for 60 min 535 
followed by 15 min inactivation at 70oC. cDNA was cleaned with Agencourt AMPure 536 
XP beads and PCR amplified with V-gene multiplex primer mix (10μM each forward 537 
primer) and 3’ universal reverse primer (10μM) using KAPA protocol and the thermal 538 
cycling conditions: 1 cycle (95oC - 5 min); 5 cycles (98oC - 5 sec; 72oC - 2 min); 5 539 
cycles (65oC - 10 sec, 72oC - 2 min); 25 cycles (98oC - 20sec, 60oC - 1 min, 72oC - 2 540 
min); 1 step (72oC - 10 min). Primers are provided in STAR Methods. 541 
 542 
Sequencing and barcode filtering  543 
Sequencing libraries were prepared using Illumina protocols and sequenced using 544 
300bp paired-ended sequencing on a MiSeq (Illumina). Raw reads were filtered for 545 
base quality (median Phred score >32) using QUASR 546 
(http://sourceforge.net/projects/quasr/)38.

 
Forward and reverse reads were merged if 547 

they contained identical overlapping region of >50bp, or otherwise discarded. 548 
Universal barcoded regions were identified in reads and orientated to read from V-549 
primer to constant region primer. The barcoded region within each primer was 550 
identified and checked for conserved bases. Primers and constant regions were 551 
trimmed from each sequence, and sequences were retained only if there was >80% 552 
per base sequence similarity between all sequences obtained with the same barcode, 553 
otherwise discarded. The constant region allele with highest sequence similarity was 554 
identified by 10-mer matching to the reference constant region genes from the IMGT 555 
database39, and sequences were trimmed to give only the region of the sequence 556 
corresponding to the variable (VDJ) regions. Isotype usage information for each BCR 557 
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was retained throughout the analysis hereafter. Sequences without complete reading 558 
frames and non-immunoglobulin sequences were removed and only reads with 559 
significant similarity to reference IGHV and J genes from the IMGT database using 560 
BLAST40 were retained. Ig gene usages and sequence annotation were performed in 561 
IMGT V-QUEST, where repertoire differences were performed by custom scripts in 562 
Python. 563 
 564 
Accounting for age in BCR analysis 565 
Age-related BCR repertoire differences have been previously described, and this 566 
could be important as immune-mediated diseases often have different ages of onset. 567 
We confirmed this in both healthy controls and disease by incorporating age as a 568 
covariate in repertoire analyses, as in previous studies41-43. 569 
 570 
As expected correction for age usually made little difference (Extended Data Figure 571 
4a). Where statistical discordance between uncorrected and corrected data did occur, 572 
the latter became not significant, indicating this correction is appropriately 573 
conservative (i.e. correction does not create spurious statistically significant positive 574 
associations). In these and most other cases, predominantly in diseases of later onset 575 
(AAV, EGPA), age correction made p values less significant, indicating some 576 
observed repertoire differences are driven in part by age, and underlining the 577 
importance of correcting for it (Extended Data Figure 3a-d). In some cases, already 578 
significant results became more so after correction – as expected many of these were 579 
in SLE or CD, diseases with a younger age of onset (Extended Data Figure 3c). 580 
 581 
Isotype frequencies, somatic hypermutation, CDR3 lengths and IGHV gene 582 
usages 583 
To account for the greater numbers of BCR RNA molecules per plasmablast 584 
compared to other B cell subsets, we calculated two measures of isotype usage: (1) 585 
the percentage of reads per isotype which does not control for differential RNA per 586 
cell, thus reflecting the impact of plasmablasts/plasma cells on repertoire, and (2) the 587 
normalized isotype usages, defined as the percentage unique VDJ sequences per 588 
isotype, thus controlling for differential RNA per cell and reducing potential biases from 589 
differential RNA per cell. We did not control for ethnicity as the majority of patients 590 
(95%) in all disease groups were of northern European ancestry, with the exception of 591 
SLE in which 4 patients were Asian and 5 were Caucasian. We observed only two 592 
IGHV genes with differential frequencies between ethnicities with FDR <0.05 (Table 593 
S6), and neither of these were differentially expressed between SLE and health. 594 
 595 
Similarly, mean somatic hypermutation levels and CDR3 lengths were calculated per 596 
unique VDJ region sequence to reduce potential biases from differential RNA per cell. 597 
IGHV gene usages were determined using IMGT44, and proportions were calculated 598 
per unique VDJ region sequence. The representation of IGHV genes in the BCR 599 
repertoire reflects their presence in the germline, the naïve repertoire and their 600 
expansion after antigenic exposure. We therefore compared the frequency of IGHV 601 
gene use in PBMC-derived BCRs identified by sequence as being enriched for naive 602 
(IgM+D+SHM-: >78% naïve B cells by flow cytometry) and antigen-experienced B cells 603 
(including both unswitched (IgM+D+SHM+) and class-switched memory (IgA+/G+/E+) 604 
subsets).  605 
 606 
 607 
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BCR repertoire generation and network analysis 608 
The network generation algorithm and network properties were calculated as in 609 
Bashford-Rogers et al.15: each vertex represents a unique sequence, where relative 610 
vertex size is proportional to the number of identical reads. Edges join vertices that 611 
differ by single nucleotide non-indel differences and clusters are collections of related, 612 
connected vertices. A clone (cluster) refers to a group of clonally related B cells, each 613 
containing BCRs with identical CDR3 regions and IGHV gene usage, or differing by 614 
single point mutations, such as through SHM. Each cluster is assumed to arise from 615 
the same pre-B cell.  616 
 617 
Repertoire parameters that were dependent on sequencing depth were generated by 618 
subsampling each sequencing sample to a specified depth: 619 
 620 
1) The Clonal Expansion index is a measure of “unevenness” of the number of RNA 621 

molecules per unique VDJ region sequence by vertex Gini Index as defined in 622 
Bashford-Rogers et al.15. This is calculated from the distribution of the number of 623 
unique RNA molecules per vertex within subsampled BCR repertoires at specified 624 
depth defined below. The mean of 100 repeats of resulting Clonal Expansion 625 
indices was determined. 626 

  627 
2) The Clonal Diversification index is a measure of the unevenness of unique VDJ 628 

region sequences per clone by cluster Renyi Index as defined in Bashford-Rogers 629 
et al.15. This is calculated from the distribution of the number of unique VDJ region 630 
sequences per clone within subsampled BCR repertoires at specified depth 631 
defined below. The mean of 100 repeats of resulting Clonal Diversification indices 632 
was determined. Clone size distributions were also calculated from the same 633 
subsamples and a mean of 100 repeats was determined.  634 

 635 
The number of sampled unique RNA molecules (for the Clonal Expansion index) and 636 
clones (for the Clonal Diversification index) per sample was: all isotypes: 3500, Ig/M 637 
mutated: 600, Ig/M unmutated: 500, Class-switched: 1000, IgA1/2: 1000, IgD: 75, IgE: 638 
50, IgG1/2: 500, IgG3: 100, IgM: 750. These thresholds were chosen as a balance 639 
between including as many samples as possible per analysis whilst remaining as 640 
representative of the total BCR repertoire in each sample.  641 
 642 
BCR network sampling to preserve the overall clonal structure of visual 643 
representation 644 
We developed network sampling methods to obtain a graphical representation of a 645 
network that preserves the overall clonal architecture. The rationale for this 646 
development, and for the selection of the Clone Sampling method, is discussed in 647 
detail in Supplementary discussion file 4. Briefly, a fixed number of clones were 648 
subsampled, and a network generated from all BCRs from these clones from a given 649 
sample. Subsampling was performed 1000 times, and the sample that contained a 650 
maximum clone size closest to the median of all subsamples was chosen to generate 651 
a visual representation of the BCR repertoire. 652 
 653 
Global measure of BCR repertoire 654 
To define a global measure of the “normality” or otherwise of the BCR repertoire, we 655 
combined three main BCR features (isotype frequency, clonal expansion index, clonal 656 
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diversification index) using a multivariate MANOVA comparison between disease 657 
groups using age as a covariate.  658 
 659 
Class-switching event analyses 660 
 661 
Relative class-switch event frequency was the frequency of unique VDJ regions 662 
expressed as two isotypes (i.e. from more than one B cell, where one has undergone 663 
class-switch recombination). This was determined as proportion of unique BCRs 664 
present as both isotypes IgX and IgY within a random subsample of 8000 BCRs, 665 
where the mean of 1000 repeats was generated (Extended Data Figure 7e). This 666 
provides information on the frequency of BCRs observed associated with any two 667 
isotypes (class-switching events) while accounting for total read depth, but not 668 
accounting for differences in the relative frequencies of BCRs per isotype. 669 
 670 
The per-isotype normalized class-switch event frequencies determines frequency 671 
of unique VDJ regions expressed as two isotypes whilst normalizing for differences in 672 
isotype frequencies. To account for differences in isotype proportions, BCRs from 673 
each isotype were randomly subsampled to a fixed depth of 100 BCRs, and the 674 
proportion of unique VDJ sequences present between each pair of isotypes was 675 
counted (Extended Data Figure 9a). The mean of 1000 repeats was generated.  676 
 677 
Clonal overlap between time points during therapy 678 
The identification of perisistent clones was performed using MRDARCY45. Clonal 679 
overlap frequencies between samples, including the quantification of persistent 680 
clones, was determined through subsampling each repertoire to a fixed depth of 2000 681 
unique BCRs and determining the proportion of overlapping clones. The mean of 1000 682 
repeats was generated.  683 
 684 
Although quantitative conclusions are difficult as a blood draw samples such a small 685 
proportion of peripheral B cells, the clonal overlap estimate between timepoints is, as 686 
expected, significantly lower than that from technical BCR sequencing repeats from 687 
the same RNA samples and higher than the overlap between unrelated patient 688 
samples (Extended Data Figure 10d).  689 
 690 
Phylogenetic analysis 691 
Phylogenetic trees from AAV and EGPA patients were derived from all clusters 692 
containing at least one BCR sequence across multiple time points using the 693 
MRDARCY pipeline46. Alignments were performed using Mafft47 and maximum 694 
parsimony trees fitted using Paup*48. The IGHV gene amino acid similarity tree was 695 
generated using an alignment of reference IGHV genes from IMGT using Mafft47 and 696 
a maximum parsimony tree was fitted using Paup*48. 697 
 698 
Statistical methods 699 
Statistical differences between disease groups were performed using ANOVA or 700 
MANOVA with patient age as a covariate and correcting for multiple testing by 701 
Bonferroni correction. Where patients were age-matched, Wilcoxon tests were 702 
performed. 703 
 704 
Data access  705 
Sequencing data available from the EGA (accession numbers in Table S3).   706 
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Supplementary information is available in the online version of the paper. 707 
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Extended Data Figure Legends: 796 
 797 
Extended Data Figure 1. Overview of BCR repertoire strategy.  798 
a) Schematic diagram of the B cell receptor repertoire analysis strategy. b) Schematic 799 
diagram of the B cell receptor sequencing strategy. In the reverse transcription (RT) 800 
step, the primer anneals to the constant region of the B cell receptor mRNA to 801 
generate cDNA with a random 12 nucleotide barcode. This barcode can be 802 
computationally used to reduce PCR amplification biases after sequencing. The 803 
product is cleaned and PCR amplified using multiple primers binding to the FR1 region 804 
of the IgH genes along with a universal sequence complementary to the end of the RT 805 
primer. c) Gating strategy to flow sort B cell subsets from healthy donor PBMCs. 806 
 807 
Extended Data Figure 2. Impact of B cell subset and age on repertoire.  808 
a) The isotype usage frequencies from BCR sequencing data from sorted naïve B cells 809 
(CD19+IgD+CD27-), CD19+CD27-IgD- B cells, IgD+ memory/B1/MZ B cells 810 
(CD19+CD27+IgD+) and IgD- memory B cells (CD19+CD27+IgD-CD38-) and 811 
plasmablasts (CD19+CD27+IgD-CD38+) from 19 healthy individuals. b) (left) The 812 
mean CDR3 lengths and (right) mean SHM per BCR from healthy individual cell-sorted 813 
B cell populations (n=19). c) The plasmablast frequency per patient in peripheral blood 814 
at enrolment as a percentage of CD19+ B cells. d) Distribution of patient ages within 815 
this study, grouped by disease. e-g) PBMC BCR repertoire correlations with age in 816 
healthy individuals for g) the mean number of somatic hypermutation per BCR per bp, 817 
f) the percentages of BCRs per isotype; g) percentage sizes of the largest cluster per 818 
sample. For b-c: P-values calculated by two-sided by ANOVA and * denotes FDR 819 
<0.05, ** <0.005, *** <0.0005, where FDR determined by Šidák method. For e-g: P-820 
values calculated by two-sided by Wilcoxon test. * denotes p-values <0.05, ** <0.005, 821 
*** <0.0005, NS otherwise, with raw p-values provided in Table S4. Boxplots show the 822 
25th, 50th and 75th percentiles; whiskers show upper and lower quartiles. 823 
 824 
Extended Data Figure 3. Repertoire changes with age and isotpe usages with 825 
disease. 826 
a) Correlation of p-values obtained using age as a covariate versus excluding age in 827 
the analysis across 178 BCR features (calculated by two-sided by ANOVA), and b) 828 
analyses where statistical significance was discordant (i.e. below significance 829 
threshold without accounting for age and above significance threshold while using age 830 
as a covariate, or vice versa, purple points from (a)). c) Analyses where statistically 831 
significant p-values were decreased by >1.5 fold after using age as a covariate. Grey 832 
dotted lines in (a) indicate the threshold of significance after account for multiple 833 
testing (FDR<0.05, determined by Šidák method). d) The percentages of normalized 834 
isotype usages (unique VDJ sequences per isotype) for PBMC BCR repertoires per 835 
disease. e) Normalized IgE immunoglobulin constant region transcript levels between 836 
disease groups from transcriptomic data. n=58, 23, 33, 13, 10, 8, 11 and 37 for healthy, 837 
AAV MP0+, AAV PR3+, Behçhet’s, CD, EGPA, IgAV and SLE patients respectively. 838 
f) IgE titre between healthy individuals (n=4) and EGPA patients (n=5). P-values 839 
calculated by two-sided by ANOVA for (d)-(e) and * denotes FDR <0.05, ** <0.005, *** 840 
<0.0005, where FDR determined by Šidák method. Boxplots show the 25th, 50th and 841 
75th percentiles; whiskers show upper and lower quartiles. 842 
 843 
Extended Data Figure 4. Changes in IGHV gene usage with disease. 844 
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Changes in IGHV gene usage between unexpanded and expanded clones. a) 845 
Heatmap of each IGHV gene frequency difference between healthy individuals and 846 
each autoimmune disease patient group within BCRs from IgM+D+ or isotype-switched 847 
(IgA/IgG/E) BCR from unexpanded clones (clontaining <3 unique BCRs) or expanded 848 
clones (3 or more unique BCRs per clone). Only genes >0.1% in frequency are shown. 849 
IGHV genes are ordered according to amino acid similarity as in Figure 2. b) IGHV4-850 
34 BCR frequencies with autoreactive AVY & NHS motifs compared between healthy 851 
individuals and disease groups, separated by BCR type: IgM+D+SHM- BCR 852 
sequences, IgM+D+SHM+ BCR sequences and IgM-D- BCR sequences (defined in (a)). 853 
c) Heatmaps showing the (top) mean SHM per BCR and (bottom) relative mean CDR3 854 
lengths mean SHM per BCR per isotype per disease from total PBMC B cells. d) The 855 
distribution of the mean CDR3 lengths per IGHV gene in healthy individuals (n=32). 856 
Each point represents a mean CDR3 length for an individual for (left) unmutated IgD/M 857 
BCRs and (right) class-switched BCRs. Instances where IGHV genes represented by 858 
fewer than 10 BCRs in an individual are excluded. For (a)-(d): n=32, 18, 32, 12, 10, 859 
23, 10 and 13 for healthy, AAV MP0+, AAV PR3+, EGPA, SLE, CD IgAV and Behçet’s 860 
patients respectively. P-values calculated by two-sided ANOVA. Orange squares 861 
indicate significantly higher, and blue squares significantly lower, corresponding gene 862 
frequency between healthy individuals and disease. FDR determined by Šidák 863 
method. 864 
 865 
Extended Data Figure 5. Network subsampling methods for preserving 866 
repertoire structure.  867 
a) Schematic diagram of the cluster-vertex migration in the CC algorithm. b) Maximum 868 
cluster sizes between true (unsampled) networks and sub-sampled networks of 2000 869 
clones by the tree subsampling methods. c) Comparison of representative networks 870 
from each patient group at diagnosis. The sample patient samples are represented 871 
across the three sampling methods. Each vertex represents a unique sequence, 872 
where relative vertex size is proportional to the number of identical reads. Edges join 873 
vertices that differ by single nucleotide non-indel differences and clusters are 874 
collections of related, connected vertices. Networks are comprised of a subsample of 875 
2000 clones using the corresponding subsampling method. Each vertex is 876 
represented by a pie chart indicating the percentage of each isotype, where blue = 877 
IgD/M, red = IgA1/2, yellow = IgG1/2, green = IgG3, and grey = IgE. 878 
 879 
Extended Data Figure 6. BCR repertoire clonality between diseases. 880 
a) Boxplots of the Clonal Expansion Index and b) the Clonal Diversification Index for 881 
PBMC BCR repertoires per disease. c) Plots of the percentage of clones per sample 882 
per disease greater than clone size, C. Clone size is defined as the number of unique 883 
VDJ sequences that are clonally related. For each disease, the mean percentage is 884 
indicated by the dark blue line, and the upper and lower interquartile ranges indicated 885 
by the light blue areas. Overlaid in grey is the equivalent for healthy individuals. 886 
Differences in read depth were accounted for by subsampling 5000 clones from each 887 
repertoire and determining a mean of 20 repeats. As a disease comparison, we show 888 
the distribution for CLL. d) Boxplots of the percentage of clones larger than 10, 20, 30, 889 
40, or 50 unique VDJs per disease. Differences in reads depth were accounted for by 890 
performing subsamples 5000 clones and determining a mean of 20 repeats. For 891 
(a),(b),(d): P-values calculated by two-sided by ANOVA for (a),(b),(d). * denotes FDR 892 
<0.05, ** <0.005, *** <0.0005, and FDR determined by Šidák method. n=32, 18, 32, 893 
12, 10, 23, 10 and 13 for healthy, AAV MP0+, AAV PR3+, EGPA, SLE, CD IgAV and 894 



 

21 
 

Behçet’s patients respectively. Boxplots show the 25th, 50th and 75th percentiles; 895 
whiskers show upper and lower quartiles. 896 
 897 
Extended Data Figure 7. BCR repertoire similarity between diseases and class-898 
switch recombination estimation. 899 
a) The maximum clone sizes (as a percentage of unique VDJ sequences of a given 900 
isotype in largest clone divided by the total of unique BCRs of that isotype) for PBMC 901 
BCR repertoires per disease across isotypes. b) Global repertoire dissimilarity 902 
measures between disease groups. Heatmap showing the global repertoire 903 
dissimilarity measures between disease groups based on the combination of three 904 
main BCR features (isotype frequency, clonal expansion index, clonal diversification 905 
index) and determining joint differences between groups (MANOVA test using disease 906 
group and age as covariables). The light and dark orange squares indicate significant 907 
differences between corresponding disease groups (false discovery rate (FDR) < 0.05 908 
and 0.005 respectively, where FDR determined by Šidák method. n=32, 18, 32, 12, 909 
10, 23, 10 and 13 for healthy, AAV MP0+, AAV PR3+, EGPA, SLE, CD IgAV and 910 
Behçet’s patients respectively. c) The sequence of B cell isotype expression is defined 911 
by the order of constant regions on the chromosome, where the possible class-912 
switching is depicted by the arrows between constant regions. d) Schematic diagram 913 
of class-switch types detectable from the sequencing data due to the ambiguity of 914 
isotype between IgA1/2 and IgG1/2 in the isotype-specific sequencing and splicing of 915 
IgD from IgM-containing transcripts. Possible class-switching events are represented 916 
by the arrows between constant regions. e) Multiple unique RNA sequences with 917 
identical antigen binding regions (V-D-J) but different constant regions represent 918 
instances of class switching. f) Schematic diagram of sub-sampling of BCR repertoires 919 
to generate the relative class-switch event frequency. This is the frequency of unique 920 
VDJ regions expressed as two isotypes (i.e. from more than one B cell, where one has 921 
undergone CSR), and determined as proportion of unique BCRs present as both 922 
isotypes IgX and IgY within a random subsample of 8000 BCRs, where the mean of 923 
1000 repeats was generated. This provides information on the frequency of BCRs 924 
observed associated with any two isotypes (class-switching events) while accounting 925 
for total read depth, but not accounting for differences in the relative frequencies of 926 
BCRs per isotype. For (a): n=32, 18, 32, 12, 10, 23, 10 and 13 for healthy, AAV MP0+, 927 
AAV PR3+, EGPA, SLE, CD IgAV and Behçet’s patients respectively. P-values 928 
calculated by two-sided ANOVA, * denotes FDR <0.05, ** <0.005, *** <0.0005, and 929 
FDR determined by Šidák method. Boxplots show the 25th, 50th and 75th percentiles; 930 
whiskers show upper and lower quartiles. 931 
 932 
Extended Data Figure 8. Class-switch recombination estimation differences 933 
between diseases. 934 
a) Boxplots of the proportion of class-switch events between isotypes for each 935 
autoimmune disease. Boxplots show the 25th, 50th and 75th percentiles; whiskers show 936 
upper and lower quartiles. b) Boxplots of the proportion of class-switch events 937 
between autoimmune diseases across isotypes for PBMC BCR repertoires via 938 
subsampling total repertoire. P-values calculated by two-sided ANOVA and * denotes 939 
FDR <0.05, ** <0.005, *** <0.0005, where FDR was determined by the Šidák method. 940 
n=32, 18, 32, 12, 10, 23, 10 and 13 for healthy, AAV MP0+, AAV PR3+, EGPA, SLE, 941 
CD IgAV and Behçet’s patients respectively. Boxplots show the 25th, 50th and 75th 942 
percentiles; whiskers show upper and lower quartiles. c) Phylogenetic trees of 943 
representative clonal expansions from patients demonstrating class-switch 944 
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recombination events. Each vertex is a unique BCR sequence and is represented by 945 
a pie chart indicating the percentage of each isotype, where blue = IgD/M, red = 946 
IgA1/2, yellow = IgG1/2, green = IgG3, and grey = IgE. Branch lengths are estimated 947 
by maximum parsimony, and the BCRs with the lowest number of somatic 948 
hypermutations are indicated (denoted “BCRs closest to germline”). 949 
 950 
Extended Data Figure 9. Normalised class-switch recombination estimation 951 
differences between diseases and IgE clonal features. 952 
a) Schematic diagram of sub-sampling of BCR repertoires to generate the per-isotype 953 
normalized class-switch event frequencies, defined as the frequency of unique VDJ 954 
regions expressed as two isotypes whilst normalizing for differences in isotype 955 
frequencies. To account for differences in isotype proportions, BCRs from each 956 
isotype were randomly subsampled to a fixed depth of 200 reads, and the proportion 957 
of unique VDJ sequences present between each pair of isotypes was counted. The 958 
mean of 1000 repeats was generated. b) Boxplots of the proportion of the per-isotype 959 
normalized class-switch event frequencies between isotypes for each autoimmune 960 
disease. P-values calculated by two-sided by ANOVA and * denotes FDR <0.05, ** 961 
<0.005, *** <0.0005, where FDR determined by Šidák method. n=32, 18, 32, 12, 10, 962 
23, 10 and 13 for healthy, AAV MP0+, AAV PR3+, EGPA, SLE, CD IgAV and Behçet’s 963 
patients respectively. Boxplots show the 25th, 50th and 75th percentiles; whiskers 964 
show upper and lower quartiles. c) Boxplots of the mean cluster sizes per patient per 965 
isotype as a percentage of BCRs per isotype, comparing IgE-associated clones with 966 
non-IgE-associated clones for each disease. d) The proportion of VDJ sequences per 967 
isotype that are observed also as other isotypes for each disease. P-values calculated 968 
by two-sided Wilcoxon tests and * denotes FDR <0.05, ** <0.005, *** <0.0005, where 969 
FDR determined by Šidák method. n=32, 18, 32, 12, 10, 23, 10 and 13 for healthy, 970 
AAV MP0+, AAV PR3+, EGPA, SLE, CD IgAV and Behçet’s patients respectively. 971 
Boxplots show the 25th, 50th and 75th percentiles; whiskers show upper and lower 972 
quartiles. 973 
 974 
Extended Data Figure 10. Impact of therapy on BCR repertoire. 975 
The a) percentages of BCRs per isotype, b) mean SHM pre BCR per isotype, and c) 976 
clonal expansion indices of AAV and SLE patient samples taken at diagnosis (red, 977 
untreated), and patients post 3-months induction therapies with MMF (blue) or RTX 978 
(green). For AAV, the patients per group were: Untreated (n=42), MMF (n=5), RTX 979 
(n=5), and for SLE, the patients per group were: Untreated (n=11), MMF (n=6), RTX 980 
(n=9). d) The percentage of BCRs shared between diagnosis and 3 or 12 months post-981 
induction therapy AAV samples (blue), BCRs shared between repertoires from the 982 
same RNA tube (red), and BCRs shared between samples from unrelated patient 983 
samples. Zero overlap was found between unrelated samples, whereas significantly 984 
higher overlap between BCRs shared between repertoires from the same RNA tube 985 
compared to BCRs shared between diagnosis and 3 or 12 months post-induction 986 
therapy AAV samples. This suggests that the overlap measurements yield realistic 987 
and normalized values at this sampling depth. e) The percentages of persistent BCRs 988 
shared between diagnosis and 3 months post induction therapy, split between patients 989 
receiving different therapies. P-values calculated by two-sided Wilcoxon tests. 990 
Boxplots show the 25th, 50th and 75th percentiles; whiskers show upper and lower 991 
quartiles. 992 
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