O 0 9 N N Kk~ W N =

[\ TR NG T NG TN NG TR N T NG T NG N NG I S Oy S Gy SN T T T e S SOy Sy
N N L A WND= O O 0N RN = O

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506173; this version posted September 2, 2022. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

ZEB2 regulates the development of CD11c+ atypical B cells
Xin Gao', Qian Shen'2, Jonathan A. Roco!, Katie Frith*#, C. Mee Ling Munier®, Maxim
Nekrasov®, Becan Dalton!, Jin-Shu He!, Rebecca Jaeger!, Matthew C. Cook!, John J.

Zaunders’, Ian A. Cockburn'”.

! Immunology and Infectious Disease Division, John Curtin School of Medical Research, the

Australian National University, Canberra, ACT, Australia

2 Francis Crick Institute, London, UK

3 Sydney Children's Hospital, Randwick, NSW, Australia.

4School of Women's and Children's Health, University of New South Wales, Sydney, NSW,

Australia.

> The Kirby Institute, University of New South Wales, Kensington, NSW, Australia

® Australian Cancer Research Foundation Biomolecular Resource Facility, John Curtin

School of Medical Research, The Australian National University, Canberra, ACT, Australia

7 Centre for Applied Medical Research, St Vincent’s Hospital, Sydney, NSW, Australia

* To whom correspondence should be addressed (ian.cockburn@anu.edu.au)

Keywords: ZEB2, Atypical B cells, Mowat-Wilson Syndrome, Malaria, B cells, Antibodies,
CRISPR/Cas9, Single cell RNA-seq


https://doi.org/10.1101/2022.09.01.506173
http://creativecommons.org/licenses/by-nc-nd/4.0/

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506173; this version posted September 2, 2022. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Abstract

CDl11c" atypical B cells (ABC) are an alternative memory B cell lineage identified both in
normal immune responses as well as pathogenic responses in autoimmunity. While it is clear
that ABCs have a distinct transcriptional program, the factors that direct this program have
not been identified. Here, we generated a human tonsil single-cell RNA-seq dataset and
identified candidate transcription factors associated with the ABC population. We selected 8
of these transcription factors for further analysis based on their conserved expression in
mouse ABC bulk RNA-seq datasets. Using an optimized CRSPR-Cas9 knockdown method
we found that only zinc finger E-box binding homeobox 2 (Zeb2) knock-out impaired ABC
formation. To assess the role of Zeb2 in ABC formation in vivo we used Zeb2"™ mice
crossed to a CD23“ line. Germinal center and plasma cell responses in these mice after
Plasmodium sporozoite immunization were largely unaltered but we observed a specific
defect in ABC formation. We further determined that ZEB2 haploinsufficient Mowat Wilson
syndrome patients also have decreased circulating ABCs in the blood, supporting a role for
this transcription factor in humans as well as mice. In sum, we identified Zeb2 as a key TF

governing the formation of ABCs.
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Introduction

Following the resolution of infection, populations of memory lymphocytes, including B cells
persist. Classical memory B cells (cMBCs) express high levels of CD27 and rapidly secrete
antibody in response to restimulation. However non-classical memory B cells have also been
identified in a variety of conditions. A population of FCRL4 expressing B cells was first
identified in the tonsils of individuals undergoing tonsillectomy (1). Phenotypically similar
FCRL4" CD21-CD27- cells were subsequently found at elevated frequencies in the blood of
HIV infected individuals (2). Similarly, individuals exposed to chronic malaria infection also
had prominent populations of CD11¢* CD21-CD27" B cells (3-8). Collectively these cells
associated with chronic infection were designated “atypical” B cells (ABCs). A related
population of IgD~ CD27- CXCR5  CD21" double negative 2 (DN2) B cells has also been
identified in a variety of autoimmune conditions and their number generally correlates with
disease severity (9-11). In animal models older mice were found to have a large population

of CD11c" B cells which were described as age-associated B cells (12, 13).

Recently it has become apparent that these heterogenous cells identified in a variety of
autoimmune and infectious disease conditions nonetheless share a similar transcriptional
signature (7). Moreover, while originally associated with chronic immune conditions or
infection, ABCs have also been seen to respond to acute viral infections such as SARS-CoV-
2 or primary vaccination with yellow fever, vaccinia virus vaccine or attenuated Plasmodium
sporozoites (8, 14, 15). Extending this finding using single-cell RNA-seq (scRNA-seq) we
found that ABCs were abundant not only in malaria exposed individuals, but also non-
exposed European donors, but were undercounted due to the fact that many such cells

retained expression of CD21 and CD27 (8).

While single cell transcriptomic data and associated trajectory analyses suggest that ABCs
are part of an alternative B cell lineage, the key signals and transcription factors (TFs) that
drive the formation of these cells are incompletely understood. IFNy inducible T-box
transcription factor 21 (Tbet) has been frequently found to be expressed on many alternative
lineage cells in autoimmune and infectious disease conditions (5, 10, 16). Moreover ,the
number of circulating CD11¢* CD21°% ABCs was low in one patient with inherited Tbet
deficiency (17). However in animal models of systemic lupus erythematosus (SLE) Tbet has

been found to be dispensable for disease progression and the formation of CD11¢* CD11b*
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ABCs (18, 19). Moreover, in an E. muris model of infection CD19" CD11c¢* ABCs formed
normally in Tbet knockout animals (20).

Here we find, using a variety of human and mouse transcriptomic datasets, that alternative
lineage B cells are consistently associated with the upregulation of several transcription
factors including ZEB2. We developed a CRISPR/Cas9 knockdown screening protocol to
ablate individual TFs and assess ABC formation in vitro and in vivo. In this screen Zeb2 was
the only TF required for ABC development. We further confirmed this result using
Zeb2"1Cd23" mice. Finally, to determine if there was a requirement for ZEB2 in ABC
development in humans we examined the blood of ZEB2 haplo-insufficient Mowat Wilson

syndrome (MWS) patients who showed a specific defect in ABC formation.
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90  Results and Discussion

91

92 Single cell RNA-seq of human tonsils identifies TFs associated with the ABC lineage

93

94  To extend our previous analysis of ABCs in the blood of healthy donors to lymphoid tissues

95  we analysed B cells from the tonsils of two donors by single cell-RNA seq. To correlate

96 transcriptomic data with surface marker expression we included a panel of 14 barcoded

97  antibodies for cellular indexing of transcriptomes and epitopes by sequencing

98 (CITE-seq) analysis. These antibodies (see Key Resource Table) were specific for surface

99  markers that have previously been suggested to delineate different memory B cell subsets
100 (21). Because tonsillar B cells are dominated by IgD" naive cells that were of limited interest
101  to us, we sorted three samples from each donor (i) total tonsil B cells (ii) CD10* IgD"
102  germinal center (GC) tonsillar B cells and (iii) CD10- IgD" memory B cells (Figure 1A;
103 Figure S1A). This allowed us to focus on populations of interest, without losing information
104  about the relative frequencies of each population. In addition to our extended CITE-seq
105  analysis we performed VDJ sequencing on the B cells to determine mutational frequencies.
106
107  Consistent with previous scRNA-seq analyses of lymphoid tissues (22, 23), tonsillar B cells
108  formed three distinct major clusters — a population of antibody secreting cells
109  (plasmablast/plasmacell, PB/PC), a GC supercluster divided into light zone (LZ), dark zone
110  (DZ), proliferating cells (ProGC) and unassigned GC1, GC2, and finally a supercluster of
111 more quiescent cells that were a mix of naive and memory cells (Figure 1B; Figure S1A). In
112 addition to naive cells and classical memory B cells (¢cMBC) this latter cluster included IgD*
113 memory cells, and some Pre-GC memory cells that are enriched with LZ genes such as CD83
114  (Figure S1B). A population of cells expressing FOS, JUN and CD69 was observed, akin to
115  the activated memory B cells in blood observed by us and others (Figure S1B) (8, 24). ABCs
116  could be identified as a distinct peninsular within the memory/naive cluster that was enriched
117  for the expression of previously identified ABC genes and down regulation of cMBC genes
118  (Figure 1C) (25). Cells in this ABC cluster also had the highest surface expression of
119  FCRLA4, CDl1c and CD19 by CITE-seq analysis (Figure 1D). Data has been conflicting on
120  whether ABC formation is dependent on the GC (20, 26), therefore we performed VDJ
121  analysis on identified clusters and we found ABCs were not notably different from cMBCs
122 with respect to their antibody isotype usage (Figure S1C). Moreover, they had only
123 marginally lower frequencies of somatic hypermutation (SHM) compared to cMBCs and GC
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124 B cells (Figure S1D), though SHM inversely correlated with the strength of expression of
125  ABC genes (Figure S1E). These results suggest the majority of tonsillar ABCs are GC-

126  experienced.

127

128  Studies in ABC biology have used different surface markers (such as FCRL4, CD21, CD27
129  and CDl1Ic) to identify ABCs whereas it remains unclear whether these markers have similar
130  power to delineate ABCs from other B cell populations. Therefore, we examined all the

131  surface markers in our CITE-seq dataset and found FCRL4, CD21 and CD11c were most
132 useful to delineate ABC from cMBC in tonsils in both donors (Figure 1E, Figure S1F).

133 Interestingly, we also found GC B cell markers CD95 and CD71 were upregulated in tonsillar
134 ABCs. Closer examination of the surface phenotype of cells in the ABC cluster by the top
135  markers FCRL4 vs CD11c and conventionally used CD27 vs CD21 revealed significant

136  heterogeneity (Figure 1F). The ABC population was 33.6% FCRL4" CD11c* (compared to
137  4.58% of cMBCs) and 41.8% CD21- CD27" (compared to 17.3% of cMBCs). Collectively,
138  these data suggest although FCRL4, CD21 and CD1Ic are the better surface markers for

139  human ABC, they were not as robust as scCRNA-seq analysis and cannot capture the general
140  ABC population.

141

142 To determine what may be the key TFs required for the formation of ABCs we examined

143 which TFs were significantly upregulated in ABCs compared to cMBCs within our dataset.
144  This revealed the top 5 candidate TFs: SOXS5; ZBED2; BHLHE40; ZEB2; and ZBTB32

145  (Figure 1G and H). Ideally, the key TFs should promote ABC genes and suppresses cMBC
146  genes, therefore, we performed an analysis to determine which TF correlated most strongly in
147  individual cells with the expression of the ABC geneset, the surface expression of CD1lc,
148  and which were most inversely correlated with cMBC gene expression and surface CD27
149  expression. In this analysis ZEB2 was the top candidate, though expression of BHLHE40 and
150  SOXS also correlated with the expression of ABC genes (Figure 1I).

151

152 Murine ABCs can be generated in vitro and after sporozoite immunization in vivo

153

154  To investigate the role of individual TFs we sought to develop experimentally tractable

155  models of ABC formation. In agreement with others (27), we identified a population of

156  CDll1c" B cells after infection with rodent malaria P. chabaudi (Figure S2A and B). RNA-

157  seq analysis revealed that these cells had a distinct transcriptional profile from cMBCs
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158  (Figure S2C) characterized by the expression of many genes homologous to those expressed
159 by human ABCs (Figure S2D). However, as ABCs are clearly prominent in the blood and
160  tonsils of otherwise healthy donors we also wanted to establish a model of ABC formation in
161  anon-disease state. Our previous analysis showed that immunization of humans with

162 Plasmodium sporozoites induces a population of ABCs specific for the immunodominant P.
163 falciparum circumsporozoite protein (PfCSP) even after primary immunization (8). We

164  therefore asked if the same might be true in mice. To assess this we transferred PfCSP-

165  specific Igh#2A10 cells (28) to MD4 recipients and immunized with P. berghei-PfCSP

166  sporozoites (PfCSP-SPZ) that express PfCSP in place of the endogenous P. berghei CSP

167  protein (29). The use of recipient Ig-transgenic mice which express an irrelevant BCR - in
168  this case specific for hen egg lysozyme - is an established approach for the study of rare

169  memory cell populations (30). Immune responses were assessed 4, 10 and 21 days post-

170  immunization (Figure 2A). At all time points CD11c¢" and CD11c¢ switched B cells were
171  identified in the spleen, LN, blood and bone marrow of mice (Figure 2B and C), with ABCs
172 being most enriched in the spleen where they peaked on day 10 accounting for ~15% of

173  memory Igh#?A10 cells (Figure 1C). The identity of these cells as ABCs was confirmed by
174  bulk RNA-seq analysis of CD11c¢" and CD11c" cells at each timepoint. CD11c* B cells were
175  clearly separated from CD11c B cells by PCA analysis especially at days 10 and 21 (Figure
176  2D) and they also up-regulated many known ABC genes and down-regulated cMBC genes
177  (Figure 2E).

178

179  To further aid in studies of ABC development we also attempted to define conditions to

180  induce ABCs in vitro (Figure 2F). In our hands we found that IL21 was critical for driving
181  the development of a CD11¢" CD21- cells in vitro after stimulation with anti-CD40 (Figure
182  2G-H), consistent with previous reports about the essential role of IL21 in ABC development
183 (20, 31-33). Based on our analysis of tonsil single cell dataset we further found that ABCs
184  expressed many genes in the TGFp signalling pathway (Figure S2E-F). In agreement with
185  this, the addition of TGFP modestly enhanced ABC formation, while anti-TGF almost

186  completely abolished ABC formation in vitro (Figure 2G-H). TGFf blockade in vivo also
187  mildly impaired ABC formation upon PfCSP-SPZ immunization (Figure S2G-I). However,
188  we found the presence of TGFP or not in the culture did not affect the general ABC

189  programming as illustrated by RNA-seq analysis (Figure 2I-J), suggesting TGFp may play a
190  redundant role during ABC formation.

191
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192 We then asked whether ABCs originated from different contexts share a similar global

193 transcriptomic profile. We performed GSEA across different RNA-seq datasets (including
194  our in vitro and in vivo mouse datasets, human tonsil dataset and datasets from previous

195  publications) and found that these ABCs were transcriptomically highly similar (Figure S2J).
196  Such resemblance was likely controlled by specific transcription factors (TFs), therefore we
197  further analyzed the differently expressed TFs in our in vitro and in vivo mouse models.

198  Consistent with our results in human tonsils, we found that Zeb2 was again highly

199  upregulated in ABCs in both mouse datasets (Figure S2K).

200

201 A CRISPR/Cas9 knock-out screen identifies Zeb?2 is required for ABC formation

202

203 To help systemically identify the key TFs for ABCs, we developed an optimized Cas9

204  ribonuclear protein (RNP) mediated gene knock-out (KO) method to delete individual TFs in
205  cultured B cells. The efficient delivery of RNP by nucleofection has previously been shown
206  to require B cell pre-activation (34, 35). In agreement with this we found anti-CD40 pre-

207  activation was optimal for transfection (Figure S3A-C). To further optimize the gene KO
208 efficiency, we co-transfected our target gene RNP with a sub-optimal concentration of GFP
209  RNP into GFP" B cells. We reasoned that successfully transfected cells would be GFP- by
210  flow cytometry (Figure S3D). We validated this method by KO of Bcl6, the master TF for
211 GC B cells and as predicted, found an enhanced KO efficiency in GFP- cells (80-90% indel)
212 compared to GFP" counterparts (60-75% indel) as determined by Sanger sequencing (Figure
213 S3E). The robustness of this method was further confirmed by the nearly complete

214  abolishment of GC B cells in the transferred Bcl6KO GFP- Ighg?A1? cells following PfCSP-
215  SPZ immunization (Figure S3F-H). Because previous studies have been conflicting on

216  whether ABC formation requires GC (20, 26), we further analyzed the percentages of ABCs
217  in memory Igh#?A1% B cells and found Bcl6 was not required for ABC formation (Figure

218  S3G, S3I). Interestingly, we found GFP KO mildly but significantly affects ABC formation
219  (Figure S3G, S3I). Therefore, in the following experiments we only compared ABC% in
220  GFP- cells to avoid the confounding effects of GFP expression.

221

222 Because ABCs are a highly conserved population (Figure S2J), we hypothesized that the key
223 TFs for ABC should be shared by different RNA-seq datasets. Therefore, we calculated the
224 upregulated TFs in each of our RNA-seq datasets and identified 5 highly shared TFs

225  including Zeb2, Tbx21, Bhlhe40, Tcf712 and Mafb (Figure 3A). We also analyzed Bhlhe41
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226  and Maf because they belong the same families as Bhlhe40 and Mafb respectively. Runx2
227  was previously proposed to play a role in human ABC formation (36) and so was included in
228  our screen. We then used our optimized Cas9 KO method to study the roles of these TFs. We
229  subsequently measured ABC formation either in vitro or by transfer of the Cas9 RNP

230  transfected Igh#?A10 cells into MD4 mice with subsequent PfCSP-SPZ immunization for

231  assessment of in vivo ABC formation (Figure 3B). As expected, the KO of I121r resulted in
232 reduced ABC formation compared to nontarget control by in vitro culture (Figure 3C-D) and
233 atrend of reduction by in vivo PfCSP-SPZ immunization model (Figure 3E-F). Notably, in
234 this system only the KO of Zeb2 reduced ABC formation in both our in vitro and in vivo

235  models (Figure 3C-F). Therefore, we concluded that Zeb? is likely a key TF for ABC

236  formation.

237

238  Zeb?2 deficiency selectively impairs the development of ABCs in mice and humans

239

240  Because our Cas9 system did not fully disrupt the Zeb?2 locus (Figure S4A), and the pre-

241  activation by anti-CD40 might skew the normal development of other B cell lineages like
242 PB/PC and GC B cells, we further studied the role of Zeb2 in ABC formation using a Cre-lox
243  system. Given that Zeb?2 is required for B cell development during pre-pro to pro B cell

244 ftransition (37, 38), we crossed previously described Zeb2"" mice (39) with a Cd23°"¢* line
245 such that Zeb2 would only be ablated in mature B cells. Control mice were Cd23“"¢" and
246  either heterozygous or negative for the Zeb2" allele. In vitro differentiation experiments with
247  these cells reproduced our previous finding and again, we found a strong reduction in ABC
248  formation in both heterozygous Zeb2"* and Zeb2™" B cells compared to Cd23"¢* control B
249  cells (Figure S4B-D). We also checked the expression of other ABC markers and again

250  found an overall impairment of the up-regulation of ABC markers CD11b, CD72, CD19 and
251  the down-regulation of cMBC markers CD21, CD23, CD55 (Figure S4E-F), suggesting that
252 Zeb2 is required for the acquisition of the general ABC phenotype.

253

254  To investigate whether Zeb2 was critical for ABC formation in vivo we further crossed

255 Cd23°re* Zeb 2" mice to the Igh¢*4!? background and transferred splenocytes from the

256  resulting mice into MD4 animals to investigate the outcome of B cell specific Zeb2

257  deficiency in response upon PfCSP-SPZ immunization (Figure 4A). We found Zeb2

258  deficient Ighs?4!9 cells had significantly reduced ABC responses with a lower percentage of

259  ABCs compared to mice that received Zeb2™* Cd23** Ighs*41" B cells with
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260  Zeb2V*Cd23¢r¢" Igh?41? heterozygotes having an intermediate phenotype (Figure 4B-D). Of
261  note however the numbers and proportions of other B cell populations including total IgD"
262  cells, PB/PC, GC B cells and cMBCs were not affected (Figure 4B-C), suggesting Zeb2

263  deficiency selectively impairs ABC formation without affecting other B cell populations.

264  Interestingly, this result also suggests ABCs do not play a significant role in the primary B
265  cell response, though we cannot exclude a role in the development of recall responses.

266

267  Finally, to determine whether ZEB2 may also play a role in ABC development in humans we
268  examined B cells in patients with Mowat-Wilson Syndrome (MWS). MWS is a rare genetic
269  disease in humans (incidence: 1 per 50000-70000 live births (40)) caused by ZEB2

270  haploinsufficiency resulting in developmental abnormalities. Overt immune system defects
271  have not been reported in MWS patients and they have normal immunoglobulin levels and
272  responses to vaccinations (41). However, previous studies also reported the MWS patients
273 have significantly reduced percentages of CD8" T cell in lymphocytes (41) and decreased
274  percentages of B cells in lymphocytes though this was not statistically significant (42). The
275  fact that murine heterozygous CD23¢* Zeb2"* cells had reduced ABC formation both in
276  vitro and in vivo implied that it might be possible to observe a similar phenotype in MWS
277  patients. We therefore analyzed the PBMC samples from 5 MWS patients and 6 age/sex

278  matched healthy controls (HCs) and calculated the percentages of ABCs as well as PB/PC
279  and cMBCs in IgD" B cells. We analyzed the percentage of ABCs in IgD" B cells because

280  different people have large variation on the numbers of IgD* naive B cells due to different
281  antigen exposure history. MWS patients did not have decreased B cell percentages among
282  lymphocytes suggesting they have normal B cell development (Figure S4G). However,

283  MWS patients had significantly decreased percentages of ABCs in IgD" B cells compared to
284  HCs while the development of other B cell subsets like PB/PC and cMBCs appeared to be
285  normal (Figure 4E-F). Consistent mouse and human results suggest Zeb2 deficiency

286  selectively impairs ABC formation, further strengthening our conclusion that Zeb2 as a key
287  TF for ABC formation.

288

289  The identification of ABCs, not only in disease states but also in normal responses raises key
290  questions about their functional role. In SLE they have been proposed to be a pathogenic sub-
291  type responsible for the secretion of autoantibodies (10, 12, 43). In this context a recent pre-
292  print study also suggests that Zeb2 may be the a key driver of the ABC program by binding to
293  the ltgax and Itgam TF regulatory locus and activating via the Jak-Stat pathway (44). Another

10
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294  possible function for ABC is antigen presentation to T cells (43, 45) especially membrane
295  bound antigen (46). Consistent with this, Zeb2 has been shown to be critical for the

296  development of cDC2 cells responsible for the priming of Th2 cells upon Heligmosomoides
297  polygyrus infection (47, 48).

298

299  Here we show that Zeb? is selectively required for the ABC formation that is observed after
300  vaccination in mice and natural antigen exposure in humans. However, a key limitation in our
301  study is we have been unable to detect any obvious impairment of the B cell responses in

302  Zeb2 deficient mice and humans that would otherwise be indicative of the normal function of
303  these cells. Moreover, our current knowledge of ABC biology is hampered by the lack of a
304  valid method to specifically deplete ABCs for functionally studies. Therefore, the CD23¢/*
305  Zeb2" mice may be a useful tool for this purpose. A second limitation is that we have been
306  unable to overexpress Zeb2 in B cells to determine if expression of this transcription is

307  sufficient to drive the ABC transcriptional program. Nonetheless, the finding of the key TF
308 that selectively required for ABC formation is conceptually important because it

309  demonstrates that these alternative B cells represent a distinct lineage. Our future studies will
310  extend from the context of primary immunization to investigate the responses to antigen

311 recall and to fulminant malaria infection in Zeb?2 deficient animals.

11
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312  Materials and Methods

313

314 RESOURCE AVAILABILITY

315

316  Lead contact

317  Further information and requests for resources and reagents should be directed to and will be

318 fulfilled by the lead contact, lan A. Cockburn (ian.cockburn@anu.edu.au).

319  Materials availability

320  This study did not generate new unique reagents.

321  Data and code availability

322 The original and processed single-cell and bulk RNA-seq data have been deposited at GEO
323  and will be publicly available as of the date of final publication. The original code for

324  bioinformatic analysis is available in this paper’s supplemental information. Any additional
325 information required to reanalyze the data reported in this paper is available from the lead
326  contact upon request.

327

328 EXPERIMENTAL MODEL AND SUBJECT DETAILS

329

330  Ethics statement

331  The study on human tonsillar cells was approved by the Australian National University
332  Human Experimentation Ethics Committee and Australian Capital Territory Government
333 Centre for Health and Medical Research (Protocol numbers: ANU 2012/517; ACT Health
334  ETH.4.06.268). The study on MWS patient and age/gender matched healthy controls was
335  approved by the Sydney Children’s Hospitals Network Human Research Ethics Committee
336 (MWS patients, protocol number: LNR/15/SCHN/195) and St Vincent’s Hospital Sydney
337  Human Research Ethics Committee (healthy controls, protocol numbers:

338  HREC/13/SVH/145; 2019/ETH03336). All research involving human samples was

339  conducted in accordance National Statement on Ethical Conduct in Human Research 2018.
340  All animal procedures were approved by the Animal Experimentation Ethics Committee of
341  the Australian National University (Protocol number: 2019/36). All research involving

342  animals was conducted in accordance with the National Health and Medical Research

343  Council’s Australian Code for the Care and Use of Animals for Scientific Purposes and the
344  Australian Capital Territory Animal Welfare Act 1992.

345
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346  Human samples

347  Human tonsils were obtained from two children (median age (range): 4.5 (4-5) yrs, 2/2

348  female) underwent tonsillectomy. PBMC samples were collected from five MWS patients
349  (median age (range)= 12 (3-21) yrs, 1/6 female) and six healthy controls (median age

350  (range)=21.5 (21-24) yrs, 2/6 female).

351

352 Mice

353  C57BL/6 mice, MD4 (49) and Igh#?A1° (28) were bred in-house at the Australian National
354  University. All mice were on a C57BL/6 background. Mice used for the experiment were 5 to
355 8 weeks, and they were age matched for each experiment groups. Mostly female mice were
356  used throughout the experiments, and were bred and maintained under specific pathogen free
357  conditions in individually ventilated cages at the Australian National University.

358

359  Parasites

360  P. berghei parasites engineered to express P. falciparum CSP in place of the endogenous P.
361  berghei CSP molecule were used throughout the study for immunization (29) and were

362  maintained by serial passage through Anopheles stephensi mosquitoes. P. chabaudi parasites
363  were maintained by serial passage through mouse blood stage infection.

364

365 METHOD DETAILS

366

367  Tonsiliar cell preparation for scRNA-seq

368  Tonsils were cut into fine pieces and smashed against a 70um cell strainer. The tonsillar

369  mononuclear cells were then purified by Ficoll-Paque Plus (GE) density gradient separation.
370  After Fc blocking, tonsillar mononuclear cells were incubated in antibody cocktail on ice for
371 30 min followed by flow cytometry sorting for total B cells, GC B cells and memory B cells.
372  The sorted cells were then incubated with Totalseq-C antibodies (1:50 dilution) on ice for 30
373  min, washed 3 times (by default, top up with 2% FBS (Gibco) in DPBS (Sigma) to 10 mL
374  and centrifuging at 800g for 3-5min), counted and mixed at 1:1:1 ratio. 1 x 10* mixed cells
375  were loaded onto each lane of the 10X Chromium platform (10X Genomics). Library

376  preparation was completed by Biomedical Research Facility (BRF) at the JCSMR following
377  the recommended protocols. Libraries were sequenced using the NovaSeq6000 (Illumina).

378  The 10X Cell Ranger package was used to process transcript, CITE-seq and VD] libraries for
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379  downstream analysis. Details of all key reagents for single-cell RNA-seq are given in the Key
380  resources table.

381

382  Immunization and infection

383  For immunization, mice were IV injected with 5 x 10* irradiated (15kRad) Pb-PfSPZ in

384  DPBSnbsdissected by hand from the salivary glands of Anopheles stephensi mosquitoes. For
385 infection, mice were IV injected with 1 x 10° P. chabaudi infected red blood cells in DPBS.
386  100ug anti-TGFb antibody (Bioxcell) per mouse per dose was administered by IP injection.
387

388  Cas9 RNP preparation and nucleofection

389  Anti-PE MACS beads (Miltenyi) enriched B220-PE" GFP" splenic mouse B cells were

390 resuspended in complete RPMI media (Gibco) at 5 million cells per mL and stimulated by
391  10ug/mL anti-CD40 antibody for 24h. After wash once by DPBS, 1 million pre-activated B
392 cells were resuspended in RNP solution for each nucleofection. RNP solution (for each

393  nucleofection) was prepared by mixing 250 nmol target gene sgRNA+ 50 nmol eGFP

394 sgRNA+ 50 nmol SpCas9 2NLS Nuclease (Synthego) in 50 pL mouse B cell nucleofection
395  buffer (Lonza) at RT for 30min. The nucleofection was then performed by AMAXA

396  Nucleofector I device X-01 program (Lonza). The nucleofected cells were rested in the

397  cuvette at RT for 10min before being transferred out for downstream applications. Details of
398  all reagents for Cas9 RNP preparation are given in the Key resources table.

399

400  Cell culture

401  MACS enriched naive mouse B cells or Cas9 RNP transfected B cells were cultured for 4
402  days in 200 pL complete RPMI media per well of 96-well plate (Nunc) in the presence of 3
403  pg/ml anti-CD40 antibody (Biolegend) w/wo 50 ng/mL IL-21, Sng/mL human TGFb

404  (Peprotech) and 10ug/mL anti-TGFb. Media is changed on day2 by gently aspirating 180 uL.
405  old media and adding 180 uL new media (we found changing media, especially the renewal
406  of IL-21, is essential for successful ABC differentiation).

407

408  Flow Cytometry

409  For phenotyping MWS patients and healthy controls, 100 pL of fresh Na heparin anti-

410  coagulated peripheral blood was stained with monoclonal antibodies (mAb) according to the
411  manufacturers’ directions, incubated for 15 min at RT, lysed with Optilyse C (Beckman

412 Coulter) for 10 min at RT, washed and resuspended in 250 puL 0.5% paraformaldehyde in
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413  PBS for further flow cytometry analysis. For mouse studies, ACK lysis buffer treated splenic
414  cells, blood cells, bone marrow cells or cultured B cells were Fc blocked on ice for 10min
415  and top up by the same volume of 2x concentrated antibody cocktail for another 1h on ice,
416  followed by one wash and flow cytometry analysis. Details of antibodies are given in the Key
417  resources table.

418

419  Sanger sequencing to calculate indel frequency

420  Genomic DNA were extracted from untreated or Cas9 RNP nucleofected cells (24h after

421  transfection) according to manufacturer’s instruction (Monarch). The ~500bp DNA sequence
422  flanking the expected cutting site were amplified by PCR and Sanger sequenced using

423  another inner primer. The unedited and Cas9 edited sequences were then analyzed by the

424 Synthego ICE tool for indel frequency calculation. Primer sequences to amplify the Bcl6

425  locus: forward: TTTGGGCCTTACAGGGCAAG; reverse: GCTTGTTTTACAGCGGCCTG;
426  inner: GTGTCTGCCTAGAGCATGTGA. Primer sequences to amplify the Zeb2 locus:

427  forward: TCCAGAAGGGCGATGGAAAG; reverse: TGAATATGTGGGGGCATTGGT;
428  inner: CACTTACCTGGACCGGCTAC.

429

430  RNA extraction and bulk RNA-seq

431 2 x10%to 1 x 10° sorted B cells per sample were centrifuged at 800g for 8min and total RNA
432 was extracted using RNeasy Micro Kit (Qiagen) following the recommended protocol. The
433 RNA concentration and RNA integrity number (RIN) were measured by Bioanalyzer RNA
434 6000 pico assay (Agilent). Total RNA samples with RIN >6.0 and concentration >30pmol/uL
435  were submitted to BRF at the JCSMR for downstream process. Library preparation and

436  sequencing was completed using NEBNext® Single Cell/Low Input RNA Library Prep Kit
437  (NEB) and NextSeq 550 (Illumina) following recommended protocol.

438

439  Bioinformatic analysis of scRNA-seq dataset

440  The analysis of 10X scRNA-seq dataset has been described in our previous publication (8). In
441  brief, transcripts and CITE-seq library outputs were loaded into Seurat package (50) for

442  unwanted cell removal, clustering, annotation and visualization such as UMAP, violin plot,
443  feature plot and dot plot. VDJ analysis were performed by IMGT/HighV-QUEST for SHM
444  frequency and Ig isotype assignment. The FACS plots were made by Flowjo using the

445  exported CITE-seq antibody expression values. All the details can be found in the original

446  code which is available in this paper’s supplemental information.
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447

448  Bioinformatic analysis of bulk RNA-seq dataset

449  The bulk RNA-seq dataset were analyzed by published pipelines (51, 52). The generated

450  single-end 75bp reads were processed under the Galaxy project online platform and the

451  mapped count files were then analyzed by Limma for cpm normalization, PCA plot

452  generation and differentially expressed genes calculation. Gene set enrichment analysis

453  (GSEA) was performed by fgsea. The details of pre-ranked genes and gene sets are available
454  in this paper’s supplemental information.

455

456 QUANTIFICATION AND STATISTICAL ANALYSIS

457  Statistical analysis was performed by Prism software (GraphPad). All data were assumed
458  Gaussian distributed thus comparisons between two groups were performed by two- tailed
459  parametric (for mice data) or nonparametric (for human data) t-test and multiple comparisons
460  were performed by one-way ANOVA post hoc Dunnett or Tukey test using the default

461  settings of Prism. P values < 0.05 were considered significant and specified in the paper.

462

463  Acknowledgments

464  We thank supports from Harpreet Vohra and Michael Devoy of the Imaging and Cytometry
465  Facility at the Australian National University.

466

467  Author contributions

468  Study design: X.G., K.F., J.J.Z. and [.A.C..; Generation of human tonsil scRNA-seq dataset:
469 Q.S., X.G., M.N. and M.C.C.; Bioinformatic analysis of scRNA-seq dataset: X.G. and J.A.R.;
470  Generation of mouse bulk RNA-seq datasets: X.G., B.D. and M.N.; Bioinformatic analysis of
471  bulk RNA-seq datasets: X.G., B.D. and R.J.; CRISPR-Cas9 system optimization: X.G. and
472 J.H.; Mouse experiments: X.G.; MWS patients and healthy donors sample collection and

473  flow cytometry analysis: K.F.; CM.M.; J.Z.; X.G.; and [.A.C.; Manuscript writing: I.A.C.
474  and X.G. All authors reviewed and approved the final version.

475

476  Funding

477  X.G. is supported by a PhD studentship from the Australian National University. Work in the
478  Cockburn Lab is supported by an NHMRC Investigator Grant to [.A.C (GNT2008648). The
479  funders had no role in the drafting of the manuscript or the decision to publish.

480

16


https://doi.org/10.1101/2022.09.01.506173
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506173; this version posted September 2, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

481 Conflict of interest

482  The authors declare that the research was conducted in the absence of any commercial or

483  financial relationships that could be construed as a potential conflict of interest.
484

17


https://doi.org/10.1101/2022.09.01.506173
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506173; this version posted September 2, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

485  References
486

487 1. Ehrhardt GR, Hsu JT, Gartland L, Leu CM, Zhang S, Davis RS, et al. Expression of
488  the immunoregulatory molecule FCRH4 defines a distinctive tissue-based population of

489  memory B cells. J Exp Med. 2005;202(6):783-91.

490 2. Moir S, Ho J, Malaspina A, Wang W, DiPoto AC, O'Shea MA, et al. Evidence for
491  HIV-associated B cell exhaustion in a dysfunctional memory B cell compartment in HIV-
492  infected viremic individuals. J Exp Med. 2008;205(8):1797-805.

493 3. Weiss GE, Crompton PD, Li S, Walsh LA, Moir S, Traore B, et al. Atypical memory
494 B cells are greatly expanded in individuals living in a malaria-endemic area. J Immunol.
495  2009;183(3):2176-82.

496 4. Portugal S, Tipton CM, Sohn H, Kone Y, Wang J, Li S, et al. Malaria-associated
497  atypical memory B cells exhibit markedly reduced B cell receptor signaling and effector
498  function. Elife. 2015;4.

499 5. Obeng-Adjei N, Portugal S, Holla P, Li S, Sohn H, Ambegaonkar A, et al. Malaria-
500  induced interferon-gamma drives the expansion of Tbethi atypical memory B cells. PLoS
501  Pathog. 2017;13(9):e1006576.

502 6. Sundling C, Ronnberg C, Yman V, Asghar M, Jahnmatz P, Lakshmikanth T, et al. B
503  cell profiling in malaria reveals expansion and remodelling of CD11c+ B cell subsets. JCI
504  Insight. 2019;5.

505 7. Holla P, Dizon B, Ambegaonkar AA, Rogel N, Goldschmidt E, Boddapati AK, et al.
506  Shared transcriptional profiles of atypical B cells suggest common drivers of expansion and
507  function in malaria, HIV, and autoimmunity. Science Advances. 2021;7(22):eabg8384.

508 8. Sutton HJ, Aye R, Idris AH, Vistein R, Nduati E, Kai O, et al. Atypical B cells are
509  part of an alternative lineage of B cells that participates in responses to vaccination and

510 infection in humans. Cell Rep. 2021;34(6):108684.

511 9. Wei C, Anolik J, Cappione A, Zheng B, Pugh-Bernard A, Brooks J, et al. A new
512 population of cells lacking expression of CD27 represents a notable component of the B cell
513  memory compartment in systemic lupus erythematosus. J Immunol. 2007;178(10):6624-33.
514  10. Jenks SA, Cashman KS, Zumaquero E, Marigorta UM, Patel AV, Wang X, et al.
515  Distinct Effector B Cells Induced by Unregulated Toll-like Receptor 7 Contribute to

516  Pathogenic Responses in Systemic Lupus Erythematosus. Immunity. 2018;49(4):725-39 ¢6.
517 11.  LiY,LiZ, HuF. Double-negative (DN) B cells: an under-recognized effector

518  memory B cell subset in autoimmunity. Clin Exp Immunol. 2021;205(2):119-27.

519  12. Rubtsov AV, Rubtsova K, Fischer A, Meehan RT, Gillis JZ, Kappler JW, et al. Toll-
520  like receptor 7 (TLR7)-driven accumulation of a novel CD11¢(+) B-cell population is

521  important for the development of autoimmunity. Blood. 2011;118(5):1305-15.

522 13. Hao Y, O'Neill P, Naradikian MS, Scholz JL, Cancro MP. A B-cell subset uniquely
523  responsive to innate stimuli accumulates in aged mice. Blood. 2011;118(5):1294-304.

524  14. Woodruff MC, Ramonell RP, Nguyen DC, Cashman KS, Saini AS, Haddad NS, et al.
525  Extrafollicular B cell responses correlate with neutralizing antibodies and morbidity in

526  COVID-19. Nat Immunol. 2020;21(12):1506-16.

527 15. Knox JJ, Buggert M, Kardava L, Seaton KE, Eller MA, Canaday DH, et al. T-bet+ B
528  cells are induced by human viral infections and dominate the HIV gp140 response. JCI

529  Insight. 2017;2(8).

530 16. Austin JW, Buckner CM, Kardava L, Wang W, Zhang X, Melson VA, et al.

531  Overexpression of T-bet in HIV infection is associated with accumulation of B cells outside
532  germinal centers and poor affinity maturation. Science translational medicine.

533 2019;11(520):eaax0904.

18


https://doi.org/10.1101/2022.09.01.506173
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506173; this version posted September 2, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

534  17. Yang R, Avery DT, Jackson KJ, Ogishi M, Benhsaien I, Du L, et al. Human T-bet
535  governs the generation of a distinct subset of CD11chighCD21low B cells. Science

536  Immunology. 2022;7(73):eabq3277.

537 18. Du SW, Arkatkar T, Jacobs HM, Rawlings DJ, Jackson SW. Generation of functional
538  murine CD11c(+) age-associated B cells in the absence of B cell T-bet expression. Eur J

539  Immunol. 2019;49(1):170-8.

540 19. Ricker E, Manni M, Flores-Castro D, Jenkins D, Gupta S, Rivera-Correa J, et al.

541  Altered function and differentiation of age-associated B cells contribute to the female bias in
542 lupus mice. Nat Commun. 2021;12(1):4813.

543  20.  Levack RC, Newell KL, Popescu M, Cabrera-Martinez B, Winslow GM. CD11¢(+)
544  T-bet(+) B Cells Require IL-21 and IFN-gamma from Type 1 T Follicular Helper Cells and
545  Intrinsic Bcl-6 Expression but Develop Normally in the Absence of T-bet. J Immunol.

546 2020;205(4):1050-8.

547  21. Glass DR, Tsai AG, Oliveria JP, Hartmann FJ, Kimmey SC, Calderon AA, et al. An
548  Integrated Multi-omic Single-Cell Atlas of Human B Cell Identity. Immunity.

549  2020;53(1):217-32 €5.

550  22. King HW, Orban N, Riches JC, Clear AJ, Warnes G, Teichmann SA, et al. Single-cell
551  analysis of human B cell maturation predicts how antibody class switching shapes selection
552 dynamics. Science Immunology. 2021;6(56):eabe6291.

553 23. Turner JS, Zhou JQ, Han J, Schmitz AJ, Rizk AA, Alsoussi WB, et al. Human

554  germinal centres engage memory and naive B cells after influenza vaccination. Nature.

555 2020;586(7827):127-32.

556 24, Zhang C, Zhang TX, Liu Y, Jia D, Zeng P, Du C, et al. B-Cell Compartmental

557  Features and Molecular Basis for Therapy in Autoimmune Disease. Neurol Neuroimmunol
558  Neuroinflamm. 2021;8(6).

559  25. Sullivan RT, Kim CC, Fontana MF, Feeney ME, Jagannathan P, Boyle MJ, et al.

560  FCRLS5 Delineates Functionally Impaired Memory B Cells Associated with Plasmodium

561  falciparum Exposure. PLoS Pathog. 2015;11(5):e1004894.

562  26. Song W, Antao OQ, Condiff E, Sanchez GM, Chernova I, Zembrzuski K, et al.

563  Development of Tbet- and CD11c-expressing B cells in a viral infection requires T follicular
564  helper cells outside of germinal centers. Immunity. 2022;55(2):290-307 e5.

565 27.  Perez-Mazliah D, Gardner PJ, Schweighoffer E, McLaughlin S, Hosking C, Tumwine
566 1, et al. Plasmodium-specific atypical memory B cells are short-lived activated B cells. Elife.
567  2018;7.

568  28. McNamara HA, Idris AH, Sutton HJ, Vistein R, Flynn BJ, Cai Y, et al. Antibody
569  Feedback Limits the Expansion of B Cell Responses to Malaria Vaccination but Drives

570  Diversification of the Humoral Response. Cell Host Microbe. 2020;28(4):572-85 e7.

571  29. Espinosa DA, Christensen D, Munoz C, Singh S, Locke E, Andersen P, et al. Robust
572  antibody and CD8(+) T-cell responses induced by P. falciparum CSP adsorbed to cationic
573  liposomal adjuvant CAF09 confer sterilizing immunity against experimental rodent malaria
574  infection. NPJ Vaccines. 2017;2.

575 30.  Zuccarino-Catania G, Shlomchik M. Adoptive Transfer of Memory B Cells. Bio-
576  protocol. 2015;5(16):e1563.

577  31. Naradikian MS, Myles A, Beiting DP, Roberts KJ, Dawson L, Herati RS, et al.

578  Cutting Edge: IL-4, IL-21, and IFN-gamma Interact To Govern T-bet and CD11c Expression
579  in TLR-Activated B Cells. J Immunol. 2016;197(4):1023-8.

580  32. Wang S, Wang J, Kumar V, Karnell JL, Naiman B, Gross PS, et al. IL-21 drives

581  expansion and plasma cell differentiation of autoreactive CD11c(hi)T-bet(+) B cells in SLE.
582  Nat Commun. 2018;9(1):1758.

19


https://doi.org/10.1101/2022.09.01.506173
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506173; this version posted September 2, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

583  33. Manni M, Gupta S, Ricker E, Chinenov Y, Park SH, Shi M, et al. Regulation of age-
584  associated B cells by IRF5 in systemic autoimmunity. Nat Immunol. 2018;19(4):407-19.
585  34. Pesch T, Bonati L, Kelton W, Parola C, Ehling RA, Csepregi L, et al. Molecular

586  Design, Optimization, and Genomic Integration of Chimeric B Cell Receptors in Murine B
587  Cells. Front Immunol. 2019;10:2630.

588  35. Hartweger H, McGuire AT, Horning M, Taylor JJ, Dosenovic P, Yost D, et al. HIV-
589  specific humoral immune responses by CRISPR/Cas9-edited B cells. Journal of Experimental
590  Medicine. 2019;216(6):1301-10.

591  36. Ehrhardt GR, Hijikata A, Kitamura H, Ohara O, Wang JY, Cooper MD.

592  Discriminating gene expression profiles of memory B cell subpopulations. J Exp Med.

593  2008;205(8):1807-17.

594  37.  Scott CL, Omilusik KD. ZEBs: Novel Players in Immune Cell Development and

595  Function. Trends Immunol. 2019;40(5):431-46.

596  38. LiJ, Riedt T, Goossens S, Carrillo Garcia C, Szczepanski S, Brandes M, et al. The
597  EMT transcription factor Zeb2 controls adult murine hematopoietic differentiation by

598  regulating cytokine signaling. Blood. 2017;129(4):460-72.

599  39. Higashi Y, Maruhashi M, Nelles L, Van de Putte T, Verschueren K, Miyoshi T, et al.
600  Generation of the floxed allele of the SIP1 (Smad-interacting protein 1) gene for Cre-

601  mediated conditional knockout in the mouse. Genesis. 2002;32(2):82-4.

602 40. Evans E, Einfeld S, Mowat D, Taffe J, Tonge B, Wilson M. The behavioral phenotype
603  of Mowat-Wilson syndrome. Am J Med Genet A. 2012;158A(2):358-66.

604 41. Frith K, Munier CML, Hastings L., Mowat D, Wilson M, Seddiki N, et al. The Role of
605  ZEB2 in Human CD8 T Lymphocytes: Clinical and Cellular Immune Profiling in Mowat-
606  Wilson Syndrome. Int J Mol Sci. 2021;22(10).

607  42. Omilusik KD, Best JA, Yu B, Goossens S, Weidemann A, Nguyen JV, et al.

608  Transcriptional repressor ZEB2 promotes terminal differentiation of CD8+ effector and

609  memory T cell populations during infection. J Exp Med. 2015;212(12):2027-39.

610  43. Zhang W, Zhang H, Liu S, Xia F, Kang Z, Zhang Y, et al. Excessive

611  CDllc(+)Tbet(+) B cells promote aberrant TFH differentiation and affinity-based germinal
612  center selection in lupus. Proc Natl Acad Sci U S A. 2019;116(37):18550-60.

613  44. Gu S, Han X, Yao C, Ding H, Zhang J, Hou G, et al. The transcription factor Zeb2
614  drives differentiation of age-associated B cells. bioRxiv. 2021:2021.07.24.453633.

615 45. Rubtsov AV, Rubtsova K, Kappler JW, Jacobelli J, Friedman RS, Marrack P. CD11c-
616  Expressing B Cells Are Located at the T Cell/B Cell Border in Spleen and Are Potent APCs.
617  JImmunol. 2015;195(1):71-9.

618  46. Ambegaonkar AA, Kwak K, Sohn H, Manzella-Lapeira J, Brzostowski J, Pierce SK.
619  Expression of inhibitory receptors by B cells in chronic human infectious diseases restricts
620  responses to membrane-associated antigens. Science advances. 2020;6(30):eaba6493.

621  47. Scott CL, Soen B, Martens L, Skrypek N, Saelens W, Taminau J, et al. The

622  transcription factor Zeb2 regulates development of conventional and plasmacytoid DCs by
623  repressing 1d2. J Exp Med. 2016;213(6):897-911.

624  48. Liu TT, Kim S, Desai P, Kim DH, Huang X, Ferris ST, et al. Ablation of cDC2

625  development by triple mutations within the Zeb2 enhancer. Nature. 2022;607(7917):142-8.
626 49. Goodnow CC, Crosbie J, Adelstein S, Lavoie TB, Smith-Gill SJ, Brink RA, et al.
627  Altered immunoglobulin expression and functional silencing of self-reactive B lymphocytes
628  in transgenic mice. Nature. 1988;334(6184):676-82.

629  50. Hao Y, Hao S, Andersen-Nissen E, Mauck WM, 3rd, Zheng S, Butler A, et al.

630 Integrated analysis of multimodal single-cell data. Cell. 2021;184(13):3573-87 ¢29.

20


https://doi.org/10.1101/2022.09.01.506173
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506173; this version posted September 2, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

631 51. Jalili V, Afgan E, Gu Q, Clements D, Blankenberg D, Goecks J, et al. The Galaxy
632  platform for accessible, reproducible and collaborative biomedical analyses: 2020 update.
633  Nucleic acids research. 2020;48(W1):W395-W402.

634 52. Law CW, Alhamdoosh M, Su S, Dong X, Tian L, Smyth GK, et al. RNA-seq analysis
635  iseasy as 1-2-3 with limma, Glimma and edgeR. F1000Res. 2016;5.

636

21


https://doi.org/10.1101/2022.09.01.506173
http://creativecommons.org/licenses/by-nc-nd/4.0/

637
638

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506173; this version posted September 2, 2022. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Figures
A B C Gene set: ABC_up
a e Total B, GCB and MemB 9598 cells
—» cellssorted, CITE-seq o ¢ analysis 0.08
antibodies stained and after QC 0.04
pooled for 10X scRNA-seq --0.00
Tonsils from
2 individuals

Lymphocytes Total B
o 10t ’ §103
S Total B| @ 0.13
iy g 1074 @ 1009
S° Of - | edpc & Toos
s ~ i emB ? 0
0 100K 200K -10° 0 100 10¢ -10° 0 10° 104
FSC-A CD19-PECY7 1gD-PECF594 e g 3
UMAP_1
Tag1ttas Scaled FCRL4_ D 4]
TTa ﬁfﬁi expres-  CD11c| & ©
. Ep2 sion CD95 q as
H CXCR3 cD71-| & 32
% CD73 FCRL5| 72
£ oo CcD19-] o
5 cDi9 ] _ “o
8 FCRL5 = 0 IgD ]
o CD11c . CD138—
$ FCRL4 I CD38—|
'-":J CD38 -3 cD27-
5 &2 Sra I .
C)C(:%%g . || C)((:C?I;g: b —e— Donor 1 02
o
cori h - cD21- Ponor2 & |
@ 000 R0 L0 N VLS I 1 o
S ® vo@qqﬁz@@%,@@ S 1 0 1 o
\fi,b@ @ && ABC surface expression 3
vg:\\/v/'<2 Q (Deviation from cMBC) —  eD21-CLR
G |
ABC vs cMBC TFs Pregate: ABC
ZEB2 i_l__l_ l_L_l__L__L_L_..L_l_ Correlation
e SOX5
80 ZEB2 >< coefficient
1
° BHLHE40 }_L_L l
2 ZBED?2 -L-L —l-—'-~J——‘——L——l— BHLHE40 X X
= 0
o 40
BHLHE40
3 e zER? SOX8 L»J_J_J_l_‘_J_lJ_J.J_.U. SOXS X X X
2 »—Z7BTB32 y
©
S 20 zBED2 X X X X Not
% ZBED2 ‘L-Llill—l-—LJ—J-—l—J——L significant
o
= zBTB32 X X X X
ZBTB32
’ 00 025 050 075 } lli‘LLLLJ"L_L_LL DA A
-0.25 0. . . . 7 N 7
S VO © SR N SR
Log2(fold change) q ®b& @Q’\?\QG «@\//{, 000%\% Y é@\? 5 ¢ ‘0@ &
X : &
\§\ Q& Q‘Q) e}\% < 2 0(90 C}\Q/
© & o &

Figure 1. Single cell RNA-seq of human tonsils identifies TFs associated with the ABC lineage. Human
tonsil total B cells, GC B cells and memory B cells were sorted, labelled by CITE-seq antibodies and mixed at
1:1:1 ratio for 10X scRNA-seq. The data was processed through Cellranger pipeline and analyzed by Seurat
package. (A) Experiment design and gating strategy for sorting. (B) UMAP of B cells with identified clusters.
(C) Feature plot showing the average expression of ABC and cMBC gene sets. (D) Heatmap of surface marker
expression of all identified clusters by CITE-seq. (E) Statistics showing the relative expression of indicated
surface markers in ABC comparing to cMBC. The deviation values were calculated as ABC CLR median value
minus cMBC CLR median value. (F) Representative FACS plot showing the expression of indicated genes by
CITE-seq. (G) Volcano plot comparing the expressions of TFs in ABC and cMBC, the top5 TFs were
highlighted. (H) Stacked violin plot showing the expression of the top5 TFs in all clusters. (I) Pearson
correlation tests between TFs expression and indicated features in each cell in ABC cluster were performed and
the summarized as heatmap.
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Figure 2. Murine ABCs can be generated in vitro and after sporozoite immunization in vivo. (A-E) 10*
Igh#?A10 B cells were IV injected into MD4 mice, followed by PfCSP-SPZ immunization. Spleens, blood, LNs
and BM were analysed on day4, day10 and day21 after immunization. Splenic memory Igh#?A1® CD11¢" and
CD11c" cells were also sorted for bulk RNA-seq analysis. (A) Experiment design. (B) Representative FACS
plot for splenic ABCs percentages in memory Igh#2A10, (C) Statistics of cMBC and ABC Igh#?A1? total cell count
and percentage in memory cells. (D) PCA plot comparing the transcriptomes of CD11¢” and CD11¢" memory
Igh#*A10 cells on all timepoints. (E) Heatmap showing the expression of ABC and ¢cMBC signature genes in all
samples. (F-J) MACS enriched mouse B cells were cultured with anti-CD40 w/wo IL-21 and TGFp for 4 days
followed by FACS analysis or sorting (B220" CD138") for bulk RNA-seq analysis. (F) Experiment design. (G)
Representative FACS plot and (H) statistics of CD11¢* CD21/35% cells for each culture condition. (I) PCA plot
comparing the transcriptomes of B cells cultured under indicated conditions. (J) Heatmap showing the
expression of ABC and cMBC signature genes in all samples. The results in (C) and (H) were pooled from two
independent experiments. The P values were calculated by One-way ANOVA.
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Figure 3. A CRISPR/Cas9 knock-out screen identifies Zeb2 is required for ABC formation. (A) Venn
diagram showing the numbers of significantly upregulated TFs in indicated RNA-seq datasets by comparing
ABC vs cMBC. Threshold were set as follows: Human tonsil (FDR <0.01), the other datasets: (P <0.05,
Log2FC >0.5). (B-F) MACS purified Igh#*A!1°B cells were pre-activated by 10ug/ml anti-CD40 for 24h,
followed by Cas9-RNP nucleofection and a proportion of cells were culture for 4 days with anti-CD40, IL-21
and TGFp followed by FACS analysis. The rest of cells were transferred into MD4 followed by PfCSP-SPZ
immunization. (B) Experiment design. (C) Representative FACS plots and (D) statistics showing the ratio of
CDI11c" CD21/35% cells in CD138 B cells transfected by different Cas9 RNPs. (E) Representative FACS plots
and (F) statistics showing the percentages of ABCs in GFP- memory Igh#*!% B cells. The results were pooled
from four independent experiments for (D) and (F). Each Cas9 RNP was tested by at least two independent
experiments with two to three replicates for each experiment. Data normalization was performed by calculating
the percentage of nontarget in each individual experiment and then the data was pooled. The P values were
calculated by One-way ANOVA.
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Figure 4. Zeb?2 deficiency selectively impairs the development of ABCs in mice and humans. (A-D) 10*
Cd23ere’* Zeb2 ™ Wwtor Vil [oh 2410 B cells were transferred into MD4 mice followed by PfCSP-SPZ
immunization, the spleens were analyzed on day10. (A) Experiment design. (B) Representative FACS plot and
(C, D) statistics showing the formation of indicated Igh#*A!° B cell populations. (E-F) PBMC samples from 5
MWS patients and 6 healthy controls were FACS analyzed. (E) Representative FACS plots and (F) statistics
showing the percentages of indicated B cell populations. The results for (C, D) were pooled from two
independent experiments. The P values were calculated by one-way ANNOVA for (D) and Mann Whitney U

test for (F).
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703  Figure S1. scRNA-seq analysis on human tonsil B cells. (A) UMAP of sorted total B cells, GC B cells and
704 memory B cells labelled by Hashtag 1, 2 and 3 respectively.(B) Dot plot showing the expression of marker
705 genes for each cell cluster identified by FindAllMarkers function. (C-E) VDI sequences were mapped to IMGT
706 database through V-QUEST to identify heavy chain usage and mutation frequency for each cell. (C) The

707  distribution of immunoglobulin isotypes for each cell clusters. (D) Statistics of SHM frequency for each cell
708 clusters. I Pearson correlation analysis between the SHM frequency and the average expressions of ABC genes
709 in ABC cluster. (F) The histograms comparing the expressions of all markers between ABC and cMBC

710  identified by CITE-seq.
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713 Figure S2. Murine models of ABC formation. (A-D) WT mice were infected by IV injecting 10° P. chabaudi
714 iRBC and spleens were analysed on day50. CD71" resting CD11c¢" and CD11¢” memory B cells were also sorted
715 for bulk RNA-seq analysis. (A) Experiment design. (B) Representative FACS plot for ABC formation. (C) PCA
716 comparing the transcriptomes of CD11¢" and CD11c cells. (D) Heatmap showing the expression of ABC and
717 cMBC signature genes in all samplel(E) Average enrichment scores for cytokine pathways were calculated and
718 summarized and ranked based on the values for ABC cluster. (F) The violin plot showing the enrichment scores
719 for TGFp signalling pathway in all clusters. (G-I) 10* Igh#?A!° B cells were transferred into MD4 mice followed
720 by PfCSP-SPZ immunization. The mice were IP injected with either control IgG or anti-TGFf on day6, 8 and 9.
721 The spleens were analysed on day10. (G) Experiment design, (H) representative FACS plots and (I) statistics of
722 CDllc" ABC % in Igh#®A!0 cells. (J) ABC vs cMBC signature genes and pre-ranked gene lists were calculated
723 based on RNA-seq datasets in this study and other publications (10, 25). Cross-dataset GSEA were performed
724 and the normalized enrichment scores (NES) and significance were summarized as heatmap. Human gene

725 symbols were transformed into mouse homologous genes for this purpose. RAS: PfCSP-SPZ immunization. (K)
726 The volcano plots showing the top10 upregulated TFs in ABCs derived from in vitro culture and PfCSP-SPZ
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727 immunization. Result for (I) was pooled from two independent experiments. The P value was calculated by
728  student’s t-test
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732 Figure S3. An optimized Cas9-RNP based gene knock-out method in mouse B cells. (A-C) MACS enriched
733 mouse B cells were pre-acitvated by 10ug/ml LPS or anti-CD40 for 24h, followed by nucleofection with lug
734 Lonza pCMV-GFP plasmid. The expressions of GFP were measured 24h after the transfection. (A) Experiment
735 design. (B) Representative FACS plots and (C) statisitcs showing the expression of GFP in transfected B cells.
736  (D-I) MACS enriched GFP-expressing Igh#?A!° B cells were pre-activated by anti-CD40, nucleofected with Bclé
737 and GFP Cas9 RNPs and transferred into MD4 mice followed by PfCSP-SPZ immunization. A small aliquot of
738 cells was rested in anti-CD40 supplemented media for 24h, followed by gDNA extraction, PCR and Sanger
739 sequencing to evaluate indel frequency by ICE analysis. (D) Experiment design. (E) Statistics comparing the
740 Bcl6 indel frequency in GFP* and GFP- transfected cells. (F) Experiment design, (G) representative FACS plots
741 and statistics showing the percentages of (H) Fas® CD38 GC B cells and (I) ABCs in transfected memory

742 1gh#*A1° B cells. Results were pooled from two independent experiments for (C, E, H, ). The P values were
743 calculated by student’s t test for (C), one-way ANNOVA for (H) and two-way ANNOVA for (I).
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Figure S4. Zeb2 was required for the upregulation of ABC marker genes and suppression of cMBC
marker genes. (A) Indel frequency of Zeb2 locus in Cas9 RNP transfected B cells. (B-D) MAS purified
Cd23cre* Zeb2* fiwtor il B cells were cultured with anti-CD40 w/wo IL-21, TGFp for 4 days followed by
FACS analysis. (B) Experiment design. (C) Representative FACS plots and (D) statistics showing the
percentages of CD11c¢* CD21/35% cells in CD138" B cells. (E-F) MACS purified Cd23* Zeb2** o1 B cells
were cultured with anti-CD40 w/wo IL-21, TGFp for 4 days followed by FACS analysis. (E) Representative
histograms and (F) statistics showing the GMFI of ABC and cMBC markers. (G) The percentages of total B
cells in lymphocytes in HC and MWS patients. The results were pooled from three independent experiments for
(A), two independent experiments for (D) and two independent experiments for (F). The P values were
calculated by one-way ANNOVA for (D) and student’s t test for (F).
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756 KEY RESOURCES TABLE

Reagent Source Identifier
Antibodies

TotalSeq™-C0144 anti-human CD185 (CXCRS5) Antibody Biolegend 356939
TotalSeq™-C0140 anti-human CD183 (CXCR3) Antibody Biolegend 353747
TotalSeq™-C0053 anti-human CD11c Antibody Biolegend 371521
TotalSeq™-C0577 anti-human CD73 (Ecto-5'-nucleotidase) Antibody Biolegend 344031
TotalSeq™-C0156 anti-human CD95 (Fas) Antibody Biolegend 305651
TotalSeq™-C0154 anti-human CD27 Antibody Biolegend 302853
TotalSeq™-C0389 anti-human CD38 Antibody Biolegend 303543
TotalSeq™-C0384 anti-human IgD Antibody Biolegend 348245
TotalSeq™-C0055 anti-human CD138 (Syndecan-1) Antibody Biolegend 356539
TotalSeq™-C0181 anti-human CD21 Antibody Biolegend 354923
TotalSeq™-C0829 anti-human CD307e (FcRLS5) Antibody Biolegend 340309
TotalSeq™-C0828 anti-human CD307d (FcRL4) Antibody Biolegend 340213
TotalSeq™-C0050 anti-human CD19 Antibody Biolegend 302265
TotalSeq™-C0394 anti-human CD71 Antibody Biolegend 334125
TotalSeq™-C0251 anti-human Hashtag 1 Antibody Biolegend 394661
TotalSeq™-C0252 anti-human Hashtag 2 Antibody Biolegend 394663
TotalSeq™-C0253 anti-human Hashtag 3 Antibody Biolegend 394665
PE/Cyanine7 anti-human CD19 Biolegend 982410
Brilliant Violet 421™ anti-human CD10 Antibody Biolegend 312218
Brilliant Violet 785™ anti-human CD19 Antibody Biolegend 302240
Brilliant Violet 605™ anti-human IgD Antibody Biolegend 348232
APC anti-human CD185 (CXCRS5) Antibody Biolegend 356908
APC anti-mouse/human CD45R/B220 Antibody Biolegend 103212
PE-CF594 Mouse Anti-Human IgD BD 562540
BV786 Mouse Anti-Human CD3 BD 565491
PE-CF594 Mouse Anti-Human CD27 BD 562324
PE/Cyanine7 anti-mouse CD23 Antibody Biolegend 101614
PE/Cyanine7 anti-mouse CD138 (Syndecan-1) Antibody Biolegend 142514
Alexa Fluor® 488 anti-mouse/human GL7 Antigen (T and B cell Biolegend 144612
Activation Marker) Antibody

Brilliant Violet 605™ anti-mouse IgD Antibody Biolegend 405727
Brilliant Violet 421™ anti-mouse CD11c Antibody Biolegend 117330
PE/Dazzle™ 594 anti-mouse CD185 (CXCRS5) Antibody Biolegend 145522
Brilliant Violet 650™ anti-mouse CD45.1 Antibody Biolegend 110735
PE anti-mouse CD45.1 Antibody Biolegend 110708
PE anti-mouse/human CD45R/B220 Antibody Biolegend 103207
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PE/Cyanine7 anti-mouse CD95 (Fas) Antibody Biolegend 152618
BUV395 Rat Anti-Mouse CD19 BD 563557
FITC Rat Anti-Mouse CD21/CD35 BD 561769
CD38 Monoclonal Antibody (90), Alexa Fluor™ 700, eBioscience™ ThermoFisher 56-0381-82
Ultra-LEAF™ Purified anti-mouse CD40 Antibody Biolegend 102812
Single cell RNA-seq reagents
Chromium Next GEM chip G Single cell Ki 10X Genomics 1000127
Chromium Next GEM Single50 Library and Gel Bead Kit 10X Genomics 1000080
Chromium Single cell 50 Feature Barcode Library Kit 10X Genomics 1000020
Chromium Single cell 50 Library Contruction Kit 10X Genomics 1000016
Chromium Single cell V(D)J Enrichment Kit Human B cell 10X Genomics 1000005
Single Index Kit N Set A 10X Genomics 1000212
Single Index Kit T Set A 10X Genomics 1000213
CRISPR-Cas9 reagents
SpCas9, 1000 pmol Synthego N/A
sgRNA-eGFP (GGGCGAGGAGCUGUUCACCG) Synthego N/A
sgRNA-Zeb2 (GGUGAACUAUGACAACGUAG) Synthego N/A
sgRNA-Bcl6 (AGAUCCUGAAAUCAGCCCUG) Synthego N/A
sgRNA-Tbx21 (CUCGUCACUCGGCAUCGGCU) Synthego N/A
sgRNA-Bhlhe40 (AAACUUACAAACUGCCGCACQC) Synthego N/A
sgRNA-I121r (AGGUCCAGGCAGCUCCAAGC) Synthego N/A
sgRNA-Maf (UCCAUGGCCAGGGGACUGGU) Synthego N/A
sgRNA-Mafb (UUGCCCCAUGCUCAGCUCCG) Synthego N/A
sgRNA-Tct712 (CCGCCAUGUUAGCGGCCAAGQG) Synthego N/A
sgRNA-Bhlhe41 (UUCUUUUCUAUUAAUCUGUG) Synthego N/A
sgRNA-Runx2 (GUAGGUUGUAGCCCUCGGAG) Synthego N/A
Negative Control, Scrambled sgRNA#1 Synthego N/A
Mouse B Cell Nucleofector™ Kit Lonza VVPA-1010
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