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Abstract 15 

In response to antigen challenge, B cells clonally expand, undergo selection and differentiate to produce 16 

mature B cell subsets and high affinity antibodies. However, the interplay between dynamic B cell states 17 

and their antibody-based selection is challenging to decipher in primary human tissue. We have applied 18 

an integrated analysis of bulk and single-cell antibody repertoires paired with single-cell transcriptomics 19 

of human B cells undergoing affinity maturation. We define unique gene expression and antibody 20 

repertoires of known and novel B cell states, including a pre-germinal centre state primed to undergo 21 

class switch recombination. We dissect antibody class-dependent gene expression of germinal centre 22 

and memory B cells to find that class switching prior to germinal centre entry dictates the capacity of B 23 

cells to undergo antibody-based selection and differentiate. Together, our analyses provide 24 

unprecedented resolution into the gene expression and selection dynamics that shape B cell-mediated 25 

immunity. 26 

 27 

Introduction 28 

Effective immunity depends on the ability of B cells to evolve a functional antibody repertoire in response 29 

to antigen challenge. Following antigen encounter, activated B cells either differentiate into short-lived 30 

plasma cells or following cognate interaction with antigen-specific T cells can form germinal centres 31 

(GCs) within secondary lymphoid tissues, such as the spleen, peripheral lymph nodes and tonsils 32 

(Cyster and Allen, 2019). These GCs are transient structures in which B cells undergo iterative cycles 33 

of clonal expansion and somatic hypermutation in the variable regions of their immunoglobulin heavy 34 

and light chain genes followed by affinity-based selection for clones with high antigen-specificity. This 35 

highly dynamic process occurs in spatially and transcriptionally distinct dark and light zones (DZ and 36 

LZ) under the regulation of a network of specialised T follicular helper cells, follicular dendritic cells and 37 
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macrophages (Mesin et al., 2016). B cells can differentiate and exit the GC reaction either as antibody-38 

secreting plasmablasts committed to the plasma cell lineage or memory B cells, which are long-lived 39 

quiescent cells capable of being reactivated upon secondary exposure to the antigen (Suan et al., 40 

2017b). The effector functions of antibodies expressed by B cells are broadly determined by antibody 41 

class (IgM, IgD, IgG, IgA, IgE) and more precisely by isotype or subclass (IgG1-4, IgA1-2), specified by 42 

the constant domain genes in the immunoglobulin heavy chain (IgH) locus. Although all naïve B cells 43 

express IgM and IgD, during maturation they may undergo class switch recombination, which involves 44 

the deletional recombination of IgM and IgD constant domain genes and expression of a different 45 

downstream constant domain gene (IgG1-4, IgA1-2 or IgE) (Stavnezer and Schrader, 2014). The 46 

combined outcomes of B cell differentiation, antigen affinity maturation and class switch recombination 47 

ultimately shape the antibody repertoire and the B cell-mediated immune response more broadly. 48 

During their maturation in germinal centres, B cells express their antibody immunoglobulin genes as 49 

part of a membrane-bound complex termed the B cell receptor (BCR). Antigen-binding and downstream 50 

signalling of the BCR is a primary determinant of GC B cell survival and even differentiation through 51 

differential expression of key transcription factors regulated by BCR-mediated signalling (Kwak et al., 52 

2019, Shlomchik et al., 2019). Studies have shown that BCR activation thresholds and downstream 53 

signalling can differ as a result of isotype-specific differences in the extracellular, transmembrane and 54 

intracellular domains of immunoglobulin proteins forming the BCR (Martin and Goodnow, 2002, Engels 55 

et al., 2014, Xu et al., 2014b). Thus, as well as shaping the effector functions of the subsequent antibody 56 

repertoire, class switch recombination contributes towards B cell survival or fate specification within the 57 

GC reaction. However, resolving the combined contribution of somatic hypermutation, maturation and 58 

class switching in the polyclonal context of primary human lymphoid tissues remains an enormous 59 

challenge for the field (Mesin et al., 2016). Furthermore, while it has long been held that class switch 60 

recombination occurs exclusively within the GC, as this is where the highest AICDA expression is 61 

detected, other work has demonstrated that class switch recombination often occurs prior to formation 62 

of the GC response (Roco et al., 2019, Toellner et al., 1996, Pape et al., 2003). This has raised 63 

questions about our current understanding of the cellular states and dynamics during human B cell 64 

maturation in vivo and demands a systematic and unbiased approach to better define how the human 65 

antibody repertoire is shaped through somatic hypermutation, class switch recombination and 66 

differentiation into different B cell fates.  67 

We have applied an integrated strategy of bulk and single-cell antibody repertoire analysis paired with 68 

single-cell transcriptomics of human B cells from a model secondary lymphoid tissue, tonsils. We 69 

compare and contrast the antibody repertoires of major B cell subsets to reveal unique class switch 70 

hierarchies of memory B cells and plasmablasts. We then discover and define novel transcriptional B 71 

cell states during the GC response using single-cell RNA-seq. In particular, we reveal the unique gene 72 

expression of a B cell state primed to undergo class switch recombination before entering the GC. By 73 

leveraging the single-cell resolution of our datasets, we deconvolve the contribution of somatic 74 
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hypermutation and antibody class to gene expression patterns linked with altered BCR signalling, B cell 75 

maturation and fate decisions within the GC. Finally, we define diverse memory B cell states within 76 

secondary lymphoid tissue and explore the impact of class switch recombination on their functional 77 

potential. Our analyses reveal a striking importance for class switch recombination in shaping B cell 78 

fate and maturation in the GC and memory B cell fate that reframes our understanding of antibody-79 

based selection and B cell differentiation. 80 

 81 

Results 82 

Subset- and subclass-specific antibody class switch recombination landscapes. 83 

To begin to untangle the antibody-based selection of different B cell fates, we characterised the antibody 84 

repertoires of four broadly defined B cell subsets from the human tonsil; naïve, germinal centre (GC) B 85 

cells, memory B cells (MBCs) and plasmablasts, in addition to total CD19+ B cells (Figure 1A). We 86 

applied a subclass-specific and quantitative unique molecular identifier-based repertoire sequencing 87 

protocol for IgH VDJ sequences (Horns et al., 2016). Naïve B cells were comprised of more than 95% 88 

unswitched and unmutated IgM and IgD sequences, while GC and MBC samples consisted of both 89 

switched and unswitched IgH sequences with elevated somatic hypermutation (Figure 1B-C). 90 

Plasmablasts were nearly all switched and highly mutated. Consistent with the low abundance of IgE+ 91 

B cells in human tonsils, we detected only a single IgE sequence, preventing us from drawing any 92 

conclusions about IgE-expressing B cells. 93 

Higher IgH somatic hypermutation frequencies within the GC are typically a reflection of higher affinity 94 

BCRs and are proposed to bias GC B cells towards the plasmablast cell fate rather than the MBC fate 95 

(Shinnakasu et al., 2016, Suan et al., 2017a). In keeping with this, plasmablast-derived antibody 96 

repertoires generally contained higher somatic hypermutation frequencies than those of MBCs at a bulk 97 

level (Figure 1C). However, by resolving for antibody subclass, we found that while MBC-derived IgM 98 

and IgD sequences were consistently less mutated than plasmablast-derived IgM and IgD, the somatic 99 

hypermutation levels for switched isotypes were broadly similar between different B cell subsets (Figure 100 

1D). Comparison of the clonal diversity of subclass-specific MBCs and plasmablasts revealed 101 

unswitched and IgA+ MBCs were less clonally expanded (as evidenced by higher diversity) than 102 

plasmablasts of the same isotype, while IgG+ MBCs and plasmablasts appeared to have clonally 103 

expanded to similar degrees (Figure 1E). This is not likely explained by differences in their somatic 104 

hypermutation frequencies (Figure 1D), but instead may reflect differential selection or differentiation 105 

processes linked with specific class switch recombination outcomes. 106 
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 107 
Figure 1. Subclass- and subset-specific features of human tonsillar B cell repertoires. 108 
A) Cell sorting strategy to isolate naïve, germinal centre (GC), memory B cells (MBC) and plasmablasts (PB) from live CD19+ 109 

human tonsillar B cells for antibody repertoire analysis. Representative of n=8. 110 
B) Mean antibody subclass frequencies within each B cell subset across donors.  111 
C) Mean frequencies of antibody somatic hypermutation levels (None, Low, High) within each B cell subset across donors. 112 
D) Somatic hypermutation frequencies for subclass-specific antibody sequences within each B cell subset. Violin plots show 113 

all unique sequences per subset, while points represent mean for each donor.  114 
E) Mean clonal diversity scores per donor of subclass- and subset-specific B cell clones.  115 
F) Mean switched antibody subclass frequencies within each B cell subset across donors.  116 
G) Mean subclass frequencies for expanded clones spanning different B cell populations (x axis). For each class of clone, 117 

subset-specific members are examined (see groups at top).  118 
H) Observed/expected frequencies for isotype pairs detected in reconstructed phylogenies of clonally-related sequences. 119 

Antibody subclasses are ordered according to the IgH locus. nd denotes not detected. 120 
I) Same as in H), except phylogenies are restricted to subset-specific sequences. 121 

 122 
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We next examined whether there were differences in antibody subclass frequencies or the manner in 123 

which subclasses might have arisen in our broadly defined B cell populations. Intriguingly, we observed 124 

that as well as an increased propensity to retain IgM expression (Figure 1B), MBCs were 3.3- or 7.3-125 

fold more likely than plasmablasts to express IgA1 or IgA2 respectively, while plasmablasts were 126 

significantly more likely to express IgG1 (Figure 1F). These enrichments were linked with specific B cell 127 

fates even for expanded clones spanning different B cell populations (Figure 1G). Finally, to explore 128 

how these unique class switch patterns might have arisen, we reconstructed phylogenies for 28,845 129 

expanded B cell clones and calculated the likelihood that specific class switch recombination events 130 

were observed compared to that expected by chance (Figure 1H-I). Clonal lineages within the MBC 131 

pool exhibited greater likelihoods for switching of isotype pairs located close to each other in linear 132 

space along the IgH locus, compared to plasmablast clones which demonstrated a more eclectic pattern 133 

of class-switch likelihoods (Figure 1I). Of note, both the antibody subclass frequencies and 134 

reconstructed class switch hierarchies of MBCs closely resembled those of GC cells, consistent with 135 

models that propose a stochastic exit of MBCs from the GC (Duffy et al., 2012, Good-Jacobson and 136 

Shlomchik, 2010). Together, these analyses reveal that the antibody-based selection mechanisms of 137 

two major mature B cell subsets (MBCs and plasmablasts) exhibit important differences related 138 

primarily to their propensity to have undergone class switch recombination earlier in their maturation.  139 

 140 

Single-cell atlas of tonsillar immune cells defines B cell states during affinity maturation. 141 

To better understand the antibody-based selection mechanisms shaping the maturation of different B 142 

cell subsets, we performed single-cell RNA-seq (scRNA-seq) paired with single-cell B cell repertoire 143 

VDJ sequencing (scVDJ-seq) for unsorted tonsillar immune cells from the same samples used for our 144 

bulk B cell repertoire analyses (Figure 2A-C). After stringent quality control, we retained the 145 

transcriptomes of 32,607 immune cells (n=7; median of 3142 and mean of 4658 cells per donor) from 146 

which we identified 30 transcriptionally distinct cell types (Figure 2D-F). Although our primary focus was 147 

understanding B cell maturation, given the importance of other immune cell populations in this process 148 

we also annotated varied T cell and non-lymphoid populations, including naïve and/or central memory 149 

(NCM) CD4+ and CD8+ T cells, follicular helper (TfH) T cells, follicular regulatory T (Tfr) cells, regulatory 150 

T cells (Treg), cytotoxic CD8+ T cells, innate lymphoid cells (ILCs), natural killer (NK) cells, follicular 151 

dendritic cell (FDC), plasmacytoid-derived dendritic cell (pDCs), classical dendritic cell (cDC1), and 152 

several macrophage (MAC) clusters (Figures 2D-E and S1) that will act as a valuable resource for those 153 

studying immune cell dynamics in human secondary lymphoid tissues.  154 

We next characterised tonsillar B cell states using both their unique gene expression and scVDJ-155 

derived antibody repertoire features. To improve the power and accuracy of our scVDJ analyses we 156 

applied a novel strategy of integrating single-cell and bulk repertoires to benefit from the deeper 157 

sampling of IgH sequences from bulk repertoires to enhance genotype correction, identification of 158 
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clonally-related sequences and quantitation of somatic hypermutation levels for scVDJ-derived 159 

sequences (Figure 2G). We defined gene expression signatures for 12 distinct B cell types or states 160 

(Figure 2H) and complemented marker gene-based annotation with antibody isotype frequencies 161 

(Figure 2I), somatic hypermutation levels (Figure 2J), clonal diversity (Figure 2K-L) and relationships 162 

with other B cell subsets (Figure 2M-N). We identified all major stages of B cell maturation, including 163 

naïve, activated, GC (including both LZ and non-proliferating DZ cells), MBCs, tissue-resident FCRL4+ 164 

MBCs, plasmablasts and a cycling population consisting mostly of DZ GC cells (Figure 2H). Whilst 165 

apoptotic cells normally comprise a sizeable proportion of GC B cells these were not retained in our 166 

analysis as they failed to generate sufficiently high quality transcriptomic data. Our analysis of B cell 167 

states also identified a “preGC” B cell state expressing unmutated IgM and IgD that transcriptionally 168 

shared markers with both naïve and LZ GC populations, but had yet to acquire features consistent with 169 

B cell maturation in the GC such as CD27 and CD38 expression, hypermutated antibody genes or 170 

clonal expansion (see Figure 3 for further details). We also annotated a population of class switched 171 

and hypermutated GC B cells that amongst other transcriptionally unique features (FRZB, BTNL9, 172 

FGFR1) express low to intermediate levels of the plasmablast-specific transcription factors PRDM1 and 173 

XBP1 (Figure 2H), suggesting that these cells may be a pre-plasmablast (prePB) state within the GC. 174 

Finally, we discover a transcriptionally distinct and clonally-expanded IgM+ B cell population in the GC 175 

with elevated expression of genes associated with inhibitory BCR signalling, such as FCRL2, FCRL3, 176 

SAMSN1, and SIGLEC10 that we have labelled as FCRL2/3high GC B cells. Some of these cells were 177 

part of large expanded GC-derived clones that also contained MBCs or plasmablasts (Figure 2M-N), 178 

indicating that this cell state arises as part of productive GC reactions and is unlikely to be derived from 179 

a separate B cell lineage.  180 

Crucially, all annotated B cell states were observed at reproducible frequencies across patients, 181 

regardless of their history of tonsillitis (Figure 2O), although exactly how some of these transcriptional 182 

states relate to other human B cell populations will require further work. We also note that we have 183 

identified a greater diversity of B cell fates in our paediatric tonsil samples (typically <10 years old) than 184 

previous single-cell studies of other human lymphoid tissues from adult donors (typically >40 years old) 185 

(Madissoon et al., 2019, James et al., 2020), highlighting the importance of profiling immunologically 186 

active tissues to understand B cell maturation. Together, our uniquely comprehensive transcriptomic 187 

and repertoire analyses of a model secondary lymphoid organ have allowed us to create a detailed 188 

overview of human B cell maturation that will allow us to interrogate gene expression and antibody 189 

repertoire dynamics before, during and after maturation in the GC. 190 
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 191 
Figure 2. A single-cell atlas of human tonsillar immune cells to understand B cell maturation. 192 
A) Schematic of tonsillar immune cell isolation followed by single-cell profiling of gene expression and antibody sequences. 193 
B) UMAP projection of tonsillar immune scRNA-seq data (32,607 cells; 7 donors) annotated as B, T or non-lymphoid cells. 194 
C) Same as in B), with cells annotated for whether a high quality immunoglobulin scVDJ sequence was assembled. 195 

….continued on following page… 196 
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D) UMAP projection of T cell populations in the tonsillar immune scRNA-seq data, including CD4+ naïve or central memory 197 
(CD4+ NCM), CD4+, T follicular helper (TfH), T follicular regulatory (TfH), T regulatory (Treg), CD8+ naïve or central 198 
memory (CD8+ NCM), CD8+ cytotoxic, TIM3+ CD4/CD8 double-negative (TIM3+ DN) and cycling T cells, in addition to 199 
innate lymphoid cells (ILC) and natural killer (NK) cells. 200 

E) UMAP projection of non-lymphoid cell populations in the tonsillar immune scRNA-seq data, including 201 
monocyte/macrophage precursors (Precursors), macrophages (MAC1, MAC2, MAC3), conventional dendritic cell 1 202 
(cDC1), plasmacytoid-derived dendritic cell (pDC) and follicular dendritic cell (FDC) subsets. 203 

F) UMAP projection of B cell populations in the tonsillar immune scRNA-seq data, including naïve, activated, pre-germinal 204 
centre (preGC), light zone GC (LZ GC), GC, dark zone (DZ GC), cycling, FCRL2/3high GC, pre-plasmablasts (prePB), 205 
plasmablasts, MBC and FCRL4+ MBC subsets. 206 

G) Schematic of scVDJ and bulk repertoire integration, including genotype inference and correction, identification of clonally-207 
related sequences and quantitation of somatic hypermutation. 208 

H) Mean expression of key marker genes used to define B cell scRNA-seq clusters. Frequency of cells for which each gene 209 
is detected is denoted by size of the dots. 210 

I) Relative scVDJ-derived antibody subclass frequencies in different B cell states. 211 
J) Somatic hypermutation frequencies of scVDJ-derived antibody genes in different B cell states. 212 
K) Clonal diversity scores of B cell clones identified in scRNA-seq dataset. Error bars denote ±SD. 213 
L) Number of members per clonotype in different B cell states from integrated repertoire analysis. 214 
M) Co-occurrence of expanded clones across B cell states. Numbers reflect a binary detection event. 215 
N) Clonal relationships between scRNA-seq-defined B cell states and repertoires of sorted B cell subsets. 216 
O) Relative frequencies of different B cell states separated by clinical indication for tonsillectomy. OSA; obstructive sleep 217 

apnoea (n=2), RT; recurrent tonsillitis (n=3), RT+OSA (n=2). 218 

 219 

Dynamic gene expression during human B cell activation and GC formation. 220 

Initially in a B cell response, B cells acquire antigen, either in soluble form or displayed on the surface 221 

of follicular antigen-presenting cells (APCs), which results in their activation and migration from the 222 

follicle to the T cell zone where they can form or participate in GC reactions. However, reconstructing 223 

the events during this important process in primary human tissues is extremely challenging. We 224 

therefore used our single-cell profiling of human B cell maturation to explore the dynamics of early B 225 

cell activation and GC formation. We first identified an activated B cell state with elevated expression 226 

of known activation marker genes (Activated; CD69, CD83, JUN) (Figures 2 and 3A) and which 227 

demonstrate the highest frequency of predicted cell-cell communication with APCs (FDCs, other 228 

dendritic cells, macrophages) (Figure 3B). This activated B cell state appeared capable of coordinating 229 

help from both APCs and T cells through IL6 signalling (Arkatkar et al., 2017, Ise et al., 2018) and/or 230 

ICAM1-ITGAL1 (LFA-1) interactions (Zaretsky et al., 2017) (Figure 3C). Many of these same predicted 231 

cell-cell interactions were also detected in preGC B cells (Figure 3C), suggesting that these might reflect 232 

a transitional cell state between antigen dependent-activation and GC entry or formation. Indeed, we 233 

found that preGC B cells exhibit a strong directionality towards the light zone of the GC using RNA 234 

velocity inference (Figure 3D). We next reconstructed a pseudotemporal trajectory of naïve, activated, 235 

preGC and LZ GC B cells, revealing a continuum of gene expression from early activation events to 236 

bona fide GC B cells and allowing us to identify dynamic expression of key signalling molecules and 237 

transcription factors (Figures 3E-F and S2A). Crucially, these gene expression changes through 238 

pseudotime were well correlated with an experimentally-derived time course of in vitro-stimulated B 239 

cells (Figure 3G; Shinohara et al., 2014), strongly supporting our pseudotemporal ordering of defined 240 

B cell states during B cell activation and GC entry. This roadmap of B cell activation may allow future 241 

improvement to in vitro B cell culture protocols to better model B cell activation dynamics in vivo. 242 
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 243 
Figure 3. Reconstruction of in vivo B cell activation reveals class switch recombination in a preGC state. 244 
A) Mean expression of key marker genes for activated B cells in scRNA-seq. 245 
B) Frequency of significant predicted ligand-receptor pair interactions between major B cell states and different T cell 246 

populations and antigen-presenting cells (APCs) performed using CellPhoneDB.  247 
C) Selected ligand–receptor interactions between B cell subsets and APCs, CD4+ T cells and TfH cells with CellPhoneDB.  248 
D) Grid-based visualisation of tonsillar B cell RNA velocities. Arrow size conveys strength of predicted directionality.  249 
E) Relative frequencies of B cell types in a velocity-based pseudotime reconstruction of B cell activation and GC formation.  250 
F) Heatmap depicting dynamic gene expression across velocity-based pseudotime reconstruction in E). 251 
G) Smoothed anti (α)-IgM-treatment gene signature scores (±95% CI) across velocity-based pseudotime.  252 
H) Smoothed expression of class switch recombination genes differentially expressed through velocity-based pseudotime. 253 
I) Smoothed class switch recombination gene signature score through velocity-based pseudotime. 254 
J) Smoothed expression of I promoter germline transcripts for IgM (Iµ), IgA (Iα) and IgG (Iγ) through velocity-based 255 

pseudotime. Iα+γ denotes the sum of Iα and Iγ expression.  256 
K) Relative antibody subclass frequencies across velocity-based pseudotime.  257 
L) Relative frequencies of cells with high class switch recombination signature scores in different B cell states for each donor 258 

(n = 7). p values denote results of Student’s T test. 259 
M) Mean expression of genes implicated in class switch recombination for B cell subsets.  260 

 261 

One surprising result from our reconstruction of human B cell activation and GC entry was the discovery 262 

that several genes associated with class switch recombination were most highly expressed prior to GC 263 

entry, with a specific enrichment of these genes in the preGC B cell population (Figure 3H-I). This 264 

.CC-BY 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted May 26, 2020. . https://doi.org/10.1101/2020.04.28.054775doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.28.054775
http://creativecommons.org/licenses/by/4.0/


10 
 

included APEX1 expression, of which its translated product APE1 is required for class switch 265 

recombination to occur in a dose-dependent manner (Masani et al., 2013, Xu et al., 2014a) and is 266 

expressed almost exclusively by non-GC B cells (Figure S2B; Roco et al., 2019). We also found that 267 

preGC B cells had the highest expression of IgH germline transcripts (GLTs) (Figure 3J), which 268 

preceded switching from IgM/IgD to other isotypes (Figure 3K), in fitting with a recent study describing 269 

GLT transcription prior to GC formation in mouse models (Roco et al., 2019). These findings contrast 270 

with the prevailing view that class switch recombination occurs in the DZ of the GC, where AICDA 271 

expression is highest. However, we detected little enrichment of our class switch recombination 272 

signature in non-cycling DZ GC B cells (Figure 3L), and although there was an enrichment of class 273 

switch recombination genes in cycling B cell populations, this likely reflects their involvement in cell 274 

cycle-linked DNA recombination and repair. Our analysis also highlights many other genes previously 275 

linked with class switch recombination (Figure 3M), including those capable of binding to switch region 276 

sequences within the IgH locus (NME2, NCL, DDX21), interacting with the class switch recombination 277 

machinery (NPM1, SERBP1) or regulating AICDA/AICDA transcript/protein stability (mir155HG, 278 

HSP90AB1) (Borggrefe et al., 1998, Hanakahi et al., 1997, Mondal et al., 2016, Orthwein et al., 2010, 279 

Shinozaki et al., 2006, McRae et al., 2017, Zheng et al., 2019). Notably, the microRNA gene miR155HG, 280 

formerly called BIC (B-cell Integration Cluster), was up-regulated in preGC B cells and has been shown 281 

to be essential for B cells to form GCs and undergo class switch recombination in mice (Thai et al., 282 

2007, Vigorito et al., 2007). Furthermore, the transcription factor genes BATF, IRF4 and BHLHE40 are 283 

enriched in the preGC B cell state, of which BATF and IRF4 are known to regulate GC formation in a B 284 

cell-intrinsic manner (Morman et al., 2018, Willis et al., 2014). Intriguingly, BHLHE40 is capable of 285 

binding to the major regulatory regions α1 RR and α2 RR of the IgH locus (Figure S2C-D), implicating 286 

this poorly understood transcription factor in the regulation of class switch recombination prior to GC 287 

formation. Together, these analyses strongly support a model where class switch recombination occurs 288 

primarily before formation of the GC response (Roco et al., 2019, Toellner et al., 1996, Pape et al., 289 

2003) and our detailed gene expression analyses define the cellular state involved.  290 

 291 

Antibody-based selection of B cell fate in the germinal centre 292 

Class switch recombination before entry into the GC has the potential to dramatically influence the 293 

antibody-based selection of B cells within the subsequent GC reaction as a consequence of differential 294 

signalling through the membrane-bound immunoglobulin BCR. We therefore turned to dissect the gene 295 

expression dynamics linked with antibody-based selection and fate specification of B cells within the 296 

GC reaction.  297 

During affinity maturation and selection in the GC, B cells cycle between physically distinct light and 298 

dark zones. While we clearly identified LZ and DZ B cell populations in our scRNA-seq dataset, we also 299 

found that many GC B cells existed in a continuum between these two states (Figure 4A-B) similar to 300 
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previous reports (Milpied et al., 2018), with the exception of the FCRL2/3high and prePB clusters which 301 

existed as transcriptionally distinct states (Figures 2H and 4C). In addition to unique gene expression 302 

patterns, these two sub-populations of GC B cells also exhibit unique patterns of class switching, with 303 

prePB B cells in the GC more likely to express class-switched isotypes and FCRL2/3high GC B cells 304 

more likely to retain expression of IgM and IgD (Figures 2I and 4D). Furthermore, cells clonally related 305 

to FCRL2/3high GC B cells were almost exclusively IgM+ and had rarely undergone class-switching 306 

(Figure 4E). These observations suggested that the outcome of class switch recombination may be 307 

linked with specific gene expression programs of GC B cells. 308 

To address this, we first needed to examine the contribution of antibody maturation state to GC B cell 309 

gene expression programs, given lower average somatic hypermutation frequencies of IgM+ B cells 310 

compared to B cells expressing switched isotypes (Figure 1D). We leveraged our paired single-cell VDJ 311 

and transcriptomic datasets to stratify all non-cycling GC B cells (excluding prePB and FCRL2/3high 312 

populations) based on their IgH somatic hypermutation frequencies as a proxy for affinity (Figure 4F). 313 

Strikingly, GC B cells with high or low somatic hypermutation were significantly enriched with gene sets 314 

derived from experimentally determined high- or low-affinity antigen-binding B cells respectively 315 

(Shinnakasu et al., 2016), higher expression of the B cell maturation marker CD27 and larger clone 316 

sizes (Figure 4F), reflecting increased expansion and maturation based on BCR affinity. We found that 317 

the direct comparison of GC B cells expressing different antibody classes was confounded by gene 318 

expression linked with high and low somatic hypermutation frequencies (Figure 4G), consistent with 319 

high and low affinity binding events differentially regulating GC B cells (Shinnakasu et al., 2016). To 320 

overcome this, we examined GC B cells with matched somatic hypermutation levels expressing 321 

different antibody classes (IgM/D, IgG or IgA) at single-cell resolution. This revealed differential 322 

expression of genes involved directly in cell survival, BCR signalling, antigen presentation, immune 323 

responses and metabolism, as well as other pathways more indirectly linked with BCR activity 324 

(RhoA/RhoGDI, Integrin, NFAT, eIF2), between unswitched and switched GC B cells (Tybulewicz and 325 

Henderson, 2009, Mielke et al., 2011, Arana et al., 2008, Scharenberg et al., 2007) (Figure 4H-J). These 326 

differences may be linked with differential exposure to T cell-derived cytokines such as IL4, TGFB, 327 

IFNG and CD40LG, or signalling through different toll-like receptors (TLR) (Figure 4I). Intriguingly, 328 

several genes involved with GC confinement or regulating B cell niche homing were up-regulated in 329 

IgG+ and IgA+ GC B cells, such as genes required for CXCL12-mediated migration to GCs (LCP1 and 330 

MYO1E (Dubovsky et al., 2013, Girón-Pérez et al., 2020)) and the GC confinement receptor P2RY8 331 

(Muppidi et al., 2014).   332 
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 333 
Figure 4. Influence of antibody class on B cell fate and function within the germinal centre. 334 
A) Diffusion-based graph visualisation and pseudotemporal ordering of GC B cell scRNA-seq populations. 335 
B) Single-cell gene expression heatmap of major GC B cell states ordered by pseudotime within each cluster. 336 
C) Expression of key marker genes for prePB and FCRL2/3high GC B cells. 337 
D) Relative frequency of GC B cells that have undergone class switch recombination (n = 6). “GC” is the combination of LZ 338 

GC, GC and DZ GC clusters in (A). Error bars denote SEM. 339 
….continued on following page… 340 
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E) Percentage of members within each GC B cell clone that express IgM or IgD for clones that contain FCRL2/3high or prePB 341 
cells. Clonal families include sequences from both scVDJ and bulk repertoires. 342 

F) High and low affinity gene signature scores for GC B cells (LZ GC, GC and DZ GC clusters) grouped by antibody somatic 343 
hypermutation (SHM) frequency (n = 2045 cells). Also shown are CD27 expression levels and integrated clone sizes.  344 

G) Scatterplot comparing log enrichment of genes in class-switched vs unswitched (x axis) and high vs low affinity/SHM (y 345 
axis) GC B cells. Colour denotes statistical significance and cor denotes Pearson’s Correlation coefficient. 346 

H) Heatmap of significantly enriched gene ontologies for genes enriched in class-specific high affinity/SHM GC B cells. 347 
I) Same as in (H), but for gene pathways downstream of cytokines (upper panel) and toll-like receptors (TLRs).  348 
J) Mean expression of genes enriched in class-specific high affinity/SHM GC B cells grouped by predicted functions. 349 
K) Mean expression of transcription factor genes enriched in class-specific high affinity/SHM GC B cells. 350 
L) Single-cell gene expression of transcription factors in class-specific high affinity/SHM GC B cells.  351 

 352 

Although most gene expression differences were comparable between IgG and IgA and we identified 353 

few significant or meaningful differences for subclass-specific B cells (Figure S3), one interesting 354 

example of class-specific gene expression was the enrichment of CLEC16A in IgA+ GC B cells given 355 

that this gene is associated with a selective IgA immunodeficiency (Ferreira et al., 2010). Finally, to try 356 

and understand the upstream regulation of these class-specific gene expression networks we examined 357 

the expression of transcription factors within class-specific GC B cells (Figure 4K-L). We found that 358 

IgM+ B cells express lower levels of transcription factors like BCL6, XBP1 and ID3 known to regulate 359 

the ability of B cells to remain in the GC or differentiate but higher levels of the transcription factor 360 

BACH2 that represses plasma cell differentiation (Todd et al., 2009, Gloury et al., 2016, Huang et al., 361 

2014, Shinnakasu et al., 2016). We also found differential expression of other transcription factors such 362 

as LMO2, TOX, BCL11A and CUX1, suggesting that they may play a role in the unique transcriptional 363 

wiring of switched and unswitched B cells within the GC. Our single-cell resolution of the GC B cell 364 

response has allowed us to uncouple antibody affinity and class and to dissect the differential 365 

contributions of these two critical arms of the B cell repertoire in shaping B cell fate and function in the 366 

GC. Importantly, these differential gene expression patterns suggest varying abilities of switched and 367 

unswitched B cells to survive and reside in the GC and establish that one of the dominant influences in 368 

shaping antibody-based selection in the GC is whether a B cell has undergone class switch 369 

recombination. 370 

 371 

Diverse memory B cell states and activation dynamics in secondary lymphoid tissue. 372 

Maturation state and antibody class appeared to both impact gene expression dynamics within the GC, 373 

presumably through membrane-specific isoforms of immunoglobulin as part of the BCR. Upon GC exit 374 

and differentiation, plasmablasts lose membrane-bound immunoglobulin expression and instead start 375 

to secrete large amounts of soluble antibody. In contrast MBCs retain BCR expression of which the 376 

antibody isotype may influence the phenotypic properties of different MBC subsets (Engels and 377 

Wienands, 2018).  378 

We therefore sought to determine whether antibody class expression by MBCs might be linked with 379 

different functional abilities and to better define the heterogeneity within the MBC pool in secondary 380 

lymphoid tissue. A significant proportion of memory B cells are unswitched (Figure 1B), so to examine 381 
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potential differential gene expression across class switched memory B cells subsets we generated 382 

paired single-cell transcriptomics and VDJ repertoires for IgD-depleted or IgM/IgD-depleted MBCs from 383 

the same tonsillar immune cell preparations analysed previously. Dataset integration and quality control 384 

provided 21,595 high-quality MBC single-cell transcriptomes that we annotated with 11 clusters 385 

reflecting different MBC subsets and states (Figure 5A-C), all of which lacked marker gene expression 386 

for naïve or GC B cells (Figure S4A). In addition to tissue-resident FCRL4+ MBCs previously identified 387 

(Figure 2; Ehrhardt et al., 2005), we annotated two rare CR2/CD21low MBC subsets resembling 388 

populations described elsewhere (Lau et al., 2017, Thorarinsdottir et al., 2016) (Figures 5A,C and S4B). 389 

However, the majority of MBC diversity within human tonsils appeared to reflect differences in cellular 390 

state or signalling activity rather than distinct cell types, such as different activation states (Activated 1 391 

and Activated 2), heat shock protein (HSP)-related gene activity (HSP-response), and an IFN-392 

responsive MBC state (IFN-response) (Figures 5C and S4C). We also identified a preGC MBC 393 

population with similar gene expression to naïve preGC cells and an enrichment for class switch 394 

recombination genes (Figures 5C and S4D-E), as well as an FCRL2/3high MBC state similar to the 395 

FCRL2/3high GC population (Figures 5C and S4D), suggesting that these may be widely shared 396 

functional states spanning multiple B cell fates.  397 

We next considered whether class-switched and unswitched MBCs exhibit different gene expression 398 

networks that might reflect unique functional abilities (Dogan et al., 2009). We found little evidence that 399 

antibody class contributed towards the likelihood of an MBC to exist in a given state, with the exception 400 

of FCRL2/3high MBCs which, similar to FCRL2/3high GC B cells, were enriched for IgM+ cells (Figures 5B 401 

and S4F). Intriguingly, key marker genes associated with this state were broadly up-regulated in IgM+ 402 

cells across all MBC clusters (Figure S4G), suggesting a close relationship between the expression of 403 

these genes and IgM expression. We therefore compared gene expression of switched and unswitched 404 

MBCs of equivalent somatic hypermutation levels as a proxy for affinity (similar to our analysis of GC B 405 

cells in Figure 4), as MBCs expressing switched isotypes tended to have higher somatic hypermutation 406 

frequencies than unswitched MBCs (Figure S4H). We found widespread differences between 407 

unswitched and switched MBCs that were independent of MBC subset or state (Figure 5D), indicating 408 

a specific transcriptional wiring of switched and unswitched MBCs that might reflect altered abilities to 409 

signal to other immune cell populations, proliferate, survive, differentiate, migrate and respond to 410 

challenges (Figure 5E). In particular, we noted elevated expression in unswitched MBCs of genes 411 

known to regulate B cell migration within lymphoid tissues and genes with the potential to signal to and 412 

activate other immune cell types, including IL6, CLEC2B, CR2 (CD21), CKLF, S1PR1, CCR6, and 413 

SEMA7A (Figure 5F; Arkatkar et al., 2017, Suzuki et al., 2008, Elgueta et al., 2015, Cinamon et al., 414 

2004, Han et al., 2001, Welte et al., 2006). This could all contribute to the increased capacity of IgM+ 415 

MBCs to re-initiate GC reactions as part of a recall memory response (Dogan et al., 2009, Lutz et al., 416 

2015, Seifert et al., 2015). 417 

.CC-BY 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted May 26, 2020. . https://doi.org/10.1101/2020.04.28.054775doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.28.054775
http://creativecommons.org/licenses/by/4.0/


15 
 

 418 
Figure 5. Diverse memory B cell states and antibody class-dependent gene expression. 419 
A) Clustering and UMAP visualisation of 21,595 memory B cell (MBC) single-cell transcriptomes. Identified cell populations 420 

include multiple basal and activated states, MBCs enriched for heat shock protein (HSP)-response and interferon (IFN)-421 
response genes, preGC MBCs, FCRL2/3high MBCs, tissue-resident FCRL4+ MBCs and two CD21low populations. 422 

B) scVDJ-derived antibody isotypes of single MBC transcriptomes with high quality VDJ sequences (n=15,531 cells). 423 
C) Mean expression of top marker genes for MBC states.  424 
D) Average log fold change (logFC) of genes significantly enriched in switched or unswitched MBC states with similarly high 425 

affinity (based on SHM frequency). CD21low clusters had too few cells and were excluded. 426 
E) Gene ontologies for genes significantly enriched in switched or unswitched MBCs with high affinity/SHM, in any cell state. 427 
F) Average logFC of selected immunologically-relevant genes significantly enriched in switched or unswitched MBC 428 

populations with high affinity/SHM. 429 
G) Single-cell scores for preGC and class switch recombination (CSR) signature gene sets in switched and unswitched 430 

preGC MBC with high affinity/SHM.  431 
H) Single-cell gene expression of key class switched recombination genes in switched and unswitched preGC MBC with high 432 

affinity/SHM.  433 

 434 

However, IgM+ MBCs were also enriched for many genes proposed to regulate or inhibit B cell 435 

activation, such as FCRLA, FCRL2, FCRL3, CBLB, CD72 and SIGLEC10 (Wu and Bondada, 2009, 436 

Sohn et al., 2003, Meyer et al., 2018, Kochi et al., 2009, Shabani et al., 2014), which may reflect a fine 437 

regulatory balance controlling their activation threshold. Perhaps underpinning this, unswitched MBCs 438 

also expressed higher levels of the transcription factor genes POU2F2 (OCT2) and FOXP1 than class-439 

switched MBCs (Figure 5F), which coordinate the capacity of B cells to respond normally to antigen 440 

.CC-BY 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted May 26, 2020. . https://doi.org/10.1101/2020.04.28.054775doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.28.054775
http://creativecommons.org/licenses/by/4.0/


16 
 

receptor signals and directly repress key regulators of plasma cell differentiation respectively (van 441 

Keimpema et al., 2015, Corcoran et al., 2014). This is consistent with switched IgG+ MBCs being more 442 

likely to differentiate into plasma cells, while unswitched IgM+ MBCs are more likely to re-enter or form 443 

secondary GC responses to gain higher affinity (Dogan et al., 2009, Lutz et al., 2015, Seifert et al., 444 

2015). Indeed, we found that unswitched preGC MBCs exhibited significantly higher expression of many 445 

genes linked with the preGC state, including those associated with class switch recombination of their 446 

antibody genes (Figure 5G-H). This indicates that unswitched MBCs are more primed to undergo class 447 

switching for the first time as they re-enter the GC reaction, which will have an important impact on their 448 

subsequent selection dynamics in the GC.  449 

 450 

Discussion 451 

Antibody responses are the foundation of effective immune memory and our ability to manipulate them 452 

through vaccination has contributed significantly to the success of modern medicine. While it is known 453 

that high affinity class-switched antibodies are generated during GC reactions, the complexity and 454 

dynamic nature of this response has presented a significant challenge for those seeking to understand 455 

how human B cell-mediated immunity is derived. By combining bulk antibody repertoire analysis with 456 

single-cell transcriptomics we have generated a detailed resource of the human GC response in a 457 

model secondary lymphoid tissue. This allowed us to define gene expression signatures of known and 458 

novel B cell states, most notably a population primed to undergo class switch recombination before 459 

entering the GC reaction. Whether a B cell undergoes class switch recombination at this stage then 460 

influences their capacity to undergo antibody-based selection within the GC and secondary activation 461 

as MBCs.  462 

Although first histologically observed over a century ago, many questions remain about how B cells 463 

enter, experience and exit the GC reaction (Mesin et al., 2016, Shlomchik et al., 2019, Cyster and Allen, 464 

2019). The practical challenges of sequentially sampling patient lymphoid tissues during an immune 465 

response make this especially true for understanding the most dynamic aspects of human B cell 466 

maturation. In particular, understanding the early events that facilitate GC entry by human B cells could 467 

provide new targets for adjuvants during vaccination or other immunotherapies. We have used 468 

pseudotemporal ordering to map the gene expression dynamics of both the early stages of B cell 469 

activation that correspond to antigen-dependent signalling through the BCR and the subsequent 470 

transition to a transcriptionally distinct preGC state, the latter of which is presumably under the 471 

regulation of cognate antigen-specific T helper cells. Our discovery that this preGC state is primed to 472 

undergo class switch recombination supports mounting evidence that class switching occurs before the 473 

classical GC response (Toellner et al., 1996, Roco et al., 2019, Pape et al., 2003) and has profound 474 

implications for understanding antibody-based selection dynamics in the GC.  475 
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Within the GC, B cell survival and selection is dependent on antigen binding to the BCR and its 476 

downstream signalling pathways (Kwak et al., 2019). By using single-cell transcriptomics paired with 477 

BCR sequence analysis we have been able to uncouple antibody class, affinity and B cell phenotype 478 

at single-cell resolution. We show that whether a B cell has undergone class switch recombination 479 

during GC entry is a major determinant of that B cell’s capacity to expand, acquire high antigen affinity 480 

and differentiate into plasmablasts or MBCs. IgG+ and IgA+ GC B cells have gene expression patterns 481 

consistent with increased BCR signalling and a greater capacity to remain within the GC, acquire T cell 482 

help and undergo somatic hypermutation to increase their affinity than GC B cells that have retained 483 

IgM expression. If class switch recombination does indeed occur predominantly prior to GC entry, as 484 

we and others suggest, these data support a model whereby the ability of a B cell to acquire high affinity 485 

is primarily dictated by the outcome of a specific class switch recombination “checkpoint” at the preGC 486 

stage. This would explain our observation that switched MBCs have comparable somatic hypermutation 487 

frequencies to switched plasmablasts, in contrast to the prevailing paradigm that higher affinity GC B 488 

cells preferentially differentiate towards the plasmablast fate whereas lower affinity clones seed the 489 

memory compartment (Suan et al., 2017b, Phan et al., 2006, Shinnakasu et al., 2016). The differences 490 

in affinity between these populations may instead be explained by the likelihood of whether they 491 

retained IgM expression prior to entering affinity maturation in the GC. This class switch recombination 492 

“checkpoint” is also relevant during the secondary activation of MBCs, where IgM+ MBCs appear more 493 

likely to undergo class switching compared to IgG+ or IgA+ MBCs, which may be important to provide a 494 

higher affinity secondary response through more prolonged GC maturation as well as more diverse 495 

effector functions from class-switched antibodies. Finally, our discovery of a conserved “unswitched” 496 

signature of elevated FCRL2 and FCRL3 expression (amongst other genes) across different B cell 497 

states, raises interesting questions about how these genes might regulate B cell function and immune 498 

responses more broadly. 499 

Although the direct mechanisms shaping these gene expression differences between class-specific B 500 

cells remain to be elucidated, variations in the immunoglobulin tail tyrosine domain, linker flexibility or 501 

glycosylation sites between IgM and other antibody isotypes may all contribute to differential BCR 502 

signalling that could shape the behaviour of class-specific B cells (Martin and Goodnow, 2002, Engels 503 

et al., 2014, Xu et al., 2014b). Of note, we did not identify many major or meaningful differences in gene 504 

expression between IgG+ and IgA+ B cells, or between subclass-specific B cells, which may reflect the 505 

need to increase the power of future studies to identify potentially subtle gene expression differences 506 

between the less abundant isotypes. Unfortunately, we did not identify any IgE+ GC B cells, which are 507 

very rare in human tonsils, likely as they have been described to rapidly exit GCs due to IgE-specific 508 

BCR signalling (Haniuda et al., 2016). Given their relative availability, human tonsils are a useful tissue 509 

with which to examine the GC response. It will be of interest for future studies to compare class-specific 510 

gene expression differences in other tissues and contexts to determine the contribution of the local 511 

cellular environment on B cell maturation (James et al., 2020, Smillie et al., 2019). Similarly, recent 512 
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technical advances allowing the simultaneous readout of antigen specificity, antibody sequences and 513 

gene expression (Setliff et al., 2019) make it possible to examine how different types of antigens may 514 

be linked with different B cell phenotypes. Finally, our profiling of human MBCs in a secondary lymphoid 515 

tissue revealed diverse states reflecting different activation, signalling and functional potential. Given 516 

an emerging appreciation for heterogeneity within both human and mouse MBC populations (Good-517 

Jacobson and Shlomchik, 2010), our single-cell characterisation of different MBC states will act as a 518 

valuable resource to interrogate the potential relevance for such diverse populations in mediating 519 

humoral immunity. 520 

Together, our integrated analyses of antibody repertories and gene expression of human B cell states 521 

during affinity maturation highlight how the outcome of class switch recombination is a major 522 

determinant of B cell fate and function. More broadly, our detailed annotation of diverse B cell states 523 

provides a new and uniquely detailed framework through which to view B cell-mediated immune 524 

responses in the context of both health and B cell-related pathologies such as allergy, multiple sclerosis, 525 

rheumatoid arthritis and lymphoma. 526 

 527 

Methods 528 

Human ethics, tissue collection and sorting of B cell subsets 529 

Routine tonsillectomy patients at the Royal London Hospital aged between 3 and 14 were consented 530 

for tissue collection with approval from North West - Greater Manchester East Research Ethics 531 

Committee under REC reference 17/NW/0664. Following removal of dead tissue and clotted blood, 532 

each palatine tonsil was bisected and processed separately as follows, with all repertoire and single-533 

cell analyses performed on a single bisected sample. Tonsillar tissue was dissected manually into 534 

approximately 2-3 mm pieces prior to homogenisation with the gentleMACSTM Dissociator using C tubes 535 

and two rounds of the Multi_C_01_01 setting in 8 mL RPMI + 10% fetal calf serum (FCS). Dissociated 536 

cells were then passed through a 70 μM filter prior to isolation of mononuclear lymphocytes using Ficoll-537 

PaqueTM gradients. Isolated mononuclear cells were then washed in RPMI + 10% FCS before cell 538 

counting and viability determination using Trypan Blue staining. Cells to be used for 10X single-cell 539 

transcriptomics were processed immediately, while cells for bulk repertoire sequencing were either 540 

stored overnight at 4°C or cryopreserved in FCS with 10% DMSO at -70°C. 541 

For bulk B cell repertoires, we labelled 1-1.3�108 tonsillar lymphocytes per donor for fluorescence-542 

activated cell sorting (FACS). Briefly, cells were washed and stained with Zombie NIR™ Fixable 543 

Viability Kit (BioLegend) to label dead cells, followed by washing with FACS buffer (PBS + 0.5 % BSA 544 

+ 2 mM EDTA) and incubation with human FcR Blocking Reagent (Miltentyi Biotec). Cells were then 545 

stained with CD19-APC (clone HIB19; BioLegend), CD38-PE-Cy7 (clone HB-7; BioLegend), CD27-546 

Pacific BlueTM (clone O323; BioLegend), IgD-PerCP-Cy5.5 (clone IA6-2; BioLegend), and IgM-FITC 547 
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(clone MHM-88; BioLegend). For bulk B cell repertoires, two aliquots of 250,000 cells for the following 548 

populations were sorted using a BD FACSAriaTM IIIu: total B cells (live CD19+), naïve B cells (live CD19+ 549 

IgD+ CD38-), germinal centre B cells (live CD19+ IgD- CD38+), memory B cells (live CD19+ IgD- CD38-), 550 

and plasmablasts (live CD19+ IgD- CD38++). Gates were set using fluorescence minus one (FMO) 551 

controls. Sorted B cell samples were processed immediately for RNA extraction. For single-cell RNA-552 

seq, 50,000-200,000 class-switched memory B cells (live CD19+ IgD- CD38- IgM+ (n=2) or IgM- (n=4)) 553 

were sorted. 554 

 555 

Bulk VDJ repertoire library preparation and sequencing 556 

RNA was isolated from sorted B cell aliquots using the RNAqueous™-Micro Total RNA Isolation Kit 557 

(ThermoScientific) supplemented with β-mercaptoethanol according to manufacturer’s protocol. RNA 558 

was stored long-term at -80°C or processed immediately to generate bulk repertoire sequencing 559 

libraries of immunoglobulin heavy chains (IgH) as previously described (Horns et al., 2016), with minor 560 

changes. Briefly, 50 to 100 ng RNA from sorted B cell subsets were annealed to a pooled set of five 561 

isotype-specific IgH constant region primers containing unique molecular identifiers (UMIs) of either 10 562 

or 12 nucleotides at 72°C for 5 minutes before being immediately placed on ice for 2 minutes. We then 563 

performed first-strand cDNA synthesis using SuperScript IV reverse transcriptase (ThermoFisher 564 

Scientific) with recommended reagent concentrations and the following cycling conditions in a 565 

thermocycler: 105°C lid; 55°C 10 minutes; 80°C 10 minutes; 4°C hold. Second-strand cDNA synthesis 566 

was performed using Phusion® High-Fidelity DNA Polymerase (NEB) and six IgH variable region 567 

primers containing 10 or 12 nucleotide UMIs with the following cycling conditions: 105°C lid; 98°C 4 568 

minutes; 52°C 1 minutes; 72°C 5 minutes; 4°C hold. Double-stranded cDNA was then purified using 569 

(0.6X) Ampure XP beads (Beckman Coulter) before amplification with Illumina adapter-containing 570 

primers (Nextera i7 indices) and NEBNext Ultra II Q5 Master Mix (NEB) as follows: 105°C lid; 98°C 30 571 

seconds; (98°C 10 seconds, 72°C 50 seconds) × 22 to 28 cycles; 72°C 2 minutes; 4°C hold. Amplified 572 

libraries were purified using (0.6X) Ampure XP beads and quantified by Qubit™ dsDNA HS Assay Kit 573 

prior to multiplexing. Libraries were sequenced with PhiX spike-in using paired-end 301 bp reads on 574 

the Illumina MiSeq platform. 575 

 576 

10x Genomics Chromium single-cell transcriptomics and VDJ library preparation, 577 

sequencing and raw data processing 578 

Total tonsillar immune cells (n=7) or FACS-enriched memory B cells (n=6) were loaded according to 579 

the manufacturer’s protocol for either for the Chromium single-cell 3' kit (v2; n = 1) or 5' gene expression 580 

(v1; n = 6) to attain between 2000-5000 cells per well. Library preparation for both gene expression and 581 

VDJ (BCR) was performed according to the manufacturer’s protocol prior to sequencing on the Illumina 582 
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NextSeq 500 platform with 26/8/134 bp or 155/8/155 bp read configurations respectively. BaseCall files 583 

were subsequently used to generate library-specific FASTQ files with cellranger mkfastq (v3.0.0) prior 584 

to running cellranger count (v3.0.0) with the GRCh38 (release 92) reference to produce cell barcode-585 

gene expression matrices using default settings. For single-cell VDJ datasets, cellranger vdj (v3.0.0) 586 

was run using the refdata-cellranger-vdj-GRCh38-alts-ensembl-2.0.0 reference from 10x Genomics 587 

using default settings. Poor quality contigs that either did not map to immunoglobulin chains or were 588 

designated incomplete by cellranger were discarded. We further filtered IgH contigs as to whether they 589 

had sufficient coverage of constant regions to ensure accurate isotype assignment between closely 590 

related subclasses using MaskPrimers.py (pRESTO v0.5.10; Vander Heiden et al., 2014). 591 

 592 

Quality control and sequence assembly of bulk B cell repertoires 593 

Raw sequencing data from bulk VDJ libraries were processed to generate UMI-collapsed consensus 594 

VDJ sequences using pRESTO (v0.5.10; Vander Heiden et al., 2014). Paired-end sequencing reads 595 

with mean Phred quality scores less than 25 were removed, and remaining sequences were annotated 596 

and trimmed for PCR primer and UMI sequences. UMI barcodes were then filtered by length and the 597 

presence of ambiguous nucleotides, prior to UMI alignment using MUSCLE (v3.8.31; Edgar, 2004). 598 

UMI consensus sequences were then generated, with a minimum of three reads per UMI required, prior 599 

to assembly of paired-end UMI consensus sequences into a single VDJ contig and annotation of 600 

constant region isotype using MaskPrimers.py align (v0.5.10; Vander Heiden et al., 2014). Duplicate 601 

VDJ sequences within each subset were then collapsed using CollapseSeq.py (v0.5.10; Vander Heiden 602 

et al., 2014) before VDJ gene assignment and functional annotation using AssignGenes.py (ChangeO 603 

v0.4.5; Gupta et al., 2015) and IgBLAST (v1.12.0; Ye et al., 2013). 604 

 605 

Identification of clonally-related sequences, genotype inference and calculation of IgH 606 

mutation frequencies. 607 

Following initial quality control, all single-cell VDJ sequences were combined together with bulk BCR 608 

repertoire sequences from the same donor for subsequent processing. IgH sequences were annotated 609 

using IgBLAST (v1.12.0; Ye et al., 2013) and assigned isotype classes using AssignGenes.py prior to 610 

correction of ambiguous V gene assignments using TIgGER (v0.3.1; Gupta et al., 2015, Gadala-Maria 611 

et al., 2015). Clonally-related IgH sequences were identified using DefineClones.py (ChangeO v0.4.5; 612 

Gupta et al., 2015) with a nearest neighbour distance threshold of 0.0818, as determined by the mean 613 

99% confidence interval of all 8 donors with distToNearest (Shazam v0.1.11; Gupta et al., 2015). 614 

CreateGermlines.py (ChangeO v0.4.5) was then used to infer germline sequences for each clonal 615 

family and observedMutations (Shazam v0.1.11) was used to calculate somatic hypermutation 616 

frequencies for each IgH sequence. Sequences with mutation frequencies greater than 0.02 were 617 
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annotated as “High” mutation levels, those between 0 and 0.02 as “Low” mutation levels and 0 as 618 

“None”. For bulk BCR repertoire analysis in Figure 1, single-cell VDJ sequences were excluded and 619 

analysed, providing ~1.5 million high-confidence and unique IgH sequences, with a median of 14 UMIs 620 

per sequence, a median of 28,918 unique sequences per donor per subset and approximately 96-99% 621 

of these sequences appeared to be functional. 622 

Single-cell VDJ analysis was performed broadly as described previously (James et al., 2020). Briefly, 623 

the number of quality filtered and annotated IgH, IgK or IgL were determined per unique cell barcode 624 

prior to integration with single-cell gene expression objects. If more than one contig per chain was 625 

identified, metadata for that cell was ascribed as “Multi”. IgH diversity analyses were performed using 626 

the rarefyDiversity and testDiversity of Alakazam (v0.2.11; Gupta et al., 2015). To assess clonal 627 

relationships between cell types, co-occurrence of expanded clone members between cell types was 628 

reported as a binary event for each clone that contained a member within two different cell types in 629 

either single-cell or bulk repertoires. For comparisons of somatic hypermutation and isotype frequencies 630 

between subsets we used Wilcoxon Rank Sum Signed test while Student’s t test was used to compare 631 

mean clonal diversity scores. 632 

 633 

Data quality control, processing and annotation of single-cell RNA-seq. 634 

Gene expression count matrices from cellranger were used to calculate percentage mitochondrial 635 

expression per cell barcode prior to mitochondrial genes being removed from gene expression matrices. 636 

Similarly, the V, D and J gene counts for each immunoglobulin and T cell receptor were summed to 637 

calculate an overall expression before individual genes were removed from gene expression matrices. 638 

Counts of individual IgH constant region genes were also summed together (IgG1-4, and IgA1-A2) and 639 

removed from gene expression matrices. Modified gene-by-cell matrices were then used to create 640 

Seurat objects for each sample using Seurat (v3.0.3; Butler et al., 2018, Stuart et al., 2019), removing 641 

genes expressed in fewer than 3 cells. Cell barcodes with >1000 and <60000 UMIs and >500 and 642 

<7000 genes detected were removed, as were cell barcodes with >30% mitochondrial reads. Individual 643 

samples were then log transformed, normalised by a factor of 10000 prior to predicting cell cycle phases 644 

using the CellCycleScoring command and then identifying the 3000 most variable genes within each 645 

sample using the “vst” method. We then performed a preliminary integration of all unsorted immune 646 

cells or all sorted memory B cell datasets together using FindIntegrationAnchors and IntegrateData 647 

(3000 genes) before regressing out cell cycle scores and mitochondrial gene expression, performing 648 

principle component analysis (PCA) and preliminary clustering and cell type annotation. One cluster 649 

was identified to be enriched with predicted doublets based on the results from DoubletFinder (v2.0.1; 650 

McGinnis et al., 2019) and scrublet (v0.2; Wolock et al., 2019), and a small number of cell barcodes 651 

with co-expression of B/T/non-lymphoid markers were manually removed by filtering on UMAP 652 

coordinates. Following the removal of poor quality cell barcodes from gene expression matrices based 653 
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on these preliminary analyses of the unsorted immune cell and sorted memory B cell libraries, we then 654 

integrated all normalised count matrices together using the unsorted immune cell count matrices as a 655 

reference with 4000 highly variable genes before scaling the integrated data and regressing cell cycle 656 

and mitochondrial gene expression, running PCA and identifying broad cell type lineages (B cell, T cell 657 

and non-lymphoid cells) using a broad resolution for clustering. These lineages were then separated 658 

for more detailed cell state annotation by recomputing the PCA (RunPCA), nearest neighbour graph 659 

(FindNeighbors) and unbiased clustering (FindClusters). Uniform Manifold Approximation and 660 

Projection (UMAP) was then used to visualise both integrated and lineage-specific datasets. B cells 661 

were annotated with scVDJ metadata from the integrated repertoire analysis detailed above. 662 

 663 

Differential gene expression and signature enrichment analysis. 664 

Gene expression markers for different clusters of unsorted B cells, T cells, non-lymphoid cells and 665 

sorted MBCs were identified using FindAllMarkers from Seurat with default settings, including Wilcoxon 666 

test and Bonferroni p value correction (v3.0.3; Butler et al., 2018, Stuart et al., 2019). Differential gene 667 

expression for antibody class-specific or somatic hypermutation frequency for GC B cells or class-668 

switched MBCs was performed using FindAllMarkers with Benjamini-Hochberg false discovery rate 669 

(FDR) correction. Genes were deemed significantly different if FDR < 0.05, average log fold change > 670 

0.1 and the gene was detected in >20% of cells in that group. Gene ontology analyses for high 671 

affinity/SHM class-specific GC B cells were performed with Ingenuity Pathway Analysis (Qiagen) 672 

software using avg_logFC values of all genes significantly enriched in at least one class. For IFN-673 

response MBC cluster gene ontology enrichment was performed with all significant gene markers for 674 

this cluster in Metascape (Zhou et al., 2019) using default settings, as were all genes significantly 675 

enriched or depleted in switched or unswitched in at least one MBC cluster. 676 

Enrichment of gene set signatures for single cells was calculated using AUCell (v1.5.5; Aibar et al., 677 

2017). For class switch recombination, a manually curated shortlist of genes was determined for genes 678 

linked with CSR that were reliably detected in our sparse scRNA-seq datasets (Stavnezer and 679 

Schrader, 2014). Gene signatures of high and low affinity mouse LZ GC B cells (Shinnakasu et al., 680 

2016) were obtained by quantifying RNA-seq transcript counts against GRCm38 transcriptome build 681 

using Salmon (v1.0.0; Patro et al., 2017), collapsing protein-coding transcripts into a single gene count 682 

using tximport (v1.10.1; Soneson et al., 2016), identifying significant gene expression differences 683 

between the two groups using DESeq2 (v1.22.2; Love et al., 2014) with a threshold of log fold change 684 

> 1.5 and padj < 0.05 and converting mouse gene IDs to human using bioMart (v2.38.0; Durinck et al., 685 

2005, Durinck et al., 2009). For IgM stimulation gene sets, Geo2R (Barrett et al., 2012) was used to 686 

analyse microarray data from a timecourse of wild type splenic mouse B cells stimulated with 10 µg/ml 687 

of anti-IgM (Shinohara et al., 2014) and identify genes enriched following α-IgM treatment compared to 688 

control untreated cells with FDR < 0.05 and a fold change > 2. To calculate preGC and FCRL2/3high 689 
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signature scores in MBC subsets, the top 50 most significantly enriched gene markers per cluster in 690 

the unsorted B cell subset analysis were used with AUCell. Unless indicated otherwise, Wilcoxon 691 

Ranked Signed Sum test was used to test for significant differences. 692 

 693 

Prediction of cell-cell communication using CellPhoneDB. 694 

To evaluate potential cell-cell communication, we used CellPhoneDB (v2.0.6; Vento-Tormo et al., 2018, 695 

Efremova et al., 2020) to examine the expression of ligand-receptor pairs between different scRNA-seq 696 

clusters. Briefly, we exported raw gene count matrices from Seurat, converted gene IDs to Ensembl 697 

IDs using bioMart (v2.38.0; Durinck et al., 2005). We re-annotated all non-lymphoid cell type clusters 698 

as antigen-presenting cells (APCs), naïve and effector T cell groups by CD4 or CD8 expression, Treg 699 

and Tfr as “Treg” and rare GC subsets (prePB and FCRL2/3high) as “GC” and exported cell type 700 

metadata for use with raw count data using the “statistical_analysis” command of CellPhoneDB with 701 

database v2.0.0. The number of unique significant ligand-receptor co-expression pairs (putative 702 

interactions; p value < 0.05) between each cell type was then counted and visualised as a heatmap, 703 

while exemplar interacting pairs were visualised by calculating mean average expression level of gene 704 

1 in cell type 1 and gene 2 in cell type 2 are indicated by colour and p values indicated by circle size. 705 

 706 

RNA velocity and pseudotemporal ordering. 707 

To calculate single-cell velocities we first quantified spliced and unspliced transcripts for the filtered 708 

barcodes output from cellranger using velocyto (v0.17.10; La Manno et al., 2018). Loom files were then 709 

combined using loompy (v2.0.17) before reformatting cell barcode names to be compatible with Seurat 710 

objects and merging with a Scanpy (v1.4; Wolf et al., 2018) object containing the raw gene expression 711 

matrix of high quality annotated single B cell transcriptomes (see above) using scVelo (v0.1.23; Bergen 712 

et al., 2019). scVelo was then used to pre-process, filter and normalise velocyto-derived counts with 713 

default settings prior to computation of the first- and second-order moments (scv.pp.moments) and 714 

subsequent velocity estimation using a dynamical model (scv.tl.recover_dynamics and scv.tl.velocity). 715 

Velocities were then projected and visualised onto UMAP embeddings at a grid level using an inverted 716 

transition matrix obtained from scv.tl.transition_matrix prior to scv.tl.velocity_embedding, basis='umap'. 717 

For pseudotemporal ordering of the B cell activation and GC entry trajectory, a partition-based graph 718 

abstraction (PAGA) was performed for Naïve, Activated, preGC and LZ GC B cell clusters (Scanpy; 719 

tl.paga) before computing connectivity of single cells using a diffusion map (Scanpy; tl.diffmap). 720 

Velocity-based pseudotime reconstruction was performed using default settings for scVelo commands 721 

tl.recover_latent_time and tl.velocity_pseudotime, although the pseudotemporal order was reversed to 722 

place naïve cluster at pseudotime = 0. Dynamic gene expression changes were examined by using 723 

tl.rank_velocity_genes (scVelo) to sub-cluster original cell type annotations (resolution = 1) based on 724 
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RNA velocity and the top 200 genes per sub-cluster were reported before filtering out ribosomal genes 725 

and collapsing to unique genes. Genes were then clustered through pseudotime for heatmap 726 

visualisation with smoothed expression scores in scVelo. Quantitation of individual gene expression or 727 

AUCell-derived signature scores of single-cells across pseudotime was performed using smoothed 728 

normalised counts with geom_smooth() including 95% confidence intervals. For pseudotemporal 729 

analysis of GC B cell subsets, a similar approach was taken for the LZ GC, GC, DZ GC, FCRL2/3high 730 

GC and prePB clusters, except that diffusion-based pseudotime was calculated with Scanpy (tl.dpt) 731 

independent of RNA velocity measurements. Visualisation of a custom list of top GC subset marker 732 

genes for LZ GC, GC and DZ GC clusters was performed using pl.paga.path heatmap with Scanpy. 733 

 734 

Immunohistochemistry 735 

Tonsil biopsies were cut from formalin fixed paraffin-embedded blocks then deparaffinized in xylene 736 

and rehydrated through a series of ethanols to water. Endogenous peroxidase was blocked with 3% 737 

hydrogen peroxide. Heat-mediated antigen retrieval was performed using a commercial citrate-based 738 

unmasking buffer (Vector Labs) at 120°C using a pressure cooker. Sections (3µm thick) were then 739 

incubated for 40 minutes at RT with 1:1000 dilution of anti-APE1 (HPA002564; Sigma). Detection of 740 

primary antibody was performed using the Super-sensitive–Polymer HRP system (Biogenex) and 741 

staining visualized using purple chromogen VIP (Vector Labs) and hematoxylin as a nuclear 742 

counterstain. Slides were then scanned (Pannoramic 250 Flash) before being left to soak in xylene to 743 

de-coverslip. Once the coverslips were removed, slides were rehydrated through ethanol to water. De-744 

staining and stripping of the primary antibodies and the heat-labile VIP chromogen was achieved using 745 

a subsequent round of heat-mediated antigen retrieval as per the first round of staining. The second 746 

primary antibody CD20 (M0755; Dako) was incubated for 40 minutes at RT at a dilution of 1:500, 747 

followed by detection, visualization and scanning as before. Negative controls were performed by 748 

treating sequential sections as above but without the second primary antibody (CD20) to confirm 749 

complete antibody and signal stripping. Images were prepared using CaseViewer (3DHistTech). 750 

 751 

Quantitation of IgH germline transcripts. 752 

To quantify expression of IgH germline transcripts (GLT), all mapped reads to the IgH locus 753 

(chr14:105540180-105879151) were extracted from cellranger-derived bam files. DropEst (v0.8.6; 754 

Petukhov et al., 2018) was then used to count reads against a custom GTF containing coordinates for 755 

I promoter GLT sequences (Sideras et al., 1989, Fujieda et al., 1996), annotation of membrane-specific 756 

IgH exons and IgH switch regions identified by enrichment of the WRCY motif using HOMER2 (v4.9.1; 757 

Heinz et al., 2010). Counts were then read into Seurat without filtering for log10-normalisation and 758 

scaling. Due to mapping ambiguities between subclass-specific regions, subclass-specific counts were 759 

summed together. 760 
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 761 

Accession codes and data availability 762 

Raw sequencing and processed data files for single-cell RNA sequencing, single-cell VDJ sequencing, 763 

and bulk B cell repertoires are available at ArrayExpress (accession numbers: E-MTAB-8999, E-MTAB-764 

9003 and E-MTAB-9005). RNA-seq and microarray data for high affinity and α-IgM stimulation gene 765 

expression signatures were obtained from GSE73729 and GSE41176 respectively. DNase-seq and 766 

ChIP-seq datasets from ENCODE were visualised using UCSC Genome Browser (Kent et al., 2002, 767 

Rosenbloom et al., 2012). 768 
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Supplementary Figures 1019 

 1020 
Figure S1. Annotation of non-B cell populations in the human tonsils. 1021 
A) Mean expression of key marker genes used to define T cell scRNA-seq clusters, including CD4+ naïve or central memory 1022 

(CD4+ NCM), CD4+, T follicular helper (TfH), T follicular regulatory (TfH), T regulatory (Treg), CD8+ naïve or central 1023 
memory (CD8+ NCM), CD8+ cytotoxic (CD8+ CTL), TIM3+ CD4/CD8 double-negative (TIM3+ DN) and cycling T cells, in 1024 
addition to innate lymphoid cells (ILC) and natural killer (NK) cells. Frequency of cells for which each gene is detected is 1025 
denoted by size of the dots. 1026 

B) Relative frequencies of different T cell subsets separated by clinical indication for tonsillectomy. OSA; obstructive sleep 1027 
apnoea (n = 2), RT; recurrent tonsillitis (n = 3), RT+OSA (n = 2). 1028 

C) Mean expression of key marker genes used to define non-lymphoid cell scRNA-seq clusters, including 1029 
monocyte/macrophages precursor (Precursors), macrophage (MAC1, MAC2, MAC3), conventional dendritic cell 1 1030 
(cDC1), plasmacytoid-derived dendritic cell (pDC) and follicular dendritic cell (FDC) subsets. Frequency of cells for which 1031 
each gene is detected is denoted by size of the dots. 1032 

D) Relative frequencies of different non-lymphoid cell subsets separated by clinical indication for tonsillectomy. 1033 
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 1034 
Figure S2. Dynamic gene expression during class switch recombination and transcription factor binding 1035 
at the immunoglobulin locus. 1036 
A) Smoothed gene expression for example cell surface receptor or cytokine (top row) and transcription factor (bottom row) 1037 

genes that are differentially regulated through velocity-based pseudotime of B cell activation and GC entry.  1038 
B) Immunohistochemistry of CD20 (B cell marker) and APE1 (APEX1) in two paediatric human tonsils reveals depleted 1039 

expression of APE1 in germinal centres (GCs) compared to the follicular zone. 1040 
C) Schematic of the human immunoglobulin heavy chain (IgH) locus, with intergenic (I) promoters, switch regions, germline 1041 

transcripts and regulatory regions (Eμ, α1 RR, α2 RR). 1042 
D) Open chromatin (DNase-seq) and ChIP-seq from ENCODE consortium at Eμ, α1 RR, α2 RR, and a control neighbouring 1043 

locus (CRIP1 / C14orf80) for EBV-transformed B lymphocyte cell line GM12878 and control non-B lymphocyte cell lines 1044 
(K562, A549, HEPG2).  1045 
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 1046 
Figure S3. Class- and subclass-specific gene expression analyses. 1047 
A) Pseudobulk heatmaps of average expression per donor of differentially expressed genes between class-specific GC B 1048 

cells with similar affinity (based on SHM frequency). 1049 
B) Same as in A), but for subclass-specific gene expression analyses. 1050 
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 1051 
Figure S4. Characterisation of memory B cell states identified by scRNA-seq. 1052 
A) Single-cell expression of memory B cell (TNFRSF1B), naïve/undifferentiated (TCL1A) and germinal centre (CD38) 1053 

markers across all B cell subsets (left) and sorted memory B cell subsets (right). 1054 
B) Single-cell expression of key marker genes differentially expressed by CD21low MBC populations. 1055 
C) Top gene ontologies for significantly enriched genes in the IFN-response MBC cluster. 1056 
D) Single-cell AUCell-derived scores for top 50 marker genes of the naïve preGC B cells and FCRL2/3high GC B cells in MBC 1057 

subsets. * denotes p value < 0.001. 1058 
E) Single-cell AUCell-derived scores for class switch recombination gene set in MBC subsets. * denotes p value < 0.001. 1059 
F) Relative frequencies of scVDJ-derived antibody subclass expression within different MBC scRNA-seq populations. 1060 
G) Single-cell expression of key marker genes of the FCRL2/3high B cell states between switched and unswitched MBCs.  1061 
H) Somatic hypermutation frequencies of scVDJ-derived antibody genes between switched and unswitched B cells within 1062 

different MBC populations.  1063 
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