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Single cell clonal analysis identifies an
AID-dependent pathway of plasma
cell differentiation
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Abstract

Germinal centers (GC) are microstructures where B cells that have
been activated by antigen can improve the affinity of their B cell
receptors and differentiate into memory B cells (MBCs) or
antibody-secreting plasma cells. Here, we have addressed the role
of activation-induced deaminase (AID), which initiates somatic
hypermutation and class switch recombination, in the terminal dif-
ferentiation of GC B cells. By combining single cell transcriptome
and immunoglobulin clonal analysis in a mouse model that traces
AID-experienced cells, we have identified a novel subset of late-
prePB cells (L-prePB), which shares the strongest clonal relation-
ships with plasmablasts (PBs). Mice lacking AID have various alter-
ations in the size and expression profiles of transcriptional
clusters. We find that AID deficiency leads to a reduced proportion
of L-prePB cells and severely impairs transitions between the L-
prePB and the PB subsets. Thus, AID shapes the differentiation fate
of GC B cells by enabling PB generation from a prePB state.
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Introduction

During the immune response, B cells that have been stimulated by

antigen with T cell help can engage in the germinal center (GC) reac-

tion, where they can differentiate into either memory B cells (MBC)

or high-affinity plasma cells (PC). GCs are key to the efficiency of the

immune response and underlie the mechanism of action of most

vaccination strategies. In GCs, B cells proliferate, modify their

immunoglobulin genes by somatic hypermutation (SHM), are

selected by affinity maturation, and terminally differentiate into

alternate fates (Allen et al, 2007; Victora & Nussenzweig, 2012;

Mesin et al, 2016; Shlomchik et al, 2019; Laidlaw & Cyster, 2020).

Activation-induced deaminase (AID) initiates SHM and CSR

(Muramatsu et al, 2000; Revy et al, 2000) with the deamination of

cytosines on the DNA of immunoglobulin genes, which can be sub-

sequently processed by various molecular pathways (Methot & Di

Noia, 2017). In the case of SHM, AID deaminates the antigen recog-

nizing, variable region of immunoglobulin genes, generating muta-

tions that can give rise to variants with altered affinity for antigen

(Methot & Di Noia, 2017). In CSR, AID-induced deaminations pro-

mote a recombination reaction between switch regions—highly

repetitive sequences that precede constant regions—thus promoting

the exchange of IgM/IgD isotypes with IgG, IgE, or IgA isotypes

encoded by downstream constant genes at the immunoglobulin

heavy (IgH) locus (Methot & Di Noia, 2017). Therefore,

immunoglobulin diversification by AID is central to the GC reaction.

Germinal centers comprise two different compartments, the dark

zone (DZ), where B cells proliferate and undergo SHM in their vari-

able genes, and the light zone (LZ), where B cells are selected in the

context of T follicular helper cells and follicular dendritic cells (Allen

et al, 2007; Victora & Nussenzweig, 2012). CSR can take place in the

GC but frequently occurs prior to its entry into the GC (Roco

et al, 2019). B cells perfection affinity maturation with iterative

cycles of mutation and proliferation in the DZ and positive selection

in the LZ (Victora et al, 2010; Victora & Nussenzweig, 2012, 2022).

Notably, differentiation into the MBC and the PC fates from the

GC is not stochastic; instead, higher affinity B cells preferentially dif-

ferentiate into PCs, while MBCs generally show lower affinity for

antigen (Phan et al, 2006; Taylor et al, 2015; Mesin et al, 2016;

Shinnakasu et al, 2016; Kr€autler et al, 2017; Suan et al, 2017; Viant

et al, 2020, 2021). Accordingly, the average frequency of SHM is

higher in PCs than in MBCs (Shinnakasu et al, 2016; Weisel

et al, 2016; Laidlaw et al, 2020). Likewise, BCR isotype influences

the outcome of GC differentiation toward the PC or MBC fates
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(Kometani et al, 2013; Gitlin et al, 2016; King et al, 2021). This

skewed selection into the MBC versus PC fate ensures high-affinity

protection by the PC effector compartment while preserving an MBC

reservoir with a broader range of affinities, which could be critical to

provide a rapid defense against closely-related pathogens, as previ-

ously proposed (Kaji et al, 2012; Viant et al, 2020; Victora &

Nussenzweig, 2022).

Activation-induced deaminase deficiency does not only promote

a complete block in CSR and SHM, but also it causes lymphoid

hyperplasia, both in mouse and man (Muramatsu et al, 2000; Revy

et al, 2000), indicating a role of AID in B cell homeostasis. Indeed,

AID�/� mice have an increased number of GC B cells upon immu-

nization (Muramatsu et al, 2000). Interestingly, AID�/� GC B cells

show a reduced apoptosis rate (Zaheen et al, 2009), accumulate in

the LZ, and do not efficiently form PCs in mixed bone marrow

chimeras (Boulianne et al, 2013). However, the contribution of AID

to shaping B cell fate in GCs is not well understood.

Here, we have approached this question by combining single cell

transcriptome analysis with single cell V(D)J analysis of B cells from

wild-type and AID-deficient mice. To that end, we have used a

genetic mouse model that irreversibly labels cells that have

expressed AID. We found that AID-experienced B cells clustered into

8 distinct transcriptional clusters, including a novel L-prePB cluster,

which shares a strong clonal relationship with PB. The GC response

in AID deficient mice showed alterations in cluster proportions and

transcriptome differences in some of these clusters. Further, clonal

relationships were profoundly altered in AID deficient mice, where

the connection between L-prePB and PB clusters was severely

impaired. Thus, our data reveal a critical role of AID in shaping the

ultimate fate of B cell differentiation in GCs.

Results

Single cell analysis of the GC response identifies
8 transcriptional clusters

To map GC differentiation at the single cell level, we made use of the

AicdaCre+/ki; R26tdTom+/ki (hereafter AicdaCre/+) mouse model, which

allows genetic tracing of cells that have expressed AID. In this model,

the cDNA encoding the Tomato (Tom) fluorescent protein was inserted

in the Rosa26 endogenous locus preceded by a transcriptional stop

sequence flanked by loxP sites (R26tdTom allele). The Cre recombinase

was inserted in the endogenous Aicda locus (AicdaCre allele; Robbiani

et al, 2008; Rommel et al, 2013). In AicdaCre/+ mice, activation of the

Aicda locus promotes Cre expression and excision of the transcriptional

stop at the R26tdTom allele, unleashing the expression of the Tom pro-

tein. Thus, B cells that have been activated for AID expression, become

irreversibly Tom+ (Fig EV1A). To trigger a GC immune response, we

first adoptively transferred CD4+ T cells from OT-II mice, which harbor

a TCR recognizing a peptide from the ovalbumin (OVA) protein, into

AicdaCre/+ mice. Mice were immunized with OVA 1 and 15 days after

the transfer of OT-II cells. Mice were sacrificed for analysis 15 days

after the second immunization (Fig 1A). Flow cytometry analysis

showed that OVA immunization expectedly resulted in the generation

of Tom+ cells, which comprised GC B cells (Tom+ CD138� GL7+), plas-

mablasts (PB) and PCs (Tom+ CD138+) and putative memory B

(pMem) cells (Tom+ CD138� GL7� CD38+), with various proportions

of switched cells (complete gating strategy in Figs 1B and C, and EV1B

and C). ELISA analysis showed an accumulation of anti-OVA IgG anti-

body titers (Fig EV1D).

To analyze the B cell immune response at the single cell level we

performed 10× Genomics analysis in Tom+ spleen cells isolated from

OT-II transferred AicdaCre/+ mice 15 days after the boost OVA

immunization (Fig 1A). Two individual immunized mice were mul-

tiplexed by hashtag labeling (HTO, see Materials and Methods) and

gene expression and V(D)J sequencing of individual cells was per-

formed (Fig EV1E). Seurat clustering of gene expression sequencing

of individual Tom+ cells initially identified 6 independent clusters,

labeled from 0 to 5 according to cluster size (Fig EV2A). Further

subclustering of cluster 0 resulted in 8 distinct transcriptional clus-

ters, as explained below (Fig 1D).

Clusters 1 and 2 showed high levels of Aicda, S1pr2, or Mef2b

and were both enriched in GC B cell signature (Fig 1E–G). Cluster 1

and cluster 2 were distinctly enriched for LZ and DZ signatures, as

defined before (Victora et al, 2010, 2012; Fig 1G; Dataset EV1). We

found that the vast majority of proliferating Tom+ cells were con-

tained in cluster 2, and conversely, virtually all the cells (99%, 811/

820 cells) in cluster 2 were in the S+G2M phases of the cell cycle

(Fig 1H and I). UMAP projection precisely distinguished between

cells in the S phase expressing high levels of replication genes

(Mcm2, Mcm3, Mcm4, Mcm6, Cdc6, etc) and cells in the G2 and M

phases, with high expression of mitotic genes (Cdc20, Ccnb2, Cdca8,

etc; Fig 1H and I). Thus, cluster 1 was designated as LZ GC B cells

(GC.LZ) and cluster 2 was designated as DZ GC B cells (GC.DZ).

Cluster 5 displayed high levels of Xbp1, Jchain, and immunoglob-

ulin genes (Fig 1E and F; Dataset EV1) and was enriched in cells

expressing the PB/PC signature as defined in the Immunological

Genome Project gene set (Heng et al, 2008; Fig 1G) and was thus

designated as PB.

Cluster 0 showed high expression of Klf2 and Ccr6 (Fig 1E and F;

Dataset EV1), previously associated with the MBC transcriptional

program (Suan et al, 2017; Laidlaw et al, 2020). Signature enrich-

ment analysis of MBC TFs (Glaros et al, 2021) further supported the

MBC identity of cluster 0 (Fig 1G). Subclusterization of cluster 0

identified three transcriptionally distinct populations: one major sub-

set (0a) with highest expression levels of Klf2, Ccr6, and Hhex, one

subset (0b) with highest levels of Zbtb32 and Vim, and a minor sub-

set (0c) with highest levels of Irf7 and Isg15 (Figs 1D and E, and

EV2B and C; Dataset EV1). We found that subcluster 0a was

enriched in the gene signature of a recently identified subset of MBCs

that derive from activated B cells (Viant et al, 2021); conversely,

subcluster 0b was enriched in a distinct MBC signature of cells that

originate from highly proliferative GC precursors (Viant et al, 2021;

Fig 2A). Thus, we have identified two major subsets of MBCs: cluster

0a, hereafter, Mem.Act, and cluster 0b, hereafter, Mem.GC. Finally,

0c is a minor subcluster showing more association with activated B

cell-derived MBC signature and will be labeled as Mem.Act2.

Identification of two prePB clusters

Clusters 3 and 4 were identified as distinct clusters that could not

obviously be assigned as MBC, GC, or PC cells (Fig 1G;

Dataset EV1). However, the transcriptional profile of cluster 4 par-

tially resembled PB and MBC Immunological Genome Project gene

sets (Heng et al, 2008; Fig 2B). To get insights into the
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transcriptional inter-relationships of cluster 4 with other clusters,

we performed an analysis of transcriptional transitions using

QuickMarkers (Dataset EV2). This approach quantifies the propor-

tion of markers in a given cluster shared with the highest frequency

by the rest of the clusters. We found that cluster 4 showed the high-

est transition probability with the PB cluster, and conversely, the PB

cluster showed a high transcriptional transition probability with

cluster 4, only second to GC cells (Fig 2C). These analyses sug-

gested that cluster 4 could represent a subset related with PB differ-

entiation. This prompted us to ask whether this subset was similar

to a previously described subset of prePB cells (Fraction 1; Ise

et al, 2018). Interestingly, gene signature analysis using the 100

most highly expressed genes by Fraction 1 prePB cells (Ise

et al, 2018) did not bear a high enrichment in cluster 4 (Fig 2D).

Instead, we found that the highest enrichment of the Fraction 1

prePB signature was split into two transcriptional clusters. Expect-

edly, one of them was a subset of the LZ cluster, in agreement with

the initial definition of Fraction 1 prePB cells (Fig 2D). Notably, the

other high enrichment hit of Fraction 1 prePB cells was with our

cluster 3. Together, these analyses suggested that clusters 3 and 4

could represent 2 distinct subsets of prePB cells.

To further assess the differentiation trajectories of the identified

transcriptional clusters, we performed Monocle pseudotime analysis

(Fig 2E). We expectedly found that GC.DZ and GC.LZ clusters repre-

sented the earliest differentiation states in the pseudotime analysis,

while the PB cluster was the end differentiation state of the analysis.

MBC clusters were interspread between GC and PB clusters. Interest-

ingly, cluster 3 showed as an earlier state than cluster 4 (Fig 2E and

F). Thus, cluster 3 was tentatively labeled as early-prePB (E-prePB)

while cluster 4 was tentatively labeled as late-prePB (L-prePB).

We conclude that single cell transcriptome analysis identified 8

distinct GC-related populations, including GC.DZ, GC.LZ, PB, 3 clus-

ters of MBC, and 2 clusters of putative prePB cells, namely, E-

prePB, which are closely related to previously described fraction 1

prePB cells (Ise et al, 2018), and a novel prePB cluster that we have

named L-prePB (Fig 2G).

Characterization of the L-prePB cluster

To gain insights into the identity of cells in the L-prePB cluster,

we first identified genes in our transcriptome data that could be

potentially used as markers for L-prePB cells. We found that

FcRc, Actn1, Dnm3, and Ptpn22 are expressed by cells in the L-

prePB cluster but very rarely expressed in other clusters

(Fig 3A). Interestingly, all FcRc, Actn1, Dnm3, and Ptpn22 are

more highly expressed in PC/PB than in GC or MBC subsets, as

defined in the Immunological Genome Project (Heng et al, 2008;

Fig 3B), supporting the transcriptional link between L-prePB and

PB cells. Further analysis of our transcriptome data with the

Combinatorial Marker Detection from Single Cell Transcriptomic

Data (COMET tool; Delaney et al, 2019) identified FcRc as the

best putative marker for the L-prePB cluster. FcRc (high-affinity

immunoglobulin epsilon receptor subunit gamma) is a compo-

nent of various membrane receptors, including high-affinity IgE

receptor, endowed with a signal transducing ITAM motif and a

short extracellular segment. To assess the identity of L-prePB

cells by flow cytometry, we first performed intracellular staining

of spleen cells from mice immunized as shown in Fig 1A using

an anti-FcRc antibody. This antibody was tested in B3Z cells

transfected with an FcRc-CD2 fusion protein following the same

fixation/permeabilization protocol (Fig EV2D). We found that a

fraction of non-PC, non-GC, Tom+ B cells (Tom+ B220+ CD138�

GL7� CD19+) expressed FcRc (Fig 3C), consistent with the pres-

ence of L-prePB cells (complete gating strategy in Fig EV2E). We

also confirmed the absence of FcRc+ cells within the GC com-

partment (Fig EV2F). We next isolated FcRc+ cells by cell sorting

and performed quantitative RT–PCR of the L-prePB markers iden-

tified in our transcriptome data. We found that all FcRc, Actn1,

Dnm3, and Ptpn22 genes were more highly expressed in FcRc+

cells than in total Tom+ cells, confirming that FcRc+ cells are

part of the L-prePB cluster (Figs 3D and EV2G). Finally, we veri-

fied that FcRc+ cells were also detectable in mice who received a

single immunization challenge (Fig EV2H and I). Thus, we con-

clude that the L-prePB cluster represents a common B cell subset

associated with T cell-dependent responses that can be identified

by the expression of FcRc.

Single cell clonal analysis of the GC response

To further characterize the identified transcriptional clusters, we

first analyzed SHM in V(D)J transcripts of individual cells. We

found that the mutation load at the IgH variable region widely

◀ Figure 1. Single cell RNA sequencing of AID-labeled Tomato+ (Tom+) cells identifies eight cell clusters.

A Immunization protocol. AicdaCre/+ mice were immunized intraperitoneally (i.p.) with OVA in alum (n = 8) 1 day after OT-II CD4+ T cell transfer. Two weeks later, mice
were boosted with OVA i.p.

B Representative flow cytometry plots of spleen Tom+ cells, germinal center B cells (GC; Tom+ CD138� GL7+), plasma cells/plasmablasts (PB; Tom+ CD138+) and putative
memory B cells (pMem; Tom+ CD138� GL7� CD38+).

C Quantification of flow cytometry analysis of immunized mice as shown in A and B (n = 8 mice per group). Percentages of the different subsets within total live cells
are shown. Data information: Bars and error bars indicate mean � standard deviation.

D Splenic Tom+ cells from two immunized AicdaCre/+ mice were analyzed by single cell RNA sequencing (scRNA-seq) using the 10x Genomics platform. Cells were clus-
tered based on transcriptomic data and mapped to a UMAP plot. Clusters are labeled from 0 to 5 according to decreasing cell numbers. Cluster 0 was subclusterized
in 0a, 0b and 0c (Fig EV2A).

E Heatmap showing expression of the top 20 upregulated genes within the clusters identified in D. Yellow indicates higher gene expression. Representative gene names
are indicated on the right.

F UMAP plots showing expression of representative genes of the different B cells clusters, as shown in D. Blue color indicates higher gene expression.
G UMAP plots showing enrichment scores for previously published gene signatures (MBC, (Glaros et al, 2021); PC, (Heng et al, 2008); GC.DZ and GC.LZ (Victora et al, 2012)).
H UMAP plot showing the cell cycle phase of individual cells in the different clusters as shown in D.
I Heatmap of G1, S, and G2M subclusters of GC.DZ cells showing expression of the top 10 upregulated genes in S and G2M phases. Gene expression information was

obtained for 4,061 AicdaCre/+ Tom+ cells. Cluster 0: 1425 [0a: 998, 0b:354, 0c:73], 1: 867, 2: 820, 3: 480, 4:345, 5:124. See Materials and Methods for details.
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varied across cells from different populations, with the highest

mutation frequency found in both GC.DZ and GC.LZ B cells

(Figs 4A–C and EV3A). Within MBC clusters, Mem.Act and

Mem.Act2 harbored lower mutation frequencies than Mem.GC, in

agreement with their labeling as MBCs from activated B cell and

GC origin, respectively (Viant et al, 2021; Figs 4A–C and EV3A).

Finally, we found that cells in the L-prePB and PB clusters had

similar mutation frequencies (Figs 4A–C and EV3A), and that

mutation load was significantly higher in L-prePB than in the E-

prePB compartment. CSR analysis on V(D)J transcripts generally

mirrored the SHM results, with the highest proportion of isotype

switched cells within the GC.DZ and GC.LZ clusters (Figs 4D and

E, and EV3B–D).

To identify clonal relationships among the different clusters we

performed the analysis of BCR sequences using the Immcantation

pipeline. Cells were assigned to the same clone when they shared

identical V(D)J segments and identical CDR3 lengths in both their

IgH and IgL chains. We found that GC.DZ and GC.LZ clusters were

highly enriched in clonally expanded cells (Fig 4F). Likewise, clonal

sharing was most frequently observed between the GC.DZ and the

GC.LZ clusters (Fig 4G) (note that the circos plot represents all Mem

clusters together for the sake of clarity) and that only clonal sharing

between two clusters is depicted. These findings reflect the high pro-

liferation rate at the DZ and the iterative transitions of B cells

between the DZ and the LZ in GC. Our data also revealed clonal

sharing among other clusters. For instance, clone 1 (containing 31
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Figure 2. Identification of two prePB clusters.

A Enrichment scores of gene signatures derived from GC-independent and GC-dependent memory B cell populations described in (Viant et al, 2021).
B Heatmap showing expression levels of cluster 4 markers in different Immunological Genome Project (ImmGen) datasets (Heng et al, 2008).
C Pie charts depicting the proportion of shared markers between cluster 4 and PB cluster with the rest of the clusters, as analyzed by Quickmarkers.
D UMAP plot showing enrichment score for the top 100 upregulated genes in Fraction 1 prePB cells (Ise et al, 2018).
E Monocle Pseudotime analysis of the cells displayed in Fig 1D. The projection is colored by cluster identity and the cells are ordered by Pseudotime.
F Cumulative frequency of cluster 3 and cluster 4 cells across Pseudotime.
G UMAP plot of cells in Fig 1D with assigned cell identities.
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cells) was found several times in the GC.DZ and GC.LZ clusters,

both in unswitched and in switched versions, but it was also found

in the E-prePB and L-prePB clusters (Fig EV3E and F). By contrast,

we found that clone 3 was shared between the E-prePB and the PB

clusters (Fig EV3E and F). Thus, clone 3 probably represents the

end differentiation state of a clonal expansion that is already extin-

guished at the GC; by contrast, clone 1 must have been at full

expansion in the GC at the time of analysis, but we can also identify

cells that have already transited to the E-prePB or the L-prePB

clusters.

V(D)J clonal sharing (Fig 4G) allows us to calculate the transi-

tion probabilities across differentiation states (Fig 4H; Dataset EV3).

We observed that the GC cluster interconnects with all other clus-

ters, suggesting that GC cells can feed other subsets, and possibly

also receive cells from different MBC subsets (Fig 4G and H). Inter-

estingly, the PB cluster shows the most prominent relationships

with the GC and the L-prePB cluster. This finding indicates that,

while differentiation into the PB cluster can directly occur from the

GC and Mem clusters, L-prePB is a very common intermediate state

preceding the generation of PC/PB.

To deepen into the clonal relationships of E-prePB and L-prePB

cells, we analyzed the phylogenetic trees of all the clones that con-

tained E-prePB or L-prePB cells (representative trees are shown in

Fig 4I). Branches of the trees represent diversification steps and

numbers on branches indicate the number of mutations acquired at

that step. Trees were classified as type 1 when they contained both

E-prePB and L-prePB cells; type 2, when they contained GC B cells

and E-prePB cells; and type 3, when they contained GC B cells and

L-prePB cells. We found that, within the same clone, E-prePB cells

harbored fewer mutations than L-prePB cells (Fig 4J), in agreement

with our analysis on total mutation frequency (Fig 4A–C). Interest-

ingly, this mutation difference was also found in their GC counter-

parts (trees type 2 and 3), i.e., GC cells in trees shared with E-prePB

(GC2, type 2 trees) have fewer mutations than GC cells in trees

shared with L-prePB (GC3, type 3 trees; Fig 4K). In turn, lower

mutation load in E-prePB-containing clones correlates with fewer

diversification steps from the inferred germline cell (Fig 4L). These

results indicate that E-prePB cells represent earlier, less diversified

cells than L-prePB cells.

Transcriptional clusters are shifted in AID deficient mice

To address the role of AID in GC differentiation at the single cell

level, we generated AicdaCre�/ki; R26tdTom+/ki mice (hereafter

AicdaCre/� mice), where one Aicda allele is disrupted by the Cre

recombinase and the other one is a knock-out allele (Fig EV1A;

Muramatsu et al, 2000). Thus, AID deficient, GC-associated B cells

can be genetically traced by the expression of the Tom protein. Con-

trol AicdaCre/+ mice and AID deficient AicdaCre/� mice were immu-

nized with OVA as above (Fig 1A) and the GC response in the

spleen was assessed by flow cytometry. We found that immunized

AicdaCre/� spleens had a higher proportion of Tom+ cells, in
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Figure 3. L-prePB cells can be identified by the expression of FcRc.

A UMAP plots showing expression of representative genes of the L-prePB cluster. Blue color indicates higher gene expression.
B Barplot showing expression levels of representative L-prePB markers in different Immgen datasets (Heng et al, 2008).
C Gating strategy for L-prePB identification by flow cytometry.
D Validation of the markers shown in A using RT–qPCR. Relative quantification comparing expression levels in prePB and total Tom+ cells by 2�DDCt method.
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agreement with the GC expansion found in AID deficient mice

(Fig 5A; Muramatsu et al, 2000; Zaheen et al, 2009). Within Tom+

cells, the proportion of GC was not altered. Likewise, the proportion

of Mem cells (Tom+ CD138� GL7� CD38+ FcRc�) was not signifi-

cantly different in AID proficient and deficient mice, while the pro-

portion of PB was reduced (from 5 to 2.9%), consistently with

previous reports (Boulianne et al, 2013; Fig 5B). Interestingly,

Tom+ CD138� GL7� FcRc+ L-prePB cells were also reduced in AID

deficient mice (Fig 5B, from 2.2 to 1.4%). In addition, the DZ to LZ

ratio was reduced in AicdaCre/� mice, as previously reported (Bou-

lianne et al, 2013; Fig 5C and D). Immunization of AicdaCre/+ and

AicdaCre/� mice with NP-CGG also revealed a reduction in the frac-

tion of L-prePB cells in AID deficient mice (from 1.8% in AicdaCre/+

mice to 0.9% in AicdaCre/� mice), confirming that this effect is not

specific for our immunization protocol with OVA (Fig EV4A–D).

To further characterize the GC disturbances in AID deficient

mice, we performed a single cell analysis of Tom+ cells using 10x

Genomics. Transfer of the identified cell type labels from AicdaCre/+

mice onto AicdaCre/� transcriptome data showed that AicdaCre/�

mice had altered proportions of several subsets (Fig 5E). Specifi-

cally, in addition to confirming the increase in GC.LZ cells, we

found that the proportion L-prePB cells was severely diminished, in

agreement with the flow cytometry data shown in Fig 5B, and that

the proportion of E-prePB cells was increased in AicdaCre/� mice

(Fig 5E).

Changes in subset proportions were accompanied by transcrip-

tional alterations in several biological pathways (Fig 5F). Notably,

in AicdaCre/� mice the apoptotic signaling pathway was reduced in

E-prePB cells but increased in L-prePB cells (Fig 5F), suggesting that

AID deficiency plays a critical role in prePB cell survival and thus in

the transition to PB differentiation. In line with this idea, pseudo-

time analysis of AID deficient cells revealed a branch point in a late

GC state (Fig 5G) that corresponds with distinct cell fates (Fig 5H).

Thus, the mainstream branch (A) leads to the generation of PB cells,

while branch B fails to give rise to the PB state and is instead biased

toward the MBC fate (Fig 5I). Together, these results indicate that

AID deficiency has profound consequences in B cell fate and

differentiation during the GC response, by compromising the gener-

ation of L-prePB cells and instead promoting the accumulation of E-

prePBs.

AID deficiency alters B cell differentiation during the
GC response

To approach the consequences of AID deficiency in the clonal

relationships and in the differentiation fate in GCs, we combined

transcriptomics with V(D)J analysis in single cells. Clonal analysis

of Tom+ cells showed that AicdaCre/� mice had more and larger

expanded clones (Fig 6A and B). Increased clonal expansion in

AicdaCre/� mice was not common to all cell clusters; rather, it

was specifically observed in GC.DZ, E-prePB, Mem.Act and

Mem.GC clusters (Fig 6C), indicating that AID can impact on pro-

liferation, survival, or differentiation at distinct stages of the GC

reaction, in agreement with our transcriptome data. Analysis of

clonal sharing between different clusters in AicdaCre/� mice

expectedly showed the greatest interconnection between GC.DZ

and GC.LZ clusters, similarly to our findings in AicdaCre/+ mice

(Figs 6D and EV5A and B). Pairwise clonal relationships between

clusters were represented in circos plots where GC.LZ and GC.LZ

cells are pooled into a single GC subset, so that their pairwise

relationships do not dominate the representation. We found major

alterations in AicdaCre/� mice compared with AicdaCre/+ mice

(Fig 6E); most notably, the clonal sharing of L-prePB and PB cells

was severely reduced and the E-prePB to PB was increased in

AicdaCre/� mice (Fig 6E). To specifically quantify these alter-

ations, we used clonal sharing frequencies (Dataset EV3) to calcu-

late the transition probabilities between any given cluster and all

the rest (Figs 6F and G, and EV5C). We found that, in AicdaCre/�

mice, the L-prePB to PB transition is very much reduced, and

instead, the transition probability between E-prePB and PB is

enhanced. These results indicate that, in the absence of AID, dif-

ferentiation into PB is inefficient due to a block at the L-prePB

state, and this deficiency is partially compensated by an increased

differentiation of PB from the E-prePB state.

◀ Figure 4. Single cell analysis of SHM, CSR, and clonal relationships during the GC reaction.

A Total number of somatic mutations at the IgH variable region (VH) in individual cells from the different B cell clusters. Symbols represent individual cells. Statistics
were calculated with the Kruskal–Wallis test using the Dunn’s multiple comparison test (P-values shown in Fig EV3A).

B UMAP plot showing mutational load in single cells of the clusters defined in Fig 1D.
C Quantification of data shown in B.
D UMAP plot showing CSR of individual cells (Unsw, unswitched; Sw, switched).
E Proportion of CSR in individual clusters (Unsw, unswitched; Sw, switched).
F UMAP plot showing the distribution of clonally expanded cells among clusters (Exp, expanded; Not exp, not expanded).
G Circos plot displaying pairwise clonal overlap between B cell clusters. Only clones shared between 2 clusters are shown. For the sake of clarity, Mem.Act, Mem.GC and

Mem.Act2 clusters are shown together as Mem.
H Transition probabilities among the different clusters, based on the frequency of clonal sharing between 2 or more clusters.
I Representative phylogenetic trees of the three categories analyzed in panels J-L. Type 1 trees represent clonal families containing both E- and L-prePB cells. Types 2

and 3 contain GC B cells and either E- or L-prePB cells, respectively. Numbers in branches depict the mutation load acquired in each diversification event. Each
branch represents a diversification step, as quantified in panel L.

J Quantification of the number of mutations in E- (n = 5 cells) and L-prePB (n = 23 cells) belonging to clones of type 1 trees (n = 3). n refers in all cases to biological
replicates.

K Quantification of the number of mutations in GC B cells in type 2 trees (n = 12 trees; GC2, n = 98 cells) and type 3 trees (n = 9 trees; GC3, n = 39 cells). n refers in all
cases to biological replicates.

L Quantification of the diversification steps of E-prePB cells (n = 13) and L-prePB cells (n = 17) belonging to clones from type 2 trees (n = 12) and type 3 trees (n = 9). n
refers in all cases to biological replicates.

Data information: Bars and error bars indicate mean � standard deviation. Statistics were calculated with an unpaired t-test. *P ≤ 0.05, **P < 0.01. V(D)J information
was obtained for 2,677 AicdaCre/+ Tom+ cells (see Materials and Methods for details).
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Discussion

In this study, we have examined the role of AID in GC differentia-

tion by combining single cell transcriptome and V(D)J sequencing.

Several recent papers have performed a single cell analysis of GCs

both in mouse (Laidlaw et al, 2020; Riedel et al, 2020; Wong

et al, 2020; Nakagawa et al, 2021) and human (Holmes et al, 2020;

King et al, 2021), employing distinct isolation strategies. Here we

have made use of an AID-based genetic tracer to isolate B cells

involved in the immune response. This tracing approach labeled

both GC-derived cells and extrafollicular activated B cells and pro-

vided the best strategy to precisely address the loss of AID in those
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cells that have been programmed for AID expression. In addition,

the combination of transcriptome and V(D)J analysis in single cells

has allowed us to establish detailed clonal and cell-fate relationships

among different cell subsets.

Our study has identified 8 distinct transcriptional clusters within

AID-labeled cells, with very accurate identification of the LZ and DZ

compartments as previously described (Victora et al, 2010; Victora

& Nussenzweig, 2012), and the plasmablast/PC subset. Interest-

ingly, we found that GC B cells harbored the highest mutational load

of all clusters, indicating that many GC B cells that do not differenti-

ate to either the PC or the MBC fates instead proceed with iterative

cycles of SHM at the GC. In addition, we identified 3 Mem subclus-

ters, which indicates a heterogeneity within the MBC compartment

that has been previously observed by others (Shlomchik

et al, 2019), also in single cell sequencing analyses (Laidlaw

et al, 2020; Riedel et al, 2020; King et al, 2021). Indeed, making

use of a lineage-tracking approach, a recent paper distinguished

between two types of MBCs, i.e., activated B cell-derived and GC-

derived, which differ in isotype, overall gene expression, somatic

hypermutation, and antigen affinity (Viant et al, 2021). Very inter-

estingly, we have identified a cluster of MBCs (Mem.GC) that shares

a high transcriptional similarity with GC-derived MBCs and two

clusters (Mem.Act and the minor cluster Mem.Act2), which resem-

ble activated B cell-derived MBCs. In agreement with this, GC cells

share more clones with Mem.GC than with Mem.Act. Moreover,

Mem.GC harbors a higher mutational load and CSR than Mem.Act

cells, further confirming their alikeness with the MBC subsets

described before (Viant et al, 2021). Although additional work is

needed to understand precisely the differentiation and functional

properties of these MBC subsets, our study shows that our AID-

tracing approach has been able to capture distinct MBC populations

and their distinct molecular features.

Interestingly, we identified an L-prePB transcriptional cluster that

shared the largest clonal similarities with the PB cluster, thus indi-

cating that L-prePB cells can be PB immediate precursors. L-prePB

cells can be identified by flow cytometry based on their expression

of FcRc and show the highest transcriptional proximity with PB, but

they do not show particularly high levels of Prdm1 or Irf4. Given the

distal transcriptional similarities with our Mem clusters, we cannot

rule out that L-prePB are recent MBC emigrants skewed to PB differ-

entiation. However, we speculate that L-prePB represents a transi-

tional stage between GC cells and PB, such that neither the GC nor

the PB transcriptional programs are accurately captured. In addition,

we have identified our E-prePB cluster as a non-GC counterpart of

the Fraction 1 prePB subset reported before (Ise et al, 2018), which,

like L-prePB cells, seem distantly related to MBCs. Interestingly, E-

prePB cells harbor less diversified immunoglobulin genes than L-

prePB, suggesting an earlier emergence from the GC. Therefore, our

results have identified two distinct prePB subsets.

Here we have confirmed the finding that AID deficiency impairs

PB/PC differentiation and decreases the DZ/LZ ratio at GC (Zaheen

et al, 2009; Boulianne et al, 2013). In addition, our single cell anal-

ysis has shown that AID deficiency severely reduces the proportion

of L-prePB cells while favoring the accumulation of E-prePB. These

alterations underlie a complex differentiation shift, which includes

changes in transcriptional programs governing B cell survival and

proliferation. Of note, since AID itself is not a transcriptional regula-

tor, it is safe to argue that the observed transcriptional changes in

AicdaCre/� mice are a consequence of secondary immunoglobulin

diversification mediated by AID. We propose that the absence of

SHM and CSR in AID deficient mice impinges on antibody affinity

and immunoglobulin isotype-dependent checkpoints, both of which

are important in favoring the B cell choice toward the PB/PC fate

versus the MBC fate.

Our study has established for the first time a direct link between

these transcriptional shifts and the clonal expansion and relation-

ships among different clusters. We show here that a high proportion

of PB cells share clonal relationships with L-prePB cells, indicating

that PB cells frequently differentiate from L-prePB cells. This is fur-

ther reinforced by the finding that in AID deficient mice, the propor-

tion of clonal relationships between L-prePB and PB is decreased,

and the L-prePB subset is very much reduced. The results thus sug-

gest that L-prePB are close to the transitional stage where the selec-

tive events leading to the PB/PC fate take place. In addition, we find

that in the absence of AID, the E-prePB cluster is very much

expanded and shows increased clonal relationships with the PB

cluster, suggesting that the differentiation into PB in AID deficient

mice is partially compensated by an alternative differentiation track.

◀ Figure 5. AID deficiency alters GC differentiation.

A AicdaCre/� mice were immunized with OVA following the protocol in Fig 1A (n = 15). Spleen Tom+ cells were quantified and compared with OVA-immunized AicdaCre/+

mice.
B The proportion of GC B cells (Tom+ B220+ CD138� GL7+), PB (Tom+ CD138+), Mem (Tom+ B220+ CD138� GL7� CD38+ FcRc�), and L-prePB (Tom+ B220+ CD138� GL7�

FcRc+) was determined by flow cytometry within total Tom+ cells in AicdaCre/+ (n = 8) and AicdaCre/� (n = 15) mice.
C Representative flow cytometry plots of dark zone (DZ; B220+ Tom+ GL7+ CXCR4hiCD86lo) and light zone (LZ; B220+ Tom+ GL7+ CXCR4loCD86hi) GC B cells.
D Quantification of DZ/LZ ratio for AicdaCre/+ (n = 4) and AicdaCre/� (n = 6) mice immunized with OVA.
E Spleen Tom+ cells from two immunized AicdaCre/� mice were analyzed by scRNA-seq. Cluster labels from AicdaCre/+ mice (Fig 2G) were transferred to AicdaCre/� cells.

Bar plot showing the proportions of the different B cell clusters in AicdaCre/+ and AicdaCre/�.
F Comparative pathway enrichment analysis of differentially expressed genes (DEGs) in GC.LZ, E-prePB, and L-prePB clusters in AicdaCre/+ and AicdaCre/� mice. Analysis

was performed with Ingenuity Pathway Analysis (IPA). Terms are colored by z-score (activation status). Positive values of z-score indicate the activation of the path-
way, while negative values indicate pathway inhibition. Benjamini-Hochberg adjusted P-values (qval) are represented.

G Monocle Pseudotime analysis of AicdaCre/� cells. The projection is colored by cluster identity. Number in the circle identifies the branching point for branches A and B.
H Heatmap of Pseudotime gene expression changes, showing representative DEGs between branches A and B. Genes are clustered hierarchically in modules with

similar branch-dependent expression patterns.
I Mapping of cluster identities in the Pseudotime plots of AicdaCre/+ (upper) and AicdaCre/� (bottom) cells.

Data information: Bars and error bars indicate mean � standard deviation. Statistics were calculated with an unpaired t-test (A, B, and D), chi-square (E, all clusters),
and Fisher test (E, individual clusters). *P ≤ 0.05, **P < 0.01 and ***P < 0.001. Gene expression information was obtained for 3,923 AicdaCre/� Tom+ cells. Cluster 0: 1301
[0a: 862, 0b: 368, 0c: 71], 1: 913, 2: 738, 3: 689, 4: 169, 5: 114. (See Materials and Methods for details).
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While further research is needed to pinpoint the exact molecular

mechanisms underlying our observations, this study provides the

first single cell map of the function of AID in determining GC differ-

entiation fates.

Materials & Methods

Mice

AicdaCre+/ki mice (Rommel et al, 2013) and Rosa26tdTomato+/ki

mice are from Jackson laboratories (007770 and 007909).

AicdaCre+/ki;Rosa26tdTomato+/ki mice were generated by breeding

AicdaCre+/ki to Rosa26tdTomato+/ki mice. C57BL/6-Tg (TcraTcrb)

425Cbn/J mice (OT-II) express a TCR specific for the OVA peptide

(amino acid residues 323–339; Jackson Laboratories 004194).

Aicda�/� mice were a generous gift of Dr Tasuku Honjo (Mura-

matsu et al, 2000). AicdaCre/� mice were generated by crossing

AicdaCreki/ki;Rosa26tdTomatoki/ki mice with Aicda+/� mice. Male

and female mice were used throughout the study. Mice analyzed in

this study were at least 6 weeks old and kept under specific

pathogen-free conditions. Animals were housed in the CNIC animal

facility under specific pathogen-free conditions. All animal proce-

dures conformed to EU Directive 2010/63EU and Recommendation

2007/526/EC regarding the protection of animals used for experi-

mental and other scientific purposes, enforced in Spanish law under

RD 53/2013. The procedures have been reviewed by the Institu-

tional Animal Care and Use Committee (IACUC) of CNIC and

approved by Consejeria de Medio Ambiente, Administraci�on Local y

Ordenaci�on del Territorio of Comunidad de Madrid.

Cell transfer and immunization

CD4+ OT-II spleen T cells were enriched by negative selection with

the EasySepTM Mouse CD4+ T Cell Isolation Kit (STEMCELL) and

5 × 104 cells were transferred intravenously to groups of 10-week-

old AicdaCre/+ and AicdaCre/� mice. 16 h after the transference, mice

were immunized intraperitoneally with 50 lg of OVA (Sigma-

Aldrich) in PBS, precipitated in alum (Imject Alum, Thermo

Scientific) in a ratio of 2:1. Booster immunization was performed

2 weeks later, by intraperitoneal injection of 50 lg of OVA in PBS.

Mice were euthanized 2 weeks after the second immunization. For

NP-CGG immunization, mice were immunized intraperitoneally

with 30 lg of NP-CGG (Biosearch-Technologies) precipitated in

alum in a ratio of 2:1. Booster immunization was performed

2 weeks later, by intraperitoneal injection of 30 lg of NP-CGG in

PBS. Mice were euthanized 2 weeks after the second immunization.

Flow cytometry

Single cell suspensions were obtained from spleens and erythro-

cytes were lysed (ACK Lysing Buffer). Fc receptors were blocked

with anti-mouse CD16/CD32 antibodies (Cat#553142 BD Pharmin-

genTM) and cells were stained with fluorophore or biotin-

conjugated anti-mouse antibodies to detect B220 (Cat#562922

RA3-6B2), GL7 (Cat#144610 GL7), CD138 (Cat#563193 281-2),

CD38 (Cat#25–0381-82 HIT2), FcRc (Cat#FCABS400F polyclonal),

IgG1 (Cat#553441 A85-1), IgG2B (Cat#406706 RMG2b-1), IgG2C

(Cat#STAR135F polyclonal), CXCR4 (Cat#13-9991-81 2B11) and

CD86 (Cat#558703 GL1). Intracellular staining of FcRc was per-

formed with FOXP3 staining kit (Cat#00-5521-00 eBioscience).

Streptavidin was used for biotin-conjugated antibodies. Live cells

were detected by 7AAD (Cat#559925 BD Pharmingen) or LIVE/

DEAD Fixable Yellow Dead Cell Stain (Cat#L34959 Thermo

Fisher) staining. B3Z cells transfected with an FcRc-CD2 fusion

protein were kindly provided by Salvador Iborra (Iborra

et al, 2016). The parental B3Z cell line was used as a negative

control for FcRc expression. Intracellular staining of FcRc (Cat#F-

CABS400F, polyclonal) was performed with FOXP3 staining kit

(Cat#00-5521-00, eBioscience), after surface staining with anti-

CD2 antibody (Cat# 201305, OX-34) in both parental and trans-

fected B3Z cells. Samples were acquired on LSRFortessa and ana-

lyzed with FlowJo V10.4.2 software.

RT–qPCR

RNA was extracted from FACS sorted fixed and permeabilized

LprePB (Tom+ B220+ CD138� GL7� FcRc+) and total Tom+ cells

◀ Figure 6. Altered B cell fate decisions in AID deficient mice.

A Pie charts depicting the clonal size of Tom+ cells from immunized AicdaCre/+ and AicdaCre/� mice. Clones are defined as cells sharing identical IGH and IGL V and J
sequences and CDR3 lengths. Number in the inner circle indicates the total number of unique sequences. White represents sequences found only once, and blue
gradient represents increasing clonal sizes. Pie sector sizes are proportional to clone sizes. The two-sided Fisher’s exact test was used to compare the proportions of
expanded and non-expanded clones. ****P < 0.0001.

B UMAP plot showing clone sizes in AicdaCre/+ and AicdaCre/� mice. Cells are colored according to the size of the clone they belong to. Unique events are not shown. For
reference, UMAP plot of transcriptional clusters is shown on the right.

C Clonal expansion in transcriptional clusters. Quantification of expanded and non-expanded cells is shown for individual clusters, normalized to the total number of
cells sequenced per genotype. The two-sided Fisher’s exact test was used to compare the proportions of expanded versus non-expanded clones in each cluster.
**P < 0.01, ***P < 0.001 and ****P < 0.0001.

D Bar plot depicting the contribution of the different transcriptional clusters to AicdaCre/� expanded clones. For simplicity, only clones > 10 cells are shown. See
Fig EV5A and Dataset EV3 for complete lists of clones.

E Circos plots showing pairwise clonal sharing between B cell clusters in AicdaCre/+ and AicdaCre/� mice. GC.LZ and GC.DZ populations were grouped and shown as GC
for the sake of simplicity. Complete clonal sharing relationships are shown in Fig EV5B.

F Transition probabilities among the different clusters in AicdaCre/+ and AicdaCre/�, calculated as the frequency of clonal sharing between 2 or more clusters.
G Cytoscape representation of cluster interactions in AicdaCre/+ and AicdaCre/� immune response, based on their clonal sharing probabilities. For each pairwise

transition, two lines are shown, which depict the probabilities with respect to each cluster of the pair. Red and orange connecting lines show the most increased
cluster relationships in AicdaCre/+ and AicdaCre/� mice, respectively. Mem.Act, Mem.GC, and Mem.Act2 clusters are shown together for simplicity. See Fig EV5C for
complete interactions. V(D)J information was obtained for 3,178 AicdaCre/� Tom+ cells (see Materials and Methods for details).

12 of 16 EMBO reports e55000 | 2022 � 2022 The Authors

EMBO reports Carmen G�omez-Escolar et al

 14693178, 0, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

br.202255000 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [14/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



from OVA-immunized AicdaCre/+ mice using the Qiagen rNeasy

FFPE kit. cDNA was synthesized using High-Capacity cDNA Reverse

Transcription Kit (Applied Biosystems). cDNA was quantified by

SYBR green assay (Applied Biosystems) and normalized to GAPDH

expression. The following primers were used: GAPDH (forward) 50-
TGA AGC AGG CAT CTG AGG G-30, (reverse) 50-CGA AGG TGG

AAG AGT GGG AG-30; FcRc (forward) 50-GCT GTC TAC ACG GGC

CTG AA-30, (reverse) 50-ACT GGG GTG GTT TCT CAT GC-30, Actn1
(forward) 50-GTT GGG TCC CGA AGA GTT CA-30, (reverse) 50-CAA
ACT CTG CCT CTC CCT GG-30; Dnm3 (forward) 50-GCC GGG GTC

TAC CCA GAT A-30, (reverse) 50- TGC GTA TGG TCT CCA CTT GC-

30; Ptpn22 (forward) 50- GTG TGG CAG CAA AAG ACC AA-30, (re-
verse) 50-TCT GTC ATC CGT TGG CCA GT-30.

Cell sorting and scRNA-seq

Four different TotalSeqTM-C antibodies were used for Hash Tag

Oligonucleotide (HTO) labeling before cell sorting (Biolegend,

M1/42M30-F11) following the manufacturer’s standard protocol.

HTO-stained Tom+ spleen cells were purified from immunized

mice using Sy3200 Cell Sorter (SonyBiotechnology). After sorting,

Tom+ cells from the four mice were pooled together and diluted

at a concentration of 1,500 cells/ll. 17,500 cells were used for

the Chromium 10× Genomics System following the manufac-

turer’s protocol (Chromium Single Cell 50 Reagent Kit, v1.1 Chem-

istry). Single cell cDNA was separated into three aliquots for

HTO, scRNA-seq and V(D)J-enriched library generation from the

same input sample. The three libraries were sequenced with the

HiSeq4000 System (Illumina).

scRNA-seq data analysis

Cell Ranger mouse mm10 genome reference (v3.0.0 November 18,

2018) was used for the alignment of FASTQ files using 10× Geno-

mics Cell Ranger software v3.1.0 (Zheng et al, 2017). A unique

count table of gene expression for the four samples was generated.

HTO antibodies were used for sample demultiplexing using Seurat R

package (Butler et al, 2018; v3.1.5). An average of 57,343 reads per

cell and a median value of 1,748 expressed genes per cell were

obtained. The estimated number of total cells recovered was 10,454.

Mice were grouped by genotype for further analyses. Single cell

gene expression analysis was performed with Seurat. UMI counts

measuring gene expression were log-normalized and cells with

mitochondrial reads > 8% of all transcripts were removed. A small

number of non-B cells were identified with SingleR (Aran

et al, 2019) using Immgen (Heng et al, 2008) and filtered out. After

quality filtering, there were a total of 8,116 B cells from the 4 sam-

ples (AicdaCre/+: 2126 and 1935; AicdaCre/�: 2090 and 1833).

The top 2,000 variable genes were identified with the “FindVari-

ableFeatures” function and scaled. UMAP projection plots were gen-

erated using the top 30 principal components. Clusters were

identified with “FindClusters” function with a resolution of 0.25.

Upregulated marker genes for each cluster were inferred with

“FindAllMarkers” function (Wilcoxon test), using normalized

expression values. Top 20 markers per cluster were visualized using

“DoHeatmap” function. Cluster identities were assigned based on

the expression of markers for different B cell types and using

“MyGeneSet” tool from the Immunological Genome Project

Databrowser. Markers used for the assignment of cluster identities

included: Aicda, Fas, Mef2b, Bcl6, S1pr2, and Rgs13 for GC B cells;

Klf2, Ccr6, Sell, Zbtb32, and Hhex for MBCs, Xbp1, Scd1, Jchain, and

Slpi for PBs; DZ and LZ signatures (Victora et al, 2012). Signature

enrichment was assessed using the “AddModuleScore” function in

Seurat package. Further subclustering of the “Mem” cluster was per-

formed and applied to the main UMAP projection. Cell cycle scores

were calculated using the “CellCycleScoring” function in the Seurat

package using previously defined gene signatures for each cell cycle

stage. Second best-hit marker analysis was performed using the

function “QuickMarkers” in the SoupX package 1.5.0 (Young & Beh-

jati, 2020), with a gene frequency threshold of 10%.

Ingenuity Pathway Analysis (IPA) was used the identify the dis-

tinct biological functions altered between AicdaCre/+ and AicdaCre/�

within the specified transcriptomic clusters.

Pseudotime analysis

Pseudotime analysis was performed using the R package Monocle

2.16.0 (Trapnell et al, 2014). A single cell trajectory was con-

structed by Discriminative Dimensionality Reduction with Trees

(DDRTree) algorithm using all genes differentially expressed among

Seurat clusters. Cells were ordered across the trajectory and pseudo-

time was calculated. DEGs over pseudotime were identified and

clustered by their pseudotime expression patterns. For differential

expression between branches A and B in AicdaCre/� mice, BEAM

function in Monocle package was used. The top 500 DEGs were

used for the branched heatmap.

BCR assignment

FASTQ files were preprocessed using the “cellranger vdj” com-

mand from 10× Genomics Cell Ranger v3.1.0 for alignment

against the Cell Ranger mouse mm10 vdj reference (v3.1.0 July

24, 2019). The resulting FASTA file was split by sample using

HTO data and output files were converted to Change-O format.

Downstream processing and analyses were performed following

the Immcantation pipeline (Gupta et al, 2015). V and J gene

usage was determined using IgBlast on the IMGT database and

sequences annotated as “nonfunctional” by IgBLAST were

removed from further analysis. A total of 5,856 cells passed the

Immcantation quality filter for both V(D)J and GEX (AicdaCre/+:

1436 and 1241; AicdaCre/�: 1698 and 1480).

Clonal group assignment of sequences was made according to

the following requirements: identical V and J gene usage and identi-

cal CDR3 length for the IgH and the IgL genes.

Clonal analysis

Clonal groups were split when differing IgL V and J genes were

identified. Germline sequences were reconstructed for each clonal

lineage and silent and nonsilent mutations were quantified as devia-

tions from the inferred germline. Clone sizes were determined with

“countClones” function of Alakazam R package (v1.0.2). Clonal

analysis was performed for each mouse separately; mice of the same

genotype were grouped together after clonal assignment.

Clonal overlap among B cells clusters was quantified and plotted

with the UpSetR package (Conway et al, 2017; v1.4.0). Circos plots
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were generated using pairwise sharing data obtained from UpSetR,

with circlize package (Gu et al, 2014; v0.4.11). Transition probabili-

ties were manually calculated within each transcriptional cluster for

each shared clone present in that cluster. The probability of transi-

tion from/to the cluster of interest to the rest of the clusters was cal-

culated based on the presence/absence of the same clone in

different clusters. Average transition probabilities were depicted.

Interaction networks were generated with Cytoscape (Shannon

et al, 2003). Only transitions with probabilities greater than 0.1 are

shown. Transition probabilities with differences greater than 0.15

between AicdaCre/+ and AicdaCre/� mice are colored.

Lineage trees were built with IgPhyML, which builds maximum

likelihood trees with B cell-specific models (HLP19 model). Only

clones with more than 2 cells were considered and identical

sequences were collapsed. Trees were visualized with Alakazam

and ape (v5.4-1) R packages.

Mutational load was calculated using the “ObservedMutations”

function of sHazaM R package (v1.0.2) by counting the number of

nucleotide mismatches from the germline sequence in the heavy

chain variable segment leading up to the CDR3.

Quantification and statistical analysis

Statistical analyses were performed using GraphPad Prism 8. Error

bars represent standard deviation of the mean. Normality of the data

was assessed with the Anderson-Darling test. For data following a

normal distribution, a two-tailed unpaired Student’s t-test was used

for comparing two experimental groups. The Fisher and chi-square

tests were used for categorical variables. The Kruskal–Wallis test

was used for comparing not normally distributed data. P-

values < 0.05 were considered statistically significant.

Data availability

The datasets produced in this study are available in the following

database: scRNA-seq data: Gene Expression Omnibus GSE189775

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE189775).

Expanded View for this article is available online.
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