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SUMMARY
B cells within germinal centers (GCs) enter cycles of antibody affinity maturation or exit the GC as memory
cells or plasma cells. Here, we examined the contribution of interleukin (IL)-4 on B cell fate decisions in the
GC. Single-cell RNA-sequencing identified a subset of light zone GC B cells expressing high IL-4 receptor-
a (IL4Ra) and CD23 and lacking a Myc-associated signature. These cells could differentiate into pre-memory
cells. B cell-specific deletion of IL4Ra or STAT6 favored the pre-memory cell trajectory, and provision of
exogenous IL-4 in a wild-type context reduced pre-memory cell frequencies. IL-4 acted during antigen-spe-
cific interactions but also influenced bystander cells. Deletion of IL4Ra from follicular dendritic cells (FDCs)
increased the availability of IL-4 in the GC, impaired the selection of affinity-matured B cells, and reduced
memory cell generation. We propose that GC FDCs establish a niche that limits bystander IL-4 activity,
focusing IL-4 action on B cells undergoing selection and enhancing memory cell differentiation.
INTRODUCTION

Germinal centers (GCs) are important sites of affinity-based B

cell selection (Bannard andCyster, 2017;MacLennan, 1994; Vic-

tora and Nussenzweig, 2012). GCs are divided into a dark zone

(DZ) and a light zone (LZ) andGCBcells move cyclically between

these compartments. The DZ is composed of proliferating GC B

cells that highly express activation-induced-cytidine deaminase

(AID) and undergo immunoglobulin (Ig) gene somatic hypermuta-

tion. The LZ contains GCB cells and a dense network of follicular

dendritic cells (FDCs) that play a crucial role in displaying opson-

ized antigens to the B cells. The LZ is also the main site for GC B

cell interaction with T follicular helper (Tfh) cells. Pre-memory

cells are found within the LZ, marked by reduced expression of

sphingosine-1-phosphate receptor 2 (S1PR2) and the transcrip-

tion factor Bcl6 and increased expression of several surface

markers, including CCR6 and CD38 (Laidlaw et al., 2017; Suan

et al., 2017; Wang et al., 2017). Pre-plasma cells can be found

among both LZ and DZ GC cells (Ise et al., 2018; Kr€autler

et al., 2017; Radtke and Bannard, 2019; Zhang et al., 2018).

GC responses are T cell dependent, and positive selection of

GC B cells requires receipt of CD40L signals from Tfh cells. Tfh
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cells also are an important source of several cytokines, including

interleukin (IL)-4. Mice lacking IL-4 or IL4Ra or lacking STAT6,

and thus having defective IL4Ra signaling, exhibit strong defects

in isotype switching to IgG1 and IgE but variable effects on the

GC response, with some studies reporting no effect and others

showing a marked defect in the magnitude of the response or

a reduction in affinity maturation (Andoh et al., 2000; Chevrier

et al., 2017; Cunninghamet al., 2004; Gaya et al., 2018; Gonzalez

et al., 2018; Reinhardt et al., 2009; Reiter and Pfeffer, 2002; Tur-

queti-Neves et al., 2014; Vajdy et al., 1995). Deficiency in IL-4

(and IL-13) or in STAT6 can lead to a reduction in the GC LZ rela-

tive to the DZ compartment (Gonzalez et al., 2018; Turqueti-

Neves et al., 2014).

The magnitude of IL-4 production by Tfh cells is thought to be

lower than by Th2-type effector cells and this has been sug-

gested to allow more restricted delivery of IL-4 to cognate

partner B cells (Crotty, 2014). However, T cells release IL-4 in a

non-directed manner (IL-4 broadcasting), in contrast to the

polarized secretion of IL-2 (Huse et al., 2006). In lymph nodes

(LNs) responding to a helminth infection, a strong Th2-inducing

condition, IL-4 is available non-cognately across the entire LN

(Perona-Wright et al., 2010; Turqueti-Neves et al., 2014). These
.
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findings raise the question of whether there aremechanisms that

cooperate with low IL-4 production to favor the cognate actions

of IL-4 during B cell selection in GCs.

In an earlier single-cell RNA sequencing (scRNA-seq) analyses

of stromal cell subsets in lymphoid tissue (Rodda et al., 2018), we

found that IL4Ra is expressed in FDCs, raising questions as to

whether the IL-4 receptor acts intrinsically in LZ cells and

whether FDC IL4Ra could affect cell decision making during

this GC stage. We therefore performed experiments to better

define how IL-4 acts within the GC. Using droplet-based

scRNA-seq, we identified a LZ GC B cell cluster marked by

high IL4Ra and CD23 expression and lacking a Myc gene-

expression signature. RNA-based cell-fate trajectory and flow

cytometry analysis demonstrated that this CD23+ cluster con-

tained pre-memory cells and had the potential to generate pre-

plasma cells. scV(D)J-seq revealed that pre-memory cells harbor

fewer affinity-improving mutations than pre-plasma cells. IL4Ra

and STAT6 functioned intrinsically to promote the CD23+ LZ

state and restrained pre-memory B cell generation. This trajec-

tory was dependent on IL-4 availability: the loss of IL4Ra from

FDCs was associated with increased IL-4 availability, less strin-

gent affinity-based selection, and reduced memory cell genera-

tion. We propose that FDCs provide a niche that limits bystander

IL-4 activity, focusing IL-4 action on B cells undergoing selection

and enhancing memory B cell generation.

RESULTS

Identification of an IL4Ra+ CD23+ LZ GC B cell subset by
scRNA-seq
To obtain insight into the IL-4-responsive B cells within GCs, we

performed scRNA-seq on 3,542 GC B cells at day 7 after immu-

nization with 4-hydroxy-3-nitrophenyl (NP)-haptenated antigen

(NP-CGG). Clustering analysis led us to identify a subset (cluster

3) of GC B cells that mostly had a LZ gene expression signature

and was at the G1 phase of the cell cycle (Figures 1A–1C). A

lower depth sequencing analysis of 23,091 cells at day 14 after

immunization revealed a greater amount of GC cell heterogene-

ity but identified an analogous cluster (cluster 1; Figures 1D–1F

and S1A). Expression of mRNA for Il4ra was enriched in a pre-

dominantly LZ cluster, and other distinguishing genes included

CD23 (Fcer2a), lymphotoxin-b (Ltb), Bank1, and Gelsolin (Gsn)

(Figures 1G and 1H; Table S1). Each of these genes is IL-4 induc-

ible in activated B cells (Defrance et al., 1987; Paterson et al.,

1996), and CD23 is also inducible in transitional B cells (Granato

et al., 2014). For simplicity, we refer to day 7 cluster 3 and day 14

cluster 1 as the CD23+ cluster, although it should be recognized

that smaller frequencies of Fcer2a high cells were present in

some other clusters.

Flow cytometric analysis showed that LZ GC B cells could be

divided into CD23+ and CD23� subsets, while DZ cells were

largely CD23� (Figures 1I and 1J). In accord with the higher

Il4ramRNA, the CD23+ subset had higher IL4Ra protein expres-

sion (Figure 1K). In agreement with the G1 cell-cycle status

designation of the majority of the CD23+ cluster, expression of

the cell-cycle-associated marker Ki67 was low in most of these

cells (Figure 1L). Flow cytometric analysis showed lower expres-

sion of Ki67 protein in CD23+ than CD23� LZ cells (Figure 1M).

One-hour EdU (5-ethynyl-20-deoxyuridine) labeling confirmed
that fewer CD23+ than CD23� LZ cells were in the cell cycle (Fig-

ure 1N). CD23 may also be highly expressed by pre-GC B cells.

However, pre-GC B cells are CD38+ and undergo rapid prolifer-

ation and show high Ki67 expression (Ise et al., 2018; Schwickert

et al., 2009; Wang et al., 2017). The low CD38, low cell-cycle

gene expression and low EdU labeling indicated that CD23+ LZ

GC B cells were not pre-GC B cells. CD23+ LZ cells were also

confirmed to express the definitive GC marker, EprhinB1 (Laid-

law et al., 2017; Wang et al., 2017; Figure 1O). Combined, these

data indicate that CD23+ LZ cells have properties that distinguish

them from other mature GC B cells.

CD23+ LZ B cells can differentiate into pre-memory and
pre-plasma cells
To better understand the difference between clusters of GC B

cells, we calculated the score of different gene signatures using

VISION (DeTomaso et al., 2019). GC B cells that have recently

received strong positive selection signals from Tfh cells are

known to be enriched for Myc expression and function (Calado

et al., 2012; Dominguez-Sola et al., 2012; Ersching et al., 2017;

Finkin et al., 2019), and both Myc and Myc target genes were

more enriched in LZ cells outside of the CD23+ cluster, particu-

larly in cluster 2 (Figures S1B and S1C). In accord with having

received T cell help, the populations enriched for Myc+ cells

showed a high score for a CD40 signaling gene signature (Fig-

ures S1D and S1E) and for hallmark mammalian target of rapa-

mycin complex 1 (mTORC1) signaling (Figure S1F). In addition,

hexose kinase-2 (Hk2), an enzyme important for glycolysis,

was expressed by theMyc+ population, and these cells were en-

riched for gluconeogenesis pathway activity (Figure S1G). In

contrast to the populations enriched for Myc+ cells, CD23+ LZ

cells showed enrichment for a B cell receptor (BCR) signaling

signature (Figure S1H). These data suggest that this population

may have encountered antigen, but not recently had strong

cognate interactions with helper T cells. However, there was het-

erogeneity as can be seen in the upper part of day 7 cluster 3 in

the uniform manifold approximation and projection (UMAP) plot

where there were some Myc target gene-expressing cells and

some S phase cells. Thus, while the cells cluster due to their

overall gene expression signature, they were not all in a single

state, likely indicating the cluster has multiple outputs.

Previous work has shown that pre-memory and pre-plasma B

cells in the GC begin to downregulate the GC marker, S1pr2

(detected using a Venus reporter) (Laidlaw et al., 2017). Flow cy-

tometric analysis showed that the S1pr2-Venus low cells were

enriched in the CD23+ compartment (Figures 2A and 2B). Using

VISION analysis, the gene expression signature of EphrinB1+

S1pr2low post GC B cells was enriched in the CD23+ cluster (Fig-

ures S2A and S2B). The Myc+ cluster also included some cells

with post-GC properties (Figure S2A), consistent with some

Myc+ cells being pre-plasma cells (Ise et al., 2018). Cluster 5 at

day 7 and clusters 8 and 9 at day 14 corresponded to contami-

nating plasmablasts or plasma cells, and cluster 6 at day 14 cor-

responded to memory B cells (purity was lower at day 14

because CD38 was not included in the stain).

Applying trajectory inference pseudotime analysis (using

Monocle 2; Qiu et al., 2017) to the day 7 (Figures 2C–2E) and

day 14 (Figures S2C–S2E) CD23+ cluster LZ cells, we found

that these cells could differentiate via two major branches
Immunity 54, 2256–2272, October 12, 2021 2257



Figure 1. Identification of a CD23+ LZ GC B cell subset by scRNA-seq

(A–C) UMAP plots of sorted B220+ CD38� GL7hi IgD� GC B cells at day 7 post-immunization (A), split between LZ and DZ (B) and split among different cell-cycle

phases (C).

(D–F) UMAP plots of sorted B220+ CD95hi GL7hi IgD�GCB cells at day 14 post-immunization (D), split between LZ and DZ (E) and split among different cell-cycle

phases (F). Each point is a single cell colored by cluster assignment.

(G) Top 10 marker genes distinguishing the different clusters of GC cells detected at day 7.

(H) Expression of Fcer2a (CD23) and Il4ra in the day 7 dataset projected onto UMAP plots. Color scaled for each gene with log normalized expression level.

(I and J) Representative fluorescence-activated cell sorting (FACS) profiles (I) and frequencies of CD23+ subset (J) in LZ (CXCR4lo CD86hi) and DZ (CXCR4hi

CD86lo) GC B cells 12–14 days after immunization. Each symbol represents 1 mouse. Data are pooled from 2 experiments.

(K) Geometric mean fluorescence intensity (MFI) of IL4Ra in CD23� and CD23+ LZ GC B cells at day 13 following NP-KLH immunization.

(L) Expression of Mki67 from day 7 GC B cell dataset projected onto UMAP plots.

(M) MFI of Ki67 in CD23� and CD23+ LZ GC B cells at day 13 following NP-KLH immunization. One of 2 experiments with a similar result is shown.

(N) Frequencies of EdU+ cells in CD23+ and CD23� LZ GC B cells after 1-h EdU labeling.

(O) Representative histograms of Efnb1 (Ephrin B1) in non-GC B cells (B220+ CD95lo GL7lo), CD23+, and CD23� LZ GC B cells 12–14 days after immunization.

In (K), (M), and (N), each symbol represents 1mouse, each line represents the samemouse, and 1 of 2 experiments with similar results is shown. Data represent 3

experiments, with at least 3 mice per experiment. Data are presented as mean ± SEM; n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S1 and Table S1.

ll
Article
(Figures 2C and S2C). We compared the differentially expressed

genes between these two branches to published pre-memory B

cell, pre-plasma cell, and different NP affinity GC B cell RNA-seq

datasets (Ise et al., 2018; Shinnakasu et al., 2016; Wang et al.,
2258 Immunity 54, 2256–2272, October 12, 2021
2017). The highly expressed genes in branch 1 were enriched

in the pre-memory B cell signature and also in an NP low-affinity

GC B cell signature (Figures 2D, 2E, S2D, and S2E). The genes

highly expressed in branch 2 were enriched in the pre-plasma



Figure 2. CD23+ LZ B cells can differentiate into pre-memory cells

(A and B) S1pr2Venus/+ reporter mice were immunized with NP-haptenated antigen.

(A) Representative FACS profile displaying gates between CD23 and S1PR2 in Efnb1+ LZ GC B cells.

(B) Percentages of S1PR2lo cells in CD23+ or CD23� among Efnb1+ LZ GC B cells. **p < 0.01.

(C) Heatmap of differentially expressed genes between cell fate 1 and cell fate 2 within cluster 3 of day 7 LZ GC B cell dataset by RNA trajectory pseudotime

analysis. Colored bars on the side indicate groups of similarly expressed genes (all genes were listed in Table S3).

(D) GSEA analysis of differentially expressed genes from the 2 cell fates compared to pre-memory B cell (Wang et al., 2017) and pre-plasma cell (Ise et al., 2018)

RNA-seq datasets. Enrichment profiles for cell fate 1 compared with pre-memory (upper) and cell fate 2 compared with pre-plasma cell (lower).

(E) GSEA of differentially expressed genes from different cell fates compared to RNA-seq dataset of different NP affinity GC B cells (Shinnakasu et al., 2016).

Enrichment profiles for cell fate 1 compared with low-affinity (upper) and cell fate 2 compared with high-affinity (lower). ES, enrichment score.

(F) RNA velocity pseudotime analysis for CD23+ LZ GC B cells are embedded in a UMAP plot. Color represents the velocity pseudotime.

(G) Expression level of genes of interest along the velocity pseudotime. Color represents the velocity pseudotime. Determined using scVelo.

(H) Representative FACS profile displaying gates between CD31 and CCR6 in CD23+ LZ GC B cells 12–14 days after immunization. Data are representative of 2

experiments, with at least 3 mice per experiment.

(I) Percentages of CD31+CCR6+ cells in CD23� and CD23+ LZ GC B cells on day 13 after immunization.

In (B) and (I), each symbol represents 1 mouse, and each line represents the same mouse. ***p < 0.001.

See also Figure S2 and Table S3.
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cell and NP high-affinity GC B cell signatures (Figures 2D, 2E,

S2D, and S2E). Compared to pre-memory B cells, the cells in

branch 2 were more like GC B cells (Figures S2F and S2G). Be-

sides the gene similarity-based pseudotime analysis, we also

carried out RNA velocity-based pseudotime analysis (Bergen

et al., 2020). Consistent with the previous analysis, CD23+ LZ

GC B cells were found to differentiate in two directions (Fig-

ure 2F). The markers of pre-memory B cells, which were identi-

fied by Monocle 2, were also increased in their expression in

one direction (Figure 2G). These cells correspond to the pre-

memory cells identified by Monocle 2. By pseudotime analysis,

Ccr6, Cd38, Cd52, Fcer2a (Cd23), Cd72, Pecam1 (Cd31), and
Hhexwere upregulated during memory B cell differentiation (Fig-

ure 2G). CCR6 and CD38 have been used to identify memory B

cell precursors (Laidlaw et al., 2017; Suan et al., 2017), andHhex

was recently identified as a key transcription factor for memory B

cell formation (Laidlaw et al., 2020). Using antibodies to CCR6

and CD31, a CCR6+CD31+ pre-memory subset could be identi-

fied among CD23+ LZ GC B cells (Figure 2H), while there were

few such cells among CD23� LZ GC B cells (Figure 2I). A similar

fraction of CD23+CD31+ GC cells stained for the pre-memory

marker CD38 (Figure S2H). The pre-memory gene set was also

enriched for CD72 and CD31, and CD72 tended to be co-ex-

pressed (Figure S2I). IL4Ra expression was also highest on the
Immunity 54, 2256–2272, October 12, 2021 2259



Figure 3. Single-cell VDJ-seq analysis reveals selected heavy-chain gene enrichment in CD23+ LZ cells

(A) Circular bar plot shows the cell number of each heavy-chain gene detected by scVDJ-seq of day 7 GC B cells.

(B) UMAP plot of the distribution of NP specific heavy-chain (IGHV1-72*01) in different clusters of day 7 GC B cells.

(C) Sequence logos of IGHV1-72*01 CDR1 of plasma-like cells andmemory-like B cells divided by pseudotime analysis. Circular bar plot shows the cell number of

each heavy-chain gene detected by the scVDJ-seq of day 14 GC B cells.

(D and E) Representative FACS profiles (D) and percentages of NPhi subset in CD31� cells and CD31+ cells among NP+ CD23+ LZ cells 12–14 days after im-

munization. Each symbol represents 1 mouse, and each line represents the same mouse. Data are pooled from 2 experiments. ***p < 0.001.

See also Figure S2.
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CD23+CD31+ cells (Figure S2J). In the other branch, CD23+ LZ

GC B cells were predicted to differentiate into CD23� pre-

plasma cell-like cells (Figure 2G). Consistent with this prediction,

Blimp1-GFP+ cells were enriched in the CD23� GC B cells (Fig-

ures S2K and S2L). By RNA velocity pseudotime analysis, the

expression of J chain and CXCR4 were predicted to be upregu-

lated in the pre-plasma cell direction (Figure 2G). CXCR4 upre-

gulation at this early stage is consistent with plasma cells leaving

the GC through the DZ (Kr€autler et al., 2017; Radtke and Ban-

nard, 2019; Zhang et al., 2018). However, the lack of robust

pre-plasma cell surface markers and the late appearance of

the Blimp1-GFP reporter during differentiation limited our ability

to flow cytometrically quantitate the representation of pre-

plasma cells among CD23+ cells compared to other GC subsets

fromwhere they may also emerge, and we therefore focused our

analysis on memory B cell generation.

scVDJ-seq reveals selected VH gene enrichment in
CD23+ LZ cells
To track BCR heavy-chain gene selection and affinity matura-

tion, we performed scVDJ-seq at days 7 and 14 post-NP-

haptenated antigen immunization. At the early period after NP

immunization, several VH genes are used, but starting from

day 6, IGHV1-72*01 (Vh186.2) begins to dominate (Jacob

et al., 1993). By scVDJ-seq analysis, IGHV1-72*01 was the

most used heavy-chain gene at day 7 (Figure 3A). After mapping

the heavy-chain information to the single-cell transcriptome,

cells in the CD23+ cluster were enriched for use of IGHV1-
2260 Immunity 54, 2256–2272, October 12, 2021
72*01 (Figures 3B and S2M). Interestingly, the next two most

frequent NP-binding associated VHs, IGHV1-64*01 and

IGHV1-53*01 (Jacob et al., 1993), were underrepresented in

the CD23+ cluster (Figure S2M), indicating that some feature of

IGHV1-72*01 was driving representation in the CD23+ cluster,

possibly antigen-binding affinity. Although few mutations of

IGHV1-72*01 were detected at day 7, the high NP affinity

W33Lmutation of IGHV1-72*01 could be detected at day 14 (Fig-

ure 3C). By this time point, IGHV1-72*01 was no longer enriched

in the CD23+ cluster, and cells carrying the W33L mutation did

not show a strong bias for any cluster (Figures S2N and S2O).

By pseudotime analysis of the day 14 data, similar to day 7, we

could divide the CD23+ cluster into pre-memory-like cells and

pre-plasma-like cells (Figures 3C, S2C, and S2D). We next

analyzed the scVDJ-seq data in these two subclusters. The

W33Lmutation was readily detected in the pre-plasma-like cells,

while this affinity-improving mutation was rare in pre-memory B

cells (Figure 3C). Gene set enrichment analysis (GSEA) also

showed that day 14 pre-memory B cells more highly expressed

genes enriched in NP low-affinity GC B cells (Figure S2E).

Consistent with the sequencing data, 14 days after NP-keyhole

limpet hemocyanin (KLH) immunization, CD23+ CD31+ LZ B cells

showed lower NP binding than CD23+ CD31� LZ B cells (Figures

3D and 3E), despite the CD31+ cells having slightly higher total

surface BCR levels, as determined by CD79b (Igb) staining (Fig-

ures S2P and S2Q). Lower NP-binding in flow cytometry assays

was previously found to be reflective of lower affinity for NP

(Shinnakasu et al., 2016). These data demonstrate the ability of



Figure 4. IL4Ra signaling restrains memory B cell development at the CD23+ LZ stage

(A–I) Immunized Il4ra+/+ and Il4ra�/� mice were analyzed on day 13.

(A and B) Representative FACS profiles (A) and frequencies of CXCR4lo CD86hi LZ cells (B) in GC B cells.

(C and D) Representative FACS profiles (C) and frequencies of CD23+ cells (D) in LZ GC B cells.

(E and F) Representative FACS profiles (E) and frequencies of CD31+ cells (F) in CD23+ LZ GC B cells.

(G and H) Representative FACS profiles (G) and frequencies of CD31+ CCR6+ cells (H) in GC B cells.

(I) Frequencies of NP+ memory B cells in B220+ GL7� non-GC B cells. Data are pooled from 2 experiments.

(J) Immunized Il4ra+/+ and Il4ra�/� mice were treated with EdU on day 11 post-immunization and were analyzed on day 14. Frequencies of NP+ EdU+ memory B

cells in B220+ GL7� non-GC B cells. Data are pooled from 2 experiments.

(K–N) Immunized mice received IL-4-aIL-4 complex or saline on days 11, 12, and 13 post-immunization and were analyzed on day 14.

(K and L) Frequencies of CD23+ cells in LZ GC B cells (K, left), CD31+ cells in CD23+ LZ GC B cells (K, right), and CD31+CCR6+ cells in GC B cells (L).

(M andN) Frequencies of NP+memory B cells (M) and IgG1+CD73+memory B cells (N) in CD19+GL7� non-GCB cells. Each symbol represents 1mouse. (N) Data

are pooled from 3 experiments.

(K–M) One of 3 experiments with a similar result is shown. Data are presented as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S3.
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scRNA-seq to identify and link the early selection and differenti-

ation events of NP-binding GC B cells.

IL4Ra signaling restrains memory B cell development at
the CD23+ LZ stage
IL4Ra activation leads to phosphorylation and activation of the

transcription factor STAT6 (McCormick and Heller, 2015). Intra-

cellular staining showed that pSTAT6 levels were higher in

CD23+ than CD23� LZ GC B cells (Figure S2R). Moreover,

VISION analysis showed a concentration of IL-4 pathway activity

in the CD23+ cluster (Figure S2S). Thus, while this cluster has low

Myc andmTOR target gene activity, suggesting that the cells are

not receiving the strongest levels of T cell help, the IL-4 pathway

activity suggests that they are exposed to some helper signals.

Lower T cell help could occur due to the presentation of lower

amounts of major histocompatibility complex class II (MHC class
II)-peptide complexes, leading to less strong triggering of the

T cell. In addition, lower T cell help could reflect less cumulative

contact time with helper T cells. A further possibility, suggested

by data below, is that some B cells could be receiving IL-4 in a

non-cognate manner, as bystander cells.

To study the role of IL4Ra signaling in GC LZ cells, Il4ra�/�

mice were immunized with NP-KLH and analyzed at days 12–

14. IL4Ra-deficient mice mounted a GC response of normal

magnitude, but there was a 40% reduction in the frequency of

LZ cells (Figures 4A, 4B, S3A, and S3B). In accord with the

IL4Ra expression data, IL4Ra deficiency caused a preferential

depletion of the CD23+ LZ subset (Figures 4C and 4D). Within

the CD23+ LZ compartment, however, there was an increased

frequency of CD31+ cells (Figures 4E and 4F). In agreement

with the CD23+CD31+ cells being enriched for pre-memory B

cells, Il4ra�/� mice had an increased frequency of CD31+CCR6+
Immunity 54, 2256–2272, October 12, 2021 2261
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GC B cells (Figures 4G and 4H). Il4ra�/� B cells were more

competent in memory formation, as there were more

B220+GL7�NP+ memory cells (Figures 4I, S3C, and S3D). To

further test whether these memory cells were GC derived, we in-

jected EdU to label GC B cells at day 11 post-immunization and

detected newly generated (EdU-labeled) memory B cells 3 days

later. Memory B cell differentiation was significantly increased

for Il4ra�/� B cells, confirming a role for IL4Ra in restraining

memory cell generation (Figure 4J). Measurement of isotype

switched cells is also often used to trackmemory cell generation,

but this could not be used for Il4ra�/� cells because of the strong

defect in IgG1 isotype switching (Figure S3E). In addition to the

effects on memory B cell generation, there was also a small

increase in the abundance of IgD�CD138+ plasma cells in

Il4ra�/� mice (Figures S3F and S3G).

To investigate whether IL-4 was sufficient to restrain memory

B cell differentiation in vivo, we treatedmicewith IL-4-aIL-4 com-

plexes (Finkelman et al., 1993; Ricardo-Gonzalez et al., 2010) for

3 days starting at day 11. The frequency of GC B cells was not

changed by the treatment (Figure S3H), but the frequency of

IgG1+ GC B cells was increased (Figure S3I). The frequency of

LZ cells and CD23+ LZ cells was markedly increased (Figures

4K and S3J). The percentages of CD23+CD31+ LZ B cells (Fig-

ure 4K) and CCR6+CD31+ pre-memory cells (Figure 4L) were

significantly reduced. Similar reductions were noted for NP+

memory B cells (Figure 4M). CD73 is a marker of many, although

not all, memory B cells, and it can be differentially induced de-

pending on immunization conditions, with some studies indi-

cating it is preferentially expressed on memory cells generated

in a Bcl6-dependent manner (Anderson et al., 2007; Bemark

et al., 2016; He et al., 2017; Kaji et al., 2012; Onodera et al.,

2012; Taylor et al., 2012; Tomayko et al., 2010). We also gated

IgG1+CD73+memory cells and found that their frequency among

CD19+GL7� cells was reduced (Figures 4N and S3K), even

though the overall amount of B cell IgG1 switching was

increased (Figure S3I). The frequency of plasma cell was also

reduced following IL-4-aIL-4 complex treatment (Figure S3L).

These data suggest that IL-4 is sufficient to restrain GC B cell dif-

ferentiation from aCD23+ LZ state to thememory state and that it

may also restrain plasma cell generation. In keeping with these

findings, previous in vitro work has shown that IL-4 pathway ac-

tivity can restrict plasma cell differentiation (Ettinger et al., 2005;

Jenks et al., 2018; Pignarre et al., 2021).

Memory B cell differentiation can be affected by BCR affinity

and/or Ig class switch (Gitlin et al., 2016; Viant et al., 2020). To

investigate whether the repression effect of IL-4 on memory

cell generation was caused by affinity and/or class switch mod-

ulation, we treated AID-deficient mice with IL-4-aIL-4 complexes

for 3 days starting at day 11. Similar to the wild-type mice, IL-4

treatment caused a reduction in differentiation of memory B cells

(Figures S3M–S3P). These data suggest that IL-4 restrainsmem-

ory B cell differentiation independently of effects on BCR affinity

or class switch.

In agreement with a repressive action of IL-4 onmemory B cell

development, an analysis of published B cell RNA-seq data

(Mokada-Gopal et al., 2017) revealed that in vitro incubation of

follicular B cells with IL-4 inhibits the expression ofmanymarkers

expressed by memory B cells such as Cd31, Cd38, Cd72,

Ccr6, andCr2 and the memory B cell differentiation-related tran-
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scription factors Hhex, Bach2, and Zbtb32, while promoting

expression of Fcer2a and Il4ra (Figure S3Q). This regulation of

gene expression could be released by the deletion of Stat6

(Figure S3Q).

IL4Ra acts intrinsically in GC B cells
To determine whether the increased predisposition of GC B cells

to a memory cell fate in the absence of IL4Ra was due to a cell-

intrinsic role of the receptor, we generated wild-type (WT)

CD45.1 andWT or Il4ra�/�CD45.2mixed bonemarrow (BM) chi-

meras. The influence of IL4Ra deficiency on B cell representation

in a particular stage of the GC response was determined by

comparing the ratio of CD45.2+ (WT or Il4ra�/�, depending on

the chimera) to CD45.1+ (WT) B cells in the target population

(e.g., LZ) with the corresponding ratio in the parent population

for that subset (total GC in the LZ case) to obtain a competency

measurement (Figures S4A–S4C). Thus, if Il4ra�/� cells were

present at a ratio of 3:1 in the target population but had been

2:1 in the parent population, then the competency measurement

would be 1.5. This method allows standardization across

different sets of mice that had different levels of hematopoietic

chimerism. The chimeric mice showed a notable underrepresen-

tation of Il4ra�/� B cells in the GC (Figures S4C and S4D), likely

due to lower competitiveness of these cells for expansion in

the pre-GC compartment. We also noted a reduction in the fre-

quency of total GC cells in the WT:Il4ra�/� mixed chimeras

compared to the control mixed chimeras (Figure S4E). These

findings were unexpected given the unaltered GC response

magnitude in the full Il4ra�/� mice (Figure S3B) and suggest

complex interactions between WT and Il4ra�/� cells that we

dissect further in later experiments.

In the mixed chimeras, IL4Ra-deficient B cells showed a

disadvantage in total LZ and CD23+ LZ (Figure 5A) but showed

an advantage in the CD23+CD31+ and CD31+CCR6+ pre-mem-

ory compartment (Figures 5A, 5B, and S4F). Assessment of the

effect of IL4Ra deficiency on the memory compartment in the

mixed chimeras was problematic because of the low representa-

tion of Il4ra�/� cells in GCs and our lack of a definitive marker for

GC-derived memory cells. Interestingly, when we examined the

behavior of CD45.1 WT cells in GCs containing �50% Il4ra�/�

CD45.2 cells, we noted that there were reductions in the fre-

quencies of CD23+CD31+ and CD31+CCR6+WT cells compared

to their representation in GCs composed of only WT cells (Fig-

ure 5B, black symbols; CD45.2 WT or Il4ra�/� cells shown in

red symbols). A reduction inWTCD23+CD31+ and CD31+CCR6+

cells was also seen after IL-4 injection (Figures 4K and 4L) and

could be occurring in the WT:Il4ra�/� mixed chimeras due to

reduced IL-4 consumption by Il4ra�/� GC cells leading to

increased IL-4 availability for WT cells. In agreement with the

idea of a general increase in splenic IL-4 availability, the WT cells

in WT:Il4ra�/� mixed chimeras showed an increased extent of

switching to the IL-4-dependent IgG1 isotype compared to cells

in WT:WT mixed chimeras (Figure 5C).

An analogous assessment ofWT:Stat6�/�mixedBMchimeras

showed a similar advantage of Stat6�/� cells in the CD23+CD31+

LZ subset (Figure 5D). Importantly, however, these mixed chi-

meras did not show the disadvantage of CD23+CD31+ WT cells

competing with the Stat6�/� cells (Figure 5E). Stat6 deficiency

did not alter the IL4Ra surface levels on GC B cells (Figure S4G),



Figure 5. IL4RA and STAT6 are intrinsically required for restraining memory B cell development

(A–C) Mixed BM chimeras were made with CD45.1 wild-type (Il4ra+/+) and CD45.2 Il4ra+/+ or Il4ra�/� BM cells. (A and B) One of 3 experiments with similar results

is shown.

(legend continued on next page)
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and there was no increase in IgG1+ WT GC B cells in the

WT:Stat6�/� mixed chimeras (Figure S4H). Therefore, we spec-

ulate that in contrast to the situation in Il4ra�/� mixed BM

chimeras, the IL-4 available in the lymphoid tissue microenviron-

ment to WT cells is unlikely to be changed in Stat6�/� mixed BM

chimeras.

Besides Stat6, IL-4 could also signal via insulin receptor sub-

strate1/2 (IRS1/2) (Wills-Karp and Finkelman, 2008). To further

investigate the Stat6 dependence of IL-4 signaling in the GC,

we treated Stat6-deficient mice with IL-4 complexes for 3 days

starting 11 days after immunization. Although IL-4 could still

slightly increase the percentage of LZ cells and the expression

of CD23, the frequency of CCR6+CD31+ GC B cells and memory

B cells was not altered (Figures S4I and S4J), indicating that IL-4

signaling via STAT6 is needed for effects on memory cell

generation.

Our studies in WT:Il4ra�/� mixed BM chimeras could not

exclude the possibility that the influence of IL4Ra deficiency on

memory cell generation was due to effects occurring before

GC formation. We took two approaches to address this issue.

First, we reconstituted mice with Cg1Cre/+ Cas9f/+ BM that had

been transduced with single-guide RNA (sgRNA) against IL4Ra

(using a vector containing a blue fluorescent protein [BFP] re-

porter) (Figure S5A). This approach achieved knockdown of

IL4Ra inmany BFP+GCBcells andwas associatedwith a reduc-

tion in the LZ compartment and an increase in the frequency of

CCR6+CD31+ pre-memory cells among BFP+ GC cells (Fig-

ure S5B). The frequency of IgG1+ cells among BFP+ GC cells

was unchanged compared to BFP� GC cells (Figure S5C).

Comparing the frequency of IgG1+CD38+ memory B cells with

IgG1+ GC B cells or the frequency of NP+CD38+ memory B cells

with NP+ GC B cells showed that the conditional loss of IL4Ra

was associated with an increase in memory cell generation (Fig-

ures S5D and S5E). However, Cg1Cre is expressed in some acti-

vated B cells as well as in GC B cells and thus does not strictly

limit the IL4Ra knockdown to the GC stage. Second, we gener-

ated S1pr2CreERT2/+Il4raf/f mice and treated them early after im-

munization with tamoxifen to induce selective ablation of IL4Ra

in GC B cells. This approach caused a reduction in IL4Ra in

�50% of GC B cells without altering expression in follicular B

cells (Figure S5F). Interestingly, as in the WT:Il4ra�/� BM chi-
(A) Competency values of LZ (B220+ CD95hi GL7hi CXCR4lo CD86hi) (left), CD23+

immunization.

(B) Frequencies of CD31+ cells in CD23+ LZ GC B cells (left) and CCR6+ CD31+

CD45.2+) of mixed chimeras.

(C) Frequencies of IgG1+ cells in GC B cells in different compartments (black CD

calculating differentiation ratios shown in Figures S4A–S4C. Data are pooled from

(D and E) Mixed (50:50) BM chimeras were made with CD45.1 wild-type (Stat6+/

(D) Competency values of LZ (left), CD23+ LZ (center), and CD31+ CD23+ LZ (rig

(E) Frequencies of CD31+ cells in CD23+ LZ GCB cells in different compartments (

similar results is shown.

(F–J) Control and S1pr2CreERT2/+ Il4raf/f mice were immunized with NP-KLH, trea

(F) Frequencies of IgG1+ cells in GC B cells.

(G and H) Frequencies of LZ cells in GC B cells (G, left), CD23+ cells in LZ GC B

(I) Ratio of NP+ IgG1+ memory B cells to NP+IgG1+ GC B cells.

(J) Ratio of CD38+IgG1+ memory B cells to CD38�IgG1+ GC B cells. Data are po

(K) Geometric MFI of CD23 in CD45.1+ (left) and CD45.2+ MD4 GC B cells with i

one-way ANOVA with Sidak multiple comparisons test was used.

In all of the plots, each symbol represents 1 mouse. Data are presented as mean

See also Figures S5 and S6.
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meras (Figure S4E), but not full Il4ra�/� mice (Figure S3B), these

mice showed a reduction in the magnitude of the overall GC

response (Figure S5G). The conditional IL4Ra-deficient mice

showed unaltered frequencies of IgG1+ cells among GC cells

(Figure 5F). The LZ and CD23+ LZ were reduced, while the

CCR6+CD31+ pre-memory cells were increased (Figures 5G

and 5H). In reference to IgG1+NP+ GC cells to control for the

smaller GC size, there was an increased proportion of IgG1+NP+

CD38+ memory B cells; this increase was also seen for total

IgG1+ memory B cells (Figures 5I and 5J). These data indicate

that intrinsic IL4Ra signaling within GC B cells restrains the

extent of pre-memory and memory B cell generation.

Another notable feature of the CD23+ GC B cells was their

higher expression of Lta and Ltb thanmost other GC B cells (Fig-

ures 1G and S5H). Flow cytometric analysis with LTbR-Ig

confirmed that CD23+ LZ GC B cells had higher LTa1b2 expres-

sion than total GC B cells (Figures S5I and S5J). Moreover, IL4Ra

and Stat6 were intrinsically required for normal La1b2 expres-

sion in GC B cells (Figures S5K–S5N). These findings are in

accord with the activity of IL-4 in promoting LTa1b2 expression

in B and T lymphocytes (Cortes-Selva et al., 2019; Dubey et al.,

2017; Luther et al., 2002). GC FDCs are strongly dependent on

LTa1b2 for their maintenance (Fu and Chaplin, 1999; Haberman

et al., 2019; Mackay and Browning, 1998). Therefore, the extent

of IL-4 signaling in CD23+ GC B cells may influence properties of

the GC FDC network.

Non-cognate IL-4 actions in the GC
Findings in the WT:Il4ra�/� mixed BM chimeras provided evi-

dence for bystander actions of IL-4 in the GC. As a further test

for possible non-cognate actions of IL-4 in the GC, we asked

whether augmenting the delivery of T cell help to a subset of

GC B cells would lead to evidence of increased IL-4 signaling

in bystander GC B cells. Following a similar strategy to the

DEC205-OVA (ovalbumin) method for antigen loading of B cells

independently from the BCR (Victora et al., 2010), we coupled

OVA to the AS20 (A20-1.7) antibody that is specific for CD45.1.

Adoptive transfers were performed with 10:90 mixtures of

CD45.1 MD4 and CD45.2 MD4 hen egg lysozyme (HEL)-specific

B cells together with OVA-specific OT2 T cells into CD45.2 recip-

ients. After immunizing with HEL-OVA to establish a GC
LZ (center), and CD31+ CD23+ LZ (right) GC compartment at day 13 following

cells in GC B cells (right) in different compartments (black CD45.1+ and red

45.1+ and red CD45.2+) of mixed chimeras. Gating strategy and equation for

3 experiments.
+) and CD45.2 Stat6+/+ or Stat6�/� BM cells.

ht) GC compartment at day 13 following immunization.

black CD45.1+ and red CD45.2+) of mixed chimeras. One of 2 experiments with

ted with tamoxifen to induce Cre expression, and analyzed on day 13.

cells (G, right), CD31+CCR6+ cells in GC B cells (H).

oled from 3 experiments.

ndicated treatment. One of 2 experiments with similar results is shown. In (K),

± SEM; *p < 0.05, **p < 0.01, ***p < 0.001.



ll
Article
response, the mice were treated with AS20-OVA (Figure S5O).

The treatment led to expansion of the OVA-loaded (CD45.1)

MD4 B cells in the LZ at 12 h and in the DZ at 72 h (Figures

S5P and S5Q). These findings are comparable to those observed

with the DEC205-OVA-based GC B cell antigen-loading system

(Victora et al., 2010) and they establish a versatile method for dif-

ferential antigen loading in vivo using widely available CD45

congenic mice. Using this cell transfer and antigen-loading

approach, we tested for cognate and non-cognate influences

of T cells on CD23 expression after 12 h. In these experiments,

we transferred 80:20 mixtures of CD45.1 MD4 and CD45.2

MD4 cells. The antigen-loaded CD45.1 MD4 GC B cells showed

a strong increase in CD23, consistent with cognate receipt of

CD40 and IL-4 signals; importantly, the bystander CD45.2 GC

B cells also showed a measurable increase in CD23 (Figure 5K).

The bystander increase in CD23 was fully blocked by treatment

with anti-IL-4 (Figure 5K). These data indicate that under condi-

tions in which many GC B cells are interacting strongly with Tfh

cells, bystander GC B cells can be exposed to IL-4.

Searching for an explanation for the reduced GCmagnitude in

WT:Il4ra�/� BM chimeras and tamoxifen-treated S1pr2CreERT2/+

Il4raf/f mice (also chimeric in their IL4Ra loss) versus the intact

GC response in Il4ra�/� mice, we considered the possibility

that in the mixed setting, the chronically elevated available IL-4

was having a repressive influence on the WT GC cells. In accor-

dance with this notion, when mice were treated with IL-4 com-

plexes daily for 3 days, their GC B cells showed lower Bcl6

protein levels (Figure S5R); by contrast, Bcl6 was increased in

follicular B cells, in keeping with in vitro findings for activated B

cells (Chevrier et al., 2017; Haniuda et al., 2020; Robinson

et al., 2019). Moreover, by the fourth day of IL-4 complex treat-

ment, there was a reduction in themagnitude of theGC response

(Figure S5S). In vitro studies have shown that under some condi-

tions, IL-4 can suppress B cell proliferation or promote apoptosis

(Jelinek and Lipsky, 1988; Pignarre et al., 2021). These findings

further highlight the importance of appropriately controlled IL-4

signaling during the GC response.

IL4Ra expression by FDCs limits IL-4 availability to GC
B cells
scRNA-seq data of LN and spleen stromal cells (Cheng et al.,

2019; Rodda et al., 2018) showed that IL4Ra was expressed

by FDCs but not other types of fibroblastic reticular cells (Figures

6A and S6A). During this analysis, we also found that epithelial

cell adhesion molecule (Epcam) is specifically expressed by

FDCs (Figures 6A and S6A). Co-staining Epcam with the FDC

markers Cr2 and Tmem119 in tissue sections confirmed the se-

lective expression of this adhesion molecule by FDCs (Figures

S6B and S6C). Combining Epcam with CR2 (CD21) staining in

flow cytometry allowed for improved identification of FDCs (Fig-

ure 6B). Consistent with the scRNA-seq data, ILR4a was selec-

tively expressed on FDCs by flow cytometry (Figure 6C).

In an effort to determine whether the IL4Ra expressed by

FDCs affects the GC response, we generated reverse BM

chimeric mice that lacked IL4Ra on all radiation-resistant cells,

but had intact expression on B cells, T cells, and other hemato-

poietic cells. Immunized Il4ra�/� reverse BM chimeras revealed

a normal frequency of GC B cells (Figure 6D) and of FDCs (Fig-

ure S6D), but had an increased frequency of LZ GC B cells (Fig-
ure 6E). Among the LZ cells, there was a higher percentage of

CD23+ cells and a lower percentage of CD31+ cells in the

CD23+ LZ compartment (Figure 6E). The fraction of GC cells

that switched to IgG1 was increased (Figure 6F). In these exper-

iments, a lower valency form of the immunogen (NP14-CGG)

was used than in other experiments (in which NP28-CGG,

NP28-KLH, or NP32-KLH was used), and this was associated

with a weaker NP-specific response that precluded quantitating

NP+ memory B cells. However, compared to the overall fre-

quency of IgG1+ cells, there was a reduction in IgG1+CD73+

memory cells (Figure 6G). Plasma cell frequencies were also

down (Figure S6E). To determine whether signaling via the IL-4

receptor was important in stromal cells, we also studied BM chi-

meras lacking the cytokine cg chain that is needed for IL4R

signaling (McCormick and Heller, 2015) and was also expressed

by FDCs (Figure S6F). In these animals, there was no significant

difference in GC, LZ,memory, or plasma cell compartments (Fig-

ures S6G–S6L). IL-4 can also signal via the IL4Ra/IL13Ra com-

plex (McCormick and Heller, 2015). We detected minimal

IL13Ra expression by FDCs (Figure S6M), making it unlikely

that this complex is involved in FDC responses to IL-4, although

our data do not fully exclude this possibility.

Given thewidespread expression of IL4Ra by tissue cell types,

it was important to performmore restricted deletion of IL4Ra.We

took advantage of Ccl19Cre/+ to restrict IL4Ra deletion to

lymphoid stromal cells, including FDCs (Cheng et al., 2019)

and ofCD21Cre/+ to restrict ablation to FDCs among stromal cells

(Kraus et al., 2004; Wang et al., 2014). In the latter animals, abla-

tion also occurs in B cells, but expression here was rescued by

studying irradiated mice that have been reconstituted with WT

BM. Unexpectedly, we found that Ccl19Cre/+ led to the deletion

of IL4Ra in a fraction of B cells and we therefore also reconsti-

tuted these mice with WT BM before performing the immuniza-

tions. Staining of spleen sections for CD35 (CR1) showed that

the GC FDC networks were comparable between control and

Ccl19Cre/+ Il4raf/f chimeras (Figure S6N). In contrast to the full

Il4ra�/� BM chimeras, IgG1+ GC cell frequencies were not

increased in either the CD21Cre/+ Il4raf/f chimeras (Figures 6H

and 6I) or the Ccl19Cre/+ Il4raf/f chimeras (Figures S6O and

S6P). Importantly, however, in both the CD21Cre/+ Il4raf/f chi-

meras (Figure 6J and 6K) and theCcl19Cre/+ Il4raf/f chimeras (Fig-

ures S6Q and S6R), there was an increase in the CD23+ LZ, a

decrease in CD31+CD23+ cells within the CD23+ LZ compart-

ment, and a decrease in CD31+CCR6+ pre-memory cells. There

was also a decrease in NP+ and CD73+ IgG1+ memory B cells

(Figures 6L, 6M, and S6S). When considered together with the

above findings for IL-4-treated mice and mice lacking IL4Ra on

some GC B cells (Figures 4K–4N and 5B), it can be suggested

that the abundance of IL-4 in the GC is increased when stromal

cells lack IL4Ra. To account for the differential effects on IgG1

switching, we speculate that in mice lacking IL4Ra on all non-he-

matopoietic cells, IL-4 availability is widely increased, including

in pre-GC niches where isotype switching occurs, as well as

within GCs; when IL4Ra loss is restricted to FDCs, IL-4 availabil-

ity may only be increased in the GC, a microenvironment where

little, if any, isotype switching occurs (Roco et al., 2019; Sundling

et al., 2021).

To further test the impact of stromal IL4Ra deficiency on the

memory B cell compartment, immunized Ccl19Cre/+ Il4raf/f
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Figure 6. IL4RA expression by FDCs limits IL-4 availability to GC B cells

(A) Violin plots of Il4ra and Epcam expression in different stromal cell subsets.

(B and C) Representative FACS profiles (B) and histograms (C) of IL4RA in non-FDCs (CD45� PDPN+ CD31� CD21/35� EPCAM�) and FDCs (CD45� PDPN+

CD31� CD21/35+ EPCAM+) isolated from mesenteric LNs in mice with indicated genotype. Data represent 2 experiments, with at least 3 mice per experiment.

(D–G) Reverse chimeras were made by reconstituting irradiated Il4ra+/+ and Il4ra�/� mice with WT BM.

(D–F) Frequencies of CD95hi GL7hi GC B cells in B220+ IgD�B cells (D), CXCR4lo CD86hi LZ cells in GC B cells (E, left), CD23+ cells in LZ B cells (E, center), CD31+

cells in CD23+ LZ B cells (E, right), and IgG1+ cells in GC B cells (F) 13 days after immunization.

(G) Ratio of CD73+ IgG1+ memory B cells to IgG1+ cells. Data are pooled from 3 experiments.

(H–M) Reverse chimeras were made by reconstituting irradiated control and CD21Cre/+ Il4raf/f mice with wild-type (Il4ra+/+) BM.

(H–K) Frequencies of CD95hi GL7hi GC B cells in CD19+ B cells (H), IgG1+ cells in GC B cells (I), LZ cells in GC B cells (J, left), CD23+ cells in LZ B cells (J, center),

CD31+ cells in CD23+ LZ B cells (J, right), and CD31+ CCR6+ cells in GC B cells (K) 13 days after immunization.

(L and M) Frequencies of NP+IgG1+ (L) and CD73+ IgG1+ (M) memory cells in non-GC B cells.

(N–P) Scheme for testing memory response in Ccl19Cre/+ Il4raf/f mice that had been reconstituted with wild-type BM (N), flow cytometry plots from the indicated

mice (O), and summary data (P) showing frequency of CD138+NP+ plasma cells in the spleen of boosted control or Ccl19Cre/+ Il4raf/f chimeric mice.

Data are pooled from 2 of 3 experiments. In (D–M) and (P), each symbol represents 1 mouse. Data are presented as mean ± SEM; *p < 0.05, **p < 0.01,

***p < 0.001.

See also Figure S6.
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Figure 7. scRNA-seq analysis of stromal cell IL4Ra-deficient mice

(A–D) Reverse chimeras were made by reconstituting irradiated Il4ra+/+ and Ccl19Cre/+ Il4raf/f mice with WT BM. scRNA-seq and scVDJ-seq was performed on

B220+ CD95hi GL7hi IgD� cells sorted at day 14 post-NP-KLH immunization. Cells from 4 mice were pooled together in each condition.

(A) UMAP plots of the expression of Fcer2a and Ccr6. Color scaled for each gene with log normalized expression level.

(B) UMAP plots of different clusters.

(C) Visualize signature scores of IL-4 signaling in GC B cells. Color scaled for signature score.

(D) Pie charts displaying the frequencies of W33L mutations in IGHV1-72*01 sequences. Chi-square test. ***p < 0.001.

See also Figure S7.
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chimeras were boosted at 4 weeks and their plasma cell

response was analyzed 5 days later. The stromal IL4Ra-deficient

mice showed a significant reduction in the generation of second-

ary NP+ plasma cells compared to WT controls (Figures 6N–6P).

These data are consistent with reduced memory cell generation

when FDCs are unable to restrict IL-4 availability.

As a further approach to test for FDC IL4Ra-mediated restraint

of IL-4 signaling in GC B cells, we performed scRNA-seq and

scVDJ-seq on GC cells fromWT and Ccl19Cre/+ Il4raf/f chimeras.

Consistent with the flow cytometric findings, the expression of

Fcer2awas increased and the expression ofCcr6wasdecreased

in the GC B cells from stromal IL4Ra-deficient mice (Figure 7A).

Clustering analysis also revealed a decrease in memory B cells

(16.22% inWT and 12.92% inCcl19Cre/+ Il4raf/f) and plasma cells

(3.58% in WT and 1.86% in Ccl19Cre/+ Il4raf/f) (Figures 7B and

S7A). We also calculated the signature score of IL-4 pathway ac-

tivity by VISION, revealing an increase in IL-4 signaling in the stro-

mal IL4Ra-deficient chimeras (Figure 7C).

Analysis of the scVDJ-seq data showed that there was no dif-

ference in the usage of IGHV1-72 heavy chain (Figure S7B) or in

the class switch of IGHV1-72 (Figure S7C) between WT and

Ccl19Cre/+ Il4raf/f chimeras. Importantly, however, there was a

decrease in the frequency of W33L high-affinity cells in the

Ccl19Cre/+ Il4raf/f chimeras (Figure 7D), suggesting a reduction

in selection stringency when mice lack IL4Ra on FDCs. This

was also suggested by a 30% enrichment for the affinity-
reducing D50G mutation (Dal Porto et al., 1998) in the Ccl19Cre/+

Il4raf/f chimeras (0.937% in WT and 1.25% in Ccl19Cre/+ Il4raf/f).

Finally, we also used these data to further test the relationship

between affinity andmemory and again found that the frequency

ofW33Lmutations was lower in thememory B cell than in the GC

B cell and plasma cell compartments in both WT and Ccl19Cre/+

Il4raf/f chimeras (Figure S7D). Although Igl+ cells are dominant in

the NP GC response (Jack et al., 1977), their frequency in mem-

ory B cells was lower than in GC B cells and plasma cells

(Figure S7E).

DISCUSSION

The experiments in this study were motivated by the finding from

stromal cell scRNA-seq analysis that IL4Ra is expressed by

FDCs (Rodda et al., 2018). Investigating the actions of IL-4 in

the GC, we characterized an IL-4-responsive CD23+ LZ popula-

tion of GC B cells that was enriched in pre-memory B cells and

cells with features of pre-plasma cells. IL4Ra-STAT6 signaling

was shown to disfavor pre-memory and memory cell develop-

ment. Several lines of evidence indicated that IL-4 could act on

bystander B cells within the GC. Using conditional gene-defi-

cient mice, we found that FDC IL4Ra expression contributed to

restraining IL-4 availability in the GC. We propose that FDC

IL4Ra expression helps prevent non-cognate actions of IL-4 in

the GC and thereby promotes antibody affinity maturation and
Immunity 54, 2256–2272, October 12, 2021 2267
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GC B cell differentiation. While IL-4 broadcasting by effector Th2

cells may be beneficial for type 2 immune responses, such as

during worm expulsion, the non-cognate actions of IL-4 may

be detrimental during selection events in GCs. We suggest that

the GC evolved as a specialized microenvironment that en-

hances the ability of IL-4 to act in a targeted manner.

Our findings extend recent work establishing that scRNA-seq

can be used to identify pre-memory and pre-plasma cells within

the GC (Holmes et al., 2020; Laidlaw et al., 2020) and provide ev-

idence that it can be used to identify cells at an even earlier stage

that are projected to take on one or other of these fates. Signaling

pathway network analysis (Chen et al., 2012) of the day 7 scRNA-

seq data showed that the CD23+ cluster was enriched for RelA

activity (data not shown), in line with genetic studies showing

that RelA was dispensable for GC maintenance but important

for differentiation to post-GC states (Heise et al., 2014). The sig-

nificance of the enriched BCR gene expression signature in the

CD23+ LZ cells is not yet clear, although some studies have sug-

gested that BCR signaling is important for GC B cell differentia-

tion into plasma cells (Kr€autler et al., 2017; Li et al., 2018).

Recent reports have provided evidence that memory B cells

are often of lower affinity than GC B cells that are sampled

from the animal at the same time (Shinnakasu et al., 2016;

Suan et al., 2017; Sundling et al., 2021), although this has not

been seen in every case (Wang et al., 2017). A limitation in

some of these studies has been the possibility that the memory

B cells being sequencedwere generated at an earlier stage in the

response than the GC cells, a time when less affinity enhancing

mutations had accrued. However, in some studies, the lower an-

tigen binding ability was noted for pre-memory cells compared

to contemporaneous GC cells (Shinnakasu et al., 2016; Suan

et al., 2017). Our use of scVDJ-seq establishes a further

approach to examine this issue and provides evidence support-

ing the conclusion that memory B cells and plasma cells are

strongly selected for antigen binding, but cells taking on the

memory fate are less strongly affinity matured than those taking

on the plasma cell fate.

Cells expressing low levels of the plasma cell transcription fac-

tor Blimp1 have been identified among both LZ and DZ pheno-

type cells, with greater abundance in the DZ (Kr€autler et al.,

2017; Radtke and Bannard, 2019). Our RNA trajectory analysis

suggests that some cells can take on early plasma cell gene

expression properties while in a CD23+ LZ state, including begin-

ning to upregulate CXCR4, a key marker of the DZ state. These

cells may therefore give rise to DZ pre-plasma cells. These ob-

servations do not exclude the possibility of pre-plasma cells

also emerging separately through a pathway in the DZ. More-

over, even when cells reach a Blimp1-low state, their fate can

be unstable, with some cells returning to a GC state (Radtke

and Bannard, 2019).

CD23 expression by LZ cells has been previously noted, with

expression being higher on pre-memory cells than most other

GC cells, but the significance of this expression was not ad-

dressed (Gonzalez et al., 2018; Suan et al., 2017). The ability of

IL-4 to cause induction of CD23+ LZ cells, the detection of higher

pStat6 in CD23+ than CD23� LZ cells, and the evidence of IL-4

signaling pathway activity in the CD23+ cell cluster provides ev-

idence that CD23 marks IL-4-responding cells within the GC.

CD23 can also be induced by CD40 signaling (Paterson et al.,
2268 Immunity 54, 2256–2272, October 12, 2021
1996; Siepmann et al., 1996), and we observed small numbers

of cells in the Myc+ cluster that had high Fcer2a transcript levels.

The basis for their being a separate population of CD23hi Myclo/�

cells is not yet clear, but they may reflect cells that have not yet

received sufficient cognate T cell help to turn on Myc. We also

suggest that some of the CD23+ cells exhibiting IL-4 pathway ac-

tivity in the absence of Myc expression may be cells receiving IL-

4 in a bystander manner.

The role of IL-4 in GC responses has been examined in multi-

ple studies, but with variable conclusions. The findings pre-

sented here agree with observations indicating that IL-4 is not

universally required for mounting a GC response of normal

magnitude. However, the data do add to evidence that IL-4

can augment the size of the LZ compartment (Gonzalez et al.,

2018; Turqueti-Neves et al., 2014). We propose that IL-4 aug-

ments LZ cell accumulation at least in part by restraining effector

cell output from the CD23+ LZ compartment. IL-4 acts to intrin-

sically restrain CD23+ LZ B cell differentiation into memory B

cells. When IL4Ra is absent, the cells appear to transit more

readily to a CD23+CD31+ pre-memory state, likely contributing

to an overall reduction in the LZ and an enlargement of the mem-

ory compartment. We noted similar trends for IL4Ra in restrain-

ing plasma cell generation, and although this was less

completely studied due to marker limitations, the finding is

consistent with several in vitro studies (Ettinger et al., 2005;

Jenks et al., 2018; Pignarre et al., 2021). Importantly, while it

has been possible to track effects of IL-4 on memory cell output,

we have not been able to assess to what extent CD23+ LZ cells

continue on to other stages of the GC. It is likely that some of the

cells receive sufficient cumulative positive selection signals to

undergo cyclic reentry to the DZ.

A key aspect of this study is the finding that FDC IL4Ra helps

restrict IL-4 availability in the GC. Past work has highlighted

that Tfh cells produce low amounts of IL-4 compared to Th2

cells, and this was suggested to be important for limiting IL-4

delivery to cognate partner B cells (Crotty, 2014). However,

IL-4 was found to be broadcast from activated T cells in vitro

and not released selectively at the synapse (Huse et al.,

2006); and in accordance with this observation, our data indi-

cate that when the IL4Ra abundance in GCs is reduced, non-

cognate actions of IL-4 become notable. Moreover, our work

adds support to the notion that the amounts of IL-4 acting in

the GC need to be finely tuned since both too little and too

much can be associated with LZ defects, less affinity matura-

tion, and reduced GC responses; too much can also be asso-

ciated with reduced memory and plasma cell generation. Our

findings suggest that high IL4Ra expression on FDCs is part

of the specialization of the GC microenvironment, helping

establish a niche that limits non-cognate actions of IL-4. The

mechanism of FDC IL4Ra action in restraining IL-4 availability

is not yet clear, although IL4Ra has a well-established ability

to mediate the internalization of IL-4 (Friedrich et al., 1999). It

is also possible that soluble IL4Ra is generated, although

whether this has positive or negative effects on IL-4 availability

may be context dependent (Chilton and Fernandez-Botran,

1993; Khodoun et al., 2007). We speculate that in GCs contain-

ing some high-affinity B cells that trigger strong activation of

Tfh cells, this leads to the transient production of sufficient

amounts of IL-4 to overcome the depletion mechanisms of
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the GC niche and promote the ongoing participation of

bystander lower-affinity GC cells, helping sustain the diversity

of individual GC responses.

Limitations of study
All of the experiments were performed with intraperitoneal im-

munizations and analysis of GC responses in the spleen. It is

not yet known whether FDC IL4Ra will have equivalent functions

in LNs or across other types of GC responses. A technical limita-

tion was our inability to perform ex vivo pSTAT6 staining in stro-

mal IL4Ra-deficient mice due to poor assay sensitivity. The lack

of markers to track the emergence of pre-plasma cells was a lim-

itation in assessing the accuracy of the trajectory analysis. We

note that our study has not fully elucidated the effects of IL-4

signaling in GC B cells, such as determining target genes

engaged by Stat6 or the fate of IL-4-stimulated cells that stay

within the GC. Finally, we acknowledge that the clustering anal-

ysis has limitations in the precision with which it represents GC

cells that are in a single state.
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jason

Cyster (Jason.Cyster@ucsf.edu).

Materials availability
AS20-OVA generated in this study is available from the Lead Contact with a completed Materials Transfer Agreement.
Immunity 54, 2256–2272.e1–e6, October 12, 2021 e3

mailto:Jason.Cyster@ucsf.edu
http://www.graphpad.com/scientific-software/prism/
http://www.graphpad.com/scientific-software/prism/
http://fiji.sc/
https://www.r-project.org/
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
http://satijalab.org/seurat/
https://icb-scanpy.readthedocs-hosted.com/en/stable/
https://icb-scanpy.readthedocs-hosted.com/en/stable/
https://scvelo.readthedocs.io/index.html
http://velocyto.org/
https://github.com/mojaveazure/loomR
http://loompy.org/
http://cole-trapnell-lab.github.io/monocle-release/docs/
http://cole-trapnell-lab.github.io/monocle-release/docs/
https://yoseflab.github.io/VISION/news/index.html
https://yoseflab.github.io/VISION/news/index.html
https://ncbi.github.io/igblast/rel/Release-notes.html
https://ncbi.github.io/igblast/rel/Release-notes.html
https://immcantation.readthedocs.io/en/stable/index.html
https://immcantation.readthedocs.io/en/stable/index.html
https://github.com/plotly/plotly.py/
https://www.rstudio.com/products/rstudio/
https://www.gsea-msigdb.org/gsea/index.jsp
http://weblogo.threeplusone.com/
https://www.flowjo.com/


ll
Article
Data and code availability
Single-cell RNA-seq data have been deposited at GEO (GSE180920).

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
B6 (Jax 000664) and Boy/J (Jax 002014) were originally purchased from the Jackson Laboratory. B6 (NCI 556) and B6-Ly5 (NCI 564)

mice were purchased from National Cancer Institute at age 6-8 weeks. Il4ra�/� mice (Jax 003514) and Stat6�/� mice on a B6 back-

ground were provided by Drs. Mark Ansel and Richard Locksley, respectively. Some Il4ra�/� mice developed severe dermatological

lesions and poor health andwere excluded from the study. IL-2Rg-chain (Cg) deficient mice (Jax 003174) were purchased form Jack-

son Laboratory. S1pr2Venus/+ were generated as previously described (Moriyama et al., 2014). Aicdatm1Hon (Muramatsu et al., 2000)

and Blimp1Gfp/+ (Prdm1Gfp/+)mice (Kallies et al., 2004) were provided by Chris Allen. Il4ra floxed mice (Herbert et al., 2004) were pro-

vided by Mark Ansel. Ccl19Cre/+ mice (Chai et al., 2013) and CD21Cre/+ mice (Kraus et al., 2004) were from an internal colony. Cas9f/f

(Rosa26-LSL-Cas9, 026175) and Cg1Cre/+ (010611) mice were from Jax. S1pr2CreERT2/+ mice were provided by T. Okada at the

RIKENCenter for IntegrativeMedical Sciences (Shinnakasu et al., 2016). All mice weremaintained under specific-pathogen free con-

ditions and used according to institutional and governmental guidelines for animal welfare.

METHOD DETAILS

Immunization and treatment
For various in vivo experiments, mice were given 50 mg NP-haptenated antigen (Biosearch Technology) plus 1 mg LPS in 50 mL

aluminum hydroxide gel (Invivogen) by i.p. injection. NP28-CGG, NP28-KLH or NP32-KLH was used in all experiments except in

the Il4ra�/�, Cg�/� and Ccl19-Cre Il4raf/f mice that were reconstituted with WT BM; in these chimeric mice NP14-CGG was used.

To boost the immunization, 25 mg soluble NP-haptenated antigen was given by i.v. injection. To induce Cre expression, 20mg/ml

corn oil dissolved tamoxifen (Sigma–Aldrich) was injected at 2 mg per 20 g mouse i.p. at days 4, 6 and 8 post immunization. Normal

chow was replaced with TAM diet (Envigo) on the day after the final tamoxifen dose.

Mixed or reverse bone marrow chimeras
For mixed chimeras, CD45.1 B6mice were lethally irradiated by X-ray and transferred intravenously with BM cells mixed at a 1:1 ratio

for WT CD45.1:WT CD45.2 control chimeras and a 2:3 ratio for WT CD45.1:Il4ra�/� CD45.2 chimeras. Typically we observed

enhanced reconstitution of the follicular B cell compartment by Il4ra�/� BM such that the latter chimeras had on average 80%

Il4ra�/� follicular B cells. For reverse chimeras, CD45.2 Il4ra+/+ and Il4ra�/�mice were lethally irradiated and transferred intravenously

with CD45.1 B6 BM cells. Chimeras were immunized 6-8 weeks post reconstitution.

Retroviral constructs and transductions
Il4ra sgRNA sequences were selected using Benchling’s CRISPR Guide tool. The following Il4ra sgRNA sequences were used:

sgRNA 1 (50-CAAAATCAGACAGCCCACAG-30); sgRNA 2 (50-GATGTAGTCAGAGAAGCAGG-30). The tRNA-gRNA-tRNA pMIA

plasmid was used as a template for generating the tRNA-gRNA arrays, and these arrays were cloned into a pMCP-BFP vector by

golden gate cloning. The pMCP-BFP sgRNA vector was generated by digesting the pMCPA vector (Kotov et al., 2019) with NcoI

and NotI to remove Ametrine and replace it with tagBFP by In-Fusion Cloning. Retrovirus was generated by transfecting the Plat-E

packaging cell line with 7.5 mg plasmid DNA and 16 mL Lipofectamine 2000 (Thermo Fisher Scientific). Cg1Cre/+ Cas9f/+ mice were

treated with 3 mg 5-fluorouracil (Sigma–Aldrich) by i.v. injection. Bone marrow was collected after 4-5 days and cultured in complete

DMEM containing 10% fetal bovine serum, antibiotics (penicillin (50 IU/ml) and streptomycin (50 mg/ml); Cellgro) and 10 mMHEPES

(pH 7.2; Cellgro), supplemented with IL-3, IL-6 and stem cell factor. Bone marrow cells were spin-infected twice at days 1 and 2 and

then transferred into irradiated recipients.

EdU labeling and analysis
For 1h labeling, following immunization, mice were given intravenously 0.5mg EdU 1h before being sacrificed. For long term labeling,

immunized mice were intravenously given 0.5 mg EdU every 4 hours for 3 times 11 days post immunization and analyzed 3 days after

EdU labeling. Cells were stained for incorporated EdU with the Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay Kit (Invitrogen),

according to the manufacturer’s instructions.

IL4 injection and analysis
2 mg mouse IL4 (PeproTech) and 10 mg anti-IL4 (clone 11B11, Bio X cell) were incubated at RT for 15min to make IL4-aIL4 complex.

Immunized mice were intravenously given 2 mg complex once per day at day 11, 12, 13 post immunization, and analyzed at day 14.
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AS20-OVA stimulation
The expressed Hc and Lc antibody genes in the CD45.1 specific AS20-1.17 hybridoma were sequenced. The Hc VDJ region was

cloned into a vector (pBR322) containing the IgG1 constant regions coupled at the C terminus to chicken OVA or a peptide (aa

57-346) from the malaria circumsporozoite (CS) protein as a control (vectors kindly provided by Michel Nussenzweig); the light chain

VJ region was cloned into a vector containing the kappa C1 constant region (Boscardin et al., 2006). The antibody conjugates were

expressed in HEK293 cells and purified using protein G. Naive OT-II T cells were intravenously injected into B6 mice in combination

with CD45.1+ and CD45.2+ MD4 B cells. Each recipient mouse was given 30 mg HEL-OVA antigen plus 1 mg LPS in alum (Thermo

Scientific). 4-5 days post immunization, recipients were intravenously given 30 mg AS20-CS or AS20-OVA alone or with 100 mg

anti-IL4 antibody (11B11) and analyzed 12 hours later.

Flow cytometry
Single-cell suspension of splenic cells were washed, blockedwith 2.4G2 antibody (BioXcell), and stained with antibodies of indicated

specificities in MACS buffer. Staining reagents include: BV786 anti-CD19 (1D3), PE-Cy7 anti-CD38 (90), Alexa Fluor 647 anti-CCR6

(140706), BV786 anti-B220 (RA3-6B2), BV421 anti-CD138 (281-2), BV711 anti-CD138 (281-2), PE-Cy7 anti-CD95 (Jo2), eFlour450

anti-GL7 (Ly-77), FITC anti-GL7 (Ly-77), PE-Cy7 anti-CD31 (MEC13.3), APC anti-CD23 (B3B4), PerCP/Cy5.5 anti-IgD (11-26c.2a),

APC anti-Ki67 (16A8), BV605 anti-CD45.2 (104), BV605 anti-CD45.1 (A20) and BV605 anti-CD86 (GL-1) from Biolegend; biotinylated

anti-CXCR4 (2B11), PE anti-CD31 (MEC 13.3), PE anti-IL4Ra (mIL4R-M1), Biotin anti-IL4Ra (mIL4R-M1), FITC anti-CD79b (HM79b),

purified anti-CD72 b and c Alloantigens (JY/93), streptavidin-BV711 and streptavidin-BV605 from BD Biosciences; biotinylated anti-

Ephrin-B1 polyclonal antibody from R&D System; NP-PE and NIP-BSA-biotin were used to stain for NP-binding cells (Biosearch

Technology). Dead cell exclusion was based on Fixable Viability Dye eFluor 780 staining (eBioscience) and non-singlet events

were excluded with FSC-W/FSC-H characteristics. For intracellular staining, cells were stained using Cytoperm/Cytofix kit (BD Bio-

sciences) or Foxp3/Transcription Factor staining Buffer set (eBioscience) according to the manufacturer’s protocol. All data were

collected on an LSR II cytometer (BD) and analyzed with FlowJo software (TreeStar).

Immunofluorescent staining
Mesenteric lymph nodes were fixed in 4% paraformaldehyde in PBS for 4 hours on ice and incubated in 30% sucrose overnight,

followed by embedding in tissue freezing medium (OCT). Cryosections of 10 mm were stained with goat anti-IgD, rabbit anti-

Tmem119, APC-conjugated anti-CD21/35, biotin-conjugated EpCAM, streptavidin-PE (Biolegend) and AMCA-conjugated donkey

anti-goat IgG (H+L) (Jackson Immunoresearch). Images were captured with a Zeiss AxioOberver Z1 inverted microscope.

Single cell sequencing and analysis
Two sets of 7-day and 14-day wild-type GC B cells were sorted frommice immunized as above. Single cells were captured using the

10X Chromium (10X Genomics), and libraries was prepared according the manufacturer’s instructions (Chromium Single Cell 50 Li-
brary & Gel Bead Kit, Chromium Single Cell 50 Library Construction Kit, and Chromium Single Cell V(D)J Enrichment Kit, 10x Geno-

mics). Libraries were run on the HiSeq4000 for Illumina sequencing. Sequencing data were processed with the 10X Cell Ranger (10X

Genomics). Seurat (v3) was used for the further analysis. For day 7, sample 1 mean reads per cell was 314,827 and sample 2 was

565,017. Median genes per cell of sample 1 was 4213 and sample 2 was 4118. For day 14, sample 1 mean reads per cell was

82,769 and sample 2 was 96,660. Median genes per cell of sample 1 was 1590 and for sample 2 was 1456. Cells expressing less

than 200 genes were filtered out. Cells with the percentage of mitochondrial genes per cell less than 5% were used for the day 7

dataset; due to the lower read depth in the day 14 dataset, cells with the percentage of mitochondrial genes per cell 20% were

used. Cells with the frequency of ribosome genes per cell more than 30% were filtered out. 3542 (1012+2530) cells from the day

7 group and 19757 (9109+10648) cells from the day 14 group remained for further analyzed. We used ‘‘LogNormalize’’ (scale factor:

10,000) to normalize gene expression in each cell. The influence of batch effects and percentage of mitochondrial genes in each

group/condition were regressed out using Seurat. The top 2000 variable genes of each group were selected for the PCA analysis.

According to the PCElbowPlot, we chose the first 30 principal components (PCs) for the UMAP dimension reduction and clustering

(resolution is 0.4). The cell markers of different clusters were identified using the FindAllMarkers function. Cell cycle score and clas-

sification were calculated by CellCycleScoring function based on the expression of G2/M and S phase markers (Kowalczyk et al.,

2015). We used the published list of genes (Milpied et al., 2018; Victora et al., 2012) to calculate the DZ and LZ scores with the

AddModuleScore function from the Seurat package. A post GC B cell RNA sequencing dataset (Laidlaw et al., 2017) was used to

calculated the post GC B cell gene set signature with DESeq2. Log2 fold change more than 0.3 and adjusted p value less than

0.001 genes were used as the post GC B cell gene set signature (Table S2). Gene set signature score were calculated with VISION

(DeTomaso et al., 2019) on the Seurat object.

The pseudo time analysis on CD23+ LZ GC B cell were carried out with Monocle v2 (Qiu et al., 2017). Top 1000 marker genes for

each cluster were used for unsupervised ordering of the cells and the DDRTree algorithm implemented in Monocle2 was applied for

trajectory reconstruction. Branch specific genes were calculated by the BEAM algorithm. Genes with q value less than 0.001 were

plotted and used for GSEA analysis. To determine the fate of each branch, we compared the branch specific genes with the q value

less than 0.001 to the published RNA sequencing datasets (Ise et al., 2018; Laidlaw et al., 2017; Shinnakasu et al., 2016) using GSEA.

For RNA velocity analysis, the spliced reads and unspliced reads were recounted by the Velocyto package (LaManno et al., 2018).

We calculated the RNA velocity values for each gene each cell and embedded the RNA velocity vector to low-dimension space
Immunity 54, 2256–2272.e1–e6, October 12, 2021 e5



ll
Article
following the scVelo pipeline. The RNA velocity graph based pseudo time was calculated by Velocity pseudotime function from

scVelo (Bergen et al., 2020).

BCR sequence reads were processed using Cell Ranger V3. AssignGenes and MakeDb python scripts were used to process 10X

V(D)J data and generate a Change-O format file. ParseDb python script was used to parse the output file into heavy chain Change-O

file. Only the record from which the barcode was detected and that passed the quality control for 50 gene expression analysis was

kept and merged to the Seurat object as meta information. CD23+ LZ GC B cells were grouped into pre-memory B cell and pre-

plasma cell according the pseudotime analysis, and the cell expressing IGHV1-72*01 were kept. The CDR1 sequence of each cell

in each group was used to generate the sequence logo by the WebLogo V3 (Crooks et al., 2004).

To determine the difference between control and stromal cell IL4ra-deficient mice, we sorted GCB cells from four mice and pooled

them together in each condition. For the control sample, mean reads per cell was 25534, median genes per cell was 1727. For the

stromal cell IL4Ra deficient sample, mean reads per cell was 28062, median genes per cell was 1791. Naive B cells, non-B cells and

low-quality cells were removed first. Cells expressing less than 200 genes were filtered out. Cells with a percentage of mitochondrial

genes more than 10%were removed. 8038 cells were left in the control group and 7314 cells were left in the stromal cell IL4Ra-defi-

cient group. Count data was normalized to log scale. The top 2000 variable genes of each group were selected. Two datasets were

integrated with Seurat by using CCA basedmethod. Clustering was carried out with this integrated dataset. For the BCR heavy chain

analysis, the same preprocessing was carried out as described above. If the cell barcode was detected by more than one sequence

only one was kept. Only functional sequences were used for analysis. 7791 heavy chain sequences were left in the control group and

8419 heavy chain sequences were left in the in the stromal cell IL4Ra-deficient group. BCR sequences in which the barcode was also

detected and kept in the gene expression dataset were kept and mapped into Seurat object as meta information.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and graphing were done with Prism (GraphPad). Two-tailed Student’s t tests were used to compare endpoint means of

different groups unless otherwise indicated.
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