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TRAF3–EWSR1 signaling axis acts as a checkpoint on
germinal center responses
Yanchuan Li1, Lele Zhu2, Chun-Jung Ko3, Jin-Young Yang4, Hongjiao Wang5, Ganiraju Manyam6, Jing Wang6, Xuhong Cheng7,
Shuli Zhao8, and Zuliang Jie5

The formation of germinal centers (GCs) is crucial for humoral immunity and vaccine efficacy. Constant stimulation through
microbiota drives the formation of constitutive GCs in Peyer’s patches (PPs), which generate B cells that produce antibodies
against gut antigens derived from commensal bacteria and infectious pathogens. However, the molecular mechanism that
regulates this persistent process is poorly understood. We report that Ewing Sarcoma Breakpoint Region 1 (EWSR1) is a brake
to constitutive GC generation and immunoglobulin G (IgG) production in PPs, vaccination-induced GC formation, and IgG
responses. Mechanistically, EWSR1 suppresses Bcl6 upregulation after antigen encounter, thereby negatively regulating
induced GC B cell generation and IgG production. We further showed that tumor necrosis factor receptor-associated factor
(TRAF) 3 serves as a negative regulator of EWSR1. These results established that the TRAF3–EWSR1 signaling axis acts as a
checkpoint for Bcl6 expression and GC responses, indicating that this axis is a therapeutic target to tune GC responses and
humoral immunity in infectious diseases.

Introduction
Immune responses to protein antigens involve the formation of
germinal centers (GCs) within B cell follicles of secondary
lymphoid tissues, wherein activated B cells undergo clonal ex-
pansion and a series of complex and dynamic processes to dif-
ferentiate into antibody-secreting plasma cells and memory
B cells (Victora and Nussenzweig, 2022; Young and Brink, 2021).
Successful vaccines or natural immune protection induces ro-
bust and prolonged GC reactions that are pivotal for generating
high-affinity and durable antibody responses. Indeed, a better
GC response leading to high levels of neutralizing antibodies
may represent a better protective efficacy against most infec-
tious diseases. Thus, studying the formation of GCs has the po-
tential to provide novel insights into the molecular mechanism
of B cell fate determination, which assists the development of
vaccines or therapies for challenging or emerging pathogens,
such as SARS-CoV-2 (Turner et al., 2021).

The EWSR1 gene, a member of the TET family (also known as
FET) that is encoded on chromosome 22q12, was first noted to be
rearranged in Ewing sarcoma (Aurias et al., 1983). The EWSR1
gene encodes an RNA/DNA binding protein and is ubiquitously

expressed in most cell types, indicating that it has multifunc-
tional roles in diverse cellular processes (Lee et al., 2019). EWSR1
was shown to interact with the basal transcription factors
Transcription factor II D and RNA Polymerase II (Bertolotti et al.,
1998). In addition, EWSR1 was found to be associated with a
transcriptional coactivator CREB-binding protein (Araya et al.,
2003), suggesting that EWSR1 plays a central role in basic
transcriptional regulation. However, the immunological func-
tion of EWSR1 is poorly defined owing to EWSR1 being identified
in Ewing sarcoma cells, which are developmentally further from
immune cells.

Here, by employing B cell–conditional Ewsr1-knockout mice,
we found that EWSR1 functions as a brake to GC generation and
IgG production under homeostatic conditions as well as to
vaccination-induced GC formation and IgG responses. We fur-
ther showed that a TNF receptor-associated factor (TRAF) family
member, TRAF3, serves as a negative regulator of EWSR1. Under
steady-state conditions, TRAF3 binds to EWSR1 and inhibits its
nuclear translocation. Upon the signal-induced degradation of
TRAF3, EWSR1 accumulates in the nucleus and modulates
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transcriptional regulation. These results establish the TRAF3–
EWSR1 signaling axis acts as a checkpoint for GC response, re-
vealing a new mechanism of GC formation.

Results
Unveil a novel TRAF3-mediated signaling pathway in
GC responses
GCs formation requires the activation of the non-canonical NF-
κB family members p52 and RelB, as well as the upstream
Map3k14 gene encoding NIK (NF-κB–inducing kinase) in B cells
(Sun, 2017; Zhang et al., 2015). Loss of the negative regulator
TRAF3 causes NIK accumulation, leading to constitutive p100
processing and p52/RelB nuclear translocation, which account
for B cell accumulation and enlarged Peyer’s patches (PPs; Liao
et al., 2004; Sasaki et al., 2008; Xie et al., 2007). As expected,
mice with B cell–conditional transgenic expression (Mb1-Cre
allele) of Map3k14 (Map3k14Btg) or B cell–conditional deletion of
Traf3 (Traf3BKO) had larger PP size and increased PP cell num-
bers as well as higher frequency and absolute number of B cells
in PPs compared with those in WT control mice (Fig. 1, A, B, F,
and G). Compared with the WT mice, the Map3k14Btg mice also
displayed a higher percentage and numbers of GC B cells and
IgG1+ B cells in PPs (Fig. 1, C and D). Surprisingly, despite the
uncontrolled non-canonical NF-κB signaling, the Traf3BKO mice
did not display an abnormally high percentage of GC B cells and
even had a lower percentage of IgG1+ B cells in PPs than that in
WT mice (Fig. 1, H and I). Moreover, following immunization
with a T cell–dependent antigen, 4-hydroxy-3-nitrophenylacetyl
conjugated to keyhole limpet hemocyanin (NP-KLH),Map3k14Btg

mice showed higher NP-specific IgM and IgG responses com-
pared with WT mice (Fig. 1 E). However, Traf3BKO mice only
showed an increased NP-specific IgM response and a normal
NP-specific IgG response compared with those in WT mice
(Fig. 1 J). These results suggest that TRAF3 must have another
NIK-independent function involved in the regulation of GC B cell
response that prevents the development of GC hyperplasia and
IgG responses.

TRAF3 binds EWSR1 and inhibits its nuclear translocation
Previously, we employed proximity-dependent biotin identifi-
cation (BioID) to screen for proteins interacting with TRAF3 (Li
et al., 2021). One of the major TRAF3-binding proteins we
identified was EWSR1. We confirmed the EWSR1/TRAF3 inter-
action by coimmunoprecipitation (coIP) assays and further re-
vealed that this molecular interaction required the C-terminal
TRAF domain (TRAF-C) of TRAF3 and the transcriptional acti-
vation domain of EWSR1 (Fig. 2, A–D). The interaction between
TRAF3 and EWSR1 was also readily detected under endogenous
conditions in B cells (Fig. 2 E). To determine the function of
TRAF3 and EWSR1 interaction, we generated Ewsr1 B cell–
conditional knockout (Ewsr1BKO) mice (Fig. S1 A). The EWSR1
deficiency did not affect the TRAF3 protein level or nuclear
translocation or non-canonical NF-κB activation (Fig. 2 F). In-
terestingly, TRAF3 deficiency in B cells increased the level of
EWSR1, particularly the nuclear level of EWSR1, and this effect
was not due to changes in Ewsr1 mRNA expression (Fig. 2, G–I).

These results suggested that TRAF3 might regulate both the
steady-state protein level and the nuclear translocation of
EWSR1. To further ascertain the EWSR1-regulatory role of
TRAF3, we determined whether signal-induced TRAF3 degra-
dation could promote EWSR1 nuclear translocation. We stimu-
lated B cells with B cell activating factor (BAFF), which is known
to bind to BAFF receptor and stimulate TRAF3 degradation. In-
terestingly, BAFF-induced TRAF3 degradation in WT B cells was
associated with the nuclear translocation of EWSR1. Further-
more, nuclear EWSR1 levels were high in TRAF3-deficient B cells
without being affected by BAFF stimulation (Fig. 2 J). These
results, along with the EWSR1–TRAF3 interaction, suggest that
TRAF3 functions as a negative regulator of EWSR1 that controls
the nuclear translocation, and possibly stability of EWSR1.

EWSR1 controls the commitment of activated B cells to GC
reaction and humoral immunity
We performed a detailed study of the in vivo function of EWSR1
in B cells by generating Ewsr1BKO mice (Fig. S1). The Ewsr1BKO

mice were born at the expected Mendelian ratios and were
grossly normal in growth and survival (data not shown). They
also demonstrated intact B cell development, as suggested by the
presence of similar B cell subpopulations in the bone marrow
(Fig. S2, A and B) and spleen (Fig. S2, C–F) of Ewsr1BKO and WT
mice. In addition, Ewsr1BKO and WT mice exhibited similar PP
sizes and numbers as well as similar PP B cell percentages and
absolute cell numbers (Fig. 3 A and Fig. S2 C). Strikingly,
Ewsr1BKO mice had a twofold higher frequency and number of PP
GC B cells thanWTmice under homeostatic conditions (Fig. 3 B).

To further investigate the possibility of a selective increase of
a particular GC B cell subpopulation, we determined the frac-
tions of the dark zone (DZ) and light zone (LZ) GC B cells based
on the markers CXCR4 and CD86. However, there were no sta-
tistically significant differences in the DZ/LZ ratio between
Ewsr1BKO andWT controlmice (Fig. 3 C). Follicular dendritic cells
are known to present antigens to GC B cells in the form of im-
mune complexes and are crucial for the formation and mainte-
nance of GCs (El Shikh et al., 2010). Herein, we found that the
deficiency of EWSR1 in B cells did not affect the follicular den-
dritic cell population in PPs (Fig. 3 D). PPs are a dominant site for
the activation of IgA+ B cells (Round and Mazmanian, 2009).
Interestingly, Ewsr1BKO mice and WT mice had comparable IgA+

B cells in PP, but Ewsr1BKO mice had a substantially higher per-
centage and absolute cell number of IgG1+ B cells (Fig. 3 E).
Moreover, compared with WT control mice, the Ewsr1BKO mice
had significantly higher concentrations of serum antibodies,
including IgG, IgG1, IgG2b, and IgG2c, as well as elevated con-
centrations of fecal IgG (Fig. 4, A and B). Together, these results
demonstrated that EWSR1 has a central role in controlling GC
formation and IgG production under steady-state conditions,
which is most likely due to mucosal lymphoid tissue that en-
counters foreign antigens from the intestine.

To determine whether EWSR1 also regulates GC formation
induced by immunization, we challenged the Ewsr1BKO and WT
control mice with a T cell–dependent antigen, NP-KLH. Com-
pared with the WT mice, the Ewsr1BKO mice displayed a signifi-
cantly higher serum concentration of NP-specific IgG and IgG1
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(Fig. 4 C). In contrast, the Ewsr1BKO and WT mice did not display
significant differences in IgG concentration when immunized
with a T cell–independent antigen, NP-Ficoll (Fig. 4 D), indi-
cating that EWSR1 is selectively required for regulating T cell–
dependent antibody responses.

The increased number of GCs may result from an increase in
either division of GC B cells or the inflow of activated B cells into
the GC response. To test these possibilities, we analyzed the
proliferating or apoptotic PP GC B cells that were freshly isolated
from Ewsr1BKO andWT control mice. These results indicated that
the increased number of GCs in Ewsr1BKO mice was not associ-
ated with differences in proliferating or dying B cells within the
GC (Fig. 4, E and F). We evaluated GC percentages, size, and
numbers after performing NP-KLH immunization by flow cy-
tometry and immunohistochemistry analysis, respectively. No-
tably, Ewsr1BKO mice displayed higher percentages and numbers
of GCs than WT mice upon immunization (Fig. 4, G and H).
However, GC size did not significantly change in Ewsr1BKO mice

when compared with control mice (Fig. 4 H). Together, these
data suggest that loss of EWSR1 lowers the threshold at which
activated B cells enter the GC reaction but does not cause en-
hancement of cell division by GC B cells.

NIK-independent function of TRAF3 in regulation GC B cell
response relies on EWSR1
To determine how the accumulation of nuclear EWSR1 in
TRAF3-deficient B cells contributes to the differences in GC
B cell response between Map3k14Btg mice and Traf3BKO mice, we
generated mutant mice carrying B cell–specific deficiencies in
both TRAF3 and EWSR1. Regardless of whether EWSR1 was
deleted, TRAF3 deficiency in B cells caused significantly higher
amount of B cells in the spleen, inguinal lymph nodes, and PPs
(Fig. 5 A). Moreover, consistent with prior studies, Traf3BKO

mice had normal GC B cell percentages and even lower IgG1+

B cell percentages in PPs (Fig. 5 B). Interestingly, EWSR1 deletion
in Traf3BKO mice greatly enhanced the frequency of GC B cells

Figure 1. Analysis of GC homeostasis and humoral immunity inMap3k14Btg and Traf3BKO mice. (A) Representative PP image and summary graphs of PPs
size (WT: n = 21, Btg: n = 31), numbers and cell numbers of WT and Map3k14Btg mice (n = 4 mice/group, 6–8 wk old). (B) Flow cytometric analysis of CD19+

B cells in PPs of WT orMap3k14Btg mice (n = 4 mice/group, 6–8 wk old). (C) Flow cytometric analysis of GC B cells (B220+ GL7+Fas+) in PPs of WT orMap3k14Btg

mice (n = 4 mice/group, 6–8 wk old). (D) Flow cytometric analysis of IgG1+ B cells in PPs of WT or Map3k14Btg mice (n = 4 mice/group, 6–8 wk old).
(E) T cell–dependent immune response in WT andMap3k14Btg mice (n = 5 mice/group, 6–8 wk old). Serum levels of NP-specific IgM and IgG were measured by
ELISA at indicated time points. (F) Representative PPs image and summary graphs of PP size (WT: n = 16, BKO: n = 16), and cell numbers of WT and Traf3BKO

mice (n = 3 mice/group, 6–8 wk old). (G) Flow cytometric analysis of CD19+ B cells in PPs of WT or Traf3BKO mice (n = 3 mice/group, 6–8 wk old). (H) Flow
cytometric analysis of GC B cells in PPs of WT or Traf3BKO mice (n = 3 mice/group, 6–8 wk old). (I) Flow cytometric analysis of IgG1+ B cells in PPs of WT or
Traf3BKO mice (n = 3 mice/group, 6–8 wk old). (J) T cell–dependent immune response in WT and Traf3BKO mice (n = 5 mice/group, 6–8 wk old). Serum levels of
NP-specific IgM and IgG were measured by ELISA at indicated time points. Data are representative of three independent experiments. Summary graphs are
presented as mean ± SD (A–D and F–I) or mean ± SEM. (E and J) P values were determined by unpaired two-tailed Student’s t test. **P < 0.01 and ***P <
0.001.
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and IgG1+ B cells in PPs (Fig. 5 B). These results indicate that
EWSR1 deletion could largely rescue the differences in GC B cell
response between Map3k14Btg mice and Traf3BKO mice, despite
the unaffected non-canonical NF-κB signaling.

EWSR1-mediated GCs regulation involves modulation of Bcl6
expression in antigen-activated B cells
To assess the mechanism by which EWSR1 regulates GC re-
sponses, we examined the effect of EWSR1 deficiency on GC
B cell gene expression profile under homeostatic conditions
in vivo. We analyzed the gene expression profile of WT and

EWSR1-deficient PP GC B cells by RNA sequencing (RNA-seq).
This experiment, which was based on the results of three in-
dependent samples, revealed significant alterations in the ex-
pression of two genes with particular interest: Bcl6, a master
regulator of the GC reaction (Basso and Dalla-Favera, 2010), and
Cd55, an inhibitor of complement signaling (Lublin and Atkinson,
1989; Table S2). To gain a deeper understanding of EWSR1 defi-
ciency on GC B cell gene expression profile that influences the
differentiation of B cells, we performed gene set enrichment
analysis (GSEA) in the global gene expression profiles of naive
B cells with those of antigen-specific GC B cells after immunization

Figure 2. TRAF3 regulates EWSR1 nuclear localization via protein interaction. (A) Schematic diagram of TRAF3 and its truncation mutants, depicting the
ring finger (RF), zinc finger (ZF), and TRAF (TRAF-N and TRAF-C) domains and indicating their EWSR1-binding affinity based on the coIP results from B. (B) CoIP
analysis of EWSR1 interaction with TRAF3 mutants usingwhole-cell lysates of HEK293 cells transfected with the indicated expression vectors. Cell lysates were
also subjected to direct immunoblotting (IB) to monitor the expression of TRAF3 mutants and EWSR1. (C) Schematic diagram depicting the transcriptional
activation domain (TAD), DNA- and RNA-binding domains (DRBD), and nuclear localization signals (NLS) of EWSR1 and its mutants and their ability to bind
TRAF3 (based on coIP results of D). (D) CoIP analysis of TRAF3 interaction with EWSR1 mutants using whole-cell lysates of HEK293 cells transfected with the
indicated expression vectors (upper). Cell lysates were also subjected to direct immunoblotting to monitor the expression of EWSR1 mutants and TRAF3
(lower). (E) CoIP analysis of endogenous TRAF3/EWSR1 interaction in splenic B cells. TRAF3 deleted B cells were used as a negative control. (F) Immunoblot
analysis of the indicated proteins using cytoplasmic or nuclear extracts of WT and Ewsr1BKO splenic B cells stimulated as indicated. (G) Immunoblot analysis of
the indicated proteins in whole-cell lysates of freshly isolated splenic B cells from WT and Traf3BKO mice. (H) RT-qPCR analysis of Ewsr1 mRNA in WT and
Traf3BKO splenic B cells. (I) Immunoblot analysis of the indicated proteins using cytoplasmic (Cyt Ext) and nuclear (Nucl Ext) extracts of freshly isolated splenic
B cells from WT and Traf3BKO mice. (J) Immunoblot analysis of the indicated proteins using cytoplasmic or nuclear extracts of WT and Traf3BKO splenic B cells
stimulated as indicated. Data are representative of three independent experiments. The molecular weight measurements are kD. Source data are available for
this figure: SourceData F2.
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with the T dependent antigen. Although the naive and GC
B cells share a large portion of their transcriptional profiles,
these genes, which were downregulated in the Ewsr1-deficient
B cells, were enriched in the bulk expression profile of GC
B cells compared with naive B cells (Fig. 6 A). This further
supports the idea that EWSR1 plays a role in regulating GC B cell
commitment. Flow cytometric analyses confirmed the signifi-
cant downregulation of CD55 and upregulation of BCL6 in
EWSR1-deleted B cells (Fig. S3 A and Fig. 6 B). Of note, CD55 has
been shown to inhibit complement activation by acting on the
complement C3 convertases and thereby regulates B cell activa-
tion, antigen uptake, processing, and presentation (Cherukuri
et al., 2001; Lublin and Atkinson, 1989; Nielsen et al., 2000).
We determined whether the increased GC responses in Ewsr1BKO

mice were a result of enhanced complement activation. To test
this possibility, we crossed the Ewsr1BKO mice with mice that
were deficient in a major complement component, C3 (C3 KO).
This C3 deficiency did not reduce the frequency of GC B cells and
only moderately reduced the frequency of IgG1+ B cells in the PPs
under homeostatic conditions (Fig. S3 B). Furthermore, C3 de-
letion in Ewsr1BKO mice did not prevent abnormally high levels of
PP GC B cells and IgG1+ B cells (Fig. S3 B). These data suggest that

the complement system is not involved in the homeostatic GC
regulation by the TRAF3–EWSR1 signaling axis.

In a further effort to predict the mechanism of EWSR1
function, we screened EWSR1 chromatin immunoprecipitation
sequencing (ChIP-seq) results using GSM2472081 and GSM2472082
datasets from the GEO database with the accession number
GSE94275 (Boulay et al., 2017). Interestingly, these analyses
revealed that EWSR1 binding is enriched at the first intron of
Bcl6 (Fig. 6 C), which is known as a negatively regulated region
of this pivotal GC-associated gene (Kikuchi et al., 2000). This
finding was in line with our observation that Bcl6 gene ex-
pression was upregulated in the Ewsr1BKO mouse B cells (Fig. 6 B
and Table S2). To validate ChIP-seq results, we designed two
primer pairs within the first intron of Bcl6 and performed ChIP
quantitative PCR (qPCR) in BJAB cell line which overexpressed
HA-EWSR1 (Fig. 6 D). In addition to its function as a tran-
scription factor, EWSR1 is known to serve as an RNA-binding
protein (Tan and Manley, 2009). We thus also performed RNA
pull-down assay to test the possibility of RNA regulation of Bcl6
(Fig. 6 E). These results suggest that EWSR1 regulates BCL6 via
direct DNA binding but not RNA–protein interactions. By
modulating the amount of Bcl6 expression in transgenic mice,

Figure 3. Ewsr1 controls GC generation in PPs under homeostatic conditions. (A) Representative image and summary graphs of PP size (WT: n = 32, BKO:
n = 32), numbers, and cell numbers in WT and Ewsr1BKO mice (n = 6 mice/group, 6–8 wk old). (B) Flow cytometric analysis of GC B cells in PPs of WT (Mb1-Cre
and Ewsr1fl/fl) or Ewsr1BKO mice (n = 4 mice/group, 6–8 wk old). (C) Flow cytometric analysis of the DZ (CXCR4highCD86low) and LZ (CXCR4lowCD86high) ratio in
the PPs of WT and Ewsr1BKO mice (n = 4 mice/group, 6–8 wk old). (D) Flow cytometric analysis of follicular dendritic cells (FDC; CD45−CD31−CD106+CD21/35+)
in PPs of WT or Ewsr1BKO mice (n = 4mice/group, 6–8 wk old). (E) Flow cytometric analysis of IgG1+ B cells and IgA+ B cells in PPs ofWT or Ewsr1BKO mice (n = 4
mice/group, 6–8 wk old). Data are representative of three independent experiments. Summary graphs are presented as mean ± SD. P values were determined
by an unpaired two-tailed Student’s t test. ***P < 0.001.
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a recent study demonstrates that Bcl6hi B cells responding to
immunization are more likely to commit to the GC program
(Robinson et al., 2020). In line with this recent work, our data
suggested that EWSR1 might regulate GC B cell transition rather
than GC B cell maintenance, further implying a role of EWSR1
in Bcl6 regulation. The low amount of BCL6 induced during the
early phase of B cell activation is central to determining GC
commitment and thus memory B cell populations, whereas

such a low level of BCL6 does not affect other BCL6-regulated
GC B cell behaviors (Robinson et al., 2020). We found that
EWSR1 deletion resulted in a moderate upregulation of BCL6
level, with about a 30% increase (Fig. 6 B and Table S2). Fur-
thermore, Bcl6 was upregulated in EWSR1-deficient PP B cells,
including both GC B cells and pre-GC B cells (Fig. 6 B). In
contrast, B cells from non-foreign antigen-exposed tissue, such
as inguinal lymph nodes and spleen Bcl6-expressing, were

Figure 4. Increased IgG antibody responses in Ewsr1BKO mice. (A and B) ELISA analysis of basal IgG isotype levels in serum (A; n = 4 mice/group, 8 wk old)
or fecal (B; n = 5 mice/group, 8 wk old) samples from non-immunized WT (Mb1-Cre and Ewsr1fl/fl) and Ewsr1BKO mice. (C) ELISA analysis kinetics of NP-specific
IgM, IgG, and IgG1 production after NP-KLH–immunized WT and Ewsr1BKO mice (n = 8 mice/group, 6–8 wk old). (D) ELISA analysis kinetics of NP-specific IgM,
IgG, and IgG1 production after NP-Ficoll–immunized WT and Ewsr1BKO mice (WT: n = 6, BKO: n = 6, 6–8 wk old). (E) Flow cytometric analysis of proliferating
cells (Ki67+) in the PPs of WT and Ewsr1BKO mice GC B cells (n = 4 mice/group, 6–8 wk old). (F) Flow cytometric analysis of apoptotic cells based on Annexin V
and propidium iodide (PI) staining in the PPs of WT and Ewsr1BKO mouse GC B cells (n = 4 mice/group, 6–8 wk old). (G) Flow cytometric analysis of the
frequency of GC B cells in WT and Ewsr1BKO mice immunized with NP-KLH for the indicated days (n = 5 mice/group, 6–8 wk old). (H) Immunohistochemical
staining of GCs (peanut agglutinin+) in splenic sections from G on day 14. Scale bar: 500 μm. GC area was quantified by ImageJ. Data are representative of two
(G and H) or at least three (A–F) independent experiments. Summary graphs are presented as mean ± SD. P values were determined by an unpaired two-tailed
Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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comparable between WT and Ewsr1BKO mice (Fig. 6 B), sug-
gesting that the TRAF3–EWSR1 axis regulates Bcl6 expression
specifically in foreign antigen–engaged B cells.

We performed a single-cell RNA-seq (scRNA-seq) analysis of
PP B cells using graph-based clustering to partition PP B cells
into seven clusters (Fig. S4 A) that were identified through the
marker gene list in Fig. S4 C. The results indicated the presence
of a reduced fraction of follicular/marginal zone B cells and in-
creased pre-GC and activated GC B cells, as well as post-GC
memory B cells, which further establishes that EWSR1 defi-
ciency increases GC B cell transition (Fig. 6 F). Interestingly, the

Ewsr1 expression level in WT mice was also significantly higher
in pre-GC B cells, activated GCs, and memory B cells, empha-
sizing the role of EWSR1 in these clusters (Fig. S4 B). Moreover,
flow cytometric analysis confirmed that Ewsr1BKO mice had an
increased frequency and number of pre-GC B cells (CD38hiGL7+)
and CD38intGL7+ B cells in PPs compared with those in WT mice
(Fig. 6 G). Reciprocally, the results of previous studies suggested
that antigen-engaged B cells upregulated Bcl6 in pre-GC B cells
(Kerfoot et al., 2011; Kitano et al., 2011), indicating that Ewsr1
regulates Bcl6 mainly starting at pre-GC B cells entry to GC
clusters.

Figure 5. Flow cytometric analysis of B cell and GC homeostasis in WT, Traf3BKO, and Traf3BKOEwsr1BKO mice. (A) Flow cytometric analysis of B220+

B cells and TCRβ+ T cells in the spleen (SP), inguinal lymph nodes (iLNs), and PPs of WT, Traf3BKO, and Traf3BKOEwsr1BKO mice (n = 3 mice/group, 6–8 wk old).
(B) Flow cytometric analysis of GC B cells and IgG1+ B cells in PPs of WT, Traf3BKO, and Traf3BKOEwsr1BKO mice (n = 3 mice/group, 6–8 wk old). Data are
representative of two independent experiments. Summary graphs are presented as mean ± SD, and P values were determined by unpaired two-tailed
Student’s t test. **P < 0.01 and ***P < 0.001.
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To determine the functional contribution of BCL6 to GC
formation and IgG response in Ewsr1BKO mice, we crossed
Ewsr1BKO mice with Bcl6fl/fl mice. Since Bcl6 KO mice display
severe defects in GC B cells (Dent et al., 1997), we examined
heterozygous Ewsr1fl/flBcl6fl/+Mb1-Cre mice. Remarkably, the
heterozygous null Bcl6 allele in Ewsr1BKO mice exhibited a pro-
foundly reduced frequency and the absolute number of PP GC
B cells and IgG1+ B cells and largely erased the differences be-
tween Ewsr1BKO and WT mice (Fig. 6 H). Overall, these results
suggest that EWSR1-mediated GC regulation involves the mod-
ulation of Bcl6 expression.

TRAF3–EWSR1 axis blockade in B cells control Citrobacter
rodentium infection
Under homeostatic conditions, the gut microbiota induces the
production of IgG, which mainly recognizes gram-negative
commensal antigens and confers protection against systemic
infection (Zeng et al., 2016). Given the critical role of EWSR1 in
regulating PP GC B cell generation and IgG production under
steady-state conditions, we investigated the role of EWSR1 in
regulating microbiota composition and pathogen infections. To
examine the effect of EWSR1 deficiency on microbiota compo-
sition, we performed 16S ribosomal RNA-seq analysis using fecal

Figure 6. Bcl6 contributes to EWSR1-mediated GC regulation. (A) GSEA analysis of differentially expressed genes between WT and Ewsr1-deficient B cells
(listed in Table S2) based on the expression profiles of purified bulk populations from naive B cells versus GC B cells after immunization with the T dependent
antigen. NES, normalized enrichment score. (B) Flow cytometric analysis of Bcl6 expression using median fluorescence intensity (MFI) on gated B cells as
indicated (n = 4 mice/group, 6–8 wk old). (C) Genomic location annotation and ChIP-seq peaks analysis of HA-EWSR1 and control DNA-binding specificity in
A549 cells. (D) ChIP-PCR detecting the binding of EWSR1 to the first intron region of the Bcl6 gene using two different primers in BJAB cells transfected with
HA-EWSR1 or control plasmid. (E) Analysis of the binding of HA-EWSR1 with Biotin-labeled Bcl6 by RNA pulldown assay. Biotin-labeled HCV CRE was the
positive control. The molecular weight measurements are kD. (F) Frequency plot of each B cell population between WT and Ewsr1BKO mice according to Seurat
cluster identification. Fol/MZ, follicular/marginal zone. (G) Flow cytometric analysis of pre-GC B cells (B220+ CD38hiGL-7+) and CD38intGL7+ B cells in PPs of
WT or Ewsr1BKO mice (n = 4 mice/group, 6–8 wk old). (H) Flow cytometric analysis of GC B cells and IgG1+ B cells in PPs of WT, Ewsr1fl/flMb1-Cre, and
Ewsr1fl/flBcl6fl/+Mb1-Cre mice (n = 3 mice/group, 6–8 wk old). Data are representative of one (A and F) or two (B, D, E, G, and H) independent experiments.
Summary graphs are presented as means ± SD, and P values were determined by an unpaired two-tailed Student’s t test. *P < 0.05; **P < 0.01; and ***P <
0.001. Source data are available for this figure: SourceData F6.
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RNA from Ewsr1BKO and WT mice housed under specific pathogen–
free conditions. Principal coordinate analysis did not reveal
significant differences in microbial communities between
Ewsr1BKO and WT control mice (Fig. S5). These results suggest
that EWSR1 deletion in B cells had no obvious effect on the
microbiota composition under homeostatic conditions, which is
in line with a study suggesting that IgG recognizes virulent
pathogens but not commensals or avirulent pathogens (Kamada
et al., 2015). Next, we examined the role of EWSR1 in regulating
mucosal immunity against infections using a well-characterized
mouse intestinal gram-negative virulent pathogen, C. rodentium.
Compared with WT mice, the Ewsr1BKO mice displayed much
milder pathogenic symptoms, including colonic shortening
(Fig. 7, A and B), as well as colonic crypt hyperplasia and in-
flammatory cell infiltration (Fig. 7 D). Consistently, the Ewsr1BKO

mice were considerably more resistant to C. rodentium infection,
as shown by the significantly reduced bacterial load in organs
and feces (Fig. 7, C and F). The Ewsr1BKO mice also had less se-
vere body weight loss (Fig. 7 E), coupled with an increased
concentration of C. rodentium–specific sera IgG (Fig. 7 G). In-
terestingly, compared with the symptom relief, induction of C.
rodentium–specific IgG was delayed. This result indicates that
the constitutively elevated IgG under steady-state conditions
provides early protection in Ewsr1BKO mice, which is consistent
with homeostatic IgG being important for protection against
infectious challenges in the intestine (Caballero-Flores et al.,
2019; Maaser et al., 2004; Masuda et al., 2008; Zeng et al., 2016).

Since an increase in IgG production was a major immunolog-
ical phenotype of Ewsr1BKO mice, we evaluated the contribution of
IgG antibodies to defense against C. rodentium infection in
Ewsr1BKO mice. We performed the passive immunization experi-
ments by injecting sera collected from WT or Ewsr1BKO mice,
which had been infected by C. rodentium 3 wk before, into C.
rodentium–infected WT mice (Fig. 7 H). Compared with the sera
fromWTmice, the sera from Ewsr1BKOmice weremore protective,
as revealed bymilder body weight loss and significantly decreased
fecal bacterial load (Fig. 7, I and J). Importantly, such a protective
function was dependent on IgG since depletion of IgG abolished
the C. rodentium–protective function of the sera and erased the
protective differences between the Ewsr1BKO and WT mouse sera
(Fig. 7, I and J). Collectively, these findings suggest that increased
IgG production in Ewsr1BKO mice contributes to their stronger
immunity against C. rodentium infection. These data also imply
that targeting the TRAF3–EWSR1 signaling axis may be an ap-
proach to enhance humoral immunity against infections.

Discussion
In this study, we have identified that the TRAF3–EWSR1 sig-
naling axis acts as a checkpoint on GC responses. B cell–specific
deletion of Ewsr1 profoundly enhances GC responses and IgG
production under homeostatic conditions as well as vaccination-
induced GCs formation and IgG responses, suggesting that in-
hibition of this pathway could unleash GC responses leading to
profoundly stronger immunity against infections. Mechanisti-
cally, TRAF3 binds to EWSR1 and inhibits the nuclear translo-
cation of EWSR1, thereby preventing its action to suppress GC

responses. Upon signal-induced degradation of TRAF3, EWSR1
accumulates in the nucleus and suppresses the expression of
Bcl6, a master transcription factor mediating GC B cell genera-
tion and IgG production. Interestingly, we also found that sev-
eral genes that are known to be directly suppressed by
BCL6 were downregulated in the EWSR1-deficient GC B cells
(Cumpelik et al., 2021; Yoshida et al., 2011; Young and Brink,
2021), including Ccr6, S1pr1, Cd55, Cd63, etc. This implies that
these genes are indirectly regulated by BCL6.

The initiation of the GC reaction involves activation of the
B cell receptor by antigen encounter and requires an interaction
between B cells and antigen-presenting cells and helper T cells
(Cyster and Allen, 2019; Victora and Nussenzweig, 2022). It is
now clear that several signaling pathways are necessary to
mediate the initiation of the GC reaction, which triggers TRAF3
degradation. One prominent signaling pathway is CD40 signal-
ing, as the injection of antibodies that block the CD40−CD40L
interaction leads to the acute dissolution of the GC reaction (Han
et al., 1995). Additionally, BAFF signaling also plays a critical role
in both GC formation and maintenance (Scholz et al., 2008).
These signals eventually allow B cells to upregulate Bcl6, which
is essential for GC formation (Fukuda et al., 1997), although
detailed mechanisms of inducing the expression of BCL6 fol-
lowing antigenic stimulation remain elusive. BCL6 functions
mainly as a transcriptional repressor that controls B cell
positioning by negatively regulating the expression of cell
migration receptors, such as S1PR1 and GPR183 (Suan et al.,
2017). BCL6 also represses the anti-apoptotic molecule Bcl2 in
GC B cells, ensuring the maintenance of a proapoptotic state,
which is critical for affinity-based selection and prevention
of autoimmunity (Saito et al., 2009). Thus, by direct and
indirect mechanisms, BCL6 orchestrates the expression of a
large network of genes controlling diverse cellular processes
that are important to generate and/or sustain GC B cell
phenotype.

The primary function of GCs is to generate high-affinity
antibodies against foreign antigens that form a key defense
against infectious pathogens and are crucial to the efficacy of
almost all vaccines. On the other hand, GCs reported to be nu-
merous in autoimmune-prone murine strains and known to
arise spontaneously without immunization or infection are re-
garded as spontaneous GCs (Arkatkar et al., 2017; Beccaria et al.,
2018; Domeier et al., 2016). Intriguingly, several studies have
identified signaling pathways or factors that are essential for
spontaneous GC responses but are not required for the GC re-
sponses induced by foreign antigens, suggesting that different
mechanisms may control autoimmune spontaneous GC and in-
duce GC responses (Domeier et al., 2017). However, the distinct
mechanisms that control autoimmune spontaneous GC and in-
duce GC responses remain elusive. Identifying the TRAF3–
EWSR1 signaling axis as a key “brake” of induced GC responses
provides insight into themechanism that controls this important
process and further application of this knowledge against in-
fectious diseases, limiting the risks of non-specific autoimmune
disease. Of note, under steady-state conditions, the TRAF3–
EWSR1 signaling axis seems to regulate GC responses, specifi-
cally in PPs, a mucosal lymphoid tissue that encounters foreign
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antigens from the intestine. Moreover, Ewsr1BKO mice did not
show any autoimmune symptoms in our observation (up to 12
mo), suggesting that inhibition of this pathway only enhances
pathogen-specific antibody responses but not autoimmune an-
tibody responses.

In conclusion, our findings establish the TRAF3–EWSR1 sig-
naling axis as a checkpoint for Bcl6 expression and GC response.
The TRAF3–EWSR1 signaling axis is unique because it negatively
controls induced GC formation and T cell–dependent IgG re-
sponses. These unique functions of the TRAF3–EWSR1 signaling
axis make it a potential target that could help clinicians

accurately modulate the immune response to treat challenging
or emerging infectious diseases.

Materials and methods
Mice
Ewsr1-flox strain recovery from frozen sperm was provided by
The Centre for Phenogenomics. Ewsr1-flox mice (C57BL/6
background) were generated using a loxP system targeting
exon 4 of the Ewsr1 gene. The Ewsr1-flox mice were crossed
withMb1-Cre mice (C57BL/6 background, Jackson Laboratory)

Figure 7. EWSR1 negatively regulates host defense against C. rodentium infection. WT and Ewsr1BKO mice (n = 6 mice/group, 6–8 wk old) were orally
infected with 5 × 109 CFU of C. rodentium. The infected and control mice were sacrificed 21 d after infection. (A–G) The colon length (A and B), bacteria titers in
the liver and spleen (C), and colon histological staining with H&E with a scale bar of 200 μm (D) were analyzed. Bodyweight changes (E), fecal C. rodentium
titers (F), and C. rodentium–specific IgG production in serum (G) were examined at indicated timepoints. We performed the passive immunization experiments
by injecting preimmune sera into C. rodentium–infected mice. To generate immune serum, WT or Ewsr1BKO mice were infected with C. rodentium and sera were
collected 3 wk later. IgG-depleted or non-depleted immune sera were injected into C. rodentium–infected mice. (H) Schematic of experimental design for
passive immunization. (I and J) Bodyweight changes (I) and fecal C. rodentium titers (J) were detected in the feces of C. rodentium–infected mice as indicated
(n = 5 mice/group, 6–8 wk old). Data are representative of two independent experiments. Summary graphs are presented as mean ± SD. P values were
determined by unpaired two-tailed Student’s t test. *P < 0.05; **P < 0.01; and ***P <0.001.
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to generate Ewsr1 B cell–conditional KO (BKO, Ewsr1fl/fl Mb1-
Cre) and WT control (Mb1-Cre or Ewsr1fl/fl) mice. In some ex-
periments, Ewsr1fl/fl Mb1-Cre mice were further crossed with
C3−/− mice (C57BL/6 background, Jackson Laboratory) or
Bcl6fl/fl mice (C57BL/6 background, Jackson Laboratory) to
generate double-mutant mice. The Traf3-flox mice were
crossed with Mb1-Cre or Ewsr1+/+ Mb1-Cre mice to generate
Traf3 B cell–conditional knockout (BKO, Traf3fl/fl Mb1-Cre) or
double knockout mice. ER26StopFLMap3k14, a Map3k14-bearing
transgene encoding WT NIK under the control of a loxP-
flanked STOP cassette (Sasaki et al., 2008), was crossed with
Mb1-Cre mice to generate B cell–specific overexpression NIK
mice (Btg, Map3k14tgMb1-Cre). The mice used in this study were
co-caged and sex- and age-matched littermates, unless otherwise
stated. Genotyping PCR was performed using the primers listed in
Table S1. The animals used in this study were treated in accor-
dance with relevant institutional and national guidelines and
regulations. The use of animals in this study was approved by the
institutional animal care and use committee of the Xiamen Uni-
versity and the University of Texas MD Anderson Cancer Center.

Plasmids
The pcDNA expression vectors encoding HA-tagged EWSR1 and
its truncation mutants (EWSR1 [1–655], EWSR1 [1–30], and
EWSR1 [300–655]) were created by PCR using human EWSR1
template and subcloned into the pcDNA-HA vector. Plasmid
encoding HA-tagged TRAF3 and its truncation mutants were as
described (Liao et al., 2004). pcDNA3.1 His-GFP-EWSR1-myc-
His was purchased from Addgene (# 46385; plasmid). Primers
used in the cloning experiment are listed in Table S1.

Antibodies and reagents
Fluorescence-labeled antibodies PE Hamster anti-mouse CD55
(RIKO-5), PE mouse anti-Bcl-6 (K112-91), APC rat anti-mouse
CD184 (2B11), and PE rat anti-mouse IgG1 (A85-1) were pur-
chased from BD Pharmingen. APC anti-mouse CD106 (429) and
PE anti-mouse CD31 (390) were purchased from Biolegend. FITC
anti-mouse CD21/CD35 (4E3) and PE anti-mouse CD38 (90) were
purchased from eBioscience. Antibodies for TRAF3 (H-122, 1:
1,000), RelB (C-19, 1:1,000), EWSR1 (B-1, 1:1,000), and Lamin B
(C-20, 1:1,000) were purchased from Santa Cruz Biotechnology.
Antibodies for p100/p52 (4,882, 1:1,000) were purchased from
Cell Signaling Technology Inc. NP-KLH, NP-Ficoll, and NP-BSA
were purchased from Biosearch Technologies. Other antibodies
and reagents were as described (Li et al., 2019).

Cell culture and stimulation
Splenic B cell purification, HEK-293 cell culture, and transfec-
tion were as described (Li et al., 2019).

Immunoblot and IP
Whole-cell extracts or subcellular extracts were prepared for
immunoblotting or IP as described (Li et al., 2019).

RNA-seq
For bulk RNA-seq experiments, PP cells from WT and Ewsr1BKO

mice were isolated from the small intestine and stained for

15 min with anti-B220 PerCP-Cy5.5, anti-Fas FITC, anti-GL7 PB
antibodies at 4°C. GC B cells (B220+ Fas+GL7+) were sorted on a
FACSARIA sorter (BD Biosciences). Total RNAwas isolated using
QIAGEN-RNeasy Micro Kit and subjected to RNA-seq using an
Illumina sequencer. The raw reads are aligned to the Mouse
reference genome (mm10) using Star RNASeq alignment soft-
ware. HTseq is used to summarize the gene expression counts
from the mapped BAM files. The raw counts are normalized and
differential expression analysis is performed on protein-coding
genes using the R package DEseq2. P-values obtained after
multiple tests were adjusted for using the Benjamini-Hochberg
method. Significant differentially expressed genes are defined
by P < 0.05. GSEA was performed on RNA-seq data using GSEA
2.2.0 with gene randomization (Subramanian et al., 2005).

For scRNA-seq experiments, PP cells from WT and Ewsr1BKO

mice (three 8-wk-old male mice mixed together as one sample
for each group) were stained for 15 min with anti-CD45 FITC,
anti-CD19 APC antibodies, and Dead marker (propidium iodide)
for live dead discrimination. Viable B cells (CD45+CD19+Dead−)
were sorted on a FACSARIA sorter. Single-cell suspensions were
assessed for cell concentration and viability using Life Tech-
nologies Countess 3 FL cell counter using 0.4% trypan blue ex-
clusion staining. Samples passing QC fall in the concentration
range for their cell target capture and have a viability of at least
70% or higher. Reagents, consumables, reaction master mixes,
reaction volumes, cycling numbers, cycling conditions, and
clean-up steps were completed following 10 × Genomics’ 39
scRNA-seq V3.1 protocol. Quality control steps after cDNA am-
plification and library preparation steps were carried out by
running Thermo Fisher Scientific Qubit HS dsDNA Assay along
with Agilent HS DNA for concentration and quality assessments.
Equal amounts of each uniquely indexed sample library were
pooled together. The resultant pool was verified for concentra-
tion via qPCR using a KAPA Biosystems KAPA Library Quanti-
fication Kit. The pool was sequenced using a NovaSeq6000
sequencer and S Prime flow cell. The run parameters used were
28 cycles for read 1, 91 cycles for read 2, 8 cycles for index1, and 0
cycles for index2 as stipulated in the protocol mentioned above.
Sample demultiplexing, barcode processing, alignment, filter-
ing, unique molecular identifier counting, and aggregation of
sequencing runs were performed using Cellranger analysis
pipeline (v.5.0.0). Downstream analyses were performed in R
using the Seurat package (v.4.0.1). Cells in which <200 and
>3,000 gene expression, and in which mitochondrially encoded
transcripts constituted more than 10% of the total library
were excluded from downstream analysis. Each gene ex-
pression measurement was normalized by total expression
in corresponding cell and multiplied by a scaling factor of
10,000. 2,000 high variable genes were used for principal
component analysis. Principal components were deter-
mined to be significant (P < 0.01) using jackstraw method,
t-distributed stochastic neighbor embedding was performed
on the significant principle components using first 10
principal components, and the resolution was set as 0.2 for
visualization in two dimensions. Unsupervised clustering
was performed using Louvain algorithm (default). Differ-
ential expression analysis was performed between each
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cluster and all other cells using a non-parametric Wilcoxon
rank sum test. Top 10 enriched genes in each cluster were
used to make a heatmap. CD19 subset was first identified and
then reanalyzed by using procedure as mentioned above.
CD19 cluster percentage was calculated and plotted using
ggplot2 package in R. Gene expression data have been de-
posited in the Gene Expression Omnibus (GEO) public da-
tabase with accession number GSE225103.

ChIP-seq analysis and ChIP-PCR
EWSR1 ChIP-seq data were downloaded from GEO with acces-
sion number GSE94275 (datasets GSE2472081 and GSE2472082).
We evaluated the quality of raw reads and trimmed adaptors
and low-quality reads using Trimmomatic (Bolger et al.,
2014). High-quality reads were mapped to a reference ge-
nome (GRCh37) using bowtie2 with the end-to-end mode
(Langmead and Salzberg, 2012). Reads with ≤3 mismatches
and mapping quality score ≥20 were retained. PCR duplicates
were removed using SAMtools (Li et al., 2009). Peak calling
was performed with MACS2 (Zhang et al., 2008), compared
with input control with false discovery rate <0.05. Deeptools
(Ramı́rez et al., 2016) bamCoverage was used to convert bam
to coverage normalized with library size and IGV was used
for peak visualization (Robinson et al., 2011). ChIP assay was
performed using the EpiQuik ChIP Kit (EpiGentek) and He-
magglutinin/HA (Roche) antibodies used for Chip-IP in
BJAB cells transfected with control or HA-EWSR1. The pre-
cipitated and purified DNA was then quantified by qPCR
using specific primers that amplify the BCL6 first intron
(Table S1).

Microbiome analysis
16S ribosomal RNA gene sequencing was performed at the Alkek
Center for Metagenomics and Microbiome Research, Baylor
College of Medicine, as previously described (Jie et al., 2018).
The mutant and WT mice were separately housed in this
experiment.

Mouse model of C. rodentium oral infection
Mouse model of C. rodentium oral infection was performed as
described previously (Jie et al., 2018). Briefly, Inoculate C.
rodentium strain DBS100 (51459; ATCC) in 5 ml Luria-Bertani
broth and culture it at 37°C, 200 rpm overnight. The con-
centration of bacteria was measured by checking OD at
600 nm and further confirmed as CFUs by smearing on Luria-
Bertani agar plates after serial dilution. For oral gavage, each
mouse was administered 5 × 109 CFUs of bacteria in a total
volume of 300 μl. To generate immune serum, WT or Ewsr1BKO

mice were infected orally with 5 × 109 CFUs of bacteria and
the sera were collected 3 wk later. IgG-depleted immune se-
rumwas prepared by 1:2 diluting immune serumwith binding
buffer (20 mM sodium phosphate, pH 8.0) and then incuba-
tion with protein A/G agarose (Santa Cruz Biotechnology).
For passive immunization, WT mice were infected orally with
5 × 109 CFUs of bacteria and treated on days 4–7 and 11–14 with
50 μl of immune serum or 100 μl IgG-depleted immune serum
by intraperitoneal injection.

Histology and immunohistochemical staining
Fresh isolated colon was fixed in Bouin’s solution (Sigma-Al-
drich) for 1 h at room temperature. Fixed tissues were dehy-
drated by gradually soaking in ethanol (70, 80, 90, 95, and 100%)
and xylene, and then embedded in paraffin. The paraffin-
embedded tissues were cut into 5 μm sections and stained
with H&E. Pictures were taken with a digital inverted light
microscope (EVOS; Thermo Fisher Scientific).

Immunohistochemical staining was performed on splenic
tissue sections. Briefly, the sections were subjected to heat-
induced antigen retrieval by incubation in 0.01 M sodium
citrate buffer (pH 6.0) at 98°C for 10 min. After washing with
PBS, the sections were blocked with normal goat serum
(#KIT-9710; MXB) at room temperature for 1 h. The sections
were then incubated overnight at 4°C with biotinylated pea-
nut agglutinin (1:250, Vector Laboratories). After washing for
30 min with PBS, the sections were developed with 3,39-dia-
minobenzidine substrate (#SK-4100; Vector Laboratories) and
counterstained with hematoxylin. Finally, the sections were
dehydrated and mounted with a coverslip. The presence of
germinal center was visualized as brown staining in the sec-
tions under a microscope.

RT-qPCR
Total RNA preparation and RT-qPCR were as described previ-
ously (Li et al., 2016). The relative expression of the indicated
genes was calculated using a standard curve method and was
normalized to the expression of Actb. The primers used in RT-
qPCR assays are shown in Table S1.

Mouse immunization, feces homogenization, and ELISA
Age-matched WT and Ewsr1BKO mice were injected intraperito-
neally with 0.2 ml NP-KLH or NP-Ficoll (0.1 mg/ml in PBS). On
days 0 (unimmunized), 4, 7, 14, serum was collected from pe-
ripheral blood, and NP-specific antibodies were analyzed by
ELISA (Southern Biotech).

Fresh feces were collected from individual mice, weighed,
and homogenized in sterile PBS containing 1% (wt/vol) sodium
azide and protease inhibitor mix. ELISA was used to detect the
different isotopes of antibodies (Southern Biotech).

Statistical analysis
Statistical analysis was performed using GraphPad Prism soft-
ware. Significant changes between the two groups were ana-
lyzed with an unpaired two-tailed Student’s t test. P values
<0.05 were considered significant and the level of significance
was indicated as *P < 0.05, **P < 0.01, and ***P < 0.001.

Online supplemental material
The online supplementary information describes the generation
of Ewsr1BKO mice (Fig. S1), the impact of EWSR1 knockout on
B cell development (Fig. S2), detailed analysis of WT, C3−/−,
Ewsr1BKO, and C3−/−Ewsr1BKO mice (Fig. S3), detailed information
on scRNA-seq analysis (Fig. S4), commensal microbiota analysis
in the fecal extracts of WT and Ewsr1BKO mice (Fig. S5), se-
quences of oligonucleotide primers used in this study (Table S1),
details information onRNA-seq analysis (Table S2), and uncropped
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gel pictures corresponding to Western blots shown in Fig. 2,
Fig. 6, and Fig. S1 (source data files).
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Supplemental material

Figure S1. Generation of Ewsr1BKO mice. (A) Schematic of Ewsr1 gene targeting using an FRT-LoxP vector. Targeted mice were crossed with Mb1-Cre to
generate BKO mice. (B) Genotyping PCR analysis of Ewsr1+/+ (+/+), Ewsr1+/fl (+/fl), and Ewsr1fl/fl (fl/fl) mice crossed with Mb1-Cre mice, showing WT and flox
alleles of Ewsr1 gene as well as Mb1 WT and Mb1-Cre fusion gene locus. (C) Immunoblot (IB) analysis of the EWSR1 proteins deletion in whole-cell lysates of
freshly isolated splenic B cells from WT and Ewsr1BKO mice. Data are representative of three independent experiments. The molecular weight measurements
are kD. Source data are available for this figure: SourceData FS1.
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Figure S2. Flow cytometric analysis of B cell–specific EWSR1 deletion in bone marrow and secondary lymphoid organs. (A and B) Flow cytometric
analysis of pro-B (B220+ IgM−CD43+), pre-B cell (B220+ IgM−CD43+), immature B (Imm, B220+IgM+IgD−), and mature B (M, B220+IgM+IgD+) stages in the bone
marrow (BM) of WT and Ewsr1BKO mice (n = 4 mice/group, 6–8 wk old). (C) Flow cytometric analyses of B220+ B cells in the spleen (SP), inguinal lymph nodes
(iLNs), and PPs of WT or Ewsr1BKO mice (n = 4 mice/group, 6–8 wk old). (D–F) Flow cytometric analyses of immature (Imm, B220+CD93+) and mature (B220+

CD93−) B cells (D), immature T1 (CD93+IgM+CD23−) and T2 (CD93+IgM+CD23+) B cells (E), and follicular ([Fol] B220+ CD21intCD23+CD93−) and marginal zone
([MZ] B220+ CD21hiCD23−CD93−) B cells (F) in the spleens of WT and Ewsr1BKO mice (n = 4 mice/group, 6–8 wk old). Data are representative of three in-
dependent experiments. Summary graphs are presented as mean ± SD, and P values were determined by unpaired two-tailed Student’s t test.
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Figure S3. Flow cytometric analysis of WT, C3−/−, Ewsr1BKO, and C3−/−Ewsr1BKO mice. (A) Flow cytometric analysis of the CD55 expression on gated
splenic B cells from WT, C3−/−, Ewsr1BKO, and C3−/−Ewsr1BKO (n = 4 mice/group, 6–8 wk old), presented as representative histograms (left) and summary graph
of median fluorescence intensity (MFI; right). (B) Flow cytometric analyses of GC B cells and IgG1+ B cells in PPs of WT, C3−/−, Ewsr1BKO, and C3−/−Ewsr1BKO (n =
4 mice/group, 6–8 wk old). Data are representative of two independent experiments. Summary graphs are presented as mean ± SD, and P values were
determined by unpaired two-tailed Student’s t test. **P < 0.01; and ***P < 0.001.
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Figure S4. scRNA-seq analysis of PPs B cells subsets inWT and Ewsr1BKO mice. (A) scRNA-seq data fromWT and Ewsr1BKO PP B cells were combined with
batch correction for a total of 13,645 cells (shown as individual dots) and displayed by annotated t-distributed stochastic neighbor embedding (tSNE). Fol/MZ,
follicular/marginal zone. (B) Violin plot showing the expression level of Ewsr1 among B cell clusters in WT PP B cells. (C) Heatmap showing integrated scRNA-
seq analysis of top differentially expressed genes between WT and Ewsr1BKO mice in each identified cluster. Data are representative of one independent
experiment.
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Provided online are two tables. Table S1 shows gene-specific primers used in experiments. Table S2 shows details information on
RNA-seq analysis.

Figure S5. Commensal microbiota analysis in the fecal extracts of WT and Ewsr1BKO mice. (A) Visualization of alpha diversity by principal coordinate
analysis (PCoA). OTU, operational taxonomic units. (B) Visualization of beta diversity by PCoA. (C)Microbiota composition at genus level (n = 6 mice/group, 8
wk old male). Data are representative of one independent experiment.
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