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Follicular B (FOB) and marginal zone B (MZB) cells are pivotal in humoral

immune responses against pathogenic infections. MZB cells can exacerbate
endotoxic shock via interleukin-6 secretion. Here we show that the tran-
scriptional repressor capicua (CIC) and its binding partner, ataxin-1-like
(ATXNIL), play important roles in FOB and MZB cell development. CIC defi-
ciency reduces the size of both FOB and MZB cell populations, whereas
ATXNIL deficiency specifically affects MZB cells. B cell receptor signaling is

impaired only in Cic-deficient FOB cells, whereas Notch signaling is disrupted
in both Cic-deficient and Atxnil-deficient MZB cells. Mechanistically, ETV4 de-
repression leads to inhibition of Notchl and Notch2 transcription, thereby
inhibiting MZB cell development in B cell-specific Cic-deficient (Cic”;Cd19-Cre)
and Atxnll-deficient (Atxn1?’:Cd19-Cre) mice. In Cic”:Cd19-Cre and Atxnl¥”,
Cd19-Cre mice, humoral immune responses and lipopolysaccharide-induced
sepsis progression are attenuated but are restored upon Etv4-deletion. These
findings highlight the importance of the CIC-ATXNIL complex in MZB cell
development and may provide proof of principle for therapeutic targeting in

sepsis.

B cells are classified as B-1 or B-2 cells depending on their develop-
mental origin'. B-1 cells, which mediate innate-like immunity by
secreting natural antibodies, develop primarily in the fetal liver and are
found in the pleural and peritoneal cavities. Murine B-1
(IgMhilgD'°B220°CD19* CD23'CD43") cells are subdivided into B-la
(CD5%) and B-1b (CDS) cells, depending on the CD5 expression on their
surface’. B-2 cell development begins in the bone marrow. Pre-pro B
cells derived from bone marrow hematopoietic stem cells acquire
characteristic B cell surface markers, such as CD19 and B220, respond
to cytokine signaling from molecules such as CXCL12, interleukin (IL)
-7, and RANKL, and ultimately develop into immature B cells that
express both immunoglobulin (Ig)M and IgD’. Immature B cells
migrate to the spleen and differentiate into two distinct mature B cell
types: one pathway leads to the production of follicular B (FOB,

CD19°CD93'CD21I™CD23") cells via transitional type 1 B (TIB,
CD19'CD93'B220*CD21°CD23IgM*) and T2B (CD19'CD93'B220*
CD21°CD23'IgM") cells, whereas the other pathway leads to the gen-
eration of marginal zone B (MZB, CD19*CD93 CD21"¢"CD23") cells via
MZ progenitor (MZP, CD19'CD93'CD21"e") cells following T2B cell
differentiation®.

The final development into one of the two mature B cell types is
determined by the balance among three signaling pathways: B cell
receptor (BCR), B cell activating factor (BAFF), and Notch signaling*. A
stronger BCR signal is necessary for differentiation into FOB cells,
whereas a weaker BCR signal is sufficient for differentiation into MZB
cells*®. BAFF signaling is essential for the differentiation of immature B
cells into both FOB and MZB cells, as well as the maintenance and
survival of mature B cells*”®. Notch signaling is required for MZB cell
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development®™. Of the four mammalian Notch receptors, Notchl and
Notch2 are expressed in mature B cells"'">. When Notch receptors
interact with stromal cells that express delta-like ligand 1 (DLL1), their
extracellular and intracellular domains are sequentially cleaved by
ADAMIO and y-secretase, respectively”. The liberated Notch intracel-
lular domain translocates to the nucleus, where it forms a transcrip-
tional complex with transcription factors such as RBP-J and MAML",
This complex regulates the expression of target genes, including DexI,
Hesl, Cr2, and Asb2"™.

FOB cells reside within the B cell follicle, whereas MZB cells are
located in the MZ of the spleen, positioned between the white and red
pulps'®. Because of their distinct localization, FOB cells exhibit speci-
ficity in immune responses via interaction with T cells, whereas MZB
cells are more likely to encounter blood-borne pathogens and pri-
marily engage in T cell-independent (TI) immune responses”. In most
cases, FOB cells differentiate into high-affinity antibody-producing
plasma cells or memory B cells through the germinal center (GC)
reaction'®. MZB cells can also enter the GC and differentiate into
plasma cells in response to lipid and polysaccharide pathogens circu-
lating in the bloodstream'*"*"*, MZB cells are involved in various dis-
eases, such as pathogen infections and sepsis, through their
involvement in cell-to-cell interactions and cytokine secretion®> >,

Capicua (CIC) is an evolutionarily conserved transcriptional
repressor that exists in two isoforms: CIC-S and CIC-L, of which CIC-L
contains a unique amino-terminal region?*”. CIC directly binds to
T(G/C)AATG(A/G)(A/G) sequences via its high mobility group box and
C1domain®?°, Representative CIC target genes include the Pea3 group
genes (Etvl, Etv4, and Etv5) and genes encoding negative regulators of
the RAS-MAPK pathway, such as Dusp4, Duspé6, Spry4, Spredl, and
Spred2*®. CIC is stabilized by interacting with either ataxin-1 (ATXN1) or
its paralog, ataxin-1-like (ATXNI1L); ATXNIL plays a predominant role in
stabilizing CIC compared with ATXN1*?!, CIC functions as a tumor
suppressor in various cancer types®> . CIC also plays a crucial role in
the immune system via regulating thymic T cell development and the
differentiation of follicular helper T cells and liver-resident memory-
like CD8" T cells***2 Additionally, CIC regulates B cell development. A
CIC deficiency in B cells expands the B-1a cell population at the
expense of B-2 cells****, This expansion in Cic-deficient mice is attrib-
uted to the upregulation of Bhlhe41, a key transcription factor for B-1a
cell development, induced by the de-repression of Per2, a CIC target
gene>*, However, the regulatory mechanism of CIC influencing B-2
cell development, including that of FOB and MZB cells, remains
unclear.

In this study, we examine the role of the CIC-ATXNIL complex in
B-2 cell development. Our findings indicate that the CIC-ATXNIL
complex regulates MZB cell development by modulating Notch sig-
naling. In addition, we identify Etv4 as a CIC target gene that inhibits
Notch signaling and MZB cell development.

Results

ATXNIL deficiency suppresses MZB cell development

Our previous study has shown that the population of B-1a cells sig-
nificantly expands in B cell-specific Cic-null (Cic”;Cd19-Cre) mice,
whereas those of FOB and MZB cells decrease” (Supplementary
Fig. Sla, b). Didonna et al. showed that the B-1 cell frequency increased
in the spleens of Atxnl”~ mice, whereas that of MZB cells decreased*®,
which was confirmed by our data (Supplementary Fig. Slc-f). However,
the role of ATXNIL, a protein that stabilizes and interacts with CIC, in B
cells remains unclear. To elucidate the role of ATXNIL in B cell devel-
opment and function, we generated and characterized B cell-specific
Atxnll-null (Atxn1l”:Cd19-Cre) mice. In contrast to Cic”:Cd19-Cre and
Atxnl”~ mice (Supplementary Fig. Sla—c), the B-1 cell populations did
not expand in the peritoneal cavities and spleens of Atxnl”;Cd19-Cre
mice (Fig. 1a). In the spleens of Atxnl#”;Cd19-Cre mice, the MZB and
MZP cell populations were significantly reduced, whereas the T1B, T2B,

and FOB cell formation remained normal (Fig. 1b-d). These results
indicate that ATXNIL deficiency in B cells specifically impairs MZB cell
development. Notably, we found that ATXNIL levels were higher in
MZB cells than in FOB cells (Fig. 1e).

Humoral immune responses to antigens are attenuated in
Cic”:Cd19-Cre and Atxn1l”;Cd19-Cre mice

MZB cells respond rapidly to TI antigens; however, they can also
engage in a slower T cell-dependent (TD) immune response that is
primarily mediated by FOB cells'. To investigate the effects of CIC or
ATXNIL deficiency-induced alterations in B cell development on
humoral immune responses, Cd19-Cre (control), Cic”;Cd19-Cre, and
Atxn1l”:Cd19-Cre mice were immunized with the TI antigen NP-Ficoll
and the TD antigen ovalbumin (OVA) via intravenous and intraper-
itoneal injections, respectively. Seven days after immunization, the
mice were analyzed for serum NP-specific or OVA-specific IgM and IgG
levels, as well as immune cell frequencies. Upon immunization with NP-
Ficoll, the serum NP-specific IgM levels and Blimp1'CD138" plasma cell
populations were significantly decreased in both CicZ;Cd19-Cre and
AtxnlP?:Cd19-Cre mice compared to control mice (Fig. 2a, b), sug-
gesting that ttenuation of MZB cell development caused by the CIC
and ATXNIL deficiency suppressed humoral immune responses to TI
antigens. Upon immunization with OVA, both OVA-specific IgM and
IgG levels were significantly reduced in Atxnlf”;Cd19-Cre and Cic?;
Cd19-Cre mice (Fig. 2c). Consistent with these results, the populations
of GCB and plasma cells were reduced in Cic”;Cd19-Cre and Atxnll”;
Cd19-Cre mice (Fig. 2d, e). The immune response to OVA was more
robust in Cic”;Cd19-Cre mice than that in Aoxnl¥”;Cd19-Cre mice
(Fig. 2c-e), potentially attributed to differences in B cell subset for-
mation between Cic”:Cd19-Cre and Atxn1#;Cd19-Cre mice.

Lipopolysaccharide (LPS)-induced sepsis progression is atte-
nuated in Cic”;Cd19-Cre and Atxn1l”;Cd19-Cre mice

As MZB cells promote LPS-induced sepsis progression via IL-6 secre-
tion induced by Toll-like receptor 4 signaling?, we investigated sepsis
progression in control, CicZ;Cd19-Cre, and Atxn1P’:Cd19-Cre mice fol-
lowing intravenous LPS injections. Most control mice died 72 h after
the injection, whereas more than 50% Cic”:Cd19-Cre mice survived
(Fig. 3a). The serum IL-6 levels were significantly decreased in Cic”;
Cd19-Cre mice compared to those in control mice, whereas IL-10 levels
were comparable between control and Cic”;Cd19-Cre mice 12 h after
LPS injection (Fig. 3b). Simultaneously, immune cell infiltration into
the lung tissue was significantly reduced in Cic¢”:Cd19-Cre mice com-
pared to that in control mice (Fig. 3¢). Similar results were observed in
LPS-treated Atxn1f:Cd19-Cre mice (Fig. 3d—f). These data demonstrate
that a CIC-ATXNIL complex deficiency in B cells attenuates the
inflammatory response during endotoxic shock, thereby alleviating
sepsis severity.

BCR signaling is attenuated in Cic-null FOB cells but not in
Atxnil-null FOB cells

We found that both FOB and MZB cell populations were reduced in
Cic”’:Cd19-Cre mice, whereas only the MZB cell population was
diminished in Aexn1#”;Cd19-Cre mice. To examine the specific reduc-
tion in FOB cell populations of Cic”:Cd19-Cre mice, we characterized
T2B and FOB cells from control, Cic”;Cd19-Cre, and Atxn1”:Cd19-Cre
mice. Control and Cic-null T2B cells differentiated into FOB cells with
similar efficiency upon anti-IgM treatment in vitro (Supplementary
Fig. S2a). The apoptosis rate was comparable between control and Cic-
null FOB cells in vitro (Supplementary Fig. S2b). The frequency of Ki-
67* FOB cells was higher in Cic”;Cd19-Cre and Atxn1?*:Cd19-Cre mice
than in control mice (Supplementary Fig. S2c, d). BAFF receptor sig-
naling promotes B cell survival and T2B cell differentiation into FOB
and MZB cells*; BAFF receptor levels were not reduced in Cic-null or
Atxnll-null T2B and FOB cells compared with those of their respective
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control cells (Supplementary Fig. S2e, f). These data demonstrate that
the reduced FOB cell population in Cic”;Cd19-Cre mice is not attributed
to defects in T2B cell differentiation into FOB cells or in the survival
and proliferation of FOB cells.

BCR signaling is crucial for peripheral B cell maintenance
therefore, we examined the BCR signaling strength in FOB cells from

47,48,
’

control, Cic”:Cd19-Cre, and Atxn1P”;Cd19-Cre mice. Both tonic and anti-
IgM-stimulated BCR signaling were significantly attenuated in Cic-null
FOB cells compared with those in control cells (Fig. 4a). In contrast,
these defects were rarely found in Atxnil-null FOB cells (Fig. 4b). These
results suggest that the attenuation of BCR signaling caused by CIC
deficiency may decrease the FOB cell population.
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Fig. 1| ATXNIL deficiency specifically reduces MZP and MZB cell populations.
a Flow cytometry of B-1a (CD19°'CD5*CD43") and B-1b (CD19°CD5'CD43’) cells in the
peritoneal cavities and spleens of Cd19-Cre and Atxn1”;Cd19-Cre mice. For perito-
neal cavity analysis, N = 5 per both mice. For spleen analysis, N = 7 for Cd19-Cre and
N =5 for Atxn1#”;Cd19-Cre mice. Flow cytometry of FOB and MZB cells (b), MZP cells
(c), and T1B and T2B cells (d) in the spleens of Cd19-Cre and Atxn1F”;Cd19-Cre mice.
FOB (CD19*CD93 CD21™CD23") and MZB (CD19*CD93'CD21""CD23") cells were
initially gated as CD93 (AA4.1). TIB (CD19*CD93'B220*CD21°CD231gM"), T2B
(CD19*CD93*B220*CD21™¢CD23'IgM"), and MZP (CD19°CD93*CD21"#") cells were

gated as CD93" (AA4.1). N=7 for Cd19-Cre and N =5 for Atxn1¥”;Cd19-Cre. e Western
blotting to detect the levels of CIC, ATXNL, and ATXNIL in FOB, MZB, and B-1a cells.
FOB and MZB cells were prepared from the spleens of C57BL/6 mice, whereas B-1a
cells were isolated from the peritoneal cavities of the same mice. Data represent
2-3 independent experiments. Statistics: two-tailed Student’s ¢-test (a-d). Bar
graphs present the data as mean = S.D. Ctrl: Cd19-Cre and AlL cKO: Aoxn1P:Cd19-
Cre. MZP marginal zone progenitor cells, MZB marginal zone B cells, and FOB
follicular B cells. Source data are provided as a Source Data file.
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Fig. 2 | Humoral immune responses are attenuated in Cic”;Cd19-Cre and Atxn1l’”;
Cd19-Cre mice. a, b Cd19-Cre, Cic”:Cd19-Cre, and Atxn1l”;Cd19-Cre mice were
immunized with NP-Ficoll for 7 days. a Serum NP-specific IgM and IgG levels
determined using ELISA. b Flow cytometry of splenic plasma cells. N=4 for CdI9-
Cre and Cic”:Cd19-Cre groups, and N = 6 for Cd19-Cre and Atxn1#”:Cd19-Cre groups.
c-e Cd19-Cre, Cic”:Cd19-Cre, and Atxn1l”:Cd19-Cre mice were immunized with OVA
in alum for 7 days. ¢ Serum OVA-specific IgM and IgG levels determined using ELISA.
d, e Flow cytometry of splenic GCB cells (CD19*GL-7°CD95") (d) and plasma cells

(CD19°CD138'Blimpl") (e). N= 6 for Cd19-Cre and Cic”;Cd19-Cre, and N=5 for
Abxnll”:Cd19-Cre. Data represent two independent experiments. Statistics: two-
tailed Student’s t-test (a, b) and one-way ANOVA with Tukey’s multiple comparisons
test (c-e). Bar graphs present data as mean + S.D. Ctrl: Cd19-Cre, Cic cKO: Cic”;Cd19-
Cre, and AlL cKO: AtxnIl”:Cd19-Cre. ELISA enzyme-linked immunosorbent assay,
OVA ovalbumin, and GCB germinal center B cells. Source data are provided as a
Source Data file.

Notch signaling is downregulated because of the CIC-ATXNIL
complex deficiency

To understand the mechanism underlying the CIC or ATXNIL defi-
ciency inhibiting MZB cell development, we characterized MZB cells
from control, Cic”:Cd19-Cre, and Atxni¥”;Cd19-Cre mice. Apoptosis
rates were significantly reduced in Cic-null or Atxnil-null MZB cells
compared with those in control cells in vitro (Supplementary Fig. S2g,
h). Similar to the results for FOB cells (Supplementary
Fig. S2¢, d), the frequencies of Ki-67° MZB cells were increased in
Cic”:Cd19-Cre and Atxn1l”:Cd19-Cre mice compared with that in control
mice (Supplementary Fig. S2i, j). BAFF receptor levels were higher in
Cic-null and Atxnil-null MZB cells than in control cells (Supplementary
Fig. S2e, f). The phosphorylation of BLNK and BTK following BCR sti-
mulation showed similar patterns in control, Cic-null, and AtxnIl-null

MZB cells (Supplementary Fig. S2k, 1). These data suggest that the
reduced MZB cell population caused by the CIC and ATXNIL deficiency
is not attributed to defects in cell proliferation, cell viability, or BCR
signaling.

We then examined the gene expression profiles in control and Cic-
null MZB cells using RNA sequencing. In total, 775 genes were differ-
entially expressed in Cic-null MZB cells (505 upregulated and 270
downregulated; Supplementary Data 1) compared with the expression
in control cells (log; fold-change > 0.5 and P < 0.01). Several known CIC
target genes, including Etv4, EtvS, Spry4, Spredl, and Dusp4, were
among the upregulated genes in Cic-null MZB cells (Fig. 5a and Sup-
plementary Data 1). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway and gene ontology (GO) analyses of differentially
expressed genes (DEGs) in Cic-null MZB cells revealed that the Notch
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Fig. 3 | LPS-induced sepsis progression is attenuated in Cic”;Cd19-Cre and
Atxn1V?;Cd19-Cre mice. a-c Female Cd19-Cre and Cic”;Cd19-Cre mice were injected
intravenously with LPS. Serum samples and lung tissues were collected from Cd19-
Cre and Cic”;Cd19-Cre mice 12 h after LPS injection. a Survival rate of LPS-treated
mice. Mortality was monitored every 24 h. N =14 per group. b Serum IL-6 and IL-10
levels determined using ELISA. N =4 per group. ¢ Histology of immune cell infil-
tration into lung tissue. Arrows indicate immune cell-infiltrated regions. N=3 per
group. Scale bar: 100 um. d-f Female Cd19-Cre and Atxn1?;Cd19-Cre mice were
injected intravenously with LPS. Serum samples and lung tissues were collected
from Cd19-Cre and Atxn1l”:Cd19-Cre mice 12 h after LPS injection. d Survival rate of

LPS-treated mice. Mortality was monitored every 24 h. N =12 for Cd19-Creand N=13
for Atxn1l”:Cd19-Cre. e Serum IL-6 and IL-10 levels determined using ELISA. N=3
per group. f Histology of immune cell infiltration into lung tissue. Arrows indicate
immune cell-infiltrated regions. N =4 for Cd19-Cre and N =3 for Atxn1?”;Cd19-Cre.
Scale bar: 100 um. Data represent 2-3 independent experiments. Statistics: Log-
rank (Mantel-Cox) test (a, d) and two-tailed Student’s t-test (b, c, e, ). Bar graphs
present data as mean £ S.D. Ctrl: Cd19-Cre, Cic cKO: Cic”;Cd19-Cre, and AlL cKO:
Atxn1l”;Cd19-Cre. LPS lipopolysaccharide, IL interleukin, and ELISA enzyme-linked
immunosorbent assay. Source data are provided as a Source Data file.

signaling pathway was significantly downregulated in these cells
(Supplementary Fig. S3 and Supplementary Data 2 and 3). Gene set
enrichment analysis (GSEA) also showed that the Notch signaling-
related genes were downregulated in Cic-null MZB cells (Fig. 5b). We
validated the downregulation of genes involved in the Notch signaling
pathway, including Notchl, Notch2, Hesl, Dtx1, Asb2, and Cr2, in Cic-null
and Aexnilnull MZB cells using real-time quantitative polymerase
chain reaction (RT-qPCR; Fig. 5¢, d). At the protein level, NOTCHI,
NOTCH2, and CD21 (encoded by Cr2) expression was downregulated
in Cic-null and AtxnIl-null MZP and MZB cells (Fig. 5e, f). To evaluate
the differentiation potential of Cic-null and A¢xnil-null T1B cells into
MZB cells, we co-cultured T1B cells with control or DLLI-expressing
OP9 cells and assessed the efficiency of Notch signaling activation in
promoting T1B cell differentiation into MZB cells in vitro. Both Cic-null
and AtxnIl-null T1B cells were less efficient in differentiating into MZB
cells compared with control cells (Fig. 5g, h). Additionally, Atxni
knockdown further reduced the efficiency of MZB cell differentiation
in AtxnIl-null T1B cells (Fig. 5i), suggesting redundancy between ATXN1
and ATXNIL in the regulation of Notch signaling-induced MZB cell
development. Overall, these results demonstrate that the CIC-ATXNIL
complex promotes MZB cell development via activation of Notch
signaling.

ETV4 is a CIC target gene that suppresses Notch signaling and
MZB cell development

Next, we identified the CIC target genes that downregulate Notch
signaling in Cic-null and Atxnll-null MZB cells. Notch signaling is
reported to be hyperactivated in the lacrimal gland epithelial cells of
Etv1/Etv4/EtvS triple-knockout mice, accompanied by Notchl, Notch2,
and Notch3 overexpression®’. Therefore, we hypothesized that the de-
repression of Ftv4 and EtvS downregulated the Notchl and Notch2

expression in Cic-null and AtxnIl-null MZB cells. The RT-qPCR analysis
confirmed the significant upregulation of Ftv4 and EtvS expression in
both Cic-null and Atxnil-null MZB cells compared with the expression
in control cells (Fig. 6a, b). To determine ETV4- and ETV5-induced
regulation of Notchl and Notch2 expression at the transcription level,
we constructed luciferase reporters with either Notchl or Notch2
promoter regions (upstream 1kb from the transcription start site;
Supplementary Fig. S4a, b). ETV4 suppressed Notchl and Notch2 pro-
moter activity in HEK293T and HelLa cells, respectively (Supplementary
Fig. S4¢), but ETVS did not (Supplementary Fig. S4d and e). ETV4 did
not inhibit Notchl and Notch2 promoter activity when the cell lines
were switched (Supplementary Fig. S4f, g), suggesting a cell type-
specific suppression of Notchl and Notch2 expression by ETV4. We also
identified ETV4 binding motifs (5-GGAA-3’) that contributed to ETV4-
mediated repression of Notchl and Notch2 promoter activity. When the
second ETV4 binding motif was mutated, ETV4 could no longer repress
Notchl promoter activity (Supplementary Fig. S4a-c). Disruption of
both ETV4 binding motifs almost completely abolished the inhibitory
effect of ETV4 overexpression on Notch2 promoter activity (Supple-
mentary Fig. S4b, c¢). To determine whether ETV4 overexpression
downregulates Notchl and Notch2 expression in MZB cells, we infected
these cells with a retrovirus expressing ETV4 and analyzed NOTCH1
and NOTCH2 expression using flow cytometry. MZB cells infected with
the ETV4-expressing virus exhibited a reduced surface expression of
both NOTCHI1 and NOTCH?2 (Fig. 6¢). Additionally, we found that ETV4
binds to the promoter regions of Notchl and Notch2, which contain
ETV4 binding motifs, in Cic-null B-2 cells (Fig. 6d and Supplementary
Fig. S4a, b). These results demonstrate that ETV4 functions as a tran-
scriptional repressor of Notchl and Notch2 expression in MZB cells.
To determine the suppression of Notch signaling and MZB cell
development via CIC or ATXNIL deficiency-meditated ETV4 de-
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Fig. 4 | BCR signaling is attenuated in Cic-null FOB cells. Analysis of anti-IgM-
stimulated and tonic BCR signaling in Cic-null (a) and Atxnil-null (b) FOB cells.
Phosphorylated-ERK (pERK), phosphorylated-BTK (pBTK), phosphorylated-BLNK
(pPBLNK), and phosphorylated-AKT (pAKT) levels were determined using flow
cytometry and presented as MFI. For the BCR signaling analysis in control and Cic-
null FOB cells, N=6 per group (a). For the analysis of pERK and pBTK levels in
control and Atxnil-null FOB cells stimulated with anti-lgM, N = 4 per group (b). For
the analysis of pBLNK levels in control and AtxnIl-null FOB cells stimulated with

anti-IgM, N =3 per group (b). For the analysis of pAKT levels in control and Atxnil-
null FOB cells stimulated with anti-IgM, N = 4 for Cd19-Cre and N =3 for Atxn1¥’
f:Cd19-Cre (b). For the tonic BCR signaling analysis in control and AtxnIl-null FOB
cells, N=8 for Cd19-Cre and N = 6 for Atxn1l”:Cd19-Cre (b). Data represent 2-3
independent experiments. Statistics: two-tailed Student’s ¢-test (a, b). Bar graphs
present data as mean +S.D. Ctrl: Cd19-Cre, Cic cKO: Cic”;Cd19-Cre, and AlL cKO:
Atxn1P”;Cd19-Cre. BCR B cell receptor, MFI mean fluorescence intensity, and FOB,
follicular B cells. Source data are provided as a Source Data file.

repression, we generated Etv4 and Cic (Etv4”;Cic”5:Cd19-Cre) or Atxnll
(Etv4”";Atxn1”;Cd19-Cre) double mutant mice. The MZB and MZP cell
populations were restored to control mouse levels in Etv47;Cic”:Cd19-
Cre mice (Fig. 6e, f). In contrast, Etv4 allele deletion did not rescue the
FOB, GCB, and B-1a cell phenotypes in Cic”:Cd19-Cre mice (Fig. 6e and
Supplementary Fig. S5), indicating that the regulation of B-1a, MZB,
and FOB cell development by CIC was mediated by differential mole-
cular mechanisms*. The frequency of T2B cells was significantly
restored in Etv4”",;Cic”:Cd19-Cre mice (Fig. 6g). The MZB and MZP cell
populations were also recovered in Etv4”;Atxnllf”;Cd19-Cre mice
(Fig. 6h, i). Furthermore, ETV4 deficiency significantly restored
NOTCHI1, NOTCH2, and CD21 levels in Cic-null and Atxn1l-null MZB and
MZP cells (Fig. 6j, k). Conversely, the loss of Etv5 did not rescue the
FOB, MZB, MZP, and T2B cell population decrease caused by CIC
deficiency (Supplementary Fig. S6). Notably, the formation of FOB,
MZP, and MZB cells and the expression of NOTCH1 and NOTCH2 in
these subsets were comparable between wild-type (WT) and Etw4”"
mice (Supplementary Fig. S7), indicating that ETV4 is not essential for
the regulation of B cell development and Notch signaling under steady-
state conditions. Collectively, these results indicate that ETV4 de-
repression due to the CIC-ATXNIL complex deficiency suppresses

Notchl and Notch2 expression, consequently causing defects in MZB
cell development.

The diminished IgM production and attenuated sepsis pro-
gression in Cic”;Cd19-Cre mice are caused by defects in MZB cell
development

The defects in MZB cell development in Cic”:Cd19-Cre mice were
specifically recovered via Etv4 allele deletion; however, it remains
unclear whether these defects are the cause for the attenuated
humoral immune responses and sepsis progression in Cic”:Cd19-Cre
mice. For clarification, we analyzed the serum levels of NP-specific or
OVA-specific IgM and IgG and the frequencies of immune cells in
control, Cic?;Cd19-Cre, and Etv4”";Cic”’:Cd19-Cre mice immunized with
NP-Ficoll or OVA. The decreased Blimpl'*CD138* plasma cell popula-
tions and serum NP-specific IgM levels in Cic”:Cd19-Cre mice immu-
nized with NP-Ficoll were significantly restored by ETV4 deficiency
(Fig. 7a, b), suggesting that the attenuated humoral immune response
to Tl antigens was caused by defects in MZB cell development in Cic”;
Cd19-Cre mice. Upon OVA immunization, Etv4”;Cic”:Cd19-Cre mice
did not restore the GCB and plasma cell populations, and the serum
anti-OVA IgG levels did not increase, in comparison with the observed

Nature Communications | (2024)15:10579


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54803-z

a b c d
e Cd19-Cre e Cd19-Cre
Cic KO MzB ® Hallmark NOTCH signaling . -
100 S 0.0~ 8§ 5 55 8 @ g 8 5z £ 8
5 crzii  -Spredi 3 NES: -1.31 1598 § 8 8 8 & 01978 5 58 8 & 8
o 80 i =-0.2 - 0.01 g T % $ S % 9% > L L. % %1
S 15 - 0. e & & & & & & c =22 5 2 2
S 604 Asb2 Dusp4 €-04 S104= 7 = = = ¢ S10m = = = = =
o Etvs a N 2 S
S 40f{ A" 5-06 - 1 i ‘}‘ b S l ]
S Dtx1 c S 0.5 & . 5 0.5 2
o 20 : w w RIER ! L
- Y Spry4 Etvd B ]
0+ i .8 t i 1 0.0+ "1/ N "i, "1« 0.0 X "'L X~ "i« "'1«
10 -5 0 5 10 15 Cic KO Ctrl N aav ot G oV o N ot g 0V of
Log: fold RS VNG O g & O e ¢
X R
e f
— — &, Proost N
3510 p=0.0272 % 81 p=0.0004 b0 = 4 p<0.0001 310 . g 8 50,0039 = 4 p=0.0012
< p=0.0004 ] = e p=0. - z - = —_— - -
§ 8 s . é 6 ﬂ: s, 23 ;i: p=0.00015 L 2 ‘1 p-w2 L 6 P08 X 3 i =
[T 6 id [T . —_ = S ] —_
24:1: I =4 31‘52 & 3 E4-T.I._§4 I_ Lo Ix"
- A A I
I I ~ -~
5. B 41 52 8 1 & So F ES g Tmy
2 ol - O olE = 9 ol . Z 00— — 2 ol — - :
MZB MZP MZB MzP MZB MZP MzB MzP MzZB MzP MzZB MzP
g h i ol Atxnt
OP9-Ctrl OP9-DLL1 OP9-Ctrl OP9-DLL1 siRNA siRNA
hi hi hi i hi hi hi hi CD1d"CD21" |{ CD1d"CD21"
_ cotareDzt [iontd cD21 3 co1d" 0211} C1d" CD21 s B oot o1
= — p=0.2433 = ~ p=0.483 = @ é)
&) S 30 p=0.0006 O 40 p=0.0114 O v
S . &30 .
13 m 20 E o x
= Tcotancoz1m |Icoigncoain | %5 O L0+ co1a"cp217|f cotacpz1| S 20 O F {1 cpidicp21|{ cp1drcpz1n
g E 104686 o . < Qg 4.80) 17.7 X W10y 459 135
m 10 G 9 a G O 105
O & 10° ,I_ o102 @ N 10 R @ é)
© 2 402 g SR = =210 =
©ge e 0 <8 = %7Ch bt <8¢ = TG AL okO
O lrmmw °© Ctrl DLLA1 010710°107 © 0 10°10° d ) c
CD21-PEcy7T—— * Cd19-Cre CD21-PEcy7——— ¢ Cd19-Cre CD21-PEcy7——— « Ctrl siRNA
A [ ] A

Fig. 5 | Notch signaling is downregulated by CIC-ATXNIL complex deficiency.
a Volcano plots showing differentially expressed genes (DEGs, log, fold-change >
0.5) in Cic-deficient MZB cells. Two samples of each genotype were subjected to
RNA sequencing. Downregulated Notch signaling-related genes and upregulated
CIC target genes are shown next to each corresponding dot. b Gene set enrichment
analysis (GSEA) of DEGs in Cic-deficient MZB cells. The gene set database HALL-
MARK_NOTCH_SIGNALING (MM3870) was employed for GSEA. RT-qPCR analysis
showing the downregulation of Notch signaling-related genes in Cic-null (c) and
Atxnil-null (d) MZB cells. For NotchI and Asb2 levels, N=>5 per group; for Notch2,
Dtx1, and Hesl levels, N = 6 per group; and for Cr2 levels, N=3 per group (c). N=3
per group (d). e Surface expression levels of NOTCH1, NOTCH2, and CD21 in MZB
and MZP cells from Cd19-Cre and Cic”:Cd19-Cre mice. N= 6 per group. f Surface
expression levels of NOTCH1, NOTCH2, and CD21in MZB and MZP cells from Cd19-
Cre and Atxn1l”;Cd19-Cre mice. N= 6 per group. The MFIs for NOTCH1, NOTCH2,

and CD21 were determined using flow cytometry. In vitro MZB cell differentiation
assay to assess the differentiation potential of Cic-null (g) and AtxnIl-null (h) T1B
cells into MZB cells. Sorted T1B cells were co-cultured with either control or DLL1-
expressing OP9 cells for 72 h and subjected to flow cytometry to determine the
frequency of MZB (CD21"CD1d") cells. N= 6 per group. i In vitro MZB cell differ-
entiation assay using control and AtxnIl-null T1B cells transfected with either
control or Atxnl siRNAs. T1B cells were co-cultured with DLL1-expressing OP9 cells
for 72 h. N=3 per group. Data represent 2-3 independent experiments. Statistics:
Kolmogorov-Smirnov test (b) and two-tailed Student’s t-test (c-i). Bar graphs
present the data as mean + S.D. Ctrl: Cd19-Cre, Cic cKO: Cic”:Cd19-Cre, and AlL cKO:
Atxn1P”;Cd19-Cre. MZB marginal zone B cells, CIC capicua, RT-qPCR quantitative
real-time polymerase chain reaction, MZP marginal zone progenitor cells, MFI
mean fluorescence intensity, and NES normalized enrichment score. Source data
are provided as a Source Data file.

effects in Cic”;Cd19-Cre mice (Fig. 7c-e). However, the serum anti-OVA
IgM levels were significantly restored in Etv4”;Cic”:Cd19-Cre mice
(Fig. 7e), suggesting that the impaired IgM production observed in Cic”
F:Cd19-Cre mice following TD antigen immunization was primarily
attributed to MZB cell development defects.

We also investigated the LPS-induced sepsis progression in con-
trol, Cic”;Cd19-Cre, and Etv4”;Cic”;Cd19-Cre mice. All control and
Etv47Cicd”;Cd19-Cre mice succumbed to sepsis within 72 h after LPS
injection, whereas over 50% of Cic”;Cd19-Cre mice survived (Fig. 7f).
The diminished IL-6 production and immune cell infiltration into lung
tissues observed in Cic”;Cd19-Cre mice were significantly restored in
Etv4™,;Cic”;Cd19-Cre mice (Fig. 7g, h). These results demonstrate that
the mitigation of LPS-induced sepsis progression in Cic”;Cd19-Cre mice
is caused by defects in MZB cell development.

Discussion

This study investigated the role of CIC and its binding partners, ATXN1
and ATXNIL, in B-2 cell development (Fig. 8). T2B and FOB cell
populations were substantially decreased in Cic”:Cd19-Cre mice,

whereas Atxnl”" and Aoxnll?;Cd19-Cre mice did not exhibit these
alterations. This suggests that CIC destabilization caused by the
absence of either ATXN1 or ATXNIL may be insufficient to disrupt T2B
and FOB cell development. In most tissues and cell types, ATXNIL plays
a dominant role in stabilizing CIC compared with ATXNI***", Con-
sistent with this information, the reduction in MZB cell population was
greater in Atxn1l”:Cd19-Cre mice (Fig. 1b) than in AtxnI” mice (Sup-
plementary Fig. S1d) when compared with their respective control
mice. However, the expansion of B-1 cell populations, observed in both
Cic”:Cd19-Cre and AtxnI”~ mice, was not evident in Atxn1”:Cd19-Cre
mice, suggesting that CIC stability may be primarily ensured by ATXN1
rather than ATXNIL in B-1 cells.

Our study uncovered the molecular mechanisms underlying the
defect in MZB cell development caused by CIC-ATXNIL complex
deficiency. Etv4 was the CIC target gene that downregulated Notch
signaling in Cic-null and Atxnll-null MZP and MZB cells. ETV4 also
functions as a transcriptional repressor for Notchi and Notch2
expression in a cell-type-specific manner. Consistent with this result,
previous studies have shown that ETV4 overexpression downregulates
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NOTCH]I expression and upregulates NOTCH2 expression in MDA-MB-
231 breast cancer cells®. Many transcription factors play a dual role as
transcriptional activators and repressors, depending on their inter-
acting coactivators and corepressors®. Therefore, identifying cor-
epressors that interact with ETV4 and are recruited to Notchl and
Notch2 loci during MZB cell development would be crucial for further

understanding the dysregulation of MZB cell development caused by a
deficiency in the CIC-ATXN1/ATXNIL complex.

The regulation of Notch signaling by the CIC-ATXNI/ATXNIL
complex may involve additional molecular mechanisms beyond ETV4
de-repression. The phosphoinositide-3-kinase (PI3K)-AKT pathway is
known to induce Notch-dependent responses in various cell types,
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Fig. 6 | Etv4 is a CIC target gene that suppresses Notch signaling and MZB cell
development. RT-qPCR analysis of Etv4 and EtvS levels in MZB cells from Cic”;Cd19-
Cre (a) and Atxn1”;Cd19-Cre (b) mice. N = 3 per group. ¢ Flow cytometry of NOTCH1
and NOTCH2 levels in MZB cells infected with either a control (NC) or ETV4-
expressing (ETV4) retrovirus. N= 6 per group. d ChIP-qPCR analysis of the Notchl
and Notch2 promoter regions containing ETV4 binding motifs. B-2 cells isolated
from the spleens of Cic”:Cd19-Cre mice were subjected to ChIP using either IgG or
an anti-ETV4 antibody. N =3 per group. Flow cytometry of splenic FOB and MZB
cells (e), MZP cells (f), and T1B and T2B cells (g) in Cd19-Cre, Cic";Cd19-Cre, and
Etv4™;Cic”;Cd19-Cre mice. N=7 for Cd19-Cre, N =8 for Cic”;Cd19-Cre, and N=5 for
Etv4”";Cic”;Cd19-Cre. Ctrl: Cd19-Cre, cKO: Cic”:Cd19-Cre, and DKO: Etv4”,;Cic";Cd19-
Cre. Flow cytometry of splenic FOB and MZB cells (h) and MZP cells (i) in Cd19-Cre,
AtxnIl’:Cd19-Cre, and Etv4”;Atxn1l”;Cd19-Cre mice. N =8 for Cd19-Cre, N= 6 for

Atxn1l”;Cd19-Cre, and N = 3 for Etv4” ;Atxn1l;Cd19-Cre. Ctrl: Cd19-Cre, cKO: Atxn1l’
f:Cd19-Cre, and DKO: Etv4”;Atxn1#/:Cd19-Cre. j Surface expression levels of
NOTCH1, NOTCH2, and CD21 in MZB and MZP cells from Cd19-Cre, Cic”;Cd19-Cre,
and Etv4”;Cid”;Cd19-Cre mice. N=5 per group. k Surface expression levels of
NOTCH1, NOTCH2, and CD21 in MZB and MZP cells from CdI19-Cre, Atxn1l”:Cd19-
Cre, and Etv4”;Atxn1V”:Cd19-Cre mice. N =5 for Cd19-Cre and Atxn1l”;Cd19-Cre, and
N=3 for Etv4”;Atxn1l’;Cd19-Cre. The MFIs for NOTCH1, NOTCH2, and CD21 were
determined using flow cytometry. Data represent 2-3 independent experiments.
Statistics: two-tailed Student’s t-test (a-d) and one-way ANOVA with Tukey’s mul-
tiple comparisons test (e-k). Bar graphs present data as mean +S.D. RT-qPCR
quantitative real-time polymerase chain reaction, FOB follicular B cells, MZB mar-
ginal zone B cells, MZP marginal zone progenitor cells, and MFI mean fluorescence
intensity. Source data are provided as a Source Data file.

including cancer and immune cells**. Moreover, Notch signaling can
activate the PI3K-AKT pathway through an autocrine loop*. Given the
decreased phospho-AKT levels in Cic-null FOB cells, the down-
regulation of this pathway might contribute to the CIC deficiency-
mediated reduction in Notch signaling. On the other hand, it is known
that ATXN1 and ATXNIL interact with RBP-J, a key Notch signaling
mediator'®, and recruit SMRT and HDACS3 to repress the expression of
Notch target genes in mammalian cells”. The interaction between RBP-
J and ATXN1 or ATXNIL is disrupted by NCID overexpression, leading
to the activation of Notch target genes”. Since CIC deficiency desta-
bilizes ATXN1 and ATXNIL®, it is plausible that not only ATXNIL
deficiency but also CIC deficiency can enhance RBP-J-mediated acti-
vation of Notch signaling. Therefore, the downregulation of Notch
signaling observed in Cic-null and Atxnil-null MZB cells might be the
result of these complex molecular alterations.

T2B cells develop into FOB and MZB cells, of which MZB cells
specifically require Notch signaling*. Ftv4”;Cic”:Cd19-Cre mice
showed that the frequency of T2B cells was restored but the FOB cell
population was not (Fig. 6d-f), suggesting that the decrease in FOB cell
population was not primarily due to defective T2B cell development in
Cic”$:Cd19-Cre mice. We found that BCR signaling was significantly
attenuated in Cic-null FOB cells. However, our previous study has
shown that it was enhanced in Cic-null T2B cells*’. Similarly, develop-
mental stage-specific attenuation of T cell receptor signaling caused by
CIC deficiency has been reported. The de-repression of CIC target
genes that negatively regulated the RAS-MAPK pathway, including
Spry4, Spredl, Dusp4, and Dusp6, was proposed as the molecular
mechanism behind this phenomenon®. Therefore, we speculate that
the impaired FOB cell formation in Cic”;Cd19-Cre mice may result from
the attenuation of BCR signaling potentially caused by the de-
repression of CIC target genes such as Spry4, Spredl, Spred2, and
Dusp4, which were observed to be significantly upregulated in Cic-null
FOB cells®. T2B cells are normally formed in mice deficient in RBP-J,
suggesting that the decreased T2B cell population in Cic”;Cd19-Cre
mice is not caused by a downregulation of Notch signaling. The
observed restoration of T2B cell frequency in Etv4”;Cic”;Cd19-Cre
mice (Fig. 6f) warrants further investigation to elucidate the molecular
mechanism underlying the suppression of T2B cell formation via ETV4
overexpression.

MZB cell function conventionally involves protection against
blood-borne pathogens via the expression of polyreactive BCRs that
bind to multiple microbial molecular patterns. Hence, MZB cells are
regarded as innate-like B cells, which mediate the frontline defense
against blood-borne microorganisms'®. Conversely, MZB cells can
exacerbate the progression of LPS- or bacteria-induced sepsis in mice
by secreting IL-6>”. While the conventional innate-like features of
MZB cells are well-understood, their role in sepsis has not received
much attention. Our study confirmed their sepsis-promoting function
by assessing sepsis severity in Cic”;Cd19-Cre and Atxnl#”;Cd19-Cre mice
following LPS treatment. Furthermore, the MZB cell population was
restored via the deletion of Etv4 alleles, which reversed the attenuation

of sepsis progression observed in CicZ;Cd19-Cre mice, highlighting the
pivotal role of MZB cells in sepsis. However, it remains elusive whether
MZB cells promote sepsis progression in humans. Although our study
suggests that the CIC-ATXNI/ATXNIL complex and ETV4 are potential
therapeutic targets for sepsis, further research is required to investi-
gate the role of human MZB cells in sepsis and the involvement of the
CIC-ATXN1/ATXNIL complex in MZB cell development in humans.

Methods

Mice

Cic floxed"™® (#030555, Jackson Laboratory, USA), VavI-Cre®
(#035670, Jackson Laboratory), Cdi9-Cre*®® (#006785, Jackson
Laboratory), Atxnl”™ (#029025, Jackson Laboratory), and Atxnil
floxed®® (#030717, Jackson Laboratory) mice were generated as
described previously. Whole-body Etv4”~ mice were generated using
the CRISPR/Cas9 system (Korea Mouse Phenotyping Center, Seoul,
Korea). All mice were maintained on a C57BL/6 background. All
experiments were conducted with 8-10-week-old mice unless other-
wise indicated. For the experimental sepsis model, 8-12-week-old
female mice were used. Animals were maintained in a specific
pathogen-free animal facility under a standard 12:12 h light/dark cycle
and administered standard rodent chow and water ad libitum. All
animal procedures performed in this study were ethically approved by
the Institutional Animal Care and Use Committee of Pohang University
of Science and Technology.

Flow cytometry

Immune cells were obtained from the peritoneal cavity and spleen. The
spleen tissue was ground using a Tenbroeck Tissue Grinder (Cat:
357424, WHEATON®, DWK Life Sciences, Wertheim, Germany) to
obtain single cells. Red blood cells were removed using RBC lysis
buffer (155 mM NH,4CI, 12mM KHCO;, and 0.1 mM EDTA). Peritoneal
cavity cells were harvested using a syringe by injecting 5 ml phosphate-
buffered saline (PBS) into the cavity and shaking for 1 min. The process
was repeated twice. Ghost Dye™ Violet 510 viability dye (1:1000 dilu-
tion, Cat: 13-0870, Tonbo Biosciences, CA, USA) was used to differ-
entiate viable from dead cells. For surface staining, the following
antibodies were used at a 1:300 dilution: anti-B220-PerCP (Cat: 103234,
BioLegend, CA, USA), anti-CD19-Bv421 (Cat: 562701, BD Biosciences,
NJ, USA), anti-CD21/35-PEcy7 (Cat: 25-0211-82, eBioscience, CA, USA),
anti-CD23-PE (Cat: 101-607, BioLegend), anti-CD23-FITC (Cat: 101605,
BioLegend), anti-CD93-FITC (Cat: 136507, BioLegend), anti-CD93-APC
(Cat: 17-5892-81, BioLegend), anti-lgM-APC-eFluor® 780 (Cat: 47-5790-
80, eBioscience), anti-NOTCH2-APC (Cat: 130713, BiolLegend), anti-
NOTCHI-PE (Cat: 130607, BioLegend), anti-CD138-BV421 (Cat: 142507,
BioLegend), anti-CD5-PE (Cat: 553023 BD Biosciences), anti-CD43-FITC
(Cat: 143204, BioLegend), anti-CD1d-PEdazzle594 (Cat: 123519 BioLe-
gend), anti-GL7-FITC (Cat: 144611, BioLegend), anti-BAFFR-PE (Cat:
134103, BioLegend), and anti-CD24-AlexaFluor 700 (Cat: 101836, Bio-
Legend). Monoclonal antibody anti-CD95 (FAS)-biotin (Cat: 554256, BD
Biosciences) was used with Streptavidin-APC (Cat: 554067, BD
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Biosciences). Surface staining was performed on ice by incubating cells
with monoclonal antibody cocktails for 30 min. For intracellular
staining, cells were fixed and permeabilized using the FOXP3/Tran-
scription staining kit (Cat: 00-5523-00, eBioscience) as per the manu-
facturer’s instructions. Permeabilized cells were stained with anti-
Blimp1-PE (1:100 dilution; Cat: 150005, BioLegend) and anti-Ki-67-APC
(1:100 dilution; Cat: 17-5698-82, eBioscience). All stained cells were

analyzed using an LSRFortessa (BD Biosciences) or a Cytoflex (Beck-
man Coulter, CA, USA) flow cytometer®’. The flow cytometry gating
strategies used in this study are presented in Supplementary Fig. S8.

In vitro FOB cell differentiation assay
T2B cells (CD19*CD93'B220°CD21™CD23*'IgM"*) from CdI9-Cre and
Cic”;Cd19-Cre mice were sorted using a MoFlo Astrios cell sorter
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Fig. 7 | Restoration of IgM production and sepsis progression in Etv4”;Cic”;
Cd19-Cre mice. a, b Cd19-Cre, Cic”:Cd19-Cre, and Etv4”";Cic”;Cd19-Cre mice were
immunized with NP-Ficoll for 7 days. a Flow cytometry of splenic plasma cells. N=5
for Cd19-Cre and Cic”;Cd19-Cre, and N = 4 for Etv4”;Cic?;Cd19-Cre. b Serum NP-
specific IgM and IgG levels determined using ELISA. N=5 for Cd19-Cre and N =4 for
Cid”;Cd19-Cre and Etv4”;Cic”;Cd19-Cre. c-e Cd19-Cre, Cic”;Cd19-Cre, and Etv4™;
Cd19-Cre mice were immunized with OVA in alum for 7 days. Flow cytometry of
splenic GCB cells (c) and plasma cells (d). N = 7 for Cd19-Cre, N = 8 for CicZ;Cd19-Cre,
and N = 6 for Ftv4”;Cic”:Cd19-Cre. e Serum OVA-specific IgM and IgG levels
determined using ELISA. N =7 for Cd19-Cre, N =8 for Cic?;Cd19-Cre, and N=5 for
Etv4”";Cic”;Cd19-Cre. f-h Female Cd19-Cre, Cic”:Cd19-Cre, and Ftv4”;Cic”:Cd19-Cre

mice were injected intravenously with LPS. f Survival rate of LPS-treated mice.
Mortality was monitored every 24 h. N=7 for Cd19-Cre and Etv4”;Cic";Cd19-Cre,
and N =10 for Cic”:Cd19-Cre. g Serum IL-6 and IL-10 levels determined using ELISA.
h Histology of immune cell infiltration into lung tissue. Arrows indicate immune
cell-infiltrated regions. Scale bar: 100 um. Serum samples and lung tissues were
collected from the mice 12 h after LPS injection. N=5 per group. Data represent 2-3
independent experiments. Statistics: one-way ANOVA with Tukey’s multiple com-
parisons test (a-e, g-h) and Log-rank (Mantel-Cox) test (f). The bar graph presents
data as mean + S.D. Ctrl: Cd19-Cre, cKO: Cic”;Cd19-Cre, and DKO: Etv4”;Cic”:Cd19-
Cre. ELISA enzyme-linked immunosorbent assay, OVA ovalbumin, and GCB germ-
inal center B cell. Source data are provided as a Source Data file.
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Fig. 8 | The CIC-ATXNIL complex regulates B-2 cell development. A schematic
diagram illustrates the role of the CIC-ATXNIL complex in B-2 cell development.
The left panel shows that CIC deficiency reduces the formation of FOB cells by
downregulating BCR signaling. The specific CIC target genes involved in this pro-
cess have not yet been identified. The right panel indicates that the deficiency of

either CIC or ATXNIL downregulates NOTCH1 and NOTCH2 expression by de-
repressing ETV4, leading to a decreased MZB cell population. The diagram was
created using BioRender.com, which permits the reuse of its content under a CC-BY
4.0 Attribution 4.0 International license.

(Beckman Coulter). The sorted cells were cultured in Rosewell Park
Memorial Institute 1640 (RPMI 1640; Cat: LMO11-60, Welgene Inc.,
Gyeongsangbuk-do, Korea) media supplemented with 10% fetal bovine
serum (FBS; Cat: SO01-01, Welgene Inc.) and 10 pg/ml anti-IgM F(ab)2
(Cat: 16-5092-85, eBioscience) for 72 h. The cells were harvested and
stained with a monoclonal antibody cocktail (anti-CD24 and anti-
CD21). FOB cells were analyzed as CD24*CD21" cells.

In vitro MZB cell differentiation assay

TIB cells (CD19*CD93'B220*CD21°CD231gM*) from Cd19-Cre, Cic”;
Cd19-Cre, and AtxnlF”;Cd19-Cre mice were sorted using a MoFlo Astrios
cell sorter. The sorted cells were co-cultured with either control or
DLL1-expressing OP9 cells in RPMI1640 media supplemented with 10%
FBS and 20 ng/ml of BAFF cytokine (Cat: 8876-BF-010, R&D Systems,
MA, USA). After 72h, the cells were harvested and stained with a
monoclonal antibody cocktail (anti-CD1d and anti-CD21). MZB cells
were analyzed as CD1d"CD21" cells.

BCR signaling analysis

To measure IgM stimulated BCR signaling, splenocytes were stimu-
lated with 10 pg/ml anti-IgM F(ab)2 for 5 min in a 37 °C heat block and
then washed with cold PBS to stop the activation of BCR signaling. The

activated cells were then fixed with Cytofix/Cytoperm™ (Cat: 554655,
BD Biosciences) for 30 min and washed with cold PBS. Cells were
suspended in ice-cold methanol for cytoplasm permeabilization. After
washing with PBS, cells were stained with either anti-p-BTK-PE (Cat:
646903, BioLegend), anti-pBLNK PE (Cat: 558442, BD Biosciences),
anti-pERK-PE (Cat: 12-9109-41, Invitrogen, CA, USA), or anti-pAKT-PE
(Cat: 560378, BD Biosciences) on ice for 1h. To measure tonic BCR
signaling, cells were immediately permeabilized with ice-cold metha-
nol without anti-IgM treatment. All stained cells were analyzed using an
LSRFortessa or a Cytoflex flow cytometer.

In vitro apoptosis assay

The apoptosis assay was performed as previously described****. FOB
(CD19'CD93 CD21™CD23%) and MZB (CD19*CD93'CD21"CD23"°) cells
from Cd19-Cre, Atxn1¥”;Cd19-Cre, and Cic”;Cd19-Cre mice were sorted
using a MoFlo Astrios cell sorter. Sorted cells were cultured in RPMI
1640 media supplemented with 10% FBS, 1% B-mercaptoethanol (Cat:
21985-023, Gibco, Thermo Fisher Scientific,c MA, USA), and 1%
penicillin-streptomycin (Cat: 15140122, Gibco). After 72h, the cells
were harvested and stained with an Annexin V-PI staining kit (Cat:
640932, BioLegend) as per the manufacturer’s instructions. Stained
cells were analyzed using an LSRFortessa or a Cytoflex flow cytometer.
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Luciferase assay

Mouse Notchl and Notch2 promoter regions (-1000 to -1) were
amplified via PCR using Pfu-X DNA polymerase (Cat: SPX16-R250,
SolGent, Daejeon, South Korea) and cloned into the pGL3-Basic firefly
luciferase vector (Cat: E1751, Promega, WI, USA) using Kpnl and Xhol
restriction enzymes. HEK293T and Hela cells were seeded into 24-well
culture plates and co-transfected with 500 ng of the cloned firefly
luciferase vector (pGL3-Notchl pro or pGL3-Notch2 pro), 50 ng of a
Renilla luciferase vector, and 400 ng of the expression vector (MIGR1,
MIGR1-ETV4, or MIGRI-ETV5) using FUGENE®HD transfection reagent
(Cat: E2311, Promega) as per the manufacturer’s instructions. The cells
were lysed 48 h after transfection, and luciferase activity was measured
using the Dual-Luciferase Reporter Assay System (Cat: E1960, Pro-
mega) as per the manufacturer’s instructions.

Site-directed mutagenesis

Site-directed mutagenesis was performed using a Quick-Change Il XL
Site-Directed Mutagenesis kit (Cat: 200521, Agilent Technologies, CA,
USA) as per the manufacturer’s instructions. Primers used for the
mutagenesis of three ETS binding motifs in the Notchl promoter were
as follows: Mut-1 sense, 5-TTAACTGCAAAGGGATAAGTTAGGCAT
CTTGGACGCCCAG-3’ and Mut-1 antisense, 5-CTGGGCGTCCAA-
GATGCCTAACTTATCCCTTTGCAGTTAA-3’; Mut-2 sense, 5-TTTAAG
GTCAAGCGTTCCGTTAGTCATGGCTAAGAGTGCC-3 and Mut-2 anti-
sense, 5’-GGCACTCTTAGCCATGACTAACGGAACGCTTGACCTTAAA-
3’; Mut-3 sense, 5-GTAAGGGTTCGCAGTTACCAGGGGCGGAGC-3’ and
Mut-3 antisense, 5-GCTCCGCCCCTGGTAACTGCGAACCCTTAC-3".
Primers used for the mutagenesis of two ETS binding motifs in the
Notch2 promoter were as follows: Mut-1 sense, 5-CGCGCCCA
GGGGTTAACCGCAGAAAGAAGC-3’ and Mut-1 antisense, 5-GCTTCTT
TCTGCGGTTAACCCCTGGGCGCG-3; Mut-2 sense, 5-GCCCGCGTGT
CCTAACGCCTCGGCCTCC-3’ and Mut-2 antisense, 5-GGAGGCC-
GAGGCGTTAGGACACGCGGGC-3'. Desired mutations were validated
using Sanger sequencing.

RNA sequencing and data analysis

MZB cells were sorted from Cd19-Cre and Cic”;Cd19-Cre mice using a
MoFlo Astrios cell sorter. Total RNA was purified using RiboEx reagent
(Cat: 301-002, GeneAll, Seoul, Korea) as per the manufacturer’s
instructions. RNA purity was determined by assaying 1 pl total RNA on
aNanoDrop8000 spectrophotometer (Thermo Fisher Scientific). Total
RNA integrity was evaluated using an Agilent Technologies 2100
Bioanalyzer. An mRNA sequencing library was constructed using the
Truseq Stranded mRNA/Total Library Prep Kit (Illumina Inc., CA, USA)
as per the manufacturer’s instructions. Tophat (v2.0.13) software was
used to map reads for each sample to the mml0 RefSeq reference
genome. Aligned results were then added to Cuffdiff (v2.2.0) to iden-
tify DEGs. DEGs with log, fold-change >0.5 and P < 0.01 were selected
for GO and KEGG pathway analyses using the DAVID website (https://
david.ncifcrf.gov/). The GO analysis was performed in terms of biolo-
gical processes, cell components, and molecular function. GSEA was
performed using GSEA software (version 4.1.0, https://gsea-msigdb.
org/gsea/index.jsp). HALLMARK_NOTCH_SIGNALING (MM3870) was
used as the gene set database for GSEA.

RT-qPCR

MZB cells were sorted from CdI9-Cre, Cic *:Cd19-Cre, and Atxnll 7;
Cd19-Cre mice using a MoFlo Astrios cell sorter. Total RNA was purified
using the RiboEx reagent and reverse-transcribed into cDNA using a
GoScript Reverse Transcription System (Cat: A5004, Promega) as per
the manufacturer’s instructions. The SYBR Green real-time PCR master
mix (Cat: TOQPK-201, Toyobo, Osaka, Japan) was used for qPCR. Gene
expression levels were normalized to 18S rRNA levels. Primer
sequences are shown in Supplementary Table 1.

Immunization with TI and TD antigens

Cd19-Cre, Cic”;Cd19-Cre, and Atxn1l”:Cd19-Cre mice aged 10-12 weeks
were injected intravenously with 50 pg TNP-AECM-FICOLL (Cat: F-
1300-10, LGC Biosearch Technologies, Hoddesdon, UK) or intraper-
itoneally with 50 pg OVA (Cat: A2512, Sigma-Aldrich, MO, USA)
immersed in alum (Cat: vac-alu-250, InvivoGen, CA, USA). After 7 days,
the mice were sacrificed to obtain the serum and spleen tissues. Serum
samples were used to measure NP-specific or OVA-specific IgM and IgG
levels. Spleen tissues were used to analyze the splenic plasma
(CD19°CD138"Blimp1*) and GCB (CD19*GL-7°CD95") cells.

LPS-induced sepsis

Female CdI9-Cre, Cic”;Cd19-Cre, Atxnll;Cd19-Cre, and Etv4”;Cic”;
Cd19-Cre mice were injected intravenously with 500 pg LPS from
Escherichia coli 055:B5 (Cat: L2880-25MG, Sigma-Aldrich). LPS-treated
mice were monitored every 24 h for mortality. Those that experienced
severe convulsions, loss of motor skills, or a 20% decrease in body
weight were euthanized. To obtain serum samples and lung tissues, the
mice were sacrificed 12 h after LPS treatment. Mouse serum samples
were used to measure IL-6 and IL-10 levels. Lung tissues were utilized
to prepare paraffin blocks to identify immune cell infiltration in
the organ.

Hematoxylin and eosin staining

Staining was performed as previously described*®®. Lung samples
were fixed in a 10% formalin solution (Cat: HT501320-9.5L,
Sigma-Aldrich) and agitated overnight. The samples were subjected to
sequential dehydration in 70%, 80%, 90%, and 100% ethanol over the
following 4 days. The lung samples were then immersed in xylene for
1h; this process was performed three times. The xylene-soaked tissue
was then placed in a paraffin-containing glass vessel and placed in a
60 °C oven overnight to allow paraffin infiltration into the tissue. The
next day, paraffin blocks were constructed using an embedding
machine (Shandon Histocentre 3, Thermo Fischer Scientific). Tissue
sections were prepared using a Semi-Automated Rotary Microtome
(Cat: RM2245, Leica Biosystems, Wetzlar, Germany). Sectioned tissues
were mounted on non-adherent slides and air-dried on a 50 °C heat
plate overnight. Paraffin on the slides was removed via triple immer-
sion in xylene at 7-min intervals. Dehydrated lung tissue sections were
rehydrated via sequential immersion in bottles containing 100%, 90%,
80%, and 70% ethanol at 3-min intervals. The sections were then
incubated in hematoxylin (Cat: GTO111, Glentham, Life Sciences Ltd.,
Wiltshire, UK) for 1 min for nuclear staining. The slides were then
rinsed with tertiary distilled water and incubated in a 0.1% ammonium
hydroxide solution (Cat: 221228, Sigma-Aldrich) for 1 min to complete
nuclear staining. After the bluing reaction, the slides were washed with
tertiary distilled water and incubated in eosin (Cat: EMOOO0G-5, Cancer
Diagnostics, NC, USA) for 1min to stain the cytoplasm. After cell
staining, Canadian balsam solution (Cat: C1795, Sigma-Aldrich) was
applied directly onto the lung tissue, and a cover glass was placed over
it. The 100x images of the lung sections were obtained using an
Olympus BX41TF light microscope (Olympus Corporation, Tokyo,
Japan). The immune cell-infiltrated area was quantified using ImageJ
software (National Institutes of Health).

Enzyme-linked immunosorbent assay

IL-6 and IL-10 levels in serum samples were quantified using the IL-6
and IL-10 Mouse Uncoated enzyme-linked immunosorbent assay
(ELISA) Kits (Cat: 88-7064-22 and 88-7105-22, Invitrogen), respectively.
Antibodies captured from the kits were coated onto 96-well half-area
clear flat-bottom plates (Cat: 3690, Corning Inc., NY, USA) overnight at
4°C. The plates were then rinsed with ELISA wash buffer (0.05%
Tween-20 in PBS), followed by a 1-h blocking step at room tempera-
ture. The reference cytokines and diluted serum samples were
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incubated in the plates for 2 h at room temperature. The plates were
then subjected to several washes and incubated with detection anti-
bodies for 1h at room temperature. Following additional washing,
streptavidin-HRP was added and incubated for 30 min at room tem-
perature. After washing the plates, 50 pl TMB substrate was added, and
the plates were incubated for 15 min in a light-blocked environment.
Finally, 50 pul of 1M H,SO,4 was added to stop the reaction. Optical
density was measured at 450 nm using a spectrophotometer. For the
NP-specific Ig ELISA, NP-BSA (Cat: T-5050-10, Biosearch Technologies)
was used as the coating antigen. For OVA-specific Ig ELISA, OVA was
the coating antigen used. Goat Anti-Mouse IgM, Human ads-HRP (Cat:
1020-05-SBA, Southern Biotech, AL, USA) and Goat Anti-Mouse IgG,
Human ads-HRP (Cat: 1031-05-SBA, Southern Biotech) were used as
secondary antibodies to capture anti-IgM and anti-IgG in serum,
respectively. The overall process was consistent with that of cytokine
ELISAs.

Retrovirus preparation

Plat E cells were seeded in 100 mm dishes at a density of -2 x 10¢ cells.
After 24 h, when the cells reached 70-80% confluency, they were co-
transfected with either 4.5 pug of MIGR1 (negative control) or MIGR1-
ETV4 expression vector, along with 1.5 pg of the pCL-Eco vector (ret-
rovirus packaging vector), using FUGENE transfection reagent (Cat:
E2312, Promega) according to the manufacturer’s instructions. The
transfected cells were incubated for 48 h at 37°C in a humidified
atmosphere containing 5% CO,. Afterward, the cell culture supernatant
containing the retrovirus particles was collected. The supernatant was
mixed with Retro-X concentrator (Cat: 631456, Takara) at a 3:1 ratio
and incubated overnight at 4 °C with gentle swirling. The viral mixture
was then centrifuged at 1500 x g for 45 min at 4 °C, and the resulting
virus pellet was resuspended in RPMI medium.

Retroviral transduction

B-2 cells were isolated from the spleens of WT mice using negative
selection. The isolated B-2 cells were then stimulated with anti-IgM (1
pg/ml) and anti-CD40 (1 pg/ml; Cat: 553788, BD bioscience) antibodies
for 18 h. For retroviral transduction, the stimulated B-2 cells were
mixed with polybrene at a final concentration of 8 pg/ml and the
previously prepared retrovirus stock. The cell-virus mixture was then
transferred to a 24-well plate, and spin infection was performed by
centrifuging the plate at 750 x g for 2 h at room temperature. After spin
infection, the medium containing the virus mixture was carefully
replaced with fresh RPMI medium to maintain cell viability. The
infected cells were then cultured for 48 h at 37°C in a 5% CO, incu-
bator. Following the 48-h culture period, the cells were harvested and
prepared for flow cytometry.

ChIP-qPCR

B-2 cells were isolated from the spleens of Cic”:Cd19-Cre mice using
negative selection. 5x10° B-2 cells were cross-linked with 1% paraf-
ormaldehyde for 20 min under constant agitation. To terminate the
cross-linking reaction, 1M glycine was added, followed by a 5min
incubation. The cross-linked chromatin was rinsed at least twice with
cold PBS, then centrifuged at 4200 rpm for 5min. The pellet was
resuspended in Buffer 1 (50 mM HEPES-KOH, pH 7.5; 140 mM NaCl;
1mM EDTA, pH 8.0; 10% glycerol; and 0.5% NP-40) and rotated at 4 °C
for 10 min to lyse the nuclei. After a 5 min centrifugation at 4200 rpm,
the pellet was resuspended in MNase digestion buffer (100 mM Tris-
HCI, pH 8.0; 2 mM CaCly; 0.4% Triton X-100; and MNase [0.001 U/mL,
Sigma]) and incubated at 37 °C for 12 min. The reaction was terminated
by adding 10mL of 0.5M EDTA, followed by centrifugation at
4200 rpm for Smin. The lysate was then resuspended in Buffer 2
(10 mM Tris-HCI, pH 8.0; 300 mM NaCl; 0.1% sodium deoxycholate; 1%
Triton X-100; 1mM EDTA, pH 8.0; and 0.5mM EGTA, pH 8.0) and
sonicated to shear DNA fragments. Sonication process is comprised

with 15 cycles of 30 s eruption and 30 s resting. The supernatant was
collected after micro centrifugation at 9400 rpm for 10 min at 4 °C and
10% were stored at 80 °C for input sample. For immunoprecipitation,
chromatin was precleared with protein G agarose (Cat: 16-266, Merck,
Darmstadt, Germany) in Buffer 2 for 90 min. Post-preclearing, 2 ug of
either normal rabbit IgG (Cat: #2729, Cell Signaling Technology, MA,
USA) or anti-ETV4 antibody (Cat. 10684-1-AP, Proteintech, IL, USA) was
added to the samples, followed by overnight incubation at 4 °C with
gentle agitation. The chromatin-antibody complexes were incubated
with protein G agarose for an additional 3.5 h at 4 °C. Subsequently, the
samples were washed sequentially with low salt buffer (4 mM EDTA, 2%
Triton X-100, 40 mM Tris-HCI, pH 8.0, 300 mM NaCl, 0.2% SDS), high
salt buffer (4 mM EDTA, 2% Triton X-100, 40 mM Tris-HCI, pH 8.0, 1M
NaCl, 0.2% SDS), LiCl buffer (0.5 M LiCl, 20 mM Tris-HCI, pH 8.0, 2 mM
EDTA, 2% NP-40, 2% sodium deoxycholate), and TE buffer (20 mM Tris-
HCI, pH 8.0, 2mM EDTA). Bound chromatin was eluted with elution
buffer (0.LM NaHCO3 and 0.5% SDS) and reverse-crosslinked with
200 mM NaCl at 65 °C overnight. RNA and proteins were subsequently
digested with RNase A and protease K, respectively, and DNA was
purified using the Expin CleanUp SV kit (Cat. 113-150, GeneAll). The
qPCR primer sequences for the promoter regions of Notchl and Notch2
were as follows: For Notchl, the forward primer sequence was 5’
CGAACTCCCTTCTACAGAGGC-3 and the reverse primer sequence
was 5-CTGGGAGCTGTTTGGTCTCG-3'. For Notch2, the forward primer
sequence was 5-GTACGGGGTGCTGCTCACTC-3’ and the reverse pri-
mer sequence was 5-AGGGGTTTCCCGCAGAAAGA-3'.

Western blotting

Using WT C57BL/6 mice, FOB and MZB cells were obtained from the
spleen, and B-1a cells were obtained from the peritoneal cavity. Sorted
cells were lysed in RIPA buffer (50 mM Tris-HCI [pH 7.4], 150 mM Nacl,
1mM PMSF, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2X
Complete Protease Inhibitor Cocktail [Cat: 5892953001, Roche, Basel,
Switzerland], and 10X PhosSTOP™ [Cat: 4906837001, Roche]). Protein
samples were separated using SDS-PAGE with 8% acrylamide gel as the
separating gel. For CIC detection, SDS solution was added during the
membrane transfer step. The following primary antibodies were used
for protein detection: anti-CIC (1:2,000)°, anti-ATXNIL (1:2,000)°,
anti-ATXN1 (1:2000; Cat: 2177, Cell Signaling Technology), and anti-
GAPDH (1:2,000; Cat: sc-32233, Santa Cruz Biotechnology, TX, USA).
Proteins were visualized using Clarity Western ECL Substrate (Cat:
BR170-5061, Bio-Rad, CA, USA). Western blots were imaged using the
ImageQuant LAS 500 system (GE Healthcare Life Sciences, IL, USA).

siRNA electroporation

siRNA electroporation of TIB cells was performed using the 4D-
Nucleofector® X Unit (Cat: AAF-1003X, Lonza, Basel, Switzerland) with
the P4 Primary Cell 4D-Nucleofector X Kit S (Cat: V4XP-4032, Lonza).
TIB cells, isolated from Cd19-Cre and AtxnlP”’:Cd19-Cre mice, were
resuspended in 20 pl of nucleofection mixture (comprising 14.9 pl
nucleofector solution, 3.6 pl supplement solution, and 1.5 pl siRNA at
20 pmol/pl). The cell mixture (20 pl) was then transferred to a cuvette
provided in the kit, and electroporation was conducted using the DI-
100 program (optimized for mouse B cells). Subsequently, the T1B
cells were transferred to a plate pre-seeded with OP9-DLLI for in vitro
MZB cell differentiation. After 72 h, the cells were harvested and ana-
lyzed using flow cytometry. The following siRNA sequences were used:
siATXN1-sense: 5-CUGUAUCCAGAUUACUGUATT-3, siATXNI-anti-
sense: 5-UACAGUAAUCUGGAUACAGTT-3’, siNC-sense: 5-CCUACGC-
CACCAAUUUCGUTT-3, siNC-antisense: 5-ACGAAAUUGGUGGCGUA
GGTT-3.

Statistical analysis
All experiments were performed at least two times independently.
Datasets were analyzed using the two-tailed Student’s ¢-test, one-way
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ANOVA with Tukey’s multiple comparisons test, and Log-rank (Mantel-
Cox) test using Prism 10.0 software (GraphPad). Kolmogorov-Smirnov
test was used for the GSEA. A P < 0.05 was considered significant. In the
bar graphs, bars and error bars indicate mean and S.D., respectively. In
the box and whisker plots, the box indicates the median and 25th-75th
percentiles, while whiskers represent the 2.5th-97.5th percentiles.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data generated in this study have been deposited in
the GEO NCBI under the accession code GSE264654. All other data are
available in the main text or supplementary materials. Source data are
provided with this paper.
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