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I M M U N O L O G Y

Conserved noncoding sequence-9 regulates 
NFATc1-mediated IL-10 expression in B cells to control 
inflammatory responses
Seung Won Kim1, Jaegyun Noh1, Hye Eun Park1, Ki Hurn So1, Won Hwang1†, Gi-Chen Kim‡,  
Chan Johng Kim1§, Jae-Seon So2*, Sin-Hyeog Im1,3,4*

Interleukin-10 (IL-10) production by B cells plays a critical role in regulating inflammatory responses, yet the 
mechanisms controlling its expression remain poorly understood. We identified a conserved noncoding sequence 
(CNS-9) as an essential regulatory element for IL-10 expression in mouse B cells. Comprehensive genomic analyses 
revealed that CNS-9 functions as an enhancer bound by the transcription factor NFATc1, which facilitates chroma-
tin looping between CNS-9 and the IL-10 promoter to drive transcription. Flow cytometry analyses identified B1a 
cells as the predominant source of B cell-derived IL-10, with this production critically dependent on NFATc1-
mediated CNS-9 regulation. In a mouse model of LPS-induced sepsis, deletion of CNS-9, B cell–specific NFATc1, or 
both resulted in reduced IL-10 production, exacerbated inflammatory responses, and decreased survival. Further-
more, we demonstrated that the human homolog, CNS-12, functions similarly through NFATc1-dependent mech-
anisms. These findings establish a conserved regulatory pathway controlling IL-10 expression in B cells with 
notable implications for inflammatory disease pathogenesis and potential therapeutic interventions.

INTRODUCTION
Interleukin-10 (IL-10) is an anti-inflammatory cytokine that plays a 
crucial role in maintaining immune homeostasis (1, 2). It primarily 
functions by limiting excessive inflammatory responses and prevent-
ing tissue damage during autoimmunity and infections. Mice defi-
cient in IL-10 spontaneously develop inflammatory bowel disease and 
exhibit heightened susceptibility to septic shock when exposed to low 
doses of lipopolysaccharide (LPS), indicating an immunomodulatory 
function of IL-10 (3, 4).

IL-10 can be produced by various types of immune cells, including 
macrophages, dendritic cells, T cells, and B cells (5). However, B cells 
are the predominant cellular source of IL-10 in the lymphoid tissues 
of both naive and endotoxemia-challenged mice, suggesting their es-
sential role in immune regulation (6). B cell–derived IL-10 exerts di-
verse immunomodulatory functions by suppressing pathogenic T cell 
responses, down-regulating the activation of dendritic cells and mac-
rophages, and limiting the production of pro-inflammatory cytokines 
by myeloid cells (7–9). Among B cell subsets, B1a cells, in particular, 
have been identified as major IL-10 producers (10). Studies have dem-
onstrated that IL-10 deficiency in B1a cells exacerbates disease sever-
ity in experimental models of autoimmunity, infection, and sepsis 
(11, 12). Despite the established importance of B cell–derived IL-10 in 
immune homeostasis, the molecular mechanisms governing its ex-
pression remain poorly understood.

The transcriptional regulation of genes involves complex inter-
actions between promoters and cis-regulatory elements, predomi-
nantly enhancers and silencers. Most of these regulatory elements 
are characterized as conserved noncoding sequences (CNSs) (13). 
These CNSs can be identified through their evolutionary conserva-
tion, chromatin accessibility, and distinctive epigenetic signatures, 
including the enrichment of enhancer-associated histone modifica-
tions (H3K4me1, H3K27ac) and coactivators, such as p300 (14–19).

Several studies have provided important insights into the regula-
tion of IL-10 expression in various immune cell populations, includ-
ing T cells, dendritic cells, and macrophages (20–22). Previously, we 
identified a distal cis-acting element, known as CNS-9, which exhib-
its robust enhancer activity in T helper 2 (TH2) cells (23). In that 
study, NFATc2 and IRF4 are selectively recruited to the CNS-9 re-
gion and synergistically enhance its function. In macrophages, LPS-
induced Il10 transcription is regulated by RelA binding to another 
regulatory region, CNS-4.5 (24). However, Il10 gene regulation in B 
cells is still poorly characterized.

B cell receptor (BCR) engagement is fundamental for B cell devel-
opment, differentiation, survival, and immune responses as it activates 
multiple transcription factors, including members of the nuclear fac-
tor of activated T cells (NFAT) family and nuclear factor κB (NF-κB) 
(25–27). NFAT proteins comprise a family of calcium-dependent tran-
scription factors, including NFATc1, NFATc2, NFATc3, and NFATc4, 
which play essential roles in immune cell function (28). The activation 
of NFAT proteins involves their dephosphorylation by the calcium-
dependent phosphatase calcineurin, which facilitates their nuclear 
translocation and subsequent binding to the promoters and enhancers 
of target genes (29). The pharmacological inhibition of calcineurin ac-
tivity by cyclosporine A (CsA) or FK506 prevents the nuclear translo-
cation of NFAT proteins (30). While NFAT proteins are known to 
regulate the expression of various cytokines, including IL-2, IL-4, and 
IL-10 in T cells, their role in cytokine production in B cells, particu-
larly IL-10, remains incompletely defined.

In this study, we aimed to identify the key regulatory elements and 
transcription factors controlling Il10 expression in B cells. Through an 
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integrated genomic approach combining assay for transposase-
accessible chromatin sequencing (ATAC-seq), RNA sequencing 
(RNA-seq), and chromatin immunoprecipitation sequencing (ChIP-
seq) analyses, we identified CNS-9 as a key enhancer element for Il10 
expression in B cells. We demonstrated that NFATc1 specifically binds 
to CNS-9 and mediates chromatin looping between this enhancer and 
the Il10 promoter, thereby driving Il10 transcription. Furthermore, 
the genetic deletion of either CNS-9 or B cell–specific NFATc1 im-
paired IL-10 production and exacerbated inflammatory responses in 
the LPS-induced sepsis model. Last, we identified and functionally 
characterized the human homolog of murine CNS-9, designated as 
CNS-12, revealing a conserved regulatory mechanism for IL10 ex-
pression in human B cells. These findings provide insights into the 
molecular mechanisms governing B cell–derived IL-10 production and 
highlight potential therapeutic targets for modulating IL-10 expres-
sion in inflammatory disorders.

RESULTS
Identification of CNS-9 as a key regulatory element for Il10 
expression in B cells
We began this study by confirming that B cells are the predominant 
source of IL-10. Single-cell suspensions prepared from the spleen and 
peritoneal cavity were stimulated with phorbol 12-myristate 13-acetate 
(PMA) and ionomycin in the presence of protein transport inhibitors 
(Golgi-Stop and Golgi-Plug) (fig. S1, A to D) (6). To identify crucial 
cis-acting regulatory elements involved in Il10 transcription in B cells, 
we used an integrated genome-wide approach, combining ATAC-seq 
and RNA-seq analyses on publicly available datasets of 11 types of 
IL-10–producing B cells (Fig. 1A and fig. S2, A and B) (31). RNA-seq 
data revealed different Il10 expression levels across the 11 types of B 
cells (Fig.  1B). ATAC-seq data identified open chromatin region 
(OCR) scores representing chromatin accessibility across the Il10 lo-
cus in these cells. This analysis revealed a total of 33 OCRs (OCR 
21025 to OCR 21057), some of which overlapped with previously de-
fined CNSs (Fig. 1C and fig. S2A). To determine potential regulatory 
elements associated with Il10 expression, we analyzed the correla-
tion between OCR scores and Il10 mRNA levels across all 33 OCRs 
(fig. S2C). This analysis identified 10 OCRs that were significantly cor-
related with Il10 expression, 5 of which overlapped with CNSs, where-
as the remaining 5 did not (Fig. 1D).

To more precisely identify functional regions regulating Il10 ex-
pression, we cross-analyzed ATAC-seq and ChIP-seq results for p300, 
DNA looping–related proteins, and histone modifications using pub-
licly available datasets of splenic B cells (32–35). Notably, CNS-9 exhibit-
ed strong enrichment of the enhancer-associated coactivator p300 and 
key DNA looping–associated proteins, including RAD21, MLL1, and 
BRG1 (Fig. 1E). In addition, histone modifications indicative of enhanc-
er activity—such as H3K27Ac, H3K4me1, and H3K4me2—were also 
highly enriched in the CNS-9 region (Fig. 1E). To directly assess 
whether CNSs have enhancer activity and cooperate with the Il10 
promoter, each CNS region was cloned into the pXPG reporter vec-
tor carrying the Il10 minimal promoter and transfected into A20 
cells, a mature B cell line (fig. S3A). Among the areas tested, CNS-9 
showed the highest reporter activity compared to other regions, 
with a 6.8-fold enhancement in reporter activity compared to the 
condition using only the Il10 minimal promoter (Fig. 1F). To further 
evaluate the dependence of CNS-9 activity on position and orienta-
tion, we compared reporter constructs in different arrangements relative 

to the Il10 minimal promoter. When positioned upstream of the pro-
moter in either forward or reverse orientation, CNS-9 increased lu-
ciferase activity to a similar degree, indicating that its activity is 
orientation independent (fig. S3B). We then tested how its activity 
depends on position by moving CNS-9 downstream of the luciferase 
gene. Although the level of enhancement was somewhat reduced com-
pared to the upstream placement, CNS-9 still significantly boosted 
transcription relative to the minimal promoter alone (fig. S3C). Col-
lectively, these findings show that CNS-9 maintains its enhancer activ-
ity across various positions and orientations, confirming its important 
role as a regulatory element for Il10 expression in B cells.

NFATc1 regulates Il10 transcription by controlling the 
enhancer function of CNS-9
To identify transcription factors responsible for CNS-9-mediated Il10 
expression in B cells, we analyzed publicly available microarray data 
from 25 types of IL-10–producing B cells (Fig. 2A and fig. S4A). Using 
motif analysis, we predicted transcription factors likely to bind CNS-9 
(fig. S4B). Then, we examined the correlation between the Il10 expres-
sion and expression levels of these transcription factors across the 
25 different types of B cells. This analysis identified 12 candidate tran-
scription factors with potential CNS-9 binding activity (Fig. 2B and 
fig. S4C). To prioritize key regulators, we assessed the absolute expres-
sion levels of these candidates. We found that members of the NFAT 
family—including NFATc1, NFATc2, and NFATc3—were expressed 
at substantially higher levels than other transcription factors in B cells 
(Fig. 2C). Notably, we previously reported that NFATc2 binding to 
CNS-9 induces Il10 transcription in a TH2 cell–specific manner (23). 
To investigate whether NFAT regulates Il10 transcription in B cells, 
we treated B cells with CsA, a calcineurin inhibitor that blocks NFAT 
activation. CsA treatment significantly reduced Il10 mRNA levels in 
A20 cells and suppressed CNS-9–driven luciferase activity, suggesting 
that calcineurin-dependent NFAT signaling is a key regulator of Il10 
transcription in B cells (fig. S5, A and B). To determine the critical 
NFAT isoform, we examined Il10 mRNA expression levels following 
the overexpression or knockdown of individual NFAT proteins in 
A20 cells (fig. S5, C and D). NFATc1 overexpression significantly in-
creased Il10 mRNA levels, whereas NFATc1 knockdown reduced Il10 
mRNA levels. In contrast, the manipulation of NFATc2 and NFATc3 
had minimal effects (Fig. 2, D and E). To gain a broader understand-
ing of NFATc1 function in B cells, we analyzed publicly available 
microarray data from splenic B cells of NFATc1ΔCD79a mice (36). 
Differential expression analysis revealed widespread transcriptional 
changes upon NFATc1 deficiency, with 818 genes significantly down-
regulated and 662 genes up-regulated compared with wild-type (WT) 
controls (fig. S6A), suggesting that NFATc1 can both activate and 
repress gene expression in B cells. Notably, Il10 was prominently 
down-regulated within the immune regulation and cytokine category, 
consistent with our findings that NFATc1 is a critical regulator of Il10 
expression in B cells (fig. S6B). Gene expression profiling further showed 
coordinated alterations in pathways related to B cell development and 
activation (37–45); immune regulation and cytokine (1, 46–49); type I 
interferon–stimulated genes (50); and cell adhesion, migration, and 
trafficking (51–56) (fig. S6B). Together, these transcriptomic changes 
highlight NFATc1’s broad regulatory role in B cells and suggest that 
NFATc1 may control Il10 expression. To examine the functional role 
of NFAT at CNS-9, we conducted genomic sequence analysis and 
found four conserved putative NFAT-binding motifs (fig. S7A). Three 
of these motifs were chosen for functional analysis and were mutated 
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either individually or in combination within CNS-9 cloned into the 
pXPG vector. These mutations markedly reduced enhancer activity, with 
single mutations producing effects similar to the triple mutation (Fig. 2F). 
Consistently, NFATc1 overexpression strongly enhanced reporter activity 
from WT CNS-9, but not the mutant construct, confirming that NFATc1 
binding is required for CNS-9 enhancer function (Fig. 2G).

To clarify whether NFATc1 acts through CNS-9 rather than the 
Il10 minimal promoter, we performed additional reporter assays us-
ing distinct promoter contexts. The overexpression of NFATc1 did 
not increase reporter activity driven by the Il10 minimal promoter 
alone (fig. S7B). In contrast, when CNS-9 was linked to an unrelated 
31–base pair (bp) minimal promoter in the pGL4.23 backbone, 

CNS-29.8 CNS-26 CNS-20 CNS-9 CNS-4.5
CNS-0.12

CNS+1.65
CNS+2.98

CNS+6.45

21025 21029 21033 21038 21040
21044

21048
21057

21055
21050

OCR

proB.FrBC.BM

proB.FrA.BM

B.mem.Sp

B.T3.Sp

B.MZ.Sp

B.Sp

B.GC.CB.Sp

B.GC.CC.Sp

B.PC.BM

B.PC.Sp

B.PB.Sp

Mi
nim

al

CN
S-
29
.8

CN
S-
26

CN
S-
20

CN
S-
9

CN
S-
4.5

CN
S+
1.6
5

CN
S+
2.9
8

3' 
UT
R

CN
S+
6.4
5

0

2

4

6

8

10

R
el
at
iv
e 
lu
ci
fe
ra
se
 u
ni
ts

11 types of 
IL-10–producing B cells

Expression

RNA-seq

Chromatin 
accesibility

Correlation analysis 
between Il10 expression 

and OCR scores
in Il10 locus

ATAC-seq

A B C

D E

F

0 20 40 60 80

proB.FrBC.BM

proB.FrA.BM

B.mem.Sp

B.T3.Sp

B.MZ.Sp

B.sp

GC.CB.Sp

GC.CC.Sp

B.PC.BM

B.PC.Sp

B.PB.Sp

Il10 expression
Expression value normalized by DESeq2

B
 c
el
l s
ub
se
ts

−1.0 −0.5 0.0 0.5 1.0
0

1

2

3

4

Pearson's r

–L
og
(P

va
lu
e)

CNS-4.5

CNS+2.98
CNS-9

CNS-20

OCR_21049

CNS-0.12

CNS+1.65CNS+6.45

CNS-26

P value = 0.05

CNS
Exon

[0-1.9]

H3K4me2

H3K4me1

H3K27Ac

BRG1

MLL1

RAD21

Histone
ChIP-seq

[0-1.9]

[0-2.1]

[0-5.8]
p300

Activated B

Immature B
ATAC-seq

Protein
ChIP-seq

Il10 
locus

[0-0.49]

[0-3.0]

[0-11]

CNS-29.8 CNS-26 CNS-20 CNS-9 CNS-4.5
CNS-0.12

CNS+1.65
CNS+2.98

CNS+6.45

[0-2.6]

[0-3.7]

Il10

CNS
Exon
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Fig. 2. NFATc1 regulates Il10 via CNS-9 enhancer in B cells. (A) Correlation analysis of Il10 expression with potential transcription factors using published microarray data; 
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NFATc1 overexpression robustly enhanced luciferase activity, whereas 
the minimal promoter alone remained unresponsive (fig. S7C). Con-
sistent with these results, mutating all six predicted NFAT-binding 
motifs within CNS-9 markedly reduced basal enhancer activity and 
significantly blunted the responsiveness to NFATc1 overexpression 
compared with WT CNS-9 (fig. S7, D and E). These data indicate that 
CNS-9 is required for NFATc1-dependent transcriptional activation. 
To further confirm the direct binding of NFATc1 to CNS-9, we per-
formed a ChIP assay in mouse B cells. Upon PMA and ionomycin 
stimulation, NFATc1 binding was significantly enriched at the CNS-9 
and the Il10 promoter regions but was undetectable at CNS+6.45 
(Fig. 2H). As expected, Il4 and Fasl promoters served as positive con-
trols for NFATc1 binding, while no binding was observed at the Reg3b 
promoter, which is not expressed in B cells (Fig. 2H).

To further confirm the specificity of NFAT binding to CNS-9 and 
clarify the roles of individual NFAT isoforms, we conducted electro-
phoretic mobility shift assays (EMSAs) and additional ChIP analy-
ses in mouse B cells. Nuclear extracts from CD19+ B cells stimulated 
with PMA and ionomycin showed significantly increased binding 
to DNA probes containing either an NFAT consensus sequence or 
CNS-9 compared to unstimulated cells (fig. S8A, lanes 1, 2, 5, and 
6). This binding was competitively blocked by excess cold oligomers, 
confirming sequence-specific NFAT-DNA interactions (fig. S8A, 
lanes 3, 4, 7, and 8). Supershift assays indicated a strong shift with anti-
NFATc1 antibody, while anti-NFATc3 had no effect; anti-NFATc2 
caused only a modest shift, suggesting that NFATc1 predominant-
ly interacts with CNS-9 in B cells (fig. S8A, lanes 9 to 11). Consistent with 
these results, a ChIP assay using an anti-NFATc2 antibody showed 
minimal enrichment at the Il10 promoter, CNS-9, or CNS+6.45 in 
both unstimulated and PMA/ionomycin-stimulated B cells (fig. S8B). 
Alongside our NFATc1 ChIP data (Fig. 2H), these findings demon-
strate that NFATc1 is the main NFAT isoform that directly binds to 
CNS-9 in B cells, while NFATc2 and NFATc3 contribute little or not 
at all to IL-10 regulation at this locus. These findings show that NFATc1 
directly binds to CNS-9 and regulates Il10 transcription in B cells by 
modulating the enhancer activity of CNS-9.

NFATc1 mediates intrachromosomal looping between CNS-9 
and the Il10 promoter
Previous studies have shown that distal regulatory elements can phys-
ically interact with gene promoters via DNA looping, thereby pro-
moting active transcription (57, 58). To determine whether NFATc1 
regulates the chromatin loop formation to enhance Il10 transcription, 
we performed chromosome conformation capture (3C) assays. Cross-
linked genomic DNA was digested with the restriction enzyme Xba I, 
which cuts specific sites around the CNS-9 and the Il10 promoter 
(fig. S9A). The digested chromatin fragments were subsequently li-
gated to join DNA elements in close physical proximity, and the rela-
tive frequency of ligation was analyzed by quantitative real-time 
polymerase chain reaction (qRT-PCR) using a unique primer pair. 
The efficient digestion of restriction sites between fragments A and B 
was confirmed by Xba I treatment (fig. S9B). As a control, the ligated 
sample exhibited a significant increase in interaction compared to the 
unligated sample, confirming the specificity of the assay (fig. S9C). We 
first analyzed the interactions between the promoter and other DNA 
loci within the Il10 gene locus. In B cells, 3C products between the 
Il10 promoter (E) and CNS-9 (B) were more abundant than interac-
tions between the promoter and other loci (fig. S9D). We next exam-
ined the gene loop formation between CNS-9 and other DNA loci. In 

B cells, 3C products were enriched between CNS-9 (B) and the pro-
moter (E) (fig. S9E). CNS+6.45 (H) also exhibited interaction with both 
the promoter (E) and CNS-9 (B) (fig. S9, D and E). These results indi-
cate that the Il10 promoter is in close spatial proximity to CNS-9 in B 
cells, thereby facilitating the formation of chromatin looping. To assess 
the role of NFATc1 in mediating this gene looping, we examined 
whether NFATc1 regulates this intrachromosomal interaction. The 
overexpression of NFATc1 significantly enhanced chromatin loop for-
mation between CNS-9 and the Il10 promoter (fig. S9F). Conversely, 
NFATc1 knockdown inhibited this interaction (fig. S9G). Together, 
these results demonstrate that NFATc1 mediates intrachromosomal in-
teractions between CNS-9 and the Il10 promoter, thereby promoting 
active Il10 transcription in B cells.

B1a cells are the primary producers of IL-10 through 
NFATc1-CNS-9 interaction
Having established the molecular mechanism by which NFATc1 regu-
lates Il10 expression through chromatin looping, we next sought to 
identify the specific B cell subpopulation in which this regulatory 
pathway is most active and physiologically relevant. To this end, we 
examined IL-10 production across B cell subsets, with particular at-
tention to B1a cells, which are well known as the predominant source 
of B cell–derived IL-10 (10). Among splenic B cells, B1a and marginal 
zone (MZ) B cells showed the highest levels of IL-10 production (fig. S10, 
A and E to G), and B1a cells showed markedly higher IL-10 mean 
fluorescence intensity (MFI) compared to B2 cells (fig. S10B). In the 
peritoneal cavity, B1a cells were the predominant IL-10 producers, 
also displaying the highest IL-10 MFI relative to B1b and B2 cells 
(fig. S10, C and D). These findings indicate that B1a cells are the major 
source of B cell-derived IL-10.

To determine which B cell subsets require CNS-9 for IL-10 expres-
sion, we generated CNS-9 knockout (KO) mice (Fig. 3A) and vali-
dated the genotypes of CNS-9 mutant mice by Southern blot and 
PCR analysis (fig. S11A). To evaluate potential the physiological ef-
fects of CNS-9 deletion, we monitored body weight changes and 
spleen weights in WT and CNS-9 KO mice. No significant differences 
were observed between the two groups (figs. S11, B to E and S12, A 
and B). Consistent with these findings, the proportions of naive T 
cells, effector/memory T cells, and regulatory T cells in the spleen 
remained unchanged between the two groups (fig. S12, C to F), indi-
cating that CNS-9 deletion does not disrupt the overall growth or T 
cell homeostasis under steady-state conditions. Moreover, analyses of 
B cell subtypes in both bone marrow and spleen revealed no signifi-
cant differences in the frequency of Hardy fractions (fig. S13, A and 
B) or in the distribution of splenic B cells (fig. S13C). These results 
suggest that CNS-9 deletion does not affect B cell development, ho-
meostasis, or general physiology.

To investigate cell-intrinsic effects of CNS-9 deficiency, we gen-
erated mixed bone marrow chimeric mice by transplanting 1:1 mix-
tures of congenic WT and CNS-9 KO bone marrow (Fig. 3B). In 
the spleen, CNS-9 KO cells displayed reduced IL-10 production 
and lower MFI in B cells (Fig. 3C and fig. S14, A to D), consistent 
with the role of these cells as a primary source of IL-10 (fig. S1A) 
(6). Notably, other immune cell populations remained unaffected 
(Fig. 3C and fig. S14, A to D). Among B cell subsets, CNS-9 KO 
B1a cells, in particular, exhibited a significant reduction in both 
IL-10 production and MFI (Fig. 3, D and E, and fig. 15, A to G), 
reinforcing their dependence on CNS-9 for optimal IL-10 expres-
sion. This is especially noteworthy given the established role of B1a 
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Fig. 3. CNS-9 drives IL-10 production in B1a cells. (A) Schematic diagram of CNS-9 KO mice generation. E marks for Eco RI site; a is the forward primer for WT and KO, 
while b and c are reverse primers for WT and KO, respectively. (B) Schematic diagram for generating mixed bone marrow chimeric mice. (C) MFI of IL-10+ cells within the 
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cells as a predominant source of B cell–derived IL-10 (fig. S10, A 
to D) (10).

To further define the role of NFATc1-CNS-9 interaction in IL-10 
expression in B cells, we generated CD19-Cre NFATc1fl/fl (NFATc1ΔCD19) 
mice and CD19-Cre NFATc1fl/fl CNS-9 KO (NFATc1ΔCD19 CNS-9 KO) 
mice. We then compared IL-10 production in B1a cells from WT, 
CNS-9 KO, NFATc1ΔCD19, and NFATc1ΔCD19 CNS-9 KO mice in both 
the spleen and peritoneal cavity. In all three mutant strains, the fre-
quency of IL-10+ B1a cells and IL-10 MFI were significantly reduced 
in the spleen and peritoneal cavity compared to WT mice (Fig. 3, F 
to K). Moreover, there was no significant difference in IL-10 levels 
among the three mutant strains CNS-9 KO, NFATc1ΔCD19, and 
NFATc1ΔCD19 CNS-9 KO (Fig. 3, F to K), suggesting that NFATc1-
mediated CNS-9 regulation is essential for B1 cell–derived IL-10 pro-
duction in both compartments.

NFATc1-CNS-9 signaling drives IL-10 expression to limit 
sepsis inflammation
To investigate the role of NFATc1-mediated CNS-9 regulation in IL-
10 expression and its impact on inflammatory responses, we assessed 
the susceptibility of CNS-9 KO, NFATc1ΔCD19, and NFATc1ΔCD19 
CNS-9 KO mice to LPS-induced sepsis (Fig. 4A). All three mutant 
strains showed significantly reduced survival rates compared to WT, 
with no significant differences among the mutant groups (Fig. 4B). 
The histopathological analysis of the lungs and liver revealed severe 
tissue damage in mutant mice (Fig. 4C and fig. S16, A and B). Lung 
sections showed extensive neutrophil infiltration, alveolar hemor-
rhage, and edema accompanied by thickened alveolar septa. Simi-
larly, liver sections of mutant mice showed extensive hepatic injury, 
characterized by hepatocyte necrosis, sinusoidal congestion, and in-
flammatory cell infiltration. Consistent with these pathological 
findings, IL-10 production and IL-10 MFI levels in B1a cells were 
significantly reduced in both the spleen and peritoneal cavity of mu-
tant mice (Fig. 4, D to I, and fig. S16C), demonstrating that NFATc1-
mediated activation of CNS-9 is essential for optimal IL-10 expression 
in B cells. To determine whether reduced IL-10 production by B cells 
is reflected at the systemic level, we measured total serum IL-10 con-
centrations following LPS challenge. Consistent with impaired B cell 
IL-10 production, CNS-9 KO mice exhibited significantly lower se-
rum IL-10 levels than WT controls at 6 hours after intraperitoneal 
injection of LPS (5 mg/kg) and at both 2 and 6 hours after intraperi-
toneal injection of LPS (30 mg/kg) (fig. S16, D and E). These findings 
indicate that CNS-9 deficiency results in a global reduction of circu-
lating IL-10 during endotoxemia. Previous studies have shown that 
the immunosuppressive effects of IL-10 depend on IL-10 receptor 
signaling in macrophages and neutrophils, rather than in T or B cells 
(59). Accordingly, we examined how reduced IL-10 production in B 
cells affects inflammatory cytokine responses in macrophages and 
neutrophils. Reflecting impaired IL-10–mediated regulation, mutant 
mice exhibited markedly elevated proinflammatory cytokine levels, 
with significantly increased IL-6 and IL-1β production in neutrophils 
and macrophages compared to WT controls (Fig. 4, J to M, and fig. S16F). 
Serum IL-6 levels were substantially higher in mutant mice, indicating 
an exacerbated systemic inflammatory response (Fig. 4N). In con-
trast, phosphate-buffered saline (PBS)–treated WT and mutant mice 
showed no significant differences in IL-6 or IL-1β production by neu-
trophils and macrophages, confirming that these elevated cytokine 
responses are specific to the inflammatory challenge (fig. S16, G to J). 
Collectively, these findings support a critical role for NFATc1-mediated 

regulation of CNS-9 in promoting IL-10 expression in B cells and lim-
iting excessive proinflammatory responses during LPS-induced sepsis.

Adoptive transfer of WT B1a cells restores protection against 
LPS-induced sepsis in CNS-9 KO mice
To verify the protective role of CNS-9–dependent IL-10 in B cells in the 
LPS-induced sepsis model, we performed adoptive transfer experi-
ments to directly assess its causal contribution to survival and in-
flammation. The fluorescence-activated cell sorting (FACS)–sorted 
IL-10–competent WT CD45.1+ B1a cells were adoptively transferred 
into WT or CNS-9 KO recipients before LPS challenge (Fig. 5A and 
fig. S17A). Transfer of WT B1a cells significantly improved the survival 
rate of CNS-9 KO mice after intraperitoneal injection of LPS (30 mg/
kg), whereas PBS-treated CNS-9 KO mice remained highly vulnera-
ble to lethal sepsis (Fig. 5B). The histopathological analysis of lung 
and liver tissues showed that adoptive transfer of WT B1a cells sig-
nificantly reduced tissue damage in CNS-9 KO recipients, including 
less neutrophil infiltration, alveolar hemorrhage, and hepatic injury 
(Fig. 5C and fig. S17, B and C). Flow cytometric analysis further 
revealed that the adoptive transfer of WT B1a cells significantly re-
duced inflammatory cytokine production in innate immune cells. The 
proportions of IL-6+ and IL-1β+ neutrophils and macrophages in the 
spleen were markedly increased in PBS-treated CNS-9 KO mice but 
returned toward WT levels after B1a cell transfer (Fig. 5, D to G). 
In addition, serum IL-6 levels, which were notably elevated in CNS-9 
KO mice, were significantly decreased following adoptive transfer 
of WT B1a cells (Fig. 5H). Together, these findings demonstrate a 
causal role for CNS-9–dependent IL-10 production by B1a cells in 
suppressing systemic inflammation and enhancing survival during 
LPS-induced sepsis.

CNS-12, the human homolog of murine CNS-9, drives 
NFATc1-dependent IL-10 expression in B cells
Given the conserved nature of CNS-9, we identified a homologous re-
gion ~12-kb upstream of the human IL10 transcription start site, which 
we designated as CNS-12. To explore its functional role, we analyzed 
ChIP-seq data from publicly available datasets of human immortalized 
B cell lines (60). CNS-12 exhibited strong enrichment of enhancer-
associated markers, including the coactivator p300 and histone 
modifications H3K27Ac and H3K4me1 (Fig. 6A), both of which are 
characteristic of active enhancer regions. Notably, NFATc1 binding was 
also enriched at this locus, suggesting its involvement in regulating hu-
man IL10 gene expression (Fig. 6A). To assess whether CNS-12 physi-
cally interacts with the IL10 promoter, we examined Hi-C data from 
publicly available datasets (61). The analysis revealed significant chro-
matin interactions between CNS-12 and the human IL10 promoter 
region, indicating potential gene regulation through chromatin loop-
ing mechanisms (Fig. 6A). To directly evaluate the enhancer activity of 
CNS-12, we used CRISPR-Cas9 genome editing in Raji B cells to target 
NFAT-binding motifs within this region (Fig. 6B and fig. S18A). Fol-
lowing electroporation with vectors expressing Cas9 and specific sin-
gle guide RNAs (sgRNAs) (sgRNA1 and sgRNA2), CRISPR-mediated 
deletions were confirmed by Sanger sequencing, and mutation pro-
files were further characterized using Synthego Inference of CRISPR 
Edits (ICE) analysis. ICE analysis confirmed that CRISPR-mediated 
targeting of NFAT-binding motifs was efficient, with an average in-
del frequency of 76.3% for sgRNA1 and 34.7% for sgRNA2 (fig. S18, B 
and C). The disruption of NFAT-binding motifs significantly reduced 
IL10 mRNA levels as determined by qRT-PCR (Fig. 6C). A decrease in 
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Fig. 5. Adoptive transfer of WT B1a cells mitigates LPS-induced sepsis. (A) Schematic diagram of adoptive transfer of B1a cells in the LPS-induced sepsis model. 
(B) Kaplan-Meier survival curve following intraperitoneal injection of LPS (30 mg/kg), monitored for 36 hours (n = 16 for PBS → WT and PBS → CNS-9 KO; n = 17 for CD45.1 
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test [(E), (G), and (H)]: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

D
ow

nloaded from
 https://w

w
w

.science.org at Y
onsei U

niversity M
edical L

ibrary on June 08, 2026



Kim et al., Sci. Adv. 12, eaec7779 (2026)     24 April 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 17

IL-10 production was measured by FACS analysis, with appropriate 
fluorescence-minus-one (FMO) controls confirming the specificity 
of IL-10 staining (Fig. 6, D and E, and fig. S18D). To further validate 
the functional impact of CNS-12 disruption, secreted IL-10 levels in 
culture supernatants were measured by enzyme-linked immunosor-
bent assay (ELISA). Consistent with the reduced intracellular IL-10 sig-
nal, CRISPR-mediated disruption of CNS-12 significantly decreased 
IL-10 concentrations in the supernatant at both 4 and 24 hours of 
culture in cells edited with sgRNA1 and sgRNA2 compared with mock 

controls (Fig. 6F). Collectively, these findings demonstrate that CNS-
12, the human homolog of murine CNS-9, functions as an NFATc1-
dependent enhancer and plays a critical role in regulating IL-10 
expression in human B cells.

DISCUSSION
B cells are major producers of IL-10 and play a crucial role in im-
mune regulation, yet the molecular mechanisms controlling IL-10 
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expression in B cells remain incompletely understood (6–9). In this 
study, we identified NFATc1 as a critical regulator of Il10 transcrip-
tion through its direct binding to the CNS-9 enhancer element. This 
enhancer-dependent regulatory mechanism enables B cells to re-
strain excessive inflammatory responses during sepsis. We further 
demonstrated that CNS-12, the human homolog of murine CNS-9, 
preserves this regulatory function, ensuring the proper expression of 
IL-10 in human B cells. Collectively, our findings reveal an evolu-
tionarily conserved, enhancer-based mechanism for IL-10 regula-
tion, highlighting the translational relevance of the NFATc1-CNS-9 
axis in B cell–mediated immunoregulation.

Through an integrated genomic approach that combined ATAC-
seq, RNA-seq, and ChIP-seq analyses, we identified CNS-9 as a key 
regulatory element for Il10 expression in B cells. CNS-9 exhibited 
hallmarks of an active enhancer, including open chromatin configu-
ration, enrichment of p300 coactivator, recruitment of DNA looping–
associated proteins (RAD21, MLL1, and BRG1), and deposition of 
active histone modifications (H3K27Ac, H3K4me1, and H3K4me2). 
Reporter assay further demonstrated that CNS-9 robustly activates 
the Il10 promoter, establishing its function as a bona fide enhancer 
for B cell–derived IL-10.

We identified NFATc1 as the principal transcription factor that 
binds to CNS-9 and drives IL-10 expression in B cells. Multiple lines of 
evidence support this conclusion: (i) NFATc1 is the most abundantly 
expressed candidate among potential CNS-9–binding transcription 
factors in IL-10–producing B cells; (ii) pharmacological inhibition 
of NFAT activation with CsA markedly reduces Il10 expression; (iii) 
NFATc1 knockdown or overexpression correspondingly decreases 
or increases Il10 mRNA levels; (iv) mutation of NFAT motifs within 
CNS-9 abolishes its enhancer activity; (v) ChIP assays demonstrate 
direct binding of NFATc1 to CNS-9 in B cells; and (vi) in vivo, IL-10 
production by B1a cells in NFATc1ΔCD19 CNS-9 KO mice is reduced to 
levels comparable to those observed in CNS-9 KO or NFATc1ΔCD19 
mice. Notably, while NFATc2 has been implicated in IL-10 regulation 
in TH2 cells via CNS-9 binding (23), our data indicate that NFATc1 is 
the predominant NFAT family member controlling IL-10 expression 
in B cells. This finding suggests that cell type–specific utilization of 
distinct NFAT isoforms regulates the same target gene, revealing an 
additional layer of complexity in the transcriptional control of Il10.

The mutation of any single NFAT-binding motif within CNS-9 
causes a near-complete loss of enhancer activity, suggesting that 
these motifs work together rather than redundantly. Closely spaced 
transcription factor (TF)–binding sites can improve binding affinity, 
specificity, and transcriptional output by stabilizing TF interactions 
with regulatory elements, a phenomenon seen across various en-
hancers and TF families (62, 63). Therefore, the three NFAT motifs 
within CNS-9 likely form a cooperative cluster, such that disrupting 
any one site weakens NFATc1 binding and impairs enhancer func-
tion. In addition, NFAT is known to interact with other factors, such 
as CCAAT/enhancer-binding protein (C/EBP) or activator protein 
1 (AP-1), to form ternary complexes that potentiate transcriptional 
activation (28, 64). Although additional cofactors at CNS-9 remain 
to be defined, these observations support a model in which CNS-9 
activity depends on a cooperative enhancer architecture that ren-
ders individual NFAT sites functionally interdependent.

3C assays revealed that NFATc1 mediates chromatin looping be-
tween the CNS-9 and Il10 promoter in B cells, providing a mechanistic 
basis for the enhancer activity of CNS-9. Enhancer-promoter interac-
tion through chromatin looping is a well-established mechanism for 

gene activation in various contexts (57, 58). Consistent with this model, 
NFATc1 overexpression increased, while its knockdown reduced, 
CNS-9–promoter interaction, suggesting that NFATc1 not only func-
tions as a conventional transcription factor but also plays a role in shap-
ing the three-dimensional chromatin architecture of the Il10 locus. 
Nonetheless, the 3C assay used in this study has technical limitations. 
Cross-linked genomic DNA was digested with Xba I, which selectively 
cleaves the regions surrounding CNS-9 and the Il10 promoter, allowing 
the detection of interactions between these two sites. The absence of 
Xba I restriction sites around other potential interacting elements, such 
as CNS-26 and CNS+1.65 or CNS+2.98, precluded the assessment 
of long-range chromatin interactions involving these regions. Further 
studies using alternative restriction enzymes or higher-resolution tech-
niques such as 4C or Hi-C will be required to comprehensively map the 
chromatin interactions across the Il10 locus.

As previously reported (10), our findings confirmed B1a cells as 
the predominant source of B cell–derived IL-10, and we demonstrat-
ed that NFATc1–CNS-9 regulation is essential for IL-10 production 
in this subset. B1a cells are a distinct B cell population with innate-
like properties that reside primarily in the peritoneal cavity and, to a 
lesser extent, in the spleen (10, 65). They contribute substantially to 
IL-10 production during infection and inflammation (11, 12). Our 
study provides a molecular explanation for this high IL-10 expres-
sion in B1a cells, highlighting the critical role of NFATc1–CNS-9 
interaction. The significant reduction of IL-10 in B1a cells from 
CNS-9 KO, NFATc1ΔCD19, and NFATc1ΔCD19 CNS-9 KO mice, with 
no additive decrease in the double KO, demonstrates that NFATc1 
and CNS-9 function within the same pathway to control IL-10 ex-
pression. The biological significance of the NFATc1–CNS-9 axis was 
further demonstrated in an LPS-induced sepsis model, in which all 
three mutant strains (CNS-9 KO, NFATc1ΔCD19, and NFATc1ΔCD19 
CNS-9 KO) exhibited reduced survival, exacerbated tissue damage, 
diminished IL-10 production, and elevated proinflammatory cyto-
kines compared with WT controls. These findings underscore the 
essential role of B cell–derived IL-10 in restraining excessive inflam-
mation during sepsis and establish NFATc1–CNS-9 interaction as a 
critical mechanism in this process. NFATc1 is required for the devel-
opment of both B1 and B2 cells (27), and B1a cells in particular have 
been identified as key mediators of protection in sepsis models (12, 
66). In this context, our results suggest that B1a cell–derived IL-10 is 
likely the predominant contributor to the observed protective effects, 
rather than potential contributions from B2 cells. Thus, the NFATc1–
CNS-9 axis appears to be particularly crucial for maintaining IL-10 
production in B1a cells during systemic inflammation. Given the high 
mortality and limited treatment options associated with sepsis, targeting 
this regulatory pathway represents promising therapeutic potential.

CNS-9 primarily regulates cell-intrinsic IL-10 production in B1a 
cells, while IL-10 itself can exert cell-extrinsic effects that partially 
preserve the IL-10+ B1a pool in mixed chimeras. Although CNS-9 
deficiency reduced IL-10 expression levels per cell, reflected by de-
creased IL-10 MFI, the frequency of IL-10+ B1a cells was only mod-
estly reduced in mixed chimeras but sharply diminished in full KO 
mice. This discrepancy suggests that CNS-9 may primarily control 
cell-intrinsic IL-10 production, while cell-extrinsic signals may par-
tially preserve the IL-10+ B1a population in a mixed cellular envi-
ronment. One plausible explanation is that IL-10 produced by WT 
cells in chimeric mice provides paracrine support that promotes the 
maintenance or stabilization of IL-10–producing B1a cells, consis-
tent with previous reports describing autocrine and paracrine roles 
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of IL-10 in B-cell activation, survival, and differentiation (1, 67–72). 
Although the reduction in IL-10–producing B1a cells and IL-10 ex-
pression levels in CNS-9 KO mice was moderate at the cellular level, 
these changes were accompanied by markedly exacerbated inflam-
matory responses and reduced survival during sepsis. This observa-
tion suggests that even moderate alterations in enhancer activity can 
produce disproportionately large effects on inflammatory outcomes, 
particularly for genes such as Il10 that function as central nodes in 
immunoregulatory networks. Although IL-10 is produced by mul-
tiple immune cell types—including CD4+ T cells, macrophages, and 
neutrophils—several observations suggest a preferential role for B1a 
cell–derived IL-10 in this model. Our comparative analysis showed 
that B cells constitute the largest fraction of IL-10+ leukocytes, with 
B1a cells representing the major IL-10–producing subset and dis-
playing high IL-10 expression levels. Despite comparable frequencies 
of IL-10–producing CD4+ T cells and myeloid populations between 
WT and CNS-9 KO mice, total circulating IL-10 concentrations were 
significantly reduced in CNS-9 KO mice during endotoxemia, indi-
cating that CNS-9–dependent B cell IL-10 substantially contributes 
to systemic IL-10 availability. This interpretation is consistent with 
previous studies showing that B1a-deficient mice develop exacer-
bated sepsis despite the presence of other IL-10–producing immune 
cells (12). Together with our adoptive transfer experiments, these 
findings support a model in which B1a cell–derived IL-10 acts as a 
key early regulator that restrains excessive inflammatory responses, 
although contributions from other IL-10–producing cell types are 
not excluded.

Extending these findings to human B cells, we demonstrated that 
these regulatory mechanisms identified in mouse B cells are con-
served in humans. The human homolog of murine CNS-9, desig-
nated CNS-12, exhibits similar enhancer features, including p300 
enrichment, active histone modifications, and NFATc1 binding. 
Moreover, Hi-C analysis revealed significant interactions between 
CNS-12 and the IL10 promoter, indicating the conservation of chro-
matin looping. Functional validation using CRISPR-Cas9-mediated 
disruption of NFAT binding motifs within CNS-12 confirmed its 
essential role in IL-10 expression in human B cells. Together, these 
findings suggest that the NFATc1-CNS-9/12 regulatory axis repre-
sents a fundamental and evolutionarily conserved mechanism for 
controlling IL-10 expression in B cells.

CNSs are increasingly recognized as key elements of gene regula-
tory regions and often harbor disease-associated single-nucleotide 
polymorphisms (SNPs) (73–75). Notably, SNPs such as rs3024505, 
rs3024493, and rs11119570 in the IL10 regulatory landscape are lo-
cated within CNS+6 (corresponding to mouse CNS+6.45), CNS+1.7 
(mouse CNS+1.65), and CNS-22 (mouse CNS-20), respectively, im-
plicating these regions as potential modulators of IL-10 expression in 
immune-related conditions (76–78). CNS-12 in the human IL10 gene 
locus, despite its high sequence conservation and homology to mouse 
CNS-9, has not been reported to contain any risk SNPs. Nevertheless, 
our findings suggest that CNS-12 plays a regulatory role in IL-10 ex-
pression, particularly in B1a cells during sepsis. Further investigation 
of CNS-12, as well as other regions such as CNS+6, CNS+1.7, and 
CNS-22, which harbor risk SNPs, will be necessary to clarify how 
these regulatory elements contribute to IL-10–mediated immune ho-
meostasis and disease pathogenesis.

While this study emphasizes the central role of CNS-9 in regulat-
ing IL-10 expression in B cells, additional cis-regulatory elements are 
likely involved. Correlation analysis between OCR scores and Il10 

mRNA levels across 33 OCRs in 11 B cell subsets identified five OCRs 
overlapping with CNSs: CNS-26, CNS-20, CNS-4.5, CNS+2.98, and 
CNS-9. OCR_21049, although not evolutionarily conserved, exhibit-
ed a significant correlation with Il10 expression, suggesting potential 
functional relevance. Reporter assays further supported this possibil-
ity: CNS-9 exhibited the highest reporter activity, while CNS-26, 
CNS-4.5, CNS+1.65, CNS+2.98, and CNS+6.45 also significantly 
enhanced luciferase activity compared with a minimal promoter con-
trol. Consistent with these findings, ChIP-seq data revealed strong 
p300 enrichment at CNS-9 and enrichment of DNA-looping proteins 
and active histone marks at other CNSs, including CNS-26, CNS-20, 
CNS+1.65, CNS+2.98, and CNS+6.45. Furthermore, 3C assays pro-
vided direct evidence of physical interactions between the Il10 promoter 
and these regulatory elements. Although the interaction between the 
Il10 promoter and CNS-9 was most prominent, we also detected pro-
moter interactions with CNS+6.45 and evidence of looping between 
CNS-9 and CNS+6.45. These results suggest that IL-10 expression in 
B cells is coordinated not only by individual CNSs but also through 
cooperative interactions among multiple cis-regulatory elements.

Our findings have several implications for understanding the 
regulation of immune homeostasis and guiding the development of 
treatments. First, we identified a specific enhancer-transcription 
factor interaction, NFATc1 binding to CNS-9/12, which could be 
targeted to control B cell–derived IL-10 production in inflammatory 
disorders. Enhancing this interaction might help reduce inflamma-
tion in autoimmune diseases, while inhibiting it could benefit con-
ditions such as chronic infections or cancers, where excessive IL-10 
promotes pathogen persistence or tumor immune evasion. Second, 
these results underscore the importance of cell type–specific regula-
tory mechanisms in controlling cytokine expression, a key consider-
ation for designing precisely targeted immunomodulatory therapies. 
Last, the conservation of this regulatory pathway between mice and 
humans underscores its potential for translation, making NFATc1–
CNS-9/12 a promising therapeutic target.

Several important questions remain for future studies. First, what 
upstream signals activate NFATc1 and promote its binding to CNS-9 
in B1a cells? B1a cells can be activated by various stimuli, including 
Toll-like receptor ligands and cytokines (26, 79, 80), but how these 
signals converge to drive NFATc1 activation and subsequent IL-10 
production remains unclear. Second, how does NFATc1 cooperate 
with other transcription factors to regulate IL-10 expression in B 
cells? While our data identify NFATc1 as a key regulator, cell type–
specific and context-dependent IL-10 expression likely involves com-
binatorial interactions with additional factors. Third, what role does 
NFATc1-mediated CNS-9 regulation play in other IL-10–dependent 
processes, such as autoimmunity, cancer, and chronic infection? Fur-
ther studies using cell type–specific deletion of CNS-9 or NFATc1 in 
diverse disease models will help address these questions. Finally, what 
are the genome-wide direct targets and transcriptional programs reg-
ulated by NFATc1 in B1a cells? Although our transcriptomic analysis 
suggests that NFATc1 broadly influences gene expression in B cells 
beyond Il10, integrative approaches combining NFATc1 ChIP-seq 
with RNA-seq will be required to systematically define direct NFATc1-
dependent regulatory networks and to place Il10 regulation within 
this broader context.

In conclusion, this study identifies a conserved, enhancer-dependent 
mechanism by which NFATc1 regulates IL-10 expression in B1a cells, 
thereby suppressing excessive inflammatory responses during sepsis. 
These findings enhance our understanding of the molecular regulation 
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of B cell–derived IL-10 and offer insights for therapeutic strategies tar-
geting the modulation of IL-10 expression in inflammatory disorders.

MATERIALS AND METHODS
Mice
C57BL/6 and congenic CD45.1+ mice were maintained under specific 
pathogen–free (SPF) conditions (the Jackson laboratory, USA) in the 
animal facility of the POSTECH Biotech Center in accordance with 
institutional ethical guidelines. To minimize genetic variability apart 
from the target gene, a controlled breeding strategy was implemented. 
Homozygous WT and CNS-9 KO mice were derived from the same 
heterozygous parental lineage on a C57BL/6 background and subse-
quently used for experimental procedures. NFATc1fl/fl and CD19Cre 
mice were provided by A. Rao (La Jolla Institute for immunology). 
For the generation of conditional KO models, NFATc1fl/fl mice were 
crossed with CD19cre mice to obtain CD19cre NFATc1fl/fl conditional 
KO mice. To establish the combined KO model, CD19cre NFATc1fl/fl 
mice were crossed with CNS-9 KO mice. Heterozygous offspring 
from this cross were selected and further bred to generate CD19cre 
NFATc1fl/fl CNS-9 KO mice. Genotyping was performed using spe-
cific primers listed in table S1. Gender- and age-matched mice be-
tween 7 and 9 weeks old were used in all experiments. Mice were 
randomly assigned to experimental groups, with genotype and age 
balanced across groups. All mice were maintained under SPF condi-
tions in accordance with Institutional Animal Care and Use Committee 
(IACUC) guidelines from the animal facility of the POSTECH Biotech 
Center (POSTECH-2021-0029, POSTECH-2022-0011, POSTECH-
2022-0011-R1, and POSTECH-2025-0122). Animal experiments were 
conducted in accordance with the Animal Research: Reporting of 
In Vivo Experiments (ARRIVE) guidelines. Sample sizes for animal 
experiments were estimated on the basis of pilot experiments and the 
“Sample Size Calculations (IACUC)” guidance provided by Boston 
University (www.bu.edu/research/forms-policies/iacuc-sample-size-
calculations; effective 05 March 2024, next review 04 March 2027). 
Using a power level of 80% and a significance level of P = 0.01, we 
calculated the minimum number of mice required for each in vivo 
study. To account for potential technical issues during disease induc-
tion and progression, one or two additional animals were included 
per group. No animals were excluded from analysis unless preestab-
lished technical failures occurred.

Generation of CNS-9 KO mice
The CNS-9-targeting plasmid was constructed by cloning the sequenc-
es flanking the CNS-9 site into the pOSDupDel vector (MES3974, 
Open Biosystems), which contains a neomycin resistance (NeoR) 
gene as a positive selection marker and a thymidine kinase gene as a 
negative selection marker. To generate CNS-9 KO mice, the CNS-9 
fragment was replaced with a NeoR gene cassette flanked by LoxP 
sites. This construct was electroporated into the 129/Sv J1 embryonic 
stem (ES) cell line. Properly targeted ES cell clones were selected and 
subsequently injected into C57BL/6 blastocysts to generate chimeric 
mice. High-percentage chimeras were bred with C57BL/6 mice to es-
tablish germline transmission. The deletion of the CNS-9 allele was con-
firmed by Southern blot analysis and PCR. Male CNS-9–deficient mice 
on a 129/Sv × C57BL/6 F1 mixed background were backcrossed with 
C57BL/6 (B6) females for 10 generations to establish a congenic line. 
Mice from this congenic line were used for all subsequent experiments.

Single-cell suspension from the spleen, bone marrow, and 
peritoneal cavity
Single-cell suspensions of splenic lymphocytes were prepared by 
gently dissociating the spleen through a 100-μm cell strainer. Bone 
marrow cells were flushed from the femurs using a 26-gauge needle. 
After centrifugation, the cell pellet was washed with RPMI 1640 
supplemented with 10% fetal bovine serum (FBS) (Hyclone). Red 
blood cells were lysed using ammonium-chloride-potassium (ACK) 
lysis buffer for 2 min, followed by washing with RPMI 1640 supple-
mented with additional components. Peritoneal cells were obtained 
by performing peritoneal lavage with PBS. The collected lavage fluid 
was centrifuged, and the resulting cell pellet was washed with RPMI 
1640 containing 10% FBS before further analysis.

Flow cytometry analysis
For Live/Dead staining, single-cell suspensions from the spleen and 
peritoneal cavity were stained with Fixable Viability Dye (Invitrogen). 
For surface marker staining, cells were washed with PBS and stained 
with the following antibodies: CD45 (30-F11), CD45.1 (A20), CD45.2 
(104), CD19 (1D3, 6D5, and SJ25C1), B220 (RA3-6B2), BP-1 (6C3), 
immunoglobulin D (IgD) (11-26c.2a), IgM (II/41), CD43 (S11), CD43 
(1B11), CD5 (53-7.3), CD93 (AA4.1), CD21 (7E9 and eBio8D9), 
CD23 (B3B4), CD24 (M1/69), GL7 (GL7), CD138 (281-2), CD11b 
(M1/70), CD11c (N418), F4/80 (BM8), Ly6C (HK1.4), Ly6G (1A8), 
Gr-1 (RB6-8C5), TER-119 (TER-119), CD3 (17A2), CD3ε (145-2C11), 
NK1.1 (PK136), TCRγδ (GL3), TCRβ (H57-597), CD4 (RM4-5), CD8a 
(53-6.7), CD44 (IM7), and CD62L (MEL-14). For intracellular tran-
scription factor staining, cells were fixed using eBioscience/Invitrogen 
Foxp3 Fix/Perm Buffer, washed with eBioscience/Invitrogen Perm 
Buffer, and stained with the following antibodies: Foxp3 (FJK-16 s), 
Bcl-6 (7D1), and Blimp1 (5E7). For intracellular cytokine staining, 
two stimulation methods were used: (i) Cells were restimulated with 
PMA (50 ng/ml; Calbiochem) and 2 μM ionomycin in the presence of 
Golgi-Stop (0.7 μl/ml; BD Biosciences, 554724) and Golgi-Plug (1 μl/
ml; BD Biosciences, 555029) for 4 hours. (ii) Cells were restimulated 
using the Cell Stimulation Cocktail plus protein transport inhibitors 
(00-4975-03, eBioscience/Invitrogen). After restimulation, cells were 
washed and stained for surface markers. Cells were then fixed with 
either eBioscience/Invitrogen Foxp3 Fix/Perm Buffer or eBioscience/
Invitrogen Intracellular (IC) Fixation Buffer, washed with Perm Buf-
fer, and stained with the following antibodies: IL-10 (JES5-16E3 and 
JES3-9D7), IL-6 (MP5-20F3), and IL-1β (NJTEN3). A comprehensive 
list—including the source, clone, format, and catalog number of all 
antibodies—is provided in table S2. Cell acquisition was performed us-
ing an LSR Fortessa flow cytometer (BD Biosciences) or a CytoFLEX 
flow cytometer (Beckman Coulter) at the Microbiome Core Facil-
ity of POSTECH. Data were analyzed using FlowJo software (Tree Star).

Bioinformatic analysis
Genomic sequences spanning 40 kb of the IL-10 gene were analyzed 
using web-based alignment tools, including VISTA Browser 2.0 
(https://pipeline.lbl.gov/cgi-bin/gateway2) and ECR Browser (https://
ecrbrowser.dcode.org/), to identify CNSs. ATAC-seq and RNA-seq 
data for 10 B cell subsets were obtained from the ImmGen database 
(www.immgen.org/). OCRs across the Il10 locus and their corre-
sponding chromatin accessibility scores, as well as IL-10 expres-
sion levels, were analyzed using these datasets. Microarray data 
on transcription factor expression were retrieved from the same 
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database. Transcription factor binding motifs within CNS-9 were pre-
dicted using the rVISTA program (http://rvista.dcode.org), which 
uses matrices from the TRANSFAC database (TRANSFAC Profes-
sional V10.2 library). Publicly available ATAC-seq (GSE103057 and 
GSE82144), ChIP-seq (GSE82144, GSE33819, GSE92344, GSE32465, 
and GSE29611), Microarray (GSE21063), and Hi-C data (GSE63525) 
were retrieved from the National Center for Biotechnology Infor-
mation Gene Expression Omnibus database. Sequence reads were 
aligned to the mouse genome (mm10) or human genome (hg19) us-
ing Bowtie 2. BedGraph files were generated using HOMER and 
converted to bigWig format for visualization with the University of 
California, Santa Cruz bedGraphToBigWig tool. Data visualization 
was performed using the WashU Epigenome Browser and the Inte-
grative Genomics Viewer.

Cell lines
A20 and Raji B cell lines were obtained from the American Type 
Culture Collection (MD, USA).

Cloning and mutagenesis of reporter vector
Promoter and CNS regions of the Il10 locus were amplified from P1 
clones by PCR and cloned into the pXPG reporter vector containing 
the luciferase gene. Primers used for cloning are listed in table S3. To 
inactivate conserved NFAT binding motifs within the CNS locus, 
site-directed mutagenesis was performed using the QuickChange 
Site-Directed Mutagenesis Kit (Stratagene, CA, USA), with primers 
listed in table S4. To disrupt all predicted NFAT-binding motifs with-
in CNS-9, a fully synthetic mutant CNS-9 fragment was generated 
by gene synthesis (Bioneer, Korea). All constructs were verified by 
Sanger sequencing before use in luciferase assays.

Transient transfection and reporter assays
A20 cells were transfected using Lipofectamine 2000 (Invitrogen, CA, 
USA) or electroporated with the Isoosmolar Electroporation Buffer 
(Eppendorf, Hamburg, Germany) using a Multiporator system, ac-
cording to the manufacturer’s protocol. Primary B cells were transfected 
using the Mouse B Cell Nucleofector Kit (Lonza, Cologne, Germany).

For the reporter assay, the pXPG vector was cotransfected into B 
cells along with the pRL-TK Renilla vector. After 12 hours of trans-
fection, the cells were stimulated with PMA and ionomycin for an 
additional 24 hours. Reporter activity was then measured using the 
Dual-Luciferase Assay System (Promega, WI, USA). Firefly lucifer-
ase activity was normalized to Renilla luciferase activity.

qRT-PCR analysis
Total RNA was extracted using TRIzol reagent (Molecular Research 
Center, OH, USA) according to the manufacturer’s instructions. cDNA 
was synthesized from 500 ng of total RNA in a 20 μl of reaction using 
the ImProm-II Reverse Transcription System (Promega). The qRT-
PCR was performed using SYBR Premix Ex Taq (Takara, Shiga, Japan) 
and a Rotor-Gene Q Real-Time PCR System (QIAGEN), with gene-
specific primers listed in table S5. Gene expression was normalized to 
hypoxanthine-guanine phosphoribosyltransferase for mouse samples 
and glyceraldehyde-3-phosphate dehydrogenase for human Raji B cells.

ChIP assays
ChIP analysis was performed as previously described, with minor mod-
ifications (81). Briefly, B cells were stimulated for 1 hour and cross-
linked with 2% formaldehyde. After incubation in lysis buffer, cell 

lysates were sonicated using a Bioruptor (Diagenode, Liège, Belgium) to 
fragment the DNA. The sheared chromatin was immunoprecipitated 
using antibodies against NFATc1, NFATc2, or rabbit IgG. DNA-protein 
complexes were captured using protein G agarose (Millipore) and then 
reverse cross-linked. The presence of specific DNA sequences was as-
sessed by RT-PCR using primers listed in table S6. As a control, PCR 
was performed directly on the input DNA, which was purified before 
immunoprecipitation. ChIP data were normalized to input DNA and 
presented as relative levels compared to the IgG control.

Electrophoretic mobility shift assay
EMSA was performed as described previously with minor modi-
fication (82). Double-stranded probes were labeled with γ-32P-ATP 
(PerkinElmer, MA, USA) by T4 polynucleotide kinase (New England 
Biolabs, MA, USA) and then purified by G-50 micro column (GE 
Healthcare, NJ, USA). Nuclear extracts of CD19+ B cells (10 ug) were 
incubated with 0.1 mg of poly(dI-dC) in standard EMSA binding 
buffer for 30 min and subsequently mixed with radio-labeled probes 
for 30 min. Probe sequences were described in table S7. Unlabeled 
oligomers used as competitors were added to the mixtures 30 min 
before probe incubation. For supershift assays, nuclear extracts 
were preincubated with specific antibodies against the target protein. 
Samples were subjected to 6% nondenaturing polyacrylamide gels in 
0.5× tris-borate–EDTA buffer.

3C assay
The 3C assay was performed as previously described (83, 84). B cells 
were stimulated with PMA and ionomycin for 1 hour and then cross-
linked with 2% formaldehyde for 10 minutes. Genomic DNA was di-
gested with the restriction enzyme Xba I for 12 hours and subsequently 
ligated using T4 DNA ligase. After DNA purification with phenol-
chloroform extraction, ligated products were analyzed by RT-PCR. PCR 
primers for the 3C assay are listed in table S8. As a control, PCR was 
performed at an intergenic locus of the IL-10 gene using control prim-
ers (Con F and Con R), which served as input DNA. Quantitative lev-
els of 3C products were normalized to input DNA.

Mixed bone marrow chimeras
Bone marrow was isolated from the femurs and tibiae of CD45.1 WT 
mice and CD45.2 CNS-9 KO mice. Mature T cells were depleted 
using anti-CD4 (BioLegend, 100404) and anti-CD8a microbeads 
(BioLegend, 100704), and the remaining bone marrow cells were 
mixed at a 1:1 ratio. CD45.1/CD45.2 recipient mice underwent le-
thal irradiation (6.5 Gy × 2) and subsequently received a retroorbital 
injection of 10 × 106 donor bone marrow cells. Chimeric mice were 
analyzed 8 weeks posttransplantation.

ELISA for IL-6 and IL-10 quantification
Serum concentrations of mouse IL-6 and IL-10, as well as human 
IL-10 concentrations in culture supernatants, were quantified us-
ing commercially available uncoated ELISA kits (Invitrogen) ac-
cording to the manufacturer’s instructions: Mouse IL-6 (catalog 
no. 88-7064-88), mouse IL-10 (catalog no. 88-7105-88), and Human 
IL-10 (catalog no. 88-7106-88). A 96-well half-area clear flat-bottom 
plate (catalog no. 3690, Corning, NY, USA) was coated with capture 
antibodies provided in each kit and incubated overnight at 4°C. Plates 
were then washed with ELISA wash buffer (0.05% Tween 20 in PBS) 
and subsequently blocked with blocking buffer at room tempera-
ture for 1 hour. After blocking, appropriately diluted mouse serum 
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samples (for IL-6 and IL-10) or cell culture supernatants (for human 
IL-10), together with serially diluted cytokine standards, were add-
ed to the wells and incubated overnight at 4°C. Following exten-
sive washing, plates were incubated with biotinylated detection 
antibodies for 1 hour at room temperature, followed by incuba-
tion with streptavidin–horseradish peroxidase for 30 min. After 
additional washing, 3,3′,5,5′-tetramethylbenzidine (TMB) sub-
strate was added to each well and incubated for 1 to 2 min in a light-
protected environment. The enzymatic reaction was stopped by adding 
1 N H2SO4, and optical density was measured at 450 nm using a 
TECAN microplate reader. Cytokine concentrations were calculated 
from standard curves generated using serial dilutions of recombi-
nant IL-6 or IL-10 standards supplied in the respective kits.

LPS-induced sepsis
All experimental mice were sex- and age-matched. For the survival 
analysis of LPS-induced sepsis, mice were intraperitoneally injected 
with LPS (30 mg/kg) from Escherichia coli O111:B4 (Sigma-Aldrich, 
L4130), and survival was monitored for 36 hours. For other analy-
ses, mice received an intraperitoneal injection of LPS (5 mg/kg), and 
experiments were conducted 36 hours later.

Peritoneal B1a cell sorting and adoptive transfer
Peritoneal B1a adoptive transfer experiments were performed as pre-
viously described, with minor modifications (12). Peritoneal cells 
were collected by lavage with cold PBS. B1a cells were identified as 
PI−CD19+B220lo/−CD43+CD5+ cells and sorted using a MoFlo Astrios 
EQ cell sorter (Beckman Coulter). Post-sort purity was assessed by flow 
cytometry and was consistently ≥95% for all experiments. Sorted B1a 
cells were washed twice with sterile PBS and resuspended at 5 × 105 
cells in 150 μl of PBS per mouse for adoptive transfer. For adoptive 
transfer experiments, 5 × 105 CD45.1+ WT B1a cells were injected in-
traperitoneal into recipient WT or CNS-9 KO mice 1 hour before LPS 
challenge. Control mice received 150 μl of PBS intraperitoneally 
as vehicle.

Histology
Lung and liver tissues were collected and fixed in 4% paraformalde-
hyde solution at 4°C overnight. The tissues were then embedded in 
paraffin blocks; sectioned at a thickness of 3 μm; deparaffinized; and 
dehydrated through sequential incubation in xylene, 100% ethanol, 
and 95% ethanol. The sections were rehydrated in distilled water 
and stained with hematoxylin (HHS32, Sigma-Aldrich) and eosin 
(HT110132, Sigma-Aldrich). Images were acquired using a LEICA 
DFC420 C light microscope. For each lung and liver section, three 
randomly chosen fields were analyzed to evaluate histopathological 
changes. Lung tissue damage was evaluated on the basis of four pa-
rameters: alveolar congestion, alveolar hemorrhage, infiltration or 
aggregation of inflammatory cells in the airspace or vessel wall, and 
thickness of the alveolar wall and hyaline membrane formation. Each 
parameter was scored on a five-point scale: 0 = normal, 1 = mild 
damage, 2 = moderate damage, 3 = severe damage, and 4 = maxi-
mal damage (85). Liver injury was assessed using the Suzuki score, 
which includes sinusoidal congestion, vacuolization of hepatocyte cy-
toplasm, and parenchymal necrosis. The sinusoidal congestion and 
vacuolization of hepatocyte cytoplasm were scored on a five-point 
scale: 0 = normal, 1 = mild damage, 2 = moderate damage, 3 = se-
vere damage, and 4 = maximal damage. Parenchymal necrosis was 
scored on the basis of the extent of tissue damage: 0 = no necrosis, 

1 = single-cell necrosis, 2 = necrosis affecting up to 30%, 3 = 31 to 
60%, and 4 = more than 60% (86). All histological evaluations were 
performed in a blinded manner.

CRISPR mutation of IL10 CNS-12 in human Raji B cells
PX330 (42230, Addgene) was modified by the addition of a puromy-
cin resistance gene and a green fluorescent protein gene for selection 
in mammalian cells. sgRNAs were designed using CRISPOR version 
5.2 (https://crispor.gi.ucsc.edu/). After annealing the sgRNA oligos, 
the gRNA duplexes were cloned into the modified PX330 using BbsI 
(BpiI). sgRNA sequences are listed in the table S9. The vectors were 
prepared using the Hybrid-Q Plasmid Rapidprep mini. The cloned 
vectors were isolated using the Hybrid-Q Plasmid Rapidprep Kit 
(GeneAll, Seoul, Korea). PCR product sequencing was performed 
by Macrogen (Seoul, Korea). Human Raji B cells were cultured in 
10 ml of complete RPMI 1640 medium containing 10% FBS, 5% 
penicillin/streptomycin, 2 mM l-glutamine, 1 mM sodium pyru-
vate, nonessential amino acids, and β-mercaptoethanol. The cells were 
maintained at 37°C in a 5% CO2 incubator. Raji B cells were electro-
porated using the Nucleofector 2b Kit V for cell lines (Lonza, VCA-
1003) with the GenePulser X cell, following the manufacturer’s 
protocol. Indel frequencies in the CNS-12 region were analyzed us-
ing the Synthego ICE tool (https://ice.editco.bio/#/) based on Sanger 
sequencing data. Primers used for the Sanger sequencing are listed 
in table S10.

Statistical analysis
Statistical analysis was performed using GraphPad Prism software 
(v10.4.1, La Jolla, CA, USA). Data are presented as means ± SEM. For 
single comparisons, statistical significance was determined using a 
two-tailed unpaired Student’s t test or a two-tailed paired Student’s t 
test, as appropriate. Multiple group comparisons were conducted us-
ing one-way analysis of variance (ANOVA) followed by Tukey’s post 
hoc test. For correlation analysis, Pearson’s r values were calculated, 
and two-tailed P values were assessed. For survival analysis, the log-
rank (Mantel-Cox) test was performed. P values below 0.05 were con-
sidered statistically significant and are reported as follows: *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S18
Tables S1 to S10
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