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SUMMARY

T helper (Ty)17 cells are crucial for host defense in barrier organs, and their altered functionality can disrupt
tissue homeostasis, increasing the risk of autoimmune diseases. Thus, it is essential to understand the mech-
anisms controlling Ty17 differentiation to develop strategies influencing their role in diseases. Here, we iden-
tified Special AT-rich sequence-binding protein 1 (Satb1) as a pioneering factor for T;17 development. Satb1
is highly expressed in T417 cells, and loss of Satb1 prevents the differentiation of T417 cells. Consequently,
expression of Satb1 in CD4* T cells is required for the formation of T,y17-driven autoimmune diseases. Mech-
anistically, Satb1 mediates Ty17 development through regulating accessibility of the //2 gene locus and
thereby preventing interleukin (IL)-2 signaling early during Ty17 differentiation. Hence, suppression of IL-2
expression by Satb1 during Ty17 formation is pivotal, suggesting that Satb1 could serve as a novel therapeu-
tic target for treating autoimmune diseases driven by Ty17 cells.

INTRODUCTION

T helper (Ty)17 cells are essential for tissue homeostasis and
inflammation by preventing invasion and clearing extracellular
pathogens.! Beyond their protective role, they contribute to
autoimmune diseases like multiple sclerosis and inflammatory
bowel disease,’ reflecting diverse effector functions® and

Gheck for
Updates

distinct Ty17 functional states.” Ty17 cells differentiate in
response to interleukin (IL)-6 and transforming growth factor
(TGF)-p1, with IL-6 signaling activating signal transducer and
activator of transcription 3 (Stat3), which induces RAR-related
orphan receptor gamma (RORyt) and initiates the Ty17 gene pro-
gram. Secretion of IL-17 and IL-22 enhances immune responses
in epithelial and stromal cells, leading to neutrophil recruitment
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and antimicrobial peptide production.” Additionally, IL-23 sig-
naling and TGF-p3 expression are crucial for the emergence of
pathogenic features and the progression of Ty17-driven autoim-
mune diseases.”® More recently, a role for Special AT-rich
sequence-binding protein 1 (Satb1) in pathogenic Ty17 effector
function has been ascribed.”® Satb1, a chromatin organizer and
transcription factor, is essential for lymphocyte development
and function.® Satb1 modulates gene expression through forma-
tion of high-order chromatin loop structures enabling long-range
interactions'®'* and by recruiting chromatin-modifying factors
to target loci.’® Thus, Satb1 shapes the nuclear architecture
and epigenetic landscape, acting both as an activator and
repressor. Satb1 plays multiple roles in T cell development, pro-
moting lymphoid lineage commitment from hematopoietic stem
cells (HSCs) and guiding thymocyte maturation, including T cell
receptor (TCR)a rearrangement, thymic development, and
CD4*/CD8" lineage decisions.®'%2°

In peripheral CD4* T cells, Satb1 promotes CD25 and IL-2
expression in conventional T cells (Teony) cells.?® During Ty
cell differentiation, Satb1 supports T2 lineage commitment
by restructuring the T2 cytokine locus and inducing Gata3
expression.”’?° Additionally, Satb1 deficiency in tumor set-
tings correlates with increased follicular Ty (Tgy) cell forma-
tion.*° Furthermore, downregulation of Satb1 fosters the devel-
opment of peripheral regulatory T (pT,e) cells and is required for
the suppressive function of regulatory T (T,sg) cells and for the
maintenance of a T,eq phenotype.”®*"%? In silico analyses iden-
tified Satb1 as a key regulator for T,17 cells,**** supported by
studies in experimental autoimmune encephalomyelitis (EAE)
showing its regulation of granulocyte-macrophage colony-
stimulating factor (GM-CSF) and programmed cell death pro-
tein 1 (PD-1) expression in T17 cells.”® However, the precise
cellular and molecular mechanisms by which Satb1 contributes
to autoimmunity remain unclear. Understanding the role of
Satb1 in peripheral T cells has been limited by genetic models
like CD4-Cre and Thpok-Cre, which delete Satb1 before thymic
egress, confounding peripheral effects with thymic develop-
ment. To overcome this, we used a tamoxifen-inducible model
to delete Satb1 specifically in peripheral T cells, combined with
functional, epigenomic, and transcriptional analyses. We iden-
tify a role for Satb1 early in Ty17 differentiation, where it sup-
presses IL-2 to promote the T417 gene program. Peripheral
deletion of Satb1 disrupts this program and confers complete
protection from autoimmune diseases such as EAE and exper-
imental colitis.

RESULTS

Satb1 is required for Ty17 cell differentiation and
function

As Satb1 was previously linked specifically to T417 cells, we
first analyzed its expression across CD4" T cell subsets. Under
homeostatic conditions, Satb1 was expressed in CD4*CD44~
CD62L*CD25™ naive T cells and downregulated in CD4*CD44*
CD62L"CD25 effector/memory T cells at the mRNA (Figure
S1A) and protein level (Figures S1B and S1C). Furthermore,
in vitro differentiation showed Satb1 was most strongly upregu-
lated in Ty17 cells compared to naive and other Ty cell subsets
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(Figures S1D-S1F), indicating a key role in Ty17 differentiation.
To identify regulators of Satb1, we analyzed datasets from
Stat3- and RORyt-deficient T417 cells and found both factors
bind to the genomic Satb1 locus (Figure S1G). However, only
Stat3 deficiency significantly reduced Satb1 mRNA, while RORyt
loss had no effect (Figure STH).

To explore a causal link between Satb1 induction and T cell
differentiation, we used a conditional Satb1-deficient mouse
line.*® This model expresses enhanced green fluorescent protein
(eGFP) under the control of the Satb1 promoter post recombina-
tion, mirroring endogenous Satb1 levels (Figure S1l). Given the
role of Satb1 in thymic T cell development,’®" we crossed
these mice with CD4-CreERT2 mice,*® enabling tamoxifen-
inducible Satb1 deletion in mature peripheral CD4" T cells.
Tamoxifen treatment in adult mice led to Satb1 loss in naive
CD4* T cells, which instead expressed high eGFP, while
effector/memory CD4* T cells showed low eGFP expression
(Figures S1J-S1N).

To investigate the impact of Satb1 on Ty cell generation, we
performed in vitro differentiation of Satb1-sufficient and -defi-
cient naive CD4" T cells into Ty1, T2, T417, and induced regu-
latory T cells (iT,eg) cells. Satb1 deficiency led to reduced T2 dif-
ferentiation and increased T,y and Ty1 differentiation
(Figures S10-S1S), with the most striking effect seen in T,17
cells. Knockout (KO) CD4" T cells failed to express IL-17 at
both mRNA and protein level under Ty17 conditions (Figures
1A and 1B), and RORyt expression was completely lost
(Figure 1C) indicating Satb1 is critical for Ty17 differentiation.
To ensure this was not due to skewing toward other lineages,
we assessed Ty1, Ty2, and iT,eq cell markers and found no aber-
rant induction under Ty17 conditions (Figure S2A).

Ty cell-fate decisions rely on tightly regulated gene networks.
Recent studies have identified both positive and negative regu-
lators of Ty17 differentiation through gene-expression analyses
and murine models.>*>** Given its function as a transcription fac-
tor and chromatin organizer, Satb1 likely modulates gene mod-
ules involved in T17 differentiation. To address this question,
we analyzed expression of T17 core genes in Satb1-sufficient
and -deficient naive CD4" T cells under Ty17 differentiation con-
ditions. Notably, Satb1-deficient cells showed reduced expres-
sion of key positive regulators of T,;17 differentiation, particularly
after 12 h of differentiation (Figure 1D). In contrast, negative
regulators were unaffected early and only altered at later stages,
after differentiation had already been prevented. These find-
ings suggest that Satb1 is essential for T417 lineage commit-
ment by initiating the positive gene module required for Ty17
differentiation.

Satb1 has been proposed to influence not only transcription
but also metabolic reprogramming.®” To test whether Satb1 af-
fects Ty17 differentiation also through metabolic regulation, we
assessed cellular metabolism. Although Satb1-deficient cells
were less metabolically active 3 days after T;17 induction (base-
line oxygen consumption rate [OCR] and extracellular acidifica-
tion rate [ECAR]; Figures 1E and S2B), both Satb1-sufficient
and -deficient cells showed similar respiratory capacity and
overall metabolic potential (Figures 1E and 1F). These findings
suggest that Satb1 regulates Ty17 differentiation primarily
by establishing the required transcriptional networks without
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Figure 1. Satb1 regulates the early phase of
kil Tw17 cell differentiation
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To further validate our findings, we examined the effects of Satb1
loss in vivo by crossing CD4-Cre mice with conditionally Satb1-
deficient animals. Aged Satb1™ x CD4-Cre*** mice showed
increased splenic CD4* T cell differentiation into effector/memory
cells (Figure S2F), consistent with prior results from Satb1"" ani-
mals crossed to Vav-Cre mice.”’ However, unlike previous re-
ports,”*?" we did not observe overt autoimmunity. Spontaneous
Tw17 differentiation within the effector/memory pool was reduced
in Satb1-deficient mice, aligning with our in vitro data (Figure 1H),
underscoring the importance of Satb1 for Ty17 differentiation. To
explore its role post differentiation, we deleted Satb1 in polarized
Tw17 cells and restimulated them via TCR under Ty17 conditions.
IL-17 expression increased in Satb1-sufficient but not in Satb1-
deficient cells (Figure 1l), indicating Satb1 is also required for
mature Ty17 cell function. Collectively, our data established a
causal role for Satb1 in both Ty17 differentiation and function.

Loss of Satb1 prevents intestinal inflammation through
loss of pathogenic Ty17 cells

Inflammatory bowel diseases (IBDs) can arise from Ty17-medi-
ated pathogenicity.**~*° Since Satb1 is required for T,17 differen-
tiation in vitro and in vivo, we investigated whether Satb1 expres-
sion in CD4™ T cells contributes to IBD. We used an experimental
colitis model by adoptively transferring Satb1-sufficient or -defi-
cient naive CD4" T cells into recombination activating gene 2
knockout mice (Rag2~'") (Figure S3A). This approach allows
assessment of the intrinsic effect of Satb1 on naive CD4* T cell dif-
ferentiation and disease development. Transfer of wild-type (WT)
naive CD4* T cells induced severe colitis, shown by weight loss
and colonic infiltration (Figures 2A-2C).*" In contrast, transfer of
Satb1-deficient naive CD4" T cells failed to induce pathology
(Figures 2A-2C) and showed reduced inflammation-driven prolif-
eration in mesenteric lymph nodes (mesLNs) and spleen
(Figures 2D, 2E, and S3B). Additionally, Satb1-deficient CD4*
T cells were less activated as indicated by lower CD25 and Ki-67
expression (Figures S3C and S3D). To exclude the possibility
that reduced inflammation resulted from increased T4 differenti-
ation since low Satb1 levels are linked to enhanced T, func-
tion,?°%! we assessed Foxp3 expression. Although the percentage
of Foxp3* CD4* T cells slightly increased after transfer of Satb1-
deficient naive T cells, their total number was significantly lower
(Figures 2F, S3E, and S3F), indicating that protection from colitis
was not due to enhanced T4 formation. Serum cytokine analysis
revealed lower levels of IL-17A, IL-17F, IL-22, interferon (IFN)-y, tu-
mor necrosis factor (TNF)-a, and IL-6 in Rag2~'~ mice receiving
Satb1-deficient T cells, while IL-10 levels remained unchanged
(Figure 2G). These results show that Satb1in CD4* T cells is essen-
tial for driving systemic inflammation in lymphopenic hosts, inde-
pendent of T, development. To assess how loss of Satb1 affects
CD4* T cell differentiation, we analyzed IL-17 expression and
observed reduced Ty17 differentiation in Satb1-deficient cells
(Figures 2H and S3G). We then evaluated Ty17 subsets based
on IFN-y co-expression and found lower frequencies and total
numbers of both non-pathogenic IL-17*IFN-y~ and pathogenic
IL-17*IFN-y* T417 cells in the mesLN and spleen of Rag2 ™/~
mice receiving Satb1-deficient naive T cells (Figures 21 and S3H).
In contrast, IL-177IFN-y* Ty1 percentages were similar between
groups, although absolute numbers were reduced in mice
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receiving Satb1-deficient cells (Figures 21 and S3H). Analysis of in-
tramural T cells in the colon showed increased frequencies but
reduced total numbers of both pathogenic and non-pathogenic
Tw17 cells, consistent with the observed pathology (Figures S3I
and S3J). Detailed assessment of CD4* T cell polyfunctionality re-
vealed a significant reduction in cytokine co-expressing cells in
mesLN and spleen, but not in the colon, upon Satb1 deletion
(Figures 24, S3K, and S3L). This indicates that Satb1 suppresses
colitis by limiting both T17 development and CD4* T cell poly-
functionality in lymphoid tissues, leading to reduced intestinal infil-
tration and inflammation. Since Ty17 cells recruit neutrophils, we
examined neutrophil infiltration and observed reduced myeloid
cell and neutrophil numbers in mesLN, spleen, and colon of mice
receiving Satb1-deficient T cells (Figures 2K, S3M, and S3N).
These results demonstrate that Satb1 is essential for T17-medi-
ated colitis by regulating naive CD4* T cell differentiation.

Satb1 is crucial for T417 cell pathogenicity in EAE
Previous studies showed that Satb1 is essential for T;17 effector
function during EAE.”® We investigated whether Satb1 also influ-
ences Ty17 development the induction phase of EAE. Using the
CD4-CreERT2 model, Satb1 was deleted directly before EAE in-
duction (Figure S4A). Strikingly, mice with Satb1-deficient CD4*
T cells were resistant to EAE, showing no paralysis, weight loss
(Figure S4B), or demyelination after myelin oligodendrocyte
glycoprotein (MOG)35.55/CFA immunization (Figures 3A and 3B).
Correspondingly, we observed reduced myeloid and CD4*
T cell infiltration in the brain and spinal cord (Figures 3C and 3D)
and decreased cell activation (Figure S4C). Thus, our data support
that Satb1 is required for the development of EAE. To determine
whether reduced pathology results from impaired Ty17 differenti-
ation in Satb1-deficient CD4* T cells, we assessed IL-17 and
RORYyt expression. Fewer T;17 cells were found in the central ner-
vous system (CNS) and cervical lymph nodes (cLNs) upon Satb1
deletion (Figures 3E, 3F, S4D, and S4E). As pathogenic Ty17 cells
are important for disease development,>°® we co-stained for IL-17
and IFN-y and observed reduced frequencies and total numbers
of both IL-17*IFN-y~ and IL-17*IFN-y* cells in the CNS and spinal
cord (Figures 3G and S4F) and fewer IL-17*IFN-y~ cells inthe cLN
(Figure S4G). Since IL-17*IFN-y* cells are known to be highly
MOG specific,*” and we saw less pathogenic T,;17 differentiation
upon Satb1 deletion, we used MOGgg—4o/I-AP tetramer staining
and found a near-complete loss of MOG-specific CD4* T cells
in Satb1-deficient mice (Figure 3H).

To exclude the possibility that reduced cell expansion and infil-
tration were due to increased pT,q differentiation, we analyzed
Foxp3 and CD25 co-expression in CD4* T cells. Satb1 deletion
led to fewer CD25"Foxp3™ T,q cells in the brain, while frequency
of CD25 Foxp3* cells increased (Figure 3l). As CD25 Foxp3*
cells in Satb1-deficient mice lack typical T,eg characteristics®°
and true T,.q cells were reduced, resistance to CNS pathology is
unlikely to be driven by T,y expansion. Additionally, IL-10*
CD4* T cell frequencies in the CNS and cLNs were unchanged,
while total IL-10" CD4™" T cell numbers were lower in the CNS after
Satb1 deletion (Figures 3J, S4H, and S4l), suggesting IL-10 is not
responsible for disease protection.

To assess the heterogeneity of EAE-associated T cells based
on Satb1 expression, we performed targeted single-cell RNA
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Figure 2. Loss of Satb1 diminishes Ty17 dif-
ferentiation in vivo and prevents the devel-
opment of CD4* T cell-mediated adoptive
colitis
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sequencing (scRNA-seq) of CNS-derived T cells at peak of dis-
ease. We identified nine CD4™ T cell subsets: three Ty1 subsets
(TH1a, TH1b, TH1c), three Ty17 subsets (stem-like, TH17a,
TH17b), central-memory CD4" T cells (Tcm), Teq cells, and a
proliferating CD4* T cell population (Figure 3K). Subtype distribu-
tion was largely unchanged in Satb1-deficient mice (Figure S4J),
and marker gene analysis confirmed prototypical marker expres-
sion across subsets (Figure S4K). To determine how Satb1 loss
affects transcriptional profiles, we compared gene expression
between Satb1-sufficient and -deficient CD4* T cell clusters
and found only a few differentially expressed (DE) genes
(Figures 3L and S4L). Notably, genes linked to T cell activa-
tion and function such as Tnf, Ifng, Tnfrsf4, and Tnfrsf9 were

2 0 20 40 60 80 100 0 20 40 60 80 100

0.05; *p < 0.05; *p < 0.01; **p < 0.001). (A and
C-J) Data are representative of at least three
independent experiments. mesLN, mesenteric
lymph nodes. See also Figure S3.

downregulated in Satb1-deficient cells
(Figure 3M), consistent with impaired
Tw1 and Ty17 differentiation.

Together, these results indicate that Satb1 deficiency limits
Tw17 differentiation both in vitro and in vivo. In EAE and experi-
mental colitis, Satb1 loss prevents disease by reducing the dif-
ferentiation of both pathogenic and non-pathogenic CD4*
Tw17 cells, leading to diminished expansion and inflammation.
These findings highlight Satb1 as essential for T,;17-driven auto-
immunity, acting during both the effector phase and early dis-
ease development.

Overexpression of Satb1 expression leads to increased
Tn17 cell differentiation

Since Satb1 deletion impaired Ty17 generation, we next tested
whether Satb1 overexpression enhances Ty17 differentiation.
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Figure 3. Loss of Satb1 prevents EAE development through decreased differentiation of T,17 cells
Analysis of EAE development in Satb1™ x CD4-CreERT2 mice at peak of disease.
(A) Mean EAE clinical score (WT n =10, KO n = 12).
(B) Representative spinal cord myelin staining with luxol fast blue. Scale bar, 25 pm.
(C) Representative HE, anti-CD3, and anti-Mac3 staining of spinal cord sections. Scale bar, 25 pm.
(D) CD4* T cell counts in brain and spinal cord by flow cytometry (n = 4/group).
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To this end, we created mice with conditional Satb1 overexpres-
sion by inserting the Satb1 coding sequence into the Rosa26 lo-
cus (Figure S5A). The construct includes a loxP-flanked stop
cassette, followed by the Satb7 sequence, an internal ribosome
entry site (IRES), and eGFP, allowing overexpression to be
tracked via eGFP after Cre-mediated recombination. A chicken
actin promoter upstream of the stop cassette ensures ubiquitous
expression post-recombination. Transgene integration was
confirmed by PCR and Southern blot (Figures S5B and S5C).
To elucidate the impact of Satb1 overexpression on naive
CD4* T cell differentiation, we crossed conditional Satb1
knockin mice with CD4-Cre mice®® to upregulate Satb1 in
CD4* T cells. Cre recombination was confirmed via eGFP
expression (Figure S5D), and Satb1 overexpression was vali-
dated at the mRNA and protein levels. As Satb1 is already abun-
dant in naive but limited in effector/memory CD4* T cells
(Figures S1A-S1C), the transgene had little impact on mRNA in
naive cells (Figure S5E) but was detectable in effector/memory
cells (Figure S5F) with no effect on T cell numbers or develop-
ment. Nonetheless, Satb1 protein levels increased in both naive
(Figure 4A) and effector/memory CD4* T cells (Figure 4B).

To assess whether elevated Satb1 affects Ty17 generation, we
differentiated Satb1-overexpressing naive CD4" T cells in vitro.
Satb1 overexpression led to a significant increase in IL-17* cells
(Figure 4C) and elevated RORyt expression (Figure 4D). To eval-
uate effects on other T, subsets, we performed additional differ-
entiation assays. While T2 differentiation remained unchanged,
Tw1 and iT g differentiation were reduced in Satb1-overexpress-
ing cells (Figures S5G-S5K).

Next, we investigated the in vivo effect of Satb1 overexpression
on Ty17 generation. Under homeostatic conditions, Ty17 cells
reside in barrier organs to maintain tissue integrity.** In 27- to
30-week-old Satb1-WT and -overexpressing mice, we observed
increased Ty17 cells in the small intestine (Figure 4E). Satb1-
overexpressing animals also showed elevated IL-17" cells in
non-barrier sites like mesLN (Figure 4F). Consistent with our pre-
vious observations, Satb1 overexpression expanded pathogenic
IL-17*IFN-y* Ty17 cells in the small intestine (Figure 4G) and
mesLN (Figure 4H). These findings demonstrate Satb1-depen-
dent spontaneous Ty17 induction and underscore its role in
Tu17 lineage commitment.

Loss of Satb1 alters chromatin accessibility and
transcriptional networks

Since Ty17 generation is abolished when Satb1 is lost early dur-
ing differentiation, we hypothesized that Satb1 promotes chro-
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matin accessibility and gene-expression changes in naive
CD4* T cells, critical for Ty17 fate.?2® We performed assay for
transposase-accessible chromatin using sequencing (ATAC-
seq) on Satb1-sufficient and Satb1-deficient naive CD4*
T cells to compare chromatin accessibility (Figure S6A). While
most regions were similar, Satb1-deficient cells showed 678 re-
gions linked to nearby gene loci with increased and 116 with
decreased accessibility (Figures 5A and S6B; Table S1), sup-
porting the role of Satb1 in chromatin remodeling and gene
silencing.” Differentially accessible regions (DARs) were en-
riched for genes involved in T cell activation, differentiation,
and adhesion (Figure 5B).

To determine if increased chromatin accessibility results in
changes in gene expression, we performed transcriptome anal-
ysis of Satb1-sufficient and Satb1-deficient naive CD4* T cells
(Figures S6C and S6D). Despite a more open chromatin land-
scape in Satb1-deficient cells, only 116 genes were differentially
expressed (DE) under homeostatic conditions (Figure 5C;
Table S2). Linking ATAC-seq with gene-expression data re-
vealed that a small subset of DARs corresponded to changes
in gene expression, including /I7r and Ifngr1 (Figures 5D and
S6E). However, most accessible regions did not show transcrip-
tional changes, suggesting that Satb1 deletion creates a pre-
activated epigenetic state requiring additional signals for full
gene activation.

To better understand how loss of Satb1 prevents Ty17 differ-
entiation, we analyzed chromatin accessibility and gene expres-
sion at loci known to negatively regulate T17 cells (Figure 5E),
finding minimal changes. This supports our earlier data
(Figure 1D) that Satb1 does not broadly suppress negative reg-
ulators but influences T17 differentiation in a targeted manner.
One key exception was //2, which inhibits T17 differentiation.*®
In Satb1-deficient naive CD4™ T cells, the /12 locus was acces-
sible and //2 was already expressed at low levels (Figures 5D-
5F and S6F). Functional annotation of DARs and DE genes indi-
cated altered IL-2/Stat5 signaling in Satb1-deficient cells
(Figures 5G, 5H, S6G, and S6H). These findings suggest Satb1
limits //2 expression to prevent premature activation and main-
tain naive CD4" T cell quiescence, thereby enabling proper
Tw17 differentiation.

Satb1 allows for Ty17 cell differentiation by repressing
IL-2 expression

As chromatin and transcriptome data indicated that Satb1 loss
primes naive CD4" T cells for heightened activation and IL-2
signaling, we examined their response to TCR stimulation.

E) CD4*IL-17* T cells in the brain (WT n =8, KO n =9).
F) CD4*RORyt* T cells in the brain (n = 4/group).

H) MOG-specific CD4* T cells in the brain (n = 4/group).

(
(
(G) Non-pathogenic CD4*IL-17*IFN-y~ Ty17, pathogenic CD4*IL-17*IFN-y* T17 cells, and CD4*IL-17"IFN-y* Tyy1 cells in the brain (WT n =8, KOn = 9).
(
(

1) CD4"Foxp3*CD25" T,eq cells and CD4*Foxp3"CD25™ T cells in the brain (n = 4/group).

(J) IL-10-producing CD4* T cells in the brain (WT n =8, KO n = 9).
K
L
(

Differentially expressed gene (DEG) counts per cluster.

M) Heatmap of DEGs in Satb1-sufficient (left) and -deficient (right) CD4* T cells.

Uniform manifold approximation and projection (UMAP) clustering of CNS CD4™ T cells.

(A and D-J) Data are shown as mean + SEM. (A) Two-way repeated-measures ANOVA with Sidak’s multiple comparison; (D-J) unpaired Student’s t test (ns, not
significant. p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001). (A and D) Data are representative of two independent experiments. (E-J) Data are pooled from two

independent experiments. sc, spinal cord. See also Figure S4.
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(E and F) IL-17 expression in effector/memory CD4* T cells from small intestine (WT n = 5, Kl n = 6) (E) and mesLN in 27- to 30-week-old mice (WT n=5, KIn = 5) (F).
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Data are shown as mean + SEM. (A-H) Unpaired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001). (A and B) Data are representative of at least three independent
experiments. (C) Data were pooled from two independent experiments. (D-H) Data are representative of two independent experiments. MFI, mean fluorescence

intensity; mesLN, mesenteric lymph nodes. See also Figure S5.

Satb1-deficient cells showed elevated glycolytic activity
(Figure 6A) and increased proliferation (Figure 6B), which sup-
ports the idea that a loss of Satb1 results in augmented CD4*
T cell activation and proliferation and that loss of Satb1 is not
directly linked to the reduced proliferation in both in vivo models.
To exclude culture bias, we performed coculture experiments
using Satb1-deficient and Satb1-sufficient CD4* T, cells,
confirming increased proliferation of Satb1-deficient cells during
Tw17 differentiation (Figures S7A-S7C). Consistently, in vivo bro-
modeoxyuridine (BrdU) incorporation and Ki-67 expression were
elevated in Satb1-deficient naive CD4* T cells (Figures 6C and

8 Cell Reports 44, 115866, July 22, 2025

6D), supporting the conclusion that their reduced proliferation
in the EAE and colitis models reflects absence of inflamma-
tory cues.

To further elucidate the role of IL-2, we analyzed IL-2 expression
on mRNA as well as protein level. As indicated by increased chro-
matin accessibility, //2 mRNA was upregulated in Satb1-deficient
naive CD4" T cells (Figure 6E). Correspondingly, IL-2 protein levels
were elevated in spleen and mesLN CD4* T cells from
Satb1™" x CD4-CreERT2 mice 7 days after tamoxifen treatment
(Figures 6F and S7D). This was confirmed in Satb1™ x CD4-
Cre mice, showing higher IL-2 production (Figure 6G). Both naive
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Figure 5. Satb1 retains the inactive state of
naive CD4* T cells and blocks the accessi-
bility of the //2 gene locus

ATAC-seq (n = 5/group) and RNA sequencing
fiert (n = 4/group) of naive CD4*CD44-CD62L*CD25~
Forn3 T cells from Satb1"" x CD4-CreERT2 mice.

(A) Volcano plot of differentially accessible regions
(DARs).

(B) Gene Ontology (GO) analysis of DARs in Satb1-
deficient cells.

(C) Volcano plot of differentially expressed genes
(DEGs).

(D) Heatmap showing accessibility and expres-
sion of genes linked to T cell activation and dif-
ferentiation.
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and effector/memory CD4* T cells contributed to this increase
(Figures S7E and S7F), and elevated IL-2 levels persisted up to
4 weeks post tamoxifen in Satb1-deficient CD4* Tqny cells iso-
lated from the spleen of Satb1™" x CD4-CreERT2 mice (Figure
6H). Similarly, high Ki-67 expression was maintained (left, Figure
S7G). Caspase-3 levels were unchanged, ruling out reduced sur-
vival (right, Figure S7G), while Bcl-2 was elevated in Satb1-defi-
cient cells (Figure S7H).

To determine if elevated IL-2 production is cell-intrinsic, we
analyzed mice 4 weeks post tamoxifen, allowing thymic output
of Satb1-sufficient naive CD4" Ty cells. At 1 week, most pe-
ripheral CD4* T.ony Cells were Satb1 deficient (GFP™), but, by
4 weeks, a significant portion were Satb1 sufficient (GFP™)
(Figure S71). As expected, GFP~ Satb1-competent CD4* Teony
cells produced less IL-2 than their GFP* Satb1-deficient coun-
terparts (Figure 6l).

We next administered a suboptimal tamoxifen dose to reduce
Satb1 recombination and utilized a competitive in vivo setting
1 week later (Figure S7J) to test for proliferative disadvantage
of Satb1-deficient naive CD4™ T cells. BrdU labeling and Ki-67
expression were increased in Satb1-deficient cells, indicating
that Satb1 loss does not impair their proliferative capacity
(Figures 6J and 6K).

As elevated IL-2 might promote T,.g development, we assessed
Treq frequencies in the spleen of Satb1"" x CD4-CreERT2 mice 1
and 4 weeks post tamoxifen. While Foxp3* CD4* T cell percent-
ages were increased at both time points (Figure S7K), most cells

Genes with an adjusted p < 0.05 and a fold change
>1.5 were determined as significantly DE. See
also Figure S6.

were CD25 Foxp3"°" (Figures S7L and S7M) and lacked typical
Teg markers (Figures S7N and S70) while bona fide
CD25*Foxp3* Tyeq cells remained unchanged. In vitro, iT e differ-
entiation with low or no IL-2 yielded more Foxp3* Satb1-deficient
cells, an effect fully blocked by anti-IL-2 and anti-CD25 antibodies
(Figures S7P and S7Q). Conversely, Satb1 overexpression
reduced IL-2 production in memory CD4* T cells (Figure S7R).
These findings highlight the role of Satb1 in safeguarding CD4*
T cell quiescence and proper differentiation by tightly regulating
IL-2 expression via chromatin accessibility at the //2 locus.

To investigate whether Satb1 also regulates Cd25, as previ-
ously suggested,’ we analyzed its expression in Satb1-deficient
naive CD4" T cells. Cd25 mRNA was upregulated (Figure S8A),
but this was not reflected at the protein level (Figure S8B), sup-
porting the idea that Satb1 loss primes naive T cells for activa-
tion, although full IL-2 signaling requires additional cues. As /2
is tightly regulated and repressed by factors like Ets2 and Pten
in naive and Ty17 cells,*®™*® we assessed their expression but
observed no significant alterations in Satb1-deficient cells
(Figure S8C). This suggests Satb1 represses //2 independently
of Ets2 or Pten.

We next examined whether Satb1 deficiency impairs T17 dif-
ferentiation via IL-2 signaling, which is known to inhibit T417 gen-
eration by modulating IL-6R expression and Stat5 activation.*®->°
Three days after T417 induction, Satb1-deficient cells showed
slightly reduced IL-6Ra expression (Figure 6L) and increased
Stats phosphorylation from 12 h onward (Figure 6M).
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Correspondingly, CD25 was upregulated, reflecting enhanced IL-
2/pStatb signaling (Figure 6N). Since T17 differentiation depends
on Stat3, and an altered Stat5:Stat3 balance can shift T17 fate,
we analyzed Stat3 phosphorylation. Satb1-deficient cells had
reduced pStat3, leading to an elevated pStat5:pStat3 ratio
(Figures S8D and S8E). This shift supports the conclusion that
increased Stat5 signaling suppresses the Ty17 gene program
(Figure 1D).

To examine whether blocking IL-2/IL-2R signaling could
rescue Ty17 differentiation in Satb1-deficient cells, we cultured
CD4* T cells under T17 conditions with IL-2-neutralizing and
CD25-blocking antibodies. Inhibition of IL-2 signaling restored
IL-17 expression in Satb1-deficient cells to levels comparable
with controls (Figure 60). These results indicate that Satb1 pro-
motes Ty17 differentiation primarily by limiting IL-2 signaling. To
further validate the role of endogenous IL-2, we differentiated
CD4* T cells into Ty17 cells with IL-2-neutralizing antibodies
and increasing doses of human IL-2. IL-2 depletion partially
restored Ty17 differentiation in Satb1-deficient cells, while hu-
man IL-2 reduced Ty17 differentiation in both Satb1-deficient
and -sufficient cells (Figure 6P). In line with this, treatment with
human IL-2 alone affected only Ty17 differentiation of Satb1-suf-
ficient CD4" T cells as endogenously IL-2 produced by Satb1-
deficient CD4* T cells is sufficient to prevent Ty17 differentiation
(Figure S8F). Importantly, when Satb1-deficient and -sufficient
CD4* T cells were cocultured, T,,17 differentiation improved in
Satb1-deficient cells and slightly declined in Satb1-sufficient
cells. This suggests that Satb1-sufficient cells consumed excess
IL-2, lowering its availability and partially relieving IL-2-mediated
inhibition in neighboring Satb1-deficient cells (Figure S8G).

To determine if IL-2 expression by naive CD4* T cells oc-
curs in vivo, we induced EAE following Satb1 deletion. Upon
stimulation, Satb1-deficient mice showed significantly more
IL-2-producing naive CD4* T cells in cLN (Figure 6Q), spleen
(Figure S8H), and mesLN (Figure S8l), reinforcing that Satb1
suppresses IL-2 expression to permit Ty17 differentiation.
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Satb1 fine-tunes the differentiation potential of naive
CD4* T cells
To evaluate the differentiation potential of Satb1-deficient naive
CD4* T cells into Ty1 and Ty17 cells, we performed combined
single-cell analysis of chromatin accessibility and mRNA expres-
sion (Figure 7A). Joint clustering of both data types showed that
Satb1 loss does not alter Taive, Th1, Or TH17 identity but affects
their differentiation extent (Figures 7B and S9A-S9C). In line with
bulk data, Satbi-deficient naive CD4" T cells displayed
increased accessibility at several immune-related loci, such as
II7r, Ifng, Ifngr1, Ctla4, and Bcl2 (Figure 7C), with limited changes
in corresponding gene expression (Figure 7D), yielding a Satb1-
dependent signature of 45 genes (Figure 7E). As before, we
could identify increased accessibility of the //2 locus in naive
Satb1-deficient CD4* T cells (Figure 7F), while Ty1 and Ty17
cells showed reduced /2 accessibility and expression
(Figure S9D). Enrichment analyses confirmed elevated IL-2/
STAT5 signaling and STAT family transcription factor binding
prediction in Satb1-deficient naive CD4* T cells (Figures 7G-
71). Analysis of DE genes and DARs between Satb1-deficient
and -sufficient Ty1 and Ty17 cells revealed that loss of Satb1
is associated with a loss of differentiation potential of T417 cells
(Figures 7J and 7K), while their Ty1 potential is increased
(Figures 7L and 7M). This was further supported by functional
annotation as loss of Satb1 resulted in enrichment of DARs
and DE genes associated with IL-2/STAT5 signaling in T417 cells
(Figures S9E and S9F) and Ty1 cells (Figures S9G and S9H), sup-
porting the notion that Satb1 is affecting the differentiation of
CD4* T cells by shaping the chromatin landscape for subsequent
binding of transcription factors orchestrating CD4" T cell differ-
entiation. The intersection of common DARs with associated
genes regulated in Ty1 and T17 cells revealed a common set
of genes associated with T cell differentiation and signaling
(Figure 7N).

Taken together, our data support that Satb1 is important not
only for fully committed Ty17 cells but also during their

Figure 6. Satb1 regulates T,;17 differentiation by controlling the expression of IL-2
(A and B) ECAR (A) and proliferation (B) of Satb1-sufficient (WT) and -deficient (KO) CD4* T cells from Satb1™f x CD4-CreERT2 mice after CD3/CD28 stimulation

(n = 10-13 for ECAR; WT n = 6, KO n = 5 for proliferation).

(C and D) BrdU incorporation (C) and Ki-67 expression (D) in) naive CD4* T cells from the spleen of CD4*CD25~ Teony cells from Satb1™ x CD4-CreERT2 mice

(WT n =4, KOn = 5).

E and F) (E) //2 mRNA expression by RT-qPCR (n = 5/group) and (F) IL-2 protein expression in splenic CD4*CD44 ™~ naive T cells from Satb1"" x CD4-CreERT2
p y q group, p p P!

mice (WT n =6, KOn =5).

(G) IL-2 expression in splenic CD4* T cells of 44- to 60-week-old Satb1"" x CD4-Cre"*! (WT) or Satb1™" x CD4-Cre"* (KO) mice (n = 4/group).

(H) IL-2 expression in splenic CD4*CD44~ naive T cells from Satb1™" x CD4-CreERT2 mice 1 week (left, WT n = 4, KO n = 3) or 4 weeks after tamoxifen
administration (right, WT n = 4, KO n = 4).

(I) IL-2 expression in splenic Satb1-sufficient (GFP-) and Satb1-deficient (GFP+) CD4*CD44 ™~ naive T cells from Satb1™ x CD4-CreERT2 mice (WT n = 4, KO
n = 4) 4 weeks after tamoxifen administration.

(J and K) BrdU incorporation (J) and Ki-67 expression (K) in splenic Satb1-sufficient (GFP-) and Satb1-deficient (GFP+) CD4*CD44~ naive T cells from
Satb1"" x CD4-CreERT2 mice (n = 5) 1 week after suboptimal tamoxifen administration.

(L-P) CD4*CD44~CD62L*CD25 ™~ naive T cells from Satb1™ x CD4-CreERT2 mice were isolated and differentiated in vitro into Ty17 cells. (L) IL-6Ra expression
3 days after initiation of differentiation (n = 4/group). (M) Stat5 phosphorylation at different time points during the differentiation (n = 3-4/group). (N) CD25
expression at different time points during the differentiation (n = 4/group). (O) IL-17 expression at day 5 of differentiation. Cells were cultured in absence or
presence of anti-mouse IL-2 and CD25-blocking antibodies (n = 5/group). (P) IL-17 expression at day 3 of differentiation. Cells were cultured in the presence of
anti-mouse IL-2 antibodies and 10 or 100 IU/mL human IL-2 (n = 4/group).

(Q) IL-2-producing CD4*CD44~ naive T cells in the cLN (WT n = 5, KO n = 4). Data are shown as mean + SEM. (A) Two-way repeated-measures ANOVA with
Tukey’s multiple-comparison test; (B-l, L, and Q) unpaired Student’s t test; (J and K) paired Student’s t test; (M, N, and P) two-way ANOVA with Sidak’s multiple-
comparison test (ns, not significant; p > 0.05; *p < 0.05; *p < 0.01; ***p < 0.001). Data are representative of two independent experiments. cLN, cervical lymph
node. See also Figures S7 and S8.
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Figure 7. Satb1 expression in naive CD4" T cells orchestrates Ty1 and Ty17 cell differentiation by modifying chromatin accessibility and

downstream gene expression

(A) Single-cell MultiOMICs workflow for naive CD4*, Ty1, and T17 cells.
(B) UMAP projection showing genotype and cell type.

(C and D) Volcano plots of chromatin accessibility (C) and gene expression
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(D) in Satb1-deficient (KO) compared to Satb1-sufficient (WT) naive CD4* T cells.
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differentiation through regulating the chromatin accessibility of
the /2 gene locus and inhibiting IL-2 expression in naive CD4*
T cells as well as in early stages of Ty17 differentiation. Based
on this observation, we further substantiate the critical role of
Satb1 in Ty17 cell biology and consequently Ty17-driven auto-
immune diseases.

DISCUSSION

This study demonstrates that, beyond its role in T17 effector
function, Satb1 is essential for initiating Ty17 differentiation.
Satb1 is highly expressed in T417 cells, and its loss reduces,
while its overexpression enhances, Ty17 development both
in vitro and in vivo. We further show that Satb1 levels influence
Tw17-driven diseases such as inflammatory bowel disease and
EAE. Through chromatin accessibility and transcriptome ana-
lyses, we identify Satb1 as a key regulator of IL-2 expression in
naive CD4* T cells. Our data provide strong evidence that
Satb1 promotes Ty17 differentiation primarily by repressing
IL-2, contrasting prior findings that linked loss of Satb1 during
thymic development to reduced IL-2 expression.”®

Bioinformatic predictions previously identified Satb1 as a po-
tential regulator of T,y17 differentiation,*** and small interfering
RNA (siRNA) knockdown suggested a role in IL-17 expression.**
Our functional analyses confirm and extend these findings,
demonstrating that Satb1 is essential for Ty17 differentiation
both in vitro and in vivo. Satb1 acts early, functioning as a pio-
neering factor that shapes the epigenetic landscape during
Tw17 lineage commitment. While transcriptional master regula-
tors define Ty subtypes, lineage stability depends on broader
transcriptional networks.®*®" Pioneering factors like Satb1 help
establish these networks, and epigenetic regulation adds a
crucial layer of control.®>% Interestingly, deletion of Satb1 in
naive CD4" T cells impaired induction of the T;17 gene program
and GM-CSF production, with key Ty17-associated gene mod-
ules remaining unexpressed.*>*** Consequently, Ty17 effector
cytokines were nearly absent, explaining the complete protec-
tion from EAE even when Satb1 was deleted during the effector
phase using a tamoxifen-inducible model.” Satb1 deletion also
prevented colitis in the adoptive transfer model, underscoring
its role in Ty17-driven diseases. The failure to induce Ty17 differ-
entiation blocked inflammation-driven proliferation and reduced
IL-177IFN-y* CD4" T cells, indicating that increased Ty1 re-
sponses were also suppressed. By specifically deleting Satb1
in peripheral naive CD4* T cells and using the colitis model, we
demonstrate that the function of Satb1 in Ty17 differentiation
and disease development is cell intrinsic.
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To date, only a few targets have been shown to fully prevent
EAE. Disruption of Ty17 master regulators such as RORyt,
Batf, Stat3, or the absence of IL-6 blocks disease develop-
ment.>*~>" Similarly, deleting factors controlling T;17 pathoge-
nicity, including IL-23R, T-bet, and Gpr65, also prevents
EAE.**%° We now identify Satb1 as an additional master regu-
lator whose deletion inhibits EAE. Notably, disease outcome de-
pends on the timing of Satb1 loss: deletion in naive CD4* T cells
confers full resistance, while deletion in committed T17 cells
only reduces disease severity.”® This highlights Satb1’s dual
role in both Ty 17 differentiation and effector function.

In humans, Satb1 has been linked to Ti;17-driven diseases like
multiple sclerosis,®’ and its overexpression in anaplastic T cell
lymphoma is associated with a heightened T,17 profile.®?
Thus, Satb1 or its downstream pathways may represent thera-
peutic targets for conditions involving excessive Ty17 re-
sponses, as its inhibition could impact both differentiation and
pathogenic function. To investigate the role of Satb1 in Ty17
development, we compared Satb1-sufficient and -deficient
naive CD4" T cells at the epigenetic and transcriptional levels.
Satb1-deficient cells exhibited increased chromatin accessibility
at several immune-related loci such as /I7r and Ctla4. Functional
annotation suggests Satb1 helps to maintain naive CD4* T cells
in a resting state, while its loss shifts cells toward a pre-activated
phenotype.

Earlier findings described Satb1 predominately as a transcrip-
tional repressor.® While its loss did not trigger widespread acti-
vation of T cell activation genes, epigenetic analysis suggests
that Satb1-deficient cells acquire a permissive chromatin state,
predisposing them to faster and stronger activation. However,
additional activators are still required to drive gene expression.
Consistently, Satb1-deficient cells showed enhanced responses
to TCR stimulation, including increased glycolysis. Among the
loci with increased accessibility was /2, a known Satb1
target.®*5* This led to elevated IL-2 expression upon short-
term activation of naive CD4* T cells. This contrasts with a pre-
vious report showing reduced IL-2 and CD25 in Satb1-deficient
CD4* T cells using CD4-Cre mice.?® In our study, CD3/CD28
stimulation promoted proliferation of Satb1-deficient cells,
indicating functional IL-2 signaling. Conversely, Satb1 overex-
pression reduced IL-2 in effector/memory T cells. Notably,
scMultiOMICs revealed decreased /2 accessibility and mRNA
in Satb1-deficient Ty1 and Ty17 cells, aligning with observations
from total CD4* T cells after in vitro stimulation.?®

IL-2 is a central regulator of both T,.g and Ty subset differen-
tiation.*>®° In T,eq cells, Satb1 acts as a pioneering factor for
chromatin remodeling and Foxp3 induction.?® While IL-2 sup-
ports T.eg survival, increased IL-2 in Satb1-deficient CD4*

(E) Venn diagram of overlapping DEGs and DARs in naive CD4* T cells.

(F) ATAC-seq tracks and Cicero co-accessibility links for the /12 locus in naive CD4* T cells. The height of connections reflects the strength of Cicero co-

accessibility scores between linked peaks.

(G) Hallmark pathway enrichment (MSigDB) in genes upregulated in KO naive CD4* T cells.
(H) Hallmark pathway enrichment (MSigDB) in regions more accessible in KO naive CD4* T cells.
(

) Transcription factor motif enrichment in DARs of KO naive CD4* T cells.

(J and K) Volcano plots of gene expression (J) and chromatin accessibility (K) in T417 cells.
(L and M) Volcano plots of gene expression (L) and chromatin accessibility (M) in Ty1 cells.
(N) Enrichment of GO terms in the intersection of the union of upregulated DEG genes from Ty1 and T17 cells associated with increased accessibility in naive

CD4* T cells as well as Ty1 and Ty17 cells. See also Figure S9.
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T cells did not enhance T4 differentiation. Instead, we observed
Foxp3'°" CD4* T cells lacking canonical Treg Mmarkers, suggest-
ing activation rather than true T,y development. This implies
that, while Satb1 loss may favor a T,e4-permissive state, addi-
tional signals like TGF-p are needed for full differentiation. IL-2
also inhibits Ty17 differentiation,*®®® and Pten is known to
repress /2 during this process.”’ Satb1 deficiency produced
an even stronger phenotype, supporting its role in promoting
Tw17 differentiation by repressing //2. Furthermore, both IL-6Ra
expression and Stat5 activation were altered in Satb1-deficient
cells under Ty17-polarizing conditions, with elevated Stat5
phosphorylation. The balance between Stat3 and Stat5 activa-
tion is known to regulate epigenetic remodeling and gene tran-
scription,®®®® and its disruption impairs Ty17 differentiation.®°
In Satb1-deficient cells, increased CD25 expression indicated
enhanced pStat5 signaling, while IL-6Ra and IL-17, normally
induced by pStat3 but repressed by IL-2/pStat5,°” were
reduced. Thus, Satb1-deficient cells showed decreased Stat3
and increased Stat5 signaling during Ty17 differentiation. Block-
ing IL-2/IL-2R signaling in Satb1-deficient CD4" T cells restored
Tw17 differentiation and partially rescued features like GM-CSF
production (data not shown), confirming that Satb1 promotes
Tu17 development by repressing IL-2 and limiting Statb
activation.

All together, we identified that Satb1 is important in the early
phase of the development of T417 cells by repressing the acces-
sibility of the /12 locus preventing IL-2 expression, subsequent IL-
2R signaling, and Stat5 phosphorylation. Consequently, Satb1 is
required for the preservation of pStat3 signaling and the estab-
lishment of the T,417-specific gene network allowing for T;17 dif-
ferentiation and Ty17-driven disease formation. Hence, Satb1 is
required not only for pathogenic Ty17 function but also for the
initiation of Ty17 differentiation and can be defined as a new
Tw17 pioneering factor.

Limitations of the study

While our study reveals how Satb1 deletion prevents Ty17-medi-
ated autoimmunity via IL-2/STATS5 signaling, it is based on a con-
ditional mouse model, which may not fully capture the
complexity of human immune responses. We also note differ-
ences from previous T cell-specific Satb1 KO models, high-
lighting variability across systems. Species-specific differences
may limit the direct translation of our findings, underscoring the
need to validate them in human Tx17 cells. Advances in
CRISPR-Cas9 gene editing and human lymphoid organoid
models now offer promising tools to study gene function in
more physiologically relevant human settings.
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Data and code availability

The accession numbers for the sequencing data are as follows: super-series
GSE250579 (bulk RNA sequencing, GSE250577; scRNA-seq resp. scMultiO-
MICs, GSE250578, GSE290258; ATAC-seq, GSE250576). All code is available
at https://gitlab.dzne.de/ag-beyer/KoehneShakiba_Satb1 for reproducibility
and further analysis (https://doi.org/10.5281/zenodo.15201055). Any addi-
tional information required to reanalyze the data reported in this paper is avail-
able from the lead contact upon request.
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Anti-Foxp3 PE-eFluor 610, Clone: FJK-16s
Anti-GATA3 PE-CF594, Clone: L50-823
Anti-GM-CSF PE-Cy7, Clone: MP1-22E9
Anti-GM-CSF PerCP/Cyanine5.5, Clone: MP1-22E9
Anti-IFNy PE-Cy7, Clone: XMG1.2
Anti-IFNy BUV805, Clone: XMG1.2

BD Biosciences

BD Bioscience
Biolegend

Thermo Fisher Scientific
Biolegend

Biolegend

Biolegend

BD Biosciences
Biolegend

Bio-Rad

Thermo Fisher Scientific
BD Biosciences
Biolegend

Biolegend

Biolegend

Thermo Fisher Scientific
BioLegend

BD Biosciences
Biolegend

Biolegend

Biolegend

Biolegend

BD Biosciences
Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Thermo Fisher Scientific
BD Biosciences
Biolegend

BD Biosciences
Thermo Fisher Scientific
Biolegend

eBioscience

BD

BioLegend

Biolegend

Thermo Fisher Scientific

BD Biosciences

Cat# 570183

Cat# 553322; RRID:AB_394780
Cat# 101237; RRID:AB_11126744
Cat# 25-1261-80; RRID:AB_2573391
Cat# 102020; RRID:AB_493458
Cat# 102026; RRID:AB_830745
Cat# 102042; RRID:AB_2562270
Cat# 564021; RRID:AB_2738547
Cat# 102016; RRID:AB_312865

Cat# MCA1477T; RRID:AB_10845948
Cat# 17-0032-82; RRID:AB_10597589
Cat# 564618; RRID:AB_2738868
Cat# 100234; RRID:AB_2562555
Cat# 100229; RRID:AB_11204249
Cat# 100203; RRID:AB_312660

Cat# 61-0031-80; RRID:AB_2574513
Cat# 145212; RRID:AB_2562360
Cat# 751532; RRID:AB_2875527
Cat# 100526; RRID:AB_312727

Cat# 100553; RRID:AB_2561388
Cat# 100555; RRID:AB_2562529
Cat# 100552; RRID:AB_2563053
Cat# 568375; RRID:AB_3095981
Cat# 100540; RRID:AB_893326
Cat# 103047; RRID:AB_2562451
Cat# 103020; RRID:AB_493683
Cat# 103135; RRID:AB_10898325
Cat# 103122; RRID:AB_493531

Cat# 47-0621-80; RRID:AB_1603258
Cat# 564109; RRID:AB_2738598
Cat# 104418; RRID:AB_313103

Cat# 564331; RRID:AB_2738751
Cat# 48-5773-82; RRID:AB_1518812
Cat# 126404; RRID:AB_1089117
Cat# 61-5773-80; RRID:AB_2574623
Cat# 563510; RRID:AB_2738248
Cat# 505411; RRID:AB_2721681
Cat# 505410; RRID:AB_2562376
Cat# 25-7311-82; RRID:AB_469680
Cat# 569625

(Continued on next page)
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Anti-IL-10 APC, Clone: JES5-16E3 Biolegend Cat# 505010; RRID:AB_315364

Anti-IL-17 PE, Clone: eBio17B7

Anti-IL-2 eFluor 450, Clone: JES6-5H4
Anti-IL-4 APC, Clone: 11B11

Anti-IL-4 PE/Dazzle™ 594, Clone: 11B11
Anti- Ki-67 BV786, Clone: B56

Anti-Ki-67 Pe-eFluor 610, Clone: SolA15
Anti-Ly6G APC, Clone: 1A8-Ly6g
Anti-mouse IgG Antibody, HRP conjugated

Anti-Phospho-STAT3 (Tyr705) eFluor 450,
Clone: LUVNKLA

Anti-Phospho-STAT5 (Tyr694) PE, Clone: SRBCZX
Anti-rabbit IgG Antibody, HRP conjugated
Anti-RORyt APC, Clone: AFKJS-9

Anti-RORyt PE, Clone: B2D

Anti-Satb1, Clone: EPR3951

Anti-Satb1 Alexa Fluor 647, Clone: 14/SATB1
Anti-Tbet efluor 660, Clone: eBio4B10

Anti-TNF-a BV510, Clone: MP6-XT22

goat affinity purified antibody to hamster
1gG (whole molecule)

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Biolegend

BD Biosciences
Thermo Fisher Scientific
Thermo Fisher Scientific
GE Healthcare

Thermo Fisher Scientific

Thermo Fisher Scientific
GE Healthcare

Thermo Fisher Scientific
Thermo Fisher Scientific
Abcam

BD Biosciences
Thermo Fisher Scientific
Biolegend

MP Biomedicals

Cat# 12-7177-81; RRID:AB_763582
Cat# 48-7021-82; RRID:AB_1944462
Cat# 17-7041-82; RRID:AB_469494
Cat# 504132; RRID:AB_2564559
Cat# 563756; RRID:AB_2732007
Cat# 61-5698-82; RRID:AB_2574620
Cat# 17-9668-82; RRID:AB_2573307
Cat# NA9340-1ml; RRID:AB_772191
Cat# 48-9033-42; RRID:AB_2574121

Cat# 12-9010-42; RRID:AB_2572671
Cat# GENA934; RRID:AB_2722659
Cat# 17-6988-82; RRID:AB_10609207
Cat# 12-6981-82; RRID:AB_10807092
Cat# ab109122; RRID:AB_10862207
Cat# 562378; RRID:AB_11153310
Cat# 50-5825-82; RRID:AB_10596655
Cat# 506339; RRID:AB_2563127

Cat# 0856984; RRID:AB_2334783

LEAF Purified anti-CD28, Clone: 37.51 Biolegend Cat# 102112; RRID:AB_312877
LEAF Purified anti-CD3, Clone: 145-2C11 Biolegend Cat# 100314; RRID:AB_312679
LEAF Purified anti-IFNy, Clone: R4-6A2 Biolegend Cat# 505706; RRID:AB_315394
LEAF Purified anti-IL-4, Clone: 11B11 Biolegend Cat# 504108; RRID:AB_315322
LEAF Purified anti-mouse CD25 antibody, Biolegend Cat# 102014; RRID:AB_312863
Clone: PC61

LEAF Purified anti-mouse IL-2 antibody, Biolegend Cat# 503704; RRID:AB_315294
Clone: JES6-1A12

Purified anti-mouse CD16/32 antibody, Clone: 93 Biolegend Cat# 101302; RRID:AB_312801
Bacterial and virus strains

E.coli K12, strain DH5« DSMZ DSM# 6897

E.coli, strain Stbl3 Thermo Fisher Scientific Cat# C737303

Chemicals, peptides, and recombinant proteins

2-Desoxy-D-Glucose (2DG) Carl Roth Cat# CN96.2

4-OH Tamoxifen Merck Cat# H7904

Adjuvant, Complete H37 Ra BD Cat# 231131

Agel-HF NEB Cat# R3552S

Antimycin A Merck Cat# A8674

Collagenase, type IV Merck Cat# C5138

cOmplete Protease Inhibitor Cocktail Roche Cat# 04693116001

CountBright absolute counting beads Thermo Fisher Scientific Cat# C36950

DNAse |, from bovine pancreas
DNAse |, grade Il, from bovine pancreas

Dynabeads Mouse T-Activator CD3/CD28 for
T Cell Expansion and Activation

eBioscience Cell Proliferation Dye eFluor 670
eBioscience Cell stimulation cocktail
eBioscience Brefeldin A Solution (1000x)
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Merck
Merck
Thermo Fisher Scientific

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# 11284932001
Cat# 10104159001
Cat# 11456D

Cat# 65-0840-85
Cat# 00-4970-03
Cat# 00-4506-51

(Continued on next page)



Cell Reports

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

eBioscience Monensin Solution (1000x)
eBioscience Permeabilization Buffer (10X)
ECL Western blot substrate

EcoRI-HF

FCCP

Gibco DMEM medium

Gibco IMDM medium

High Sensitivity D1000 Reagents

High Sensitivity D1000 ScreenTape

IGEPAL CA-630

IL-2 (Proleukin)

Kpnl-HF

Liberase

LightCycler 480 Probes Master

Ms nucleoporin p62 Sample Tag 5-9
Mycobacterium tuberculosis H37Ra, desiccated
Myelin oligodendrocyte glycoprotein (MOG) 35-55 peptide
NEBNext High-Fidelity 2X PCR Master Mix
Nuclear Fast Red solution

NuPAGE LDS Sample Buffer

NuPAGE Sample Reducing Agent
Oligomycin A

Pertussis Toxin

Pierce 16% Formaldehyde (w/v), Methanol
poly-L-lysine

QIAzol Lysis Reagent

RNase Inhibitor

Recombinant human TGF-p1 (HEK293 derived)
Retinoic acid

rm IL-12

rm [L-4

rm IL-6

Rotenone

Seahorse XF RPMI Medium pH 7.4

SeeBlue Plus2 Pre-stained Protein Standard
Solvent blue 38

Tamoxifen

TAPS

TN5 Tansposase

Thermo Fisher Scientific
Thermo Fisher Scientific
Merck

NEB

Merck

Thermo Fisher Scientific
Thermo Fisher Scientific
Agilent

Agilent

Merck

Chiron/Novartis

NEB

Merck

Roche

BD Biosciences

BD

Biotrend

NEB

Merck

Thermo Fisher Scientific
Thermo Fisher Scientific
Merck

Merck

Thermo Fisher Scientific
Merck

Qiagen

BD Biosciences
PeproTech

Merck

PeproTech
Immunotools
Immunotools

Merck

Agilent

Thermo Scientific
Merck

Merck

Merck

Matthias Geyer

Cat# 00-4505-51
Cat# 00-8333-56
Cat# GERPN2106
Cat# R3101

Cat# C2920

Cat# 41965039
Cat# 12440053
Cat# 5067-5585
Cat# 5067-5584
Cat# 18896

PZN# 2238131
Cat# R3142

Cat# 05401127001
Cat# 4887301001
Cat# 460293-460296
Cat# 231141
Cat# BP0328
Cat# M0541
Cat# N3020
Cat# NP0007
Cat# NP0009
Cat# 75351

Cat# P2980

Cat# 28908

Cat# P5899

Cat# 79306

Cat# 51-9024039
Cat# 100-21

Cat# R2625

Cat# 210-12
Cat# 12340045
Cat# 12340065
Cat# R8875

Cat# 103576-100
Cat# LC5925
Cat# S3382

Cat# T5648

Cat# T5130

N/D

Critical commercial assays

Agilent Seahorse XF96 Cell Culture Microplates

BD Rhapsody 8-Lane Cartridge

BD Rhapsody cDNA Kit

BD Rhapsody Enhanced Cartridge Reagent Kit V3a
BD Rhapsody Immune Response Panel Mm

BD Rhapsody Multiomic ATAC-Seq Amplification Kit

BD Rhapsody Tagmentation and Supplemental
Reagents Kit

BD Rhapsody WTA Amplification Kit

Agilent

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences

BD Biosciences

Cat# 101085-004
Cat# 666262
Cat# 633773
Cat# 667052
Cat# 633753

Cat 41928

Cat# 41926

Cat# 633801

(Continued on next page)
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Direct-zol-96 RNA Kit Zymo Research Cat# R2054

ebioscience Foxp3 / Transcription Factor Staining
Buffer Set

LEGENDplex MU Th Cytokine Panel (12-plex) w/ FP V03
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit
LIVE/DEAD Fixable Yellow Dead Cell Stain Kit
MagniSort Mouse CD4 T cell Enrichment Kit

Thermo Fisher Scientific

Biolegend

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# 00-5523-00

Cat# 741043
Cat# L10119
Cat# L34959
Cat# 8804-6821-74

MinElute PCR Purification Kit Qiagen Cat# 28006
miRNeasy Micro Kit Qiagen Cat# 217084
Pkh26 Red Fluorescent Cell Linker Kit Sigma-Aldrich Cat# PKH26GL-1KT
Phase-Flow BrdU cell proliferation kit for flow cytometry Biolegend Cat# 370706
Transcriptor First Strand cDNA synthesis kit Roche Cat# 4897030001
TruSeq SR Cluster kit v3 lllumina Cat# GD-401-3001
TruSeq SBS Kit v3 (50 cycles) lllumina Cat# FC-401-3002
TruSeq RNA Library Prep Kit v2 lllumina Cat# RS-122-2001
Universal ProbelLibrary Set, Human Roche Cat# 4683633001
Deposited data

ATAC-seq Data This paper GSE250576

Bulk RNA-seq Data This paper GSE250577
scRNA-seq Data This paper GSE250578
scMultiOMICs Data This paper GSE290258
ChlP-seq data (H3K4me2, H3K4me3, Stat3, RORyt) Ciofani et al.>* GSE40918
ChlP-seq data (H3Ac, Stat3) Ghoreschi et al.® GSE23681
Affymetrix Expression Data Durant et al.®” GSE21670
RNA-seq Data Ciofani et al.** GSE40918
RNA-seq Data Qin et al.®® GSE229377
Agilent Expression Data Purwar et al.”® GSE38704
RNA-seq Data Huang et al.”’ GSE70108
RNA-seq Data Chietal.”” GSE190538
RNA-seq Data Zhong et al.”® GSE211414

Experimental models: Cell lines

JMB8AS3 murine embryonic stem cells EuMMCR https://www.eummcr.info

Experimental models: Organisms/strains

B6(Cg)-Tyrc-2J/J JAX Cat# JAX:000058,
RRID:IMSR_JAX:000058

C57BL/6JRccHsD Inotiv https://www.inotiv.com/

Tg(Cd4-cre)1°%i (CD4-Cre) JAX Published in Lee et al.*®

Cd4tm1 (cre/ERT2)Thbu (C D4-Cre E RT2)
RagQ‘"” Fwa (Rag2-/—)

Thorsten Buch, UZH Zirich
JAX

Published in Sledzinska et al.*®
Published in Shinkai et al.”

Gt(ROSA)26S0rim1(CAG-Satb1,-EGFP)Bey (Rog_STOP-Satb1) This Paper ND

Satb1°™'BeY (Satb1 ™M) This lab Published in Sommer et al.*®

Foxp3™'FV (Foxp3-RFP) JAX Cat# JAX:008374,
RRID:IMSR_JAX:008374

Oligonucleotides

Oligonucleotide Sequences This paper Table S3

Recombinant DNA

R26-STOP-Satb1 This paper ND

STOP-eGFP-ROSA targeting vector

Thomas Wunderlich

Published in Sasaki et al.”®
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Software and algorithms

Agilent Seahorse Wave Software Agilent RRID:SCR_014526

Bioconductor Packages (critical packages are
stated in methods and figure)
Bowtie2 v2.3.5

CASAVA v1.8.2

CRAN packages (critical packages are stated
in methods and figure)

DeepTools v3.3.0

FastQC

FlowJo
GraphPad Prism

Image Lab software. Version5.2.1 built11
LightCycler Software
MACS2 v2.1.2

Picard v2.9.2

R3.5.3

R Studio
SAMtools v1.9
Star v2.7.1a.

trimmomatic v0.36

BD Rhapsody Sequence Analysis Pipeline 2.2.1

Bcl2fastq2 V2.20

MACS3

R 4.3.0

Seurat V4.3.0.1

Signac V1.10.0

SeuratWrappers V0.3.1

presto V1.0.0

clusterProfiler V.4.8.1

Bioconductor
Langmead et al.”®

lllumina

CRAN

Ramirez et al.””
FastQC

Becton Dickinson
GraphPad Software

Bio-Rad

Roche
|'78

Zhang et al
Picard
R Project

R Studio

Lietal.”®

Dobin et al.?°

Bolger et al.?’

Becton Dickinson

lllumina

Zhang et al.”®
R Project
Butler et al.®?
Stuart et al.®®
SeuratWrappers

presto

Yu et al.®*

https://www.bioconductor.org,
RRID:SCR_012915

http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml, RRID:SCR_016368

http://support.illumina.com/sequencing/
sequencing_software/casava.html,
RRID:SCR_001802

http://cran.r-project.org/, RRID:SCR_003005

https://deeptools.readthedocs.io/
en/develop/, RRID:SCR_016366

http://www.bioinformatics.babraham.
ac.uk/projects/fastgc/, RRID:SCR_014583

https://www.flowjo.com/, RRID:SCR_008520
https://www.graphpad.com/,
RRID:SCR_002798

RRID:SCR_014210

RRID:SCR_012155
https://github.com/macs3-project/
MACS, RRID:SCR_013291
http://broadinstitute.github.io/

picard/, RRID:SCR_006525
http://www.r-project.org/,
RRID:SCR_001905

https://posit.co/, RRID:SCR_000432
http://htslib.org/, RRID:SCR_002105
http://code.google.com/p/rna-star/,
RRID:SCR_015899
http://www.usadellab.org/cms/
index.php?page=trimmomatic,
RRID:SCR_011848
https://bd-rhapsody-bioinfo-docs.
genomics.bd.com/top_introduction.html
https://support.illumina.com/sequencing/
sequencing_software/bcl2fastg-
conversion-software.html,

RRID: SCR_015058

https://github.com/macs3-
project/MACS, RRID: SCR_013291

http://www.r-project.org/,
RRID:SCR_001905

https://satijalab.org/seurat/get_
started.html, RRID:SCR_016341

https://satijalab.org/signac/
index.html, RRID:SCR_021158

https://github.com/satijalab/
seurat-wrappers, RRID:SCR_022555

https://rdrr.io/github/
immunogenomics/presto/

http://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html,
RRID:SCR_016884
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rrvgo V1.12.2 Sayols®® https://www.bioconductor.org/packages/
release/bioc/html/rrvgo.html

Cicero V1.3.9 Pliner et al.®® https://cole-trapnell-lab.github.io/
cicero-release/

JASPAR2020 V0.99.10 Fornes et al.®” https:/rdrr.io/github/da-bar/
JASPAR2020/, RRID:SCR_003030

ggplot2 V3.4.2 ggplot2 https://cran.r-project.org/web/
packages/ggplot2/index.html,
RRID:SCR_014601

eulerr V7.0.2 eulerr https://cran.r-project.org/web/packages/
eulerr/index.html, RRID:SCR_022753

BSgenome.Mmusculus.UCSC.mm10 V1.4.3 UCSC mm10 https://bioconductor.org/packages/

EnhancedVolcano v1.18.0

scCustomize V1.1.1

gt v0.11.1
AnnotationHub V3.8.0

GenomicRanges V1.52.0

EnhancedVolcano

scCustomize

gt
AnnotationHub

Lawrence et al.®®

release/data/annotation/html/
BSgenome.Mmusculus.UCSC.mm10.html

https://bioconductor.org/packages/
release/bioc/html/Enhanced
Volcano.html RRID:SCR_018931

https://rdrr.io/cran/scCustomize/,
RRID:SCR_024675

https://rdrr.io/cran/gt/

https://rdrr.io/bioc/AnnotationHub/,
RRID:SCR_024227

http://www.bioconductor.org/packages/

2.13/bioc/html/GenomicRanges.html,
RRID:SCR_000025

TFBSTools V1.38.0 Tan et al.*® https://bioconductor.org/packages/
TFEBSTools/, RRID:SCR_024260

ggseqlogo V0.2 ggseqglogo https://rdrr.io/cran/ggseqlogo/

Custom code This paper https://doi.org/10.5281/zenodo.15201055

Other

MOG38-49/I-Ab (GWYRSPFSRVVH) BV421 NIH N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Mice (crossed more than 7-times to a C57BL/6JRcc background) were housed under specific pathogen-free conditions with chow
and water provided ad libitum. Mice were used in accordance with the local legislation governing animal studies following The Prin-
ciples of Laboratory Animal Care (NIH publication No. 85-23, revised in 1996). All animal experiments were approved by the Local
Animal Care Commission of North Rhine-Westphalia (AZ 84-02.04.2013.A248 and AZ 84-02.04.2016.A370). Unless otherwise de-
noted, mice were used for experiments between nine weeks and four months of age and cohorts were age and sex matched.

C57BL/6JRcc, Satb1"" CD4-Cre, CD4-CreERT2 and RAG2™~ mice were previously described.*>*%%7* Conditional R26-STOP-
Satb1 mice were generated for this study (see Figure S5).

For experiments the following genotypes were used: R26-STOP-Satb1"V* x CD4-Cre"V* as Kl mice or R26-STOP-Satb1"V* x
CD4-Cre"Y"! as WT control. Unless otherwise denoted Satb1™" x CD4-CreERT2"Y* mice were used for conditional deletion of
Satb1. Mice were either treated with tamoxifen (KO) or oil as control (WT). Experimental autoimmune encephalomyelitis (EAE)
was induced in 14 weeks old female Satb1™"" x CD4-CreERT2*"! or Satb1™ x CD4-CreERT2"Y"! mice. Both cohorts were treated
with tamoxifen. The influence of long-term deletion of Satb1 was studied in 44-60 weeks old Satb1™" x CD4-Cre"V* mice and
Satb1™" x CD4-Cre"" as control. For the experimental colitis model male Rag2”~ mice were used.

Primary cells and cell lines

JMB8A3 murine embryonic stem cells (EUMMCR) were cultured on mitomycin C-inactivated and G418 resistant mouse embryonic
fibroblast feeder layers in DMEM supplemented with 15% heat-inactivated fetal calf serum, 1% non-essential amino acids, 1% Glu-
tamax, 1 mM Sodium Pyruvate, 0,1 mM p-Mercaptoethanol, 100 U/ml Penicillin, 100 pg/ml Streptomycin and LIF under standard
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murine ES cell culture conditions as described previously.>> JM8A3 cells were tested for mycoplasma contamination before blasto-
cyst injection. Primary murine splenocytes or CD4* T cells were cultured in IMDM (Gibco) supplemented with 10% FCS, 1% non-
essential amino acids, 1% Glutamax, 5 mM HEPES, 0.5 mM sodium pyruvate, 55 uM p-mercaptoethanol, 100 U/ml Penicillin and
100 pg/ml Streptomycin. All cells were cultivated at 37°C, 5%C0O2.

Microbe strains
For genetic engineering, two different E.coli strains were used: DH5a (DSMZ) and StbI3 (Thermo Fisher Scientific). Bacteria were
cultivated in LB-medium containing plasmid-specific antibiotics.

METHOD DETAILS

Generation of Satb1-overexpressing mice

To generate Satb1-overexpressing mice, the Satb1 coding region was amplified via PCR and integrated into an Ascl-linearized
STOP-eGFP-ROSA targeting vector’® using standard gene cloning procedures. Correct insertion was verified by sequencing and
subsequently the EcoRl-linearized targeting vector was electroplated into JM8A3 murine embryonic stem cells for homologous
recombination. ES cell transfection, cultivation and G418 selection was performed as previously described.** Recombinant ES cells
were screened by PCR (Primer sequences are listed in Table S3) and Southern blotting for correct integration. Southern Blot proced-
ure was described previously in detail.*® For validation of correct 5’ integration, DNA was digested with EcoRI-HF (NEB), while for
internal screening DNA was digested with Kpnl-HF (NEB) when Southern Blot was performed. Probes were generated by enzymatic
digestion and either radioactively or DIG-labeled. Positive ES clones were injected into B6(Cg)-Tyrc-2Y/J blastocysts (Jackson strain
000058) to generate chimeric mice. Chimeric mice were mated with C57BL/6JRcc mice and transgenic offsprings were backcrossed
to C57BL/6JRcc background. Subsequently, R26-STOP-Satb1 mice were crossed to CD4-Cre mice to induce Satb1 overexpression
in CD4 expressing cells.

Tamoxifen administration

Tamoxifen (Merck) was dissolved to a final concentration of 40 mg/ml in pre-heated olive oil (Merck, 55°C). To induce Cre-mediated
recombination, 8 mg tamoxifen were administered to Satb1%" x CD4-CreERT2"Y* animals by oral gavage on day 0 and on day three.
Unless otherwise mentioned, seven days after initial tamoxifen administration, mice were either scarified for CD4* T cell isolation or
EAE was induced. For suboptimal Satb1 deletion in vivo, 5 mg tamoxifen were administered to Satb1"" x CD4-CreERT2*V* animals
by oral gavage only on day 0 thereby inducing gene deletion at a reduced efficiency.

For cell isolation, control mice received olive oil instead of tamoxifen. For EAE experiments, female Satb1"" x CD4-CreERT2"V"
animals were used as control and mice received tamoxifen similar to Satb1"" x CD4-CreERT2"Y* animals, since tamoxifen admin-
istration itself influence EAE induction.*®%°

To delete Satb1 in vitro, T cells from Satb1™™ x CD4-CreERT2"Y* animals were treated with 1 pM 4-OH tamoxifen (Merck), which
was previously solved in EtOH. As wildtype control, cells were treated with EtOH at the same final concentration.

Induction and assessment of experimental colitis

Satb1™" x CD4-CreERT2"Y* mice were treated with tamoxifen or oil as control as described above and splenic CD4*CD44
CD62L*CD25 naive T cells were isolated. Colitis was induced by the adoptive transfer of 1x10° naive CD4* T cells intraperitoneally
(i.p.) into Rag2”~ animals. As control, Rag2”~ mice were only injected with PBS. Recipient mice were weight 3 times a week and moni-
tored for signs of illness. When colitis symptoms manifested, approximately five weeks after naive CD4™ T cell injection, mice were
sacrificed by cervical dislocation and cells were analyzed by flow cytometry and colon was prepared for histological analysis.

Induction of experimental autoimmune encephalomyelitis (EAE)
EAE was induced by active immunization of mice with myelin oligodendrocyte glycoprotein (MOG) 35-55 peptide (MOG3s.55) and
complete Freund’s adjuvant as described previously.”" In brief, 1 pg/pl MOGgss_ss (Biotrend) was dissolved in PBS with 1% dimethyl
sulfoxide and emulsified 1:1 with complete Freund’s adjuvant (BD) supplemented with 10 mg/ml Mycobacterium tuberculosis H37RA
(BD). Mice were anesthetized with 2.5-3.5% isoflurane and immunized with 50 pg of MOGass.-s5 by tail-base injection. Subsequently,
mice received i.p. 200 ng pertussis toxin (Merck) diluted in PBS on day 0 and on day two.

Mice were monitored daily and clinical score was assessed using the following score: 0 = no clinical sign, 0.5 = reduced tail tonicity,
1 =loss of tail tonicity, 1.5 = loss of tail tonicity and unilateral hindlimb weakness, 2 = loss of tail tonicity and bilateral hindlimb paresis,
2.5 = loss of tail tonicity and unilateral hindlimb paralysis, 3 = loss of tail tonicity and bilateral hindlimb paralysis. Upon clinical score
0.5, soaked food was placed on the cage floor. If mice reached a clinical score above 3, showed great pain or lost more than 20% of
their initial bodyweight, they were excluded from the experiment and euthanized for animal welfare reasons. At peak of disease,
occurring on day 18, cells were isolated from different tissues as described below or spinal cord was prepared for histological
analysis.
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Isolation of immune cells

Cells were purified from spleen, cLN, mesLN, colon, small intestine and CNS. For lymphocyte isolation out of the spleen and lymph
nodes, organs were manual homogenized into a single-cell suspension and passed through a 100 um cell strainer. Splenocytes were
cleared form erythrocytes by incubating cells in red blood cell lysis buffer (155 mM NH,4CI, 10 mM KHCOg, 0.1 mM EDTA, pH 7.2-7.4)
for 2 min. Cells were washed in PBS and directly used for further experiments. For isolation of myeloid cells, spleens were cut into
small pieces and digested in 3 ml RPMI supplemented with 0.5 mg/ml Collagenase Type IV (Merck) and 50 pg/ml DNAsel (Merck) for
45 min at 37°C with slow rotation. After digestion, remaining pieces were manual homogenized, cell suspension was filtered and red
blood cell lysis was performed as described above. Isolation of mononuclear cells from the CNS was performed as described pre-
viously.®! After perfusion of the animals with PBS, brain and spinal cord were removed, cut into small pieces and digested in 5 ml
DMEM supplemented with 10% FCS and 200 pg/ml Collagenase Type IV (Merck) for 45 minutes at 37°C followed by digesting
with 170 pg/ml DNasel (Merck) for 45 minutes at 37°C under slow rotation. The homogenized tissue was passed through a
100 pm cell strainer and lymphocytes were isolated using density gradient centrifugation (20 min, 900 g, room temperature). Cells
were collected from the 30%/70% interphase of the percoll gradient, washed in PBS and further used for FACS staining or stimulated
to assess cytokine production. Isolation of intestinal lamina propria mononuclear cells was performed as described previously.?? Co-
lon and small intestine were collected, flushed with PBS and residual mesenteric fat and Peyer’s patches were removed. The intestine
was opened longitudinally and cut into pieces of approximately 1 cm length. The sample was incubated in HBSS supplemented with
5 mM DTT, 2% FCS, 100 U/ml Penicillin and 100 ug/ml Streptomycin for 20 min at 37°C with slow rotation for mucosal removal, fol-
lowed by incubation in HBSS containing 5 mM EDTA, 2% FCS, 100 U/ml Penicillin and 100 pg/ml Streptomycin for three times 15 min
at 37°C with slow rotation for epithelial cell removal. The tissue was washed in HBSS supplemented with 10 mM HEPES, 100 U/mi
Penicillin and 100 pg/ml Streptomycin for 10 min at 37°C with slow rotation, cut into smaller pieces and digested in HBSS supple-
mented with 0.2 U/ml Liberase (Merck), 200 U/ml DNasel, gradell (Merck), 10 mM HEPES, 100 U/ml Penicillin and 100 ug/ml Strep-
tomycin for 45 min at 37°C with slow rotation. Cell suspension was filtered through a 70 pm cell strainer and washed three times with
HBSS containing 2% FCS. Cells were used immediately for FACS staining or stimulated to determine the cytokine profile.

Isolation of naive and effector/memory CD4"* T cells

Splenocytes and lymph node cells were pooled and CD4* T cells were enriched by negative selection using the MagniSort Mouse
CD4 T cell enrichment Kit (Thermo Fisher Scientific) according to the manuscript. Subsequently CD4™ T cells were surface stained
with anti-CD3, anti-CD4, anti-CD25, anti-CD62L and anti-CD44 and naive CD3*CD4+*CD25 CD44'°"/-CD62L" T cells and effector/
memory CD3*CD4*CD25 CD44"I"CD62L™ T cells were sorted on a BD FACS Aria lll to greater than 98% purity.

In vitro CD4" T cell differentiation

Differentiation of naive CD4* T cells was performed as previously described.** In brief, naive CD4* T cells were cultivated in 96- or
48-well plates coated with an anti-hamster IgG antibody (MP Biomedicals, 1:20), in presence of soluble anti-CD3e (0.25 pg/ml, Bio-
legend, RRID:AB_312679) and anti-CD28 (1 pg/ml, Biolegend, RRID:AB_312877). For specific differentiation, the following cytokine
and antibody mix were added: For T0 condition, anti-IL-4 (2 pg/ml, Biolegend, RRID:AB_315322) and anti-IFNy (2 pg/ml, Biolegend,
RRID:AB_315394) was added; For Ty1 cell differentiation, anti-IL-4 (2 pg/ml) and IL-12 (10 ng/ml, PeproTech) was added; For T2 cell
differentiation, anti-IFNy (2 pg/ml) and IL-4 (10 ng/ml, Immunotools) was added; For T,;17 cell differentiation, anti-IL-4 (2 pg/ml), anti-
IFNy (2 pg/ml), TGF-$1 (0.3 ng/ml) and IL-6 (20 ng/ml, ImmunoTools) was added; For iT,4 cell differentiation, anti-IL-4 (2 pg/ml), anti-
IFNy (2 pg/ml), TGF-B1 (2 ng/ml), IL-2 (100 U/ml, Chiron) and retinoic acid (2.5 nM, Merck) was added. When T0, Tq1 and T2 cells
were cultured for longer than three days, cell were rested on day two in presence of IL-2 (100 U/ml). On day four, T40, T41 and T2
cells were restimulated in the corresponding conditions (s. above) for one day. Cells were cultivated for three or five days. For stim-
ulation of mature T417 cells, T417 cells were rested after five days of cultivation for two days in complete IMDM without cytokine
additives in presence of 1 uM 4-OH tamoxifen or EtOH as control and cells were restimulated at day seven under T;17 conditions
(s. above) for two days.

For Ty17 culture in presence of anti-IL-2 (10 pg/ml, Biolegend, RRID:AB_315294) and anti-CD25 (10 pg/ml, Biolegend, RRID:
AB_312863), naive CD4* T cells were activated by plate bound anti-CD3e¢ (5 pg/ml), anti-CD28 (1 pg/ml) and cultured in presence
of anti-IL-4 (10 pg/ml), anti-IFNy (10 pg/ml), TGF-8 (5 ng/ml) and IL-6 (20 ng/ml) according to previous description.®® For T;17 cultures
in the presence of human IL-2 (10, 100 IU/ml) and anti-mouse IL-2 (10 pg/ml, Biolegend, RRID:AB_312863), naive CD4" T cells were
differentiated in 96-well plates coated with anti-hamster IgG antibody in presence of soluble anti-CD3e and anti-CD28, anti-IL-4, anti-
IFNy, TGF-31 and IL-6. For iT g cell differentiation in the presence of anti-mouse IL-2 (10 pg/ml, Biolegend) and anti-CD25 (10 pg/ml,
Biolegend), naive CD4™ T cells were activated by plate bound anti-CD3e (5 pg/ml), anti-CD28 (1 pg/ml) and cultured in the presence of
anti-IL-4 (2 pg/ml), anti-IFNy (2 pg/ml), TGF-81 (2 ng/ml) and retinoic acid (2.5 nM, Merck) and decreasing concentrations of IL-2
(100 IU [normal culture condition], 20 1U [low IL-2], no IL-2).

Proliferation assays

CD4" T cells were labeled with 5 pM cell proliferation dye eFluor670 (Thermo Fisher Scientific) for 10 min at 37°C according to the
manufacturer’s protocol. Cells were stimulated for 3 days with mouse T-Activator CD3/CD28 Dynabeads (Thermo Fisher Scientific)
in a 3:1 cell/bead ratio and subsequently dilution of eFluor670 was measured by flow cytometry.
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Labeling of CD4* T cells with PKH26 or eFluor670 for co-culture experiments

Naive CD4™ T cells were sorted from the spleen and cLN of WT and KO mice as previously described. WT cells were labeled with
PKH26 at a final concentration of 2x10°® M of PKH26 at a density of 1x107 cells/ml for 5 minutes at room temperature according
to the manufacturer’s recommendations (Sigma-Aldrich). KO cells were labeled with 5 pM cell proliferation dye eFluor670 (Thermo
Fisher Scientific) as described before. Cells were either cultured alone or mixed at a 1:1 ratio and cocultured for 3 days under T;17 cell
differentiation conditions.

In vivo BrdU labeling of T cells and anti-BrdU staining to assess cell proliferation

Mice were injected intraperitoneally (i.p.) with BrdU solution (1mg/mouse) 72 hours prior to analysis. Splenocytes were isolated and
stained with anti-BrdU antibodies according to the manufacturer’s protocol (Biolegend). In short, cell surface proteins were stained
and cells fixed on ice for 20 minutes by adding 100 pl Buffer A. Afterwards the cells were permeabilized by incubation of the cells in
Buffer C for 10 minutes at room temperature. Then, the cells were fixed again for 5 minutes and treated with DNAse for 1 hour at 37°C.
The cells were stained with anti-BrdU antibody for 20 minutes at room temperature in the dark prior to analysis by flow cytometry.

Analysis of metabolic parameters

Real-time metabolic parameters were measured using a Seahorse XFe96 Analyzer (Agilent). Analysis of the metabolic state of CD4*
T cells upon TCR stimulation was performed as previously described,’* CD4* T cells were purified by negative selection using the
MagniSort Mouse CD4 T cell enrichment Kit (Thermo Fisher Scientific) and seeded on poly-L-lysine-coated (100 pg/ml, Merck) Sea-
horse cell culture microplates (Agilent) with a concentration of 300,000 cells/well. Cells were then incubated for one hour in Seahorse
assay medium (Seahorse XF RPMI Medium supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM glucose, adjusted
to pH 7.4 prior to the assay) at 37°C without controlled CO, concentration. Baseline measurement was performed for four cycles and
subsequently cells were stimulated with soluble anti-CD3e/anti-CD28 antibody (Biolegend, RRID:AB_312679, RRID:AB_312877) ata
final concentration of 3 and 1 pg/ml respectively. The extracellular acidification rate (ECAR) was measured for 19 cycles. Each mea-
surement cycle was defined as three minutes mixing time and five minutes measurement time.

For the analysis of the metabolic state of T17 cells, cells cultured for three days under Ty17 cell skewing conditions were
collected and 100,000 cells/well were seeded on a poly-L-lysine-coated Seahorse cell culture plates. Cells were either incubated for
one hour in Seahorse assay medium (s. above) or glucose-free Seahorse assay medium at 37°C without controlled CO, concentration.

Three baseline measurements of the ECAR and the oxygen consumption rate (OCR) were performed prior to metabolic challenges.
Each measurement cycle was defined as three minutes mixing time and three minutes measurement time. For challenges of mitochon-
dria, cells were stimulated with (1) 1 uM oligomycin (Merck), (2) 4 pM FCCP (Merck) and (3) 0.5 uM rotenone (Merck) and 0.5 pM anti-
mycin A (Merck). To analyze the response to glucose stimulation, cells were stimulated with (1) 10 mM glucose, (2) 1 M oligomycin
(Merck) and (3) 100 mM 2DG (Merck). During each stimulation period, three measurement cycles were performed. Normalization of
the plate was performed by reading the absorbance at 590 nm of PFA-fixed, crystal violet stained cells after the assay performance.

Antibodies, staining and flow cytometry analysis

Fluorescent-labeled antibodies were purchased from BD Bioscience, Biolegend or Thermo Fisher Scientific. MOGgg_40/I-AP tetramer
(GWYRSPFSRWH) was obtained from the NIH Tetramer core facility. Surface staining was performed at 4°C for 20 min. To exclude
dead cells, cells were stained with the LIVE/DEAD Fixable Dead Cell Stain Kit (Thermo Fisher Scientific) according the manufacturer’s
protocol. For intracellular cytokine staining, cells were first stained for surface marker expression as described above and subse-
quently stimulated with PMA/lonomcyin (1:500, eBioscience Cell stimulation cocktail, Thermo Fisher Scientific) for four hours at
37°C in presence of Brefeldin A (1:1000, Thermo Fisher Scientific) and Monensin (1:1000, Thermo Fisher Scientific). Afterwards
dead cells were stained as described above, cells were fixed with 4% paraformaldehyde for 10 min on ice, permeabilized using
the ebioscience Permeabilization Buffer (Thermo Fisher Scientific) and intracellular stained for cytokines for 30 min at room temper-
ature in Permeabilization Buffer. Transcription factors were stained using the Foxp3 / Transcription Factor Staining Buffer Set
(Thermo Fisher Scientific) according to the manufacturer’s protocol. For tetramer staining, cells were incubated with 20 pg/ml
MOGisg_4e/I-AP tetramer for three hours at 37°C in RPMI (containing 10% FCS). Subsequently, cells were washed and stained for sur-
face marker expression and dead cells as described above. To stain phosphorylated Stat proteins, cell were fixed with 3% methanol
free formaldehyde (Thermo Fisher Scientific) for 10 min at 37°C, permeabilized in ice cold 90% methanol overnight at -20°C and sub-
sequently stained for phosphorylated Stat proteins and surface marker expression in FACS buffer (0.5% BSA in PBS) for one hour at
room temperature. Only antibodies which were resistant to the fixation and permeabilization treatment were used. All stainings were
performed in presence of FcR-blocking reagents (anti-CD16/CD32, Biolegend, RRID:AB_312801). Flow cytometric acquisition was
performed on a LSR Il (BD), Symphony A5 flow cytometer (BD) or FACSAria Ill (BD) and data were analyzed using FlowJo software
package (BD).

Immunoblot analysis for Satb1

Cells were lysed in RIPA buffer (10 mM Tris-HCI (pH 8), 1 mM EDTA (pH 8), 140 mM NacCl, 1% Triton X-100, 0.1% SDS, 0.1% Na-DOX
in H20) supplemented with cOmplet Protease Inhibitor Cocktail (Roche, Complete Mini) for 30 min on ice followed by three times son-
ication for 10 seconds at 20 V. Protein concentration was determined using the Pierce bicinchoninic acid assay (BCA) Protein Assay
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Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol and absorbance was measured with the Infinite M200 multi-
mode microplate reader or FLUOstar Omega. Per sample, 20 pg proteins were denatured at 70°C for 10 min in the presence of
NuPAGE sample reducing agent (Thermo Fisher Scientific) and NUPAGE LDS sample buffer (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Cell lysate was subjected to immunoblot analysis as previously described.® The following anti-
bodies were used: anti-Satb1 (1:5000, Abcam) and anti-B-actin (1:5000, Merck Millipore).

Histology

For histology analysis of the colon, the tissue was washed, fixed in 4% paraformaldehyde and embedded in paraffin using routine
procedures. Sections were stained with hematoxylin und eosin and scored for disease progression as described previously.”® Briefly,
scores were assigned from 0 - 3 in 5 different categories: (1) number of follicle aggregates, (2) oedema, (3) erosion and ulceration, (4)
crypt loss and (5) infiltration of mono- and polymorphonuclear cells. Furthermore, the (6) percentage of the involved area was as-
signed a score from 0-4. All scoring was performed by researchers blinded to the experimental conditions. For histological analysis
of immune cell infiltration of the CNS, mice were perfused with PBS and 4% paraformaldehyde. The spinal cord was excised and
further fixed in 4% paraformaldehyde and embedded in paraffin using routine procedures. Sections were prepared and stained
with hematoxylin und eosin, anti-MAC3 (BD Biosciences) and anti-CD3 (Bio-Rad Laboratories) as described previously.®” For histo-
logical analysis of myelin, spinal cords were dissected and fixed in 4% paraformaldehyde. Subsequently, samples were incubated in
30% sucrose and embedded in cryoembedding matrix. Sections (12 pm) were prepared using the CryoStar NX70 (Thermo Fisher
Scientific), dehydrated in 95% ethanol and myelin was visualized using luxol fast blue staining (0.95% (w/V) Solvent blue 38 (Merck),
90% Ethanol, 0.47% Acetic acid in H,0) overnight at 60°C. Samples were incubated in 0.05% lithiumcarbonat solution, 70% ethanol
and H,O multiple times until good contrast was archived. Subsequently, nuclear fast red (Merck) staining was performed for 2 min.
Samples were washed in H,O, dehydrated in 95% ethanol and 100% ethanol, cleared in Xylene. Histological analysis was conducted
using a BZ-9000 (Keyence) microscope.

Quantitative RT-PCR

Total RNA was isolated from cells lysed in QlAzol reagent (Qiagen) by standard phenol/ chloroform extraction or using the Direct-zol-
96 RNA kit (Zymo Research) according to the manufacture’s protocol. cDNA was generated with the Transcriptor First Strand cDNA
synthesis kit (Roche Diagnostics) and gRT-PCR was performed using the LightCycler 480 Probe Master (Roche) and the Universal
Probe Library set (Roche) according to manufacturer specifications. gRT-PCR were run on a LightCycler 480 Il (Roche) and analyzed
using the LightCycler 480 Software, v1.5. Samples were normalized to the expression of p-actin. All PCR primer sequences and
probes are listed in Table S3.

Transcriptome analysis of naive CD4* T cells

Total RNA was isolated from splenic naive CD4* T cells lysed in QIAzol Lysis Reagent (Qiagen) using the miRNeasy Micro Kit
(Qiagen) according to the manufacturer’s protocol. RNA quality and concentration was measured on the Agilent Tapestation
2200 (Agilent) using RNA screen tapes (Agilent) and further processed for barcoding, multiplexing and cDNA library construction
using the TruSeq RNA Sample Preparation Kit v2 (lllumina). For indexing, barcoding indexes of Set A were used. cDNA library
was measured in quality and quantity on Agilent Tapestation 2200 (Agilent) using High sensitivity Screen Tape (Agilent) and
sequencing (single read, 75 bp) was performed on an lllumina HiSeq 1500 platform using the TruSeq SBS Kit v3 (lllumina)
and TruSeq SR Cluster Kit v2 (lllumina) according to the manufacturer’s instruction. Base calling and de-multiplexing were per-
formed using CASAVA v1.8.2 and fastQC was used for quality control. Subsequently, the reads were aligned to the mm10-
based mouse Gencode reference transcriptome vM16 and quantified on gene level using STAR v2.7.1a.5° Gene expression
quantifications were imported to R 3.5.3 (2019-03-11) and DESeqg2 v1.22.2 was used for downstream analyses.’® Lowly ex-
pressed genes (rowSums > 10) were filtered and variance stabilizing transformation was performed. Subsequently, principal
component analysis was conducted on all present genes using the prcomp function (R/stats 3.5.3). Differential expression anal-
ysis was performed comparing WT and KO samples without pre-defined fold change threshold and using independent hypoth-
esis weighting (IHW, v1.10.1)°° as the multiple testing procedure. Genes with an adjusted p-value < 0.05 and a fold change >1.5
were determined as significantly differentially expressed. Functional enrichment analysis using the MSigDB data base'°® was
performed on the DE gene sets using the R package ClusterProfiler v3.10.1.%* The raw sequence data has been deposited
to GEO with accession number GSE250577.

Analysis of Satb1 dependence on RORyt and Stat3

To assess dependency of Satb1 expression on Stat3 and RORyt expression and binding to the genomic Satb1 locus, we assessed
publicly available RNA-seq, expression array and ChlP-seq datasets (GEO GSE40918, GSE23681. GSE21670, GSE40918,
GSE229377, GSE38704, GSE70108, GSE190538, GSE211414).

Single-cell RNA-seq of CD4* T cells in EAE

CD4* T cells were sorted from the brain and spinal cord of WT and KO mice. Prior to sorting, each sample was labelled with a unique
hashtag oligo (HTO)-conjugated anti-CD45 antibody (BD Mouse Immune Single-Cell Multiplexing Kit, #633793). CD4* T cells from
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WT and KO mice were each loaded on a separate BD Rhapsody cartridge (BD Bioscience, #400000847) using a BD Rhapsody Ex-
press Single-Cell Analysis System. Cell and bead loading, cell lysis, bead recovery, reverse transcription, and exonuclease treatment
were performed according to the manufacturer’s instructions (BD Biosciences). As for library prep, targeted enrichment of 400 genes
was performed using a selected panel of primers, which was followed by index PCR to ligate sequencing adapters. Quantification of
the cDNA libraries was carried out using a Qubit Fluorometer with the Qubit dsDNA HS Kit (ThermoFisher), whereas the size distri-
bution of the libraries was assessed using the Agilent High-Sensitivity D5000 assay on a TapeStation 4200 system (Agilent Technol-
ogies). Paired-end sequencing (2x75 cycles) was performed on a NextSeq 500 System (lllumina) using NextSeq 500/550 High Output
Kit v2.5.

Raw bcl files were demultiplexed using the Bcl2fastq2 V2.20 from lllumina. Sequencing adapters were trimmed and sequencing
reads with a PHRED score >20 were filtered using Cutadapt 1.16. Subsequently, STAR®® was used to align reads against GENCODE
vM16 mouse reference genome. Drop-seq tools 2.0.0 were used to generate a UMI-corrected gene expression count matrix. HTO
sequences were added to the reference genome to allow for their retrieval during alignment. Downstream analysis was performed in
R (version 4.0.3). The dataset was filtered using the barcodeRanks() function to exclude cells with unique molecular identifier (UMI)
counts below the inflection point, representing the transition in UMI counts between cell-containing wells and empty wells. Down-
stream analysis was performed using the Seurat R package (version 3.9.9.9032).'°" The dataset was further filtered to exclude cells
expressing a detected number of genes >50 and <150, and a detected total count of >100 and <2500. No filtering was performed
based on mitochondrial genes since they were not included in the targeted gene panel. After such filtration, 10,002 cells were
used for subsequent analysis.

CD4"* T cells sorted from WT and KO mice were loaded on two separate cartridges. The aforementioned quality-control steps were
performed on the joint dataset comprising both genotypes. To mitigate technical artifacts arising from the parallel experimental pro-
cessing, we applied the Harmony package'? for batch correction coupled with SCTransform for normalization. First, the dataset was
split by genotype, and SCTransform was applied on each genotype independently. Then, integration features were computed using
the SelectintegrationFeatures function from Seurat. This was followed by merging the SCTransform-normalized objects, setting var-
iable features to the integration features, and performing principal component (PC) analysis using the RunPCA function from Seurat.
Harmony was then applied using RunHarmony, setting the “reduction” argument to “pca”.

For clustering, FindNeighbors was used while setting the “reduction” argument to “harmony” and selecting 23 PCs, and
FindClusters was used a resolution of 0.36. FindSubCluster was used to refine the clustering of Ty17 cells. To find differentially
expressed genes across clusters, FindAllIMarkers was used while setting min.pct to 0.2 and logfc.threshold to 0.25, and using
the default Wilcoxon Rank Sum test. To define differentially expressed genes across genotypes for a given cluster, a new column
was created in the metadata comprising the information on the cluster identity and genotype, and FindMarkers was used while
setting ident.1 and ident.2 to the same cluster originating from WT vs. KO, and setting min.pct and logfc.threshold to 0.1 and
0.5, respectively. Of note, Satb7 and Cd4 were left out of the feature list used for differential expression analysis, since WT cells
consistently had an elevated expression of Cd4 due to the loss of one copy of Cd4 in the CD4-CreERT2-expressing KO cells.
Conversely, Satb1 expression was consistently higher in KO cells since the primer used for its amplification targets the gene’s
UTR, meaning a higher detection rate among KO cells (i.e. Cre-driven Satb7 recombined allele has two “correct-frame” UTRs).
Heatmaps were generated using the pheatmap package. To generate gene-expression scatterplots, To generate gene-expression
scatterplots, we first applied Seurat’s AverageExpression function [followed by log1p transformation of the averaged values] on
each cluster per genotype. In addition, we used FindMarkers to find differentially expressed genes across genotypes for each
cluster as described above. Labelled genes in the scatterplots passed the thresholds of i) log2FC greater than 0.5 across geno-
types, and ii) an average expression value of >1 in WT or KO. The raw sequence data has been deposited to GEO with accession
number GSE250578.

Assay for Transposase accessible chromatin (ATAC)-Sequencing of naive CD4* T cells

ATAC-seq was performed according to already described protocols.'%%%4 In brief, 60,000 naive CD4* T cells were lysed in 50 pl cold
lysis buffer (10 mM Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.1% IGEPAL CA-630) and immediately centrifuged at 500 g for
10 min. Transposase reaction was performed with in-house Tn5 Transposase in tagmentation buffer (10 mM TAPS-NaOH
(pH 8.5), 5 mM MgCI2, 10% DMF) for 30 minutes at 37°C and purified using the MinElute PCR Purification Kit (Qiagen) according
the manufacturer’s protocol. Transposed DNA fragments were amplified using the NEBNext High-Fidelity PCR Master Mix (NEB)
and customized Nextera PCR primers 1 and 2 (Primer sequences are listed in Table S3). The PCR products were purified using
the MinElute PCR Purification Kit. Quality check and measurement of PCR concentration was performed on the Agilent Tapestation
2200 using High sensitivity D1000 Screen Tape (Agilent). Libraries were sequenced (single read, 75 bp) on an lllumina HiSeq1500
using the TruSeq Rapid SBS Kit (lllumina) and TruSeq Rapid Cluster Kit (Illumina) according to the manufacturer’s instruction. After
quality inspection of primary data using FastQC v 0.11.8 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), adapter and
low-quality sequences were trimmed using trimmomatic v0.36%" and reads were aligned to reference mouse genome mm10 using
Bowtie2 v2.3.5.”° Picard v2.9.2 (http://broadinstitute.github.io/picard/) was used to identify duplicated reads and removal of Tn5
offset was performed using the alignmentSieve functionality of the deepTools suite v3.3.0.”” Bam files were sorted and indexed using
SAMtools v1.9.7° After subsampling the reads for each sample to 5x10° reads using Sambamba v0.7.0, normalized bigwig files were
produced using deeptools v3.3.0 for genomic visualization of the read coverage. Subsequently, peaks were called with MACS2
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v2.1.2.78 After peak calling, bed files listing narrow peaks were imported to R 3.5.3 (2019-03-11) and consensus peak regions across
all samples were generated with the ‘reduce’ function of the Bioconductor GenomicRanges package v1.34.0 and reads were
counted per sample using the ‘summarizeOverlaps’ function of the Bioconductor GenomicAlignments package v1.18.1.%% Genomic
regions on the ENCODE blacklist for mm10 were excluded from the analysis. ChiPseeker v1.18.0 was used to annotate genomic
regions'%® using the TxDb.Mmusculus.UCSC.mm10.knownGene data base v3.4.4. Peak regions were filtered for a minimum sum
of 10 counts across all samples and a minimum MACS2 detection rate of at least 2 samples per group. After normalization using
the Bioconductor DESeq2 package v1.22.2,%% variance stabilizing transformation was performed and principle component analysis
on all detected peaks was conducted using the prcomp function (R/stats 3.5.3). Subsequently, differentially accessible regions were
determined using the DESeq2® and independent hypothesis weighting using the R package IHW v1.10.1.°° Regions with an
adjusted p-value < 0.1 and a fold change >1.5 were determined as significantly differentially accessible. Functional enrichment an-
alyses were performed on the differentially accessible region sets using the gene ontology'°®'°” and MSigDB'?° data bases with the
R package ClusterProfiler v3.10.1.%2* ATAC-seq data can be accessed under GSE250576.

Single-cell ATAC-seq and whole transcriptome analysis of naive CD4* T cells and in vitro differentiated Ty1 and Ty17
cells

Nuclei from Ty1, Ty17, and naive T cells were isolated and labeled with the nuclear Sample Tag reagent (Ms nucleoporin p62 Sam-
ple Tag 5-9, #460293-460296). After tagmentation, 40,000 labeled single nuclei from WT and KO cells were loaded onto a BD
Rhapsody 8-Lane Cartridge (BD Biosciences #666262) using the BD Rhapsody Express Single-Cell Analysis System. Single-
cell capture, ligation, reverse transcription, and Exonuclease | treatment were performed in accordance with the manufacturer’s
recommendations (BD Biosciences). Whole transcriptome, ATAC and sample tag libraries were obtained according to the man-
ufacturer’s protocol (BD Biosciences). Quantification of the cDNA libraries size distribution of the libraries were carried out using a
Qubit Fluorometer with the Qubit dsDNA HS Kit (ThermoFisher), and Agilent High-Sensitivity D5000 assay on a TapeStation 4200
system (Agilent Technologies), respectively. Paired-end sequencing was performed on a NovaSeq 6000 system using different
parameters for mMRNA/sample tag libraries and ATAC libraries. For mRNA and sample tag libraries, the following sequencing pa-
rameters were used: R1: 76 cycles, R2: 151 cycles, utilizing S4 Reagent Kits v1.5 (300 cycles). ATAC libraries were sequenced
with these settings: R1: 50 cycles, R2: 50 cycles, Index 1: 8 cycles and Index 2: 60 cycles, employing NovaSeq 6000 S2 v1.5
(200 cycles) chemistry.

After demultiplexing of bcl files using Bcl2fastg2 V2.20 (lllumina) to generate fastq files, including both reads and indices specif-
ically for ATAC libraries, the BD Rhapsody Sequence Analysis Pipeline 2.2.1 was used to align reads against the gencode mouse
reference genome (M23) and generate molecular counts per bioproduct per identified nucleus and metrics related to the different
steps [https://bd-rhapsody-bioinfo-docs.genomics.bd.com/top_introduction.html]. Downstream analysis was performed using
the R packages Seurat (V4.3.0.1) and Signac (V1.10.0).52%1%8 First, nuclei that could not be associated with a single HTO barcode
were removed from the dataset. During quality control of the whole transcriptome data, nuclei that did not exceed 400 associated
features or showed more than 10,000 features were excluded from downstream analysis. Additionally, only nuclei from naive CD4*
T cells with less than 25% mitochondrial reads or from Ty1/Ty17 cells with less than 40% mitochondrial reads were retained. For
chromatin accessibility data, peak calling with MACS3 was performed on nuclei passing the RNA quality control.”® Then, only nuclei
with more than 1,000, but less than 100,000 associated fragments, more than 20% of reads in peaks, a nucleosome signal of less
than 4, a transcription start site (TSS) enrichment score of more than 3 and less than 5% of fragments in ENCODE blacklisted
genomic regions were retained. After QC, a total of 48,110 nuclei were subjected to downstream analysis. The transcriptomic
data was log-normalized, scaled and centered, followed by dimensionality reduction (PCA) on the top 5,000 variable genes as iden-
tified by the vst method. The 25 first principal components (PCs) were then used for uniform manifold approximation and projection
(UMAP). The ATAC data was normalized by computing the term-frequency inverse-document-frequency (TF-IDF), followed by deter-
mining top features and running dimensionality reduction through singular value decomposition (SVD). Since a strong correlation be-
tween the first LSI (latent sematic indexing) component and the sequencing depth was observed, only components 2 to 20 were used
for UMAP. Both modalities (RNA and ATAC) were integrated by constructing a weighted nearest neighbor (WNN) graph and UMAP
based on the first 20 RNA PCs and LSI components 2-20.

T cell subtype- and genotype-specific transcript and region markers were calculated using the Wilcoxon rank sum test (min.pct =
0.1) of the presto-based implementation of the ‘FindMarkers’ function (SeuratWrappers V0.3.1, presto V1.0.0). For downstream anal-
ysis, only markers with a log2 fold change bigger than 0.25 or smaller than -0.25 as well as a bonferroni-adjusted p value of less than
0.05 (RNA) or 10e-5 (ATAC) were considered. Identified differentially accessible regions were assigned to a putative target gene
based on proximity using the ‘ClosestFeature’ function. Enrichment analysis of the MSigDB mouse hallmark gene sets'®° and
gene sets from the Gene Ontology (GO) biological process (BP) database'°'°° on differentially expressed genes and genes asso-
ciated with differentially accessible regions was performed with the clusterProfiler package (V4.8.1).%*"'° Redundancy in the list of
enriched GO Terms was identified with the package rrvgo (V1.12.2).2° The top two terms of the four most abundant term groupings
were chosen for visualization. Co-accessible networks based on ATAC data were calculated using Cicero (V1.3.9),%° and motifs from
the JASPAR2020 vertebrate collection (V0.99.10)%” enriched in differentially accessible regions were defined using the ‘FindMotifs’
function.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses, except for the analyses of sequencing data, were performed with GraphPad Prism software v5-8 (GraphPad
Software). When analyzing statistical differences between two groups, two-tailed unpaired Student’s t-tests were performed. Sta-
tistical differences between three or more groups treated under similar conditions were analyzed by one-way ANOVA with Dunnett’s
or Tukey’s multiple comparison tests. Two-way ANOVA were performed when comparing multiple groups in the context of different
conditions. Sidak’s or Tukey’s multiple comparison tests were performed dependent of the experimental conditions. If the same cells
or mice were measured at different time points, repeated measure analysis was performed. P values of less than 0.05 were consid-
ered to be significant (ns indicates not significant p > 0.05, p < 0.05 =*; p < 0.01 =**; p < 0.001 = ***). Descriptive statistics, the per-
formed statistical tests as well as the number of samples are stated in the figure legends. Sequencing data were analyzed in R studio.
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