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Regulatory T (T,.g) cells are essential for self-tolerance and immune homeostasis.
Lack of effector T cell (Ter) function and gain of suppressive activity by T, are
dependent on the transcriptional program induced by Foxp3. Here we report
repression of SATB1, a genome organizer regulating chromatin structure and gene
expression, as crucial for T, phenotype and function. Foxp3, acting as a
transcriptional repressor, directly suppressed the SATBI locus and indirectly through
induction of microRNAs that bound the S47B1 3'UTR. Release of SATB1 from Foxp3
control in T, caused loss of suppressive function, establishment of transcriptional T
programs and induction of Ty cytokines. These data support that inhibition of
SATBI1-mediated modulation of global chromatin remodelling is pivotal for

maintaining T, functionality.



Regulatory T cells (T.,) are characterized by their suppressive function and
inability to produce effector cytokines upon activation'. Expression of the X-linked
forkhead transcription factor Foxp3 has been clearly linked to the establishment and
maintenance of Ty, lineage, identity and suppressor function®”. Moreover, Foxp3 is also
associated with the control of effector T cell (Tes) function in Treg4’5. A growing body of
evidence points towards plasticity amongst committed CD4" T cell lineages, including
Tregg'”, yet the mechanism for this plasticity and its significance in normal immune

responses and disease states remains to be elucidated.

Multiple transgenic reporter mouse models have demonstrated that loss of Foxp3
can induce the conversion of Ty, into cells with a variety of Tesr programs2'4’12. While Treg
are re-programmed by loss of the lineage-associated transcription factor Foxp3, there is no
evidence that conventional T cells (Tcony) actively suppress the Ty, lineage program. On the
contrary, only stable expression of Foxp3 in Ty appears capable of inducing a T
phenotype within these cells’. Together these findings suggest that Te programs are the
default state in CD4" T cells and that transcriptional programs induced and maintained by
Foxp3 overrule T function in Treg5 . Whether the inhibition of T differentiation in Ty, is
critical for Ty, suppressive function is unclear. Such a model would be supported by the
existence of Foxp3-induced mechanisms that continuously and actively control Tesr

programs in these specialized T cells.

Consistent with the active suppression of Tesr programs in T cells, ablation of the

.. 1 s 14,1
transcriptional repressor Eos'’ or the Foxo transcription factors'®'

impart partial Tegr
characteristics to Ty cells. Other transcription factors including IRF4 (ref. 16) and STAT3
(ref. 17) have been implicated in the modulation of effector cell differentiation by Ty,

cells'®. There is evidence that epigenetic control as well as miRNA are important for
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Foxp3-mediated suppressive functions'®'*?

, raising the possibility that epigenetic and
post-transcriptional regulation may also be involved in the repression of Ty functions in
Ty, cells. These findings support the existence of active regulatory mechanisms that enable

committed Teg to suppress Tesr differentiation®*

In this report, we specifically searched for genes repressed by Foxp3 in Ty, that
might be central to maintaining regulatory function and suppression of T function in Treg
cells. We identified the gene encoding special AT-rich sequence-binding protein-1
(SATBI) to be amongst the most significantly repressed genes in human and murine Ty,
cells. SATBI is a chromatin organizer and transcription factor essential for controlling a
large number of genes participating in T cell development and activation. SATBI
regulates gene expression by directly recruiting chromatin modifying factors to its target
gene loci which are tethered to the SATB1 regulatory network through specialized genomic
sequences called base-unpairing regions®**’?*, In murine Ty2 clones, SATBI has been
shown to function as a global transcriptional regulator specifically anchoring the looped
topology of the Ty2 cytokine locus, a pre-requisite for the induction of Ty2 cytokines®.
Since SATB1-deficient thymocytes do not develop beyond the double-positive stage™ ",
the role of SATBI in peripheral T cells, particularly in T, is still elusive. Repression was
mediated directly by transcriptional control of Foxp3 at the SATB/ locus, by maintaining a
repressive chromatin state at this locus, and indirectly by Foxp3-dependent miRNAs.
Release of SATBI from Foxp3 control was sufficient to reprogram natural Foxp3" T, into
Tegr cells that lost suppressive function and gained T function. These findings show that
SATB1 control by Foxp3 is an essential and critical mechanism maintaining T, cell

functionality.



RESULTS
Human T4 cells express low amounts of SATB1

To identify regulatory circuits actively suppressed by Foxp3 as a prerequisite for
Ty, function and inhibition of Tes programs, whole transcriptome analysis of human resting
or activated Ty and natural T., was performed (Supplementary Fig. 1 and
Supplementary Table 1). We identified SATB1 as of the 22 genes displaying significant
lower expression in T, compared to Teony (Fig. 1a). Reassessment of transcriptome data
from previous reports confirmed our observation of Satb! to be a potential target of Foxp3-
mediated repression®” .

Transcriptome data were validated in an independent set of samples by qRT-PCR
(Fig. 1b), immunoblotting (Fig. 1¢), and single cell analysis by flow cytometry (Fig. 1d)
clearly demonstrating reduced SATB1 expression in human T, As increased SATBI
expression has been previously linked to activation of pan-T cell populations®, we
assessed the dynamics of SATBI protein expression in Tcony and Ty, during activation
using T cell receptor stimulation in the presence of co-stimulation or interleukin-2 (IL-2)
(Fig. 1e) as well as mitogens (data not shown). Analysis of SATB1 expression established
a stimulation dependent up-regulation of SATB1 in Tcn while resting Ty, had a
significantly lower SATBI1 expression than T,,,, and this expression was only modestly up-
regulated after T cell activation. Next we assessed SATBI in induced Treg (iTwee) . These
1Ty, expressed Foxp3 mRNA and protein, and showed T cell suppressive function (data not

shown). Similar to natural T, SATB1 was not induced in iT,, under these conditions

while significantly enhanced expression was observed in cells stimulated via TCR and



CD28 (Fig. 1f,g). Moreover, Tyl and Ty2 cytokine production was significantly abrogated
in the absence of SATBI (Fig. 1h). To determine whether Foxp3 induction in iT,, was
necessary to suppress SATBI we performed gain-of-function experiments ectopically over-
expressing Foxp3 in Ty cells. High expression of Foxp3 resulted in reduced expression of
SATBI1 (Fig. 1i), which was accompanied by a concomitant decrease in cytokine
expression (Fig. 1j) and the induction of a Ty, cell gene signature (Supplementary Fig. 2).
Less abundant Foxp3 expression did not result in significant repression of SATBI or
induction of a Ty, cell gene signature (data not shown). Taken together, reduced expression
of SATBI is a hallmark of both 1Ty and Ty, in humans and repression of SATB1 depends

on sufficiently high expression of Foxp3.

Loss of Foxp3 in Treg results in high SATB1 expression

To further assess the role of Foxp3 in SATBI repression in human T, we
performed loss-of-function experiments. Silencing Foxp3 by siRNA resulted in loss of
Foxp3 expression as well as genes associated with Ty, cells (Supplementary Fig. 3) and
consequently loss of suppressive function in T, (Fig. 2a,b). A small but significant
increase of SATB1 expression was evident in unstimulated Foxp3-depleted human T,
(Fig. 2¢), however, this was significantly enhanced when T, were stimulated via TCR
together with co-stimulation or IL-2. This increase in SATB1 expression was associated
with production of Tyl (interferon-y; IFN-y) and Ty2 (IL-4 and IL-5) cytokines (Fig. 2d,e).
As this effect could have been a direct effect of Foxp3 on the cytokine genes themselves we

developed a strategy to knockdown SATBI1 and Foxp3 simultaneously in human T, cells.



Additional knockdown of SATB1 in human T., with a silenced FOXP3 gene
(Supplementary Fig. 4) resulted in a significantly decreased induction of T helper
cytokines (Fig. 2f) demonstrating that expression of T cytokines in Foxp3-deficient Tie,
cells is governed by SATB1. Similar results were obtained when expanded human T, cells
were transduced with lentiviruses encoding miR RNAi targeting Foxp3 and SATBI
(Supplementary Fig. 5). Together, these findings establish that Foxp3 negatively regulates
SATBI expression and that reducing SATB1 expression is required to prevent expression
of Tesr cytokines in human T, cells, thus assigning a key function of Foxp3-SATBI

interaction to the Ty, phenotype.

Foxp3 is not suppressed by SATB1 in Teony Cells

To exclude the possibility that SATB1 may reciprocally repress FOXP3 in Teony
cells we performed siRNA-mediated knockdown of SATB1 in human naive Ty cells to
assess whether SATB1 down-regulation in Ty cells might allow for elevated Foxp3
expression and a conversion of Tcony into Ty cells (Supplementary Fig. 6a). We did not
observe increased Foxp3 expression in resting and stimulated naive T.oy after silencing of
SATBI, including iTr,-inducing conditions (Supplementary Fig. 6b). These results
suggest that higher SATB1 abundance is not necessary for low expression of Foxp3 in
resting Teony cells and that Foxp3 induction in naive T¢ony cells following stimulation occurs
independently of SATBI. In line with this finding, we did not observe increased induction

of several Ty, cell associated genes after knockdown of SATB1 (Supplementary Fig. 6c¢).

SATB1 expression in mouse Teg cells



To address whether SATB1 regulation is conserved between human and murine T,
we analyzed SATBI1 expression by qPCR, immunoblotting, flow cytometry and confocal
microscopy in T cells derived from two different Foxp3 reporter mice (DEREG™, Foxp3-
GFP-Cre?"). Similar to human Trey cells, SATB1 mRNA and protein expression was lower
in mouse Ty, compared with Teony cells isolated from thymus, spleen or lymph nodes (Fig.
3a—c, and data not shown). SATB1 expression in CD4" single-positive thymocytes was
considerably higher than in peripheral CD4" Teony cells from the spleen or lymph nodes
(data not shown), which further supports the essential role of SATBI during early
thymocyte development as established in complete Satbl” mice®. Despite this, thymic
Foxp3" Ty still displayed a significant down-regulation of SATB1 compared with Foxp3
cells.

To establish Satb! as a Foxp3 target gene we analyzed T, from male DEREG mice
harboring a spontaneously mutated Foxp3 allele (DEREG x scurfy). Flow-sorted Ty, from
these animals displayed a significantly increased SATB1 expression in T, compared to
Foxp3-competent Ty, (Fig. 3d). In line with this finding an increase of Tyl and Ty2
cytokines in vivo was observed in T, from DEREG x scurfy mice (Fig. 3e). SATBI
mRNA expression in Treg versus Teony cells was further validated by reassessment of three
transcriptome data sets (GSE18387, GSE6681, GSE1 1775)5 3637 derived from mice with a
mutated Foxp3 gene in T, (data not shown).

Female heterozygous DEREG x scurfy mice harbor both Foxp3-competent and
Foxp3-incompetent T, cells. Side-by-side comparison of Foxp3-competent and Foxp3-
incompetent T, cells by immunofluorescence revealed a cell-intrinsic function of Foxp3 in

repressing SATBI (Fig. 3f). Similar to previous reports we observed nuclear localization of
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SATBI in Foxp3™ thymocytes forming a cage-like structure within the nucleus (Fig. 3¢)*.
Increased SATBI signals in Foxp3-incompetent Ty, cells with unchanged localization and
distribution further support that SATBI1 expression is regulated by Foxp3 (Fig. 3f).
Upregulation of SATBI in Foxp3* GFP" T was further quantified by intracellular flow
cytometry (Fig. 3g). Overall, these data clearly establish increased SATB1 mRNA and

protein expression as a consequence of Foxp3 deficiency in Tieg.

Foxp3 binds to the SATB1 locus in human Teq cells

Inverse correlation between Foxp3 and SATB1 expression in murine and human T,
strongly suggested that Foxp3 might act directly as a transcriptional repressor of the SATB/
locus. We performed Foxp3-ChIP tiling arrays and promoter arrays using chromatin
isolated from human natural T, cells (Fig. 4a and Supplementary Fig. 7a) as well as
bioinformatic in silico prediction to identify 16 regions for qPCR validation. Binding
regions identified were located upstream of the transcriptional start site as well as in the
genomic locus of SATBI (Fig. 4b and Supplementary Table 2). Foxp3 binding within the
promoter region or genomic locus of SATBI in T., was demonstrated by ChIP-coupled
quantitative PCR (ChIP-qPCR) (Fig. 4¢) and electrophoretic mobility-shift assays (data not
shown) clearly demonstrating binding to the SATBI locus similar to known targets of
Foxp3 (Supplementary Fig. 7b-f). To probe functional consequences of Foxp3 binding to
the SATBI locus, we performed luciferase reporter assays for six of the Foxp3 binding
regions. Foxp3 binding regions were cloned in between a minP promoter element and a
luciferase reporter gene®®. Co-transfection of these reporter-constructs with a human

FOXP3 expression vector led to a significant decrease in activity for four of these regions
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with more than one Foxp3 binding motif (Fig. 4d). Mutation of predicted Foxp3 binding
motifs within these regions rescued luciferase activity (Fig. 4d) indicating that SATBI
expression is actively repressed by Foxp3 binding to several regions within the genomic
SATBI locus. Further support for Foxp3 binding was derived from in vitro DNA-protein
interaction analysis using recombinant Foxp3 protein with either wild-type or mutated
Foxp3 binding motifs within the FOXP3-binding regions BR9 and BR10 demonstrating
strong binding of Foxp3 only to the wild-type sequences whereas the mutated motifs
showed almost no interaction with Foxp3 (Fig. 4e). Taken together, these data establish
Foxp3 as an important repressor directly binding to the SATB/ locus in Ty, cells and

preventing SATBI transcription. .

Ectopic SATB1 reprograms human Tyeg to Tess in vitro

To determine whether reduced SATBI1 expression is required for T, to exert
regulatory function we overexpressed SATBI in human natural CD4 CD25" Foxp3™ Treg
cells using a lentiviral vector carrying the SATBI full-length transcript (Supplementary
Fig. 8). Human T, or Tcony were stimulated for 24 h with CD3 and CD28-coated beads in
the presence of IL-2. After stimulation, Ty, cells were lentivirally transduced with pELNS
DsRED 2A SATBI which expresses DsRED at a ratio of 1:1 to the transgene®” or control
virus containing only DsRED. Cells were expanded prior to sorting DsRED-positive cells.
Only SATBI- and control-transduced cells showing highly similar Foxp3 and DsRED
expression were used for further analysis (Supplementary Fig. 8a). In sharp contrast to
control-transduced Trg, SATB1 over-expressing Foxp3" Ty, cells lost their suppressive

function (Supplementary Fig. 8b,c and Fig. 5a). At the same time, these cells gained
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expression of Tyl (IFN-y), T2 (IL-4) and Tyl7 (IL-17A) cytokines (Fig. Sb-e) suggesting
a reprogramming of T, cells into Tes in the presence of abundant SATB1 despite similar
Foxp3 expression. As expected, Teony cells transduced with SATB1 using the same
approach had no suppressive function (Supplementary Fig. 9). These data strongly support
that ectopic expression of SATBI in T, is sufficient to convert the Foxp3-mediated

program into Teg programs.

High SATB1 expression induces transcriptional Tes programs

To estimate the genome-wide reprogramming in SATB1 over-expressing T, cells
whole transcriptome analysis was performed. Using stringent filter criteria a total of 100
genes were found to be significantly increased in SATB1-expressing Ty, cells whereas 21
were decreased (Fig. 6a). Analysis of the differentially expressed genes revealed that 20%
were associated with elevated expression in Teony (in comparison to Tr), 29% of the
changed genes were primarily linked with T cell activation, and 16% were classified as
common T cell genes. The remaining genes (35%) showed no known association with T
cell function or lineage and were classified as SATB1-induced (Fig. 6b). Furthermore,
compiling gene lists previously associated with Tyl, Ty2 and Ty17 differentiation revealed
induction of many genes involved in T.s differentiation in SATB1-expressing Ty, cells
(Fig. 6¢). In contrast genes representing the human T, cell gene signature were unchanged
in SATB1-expressing T, cells (Fig. 6d). Since we used polyclonal human T, cells for
this analysis, it is not surprising that we find the three major T cell differentiation programs

simultaneously. In summary, low SATBI expression in T, is necessary to permit
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suppressive function and to ensure inhibition of effector cell differentiation of regulatory T

cells.

Epigenetic regulation of SATB1 transcription in Trq cells

The strong dependency of T, function on the repression of SATBI implies the
involvement of additional regulatory mechanisms. When assessing DNA methylation, we
identified three CpG-rich sites upstream of exon 1 at the SATBI locus (Supplementary
Fig. 10). However, in contrast to the FOXP3 locus itself (Supplementary Fig. 10a)**, the
SATB1 locus was similarly demethylated in Tee and Teony cells (Supplementary Fig. 10b),
suggesting that DNA-methylation does not play a regulatory role at the SATB/ locus in Ty,
cells.

Next, we examined the chromatin status of the SATB/ locus by analyzing
permissive and repressive histone modifications. ChIP-qPCR of expanded human T
showed a reduction in permissive histone H3 trimethylation at Lys 4 (H3K4me3,
Supplementary Fig. 11a) and increased repressive histone H3 trimethylation at Lys27
(H3K27me3, Supplementary Fig. 11b) in human T, cells compared to Tcony cells as well
as lower acetylation of histone H4 (H4Ac, Supplementary Fig. 11¢). When assessing a
publicly available dataset for murine Tieg cells*® we could establish similar histone marks at
the Satbl locus (Supplementary Fig. 12), suggesting that a conserved regulatory circuit
exists that contributes to the lower expression of SATBI in T, by inducing repressive

epigenetic marks at the SATBI locus.

MicroRNAs regulate SATB1 in Trq cells
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A prominent layer of post-transcriptional gene regulation is exerted by miRNAs.
MiRNA profiling in human T, versus Tcony cells allowed us to identify several
differentially expressed miRNAs in Ty, cells (data not shown). Using inverse correlation
analysis between SATB1 and miRNA expression as well as computational prediction of
miRNA binding of seed-matched sites (Fig. 7a), we identified 5 miRNAs that were
differentially expressed between T, and Tcony cells (Fig. 7b) and showed a significant
inverse correlation between SATB1 and miRNA expression (Fig. 7¢). Of these 5 miRNAs,
miR-155, miR-21, and miR-7 are direct targets of Foxp3 as previously reported for miR-
155 (refs. 31,41,42) and miR-21 (ref. 43) and confirmed by Foxp3-ChlIP tiling arrays and
ChIP-gPCR (Fig. 7d,e and Supplementary Fig. 13) as well as functional analysis (S.
Barry, unpublished data). Assessment of miRNA expression in Foxp3-overexpressing Teony
cells and Foxp3-silenced T, cells confirmed these miRNAs as targets of Foxp3
(Supplementary Fig. 14). For the assessment of functionally relevant binding of the
miRNAs to the 3' UTR of the SATB1 mRNA we fused the SATBI 3' UTR to a luciferase
reporter gene and determined luciferase activity in cells transfected with synthetic miRNAs.
Expression of any of the 5 miRNAs significantly repressed constitutive luciferase activity
with the 3 miRNAs that are direct targets of Foxp3 clearly showing the strongest effect
(Fig. 7f). Mutation of the respective binding motifs resulted in restoration of luciferase
activity (Fig. 7f). As exemplified for miR-155, loss of function of a single miRNA only
resulted in minor differences in SATB1 mRNA expression in primary human T
(Supplementary Fig. 15a) indicating that the loss of a single miRNA may be incapable of

rescuing SATB1 expression. Complete loss of all miRNAs, however, as achieved in mice
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by a Te-specific deletion of Dicerl (ref. 21) clearly lead to up-regulation of SATBI1 at
both mRNA and protein level (Fig. 7¢ and Supplementary Fig. 15b). These results
suggest that Foxp3 is able to confer Tr,-specific down-regulation of SATB1 expression not
only by direct binding to the Satbh! locus but also using a second layer of regulation using

miRNAs.

Abundant SATB1 expression decreases T4 function in vivo

To assess whether SATBI1 expression results in reduced regulatory function in
mouse Ty in vitro and in vivo we overexpressed SATB1 in mouse CD4" Foxp3Jr Treg cells
from DEREG mice using a lentivirus encoding the Satbl full-length transcript
(Supplementary Fig. 16). Sorted CD4" Foxp3" Try cells from DEREG mice were
expanded for 10-14 days with CD3 and CD28-coated beads in the presence of IL-2. After
this initial expansion period, expanded T, cells were transduced with a SATB1-IRES-
Thyl.1 or control lentivirus. Cells were expanded for 4 additional days in the presence of
CD3 and CD28-coated beads and IL-2 prior to sorting Thy1.1-positive GFP" T.,. SATBI
and control-transduced T, had similar Foxp3 expression (Supplementary Fig. 16a). In
contrast to control-transduced T, cells, the overexpression of SATB1 in Foxp3" Treg cells
resulted in a loss of suppressive function and acquisition of Tyl (IFN-y) and Ty2 (IL-5)
effector cytokine expression (Fig. 8a,b and Supplementary Fig. 16b-f) supporting a
reprogramming of T, cells into Tegr cells in the presence of significantly elevated SATB1

expression.
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To assess in vivo suppressor capacity of the manipulated T cells, control Ty, or
Trey cells overexpressing SATB1 were transferred together with naive CD4'CD45RB™ T
cells (isolated from normal mice) into Rag2” recipient mice. Transfer of naive
CD4'CD45RB™ T cells alone led to the development of colitis (Fig. 8c-e). As expected,
Rag2" mice that received naive CD4"CD45RB™ T cells and control-transduced T, cells
did not show colitis-associated pathology (Fig. 8c-e) while mice receiving only naive
CD4"CD45RB"™ cells had colonic infiltrates and weight loss. Transfer of SATBI-
overexpressing Ty, cells together with naive CD4'CD45RB™ T cells resulted in colitis-
associated pathology suggesting an impairment in suppressor function of SATBI-
overexpressing Ty cells concomitant with a gain of effector function (Fig. 8c-e). We
observed a significant expansion in the number of T,y cells in mice receiving either no
Trey cells or SATB1-overexpressing Ty, cells in spleen, mesenteric and peripheral lymph
nodes (Fig. 8f), while the number of cells that maintained Foxp3 expression in spleen,
mesenteric and peripheral lymph nodes was equal in mice receiving control vector-
transduced or SATBl-overexpressing Ty, cells (Fig. 8g). Thus, Foxp3™ T, cells
expressing elevated amounts of SATB1 show lower suppressor function with a concomitant
gain of T.s programs in vivo and in vitro suggesting that down-regulation of SATBI in Ty,

cells is necessary to maintain a stable suppressive phenotype (Supplementary Fig. 17).
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DISCUSSION

In T, numerous mechanisms have been implicated in their suppressive function
upon contact to other immune effector cells'. At the same time intrinsic inhibition of Teg
function mainly by FOXP3-induced mechanisms seems to be necessary for T, to exert
suppressive function. In this report we identified the repression of SATBI in T, to be
required for suppressive function and inhibition of effector differentiation of these cells. As
up-regulation of SATBI is required for the induction of T cytokines in Teony the profound
lack of up-regulation of SATBI following stimulation in T., suggests that FOXP3-
mediated suppression of SATBI plays an important role in inhibiting cytokine production
within a Tr. In support of this, ectopic expression of high levels of SATBI in T led to
the induction of T.s cytokines and loss of suppressive function despite the expression of
FOXP3 in vitro and in vivo. Mechanistically, SATB1 expression is controlled directly by
FOXP3-mediated transcriptional repression, histone modifications as well as the induction
of miRNAs binding to the 3’UTR of SATBI. Together these findings establish that
continuous active repression of central mechanisms involved in Teg programs provided by
SATBI is necessary for Ty, to exert their suppressive function.

Thus a major finding of our study is that T, not only depend on the induction of
FOXP3-mediated genes associated with suppressive function but also on the specific
repression of molecules such as SATB1 to prevent Tesr function. SATB1 expression at low
levels seems to be necessary to retain functional T-cell integrity not only in T,y but also in
Tree as complete SATB1 KO are basically devoid of T cells in the periphery”®. While
FOXP3 clearly dictates the repression of SATB1 in T, thereby preventing Tes function,

we have no evidence so far for an inverse control of FOXP3 by SATBI1 in T¢ony, Which
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together favors a model with Ty programs continually and actively overruled by FOXP3-
mediated transcriptional repression within a Treg.

Further evidence for such a model comes from studies elucidating the effect of the
transcriptional repressor Eos in TregB. Eos directly interacts with FOXP3 to specifically
induce chromatin modifications that result in gene silencing, while genes induced by
FOXP3 were not affected. Interestingly, loss of Eos abrogated suppressive Ty, function but
only partially endowed T, with T functions consistent with the normal repression of Tef
differentiation within a Ty, Similarly, loss of Runx1-CBFB heterodimers, another
component of the FOXP3 containing multi-protein complex, in T, leads to reduction of
FOXP3 expression, loss of suppressor function and gain of IL-4 expression by Treg‘m’45
FOXP3 as well as Eos and Runx1-CBF heterodimers have been shown to directly repress
certain effector cytokines such as IFN-y or IL-4 suggesting T, may use multiple

. 13,18,44
mechanisms to suppress Tey programs'>'™

. Nevertheless, the ectopic expression of
SATBI in T, was sufficient to induce effector cytokines suggesting that high levels of
SATBI1 can overcome FOXP3 repression of downstream targets. This might be similarly
true in activated Tcony that can express lower levels of FOXP3 temporarily during early
activation phases.

Recently the FOXO transcription factors Foxol and Foxo3 have also been
implicated in the inhibition of T.s function in Tregm. Interestingly, lack of Foxol and Foxo3
in Ty is sufficient to induce TH1 and TH17 effector cytokines but not TH2 cytokines
whereas SATB1 seems to have a more profound effect on TH2 cytokines under certain

conditions®”*®. Together these findings point to a hierarchy of repressive mechanisms

ensuring suppression of Tegr function in Tre,.
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Our findings support a model of continuously active regulatory networks shaping
the overall function of T cells in the periphery as an alternative to terminal differentiation.
An active and continuous blockade of Tesr function instead of terminal T, differentiation
allows T cells a higher degree of functional plasticity e.g. under inflammatory conditions

where T, can gain effector function once FOXP3 is switched of 244749
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METHODS

Methods and any associated references are available in the online version of the paper at

http://www.nature.com/natureimmunology/.

Accession codes. GEO: microarray data, GSE15390; tiling array data, GSE20995.

Note: Supplementary information is available on the Nature Immunology website.
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Figure Legends

Figure 1. Foxp3-dependent repression of SATB1 expression in human Teg cells.

(a) Microarray analysis of SATB1 mRNA expression in human Teony and Treg
(Rest=resting, Act=activated, TGF=TGF- treated, Exp=expanded). (b) Relative
SATB1 mRNA expression in human Trg and Teonv. (€) Immunoblotting (left) for
SATB1 (top) and B-actin (bottom) in human Ty and Teonv, and densitometric
analysis to quantify ratio of SATB1 to B-actin (right). (d) SATB1 expression was
determined by flow cytometry (left) in human T.g and Tcony With quantification
shown in the graph at right. (e) SATB1 expression was determined by flow
cytometry after stimulation of human Ty and Teony for 2 d (left) with quantification
shown normalized to resting Tcony in the graph at right. (f) Relative SATB1 mRNA
expression in human iT.g, stimulated T cells (stim T) and unstimulated T cells
(unstim T) on day 5. (g) SATB1 expression was determined by flow cytometry in
human iTweg, stim T and unstim T (left) with quantification shown in the graph at
right. (h) Cytometric bead assay for IL-4 and IFN-y secretion in the supernatants of
human iTrg, stim T and unstim T. (i) Relative Foxp3 (left) and SATB1 mRNA
expression (right) in Teony lentivirally transduced with Foxp3 vector (Foxp3 vector)
or control vector (Ctrl vector) rested for 3 days. (j) Relative IL-5 (left) and IFN-y
MRNA expression (right), assessed and presented as in i. *P < 0.05 (Student’s t-
test). Numbers in plots indicate mean fluorescence intensity (d,e). Data are
representative of five experiments (b,e,i,j; mean and s.d.), six experiments (c,f;

mean and s.d.), three experiments (g; mean and s.d.), eleven experiments (d;
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mean and s.d.), or three independent experiments (h; mean * s.d. of triplicate

wells), each with cells derived from a different donor.
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Figure 2. Rescue of SATB1 expression after silencing of Foxp3 in Trq cells.

(a) Foxp3 expression was determined by flow cytometry (left) in human Tyeg
transfected with siRNA targeting Foxp3 (Foxp3 siRNA) or nontargeting (control)
siRNA (Ctrl siRNA) 48 h post knockdown with quantification shown in the graph at
right. *P < 0.05 (Student’s t-test). (b) Suppression of allogeneic CD4" T cells,
labeled with the cytosolic dye CFSE (responding T cells (Tresp)) by human Tyeg
transfected with siRNA targeting Foxp3 (Foxp3 siRNA) or nontargeting (control)
siRNA (Ctrl siRNA), presented as CFSE dilution in responding T cells cultured with
CD3+CD28-coated beads and T4 at a ratio of 1:1 or without Treg (Tresp ONly). (€)
Relative SATB1 mRNA expression in human T,y after silencing of Foxp3. Treg
were transfected and cultivated for 48 hours without stimulation (Rest) or in the
presence of CD3 and IL-2 (a-CD3+IL-2) or CD3 and CD28 (a-CD3+a-CD-28). *P <
0.05 (Student’s t-test). (d) Relative IL-5 (left) and IFN-y mRNA expression (right) in
siRNA-treated Teq stimulated for 48 hours in the presence CD3 and IL-2. *P < 0.05
(Student’s t-test). (e) Cytometric bead assay for IL-4 and IFN-y secretion in the
supernatants of siRNA-treated T.eg Stimulated as in d. *P < 0.05 (Student’s t-test).
(f) Relative IL-5 (left) and IFN-y mRNA expression (right) in Teq transfected with
nontargeting (control) siRNA (Ctrl siRNA), Foxp3-targeting siRNA (Foxp3 siRNA)
or Foxp3- and SATB1-targeting siRNA (Foxp3 + SATB1 siRNA) followed by
stimulation with CD3+CD28-coated beads for 48 hours. *P < 0.05 (one-way
ANOVA with LSD). Data are representative of six experiments (a,c; mean and
s.d.), four experiments (d,f; mean and s.d.), three independent experiments (b), or
three independent experiments (e; mean * s.d. of triplicate wells), each with cells

derived from a different donor.
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Figure 3. Foxp3-dependent repression of SATB1 expression in mouse Teq cells.

(@) SATB1 expression was determined by flow cytometry (left) in freshly isolated
Treg and Teony from spleen of male DEREG mice with quantification shown in the
graph at right. *P < 0.05 (Student’s t-test). (b) Immunoblotting for SATB1 (top) and
Erk1, Erk2 (bottom) in mouse T,y and Ten. (€) Z-projection of
immunofluorescence for SATB1 (red) and GFP (green) in thymocytes from male
DEREG mice; nuclei are stained with the DNA-intercalating dye DAPI. White arrow
depicts Trg. (d) Relative SATB1 mRNA expression in CD4'GFP" (T.g) and
CD4'GFP" (Teonv) T cells from male DEREG or Foxp3-deficient DEREG x scurfy
mice. *P < 0.05 (Student’'s t-test). (e) Relative IL-6 (left) and IFN-y mRNA
expression (right) in CD4"GFP" T, derived from male DEREG or Foxp3-deficient
DEREG x scurfy mice. *P < 0.05 (Student’s t-test). (f) Confocal microscopy for
SATB1 (red) and Foxp3 (green) in thymic T,y from female DEREG mice
heterozygous for the scurfy mutation counterstained with DAPI (blue).
CD4*GFP'FOXP3" Foxp3-deficient Ty (top, Foxp3*) or CD4'GFP*FOXP3*
Foxp3-competent T.eq (bottom, Foxp3™). (g) SATB1 expression was determined by
flow cytometry (left) in thymic single positive CD4"GFP'FOXP3" (left, grey) and
CD4"GFP'FOXP3™ Treq (right, black) from female DEREG mice heterozygous for
the scurfy mutation with quantification shown in the graph at right. Isotype control
shown as solid line. Numbers in plots indicate mean fluorescence intensity (a,g).
Data are representative of three independent experiments (a; mean and s.d.), two
independent experiments (g; mean and s.d.), two independent experiments (c,f,b),

or two independent experiments (d,e; mean + s.d. of triplicate wells).
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Figure 4. Direct suppression of SATB1 transcription by Foxp3.

(a) Foxp3 ChIP tiling array data (blue) from human expanded cord-blood Ty. Data
were analyzed with MAT and overlayed to the SATB7 locus to identify binding
regions (1-13, p < 10° and FDR < 0.5%). Data are representative of two
independent experiments with cells derived from different donors. (b) Schematic
representation of Foxp3 binding regions (BR) at the human genomic SATB1 locus
identified by in silico prediction within the regions identified in a. (¢) ChIP analysis
of human expanded cord-blood T.eg cells with a Foxp3-specific antibody and PCR
primers specific for Foxp3 binding regions. Relative enrichment of Foxp3 ChIP over
input normalized to IgG was calculated. A region -15 kb upstream (-15kb) was
used as a negative control. *P < 0.05 (Student’s t-test). Data are representative of
three independent experiments (mean and s.d.) with cells derived from different
donors. (d) Luciferase assay of FOXP3 binding to the respective binding regions at
the SATB17 locus in HEK293T cells, transfected with luciferase constructs
containing wild-type (WT) or mutated (Mut) binding regions BR9-14 of the SATB1
locus (with mutation of the Foxp3-binding motifs), together with a FOXP3 encoding
expression vector or control vector (Ctrl). *P < 0.05 (Student’s t-test). Data is from
one representative experiment of two (mean and s.d. of triplicate wells). Numbers
indicate Foxp3-binding motifs within each region. (e) Determination of the Kp-
values of Foxp3 binding to a wild-type (WT) or mutated (Mut) Foxp3 binding motif
in BR9 and BR10 at the SATB7 locus by filter retention analysis. Data are

representative of three independent experiments (mean and s.d. of triplicates).
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Figure 5. SATB1 expression in human T4 reprograms Teg into effector T cells.

(a) Suppression of CD8" T cells, labeled with the cytosolic dye CFSE (CD8" T
cells) by human Tq lentivirally transduced with SATB1 (T4 cells (SATB1), blue) or
control vector (Treg cells (Ctrl), red), presented as CFSE dilution in responding T
cells cultured with CD3-coated beads and T, at a ratio of 1:1 or without T;eq (CD8"
T cells only; left), and as percent proliferating CD8" T cells versus the Teq
cel/lCD8" T cell ratio (right). Data are representative of three independent
experiments (mean and s.d.) with cells derived from different donors. (b)
Cytometric bead assay for IL-4 and IFN-y secretion in the supernatants of human
Treg lentivirally transduced with SATB1 (Treq cells (SATB1), blue) or control vector
(Treg cells (Ctrl), red) assessed 4 and 16 h after stimulation with CD3+CD28-coated
beads. *P < 0.05 (Student’s t-test). Data is from one representative experiment of
two (mean and s.d. of triplicate wells) with cells derived from different donors. (c-e)
Relative IL-5 (c), IFN-y (d), and IL-17A (e) mRNA expression (right) in human Tcony
(grey) and Teg lentivirally transduced with SATB1 (T cells (SATB1), blue) or
control vector (Trg cells (Ctrl), red) activated for 16 h with CD3+CD28-coated
beads. *P < 0.05 (Student’s t-test). Data is from one representative experiment of

two (mean and s.d. of triplicate wells) with cells derived from different donors.
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Figure 6. Transcriptional Tes programs are induced in SATB1 expressing Treg

(a) Microarray analysis of human T lentivirally transduced with SATB1 (SATB1)
or control vector (Ctrl) after 16 hours stimulation with CD3+CD28-coated beads,
presented as a heat map of differentially expressed genes. Data were z-score
normalized. (b) Cross annotation analysis using 4 classes: genes associated with
Teonv but not Trg cells (Teonv cell-dependent, yellow), with T cell activation
(activation-dependent, green), common T-cell genes (common, orange), and
SATB1-induced genes (SATB1-induced, black). Numbers indicate genes within
each group. (c) Visualization of gene expression levels of genes previously
associated with Ty1, Ty2, or Ty17 differentiation, presented as a heat map. Data
were z-score normalized. P values for Ty associated genes determined by y2 test
in comparison to the complete data set (T specific gene enrichment): Ty1, P =
3.24x107% Ty2, P = 9.03x107"°%; Ty17, P = 1.16x10°°. (d) Changes in genes
associated with the human T.eg signature as assessed in Trq lentivirally transduced
with SATB1 (SATB1) in comparison to control vector (Ctrl). The mean log, fold-
changes of the comparison Ty t0 Teony (red dots) and SATB1 to control-
transduced T4 (blue dots) were plotted and both comparisons were ranked by fold
change in the Treq VS. Tcony cOmparison. Data are derived from three independent

experiments with cells derived from different donors.
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Figure 7. SATB1 expression is repressed by miRNA in Treg.

(a) Representation of the human genomic SATB71 3'UTR and the conserved
miRNA binding sites. (b) Relative miR-155, miR-21, miR-7, miR-34a, and miR-18a
expression human Trg and Teonv. *P < 0.05 (Student’s t-test). Data are
representative of five experiments (mean and s.d.) with cells derived from different
donors. (c) Correlation of miRNA expression with SATB1 mRNA expression is
plotted against miRNA fold change (Treg VS. Tconv) for all 735 miRNA assessed by
microarrays. Highlighted are miR-155, miR-21, miR-7, miR-34a, and miR-18a.
Data are representative of three experiments with cells derived from different
donors. (d) Foxp3 ChIP tiling array data (blue) for miR-155, miR-21, and miR-7
from human expanded cord-blood T,y Data were analyzed with MAT and
overlayed to the respective locus to identify binding regions (P < 10° and FDR <
0.5%). Data are representative of two independent experiments with cells derived
from different donors. (e) ChIP analysis of human expanded cord-blood T.eg cells
with a Foxp3-specific antibody and PCR primers specific for miR-155, miR-21, and
miR-7. Relative enrichment of Foxp3 ChIP over input normalized to IgG was
calculated. The AFM locus was used as a negative control. *P < 0.05 (Student’s t-
test). Data are representative of three independent experiments (mean and s.d.)
with cells derived from different donors. (f) Dual-luciferase assay of HEK-293T
cells transfected with luciferase constructs containing wild-type (WT) 3' UTR or
mutated (Mut) 3'UTR of SATB7 (with mutation of the miRNA-responsive
elements), together with synthetic mature miRNAs or a synthetic control miRNA
(Ctrl). *P < 0.05 (Student’s t-test). Data are representative of three independent
experiments (mean and s.d.). (g) Immunoblotting for SATB1 (top) and Erk1, Erk2

(bottom) in Treq from mice with a Teg-specific complete DICER loss (Dicer1™™) in
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comparison to Dicer1*" Teg. Data are representative of two independent

experiments.
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Figure 8. Ectopic expression of SATB1 in T.g results in reduced suppressive

function in vivo.

(a) Suppression of CD4" T cells, labeled with the cytosolic dye eFluor 670 (Tcony
cells) cultured with CD3+CD28-coated beads by expanded mouse Tq lentivirally
transduced with SATB1 (SATB1, blue) or control vector (Ctrl, red), presented as
percent proliferating Tcony cells versus the Trg cell/Teony cell ratio (right). (b)
Relative IL-5 (left) and IFN-y mRNA expression (right) in murine Trg lentivirally
transduced with SATB1 (SATB1, blue) or control vector (Ctrl, red). (¢) Hematoxylin
and eosin staining of colon sections from Rag2™™ mice at 9 weeks after the transfer
of CD4*'CD45RB" naive T cells (naive T) alone or in combination with control-
transduced Teg (Treg cells (Ctrl)) or SATB1-transduced Treg (Treg cells (SATB1)).
Original magnification, x200; scale bars, 100 um. (d) Histology scores of colon
sections of Rag2™™ mice at 9 weeks after the transfer in c. (e) Body weight of
Rag2"‘ mice at 9 weeks after the transfer in ¢, presented relative to initial body
weight. (f,g) Recovery of Teon (f) and Tweg (g) from spleens, mesenteric, and
peripheral lymph nodes of Rag2"‘ mice at 9 weeks after the transfer in ¢. *P < 0.05
(Student’s t-test). NS, not significant. Data are representative of three independent
experiments (b; mean and s.d.), two independent experiments (a; mean and s.e.m.
of triplicate cultures), or are pooled from two independent experiments (c-g; mean

and s.d. of four resp. five recipient mice).
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ONLINE METHODS

Mice.

DEREG, scurfy, DEREG x scurfy, Foxp3-GFP-hCre BAC x Dicer!™, and Foxp3-
GFP-hCre BAC x Dicer!™™ x ROSA26R-YFP mice were previously described*?'=*°,

All animal experiments were approved by the responsible Institutional Animal Care
and Use Committee (University of California, San Francisco, Lower Saxony, Germany or

North Rhine Westfalia, Germany).

Antibodies and flow cytometry analysis.

Fluorescent-dye-conjugated antibodies were purchased from Becton Dickinson,
BioLegend, or eBioscience. Alexa 647-conjugated mouse anti-human SATB1 monoclonal
antibody (clone 14) cross-reactive to mouse SATB1 was prepared by R. Balderas (BD
Biosciences). Intracellular staining of human and murine Foxp3 and SATB1 was conducted

using either the human or mouse Foxp3 Regulatory T-cell Staining Kit (BioLegend).

Purification and sorting of human T, cells

Human T, and Tesr cells were purified from whole blood of healthy human donors in
compliance with institutional review board protocols (Ethics committee of the University of
Bonn) by negative selection using CD4-RosetteSep (Stem Cell), followed by positive-
selection using CD25-specific MACS beads (Miltenyi Biotech) or sorting on a FACSDiVa
or Aria III cell sorter (Becton Dickinson) after incubating cells with combinations of

fluorochrome-labeled monoclonal antibodies to CD4, CD25, and CD127.
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qRT-PCR.

Total RNA extracted using TRIZOL (Invitrogen) was used to generate cDNA along
with the Transcriptor First Strand cDNA synthesis kit (Roche Diagnostics). qRT-PCR was
performed using the LightCycler Tagman master kit and the Universal Probe Library assay
on a LightCycler 480 II (Roche Diagnostics). Results were normalized to housekeeping

gene expression.

Immunoblot analysis.
Cell lysates from purified cells were prepared as previously described’' followed by
immunoblotting with SATB1 antibody (BD, clone 14) as well as human beta-actin

(Millipore, C4) or murine Erk1, Erk2 antibody (Cell signaling, L34F12) as loading control.

Whole-genome gene expression in human cells.

All RNA was extracted using TRIZOL (Invitrogen) and purified in our laboratory
using standard methods. Sample amplification, labeling and hybridization on Illumina
WG6 Sentrix BeadChips V1 or V3 were performed for all arrays according to the
manufacturer’s instructions (Illumina). All data analyses were performed by using

Bioconductor for the statistical software R (http://www.r-project.org).

Immunofluorescence microscopy.
Unpurified lymphocytes from male DEREG or CD4" GFP" Trey cells from female

heterozygous DEREG x scurfy mice purified from thymus were fixed in cold
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paraformaldehyde for 10 min, washed with PBS, permeabilized with Triton-X and pre-
blocked in PBS containing 10% normal goat serum and 1% gelatine from cold water fish
skin for 30 min. Slides were then incubated in combinations of primary antibodies (rabbit
anti-GFP (Invitrogen), mouse anti-Foxp3 (eBioscience, €Bi07979), mouse anti-SATBI1-
AF647 (BD Biosciences, clone 14)) for 60 min, washed twice, and incubated with
secondary antibodies (anti-rabbit-AF488, anti-mouse-AF555, Invitrogen) for 60 min,
stained with DAPI and fluorescence was examined using an Olympus FluoView FV1000 or

Zeiss LSM 5 LIVE confocal microscope.

Chromatin immunoprecipitation, whole genome arrays, and ChIP qPCR.

Expanded human cord blood T, cells were cultured overnight before stimulation
with Tonomycin before cross-linking for 10 min in 1% formaldehyde solution. Cell lysis,
chromatin immunoprecipitation (ChIP), DNA isolation steps, as well as data acquisition
and analysis for human Foxp3 ChIP-on-chip experiments were carried out as previously
described”.

Validation of Foxp3 binding to genomic regions was carried out by ChIP-qPCR.
Reactions were performed using a RT2 SYBRgreen/ROX qPCR master mix
(SABiosciences). The relative enrichment of target regions in Foxp3 immunoprecipitated

2°24CT hethod.

material relative to input chromatin analysis was carried out using the
Immunoprecipitations using rabbit IgG were used to normalize for non-specific

background.

Gene-specific mRNA silencing, miRNA knockdown and agonistic miRNA.
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All siRNAs as well as the miRNA mimics and inhibitors were purchased from
Biomers or Dharmacon. miRNA mimics were designed according to the sequences
published in miRBase and resembling the double-stranded Dicer-cleavage products.
miRNA-inhibitors were designed as single-stranded antisense 2'OM oligonucleotides.
These were used for transfection of freshly isolated primary human T, cells with
nucleofection. For luciferase assays, HEK293T cells were transfected with both the reporter
plasmids and the small RNA duplexes using Lipofectamine 2000 in a 96-well format and

luciferase activity was measured 24 h later.

miRNA profiling and miRNA qRT-PCR.

All RNA were extracted using TRIZOL (Invitrogen) and purified using standard
methods. Sample amplification, labeling and hybridization on Illumina miRNA array
matrix were performed with the human vl MicroRNA Expression Profiling kit for all
arrays in this study according to the manufacturer’s instructions (Illumina) using an
[llumina BeadStation. All data analyses were performed by using Bioconductor for the

statistical software R (http://www.r-project.org). For miRNA-specific qRT-PCR, total RNA

was extracted using TRIZOL. First strand complementary DNA for each miRNA assessed
was synthesized by using the TagMan MicroRNA RT kit and the corresponding miRNA
specific kit (Applied Biosystems). Abundance of miRNA was measured by qPCR using the
TagMan Universal PCR MasterMix (Applied Biosystems) on a LighCycler 480 II (Roche
Diagnostics). Ubiquitously expressed U6 small nuclear RNA or miR-26b were used for

normalization.
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Cloning of SATBI 3'UTR constructs.

The SATB1 3'UTR was amplified by PCR using human genomic DNA as source
material. The full-length 3'UTR construct was amplified with primers covering the full 1.2
kB region. After digestion with Xho I and Notl the fragment was cloned into the
psiCHECK II vector (Promega) to generate psiCHECK II-SATB/-3"UTR.

A mutated construct was generated with PCR-based mutagenesis or the QuikChange
Lightning Multi Site-Directed mutagenesis kit (Stratagene) following the manufacturer’s

conditions.

Cloning of SATBI constructs with potential Foxp3 binding regions.

The corresponding SATB1 genomic regions were amplified by PCR using human genomic
DNA as source material. After digestion the fragments were cloned into the pGL4.24
vector with a minP element upstream of the potential binding motif and a destabilized
downstream Firefly luciferase.

Mutated constructs were generated with either PCR-based mutagenesis or the QuikChange
Lightning Multi Site-Directed mutagenesis kit (Stratagene) following manufacturer’s

conditions.

Luciferase assays.

To assess regulation of SATBI1 expression by binding of miRNA to the 3'UTR of
SATBI, constructs were transfected into HEK293T cells in 96-well plates together with
miRNA mimics for either miR-155, miR-7, miR-21, miR-34a, miR-18a or a scrambled

control miRNA.
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To assess regulation of SATB1 expression by binding of Foxp3 to the genomic locus
of SATBI, constructs were transfected separately into HEK293T cells in 96-well plates
together with control plasmid or plasmids expressing Foxp3 as well as a plasmid encoding
renilla luciferase for normalization.

Lysis and analysis were performed 24 h post-transfection using the Promega Dual

Luciferase Kit. Luciferase activity was counted in a Mithras plate reader (Berthold).

Lentiviral vector production.

High titer lentiviral vector supernatant encoding DsSRED T2A SATBI1, YFP T2A
Foxp3 and control plasmids alone was collected. For silencing of Foxp3 and SATBI1 in
human T, cells, miR RNAi targeting Foxp3 and SATB1 were designed, cloned into the
pcDNA6.2-GW+EmGFP-miR  vector, chained and recombined into the pLenti6.3
expression vectors (Invitrogen). For transduction of murine expanded T cells, SATBI

was cloned into the pLVTHM expression vector in front of an IRES-Thy1.1 sequence.

Lentiviral Foxp3 and SATBI1 transductions of human CD4" T cells.

Human CD4'CD25" T, cells were stimulated for 24 h with CD3 and CD28-coated
beads in the presence of IL-2. After this initial stimulation, Ty, cells were lentivirally
transduced with a pELNS DsRED 2A SATBI or control plasmids containing DsRED as
previously described resulting in a 1:1 expression of DsRED and the transgene™, expanded
for 6 days in the presence of CD3 and CD28-coated beads and IL-2, sorted on DsRED-

positive cells on a MoFlo sorter (DakoCytomation) and used for further experiements.
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Filter retention analysis.

Each individual **P-radiolabeled dsDNA sequence (14 nM) was incubated with
increasing concentrations of Foxp3 protein for 30 min at 37 °C in 25 pl of binding buffer
(KCI-Tris, pH 7.6, 5% Glycerol, 3 mM MgCl,, 2 mM DTT) in the presence of 1 pg/ml
tRNA (Roche) and 50 pg/ml BSA. After incubation, the binding reaction was filtered
through pre-wet 0.45 pm nitrocellulose filter membrane (Millipore) to co-retain protein and
bound DNA. Membranes were washed and the amount of bound DNA-protein complexes

determined by autoradiography.

Expansion of mouse T, cells.

CD4"CD25"GFP* Tre, cells were isolated from lymph nodes and spleens of DEREG
mice. Cells were pre-enriched with the mouse CD4" T cell isolation kit according to
manufacturer's instructions (Miltenyi Biotech). Following enrichment, cells were stained
with CD4, CD25, CD3, and CD8a. Cells were sorted on a FACS Aria III (BD) (purity >
98.0%). Cells were expanded in vitro by activation with Dynabead mouse T cell activator
CD3+CD28-coated microbeads (3:1 bead to Ty, cell ratio, Invitrogen) with exogenous IL-2

(2000 TU/ml, Proleukin) as previously described™.

Lentiviral transductions of mouse T, cells.

After expansion for 10 to 14 days in the presence of CD3+CD28-coated beads and
IL-2, murine Ty, cells were lentivirally transduced with a pLVTHM-SATBI1-IRES-Thy1.1
plasmid or control plasmids. Therefore, 2.5x10° cells per well were transduced in 500 pl

total volume of fresh culture media in a 24-well plate containing lentivirus (20 TU/cell) and
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protamine sulfate (8 pug/ml; Sigma-Aldrich). Cells were spin-inoculated by centrifugation at
1000xg for 90 min at 30°C, fresh medium was added and cells were incubated for an
additional 2 h at 37 °C. Afterwards, cells were washed several times and cultivated in the
presence of CD3+CD28-coated beads and IL-2. Transgene expression was assessed no
earlier than 72 h post-transduction. SATB1-Thy1.1-transduced, control-transduced or non-
transduced expanded T, cells were sorted on GFP and Thyl.l expression or GFP

expression alone on a FACS Aria III (BD) and used for further experiments.

Induction and assessment of colitis.

Splenocyte samples were enriched for CD4" T cells by negative selection on MACS
columns with the CD4" T cell isolation kit IT (Miltenyi Biotec). Cells were then stained
with CD45RB, CD25, CD4, CD8a, and CD3 (all from BD) and naive CD4'CD25
CD45RB™ T cells were sorted on a FACS Aria III. Inflammatory bowel discase was
induced by the adoptive transfer of 6 x10° naive CD4 CD45RB™ T cells that were purified
from C57BL/6 mice into Rag2”™ animals by tail vain injection. Mice that received 1 x 10’
control-transduced expanded CD4"GFP* Treg cells from DEREG mice at the same time as
the naive CD4 CD45RB™ T cells served as controls. To test the function of SATBI-
expressing Ty cells, mice received 1 x 10° SATBI1-transduced expanded CD4 'GFP* Treg
cells from DEREG mice together with the naive CD4"CD45RB™ T cells. Recipient mice
were weighed 3 times per week and monitored for signs of illness. After 9 weeks, the
animals were sacrificed, and the mesenteric and peripheral lymph nodes as well as spleen
were analyzed by flow cytometry. For histological analysis, the large intestine (from the

ileo-ceco-colic junction to the anorectal junction) was removed, fixed in 10% buffered
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formalin solution, and routinely processed for histological examination. Sections were
stained with hematoxylin and eosin and assigned scores as described’’. All samples were

coded and assigned scores by researchers 'blinded' to the experimental conditions.

Statistical analysis.

Student’s t-tests and ANOVA with LSD were performed with SPSS 19.0 software.

Additional methods.
More detailed information on mice, reagents, antibodies, plasmids, experimental
procedures, and the generation of lentiviral vectors is available in the Supplementary

Methods.
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