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Abstract

The transcription factor ThPOK is critical for homeostasis and differentiation of mature T helper
cells. Recent studies have shown that the ThPOK transcriptional silencer element (SilThPOK)

can be reactivated in mature CD4 T cell populations to repress ThPOK and thereby promote
differentiation to CD4+ IELs in the intestinal mucosa. However, the molecular basis for this
dynamic regulation of SilT"POK activity remains unknown. Here, using a combination of reverse
genetic and reporter approaches, along with global RNA-, ATAC- and ChIP-seq analyses,

we demonstrate an important mechanism of ThPOK regulation by which ThPOK binds to

the SilThPOK to drive an auto-feedback loop that maintains its own long-term expression.
Disruption of this loop /n vivo prevents persistent ThPOK expression in mature peripheral CD4
T cells, leading to genome-wide changes in chromatin accessibility, widespread transcriptional
deregulation, and creation of an unusual metastable state, characterized by gain of colonic Treg,
cytotoxic T-cell and early DN thymic progenitor specific gene signatures in naive CD4 T cells.
Functionally, abrogation of the ThPOK autoregulatory loop promotes selective differentiation of
naive CD4 T cells into GITR!® PD-1!° CD25° (Triple!®)Tregs /n vitroand in vivo, as well as
their conversion to CD4+ IELSs in the gut, which provide dominant protection from colitis. Thus,
the ThPOK autoregulatory loop represents a key mechanism to physiologically control ThPOK
expression and T cell differentiation in the gut, with potential therapeutic relevance.
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Introduction

The major CD4 and CD8 T cell subsets develop in the thymus and play key roles in
orchestrating cell mediated immune responses. CD4 and CD8 lineage commitment is
determined in the thymus with remarkable accuracy based on MHC specificity of the TCR
expressed by DP (CD4+CD8+) precursors. Thymocytes expressing MHC Il-restricted TCRs
receive strong and/or persistent TCR signals that promote CD4 commitment, whereas cells
expressing MHC I-restricted TCRs do not, and instead undergo commitment to the CD8
lineage in the presence of an appropriate cytokine milieul. Importantly, the thymic lineage
commitment process leads to alternate gene expression programs dictating helper versus
cytotoxic functional programs.

The transcription factor ThPOK acts as a “master regulator” of the CD4 commitment
process in the thymus, which supports expression of genes related to the T helper

lineage program, whilst antagonizing expression of genes associated with the T cytotoxic
program? 3.4, We and others have previously shown that ThPOK expression in thymocytes
is regulated primarily at the transcriptional level via several stage- and lineage-specific cis
elements® 8. Of particular importance is the ~400bp silencer (SilT"POK), whose function
has been conserved for 165 million years of evolution, preceding the divergence of
marsupial and placental mammals’. The SilThPOK represses ThPOK expression in MHC
I-restricted thymocytes, as evidenced by the fact that germline ablation of the SilThPOK
causes promiscuous expression of ThPOK and diversion of all thymocytes to the CD4
lineage irrespective of their MHC specificity® 8. Runx transcription factors are important
antagonists of ThPOK that promote CD8 commitment5.

ThPOK continues to be expressed at high levels in peripheral CD4 T cells to stably maintain
the helper lineage gene expression program®, for Th1 and T2, but not Ty17 effector
differentiationl0. ThPOK expression by CD4 T cells is also critical to support effective
CD4+ T cell memory!!. The mechanisms by which ThPOK expression is maintained in
mature extrathymic CD4 T cells remain largely unknown, although a continuing dynamic
role for the SilThPOK has recently emerged. Thus, mature CD4 T cells can convert into

class I1-restricted CTLs?3 or into CD4+ CD8aa IELs# and this conversion is dependent
on SilThPOK activity!3. Paradoxically, in peripheral CD8 T cells the SilT"POK is no longer
required for ThPOK repression, as its deletion at this stage fails to derepress ThPOK®, The
ability of the SilThPOK o toggle between ON and OFF states in peripheral CD4 T cells has
major implications for T cell function and differentiation. For example, induction of colitis
by naive CD4 T cells in an adoptive T cell transfer model requires ThPOK downmodulation
in a SilT"POK_dependent manner, implying that SilT"POK actively regulates the fate of

naive T cells arriving at the site of inflammation or infectionl®. Given the widespread

and important roles of ThPOK in CD4 T cell function, understanding the mechanisms

that control its induction, maintenance and repression is both fundamentally significant

and crucial for designing novel therapeutic strategies against autoimmunity and infectious
diseases.
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Here we identify an “anti-silencer” element within the SilThPOK which is essential for
persistent ThHPOK expression in mature CD4 T cells and consequently for maintenance

of mature CD4 T cell identity and function. We show that this element acts as a

ThPOK binding site, and drives a positive autoregulatory loop by coordinating enhancer-
promoter interactions. Using /n vivo colitis and /n vitro Treg cell culture models, we
further demonstrate that the ThPOK-mediated positive autoregulatory loop is crucial for
tissue-specific Treg differentiation, for maintaining Treg integrity in the intestine, and their
conversion to the CD4+ IELs. Finally combining ThPOK ChiIP-seq, ATAC-seq and RNA-
seq data, we dissect how the genome-wide regulatory landscape of naive CD4 T cells is
fundamentally dependent on the ThPOK mediated autoregulatory loop.

Identification of an anti-silencer element.

The SilThPOK js reactivated during IEL generation in the gut, indicating that the SilThPOK
continues to be dynamically regulated in mature peripheral CD4 T cells, i.e. is not
permanently inactivated after CD4 commitment. Here we set out to identify the underlying
mechanism for this dynamic control. For this purpose, we generated a series of knockout
mouse lines carrying various deletions within the SilT"POK (Fig.1 a—c), and crossed each
line to homozygosity. Two lines (ThPOKAOC74, ANR82) showed no or minimal difference

in peripheral CD4 T cell frequency compared to WT controls, suggesting that the deleted
regions were not important for control of ThPOK expression in peripheral CD4 T cells,
while 2 others showed complete absence of peripheral CD8 T cells (ThPOKAQCA8, AQK27)
suggesting that the deletions blocked SilThPOK function during thymic development (as
confirmed by thymic analysis; data not shown) (Fig. 1b,c). Most interestingly, two additional
lines with overlapping deletions (ThPOKAPY3 and A0B11y displayed profound alterations in
T cell subset representation and T cell surface marker phenotypes (Fig. 1b,c): a) Peripheral
CD4 T cells defined by high CD4 levels (CD4M) were greatly diminished relative to CD8
T cells in ThPOKAOCBIVAOBLL mice, b) Two unusual T cell populations appeared, which
either expressed both CD4 and CD8 (DP = double positive), or displayed low CD4 levels
while lacking CD8 (CD4!° cells). The sum total of peripheral CD4Mi, CD4!° and DP cells
from ThPOKAOBIVAOBIL mice is comparable to the number of CD4 T cells from WT
mice, suggesting that these 3 populations collectively comprise the class Il-restricted T cell
compartment in ThPOKAOB11/ AOB1L mjce,

gRT-PCR analysis showed that ThPOK mRNA is almost absent in peripheral T cells from
ThPOKAOBILVAOB11ang ThPOKAPYS/APY3 mice (including SP CD4 cells), consistent with
reactivation of the SilT"POK (Fig. 1d). In contrast, thymocytes from both lines showed
normal stage-specific expression of ThPOK, except for a reduction at the most mature
(CD69-) SP CD4 stage (Suppl. Fig. 1b). However, this has little effect on CD4/CD8
lineage choice, as revealed by normal ratio of SP CD4 to CD8 thymocytes (Suppl. Fig.
1a). Supporting this conclusion, no SP CD8 thymocytes were generated in SilA0B11/A0B11
B2m-/-mice, in which positive selection is restricted to class Il-restricted thymocytes
(Suppl. Fig. 1c).
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In summary, these results indicate that the OB11 region of the SilT"POK js largely
dispensable for regulation of SilThPOK activity in thymocytes, but is essential to prevent
inappropriate SilThPOK activation in mature peripheral CD4 T cells.

Y1H analysis of ThPOK binding to SilT"POK element.

Bioinformatic (JASPAR) analysis indicates that the 100bp OB11 region contains 4 predicted
ThPOK binding sites, 3 of which are shared with the 50bp PY 3 deletion region, suggesting
potential autoregulatory function (Fig. 2a). To directly assess capacity of these motifs to
bind ThPOK, we first utilized a yeast-1-hybrid (Y1H) approachl’: 18. 19, For completeness,
we examined the entire SilT"POK subdivided into 15 overlapping 40—100 bp fragments
(Fig. 2a). This showed that functional ThPOK binding sites map to a minimal 100bp region
(between fragments 5 and 14), which closely coincides with the OB11 region (Fig. 2a).
Electrophoretic mobility shift assay (EMSA) confirmed that a 100bp probe spanning the
OB11 region was able to bind FLAG-tagged ThPOK, and underwent “supershifting” upon
addition of anti-FLAG antibody (Fig. 2b, lanes 3 and 5). Mutation of 2 predicted ThPOK
binding sites within the OB11 region (sites 1 and 3) abolished ThPOK binding by Y1H,
demonstrating DNA sequence specificity (Fig. 2a). Similarly, mutation of sites 1 and 3
abrogated ThPOK binding in EMSA (Fig. 2b, lane 6). Individually mutating site 3, but

not site 1, partially impaired ThPOK binding in EMSA, suggesting greater importance of
site 3 relative to site 1, but also partial functional redundancy between this and other sites
(Suppl. Fig. 2a). To evaluate contribution of individual binding sites /7 vivo, we generated
3 additional mutant lines with smaller deletions or mutations within the OB11 region
(ThPOKARA42,ARNS3 and AQN33) (yppl. Fig. 2b,c,d). Mutants THPOKARA4Z (sites 3 and 4
ablated) and ThPOKARNS33 (sites 1, 3 and 4 ablated) show slight shift to CD4lo phenotype,
indicating that site 2 is individually important for ThPOK expression, but partially redundant
with other sites. Finally ThPOK-ARNIIARNI3 \which preserves sites 2, 3 and 4, exhibits no
phenotype, indicating functional redundancy between site 1 and other sites. Furthermore,
sites 2 and 3 are perfectly conserved between human and mouse, consistent with important
functional role of these 2 sites (Suppl. Fig. 2d).

To confirm ThPOK binding to the SilAOB1L silencer Jin vivo, we crossed ThPOKOB1 mice
with Fh-ThPOK mice, encoding FLAG-tagged ThPOK, to generate compound heterozygous
Fh-ThPOK/ThPOKAOBLL mice. We employed anti-Flag ChIP in combination with allele-
specific primer pairs to assess ThPOK binding to the SilA9B11 and SilWT elements. This
demonstrated ThPOK binding specifically to the Sil'’VT but not the SilA©B11 ajlele in all
thymic (Fig. 2c) and peripheral (Fig. 2d) T cells. Of note, binding of Runx3 to Runx
consensus motifs adjacent to the OB11 region was unaffected in the SilA0B11 gllele,
demonstrating that the OB11 deletion does not broadly affect TF binding to the SilThPOK
(Fig. 2e, f). Taken together these data reveal that the 100bp OB11 region is exclusively
responsible for ThPOK binding to the SilThPOK,

Ablation of OB11 region disrupts physical interaction between key cis elements at the
ThPOK locus.

Enhancer-promoter dynamics are critical for the spatiotemporal control of gene expression.
Several enhancers and promoters have been identified at the ThPOK locus using transgenic
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and knockin reporter models®: ¢ 12 (Fig. 2g). Deletion of the proximal enhancer (PRE)
during thymic development leads to redirection of MHC class I1-selected cells toward the
cytotoxic lineagel?, but its continued role in maintaining ThPOK expression in peripheral
CDA4 T cells remains unclear, as does that of the other enhancers. Therefore we used the

3C approach to test whether ThPOK binding to the OB11 region affects promoter and
enhancer interactions in mature naive CD4 T cells. Indeed, we observed clear interaction
between ThPOK cis elements in WT CD4 T cells under homeostatic conditions, between
both enhancers and promoters, which disappeared in ThPOK AOBLVAOBILL T ce||s (Fig. 2h).

ThPOK binding to its silencer drives a positive autoregulatory loop, that sustains ThPOK
expression and CD4 T cell lineage stability.

To assess effect of the OB11 mutation on ThPOK expression at the single-cell level, we
generated a SilAOB11.GFP renorter allele in which GFP expression is regulated by the mutant
SilAOB11 element (note that GFP acts as a “gene trap” precluding ThPOK expression

from this allele) (Fig. 3a). As expected, sorted CD4 thymocytes from heterozygous
ThPOKAOBILGFP* mice show high GFP expression, while mature CD4 T cells mostly
lack GFP mRNA and protein expression by gPCR and FACS (although a fraction show

low GFP protein expression) (Fig. 3 b,d). We conclude that the OB11 mutation selectively
prevents transcription from the AOB11.GFP reporter allele in peripheral CD4 T cells versus
thymocytes. Importantly, reduced transcription of GFP in SilA0B11.GFP mice cannot be
restored by ThPOK expressed from the wild type ThPOK allele in SilAOB11.GFP/+ mjce,
confirming that the SilACB11.GFP gjlele is insensitive to positive regulation by ThPOK (Fig.
3c).

To test the requirement for ThPOK protein in control of ThPOK transcription in peripheral
CD4 T cells, we crossed the ThPOKAOB1 strain to a second reporter line in which GFP is
knocked into the WT ThPOK locus (ThPOKCFP mice), to create compound heterozygous
ThPOKGFP/IAOBLL mjce (Fig. 3a, c). In ThPOKCEFP mice GFP acts as a “gene trap”,
precluding expression of ThPOK, so that the ThPOKAOB1L gjlele provides the only potential
source of ThPOK in heterozygous ThPOKCFP/AOBLL mice. \We observe significantly reduced
GFP protein levels in ThPOKGFP/A0B11compared to ThPOKSFP/* mice (Fig. 3c, d),
implying that continued ThPOK expression is necessary to prevent reactivation of the
SilThPOK in peripheral CD4 T cells. To directly confirm that reduced reporter expression

in ThPOKGFPIAOBLL CD4 T cells is silencer-dependent, we crossed ThPOKACBLL mice

to a third reporter line in which GFP is knocked into a ThPOK locus in which the

SilThPOK s deleted (ThPOKASILGFP mice) (Fig. 3a). Importantly, GFP expression is fully
restored in CD4 T cells of compound heterozygous ThPOKASIl.GFP/AOB1L mice showing
that reduced reporter expression by ThPOKCFP/A0BLL CD4 T cells is silencer-dependent
(Fig. 3c, 3rd column). Overall, these results show that ThPOK binding to SilT"POK mediates
an autoregulatory loop that is essential to block activity of the SilT"POK in peripheral CD4 T
cells to allow persistent ThPOK expression.

As noted above, 35% of mature CD4 T cells from ThPOKAOBLLGFPI* mice express GFP
protein by FACS (Fig. 3 b). Given that the OB11 mutation blocks ThPOK transcription in
peripheral CD4 T cells, these GFP+ cells could represent recent thymic immigrants that
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still express long-lived GFP protein produced in the thymus, as is the case for RAG-GFP
mice20, and/or peripheral T cells that have undergone transient reactivation of their ThPOK
locus post-thymically. To evaluate these possibilities, we adoptively transferred sorted GFP-
T cell subsets from ThPOKAOBLI/AOBIL.GFP and ThPOKCGFP/* mice into RAG—/- hosts
(Fig. 3e; data not shown). gPCR analysis of ThPOK and GFP mRNA expression by sorted
T cell subsets 4 weeks after adoptive transfer indicated that the transcription from the
ThPOK locus remained very low (at the cell population level) (data not shown), but that
20% of transferred CD4M T cells now expressed GFP protein (at the single cell level)
(Suppl. Fig. 3b). Since GFP protein has a half-life of ~26hrs21, newly synthesized GFP
protein should degrade to background levels within 5-7 days, implying that GFP+ CD4Mi

T cells have undergone reactivation of their OB11-GFP reporter allele within the preceding
week. To assess whether this transient ThPOK transcription might depend on TCR-mediated
induction, we subjected CD4 T cells from SilA0B1VAOB11 yersys WT mice to antibody-
mediated TCR stimulation (anti-TCRp). While this increased ThPOK mRNA expression by
WT CDA4 T cells, neither CD4M or CD4!° T cells from ThPOKAOBLYAOBLL mjce showed
significant ThPOK induction (Fig. 3f). Surface expression of TCR, as measured by staining
with anti-TCRp and CD3e, was unaffected (Suppl. Fig. 3c). We conclude that the OB11
allele in contrast to the wt allele is not subject to TCR-mediated induction.

Finally, we found that both CD4Ni cells and CD4'° cells, from ThPOKACBLI/AOBILGFP pjce
can give rise to all other subsets upon transfer into RAG—/- mice, i.e. CD4N, CD4l°, DP
and CD8, upon adoptive transfer (Fig. 3e), indicating that the CD4 and CD4!° phenotypes
of ThPOKAOBLU/AOBLLGFP ce|s are metastable and can readily interconvert i vivo. In
contrast, transfer of CD8 T cells from ThPOKAOB1Y AOB1LGFP mice gave rise almost
exclusively to CD8 T cells, indicating that the SP CD8 phenotype is stable/terminal (Fig.
3e).

In summary, these results indicate that the ThPOK autoregulatory loop is essential for
sustaining ThPOK expression and CD4 T cell lineage stability of mature MHC class
I1-restricted T cells.

Genome-wide changes in gene expression in ThPOKAOBLL/AOBLL T ce|js,

To assess how the anti-silencer regulates ThPOK-dependent gene expression in peripheral
CDA4 T cells to maintain stable Th lineage, we carried out RNAseq analysis of sorted naive
CD4M, CD4/° and DP T cells from ThPOKAOCBLVAOBLL mjce, versus WT CD4 and CD8

T cells. This revealed that 1724, 1862, and 1570 genes were differentially expressed (at
least 2-fold) between WT CD4 T cells and either CD4M, DP, or CD4!° ThPOKAOB1/AOCB11
subsets, respectively (Fig. 4 a,b; Suppl. Fig. 4b). 789 (28%) of these differentially expressed
genes (DEGs) show similar trend in expression between different ThPOKAOBLIAOBILL T ¢g|
subsets, while the remainder show divergent expression between subsets, indicating that the
phenotypically distinct ThPOKAOBLIAOBIL T ce|| subsets are also distinct at the level of
gene expression (Fig. 4 a,c). For instance, CD4° cells show upregulation of 283 unique
genes compared to other OB11 subsets.

Importantly, we find that 760 (27%) of the 2770 DEGs are, “CD8 like”, consistent with the
idea that lack of ThPOK allows the CD8 transcriptional program to take over in CD4 T
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cells (Fig. 4c). On the other hand, 1042 DEGs are NOT CD8 like (FDR 5%), suggesting
potential roles of ThPOK outside of CD4-CD8 differentiation (Fig. 4g). Intriguingly, some
of these genes are characteristically expressed at the ETP to DN2 stage transition in early
thymopoiesis (including 1d2, Kit, Scal, Pgkl, Meisl, Cd82, and Sox13) (Suppl. Fig. 4a),
or granulocyte differentiation (including Mpo, Tyrobp, Fcergl, and Lyz, a marker of DN
thymocytes destined to differentiate to the granulocytic lineage2®.

Next, to identify direct ThPOK target among DEGs, we intersected our RNA-seq data

with a-ThPOK ChIP-seq data from WT CD4 T cells (using public anti-ThPOK ChlIP-seq
data;26, GSE116506). Given the known functional antagonism between ThPOK and Runx3,
we further intersected our RNA-seq data with a-Runx3 ChiP-seq data from WT CD8 T
cells (using Runx3 Chip Seq data;2’” GSE124912). This revealed genome wide 4574 sites
associated with 3200 genes where ThPOK and Runx3 bind in close proximity (within

400 bp), representing DUAL targets of ThPOK and Runx3 (Fig. 4 d, f; Suppl. Fig. 4c,

d). Among common 789 DEGs in all ThPOKAOBLVAOBLL T ce|| subsets, 212 (24%) are
targets of both ThPOK and Runx3 (Fig.4D) but 630 are direct targets of only ThPOK
(80%) (Fig. 4a, bottom panel, Fig. 4e). Interestingly, genes bound by both ThPOK and
Runx3 include several critical transcriptional regulators of CD8 differentiation, e.g. Eomes,
RORa., and T-bet (Suppl. Table 1a,b). Based on pathway (DAVID) and literature analysis,
we find that 15 out of 76 ThPOK and Runx3 dual target genes that are down-modulated

in all ThPOKAOBL/AOBIL g hsets (Suppl. Table 1a) are implicated in regulation of TCR
signaling (as indicated by pink boxes in Suppl. Table 1), especially dampening of TCR
signaling (including Camk2d, Kidins20, Pagl, Prkd2, etc.), with most showing decreased
expression in ThPOKAOBLYAOBLL T ce||s, suggesting that ThPOKAOBLL/AOBLL prone to
TCR stimulation (Suppl. Table 2a,b). Other pathways enriched in this gene subset are those
involved in translation (Rpl19, Rpl36, Eif4db etc.), and cytokine signaling (Statl, Stat4 etc),
consistent with widespread and profound effects of Runx3 and ThPOK on control of CD4 T
cell biology and function (Suppl. Table 2a,b). We also noted presence of Ets factor binding
sites and CTCF binding sites in very close proximity to ThPOK binding sites, as evidenced
by genomewide intersection of ChiP-seq data of respective transcription factors (Fig. 4h).
CTCF sites were predominantly associated with ThPOK sites not linked with Runx3 sites,
suggesting that persistent ThHPOK expression acts in concert with CTCF for maintenance of
chromosomal territory in CD4 T cells.

Altered chromatin accessibility of super enhancers in ThPOKACBLLAOBLL T ce|ls,

Our RNA-seq data in concert with our T cell transfer experiments (Fig. 3e) indicate

that distinct ThPOKAOBLLVAOBLL T ce| subsets are metastable at both the phenotypic

and transcriptional levels, so that disruption of the ThPOK autoregulatory loop hinders
imposition of a stable transcriptional state, while permitting interconversion between
different metastable states. Metastable states both in effector and memory precursor
progenitors, and hematopoietic thymic progenitors have been shown to be associated

with epigenomic plasticity?8: 29 metastable chromatin accessibility and multilineage
transcriptional signatures3%: 31, Therefore, to better understand chromatin organization of
peripheral T cells from ThPOKAOBLI/AOBL mice we carried out ATAC-seq on naive
ThPOKAOBLVAOBLL cpglo and WT CD4 T cells. This revealed strikingly altered chromatin
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accessibility in ThPOKAOBLV/AOBIL T cells, such that regions normally open in WT CD4

T cells are diminished in height in a genome-wide manner in ThPOKAOBLI/ACBIL T ¢e||s
(Fig. 5a; Suppl. Fig 5a). We identified 15,608 and 2,767 Differentially Accessible Chromatin
Regions (DACRS) that were selectively open in WT CD4 and ThPOKAOBLVACBLL cpglo T
cells, respectively. To ascertain the extent to which altered chromatin accessibility directly
depends on ThPOK binding, we intersected ATAC-seq and ThPOK ChIP-seq data. This
revealed that ThPOK binding is associated with 566 and 661 chromatin regions that are
selectively open in ThPOKAOBL/AOBLL cpglo and WT CD4 T cells, respectively (Fig. 5b).
Regions selectively open in ThPOKAOB1L/AOBLL cp4lo T cells showed enrichment of Runx
binding motifs, suggesting a major role of ThPOK in masking Runx binding sites in CD4

T cells (Fig 5c¢; Suppl. Fig. 5b), while regions selectively open in WT CD4 T cells showed
enrichment of chromatin territory-defining regulatory factors CTCF and CTCFL (Boris),
suggesting a possible role of ThPOK in maintenance of accessible chromatin territory in the
CD4 lineage (Fig. 5c¢).

To further understand how changes in gene transcription correlate with changes in chromatin
accessibility, we mapped DACRs that correlated with ThPOK binding peaks to closely
linked genes (i.e. from 5kb upstream of TSS to 1kb downstream of TSS). This identified
296 and 237 ThPOK target genes that are more accessible in ThPOKAOBL/AOBIL gpq

WT CD4 T cells, respectively (Fig. 5b). 190 (80%) genes that are selectively open in
ThPOKAOBLVAOBLL T cel|s are relatively upmodulated in ThPOKAOBLU/AOBLL s WT CD4
T cells, indicating strong correlation between open chromatin and transcription. DACRS
which were more open in ThPOKAOBLVAOBL yersys WT CD4 T cells were relatively
enriched for introns and depleted of promoters (Fig. 5d).

T cell “identity” relates largely to the precise regulation of key lineage master regulators,
cytokines, chemokines and their receptors, and these genes are frequently associated with
Super Enhancers (SE) in T cells32-33, Given that many of these key genes are misregulated
in ThPOKAOBLVAOBIL T cells, we considered whether ThPOK might be involved in
regulation of accessibility of their associated SEs. To test this possibility we intersected
566 and 661 ThPOK-bound DACRs that are more open in ThPOKAOBLVAOBLL gng \WT
CDA T cells, respectively, with a dataset of 436 Th cell-specific SEs (dbSUPER) (https://
asntech.org/dbsuper)34. Strikingly, this revealed that 67 (11%) and 98 (14%) of selectively
open DACRs in ThPOKAOBLYAOBIL T ce|ls and WT CD4 T cells, respectively, mapped

to Th cell-specific SEs (Fig. 5e), but not to SEs associated with thymic development

or early B cell development (Suppl. Fig. 5¢). These Th SEs are closely linked (within
20kb) with key genes encoding the Th master regulator T-bet, as well critical cytokines
(Ifng, 1110), chemokines (Ccl4), and cytokine receptors (il12rb, Tnfrsf4), Runx factors
(Runx1/3), cytotoxic molecules (Gzmb), TCR signal pathways (Egrl, Nfatc2, Grb2),

and epigenetic regulators (Dnmt3a). Importantly, most of these genes are disregulated in
ThPOKAOBLVAOBLL yersys WT CD4 T cells, indicating a key role of ThPOK in regulation
of Th SE opening s well as their activity (Fig. 5f).

Finally, since we showed that many DEGs from ThPOKAOBLL/AOBLL T ce||s show similarity
with early T cell progenitor gene expression pattern (Suppl. Fig. 4a), we compared
chromatin accessibility of 250 chromatin regions located near (within 10kb of) these DEGs
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against chromatin data for sorted thymic developmental stages from WT mice (Immgen).
Indeed, we find that regions which are less accessible in ThPOKAOBIVAOBLL cpglo T cells
are also less accessible in early T cell progenitors (DN1- DP) and vice versa (Fig. 59).

In summary, ThPOKAOBIV/AOBLL T cel|s display profound changes in gene expression and
chromatin accessibility, including Super Enhancer accessibility, resulting in a metastable
state and lineage infidelity. Thus ThPOK binding to the anti-silencer promotes persistent
ThPOK expression required to maintain the CD4 lineage-specific chromatin conformation
and gene expression programs to prevent trans-differentiation to CD8 lineage and and/or
de-differentiation to early T cell progenitor stage.

Enhancement of TCR sensitivity, proliferation and cytokine expression in OB11 T cells.

Our transcriptomic and genome-wide accessibility studies indicate that the ThPOK
autoregulatory loop plays an important role in regulation of genes involved in TCR signal
strength. To functionally validate this proposition, we compared proliferation and cytokine
production of sorted WT and ThPOKAOBIVAOBLL T ge||s in response to weak (anti-TCRp)
versus strong (anti-CD3/CD28) TCR signals. Strikingly, class Il-restricted T cells from
OB11 mice exhibit stronger proliferative response compared to WT CD4 T cells in response
to weak stimulation (Suppl. Fig. 6a), as well as more sustained ERK phosphorylation
(Suppl. Fig. 6b), suggesting that the ThPOK autoregulatory loop regulates susceptibility

of CD4 T cells to TCR stimulation by sustaining the TCR signal. Further, we uncovered
promiscuous cytokine deregulation (IFNvy, IL-9, and IL-17) and associated transcription
factors (T-bet, Rorc, Ahr, Irf4) in the absence of any stimulus, suggesting that the ThPOK
autoregulatory feedback loop is required to maintain ‘naiveness’ in CD4 T cells and repress
diverse Th effector signatures (Suppl. Fig. 6 c, d). These effects may reflect direct control
by ThPOK, as we find ThPOK ChlP-seq peaks within the IFN-y and T-bet super enhancers
(Fig. 5f), the Ahr promoter, as well as within genes encoding Rorc and the 1L9-inducing
factor IRF4 to the CNS25 regulatory region of the 1L9 gene (Suppl. Fig. 6e). Since TCR
signal strength is also known to control Th differentiation3®, we further assessed whether
ThPOKAOBIVAOBIL T cells show altered Th differentiation. Indeed, we found that activated
ThPOKAOBILVAOBIL T cel|s display strong skewing towards a Th1/inflammatory response
relative to WT CDA4 T cells, consistent with previous ThPOK knockdown and knockout
studies (Suppl. Fig. 6 d).

Abrogation of ThPOK autoregulatory loop redirects Treg differentiation and enhances
Treg-mediated control of colitis.

Although previous studies employing conditional Foxp3¢re-mediated deletion of ThPOK
have demonstrated a substantial reduction in mature Tregs in the absence of ThPOK,
indicating a major role in Treg development and/or homeostasis, this does not result in

any overt autoimmune or inflammatory phenotypel4 36, Similarly, ThPOKAOBL/AOBIL mjce
exhibit a substantial (2-fold) diminution of Foxp3+ Tregs in LN and spleen versus WT
control mice (data not shown), yet show no evidence of autoimmunity at least till 15

months of age. Given the absence of an autoimmune phenotype in ThPOKAOB11/AOB11

mice despite reduced Treg numbers, we reasoned that Treg function is maintained or

even enhanced in these mice. To evaluate whether ThPOKAOBLI/AOBL mjce exhibit more
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subtle defects in Treg development and differentiation, we crossed ThPOKAOBLY/AOBL pmjce
with Foxp3-RFP mice and examined development of nTregs. As expected, thymic Treg
development was relatively normal (data not shown). Interestingly, among peripheral Tregs
there was a significant increase in the anti-colitogenic GITRI°PD-1!° CD25/° (Triple!®)
subset37 relative to the GITRMPD-1MCD25M (TripleN) subset in ThPOKAOCBLVAOBLL ysersys
ThPOKAOBLY* mice (Fig. 6a). Of note, WT Triple!® Tregs express much lower level of
ThPOK than Triplei Tregs, as evidenced by FACS analysis and ThPOK gPCR (Fig. 6b),
suggesting that differential ThPOK expression plays a physiological role in promoting
alternate differentiation of these subsets in WT mice. Next we tested the effect of
autoregulatory loop ablation on iTreg generation. For this purpose, we cultured CD4N

cells from WT and ThPOKAOBLL/AOBLL mjce under Treg polarizing conditions. Both

WT and ThPOKAOBLVAOBLL T ce|s were able to induce Foxp3 under these conditions,
although Foxp3 levels were lower for ThPOKAOCBIVAOBLL T cells, Most strikingly,
ThPOKAOBIVAOBIL T cel|s gave rise to large numbers of Triple!® Tregs, which also
expressed lower levels of FR4 and CD73 compared to WT T cells (Fig. 6¢). Hence,
maintenance of ThPOK expression via its autoregulatory loop promotes generation of
TripleM Tregs, while ThPOK down-modulation via ablation of this loop favors generation of
Triple!© Tregs.

Tregs play an important role in suppressing a variety of immune cells and actively
preventing inflammatory bowel disease and food allergies. Importantly, intestinal

Tregs cannot cross the lamina propria, but can interconvert to Foxp3—-CD8aa+CD4+
intraepithelial lymphocytes (CD4+ IELs) by down-modulating ThPOK in a microbiota-
dependent fashion and accumulate in the intestinal epithelium4. Since ablation of the
ThPOK auto-regulatory loop leads to increase in Triple!® Tregs and Triple!® Tregs have

been implicated previously in protection from colitis34, we hypothesized that physiological
regulation of ThPOK via its autoregulatory loop might play an important role in maintaining
Treg identity, such that disruption of the ThPOK autoregulatory loop would alter CD4

IEL formation from Treg. To test this hypothesis, we first examined intestinal Tregs

and CD4 IEL populations in ThPOKAOBLI/AOBIL and WT mice. The proportion of Tregs
among clELs was mildly (1.5-fold) increased in ThPOKAOBLLAOBLL yersys WT mice, but
substantially decreased (2-fold) among cLPLs (Fig. 6d), although in cLPL the representation
of Triple'® cells was increased with concomitant decrease in Triple". We observed an
increase in CD4+CD8a+CD8p!® (CD4IEL precursors) in lamina propria (>4 fold in
Intestinal LPL and >3 fold increase in colonic LPL) of ThPOKAOBLV/AOBLL mice compared
to WT mice (Fig. 6¢). Hence, while CD4 IEL are only generated in the intestinal mucosa
under physiological conditions, in the absence of the ThPOK autoregulatory loop they are
generated before travelling to the intestinal epithelium. We also noted >2 fold increase in
CD4-CD8 aa+TCR B+ T cells among IEL populations ThPOKAOBLI/AOBLL mice compared
to WT.

Recent single cell transcriptomic analysis defined organ-specific gene expression signatures
for Tregs transiting from the lymph node to barrier tissues including the colon38. We
therefore tested whether ThPOK autoregulatory loop ablation may rewire the CD4 T cell
gene expression program to favor conversion of OB11 CD4 T cells into colonic Treg

by comparing gene expression profiles of OB11 T cell subsets with the reported gene
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signature of colonic Tregs. Strikingly, ThPOKAOBLYAOBIL najye CD4N and DP T cells
showed upmodulation of ~70% of the colon-specific Treg signature genes (Fig. 7a).

Since, intestinal Tregs plays important role in prevention of colitis, we directly compared
the functional response of ThPOKAOBLYAOBILL mice and WT control mice to TNBS-
induced colitis39. Strikingly, we found that while ThPOKAOBLL/AOB1L mice and WT

control mice both showed similar initial pathology in response to TNBS treatment (weight
loss, accompanied by multiple stress indicators such as lethargy and hunched posture),
ThPOKAOBLVAOB1L mice exhibited rapid recovery and improved longevity compared to
WT controls (Fig. 7 b,c; Suppl. Fig 7e). To directly assess the anti-colitogenic potential of
ThPOKAOBLVAOBI1 CD4 T cells, we next employed a T cell transfer model of colitis*C. In
striking contrast to naive WT CD4 T cell transferred mice, both ThPOKAOBLL/A0B11 cpghi
and CD4!° subsets failed to induce colitis, although transferred T cells were readily detected
in circulation. To test whether ThPOKAOBLYAOBLL T ce|ls might actually be anti-colitogenic
in presence of inflammatory WT CD4, we conducted co-transfers of naive WT (CD45.1%)
and naive ThPOKAOBIVAOBLL (CD45.2%) T cells into the same hosts (Fig. 7f-h). Strikingly,
this revealed that ThPOKAOBLVAOBIL T cells could suppress inflammation in colon by
naive WT CD4 T cells (Fig. 7 f=h). FACS analysis of co-transferred mice reveals that in
contrast to WT T cells, ThPOKAOBLVAOBILL T ce||s readily converted to CD4+ CD8aa T
cells and CD8ap+ T cells (Fig. 7k). The frequency of Tregs was the same among both WT
and ThPOKAOBLYAOBLL ¢q_transferred T cells in both intestinal and colonic lamina propria
(data not shown). However, the ThPOKAOBLYAOBLL Treq population in colonic lamina
propria of co-transferred mice was remarkably enriched for Triple!® Treg cells in contrast

to co-transferred WT (Fig. 7j). Of note, WT (CD45.1+) T cells from ThPOKAOB11/A0B11
co-transferred mice were also enriched with Triple!® Treg cells (Fig. 7j).

Finally, to exclude any effect of altered peripheral environment on differentiation/function of
ThPOKAOBILVAOBIL T cells, we performed similar co-transfer experiment using naive CD4
T cells from Ox40-Cre ThPOKF/FI mice in which ThPOK is conditionally ablated only in
mature peripheral T cells. Consistent with our other results, we found that OX40AThPOK
CDA T cells can strongly suppress colitis induction by naive WT CD4 T cells even at a 5:1
ratio (Fig. 7 1-0) accompanied by striking enhancement of CD4+CD8aa+ IEL generation.

Previously we have shown that TGF-p and RA are required for downmodulation of ThPOK
expression and for CD8a expression by intestinal CD4+ T cells in vitro and in vivol3.

This may suggest that under normal physiological circumstances TGFp acts on CD4 T
cells arriving in the gut microenvironment to promote SMAD binding to the SilThPOK,
which in turn may interrupt the ThPOK autoregulatory loop, and thereby downmodulate
ThPOK. Consistent with this possibility, our bioinformatic and Y1H analysis, as well as
public Smad4 ChlP-seq data (GSM2706519), indicate presence of SMAD sites within the
SilThPOK (data not shown). To directly determine whether TGF-B-mediated SMAD binding
can disrupt ThPOK binding to the SilT"POK  we performed ChIP assay on sorted naive
CD4 cells from Fh-ThPOK homozygous mice stimulated for 48h with anti-CD3/CD28 in
presence or absence of TGF-B. Indeed, we find that TGF-p treatment induced strong Smad4
binding to the SilT"POK and that this was accompanied by significant diminution of ThPOK
binding to the OB11 region (Fig. 70).
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Altogether, our data suggest that under physiological conditions the ThPOK auto-regulatory
loop inhibits untimely rewiring of circulating naive CD4 T cells Tregs towards highly
suppressive barrier-specific Treg.

Discussion

In this study we identify a novel regulatory switch, i.e. an anti-silencer located within the
SilThPOK 'which is necessary for maintenance of helper T cell identity. Genetic disruption
of anti-silencer function leads to phenotypic plasticity, drastic change in genome-wide
chromosomal accessibility, disregulated gene expression in CD4 T cells, and adoption of a
metastable state. Our study provides the first evidence that the SilT"POK silencer encodes
distinct regulatory modules that promote or oppose gene silencing. Furthermore, the anti-
silencer module we report is conserved in evolution in mammals, implying a conserved
function in regulation of peripheral CD4 T lymphocyte identity across mammalian species.
Using /n vivo colitis and /n vitro Treg cell culture models, we further demonstrate a crucial
role of this autoregulatory loop for tissue-specific Treg differentiation and maintenance of
Treg integrity in the intestinal microenvironment to prevent premature CD4 IEL generation.

Our results suggest that the anti-silencer mediates recruitment of ThPOK, thereby driving a
positive feedback loop that stabilizes ThPOK transcription and maintains T helper integrity.
Ablation of the anti-silencer disrupts this loop, such that ThPOK expression level is
insufficient to maintain T helper integrity. It’s increasingly understood that genes alternate
between periods of transcriptional bursts and transcriptional inactivity?2: 23. 41,42 Given that
a significant fraction of adoptively transferred OB11 T cells express GFP even many weeks
after transfer, we propose that the interval between transcriptional bursts is greatly elongated
(compared to the wt ThPOK allele). This could be directly tested in future using live cell and
gene imaging approaches.

The metastable state induced by anti-silencer ablation is characterized by 3 distinct cellular
phenotypes, CD4N, CD4!° and DP, each with divergent gene expression profiles. The
metastable state is maintained over time, as shown by persistence of all 3 subsets many
weeks after adoptive transfer, but is also highly plastic, as evidenced by interconversion of
different subsets following adoptive transfer. Finally, permanent escape from the metastable
condition to the CD8 state is possible, since CD4 and CD4° cells can give rise to CD8 T
cells, but not vice versa. It will be interesting to determine whether interconversion between
subsets and escape to the CD8 fate are determined stochastically or by external stimuli.

The metastable state is apparent in coexistence of multiple distinct lineage- and stage- gene
expression signatures in ThPOKAOBLYAOBLL T ce|| subsets, as exemplified by derepression
of ETP-DN2 thymocyte (Kit, Meis1, Pgk1, FIt3, 1d2 etc;2%), and granulocyte-biased DN
thymocyte gene programs (Fcgrl, MPO, Lyz2 etc)*4 45,

The question arises as to how this metastable state is achieved at the level of

chromatin organization and transcriptional regulation. First, we find that autoregulatory
loop-dependent ThPOK expression targets SE accessibility and activity. Secondly ThPOK
controls chromatin accessibility by directly targeting lamina-associated genes (Lmnb1,
Lmna, Lbr etc), as well as key mediators of transcriptional silencing (e.g. Satbl, Rrebl,
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Hdac1/7/10, Tlel, Bcor, Etv3, Dnmt3a, Kdm1 etc.), causing widespread transcriptional
derepression. Thirdly, we find genome-wide association of ThPOK binding sites with CTCF
consensus motifs, suggesting that ThPOK may functionally interact with CTCF in limiting
spread of closed chromatin, consistent with overall reduction in accessible chromatin in
ThPOKAOBIVAOBIL T cel|s revealed by our ATAC-seq analysis.

Fourthly, enrichment of Runx and PU.1 binding motifs in accessible chromatin regions

in ThPOKAOBLVAOBIL T cels suggests that absence of ThPOK binding may unmask

these sites and promote Runx and PU.1 binding, thereby contributing to multilineage gene
derepression. Indeed, the chromatin accessibility pattern of ThPOKAOBLI/AOBLL T ce|s
strikingly resembles that of the early T cell progenitor stage (ETP), suggesting that the
ThPOK autoregulatory loop plays a key role in preventing de-dedifferentiation to the early T
cell progenitor stage.

Survival of naive T cells in the quiescent state requires T cell receptor (TCR) “tickling” by
self-MHC*6. ThPOK-mediated auto regulatory loop is required to maintain the quiescent
state of naive CD4 T cells as evidenced by derepression of effector cytokine expression, and
dispensability of co-stimulation for activation and proliferation of naive ThPOKAOB11/A0B11
T cells. Active TGF- signaling has been implicated in maintaining the quiescent state

in naive T cells downstream of TCR teasing*’. Our RNA seq data suggests that absence

of ThPOK auto regulatory loop leads to down-modulation of TGFBR as well as genes
involved in restraining TCR signaling. Accordingly, ThPOKAOBLI/AOBLL T ce||s exhibit an
activated phenotype, indicating an important role of the ThPOK-mediated auto regulatory
loop in maintaining these processes to prevent T cell hyperactivation and autoimmunity.
ThPOKAOBILVAOBIL T ce|| subsets also exhibit upmodulation of genes related to cytotoxic
CDA4 T cells (ThCTL) obtained from influenza-infected lungs and tumor sites (e.g. Anxal,
Id2, Lat2, Nkg7 and Eomes)#8-33, suggesting a key role of anti-silencer dependent ThPOK
autoregulatory loop in preventing inappropriate cytotoxic CD4T cell generation.

Tregs and CD4 IEL play major roles in enteric immunity. Upon arrival in the gut Tregs
convert to CD4 IELs by down-modulating ThPOK in a microbiota-dependent fashion4,
which is a crucial step for maintenance of gut immune-homeostasis. Our study reveals
that the ThPOK-mediated autoregulatory loop plays an important role in controlling enteric
immune homeostasis. Specifically, we find that abrogation of the ThPOK autoregulatory
loop promotes selective differentiation of naive CD4 T cells into anticolitogenic Triple!©
Tregs /n vitroand /n vivo and enrichment of CD4+ IELSs in the gut, thereby offering
dominant protection from colitis. Indeed, naive ThPOKAOBLI/AOBIL cpghi and DP cells
shows strong bias towards the colonic Treg-specific gene expression signature, while
CDA40 cells are more biased towards the CD4 IEL gene signature (Ccl5, Nkg7, Gzm,
Cd160, Itgae, Cd244, Cd7). TGF-p has been proposed as a major mediator of ThPOK
downmodulation imparting plasticity of the gut homing T cell*4. Here we find TGF-p-
induced SMAD binding to SilT"POK s able to interrupt the ThPOK autoregulatory loop
leading to downmodulation of ThPOK and IEL conversion. Recent findings from our lab
suggest that TCR signaling plays a major role in Treg to IEL conversion (in press). Future
experiments will address how modulation of ThPOK expression affects TCR signaling to
ensure selective Treg repertoire-specific conversion to IEL.
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We conclude that perturbation of the ThPOK autoregulatory feedback loop is a physiological
mechanism for the post-thymic generation of Treg and CD8aa IEL in the colon and
potentially other mucosal barriers. This controls a delicate balance between protective
immunity and absence of tissue-destructive autoimmune responses. ThPOK misregulation
via interruption of this autoregulatory loop may be responsible for other pathological
conditions, e.g. development of auto-aggressive pathogenic T cells in an IDDM model
characterized by an unusual diabetogenic CD4'° T cell subset>3-54, and appearance of
double-positive CD4+/CD8+ T cells in HIV-infected individuals®®.

All experimentation involving animals was approved by Institutional Animal Care and Use
Committee (IACUC), Fox Chase Cancer Center. RAG1 —/—, B2m-/-, Foxp3'RES-MRFP
B6.SJL-Ptprc@PepcP, Zbtb7b™! have been procured from Jackson Laboratory. All other
mouse lines described in this paper have been generated by the FCCC Transgenic Facility.
Animal care was in accordance with NIH guidelines.

ZFN-mediated gene targeting in mouse embryos:

Antibodies:

EMSA.

Site-specific mutagenesis was carried out as described’. Briefly a pair of ZFN RNAs that
recognize a specific target site was designed and generated by Millipore-Sigma (Genome
Editing division). mRNAs encoding the 2 site-specific ZFNs (50ng/ul) were introduced

into 1-cell mouse oocytes by pronuclear injection, and injected oocytes were transferred

to a pseudopregnant surrogate mother. Positive founder pups were identified using mutation-
specific primers, and mated to C57BL/6 mice to generate stable heritable knockin lines.

All fluorescently labeled antibodies used were obtained from commercial sources
(eBioscience or Biolegend), including anti-Thyl, TCRp, y8TCR, CD4, CD8a, CD8p,
CD69, HSA, CD62L, CD45.1, CD45.2, Foxp3, CD25, GITR, PD1. Anti SMAD4 procured
from ABCAM

Nuclear extracts were prepared from human embryonic kidney 293T cells transfected

with Flag tagged murine ThPOK constructs cloned into the pcDNA3 expression vector

as described. Negative controls included nuclear extracts from cells transfected with vector
alone. ThPOK expression was verified by immunoblot analysis (data not shown) and used
as a ThPOK protein sourcefor binding assay. DNA-binding probes were generated by
annealing of synthetic double-stranded oligonucleotides corresponding to the OB11 region
and end-labeling with polynucleotide kinase and digoxigenin-11-ddUTP using EMSA Kit
(Sigma). The anti—Flag Ab (Sigma) was used for ‘supershifting’ of ThPOK protein-DNA
complexes.
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Quantitative RT-PCR:

gPCR was performed as previously described.

Th Polarization.

Spleen and lymph node cells were FACS sorted for CD44-CD69-CD62lhi naive CD4* T
cells. Cells were activated with 5 pg/mL plate-bound anti-CD3/CD28 antibodies (Biolegend,
San Diego, CA) with IL-2 (25 IU/ml). For ThO conditions, anti—IL-4 (11B11; 20 ug/ml)
and anti—IFN-y (20 pg/ml) were added; for Thl conditions, anti—-IL-4 (11B11; 20 pg/ml)
and IL-12 (10 ng/ml) were added; for Th2 conditions, anti—-IFN-y (20 pg/ml) and IL-4 (20
ng/ml) were added; for Th9 conditions, anti—-IFN-y (20 pg/ml), IL-4 (20 ng/ml) and TGF-$
(2 ng/ml) were added; for Th17 conditions, IL-6 (10 ng/ml), TGF-B (2 ng/ml), anti-IFN-y
(20 pg/ml) and IL-4 (20 ng/ml) were added. For Treg polarization, TGF-g (10 ng/ml), IL-2
(100 U/ml), anti—-IFN-y (20 pg/ml) and IL-4 (20 ng/ml) were added. Mouse IL-12, and IL-4
were from PeproTech, TGF-p and IL-6 were from R&D Systems, human IL-2 was from
Roche, and neutralizing antibodies to mouse IFN-y (XMG1.2) and IL-4 (11B11) were from
BD Bioscience. Cells were cultured for 5 days in RPMI medium 1640 containing 10 mM
Hepes (pH 7.0), 10% (v/v) FBS, 2 mM L-glutamine, antibiotics (complete medium), and 50
UM B-Mercaptoethanol.

Proliferation assays:

FACS-sorted T cell subsets were incubated with 5-(and 6-) carboxyfluorescein diacetate
succinimidyl ester (CFSE; Dojindo; 5 uM) in PBS (37°C; 15 min). CFSE-labeled cells were
cultured in plate-bound anti-TCRp or antiCD3/CD28 antibodies for 1 to 4 days prior to
FACS analysis. Generation analysis was performed using FlowJo Software.

Intracellular staining:

Chip.

Cells were fixed in 100 pl of Cytofix/Cytoperm solution for 30min at 4°C, washed 2X

two times in Perm/Wash solution, pelleted by centrifugation and resuspended in 100 pl of
Perm/Wash solution with or without (FMO control) fluorochrome-conjugated antibody at
room temperature, using the BD Fixation/Permeabilization Solution Kit (Cat. No. 554714),
according to manufacturer’s instructions.

1x108 thymocyte or naive (SP CD62INMCD44!°) peripheral T cell subsets were

purified by FACS from compound heterozygous ThPOKFH/A0BL1 mice. Chromatin
crosslinking and immunoprecipitation were performed using the iDeal ChlP-seq kit

for Transcription Factors (Diagenode) according to manufacturer’s protocol. The anti-
Flag and anti Runx3 (Abcam, Cat#11905) antibody was used for immunoprecipitation
and purified DNA sequences were analyzed by qPCR using WT allele (F:
GGCGCGCAGTTATAAATAG, R: CCCCTACCGCGACCGCCCAA) and OB11 allele-
specific (F:CAGT TATAAATAGAGGCTT, R: CTGCCTCCGCTTCCCTCGAA) primers.
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5 x 10* flow sorted naive CD4 cells from WT or CD4!° cells from OB11 mice were
pelleted at 500 g for 5 min at 4 °C, and whole cell pellets resuspended in 50uL ATAC-RSB
buffer (10 mM Tris-HCI pH 7.4 10 mM NacCl; 3 mM MgCI2, 0.1% Igepal CA-630),

0.1% Tween 20 (Sigma), and 0.01% Digitonin, and kept on ice for 3 min. 1ml of cold
ATAC-RSB + 0.1% Tween20 was added, and samples centrifuged 500g for 10 min at 4°c
(fixed angle rotor) to obtain nuclear pellet. Transposase reaction of open chromatin was
achieved by resuspending free nuclei in tagmentation mix (22.5 pL Tagment DNA Buffer;
2.5 UL Tagment DNA enzyme; 25uL H20) (lllumina, FC-121- 1030) and incubating at

37 °C for 30 min. Purification of DNA was performed with Diapure kit (Diagenode),
according to the manufacturer’s protocol. Barcoding and amplification was performed
using Nextera Index Kit (Illumina, FC-121-1011), as previously described®8. Amplified
ATAC-seq libraries were purified using Gene-Read Size Selection Kit (Qiagen, 180514)
according to the manufacturer’s protocol. Quality and quantity of final ATAC-seq libraries
were assessed with the High Sensitivity DNA kit (Agilent, 5067-4626) run on an Agilent
2100 Bioanalyzer. ATAC-seq libraries were sequenced using lllumina 125-bp paired-ends
sequencing on a HiSeq2500 platform with, generating between 38 and 43 million reads per
condition per biological replicate.

Following quality control by FastQC (URL.:https://www.bioinformatics.babraham.ac.uk/
projects/:fastqc/), ATAC-Seq reads after were aligned to mouse genome (mm10) using
BoWTie2 (PMID: 22388286). Samples were filtered for regions blacklisted by the
ENCODE project®’ and deduplicated using Picard tools (http:/broadinstitute.github.io/
picard). Alignment coordinates were converted to BED format using BEDTools v.2.17°8
and peak calling was performed using MACS2°° with default parameters. To visualize the
relative occupancy of ThPOK along with ATAC-Seq peaks and the relative relationship

to genes we binned the chromosomes into consequtive 10Kb regions and plotted the read
distribution of ATAC-Seq and ThPOK ChIP-Seq data.

ChIP-Seq data analysis.

We obtained ThPOK ChlP-seq data from Vacchio et al.2% from Gene Expression Omnibus
(GEO) (GSE116506). ChIP-Seq reads were aligned to mouse genome (mmZ10) using
BWA aligner>®. Peak calling was performed using MACS2%0. Similarly, CD8 Tcell Runx3
ChIP-Seq peaks were obtained from Istaces et al.2? through GEO (GSM3559330). Peak
annotations and motif enrichment analyses were performed using HOMER tools62,

Bulk RNA-seq.

For each population, 10° cells were sorted into RLT lysis buffer (Qiagen) containing 1%
BME and total RNA purified using the RNA Microprep kit (Zymo Research). All resulting
RNA was used as an input for complementary DNA synthesis using the SMART-Seq v.4

kit (Takara Bio) and 10 cycles of PCR amplification. Next, 1 ng cDNA was converted

to a sequencing library using the NexteraXT DNA Library Prep Kit and NexteraXT
indexing primers (Illumina) with 10 additional cycles of PCR. Final libraries were pooled

at equimolar ratios and sequenced on a HiSeq2500 using 100-bp paired-end sequencing.
Quality controlled reads after FastQC were aligned to mouse genome (mm10) using Tophat2
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(PMID: 23618408). For counting reads from the resulting BAM files for ATAC-Seq, ChlIP-
Seq and RNA-Seq, HTSeq®? was used with default parameters. To identify differentially
expressed genes (DEG), we applied Deseq2 algorithm®. Genes with an FDR < 0.05 and
absolute log2(FC) > 1 and < -1 were considered to be significant. Enrichment analyses were
done using DAVID bioinformatics resource®4.

Colitis models.

3C Assay:

Adoptive T cell transfer model: Colitis was induced after transfer of 5 x 10° sorted naive
T cells into Ragl-/—- mice®, as previously described®®. Recipient mice were monitored
regularly for signs of disease, including weight loss, hunched appearance, piloerection of
the coat, and diarrhea, and analyzed at various times after the initial transfer or when they
reached 90% of their initial weight.

TNBS colitis model: Colitis was induced by transfer of intra rectal transfer of TNBS

as previously described3®. Recipient mice were monitored regularly for signs of disease,
including weight loss, hunched appearance, piloerection of the coat, and diarrhea, and
analyzed at various times after the initial transfer or when they reached 80% of their initial
weight.

Quantitative analysis of chromosome conformation capture assays has been performed
following the proto described earlier®® using 4 BP cutter Nlalll and ThPOK BAC plasmid
was used as the positive control.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Genetic mapping of an anti-silencer element in mature CD4 T cells.
a) Organization of mouse ThPOK gene (top), and diagram of silencer deletion mutants

(bottom). Black boxes, blue boxes, arrows, and red boxes indicate exons, enhancers,
silencers and promoters, respectively. Deletions within the silencer are indicated by thin
black lines. “R” indicates positions of conserved Runx binding sites. b) FACS analysis of
CD4, and CD8a expression in gated TCRp+ PBLs of WT mice and homozygous mutant
lines, as designated in panel a. c) Plots indicate % of SP CD4, CD8, CD4+ 8+ (DP) and
CD4'9"= cells within gated TCRB+ PBLs of indicated strains (n = 5, for each strain). Error
bars represent standard deviations. d) RNA was collected from freshly isolated cells before
probing for ThPOK expression by qPCR.
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Fig. 2. Regulation of anti-silencer by ThPOK binding.
a) Numbered bars (top) represent 15 different mouse ThPOK silencer fragments that were

tested as bait in Y1H analyses against ThPOK as prey (Zbtb7b). Fragments that bind
ThPOK, and/or the related LRF (Zbtb7a) factor are indicated by thick red bars, whereas
those that do not show binding are marked as thin black lines. Thick black line (middle)
represents the full-length silencer, with positions of consensus Zbtb7b/a binding sites (as
predicted by JASPAR algorithm) marked by red arrows, and conserved Runx binding sites
by blue ovals. Sequence of regions deleted in OB11 and PY3 mutants, with positions of
predicted Zbtb7b/a binding sites marked in red. b) EMSA analysis, using the 100bp OB11
region (lanes 1-6) or EBNA control DNA (lanes 7-9) as probes. Biotinylated probes were
incubated with cell extracts from NIH 3T3 cells transfected with empty vector, FI-ThPOK
or EBNA expression constructs, as indicated. In some lanes unlabeled competitor DNA
(lanes 4, 9), anti-FI-ThPOK antibody (lane 5), or mutant OB11 probe in which the consensus
ThPOK binding sites are destroyed (lane 6), were added. c-f) ChlIP analysis with antibodies
against indicated FL-ThPOK (c, d) or Runx3 (e, f) for indicated sorted thymocyte (c, €)

of LN T cell (d, f) subsets. Red and blue bars indicate WT and ThPOKCB1L/OB11 ce||s,
respectively. Error bars represent standard deviations of 3 biological replicates. G) 3C assay-
coupled with sorted peripheral CDA4T cells from WT or ThPOKOB11/OB1l mjce qPCR was
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performed to reveal interactions between indicated elements (lower panel). Primer positions
relative to ThPOK enhancers and promoters are marked (blue arrows, Top panel).
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Fig. 3. Loss of anti-silencer destabilizes CD4 T cell phenotype.
a) Structure of ThPOKCGFP ThPOKASII.GFP and ThPOKPOBLL.GFP reporter alleles, showing

insertion site of GFP-encoding exon (labeling of elements as in Fig. 1a). b) FACS
analysis of CD4, and CD8a expression in total PBLs of WT mice and heterozygous
ThPOKAOBILGFP/+ mice (top), and GFP expression of gated SP CD4 and CD8 population
from PBLs of same mice (bottom rows). c) FACS analysis of CD4, and CD8a expression in
gated TCRB+ PBLs (top), or GFP expression of gated CD4M (green), CD4!°~ (orange),
CD4+ CD8+ (red), or CD8 PBLs (middle), of WT mice and indicated compound
heterozygous reporter lines. Bottom row illustrates ThPOK alleles of indicated mouse.
Red box represents silencer (thin black line shows extent of deletion); green and black
boxes indicate whether allele expresses GFP or ThPOK mRNA. d) RNA was collected
from freshly sorted CD4 T cells from ThPOKCFP/* (white), ThPOKACBL1.GFPIAOB1L re(),
or ThPOKGFP/AOBLL (hlye) mice and probed for GFP mRNA expression by qPCR.

€) Reconstitution of RAG—/- hosts with CD4M  CD4!° and SP CD8 cells from
ThPOKAOBILL.GFP/AOBLL gonor mice. FACS analysis showing sort gates for isolation of
donor cells (upper left panel). FACS analysis of CD4 and CD8 expression by PBLs from
reconstituted hosts at indicated time after transfer (next 3 columns). Plots at right indicate
% of CD4N, CD4!°/~, CD4+ 8+ (DP) and CDS8 cells within gated TCRB+ PBLs of mice
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reconstituted with indicated ThPOKACBIVAOBLL donor cells, at each time point. Error bars
represent standard deviations of 4 biological replicates. f) Sorted T cell population from
indicated mice were stimulated with anti-TCRP. RNA was prepared at different hour of
probed for ThPOK mRNA expression by qPCR.
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Fig. 4. Ablation of anti-silencer leadsto deregulation of CD4 T cell gene expression program.
a) Venn diagram illustrating intersection between gene subsets that are differentially

expressed (according to RNA-seq analysis) between indicated T cell subsets from
ThPOKAOBIVAOBIL mjce and WT CD4 T cells. Number of genes that are differentially
expressed for each subset is shown in brackets below subset name. Bar graph at bottom
indicates number of 789 commonly misregulated (upward and downward arrow indicate

up regulated and down regulated genes respectively) that are direct target of ThPOK and
Runx3 or both ThPOK and Runx3, as indicated. b) Volcano plot illustrating gene expression
differences between OB11 CD4!° and WT CD4 T cells. The grey dots represent genes
differentially expressed (adjusted P<0.05) between samples. Genes with the largest negative
or positive standardized mean difference are marked. ¢) Heat map displaying hierarchical
clustering of DEGs for indicated OB11 and WT T cell subsets. Analysis is restricted to

the union of all 2769 genes differing in expression between any OB11 T cell subset and
WT CD4 T cells (FDR 5%). Red indicates increased gene expression levels; blue indicates
decreased levels. d-€) Heat maps displaying hierarchical clustering of DEGs for indicated
OB11 and WT T cell subsets, that are commonly misregulated between any OB11 T cell
subset and WT CD4 T cells (789 genes), and are targets of ThPOK alone (318 genes)

(d) or both ThPOK and Runx3 (212 genes) (e) (FDR 5%). Red indicates increased gene
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expression levels; blue indicates decreased levels. f) Pie charts illustrating distribution

of ThPOK binding sites within target DEGs that are direct target of ThPOK (right) or
ThPOK+ Runx3 (left) g) Heat map displaying hierarchical clustering of DEGs for indicated
ThPOKAOBIVAOBIL and WT T cell subsets. Analysis is restricted to the subset of 1042
DEGs whose expression differs between any ThPOKAOBLVAOBLL g hset versus WT CD4

T cells, but NOT between WT CD4 and WT CD8 T cells, i.e. genes that are not CD8

like (FDR 5%). Red indicates increased gene expression levels; blue indicates decreased
levels. h) Plots illustrating codistribution of ThPOK ChlIP-seq peaks with other TF binding
sites (defined by ChlP-seq). Same analysis was carried out for ThPOK peaks associated
with Runx consensus motifs (bottom), not associated with Runx motifs (middle), or random
genomic fragments, i.e. NOT bound by ThPOK (top).
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Fig. 5. Loss of anti-silencer function causes genome-wide changein chromatin accessibility.
a) Circular plot of mouse chromosomes. Outer 2 rings represent ATAC-seq peaks. Inner 2

rings represent RNA-seq peaks. Blue and red rings represent WT CD4 and OB11 CD4'°

T cells, respectively. b) Venn diagram indicating intersection between ATAC-seq peaks
that are selectively open in WT CD4 and OB11 CD4/° T cells and a-ThPOK ChIP-seq
peaks, as indicated. c) Relative enrichment of TF binding sites associated with open
chromatin region in WT CD4 T cells (top) or ThPOKAOBLI/AOBLL cpglo T cells (bottom).
d) Relative distribution of DACRs in ThPOKAOBLVAOBL cpglo (red) versus WT CD4 T
cells (blue) with respect to gene organization (TSS = transcriptional start site). €) Venn
diagram indicating intersection between DACRs that are selectively open in WT CD4 and
ThPOKAOBLVAOBI1 cp4lo T cells, and Th cell associated super enhancers, as indicated.

f) Heat maps showing relative expression of genes associated with 67 and 98 SEs that are
selectively open in ThPOKAOBIL/AOBLL cp4lo versus WT CD4 T cell subsets, respectively
(from panel e). g) Heat map showing top 250 regions with highest differential accessibility
between WT CD4 and ThPOKAOBLI/AOBLL cpglo T cells, filtered for genes that are also
differentially expressed between these cell types (but NOT differentially expressed between
WT CD4 and WT CD8 T cells) (left panel). Comparison of chromatin accessibility of these
250 regions with a T cell developmental accessibility panorama (Immgen) (right panel).
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Fig. 6. Ablation of anti-silencer promotes differentiation of TripleIO Treg subset.
a) FACS analysis of Foxp3 versus CD4 (top row), PD-1 versus GITR (second row), CD4

versus CD25 (third row), or CD25 expression by gated GITRI°PD-1'° or GITRNPD-1hi

LN (mesenteric) T cells. Bar graphs at right represent % of Tregs amongst total CD4
lymphocytes (top), or % of Triple!® and Triple" cells amongst Foxp3+ CD4+ T cells,

of ThPOKAOBLL/* o ThPOKAOBLVAOBLL mijce, h) RNA was collected from WT CD4*
Foxp3+T cells subsetted into TripleMi, Triple!NT and Triple!® subsets, as indicated, and
assayed for ThPOK mRNA expression by gPCR. c) FACS analysis of Foxp3 versus CD25
(top row), PD-1 versus GITR (second row), CD4 versus CD25 (third, fourth rows), and
CD73 versus FR4 expression for WT or ThPOKAOBIL/AOBLL cp4 LN T cells following /n
vitro Treg polarization. Plots are for total population or gated subsets, as indicated. d) FACS
analysis of Foxp3 versus forward scatter (FSC) (top row), CD4 versus CD8a. (second row),
and PD-1 versus GITR (bottom row) by total or gated Foxp3+ cLPLs or clELs T cells, as
indicated. Bar graphs at bottom represent % of Tregs amongst total population (left), or %
of Triple!® and TripleN cells amongst gated T cells, of ThPOK */* or ThPOKACBL/ACBIL
mice, as indicated. €) FACS analysis of CD4 versus CD8a. (top row), or CD8a versus CD8p
(second, third rows) expression, for either total TCRp+ cells or indicated gated subset of
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freshly isolated ilEL, clEL, iLPL or cLPL populations, as indicated. i-IEL =intestinal IEL;
c-IEL = Colonic IEL; i-LPL = intestinal LPL, c-LPL = colonic -LPL.
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Fig. 7. Anti-silencer deficient CD4 T cells display anti-colitogenic activity.
a) Heat map displaying relative expression of colonic Treg signature genes for indicated

ThPOKAOBLVAOBLL and WT T cell subsets. Red indicates increased gene expression levels;
blue indicates decreased levels. b) Survival plot, ¢) Weight plot, and d) colitis severity score
(based on colonic histology) after colitis induction with TNBS of indicated mouse strains.
€) Weight plot of host RAG—/- mice after transfer of sorted naive ThPOKAOB11/AOB11

or WT T cell subsets, as indicated. f) Similar analysis as in panel e, except all animals
received a cotransfer of WT CD4 T cells. g) Bar graph indicating colitis severity score for
same mice as in panel f, at 30 day timepoint. h) Histopathological analysis of colon at

day 30, from same experiment as panel f. i) Bar graphs depicting proportions of CD45.1+
and CD45.2+ cells for indicated cell subset for each cotransfer at day 30 (same experiment
as panel f). j) FACS analysis of PD-1 versus GITR expression, for gated CD45.1+ or
CDA45.2+ T cell subset, from cotransfer experiment (panel f). Bar graph at bottom indicates
proportions of Triple" and Triple! cells within gated Foxp3+ Tregs. k) FACS analysis of
CD4, CD8a and CD8p expression, for gated TCRp+ cells, from co-transfer experiment
(panel f) from different gut locations. ) Weight plot of host RAG—-/- mice after transfer of
sorted OX40AThPOK or WT CD4 T cells, as indicated. m) FACS analysis of CD8a versus
Foxp3 expression, for indicated mice (right panels from cotransfer experiment in panel ).
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n) Bar graph indicating proportions of CD8aa and Foxp3+ cells among CD4+ IELs (same
experiment as panel 1). o) SMAD4 and ThPOK binding to the silencer were determined by
ChIP assay performed using anti SMAD4 antibody and anti Flag antibody for ThPOK in
anti CD3/CD28 stimulated CD4 T cells, cultured (48h) in presence and absence of 2ng/ml of
TGFp.
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