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Abstract

The CD4*-lineage specific transcription factor Thpok is required for intrathymic CD4* T cell
differentiation and, together with its homolog LRF, supports CD4* T cell helper effector
responses. However, it is not known if these factors are needed for the T regulatory (Treg) arm of
MHC-II responses. Here, by inactivating in mice the genes encoding both factors in differentiated
Tregs, we show that Thpok and LRF are redundantly required to maintain the size and functions of
the post-thymic Treg pool. They support IL 2-mediated gene expression and the functions of the
Treg-specific factor Foxp3. Accordingly, Treg-specific disruption of 7hpokand Lrfcauses a lethal
inflammatory syndrome similar to that resulting from Treg deficiency. Unlike in conventional T
cells, Thpok and LRF functions in Tregs are not mediated by their repression of the transcription
factor Runx3. Additionally, we found Thpok needed for the differentiation of thymic Treg
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precursors, an observation in line with the fact that Foxp3* Tregs are CD4™ cells. Thus, a common
Thpok-LRF node supports both helper and regulatory arms of MHC-II responses.

Introduction

MHC ll-restricted CD4* T cells are essential for both immune responses and immune
tolerance: in addition to a profound immunodeficiency, patients with CD4* T cell
lymphopenia or defective MHC-11 expression experience auto-immune manifestations (1).
Although seemingly paradoxical, auto-immunity in this context reflects the critical role of
MHC Il-restricted CD4* regulatory T cells (Treg)(2—4) for immune homeostasis. Most of
these cells require the transcription factor Foxp3 for their differentiation and function (5-8);
indeed, both in humans and mice, Foxp3 mutations cause a severe, early onset auto-immune
syndrome affecting the endocrine system, skin and gut (9, 10). Tregs develop in the thymus
from CD4* single positive (SP) thymocytes, and from naive post-thymic CD4* T cells upon
TGFp signaling (11, 12). They constitutively express the IL-2 receptor a chain (CD25),
which associates with the  and common vy chains to form the high affinity I1L-2 receptor
required for Treg cell differentiation and function (13). Among other functions, Foxp3
serves to sustain expression of CD25 ensuring Treg cell responsiveness to IL-2.

The zinc finger transcription factor Thpok (14, 15) is expressed in CD4" but not CD8" T
cells and couples CD4* T cell differentiation to MHC-1I restriction in the thymus (14, 16). It
is also important for the differentiation of post-thymic CD4* T cells into cytokine-producing
effectors, including type 1 and type 2 helper cells (Th1 and Th2 cells, defined by the
production of IFN+y and IL-4, respectively) (17, 18). In contrast, although Thpok is
expressed in Foxp3™ Tregs (19), there is little evidence that it is needed for their function.
While it has been reported that Thpok maintains Treg stability in the gut mucosa (20), it is
not known how immune homeostasis depends on Treg expression of Thpok. Thpok
disruption, whether specifically induced in Tregs (20) or enforced in all T cells, does not
cause detectable auto-immune or inflammatory disease. However, these previous studies did
not address the functional overlap between Thpok and the related transcription factor LRF,
which serves redundantly with Thpok to promote helper T cell differentiation and functions
(17, 18).

To study the impact of these factors on Treg functions, we inactivated the genes encoding
Thpok and LRF (Zbtb7b and Zbtb7a, called Thpokand Lrfhere, respectively) in Tregs. We
demonstrate that Thpok and LRF promote Treg survival and homeostasis and are essential
for Foxp3-directed gene expression. Accordingly, Treg-specific disruption of 7hApokand Lrf
causes a lethal inflammatory syndrome similar to that of Scurfy mice. Furthermore, gene
expression and genetic analyses indicate that Thpok and LRF serve distinct functions in Treg
and conventional T cells. Thus, Thpok and LRF are needed for regulatory MHC Il-restricted
T cell responses.
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Materials and Methods

Mice

Thpok and ThpokSFP mice were described previously (19). B2n/=(21), Ca4-Cre (22),
Scurfy (10) animals were from Taconic, Taconic, and JAX, respectively, and CD45.1,
CD45.2, and C57BL/6 mice from the NCI Animal Production Facility. £/# and
Foxp3YFP-Cre mice were gifts from Drs. P.P. Pandolfi and A. Rudensky, respectively, and
Runx3 and Cd4Sif mice from Dr. D. Littman (23-26). In experiments with Foxp3YFP-Cre
mediated deletion, control mice were of the same gender as experimental mice and carried a
single Foxp3YFP-Cre allele on a Thpok*"* Lrf"* background unless specified otherwise.
Transgenic mice were heterozygous for the transgene they carry. Mice were housed in
specific pathogen-free facilities and analyzed between 8-16 weeks of age unless stated
otherwise. All animal procedures were approved by NCI and NIAID Animal Care and Use
Committees.

Bone marrow chimeras

Antibodies

Bone marrow was isolated from CD45 disparate animals, T cell-depleted with Mouse Pan T
(Thy1.2) Dynabeads (ThermoFisher Scientific), mixed at a 1:1 ratio and injected into
lethally irradiated (900rad) recipients heterozygous for CD45.1 and CD45.2 or in a second
experiment for CD45.1. Mice were analyzed at least eight weeks post transplant.

The following antibodies were from either BD Pharmingen or Affymetrix eBioscience: TCR
(H57-597), CD4 (RM4.4 or GK1.5), CD8a (53-6.7), CD24 (M1/69), CD44 (IM7), CD62L
(MEL-14), CD25 (PC61.5), CD45.1 (A20); CD45.2 (104), CD8p (53-5.8), MHC Class I
(M5/114.15.2), IFNy (XMG1.2), IL-4 (11B11), IL17A (eBio17B7), Foxp3 (FIK-16S),
Gata3 (L50-823), Thet (4B10), RORyt (AFKJS9), LRF (13E9), Ox40 (OX-86), GITR
(DTA-1), pStat5 (47/Stat5), ICOS (7E.17G9) and Thy1.1 (HIS51). Nrpl (3E12), Granzyme
B (GB12), Runx (EPR3099), and p-Actin (AC-15) were from BioLegend, ThermoFisher
Scientific, Abcam Epitomics and Sigma-Aldrich respectively. Immunoblotting analyses
were performed as described (27), using SuperSignal West Femto Maximum Sensitivity
Substrate (ThermoFisher Scientific).

Histology and histological scores

Tissue was removed from euthanized animals, fixed in buffered formalin, embedded in
paraffin, sliced and stained with hematoxylin and eosin (H&E). The resulting slides were
scored from 0-2 according to methodology previously used for scoring Scurfy mice (28).

Cell preparation and flow cytometric staining

Lymph node, thymus, spleen, siLP, and ear cells were prepared and stained as previously
described (15, 19, 27). Flow cytometry data was acquired on LSRII, LSR Fortessa, LSR
Fortessa X-20, and Canto Il cytometers (BD Biosciences) and analyzed with FlowJo
(TreeStar) software. Purification of lymphocytes by cell sorting was performed on a
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FACSAriall (BD Biosciences). Dead cells and doublets were excluded by DAPI and a
combination of forward light scatter height and width gating for live cell analyses.

Analyses of intracellular cytokine expression were performed as described (19).
Transcription factor expression was detected using the Foxp3/Transcription Factor Staining
Buffer Set (Affymetrix eBioscience) according to the manufacturer’s instructions, except for
RORyt and LRF staining for which the cell fixation-permeabilization step was extended to
four-16 hours at 4°C and a 5-minute incubation with 2% paraformaldehyde for combined
staining with YFP. Dead cells were excluded using the LIVE/DEAD Fixable Blue Dead Cell
Stain Kit (ThermoFisher Scientific).

Stat5 phosphorylation analysis

For in vitro Stat5 phosphorylation analyses, splenocytes were incubated with I1L-2 and
LiveDead Blue for 30 minutes at 37°C, fixed with 4% PFA in PBS for 10 minutes,
permeabilized in 90% methanol for 30 minutes on ice, stained with anti-pStat5 and
processed for flow cytometry.

Ex vivo Stat5 phosphorylation was conducted essentially as previously described (29).
Briefly, axillary, brachial, and inguinal lymph nodes were removed two at a time, and
immediately processed through a 70 um filter into a 4% PFA PBS solution. After a 10 min
incubation, cells were washed once in PBS, resuspended in ice-cold 90% methanol, and
incubated overnight at —20 degrees. The following day, cells were stained with anti-pSTAT5
or isotype control for 1 hour at room temperature, washed, and processed for flow
cytometry.

In vitro cell analyses

Infections

RNAseq

Retroviral transductions were performed as previously described (19), using either MIGR-
mFoxP3 (a gift from Dr. Dan Littman [Addgene plasmid # 24067]) or PMRX-Thy1.1-
mFoxP3, except activation was performed with only anti-CD3e, and without 1L-2
supplementation. Annexin V staining was performed with the PE-Annexin V staining kit
(BD Biosciences) on cells incubated for 3 hours at 37°C or 4°C in medium. Suppression
assays were performed as previously described (18).

L. majorinfections were performed as described (30) with 5 x 10* L. major clone V1
metacyclic promastigotes by intradermal ear injection. Skin lesions were measured at
indicated time points, and animals were subsequently euthanized. Cells were harvested from
the infected ear and draining lymph node as described (31).

Total lymph node and spleen cells from dKO, animal control and genetic control female
mice were stained for MHC Class Il and CD25, and double-sorted to prepare YFP* MHC
Class 117 (dKO and genetic control) or YFP~ MHC Class 11~ CD25* (animal control) cells.
Mutant samples yielded an average total of 10,000 cells and purity was >97%. RNA was
prepared from pelleted cells using the RNeasy Plus Micro kit (Qiagen). From an average
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total of 2ng RNA per sample, 100pg RNA (RIN values of >9.6) was put through the
SMARTer Ultra Low Input RNA Kit for lllumina Sequencing (Clontech Laboratories, Inc.)
according to the manufacturer’s instructions. The resulting libraries were then sequenced on
Illumina’s HiSeq 2500 Sequencing System. For each genotype, data is derived from four
biological replicates (mice) processed separately from cell sorting to sequencing; two of
which (per genotype) were merged together into a single sample prior to bioinformatics
analyses to achieve consistency in read numbers, whereas the other two were processed each
as a single sample. This resulted in three separate samples for each genotype, as shown in
Tables S1 and S2. Raw RNAseq fastq reads were aligned to mouse genome (mmZ10) using
STAR (v. 2.4.0h) on 2-pass mode with mouse gencode (release 4) gtf (32). Genes were
subsequently counted using Rsubread and analyzed for gene expression changes using
limma-voom with quantile normalization (33, 34). The gene and sample-specific
normalization factors were then used to correct counts to generate bedgraph files used for
further visualization. RNAseq data has been deposited in the NCBI Gene Expression
Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE85532.

Statistical analyses

Results

Statistical analyses were performed using Prism (GraphPad Software, Inc.). Bars in graphs
indicate average + s.e.m. Significance on bar plots was determined using an unpaired t-test
with Welch’s correction except where indicated otherwise; when significant, levels (P-
values) are indicated on figures. Significance on survival curves was assessed using Log-
rank (Mantel-Cox) test and Gehan-Breslow-Wilcoxon test.

Thpok promotes thymic but not induced Treg differentiation

We previously found that germline or T cell-targeted disruption of 7/pok, which causes
MHC ll-restricted thymocytes to develop into CD8* T cells (14, 16), reduces peripheral Treg
numbers (19), and that disruption of both Thpok and the Thpok-related factor LRF resulted
in an almost complete absence of Tregs in peripheral lymphoid organs (18). To examine if
this resulted from impaired thymic Treg development, we analyzed 7700k mice carrying
a Cd4-Cre transgene (22), which deletes in CD4*CD8* thymocytes. 7Hpok disruption
reduced the numbers of Treg thymocytes, and their expression of the Treg marker Ox40
(Fig. 1AB). Thpok-deficient precursors minimally contributed to Treg thymocyte
populations in competitive mixed (wild-type: 7Apokf! Cd4-Cre, 1:1) bone marrow
chimeras (Fig. 1C). Thus, Thpok is needed for the fitness of Treg precursors in the
competitive environment that characterizes their intrathymic differentiation (35). While
deletion of LRF per se had no effect on Treg thymocyte development (data not shown),
deletion of both Thpok and LRF, in 7ok 1 rA'fl Cg4-Cre mice, had a greater impact
than deletion of Thpok only on Treg thymocyte numbers and their expression of Ox40 (Fig.
1B, D). We conclude from these experiments that Thpok is needed for thymic Treg
differentiation, with modest functional overlap with LRF.

Most thymic Tregs are thought to differentiate from CD25* Foxp3~ precursors. We found
that the percentage of such precursors was reduced in Thpok-deficient thymi (Fig. 1E).
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Expression of TNF-family receptors Ox40 and GITR is important for intrathymic Treg
differentiation (36). We found that expression of both molecules was reduced in Thpok-
deficient CD25* Foxp3~ precursors, and that this effect was amplified by the additional
deletion of LRF, which on its own had no effect (Fig. 1FG and data not shown). The fact that
such cells do not express Foxp3 indicates that the impact of Thpok on Ox40 or GITR
expression is not mediated by its effect on Foxp3 expression. We conclude from these
experiments that Thpok is involved in the generation of thymic Treg precursors, prior to
Foxp3 expression.

In addition to thymus-generated Tregs, conventional naive CD4* T cells can be induced to
express Foxp3* and acquire regulatory functions when signaled by TGFB (11, 12). Thus, we
examined if post-thymic 7/pok disruption would affect TGFB-induced Foxp3* expression
and Treg differentiation. We purified CD4* T cells from 7/pok"T mice carrying a
previously described CD2-Cre transgene that becomes active in post-thymic CD4* T cells
(17). Thpok disruption did not impair, and in fact slightly enhanced, TGFp-induced Foxp3
up-regulation (Fig. S1A). Thus, unlike for thymic Treg differentiation, Thpok is not needed
for induced Treg differentiation.

Thpok requirement for thymic Treg differentiation is independent of its effect of CD4

expression

Thpok promotes CD4 expression in MHC ll-signaled thymocytes, by antagonizing the
expression or function of Runx molecules (37, 38). Because Treg differentiation requires
TCR signaling and because CD4 promotes MHC Il-induced TCR signaling, we considered
that termination of CD4 expression in Thpok-deficient thymocytes could be responsible for
their impaired Treg differentiation. Consistent with this idea, most of the few Tregs that
developed in Ca4-Cre ThpokVfl mice expressed CD4, unlike conventional MHC I1-
restricted thymocytes that become CD8" T cells (Fig. 1H). To evaluate this possibility, we
generated Ca4-Cre ThpokVfl Ca4Sif'* mice, in which Cre excises floxed alleles of 7hpok
and of the Cd4 silencer (Cd4Sil), a cis-regulatory element mediating Cd4 silencing in
differentiating CD8*-lineage thymocytes (39, 40). Even though silencer inactivation
maintained CD4 expression, it failed to rescue Treg cell populations (Fig. 1HI). Thus, the
impact of Thpok on Treg differentiation is not mediated solely by its effect on CD4
expression.

Thpok and LRF redundantly promote Treg homeostasis

While these results demonstrated the importance of Thpok for Treg development, Cd4-Cre
disruption could not address whether Thpok was needed in post-thymic Tregs, because
Thpok is essential for conventional CD4* T cell function (17, 18, 41). To overcome this
obstacle, we generated 7700k mice carrying a Foxp3YFP-Ce knockin allele (Thpok KO
mice), which delete 7Apokin Treg but not conventional T cells (24). Additionally, because
LRF is expressed in Tregs (Fig. 2A), we generated Foxp3YFP-Cre [ rffl and ThHookT 1 AT
mice (LRF KO and dKO mice, respectively) to evaluate the functional overlap between these
two factors. Animals carrying Foxp3FP-C'€ on an otherwise wild-type background were
used as controls.
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Because Foxp3is located on chromosome X, all male Tregs express Cre and delete floxed
alleles, so that immune homeostasis depends on their ability to control wild-type effectors.
Both Thpok and LRF KO male mice remained healthy and had normal numbers of
conventional and regulatory T cells (Fig. 2BC). In contrast, Treg-specific deletion of both
Thpok and Lrfin male mice resulted in an inflammatory disease characterized by growth
retardation, widespread skin lesions, and inflammation of the lung, spleen and skin (Fig.
2CD). This condition was similar to that of Scurfy mice, which carry a spontaneous loss-of-
function Foxp3 mutation (10); although inflammation appeared later in dKO than in Scurfy
mice, it resulted in death within two months of age (Fig. 2B). Most conventional T cells in
dKO mice were activated (CD44M CD62L") and produced cytokines, including IFNvy, IL-4
and IL-17 (Fig. 2E); deletion of either 7Thpok or Lrfhad no such effect (Fig. 2C, F, and data
not shown). Thus, Treg expression of Thpok or LRF is needed for immune tolerance.

In contrast to male mice, heterozygous (Foxp3*YFP-Cre) ThpokVf 1 rAIfl female mice
(female dKO mice) generated Tregs expressing either the Foxp3YFP-C' (deleting) or Foxp3
(non-deleting) allele, as a result of random X chromosome inactivation during development.
These animals maintained immune homeostasis and did not develop disease (data not
shown), indicating that Thpok-and LRF-deficient Tregs do not acquire dominant
inflammatory properties.

The number of spleen Foxp3* cells was lower in dKO than control male mice (Fig. 2C). The
same was true of the numbers of YFP™* (i.e. Cre-expressing) spleen Tregs in female dKO
mice, in which the ratio of YFP* vs. YFP~ cells was lower than in control animals (Fig. 2G).
This indicated a cell-intrinsic effect of the double disruption on Treg homeostasis. dKO
Tregs were mostly CD4*CD8* and CD4~CD8*, with a minor CD4*CD8~ component (Fig.
2H). Deletion of Thpokalone, but not of L7, modestly affected CD4 and CD8 expression
(Fig. 2H). Thus, Thpok and LRF redundantly support the CD4*CD8~ expression pattern of
Tregs, as they do for conventional CD4* T cells (16, 42).

Thpok and LRF affect Treg functions independently of Runx3 repression

In thymocytes and conventional T cells, Thpok acts by inhibiting the expression and
function of the transcription factor Runx3 (16, 39, 42). dKO Tregs had increased levels of
Runx3, but not of its homolog Runx1 which is expressed in wild-type Tregs (Fig. 3A). To
address whether Runx3 de-repression underpinned the dysfunction of dKO Tregs, we
examined Foxp3YFP-Cre punxFM ThpokM [ AT male mice, in which all Tregs lack
Runx3, Thpok and LRF. The incidence and progression of inflammatory disease was similar
in these and dKO mice (Figs. 3B and 2B). Of note, CD4 expression was restored by Runx3
disruption (Fig. 3C); this indicated that the impact of Thpok and LRF on Tregs is not
mediated by their effect on CD4 expression, and thereby MHC ll-induced TCR signaling
(43, 44).

Effect of Thpok and LRF on Treg stability

It was reported that environmental cues in the small intestine, at the interface of the
epithelial layer and of the lamina propria (SiLP, the main site of immune activity at steady
state), repress 7/pok; resulting in Foxp3silencing and conversion of Foxp3* CD4* Tregs
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into Foxp3~ CD4" CD8a.*CD8B~ ‘ex Treg’ intra-epithelial lymphocytes (IELs) (20);
accordingly, inducible 7Apok disruption resulted in the generation of Foxp3~ CD4* CD8*
ex-Tregs (20). Thus, we examined the impact of Thpok and LRF on Foxp3 expression.
Foxp3* levels were not reduced by deletion of Thpok, LRF or both, and were minimally
increased in male dKO cells (Fig. 4AB). It was possible that disruption of Thpok and LRF
resulted in an all-or-none Foxp3silencing, while having no impact on Foxp3 expression
levels in cells that continue to express this gene; such ‘binary” shut-down has previously
been observed in mice lacking the Foxp3 CNS2 cis-regulatory element (45, 46). Because
Thpok represses CD8 expression, Foxp3silencing caused by 7Apok disruption would be
accompanied by expression of CD8 in the resulting Foxp3~ CD4™* cells. Consistent with this
idea and in line with previous results (20), male Thpok KO mice had Foxp3~ CD4*CD8*
cells, especially in the siLP (Fig. 4CD). Most of these cells expressed both CD8a and CD8p
(Fig. 4E), unlike previously reported CD4*CD8a* CD8B~ ex Treg IELs (20). Foxp3~
CD4*CD8* cells were also found in dKO male mice (Fig. 4C-E).

In line with a recent report (47), we considered that, rather than being ex Tregs,
Foxp3~CD4*CD8" cells from Thpok KO or dKO male mice could be bona fide conventional
CDA4* T cells that had deleted 7/pok alleles because of ectopic Foxp3YFP-Cre activity.
Although this possibility cannot be easily distinguished from Foxp3silencing after 7/4pok
inactivation in Tregs, we reasoned that ectopic Foxp3YFP-Ce expression would also
inactivate £/ alleles in conventional CD4* T cells from LRF KO (LA Foxp3YFP-Cre)
male mice. Because LRF deletion per se has no detectable impact on Treg or conventional
CD4* T cell homeostasis, and can readily be detected by intra-cellular staining and flow
cytometry, we used this approach to evaluate the extent of ectopic Foxp3YFP-Cre activity in
conventional CD4* T cells. Despite complete Lrfinactivation in Tregs (Fig. 4F, bottom),
conventional (Foxp3~) CD4* T cells from LRF KO male mice did not show evidence of Lrf
deletion (Fig. 4F, top). This indicates that the Foxp3YFP-Cre allele had little if any ectopic
activity, and supports the conclusion that Foxp3~ CD4*CD8* cells in Thpok KO male mice
are indicative of Foxp3silencing following 7Apok inactivation.

In contrast to their male counterparts, we did not observe Foxp3~ CD4*CD8* cells in Thpok
KO or dKO female mice (Fig. 4D). Although it is possible that impaired immune
homeostasis in dKO male mice contributes to destabilize Foxp3 expression, this is unlikely
to be the case in Thpok KO male mice, which show little if any evidence of inflammation.
Rather, we favor the possibility that Thpok stabilizes Foxp3expression in a cell-intrinsic
manner, but that, in female Thpok KO or dKO mice, the expansion of Foxp3~ ex Tregs is
restrained by functionally competent Tregs (expressing the wild-type Foxp3allele).
Altogether, these observations are consistent with the idea that Thpok non-redundantly
stabilizes Foxp3expression.

The absence of detectable inflammatory disease in Thpok KO male mice suggested that the
stabilization of Foxp3expression by Thpok was not required for systemic immune
homeostasis. However, it was possible that Thpok-deficient Tregs, while able to maintain
immune homeostasis at steady state, would be overcome upon infectious challenge. To
address this possibility, we evaluated the response to Lefishmania major, an infection in
which Treg cells normally restrain Th1 effectors and prevent immunopathology (48).
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Although Thpok KO male mice showed a trend towards increased IFN-y production by
effector T cells in the draining lymph node (dLN, Fig. S1B), neither the number of Treg
cells in the dLN nor disease course were reproducibly affected (Fig. SICD). Thus, Treg
disruption of 7hpok, regardless of its effect on Foxp3expression, only minimally, if at all,
impairs immune homeostasis. This prompted us to consider additional functions of Thpok
and LRF in Tregs.

Thpok and LRF promote Treg survival

The reduced numbers of Tregs in dKO mice suggested that Thpok and LRF supported Treg
survival. To assess this possibility, we stained Tregs with a dye assessing cell death and with
annexin V, which marks cells undergoing apoptosis. We found a larger fraction of dying and
dead cells among dKO than control Tregs (Fig. 5A), supporting the conclusion that Thpok
and LRF promoted Treg survival.

We next examined the impact of Thpok and LRF on Treg function. We previously showed
that Thpok was dispensable for Tregs to suppress effector T cell proliferation /n vitro (18),
an observation consistent with the conserved immune homeostasis in Thpok KO mice. Even
though the severe inflammation in dKO male mice suggested that the combined disruption
of Thpok and LRF would affect Treg function, dKO Tregs efficiently restrained effector T
cells in a conventional /n vitro suppression assay (Fig. 5B).

Impact of Thpok and LRF on Treg gene expression

The number of Tregs in dKO mice was insufficient to conduct /n7 vivo functional assays [e.g.
prevention of inflammatory colitis (49) or rescue of the Scurfy phenotype (5)]. Thus, we
sought insight into the impact of Thpok and LRF on Treg function by examining how they
affect gene expression, using deep sequencing of reverse-transcribed mRNA (RNAseq). To
avoid the confounding effects of inflammation in male mice, these analyses were performed
on female cells. We compared YFP* dKO Tregs with (i) CD25" YFP~ ‘animal control’ cells,
obtained from the same female mice as the YFP* Tregs but expressing the Foxp3* allele,
and (i) YFP* Tregs from Foxp3* YFP-Cre Thookt* Lrf!* female mice (“‘genetic controls’
which express the Foxp3'FP-Ce allele). Cre activity in dKO cells resulted in a complete loss
of reads from floxed 7hpokand Lrfexons (Fig. S2A) (19, 23). While we found lower Foxp3
read numbers in dKO than in Foxp3" animal control cells (Fig. 6AB), this was a
consequence of the Foxp3YFP-Cre knockin strategy. Indeed, there was no difference between
dKO and Foxp3YFP-Cre genetic control cells, which both carry the Foxp3YFP-Cre knockin
allele, consistent with the conserved Foxp3™ expression in dKO cells (Fig. 6B and 4A).

Among 13702 genes with detectable RNA reads, we found 497 outliers defined by a 2-fold
or greater significant expression change (P-value < 0.05); of those, 233 were over-expressed
and 266 under-expressed in dKO cells relative to both animal and genetic controls (Fig. 6A
and Tables S1, S2). We first examined whether these outlier genes were related to previously
reported Thpok- or Foxp3-dependent ‘signatures’ (17, 50). Aside from Cd4, Cd8, and
Runx3, there was little overlap between outlier genes in dKO Tregs and the Thpok signature
previously identified in Thl effector cells (Fig. S2BC). Unexpectedly, the intersection with
the Treg signature was similarly limited (Fig. 6C), and notably included NrpZ and 7nfrsf4
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(encoding Ox40). In addition to these intersections with Thpok and Foxp3™ signatures, the
under expressed set comprised multiple genes important for immune response (Fig. 6B, D, E
and S2D), including /cosand //2ra (encoding CD25, the IL-2 receptor a chain).
Accordingly, parsing the under expressed gene list with the metascape search tool (51)
revealed significant enrichment with IL-2 and Stat5 targets, indicating that Thpok and LRF
redundantly support IL 2-mediated gene expression in Tregs (Fig. S2EF). Of note, no
consistent association emerged from the over-expressed gene list (data not shown). Thus, the
impact of Thpok and LRF on Treg gene expression is distinct from that of Foxp3, or from
their impact in conventional T cells.

To examine if the reduced expression of IL-2 target genes resulted from impaired
transduction of I1L-2 signals, we assessed phosphorylation of the IL-2 signaling relay Stat5.
We found no evidence of impaired Stat5 phosphorylation in YFP* Tregs from female dKO
mice after /n vitro IL-2 stimulation (Fig. 6F). In contrast, we found reduced levels of
phosphorylated Stat5 (pStatb) in ex vivo Tregs fixed immediately after disruption of
peripheral LN to assess /n vivo IL-2 signaling (Fig. 6G) (29). Of note, the difference in /n
vivo Stat5 phosphorylation between wild-type and dKO Tregs varied among experiments.
Together with the conserved IL-2-induced Stat5 phosphorylation /n vitro, this suggests that
the impact of Thpok and LRF on IL-2 target genes could be indirect, e.g. resulting from
impaired access to IL-2 producing cells, rather than reflecting a cell-intrinsic impairment of
IL-2 signal transduction. Consistent with this scenario, Thpok and LRF disruption affected
the expression of genes involved in cell migration (Fig. S2G).

Despite the reduced survival of dKO Tregs, there was little effect of Thpok and LRF
disruption on expression of cell-death related genes (Fig. S2D). In contrast, dKO cells had
reduced expression of genes associated with cell migration and effector differentiation,
including 76x21 (encoding T-bet) and Cxcr3, which characterize a population of “Th1-like’
Tregs (52), and Batf, Rora, Il6ra, and Ccré, characteristic of ‘Th17-like’ Tregs (Fig. 7A, Fig.
S2D, G) (53, 54). Consistent with this impact, the frequency of CD44N CD62L " effector
Tregs, which normally includes all Cxcr3* Tregs, was significantly reduced among YFP*
dKO Tregs in female mice (Fig. 7BC). Additionally, the number of siLP Tregs, most of
which are effector Tregs, was strongly reduced in dKO male mice (Fig. 7D). In contrast, it
was not affected by the deletion of 7Apok only, unlike what was observed after inducible
Thpok disruption (20). This difference may be due at least in part to the inclusion of CD8p-
expressing Foxp3* Tregs in data shown in Fig. 7D, unlike in that previous study (20).
Additionally, it is possible that compensatory mechanisms maintain Treg numbers at steady-
state despite 7/pok disruption, but not after acute induced deletion (20). Altogether, we
conclude from these findings that Thpok and LRF contribute to the differentiation or
competitive fitness of effector Tregs.

To independently document the impact of Thpok and LRF on Treg-specific gene expression,
we examined whether these factors are needed to allow Foxp3-induced expression of CD25
and Nrpl, two genes characteristic of Tregs (13, 55, 56) and under-expressed in dKO cells
(Fig. 6DE). We retrovirally transduced Foxp3 in conventional T cells, either Thpok- and
LRF-sufficient (CD4* and CD8* T cells from wild-type mice) or Thpok- and LRF-deficient
(CD8* T cells from B2n!~ ThpokT 1 rAft Cg4-Cre mice, which all are MHC I1-

J Immunol. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carpenter et al.

Page 11

restricted). Whereas Foxp3 transduction up-regulated Nrp1 and CD25 in wild-type CD4*
and CD8* T cells, this effect was blunted by disruption of Thpok and LRF (Fig. 8). Thus,
Thpok and LRF are important for Foxp3-induced expression of Treg-specific genes.

In summary, we demonstrate that the transcription factor Thpok is needed for the thymic
differentiation of Treg cells, and, redundantly with its homolog LRF, for Treg-mediated
immune homeostasis. Both factors act in Tregs by supporting Foxp3-directed gene
expression, notably by enabling expression of 1L-2-dependent genes and the development of
effector Treg populations.

Discussion

Here, we report that overlapping functions of the transcription factors Thpok and LRF are
critical for the differentiation and homeostasis of Foxp3* Treg cells, as shown by the severe
breach of tolerance resulting from their Treg-specific disruption. Additionally, we show that
these factors support intrathymic Treg development.

Although there are CD8" Foxp3~ Treg cells (57), Foxp3* Tregs are invariably CD4*. Why
this is the case has remained unclear, notably because the Foxp3locus is epigenetically open
in CD4*CD8* (double positive, DP) thymocytes (58), which serve as precursors of both
CD4" and CD8" cells (59). Thpok is required for the differentiation of conventional MHC
I1-restricted thymocytes into CD4* T cells, but not for their positive selection. That is,
Thpok-deficient MHC Il-restricted thymocytes differentiate into CD8* instead of CD4* T
cells (14, 16); importantly, despite such lineage ‘redirection’, the number and repertoire of
MHC ll-restricted T cells are not detectably affected by Thpok disruption (18, 19, 60). In
contrast, we show here that Thpok is needed for the development of thymic Treg precursors,
and not solely for their CD4"-lineage differentiation. Because the development of thymic
Tregs is thought to require high-intensity TCR signaling, we considered that Thpok
promoted Treg development by supporting expression of CD4, which contributes to TCR
signaling. Unexpectedly, this was not the case, as the requirement for Thpok is not relieved
by enforced expression of CD4.

Given the role of Thpok in stabilizing Foxp3 expression in intestinal Tregs (20), it is
possible that Thpok contributes to Foxp3 expression in thymocytes. However, the fact that
Thpok is needed for the proper differentiation of CD25* Foxp3~ thymic Treg precursors
indicates that it serves at least in part independently of a potential direct effect on Foxp3.
Chromatin immunoprecipitation analyses, which we could not perform with currently
available reagents, will help address this issue. Of note, TNF-family receptors, including
GITR and Ox40, promote Treg differentiation in the thymus at least in part by facilitating
IL-2 signaling (36). We found expression of both receptors to be Thpok-dependent in
thymocytes. Thus, it is possible that, through its effect on TNF-family receptor expression,
Thpok serves in thymocytes to facilitate I1L-2-mediated gene expression. Additionally, it is
possible that Thpok promotes Treg thymocyte differentiation by antagonizing the activity of
Runx molecules; however, the functional overlap between Runx1 and Runx3 (61), together
with the dependence of Tregs on Runx activity (62, 63), create a major challenge to
experimental investigations of this hypothesis.
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Contrary to the importance of Thpok per se for thymic Treg development, we found that
Thpok and LRF served redundantly in post-thymic Tregs to support the functions and
homeostasis of these cells. Previous studies have identified components of the transcriptional
network supporting Treg differentiation and functions. These include factors enabling
Foxp3-mediated gene expression (64), factors enforcing Foxp3 expression and Treg fitness,
including Gata3 (65, 66), Nur77-family members (67-69), the chromatin modifier Ezh2
(70), or the pathway activated by PI-3 kinase activity and targeting Foxo transcription factors
and the metabolic regulator mTOR (reviewed in 71, 72). Our study supports the conclusion
that the main function of Thpok and LRF in post-thymic Tregs is to support Foxp3-mediated
gene expression rather than to maintain expression of Foxp3 itself.

This conclusion appears at odds with our observation, and a previous report (20), that Thpok
contributes to stabilize Foxp3 expression, with little functional overlap with LRF. It was
previously reported that, through this activity, Thpok prevents the conversion of siLP Foxp3*
CD4*CD8™ Tregs into Foxp3~ CD4* CD8a* CD8B~ IELs (20). However, despite this
impact on Foxp3expression, Thpok is not needed for Tregs to enforce systemic immune
homeostasis or for their responses to infection. Even in the gut mucosal environment, Thpok
is dispensable for the prevention of intestinal inflammation in a model of antigen-induced
colitis (20). Of note, disruption of the Foxp3 CNS2 cis-regulatory element, which
destabilizes Foxp3 expression but does not affect the function of remaining Foxp3* Treg
cells, has a much milder impact on immune homeostasis than disruption of Thpok and LRF
(45, 46).

The functions of Thpok and LRF in Tregs differ in three important respects from those in
conventional CD4* T cells. First, the functional overlap between the two factors is broader
in Tregs than in conventional effectors T cells. Whereas Thpok per seis largely dispensable
for Treg functions, it is needed for proper Th1l and Th2 responses with little compensation, if
any, by LRF (17). Second, the functional targets of Thpok and LRF differ in Treg and
conventional CD4* effector T cells. Whereas in conventional CD4* T cells Thpok inhibits
the expression of cytotoxic genes (17, 27), many of these genes, including that for Granzyme
B, are normally expressed in Tregs despite Thpok expression (73, 74). Conversely, whereas
Thpok promotes expression of genes typical of helper differentiation in conventional CD4*
T cells, including Cad40/g, S1prland Btla (17), these genes are not affected by inactivation
of Thpok and LRF in Tregs. Genome-wide analyses of Thpok DNA binding by chromatin
immunoprecipitation will assist in determining if such differences reflect distinct repertoires
of Thpok binding sites among T cell subsets. Third, the key functions of Thpok and LRF in
Tregs are not mediated by inhibition of Runx3 expression or activity. This conclusion is in
line with the ability of Foxp3 itself to antagonize Runx activity and notably restrain Runx-
mediated expression of IL-2 and IFNy (75). Indeed, Runx activity is critical in Tregs, as
demonstrated by Treg-specific disruption of Cbff3, an obligate Runx cofactor (62, 63).
Accordingly, Foxp3YFP-Cre-mediated disruption of Thpok, LRF and Cbff failed to generate
functional Tregs (A.C. and R.B., unpublished observations).

Although additional investigations will be needed to gain a full mechanistic understanding
of the functions of Thpok and LRF in Tregs, our findings indicate that these factors
redundantly promote Treg survival, and suggest that they are especially important for the
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homeostasis of effector Tregs, a subset whose importance is increasingly appreciated (76—
78). Effector Tregs express transcription factors, including T-bet, Batf and RORa, that in
conventional helper T cells direct expression of inflammatory cytokines, but they do not
express the corresponding cytokines (e.g. IFN-y or IL-17)(52, 76). Their chemokine receptor
expression matches that of conventional effector T cells and targets them to inflammation
sites, where they could serve as ‘sinks’ for inflammatory cytokines (e.g. IL-6 or IL-12) for
which they carry receptors. Accordingly, there is evidence that effector Treg cells serve to
control specific conventional T cell responses (79, 80). Effector Tregs are abundant at
mucosal interfaces and in tissues, whereas naive Treg cells, which do not express effector
transcription factors, predominate in peripheral lymphoid organs at steady state.

Although Thpok and LRF are not strictly required for effector Treg differentiation, our
findings are most consistent with a scenario whereby these factors redundantly promote the
survival of Tregs when they acquire ‘effector’ functions. In this perspective, Tregs lacking
Thpok and LRF are eliminated in a competitive setting (in female mice in the experimental
systems used in the present study), resulting in the preponderance of wild-type Tregs which
ensure immune homeostasis. In contrast, in a non-competitive setting (in male mice in the
experimental systems used in the present study), Thpok and LRF deficiency results in a loss
of Treg function and rupture of immune tolerance. The paucity of dKO Treg cells in siLP,
where most Tregs have effector functions, is consistent with this scenario.

In summary, the severe breach of tolerance resulting from the Treg-specific disruption of
Thpok and LRF shows that these transcription factors are critical components of the network
controlling the differentiation and homeostasis of Foxp3* Tregs. Together with our previous
finding that both Thpok and LRF are needed for effector differentiation of conventional
CD4* T cells (17), these results demonstrate that the Thpok-LRF ‘node’ supports both the
helper and regulatory arms of the MHC ll-restricted response, and therefore uncovers a
previously unrecognized organizational principle of the adaptive immune system.
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Figure 1. Thpok isimportant for Treg development in the thymus
(A, D) Percentage of Foxp3* cells among total thymocytes from mice of the indicated

genotype. 7hpokVfl L rfIfl Ca4-Cre mice and corresponding controls were B2~ to
exclude MHC I-restricted cells from analyses (D). Data is from three mice of each genotype
analyzed in three independent experiments (**: A<0.01).

(B) Expression of intra-cellular Foxp3 vs. surface Ox40 in Foxp3* TCR@" CD24l°
thymocytes from mice of the indicated genotype. Data is representative of four mice of each
genotype analyzed in four independent experiments.
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(C) Contour plots (left) show CD45.1 vs. CD45.2 expression on Foxp3~ and Foxp3* TCRBN
CD241° thymocytes from CD45.1* B2m~'~ host mice transplanted with a 1:1 mix of CD45.2*
ThpokVfl Cg4-Cre (tester [Test]) and CD45.1* CD45.2* wild-type (WT) (competitor[Comp])
bone marrow. Boxes define populations of Test (purple shaded) and Comp (plain line)
origin. Numbers near boxes indicate cell percentages and were used to compute Test/Comp
ratios for Foxp3™ and Foxp3~ subsets. The bar graph shows [(Test/Comp)roxpa+/ (Test/
Comp)roxp3-] ratios, respectively on gated Foxp3* and Foxp3™ subsets, in chimeras made
with 7Apokffl Ca4-Cre Test bone marrow (filled bar) and in control chimeras made from
ThpokVT Test bone marrow (open bar). Data is representative of three recipients per
genotype, obtained from two separate bone marrow transplants, each with one donor from
each genotype (****: £/<0.0001).

(E) Percentage of CD25* Foxp3™ cells among TCRBM thymocytes from mice of the
indicated genotype. Each symbol represents one mouse; data is from eight independent
experiments (*: A<0.05, unpaired t-test).

(F) Expression of CD25 vs. Ox40 in CD25* Foxp3~ TCRBN thymocytes from mice of the
indicated genotype. Data is representative of two mice of each genotype analyzed two
independent experiments.

(G) Bar graph (left) shows relative expression (MFI) of GITR in CD25* Foxp3~ TCRN
thymocytes from mice of the indicated genotype. Data is expressed relative to wild type cells
analyzed in the same experiment, set to 100, and is from 8 to 10 mice of each genotype
analyzed in six independent experiments (****: A< 1074, unpaired t-test). A representative
experiment is shown on the right.

(H) Expression of CD8 vs. CD4 by Foxp3* (top) or Foxp3~ (bottom) TCRBM thymocytes of
the indicated genotype. Data is summarized in (I).

(1) Percentage (thymus, top) and absolute number (spleen, bottom) of Foxp3* cells in
indicated populations from control (open squares), 7Apokfft Cd4-Cre (filled circles), and
ThpokV Ca4SifV'* Cd4-Cre (open triangles) mice. Each symbol represents an individual
mouse; data is from two independent experiments. Statistical significance was determined
by one-way ANOVA followed by a Tukey’s multiple comparisons test (***: £<0.001 ****;
£<0.0001).
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Figure 2. Treg expression of Thpok or LRF iscritical for immune homeostasis
(A) LRF expression in Foxp3* spleen cells (black line). Foxp3* cells from dKO mice serve

as a negative staining control (grey filled). Data is representative of three mice of each
genotype analyzed in three independent experiments.

(B) Survival of Foxp3YFP-Cre control (grey line), Thpok KO (plain black line), dKO (red
line), and Scurfy (dashed black line) male mice. Number of mice is indicated in plot.
Median survival was 42 days for dKO and 24 days for Scurfy mice.

(C) Absolute number of spleen TCRB* Foxp3* (left), Foxp3™ (right) cells from control
(open bars), LRF KO (grey bars), Thpok KO (black bars), or dKO (red bars) male
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Foxp3YFP-Cre mice. Data is from at least three animals per genotype, analyzed in at least
three independent experiments (control vs. dKO: A<0.05 [*] and /£<0.01 [**]; other
differences not significant).

(D) Hematoxylin and eosin stains on paraffin-embedded organs comparing Foxp3YFP-Cre
control, dKO, and Scurfy mice, all male. Yellow scale bar is 100um. Data is representative
of five separate samples from mice of each genotype stained in two experiments. At time of
analysis, mice were 4-6 weeks (dKO) or 2—4 weeks (Scurfy) old. Control mice were 6-8
weeks old.

(E) (Left) CD44 vs. CD62L expression in Foxp3~ CD4* TCRB* spleen cells from control or
dKO male mice. (Middle and right) Expression IL-4 (middle) or IL-17 (right) vs. IFNy in
CD4* TCRB™ spleen cells from control and dKO male mice after a 3-hour /n vitro
stimulation and intracellular cytokine staining. Data is representative of three mice of each
genotype analyzed in three independent experiments.

(F) Expression of CD44 vs. CD62L on Foxp3~ CD4* TCRB* spleen cells from control (top)
or Thpok KO (bottom) Foxp3YFP-Cre male mice. Data is representative of three mice of each
genotype analyzed in three independent experiments.

(G) (Top) Absolute number of spleen YFP* TCRB™ cells from indicated Foxp3YFP-C'e mice
female mice. Data is from at least three animals per genotype, analyzed in at least three
independent experiments (control vs. dKO: P<0.01 [**]; other differences not significant).
(Bottom) Expression of YFP in CD25" spleen T cells from control and dKO female mice.
(H) CD8 vs. CD4 expression in Foxp3* TCRB* cells from control, LRF KO (top), Thpok
KO (middle), or dKO (bottom) male mice. Data is representative of at least three mouse sets
analyzed in at least three independent experiments.
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Figure 3. Runx3 independent impact of Thpok and LRF on Treg function
(A) Immunoblot analysis of Runx protein expression in sorted CD44!° CD25~ naive CD4*

and CD8"* cells from WT mice and in YFP* Tregs from control, Thpok KO or dKO male
mice. Each lane is from 10° cells, and expression of B-actin is shown as a loading control.
Data is representative of two biological replicates for each sample.

(B) Survival curve of control (grey line) or 7ApokMM LA punx3FM (black line)
Foxp3YFP-Cre male mice. Number of mice is indicated in plot. Median survival for
Foxp3YFP-Cre Thpokffl 1 A Runx3f/fl is 50 days. Data from control mice is the same as in
Fig. 2B and shown for comparison purposes.
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(C) CD8 vs. CD4 expression is shown on Foxp3* T cells from control or 7ApokV/f A/
Runx3M Foxp3YFP-Cre male mice. Data is representative of three mice of each genotype
analyzed in three independent experiments.
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Figure 4. Impact of Thpok and L RF on Treg stability
(A, B) Bar graphs show relative expression (mean fluorescence intensity, MFI) of intra-

cellular Foxp3 protein in YFP* spleen cells from female mice (A) or in Foxp3* spleen cells
from male mice (B) of the indicated genotype; data is expressed relative to WT set to 100
within each experiment, and is from three (A) or five (B) mice of each genotype analyzed in
three (A) or five (B) independent experiments (**: £<0.01). Right panel in (B) shows a
representative experiment; actual MFI of intra-cellular Foxp3 staining is indicated in each
plot.

(C) Expression of CD8a vs. CD4 on Foxp3~ spleen (left) or siLP (right) TCRB* cells from
control (top), Thpok KO (middle) or dKO (bottom) male mice. Data is representative of
three mice of each genotype analyzed in three independent experiments.

(D) Absolute numbers of TCRB* Foxp3~ (left, male Foxp3YFP-C'e mice) or TCRB* YFP~
(right, female Foxp3/YFP-Cre mice) CD4*CD8a* cells in the spleen (top) or siLP (bottom)
of mice of the indicated genotype. Data is from at least three animals per genotype analyzed
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in at least three independent experiments (control vs. Thpok KO or dKO: A<0.05 [*] and
£<0.01 [**]).

(E) Contour plots of CD8a vs. CD8B expression on CD4*CD8a.* Foxp3~ T cells from the
spleen (left) or siLP (right) of indicated male mice. Data is representative of three mice of
each genotype analyzed in three independent experiments.

(F) Expression of intra-cellular LRF in Foxp3~ (top) and Foxp3* (bottom) CD4* spleen T
cells from LRF KO (LAl Foxp3YFP-Cre plain line) and control (Lr7"+ Foxp3YFP-Cre grey-
shaded) male mice. Data is representative of two mice.
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Figure5. Thpok and L RF promote Treg survival
(A) LiveDeadBlue vs. Annexin V (AnnV) staining in male control (left) or dKO (right)

spleen Foxp3™ cells cultured in medium as indicated. Data is representative of two mice of
each genotype in two independent experiments.

(B) Graph indicates percent suppression of wild-type effector T cell proliferation by female
dKO (filled squares) or control (open squares) Tregs at indicated Treg: Teff ratios with
suppression by control Tregs at a 1:1 ratio set to 100. Data is from at least four animals per
genotype analyzed in at least four independent experiments.

J Immunol. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Carpenter et al. Page 28
A Under Over B T3 Foxp3 C dKO §a;nr}g1
expressed expressed lI2ra under-expressed Cogs
| Foxpa_ Tnfrsf4 g%’s
o83 Endod1
10 Nrp1s Cazs {gﬁr i
o e Cdae 21 erpinb6b
=4 : Thook: Icos Ptger2
] ' . Ii2rb1 glog2as
S 104 Cyfip1
g II10ra Cri
o I1r2 Eoal
- 118r1 Prg4
102 I11ri1 Treg < Treg > Rgs16
n9r cerl2
Cxcl10 T conv T conv Kira
100 4 0.,0F 1117
—— £t Melk
15 -10 5 0 5 10 15 Cpe
Differential expression (Log,) 8{.00@%«\‘?
0 5 10
-4 3 10
D Female Foxp3+YF-Ce YFP+ Spleen T cells
Female
— Foxp3+/YFP-Cre
13 15 _
Ctrl \ 1007 ™=
| 0 L
\j’ AN
8= 75
! 0 6.4 L % S 50
10! 10 s % §
ol 10° ,\‘\. 3 16® | E’ E. 25
OApo W o = 2 3 0
g i 9 b=t
6 010® 10® 10' 10° 8 010? 10* 10" 10° 2 o10? 10° 10" 10° O Control
YFP YFP YFP B dKO
F in vitro IL 2-stimulated T cells G ex vivo LN T cells, Female Foxp3+/YFP-cre
Female Foxp3+YFF-Cre
Al YFP+ YFP*
125 048 [ 007 081 2
o
=
100 — 3001 o— g
2 Ctrl <
%)
2 75 | 2 200
o ] 0.46 0.03 &
= 50 ™ N Q
g 1004 B§
o 25
ot T T . 0 T
——
0001 01 1 10 YFP pStats O Ctrl

IL-2, ng/ml H dKO

Figure 6. Impact of Thpok and L RF on Treg gene expression
(A) Volcano plot of RNAseq data displays ratios of dKO over WT expression (x-axis, reads

per million, Log, values) vs. P-value (y-axis, -Log1g values); each symbol represents a
distinct locus. Colored symbols display over-expressed (right, blue) and under-expressed
(left, red) genes, defined by a 2-fold or greater change in expression with a 0.05 or lesser P-
value. Relevant genes are indicated.

(B) Heat map shows expression of indicated genes in dKO, CtrlG and CtrlA cells (Logs
values, color scale at bottom).
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(C) Venn diagram shows overlap between (i) genes under-expressed in dKO relative to
control Tregs and (ii) genes under- or over-expressed in Treg relative to conventional T cells
(50). Heat map (right) shows expression of 21 genes, defined in the left Venn diagrams, in
dKO, CtrlG and CtrlA (Log, values, color scale at bottom).

(D) Expression of YFP vs. Ox40, Icos or Nrpl on YFP* TCRB™* spleen cells from control
(top) and dKO (bottom) female Foxp3YFP-Cre mice. Data is representative of three mice of
each genotype analyzed in three independent experiments.

(E) Relative expression (MFI) of CD25 in YFP* TCRpB* spleen cells from Foxp3/YFP-Cre
female control (open bar) or dKO (filled red bar) mice; data is expressed relative to control
set to 100 within each experiment, and is from five mice of each genotype analyzed in five
independent experiments (***: £<0.001).

(F) Relative fluorescence (MFI) of pStat5 in YFP* TCRB* spleen cells from Foxp3/YFP-Cre
female control (open squares) or dKO (filled red circles) mice after /n vitro stimulation with
IL-2 at the indicated concentrations; data is expressed relative to pStat5 MFI in control cells
treated with 3 ng/ml IL-2, set to 100 within each experiment, and is from two independent
experiments (except 0.1 ng/ml, one experiment). Error bars indicate SD.

(G) (Left) Expression of YFP vs. pStat5 on ex vivogated LN T cells from control ( 74pok**
Lrf*y or dKO (Thpok VT L AT Foxp3tYFP-Cre female mice; cells were fixed immediately
after LN disruption. Histogram overlays (middle) show pStat5 fluorescence on YFP* cells as
gated in blue boxes on left plots. Grey-shaded histograms shows isotype control staining.
Data is representative of four pairs of mice analyzed in four separate experiments
summarized on the right plot (*: £<0.05, one-tailed paired t-test).
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Figure 7. Impact of Thpok and L RF on effector Tregs
(A) Heat map shows expression of select Treg effector genes in dKO, CtrlG and CtrlA cells

(Logy values, color scale at bottom).

(B) Contour plots (left) show CD44 vs. CD62L expression on YFP* (Cre-expressing)
TCRp* spleen Tregs from control (top) or dKO (bottom) female Foxp3'/YFP-Cre mice. Bar
plots (right) show percentage of CD62L* or CD62L~ CD44M cells in YFP* TCRpB* spleen
Tregs in control (open bars), LRF KO (grey bars), Thpok KO (black bars), or dKO (red bars)
female Foxp3'YFP-Cre mice. Data is from at least three animals per genotype and analyzed
in at least three independent experiments (control vs. dKO: A<0.01 [**]; other differences
not significant).

(C) Cxcr3 expression on CD62L* (dashed line) or CD62L~ CD44M (solid line) YFP™* cells
in female Foxp3'YFP-Cre control mice. Data is representative of three mice of each genotype
analyzed in three independent experiments.
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(D) Percentage (left) and absolute number (right) of siLP Foxp3*™ TCRB* cells in control
(open bars), LRF KO (grey bars), Thpok KO (black bars), or dKO (red bars) male mice.
Data is from at least three animals per genotype and analyzed in at least three independent
experiments.
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Figure 8. Thpok and L RF support Foxp3-induced gene expression
Red-line histograms (top plots) show Nrpl (left) and CD25 (right) expression in Foxp3-

transduced MHC Il-restricted CD8" T cells from B2m'~ ThpokV L rff Ca4-Cre mice (in
which MHC Il-restricted thymocytes differentiate into CD8* T cells and MHC I-restricted T
cells fail to develop). Plain and dashed black-line histograms (middle and bottom plots)
show Nrpl and CD25 expression on Foxp3-transduced wild-type CD4* and CD8" T cells.
Grey-filled histograms show Nrp1 and CD25 expression on MHC Il-restricted CD8* T cells,
from B2m'= ThpokV L rAfl Cg4-Cre mice, transduced with an empty retroviral vector.
Data is representative of two (Nrp1) or four (CD25) independent experiments.
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