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Summary

T cells develop in the thymus from hematopoietic precursor cells. During maturation
some T cells receive strong T cell receptor (TCR) stimulation required for the
initiation of lineage defining developmental programs, a selection process referred to
as agonist selection.

This thesis explores the biology of two agonist selected T cell populations
namely Natural Killer T (NKT) cells and regulatory T (Tw.g) cells by means of
genetically modified mouse models. NKT cells differentiate in the thymus into NKT1,
NKT2 and NKT17 cells. The expression of signature transcription factors
orchestrates their cell fates and production of subset specific cytokines. The key
molecules however, which regulate the differentiation into these NKT cell lineages,
are only incompletely understood. Ty cells are characterized by their ability to
suppress overshooting immune reactions. Their dependence on strong TCR
stimulation during thymic development is well established, the role of continuous
TCR signals for mature peripheral Trq4 cells however still needed to be thoroughly
investigated.

In Paper 1 we describe Roquin proteins as central suppressors of NKT17 cell
polarization in the thymus. TCR signals induce the degradation of Roquin proteins via
the paracaspase MALT1. Therefore, we aimed to elucidate the consequences of
isolated ablation of Roquin proteins for the NKT cell lineage. Conditional knockout of
Roquin 1 and Roquin 2 in T cells leads to a decrease of total NKT cells in the thymus
with a selective expansion of NKT17 cells. In addition, the peripheral NKT cell pool is
essentially abolished. These changes are mediated through cell intrinsic and extrinsic
mechanisms. Interestingly, transgenic expression of the Va14i TCR at the CD4 CD8
double positive (DP) stage in the thymus restores the development of NKT cells and
mitigates the developmental bias towards NKT17 differentiation. Roquin deficient
NKT17 cells are characterized by an increased TCR expression and are uniformly
positive for all NKT17 specific markers tested. TCR signal transduction and subset
specific cytokine production however depend on the expression of Roquin paralogs.

In Paper 2 we analyze the distribution of functional NKT cell subsets in the
thymus and lamina propria of the gut. It is known that RORyt expressing NKT17 cells

constitute a main portion of NKT cells in peripheral lymph nodes. Here we show that



NKT17 cells also represent the predominant NKT cell population in the lamina
propria (LP) of the large intestine. The distribution of NKT cell subsets in the colon LP
and thymus is age dependent with a preponderance of early developmental stages
and NKT2 cells soon after birth. By analyzing NKT cells in the gut and thymus of
germ free (GF) mice we could show that the distribution of NKT cells in both organs
is likewise affected by the microbiota.

In Paper 3 we study the effects of induced TCR ablation on mature Teq cells.
We show that once Ty cell identity, namely expression of the lineage defining
transcription factor forkhead box P3 (Foxp3) and hypomethylation of T.eq signature
genes has been established, it does not depend on continuous signal through the
antigen receptor. However, T.q cells lose their activated phenotype after TCR
ablation. In addition, the homeostasis, maintenance and suppressive functions of
peripheral Tq4 cells depend on continuous TCR signals.

Paper 4 is a review that gives a summary of the most recent data highlighting

the importance of constant recognition of self for the biology and function of Teq cells.



1. Roquin paralogs differentially regulate functional NKT
cell subsets

1.1 Introduction

Natural killer T (NKT) cells express an evolutionary conserved semi-invariant T cell
receptor (TCR) and are characterized by an activated phenotype and rapid secretion
of effector cytokines in response to innate and antigenic stimulation. In the mouse,
NKT cells represent 0.2 — 0.5% of lymphocytes in thymus, spleen, bone marrow and
around 30% in the liver, whereas in humans the fractions are smaller (<0.1 and 1%,
respectively)'. Despite their rarity, NKT cell responses can drive inflammation or
tolerance, thereby impacting on a wide range of immune cells such as dendritic cells,
NK cells, B and T cells®. NKT cells protect their host organisms from certain strains of
bacteria and sustain anti-viral responses as well as contribute to the suppression of
certain types of cancer and immune diseases’>®. On the other hand, NKT cells are
involved in the pathophysiology of allergic responses, ulcerative colitis as well as liver
cancer’®. Therefore, NKT cell activation can have dramatically different outcomes,
depending on diverse environmental factors.

Rare Va14-Ja18 (Va14i) TCRa-chain rearrangements in CD4 CD8 double
positive (DP) thymocytes lead, in conjunction with a limited number of TCRB-chains,
to the expression of a glycolipid-recognizing TCR. The overwhelming majority of NKT
cells express this Va1l4i-containing semi-invariant TCR. They are therefore also
referred to as iNKT or Va14i-NKT cells but for simplicity we will call them NKT cells.
Recognition of glycolipid antigens presented by CD1d on DP thymocytes through the
semi-invariant TCR expressed by precursor cells (stage 0: CD24"" CD44"",

NK1.1Y) triggers NKT cell development'®"’

. These TCR signals induce massive
proliferative expansion, downregulation of CD24 (stage 1) and expression of the key
transcriptional regulator of NKT cell maturation, promyelocytic leukemia zinkfinger
(PLZF)'*"™. Thymic NKT cell maturation is indicated by subsequent upregulation of
the memory marker CD44 (stage 2) and expression of natural killer cell markers,
most prominently NK1.1 (stage 3)'®"". While passing through stages 1 — 3, NKT cells
also differentiate into functional subsets termed NKT1 (PLZF°Y, T-bet'), NKT2

(PLZF"" GATA3") and NKT17 (PLZF™, RORyt") cells, which are polarized towards



the preferential production of cytokines reminiscent of the respective T helper cell
lineages'®'®. To date, the signals and events that drive the differentiation of these
NKT cell subsets are incompletely understood.

Roquin-1 and its mammalian paralog Roquin-2, encoded by rc3h1 and rc3h2
respectively, are mRNA-binding proteins which repress immune reactions by
redundant and unique post-transcriptional regulation of genes, including
costimulatory molecules and proinflammatory cytokines?®?*. Thereby, these proteins
act as safeguards against autoimmunity by preventing the spontaneous generation of
follicular T helper (Ten) cells, IL-17-producing Th17 cells and IFNy-producing short
lived effector CD8 T cells?>?22?°. However, their role for the development of agonist-
selected T cell subsets such as NKT cells is unknown.

Here, we report that conditional ablation of both Roquin paralogs in T cells
essentially prevents the generation of mature NKT cells in the thymus, with the
exception of NKT17 cells, whose production is dramatically increased by cell-intrinsic
mechanisms. Roquin-1/2-deficient NKT cells express high amounts of NKT17
associated markers but display a hyporesponsive phenotype as shown by decreased
signaling through the TCR and impaired cytokine production. In addition, peripheral

NKT cells are essentially absent, mainly due to cell-extrinsic mechanisms.

1.2 Material and Methods

Mice

CD4Cre®®, Rc3h177%%, Rc3h2™2, Va14i*"™" IL6Ra™ and IL6Ra™"*° mice were
kept on a C57BL/6 genetic background. Mice were housed in specific pathogen-free
animal facilities of the Max-Planck Institute of Biochemistry and the Technische
Universitat Munchen. Unless indicated otherwise, age-matched animals were
analyzed at 6 - 12 weeks of age. CD4Cre Rc3h1-2F mice were analyzed before any
visible signs of pathology. All experiments were performed in accordance with
German Federal Animal Protection Laws and approved by the Regierung of

Oberbayern.

Flow Cytometry
Single cell suspensions were stained using commercial antibodies and Kkits

(supplemental methods). mCD1d-PBS57-tetramers were provided by the NIH
2



tetramer core facility. For enrichment of thymic NKT cells, CD8" thymocytes were
depleted using CD8a Microbeads (Miltenyi Biotec). For intracellular cytokine
stainings, cells were stimulated for 4 hours with 100 ng/ml phorbol-12-myristat-13-
acetat (PMA, Sigma) and 1000 ng/ml ionomycin (Calbiochem) together with 2 uM
monensin (eBioscience). Samples were acquired on a FACSCantoll or LSRFortessa
(BD) and analyzed with FlowJo (FlowJo LLC). To analyze the relative expression of
extracellular and intracellular proteins, median fluorescent intensities (MFI) were
calculated and the mean MFI of mCD1d-PBS57 tetramer~ TCRB" T cells of the

respective control mice was set to 1.

Bone marrow chimeras

B6.SJL-Ptprca Pepcb/BoydJ (B6.SJL congenic);C57BL/6 heterozygous recipient mice
(CD45.1/2) were lethally irradiated with 2 x 5.5 Gy 4 hours apart and intravenously
injected with 4 - 5 x 10° bone marrow cells in a B6.SJL (CD45.1) : C57BL/6 (CD45.2)
ratio of 1 : 1. Before transplantation, bone marrow was T cell depleted using CD90.2
MicroBeads (Miltenyi Biotec). Two to three days before until two weeks after
transplantation recipient mice were treated with Borgal® 24% (Virbac Animal Health)
in drinking water at a dose of 0.1 ml per kg body weight per day. Mice were analyzed

7 - 9 weeks after transplantation.

Statistics
Statistical analysis was performed by student t test or as indicated in the figure

legends.

1.3 Results

Ablation of Roquin proteins leads to a reduction of thymic and loss of
peripheral NKT cells
To assess the role of Roquin proteins in NKT cells, we analyzed mice with T cell-

specific ablation of one or both of these proteins. We employed CD4Cre for this

1 F/F24

purpose, as it efficiently recombines conditional alleles, including Rc3h and

Rc3h27722 in DP thymocytes. CD4Cre-mediated protein ablation is complete in NKT

16,17,29,30

cell precursors , Which represent “older” DP thymocytes due to the late timing



of the Va14-Ja18 rearrangement'®'"*%3" Knockout of Roquin-1 and co-ablation of
Roquin-1/2 led to a two-fold reduction of NKT cell proportions and numbers in the
thymus (Figure 1A-B). Analysis of the thymic developmental stages 1-3 revealed gain

of stage 2 and significant loss of stage 3 NKT cells in CD4Cre Rc3h1™F

compared to
control mice, which was strongly exacerbated when Roquin-2 was co-ablated (Figure
1A, C). Accordingly, the absolute numbers of stage 3 NKT cells were reduced from
an average of 32 x 10* cells in controls to 16 x 10* in CD4Cre Re3h1™ and 1 x 10% in
CD4Cre Rc3h1-27F mice (Figure 1C).

Moreover, loss of Roquin proteins also affected NKT cells in peripheral
lymphoid organs. In the spleens of CD4Cre Rc3h1™ mice NKT cell proportions and
absolute numbers were reduced by more than 50%, primarily due to a reduction of
stage 3 NKT cells (Figure 1D-E; supplemental Figure 1A). Strikingly, NKT cells were
virtually absent in the spleens of CD4Cre Rc3h1-27F mice (Figure 1D-E). A similar
picture was observed in the liver, peripheral (pLN), mesenteric lymph nodes (mLN)
and lung (Figure 1F; supplemental Figure 1B). Immune cells were dramatically
expanded in liver and most prominently in pLNs, but not in mLNs of CD4Cre Rc3h1-
oFF compared to control mice. Therefore, absolute NKT cell numbers were reduced
in liver and mLN, but not pLN (Figure 1F). In contrast to Roquin-1, loss of Roquin-2
has no discernable effects on NKT cell development and numbers (supplemental
Figure 1C-D).

Taken together, ablation of Roquin proteins leads to a dose-dependent
decrease in thymic NKT cell generation, with a clear maturation block between stage
2 and 3. In the periphery, NKT cells were only barely detectable in CD4Cre Rc3h1-

2FF mice.

Roquin proteins restrict NKT17 cell differentiation.

Given that most NKT17 cells are phenotypically stage 2, we determined the subset
composition®2. We found increased proportions of NKT17 cells in CD4Cre Rc3h1™*
mice, while most of the NKT cells in CD4Cre Rc3h1-27F mice were NKT17 (Figure
2A). Loss of Roquin-2 alone had no effect on NKT subset composition (supplemental
Figure 1E). Importantly, also the absolute numbers of NKT17 cells were more than
10 fold increased from an average of 0.5 x 10*in controls to 6.5 x 10* cells in CD4Cre
Rc3h1-27F mice. We therefore conclude that the increased proportions are due to

strongly increased NKT17 cell production in absence of Roquin-mediated regulation



and not merely a consequence of a decreased NKT1 population (Figure 2B). At this
point, as we observed more pronounced changes in absence of both Roquin
proteins, we focused on the analysis of thymic NKT cells of CD4Cre Rc3h1-2F mice
in further experiments.

The inducible costimulator ICOS is the first described target of Roquin’s post-
transcriptional activities, but ICOS is also differentially expressed between NKT cell
subsets. We therefore compared ICOS median fluorescence intensities (MFIs) on
NKT1, NKT2 and NKT17 cells. In controls, the highest ICOS expression could be
found on NKT17 and NKT2 cells, while NKT1 cells expressed similar amounts as
TCRB" tetramer™ thymocytes (Figure 2C). Loss of both Roquin paralogs enhanced
ICOS expression to a similar extent in all subsets (Figure 2C), indicating that the
differential ICOS expression in NKT cell subsets occurs largely independently of
Roquin-mediated regulation.

NKT17 cells are characterized by enhanced expression of the chemokine
receptor CCR-6, the integrin agf7 (CD103), Syndecan-1 (CD138) and Neuropilin-1
(Nrp-1)**° (Figure 1D). Unlike controls, Roquin-1/2-deficient NKT17 cells were
uniformly positive for all of these markers (Figure 2D). Interestingly, a fraction of
Roquin-1/2-deficient NKT1 and NKT2 cells expressed CD138, the surface protein
most faithfully representing NKT17 lineage commitment. This could indicate a bias
towards NKT17 differentiation in these cells.

In summary, we demonstrate that Roquin proteins prevent excessive NKT17

differentiation at the expense of other subsets.

Expression of a knock-in Va14i-TCR facilitates the development of all NKT cell
subsets in absence of Roquin proteins.

Transgenic expression of a Va14i-TCR has frequently been employed to rescue
defects in early NKT cell development due to compromised TCRa rearrangements or

thymocyte survival. We recently generated the Va14i5°°F

allele, which expresses a
Va14i-TCR from within the endogenous TCRa gene locus upon Cre-mediated
recombination. In combination with CD4Cre, this leads to massive NKT cell
overproduction (Figure 3A)?’. In CD4Cre Va14i°°" Rc3h1-2"F mice, expression of
Cre leads to both, inactivation of the four Roquin alleles and induction of the Va14i
TCRa-chain. Va14i-TCR expression occurs within 6h (unpublished observations)

after Cre expression, while it takes considerably longer before the cells are depleted



of their Roquin mRNA and protein reservoirs. Therefore, in contrast to the situation in
CD4Cre Rc3h1-2"" mice, in CD4Cre Va14i®°" Rc3h1-2"F mice the induced Va14i-
TCR initially signals to a cell that still contains Roquin proteins, which are then lost
during NKT cell development. Va14i-TCR expression restored the development of
NKT cells of all stages in CD4Cre Va14i°""F Rc3h1-27F mice, although the overall
numbers were still significantly reduced compared to controls (Figure 3A-B). In Va14i
knock-in mice, NKT cell development is strongly biased towards cells early in their
development (Figure 3B), which is also reflected in the expression of RORyt and
PLZF (Figure 3C). We defined NKTO and NKTO’ (Figure 3C) as early progenitor
stages (unpublished observations). While there was no difference in NKTO cells
numbers, loss of Roquin led to a reduction in cell numbers of the putative subsequent
developmental stage, NKTQ. CD4Cre Va14i°°"F Rc3h1-27F thymi showed an
essentially identical distribution of NKT1, NKT2 and NKT17 cells as controls, with the
exception of a statistically significant 2.5 fold increase in the proportions of the
NKT17 subset (Figure 3C). However, due to the overall decreased NKT cell
numbers, the increase in absolute NKT17 cell numbers in absence of Roquin
proteins was not significant (Figure 3C). Mature Roquin-1/2-deficient NKT cells of all
subsets and stages could be detected in the spleen, although the numbers were
reduced compared to controls (Figure 3D-E). Most diminished were PLZF"" (NKT2)
cells, whereas NKT17 cell numbers were not significantly altered (Figure 3D-E).

In conclusion, we show that transgenic expression of a knock-in Va14i NKT
cell TCR largely overcomes the block in NKT cell development, strongly reduces the
bias towards NKT17 cell production in CD4Cre Va14i*°*F Rc3h1-27F mice and allows

the accumulation of peripheral mature NKT cells lacking Roquin proteins.

Roquin paralogs cell-intrinsically drive NKT17 differentiation, while the loss of
peripheral NKT cells is also due to cell-extrinsic factors.

The results derived from experiments with the Va14i-TCR indicated that Roquin
proteins play decisive roles during the earliest stages of NKT cell development. DP
thymocytes are critically important for positive selection of developing NKT cells by
presenting antigen and through stimulation via homotypic interactions between
signaling lymphocytic activation molecule (SLAM) family members'®%. However, the
expression of CD1d and of CD150 (SLAMF1) and Ly108 (SLAMFG6), which are

required for successful NKT cell development®®, were not significantly altered by lack



of Roquin paralogs in DP thymocytes (Figure 4A), arguing against an indirect role of
these cells. To directly distinguish between cell-intrinsic or extrinsic mechanisms we
created mixed bone-marrow chimeras. We adoptively transferred T cell depleted
CD45.1 B6.SJL congenic bone marrow mixed with an equal amount of either CD45.2
control, or CD45.2 CD4Cre Rc3h1-27F T cell depleted bone marrow into lethally
irradiated CD45.1/2 double positive mice (Figure 4B; supplemental Figure 2A). Thymi
and spleens of the resulting chimeras were analyzed 7-9 weeks after transplantation.
Even after lethal irradiation 20 — 30% of thymic NKT cells were host-derived in the
resulting chimeras and similar proportions of radio-resistant CD45.1/2 host T and
NKT cells were found in the spleens (supplemental Figure 2B). Further, to account
for the engraftment variations typical for these experiments, we normalized the
CD45.1 to CD45.2 ratios to the ratios of double negative (DN) thymocytes and B
cells, which are Roquin-proficient. This analysis revealed that Roquin-1/2-deficient
NKT cells develop in normal proportions from their precursors, similar to other thymic
cell lineages and similar to both CD45.1 competitor and CD45.2 control NKT cells.
Strikingly, Roquin-1/2-deficient NKT cells could also be detected at nearly normal
proportions in the spleen, in striking contrast to the situation in CD4Cre Rc3h1-27F
mice (Figure 1D-E; Figure 4C; supplemental Figure 2B). The proportions of Roquin-
1/2-deficient (dKO) CD45.2 NKT17 cells were strongly and significantly increased, in
contrast to the CD45.1 competitor and the CD45.1 and CD45.2 cells in the control
chimeras (Figure 4D). In the spleen, Roquin-1/2-deficient NKT cells of all subsets
could be detected with predominating NKT17 cells (Figure 4C; supplemental Figure
2B-C).

Furthermore, we found that elevated ICOS expression and the spontaneous
differentiation of memory/effector-like T cells and follicular helper T (Tey) cells of the
Roquin-1/2-deficient T lineage is cell-intrinsic (supplemental Figure 3A-C), similar to
the san/san T lineage™’.

Our results thus demonstrate that the massive NKT17 cell production in
CD4Cre Rc3h1-2"F mice is mediated through cell-intrinsic mechanisms, while the
reduction of mature peripheral NKT cells is largely caused by cell-extrinsic

mechanisms.



Evidence for decreased TCR signaling and enhanced apoptosis in Roquin-1/2-
deficient NKT cells.

Having demonstrated the cell-intrinsic nature of the NKT17 bias of Roquin-1/2-
deficient NKT cells, we embarked on further molecular characterizations. Compared
to controls, NKT17 cells lacking Roquin paralogs express higher amounts of TCR on
their surface, while NKT1 express lower levels (Figure 5A, supplemental Figure 4A-
B). Conventional CD4 T cells upregulate Ly-6C upon deprivation of TCR-mediated
self-recognition®®. Within the NKT lineage, NKT1 cells had the largest proportion of
Ly-6C positive cells, while only a few NKT2 and essentially no NKT17 cells were
putatively self-deprived, inversely correlating with TCR[ expression. Loss of Roquin-
1/2 decreased the percentage of Ly-6C positive cells in all NKT subsets, although the
differences were not dramatic (Figure 5B). Next, we assessed the expression of the
TCR-induced transcription factor early response gene 2 (Egr2), which was also
shown to induce PLZF by binding to its promoter in immature NKT cells*®. Loss of
Roquin-1/2 lead to a significant decrease of Egr2 levels in TCR" thymocytes and alll
NKT subsets, including NKT17 cells which had the highest TCR surface levels
(Figure 5C). In NKT17 cells, decreased Egr2 expression was also accompanied by a
50% reduction of PLZF protein (Figure 5C), but PLZF expression was unchanged in
the other subsets. PLZF was shown to regulate the expression of c-Maf*’, a
transcriptional regulator of cytokine production highly expressed in Th17 cells*' which
contributes to Th17 differentiation through the induction of RORyt*2. Interestingly, we
found significantly increased c-Maf expression in Roquin-1/2-deficient NKT2 and
NKT17 cells, independent of PLZF levels (Figure 5C). IL-6 together with TCR signals
strongly induces c-Maf expression via STAT3*’. However, in accordance with
previous data®, we did not detect significant expression of the STAT3-activating IL-
6R on bulk NKT cells. Complete or T cell-specific ablation of the IL-6Ra-chain did not
affect NKT cell development and subset differentiation in the thymus, but led to
increased splenic NKT cell numbers (supplemental Figure 5A-C). Nevertheless,
STAT3 phosphorylation was increased in NKT2 and NKT17 compared to NKT1 cells
(Figure 5C), indicating that another receptor might activate STAT3. However, this
receptor or downstream signals do not appear to be regulated by Roquin proteins, as
Roquin-1/2-deficient NKT1 and NKT17 cells showed slightly reduced STAT3
phosphorylation compared to controls (Figure 5C). Fate decisions between NKT1

and NKT17 cells are controlled by the transcription factor T helper poxviruses and



zinc finger and Kruppel family (ThPOK), whose expression is strongly reduced in
NKT17 cells®**°. ThPOK levels were elevated in the absence of Roquin-1/2 in all
subsets, except for NKT17, where they were reduced (Figure 5C), possibly reflecting
their strong polarization into this lineage.
In order to address the loss of NKT1 and NKT2 cells we monitored cell death, which
revealed significantly increased apoptosis in both Roquin-1/2-deficient and control
NKT cells at stage 2 (Figure 5D; supplemental Figure 6A) harboring over 90% of
NKT17 cells. NKT*, and especially NKT17 cells depend on interleukin-7 (IL-7) for
their generation, homeostasis and survival*’. Accordingly, NKT17 cells expressed 3
times more IL-7 receptor a-chain (CD127) than NKT1 and NKT2 cells. Loss of
Roquin-1/2 led to a selective increase in CD127 expression in NKT17 cells (Figure
5E), suggesting that decreased IL-7 signaling does not underlie their enhanced
propensity to die.

Together, our data indicate that in Roquin-1/2-deficient NKT cells TCR signals
and STAT3 activating signals are diminished. Mechanisms including enhanced c-Maf
expression appear to drive them into the NKT17 lineage, where they are more prone

to die.

Roquin paralog-deficient NKT cells are compromised in their cytokine
secretion abilities.

The differentiation of NKT cell subsets and cytokine production also depends on
signaling through the mechanistic Target of Rapamycin (mTOR) protein complexes*®
and ablation of the negative regulator tuberous sclerosis 1 (TSC1) leads to
phenotypes strikingly resembling those of loss of Roquin-1/2*°. However, we did not
find evidence for increased mTOR signaling in Roquin-1/2-deficient NKT cells
compared to controls. There was no difference in phosphorylation of either mTOR or
downstream proteins such as 4-EBP1 (mTORC1) and AKT (mTORC2) (Figure 6A).
Roquin-deficiency not only controls the differentiation of pro-inflammatory T
lymphocytes, but also their effector functions (supplemental Figure 6B)?>*° To our
surprise, PMA/ionomycin stimulation induced significantly lower proportions of
cytokine-producing cells in all Roquin-1/2-deficient NKT cell subsets compared to
controls (Figure 6B). Furthermore, cytokine production per cell appeared to be lower

in the absence of Roquin-1/2 (Figure 6C).



Therefore, in contrast to the increased expression NKT17 specific markers,
Roquin-1/2-deficient NKT cells showed a hyporesponsive phenotype characterized

by overall defective cytokine production.

1.4 Discussion

During their development in the thymus NKT cells pass sequential stages and mature
into functionally different subsets. Here, we show that the RNA-binding Roquin-1 and
-2 proteins prevent excessive differentiation into the NKT17 lineage. The numbers of
NKT17 cells deficient for the Roquin paralogs exceeded their controls over 10-fold
and showed strongly enhanced lineage commitment. Mixed bone marrow chimeras
demonstrated that NKT17 polarization is cell-intrinsic and conditional expression of a
Va14i-TCR, concomitantly with Roquin-1/2 ablation, suggested that signals early
during NKT cell development play decisive roles.

To date, it remains unclear when and how the NKT17 fate is initiated during
NKT cell development. We detected selective PLZF downregulation in Roquin-1/2-
deficient NKT17 cells and normal levels in the other subsets. This argues against a
causal role for PLZF regulation, as enhanced PLZF levels, as seen in Lethal-7
miRNA-deficiency, shift the balance from NKT1 to NKT2/17°'. Ablation or loss of
function mutations of ThPOK result in the production of CD8 and DN NKT cells,

characterized by low NK1.1 expression®*°%%

. This goes hand in hand with a
dramatic polarization towards NKT17 differentiation, which is also observed, although
to a much lesser extent, in haploinsufficiency®>*°. The elevated ThPOK levels in
Roquin-1/2-deficient thymocytes and NKT1/2 cells indicate that lower ThPOK levels
in NKT17 cells are rather consequence than cause for exaggerated NKT17
differentiation in absence of Roquin-1/2.

Significant reduction of ThPOK mRNA was also detected in NKT cells deficient
for the mTOR negative regulator TSC1*°, which show similar phenotypes, including a
dramatic NKT17 bias and the reduction of mature thymic and peripheral NKT cells.
This phenotype was attributed and functionally linked to elevated mTORC1 activity,
reduced expression of Tbet and ICOS-dependent signals*®. In our studies, we did not
detect significant differences in mMTORC1 or mTORC2 pathway activation in Roquin-

1/2-deficient NKT17 compared to control cells. Furthermore, at least in the CD8 T cell
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lineage, loss of Roquin activity strongly enhances the acquisition of an effector state
characterized by high Tbet expression®**°. In TSC1-deficient NKT cells, reduced
Tbet levels might facilitate the transcriptional acquisition of high ICOS expression,
which contributes to NKT17 polarization®®. A similar outcome with respect to elevated
ICOS and NKT17 differentiation could independently be achieved through enhanced
translation of ICOS mRNA in a Roquin-1/2-deficient situation.

ICOS is implicated in the regulation of c-Maf expression, in addition to IL-6 in
conjunction with TCR-induced Ca** signals*® or TGFB>* as well as IL-27°°. C-Maf is
characteristically overexpressed in Th17, Tey*' and, as we show here, NKT17 cells.
Reduced TCR signal strength in NKT cells argues against a role for TCR signaling in
enhancing c-Maf expression in the absence of Roquin-1/2. As we and others*
showed that IL-6R signals are dispensable for NKT17 development, it seems more
likely that cytokines such as IL-27 trigger c-Maf expression in developing NKT17
cells. IL-27 also induces the Roquin target ICOS, which in turn amplifies expression
of c-Maf*®. C-Maf induces an IL-17 producing cell fate together with its binding
partner Sox5t by directly enhancing RORyt expression and by binding to various
additional gene loci implicated in Th17 differentiation*?, including the Roquin targets
Irf4, and Nfkbiz?®. Further transcriptional activation of these and other target genes
during initial NKT17 differentiation could then be potentiated by the absence of
Roquin-1/2-mediated post-transcriptional control, resulting in the production of
NKT17 cells at the expense of other subsets.

Stage 2 NKT cells are highly proliferative and display high apoptosis rates. In
the absence of Roquin-1/2 there is a tendency for further enhanced NKT cell death.
The general inflammatory environment caused by loss of Roquin paralogs in T cells
could compound the pro-apoptotic tendencies of Roquin-1/2-deficient NKT cells,
explaining their absence in the periphery. Both, the expression of a Va14i-TCR and
the presence of a majority of wild-type T cells in our mixed bone marrow chimeras
substantially reduce general inflammation. This could explain why in both models
mature Roquin-1/2-deficient NKT cells can be maintained in the periphery.

Loss of Roquin functionality in conventional T cells leads to disease-causing

effector T cell polarization and excessive cytokine production??22%3

. In striking
contrast, after ablation of Roquin-1/2, all NKT cell subsets showed a decreased
production of subset specific cytokines, which in the case of NKT17 correlates with

reduced STAT3 phosphorylation. NKT cells acquire features of memory T cells and
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innate-like cytokine production capabilities during their development and it appears
that they become desensitized towards autoantigen recognition during their

t27. At present, we do not know whether loss of Roquin proteins dampens

developmen
cytokine production by NKT cells through direct or indirect means. Upregulation of c-
Maf is a consistent feature of Roquin-1/2-deficient thymic NKT cells. In addition to
promoting the differentiation of IL-17-producing T cell subsets, c-Maf is highly
expressed in exhausted CD4 and CD8 T cells. Overexpression of c-Maf was
sufficient to inhibit CD8 T cell cytokine production and anti-tumor responses®.
Therefore, high c-Maf levels could contribute to the blunted cytokine responses of

Roquin-1/2-deficient NKT cells.

NKT cells are a small TCR repertoire-restricted glycolipid-recognizing subset
implicated in a large spectrum of human diseases, including infection, autoimmunity
and malignancy. During their development, they mature into functionally different
subsets. Here, we show that the post-transcriptional regulators Roquin-1 and -2 play
key cell-intrinsic roles in restricting the excessive developmental generation of

NKT17 cells at the expense of other NKT cell subsets.

1.5 References

1. Berzins SP, Smyth MJ, Baxter AG. Presumed guilty: natural killer T cell
defects and human disease. Nature Reviews Immunology.
2011;11(2):131-142.

2. Juno JA, Keynan Y, Fowke KR. Invariant NKT cells: regulation and
function during viral infection. PLoS Pathog. 2012;8(8):e1002838.

3. Haeryfar SMM, Mallevaey T. Editorial: CD1- and MR1-Restricted T Cells
in Antimicrobial Immunity. Front Immunol. 2015;6(5450):701-5.

4. Salio M, Silk JD, Yvonne Jones E, Cerundolo V. Biology of CD1- and
MR1-Restricted T Cells. Annu. Rev. Immunol. 2014;32(1):323-366.

5. Vivier E, Ugolini S, Blaise D, Chabannon C, Brossay L. Targeting natural

killer cells and natural killer T cells in cancer. Nature Reviews
Immunology. 2012;12(4):239-252.

6. Mori L, Lepore M, De Libero G. The Immunology of CD1- and MR1-
Restricted T Cells. Annu. Rev. Immunol. 2016;34(1):479-510.
7. Heller F, Fuss IJ, Nieuwenhuis EE, Blumberg RS, Strober W. Oxazolone

colitis, a Th2 colitis model resembling ulcerative colitis, is mediated by IL-
13-producing NK-T cells. Immunity. 2002;17(5):629-638.

8. Wingender G, Rogers P, Batzer G, et al. Invariant NKT cells are required
for airway inflammation induced by environmental antigens. J. Exp. Med.
2011;208(6):1151-1162.

12



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Wolf MJ, Adili A, Piotrowitz K, et al. Metabolic Activation of Intrahepatic
CD8+ T Cells and NKT Cells Causes Nonalcoholic Steatohepatitis and
Liver Cancer via Cross-Talk with Hepatocytes. Cancer Cell.
2014;26(4):549-564.

Bendelac A, Savage PB, Teyton L. The Biology of NKT Cells. Annu. Rev.
Immunol. 2007;25(1):297-336.

Matsuda JL, Mallevaey T, Scott-Browne J, Gapin L. CD1d-restricted iNKT
cells, the “Swiss-Army knife” of the immune system. Current Opinion in
Immunology. 2008;20(3):358—-368.

Savage AK, Constantinides MG, Han J, et al. The Transcription Factor
PLZF Directs the Effector Program of the NKT Cell Lineage. Immunity.
2008;29(3):391-403.

Kovalovsky D, Uche UO, Eladad S, et al. The BTB-zinc finger
transcriptional regulator PLZF controls the development of invariant
natural killer T cell effector functions. Nature Immunology. 2008;1-10.
Raberger J, Schebesta A, Sakaguchi S, et al. The transcriptional
regulator PLZF induces the development of CD44 high memory
phenotype T cells. PNAS. 2008;105(46):17919-17924.

Kovalovsky D, Alonzo ES, Uche OU, et al. PLZF Induces the
Spontaneous Acquisition of Memory/Effector Functions in T Cells
Independently of NKT Cell-Related Signals. J.  Immunol.
2010;184(12):6746-6755.

Godfrey DI, Stankovic S, Baxter AG. Raising the NKT cell family. Nature
Immunology. 2010;11(3):197-206.

Benlagha K, Wei DG, Veiga J, Teyton L, Bendelac A. Characterization of
the early stages of thymic NKT cell development. J. Exp. Med.
2005;202(4):485-492.

Gapin L. ScienceDirect Development of invariant natural killer T cells.
Current Opinion in Immunology. 2016;39:68—74.

Engel |, Seumois GEG, Chavez L, et al. Innate-like functions of natural
killer T cell subsets result from highly divergent gene programs. Nature
Immunology. 2016;1-15.

Di Yu, Tan AH-M, Hu X, et al. Roquin represses autoimmunity by limiting
inducible T-cell co-stimulator messenger RNA. Nature.
2007;450(7167):299-303.

Glasmacher E, Hoefig KP, Vogel KU, et al. Roquin binds inducible
costimulator mRNA and effectors of mRNA decay to induce microRNA-
independent post-transcriptional repression. Nature Immunology. 2010;1—
10.

Vogel KU, Edelmann SL, Jeltsch KM, et al. Roquin Paralogs 1 and 2
Redundantly Repress the Icos and Ox40 Costimulator mRNAsand
Control Follicular Helper T Cell Differentiation. Immunity. 2013;1-14.
Pratama A, Ramiscal RR, Silva DG, et al. Roquin-2 Shares Functions
with Its Paralog Roquin-1 in the Repression of mRNAs Controlling T
Follicular Helper Cells and Systemic Inflammation. Immunity.
2013;38(4):669-680.

Bertossi A, Aichinger M, Sansonetti P, et al. Loss of Roquin induces early
death and immune deregulation but not autoimmunity. Journal of
Experimental Medicine. 2011;208(9):1749-1756.

Jeltsch KM, Hu D, Brenner S, et al. Cleavage of roquin and regnase-1 by
the paracaspase MALT1 releases their cooperatively repressed targets to

13



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

14

promote TH17 differentiation. Nature Immunology. 2014;1-13.

Lee PP, Fitzpatrick DR, Beard C, et al. A critical role for Dnmt1 and DNA
methylation in T cell development, function, and survival. Immunity.
2001;15(5):763-774.

Vahl JC, Heger K, Knies N, et al. NKT Cell-TCR Expression Activates
Conventional T Cells in Vivo, but Is Largely Dispensable for Mature NKT
Cell Biology. PLoS Biol. 2013;11(6):e1001589.

Wunderlich FT, Strohle P, Koénner AC, et al. Interleukin-6 Signaling in
Liver-Parenchymal Cells Suppresses Hepatic Inflammation and Improves
Systemic Insulin Action. Cell Metabolism. 2010;12(3):237-249.
Schmidt-Supprian M, Tian J, Grant EP, et al. Differential dependence of
CD4+CD25+ regulatory and natural killer-like T cells on signals leading to
NF-kappaB activation. Proc. Natl. Acad. Sci. U.S.A. 2004;101(13):4566—
4571.

Egawa T, Eberl G, Taniuchi |, et al. Genetic Evidence Supporting
Selection of the Va14i NKT Cell Lineage from Double-Positive Thymocyte
Precursors. Immunity. 2005;22(6):705-716.

Sun Z, Unutmaz D, Zou YR, et al. Requirement for RORgamma in
thymocyte survival and Iymphoid organ development. Science.
2000;288(5475):2369-2373.

Lee YJ, Holzapfel KL, Zhu J, Jameson SC, Hogquist KA. Steady-state
production of IL-4 modulates immunity in mouse strains and is determined
by lineage diversity of iINKT cells. Nature Immunology. 2013;1-10.

Engel |, Zhao M, Kappes D, Taniuchi |, Kronenberg M. The transcription
factor Th-POK negatively regulates Th17 differentiation in Va14i NKT
cells. Blood. 2012;120(23):4524-4532.

Dai H, Rahman A, Saxena A, et al. Syndecan-1 identifies and controls the
frequency of IL-17-producing naive natural killer T (NKT17) cells in mice.
Eur. J. Immunol. 2015;n/a—n/a.

Milpied P, Massot B, Renand A, et al. IL-17-producing invariant NKT cells
in lymphoid organs are recent thymic emigrants identified by neuropilin-1
expression. Blood. 2011;118(11):2993-3002.

Griewank K, Borowski C, Rietdijk S, et al. Homotypic interactions
mediated by Slamfl and Slamf6 receptors control NKT cell lineage
development. Immunity. 2007;27(5):751-762.

Vinuesa CG, Cook MC, Angelucci C, et al. A RING-type ubiquitin ligase
family member required to repress follicular helper T cells and
autoimmunity. Nature. 2005;435(7041):452—458.

Martin B, Auffray CED, Delpoux A, et al. Highly self-reactive naive CD4 T
cells are prone to differentiate into regulatory T cells. Nature
Communications. 2013;4:1-12.

Lazarevic V, Zullo AJ, Schweitzer MN, et al. The gene encoding early
growth response 2, a target of the transcription factor NFAT, is required
for the development and maturation of natural killer T cells. Nature
Immunology. 2009;10(3):306—313.

Gleimer M, Boehmer von H, Kreslavsky T. PLZF Controls the Expression
of a Limited Number of Genes Essential for NKT Cell Function. Front
Immunol. 2012;3:374.

Bauquet AT, Jin H, Paterson AM, et al. The costimulatory molecule ICOS
regulates the expression of c-Maf and IL-21 in the development of
follicular T helper cells and TH-17 cells. Nature Immunology.



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

2008;10(2):167-175.

Tanaka S, Suto A, lwamoto T, et al. Sox5 and c-Maf cooperatively induce
Th17 cell differentiation via RORyt induction as downstream targets of
Stat3. Journal of Experimental Medicine. 2014;211(9):1857-1874.

Yang Y, Ochando J, Yopp A, Bromberg JS, Ding Y. IL-6 plays a unique
role in initiating c-Maf expression during early stage of CD4 T cell
activation. J. Immunol. 2005;174(5):2720-2729.

Rachitskaya AV, Hansen AM, Horai R, et al. Cutting edge: NKT cells
constitutively express IL-23 receptor and RORgammat and rapidly
produce IL-17 upon receptor ligation in an IL-6-independent fashion. J.
Immunol. 2008;180(8):5167-5171.

Enders A, Stankovic S, Teh C, et al. ZBTB7B (Th-POK) Regulates the
Development of IL-17-Producing CD1d-Restricted Mouse NKT Cells. J.
Immunol. 2012;189(11):5240-5249.

Tani-ichi S, Shimba A, Wagatsuma K, et al. Interleukin-7 receptor controls
development and maturation of late stages of thymocyte subpopulations.
PNAS. 2013;110(2):612-617.

Webster KE, Kim H-O, Kyparissoudis K, et al. IL-17-producing NKT cells
depend exclusively on IL-7 for homeostasis and survival. Mucosal
Immunology. 2014;7(5):1058-1067.

Yang W, Gorentla B, Zhong X-P, Shin J. mTOR and its tight regulation for
iINKT cell development and effector function. Molecular Immunology.
2015;1-10.

Wu J, Yang J, Yang K, et al. iNKT cells require TSC1 for terminal
maturation and effector lineage fate decisions. J. Clin. Invest.
2014;124(4):1685-1698.

Chang P-P, Lee SK, Hu X, et al. Breakdown in repression of IFN-y mRNA
leads to accumulation of self-reactive effector CD8+ T cells. The Journal
of Immunology. 2012;189(2):701-710.

Pobezinsky LA, Etzensperger R, Jeurling S, et al. Let-7 microRNAs target
the lineage-specific transcription factor PLZF to regulate terminal NKT cell
differentiation and effector function. Nature Immunology. 2015;1-9.

Engel I, Hammond K, Sullivan BA, et al. Co-receptor choice by Va14
iNKT cells is driven by Th-POK expression rather than avoidance of CD8-
mediated negative selection. J. Exp. Med. 2010;207(5):1015-1029.

Wang L, Carr T, Xiong Y, et al. The sequential activity of Gata3 and
Thpok is required for the differentiation of CD1d-restricted CD4+ NKT
cells. Eur. J. Immunol. 2010;40(9):2385-2390.

Rutz S, Noubade R, Eidenschenk C, et al. Transcription factor c-Maf
mediates the TGF-B-dependent suppression of IL-22 production in TH17
cells. Nature Immunology. 2011;12(12):1238—-1245.

Pot C, Jin H, Awasthi A, et al. Cutting edge: IL-27 induces the
transcription factor c-Maf, cytokine IL-21, and the costimulatory receptor
ICOS that coordinately act together to promote differentiation of IL-10-
producing Tr1 cells. The Journal of Immunology. 2009;183(2):797-801.
Giordano M, Henin C, Maurizio J, et al. Molecular profiling of CD8 T cells
in autochthonous melanoma identifies Maf as driver of exhaustion. EMBO
J. 2015;34(15):2042—-2058.

15



1.6 Figures

Figure 1
A Thymus B NKT cells (x10* Cc "
y cD4Cre cD4Cre ‘( ) nSNKT cells (x10%)
Control Rc3h1FF Rc3h1-2FF rxr x x
5 * x ns nsns ns x . %
£ 10° [NKT cells 0.20 0.15 —_—— i ——
o +0.05 +0.05 80 100
o 60 10
o aA
8 ®ee® ® 4
E 40 .....' A 1 A ‘ ™
.... A L} o £y
204 (%% | == [,_____I 0.1 (4|
oll : remt] g oqL , .
1714 R 36 20 14 stage 1 stage 2 stage 3
Control CD4Cre CD4Cre
< s stage3 : 777 144 Rc3h17F Rc3h1-2FF ©® Control
T ol stager |22 0 4 CD4Cre Re3h17F
O 101342 65 2%1 B CD4Cre Rc3h1-2FF
o 10° 10" 10°
NK1.1
D E NKT cells (x10%)
Spleen CD4Cre CD4Cre 80 . .
Control Rc3h1F Rc3h1-2FF .
5 0.3£0.1 0.02 +0.01 60
% 40] °°e°
n:' - o0
22 5 20| *. Y
8 E CINE ® Asa
EQ o oll - .
o 10° 10° 10° 36 17 2
Control CD4Cre CDA4Cre
TCR
8 Rc3h1™F Rc3h1-27F
F CD4Cre
Control Rc3h1-2FF NKT cells (x 10%) Total cells (x 10°)
110 0.05 +0.04 100 * 100 —ns__
10 -
Liver 1 10 g
0.1 1 ’—-’—|.:,
0.01 . . 0.1 . .
Control CD4Cre Control CDA4Cre
Rc3h1-2FF Rc3h1-2FF
0.5 0.03
0.6 ns 100 4.
04 . s uy
pLN e 10 o "
0271 ™ ¥ |—0’—|
4 S .
0.0 . u . .
Control CD4Cre Control CD4Cre
Rc3h1-2FF Rc3h1-2FF
% - 0.08 £ 0.03 0.06 +0.03 20 s 20 e
m .
a o 15{ 151 3
s g 5 mLN 1.0 10 o, .
Q 5 sk 05| [ = n 5 |—'-L‘
238 o | 0.0l o : -
) Control CD4Cre Control CDA4Cre
Rc3h1-2FF Rc3h1-2FF
L» TCRB

Figure 1. Ablation of Roquin paralogs leads to an expansion of stage 2 NKT cells and reduction
of NKT cells in the periphery. (A) Percentage of thymic mCD1d-PBS57 tetramer” NKT cells and NKT
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cell stages in control, CD4Cre Rc3h1™ and CD4Cre Rc3h1-2"F mice. Numbers in representative plots

indicate mean percentage + SD calculated from at least 8 mice per genotype pooled from at least
three independent experiments. (B) Absolute cell numbers (x 104) of thymic NKT cells of the indicated
genotypes. Each dot represents one mouse and bars indicate the mean cell number, which is also
depicted below the graph. Graph shows pooled data from at least three independent experiments. **,
P < 0.01; ****, P < 0.0001; ns, not significant; one-way ANOVA. (C) Absolute cell numbers (x 104) of
thymic NKT cell stages of the indicated genotypes. Bars show the mean numbers. Each dot
represents one mouse of the indicated genotype of at least three independent experiments. Statistical
significance was determined by multiple t-tests using the Holm-Sidak method. *, P < 0.05; ns, not
significant. (D) Spleens of controls, CD4Cre Rc3h1™ and CD4Cre Rc3h1-27" mice were analyzed for
the presence of NKT cells. Shown are representative contour plots of each genotype gated on total
lymphocytes. Numbers indicate mean percentage + SD calculated from a total of at least seven mice
per genotype pooled from at least two independent experiments. (E) Total cell numbers (x 104) of NKT
cells in the spleens of controls, CD4Cre Rc3h1™ and CD4Cre Rc3h1-2"" mice. Bars represent the
mean cell number (also depicted below the graph) with each dot representing one analyzed mouse
pooled from at least two independent experiments. *, P < 0.05; **, P < 0.01; ****, P < 0.0001; one-way
ANOVA. (F) Total cell numbers (x 104) of lymphocytes and NKT cells in the liver, pLN and mLN of
control and CD4Cre Rc3h1-2"F mice. Bars indicate the mean cell number with each dot representing
one mouse. Data is pooled from at least 6 mice per genotype from at least two independent
experiments. Statistical significance was determined by unpaired t-test with *, P < 0.05; **, P < 0.005;
ns, not significant.
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Figure 2. Ablation of Roquin promotes polarization into the NKT17 lineage. (A) Percentage of
NKT1, NKT2 and NKT17 cells in the thymi of control, CD4Cre Rc3h1™ and CD4Cre Rc3h1-27F mice.
Depicted numbers in representative contour plots indicate mean percentage + SD calculated from at
least 8 mice per genotype of at least three independent experiments. Cells were acquired after
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depletion of CD8" thymocytes by MACS. (B) Absolute cell numbers (x 104) of thymic NKT cell subsets
of the indicated genotypes. Columns show the mean cell number with each dot representing one
mouse. Shown data is pooled from at least three independent experiments. Statistical significance
was determined by multiple t-tests using the Holm-Sidak method. *, P < 0.05. (C) ICOS median
fluorescent intensity (MFI) on thymic tetramer TCRB" thymocytes and NKT1, NKT2 and NKT17 cells
of the indicated genotypes. Bars indicate mean MFI and each dot represents one mouse. MFIl was
normalized to the mean MFI of control TCRB" tetramer” thymocytes, which was set to 1. Shown data is
pooled from at least three independent experiments. Statistical significance was determined by
multiple t-tests using the Holm-Sidak method. *, P < 0.05. (D) CCR-6, CD103, CD138 and Neuropilin-1
expression on thymic NKT1, NKT2 and NKT17 cells of control and CD4Cre Rc3h1-2"F mice. Numbers
in representative contour plots show the mean percentage + SD calculated from at least three mice
per marker pooled from at least two independent experiments. Before acquisition, thymi were CD8
depleted by MACS (A, C-D).
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Figure 3. Transgenic expression of the Va14i TCR at the DP stage enables the development of
thymic NKT1 and NKT2 cells as well as peripheral NKT cells in CD4Cre Rc3h1-2" mice.
Representative contour plots show the mean percentage + SD of thymic NKT cells (A), NKT cell
stages (B) and NKT cell subsets (C) in mice of the indicated genotype. Bar charts show the total cell
numbers (x 104) of thymic NKT cells (A), NKT cell stages (B) and NKT cell subsets (C) in CD4Cre
Va14i¥F and CD4Cre Va14i®F Rc3h1-2"F mice. Bars indicate the mean cell number with each dot
representing one analyzed mouse pooled from at least three independent experiments. (D)
Representative contour plots show the mean percentage + SD of splenic NKT cells geft), NKT cell
stages 1 — 3 (middle) and NKT1, NKT2 and NKT17 cells (right) in CD4Cre Va14i> compared to
CD4Cre Va14i®®" Rc3h1-27F mice (E) Bar charts show the mean cell number (bars) of splenic NKT
cells (left), NKT stages 1 — 3 and NKT1, NKT2 and NKT17 cells (right) gated as shown in (D) and
isolated from spleens of the indicated genotypes. Each symbol represents one analyzed mouse and
shown data was pooled from three independent experiments (D-E). Statistical significance was
determined by multiple t-tests using the Holm-Sidak method. *, P < 0.05; ns, not significant.
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Figure 4
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Figure 4. The expansion of NKT17 cells after Roquin ablation is cell intrinsically regulated, NKT
cell extrinsic mechanisms however contribute to the reduction of peripheral NKT cells. (A)
Representative histograms show the expression of Ly108 (SLAMF6), CD150 (SLAMF1) and CD1d on
DP thymocytes of the indicated genotypes normalized to TCRB" tetramer cells of control mice. Data
indicates mean normalized MFI £ SD of 4 mice pooled from three independent experiments. For
normalization MF| of TCRpB" tetramer cells was set to one. (B) Experimental setup of the bone marrow
chimeras experiment: CD45.1/2 double positive recipient mice were transplanted with a 1 / 1 mixture
of CD45.1 B6.SJL bone marrow together with either CD45.2 control or CD45.2 CD4Cre Rc3h1-27%
bone marrow. Bone marrow was T cell depleted by MACS using CD90.2 beads. Mice were sacrificed
7-9 weeks after transplantation and NKT cells in thymi and spleens were analyzed. (C) The indicated
thymic (upper row) or splenic (lower row) immune cell populations of both groups were analyzed for
the expression CD45.1 and CD45.2. Data represents mean percentage + SD of 7 experimental and 4
control mice from one out of two independent experiments and is normalized to the engraftment of DN
thymocytes (thymus) or B cells (spleen). Statistical significance was determined by multiple t-tests
using the Holm-Sidak method. *, P < 0.05; ns, not significant. (D) Representative dot plots show the
distribution of NKT1, NKT2 and NKT17 cells in the thymi of the indicated bone marrow chimeras. Cells
were acquired after MACS depletion of CD8" thymocytes. Numbers indicate mean percentages + SD
calculated from 4 controls and 7 experimental mice of one out of two independent experiments.
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Figure 5
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Figure 5. Evidence for decreased TCR signaling and enhanced apoptosis in Roquin 1/2-
deficient NKT cells. (A) Bars show mean normalized TCRB MFI £ SD of the indicated thymic NKT
cell populations of either control or CD4Cre Rc3h1-27F mice. MFI was normalized to TCRB MFI of
NKT1 cells of control mice, which was set to one. Each dot represents one mouse and the shown data
was pooled from at least three independent experiments. Statistical analysis was determined by
multiple t-tests using the Holm-Sidak method with *, P < 0.05; ns, not significant. (B) Representative
contour plots show Ly6C expression on NKT1, NKT2 and NKT17 cells of the indicated genotypes.
Shown data was pooled from two independent experiments and numbers indicate the mean
percentage + SD of Ly6C” cells of at least four mice per genotype. (C) Thymic NKT cells of control and
CD4Cre Rc3h1-2"F mice were analyzed for expression of the intracellular transcription factors Egr2,
PLZF, c-Maf, ThPOK as wells as for STAT3 phosphorylation. Bars indicate mean MFI of the indicated
cell population. MFI was normalized to the MFI of TCRpB" tetramer cells, which was set to one. Each
dot represents one mouse pooled from at least three independent experiments (PLZF, ThPOK p-
STAT3) or one experiment (Egr2, c-Maf). Cells were acquired after depletion of CD8" thymocytes by
MACS. Statistical significance was determined by multiple t-tests using the Holm-Sidak method. *, P <
0.05; ns, not significant. (D) Thymic NKT cells were isolated from either control or CD4Cre Rc3h1-27F
mice and analyzed for cell death by 7-AAD and Annexin V stainings. Bars indicate the mean
percentage of 7-AAD* Annexin V" double positive cells. Each dot represents one mouse pooled from
three independent experiments. Statistical significance was determined by unpaired t-test with welch
correction. *, P < 0.05. ns, not significant. (E) Roquin deficient NKT cells were analyzed for the
expression of the IL-7 receptor a-chain (CD127). Bars indicated mean MF| + SD normalized to TCRB"
tetramer cells, which was set to one. Each dot represents one mouse pooled from two independent
experiments. Before acquisition, thymi were CD8 depleted by MACS (A — C, E). Statistical significance
was determined by multiple t-tests using the Holm-Sidak method. *, P < 0.05; ns, not significant.
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Figure 6
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Figure 6. Signaling through mTOR does not contribute to the decreased production of subset
specific cytokines of Roquin1/2 deficient NKT cells. (A) Thymic NKT cells were analyzed for the
presence of intracellular p-mTOR, p-AKT (S473) and p-4EBP1 proteins by flow cytometry. Cells were
acquired after depletion of CD8" thymocytes by MACS. Bars indicate mean normalized MFIs pooled
from two independent experiments (p-mTOR) or from one experiment (p-AKT, p-4EBP1) with each dot
representing one analyzed mouse. Statistical significance was determined by by multiple t-tests using
the Holm-Sidak method. ns, not significant. (B) Representative contour plots show the cytokine
production thymic NKT1, NKT2 and NKT17 cells of the indicated genotypes. CD8" MACS depleted
thymocytes were stimulated for four hours with PMA and lonomycin in the presence of monensin in
complete RPMI Medium with 10% FCS. Bar graphs show mean % of IFN-y" NKT1, IL-4" NKT2 and IL-
17" NKT17 cells with each dot representing one mouse pooled from a total of three independent
experiments. Statistical significance was determined by unpaired t tests. ***, P < 0,001; ****, P <
0,0001. (C) Data shows mean IL-17 MFI of IL-17" thymic NKT17 cells of the indicated genotypes after
restimulation with PMA and ionomycin for 4 hours in the presence of monensin. Each data point
represents one mouse and data was pooled from three independent experiments. Statistical analysis
was determined by students t-test. **, P < 0.005.
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1.7 Supplemental Information

Flow cytometry antibodies and kits

Commercial antibodies used in our study: Bcl-6 (K112-91), B220 (RA3-6B2), CCR-6
(29-2L17), CD4 (GK1-5, RM4-5), CD8a (53-6.7), CD11b (M1/70), CD44 (IM7),
CD45.1 (A20), CD45.2 (104), CD62L (MEL-14), CD90.2 (53-2.1), CD127 (A7R34),
CD138 (281-2), c-MAF (sym-0F1), CXCR5 (2G8), Egr2 (erongr2), Foxp3 (FJK-16s),
Gr-1 (RB6-8C5), IL-17 (eBio17B7), IL-4, (11B11), IL6Ra (D7715A7), INF-y
(XMG1.2), Ly-6C (HK1.4), Neuropilin-1 (JE12), NK1.1 (PK136), PD-1 (J43), PLZF
(9E12), RORyt (AFKJS-9, Q31-387), TCRB (H57-597), T-bet (4B10), ThPOK
(2POK). For intracellular transcription factor stainings, cells were fixed and
permeabilized with the Foxp3 transcription factor staining kit (eBioscience). For
intracellular cytokine stainings cells were fixed and permeabilized with the
Cytofix/Cytoperm kit (BD) or Foxp3 transcription factor staining kit (eBioscience). For
analysis of intracellular phosphorylated proteins, single cell suspensions were
prepared using serum free buffer. Cells were processed using the Transcription
Factor Phospho Buffer set (BD) or fixed with Phosflow Lyse/Fix buffer (BD) and
permeabilized with Perm buffer 1l (BD). Cells were stained overnight using
commercially available monoclonal antibodies against: p-STAT3 (pS727), p-mTOR
(MRRBY), p-4EBP1 (236B4) and p-AKT (S473) (M89-61) from BD. For detection of
Apoptosis cells were stained with Annexin V (eBioscience) and 7-AAD (eBioscience)

using the Annexin V detection kit (eBioscience).

Isolation of lamina propria and lung lymphocytes

For isolation of lamina propria lymphocytes, Peyer's patches and fat tissue were
removed and intestines flushed with ice cold PBS. Intestines were then longitudinally
opened and cut into 1-1,5 cm pieces. After vigorously vortexing in PBS, samples
were incubated two times for 15-20 min at 37°C in HBSS buffer containing 5% FCS
and 5 mM EDTA, 1 mM DTT and 10 mM HEPES. Then, cells were washed in PBS
and intestines digested for 45min at 37°C in PBS*“?*M3 containing 5% FCS, 1 mg/ml
collagenase, Type 2 (cellsystems) and 0,1 mg/ml DNase | (Roche). Lymphocytes
were then purified by a 40/80% Percoll (Biochrom) gradient.

To prepare lung single-cell suspensions, lungs were digested using RPMI containing
0.02 mg/mL Liberase TM and 10 U DNase (both Roche Diagnostics).
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Suppl. Figure 1
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Supplemental Figure 1. Conditional deletion of Roquin 2 in T cells does not affect NKT cell
development. &A}) Contour plots show the distribution of NKT cell stages in the spleens of control and
CD4Cre Rc3h1™ mice. Numbers indicate the mean percentage + SD of NKT cell stages 1 — 3. Bar
chart shows the mean cell numbers (x 104) of splenic NKT cell stages 1 — 3 NKT of the indicated
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genotypes. Each data point represents one analyzed mouse pooled from at least two independent
experiments. (B) Representative contour plots show mean percentages + SD of tetramer” NKT in the
lungs of 3 control and 3 CD4Cre Rc3h1-27F mice. (C, D) Representative contour plots show mean
percentages * SD of tetramer” NKT cells (B) and NKT cell stages 1 — 3 (C) in the thymi of control and
CD4Cre Rc3h2™F mice. Bar charts show the mean absolute cell numbers (x 104) of NKT cells (B) and
NKT cell stages 1 — 3 (C). Each data point represents one mouse pooled from two independent
experiments. (E) Contour plots show the relative distribution of thymic NKT1, NKT2 and NKT17 cells
SD of control and CD4Cre Rc3h2™ mice. Bar charts show the corresponding mean cell numbers (x
104) with each point indicating one mouse. Data is pooled from at least 7 mice per genotype of at least
two independent experiments. Statistical significance was determined multiple t-tests using the Holm-
Sidak method. *, P < 0.05; ns, not significant.
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Suppl. Figure 2
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Supplemental Figure 2. Roquin paralogs control NKT cell development by cell intrinsic and
extrinsic mechanisms. (A) Representative contour plots show the expression of CD90.2 and TCRf
on bone marrow cells isolated from CD45.1 B6.SJL, CD45.2 control and CD45.2 CD4Cre Rc3h1-27F
mice before and after depletion of T cells by CD90.2 beads. (B) Analysis of CD45.1 and CD45.2
expression on the indicated thymic T cell populations (upper graphs) and splenic immune cell
populations (lower gra ,_ph ) of bone marrow chimeras transplanted with B6.SJL and either control (left)
or CD4Cre Rc3h1- 2F/ (right) bone marrow. Bar charts indicate mean percentages + SD calculated
from 4 (control) or 7 (experimental) mice from one out of two independent experiments. (C)
Representative contour plots show splenic NKT cell subsets (NKT1, NKT2 and NKT17 cells) gated on
either CD45.1 or CD45.2 NKT cells of the indicated bone marrow chimeras. Numbers represent mean
percentages of NKT1, NKT2 and NKT17 cells £ SD calculated from 4 (control) or 7 (experimental) of
one out of two independent experiments.
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Suppl. Figure 3
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Supplemental Figure 3. The expansion of T follicular helper Tgy cells and differentiation of
naive T cells into effector and memory T cells in CD4Cre Rc3h1-2"F mice is cell intrinsically
regulated. (A) Representative contour plots show the frequencies (mean £ SD) of splenic CD44"™"
CD62L"" CD44"" cD62L"", and CD44"" CD62L°" CD4 (left) and CD8 (right) T cells in bone
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marrow chimeras as outlined in Figure 5. Cells were gated on either CD45.1" or CD45.2" cells. (B)
Left: representative contour plots show the frequencies of splenic Tgy cells gated on either CD45.1 or
CD45.2 T cells. The respective expression of Bcl-6 is shown for CD45.2 Tgy cells and PD-1" CXCR5"
conventional T cells. Right: each data point represents one mouse and bars show the mean
percentage of splenic Try cells of the indicated populations. Cells were gated as shown on the left. (C)
Mean ICOS MFI of the indicated splenic CD45.1 (blue) or CD45.2 (red) T cell populations of the
indicated bone marrow chimeras. MIF was normalized to ICOS MIF of CD45.1" CD4" CD44"°"
CD62L"" T cells, which set to 1. Left graph represents the analysis of bone marrow chimeras with
B6.SJL + control CD45.2 cells; middle graph represents data from bone marrow chimeras
transplanted with B6.SJL + CD45.2 CD4Cre Rc3h1-27F bone marrow. Right graph shows ICOS
expression per cell of Tey cells of the indicated experimental group and gated as shown in (B). Each
dot represents one mouse. Data was calculated from one out of two independent experiments with 4
control and 7 experimental mice. Statistical significance was determined by multiple t-tests using the
Holm-Sidak method. *, P < 0.05; ****, P < 0.0001; ns, not significant.
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Suppl. Figure 4
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Supplemental Figure 4. Increased TCR expression after Roquin ablation. (A) Representative
contour plots show the mean percentage £+ SD of thymic TCRB“'gh NKT1, NKT2 and NKT17 cells of
either control or CD4CreRc3h1-2"" mice. Gates were set so that < 5% of NTK1 cells are within the
TCRBh'gh gate. Data was calculated from 8 — 17 mice per genotype pooled from at least three
independent experiments. Before analysis, thymi were CD8 depleted by MACS. (B) Left: bar chart
indicates mean normalized TCRB MFI + SD of the indicated thymic NKT cells populations of either
control or CD4Cre Rc3h1-27F mice with each dot representing one analyzed mouse. Cells were
normalized to TCRB MFI of DP thymocytes, which was set to one. Right: representative contour plots
show the mean percentage + SD of total thymic NKT cells, stage 2 and sta/ge 3 NKT cells of the
indicated genotypes. Shown data was calculated from 4 CD4Cre Rc3h1-2"" and 6 control mice.
Statistical analysis was determined by multiple t-tests with *, P < 0.05; ns, not significant.
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Suppl. Figure 5
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Supplemental Figure 5. Signaling through the interleukin-6 receptor is dispensable for NKT cell
development. (A) Representative histograms including MFIs show IL-6Ra expression on mCD1d-
PBS57 tetramer’ NKT cells, tetramer’ TCRB" T cells and tetramer’ TCRB" CD4" T cells isolated from
the indicated organs. Representative contour plots show the mean percentage + SD of total NKT cells
and NKT subsets in the thymus (B) and spleen (C) of the indicated genotypes. Bar charts show the
respective mean cell numbers (x104) of total NKT cells and NKT cell subsets in the thymus (B) and
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spleen (C) of the indicated genotypes. Each data point represents one mouse and shown data was
calculated from 4 mice per genotype of one experiment. Statistical significance was determined by
students t-test. *, P < 0.05.
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Suppl. Figure 6
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Supplemental Figure 6. Roquin ablation leads to increased apoptosis of thymic NKT cells and
enhances IL-17 production of colon LP Th17 cells. (A) Representative contour plots show 7-AAD
and Annexin V stainings of the indicated thymic T cell populations. Cells were isolated from either
control or CD4Cre Rc3h1-2F mice and are representative for at least 5 mice per genotype pooled
from three independent experiments. (B) Representative contour plots show IFN-y and IL-17
production of CD4" Foxp3 RORyt" colon lamina propria (LP) lymphocytes of the indicated genotypes.
Numbers indicate mean + SD calculated from three mice of one experiment.
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2. Age and location specific distribution of NKT cell
subsets in the gut

2.1 Introduction

Naive T cells emigrating from the thymus spread throughout the body via blood and
lymphatic vessels. When their T cell receptor (TCR) successfully recognizes a
protein epitope presented by major histocompatibility complex (MHC) class I
molecules on antigen presenting cells (APCs) several signaling cascades
downstream of the TCR/CD3 complex are initiated. Together with additional co-
stimulatory signals through CD28 and cytokines secreted by APCs, naive T cells
differentiate into diverse T helper (Th) subsets characterized by specific transcription
factor expression and secretion of subset specific cytokines. In contrast, NKT cell
subsets namely NKT1, NKT2 and NKT17 cells acquire their subset specific attributes
in the thymus and then colonize secondary lymphoid organs after emigration. During
their maturation differential PLZF expression coincides with the expression of
transcription factors such as T-bet (NKT1 cells), GATA3 (NKT2 cells) and RORyt
(NKT17 cells) for the development of mature NKT cell subsets with specific cytokine
profiles’. NKT cells are often referred to as innate-like T cells since they express a
restricted TCR repertoire recognizing glycolipids and have a pre-activated phenotype
allowing immediate immune response after activation®. It is not well understood
whether in addition there are non committed NKT cell precursors in the periphery,
which express the NKT cell specific Va14-Ja18 TCR a-chain but have not yet fully
matured into one of the above mentioned NKT cell subsets. In the periphery,
additional NKT cell subpopulations were described: follicular helper NKT cells
(NKTen) were shown to support B cell responses in an interleukin-21 (IL-21)
dependent mechanism and PLZF" NKT cells (NKT10) in adipose tissue control
regulatory T cell (Tg cell) function by secretion of interleukin-2. Both NKT cell
populations could not be detected in the thymus which points towards a certain
plasticity in NKT cell differentiation®®.

The distribution of NKT1, NKT2 and NKT17 cells is organ specific and
additionally depends on the genetic background. In C57BL/6 mice most NKT cells
belong to the T-bet expressing NKT1 lineage characterized by the capability of
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producing large amounts of interferon-y (IFN-y) after stimulation®’. IL-17 producing
NKT17 cells are very rare in C57BL/6 mice, where they are most abundant in
peripheral lymph nodes’®. Interestingly, also on barrier surfaces such as the lung a
high percentage of IL-17 producing NKT cells can be found®. The distribution of the
NKT cell subsets in the gut however is less clear. Here, a complex interaction
network of host immune cells and symbiotic microorganisms shapes different types
of immune responses'. It has been described that colonic NKT cells are crucial for
the induction of oxazolone-induced colitis, a Th2 cytokine driven model for ulcerative
colitis'’. On the other hand, interactions with commensals such as Bacteroides
fragilis glycolipids were shown to inhibit NKT cell proliferation early in life and
therefore protect from autoimmune colitis'>. Germfree mice have increased total NKT
cell numbers in the colon and lungs and are prone to organ specific pathology in in
vivo models of asthma and the aforementioned ulcerative colitis model. However,
with respect to the functional and phenotypical diversity of NKT cells it is not clear
whether different NKT cell subsets may also exert different roles (protective or
harmful) in these models™. Lipids from several bacterial strains, both commensals
and pathogenic bacteria, have been shown to interact with the NKT cell TCR. This
results in an ambivalent function for NKT cells. On the one hand, NKT cells support
clearance of pathogens, on the other hand, NKT cell interactions with commensal are
important for immune homeostasis in the gut''°.

Here we show that NKT17 cells are enriched in the colon lamina propria in an
age dependent manner. In addition, we demonstrate that the microbial flora affects

the distribution of NKT cell subsets in the gut and thymus.

2.2 Results

Distribution of NKT cell subsets in the intestinal lamina propria.
NKT17 cells are overall very rare in C57BL/6 mice. However, since it was shown that
this subset is enriched at barrier surfaces such as the lung, we isolated NKT cells
from the lamina propria (LP) of the gut and compared the distribution of NKT cell
subsets to the thymus by analyzing intracellular PLZF and RORyt expression.

In the thymi of 6 weeks old C57BL/6 mice 0.19 + 0.03% stained positively for
mCD1d-PBS57 tetramers. This was similar to the colon LP (0.18 + 0.04%) whereas
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in the small intestine (ileum) the percentage of NKT cells was increased (0.5 +
0.18%) (Figure 1A). In the thymus most of NKT cells were PLZF°" NKT1 cells.
Around 10% of total NKT cells expressed high amounts of PLZF (NKT2 cells) and
only 2% stained positively for RORyt and PLZF™ (NKT17 cells). In the colon LP
however, 44 + 5% of NKT cells belonged to the NKT17 subset. 53 £ 5% were NKT1
cells and there were no PLZF"" NKT2 cells detectable. In the ileum the percentage
of NKT17 cells (8 + 5%) was also higher compared to the thymus, but still was
significantly smaller compared to the colon LP. In addition, in the ileum there were
also some NKT2 cells detectable (2 £ 1%) (Figure 1A). Most of NKT17 cells do not
express CD4, but we found around 15% of colon LP NKT17 cells to be CD4" at the
age of 6 weeks (Figure 1B). Notably, to a similar extent CD4" NKT17 cells could be
also detected in the thymus (data not shown). It is also worth mentioning that when
the distribution of NKT1, NKT2 and NKT17 cells differed in the thymi of C57BL/6 and
BALB/c mice (with an increased percentage and absolute number of NKT2 and
NKT17 cells in BALB/c mice), the distribution of NKT1 and NKT17 cells in the colon
was very similar between these two different genetic backgrounds (Suppl. Figure
1B).

Taken together we show that in the gut NKT17 cells predominantly reside in

the LP of the large intestine.

Age dependent distribution of NKT cell subsets.

Since the percentage of RORyt expressing NKT17 cells were specifically increased
in the colon, we analyzed NKT cell subsets in mice of different ages ranging from 12
days to 1,5 years. The colonization of the gut with diverse bacterial strains starts after
weaning from the mother and therefore very young animals serve as a surrogate
model for analyzing the impact of commensals on the distribution of NKT cells
subsets in the gut.

In the colon of 12 days old C57BL/6 mice the percentage of total NKT cells
was 0.5 £ 0.1% and steadily increased from 6 weeks (0.3 + 0.1%) to 1.5 years (2.2 £
0.5%) (Figure 1C; Suppl. Figure 1A). Notably, in the thymus of 12 days old mice only
0.08 + 0.02% of thymocytes stained positively for mCD1d-PBS75 tetramers but with
age NKT cell proportions of total thymocytes remained constant at around 0.3 — 0.4%
(Suppl. Figure 2A, B). Due to thymic involution however the absolute NKT cell

number decreased from a maximum mean number at around 12 weeks (38.0 x 10*
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cells) to only 5,0 x 10* at the age of 1,5 years (Suppl. Figure 2B). The distribution of
NKT cell subsets was also age dependent in the colon. At 12 days, the percentage of
NKT17 cells was the smallest with a mean of only 17%. However, the NKT17 cell
population increased with age and constituted the majority of NKT cells (> 50%) from
the age of 12 weeks onwards, at the expense of the NKT1 cell population (Figure
1C). This also represented an increase of CD44" NK1.1" NKT cells from 62 + 5% at
12 days to 84 + 2%, even though this increase of stage 2 NKT cells was not as
pronounced as the increase of NKT17 cells. The aforementioned CD4" NKT17 cell
subset diminished in size with age (Figure 1C). Finally, PLZF"S" NKT2 cells could
only be detected at the age of 12 days (19 + 3%), but were not present in older mice
(Figure 1B; Suppl. Figure 1A).

The distribution of thymic NKT cell subsets was only markedly different at the
age of 12 days. Here, the percentage of CD44" NK1.1 stage 1 and CD44" NK1.1°
stage 2 NKT cells was increased which also reflected a marked increase in NKT2
cells (48 £ 3%) but only a somewhat larger NKT17 cell pool (4 + 1%). With increasing
age, the percentages of NKT2 and NKT17 cells continuously decreased and PLZF'""
NKT1 cells became the main NKT cell population in the thymus (69 + 7% at 6 weeks
and 92 £ 3% at 1.5 years). Since in the thymus NKT1 cells also express NK1.1 and
CD44, it was not surprising that also the percentage of stage 3 NKT cell increased
with age (73 + 8% at 6 weeks and 94 + 1% at 1.5 years) (Suppl. Figure 2A, C, D).
The absolute cell numbers correlated with the relative distribution of NKT cell stages
and NKT cell subsets but again the different populations became smaller with age
due to the decreasing number of total thymocytes (Suppl. Figure 2B, C).

In summary we could demonstrate that the distribution of mature NKT cell

subsets in the thymus and colon LP is age dependent.

NKT cells in germ free mice.
To study the role of commensal bacteria for the induction of NKT17 cells in the gut,
we next analyzed NKT cell subsets in 6 weeks old C57BL/6 germ free (GF) mice and
compared them to 6 weeks old C57BL/6 mice purchased from Janvier.

While the percentage of total NKT cells in the colon LP was similar compared
to controls, the proportion of NKT17 cells was actually somewhat increased in germ
free mice (Figure 1D). Notably, this was also the case in the thymus, where the

percentage of NKT17 cells was around twice as high as in control mice (13 £+ 1%
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compared to 5 £ 1%). This also reflected an increase in NKT17 cell numbers (3.5 x
10* compared to 1.9 x 10%). In contrast, the NKT2 cell population was decreased both
in percentage and absolute cell numbers (Suppl. Figure 3A). Finally, NKT17 cells
were also increased in the lungs of germ free mice (34 + 4% compared to 19 £ 5%).
The presence of microbial antigens therefore reduces the numbers of NKT17

cells in the thymus, colon LP and lungs.

2.3 Discussion

There is increasing evidence that NKT cells fulfill very specific tasks at lymphoid and
non-lymphoid tissues depending on their transcription factor profile. For example,
administration of an NKT cell agonist through oral gavage, led to NKT2 cell activation
in the mediastinal lymph nodes (mLN) and the initiation of a local immune response
mediated by IL-4. On the other hand, intravenous injection lead to systemic INF-y
and IL-4 release driven by NKT1 cell located near vascular structures in the spleen
and liver’. The role of IL-17 secreting NKT17 cells, however, has not been sufficiently
addressed so far. Here we show that in C57BL/6 mice NKT17 cells are specifically
enriched in the colon LP. With increasing age the proportion of colon LP NKT17 cells
expanded at the expense of NKT1 cells. In addition, we show that a portion of NKT17
cells, in general known to be exclusively CD4", actually do express CD4. At the age
of 12 days CD4" NKT17 cells make up 30 - 40% of the total NKT17 cell population in
the gut but with age these cells disappear.

The hygiene hypothesis states that exposure to environmental factors such as
dust and bacteria early in life can bias otherwise pro-inflammatory and pro-allergic
Th2 immune responses into predominantly Th1 cytokine responses. Fittingly, NKT2
cells in the colon LP were only present at the age of 12 days. At later time points,
NKT1 and then NKT17 cells became the predominant NKT cell subset in the colon.
This could either mean that NKT17 cells are actively induced in the colon LP from
NKT cell precursors (for instance within the NKT1/NKT2 subsets) or that NKT17 cell
proliferation surpasses proliferation of the other subsets present in the colon LP or a
combination of both. NKT2 cells are present only very early in life in the colon LP and
it has been shown that a portion of NKT2 cells expresses T-bet mMRNA and protein, is

capable of IFN-y production and could therefore function as precursors for quiescent
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NKT1 cells>'®. In addition, lack of let-7 miRNA targeting Zbtb16 mRNA leads to an
increase PLZF"" NKT2 cells in the thymus at the expense of PLZF" NKT1 cells'’.
Fittingly, with age NKT1 cells become the predominant population in the thymus and
NKT2 cells, very abundant early after birth, vanish over time. Altogether this data
indicates that NKT1 cells can at least to some extent emerge from the NKT2 subset
supporting the above mentioned hygiene hypothesis since in the colon LP NKT2 cells
disappear soon after birth. However, this plasticity could not be clearly demonstrated
for NKT17 cells so far and it's currently unknown whether this subset can also
develop from NKT2 cells. Several questions still need to be addressed: it is not clear
why NKT17 cells are specifically enriched in the colon LP and are much less
abundant in the small intestine. Given the role of the microbiota for the induction of
other T cell subsets such as regulatory T (Treg) cells and Th17 cells, it is possible that
certain bacterial strains also affect NKT cell differentiation (especially considering
their specificity for glycolipid antigens)'®®. In this context, also the described CD4"
NKT17 cell subsets needs to be further investigated. Even though it is unlikely that
CD4 expression itself has a functional consequence for CD1d recognizing NKT cells,
it still could serve as a surrogate marker for NKT17 cells with specific properties.
Next, it has been shown that germ free mice have a worse outcome in an (Th2
cytokine driven) ulcerative colitis model. However, it is still not clear, whether IL-4
and IL-13 producing NKT2 cells are the main pathogenic NKT cell subset during the
course of the disease. In the steady state, NKT17 cells and not NKT2 cells were
increased in germ free mice (even though not to a great extent), but it is not known
whether the distribution of the NKT cell subsets changes over the course of disease.
Especially in the context of recently published work, which report a diverse
role of T helper 17 (Th17) cells capable of inducing either pro-inflammatory or
regulatory immune responses, it should be informative to decipher the exact role of
colon LP NKT17 cells®"??. In addition, further investigation needs to be done to more
precisely analyze cytokine secretion patterns and global gene expression of colon LP

NKT17 (germ free vs. wild-type) and thymic NKT17 cells.
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2.4 Materials and Methods

Mice

C57BL/6 and BALB/c mice were purchased from Janvier and were analyzed at the
age of 6 weeks if not otherwise indicated. Germ free mice were kindly provided by
Dirk Haller, Technische Universitat Minchen. All experiments were performed in
accordance with German Federal Animal Protection Laws and approved by the

Regierung of Oberbayern.

Flow Cytometry

Single cell suspensions were prepared from indicated organs and stained with
commercially available antibodies: CD4 (GK1-5, RM4-5), CD44 (IM7), NK1.1
(PK136), PLZF (9E12), RORyt (AFKJS-9, Q31-387), TCRpB (H57-597), T-bet (4B10).
For the staining of intracellular proteins cells were fixed and permeabilized using the
Foxp3 / Transcription Factor Staining Buffer Set (eBioscience). For the detection of
intracellular cytokines, cells were stimulated for 4 hours with 100 ng/ml phorbol-12-
myristat-13-acetat (PMA, Sigma) and 1000 ng/ml ionomycin (Calbiochem) in the
presence of Monensin and stained with antibodies against IL-17 (eBio17B7), IL-4,
(11B11) and IFN-y (XMG1.2). mCD1d-tetramers were kindly provided by the NIH
tetramer core facility. For isolation of lamina propria lymphocytes, longitudinally
opened 1-1,5cm bowel pieces were first incubated in HBSS buffer containing 5%
FCS and 5SmM EDTA, 1mM DTT and 10mM HEPES for 2 x 15 — 20min and after
washing with ice cold PBS. Then bowel pieces were digested in PBS*¢#*Ms
containing 5% FCS, 1mg/ml collagenase (CellSystems) and 0,1mg/ml DNase |
(Roche) for 45min at 37°, and lymphocytes were purified by a 40/80% Percoll
(Biochrom) gradient. Mononuclear cells from the lungs were isolated by mashing
them through 100um cell strainer (Falcon®). Cells were then purified by a 40/80%

Percoll (Biochrom) gradient.
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2.6 Figures
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Figure 1. RORyt expressing NKT17 cells are enriched in the colon lamina in an age dependent
manner. (A) Representative contour plots show the mean percentage *+ SD of mCD1d-PBS57
tetramer” NKT cells (upper row) and NKT1, NKT2 and NKT17 cells (lower row) isolated from the
indicated organs of 6 week old C57BL/6 mice. (B) Representative dot plot shows the percentage of
CD4 and CD4" NKT17 cells isolated from the colon LP and gated as shown in (A). On the right, the
mean percentage of CD4 and CD4" NKT17 cells, isolated from the colon LP of C57BL/6 mice at
different ages is shown. Each data point represents one mouse. (C) Left: shown is the mean
percentage + SD of mCD1d-PBS57 tetramer” NKT cells isolated from the colon LP of C57BL/6 mice at
different ages. Right: shown is the mean percentage of NKT1, NKT2 and NKT17 cells of the same
mice as shown on the left. (D) Representative contour plots show the percentage of total NKT cells
(upper row) and NKT1 and NKT17 cells (lower row) isolated from the colon LP of 6 weeks old
C57BL/6 mice ordered from Janvier (left) and GF C57BL/6 mice of the same age. Data was calculated
from 8 mice of one experiment (A), 2 — 6 mice per age group pooled from two independent
experiments (B, C) or 1 -2 mice from one experiment (D).
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2.7 Supplemental Information

Suppl. Figure 1
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Supplementary Figure 1. Age dependent distribution of NKT cell subsets in the colon lamina
propria. (A) Contour plots show the percentage of total NKT cells (upper row), NKT cell stages 1 — 3
(middle row) and NKT1, NKT2 and NKT17 cells (lower row). Cells were isolated from the colon LP of
C57BL/6 mice at the indicated ages. Plots are representative of 2 — 6 mice per group pooled from two
independent experiments. (B) Contour plots show the percentage of total NKT cells (upper row) and
NKT1 and NKT17 cells (lower row) isolated from the colon LP (left) or thymus (right) of 12 weeks old
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mice of the indicated genetic background. Plots are representative of 4 mice per group from one
experiment.
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Suppl. Figure 2
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Supplementary Figure 2. Age dependent distribution of thymic NKT cell subsets. (A) Contour
plots show the percentage of total NKT cells (upper row), NKT cell stages 1 — 3 (middle row) and
NKT1, NKT2 and NKT17 cells (lower row). Cells were isolated from the thymus of C57BL/6 mice at
the indicated ages. Plots are representative of 2 — 6 mice per age group pooled from two independent
experiments. (B) Graphs show the mean percentage (upper graph) and mean cell number (lower
graph) = SD of thymic NKT cells, gated as indicated in (A) and isolated from C57BL/6 mice at
indicated ages. (C) Graphs show the mean percentage (upper graph) and mean cell number (lower
graph) £ SD of thymic NKT cell stages 1 — 3, gated as indicated in (A) and isolated from C57BL/6 mice
at indicated ages. (D) Graphs show the mean percentage (upper graph) and mean cell number (lower
graph) £ SD of thymic NKT1, NKT2 and NKT17 cells, gated as indicated in (A) and isolated from
C57BL/6 mice at indicated ages. Data is pooled from 2 — 6 mice per age group from two independent

experiments (B — D).
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Suppl. Figure 3
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Supplementary Figure 3. Distribution of NKT cell subsets in the thymi and lungs of germ free
mice. (A) Representative contour plots show the mean percentage + SD of total NKT cells (upper row)
and NKT1, NKT2 and NKT17 cells (lower row) isolated from the thymi of C57BL/6 mice from Janvier
or germ free mice of the same genetic background. Bar charts show the mean cell number of NKT
cells (upper graph) and NKT cell subsets (lower graph) with each data point representing one mouse.
Data was calculated from 6 control mice and 5 germ free mice of one experiment. Statistical
significance determined by multiple t-tests using the Holm-Sidak method. *, P < 0,05. (B)
Representative contour plots show the mean percentage + SD of total NKT cells (upper row) and
NKT1, NKT2 and NKT17 cells (lower row) isolated from the lungs of C57BL/6 mice from Janvier or
germ free mice of the same genetic background. Data was calculated from 6 control mice and 5 germ
free mice of one experiment.

50



3. The role of continuous TCR signals for mature T4 cell
biology
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SUMMARY

Regulatory T (Treg) cells maintain immune homeo-
stasis and prevent inflammatory and autoimmune re-
sponses. During development, thymocytes bearing a
moderately self-reactive T cell receptor (TCR) can be
selected to become Treg cells. Several observations
suggest that also in the periphery mature Treg cells
continuously receive self-reactive TCR signals. How-
ever, the importance of this inherent autoreactivity
for Treg cell biology remains poorly defined. To
address this open question, we genetically ablated
the TCR of mature Treg cells in vivo. These ex-
periments revealed that TCR-induced Treg lineage-
defining Foxp3 expression and gene hypomethyla-
tion were uncoupled from TCR input in mature Treg
cells. However, Treg cell homeostasis, cell-type-spe-
cific gene expression and suppressive function criti-
cally depend on continuous triggering of their TCR.

INTRODUCTION

The generation of a peripheral T cell pool with a broad diversity of
T cell receptors (TCRs) is critical for a functional immune system.
The random nature of somatic TCR gene assembly ensures that
a large number of foreign antigens can be recognized. However,
this process bears the inherent problem that self-reactive TCRs

are also generated. Central and peripheral tolerance mecha-
nisms delete autoreactive T cells or render them ineffective
(Xing and Hogquist, 2012). During thymic T cell development,
most T cells with a strong self-reactivity to peptide-major
histocompatibility complex (MHC) complexes are deleted.
Some cells showing intermediate self-reactivity are instructed
to develop into regulatory T (Treg) cells, a process known as
agonist selection (Josefowicz et al., 2012; Xing and Hogquist,
2012). Treg cells suppress the expansion and function of (auto-
reactive) effector T cells and their absence or dysfunction leads
to severe T cell-mediated pathologies in man and mouse (Jose-
fowicz et al., 2012; Sakaguchi et al., 2008). Treg cells act mostly
by suppressing the expansion and function of effector T cells,
through various direct and indirect mechanisms.

The key lineage-defining transcription factor Forkhead Box P3
(Foxp3), together with other transcriptional regulators, controls
the expression of gene programs necessary to induce and main-
tain Treg cell identity and function. Foxp3 regulates gene expres-
sion mostly in conjunction with other transcriptional regulators,
depending on the type of the immune response and the tissue
where this response takes place (Fu et al., 2012; Rudra et al.,
2012; Stephens et al., 2007). In addition, the establishment of a
Treg cell-specific hypomethylation pattern ensures a transcrip-
tionally poised state in a set of Treg cell core genes (Ohkura
et al.,, 2012).

Importantly, these two lineage-defining characteristics of Treg
cells, namely Foxp3 expression and the specific hypomethylated
state, are induced by rather strong, and in the latter case long-
lasting, TCR signals in developing Treg cells. Interruption of
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Figure 1. Foxp3 Protein Expression and Treg Cell-Specific Methylation Pattern Remain in Absence of TCR Signals

(A and B) Intracellular Foxp3 expression (A) and Foxp3-lI-eGFP expression (B) 6 weeks after poly(l:C) injection. Median fluorescence intensities (MFI)
were normalized to CD25" Treg cells of Tcra™F animals, then set to 1 for CD4* conventional T cells (A), or normalized to CD25" Treg cells of Tcra™" animals
in percentage (B). Numbers below the plot indicate means of the normalized MFIs and were calculated from 10 mice per genotype from 4 independent
experiments (A) and from 16 mice per genotype from 5 independent experiments (B). ***p < 0.001; *p < 0.05; ns, not significant; one-way ANOVA.

(C) Surface CD25 and TCR expression on Foxp3-l-eGFP™* Treg cells 6 weeks after poly(l:C) injection. Numbers indicate mean percentage + SD of > 14 mice per
genotype from > 4 independent experiments.

(legend continued on next page)
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TCR signaling in developing thymic Treg cells by ablation of Lck
leads to reduced splenic, but increased lymph node Foxp3* Treg
cell numbers. These Lck-deficient Treg cells display deficiencies
in Treg cell signature genes (Kim et al., 2009). Furthermore, a mu-
tation in LAT abolishing its ability to bind to PLCy1 severely inter-
feres with Treg cell, but not conventional T cell, development
(Koonpaew et al., 2006).

Peripheral Treg cell identity depends on continued Foxp3
expression, underscoring its critical importance. Furthermore,
the majority of Treg cells express high amounts of CD25, the a.
chain of the high-affinity IL-2 receptor, and their survival and
full Foxp3 expression depends on IL-2 (Josefowicz et al.,
2012). The importance of TCR signals for the maintenance of
mature Treg cell pool size and lineage identity is less well under-
stood. A reporter mouse for TCR signal strength reveals that
Treg cells continuously receive stronger TCR signals than con-
ventional T cells not only during thymic development, but also
in the periphery (Moran et al., 2011). However, mice expressing
major histocompatibility complex class Il (MHCII) glycoproteins
only on cortical thymic epithelial cells show normal proportions
of CD4* CD25" T cells in peripheral lymph nodes (Bensinger
et al., 2001), suggesting that homeostasis of mature Treg cells
is to a large degree MHCII independent. Furthermore, graded
interference in TCR signaling strength by ZAP mutations leads
to a reduced number of Treg cells in the thymus, but not in the
spleen (Siggs et al., 2007). In contrast, ablation of MHCII expres-
sion specifically on CD11¢™ dendritic cells significantly reduces
proportions and the absolute number of Treg cells in lymph
nodes and spleen (Darrasse-Jeze et al., 2009).

To directly address the importance of tonic TCR signaling for
peripheral Treg cell homeostasis and lineage identity, we moni-
tored the consequences of induced TCR ablation on mature
Treg cells. Our results show that although TCR-deficient Treg
cells maintain Foxp3 expression and their lineage-specific hypo-
methylation pattern, continuous TCR signals are required to
maintain their activated phenotype, homeostasis, and their
immunosuppressive properties. Therefore, we propose that
TCR-derived signals are not only critical during thymic develop-
ment, but also for the maintenance and function of peripheral
Treg cells.

RESULTS

Foxp3 Expression Is Independent of Continuous TCR
Signals in Mature Peripheral Treg Cells

In order to study the importance of TCR signaling for Treg cells
in vivo, we ablated the TCRa chain by poly(l:C) injection
of Mx1-cre Tcra™" mice. This leads to downregulation of TCRpB-
chain and CD3 surface expression after 5 days and nearly
complete surface absence of both molecules after 10 days
(Polic et al., 2001). Two weeks after poly(l:C) treatment, around
25% of the Foxp3* Treg cells had lost TCR surface expression
(see Figure S1A available online). To facilitate the identification

of Treg cells, Mx1-cre Tcra™" mice were bred to the Foxp3-I-
eGFP reporter strain (Bettelli et al., 2006), in which GFP expres-
sion reports Foxp3 mMRNA amounts (Tcra™F stands for Tera™F
and Tcra™" Foxp3-1-eGFP throughout the manuscript). We
analyzed Treg cells 6 weeks after induced TCR ablation unless
otherwise indicated, so that they lacked TCR signals for at least
1 month. Our analyses were conducted mostly with thymus-
derived Treg cells, because we detected only very low numbers
of Nrp1'° peripherally derived pTreg cells in the spleen (Fig-
ure S1B). Importantly, 6 weeks after TCR loss, TCR-deficient
Treg cells still expressed high Foxp3 amounts and were exclu-
sively CD25" (Figures 1A-1C and S1C and S1D). Analyses of
Mx1-cre mT/mG reporter mice (Muzumdar et al., 2007) revealed
equal Cre-mediated recombination efficiencies in various Treg
cell subsets, including CD25'° Treg cells, at this time point (Fig-
ure S1E). This indicates that CD25" Treg cells were either lost
or upregulated CD25 after TCR ablation. Because CD25™ and
CD25"° Treg cells differ in their gene expression and proliferation
(Fontenot et al., 2005), we compared CD25" TCR-deficient
to TCR-expressing CD25" Treg cells unless stated otherwise.
Foxp3 protein levels of TCR™ (CD25hi) Treg cells were slightly
reduced (10%) in comparison to TCR* CD25" Treg cells, but still
significantly higher than those of TCR* CD25'° Treg cells (Figures
1A and S1C). GFP amounts reporting Foxp3 mRNA were virtually
identical between TCR* CD25" and TCR™ Treg cells (Figures 1B
and S1D). This indicates that TCR signals induce posttransla-
tional stabilization of the Foxp3 protein. GFP-expression and
hence Foxp3 mRNA amounts remain stable in all TCR™ Treg cells
at 4, 8, or 12 days after induced TCR ablation while Foxp3 protein
amounts decrease to their final levels within 8 days (Figures S1F
and S1G).

Together, these experiments demonstrate that continuous
TCR signals are largely dispensable for the maintenance of
Foxp3 expression of mature Treg cells.

The Treg Cell-Specific Epigenetic Pattern Is Not
Affected by TCR Ablation

Besides Foxp3 expression, the establishment of a specific hypo-
methylation pattern (nTreg-Me), especially within the gene loci
of Foxp3, Gitr, Ctla4, and Ikzf4 (Eos), is of critical importance
during thymic Treg cell development (Ohkura et al., 2012).
Long-lasting TCR stimulation of developing thymocytes is
shown to induce nTreg-Me whereas Foxp3 expression is a
consequence of strong TCR activation (Ohkura et al., 2012).
Bisulfite sequencing of purified TCR-deficient and proficient
Treg cells 6 and 15 weeks after poly(l:C)-induced TCR ablation
did not reveal changes in the Treg cell-specific methylation
pattern (Figure 1D). In line with this finding, the protein amounts
of genes that contain hypomethylated regulatory regions
were, albeit reduced, still significantly higher in TCR-deficient
Treg cells than in naive conventional T cells (Figures 1A, 1E,
and 2D). Furthermore, we also did not detect major differences
in the mMRNA expression levels of several additional genes

(D) CpG methylation status of splenic CD25™ TCR* and TCR™ Foxp3* Treg cells, 6 weeks or 15 weeks after poly(l:C) injection. tTreg = thymus-derived Treg; iTreg =

in vitro-induced Treg.

(E) Intracellular (CTLA4, Eos) or extracellular (GITR) expression of the indicated splenic T cell subsets (Treg = Foxp3*), all from Mx1-cre Tcra™" mice 6 weeks after

poly(I:C) injection. Numbers in representative histograms indicate means of the MFIs, normalized to Foxp3~ CD4* CD44" naive T cells of Tcra

FF mice. Means

were calculated from > 5 mice per genotype from > 2 independent experiments. See also Figure S1.
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Figure 2. TCR-Deficient Regulatory T Cells Lose Their Activated Phenotype

(A) Extracellular expression of the depicted markers on splenic Foxp3-1-eGFP* CD25" Treg cells, 6 weeks after poly(1:C) injection. Numbers in representative

plots indicate mean percentage + SD of 6-13 mice per genotype from > 2 independent experiments.

(B and C) Extracellular (B) or intracellular (C) expression of the depicted markers of the indicated splenic T cell subsets (Treg = Foxp3*), all from Mx7-cre Tcra™"

mice 6 weeks after poly(l:C) injection. Numbers in representative histograms indicate means of the MFls, normalized to Foxp3~ CD4* CD44'"° naive T cells

of Tcra™" mice. For TIGIT, percentage of positive cells are shown. Means were calculated from > 5 mice per genotype from > 2 independent experiments.

***p < 0.001; *p < 0.01; *p < 0.05; one-way ANOVA.

(D) Flow cytometric protein level analysis of extra- and intracellular markers of splenic T cell subsets (Treg = Foxp3*) 6 weeks after poly(l:C) injection. MFls of > 3

mice per analyzed protein were normalized to the expression on or in conventional CD4* T cells to account for interexperimental variations. Data are shown as
(legend continued on next page)
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containing Treg cell-specific DNA demethylated regions (Mori-
kawa et al., 2014) (Figure S1H).

These results demonstrate that maintenance of the Treg
cell-specific methylation pattern is completely independent of
continuous TCR signals. Hypomethylation therefore uncouples
the expression of key Treg cell genes from obligate TCR signals
to a large extent.

TCR Signals Continuously Activate Peripheral Treg Cells

The peripheral Treg cell pool contains naive and effector or
tissue-homing subsets (Campbell and Koch, 2011; Fisson
et al.,, 2003). Naive Treg cells are quiescent and express
CD62L and the chemokine receptor CCR7, enabling them to
enter secondary lymphoid organs (Campbell and Koch, 2011).
In contrast, effector Treg cells are cycling and show increased
expression of CD5, CD38, CD44, Ox40, GITR, CD69, and
ICAM-1 (Campbell and Koch, 2011; Feuerer et al., 2009; Fisson
et al., 2003; Fontenot et al., 2005; Huehn et al., 2004; Stephens
et al., 2007). A direct comparison of the CD25" to the CD25"
Treg cell subsets reveals that the CD25'° subset is enriched for
proliferating cells expressing effector markers (Fontenot et al.,
2005). It was proposed that the effector Treg cell subset is
comprised of short-lived cells that were recently activated by
(self-)antigens (Campbell and Koch, 2011; Fisson et al., 2003).

TCR ablation did not reduce the proportions of Treg cells
expressing CCR7 and CD62L, suggesting that TCR-deficient
Treg cells can recirculate efficiently between secondary lym-
phoid organs (Figure S2A). In contrast, we observed that acti-
vation and/or effector markers such as 4-1BB, CD49b, CD69,
PD-1, and KLRG1 were virtually absent on TCR-deficient Treg
cells (Figure 2A).

To further elucidate the impact of TCR signals for Treg cell
identity, we monitored the protein amounts of well-described
Treg cell markers after TCR ablation. Our analysis revealed
that surface amounts of the costimulatory molecules ICOS,
CD28, and Ox40, as well as of CD38, CD44, CD5, ICAM-1, and
TIGIT, were significantly decreased, whereas CD45RB was up-
regulated (Figures 2B and S2B). Fittingly, relative quantification
of intracellular transcription factor protein amounts showed
that Egr2, c-Rel, and c-Maf, which have been linked to TCR acti-
vation, were dramatically downregulated (Figures 2C and 2D).
The expression of several other important transcription factors
connected to Treg cell function (Fu et al., 2012; Rudra et al,,
2012) such as IRF4, Helios, GATAS3, KLF4, T-bet, and Aiolos,
but not Runx1 and Bcl-6, was significantly reduced in the TCR-
deficient cells, although not to the amounts found in naive
CD4* T cells (Figures 2C, 2D, and S2C). A comprehensive
overview of surface-marker proteins and transcription factors
analyzed by flow cytometry is shown in Figure 2D.

We then assessed the dynamic changes in protein levels of
selected markers 4, 8, and 12 days after TCR ablation. At day
4 TCR downregulation was similar in all tested Treg cell subsets,
including CD25'°, CD69™, and CD103* (Figure S2D), confirming
equal TCR ablation efficiencies between different Treg cell sub-

sets. The TCR-deficient effector Treg cell subsets slowly shrank
in size, with the exception of the CD103" subset (Figures S2E
and S2F). Over time, TCR-deficient Treg cells gradually lost
TCR-dependent surface marker and transcription factor expres-
sion (Figures 2E and S2G-S2I). This occurred on CD25" and as
long as they persisted also on CD25" subsets (Figure S2H) and
on individual effector subset defined by high-marker protein
expression (Figure S2I). We did not detect increased proportions
of dead or dying Treg cells at any time point after TCR ablation by
propidium iodide and Annexin V staining (Figure S2J). Therefore,
individual Treg cell effector subsets are slowly disappearing in
response to TCR ablation, and this goes hand-in-hand with
loss of typical gene expression.

We conclude that de novo differentiation and maintenance of
effector Treg cell subset phenotypes cannot occur in absence of
TCR signals. Furthermore, our analysis of effector-type and
“naive” CD25™ TCR-deficient Treg cells showed a substantial
loss of lineage-defining protein expression. However, although
in absence of TCR signals the protein amounts of some activa-
tion markers and transcription factors were reduced to amounts
found on naive conventional CD4* T cells, the majority of pro-
teins were present at amounts in between conventional CD4*
T and Treg cells.

TCR-Dependent Gene Expression in Treg Cells

Is Dominated by TCR-Induced Transcription

Factors and IRF4

To examine the consequences of the loss of TCR signals glob-
ally, we analyzed gene-expression changes through Affymetrix
microarrays. In total, loss of the TCR affected the expression
of 327 genes at least 2-fold and of 65 genes at least 3-fold in
CD25" Treg cells. The majority of these genes were downregu-
lated (71% of the 2-fold regulated genes and 68% of the 3-fold
regulated genes); this included genes encoding for cell surface
molecules such as 4-1BB (encoded by Tnfrsf9), CD38, ICOS,
and PD-1 (encoded by Pdcd1) as already observed by flow cy-
tometry (Figures 2A-2D and Table S1).

TCR ablation affected various gene subsets (defined in Table
S2): Of Treg cell signature genes, 15 (4%) were significantly
reduced to less than /3 and 135 (30%) were reduced to less
than %5 of their expression in TCR* Treg cells, while only a minor
fraction was upregulated (Figure 3A). This indicates that while a
proportion of the characteristic Treg cell gene expression relies
at least partially on TCR-derived signals, overall TCR-deficient
Treg cells maintain their cellular identity.

In agreement with the persistent Foxp3 protein amounts
in TCR-deficient Treg cells, Foxp3-regulated genes were not
strongly affected. Nevertheless, over 30% of the Foxp3-acti-
vated genes in TCR-deficient Treg cells were reduced to less
than %; of their expression in TCR* Treg cells (Figure 3B),
defining a candidate set of Foxp3-activated genes that require
TCR signals for full expression. Consistent with the dramatic
loss of Egr2 expression upon TCR ablation, we detected a signif-
icant reduction in Egr2-dependent gene expression (Figure 3C).

heatmap (Perseus software). Blue letters, significantly (p < 0.05) reduced on or in TCR™ Treg cells in comparison to TCR* CD25" Treg cells from both Tcra™"

control, as well as Mx7-cre Tera™"

mice. Red letters, significantly increased (p < 0.05); analyzed by one-way ANOVA.

(E) Decay of the indicated proteins after TCR ablation. Shown are MFls of TCR-deficient relative to MFI of TCR* Foxp3™* Treg cells. Depicted are values for

individual mice and means. See also Figure S2.
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Figure 3. Treg Cell mRNA Expression Is Severely Changed upon TCR Ablation
(A-F) The mRNA expression of splenic Foxp3-I-eGFP* TCR* CD25" Treg cells from 4 Tcra™F control samples (WT) and Foxp3-l-eGFP* TCR™ CD25" Treg cells

from 5 Mx7-cre Tera™"

samples (KO), 6 weeks after poly(l:C) injection, was compared by Affymetrix microarray. Each sample contained pooled Treg cells from

3-5 mice. Normalized enrichment scores (NES) were calculated at the indicated false discovery rate (FDR) at the GSEA server of the Broad Institute. Changes in
the expression of (A) Treg cell signature genes and (B) direct Foxp3 target genes that are either repressed (top; less than 2 of expression in TCR* Treg cells:
Tbc1d4) or activated (bottom; less than V2 of expression in TCR* Treg cells: Icos) upon Foxp3 promoter occupancy. Changes in putative target gene expression of
(C) Egr2, (D) REL (c-Rel), (E) NFAT transcription factors, and (F) IRF4 are shown. Pie charts show the number of detected genes within the respective category

(white, not regulated; red, >

1.5-fold upregulated; blue, %3 of the expression in TCR* Treg cells) in KO relative to WT Treg cells. Heatmaps depict knockout (KO) to

WT fold-change values (Log2-transformed; A, > 3-fold; B-F, > 2-fold) of significantly regulated genes (p < 0.05; t test). See also Figure S3 and Tables S1 and S2.

A set of general NF-«B target genes was equally up- and down-
regulated (Figure S3A). However, genes whose expression was
reduced in c-Rel-deficient activated T cells were mostly downre-
gulated upon TCR ablation (Figure 3D), underscoring the unique
role of c-Rel among the NF-«kB transcription factors in Treg cells.
GATAS3- or Runx1-controlled gene expression remained stable
in TCR-deficient Treg cells, as none of them were significantly
regulated more than 2-fold (data not shown). An analysis of
putative NFAT target genes revealed that 30% depend to
some extent on TCR signals in Treg cells (Figure 3E). Among
the significantly downregulated NFAT and c-Rel target genes

6 Immunity 47, 1-15, November 20, 2014 ©2014 Elsevier Inc.

were Egr2, Egr3, and IRF4 (Figures 3D, 3E, and S3B), suggesting
a TCR-dependent transcription-factor network. Although IRF4
protein amounts were only reduced by around 20%, TCR abla-
tion had the largest effect on IRF4-controlled gene expression:
57% of the 47 IRF4 target genes were downregulated to less
than 2/3 of their expression in TCR* Treg cells, 16 (34%) of which
statistically significantly to less than 2 (Figure 3F). Gene-set
enrichment analysis (GSEA) confirmed significant (FDR < 0.05)
loss of Treg signature genes and Foxp3 activated, Egr2, c-Rel,
NFAT, and IRF4 target genes in TCR-deficient Treg cells (Figure 3
and Table S2). Unbiased analysis of the gene-expression data
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from TCR-deficient and control Treg cells against publicly avail-
able gene sets suggested loss of Egr3 and Egr2 target genes,
loss of Foxp3 amplified genes, and a shift toward gene expres-
sion of conventional T cells (Figure S3C).

The overwhelming majority of differentially expressed mRNAs
were downregulated in TCR-deficient Treg cells, indicating that a
large part of the Treg cell-specific gene-expression pattern de-
pends on autoreactive TCR signals. This TCR-dependent gene
expression appears to depend on Egr2, Egr3, c-Rel, and most
prominently, IRF4. However, TCR-deficient Treg cells globally
maintain their transcriptional identity.

The Peripheral Homeostasis of Treg Cells Requires

TCR Signals

Having established that TCR signals are indispensable for the
differentiation and maintenance of effector Treg cells and critical
for the expression of many Treg lineage-defining genes, we
wanted to assess the role of TCR signals for “naive” CD25"
Treg cell maintenance. Upon poly(l:C) treatment, T cell develop-
ment is blocked in Mx7-cre Tcra™ mice, due to complete TCRa.
inactivation in lymphoid progenitors (Figure 4A). Therefore, we
employed these mice to study the homeostasis of peripheral
Treg cells in the absence of cellular efflux from the thymus.
The population of TCR™ Treg cells decayed (Figure 4B), similar
to TCR-deficient naive CD4" cells, but in stark contrast to
CD4* CD44" memory and effector T cells and CD4* natural killer
T (NKT) cells, which rely on cytokines but not on TCR stimulation
(Polic et al., 2001; Vahl et al., 2013). The total number of periph-
eral Treg cells was not changed significantly 6 weeks and
15 weeks after induced TCR ablation, unlike the number of naive
CD4* and CD8" T cells (Figures 4B and S4A). Thus, the periph-
eral Treg cell pool size is kept stable in the absence of thymic
output.

The decrease of peripheral TCR-deficient Treg cells (Figure 4B)
could be a consequence of impaired survival and/or prolifera-
tion. The proliferation marker Ki-67 was not expressed by
TCR-deficient Treg cells (Figure 4C). In order to directly monitor
the proliferation of Treg cells in the absence of TCR signals, mice
containing TCR-deficient and -proficient Treg cells received
BrdU-containing water for 4 weeks. Over 80% of CD25" Treg
cells, as well as 40%-50% of TCR* CD25" Treg cells incorpo-
rated BrdU during this time (Figure 4D). The BrdU-incorporation
of TCR-deficient Treg cells was negligible, demonstrating that
homeostatic Treg cell proliferation absolutely requires tonic
TCR signals (Figure 4D).

Direct ex vivo analyses suggested that loss of the TCR has no
major impact on the survival of Treg cells (Figure S2J). However,
a significantly higher percentage of TCR-deficient Treg cells con-
tained activated caspases (Figure 4E) after 1 hr in cell culture,
indicating that in vitro, TCR-deficient Treg cells have an
increased tendency to undergo apoptosis.

Cytokines, most importantly IL-2 and IL-7, influence the ho-
meostasis of Treg cells (Setoguchi et al., 2005). While all TCR-
deficient Treg cells expressed high amounts of CD25 (Figure 1C),
expression of CD122 (IL-2R and IL-15R B chain), CD127 (IL-7Ra
chain), and the IL-15Rqa chain were not significantly altered upon
TCR ablation (Figures 2D and S4B). Importantly, TCR-deficient
Treg cells were competent in cytokine signaling as evidenced
by robust phosphorylation of STAT5 and STAT3 transcription

factors in response to IL-2 and IL-6 stimulation (Figure 4F). In
addition, the homeostatic defects of TCR-deficient Treg cells ap-
peared unrelated to endoplasmic reticulum (ER) stress caused
by an unpaired TCRp chain because we did not detect major
alterations in the expression of genes implicated in the endo-
plasmic reticulum associated degradation (ERAD) and in the
unfolded protein response pathways (Table S2).

Together, these results demonstrate that the absence of TCR
signals effectively abrogates Treg cell homeostasis, due to
essentially abolished proliferation.

Elevated mTOR Signaling in Treg Cells Is TCR Mediated
Signals derived from antigen recognition, costimulation, cyto-
kines, growth hormones, and nutrients converge on the mecha-
nistic target of rapamycin (mTOR) pathway. Signaling through its
two multiprotein complexes, mMTORC1 and mTORC2, and the
upstream kinase AKT regulates cellular growth, protein transla-
tion, and survival in many cell types, including T cells (Chi,
2012). Importantly, Treg cells contain and depend on enhanced
mTORC1 signaling for their homeostasis and function (Zeng
et al., 2013).

We detected lower phosphorylation of mTOR and its targets
ribosomal protein S6, kinase p70 S6, the translational inhibitor
4E-BP1, and reduced expression of the mTORC1 target CD71
in TCR™ Treg cells (Figures 5A, 5B, and S5A-S5C). We also de-
tected a trend toward downregulation of mMTORC1 target genes
controlling the cholesterol biosynthesis pathway (Figures 5C and
S5D), which has a central role in Treg cells (Zeng et al., 2013). In
contrast, we did not observe differences in mTORC1-controlled
mitochondrial parameters including their reactive oxygen pro-
duction, membrane potential, and mass (Figure S5E) (Zeng
et al., 2013).

mTORC2 plays an important role in the inhibition of apoptosis
by directly phosphorylating the kinase AKT at serine 473,
enabling it to phosphorylate and thereby inhibit constitutively
active FoxO transcription factors. TCR-deficient Treg cells con-
tained strongly reduced AKT-S473 phosphorylation (Figure 5D)
and correspondingly reduced FoxO1 phosphorylation at the
AKT target site serine 256, but not protein amounts (Figures 5E
and S5F). The proapoptotic BH3-only protein Bim, a FoxO target
in T cells (Hedrick et al., 2012), was significantly increased upon
TCR ablation (Figures 2B and 5F). Moreover, we observed
decreased amounts of the antiapoptotic protein Bcl-xL in TCR-
deficient Treg cells. On the other hand, the amounts of the anti-
apoptotic protein Bcl-2 were significantly elevated, possibly due
to mutual posttranslational control with Bim (Jorgensen et al.,
2007) (Figures 2B and 5F). Finally, inhibitory phosphorylation of
the proapoptotic Bcl-2 family member Bad, an AKT target (del
Peso et al., 1997), was reduced (Figure 5F). However, globally
we did not observe enhanced FoxO1-dependent gene expres-
sion in TCR™ Treg cells (Figure S5G). Therefore, it is also possible
that the observed Bim/Bcl-2 balance is caused by absent
repression of Bcl-2 through complexes containing c-Maf and
c-Myb (Peng et al., 2007), as both are strongly reduced after
TCR ablation (Figures 2C and S3A).

Our results provide correlative evidence that in the absence
of continuous TCR stimulation, signaling through the mTORCH1
and mTORC2 pathways is attenuated in Treg cells. Although
we detected only minor effects in downstream gene expression,
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Figure 4. Regulatory T Cell Homeostasis Is Impaired upon TCR Ablation

(A) Expression of CD69 and Foxp3 plotted against TCRB on total thymocytes, 6 weeks after poly(l:C) injection. Plots are representative of five independent
experiments.

(B) Number of splenic Foxp3* Treg cells from in total 24 control (CTR) Tera™ mice, as well as number of TCR* and TCR™ Treg cells from in total 23 Mx1-cre Tcra
mice from 14 independent experiments, at the indicated time after poly(l:C) injection. tsoe, decay = time it takes until the population decayed to half of its size.
(C) Intracellular expression of Ki-67 in splenic Foxp3* Treg cells, 6 weeks after poly(l:C) injection. Numbers in representative plots indicate mean percentage + SD
of 4 mice per genotype and are representative for 3 independent experiments.

(D) BrdU was administered for 4 weeks via the drinking water, starting 2 weeks after poly(I:C) injection. Directly afterward, BrdU incorporation in CD25' and
CD25" Foxp3* Treg cells was measured by flow cytometry. Numbers in representative plots indicate mean percentage + SD of 2-4 mice per genotype. Bar chart
depicts means + SD of one experiment with 2 Tcra™", as well as 4 Mx7-cre Tcra™" mice. ***p < 0.00001; one-way ANOVA.

F/F

(legend continued on next page)
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Figure 5. mTOR Signaling Pathways Are Attenuated in TCR-Deficient Treg Cells

(A, B, D, E, and F) Comparison of phosphorylation or expression of the respective proteins in the indicated splenic T cell subsets (Treg = Foxp3*) 6 weeks after
poly(I:C) injection. Numbers in representative histograms indicate means of the MFls, normalized to Foxp3~ CD4* CD44" T cells of Tcra™" mice. Means were
calculated from > 5 mice per genotype from > 2 independent experiments. Bars indicate medians. ***p < 0.001; **p < 0.01; one-way ANOVA.

(C) Differences in mMRNA expression amounts of the indicated enzymes of the cholesterol biosynthesis pathway normalized to Ywhaz relative to Foxp3~ CD4*
conventional T cells (dotted line). Bars indicate means + SD from 3 samples (one mouse per sample for Foxp3~ CD4* T cells and TCR* CD25" Foxp3* Treg cells

and 3 mice pooled per sample for TCR™ CD25" Foxp3* Treg cells). See also Figure S5.

these pathways still might be important to keep target genes
in a poised state for rapid expression upon strong Treg cell
stimulation.

TCR-Deficient Treg Cells Lose Most of Their
Suppressive Protein Arsenal and Their Ability

to Suppress T Cell Responses In Vivo

Various mechanisms are implicated in the suppressive ability
of Treg cells (Josefowicz et al., 2012; Sakaguchi et al., 2008;
Shevach, 2009). Among them are the consumption of the
cytokine IL-2, the release of suppressive cytokines (IL-10, IL-
35 [composed of p35 and Ebi3] and TGF-p) or toxic molecules

(perforin, granzymes), and the modulation of the costimulatory
abilities of antigen-presenting cells.

Gene-expression analysis of 10 1.5-fold or more regulated
putative suppressor genes revealed that 8 were downregulated
and 2 (Perforin and CD274) were upregulated in TCR-deficient
Treg cells (Figures 6A and S6A). Verification of these and analysis
of further candidates by flow cytometry and/or real-time PCR
(Figures 6B and 6C) revealed that of the 20 putative suppressor
genes tested, 59% (13) were significantly downregulated upon
TCR ablation (Figures 6D and S6A): Nt5e (CD73), Ctla4, Ebi3,
Fgl2, Tnfrsf18 (GITR), II10, lI10r, Lag3, Tgfb1 (latency associated
peptide, LAP), ltgal (LFA-1), Nrp1, Pdcd1ig2 (PD-L2), and Tigit.

(E) Splenic Foxp3™* Treg cells were stained in vitro for 1 hr for the presence of active caspases. Numbers indicate mean percentage = SD of 2 Tcra™"
mice. Scatterplot shows the percentage of active caspase* Foxp3* Treg cells from 2 control Tcra
(F) Comparison of STAT5 and STAT3 phosphorylation upon stimulation with IL-2 or IL-6 of the indicated T cell subsets from Mx1-cre Tcra

Tera™F

or4 Mx1-cre
mice. Bars indicate means.
FF mice. Numbers in

F/F F/F

or from 4 Mx1-cre Tcra

representative histograms indicate means of the MFls, normalized to unstimulated Foxp3~ CD4* CD25' TCR* T cells. Means were calculated from 6 mice from 2
independent experiments (p-STAT5) or from 3 mice (p-STAT3). See also Figure S4.
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Figure 6. Regulatory T Cells Show Reduced Expression of Several Important Suppressive Molecules
(A) Heatmap showing mRNA expression of the indicated 1.5-fold regulated suppressive markers of TCR* versus TCR™ Foxp3* Treg cells, 6 weeks after poly(l:C)
injection, analyzed by Affymetrix microarray.
(B) Extracellular expression of the depicted markers of the indicated splenic T cell subsets (Treg = Foxp3™), all from Mx7-cre Tcra™" mice, 6 weeks after poly(1:C)
injection. Numbers in representative histograms indicate means of the median fluorescence intensities (MFls), normalized to Foxp3~ CD4* CD44' naive T cells of
Tera™ mice. Means were calculated from > 5 mice per genotype from > 2 independent experiments.
(C) Differences in mRNA expression amounts of the indicated suppressive markers normalized to Ywhaz relative to Foxp3~ CD4" T cells (dotted line). Bars
indicate means + SD from 3 samples (one mouse per replicate for Foxp3~ CD4* T cells and CD25" Foxp3* TCR Treg cells and 3 mice pooled per replicate for
TCR™ CD25" Foxp3* Treg cells). **p < 0.01; *p < 0.05; t test.
(D) Regulation of 20 putative suppressive molecules in KO relative to WT Treg cells on the mRNA and/or protein amount (white, not regulated; red, upregulated,
blue, downregulated).

(legend continued on next page)
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In line with reduced //70 mRNA expression, a significantly
smaller percentage of TCR™ Treg cells produced IL-10 after
PMA and lonomycin activation in vitro in comparison to their
TCR™ counterparts (Figures 6E and S6B). Importantly, TCR-defi-
cient Treg cells kept their anergic phenotype in respect to IL-2
(and interferon-y [IFN-vy]) production upon activation (Figures
6E and S6B). After TCR ablation the proportion of TCR™ Treg cells
in the gut lamina propria decreased progressively (Figure 6F). In
the ileum, a significantly smaller proportion of TCR™ Treg cells
produced IL-10 from day 8 onward. Conversely, in the colon,
TCR™ Treg cells largely maintained their ability to secrete IL-10
(Figures 6F and S6C). This indicates that the cytokine and/or
costimulation milieu in the colon can at least partially substitute
antigenic signals with regards to IL-10 production, but not to
cellular homeostasis. We therefore conclude that, overall, the
expression of suppressive genes by Treg cells largely depends
on constant TCR signals, even though specific niches might
maintain suppressive functions in absence of antigenic triggers.

To test the consequences of Treg cell TCR ablation in anin vivo
setting, we employed CD4-CreER™ animals (Sledzifiska et al.,
2013) because of the higher recombination efficiencies in mature
T cells compared to Mx7-cre mice. Application of 3 or 5 mg
tamoxifen for 5 consecutive days leads to loss of the TCR on
around 70% of peripheral Treg cells (Figure S7A). We reconsti-
tuted T cell-deficient mice with naive T cells together with Treg
cells isolated from either Tcra™F control or CD4-CreER™ Tera™"
animals (Figure S7B). In the context of T cell deficiency, these
cells rigorously expand. Three weeks after adoptive transfer,
TCR ablation was induced through tamoxifen treatment (Fig-
ure 7A). Three days after cessation of tamoxifen feeding, we
confirmed TCR ablation in 67% and 55% of CD4-CreER™
Tcra™  Treg cells present in the spleen and mesenteric lymph
nodes, respectively (Figure S7C). The tamoxifen treatment
induced a transient weight loss in all cohorts. However, while
the control animals quickly recovered after cessation of tamox-
ifen feeding, we observed significantly reduced weight gain in
animals in which we ablated the TCR on Treg cells (Figure 7B).
Two of nine experimental animals developed diarrhea and
signs of colitis with severe cellular infiltrations and associated
inflammation (Figure S7D; data not shown). Furthermore, we
noticed increased spleen and mesenteric lymph node weights,
indicating ongoing inflammation, 24 days after TCR ablation
on Treg cells (Figure 7C). This was partially due to infiltration of
eosinophils, monocytes, and/or macrophages, as well as neu-
trophils in both organs (Figures 7D and S7E). At this time point,
total Treg cell counts, of which 20% were TCR-deficient, were
slightly increased in Treg cell TCR ablated animals, indicating a
strong compensatory proliferation of TCR* Treg cells. The num-
ber of pTreg cells was not increased (Figure S7F). However, the
initial yet transient presence of over 50% of TCR-deficient Treg
cells was sufficient to disrupt normal immune homeostasis.
Importantly, we also observed strongly increased numbers of
CD4* T cells (Figure 7E), which showed an activated phenotype

as indicated by increased CD69 expression (Figure 7F). Among
the significantly expanded CD4* T cell subsets were T helper
17 (Th17) cells (Figure 7G) that are commonly connected to
autoimmunity and inflammatory disease settings and are under
strict control of regulatory T cells (Josefowicz et al., 2012).
Reduced production of IL-10 also could contribute to disease
development. In a similar experiment in RagZ"‘ mice (Figures
S7G-S7J), we did not observe differences in weight (data not
shown), likely due to lower TCR ablation efficiencies (Figure S7H).
However, TCR ablation exacerbated intestinal pathology (Fig-
ure S7l) and significantly increased numbers of splenocytes,
including CD4* T cells (Figure S7J).

In order to test conditional Treg cell TCR ablation in an auto-
immune disease setting with an unmanipulated effector T cell
compartment, we used an experimental autoimmune encepha-
lomyelitis (EAE) model (Figure 7H). Here, we transiently erased
the Foxp3* Treg cell compartment by diphtheria toxin injections
in DEREG mice and replenished the peripheral Treg cell niche
with in vitro expanded control Treg cells (Tcra™F) or Treg cells
with a tamoxifen-ablatable TCR (CD4-CreER™ Tcra™) (Fig-
ure S7K). Upon immunization with MOGass_55 in complete
Freund’s adjuvant (CFA), we found that mice that received
Treg cells whose TCR was ablated in vivo 6 days after immuniza-
tion developed more severe EAE and behaved like mice who did
not receive Treg cells after depletion of endogenous Treg cells
(Figure 71). The expansion of endogenous Treg cells, which is
typical of the DEREG model, most likely masks the effects of
TCR ablation at later time points after EAE induction. We ob-
tained similar results when a higher number of Treg cells were
transferred (Figures 7J and S7L and S7M).

Altogether, these results strongly support the notion that in
the absence of continuous TCR signaling, Treg cells lose their
ability to control normal immune homeostasis and to suppress
autoimmune reactions.

DISCUSSION

Treg cells can be broadly separated into two different subsets
in vivo. Naive, slowly cycling Treg cells and the effector subset,
which is composed of highly proliferative cells characterized
by a generally more activated state, likely due to recent auto-
antigen recognition. In line with this hypothesis, six weeks after
TCR ablation we failed to detect TCR-deficient Treg cells
expressing any of the characteristic activated or effector T cell
markers, even though initial TCR ablation in these subsets was
as efficient as in naive Treg cells. Our data thus clearly demon-
strate that effector Treg cells cannot be generated or maintained
in absence of TCR signals.

We propose that TCR-independent hypomethylation and
Foxp3 expression in conjunction with other unaffected transcrip-
tion factors largely ensure continued identity of TCR™ Treg cells.
Nevertheless, a large proportion of the Treg cell-defining gene
expression, including Foxp3-regulated genes, depended on

(E) Percentages of splenic Foxp3* Treg cells expressing IL-2, IL-10, or IFN-y upon in vitro activation with PMA and lonomycin for 5 hr. Cells were extracted from

mice and activated 6 weeks after poly(l:C) injection. Bars indicate medians.

(F) Percentages of TCR™ Treg cells of total Treg cells isolated from the gut lamina propria of Mx7-cre Tcra

Hoek,

p < 0.001; ns, not significant; one-way ANOVA.

FF mice at the indicated time points after poly(l:C)

injection (right y axis). After stimulation with PMA and lonomycin IL-10 production was assessed in TCR™ CD25™ and TCR* CD25" Foxp3* Treg cells (left y axis).
Bars indicate means + SD that were calculated from > 3 mice per time point. “p < 0.05; ns, not significant; t test. See also Figure S6.
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Figure 7. In Vivo TCR Ablation of Treg Cells Leads to Inflammation

(A-G) T cell-deficient Tcra™™ mice were reconstituted with Foxp3-I-eGFP™ naive T cells together with CD4* CD25" Treg cells from either Tcra™" control or from
CD4-CreER™ Tcra™F mice. After 3 weeks of engraftment, TCR ablation was induced through tamoxifen feeding. Twenty-four days later, animals were sacrificed
and analyzed.

(B) Body weight of the animals, normalized to the respective weight on the first day of tamoxifen treatment. Shown are means + SEM; SEM are shown for visual
clarity; *p < 0.05; t test.

(C) Weight of the indicated organs. Bars indicate medians. *p < 0.05; ns, not significant; one-way ANOVA.

(D, E, and G) Total cell numbers of (D) eosinophils (CD11¢™ CD11b* SiglecF+ SSC-A™); (E) CD4* T cells (TCRB* CD5%); (G) Th17 T cells (Ror-yt* CD4* TCRB* CD5).
Bars indicate medians. **p < 0.01; *p < 0.05; ns, not significant; one-way ANOVA.

(legend continued on next page)
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TCR signals to varying degrees. This might be explained by a dif-
ferential dependence on strictly TCR controlled transcription
factors such as Egr2, c-Maf, and c-Rel, and possibly also factors
of the NFAT family. Surprisingly, target gene analysis pointed to
IRF4 as a critical mediator of TCR-induced gene expression,
although its protein amounts were only moderately affected
by TCR loss. This indicated a critical role for TCR signals in
controlling IRF4 activity in Treg cells, directly or through its tran-
scriptional coregulators. We also found that loss of TCR signals
correlated with a reduction of mMTORC1 and mTORC2 activity in
Treg cells to an amount comparable to naive CD4* T cells.

With respect to homeostatic maintenance, TCR™ Treg cells
behaved identically to TCR™ naive CD4* T cells. In striking
contrast to memory T and NKT cells (Polic et al., 2001; Vahl
et al., 2013), TCR signals were indispensable for the proliferation
of Treg cells under steady-state conditions in vivo. In the
absence of thymic output, this nondividing pool of TCR-deficient
Treg cells was reduced to half its size in 46 days, corresponding
to a Treg cell loss of around 1.5% per day. Because directly
ex vivo isolated TCR-deficient Treg cells were as viable as
their TCR-proficient counterparts, this indicates that the decay
of TCR-deficient Treg cells in vivo was not due to enhanced
cell death but due to essentially abolished proliferation. The
protein amounts of and balance between pro- (Bim) and anti-
apoptotic (Bcl-2) proteins in TCR™ Treg cells resembled those
found in naive CD4" T cells and were markedly different from
TCR* Treg cells. Potential mechanisms for this phenomenon
are attenuated AKT and mTORC?2 signaling and/or other tran-
scriptional regulation. Upon egress from the thymus, regulation
of peripheral Treg cell homeostasis has been mainly attributed
to cytokine signaling (Setoguchi et al., 2005). Conversely, we
found that the homeostasis of TCR-deficient Treg cells was
strongly impaired even though they expressed normal amounts
of cytokine receptors for IL-2, IL-7, and IL-15 and signaled nor-
mally in response to IL-2 or IL-6 stimulation. Instead, our results
suggest that constant TCR triggering constitutes an obligate
prerequisite. It should be mentioned that in our experimental
system, Cre-mediated TCR ablation in Treg cells is not com-
plete, and therefore TCR-deficient Treg cells are competing
with TCR-expressing cells. It is possible that the homeostatic
defects of TCR-deficient Treg cells are confounded by this
competition.

Loss of individual suppressive proteins in Treg cells does not
match the dramatic phenotype of Foxp3-deficiency. Thus,
depending on the type of immune response and the location
in the body, several different suppression mechanisms are
important. Still, it is not well understood how Treg cell TCR
engagement is involved in suppression of target cells. At least
in vitro, directly ex vivo isolated Treg cells are able to suppress
without previous activation (Szymczak-Workman et al., 2009).
It has been speculated that autoantigen recognition is key to

maintain polyclonal Treg cells in an activated state, allowing
them to control various different immune responses indepen-
dently of TCR specificity (Shevach, 2009). Our data imply that
TCR signals are absolutely required for the differentiation and
maintenance of effector Treg subsets, which is critical for
effective control of overshooting autoimmune or inflammatory
responses in various disease contexts. Furthermore, in naive
Treg cells, constant TCR triggers ensure high expression of
most suppressive proteins. Treg cell TCR ablation in two in vivo
models resulted in increased clinical effects, despite the fact
that Treg cell TCR ablation remained incomplete at around
50%-70%. One possibility is that TCR™ Treg cells are unable to
suppress but still occupy homeostatic niches and thereby
impede the action of TCR* Treg cells.

In summary, our study demonstrates that Treg cells con-
tinuously receive biologically relevant signals through their auto-
reactive TCR and that these signals are essential for Treg cell
homeostasis, signature gene expression, and especially for their
suppressive functions. By ablating the TCR, we abolished MHCII
recognition and (auto-)antigenic stimulation, and it is likely that
both deficiencies contribute to varying degrees to the effects
we observe. Future studies should aim at dissecting these indi-
vidual contributions. In essence, our study solidifies the view of
the Treg cell population as a constantly TCR-activated T cell
subset whose activation is channeled into suppression through
the actions of Foxp3.

EXPERIMENTAL PROCEDURES

Genetically Modified Mice

Mx1-cre (Kihn et al., 1995), Tcra® and Tcra™ (Tera™'®9™ Polic et al., 2001),
Foxp3-1-eGFP (Bettelli et al., 2006), CD4-CreER'™ (Sledziiska et al., 2013),
Gt(ROSA)26Sor™m4ACTB-tdTomato,-EGFPILUo/ j (mT/mG; Muzumdar et al., 2007),
and CD45.1-congenic DEREG (Lahl et al., 2007) mice were all kept on a
C57BL/6 genetic background. Six- to eight-week-old Mx7-cre Tcra™® or
Tcra™F mice were given a single dose (400 ug) of poly(I:C) (Amersham). All
mice were analyzed 6 weeks later, unless otherwise indicated. Mice were
housed in specific pathogen-free animal facilities of the MPIB and the Techni-
sche Universitdt Minchen. All animal procedures were approved by the
Regierung of Oberbayern.

Flow Cytometry
Single-cell suspensions were prepared and stained with the antibodies listed
under Supplemental Experimental Procedures.

BrdU Incorporation

Mice were fed with 0.5 mg/mL BrdU (Sigma) in the drinking water for 4 con-
secutive weeks, and BrdU incorporation was measured with the BrdU Flow
Kit (BD).

Cell Sorting and Gene-Expression Analysis

TCR* (Foxp3* CD4* CD25" cells from Tcra™" Foxp3-1-eGFP mice) and TCR™
(Foxp3* TCR™ CD4* CD25" cells from Mx1-cre Tcra™" Foxp3-l-eGFP mice)
Treg cells were sorted 6 weeks after poly(l:C) injection with a FACSAria

(F) CD69 expression on CD4* T cells. Scatterplots show means of the MFls, normalized to splenic CD4* T cells of control mice. *p < 0.05; ns, not significant; one-

way ANOVA.

(H) Scheme of EAE experiment: DEREG mice were depleted of endogenous Treg cells by diphtheria toxin and then left unreconstituted (DEREG) or reconstituted
with control (Tcra™" — DEREG) or TCR ablatable CD4* CD25" Treg cells (CD4-CreER™ Tcra™F — DEREG) followed by induction of EAE.

(1and J) EAE experiment with 3 x 10° (I) or 2 x 10° (J) adoptively transferred Tcra™F or CD4-CreER™ Tcra™F CD4* CD25" Treg cells or DEREG mice that were left
unreconstituted. Mean clinical disease scores + SEM of the indicated groups (n = 6) are shown on the left. SEM is shown for visual clarity. *p < 0.05; Mann-Whitney
U test. Body weight, shown on the right, was normalized to the first measured weight of the respective animal; *p < 0.05; t test. See also Figure S7.
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(BD). Cells from three to five mice were pooled for sorting one replicate, and
four replicates for the controls as well as five replicates for the Mx7-cre
Tcra™" Foxp3-1-eGFP mice were generated. mRNA from 3-5 x 10° cells
was purified with a RNeasy Micro kit (QIAGEN), amplified, labeled, and
hybridized to Affymetrix M430 V2 microarrays (Geo: microarray data,
GSE62532). Array normalization and expression value calculation was
performed using DNA-Chip Analyzer (www.dchip.org). Heatmaps were
generated with GenePattern Software. Gene set enrichment analysis
(GSEA) was performed at http://www.broadinstitute.org/gsea/index.jsp.
RNA from sorted cells was isolated (QIAGEN) and reverse transcribed
(Promega) for qRT-PCR with Universal Probe Library probes and primers
(Roche Diagnostics).

CpG Methylation Analysis by Bisulfite Sequencing

TCR* and TCR™ Treg cells were sorted 6 weeks and 15 weeks after poly(l:C)
injection as for the gene expression analysis. Control tTreg and iTreg cells
were generated, and the CpG methylation status was analyzed, as previously
described (Ohkura et al., 2012).

In Vivo Suppression Assays

T cell-deficient Tcra™™ mice at the age of 6-8 weeks were reconstituted with
1 x 10° naive CD4* T cells (Foxp3-l-eGFP~ CD45RB™ CD257) together
with 0.25 x 10° Treg cells (CD4* CD25" CD45RB™ CD38") from either
CD4-CreER™ Tcra™" or littermate control mice. Starting 3 weeks after cell
transfer, mice were fed per os with 5 mg tamoxifen per day (Sigma) for 5
consecutive days, and their weight was monitored. Colon samples were
fixed in 4% paraformaldehyde, embedded in paraffin, sectioned, and stained
with hematoxylin and eosin. For the EAE model, endogenous DEREG CD45.1
Treg cells were depleted by injection of 500 ng diphtheria toxin (Calbiochem)
on days —2 and —1 prior to immunization and substituted by 0.3 x 10° or 2 x
10® Treg cells obtained from either CD4-CreER™ Tcra™" or littermate con-
trols. EAE was induced by s.c. immunization with 200 pg of MOG35-55
(Auspep) in CFA containing 500 pg M. tuberculosis H37Ra (Difco) plus
intravenous injection of 200 ng pertussis toxin (Sigma) on days 0 and
2 after immunization. Starting on day 5 postimmunization, mice were fed
with tamoxifen (Hexal) in ClinOleic 20% (Baxter) for 5 consecutive days
(0.15 mg/g =3 mg/mouse on day 5 and 0.10 mg/g =2 mg/mouse on the
following days). Disease progress and severity were assessed as published
(Korn et al., 2007).

Statistics

Statistical analysis of the results was performed by one-way ANOVA followed
by Tukey’s test, by Student’s t test as indicated. p values are presented in
figure legends where a statistically significant difference was found. EAE
scores between groups were analyzed as disease burden per individual day
with Mann-Whitney U test.
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Figure S1, related to Figure 1. Expression of Foxp3 protein and of Treg cell-
specifically hypomethylated genes remain stable despite TCR ablation

(A) Phenotype of TCR-deficient Treg cells. Surface TCRB and intracellular Foxp3
expression of splenic CD4" CcD25" Treg cells from the indicated mice (which did not
contain the Foxp3-I-eGFP knock-in) 2wk after poly(l:C) injection. Plots are
representative for at least 5 mice per genotype from 2 independent experiments.

(B) Extracellular Nrp1 expression on splenic Foxp3-I-eGFP* CcD25" Treg cells from
the depicted animals, 4 d or 6 wk after poly(l:C) injection. Numbers in representative
plots indicate mean percentage + SD of at least 3 mice per genotype.

(C) Intracellular Foxp3 expression of the indicated splenic T cell subsets (Treg =
Foxp3*) 6 wk after poly(l:C) injection. Median fluorescence intensities (MFIs) were
normalized to CD25" Tregcells of Tcra™ animals, then set to 1 for CD4*
conventional T cells. Numbers in representative histogram indicate means of MFls.
Means were calculated from 14 mice from at least 4 independent experiments.

(D) Foxp3-lI-eGFP expression of the indicated splenic T cell subsets 6 wk after
poly(I:C) injection. Median fluorescence intensities (MFls) were normalized to CD25"
Treg cells of Tcra™ animals, then set to 1 for CD4" conventional T cells. Numbers in
representative histogram indicate means of MFIs. Means were calculated from 16
mice from at least 5 independent experiments.

(E) Extracellular expression of the indicated markers on splenic CD4" Foxp3*
Treg cells from Mx7-cre mT/mG mice 6 wk after poly(l:C) injection. Upon Cre-
mediated recombination cells from these reporter mice switch from expressing
membrane-bound Tomato (tdTomato, mT) to membrane-bound GFP (mG). Numbers
in representative plots indicate mean percentage + SD of 4 mice. Bar charts indicate
mean percentage + SD of tdTomato-negative (mGFP-positive) cells among cells
expressing high (grey) or low (black) amounts of the respective marker.

(F) GFP expressed from the Foxp3-1-eGFP knock-in allele is plotted against TCRf
expression on splenic CD4" CD5" T cells at the indicated time points after poly(I:C)
injection. Each Dot plot is representative for at least 3 mice per time point.

(G) Ratio of intracellular Foxp3 expression of TCR™ vs. TCR" Treg cells (CD4" CD5"
Foxp3*) cells from Mx7-cre Tcra™ animals at the indicated time points after poly(l:C)
injection. Median fluorescence intensities (MFIs) were normalized to TCR" Treg cells

and plotted as % values. Bars depict means of MFls.



(H) Shown are the expression profiles of genes associated with Treg cell-specific
DNA demethylated regions whose expression is up-regulated in Treg cells compared
with conventional T cells (Morikawa et al., 2014). The mRNA expression of splenic
TCR* CD25" Treg cells from 4 Tcra™" control preparations (pooled from 3 — 5 mice
per preparation) and TCR™ CD25" Treg cells from 5 Mx1-cre Tcra™ preparations
(pooled from 3 — 5 mice per preparation), 6 wk after poly(l:C) injection, was analyzed
by Affymetrix microarray. These gene expression profiles were compared with
previously described profiles of conventional T cells (T conv), Foxp3-null Treg cells
(Foxp3~ Treg cells) and Treg cells (Foxp3* Tregs) and (expression values taken from
(Samstein et al., 2012)).
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Figure S2, related to Figure 2. Marker expression of TCR-deficient Treg cells

(A) Extracellular expression of CCR7 or CD62L on splenic Foxp3-l-.eGFP* CD25"
Treg cells from the depicted animals, 6 wk after poly(l:C) injection-induced TCR
ablation. Black numbers in representative plots indicate mean percentage + SD of at
least 6 mice per genotype from at least 2 independent experiments. Red numbers
indicate mean percentage among TCR" or TCR™ Treg cells, respectively.

(B and C) Extracellular (B) or intracellular (C) expression of the depicted markers of
the indicated splenic T cell subsets (Treg = Foxp3*), all from Mx7-cre Tcra™ animals
6 wk after poly(l:C) injection. Numbers in representative histograms indicate means
of MFls, normalized to Foxp3~ CD4" CD44" naive conventional T cells of Tcra™"
animals. Means were calculated from at least 5 mice per genotype from at least 2
independent experiments. ***, P < 0.001; **, P < 0.01; *, P < 0.05; one-way ANOVA.
(D) Extracellular expression of the indicated markers on splenic GFP* CD4" CD5"
Treg cells from Mx7-cre Tcra™" Foxp3-1-eGFP animals 4 d after poly(I:C) injection
induced TCR ablation. Numbers in representative plots indicate mean percentage
+ SD of 3 mice. Bar charts indicate mean percentage +SD of TCR™ Treg cells
(Foxp3-I-eGFP* CD4" CD5") among cells expressing high (grey) or low (black)
amounts of the respective marker.

(E-l) Decay of the indicated Treg cell lineage-specifying proteins after TCR ablation.
At the indicated time points Mx71-cre Tcra™" splenocytes were isolated, stained and
gated on CD4" CD5" Foxp3® Treg cells. Data for day 42 correspond to data shown in
Figure 2.

(E) Decay of TCRB surface expression on TCR" ° %" Traq cells at the indicated
time-points after TCR ablation. TCRB surface levels on Foxp3" TCRp'® o deficient
Treg cells were calculated relative to TCRB" Foxp3™ Treg cells in the same mice,
whose TCRp surface levels were set to 100 for each time-point. Antibody staining of
TCRP on B cells was subtracted as background staining.

(F) Percentage of TCR™ Foxp3™ Treg cells expressing the indicated levels of the
respective cell surface proteins at different time points after induced TCR ablation.
Data indicates mean percentage + SD of at least 3 mice per time point.

(G) Ratios of median fluorescent intensities (MFI) shown in %: MFI of TCR-deficient
divided by MFI of TCR* Foxp3* Treg cells x 100. Depicted are values for individual
mice (at least 3 per time point) and bars indicate means.



(H) Ratios of median fluorescent intensities (MFI) shown in % separately for CD25"
(red) and CD25" (blue) Foxp3* Treg subsets: MFI of TCR-deficient relative divided
by MFI of TCR" Treg cells x 100. Depicted are means + SD for at least 3 per time
point. Meaningful amounts of CD25"° TCR™ Treg cells could not be identified at day
42.

(I) Ratios of median fluorescent intensities (MFI) shown in %, gated on cells with high
levels of the depicted protein: relative MFI of indicated protein on TCR-deficient
divided by MFI on TCR" Foxp3™ Treg cells x 100. Depicted are values for individual
mice (at least 3 per time point) and means. This analysis shows that cells expressing
high amounts of these proteins down-regulate them over time (parallel to their
disappearance over time). Even though the proportion of CD103" TCR-deficient Treg
cells remains constant over 12 days (see F), surface levels of CD103 in this subset
decrease.

(J) Propidium iodide and Annexin V stainings of indicated TCR* and TCR™ Treg cell
subsets 6 wk after poly(l:C) injection induced TCR ablation. Black numbers represent
mean percentages + SD of at least 3 animals per genotype. Bar charts indicates
percentage of live (propidium iodide™, Annexin V) Treg cells of total Treg cells
(Foxp3-I-eGFP* CD4" CD5") at indicated time points after poly(l:C) injection. Bar

charts show mean percentage + SD of at least 3 mice per time point per genotype.
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Figure S3, related to Figure 3. Effects of TCR ablation on gene expression

(A and B) Changes in the expression of NF-kB (A) and c-Rel (B) target genes. Pie
charts show the number of detected target genes within the respective category
(white: not regulated, red: = 1.5-fold up-regulated in KO relative to WT Treg cells;
blue: < 67% of the expression in TCR" Treg cells). Heatmaps depict TCR-deficient
divided by TCR" fold-change values (Log,-transformed, = 2-fold) of significantly
regulated genes (p<0.05, t test).

(C) Analysis reports of gene set enrichment analyses
(http://www.broadinstitute.org/gseal/index.jsp) of gene expression data from
TCR-deficient and TCR-expressing CD25" Foxp3* Treg cells. Results are ranked by
normalized enrichment score (NES) and shown for family wise error rate FWER < 1
(which all also had a FDR =< 1). The following gene set collections analyses are
shown: C2 chemical and genetic perturbations (cgp v4.0, 3402 gene sets); C3
transcription factor targets (TFT v4.0, 615 gene sets); C7 immunologic signatures
(imm sig v4.0, 1910 gene sets). Highlighted in red are gene sets mentioned in the

manuscript.
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Figure S4, related to Figure 4. Treg cell homeostasis in absence of TCR input
(A) Total splenic cell counts of Foxp3~ CD4" and CD8*, naive (CD44") and memory
or effector (CD44"), as well as Foxp3* Treg cells, of the depicted animals, 6 wk or
15 wk after poly(l:C) injection. Data represents means and + SD of three independent
experiments with at least 6 mice per genotype and time point. ***, P < 0.001; one-
way ANOVA.

(B) Extracellular expression of the respective cytokine receptor subunits on splenic
Foxp3-I-eGFP* Treg cells of the depicted animals, 6 wk after poly(l:C) injection.
Numbers in representative histograms indicate means of the median fluorescence
intensities (MFls), normalized to CD4" CD44" naive conventional T cells of Tcra™"
animals. Means were calculated from at least 5 mice per genotype from at least 2

independent experiments.
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Figure S5, related to Figure 5. TCR ablation affects mTOR signals

(A, B, and F) Comparison of phosphorylation or expression of the respective proteins
in the indicated splenic T cell subsets of the indicated animals, 6 wk after poly(l:C)
injection. Numbers in representative histograms indicate means of the median
fluorescence intensities (MFIls), normalized to Foxp3~ CD4* CD44° naive
conventional T cells of Tcra™ control mice. Means were calculated from at least
5 mice per genotype from at least 2 independent experiments. Bars indicate
medians. ***, P < 0.001; one-way ANOVA.

(C) Extracellular expression of CD71 on splenic Foxp3-l-eGFP* Treg cells of the
depicted animals, 6 wk after poly(l:C) injection. Numbers in representative plots
indicate mean percentage + SD of 3 mice per genotype.

(D and G) Heatmaps depict TCR-deficient divided by TCR" fold-change values of
significantly regulated genes of the cholesterol biosynthesis (D) or FoxO1 (G)
pathways. The mRNA expression of splenic TCR* CD25" Foxp3* Treg cells from
4 Tcra™ control replicates (TCR*) and TCR™ CD25" Foxp3* Treg cells from 5 Mx1-
cre Tera™ replicates (TCR-deficient), 6 wk after poly(l:C) injection, was compared by
Affymetrix microarray. Each replicate was pooled from 3 — 5 mice. Pie charts show
the number of detected genes within the respective category (white: not regulated,
red: = 1.5-fold up-regulated in KO relative to WT Treg cells; blue: < 67% of the
expression in TCR" Treg cells).

(E) Mitochondrial reactive oxygen species production (CellRox), membrane potential
(MitoPT) and mass (MitoTracker) were analyzed by flow cytometry. Plots are
representative for at least 6 mice per genotype from at least 3 independent

experiments.
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Figure S6, related to Figure 6. Effects of TCR ablation on Treg cell suppressor
function

(A) Overview showing the expression changes of 20 suppressive markers of TCR"
vs. TCR™ Treg cells, 6 w after poly(l:C) injection, analyzed by Affymetrix microarray,
flow cytometry or gRT-PCR (blue, significantly down-regulated; red, significantly up-
regulated at P < 0.05; t test corrected for multiple testing where necessary).

(B) Intracellular IL-2, IL-10 and IFN-y expression of splenic Foxp3-l-eGFP*
Treg cells, activated in vitro with PMA and lonomycin for 5 h. Cells were extracted
from mice and activated 6 wk after poly(l:C) injection. Numbers indicate mean
percentages of TCR" or TCR™ Treg cells expressing the respective cytokine. Data
are representative for at least 4 animals per genotype.

(C) Intracellular IL-10 expression of CD4" Foxp3-l-eGFP" Treg cells after activation in
vitro with PMA and lonomycin for 1 h. Cells were isolated from the lamina propria of
the ileum or colon of Mx7-cre Tcra™ animals at the indicated time points after
poly(I:C) injection. Numbers indicate mean percentages of TCR* CD25" or TCR™
CD25" Treg cells expressing the respective cytokine. Data are representative for at

least 3 animals per time point.
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Figure S7, related to Figure 7. TCR ablation affects Treg cell function in vivo

(A) TCR ablation efficiency in Treg cells 2 d after a 5 d cycle of 3 mg/day or 5 mg/day
tamoxifen administration. Representative plots of Treg cells (CD4" CD5" CD25%)
isolated from spleens of CD4-CreER™ Tcra™ animals two days after administration
of the indicated tamoxifen dose. This gating scheme was chosen as we purified CD4"
CD5" CD25" Treg cells (> 94% Foxp3®) for the in vivo suppression experiments.
Black numbers represent mean percentage + SD of TCR-deficient Treg cells.

(B-F) T cell-deficient animals (TCRa knockout) were reconstituted with naive T cells
(Foxp3") sorted from Foxp3-l1-eGFP mice together with sorted Treg cells from either
Tcra™ control or from CD4-CreER™ Tcra™ animals. After 3 wk of engraftment,
CreER™ translocation was induced through 5 d of 5 mg/day tamoxifen feeding.

(B) Treg cell purification for the homeostasis model. Frequency of CD4" CD25" cells
from the indicated animals before and after sorting with a FACSAria Il (BD).

(C) Plots show percentages of TCR™ Foxp3® Treg cells isolated from spleen and
mesenteric lymph nodes 7 d after the last tamoxifen dose (one CD4-CreER'™ Tcra™"
mouse). TCR ablation occurs equally in CD25™ and CD25" Treg cells.

(D-F) At day 24 d animals were sacrificed and analyzed. Haematoxylin and eosin
stained colon samples of the indicated genotypes are shown in (D) with the indicated
magnification. Tera™, representative of 2 mice; CD4-CreER'™ Tcra™, representative
of 3 mice.

(E) Total cell numbers of monocytes/macrophages (CD11b* Gr1'™ SiglecF");
neutrophils (CD11b* Gr1" SiglecF"). Bars indicate medians. ns = not significant; one-
way ANOVA.

(F) Total cell numbers of Tregcells. Since naive T cells were purified from
Foxp3-1-eGFP reporter mice, pTreg cells could be identified by Foxp3-l-eGFP
expression. The number of tTreg cells was calculated by deducting the number of
pTreg cells from the number of total Foxp3™ Treg cells. Percentage indicates the
proportion of Treg cells of the total CD4" T cell pool in the respective animals.

(G-J) Rag2™~ mice were reconstituted with 0.5 x 10° FACS-purified CD4* CD45RB"
CD25™ naive T cells together with 0.2 x 10° FACS-purified CD4* CD25" CD45RB™
CD38" Treg cells from either Tcra™ control or from CD4-CreER™ Tcra™ animals.
After 3 wk of engraftment, Cre expression was induced through two 5 d cycles of 3
mg/day tamoxifen feeding interrupted by a 7 day rest period.



(G) Representative plots of FACS purified Treg cells from indicated genotypes before
and after sorting with a FACSAria lll. Plots are representative of 8 (Tcra™) and 9
(CD4-CreER™ Tcra™) animals.

(H) Representative plots show Treg cells isolated from the colon and ileum lamina
propria and spleens of Rag2”~ mice reconstituted with CD4-CreER™ Tcra™ or

control Tcra™

Treg cells 2 days after the first 5 day of 3mg/day tamoxifen cycle.
Lamina propria lymphocytes were either directly stained ex vivo or restimulated with
PMA and lonomycin for 1 h for the assessment of IL-10 production by flow cytometry.
Percentages of Foxp3® Treg cells amongst CD4 T cells and TCR™ Treg cells amongst
total Treg cells (no stimulation) and IL-10" Treg cells (restimulation with PMA and
lonomycin) are shown in dot plots. Scatter plots show the proportion of TCR-deficient
Treg cells and of IL-10 producing Treg cells in the indicated organs.

(1) Colitis scores of Rag2”~ animals 27 d after start of tamoxifen treatment with either
Tcra™ or CD4-CreER™ Tera™ Treg cells (n=7 per group). Bars indicate medians.

(J) Total cell numbers of splenocytes and CD4" T cells from indicated genotypes 27 d
after start of tamoxifen treatment. Shown are values for individual mice of the indicted
genotypes and medians. *, P < 0.05; t test. Additionally, percentages and mean
percentages of TCR™ Treg cells from spleen and lamina propria of ileum and colon
are shown in scatter plots.

(K, L) Treg cell purification for the EAE experiments. Frequency of CD4" Foxp3™ cells
of total cells from the indicated animals after (K) CD4* CD25" CD45RB™ CD38" cell
sorting on a FACSAria Il (BD; experiment shown in Fig. 71) and after (L) MACS
purification (Miltenyi Biotec, CD4" CD25" Regulatory T cell Isolation Kit, mouse;
experiment shown in Fig. 7J). Shown are representative plots of 5 animals per group.
(M) Percentage of TCR™ Treg cells (CD45.2° CD5" CD4" Foxp3*) among total
transferred CD45.2" cells, isolated from pooled spleen and lymph nodes of DEREG

mice 16 d after tamoxifen administration.



Table S1, related to Figure 3. Gene expression changes in TCR-deficient Treg
cells
Excel sheets of Affymetrix data, lists of 2- and 3-fold regulated probe sets and lists of

2- and 3-fold regulated genes.

Table S2, related to Figure 3. Gene lists used to query gene expression data
Results from gene set enrichment analyses (GSEA). Curated gene lists: Putative
Suppressors (genes implicated in Treg cell-mediated suppression), taken from
(Fontenot et al., 2005; Josefowicz et al., 2012); Treg Signature (genes defining Treg
cell lineage), taken from (Hill et al., 2007); Foxp3 Up (genes positively regulated by
Foxp3), Foxp3 down (genes repressed by Foxp3), both taken from (Zheng et al.,
2007); Egr2 (target genes of Egr2), taken from (Zheng et al., 2013); c-Rel over (Gene
affected by c-Rel overexpression), c-Rel ko (gene affected by c-Rel knockout), both
taken from (Bunting et al., 2007); NFAT (NFAT target genes), collected from (Diehn
et al., 2002; Hermann-Kleiter and Baier, 2010; Hogan et al., 2003; Macian et al.,
2001; Robbs et al., 2008; Yang and Chow, 2003); IRF4 (IRF4 target genes) collected
from (Cretney et al., 2011; Zheng et al., 2009); mTOR (genes regulated through the
mTOR pathway) taken from (Zeng et al., 2013); GATA3 Foxp3 (genes regulated by
the GATA3 and Foxp3 complex), taken from (Rudra et al., 2012); NF-kB (NF-kB
target genes), taken from (Hopewell et al., 2013); Cbfb (genes differentially regulated
in Cbfb-deficient Treg cells), taken from (Kitoh et al., 2009); FoxO1 up (genes
regulated in Treg cells expressing Foxo1AAA), Foxo1 down (genes regulated in Treg
cells lacking Foxo1) taken from (Ouyang et al., 2012); ERAD (ER-associated
degradation), UPR (unfolded protein response), both taken from Quiagen PCR array
PAMM-089Z.



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Flow Cytometry

Single-cell suspensions were prepared and stained with monoclonal antibodies:
4-1BB (17B5), Aiolos (8B2), Bcl-2 (10C4), Bcl-6 (BCL-DWN), CCR7 (4B12), CD103
(2E7), CD122 (TM-b1), CD126 (D7715A7), CD127 (A7R34), CD25 (PC61.5), CD28
(37.51), CD200 (OX90), CD38 (90), CD39 (24DMS1), CD4 (RM4-5), CD44 (IM7),
CD45RB (C363.16A), CD5 (53-7.3), CD62L (MEL-14), CD69 (H1.2-F3), CD71
(R17217), CD73 (eBioTY/11.8), CD8a (53-6.7), CD83 (Michel-17), c-Maf (symOF1),
c-Rel (1RELAHS), CTLA-4 (UC10-4B9), Egr2 (erongr2), Eomes (Dan11mag), Eos
(ESB7C2), Fas (15A7), FasL (MFL3), FolR4 (eBio12A5), Foxp3 (FJK-16s), GARP
(YGIC86), GATA-3 (TWAJ), GITR (DTA-1), Helios (22F6), ICAM-1 (YN1/1.7.4), ICOS
(7TE.17G9), IFN-y (XMG1.2), IL-2 (JES6-5H4), IL-10 (JES3-16E3), IL-15Ra
(DNT15Ra), IL-17A (17B7), IRF4 (3E4), ITGAL (M17/4), Ki-67 (SolA15), KLRG-1
(2F1), LAG-3 (eBioC9B7W), LAP (TW7-16B4), Ly6C (HK1.4), Nur77 (12.14), Ox40
(Ox86), PD-1 (J43), Ror-yt (AFKJS-9), Runx1 (RXDMC), T-bet (eBio4B10), TIGIT
(GIGD7) and TCRp (H57-597) (all from eBioscience). CD49b (HMa2) and IL-10R
(1B1.3a) were both from BioLegend, Nrp1 (AF566) was from R&D Systems, Bcl-xL
(7B2.5) from Southern Biotech and Bim (#Y36) from Epitomics.

For intracellular transcription factor stainings, cells were fixed and permeabilized with
the Foxp3 staining kit (eBioscience). For intracellular cytokine stainings, cells were
activated for 4 h with 50 nM phorbol-12-myristat-13-acetat (PMA; Sigma) and 500 nM
ionomycin (Merck Millipore), and monensin (eBioscience) was added for the last 3 h
of culture. For lamina propria lymphocytes intracellular cytokine stainings, cells were
activated for 1 h with 80 nM PMA and 1 yM ionomycin. Afterwards, cells were fixed
and permeabilized with the Cytofix/Cytoperm kit (BD).

To detect active caspases, cells were stained for 1 h with the CaspGLOW Red Active
Caspase Kit (BioVision) as recommended by the manufacturer.

For staining phosphorylated signaling proteins, lymphocytes were extracted in
serum-free buffer. After surface staining, cells were fixed with the PhosFlow Lyse/Fix
Buffer and permeabilized with the PhosFlow Perm Buffer Il (both from BD).
Afterwards, cells were stained intracellularly with antibodies against p-4E-BP1
(236B4), p-Bad (40A9), FoxO1 (L27), p-FoxO1 (#9461), mTOR (#5048, 7C10),
p-mTOR (#5536, D9C2), p-p70 S6K (#9204, T421) and p-S6 (#4851, D57.2.2E), all



from Cell Signaling, and p-AKT(T308, J1-223.371), p-AKT(S473, M89-61), p-STAT3
(pS727) and p-STATS (pY694) from BD. For secondary stainings, we used anti-
rabbit-Alexa647 from Invitrogen. For analysis of STAT3 and STAT5 phosphorylation,
cells were stimulated with IL-6 (20 ng/mL, R&D systems) for 15 and 30 min or IL-2
(10 ng/mL, Chiron Proleukin) for 5 and 15 min respectively.

To measure mitochondrial parameters, cells were stained with the CellRox,
Mitotracker (both from Invitrogen) and TMRM (ImmunoChemistry Technologies) kits
following manufacturer’'s instructions. Samples were acquired on a FACSCantoll
(BD) machine, and analyzed with FlowJo software (Treestar).

To evaluate the relative expression of regulatory T cell marker genes, the median
fluorescence intensities (MFI) of at least five mice per genotypes were calculated
with FlowJo, and the MFI for the CD4"* naive conventional (CD44"° Foxp3~ TCRp")
T cells of Tcra™ control mice was set to 1 for each set. For Foxp3, MFls were
normalized to those of CD25" control Treg cells.

Heatmaps were generated using perseus (MaxQuant software).

Colitis Scoring
Colitis scoring was performed essentially as in (Cox et al., 2012); colitis severity was

scored on a scale from 0-5, with 0 representing a normal colon and 5 severe colitis.

Isolation of Lamina Propria Lymphocytes

Isolation of lamina propria lymphocytes was performed as previously described
(Jankovic et al., 2013). Shortly, Peyer’s patches were excised from ileum (defined as
distal 1/3 of small intestine) and intestines flushed with PBS™“¥™9_1 c¢m pieces of
longitudinally opened intestines were washed and incubated with HBSS containing
2 mM EDTA, 10 mM Hepes, 10 % FCS, 1 % P/S, and 1 mM DTT. After incubation on
a shaker (250 rpm) at 37°C for 15 min, supernatant was separated via filters (100 pm
BD Falcon Cell Strainers). Next, intestines were incubated in PBS*Ca*Mg
supplemented with FCS (10%), Collagenase Il (200 u/mL; Worthington), and DNase |
(0.1 mg/mL; Roche) on a shaker at 37°C. Cells in suspension were then purified on a
40/80% Percoll gradient (Biochrom). For restimulation and FACS analysis cells were
washed two times in RPMI complete medium.



In vitro expansion of Treg cells
MACS purified Treg cells were cultured in a concentration of 0.5 x 10° cells/mL in 96

well format and in complete RPMI medium (10% FCS) supplemented with 1 ng/mL
PMA, 200 ng/mL ionomycin and 200 U/mL IL-2.
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Regulatory T (Treg) cells safeguard against
autoimmunity and overshooting inflammation. During
their development in the thymus, T cells are selected
by stronger autoantigenic T cell receptor (TCR) signals
than conventional T cells. These TCR signals are critically
important for the initiation of two key lineage defining
events, namely induction of the transcription factor Foxp3
and hypomethylation of a specific gene set. Recent studies
shed light on the role of continuous (autoreactive) TCR
signals for identity, homeostasis and functions of mature
T, cells.

Induced TCR ablation on mature T, cells only
minimally reduces Foxp3 expression [1, 2] and does
not affect hypomethylation patterns [1]. Stable Foxp3
expression was also observed in T _ cells lacking the
TCR signal transduction proteins Lck [3] or SLP-76 [4]
and upon ablation of the co-stimulatory receptor CD28
[5]. Fittingly, mature T, cells, expressing a TCR but
deprived of peripheral autoantigenic stimulation due to
lack of MHC 1II on hematopoietic cells, still express Foxp3
[6]. Therefore, once a core T, cell identity has been
established in the thymus, it is maintained independently
of peripheral TCR signals.

In contrast, the Treg cell surface phenotype and
their signature gene expression were strongly affected
by the various means of inhibiting TCR signals [1-3, 6].
However, the peripheral T, cell pool is heterogeneous in
that it consists of naive and various subsets of effector-
like Treg cells. Induced TCR ablation showed that, at least
under homeostatic conditions in healthy mice, effector-
like T, cells strictly depend on TCR signals for their
generation and/or maintenance. Attempts to distinguish
between naive and effector-like T, cells based on
CD62L/CDA44 [2] or CD25 [1] expression revealed that
both require TCR signals to maintain their characteristic
surface phenotype and gene expression, independently of
their homeostasis. Interestingly, apart from reduced levels
of TCR-activated transcription factors such as Egr2 and
c-Rel and their respective target genes, loss of TCR signals
strongly affects IRF4-controlled genes. The concept that
DNA hypomethylation ensures the expression of key T,
cell genes is supported by the reduced, but still robust
expression of CTLA-4, GITR and Eos of TCR-deficient
T, cells [1].

Both induced TCR and co-stimulatory CD28
ablation cause a decline in T, cells in the absence of
thymic T cell production, which goes hand in hand with
completely abrogated [1] or reduced [5] homeostatic

www.impactjournals.com/oncotarget

21773

proliferation, respectively. This is not due to reduced
responsiveness to homeostatic cytokines, such as IL-
2. Interestingly, T, cells deprived of MHC II contact
proliferate well in response to anti-CD3 stimulation [6]
and TCR-deficient T | cells divide when stimulated with
TCR-bypassing PMA/Ionomycm [2], indicating that these
cells do not become anergic to proliferation-inducing
signals. The protein levels of Bcl-2 and Bim are two-fold
upregulated in T, cells upon TCR loss, to the same levels
as in naive CD4 T cells [1]. However, none of the studies
reported a significant difference in survival between TCR
signaling impaired and normal T, cells in vivo, and
BrdU pulse-chase experiments suggest impaired turn-
over/proliferation, but normal survival of Lck-deficient
T.. cells [3]. Collectively, these experiments show that
TCR signal-induced proliferation forms an essential
homeostatic requirement for all T, cell subsets.

T, cells suppress immune responses through the
release of inhibitory cytokines, competition for IL-2,
access to and functional modulation of antigen presenting
cells and direct cytotoxic killing. TCR-deficient T , cells
show reduced expression of inhibitory and cytotoxic
molecules including IL-10 and Granzyme B. In addition,
the expression of proteins through which T, cells
regulate the functions of antigen presenting cells, such as
CTLA-4, NTSE/CD73, LFA-1 and NRP1, is significantly
reduced [1, 2, 6]. TCR signaling impaired T, cells fail
to efficiently suppress T cell activation and proliferation
in vitro [3-6]. Conversely, augmenting TCR signaling by
ablating the DAG-metabolizing kinase DGK( enhances
the in vitro suppression capacity [4]. Importantly, T, cells
require constant TCR signals to sustain their suppressive
abilities in vivo: MHC 1I contact-deprived T, cells fail
to control naive T cell expansion upon co-transfer [6],
TCR-deficient T, cells cannot control effector T cell
differentiation/proliferation and cytokine production in
situ [2] and induced TCR ablation limits T cell-mediated
control of colitis and EAE [1]. Therefore, TCR signals
continuously arm T, cells for suppression, in addition to
their role in their homeostasis.

Expression height of Ly-6C, which is strongly
elevated in Lck-deficient [3] and TCR-deficient [1] T
cells, appears to differentiate T cells receiving strong
TCR signals (Ly-6C-) from those that do not (Ly-6C+) [7].
Purified Ly-6C- and Ly-6C+ T, cells differed dramatically
in phenotype, gene expression and their ability to
suppress in vitro and in vivo. Accordingly, effector TI_eg
cells are exclusively Ly-6C-. However, on average half
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of the TCR-deficient T, cells lacked Ly-6C (Vahl et al.,
unpublished), showing that not all Ly-6C- T,, cells result
from continuous TCR triggering. Modern multiparameter
flow cytometry should help to further unravel the dynamic
complexities of T.. cell subsets.

In summary, we conclude that while TCR signals
are dispensable for maintaining the core T cell identity,
they are continuously fueling their homeostasis, effector
differentiation and suppressive functions.
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