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Thymus-derived Foxp3" regulatory T cells (Tregs) undergo further differentiation
in the periphery that promotes their migration into non-lymphoid tissues where
they maintain immune homeostasis. Visceral adipose tissue (VAT) Tregs are
functionally specialized tissue-resident cells that prevent obesity-associated
inflammation and preserve insulin sensitivity and glucose tolerance. VAT-Treg
development depends on the transcription factor PPARy; however, the
environmental cues required for their maintenance and for sustaining their
transcriptional signature are unknown. Here we found that interleukin (IL)-33
signaling through ST2 and Myd88 was essential for development and maintenance
of VAT-Tregs. Furthermore, the transcriptional regulators BATF and IRF4 were
necessary for VAT-Treg differentiation through directly regulating ST2 and PPARy
expression. IL-33 administration induced vigorous population expansion of VAT-
Tregs in normal mice as well as in genetically obese and high fat diet fed mice that
are characterized by reduced VAT-Treg numbers. Expansion of Tregs tightly
correlated with decrease in adipose tissue inflammation and improved metabolic
parameters. Human adipose tissue Tregs also showed high ST2 expression,
suggesting an evolutionarily conserved requirement for IL-33 in VAT-Treg

homeostasis.

Foxp3' regulatory T cells (Tregs) are critically important for maintaining immune
homeostasis and preventing lethal immune pathology. Treg differentiation and function
are controlled by the transcription factor Foxp3, and Treg deficiencies in mouse or human
result in severe systemic autoimmune pathology. This phenotype is recapitulated by the
induced ablation of either Foxp3 or Tregs in adult mice, indicating a life-long
requirement for Tregs'”. Although some Tregs can develop from conventional CD4" T
cell precursors in the periphery, the majority of Tregs develops in the thymus. Once they
have entered the periphery, thymus-derived Tregs can further differentiate and undergo
functional specialization endowing them with the ability to suppress polarized immune
responses and inflammation in non-lymphoid tissues’®. Thus, Tregs are a heterogeneous

population that shows a high degree of phenotypic and functional specialization. We and



others have discovered that Tregs undergo stimulus-specific differentiation that is
regulated by distinct transcription factors, including IRF4, T-bet, STAT3, RORtt,
GATA3 and BCL6 (reviewed in >”). For example T-bet is expressed in Tregs under Thl
inflammatory conditions and is required for their function in this particular environment’.
Similarly, Bcl6 is induced in Tregs within the germinal centre and is essential for the
development of a specialized population of follicular Tregs'®. In keeping with these
findings, specialized tissue-resident Treg populations were described recently. Similar to
Tregs that develop under polarized inflammatory conditions, Tregs resident in non-
lymphoid sites require tissue specific factors that promote their development and
function®. Visceral adipose tissue (VAT)-resident Tregs constitute one of the better-
known specialized populations of Tregs that are critically involved in preserving insulin

ege 11-1
sensitivity and glucose tolerance'' "

. VAT-Tregs express the transcription factor
Peroxisome proliferator-activated receptor gamma (PPARY), which regulates cellular
metabolism in the adipose tissue and is required for their development. The critical
importance of Treg diversification in the periphery is evidenced by the severity of
phenotypes observed in mice with Treg-specific ablation of transcription factors or

chemokine receptors required for their functional specialization (reviewed in *7).

As outlined above, several of the transcription factors essential for the development of
specialized Treg populations have been identified; however, the cytokine signals that
guide differentiation, population expansion and maintenance of specialized tissue-
resident Tregs have remained largely unknown. While interleukin (IL)-2 is required for
the development of a functional Tregs compartment and tightly regulates its size'*",
recent results suggest that cytokines other than IL-2 may be involved in regulating the
homeostasis of Treg with an effector phenotype'®. Indeed, inflammatory cytokines were
shown to contribute to the development and maintenance of specialized Treg populations.
In particular, IL-27 and IFNy induce expression of T-bet in Tregs™'’ thereby promoting
the suppression of Thl polarized immune responses. Other pro-inflammatory cytokines,
including IL-6, IL-12, and Type 1 interferons, however, impair regulatory function. Thus,
maintenance of a diverse pool of peripheral Treg cells is a dynamically regulated process

and the role of cytokines and inflammation is complex (reviewed in '®).



We have previously identified a subset of Tregs that express the transcription factor
Blimp1 and secret the immunosuppressive cytokine IL-10 (ref. '*). Blimpl-expressing
Tregs have an activated phenotype, display low amounts of L-selectin (CD62L) and
CCR7 and are referred to as effector Tregs (eTregs)’. In contrast, Blimp1-negative Tregs
express the chemokine receptor CCR7, primarily reside in lymphoid tissues and have
been termed central Tregs (cTregs)™'®. eTregs represent a minor population in the
lymphoid organs, but dominate in non-lymphoid tissues such as the lung and
gastrointestinal tract. Transfer experiments suggested that Blimpl-negative Tregs can
differentiate into Blimp1-expressing Tregs is response to TCR-stimulation and cytokine
signaling”. In conjunction with our functional data, these results suggest that Blimp]-

positive eTregs constitute the active effector stage of the Treg lineage.

To understand the differentiation of eTregs in more detail and to uncover molecules
required for their development, we have performed transcriptional profiling of cTregs and
eTregs. One of the genes specifically upregulated in eTregs was Il1rl1, encoding the IL-
33 receptor (ST2). While eTregs residing in the lymphoid organs expressed low amounts
of ST2, we found that VAT-Tregs from mouse and humans had markedly up-regulated
ST2. IL-33 was both necessary and sufficient to drive VAT-Treg proliferation in wild-
type mice and was able to rescue VAT-Treg numbers in genetically obese mice and mice
fed a high fat diet (HFD), which correlated with improved metabolic parameters. The
transcriptional regulators BATF and IRF4 were essential for the expression of ///7/] and
Pparg and were thus indispensable for VAT-Treg development. Together these data

demonstrate a critical role for IL-33 in maintaining VAT-Tregs homeostasis.

Results

Effector Tregs express genes involved in active suppression and functional
specialization

In order to uncover molecular pathways that facilitate the differentiation of
eTregs, we performed high-resolution gene expression analysis by RNA-sequencing

(RNAseq) of central and effector Treg populations sorted from spleens and lymph nodes



of BlimpI°™" reporter mice. Consistent with the notion that eTregs differentiate from
thymic derived cTreg precursors, they expressed Neuropilin 1 similar to or higher than
their cTreg counterparts® (Fig. 1a). Despite comparable expression of Foxp3, more than
2,700 transcripts were differentially expressed between eTregs and cTregs, many of
which have been shown to be important for Treg biology. Notably, transcripts encoding
molecules important for Treg function, including 1L-10, CTLA4, the cytotoxic molecule
granzyme B, the co-inhibitory molecule Tigit and the ectonucleotidase CD39 were
distinctly up-regulated in eTregs in comparison to cTreg, supporting the idea that eTregs
constitute a highly suppressive population of Tregs (Fig. 1b,c, Suppl. Fig. 1 and Suppl.
Table 1). Furthermore, we found elevated levels of transcripts encoding transcription
factors such as T-bet, GATA3, and RORyt, suggesting that eTregs had undergone
peripheral diversification and functional specialization. In line with this, eTregs showed
altered expression of transcripts encoding molecules associated with T cell activation and
terminal differentiation such as LAG-3, PD-1 and KLRGI. Finally, we found altered
expression of genes encoding chemokine receptors and adhesion molecules, including
down-regulation of Ccr7 and Sell (encoding CD62L) and up-regulation of Cxcr3, Ccro,
Ccr4 and Ccr2. Importantly, multiple genes found to be differentially expressed between
both Treg populations were confirmed on the protein level (Fig. 1d,e and Suppl. Table 2).
Consistent with this expression pattern, eTregs within lymphoid organs were
preferentially localized outside of the T cell zone (Fig. 1f-g). Thus, Blimpl® eTregs
display a distinct transcriptional profile consistent with functional differentiation and

active suppression, and localize outside of the T cell zone of lymphoid organs.

eTregs in particular in the visceral adipose tissue express the I1L-33 receptor ST2
Tregs depend on IL-2 for their survival and homeostasis. As IL-2 is
predominantly produced by T cells, our observation that eTregs primarily localized to
areas outside of the T cell zone raised the possibility that an alternative mechanism may
support eTreg survival. We therefore sought to identify cytokine receptors preferentially
expressed by eTregs. Unexpectedly, //1rl1, encoding the receptor for IL-33 (ST2), was
the most differentially expressed cytokine receptor in our analysis and was up-regulated

in eTregs (Fig. 2a,b). IL-33 has been associated with the differentiation and function of



various lymphocytes including type 2 helper T (Th2) cells, type 2 innate lymphoid cell
(ILC2), and cytotoxic T cells*'**; however, its role in Treg biology is unknown. Flow-
cytometric analysis confirmed ST2 expression on a fraction of eTregs; however, the
majority of Tregs in spleen, lymph nodes, the lamina propria of the small intestine or the
lung did not express ST2. In contrast, Tregs residing in the VAT were almost uniformly
high for ST2 (Fig. 2c,d) and its expression tightly correlated with that of known VAT-
Treg markers such as KLRG1, CCR2, Ly6C, and CD69 (ref. ) as well as PD-1 and Tigit
(Suppl. Fig. 2). Confirming the notion that VAT-Tregs adhere to the eTreg definition,
most VAT-Tregs were Blimpl" and expressed IL-10, which tightly correlated with ST2
expression (Fig. 2e,f).

ST2 and IL-33 deficient mice have severely reduced numbers of VAT-Tregs

To test if ST2 was required for the development of VAT-Tregs, we examined
Treg populations in ST2-deficient (///rlI”") mice. These mice showed no gross
alterations in lymph node and splenic Treg populations. Furthermore, the presence of
CD103" and KLRGI1" Tregs indicated that ST2 was not generally required for the
development of eTregs, which was supported by the comparable prevalence of Tregs in
the small intestine and lungs of ST2-deficient and wild-type mice (Suppl. Fig. 3a-c).
However, examination of VAT-resident lymphocytes revealed a striking reduction in
proportion and number of Tregs (Fig. 3a,b). The requirement for ST2 expression was
Treg intrinsic as mixed bone marrow chimeras, generated using congenically marked
Ly5.1 wild-type and ST2-deficient hematopoietic cells, showed a similar reduction in the
proportion of ST2-deficient Tregs (Fig. 3c). Consistent with these results, IL-33 deficient
mice showed a dramatic reduction of Tregs in the VAT but not in other tissues analyzed
(Fig. 3d, Suppl. Fig. 3e). The reduction of Tregs in the VAT was not a secondary effect
of obesity as the I[/rlI”" and IL33” mice had VAT amounts comparable to their
littermate controls and showed similar body weight at the time of analysis (Suppl. Fig.
3e). As shown previously on a BALB/c background® and in agreement with a role for
VAT Tregs in controlling metabolic parameters, ST2-deficient mice on a C57/B6
background showed impaired glucose tolerance even on a normal diet (Suppl. Fig. 3f).

Similar results were obtained from /L33 mice, which showed impaired glucose



tolerance and increased insulin resistance (Suppl. Fig. 3g,h). CD11b+CDl1lc+ VAT
macrophages were increased in the absence of I1L-33 whereas inflammatory monocytes
and CD8 T cells were unchanged (Suppl. Fig. 31). Leptin levels in IL33” mice and their
wild-type counterparts were similar, ruling out the possibility of VAT Treg reduction a
consequence of leptin deficiency (Suppl. Fig. 3j). In summary our data demonstrate a

non-redundant role of IL-33 in the development of Tregs in adipose tissue.

IL-33 induces proliferation and population expansion of VAT-Tregs in vitro and in
vivo

To directly examine how IL-33 signaling impacted on ST2" Tregs, we isolated
Tregs from the VAT, labeled them with the cell division tracker CTV and cultured them
in the presence of 1L-33 or IL-2. Both IL-2 and IL-33 induced vigorous proliferation of
Foxp3" VAT-Tregs even in the absence of T cell receptor (TCR) stimulation (Fig. 4a).
Strikingly, however, IL-33 induced proliferation was more pronounced than proliferation
induced by IL-2, and was not dependent on the production of IL-2 by other cells as it
occurred even in the presence of IL-2 blocking antibodies (Suppl. Fig. 4a,b).

IL-33 is tightly regulated by posttranslational processing and has been shown

2627 Tn agreement with this notion, we found

previously to be expressed in adipose tissue
full length and processed 1L-33 protein expressed by total VAT indicating that VAT-
Tregs have in situ access to IL-33. Amounts of IL-33 protein but not transcripts increased
with age, as did expression of ST2 on the surface of VAT-Tregs, which correlated with
an increase in their numbers (Suppl. Figs. 4c-f). To examine the effects of IL-33
signaling in vivo, we injected IL-33 or vehicle (PBS) intra-peritoneally into 8-week-old
wild-type mice that have relatively few VAT-Tregs. In parallel, we injected mice of the
same group with IL-2/anti-IL-2 monoclonal antibody complexes (IL-2c), which
selectively expand Tregs®. Similar to previous published results, IL-33 administration
resulted in a marginal increase of Tregs in the spleen® but not in small intestine and lung.
In line with our observation that ST2 and KLRGI1 were co-expressed on eTregs,
population expansion of Tregs in the spleen after IL-33 injection was restricted to the
KLRG1" fraction of eTregs. In contrast, IL-2¢ expanded Treg populations systemically
(Suppl. Fig. 4g-1). Strikingly, Treg numbers in the VAT after IL-33 administration were



increased at least 10 fold, while the extent of VAT-Treg population expansion upon IL-2¢
administration was significantly lower (Fig. 4b). The expanded Treg population in the
VAT was maintained at a high level for at least 8 days after IL-33 administration before it
contracted (Suppl. Fig. 4j).

VAT-Tregs depend on the transcription factor PPARy". Consistent with this
notion, we detected high amounts of Pparg transcripts in VAT-Tregs. Importantly, IL.-33
maintained Pparg in proliferating VAT-Tregs. While this was similar to the activity of
IL-2, IL-33 induced proliferation resulted in increased expression of Foxp3 and Gata3,
indicating that IL-33 supported the maintenance of the Treg transcriptional signature
(Fig. 4c). Collectively, these data demonstrate that VAT-Tregs are exclusively equipped
to respond to IL-33, which promotes their proliferation and maintains the Treg

transcriptional signature.

IL-33 signaling in Tregs requires Myd88

IL-33 has been shown to signal through the adaptor protein Myd88 (ref. *°);
however, the role of Myd88 in Treg development, maintenance or function has not been
studied in detail. Examination of Myd88-deficient (Myd88‘/ ") mice showed similar
proportions or only a modest reduction of Tregs in the lymph nodes and spleen, small
intestine or lungs. Furthermore, Myd88’/ " mice had similar proportions of KLRG1" Tregs,
indicating that Myd88 is not required for Treg development or eTreg differentiation.
Myd88‘/ " mice, however, lacked most Tregs in the adipose tissue (Fig. 4d,e, Suppl. Fig.
Sa-c). This was not secondary to increased obesity as both wild-type and mutant mice
showed similar body weight and VAT mass at the time of analysis (Suppl. Fig. 5d). The
requirement for Myd88 was Treg intrinsic as mixed bone marrow chimeric mice
containing congenically marked wild-type and Myd88-deficient hematopoietic cells

showed a similar reduction of Myd88'/ " Tregs specifically in the adipose tissue (Fig. 4f).

TCR-signaling induces the VAT-Treg transcriptional program
To test which signals could promote VAT-Treg development and maintenance,
we activated splenic Tregs in the presence of anti-CD3 and CD28 and various cytokines.

Activation via TCR crosslinking and co-stimulation in the presence of IL-2 induced



vigorous proliferation and expression of ST2 on a fraction of Tregs. The presence of 1L-
33 resulted in increased ST2 expression; however, incubation with other proinflammtory
cytokines such as IL-12, IL-6 and IL-4 did not (Fig. 5a and Suppl. Fig. 5¢). This was
dependent on Myd88, as Myd88-deficient Tregs, when cultured in the presence of IL-2
and IL-33, failed to express ST2 despite vigorous proliferation (Fig. 5b, Suppl. Fig. 5f).
TCR signaling also resulted in pronounced upregulation of Pparg transcripts, but
consistent with our earlier results IL-33 did not induce further upregulation (Fig. 5¢). In
line with a requirement for TCR signals for the development and maintenance of Tregs in
the adipose tissue, examination of VAT-Tregs in comparison to splenic Tregs showed
increased expression of Nur77 and low expression of TCF7, two transcription factors that
are up or down-regulated in response to TCR signaling, respectively (Fig. 5d).

Overall these data indicate that TCR crosslinking induces PPARy and ST2
expression, while IL-33 signaling results in further upregulation of ST2 expression and

population expansion of VAT-Tregs.

Batf and IRF4 are required for PPARy and ST2 expression and for the development
of VAT-Tregs

The AP-1 transcriptional regulator BATF is required for many aspects of T and B
cell function’’. BATF/JUN complexes promote DNA binding of the transcription factor
IRF4, and both factors cooperate during Th17 development and CD8" T cell effector
differentiation’*>®. BATF expression is induced by TCR signals and its activity has been
implicated in the gene expression program down-stream of IL-33 (ref. *). To test
potential roles for BATF and IRF4 in the development of VAT-Tregs we examined mice
deficient in either of these factors. Batf-deficient mice had mildly reduced proportions of
Tregs in the spleen, but strikingly, Tregs in the VAT were almost completely ablated.
Similarly, analysis of Irf4" mice revealed near absence of Tregs from the VAT, while the
numbers of Tregs in the spleen were only moderately affected (Fig. Se,f, Suppl. Fig. 6
a,b). Notably, body weight and VAT mass was similar in mutant mice and their wild-type
counterparts (Suppl. Fig. 6¢c,d). The requirement for BATF and IRF4 was Treg intrinsic

as analysis of chimeric mice containing wild-type and mutant Tregs revealed a severe



reduction of BATF and IRF4-deficient Tregs in the VAT in comparison to wild-type cells
(Suppl. Fig. 6e). Remaining Tregs in the VAT of Batf " and Irf4’/ " mice did not express
ST2, and cultured splenic Tregs from either of these mice, despite vigorous proliferation,
failed to up-regulate ST2 (Fig. 5g, Suppl. Fig. 6f-h). Similarly, IRF4-deficient Tregs
stimulated in vifro were unable to induce Pparg transcripts (Fig. Sh). Thus, both BATF
and IRF4 were required for the induction of key components of the transcriptional
program that guides VAT-Treg development.

To test if IRF4 and BATF could directly regulate Pparg and 1l/1rl]1 expression, we
interrogated our chromatin immunoprecipitation (ChIP) sequencing data based on
activated CD4" T cells™*. This revealed binding of IRF4 and BATF to intronic regions in
both genes, which contained AP-1-IRF4 composite elements (AICE)****. ChIP
experiments confirmed that IRF4 also bound to these regions in primary Tregs (Fig. 6a-
d).

Mice with a Treg-specific deletion of Irf4 develop severe autoimmunity and
succumb to disease between 6 and 8 weeks of age precluding VAT-Treg analysis (ref. **
and our own observations). To test if the expression of IRF4 was required not only for the
development of VAT-Tregs but also for their maintenance, we crossed transgenic mice
expressing Cre-recombinase under the control of granzyme B gene (GzmB) regulatory
elements to mice carrying a conditional /rf4 allele. GzmB expression within the Treg
lineage is restricted to eTregs (Suppl. Fig. 61), therefore, leading to deletion of /rf4 only
after eTreg differentiation. While the proportion of Tregs in the spleen was largely
unchanged in floxed Irf4xGzmBCre  mice, there was marked reduction of Tregs in the
VAT, and the remaining VAT-Tregs had lost ST2 and KLRG1 expression (Fig. 6e,f).
Body weight and VAT mass, however, were similar in both groups (Suppl. Fig. 6;).

In summary, VAT-Tregs require BATF and IRF4 for the induction of the VAT-
Treg differentiation program, and continuous expression of IRF4 is essential for its

maintenance.
IL-33 administration can rescue VAT-Tregs in genetically obese and HFD fed mice

VAT-Tregs can reduce obesity-associated inflammation and insulin resistance,

and genetically obese mice, such as mice deficient in leptin or its receptor, display
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severely reduced numbers of VAT-resident Tregs'"'". To test a putative link between
obesity-mediated loss of VAT-Tregs and IL-33 signaling, we examined the VAT of New
Zealand Obese (NZO) mice, which exhibit early onset of obesity and hyperglycemia®”.
While splenic Tregs were mildly reduced, VAT-Treg numbers were strongly impaired in
NZO mice compared to age and sex matched C57BL/6 mice (Fig. 7a). Furthermore,
VAT-Tregs isolated from NZO mice expressed reduced amounts of KLRG1 and ST2 that
are usually associated with VAT-Tregs (Fig. 7b). Strikingly, IL.-33 administration led to a
dramatic increase in Treg numbers in the VAT of NZO mice and induced expression of
ST2 and KLRGI usually associated with the VAT-Treg phenotype (Fig. 7c, Suppl. Fig.
7a). Notably, this was associated with a decrease in fasting glucose concentrations close
to levels observed in C57/B6 mice and improved glucose tolerance (Fig. 7d, Suppl. Fig.
7b).

We next wanted to test the activity of IL-33 in a more physiological context such
as HFD induced obesity. Similar to previous reportsil13, we observed a reduction in
VAT-Tregs in HFD mice, despite an increase of full-length and processed IL-33 protein
expression (Fig. 7e,f), suggesting that other factors contribute to the diet-induced loss of
VAT-Tregs. IL-33 administration could rectify Treg numbers, which correlated with
improved glucose tolerance both in NZO mice and mice on a HFD (Fig. 7g, Suppl. Fig.
7b,c). In addition, we observed decreases in VAT macrophages as well as
proinflammatory monocytes and CD8" T cells upon IL-33 treatment in both mouse
models (Fig. 7h, Suppl. Figs 7d,e). IL-33 administration resulted in decreases in Mcpl,
RANTES, Mipla and IL1f expression at the transcript level in the VAT of NZO and
HFD mice, which, however, in most cases did not reach significance in the period of
treatment, and it did not result in altered leptin serum levels (Suppl. Figs 7f,g). We also
observed modest reduction in the VAT mass, and decrease in the adipocyte size in mice
treated with IL-33 compared to their PBS treated controls (Suppl. Fig. 8a,b). Notably, IL-
33 did not improve insulin sensitivity in either of these mouse strains as measured by Akt
phosphorylation after insulin administration (Suppl. Fig. 8d).

IL-33 is expressed by human adipocytes and stromal cells***!

, implying that the
adipose tissue itself creates a niche for the resident Treg population to regulate glucose

and insulin homeostasis. In agreement with this notion, we found that Tregs resident in
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human adipose tissue expressed ST2, whereas Treg cells in peripheral blood did not
(Suppl. Fig. 8e). ST2 expression in human VAT Tregs suggests that the requirement for
development and maintenance of adipose tissue Tregs for IL-33 is evolutionarily

conserved.

Discussion

Tregs in the VAT constitute a relatively well-characterized population of tissue
resident cells. They are critical in preserving metabolic homeostasis by suppressing
inflammation in the adipose tissue, thereby limiting the development of obesity induced
insulin resistance'>*>. In this study, we have shown that the IL-33 receptor ST2 was
expressed at high levels on VAT-Tregs. Mice lacking either IL-33 or ST2 showed a
specific and near complete absence of Tregs in the adipose tissue. Administration of IL-
33 specifically expanded Tregs in the adipose tissue not only in wild-type mice but also
in genetically obese mice, which are characterized by hyperglycemia and drastically
reduced VAT-Treg numbers, indicating a critical role for IL-33 in maintaining Tregs
during obesity.
IL-33 is a cytokine of the IL-1 family that is particularly noted for its critical involvement

43,44

in respiratory allergy and asthma™™". It has been shown to promote the development and

function of multiple cell types, most prominently Th2 cells, ILC2 and effector CD8" T

cells?'

. IL-33 is produced by a range of different cell types, including endothelial and
myeloid cells and is released upon tissue damage®’. It has therefore been termed an
‘alarmin’ that signals inflammation and tissue damage to responsive cell populations. The
excess VAT associated with obesity constitutes a constitutively inflammatory
environment characterized by infiltration and activation of immune cells that overproduce
cytokines and chemokines (reviewed in ), Along with inflammation, obesity is also
paralleled by an increase in IL-33 production, and expression of ST2 during high-fat diet

26,40,41
64041 However, the cellular and

induced obesity and diabetes was found to be protective
molecular bases for these observations were unknown. We propose that the beneficial
effects of IL-33 are mediated through promotion of Treg expansion in the adipose tissue.

We have shown that this is paralleled by a pronounced reduction of proinflammatory

12



VAT-macrophages and monocytes and reduced numbers of CD8" T cells, thus leading to
an adipose tissue milieu that promotes glucose tolerance. Notably, 11-33 administration to
obese mice did not result in reduced insulin levels and insulin signaling in the VAT
as measured by Akt phosphorylation. Thus, it is conceivable that IL-33 by an
unknown mechanism may directly impact on insulin secretion. Obesity has been shown
to result in a loss of VAT-Tregs. As this occurs despite an increase in IL-33 protein
expression, it is likely that VAT-Treg homeostasis is impacted upon by factors that act in
addition to IL-33 during obesity development. IL-33-mediated VAT-Treg population
expansion may counterbalance low-grade inflammation until the point when IL-33
signalling becomes limiting, resulting in a loss of Tregs as well as increased tissue
inflammation and insulin resistance. Similar to IL-1, IL-33 is released during
inflammation and processed post-translationally by caspases, which alters its
biological activity”’. It is thus conceivable that active levels of IL-33 change depending
on the integrity and cytokine environment of a particular tissue. Obesity alters the
cellular composition and inflammatory parameters of adipose tissue and we show here
this results in increased protein expression and altered processing of 1L-33. Thus, it will
be interesting to examine the levels of biologically active and available IL-33 in obese
individuals.

In this study we have identified essential components of the transcriptional circuit
regulating ST2 expression and IL-33 signaling. We have found that the transcriptional
regulators IRF4 and BATF cooperate on the ///rl] gene locus to induce the expression of
ST2. In the absence of either factor ST2 expression was not detectable on Tregs and
VAT-Treg development was abolished. Interestingly, both IRF4 (as a target of the NfkB
pathway) and BATF are downstream of IL-33 signaling, suggesting that IL-33 may
promote the expression of its own receptor by maintaining high levels of IRF4 and
BATF. In support of such a model, we found that Myd88, an essential component of the
IL-33 signaling pathway, was required for the upregulation of ST2 expression on splenic
Tregs. Importantly, IL-33 not only promoted proliferation of VAT-Tregs but also
increased their expression of Foxp3 and Gata3. While maintaining Foxp3 is critical for
preventing the conversion of Tregs to autoreactive and inflammatory T cells*®", Gata3 is
necessary for Treg function*®*’. Gata3 is also essential for ST2 expression by Th2 cells,

while IL-33 itself promotes Gata3 expression and enhances IL-2 mediated Stat5
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phosphorylation in these cells™. Thus, our data suggest that a similar regulatory circuit is
active in Tregs and that IL-33 together with IL-2 is critical for preserving the identity and
regulatory function of eTreg in the adipose tissue. Notably, IL-33 is the first cytokine
identified that is essential for a specific population of tissue resident Tregs. This indicates
that Tregs not only depend on IL-2 but require other cytokines that promote population
expansion and maintenance of cellular identity in a tissue specific manner.

We have previously identified eTregs as a distinct subpopulation of Tregs that
develop from thymic Foxp3™ Tregs in response to TCR signals and inflammatory
cytokines'’. Analysis of transcriptional profiling data of eTregs and their cTreg
counterparts revealed that eTregs showed increased levels of multiple transcription
factors, including T-bet, RORyt and GATA3 that are implicated in functional
specialization of diverse conventional and regulatory T cell populations. This suggests
that Tregs in healthy steady state conditions can continuously initiate differentiation into
various subtypes of eTregs. These cells may be recruited or expanded depending on the
environmental stimulus and their anatomical localization. This model is supported by our
observation that Pparg, encoding PPARY, the transcription factor specifically required for
the development of VAT-Tregs, is upregulated in eTregs isolated from lymphoid organs,
raising the possibility that cTregs give rise to the immediate precursors of VAT-resident
Tregs. Such a model is also reinforced by our finding that TCR-signals were sufficient to
induce Pparg transcription in cTregs in vitro and by the observation that VAT-Tregs
tightly adhered to the eTreg definition, ie displaying an effector phenotype and
expressing high levels of Blimpl and IL-10. However, it remains to be tested whether
such a linear differentiation pathway from lymphoid cTregs to specialized eTregs
resident in non-lymphoid tissue indeed exists or whether the ‘fate’ of a particular Treg is
determined by TCR specificity or other signals earlier during thymic selection.
Interestingly, our data show that IRF4, which tightly integrates TCR and cytokine

1 -
35,5 is

signaling, population expansion and effector differentiation in conventional T cells
also critical for the TCR mediated up-regulation of Pparg and ST2 suggesting that IRF4
in Tregs, similar to Th17 cells®, is at the center of a regulator network that links

environmental signals with differentiation outcomes.
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Over the last few years the functional diversification and specialization of Tregs
has emerged as a critical factor in maintaining immune homeostasis in non-lymphoid
tissues. Given the deleterious effects of generalized Treg deletion or the immune
suppressive impact of increasing Treg numbers on pathogen-specific immune responses
or tumor clearance, targeting Tregs in a tissue-specific manner is of great clinical interest.
Both genetic and high fat diet induced obesity is strongly correlated to reduction in VAT
Tregs numbers. Mathis and colleagues have elegantly demonstrated that increase in VAT
inflammation, expansion of inflammatory cells and glucose intolerance as consequence
of VAT Treg reduction'’. Based on the results presented here, the IL-33/ST2 axis
emerges as a novel pathway that may allow therapeutic expansion of Tregs in adipose
tissue to prevent inflammation, insulin resistance and impaired glucose tolerance during
obesity and type 2 diabetes development. Importantly, we show that similar to the mouse
model, Tregs isolated from human adipose tissue expressed high levels of ST2,
suggesting an evolutionarily conserved requirement for IL-33 in Treg homeostasis in the
VAT. This suggests that other tissue-specific pathways may exist that can be harnessed to
target distinct Treg populations without affecting the majority of Tregs resident in

lymphoid organs or other tissues.

Experimental Procedures

Human ethics This project was approved by the Walter and Eliza Hall Human Research
Ethics Committee. Human blood and omental adipose tissue from obese participants were
collected into EDTA tubes and DME medium respectively, and processed within three

hours.

Mouse models. /L33” mice™, Myd88" mice™, NZO mice® and transgenic mice
expressing Cre-recombinase under the control of granzyme B gene (GzmB) regulatory
elements® were described previously. Batf™ mice®, 1110°"" mice®® and Foxp3®™" mice®’
were ordered from Jax, Irf4"" mice™ were from Tak Mak and Irf4"" mice® from UIf

Klein. ST2-deficient mice (//1 I’ )% were kindly provided by Dr. Kenji Nakanishi of
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Hyogo College of Medicine. All mouse lines have been maintained on a C57BL/6J
(Ly5.2) background except /L33, which is on a C57BL/6N background. For some of the
experiments they were crossed to GzmBCre™* or BlimpI®™" (ref. ®') mice. Mixed bone
marrow chimeras were generated from lethally irradiated (2 x 550R) wild-type Ly5.1
mice reconstituted with a mixture of mutant or control bone marrow (Ly5.2) and Ly5.1
bone marrow as indicated and mice were allowed 6-8 weeks to reconstitute. Mice were
maintained and used in accordance with the guidelines of the Walter and Eliza Hall
Institute Animal Ethics Committee and RIKEN animal care and use committee. If not
specified otherwise, all mice used for VAT analysis or metabolic testing in this study

were 35-39 weeks old males.

IL-33 and IL-2/anti-IL-2 complex injections. 0.5 ug of recombinant murine [L-33 in
PBS (R&D systems) was intraperitoneally injected to mice 4 times (day 0, 2, 4 and 6) and
analyzed on day 8 post injection. IL-2/anti-IL-2 complexes were made by mixing 1.5 ug
recombinant mouse IL-2 (eBioscience) with 7.5 pug monoclonal antibody to mouse IL-2
(JES6.1; produced ‘in house’) and incubating for 30 min at 37°C. Mice were injected
intraperitoneally on day 0, 1 and 2 with either IL-2/anti-IL-2 complexes or PBS as a

control and were analyzed on day 7.

Human tissue. Omental fat was collected from patients undergoing weight loss surgery
with their consent and transported to laboratory on ice. The tissue was processed as
described below for mouse adipose tissue. From the same human subjects 3 ml peripheral

blood was also collected.

Preparation of lymphocytes from the fat. Unless indicated otherwise, epididymal fat
was collected from 30-35 week old male mice, finely minced and suspended in 0.025%
collagenase Type IV (Gibco) (2ml collagenase per gram fat). The suspension was
incubated for 45 min at 37°C in a shaker. After incubation the suspension was 10 times
diluted with PBS + 2% FCS and spun at 800 g for 15 min at 4°C. The upper adipocyte
fraction was discarded and the stromal vascular fraction that has settled down was further

purified to obtain lymphocytes by Histopaque (Sigma) gradient.
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Isolation of intestinal lamina propria lymphocytes (LPL). Intestinal LPLs were
extracted from the small intestine. In brief, Peyer’s patches removed and intestines were
opened longitudinally and cut into small pieces (<5 mm). Epithelial cells and
intraepithelial lymphocytes (IEL) were removed by washing with hanks balanced salt
solution and incubating with 5 mM EDTA for 30 min at 37°C. The intestinal pieces were
washed with RPMI 10% FCS, and LPLs were isolated by digestion with 1 pg/ml DNase
(Sigma-Aldrich) and 200 pg/ml Collagenase III (Worthington) for 40 min at 37°C. The
LPL fractions were purified by 40/80% Percoll (GE Healthcare) gradient.

Antibodies and flow cytometry. Fluorochrome-conjugated antibodies directed against
the following mouse antigens were used for analysis by flow cytometry: CD4 (RM 4-5),
CD62L (MEL-14), Ly5.2 (104), CD44 (IM7), Ly-6C (AL-21), CD11b (M1/70) from BD
Pharmingen; CCR2 from R&D Biosystems; TCF1 (c6309) from Cell Signalling; ICOS
(7E-17G9), Foxp3 (FIK-16s), PD-1 (J43), CD103 (2E7), KLRG1 (2F1), CD25 (PC61.5),
Tigit (GIGD7), TCRb (H57-597), CXCR3 (CXCR3-173), Ly5.1 (A20), ST2 (RMST2-2),
Ly6C (HK1.4), GATA3 (TWAJ), CDIl1c (N418), F4/80 (BMS), CD19, CDS8 from
eBioscience. Fluorochrome-conjugated antibodies directed against the following human
antigens were used for analysis by flow cytometry: hCD25 (M-A251), hCD4 (RPA T4)
from BD Pharmingen, hST2/IL-1R4 from R&D Biosystems, hFoxp3 (206D) from
Biolegend, hCD45RA (HI 100) from eBioscience. Surface staining was done at 4°C for
30 mins. Antibody stained cells were analysed using BD FACS Canto II or BD Fortessal.

Intracellular staining. Intracellular staining was performed using eBioscience Foxp3

staining kit as per the manufacturer’s protocol.

Cell Trace Violet labeling. CTV labeling was done as described by the manufacturers
(Molecular Probes). Briefly, 1 ul of 5 mM Cell Trace Violet was added to 10 x10° in 1ml
of PBS and incubated at 37°C for 10 min with intermittent shaking. The reaction was

quenched with 10 ml of ice-cold RPMI medium.
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Enrichment of Tregs and cell culture. Home made anti-CD8 and anti-B220 (rat 1gG)
were used to deplete CD8" T cells and B cells from spleen and lymph node. Briefly, these
depleting antibodies were incubated with RBC lysed splenocytes for 30 min at 4°C.
Unbound antibody was washed and the antibody-coupled cells were incubated with
BioMag Goat Anti-Rat IgG beads (Qiagen) to deplete CDS" T cells and B cells. Anti-
CD25-biotin antibody (7D4, eBioscience) was used to positively select Tregs from the
CD8 and B cells depleted splenocytes. T cells were cultured using plate bound anti-CD3
(10 ug/ml, 145-2C11), soluble anti-CD28 (2 ug/ml, 37.51) antibodies and 100 U/ml IL-2
(R&D systems) as previously described®.

Glucose tolerance tests. 1.5 g/kg (or 1 g/kg for NZO mice) (body mass) glucose was
injected intraperitoneally to mice fasted for 8 h. Blood samples were obtained from the
tail tip at the indicated times, and blood glucose levels were measured using hand held

glucometer (Accu-Chek performa, Roche).

Western blotting. Fat tissue was homogenized in lysis buffer (HEPES, EGTA, b-
glycerophosphate, DTT, Na3VO4, glycerol, TritonX, protease inhibitor (Roche),
phosphatase inhibitor (Sigma Aldrich), NaF and PMSF), and protein concentration was
determined using the Bradford method. 20pg protein was loaded and resolved on 4-12%
gradient polyacrylamide gels (NuPAGE, life technologies), transferred to nitrocellulose
membranes (Bio-Rad), and blocked for 1h with 5% milk. Immunoblotting was performed
using the primary antibodies as specified. The following antibodies were used: anti-pAkt
(S473) (clone DIE, Cell Signaling), anti-Akt1 (c-20, Santa Cruz), and anti-mIL-33 (R&D
Systems).

RNA extraction and real time quantitative PCR. Total RNA was isolated from
epididymal fat with Qiazol reagent (Qiagen) and reverse transcribed to cDNA with the
use of random hexamers. Real-time PCR was performed using SYBER Green kit with the
primers for the genes specified, using the following primers: Pparg-F: 5'-

TCACAAGAGCTGACCCAATG-3’; Pparg-R: 5'-TGAGGCCTGTTGTAGAGCTG-3’;
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1133-F: 5’-GGTGTGGATGGGAAGAAGCTG-3’; 1133-R: 5’-
GAGGACTTTTTGTGAAGGACG-3’; GAPDH-F: 5’-
ACGGCCGCATCTTCTTGTGCA-3’; GAPDH-R: 5’-AATGGCAGCCCTGGTGACCA-
3’; Mipla-F: 5-GGAATTCACCATGAAGGTCTCCACCACTG-3’; Mipla-R: 5’-

GCGGATCCAAGACTCTCAGGCATTC-3’; RANTES-F: 5’-
GGAATTCGGGTACCATGAAGATCTC-3; RANTES-R: 5’-
GCGGATCCTAGCTCATCTCCAAATA-3’; Mcpl-F: 5’-
GGAATTCACCACCATGCAGGTCCCTGTC-3’; Mcpl-R: 5’-
GCGGATCCGAGTCACACTAGTTCACT-3’; 111b-F: 5’-

CTGCAGCTGGAGAGTGTGGAT-3’; 111b-R: 5’-GGGAACTCTGCAGACTCAAACT-
3 2

Histology. Formaldehyde fixed epididymal fat was stained using Hematoxylin and eosin
and the slides were scanned using Aperio (Leica). Adipocyte numbers and size were

calculated using Fiji (imagel).

High fat diet. Male C57BL/6 mice were fed with high calorie food (36% fat, Specialty
feeds, SF03-002) for 40 weeks.

Insulin and Leptin measurements, and HOMA-IR calculation. Serum from mice was
collected and multiplex ELISA was performed using Milliplex MAP mouse metabolic
magnetic bead panel (Millipore) as per the manufacturer’s instructions. HOMA-IR was
calculated from the fasting blood insulin and glucose values using the program
downloaded from Diabetes trials unit, University of Oxford

(https://www.dtu.ox.ac.uk/homacalculator/).

Chromatin Immunoprecipitation (ChIP). ChIP was performed following an adapted
protocol by Upstate/Millipore (Massachusetts, USA). In brief, Tregs isolated from
spleens and lymph nodes were stimulated in vitro with anti-CD3 (5 pg/ml), anti-CD28
(1.8 pg/ml) and recombinant hIL-2 (100 U/ml) for 72 h. Live cells were isolated by

Histopaque gradient centrifugation. Cross-linking was done by addition of 1%
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paraformaldehyde at room temperature for 10 min, followed by sonication and
immunoprecipitation with 10 ug of anti-IRF4 (clone sc-6059) and a corresponding goat
polyclonal-IgG control (clone sc-2028) (Santa Cruz Technologies). Primers used in ChIP
experiments were as follows: /l1rl1-F: 5'-CTGTGGAGCGAGATCATACG-3"; llIrlI-R:
5'-GCCAAGACTTGAGCTGATGA-3"; Pparg-ChIP-F: 5'-
TCATGCACTTGGTATGACAGG-3'; Pparg-ChIP-R: 5'-
TCTCCATTACCCCATCCTTG-3'.

Immunofluorescence staining. For immunohistochemical analysis, mesenteric lymph
nodes (MLNs) from C57BL/6 mice were fixed and stained as previously described®.
Before Foxp3 and Blimpl staining, formaldehyde-fixed sections were treated with
HistoVT One (Nacalai Tesque) at 70°C for 20 min for antigen retrieval. The following
primary antibodies were used for immunohistochemistry: anti-CD3e (500-A2, Beckton
Dickinson), anti-B220 (RA3-6B2, eBioscience), anti-Foxp3 (FJK-16s, eBioscience), anti-
Blimpl (6D3, eBioscience). The stained slides were examined with a Zeiss Axioplan 2
fluorescence microscope. To evaluate the location of Blimpl Foxp3" or Blimp1 Foxp3"
cells in MLNs, we randomly took pictures of microscopic fields that included B cell
follicles and T cell zones in several MLNs and checked the location of these cells
manually using these pictures. The frequency of these cells in each location (T cell zone,

B cell follicle, T-B boarder, and inter-follicular zone) is shown in pie chart.

RNA-sequencing and bioinformatic analysis. Lymphocytes were isolated from spleens
and lymph nodes of BlimpI®*" mice and enriched for Tregs using magnetic beads
coupled to an anti-CD25 antibody. Tregs were sorted to purity of typically >97% using
TCRb, CD4, CD25 and CD62L antibodies. RNA purification was performed following
the manufacturer’s protocol using the RNAeasy Plus Mini Kit (Qiagen). RNA samples
were sequenced on an [llumina Genome Analyzer, producing more than 35million 36bp
single-end reads per sample. Reads were mapped to mouse genome mm9 using
Subread®, with the minimum number of consensus reads set to two. Mapped reads were
assigned to mouse RefSeq genes using featureCounts®* and NCBI mouse annotation

build 37.2. Read counts were analyzed using Bioconductor software®. Genes were
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filtered as not expressed if they had a total read count less than five. Differential
expression analysis was performed using generalized linear models functions of the
edgeR package®, with the negative binomial dispersion set to a common value of 0.02. A
false discovery rate cut-off of 0.05 was applied. Heatmaps were generated using the
gplots package in with negative log2 RPKM values reset to zero. A gene had to have a
RPKM value of 8 or greater in at least one of the two conditions and show an expression

change of at least 2 fold to be called differentially expressed.

Statistics. If not stated otherwise an unpaired student t test was performed to test for

statistical significance; error bars denote mean = S.D. unless specified otherwise.
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Figure legends

Figure 1. Blimp1® eTregs have a distinct transcriptional profile and localize outside
of the T cell area. (a) Flow cytometric analyses of splenic Tregs from

Foxp3"*"Blimp1°™*

mice showing the proportion of Blimpl® Tregs and Neuropilin
(Nrpl) expression. (b). Scatter plot showing a comparison of normalized RNA-
sequencing (RNAseq) reads from Blimpl™ cTregs and Blimpl® eTregs. Selected
transcripts indicated show significantly higher (below the diagonal line) or lower (above
the diagonal line) expression in eTregs. (¢) Expression of genes related to Treg function
as determined by RNAseq. (d) Heat maps showing expression of transcriptional
regulators (left) and genes related to migration and adhesion (right) that are differentially
expressed between cTregs and eTregs. (e) Flow cytometric analysis of Foxp3" cells from
the peripheral lymph nodes (LNs) of Foxp3®*BlimpI°™" mice, assessed for Blimpl-
expression along with surface molecules encoded by genes differentially expressed
between cTregs and eTregs. Flow cytometric data are representative of 3-5 experiments.
(f) Immunofluorescence staining of mesenteric LN sections from C57BL/6 mice. Upper
panel shows high-magnification of section showing cells labeled with anti-Foxp3 and
anti-Blimp1 antibodies. Lower panels show low-magnification sections with CD3 (green)
demarcating the T cell zone and B220 (red) representing B cells. DAPI (blue) indicates
nuclear staining. Arrows indicate Foxp3/Blimpl double-positive cells. (g) Quantification
of cTreg and eTreg localization. The frequency of Tregs in each location (T cell zone, B

cell follicle, T-B boarder, and inter-follicular zone) is shown in pie charts.
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Figure 2. The IL-33 receptor ST2 is specifically expressed by eTregs, in particular in
the VAT. (a) Expression levels of transcripts encoding cytokine receptors extracted from
RNAseq analysis. (b) RNAseq track showing read mapping to the ///r/] gene in cTregs
and eTregs. (¢) Expression of ST2 on cTregs and eTregs. (d) ST2 expression on Tregs
from spleen and visceral adipose tissue (VAT) of a Foxp3"**Blimp1°™" mouse (left). Bar
graph (right) showing percentages of Tregs expressing ST2 in organs as indicated. Values
are means * S.D. from at least five mice. LPL - Small intestine lamina propria
]GFP

lymphocytes. (e-f) Flow cytometric analyses of Foxp3~"Blimp
Foxp3®*1110°"" (f) mice showing CD4" T cells from spleen (left) and VAT (right). Flow

(e) or
cytometric data are representative of 3-5 experiments.

Figure 3. The IL-33 receptor ST2 is required for the differentiation of VAT-Tregs.
(a) Flow cytometric analysis of CD4" T cells in the spleen and VAT of wild-type (WT)
and ST2-deficient (/11r11”") mice. (b) Quantification of Treg in the VAT of WT and
I1I711”" mice. (c) Flow cytometric analysis of Tregs in the VAT of mixed bone marrow
chimeric mice containing wild-type (Ly5.1) and ST2-deficient (Ly5.2, [1lirll 7 D)
hematopoietic cells. (d) Proportions and numbers of Treg in the VAT of WT and 1/33”
mice. Flow cytometric data in (a), (c) and (d) are representative of five to seven 35-week-

old male mice analyzed per group.

Figure 4. IL-33 induces proliferation and maintains identity of VAT-Treg. (a) Equal
numbers of purified wild-type (WT) VAT lymphocytes were labeled with the cell
division tracker Cell Trace Violet (CTV) and cultured for 3.5 days in the presence of IL-2
or IL-33 as indicated. Data are representative of three experiments. Numbers in dot plots
are percentages of Foxp3' cells. Graph (right) shows mean fold increase of Tregs at the
end of the culture. (b) In vivo expansion of VAT-Tregs upon 1L-33 administration. Flow
cytometric analysis of VAT CD4" T cells from 8-week-old male WT mice assessed for
Foxp3 and ST2 expression (left) and numbers of Tregs (right) after administration of
vehicle (PBS) or IL-33 as indicated. Symbols in graphs indicate data points for individual
mice and horizontal lines indicate means = S.D. One-way ANOVA, P<0.0001. (¢)
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Expression of Pparg transcripts (left) in VAT-Tregs cultured as indicated in comparison
to splenic Tregs, and expression of Foxp3 and GATA3 protein (right) in cultured VAT-
Tregs. (d) Flow cytometric analysis of CD4" T cells in the spleen and the VAT of wild-
type (WT) mice and Myd88’/ ". (e) Quantification of Tregs in the VAT of WT and Myd8§
" mice. (f) Representative flow cytometric plots (left) and bar graph (right) showing
percentages of WT and Myd88-deficient Foxp3™ cells in the VAT of mixed bone marrow
chimera containing WT (Ly5.1) and Myd88" (Ly5.2) hematopoietic cells. Values are

mean + S.D. from 3 mice per group. Flow cytometric plots are representative of at least 3

different experiments or at least 5 mice per genotype. ** P<0.007; *** P=0.0002.

Figure 5. TCR signals induce the VAT-Treg transcriptional program in a BATF
and IRF4 dependent manner. (a) Expression of ST2 on Tregs enriched from spleens of
wild-type (WT) and cultured in conditions as indicated for 3 days. (b) Expression of ST2
on Tregs from WT or Myd88’/ “mice cultured as in (A) in the presence of IL-2 and IL-33.
(c¢) Expression of Pparg transcripts in splenic Tregs freshly isolated or cultured as
indicated. (d) Flow cytometric analysis of CD4" T cells and Tregs isolated from the
spleen (left) or VAT. (e-f) Flow cytometric analysis of CD4" T cells (e) and numbers (f)
of Tregs in the VAT from WT, Irf4‘/ “and Batf " mice. (g) Expression of ST2 on Tregs
enriched from spleens of the indicated genotypes and cultured in conditions as in (a)
including IL-33. (h) Expression of Pparg transcripts in splenic Tregs freshly isolated
from WT or IRF4-deficient mice or cultured as indicated. Flow cytometry plots are
representative of 3-5 individual experiments. Plots in panels a, b and g derive from an
experiment with all genotypes represented. One-way ANOVA was performed for (f) and
(h), P<0.0001. P value for panel (c) *** P=0.0001.

Figure 6. IRF4 and BATF bind to the Pparg and Illrll gene loci, and continuous
IRF4 expression is required for maintaining VAT-Treg identity. (a-b) ChIP
sequencing analyses for IRF4 and BATF on activated CD4" T cells showing read
mapping and binding motif analyses for the Pparg (A) and /lirll (B) gene loci. (c-d)
ChIP analyses performed using purified activated splenic Tregs and an IRF4-specific

antibody or an IgG control. qPCR analysis of the immuno-precipitated DNA was done
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with primers specific for the intronic binding regions for IRF4 and AP1 identified in the
Pparg (c) or IlIrll (d) gene loci. (e) Flow cytometric analysis of CD4" T cells from
spleens and VAT of Irf4ﬂ/"7/szBCre+ (right) and control (left) mice. Graph shows
absolute numbers of Tregs from the VAT. (f) Phenotype of VAT-Tregs from
I}"ﬁl"l-/ﬂ/szBCre+ (blue) and control (red) mice. Symbols in graphs indicate data points

for individual mice and horizontal lines indicate means + S.D. *** P=(0.0001.

Figure 7. IL-33 administration increases VAT-Treg numbers in genetically obese
mice. (a) (a) Flow cytometric analysis of CD4" T cells from the spleen and VAT of
C57BL/6 and genetically obese NZO mice and proportions of Tregs within CD4" T cells
in spleens and VAT of mice as indicated. (b) Phenotype of VAT Tregs in C57BL/6 and
NZO mice. (¢) Numbers and phenotype of Tregs in the VAT of PBS and IL-33 treated
NZO mice. Values are mean from 5 mice per group. (d) Fasting blood glucose in
CS57BL/6 and NZO mice treated with PBS or IL-33 as indicated. (e¢) Numbers of Tregs in
the VAT of mice fed with normal or high fat diet (HFD), and HFD mice treated with IL-
33. Values are mean from 4 or 5 mice per group. (f) IL-33 protein expression analyzed by
Western Blot of adipose tissue from mice on a normal Chow diet or on a HFD as
indicated. /133" mice were used as specificity control. Loading was controlled by
detection of an unspecific band with the anti-IL-33 antibody. (g) Glucose tolerance test
for HFD mice treated with PBS or IL-33. (h) Proportion of VAT proinflammatory
monocytes, CD8 T cells and macrophages in PBS or 1L-33 treated HFD mice. Values in
d, e, g, h are means from 4-5 mice per group. Two way ANOVA test (P<0.0001) was
performed for (g) and error bars denote S.E.M.; symbols in other graphs indicate data
points for individual mice and horizontal lines indicate means + S.D. * P<0.03; **

P<0.008; *** P<0.0004.
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Supplementary Figure Legends

Suppl. Fig. 1. eTregs are a transcriptionally distinct Treg population. (a) Gating
strategy used to purify Blimpl™ cTregs (red gate) and Blimpl™ eTregs (green gate)
from pooled spleens and lymph nodes (LNs) of BlimpI ™" mice. Representative of 6
experiments. (b) Heat map showing top 100 differentially expressed genes between
cTregs and eTregs determined using likelihood ratio test. (¢) RNAseq tracks showing

the expression of Foxp3 in cTregs and eTregs.

Suppl. Fig. 2. ST2 expression correlates with other VAT-Treg markers. (a)
Expression of ST2 and other surface molecules on Treg populations in spleen and
VAT as indicated. Flow cytometric plots displaying CD4 Foxp3" cells from a 35-

week-old mouse, representative of at least three experiments.

Suppl. Fig. 3. IL-33 is specifically required for VAT-Tregs but dispensable for
other Treg populations. (a-c) Treg proportions and phenotype in selected lymphoid
(a-b) and non-lymphoid (c) organs of wild-type (WT) and 1l1rl] “ mice as indicated.
Values the means of 3-8 mice per group. LPL - Lamina propria lymphocytes of the
small intestine. (d) Treg proportions and phenotype in spleens of WT and 7/33” mice
as indicated. Values the means of 5 mice per group. (e) Weight of VAT from 35-week
old I11r11”", 1133 and WT mice. Values are mean from 8 mice per group. (f-g)
Glucose tolerance tests for 1117117 (f), 1133 (g) and corresponding control mice. The
graphs are representative of at least two independent experiments. Values are means
of 3-5 mice per group. Two way ANOVA test (P<0.0001), error bars denote S.E.M.
(h) HOMA-IR calculated for 7733 and WT mice. (i) Results of flow cytometric
analysis of 1133 and WT mice. Graphs show VAT macrophages (TCRf3-, CD11b+,
F4/80+ and CD1l1c+), pro-inflammatory monocytes (TCRB-, CD11b+ Ly6C+) and
CD8 T cells. (j) Serum leptin levels in 7/33” mice. Values are mean = S.D. **

P<0.008; * P<0.04.

Suppl. Fig. 4. IL.-33 drives proliferation of VAT-Tregs. (a-b) In vitro proliferation
of VAT-Tregs. Equal numbers of purified VAT lymphocytes from WT mice were
CTYV labeled and cultured for 3.5 days with (a) or without (b) plate bound anti-CD3,



soluble anti-CD28, cytokines, and with or without IL-2 blocking antibodies as
indicated. Bar graph shows relative numbers of Tregs at the end of the culture. Figure
representative of three experiments performed. (¢) Relative //33 transcripts levels in
the VAT of young (8 weeks) versus old (35 weeks) mice. (d) IL-33 protein expression
analyzed by Western Blot of adipose tissue from young versus old mice as indicated
on a normal Chow diet. /33" mice were used as specificity control. Loading was
controlled by detection of an unspecific band with the anti-IL-33 antibody. (e-f) ST2
expression on VAT-Tregs isolated from wild-type mice of different ages as indicated
(e) and correlation of age and VAT-Treg prevalence. Numbers are mean = S.D. of at
least 5 mice per age group. One way ANOVA for both panels, P<0.0001. (g)
Frequency of Foxp3™ cells of CD4" T cells in selected lymphoid and non-lymphoid
organs from PBS, IL-33 and IL-2/anti-IL-2 Ab complex (IL-2c¢) treated mice. Values
are the mean = S.D. from 5 mice per group. LPL - Lamina propria lymphocytes of the
small intestine. (h) ST2 expression on KLRG1™ and KLRGI Tregs. (i) Flow
cytometric analysis of splenic Foxp3” cells showing expression of KLRG1 and ST2 in
PBS (control) and IL-33 treated mice (left). Graph showing proportion of KLRG1"
cells = S.D. of total Tregs in the spleen in control and IL-33 treated mice (right). (j)
Proportion of Foxp3" cells within CD4" T cells in the VAT at different time points
post IL-33 injection. One way ANOVA, P=0.0047. Symbols indicate data points for

individual mice, values are mean = S.D. * P=0.06; ** P<(0.008; *** P<0.001.

Suppl. Fig. 5. IL-33 signaling through Myd88 is required for VAT-Treg
differentiation. (a-b) Proportion of Tregs of CD4" T cells in selected lymphoid (a)
and non-lymphoid (b) organs of wild-type (WT) and Myd88” mice. LPL - lamina
propria lymphocytes of the small intestine. (¢) Flow cytometric analysis of Tregs from
the lymph nodes (LN) of wild-type and Myd88" mice assessed for eTreg markers
ICOS and KLRGI (left), frequency of KLRG1" cells of lymph node Tregs from WT
and Myd88” mice (right). Values are mean = S.D. from 5 mice per group. (d) VAT
weight from WT and Myd88" mice. (e) Tregs enriched from spleens of wild-type
(WT) mice and cultured in the presence of plate bound anti-CD3 antibodies and
soluble anti-CD28 and cytokines as indicated for 3 days. Expression of ST2 and
Foxp3 is shown. (f) Tregs enriched from spleens of WT and Myd88" mice and
cultured in the presence of plate bound anti-CD3 antibodies and soluble anti-CD28,



IL-2 and IL-33 for 3 days. Expression of ST2 (dot plots, left) and proliferation
measured by CTV dilution. * P=0.003.

Suppl. Fig. 6. BATF and IRF4 are required for VAT-Treg development. (a-b)
Proportions of Tregs of CD4" T cells in the spleens and VAT of wild-type mice in
comparison to Batf” (b) and Irf4” (b) mice. Values are mean = S.D. from 5-7 mice
per group. (c-d) Weight of VAT (c) and body weight (d) of WT, Irf4” and Batf”
mice. Values are the means from each 6-8 mice per group (one way ANOVA). (e) Bar
graph showing proportions of WT and knock-out Foxp3™ cells as indicated from the
spleens and VAT of Ly5.1 (WT) / Batf” (left) and Ly5.1 (WT) / Irf4” peripheral
chimeric mice. (f) Flow cytometric analysis of ST2 expression on Tregs from the
VAT of mice of the indicated genotype. (g-h) MACS enriched CD4 CD25" cells
from WT (Ly5.1), Batf” (Ly5.2) and Irf4” (Ly5.2) mice as indicated were mixed as
indicated, CTV labeled and cultured in conditions that induce ST2. Flow cytometric
analysis of total Foxp3" cells. Bar graphs show the proportion of Foxp3" cells of the
indicated genotype that express ST2. Histograms (gated on Foxp3" cells) show CTV
dilution profiles. Values are mean + S.D. from 5 male 30-week-old mice per group.
(i) RNAseq track showing expression of GzmB by cTregs and eTregs. (j) Weight of
VAT from Irf#"" GzmB-Cre" and GzmB-Cre mice. Values are mean from 4 mice per

group. * P<0.03; ** P<0.006; *** P<0.0003; **** P<(0.0001

Suppl. Fig. 7. IL-33 administration can rescue VAT-Treg defects in genetically
obese and HFD mice. (a) Percentages of VAT Foxp3+ cells within the CD4
compartment from C57BL/6 and NZO mice (b) Intraperitoneal glucose tolerance test
(GTT) for NZO mice treated with PBS and IL-33. (¢) Area under curve (AUC) for
GTT performed on HFD and NZO mice as indicated. Values are mean from 4 and 5
mice per group. (d) Proportion of CD8+ T cells and VAT macrophages in the VAT of
NZO mice treated with PBS or IL-33 as indicated. (e) Representative flow cytometric
analysis of HFD mice. Plots show VAT macrophages (TCRp-, CD11b+, F4/80+ and
CD11c+) and pro-inflammatory monocytes (TCRp-, CD11b+ Ly6C+). (f) Expression
of Mcpl, Mipla, RANTES and IL1p in the VAT of HFD and NZO mice treated with
PBS or IL-33 analyzed by qPCR. Values are means + S.D. For the GTT experiments



in (b) a two way ANOVA test was performed (P<0.0001) and error bars denote
S.E.M. P values for other graphs * P<0.05; * P<0.003.

Suppl. Fig. 8. IL-33 treatment increases Treg numbers and improves metabolic
parameters in NZO and HFD mice. (a) Weight of VAT isolated from NZO and
HFD mice treated with PBS or IL-33. (b) H&E staining of VAT sections, numbers of
adipocytes per field and adipocyte sizes from PBS and IL-33 treated NZO (upper
panels) and HFD mice (lower panels) as indicated. Values are means + S.E.M. (¢)
HOMA-IR calculated from PBS or IL-33 treated NZO and HFD mice as indicated.
(d) Western blot showing Akt phosphorylation in VAT of PBS and IL-33 treated
NZO or HFD mice after intravenous insulin injection. (e) Analysis of ST2 expression
on human Tregs from peripheral blood mononuclear cells or omental fat as indicated;

representative of three samples. * P<0.02; *** P=0.0002; **** P<(0.0001.
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