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Abstract
Visceral adipose tissue (VAT) is an endocrine organ critical for energy storage

and metabolic homeostasis. It harbours a plethora of immune cells, which play
an important role in maintaining tissue homeostasis. A large body of work has
shown that type 2 immune cells including T helper (Th2) cells, type 2 innate
lymphoid cells (ILC2) and anti-inflammatory macrophages are associated with a
healthy VAT and metabolic state. On the other hand, infiltration of inflammatory
immune cells, such as CD8+ T cells, pro-inflammatory macrophages, and Tn1
cells, result in type 1 inflammation and ultimately lead to insulin resistance and
development of metabolic disease.

Foxp3+ regulatory T (Treg) cells are critical to restrain VAT inflammation and
preserve glucose tolerance. We and others have previously demonstrated that
VAT Treg cells are dependent on the adipogenesis transcription factor PPARy
and the cytokine IL-33 for their differentiation and maintenance. Further, we have
shown that VAT Treg cells display sexual dimorphism on a cellular and
transcriptional level. These differences are orchestrated by IL-33 and sex
hormones that underpin VAT inflammation and metabolic phenotype. How
precisely VAT inflammation and microenvironment shape Treg cell differentiation
and function in males and females, however, is still insufficiently known. Here we
uncover that the VAT harbours two distinct Treg cell populations, prototypical
ST2+ Treg cells, that are enriched in males and depend on IL-33 and PPARYy,
and a previously uncharacterized population of VAT Treg cells that express the
chemokine receptor CXCR3, are enriched in females and depend on the
transcription factor T-bet and cytokine IFN-y. We also reveal that the transcription
factor GATA3 promoted differentiation of ST2+ VAT Treg cells and together with
PPARYy and IL-33 repressed the differentiation of CXCR3+ Treg cells. We further
show that CXCR3+ VAT Treg cells developed from naive Treg cells in a cytokine
IFN-g dependent manner. Finally, we demonstrate that ST2+ Treg cells
controlled blood glucose levels, while CXCR3+ Treg cells limited VAT
inflammation. Overall, this study establishes the developmental trajectories of two
molecularly and functionally distinct Treg cell types in the VAT that act in a sex-

specific manner.
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Chapter 1 — Introduction

1.1 Adipose tissue

Globally obesity has risen drastically which has increased the incidence of
associated metabolic morbidities such as type 2 diabetes mellitus (T2D), kidney,
eye and liver injury among others (The Emerging Risk Factors, 2010). According
to the international diabetes foundation, in 2021 more than 537 million people
were living with diabetes worldwide, with a higher prevalence in men compared
to women. Accumulation of white adipose tissue, particularly in the visceral
region, is accompanied by increased secretion of inflammatory mediators by local
immune cells enhancing inflammation that effectively poses a higher risk for the
development of T2D and other obesity associated diseases (Cildir, Akincilar, &
Tergaonkar, 2013). Therefore, it is crucial to understand the interplay between
adipose tissue (AT), metabolism and the immune system to help design efficient
therapies to counteract obesity induced diseases.

1.1.1 Adipose tissue distribution and function

White adipose tissue (WAT) is classically regarded as the main site to store
energy in form of lipids. White adipocytes are large round cells that store lipids in
the form of triglycerides in large unilocular lipid droplets. The WAT is distributed
in discrete locations throughout the body. However, subcutaneous (SAT) and
visceral adipose tissue (VAT) depots are the most abundant in mammals and has
relevance to systemic metabolism. The most prominent SAT depots in humans
are located in the abdominal and gluteofemoral area, of which the latter is most
prominent in mice. In the peritoneal cavity, omental, mesenteric, pericardial and
retroperitoneal AT depots conform the main human VAT (Chusyd, Wang,
Huffman, & Nagy, 2016; Cinti, 2012). To explore VAT biology, most studies have
made use of rodent models. The best investigated depot in mice is the
perigonadal AT, that is also present but significantly smaller in humans. It is
located around the testes in male and along the uterus in female mice near the
intestinal tract. Since perigonadal AT is the best studied depot in rodents and the



focus in the current study, perigonadal AT will be referred to as VAT for the rest
of the study.

A clear distinction between SAT and VAT is important as they have different
impact on systemic metabolism (Galic, Oakhill, & Steinberg, 2010). SAT is
generally regarded as beneficial to systemic metabolism demonstrated by
transplantation of SAT in the peritoneum of rodents that improves metabolic
health (Tran & Kahn, 2010). Conversely, VAT is regarded as deleterious,
corroborated by VAT lipectomy that has the same effect as SAT transplantation
(Gabriely et al., 2002; Lu et al., 2012; Muzumdar et al., 2008). Typically, SAT
expands through hyperplasia (cell proliferation) whereas VAT expands through
hypertrophy (cell size increase). This might be a contributing factor as hyperplasia
prevents cell death, inflammation and metabolic dysfunction in the former (Q. A.
Wang, Tao, Gupta, & Scherer, 2013). Increased resistance to adipocyte cell
death and differential release of adipokines are potential factors that contribute
to these opposing functions in metabolism (Clegg, Brown, Woods, & Benoit,
2006; Karastergiou et al., 2013; Manolopoulos, Karpe, & Frayn, 2010; Murano et
al., 2008; Tran, Yamamoto, Gesta, & Kahn, 2008; Woods, 2003).

Adipokines are referred to as a group of molecules, secreted by adipocytes or
other cells within the AT. To this group belong hormones such as leptin and
adiponectin, that have opposing roles in nutrition and fatty acid homeostasis
(Kautzky-Willer, Harreiter, & Pacini, 2016), and inflammatory cytokines such as
interleukin (IL)1-B, IL-6 and tumour necrosis factor (TNF). Adipokines exert their
function by targeting neural pathways, local adipocytes, adipocyte progenitors,
endothelial cells and local immune cells (E. D. Rosen & Spiegelman, 2014). They
have a significant impact on metabolic health since systemic adipokine levels rise
with increasing fat mass, ultimately leading to metabolic dysfunction (Fontana,
Eagon, Truijillo, Scherer, & Klein, 2007).

Adipocytes also have a high degree of plasticity. Apart from white adipocytes,
most mammals have brown adipocytes that have different function compared to
white adipocytes. Adipocytes can differentiate and de-differentiate between
brown and white state (Vitali et al., 2012). As opposed to white adipocytes, brown

adipocytes are smaller polygonal cells that store lipids in multiple droplets



(Giordano, Frontini, & Cinti, 2016). Reports have shown that brown adipocytes
are found together with white adipocytes in most depots and are not used as
energy reservoirs but rather serve to dissipate energy in the form of heat
(Morrison, Madden, & Tupone, 2014). This is mediated via uncoupling protein-1
(UCP1) which is uniquely found in mitochondria of adipocytes with thermogenic
function (Vitali et al., 2012). In response to cold exposure or caloric restriction,
thermogenesis is induced in UCP1-expressing cells. They are regarded as
beneficial for metabolic health. Studies have shown that obesity resistant mice
have up to five times more brown adipocytes than obesity prone mice (Vitali et
al., 2012).

Thus, the relationship between metabolism and AT is complex as multiple factors
such as location, inflammation and adipocyte composition affect it. A large body
of work has demonstrated that most of these factors show sex-specific
differences in mouse and human which in turn influences their metabolic

phenotype.

1.1.2 Sexual divergence in the VAT

Sexual differences in general adipose tissue biology and metabolism have been
described in various studies. Inherent sexual/hormonal differences affect AT
distribution and size. Women have higher adiposity that mainly collects in SAT
depots around the gluteofemoral region. In contrast, men tend to accumulate VAT
which is deleterious to metabolism with increasing size (Arnetz, Rajamand
Ekberg, & Alvarsson, 2014; Fuente-Martin, Argente-Arizon, Ros, Argente, &
Chowen, 2013a; Karastergiou, Smith, Greenberg, & Fried, 2012; Kautzky-Willer
et al., 2016; Mauvais-Jarvis, Clegg, & Hevener, 2013).

Accordingly, incidence of T2D is higher in males compared to females suggesting
the importance of sex-specific factors in development of metabolic disease.
Indeed, AT distribution is considered an important factor to predict susceptibility
to develop T2D. Obese individuals with gynoid (female-like) obesity, have lower
risk to develop T2D and are considered metabolically healthy, as opposed to
individuals with android (man-like) obesity independent of their sex (Arnetz et al.,



2014; Fuente-Martin, Argente-Arizon, Ros, Argente, & Chowen, 2013b; Jensen,
Haymond, Rizza, Cryer, & Miles, 1989; Karastergiou et al., 2012; Kautzky-Willer
et al., 2016; Koster et al., 2010; Manolopoulos et al., 2010; Mauvais-Jarvis et al.,
2013; White & Tchoukalova, 2014; Woods, 2003). This is also concordant with
an increased occurrence of T2D in older individuals since redistribution of AT,
more specifically depletion of SAT and accumulation of VAT are hallmarks of
ageing in rodents and humans (Tchkonia et al., 2010).

Furthermore, hormones play a significant role in regulating adipose tissue
formation and distribution. Estradiol can suppress food intake as shown in women
that eat significantly less when estradiol levels peak during the menstrual cycle
(Palmer & Clegg, 2015). The distinct function and distribution of estrogen
receptors (ER) a and 8 also plays a role in adiposity. ERa functions to reduce
adiposity through lipolysis while ERB opposes that function (Gavin, Cooper,
Raymer, & Hickner, 2013; Lindberg et al., 2002; Tramunt et al., 2020). In line with
this notion, ERa/ERf ratio is higher in female VAT compared to SAT to prevent
AT accumulation in the former. Since ERa expression is relatively low in the VAT
of males, they lack this protective mechanism (Davis et al., 2013; Gavin, Cooper,
& Hickner, 2013). In agreement with this notion, conditions that result in severe
hormonal imbalance including obesity, menopause or androgen deprivation
therapy, contribute to accumulation of VAT and development of metabolic
disease (Camhi et al., 2011; Goodman-Gruen & Barrett-Connor, 1996; Varghese,
Griffin, & Singer, 2017). This is supported by studies that linked hormone
expression and signalling to metabolic health. Multiple studies have shown that
estrogens protect against adiposity, dampen inflammatory signalling and improve
insulin activity (Brussaard et al., 1997; Evans, Eckert, Lai, Adelman, & Harnish,
2001; C. C. Lee, Kasa-Vubu, & Supiano, 2003; Ribas et al., 2010; Sun, Keller,
Stebler, & Ershler, 1998). Furthermore, estrogen receptor a and 3 activation
directly impacts cellular metabolism (J.-Q. Chen, Cammarata, Baines, & Yager,
2009) and also regulates the expression of glucose intake receptor Glut4 and
Peroxisome proliferator activated receptor (PPAR)y (Ruegg et al.,, 2011; H.
Zhang, Chen, & Sairam, 2012) which has protective effects on metabolic health
in both sexes (Heine, Taylor, Iwamoto, Lubahn, & Cooke, 2000; Ribas et al.,



2010; Smith et al., 1994). Androgen signalling however appears to act in a sex-
specific manner to regulate metabolic health. Androgen administration positively
impacts insulin sensitivity in male but induces the opposite effects in female AT
(Corbould, 2007; Varlamov et al., 2012). Furthermore, females with higher
androgen levels have heightened body weight (Elbers, Asscheman, Seidell,
Megens, & Gooren, 1997), whereas men with lower testosterone levels, in part
due to accelerated conversion of testosterone to oestradiol (aromatization), have
an increased risk to develop T2D (Ding, Song, Malik, & Liu, 2006; Kautzky-Willer
et al., 2016). Additionally, AT specific depletion of the androgen receptor prevents
male mice from becoming obese (Macotela, Boucher, Tran, & Kahn, 2009;
Varlamov et al., 2012).

Intact adipocytes, advantageous AT distribution and anti-inflammatory
microenvironment are therefore crucial for a healthy metabolism. Although
adipocytes can produce adipokines and contribute to VAT inflammation, it is
mainly local immune cells that shape the inflammatory environment by secretion
of high levels of cytokines. The non-adipocyte part of the VAT stromovascular
fraction (SVF) is composed of multiple cell types including mesenchymal stromal
cells, endothelial cells, and immune cells. Crosstalk between these cell types
determines the function of VAT and therefore central to preserve systemic

metabolism.

1.1.3 VAT inflammation and immunity in health and disease

In lean mice the VAT is characterized by type 2 inflammation with a
predominance of T (helper) Tu2 cells, innate lymphoid cell (ILC)2 and anti-
inflammatory macrophages (Diane Mathis, 2013; Shu, Benoist, & Mathis, 2012).
Cytokines associated with type 2 inflammation include IL-4, IL-5 and IL-13 that
are largely produced by Th2 cells and ILC2 (Licona-Limén, Kim, Palm, & Flavell,
2013). Furthermore, lean VAT is enriched in regulatory T (Treg) cells, which are
potent suppressors of inflammation (Markus Feuerer et al., 2009). Increase in AT
mass, particularly in VAT, is accompanied by increased adipokine secretion

which induces sustained low-grade inflammation in VAT, and effectively poses a



higher risk for the development of T2D and other obesity associated diseases
(Cildir et al., 2013; Xu et al., 2003).

The type 2 environment reigning in lean subjects switches to a type 1
inflammatory phenotype by infiltration and expansion of pro-inflammatory
macrophages, neutrophils, ILC1, B cells, Th1 and CD8+ T cells (Boulenouar et
al., 2017; DeFuria et al., 2013; Ferrante, 2013; Michael J.; Kraakman et al., 2015;
Carey N. Lumeng, Bodzin, & Saltiel, 2007; C. N. Lumeng, Deyoung, Bodzin, &
Saltiel, 2007; O’Sullivan et al., 2016; Osborn & Olefsky, 2012; Weisberg et al.,
2003; Xu et al., 2003). Pro-inflammatory macrophages form crown-like structures
around dead adipocytes marking the exacerbation of inflammation in VAT
(Murano et al., 2008; Weisberg et al., 2003). Macrophages and obese AT also
secrete pro-inflammatory cytokines including, interferon (IFN), TNF, monocyte
chemoattractant protein (MCP)-1, Rantes, macrophage inflammatory protein
(MIP)-1a and IL1-B which accelerate further recruitment of inflammatory immune
cells and causing chronic inflammation. This results in increased kinase activity
and inhibitory phosphorylation of insulin receptor substrate (IRS) proteins
ultimately leading to the development of insulin resistance (DeFronzo et al.,
2015). If left untreated, T2D can lead to microvascular complications (retinopathy
and nephropathy), development of hypertension and a higher risk of
cardiovascular diseases.

Prevention and treatment of T2D include weight loss and exercise or
administration of drugs that aid in managing insulin availability and sensitivity
such as metformin (DeFronzo et al., 2015). To increase insulin sensitivity more
recent treatment approaches have used pioglitazone and rosiglitazone, two
strong activators of PPARYy, a transcription factor that has been in the focus of
the VAT Treg cell field and the present thesis (DeFronzo et al., 2015, Feuerer et
al., 2009). Furthermore, obesity induced inflammation in the VAT could be
reverted by administration of IL-33 (M. Feuerer et al., 2009; M. J. Kraakman et
al., 2015; A. Vasanthakumar et al., 2015; Ajithkumar Vasanthakumar et al.,
2015). Increase in Tu1/Tw2 and Tu1/Treg cell ratio (Tw1/Tw2 switch) also
contributes to insulin resistance and metabolic dysfunction (Markus Feuerer et
al., 2009; C. N. Lumeng et al., 2007). This is referred to as the Ty1/TH2 paradigm



in obesity which has implications in human pathology (Winer et al., 2009). IFN-y,
a key player downstream of T box expressed in T cells (T-bet), is directly
implicated in VAT inflammation (Stolarczyk et al., 2013). IFN-y dysregulates
insulin signalling, represses adipocyte differentiation and directly promotes pro-
inflammatory macrophage differentiation. Conversely, depletion of IFN-y in obese
mice results in improved insulin sensitivity and glucose tolerance (McGillicuddy
et al., 2009; O'Rourke et al., 2012; Rocha et al., 2008; Wong et al., 2011). In
humans, analyses of VAT T cells in obese individuals have shown that they
display a Th1/Tu17 skewed phenotype with elevated IFN-y and IL1-B production
which may impact insulin sensitivity (Bertola et al., 2012; Dalmas et al., 2014,
loan-Facsinay et al., 2013).

Despite the complications lymphocytes cause during obesity, they are crucial to
maintain metabolic health as demonstrated by experiments with Rag2” mice that
do not have B or T cells. These mice show increased weight gain and insulin
resistance highlighting the importance of adaptive immune cells, including VAT
Treg cells, in metabolic regulation (Cipolletta et al., 2012; Markus Feuerer et al.,
2009; Stolarczyk et al., 2013; Winer et al., 2009). Dissecting the molecular
mechanisms and environmental cues that regulate Treg cell development,

differentiation, maintenance and function in the VAT is therefore crucial.

1.2 Regulatory T cells

Treg cells have been described more than 30 years ago as cells of adaptive
immune system that limit immune cell activity (S. Sakaguchi, Fukuma,
Kuribayashi, & Masuda, 1985; S. Sakaguchi, Sakaguchi, Asano, Itoh, & Toda,
1995). This specialized CD4+ T cell lineage makes up 10-20% of the CD4+ T cell
population in lymphoid tissues and is dependent on the expression of the master
regulator forkhead box P3 (Foxp3) (Fontenot, Gavin, & Rudensky, 2003; Hill et
al., 2007; Hori, Nomura, & Sakaguchi, 2003; Josefowicz, Lu, & Rudensky, 2012).
The Foxp3 gene is located in the X chromosome and is essential for Treg cell
stability and function (Derry et al., 1995; Schubert, Jeffery, Zhang, Ramsdell, &

Ziegler, 2001). Disruption of Foxp3 protein expression results in fatal



lymphoproliferative disorder and IPEX (Immunodysregulation
polyendocrinopathy enteropathy X-linked) syndrome in mice and human,
respectively (Bennett et al., 2001; Brunkow et al., 2001).

1.2.1 Treg cell function

Treg cells have a crucial function in inhibition of immune response through
various mechanisms. Expressing the high affinity IL-2 receptor a chain (CD25),
Treg cells are efficient in sequestering IL-2 and making it unavailable to Tconv
cells, which require IL-2 for expansion during immune responses (Shimon
Sakaguchi, Yamaguchi, Nomura, & Ono, 2008; Tang & Bluestone, 2008; Teh,
Vasanthakumar, & Kallies, 2015; James B. Wing & Sakaguchi, 2012). Other
mechanisms include secretion of anti-inflammatory cytokine IL-10, and receptor-
mediated inhibition through cytotoxic T-lymphocyte-associated protein 4 (CTLA-
4). In an inflammatory environment, Treg cells express high levels of CD39 and
CD73 which are membrane-bound enzymes that convert extracellular ATP to
immunosuppressive adenosine (Borsellino et al., 2007).

Therefore, mutations in Foxp3 or ablation of Treg cells results in fatal
autoimmunity underpinning their importance in mice and human (Ohkura,
Kitagawa, & Sakaguchi, 2013).

1.2.2 Treg cell development and differentiation

There are two main pathways for Treg cell generation. Thymic-derived (t)Treg
cells are directly generated in the thymus which contributes to immune tolerance.
Alternatively, CD4+Foxp3- conventional T(conv) cells in peripheral organs can
differentiate into peripheral (p)Treg cells upon T cell receptor (TCR) stimulation
and co-stimulatory signals from IL-2 and transforming growth factor (TGF)-8.

Functionally, Treg cells could be grouped as central (cTreg) and effector Treg
(eTreq) cells based on their activation status and localization. cTreg cells express
high levels of lymphoid homing receptors, such as CD62L (L-selectin) and

chemokine receptor CCR7 and display a naive phenotype (Liston & Gray, 2014;



Smigiel et al., 2014). When activated by TCR signaling, cTreg cells undergo
differentiation process by down-regulating CD62L and CCR7 and upregulation of
the activation marker CD44 to become eTreg cells. This differentiation process is
underpinned by unique transcriptional changes that reflects in the unique
phenotype of eTreg cells. Compared to their cTreg cell counterparts, eTreg cells
display a distinct effector phenotype characterized by the expression of
glucocorticoid-induced tumor necrosis factor receptor (GITR), killer-cell lectin like
receptor G1 (KLRG1), Tigit, inducible T cell co-stimulator (ICOS), and IL-10 (E.
Cretney et al., 2011; Panduro, Benoist, & Mathis, 2016; Vasanthakumar et al.,
2017; A. Vasanthakumar et al., 2015; J. M. Weiss et al., 2012). This differentiation
program is driven by TCR induced transcription factors interferon regulatory
factor 4 (IRF4) and Batf, which are also critical for the homeostasis of eTreg cells
in non-lymphoid organs (Erika Cretney, Kallies, & Nutt, 2013b; E. Cretney et al.,
2011).

1.2.3 Treg cell diversity and plasticity

Treg cells reside in a wide variety of lymphoid and non-lymphoid tissues. To be
able to populate unique tissue niches, Treg cells employ tissue specific
mechanisms that facilitate their migration and residency. Inflammation also
impacts the identity of Treg cells and compromises their function. Treg cell
differentiation follows a multi-step change of the transcriptional profile allowing
Treg cells to divert into various subsets if the microenvironment provides the
appropriate cues. Studies focused on Treg cells in peripheral tissues such as
skin, liver and colon have shown how Treg cells adjust their transcriptional
signature in a tissue-specific manner (M. Delacher et al., 2020; Michael Delacher
et al., 2017; C. Li, A. R. Munoz-Rojas, et al., 2021; Miragaia et al., 2019).
Unpublished results in our lab have also demonstrated a progressive evolution of
naive cTreg cells to eTreg cells is mediated via Blimp1. Furthermore, there is
increasing evidence of Treg cells co-opting T helper T cell specific transcriptional
machinery to suppress cognate T helper subsets (Th1, Th2, Tu17 etc.) These
additional layers of Treg cell specialization increase their precision in
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immunosuppression and confer on them non-canonical functions (Munoz-Rojas
& Mathis, 2021; Shi & Chi, 2019).

Under conditions of excessive inflammation, Treg cells gain an activated and
often pathogenic memory phenotype and lose Foxp3 expression and suppressive
functions, which may be restored once inflammation recedes (Bin Dhuban,
Kornete, Mason, & Piccirillo, 2014; Zhou et al., 2009). Several reports have
shown this phenomenon and Treg cell mediated pro-inflammatory cytokine
production in mice and human with inflammatory diseases such as psoriasis,
rheumatoid arthritis and inflammatory bowel disease (Hovhannisyan, Treatman,
Littman, & Mayer, 2011; Komatsu et al., 2009; Voo et al., 2009; X. O. Yang et al.,
2008). However, this model is disputable as Treg cells have reported to expand
in scenarios of increased inflammation such as chronic infection and serve as
targets for drugs in tumor immunotherapy (Belkaid & Tarbell, 2009; Hu et al.,
2021; McHugh et al., 2002; Piconese, Valzasina, & Colombo, 2008; Punkosdy et
al., 2011).

1.2.3.1 Treg cells adapt to specific inflammatory milieus

Differentiation of Tn cells requires TCR and CD28 co-stimulation. Ty cell fate
decision, however, depends on tertiary signals including cytokines. Tu1 cells are
essential for immune responses against intracellular pathogens and do so by
assisting or ‘helping’ CD8+ T cells and innate immune cells. Th2 cells are involved
in immune responses against parasitic infections, required for humoral immunity
and drive allergic inflammatory responses in different tissues (Burzyn, Benoist, &
Mathis, 2013; Chaudhry & Rudensky, 2013; Erika Cretney et al., 2013b).

At the molecular level Tu1 cells require interleukin (IL)-12 and/or IFN-y, to induce
transcriptional reprogramming mediated by transcription factor T-bet. T-bet
stabilizes Th1 commitment and is required for efficient CD8+ cytotoxic T cell
(CTL) responses. It does so by directly promoting the expression of chemokine
receptor CXCR3, IFN-y, perforin and Granzyme B (Gzmb) (Glimcher, Townsend,
Sullivan, & Lord, 2004; Lord et al., 2005; B. M. Sullivan, Juedes, Szabo, Von
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Herrath, & Glimcher, 2003; Szabo et al., 2000; Szabo, Sullivan, Peng, &
Glimcher, 2003). Simultaneously, it represses GATA-3 and Retinoid orphan
receptor (ROR)yt function directly, thereby inhibiting Th2 and Tu17 commitment,
respectively (Hwang, Szabo, Schwartzberg, & Glimcher, 2005; Lazarevic et al.,
2011). Ablation of T-bet arrests CTL formation, affects natural killer (NK) and NKT
cell formation, dampens IFN-y production and increases levels of type 2 cytokine
IL-4 and anti-inflammatory cytokine IL-10 (Glimcher et al., 2004; B. M. Sullivan et
al., 2003; Townsend et al., 2004). Mice deficient for T-bet are less susceptible to
type 1 autoimmunity driven diseases such as inflammatory bowel disease, Type
1 diabetes (T1D), arthritis and systemic lupus erythematosus (Lazarevic et al.,
2011). Conversely, these mice are more susceptible to spontaneous allergic
inflammation due to dysregulated type 2 cytokine expression (Finotto et al., 2002;
Szabo et al., 2003). Treg cells can also acquire a Tu1-like phenotype. Studies
have shown the existence of CXCR3, IFN-y and T-bet expressing Treg cells in
various tissues (Koch et al., 2009; Tan, Mathis, & Benoist, 2016; Yu, Sharma,
Edwards, Feigenbaum, & Zhu, 2015). These Treg cells either differentiate during
homeostatic conditions or in response to infections or tumours (Colbeck et al.,
2015). Importantly, T-bet and CXCR3 expression gradually increase across the
Treg cell population supporting the heterogenous nature of Treg cells (Levine et
al., 2017).

The zinc finger transcription factor GATA-3 is crucial for early T cell development,
ILC2 development and, along with IL-4, Th2 commitment (Ting, Olson, Barton, &
Leiden, 1996; Yamamoto et al., 1990; D.-H. Zhang, Cohn, Ray, Bottomly, & Ray,
1997; W.-P. Zheng & Flavell, 1997). Furthermore, it is also essential for CD8+ T
cell survival, proliferation and Treg cell function (Rudra et al., 2012; Yunqgi Wang,
Maureen, & Yisong, 2011; Y. Wang et al., 2013). GATA-3 is activated
downstream of the TCR, inducing its nuclear localization to regulate the
expression of various molecules that include IL-10, IL-20, IL-4, CCRS5 and ST2
(Jones & Flavell, 2005; Kanhere et al., 2012; Wei et al., 2011). GATA-3 also
suppresses T-bet mediated IFN-y production and dampens the expression of
signal transducer and activator of transcription (STAT) 4 and I1L12-R subunit, both
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important for Ty1 induction (Ouyang et al., 1998; Usui et al., 2006). GATA-3 is
also important for the activation and function of ILC2s during allergic inflammation
such as asthma. Together with T2 cells, ILC2s produce high amounts of IL-5
and IL-13 that amplify asthmatic allergic inflammation (Kleinjan et al., 2014). Tn2-
specific Treg cells are therefore essential to restrict excessive type 2
inflammation. These are characterized by increased GATAS, IRF4, IL-4 and IL-
13 expression (Jin, Park, Elly, & Liu, 2013; Krishnamoorthy et al., 2012; Noval
Rivas et al., 2015; Rudra et al., 2012). IRF4 in this case has a dual function: it
suppresses pro-inflammatory Th2 gene expression while also forming a complex
with Foxp3 to drive eTreg cell differentiation (Levine, Arvey, Jin, & Rudensky,
2014; Vasanthakumar et al., 2017; Y. Zheng et al., 2009).

In human blood, Treg cells with Ty1- and Tnh2-like properties have also been
reported mostly sustaining Helios and CTLA-4 expression and their suppressive
function (Duhen, Duhen, Lanzavecchia, Sallusto, & Campbell, 2012; Halim et al.,
2017). In autoimmune diseases and cancer, these Treg cell types are found in
peripheral tissues (J. B. Wing, Tanaka, & Sakaguchi, 2019). Thus, the study of
tissue Treg cells is crucial as they serve as potential targets for immunotherapy.

1.2.3.2 Tissue Treg cells

Treg cells are found in most organs, but enriched in barrier organs such as the
skin and gut as well as the VAT. Non-lymphoid tissues are predominantly
populated by eTreg cells and only very few if any cTreg cells (Erika Cretney et
al., 2013b; E. Cretney et al., 2011). In these tissues, eTreg cells help to maintain
homeostasis by preventing autoimmune reactions, assisting in tissue repair and
assuming tissue specific functions (Burzyn et al., 2013; Erika Cretney, Kallies, &
Nutt, 2013a; Teh et al., 2015). The maintenance of the effector phenotype is
crucial to perform these functions. Indeed, Treg cell specific ablation of IRF4,
which is important for eTreg formation, results in fatal autoimmunity within a few
months due to lower expression of IL-10, ICOS and Granzyme B resulting in
exacerbated IL-4 and IL-5 production and tissue inflammation (Chensue et al.,
2001; Ho, Lo, & Glimcher, 1998; Lohning et al., 1998; Y. Zheng et al., 2009).
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Furthermore, IL-33 can induce GATA-3 expression in Treg cells in skin, gut, lung
and VAT, maintain Foxp3 and CD25 expression (Cayrol & Girard, 2018; Schiering
et al., 2014; Wohlfert et al., 2011). Several studies have shown that Treg cells in
tissues share a common gene signature. For example, Treg cells residing in the
VAT, skin, liver, lung, gut and skeletal muscle express GATA3, c-Maf, IL-10, ST2,
KLRG1 and amphiregulin (Areg) (Michael Delacher et al., 2017; Wilson Kuswanto
et al., 2016; Miragaia et al., 2019; Ohnmacht et al., 2015; Wohlfert et al., 2011).
While all tissue Treg cells share a core transcriptional signature, Treg cells in
distinct tissues express unique molecules specific to the tissue

microenvironment.

Skin
As a barrier tissue, an adequate Treg cell response against infection, injury and

allergy is crucial to reduce skin damage. Skin resident Treg cells express high
levels of arginase 2 (Arg2), which they use to enhance cellular metabolism (Lowe
et al., 2019). Additionally, they are characterized by expression of signaling
molecule Jagged 1 and require proenkephalin, an opioid precursor, as well as
Amphiregulin to maintain tissue homeostasis (Ali et al., 2017; Shime et al., 2020).
Skin Treg cells are essential to suppress profibrotic immune responses and
restrain allergic inflammation via RORa expression (Kalekar et al., 2019;
Malhotra, 2018).

Gut
The intestinal tract is another barrier organ that offers a large contact area with

food, commensal and pathogenic bacteria and is therefore a highly
immunologically active organ. In colon and small intestine (SI), there are two Treg
cell subtypes that can be distinguished based on the expression of GATA3 and
RORyt transcription factors, which are mutually exclusive (Wohlfert et al., 2011).
Commensal microbiota induce RORyt+ pTreg cell differentiation in the Sl and
colon. This happens through microbial-derived short-chain fatty acids (SCFA),
retinoic acid, IL-6, IL-23, TGFB and microbial antigen presentation by local
dendritic cells (DC) (Nutsch et al., 2016; Ohnmacht et al., 2015). RORyt+ Treg
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cells are essential to suppress IL-17 and IFN-y expression and thereby control
inflammation (Sefik et al., 2015). RORyt+ Treg cells are mostly located in the
colon while most of Treg cells in the Sl are RORyt- (Atarashi et al., 2011; Geuking
etal., 2011; B. H. Yang et al., 2016). In the SI, RORyt+ Treg cell induction mainly
depends on dietary antigens such as retinoic acid, which is converted from
Vitamin A (Coombes et al., 2007; Jaensson-Gyllenback et al., 2011; Kang, Lim,
Andrisani, Broxmeyer, & Kim, 2007; K. Kim et al., 2016).

In contrast, GATA3+ tTreg cells are independent from microbiota and are the
main population in germ free mice (Geuking et al., 2011). IL-33 promotes
accumulation and function of GATA3+ Treg cells that express high levels of
KLRG1 and CD103 and are important for tissue repair (Ohnmacht et al., 2015;
Schiering et al., 2014). Previous reports have shown that Neuropilin 1 (Nrp1) and
Helios are expressed in GATA3+ tTreg cells and therefore can be utilised as
additional markers for discrimination (Thornton et al., 2010; J. Weiss et al., 2012).

Lung
In the airways, type 2 inflammation is typically responsible for allergic

inflammation and asthma (Kleinjan et al., 2014; Morita et al., 2015). Accordingly,
Treg cells in the lung display high GATA3 expression along with surface
expression of KLRG1 and ST2. Furthermore, a subset of CD103" Treg cells is
instrumental to prevent Tconv mediated fibrosis in lung in response to fungal

infection (Ichikawa et al., 2019)

Other tissues
Transcriptional analysis of pancreatic Treg cells showed increased T-bet and

CXCR3 expression enabling them to suppress type 1 inflammation (Tan et al.,
2016). Occurrence of CXCR3+/T-bet+ Treg cells have also been reported in the
intestinal lamina propria, lung and brain (Koch et al., 2009; McPherson, Turner,
Mair, O'Connor, & Anderton, 2015; Yu et al., 2015).The central nervous system
(CNS) itself is devoid of Treg cells under homeostatic conditions. Upon injury,
Treg cells are recruited which express the typical ‘tissue Treg’ cell markers
(GATA3, ST2, KLRG1 and Areg) but also show elevated expression of PPARy
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and the serotonin receptor 5-HT7 (Ito et al., 2019; Korn et al., 2007). Furthermore,
these Treg cells also secrete CCN3, a growth regulatory protein that promotes
tissue regeneration, remyelination and tissue repair in the brain (Dombrowski et
al., 2017).Overall, the functional specialization of Treg cells within different
tissues is accompanied by their differentiation and adaptation to the local
environment. As mentioned previously, this is also important for Treg cells found
in the VAT.

1.3 VAT Treg cells

1.3.1 VAT Treg cell phenotype and function

Treg cells are enriched (up to 50% of CD4 T cells) in the VAT where they restrain
inflammation and maintain local and systemic metabolic health (J. R. DiSpirito &
D. Mathis, 2015; D. Kolodin et al., 2015; D. Mathis, 2013; A. Vasanthakumar et
al., 2015). Apart from the effector markers such as IL-10, KLRG1, ICOS and PD-
1, murine VAT Treg cells also express CCR2 and ST2 which are required for
migration and IL-33 signalling, respectively (Sagar P. Bapat et al., 2015;
Cipolletta et al., 2012; E. Cretney et al., 2011; A. Vasanthakumar et al., 2015).
Recent reports also have shown that VAT Treg cells express
hydroxyprostaglandin dehydrogenase (HPGD), which catabolizes prostaglandin
E> (PGE>) into 15-keto PGE_, to suppress Tconv activity, which is dependent on
PPARy (Schmidleithner et al., 2019). Despite displaying a very different
phenotype, VAT Treg cells maintain a specific core eTreg-signature (CTLA-4,
GITR, CD44 etc.) and are functional in T cell suppression assays (Markus
Feuerer et al., 2009). In line with stimulus-specific differentiation theory, VAT Treg
cells acquire a Th2-like phenotype through expression of GATA-3 which is
enriched in VAT but not splenic Treg cells (Sagar P. Bapat et al., 2015; Cipolletta,
Cohen, Spiegelman, Benoist, & Mathis, 2015; Cipolletta et al., 2012; Han et al.,
2015). Previous studies have demonstrated that VAT Treg cells have very low T-
bet and IFN-y expression, while VAT Tconv cells display a strong Th1 polarization
and high TNF production (Markus Feuerer et al., 2009).
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1.3.2 VAT Treg cell regulation

VAT Treg cells are dependent on IRF4, basic leucine zipper ATF-like transcription
factor (BATF) and IL-33 for differentiation and survival (M. Feuerer et al., 2009;
A. Vasanthakumar et al., 2015; Y. Zheng et al., 2009). The latter is a nuclear
cytokine from the IL-1 family that can regulate gene expression or act as an
alarmin when released to elicit immune responses and assist in tissue repair
(Cayrol & Girard, 2018; Liew, Girard, & Turnquist, 2016). IL-33 can promote Th2,
ILC2 and cytotoxic T cell differentiation and is particularly found in peripheral
tissues (Bonilla et al., 2012; Licona-Limén et al., 2013; Ari B. Molofsky et al.,
2013; Moro et al., 2010; Schmitz et al., 2005). Within tissues, it is abundantly
expressed by endothelial, epithelial and mesenchymal cells in homeostatic and
inflammatory conditions (Spallanzani et al., 2019). Our recent study has shown
that IL-33 is produced exclusively by gp38+ mesenchymal stromal cells (MSCs)
in the VAT in a sex-specific manner (Vasanthakumar et al., 2020). Sex hormones
regulate the differentiation of these specialized MSCs, which play a pivotal role
in maintaining VAT homeostasis and insulin sensitivity by promoting the survival
and expansion of local anti-inflammatory ILC2 and VAT Treg cells (Brestoff et
al., 2015; Burzyn et al., 2013; Jackson-Jones et al., 2016; W. Kuswanto et al.,
2016; Nishimura et al., 2013; A. Vasanthakumar et al., 2015). In keeping with
this, IL-33 administration is sufficient to expand VAT Treg cells and ILC2 (in vivo
and in vitro) and notably revert glucose intolerance in genetic and diet induced
obese/diabetic mouse models (Brestoff et al., 2015; Han et al., 2015; D. Kolodin
et al., 2015; W. Kuswanto et al., 2016; Miller et al., 2010; Moro et al., 2010; A.
Vasanthakumar et al., 2015). The mechanism by which IL-33 rescues the obese
phenotype might not only rely on VAT Treg cell expansion but also on direct
changes of the transcriptional signature of VAT Treg cells.

VAT Treg cells acquire their tissue specific signature in part by expressing
PPARYy, which is the master regulator of adipogenesis, a potent promotor of
systemic insulin sensitivity and expressed in other VAT resident immune cells
(Cipolletta et al., 2012; Odegaard et al., 2007; E. D. S. Rosen, B. M., 2013).
Indeed, the dependence of VAT Treg cells on PPARy has been demonstrated
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using Pparg™Foxp3°*® mice, that lack PPARy only in Treg cells. Treg cell
populations in these mice are depleted in the VAT but not the spleen (Cipolletta
et al., 2012).
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Figure 1 | Molecular and cellular mediators of VAT inflammation. Lean
adipose tissue is enriched in immune cells that contribute to a Th2-dominant
environment, including Treg cells, Th2 cells, yd T cells, M2 macrophages, ILC2s,
NKT cells and eosinophils whose activity has anti-inflammatory effects and are
crucial in preserving insulin sensitivity. Also non-immune cells such as PDGFRa+
mesenchymal stromal cells contribute to immune suppression in the adipose
tissue. Hormones, IL17-A and TNF promote differentiation and IL-33 production
by stromal cells which is pivotal for ILC2 and Treg cell maintenance, survival, and
activation. Obesity impairs this fine-tuned environment through recruitment of
inflammatory immune cells that includes CD8+ T cells, ILC1s, B cells, Tu1 cells,
NK cells and M1 macrophages. This effect is mediated at least in part by hypoxic
and ER stress signals, as well as inflammatory chemokines and cytokines.

1.3.3 VAT Treg cell precursors

Despite the thorough investigation of VAT Treg cells over the past decade, only
recently the search for a VAT Treg cell precursor has intensified. Li and
colleagues identified a subpopulation of splenic eTreg cells that display marginal
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PPARYy expression and upon adoptive transfer populate the VAT among other
tissues, to become ST2+ VAT Treg cells (C. Li et al., 2018; C. Li, A. R. Munoz-
Rojas, et al., 2021). A different study showed that Treg cells undergo step-wise
transcriptional changes from naive (Nfil3-KLRG1-), over intermediate
(Nfil3+KLRG1-) to eTreg cells (Nfil3+KLRG1+), of which the latter are capable to
populate the VAT, skin, colon among other tissues (M. Delacher et al., 2020).
Additionally, our group has shown that VAT Treg cell precursors in the spleen
constitute a population of Blimp1+KLRG1+ Treg cells that migrate to the VAT in
a CCR2-CCL2 dependent manner (Vasanthakumar et al., 2020). Thus, according
to the current model, Treg cells are derived from splenic precursors and can be
characterized as Nfil3+KLRG1+Blimp1+PPARY" Treg cells.

1.3.4 VAT Treg cell in humans and obesity

Previous studies have indirectly shown the presence of Treg cells in human
adipose through mRNA expression of Foxp3 (Sagar P. Bapat et al., 2015; Eller
et al., 2011; Markus Feuerer et al., 2009). In obese human subjects, Treg cells
from the omental fat express high levels of ST2 and display an activated
CD25+CD69+ phenotype (Deiuliis et al., 2011; Travers, Motta, Betts, Bouloumié,
& Thompson, 2015; Wouters et al., 2017), unlike their counterparts found in
blood. Therefore, tissue specific VAT Treg cells potentially also play a role in
humans and potentially serve as therapeutic targets to treat diabetes and
metabolic disease.

Several studies have shown that Treg cell are significantly depleted during
obesity (Cipolletta et al., 2012; M. Feuerer et al., 2009; Man, Kallies, &
Vasanthakumar, 2022). Additionally, obesity induces changes in the VAT Treg
transcriptional signature (levels of Ccr2, Il1rl1, Kirg1, Gata3 and Pparg)
(Cipolletta et al., 2015; A. Vasanthakumar et al., 2015). This would suggest a
change in local inflammatory environment considering the ability of eTreg cells to
mirror the type of immune response they are suppressing. However, their role in

obesity and its associated morbidities have remained controversial (S. P. Bapat
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et al., 2015; Beppu et al., 2021; Cipolletta et al., 2012; M. Feuerer et al., 2009;
Man et al., 2022; Wu et al., 2020)

1.4 Study Aims

Previous research has shown the importance of Treg cells in regulating VAT
homeostasis and metabolic function. However, most studies have focused on the
PPARy-dependent ST2+ population of VAT Treg cells that are abundant in
males. Our recent publication laid the groundwork for this study by revealing
sexual dimorphism in VAT Treg cells that is driven by distinct VAT
microenvironment in females and males.
The current project aims to integrate multiple aspects of VAT biology in order to
thoroughly understand the cellular and molecular differences between male and
female VAT Treg cells. Furthermore, this project aims to assess the impact of
inflammation on VAT Treg cells and vice versa and define mechanisms that drive
dietary and sexual differences in VAT immunity and systemic metabolism.
Specific aims of the present study were:
1. To understand the molecular mechanisms that dictate VAT Treg cell
differentiation and maintenance.
2. To characterize VAT inflammation in males and females and assess the
impact on VAT immunity and metabolism.
3. To determine how diet and age influences VAT Treg cell composition and

inflammation in males and females
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Chapter 2 — Material & Methods

2.1 Buffers and Media

Type 1 ultrapure water
Distilled water further filtered using a Milli-Q Gradient A10 unit, to a final

resistance above 1.2 MQ at 25 °C. Hereafter ‘Milli-Q water’ .

Red cell removal buffer (RCRB)
155.8 g NH4Cl, 0.74 g ethylenediaminetetraacetic acid (EDTA)-disodium salt and
20 g NaHCOs dissolved in Milli-Q water and adjusted to pH 7.3.

Fluorescence-activated cells sorting (FACS) buffer
Phosphate buffered saline (PBS) was supplemented with 0.1 % bovine serum
albumin (BSA).

Magnetic-activated cell sorting (MACS) buffer
FACS buffer was supplemented with 2 mM EDTA.

T cell medium

Iscove’s modified Dulbecco’s medium (gibco) was supplemented with 1 x non-
essential amino acids (Sigma), 1 mM sodium pyruvate, 10 mM HEPES (Sigma),
2 mM L-glutamine, 50 pyg/ml gentamycin (Sigma), 50 mM B-mercaptoethanol
(Sigma), and 10 % fetal calf serum (FCS) and sterile filtered.

Hanks 2% FCS
Hanks balanced salt sodium (HBSS) with glucose, no calcium and no magnesium
(Gibco) was supplemented with 2 % FCS.

Fat digestion buffer
2 mg/ml Collagenase IV (Gibco) in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco).
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Gut digestion buffer

1 pg/ml DNAse1 (Roche), 200ug/ml Dispase (Gibco), 1.4 mg/ml Collagenase Il
(Worthington) and 10 % heat-inactivated FCS in Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco).

2.2 Animal Models

2.2.1 Mice

Mice were maintained in the Biological Resources facility (BRF) of the Peter
Doherty Institute in accordance with the guidelines of the University of Melbourne
Animal Ethics Committee.

Table 1 shows details on the origin and location of different mouse strains.

Table 1 | Mouse strains used in this study:

Mouse strain Location Source

Blimp 1Foxp3Cre PDI Prdm1™" (Jax stock #008100) were
from Jax

Foxp3PTR PDI Jax (Jax stock #016958)

11337 PDI Obtained from Susumi Nakae
(Oboki et al., 2010)

Foxp3°® (Ly5.1) PDI Foxp3°® mice(Jax stock # 016959)
mice were from Jax

Gata3foxp3cre PDI Gata3"" (Jax stock # 028103) were
obtained from Monash University

HobitTom®re PDI

Ifnar2” PDI

Ifng” PDI Strugnell  Group (Jax  stock
#002287)

IfngeYFP PDI Strugnell  Group (Jax  stock

#017581)
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Pparg"Foxp3°¢re PDI Pparg™ (Jax stock # 004584) mice
were from Jax

RAG1” PDI ARC (Jax stock # 002216)

REX3 WEHI

Sirt1Foxp3Cre PDI

i1 PDI

Tbx217" PDI

Tbx21Foxp3Cre PDI Tbx21"% (Jax stock #022741) were
from WEHI

Tbx217sGreen WEHI Obtained from Joanna Groom,
originally from Jinfang Zhu, NIAD
(Zhu et al., 2012)

TgfbRIIFoxp3Cre PDI

Gata3"" Prdm1"" Tbx21"" and Pparg™" mice were intercrossed with Foxp3°¢™®

(Jax stock #016959) mice. Possible germline deletion was tested for by

genotyping (data not shown). All mouse lines were maintained on a C57BL/6J
(Ly5.2) background, except //337"~, which is on a C57BL/6N background. Mice

were analyzed at 25-30 weeks of age unless specified.

2.2.2 Bone marrow reconstitution of chimeric mice

Mixed bone marrow chimeras were generated from lethally irradiated (2 doses of

550Rad each) Ly5.1xLy5.2 F1, Rag2” or Ly5.1 mice reconstituted with a mixture

of mutant or control F1, Ly5.1 or Ly5.2 bone marrow as indicated and allowed to

reconstitute for a minimum of 6 weeks. Irradiated mice were provided with

ampicillin (Sigma) supplemented drinking water.
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2.2.3 Adoptive transfer

Rag1-/- mice were injected intraperitoneally (i.p.) with 10 million purified splenic
CD4+ T cells from a mixture of mutant or control Ly5.1 and Ly5.2 mice. Mice were
analysed six- or 16-weeks post-transfer.

2.2.4 High-fat diet (HFD)

Mice were kept on standard diet from weaning till 6-12 weeks of age. High fat diet
(SF14-154, 45 or 60 % energy from fat) replaced standard chow for up to 25
weeks. The diet is produced by Specialty Feeds Pty Ltd.

2.2.5 Treg cell recovery

To achieve punctual depletion of Treg cells, Foxp3DTR mice were injected
intraperitoneally with diphtheria toxin (DT, 50 ug/kg) and analysed 3-, 10- and 30-
days post-injection.

2.2.6 IL-33 treatment

0.5 pg of recombinant murine IL-33 in PBS (R&D systems) were intraperitoneally
injected to mice in a maximum 200 pl volume every second day for a total of up
to 4 times.

2.2.7 Glucose Tolerance Test

Mice were fast overnight for a period of 6-7 hours. Mice were weighed and a very
small nick at the tip of the tail made with scissors. This involved removing the very
tip of the tail (<1 mm). 1-2 drops of blood (10 ul) will be collected. Then, 1.75-2
g/kg glucose was given by intraperitoneal injection with a 26G or 27.5G needle
(this dose is achieved by delivering 10uL per g body weight of a 175 g-200g/I
solution in PBS) and repeated tail vein samples of 10 ul were collected from the
tail after 15, 30, 60, 120 minutes. This was done without making any further
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incisions but rather by gently squeezing the tip of the tail. After the last bleed,
mice were killed by CO2 inhalation, or rested and allowed to recover. If the
glucose tolerance test needs to be repeated, or if an insulin tolerance test needs
to be performed, a second sequence of bleeds may be taken 7-14 days after the
first bleeds from the tail.

2.2.8 Metabolic Cages

To measure food intake, water intake, activity, oxygen consumption and carbon
dioxide production in individual mice over a 48 hour period we used the
Promethion Metabolic System from Sable (Nevada, USA).

Mice from PDI were placed in a clean mouse cage with food pellets and gel for
hydration. The box was placed in 2 paper bags, which allows adequate ventilation
and protects the mice from exposure to pathogens while outside the building.
Bagged mice were transported with a trolley across Grattan Street to the BSAF
in the Medical Building. There the mice were transferred to the facility’s own group
housing cages (same caging system as PDI, but without automatic watering) and
allowed to acclimatize for at least a week. In their new home cages the mice were
brought into a surgery room within the BSAF (W936) in the Medical Building. One
by one, mice were weighed and transferred into Promethion cages with food,
water and bedding. Mice were housed individually in the Promethion for a period
of 2.5 days. This is the minimal time required for accurate assessment of energy
expenditure, food intake and activity. The first 12 hours is to allow acclimation of
the mouse to the new cage, and the subsequent 48 hour period is required in
order to obtain stable values and differentiate between energy expenditure, food

intake and activity during night (active) time and day (resting) time.

2.2.9 Body Composition Analysis

To measure the fat mass, lean mass and free liquid composition of an awake
mouse a Bruker LF50 MiniSpec scanner was used. The MiniSpec uses Time

Domain Nuclear Magnetic Resonance (TD-NMR) to measure body composition
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(fat mass, lean mass and free fluid) in conscious mice without the need of
anaesthesia.

The mouse in its home cage will be brought into a surgery room within the BSAF
(W905) and acclimatized for at least 15 minutes. After acclimatization the mouse
will be gently guided into the restrainer and the plunger locked behind it.
Restriction is achieved by lowering the plunger until the mouse is confined to the
‘frosted’ section of the tube.

After the mouse is confined, the restrainer is inserted into the MiniSpec and the
scan is initiated automatically. The scan is completed after approximately 2
minutes upon which the restrainer is removed, and the mouse placed back into

its original cage.

2.3 Procedures for cellular immunology

2.3.1 Processing explanted organs for lymphocyte isolation and/or
analysis

Spleens, lymph nodes and lungs were dissociated to single cell suspensions by
being gently worked through a 70 um filter (Falcon) using the end of a syringe
plunger in the presence of PBS. Erythrocytes were lysed from spleens by
resuspension in 1 ml of RCRB and incubation for 3 minutes at room temperature
(rt) and washed with FACS buffer.

To isolate lamina propria lymphocytes, guts were flushed with chilled PBS and
kept moist with Hanks 2 % FCS while Peyer’'s patches were manually removed.
Gut tissue was cut into 3-5 mm pieces and washed twice by vortexing in PBS.
Gut pieces were transferred into 20 ml Hanks 2% FCS with 5 mM EDTA,
vortexed, and incubated shaking (230 rpm) at 37 °C for 40 minutes, vortexed
before, at 20 minutes of, and after incubation. Supernatant and gut pieces were
transferred through a 70 ym strainer and 30 ml Hanks 2% FCS added to
neutralize digestive enzymes.

To isolate lymphocytes from VAT, tissue was placed in a 10 mm petri dish and
minced into small pieces with a scalpel in 1 ml fat digestion buffer. Residual fat
pieces were washed with 2-4 ml (based on VAT weight) digestion medium. All
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minced tissue as transferred to a 50 ml tube (Falcon) and incubated shaking (180
rpom) at 37 °C for 50 minutes. After incubation tube was topped up to 40 ml with
ice-cold FACS buffer and vortexed for 15s until well mixed. Samples were
centrifuged at 800 x g for 15 min at 4 °C, supernatant discarded and resuspended
in RCRB and incubated for one minute at rt and washed with FACS buffer. To
remove cell debris, cell suspension was run through a 100 pm filter.

Cells were resuspended in FACS buffer for antibody labelling and analysis.

2.3.2 Cell culture

T cells were cultured in T cell medium at 37 °C in % CO2. For stimulated
conditions, naive CD4+CD25+ T cells were activated using 10 ug/ml plate-bound
anti-CD3 (2C11, produced in house) and soluble anti-CD28 (37.51, produced in
house), in the presence of 100 U/ml recombinant human IL-2 (rhIL-2) (Peprotech)
for neutral conditions. The following cytokines were included for stimulatory
conditions 20 ng/ml IL-4 (R&D Systems), 0.5 ng/ml TGF-B (eBioscience), 10
ng/ml IL-6 (eBioscience), IL-27 (), IL-33 (Peprotech), IFN-y (), IL-12 (Peprotech).
Stromal cells were cultured in DMEM supplemented with 10% FCS and 1%
PenStrep (Gibco) at 37 °C in 5% CO..

2.3.3 Ex vivo restimulation of T cells

Restimulation for cytokine production was performed using phorbol 12-myristate
12-acetate (PMA, 50 mg/ml) and ionomycin (0.5 mg/ml) (Sigma) in the presence
of Brefeldin A (Sigma) in T cell medium for four hours at 37 °C in 5% CO2. The
Invitrogen Bioscience Fixation and Permeabilization kit was used for intracellular

analysis of cytokines, according to manufacturer’s instructions.

2.3.4 Antibodies and flow cytometry

Fluorochrome-conjugated antibodies that recognize the following mouse
antigens were used for flow cytometry analysis.
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Antibodies Clone Manufacturer Dilution
CXCR3-BV421 CXCR3-173 | Invitrogen/eBioscience 1:200
CXCR3-APC CXCR3-173 | Invitrogen/eBioscience 1:200
CD11b-BUV737 N418 BioLegend 1:200
CD11¢c-BV711 M1/70 BD 1:200
CD206-BVv421 C068C2 BioLegend 1:200
CD206-FITC C068C2 BioLegend 1:200
CD25-PECy7 PC61.5 Invitrogen/eBioscience 1:200
CD31-BV421 390 BioLegend 1:200
CD34-APC RAM34 BD 1:100
CD38-PEDazzle594 90 BioLegend 1:200
CD39-BV605 24DMS1 Invitrogen/eBioscience 1:200
CD39-PECy7 24DMS1 Invitrogen/eBioscience 1:200
CD4-BUV496 GK1.5 BD 1:200
CD4-FITC GK1.5 WEHI Antibody Facility 1:400
CD44-BUV395 IM7 BD 1:100
CD44-FITC IM7 BD 1:200
CD45.2-Biotin 104 WEHI Antibody Facility 1:400
CD45.2-PacBlue 104 WEHI Antibody Facility 1:1600
CD45.2-BUV395 104 BD 1:100
CD45.2-BV605 104 BioLegend 1:200
CD49a-BV711 Ha31/8 BD 1:200
CD49a-PE Ha31/8 BD 1:200
CD49b-APC HMa2 BD 1:200
CD49b-PE HMa2 BD 1:200
CD62L-BV605 DREG-56 BioLegend 1:800
CD62L-PECy7 MEL-14 Invitrogen/eBioscience 1:800
CD64-APC X54-5/7 1 BioLegend 1:200
CD69-BV711 H1.2F3 BioLegend 1:200
CD69-PECy7 H1.2F3 Invitrogen/eBioscience 1:200
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CD73-APC TY/11.8 BioLegend 1:200
CD73-PE TY/11.8 BioLegend 1:200
CD8a-BUV737 53-5.7 BD 1:400
CD90.2-FITC 30-H12 Invitrogen/eBioscience 1:200
CD90.2-PerCPeFluor710 30-H12 Invitrogen/eBioscience 1:200
F4/80-FITC BM8 BioLegend 1:200
Foxp3-eFluor450 FJK-16s Invitrogen/eBioscience 1:200
Foxp3-PE FJK-16s Invitrogen/eBioscience 1:200
Foxp3-PEeFluor610 FJK-16s Invitrogen/eBioscience 1:200
GATAS-PE TWAJ Invitrogen/eBioscience 1:200
GATA3-PECy7 L50-823 BD 1:200
gp38-PECy7 eBio8.1.1 Invitrogen/eBioscience 1:200
GranzymeB-APC GB12 Invitrogen/eBioscience 1:200
GranzymeB-PE GB12 Invitrogen/eBioscience 1:200
IFN-y-PECy7 XMG1.2 Invitrogen/eBioscience 1:200
IL5-PE TRFKS Invitrogen/eBioscience 1:200
IL13-PECy7 eBio13A Invitrogen/eBioscience 1:200
IL17A-PE TC11-18H10 | BD 1:200
IL17A-PerCPCy5.5 TC11-18H10 | BD 1:200
Ki67-FITC B56 BD 1:200
KLRG1-BV711 2F1 Invitrogen/eBioscience 1:200
KLRG1-FITC 2F1 BD 1:200
mCCR2-A700 R&D Systems 1:100
MHCII-APCCy7 M5/114.15.2 | BioLegend 1:200
Neuropilin-SuperBright436 | 3DS304M Invitrogen/eBioscience 1:200
NK1.1-BV605 PK136 BD 1:200
NKp46-PECy7 29A1.4 Invitrogen/eBioscience 1:200
SA-BUV395 n/a BD 1;200
ST2-APC RMST2-2 Invitrogen/eBioscience 1:200
ST2-PerCPeFluor710 RMST2-2 Invitrogen/eBioscience 1:200
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TCF1-APC C63D9 Cell Signalling 1:200
Technologies
TCRB-BV510 H57-597 BD 1:200
Ter119-A700 TER-119 BioLegend 1:200
Tigit-APC GIGD7 Invitrogen/eBioscience 1:200
Tigit-PerCPeFluor710 GIGD7 Invitrogen/eBioscience 1:200
TNF-APC MP6-XT22 BD 1:200
XCR1-BV650 ZET BioLegend 1:200

For cell surface staining, antibodies were diluted at indicated concentrations and
incubated with cells in PBS with 2% BSA on ice or 4 degrees for 30 mins.
SytoxBlue (Invitrogen) or fixable viability dyes (ThermoFisher) were used to
exclude dead cells. Intracellular staining was performed using the Foxp3 stainig
kit (eBioscience) according to manufacturer’s protocols. In some experiments
Treg cells were enriched prior to analysis or culture using antibodies against CD8
(53.6.7) and B220 (), followed by depletion with Goat anti-Rat magnetic beads
(Polyscience). Or flow cytometrically using the BD FACSAria Il or BD FACSAria
Fusion. Flow cytometric analysis performed on the BD LSRFortessa, BD
LSRFortessa X-20 or BD FACSCanto Il (BD Biosciences).

2.3.5 Intravascular staining

Intravascular labelling was performed according to a published
protocol(Anderson et al., 2014). Briefly, 3ug of CD45.2 — PacBlue was prepared
in 300ul 1 x PBS and injected in the tail vein. The mice were euthanised with CO2

3 min post-injection for approx. 3min.
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2.4 Procedure of molecular immunology

2.4.1 Polymerase chain reaction for PCR genotyping

PCR was performed using GoTaq Green Master Mix (Promega). Sequences (5'-

3’) of primers (Geneworks) for genotyping various genetic knock-out and

transgenic mouse strains are listed in Table 3.

Table 3 | List of primer for genotyping

Allele Forward Reverse
Foxp3-RFP CAAAACCAAGAAAAGG | Wild type:
TGGGC CAGTGCTGTTGCTGTG
TAAGGGTC
Reporter:
GGAATGCTCGTCAAGA
AGACAGG
Gata3-flox TGTCAGGGCACTAAGG | WT/Flox:
GTTG CACAGTGGGGTAGAGG
TTGC
Deletion:
TTAAATCTCTGGCCCCT
GTG
Ifng-null Wild type: AGGGAAACTGGGAGAG
AGAAGTAAGTGGAAGG | GAGAAATA
GCCCAGA
Knockout:
CCTTCTATCGCCTTCTT
GACG
l133-GFP CACTAAGACTACTCAG | Wild type:
CCTCAG CGGTGATGCTGTGAAG

TCTG
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Reporter/Knock in:

GTGTTCTGCTGGTAGT
GGTCG
Pparg-flox TGGCTTCCAGTGCATA | TGTAATGGAAGGGCAA
AGTT AAGG
Sirt1-flox GGTTAAGATTAGCCCA | AGGAATCCCACAGGAG
TTAAAGC ACAG
1rl1-null AGGTGGATTATGACGT | Wild type:
TGTGCTCATGG GCCCTCCGTAACTGTC
AAATACATGGG
Knock-out:
ATCGCCTTCTATCGCCT
TCTTGACGAG
Tbx21-flox AGTCCCCCTGGAAGAA | TGAAGGACAGGAATGG
CACT GAAC
Tbx21-null Wild type: TGGGCATACAGGAGGC
GACTGAAGCCCCGACC | AGCAACAAATA
CCCACTCCTAA
Knockout:
GCGCGAAGGGGCCAC
CAAAGAACGGAG

2.4.2 RNA-sequencing and bioinformatic analysis

RNA was extracted from VAT using Qiagen RNeasy lipid tissue mini kit as per

manufacturers protocol. VAT was pooled from 2 mice per sample. In each

biological condition two samples were generated from a male and female mouse

respectively. Library preparation was performed using the lllumina workflow

according to TruSeq RNA Sample Preparation v2 Guide (lllumina). Briefly, mMRNA

was poly-A selected, fragmented and mixed with random primers. cDNA first and

second strand synthesis was performed, followed by an end-repair reaction,

phosphorylation and A-tailing. Samples were ligated to unique adapters and run
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on a bioanalyser (Agilent) prior to pooling and sequencing on the NextSeq
platform (lllumina).

All samples were sequenced on an Illlumina NextSeq 500 generating 65 bp paired
end reads. Reads were aligned to the mouse reference genome GRCm38/mm10
using the Subread aligner (Rsubread version 2.10.1) (Liao, Smyth, & Shi, 2013).
Mapped reads were assigned to NCBI RefSeq mouse genes (build 38.1) and
genewise counts were produced by using featureCounts (Liao, Smyth, & Shi,
2014). Genes that failed to achieve a CPM (counts per million mapped reads)
value of 1 in at least 4 libraries were excluded from downstream analysis. Read
counts were converted to log2-CPM, quantile normalized and precision weighted
with the voom function of the limma package (Law, Chen, Shi, & Smyth, 2014;
Ritchie et al., 2015). A linear model was fitted to each gene and batch effect was
corrected during model fitting. Empirical Bayes moderated t-statistics were used
to assess differences in expression (McCarthy & Smyth, 2009). Raw p values
were adjusted to control the global FDR across all comparisons using the ‘global’
option in decideTests function in the limma package. Genes were called
differentially expressed if they achieved a false discovery rate (FDR) less than
0.15. Enrichment analysis of Gene Ontology (GO) terms on the DE genes was
performed using the goana function within the limma package®s. Pathway
enrichment against the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways on the DE genes was performed using the kegga function also
implemented in the limma package.

2.4.3 Single-cell RNA-Seq and bioinformatics

Equivalent amounts of a unique hashtag oligo (HTO)-conjugated anti-CD45
antibody (BD Mouse Immune Single-Cell Multiplexing Kit, #633793) and
fluorescently labelled CD45 antibody were added to each sample. An initial round
of low-purity, high-yield presorting of live single CD45" CD3" cells was followed
by a high-purity sort of CD4"* T cells. Sorted CD4" T cells were then loaded on a
BD Rhapsody cartridge (BD Bioscience, #400000847) using a BD Rhapsody
Express Single-Cell Analysis System. In total, 5 cartridges were used across 5
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experimental days, and each cartridge was loaded with cells pooled from male
and female mice after HTO-multiplexing. Cell and bead loading, cell lysis,
recovery of mRNA-bound beads, reverse transcription, and exonuclease
treatment were performed according to the manufacturer's instructions (BD
Biosciences). Whole-transcriptome library preparation, based on the random-
priming strategy, and index PCR steps were performed using the BD Rhapsody
mRNA Whole Transcriptome Analysis and Sample Tag Library Preparation
Protocol, as per the manufacturer's recommendations (BD Biosciences).
Quantification of the cDNA libraries was performed using a Qubit Fluorometer
with the Qubit dsDNA HS Kit (ThermoFisher), whereas the size distribution of the
libraries was assessed using the Agilent High-Sensitivity D5000 assay on a
TapeStation 4200 system (Agilent Technologies). Paired-end sequencing (2+75
cycles) was performed on a NextSeq 500 System (lllumina) using NextSeq
500/550 High Output Kit v2.5.

Raw bcl files were demultiplexed using the Bcl2fastq2_ V2.20 from lllumina.
Sequencing adapters were trimmed and sequencing reads with a PHRED score
>20 were filtered in using Cutadapt 1.16. Subsequently, STAR aligner (Dobin et
al., 2013) was used to align reads against GENCODE vM16 mouse reference
genome. Drop-seq tools 2.0.0 was used to generate a UMlI-corrected gene
expression count matrix. HTO sequences were added to the reference genome
to simultaneously allow for their retrieval during alignment.

The dataset was filtered using the barcodeRanks() function to exclude cells with
unique molecular identifier (UMI) counts below the inflection point, which
represents the sharp transition in UMI counts between cell-containing wells and
empty wells(Lun et al., 2019). Downstream analysis was performed using the
Seurat R package(Stuart et al., 2019). The dataset was further filtered to exclude
cells expressing less than 200 genes, more than 2000 genes, or cells whose
mitochondrial reads account for more than 10% of their transcriptomes. After
such filtration, 12,469 cells were included for further analysis. Normalization and
scaling were performed using the SCTransform function(Hafemeister & Satija,
2019). The dataset comprised data generated from two separate sets of

experiments, and a preliminary analysis on the composite data revealed a cross-
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experiment batch effect. Hence, batch-effect correction and data integration were
performed using the canonical correlation analysis method from Seurat.
Specifically, after applying SCTransform() on the data from each set of
experiments separately, the data was then integrated by sequentially running the
following  functions:  SelectintegrationFeatures(), = PrepSCTIntegration(),
FindIntegrationAnchors(), and IntegrateData(), selecting nFeatures of 3000 and
setting the normalization method argument to SCT.

Downstream analysis was performed using the Seurat package. Principal
component analysis (PCA) was applied using the RunPCA() function, and —
based on elbow plot and the inspection of the individual PCs and their contribution
to the variance in the data — the first 24 PCs were used for clustering. Clustering
and non-linear dimensionality reduction were performed using the FindClusters()
and RunUMAP() functions, respectively, using a resolution value of 0.8.
Differential expression (DE) analysis was performed using the FindAlIMarkers()
function, setting both min.pct and logfc.threshold to 0.25.

The initial round of analysis showed an impact on clustering by differential
expression of X- and Y-chromosome genes, cellular stress-related genes (van
den Brink et al., 2017), and ribosome protein small (Rps) and large (Rpl) subunit
genes. Hence, the following genes were excluded from the expression matrix
(Soh et al., 2014; van den Brink et al., 2017): Xist, Ddx3y, Eif2s3y, Kdmbd, Uty;
Hsp*; and Rps* and Rpl*, and the analysis steps were repeated.

Cluster annotation based on expression of canonical markers revealed the
presence of small clusters containing mainly yd T and myeloid cells. After
exclusion of these two contaminating cell clusters, a total of 11,735 CD4* T cells
were included in the further analysis. The aforementioned analysis steps were
then applied on the subsetted CD4* T cells (with the exception of SCTransform()
being applied on the entire dataset prior to integration). For Treg subclustering,
the two Treg clusters described in — comprising 3304 cells — were subsetted and
subjected to the same pipeline described above, with the following modifications:
use of 10 PCs for clustering, and a resolution value of 0.2 in FindClusters(). For
heatmap generation, clusters 3, 4, and 5 were merged, and DEG call was
repeated wusing FindAllMarkers() function setting min.pct to 0.1 and
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logfc.threshold to 0.25. Subsequently, the averages of gene-expression values
per cluster were computed using the AverageExpression() function from Seurat.
Heatmap was plotted using the pheatmap package (version1.0.12),
downsampling each cluster to 100 cells. All plotted genes passed the p value
threshold of 0.05 except for Tcf7 and Prdm1.

Trajectory inference was conducted using the Monocle3 package (v0.2.3) (J. Cao
et al., 2019). To set the root of the trajectory, the entropy of each cell cluster was
calculated using the perCellEntropy function from the TSCAN package(v1.28.0)
(Ji & Ji, 2016). The underlying assumption is that less-differentiated cells would
exhibit a greater transcriptional diversity — and hence a higher entropy —
compared to terminally differentiated cells. Accordingly, the Sell-expressing Treg
cluster 1 was set as the root of the trajectory. The cluster_cells() package from
Monocle3 was used while setting k nearest neighbor to 35 and using “Louvain”
as the clustering method. Histograms were generated using the dittoSeq package
(Bunis, Andrews, Fragiadakis, Burt, & Sirota, 2020) in R.

2.5 Statistics

If not stated otherwise, paired or unpaired Student’s t test as appropriate were
performed to test for statistical significance. P-values are two-tailed with a
confidence level of 95% and statistical significance is defined as P<0.05. 2-way
ANOVA analysis was used to analyze populations over time, using Turkey’s test
for multiple comparisons with a 95% confidence interval. Calculations for

statistical significance were performed using Graphpad Prism software.
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Chapter 3 — Cellular characterization of regulatory T cells in male
and female VAT

3.1 VAT harbours a heterogenous population of Treg cells

Treg cells can adapt to diverse tissue environments where they not only perform
canonical immune suppressive function, but also execute non-canonical
functions to preserve tissue homeostasis (Cipolletta et al., 2012; Han et al., 2015;
A. Vasanthakumar et al., 2015). VAT inflammation is driven by extrinsic and
intrinsic factors such as diet and hormones (Cipolletta et al., 2015; Hotamisligil,
Shargill, & Spiegelman, 1993; Carey N. Lumeng et al., 2007; Varghese et al.,
2017; Vasanthakumar et al., 2020). Therefore, it was hypothesized that distinct
Treg cell types with the ability to supress unique inflammatory cues may exist in
the VAT. To test this idea, single cell RNA sequencing (scRNAseq) of CD4+ T
cells (CD45+TCRpB+CD4+) isolated from the VAT from 22-week-old male and
female C57BL/6 mice was performed (Figure 2a). Combined analysis identified
several clusters, including conventional CD4+ T cells with Tyl and Tn2
transcriptional profiles and two clusters of Treg cells that expressed Foxp3 and
differed significantly by the expression of ST2 (Figure 2b). To dissect Treg cell
heterogeneity in further detail, focused analysis of Foxp3 expressing cells was
performed which revealed five distinct clusters (Figure 2c). Surprisingly, two
populations were identified that did not express canonical VAT Treg cell
transcripts. In cluster 1 increased levels of Lrrc32 and Nrp1 expression were
detected but also enriched expression of transcripts associated with naive T cells,
such as Tcf7 and Sell. While cluster 2 was defined by transcripts associated with
a Tw1-like phenotype including Tbx21, Cxcr3 and Ifng (Figure 2d), clusters 3, 4
and 5 were characterised by expression of prototypical VAT Treg cell transcripts,
including /I1rl1, Ccr2 and Kirg1 (Figure 2d). Furthermore, a higher amount of //70
transcripts were observed in clusters 4 and 5. Cluster 5 could be further defined
by a distinctly high expression of Gzmb compared to the other clusters while
cluster 4 was characterised by elevated Areg and Cxcl2 transcript levels (Figure

2c). All the above clusters were represented in male and female mice, however,
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cluster 1 and 2 dominate in females while cluster 3,4 and 5 made up a large
proportion of the male VAT Treg cell population (Figure 2e). Hence, analysis
revealed a heterogenous VAT Treg cell population that was enriched in a sex-
dependent manner.
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Figure 2 | VAT harbours a heterogenous population of Treg cells. a,
Schematic overview of experimental method. Briefly, CD45"CD3*CD4* VAT
lymphocytes were sorted from 22-week-old male and female mice for single-cell
RNA-Seq analysis. b, UMAP plot showing cell clusters of CD4+ T cells and violin
plots indicating Foxp3 and //1rl1 expression. ¢, UMAP plot showing cell clusters
among Foxp3* Treg cells and violin plots indicating Areg, Gzmb, Cxcl2 and /110
and expression. d, Heatmap showing average expression of signature transcripts
for VAT Treg cell (Foxp3 expressing) clusters 1, 2 and 3-5. e, Bar graph showing
percentages of cell clusters in the Treg cell compartment in male and female mice
identified by single cell RNA sequencing.

3.2 ST2 and CXCR3 define two distinct mature VAT Treg cell
populations

To further explore the heterogeneity of VAT Treg cells at the phenotypic level,
flow cytometry was employed. Different VAT Treg cell populations were identified
that could be compartmentalized into three distinct populations based on ST2
and CXCR3 expression. In line with the scRNA-Seq data, ST2+ VAT Treg cells
dominated in male mice and expressed high levels of KLRG1 and CCR2.
Additionally, high IL-10 levels were detected in male mice only (Figure 3a, b). In
contrast, proportions of DN (ST2-CXCR3-) and CXCR3+ Treg cells were
dominant in female and largely lacked KLRG1, CCR2 and IL-10 expression.
However, there was no difference in cell numbers between both sexes in DN or
CXCR3+ cells (Figure 3a). Further characterisation of these three populations
revealed that ST2+ VAT Treg cells expressed higher levels of CD44, CD25,
CD69 and PD-1. In contrast, DN and CXCR3+ VAT Treg cells displayed higher
expression of Nrp1 compared to ST2+ cells (Figure 3b). DN Treg cells could be
further defined by expression of CD62L, T cell factor (TCF)1 and CD73 which is
in line with our scRNA-Seq data. Additionally, the proliferative capacity of the
different Treg cell types was investigated by assessing Ki67 expression. Analysis
showed that VAT Treg cells in female have a higher proportion of Ki67+ cells
compared to male mice (Figure 3c, d) The results showed that CXCR3+ VAT
Treg cells harboured the largest Ki67+ cell population followed by DN, ST2+ Treg
cells (Figure 3c, d). Overall, the data corroborated the findings from scRNA-Seq
analysis, showing two mature VAT Treg cell populations, ST2+ and CXCR3+
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cells, and a naive-like population, all residing in the VAT but at proportions in

males and females.
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Figure 3 | ST2+ and CXCR3+ VAT Treg cells display different enrichment
and phenotype in male and female mice. a, Flow cytometric analysis of 25-
week-old male and female C57BL/6 mice showing ST2 versus CXCR3
expression among VAT Treg cells and quantification of ST2+, CXCR3+ and DN
VAT Treg cell proportion and numbers among total VAT Treg cells in female (red)
and male (blue) mice. b, Expression of CCR2, KLRG1, //10°FP, CD25, CD44,
CDo69, CD39, Nrp1, CD62L, PD1 and TCF-1 among ST2+ (green), CXCR3"*
(orange) and DN (black line) VAT Treg cells in female (top) and male (bottom)
mice. ¢, d, FACS plots (c) depicting Ki67 expression and quantification (d) in
ST2+ (green), CXCR3" (orange) and DN (black line) VAT Treg cells in female
(top) and male (bottom) mice. Quantification of Ki67+ cells among ST2+,
CXCR3+ and DN Treg cells. Symbols represent individual mice (a); horizontal
lines indicate means (a). Data are representative (b, ¢) or pooled (a) from a
minimum of two independent experiments. Error bars indicate the standard
deviation. Statistical analyses were performed using two-way ANOVA (d).

3.3 CXCR3+ VAT Treg cells are tissue resident

Prior to examining the function, kinetics and properties of the two new VAT Treg
cell populations, DN and CXCR3+ cells, the question arose whether these cells
are tissue resident or cells derived from the vasculature. To separate resident
and circulating immune cells, an intravascular staining technique was employed
(Anderson et al., 2014). First, the effectiveness of the technique was assessed
by looking at the overall contribution of circulating cells in blood (positive control)
and lymph node (LN) (negative control). All Treg cells in the blood were stained
by the intravascular antibody while Treg cells in the pLN remained negative for
that antibody (Figure 4a). The vast majority of Treg cells in the VAT (approx.
90%) were iv-, and therefore tissue resident (Figure 4a). In male mice less than
3% ST2+ VAT Treg cells were of intravascular origin. The contribution of
circulating cells was approx. 12% in CXCR3+ cells and more than 25% in DN
cells in males. In females, DN cells had the highest proportion of circulating cells
(approx. 22%) while they made up between 5-9% in ST2+ and CXCR3+ VAT
Treg cells (Figure 4b, c). CD62L expression is typically associated with migrating
and circulatory lymphocytes. CD62L expression was detected mostly in DN Treg
cells in the VAT while its expression was absent or marginal in ST2+ and
CXCR3+ VAT Treg cells (Figure 4c). These data show that CXCR3+ and ST2+
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are tissue resident while DN cells harbour a large proportion of naive-like cells
that are partly blood-borne characterized by CD62L expression.
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Figure 4 | CXCR3+ Treg cells are VAT resident cells. Circulatory cells in male
mice were stained with an intravascular (CD45, i.v.) antibody. a, Frequencies of
intravascularly labelled (iv+) and non-labelled (iv-) VAT Treg cells. b, ST2,
CXCR3 and CD62L expression versus CD45 (i.v.) expression in VAT Treg cells.
¢, Frequencies of iv+ and iv- DN, CXCR3" and ST2* VAT Treg cells. d,
Quantification of CD62L+ among DN, CXCR3+ and ST2+ VAT Treg cells in
female (red) and male (blue) mice. Symbols represent individual mice (d);
horizontal lines indicate means (d). Data are representative (b) or pooled (a, c,
d) from a minimum of two independent experiments. Error bars indicate the
standard deviation. Statistical analyses were performed using two-way ANOVA

(d).

3.4 CD62L+ (DN) VAT Treg cells are precursors for CXCR3+ and
ST2+ VAT Treg cells

Previous studies have shown that ST2+ VAT Treg cells develop from tissue Treg
cell precursors that express low amounts of PPARy, KLRG1, BATF and Blimp1
(C. Li, A. R. Munoz-Rojas, et al., 2021). Furthermore, insulin signalling has
recently been shown to be a major driver of their differentiation (Y. Li et al., 2021).
To better understand the developmental trajectory of CXCR3+ VAT Treg cells
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and their relationship to ST2+ VAT Treg cell population, trajectory inference using
monocle3 was performed using our single cell data set. The trajectory analysis
suggested that VAT Treg cells start at the cluster 1 (DN stage), which then
bifurcates into ST2+ and CXCR3+ subpopulations (Figure 5a). In line with their
circulatory origin and elevated expression of CD62L and TCF-1, these cells might
constitute uncommitted Treg cells in circulation or en route to seed the VAT and
act as precursors to mature VAT Treg populations. Elevated expression of CD73
DN Treg cells supported this notion (Figure 5b, c). Furthermore, it was
determined that CD73+ Treg cells partly co-expressed CD62L which further sets
them apart from the mature ST2+ and CXCR3+ VAT Treg cells (Figure 5c).
Importantly, however, trajectory inference analysis does not guarantee that
pseudotime and chronological time have a linear relationship and the analysis
does not specify whether the cells maintain plasticity or not, which should be
considered in the interpretation of these results (van den Berge et al, 2020).
Another method used to test for VAT Treg cell trajectory was to deplete Treg cells
in the VAT, requiring new cells to fill the niche. For this purpose, Foxp3°™R mice
were used which allowed for punctual Treg cell depletion (J. M. Kim, Rasmussen,
& Rudensky, 2007). Treg cell depletion was induced with a single DT injection
leading to systemic Treg cell death. Analyses were subsequently performed 3-,
10- and 30-days post DT treatment to follow gradual VAT Treg cell recovery
(Figure 6a). Mice analysed on day-3 were devoid of Treg cells in the spleen and
VAT, whereas Treg cells had gradually re-populated these tissues by days 10
and 30 post DT treatment (Figure 6b). In line with transfer experiments into Rag1
" mice described above, analysis of VAT Treg cells at day 10 post DT treatment
revealed a dominance of CD62L+ and CXCR3+ Treg cells in male and female
DT treated mice (Figure 6c-e). However, CD62L+ and CXCR3+ Treg cell
numbers were only elevated in female DT treated mice while the numbers in male
mice were equal to controls. In contrast, ST2+ Treg cells were only detectable 30
days post treatment, but specifically in male DT treated mice.

Is is noteworthy to mention that DT treatment induces an artificial inflammatory
state that might not reflect the status at early age considering that the microflora

is also
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Figure 5 | CXCR3+ and ST2+ VAT Treg cells have different developmental
trajectories. a, UMAP plot showing Sell expression within Treg cells (left) and
trajectory-based differential gene expression along different cell stages as a
function of pseudotime through Monocle analysis (right). b, Expression of CD73
among double negative (DN; black line), ST2+ (green) and CXCR3+ (orange)
VAT Treg cells in female (top) and male (bottom) adult mice. ¢, Flow cytometry
plots showing CD73 versus CD62L, CXCR3 and ST2 expression in female and
male VAT Treg cells (left) and quantification of CD73 expression (right). d-f,
CD4+ cells were transferred into sex-matched male Rag7” mice. d, Schematic
of experiment. e, ST2 and CXCR3 expression on VAT Treg cells in Rag7”- mice
6 (top) and 12 (bottom) weeks post-transfer. f, Frequencies (left) and absolute
numbers (right) of DN, CXCR3" and ST2* VAT Treg cells 6- and 12-weeks post-
transfer. Symbols represent individual cells (a) or mice (¢, h); horizontal lines
indicate means (c). Data are representative (b, ¢, e) or pooled (c, f) from a
minimum of two independent experiments. Error bars indicate the standard
deviation. Statistical analyses were performed using two-way ANOVA (c, h).

Overall, findings from the above experiments suggest that CD62L, TCF-1 and
CD73 expressing naive Treg cells populate the VAT and are directed to
differentiate into CXCR3+ and ST2+ VAT Treg cells in situ. Chronologically,
CXCR3+ VAT Treg cell differentiation appears to precede ST2+ cells suggesting
distinct and temporal tissular signals might facilitate the differentiation of these
two Treg cell types in the VAT.
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Figure 6 | CXCR3+ and CD62L+ Treg cells emerge first after Treg depletion.
a-e, Foxp3°™® and control mice were administered a single dose of diphtheria
toxin (DT) and left to recover. a, Schematic of the experiment. b, Flow cytometry
plots showing expression CD4 and Foxp3 in CD4+ T cells from spleen (top) and
VAT (bottom) in control mice (PBS) or in Foxp3°™R mice 3, 10 and 30-days post
DT administration. ¢, Flow cytometry plots showing ST2, CXCR3 and CD62L
expression in VAT Treg cells in control and Foxp3°™R mice 10- and 30-days post-
treatment. d-e, Frequencies and numbers of ST2+, CXCR3+ and CD62L+ cells
among VAT Treg cells in male (blue) and female (red) mice. Symbols represent
individual mice; horizontal lines indicate means. Data are representative (b, c) or
pooled (d, e) from at least two independent experiments; FACS plots are
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representative. Error bars indicate the standard deviation. Statistical analyses
were performed using two-way ANOVA.

3.5 Development of the VAT Treg cell compartment

To assess the developmental kinetics of the VAT Treg cell subtypes, male and
female mice of different age groups were analysed. Notably, there was no sex-
dependent dichotomy in total Treg proportion and numbers in young adult mice
(7-weeks-old) (Figure 7a). There were also similar proportions of ST2+ and
CXCR3+ subsets in young male and female mice (Figure 7b). Furthermore,
expression of prototypical VAT Treg cell molecules CCR2 and KLRG1 were
highest in ST2+ Treg cells from 7-week-old mice comparable to aged mice (see
Fig. 2; Fig. 5c). The expression pattern of markers that delineate naive
lymphocytes such as CD73 and CD62L were also investigated. Analysis showed
similar CD73 expression levels in ST2+ and DN cells of female mice. (Figure 7c,
d). Surprisingly, CXCR3+ Treg cells showed the lowest CD73 expression, which
contrasts with what we observed in adult females. On the other hand, male DN
Treg cells expressed the highest amount of CD73 compared to CXCR3+ and
ST2+ populations, in line with the expression pattern in adult male mice (Figure
7d). Measurement of CD62L expression revealed that the majority of CD62L+
Treg cells were within the DN population and mirrored the results of mature adult
mice of both sexes. CD44 expression was significantly higher in ST2+ cells
compared to DN and CXCR3+ Treg cells, in line with the phenotype of adult Treg
cells (Figure 7d).
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female (top) and male (bottom) adult mice. d, Quantification of CD62L+ cells
(right) and CD73 (left) and CD44 MFI (centre) among DN, CXCR3+ and ST2+
VAT Treg cells. Symbols represent individual mice; horizontal lines indicate
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means. Data are representative (a, b, ¢) or pooled (a, b, d) from at least two
independent experiments; FACS plots are representative. Error bars indicate the
standard deviation. Statistical analyses were performed using two-way ANOVA
(b, d) or unpaired, two-tailed Student’s t-test (a).

Consistent with the published studies, our analysis also showed that the
proportion of total VAT Treg cells increases over time, but only in male mice
(Figure 8a) (Cipolletta et al., 2015). Further investigation revealed that ST2+ and
CXCR3+ Treg cell proportions start at similar levels in male and female mice (Fig.
3.7b). At 15 weeks however, sexual dimorphism was observed that continued up
to 30-weeks of age. Beyond this period, proportion of female ST2+ VAT Treg
cells gradually increased until about 40 weeks of age, but still stayed significantly
lower than males. Percentage of ST2+ cells showed minimal decrease beyond
40 weeks to approx. 74% in male and 35% in female mice (Figure 8b). Similarly,
CXCR3+ VAT Treg cells were approximately 20 and 30% in 7-week-old male and
female mice, respectively, which then increased in females but decreased in male
VAT (Fig. 3.7b). After dipping at around 33 weeks of age, the proportion of
CXCR3+ cells increased at 40 weeks in males, but still much lower compared to
females. At approximately one-year of age, CXCR3+ cells on average contribute
to 20% and 40% of male and female VAT Treg cells, respectively (Fig. 3.7b).

Analysis of the VAT in 50-55w old mice revealed that the distribution of Treg cell
subtypes was largely sex-specific. VAT Treg cells were higher in proportion and
numbers in male mice compared to female mice (Figure 8c). Furthermore, ST2+
VAT Treg cells were still dominant in males, while CXCR3+ and DN cells were
dominant in female mice (Figure 8d). Next, the proliferative capacity of Treg cells
was investigated by Ki67 expression and found that it is higher in females
compared to males (Figure 8e). This was particularly the case in female ST2+
VAT Treg cells which expressed significantly higher amounts of Ki67 compared
to their male counterparts (Fig. 3.7f). Ki67 expression did not differ in DN and
CXCR3+ cells between both sexes and there was also no difference in the
number of Ki67-expressing cells in any of the Treg cell subtypes. Overall, the
data shows the distinct developmental kinetics of ST2+ and CXCR3+ VAT Treg
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cells, which showed sex-specific distribution of Treg cell subsets even in 1 year

old male and female mice.
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standard deviation. Statistical analyses were performed using two-way ANOVA
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3.6 CXCR3+ and ST2+ VAT Treg cells correlate differently to
body and VAT weight

Despite the clear differences between sexes in ST2+ and CXCR3+ VAT Treg cell
composition, a substantial degree of biological variation was observed. ST2+
cells ranged between 5-40% in females and between 70-95% in males. On the
other hand, CXCR3+ cells contributed between 30-65% in females and 0-30% in
males (see Fig. 2b). Given the large variation among mice of the same age, Treg
cell proportions were correlated to body and VAT weight of individual mice. First,
a positive correlation between body weight and frequency of total Treg cells was
observed in pooled samples from both sexes (Figure 9a). The data showed the
same for numbers of total Treg cells, which significantly correlated to body weight.
Correlation between VAT weight and proportion and numbers of Treg cells
followed the same trend, although the slope and R? of the regression curve were
smaller than the curves of the body weight data (Figure 9b). Furthermore, ST2+
VAT Treg cells correlated with increasing body weight in a positive manner, both
in proportion and numbers (Figure 9c¢). The correlation of ST2+ Treg cells to VAT
weight mirrored the data observed in total Treg cells: positive correlation with a
relatively small R? (Figure 9d). Unlike total and ST2+ VAT Treg cells, the
proportion of CXCR3+ cells correlated negatively with body and VAT weight
(Figure 9e, f). In contrast to ST2+ Treg cells, numbers of CXCR3+ VAT Treg
cells did not correlate with body or VAT weight. Taken together, total and ST2+
VAT Treg cells expanded with increasing body and VAT mass, while CXCR3+
VAT Treg cell proportions negatively correlated with body and VAT mass.



Q

VAT, Tregs
B50 R2=0.3214
= p<0.0001
S0 L%, o
g S9B0 ¢ °8
> o © 0o
g30( 8¢
M @
20"‘
0 20 40 60 80
%Foxp3+ of CD4+
S 50
£ R R2=0.2242
2 40 *" c" p<0.0001
: % 1%,
B 30 M Sl
m

20
102 103 104 105
cells / g of VAT (#)

C VAT, ST2+ Tregs
S 50
= R2=0.6273
= <0.0001
240 p
2
& 30{°®
o
[a2]
20
0 20 40 60 80 100
ST2+ of Foxp3+ (%)
B 50
z R2=0.3516
2 40| p<0.0001
s o
3z oo
g 30
m

20+
101 102 108 104
cells / g of VAT (#)

€ VAT, CXCR3+ Tregs
—~ 50 )

2 o R2=0.5721

% 40 b p<0.0001

[5)

2

230

@ &L

20

0 20 40 60 80
CXCR3+ of Foxp3+ (%)

?_? %0 R2=0.0024

_% 4 p=79£JG R 'o
: g,
S 30 o
@ L) .o..

101 102 108 104
cells / g of VAT (#)

53

i R2=0.098
£ 3 ° p=0.0158
=)
22 {‘\. o S
|<_E @
S 1 '.‘ @ oo ©
04
0 20 40 60 80
%Foxp3+ of CD4+
= 4
2 | R2=0.1323
5 31 p=0.0012 .
[]
z 2 ° &
%4 2
S 1 o e® ©
ol o &®
10 103 104 10°
cells / g of VAT (#)
= 4
2 R2=0.139
5 3] p=0.0049 .
g 204 .o f’ oo
2 w
> 1 .J.s‘ &O'.
04
0 50 100
ST2+ of Foxp3+ (%)
= 4
2 | Re=02337
5 31 p<0.0001
)
|_
<>i 1

0!
10" 102 108 10* 10°
cells / g of VAT (#)

® R2=0.3667
p<0.0001

VAT weight (g)

0 20 40 60 80
CXCR3+ of Foxp3+ (%)

31 R2=0.0005 4

=
= p=0.0346 @
5 2 ® e
% 0 0° 0o
g e Y
'<TZ 1 ®
> ® 0..'{'-‘ °
10° 102 103 104

cells / g of VAT (#)



54

Figure 9 | ST2+ VAT Treg cells positively correlate with adiposity. Correlation
between body weight (a, ¢, e) or VAT weight (b, d, f) and total, (a, b), ST2+ (c,
d) and CXCR3+ (e, f) VAT Treg cells in 25-30-week-old mice. Symbols represent
individual mice. Data are pooled from a minimum of two independent
experiments. Statistical analyses were performed using a linear regression
model.

3.7 Variation in weight gain and metabolic phenotype of high fat
diet fed mice

It is well documented that high-fat diet (HFD) affects VAT Treg cells and the VAT
microenvironment. To understand the effect of HFD on adiposity, Treg cell
distribution and systemic metabolism, male and female C57BL/6 mice were fed
a HFD for the duration of 20-25 weeks. Weight gain was tracked over the period;
VAT weight and glucose tolerance were recorded at the experimental endpoint.
There was significant variation across experiments; hence two experiments were
compared to exemplify the different outcomes that were observed. In the first
experiment ND and HFD fed females gained approx. 180% of their start weight
at the experimental endpoint (Figure 10a). In contrast, female mice from
experiment 2 gained approx. 165% and 200% when fed a ND and HFD,
respectively. In male mice, weight gain of HFD mice was similar in both
experiments, yet ND males from experiment 1 gained more weight compared to
ND males in experiment 2 (160% vs 140%). In line with the weight gain, VAT
mass from HFD fed females was not different from ND females in the first
experiment while HFD females in the second experiment had significantly
increased VAT mass. VAT weight was higher in HFD compared to ND in male
mice of both experiments (Figure 10b).

In line with these observations, glucose tolerance testing also revealed different
outcomes. In experiment 1, only males on HFD were glucose intolerant compared
to male controls while there was no difference between ND and HFD females
(Figure 10c). In contrast, only females on HFD were glucose intolerant compared
to controls in experiment 2. No difference between ND and HFD males was
observed in this case.
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Overall, the results showed a significant degree of variance after HFD making it

difficult to draw any conclusions on sex-bias in adiposity and glucose tolerance
upon HFD feeding.

-# Female HFD - Male HFD
b -~ Female ND -e- Male ND

0 6162 0 0005
Exp1 Exp2 3
220 240
5200 g 5220 ) o
‘5 180 ‘5 200 £
X ®180 =
=160 (0]
£ g 160 EXp1 2
2’140 2140 E 14
< <
%120 9120
= 100 < 100
80 ao 0-
\ Q '\ F M
Time (weeks) Time weeks 3 <00001 <0.0001
240 240 . ;
5220 5220 2
= = =2
' 200 ' 200 5
X180 X180 Exp2 2 g
C 160 C 160 =
°’14o 3’140 < & 5
cn120 m120
2 100 £ 100 0
so ao -
N S P F M
Time (weeks) Time (weeks)
Exp1 Exp2
30 25 25 25-
—_ 0.4781 . 0.0001
s 201 g2 201
o
=20 & 2 &
E 2151 E" 215
[ = © g
2 [3) @ 10 [3)
§ 10 2 1.0 g 2 1.0
05 ©5 0.5
0 0.0 0 0.0
S & $ > & ND HFD S & & & ND HFD
Time [h] Time [h]
25 25 0.0020 25 20 0.1437
=20 =20
3 20 3 15
£ 215 £ 2
210 o 210 Q10
Q D 1.0 Q o}
E < E <
O 5 0.54 05 0.5
OQ N O N N 0.0- 06 N N N N 0.0
S Ko O Ka a® ND HFD S O 9 K Q® ND HFD
Time [h] Time [h]
Figure 10 | High-fat diet induces different phenotypes in glucose

metabolism. C57BL/6 female and male mice were subjected to high-fat diet for
25 weeks. a, b, Curves depicting weight gain (a) and graphs showing VAT weight
(b) of ND and HFD mice out of two independent experiments. ¢, Glucose
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tolerance tests of female and male mice on ND and HFD and quantification of
area under the curve. Symbols represent individual mice (b) or mean of 3-5 mice
(a, c¢); horizontal lines indicate means (b). Data are from two separate
experiments. Error bars indicate the standard deviation (a, b) or s.e.m. (c).
Statistical analyses were performed using two-way ANOVA (b) unpaired, two-
tailed Student’s t-test (c).

3.8 High-fat diet has little impact on VAT Treg cell composition

VAT Treg cells are known to promote or protect against glucose intolerance in a
context specific manner (S. P. Bapat et al., 2015; Beppu et al., 2021; Cipolletta
et al., 2012; M. Feuerer et al., 2009; Man et al., 2022; Wu et al., 2020). These
conflicting findings could be due to the different experimental approaches or
animal models used by the research groups and therefore more evidence is
required to fully understand the function of Treg cells in VAT. Loss of Treg cells
in the VAT is generally associated with exacerbation of inflammation and
attributed to their protective function. The aim of the present section was to
assess changes in VAT Treg cells in mice fed a high-fat diet (HFD) compared to
sex-matched mice on normal chow (ND).

Surprisingly, analysis of ST2+ and CXCR3+ VAT Treg cell populations did not
show difference in proportion or numbers between males that were on ND or fed
HFD for 25 weeks (Figure 11a, b). In contrast, ST2+ Treg cells expanded in HFD
fed females but CXCR3+ VAT Treg cells were reduced in proportion compared
to ND females. Yet, total number of VAT Treg cells remained unchanged in HFD
females compared to their ND fed counterparts. However, across all experiments
a high degree of variation between individual mouse was observed. Therefore, to
better understand the relation between Treg cell populations and weight gain,
percentages and numbers of ST2+ and CXCR3+ VAT Treg cells were correlated
to body and VAT weight of the corresponding mouse. Unexpectedly, correlation
between ST2+ VAT Treg cell proportions and weight was similar in both, ND and
HFD mice, suggesting no diet induced changes. The same observation was
made when correlating ST2+ VAT Treg cell numbers with body weight (Figure
11c). Furthermore, correlation of CXCR3+ VAT Treg cell percentage and
numbers with body weight was not significantly different between ND and HFD
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mice (Figure 11d). ST2+ or CXCR3+ VAT Treg cell proportions were positively
and negatively correlated with VAT weight, respectively, yet no diet specific
impact was observed in either case (Figure 11e).
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Figure 11 | High-fat diet has a different impact on Treg cells in female and
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ND or HFD. Symbols represent individual mice; horizontal lines indicate means
(a, b). Data are pooled from a minimum of two independent experiments. Error
bars indicate the standard deviation. Statistical analyses were performed using
two-way ANOVA (a, b) or a linear regression model (c-e).

3.9 VAT Treg cell composition in other adipose tissue depots and
mouse models

Compared to other AT depots, Treg cells in the VAT are unique in displaying
sexual dimorphism (Vasanthakumar et al., 2020). However, Treg cell
heterogeneity in other AT depots remain unexplored. Here, different AT depots
in male and female mice were analysed, to assess the distribution of CXCR3+
and ST2+ VAT Treg cells. Flow cytometric analysis showed that Treg cell
enrichment in males is unique to VAT and was not observed in scAT, pnAT nor
mAT (Figure 12a) (Vasanthakumar et al., 2020). Assessment of Treg cell subsets
showed that CXCR3+ Treg cells were present to varying degrees in other AT
depots but in similar proportions in both sexes (Figure 12b, c). Surprisingly, sex-
dependent distribution of ST2+ VAT Treg cells was observed in pnAT, but not in
SsCcAT nor mAT.

To assess strain specific differences, mice from different genetic backgrounds
were analysed to confirm whether sex dependent Treg cell enrichment was
conserved in other mouse models. C57BL/6 mice are known to have Tn1-
dominant immune responses whereas, Th2 immunity is dominant in Balb/c mice
(Heinzel, Sadick, Holaday, Coffman, & Locksley, 1989; Hsieh, Macatonia,
O'Garra, & Murphy, 1995). Hence, we explored whether these differences also
affect the phenotypic diversity of VAT Treg cells. Unlike C57BL/6 mice, 30-33-
week-old Balb/c mice did not display sexual dimorphism in the total VAT Treg cell
population in proportion or in numbers (Figure 12d, e). Notably, however,
CXCR3+ VAT Treg cells were more prevalent in female mice compared to males,
while no difference was detected in ST2+ VAT Treg cell distribution (Figure 12f,
g). In conclusion we only observed partial sex-bias in Treg cell phenotypes in
pnAT depot but no strain specific differences when comparing C57BL/6 and
Balb/c mice.
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Figure 12 | VAT Treg cell distribution in other adipose tissue compartments
and mouse models. a, Frequencies of Foxp3+ Treg cells in VAT, sAT, pAT and
mAT of female and male mice. b, ¢ FACS plots displaying ST2 against CXCR3
expression (b) in different adipose tissue depots and quantification (c¢) of
CXCR3+ (left) and ST2+ (right) VAT Treg cell proportions. d-g, VAT of 30-35-
week-old Balb/c mice were analysed. d, FACS plots displaying CD4 vs Foxp3
expression in CD4+ T cells. e, Frequencies (left) and numbers (right) of VAT Treg
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cells in female and male mice. f, Flow cytometric analysis showing ST2 versus
CXCR3 expression in VAT Treg cells. g, Frequencies (top) and numbers (bottom)
of ST2+ and CXCR3+ VAT Treg cells. Symbols represent individual mice;
horizontal lines indicate means. Data are representative (b, d, f) or pooled (a, c,
e, g) from a minimum of two independent experiments. Error bars indicate the
standard deviation. Statistical analyses were performed using two-way ANOVA
(a, ¢, g) or unpaired, two-tailed Student’s t-test (e).

3.10 Characterization of immune and non-immune cell
populations in the VAT

While adipocytes constitute most of the VAT volume, other immune and non-
immune cells that are numerically abundant in the VAT play critical roles in tissue
function and homeostasis (Joanna R. Dispirito & Diane Mathis, 2015; Kershaw &
Flier, 2004). The cellular composition of VAT was investigated in male and female
mice using the gating strategy depicted in Figure 3.10a. Mesenchymal stromal
cells (MSCs) were analysed by selecting Ly5.2-CD31-Ter119-gp38+ cells
(Figure 13a). No difference in the proportion and numbers of gp38+ cells was
observed between both sexes (Figure 13b). Within the gp38 expressing
population, the MSCs were divided into four main populations based on CD90
and CD73 expression. As we have demonstrated recently (Vasanthakumar et al.,
2020), both CD73+CD90+ and CD73+CD90- MSC populations were
proportionally higher in males compared to female mice (Figure 13c). Overall,
CD73+CD90+ MSCs were abundant in the VAT of male mice compared to
females. On the other hand, females harboured more CD73-CD90+ and CD73-
CD90- cells both in proportion and in numbers within the gp38+ population of
MSCs (Figure 13c).

Furthermore, CD34 expression in MSCs was measured, as CD34 has been
reported to define ‘true adipocyte progenitors’ and is also associated with better
metabolic health (Rodeheffer, Birsoy, & Friedman, 2008). The data showed
higher CD34 MFI in female mice compared to male mice and an increased
number of CD34 expressing cells within the gp38+ MSC population (Figure 13d).
Further compartmentalization of the stromal population showed that CD34
expression is higher in female across most subpopulations except CD90+CD73-
cells (Figure 13d).
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Stromal cell populations were also analysed in Balb/c mice. The data showed no
significant differences in proportion or numbers of gp38+ stromal cells between
female and male Balb/c mice (Figure 13f). However, the CD73+ population was
higher in proportion but not in numbers in male mice compared to females
(Figure 13g). On the other hand, CD90+CD73- stromal cells represented the
largest population in female mice and were higher in proportion and numbers
compared to males (Figure 13g). Additionally, a basic analysis of VAT resident
macrophages (Macs) and dendritic cells (DCs) was performed. For this purpose,
the gating strategy depicted in Figure 14a was employed. While our data
indicates higher numbers of Macs and DCs in males compared to females
(Figure 14b), DC subpopulations did not show any differences between male
and female mice.

Overall, our data revealed sex-specific differences in immune and non-immune
cells in the VAT and suggest that sex-specific distribution of stromal cells is

conserved between different mouse strains.
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Figure 13 | Stromal cell composition in the VAT is similar in C57BL/6 and
Balb/c mouse models. Mesenchymal stromal cell populations were analysed in
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MSCs in the VAT. b, Frequency (top) and numbers (bottom) of gp38+ MSCs. c,
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FACS plots displaying CD73 versus CD90 expression (left) and frequencies (top)
and numbers (bottom) of CD90-CD73+, CD90+CD73+, CD90+CD73- and CD90-
CD73- MSCs in female and male VAT. d, Histogram displaying CD34 expression
in gp38+ cells (top left). Quantification of CD34 MFI in gp38+ cells (top right) and
gp38+ MSC subpopulations in female and male VAT. e, Frequency (top) and
numbers (bottom) of gp38+ MSCs. f, FACS plots displaying CD73 versus CD90
expression. g, Quantification of frequencies (left) and numbers (right) of CD90-
CD73+, CD90+CD73+, CD90+CD73- and CD90-CD73- MSCs in female and
male VAT. Symbols represent individual mice; horizontal lines indicate means.
Data are representative (a, d, f) or pooled (b, c, d, e, g) from a minimum of two
independent experiments. Error bars indicate the standard deviation. Statistical
analyses were performed using two-way ANOVA (c, d, g) or unpaired, two-tailed
Student’s t-test (b, d, e).
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Figure 14 | Myeloid cells in the VAT. a, Gating strategy to identify macrophages
and DCs in the VAT. b, Frequencies and numbers of VAT-derived macrophages
and DCs. ¢, Frequencies (left) and numbers (right) of cDC1 and cDC2 in female
and male VAT. Symbols represent individual mice; horizontal lines indicate
means. Data are representative (a) or pooled (b, ¢) from a minimum of two
independent experiments. Error bars indicate the standard deviation. Statistical
analyses were performed using two-way ANOVA (c¢) or unpaired, two-tailed
Student’s t-test (b).
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Chapter 4 — Molecular regulation of ST2+ and CXCR3+ VAT Treg
cells

4.1 PPARYy is required for ST2+ but not CXCR3+ VAT Treg cell
differentiation

Our results uncovered VAT Treg cells of different phenotype and developmental
trajectory suggesting distinct molecular pathways might regulate the
differentiation and function of these subsets. Therefore, we investigated the
impact of various molecular regulators on ST2+ and CXCR3+ VAT Treg cell
differentiation.

The role of PPARYy in VAT Treg cells is very well established (Cipolletta et al.,
2015; Cipolletta et al., 2012). Therefore, the potential role of this transcription
factor in the development of CXCR3+ and ST2+ VAT Treg cells was assessed.
In line with previous reports (Cipolletta et al., 2015; Cipolletta et al., 2012), total
VAT Treg cell populations were significantly reduced in proportion and numbers
in Pparg”Foxp3°® mice (Figure 15a). Importantly, however, this was only
observed in males, while female VAT Treg cell populations remained unchanged.
A significant decrease in Foxp3 expression within VAT Treg cells was observed
in Pparg"Foxp3°® compared to control mice as measured through Foxp3 MFI
(Figure 15b). Furthermore, ST2+ VAT Treg cells were reduced in proportion and
numbers in male Pparg”"Foxp3°™ mice compared to controls (Figure 15c, d).
CXCR3+ Treg cells on the other hand expanded in the VAT of these mice.
(Figure 15c, d). In females, both VAT Treg cell populations remained unchanged.
Next, the proliferative capacity of both subpopulations were assessed through
Ki67 expression analysis. The proportion of Ki67+ cells was higher in
Pparg™"Foxp3°™® male mice compared to controls, while Ki67 levels in female
mice remained unaltered (Figure 15e, f). Within ST2+ and CXCR3+ VAT Treg
cell populations, the percentage of Ki67+ cells did not change significantly
between genotypes. However, the overall number of Ki67-expressing cells
decreased in ST2+ and increased in CXCR3+ VAT Treg cells of male mice
(Figure 15f).
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We and others have previously shown that GATAS is highly expressed in ST2+
VAT Treg cells and it is known to stabilize Foxp3 expression in order to maintain
Treg cell identity (Vasanthakumar et al., 2020; Wohlfert et al., 2011). High GATA3
expression was confirmed in ST2+ Treg cells, while expression was lower in the
CXCR3+ VAT Treg cell compartment (Figure 16a). Analysis of scRNA-Seq
revealed similar results. Clusters 3 and 4 had higher amount of Gata3 transcripts
compared to other groups, with cluster 4 having the highest number of transcripts
(Figure 16b). However, Clusters 2 and 5 displayed very similar Gata3 expression
levels while Cluster 1 had the least. The ability of PPARYy to control ST2+ VAT
Treg cell identity by modulating GATAS3 expression was tested. Flow cytometric
analysis showed that GATA3 expression was significantly reduced in male but
not female VAT Treg cells which is in line with the overall sex-specific phenotype
we see Pparg™"Foxp3°™® mice (Figure 16c).

Overall, we showed that PPARy promotes ST2+ VAT Treg cell formation and
suppresses differentiation of CXCR3+ cells in a sex-specific manner through

modulation of proliferation and GATA3 expression.
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Figure 15 | PPARYy is required for ST2+ but not CXCR3+ VAT Treg cells. VAT
from 20-28-week-old Pparg”"Foxp3°c™ and control (wildtype and Foxp3°©") mice
was analysed and compared. a, FACS plots showing Foxp3 and KLRG1
expression in CD4+ T cells (left). Quantification of proportion (top) and cell
numbers (bottom) of total VAT Treg cell population. b, Quantification of Foxp3
MFI in total VAT Treg cells. ¢, d, Flow cytometry plots (c¢) showing ST2 and
CXCRS3 expression and quantification (d, frequencies left, numbers right) of VAT
Treg cells in Pparg"Foxp3°™® and control mice. e, f, Flow cytometry plots (e)
showing ST2 and Ki67 expression and quantification (f, frequencies top, numbers
bottom) of total, ST2+ and CXCR3+ VAT Treg cells in Pparg""Foxp3°® and
control mice. Symbols represent individual mice; horizontal lines indicate means.
Data are representative (a, ¢, e) or pooled (a, b, d, f) from a minimum of two
independent experiments. Error bars indicate the standard deviation. Statistical
analyses were performed using two-way ANOVA.
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Figure 16 | PPARy impacts GATA3 expression in male VAT Treg cells. a,
Histogram (top left) depicting GATA3 expression and quantification of GATA3
MFI (top right) in ST2+ (green) and CXCR3+ (orange) VAT Treg cells. FACS plots
(bottom) showing expression of ST2 versus GATA3 in female and male VAT Treg
cells. b, Violin plots showing Gata3 transcript levels in VAT Treg cell clusters from
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single-cell RNA-Seq data. ¢, Histograms displaying GATA3 expression in female
and male Pparg™Foxp3°™® and control mice (left) and quantification of GATA3
MFI (right). Symbols represent individual mice; horizontal lines indicate means.
Data are representative (a, ¢) or pooled (a) from a minimum of two independent
experiments. Error bars indicate the standard deviation. Statistical analyses were
performed using two-way ANOVA (c) or unpaired, two-tailed Student’s t-test (a).

4.2 PPARy impacts Treg cells in other lymphoid and non-
lymphoid organs

We extended the investigation to other organs to assess the impact of PPARy
deletion in Treg cells on a systemic level. Analysis of splenocytes revealed
elevated total Treg cell population in Pparg”"Foxp3°™ mice compared to control
mice (Figure 17a). As shown in the VAT, Foxp3 expression levels were
substantially reduced Pparg™Foxp3°™® mice compared to control mice (Figure
17b). Surprisingly, however, GATA3 expression levels were enhanced in
Pparg"Foxp3°® male mice, while they remained unaltered in females (Figure
17¢). Further analysis of splenic Treg cell subpopulations showed that KLRG1+
Treg cells were significantly reduced in absence of PPARYy, especially in male
mice, while there was an increase of activated Treg cells (CD44hiCD62L-)
specifically in female mice (Figure 17d, e). Analysis of CXCR3+ Treg cells in the
spleen revealed no difference between Pparg™Foxp3¢ and control mice.
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Figure 17 | KLRG1 and Foxp3 expression are affected in splenic Treg cells
that lack PPARy. Spleens from 20-28-week-old Pparg™Foxp3°® and control
(wildtype and Foxp3¢™®) mice were analysed and compared. a, FACS plots
showing Foxp3 and CD4 expression in CD4+ T cells (left). Frequency of total
splenic Treg cell population (top right). b, Quantification of Foxp3 MFI in splenic
Treg cells. ¢, Histograms displaying GATA3 expression in female and male
Pparg"Foxp3°® and control mice (top) and quantification of GATA3 MFI
(bottom). d, Flow cytometry plots showing KLRG1 versus CXCR3 expression and
quantification of KLRG1+ and CXCR3+ splenic Treg cells in Pparg™"Foxp3°¢" and
control mice. e, Frequencies of CD44hiCD62L- Treg cells in Pparg™"Foxp3°¢" and
control mice. Symbols represent individual mice; horizontal lines indicate means.
Data are representative (a, ¢, d) or pooled (a-e) from a minimum of two
independent experiments. Error bars indicate the standard deviation. Statistical
analyses were performed using two-way ANOVA.
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Analysis of Treg cells in the small intestine of Pparg”"Foxp3°™ mice revealed
substantial increase of total Treg cells in proportion and numbers in both sexes
compared to control mice. The increase however was pronounced in females
(Figure 18a). Similar to splenic Treg cells, Foxp3 expression was also reduced
in PPARYy-deficient S| Treg cells compared to their controls (Figure 18b). More
detailed analysis of Treg cells revealed no difference in the proportion of GATA3+
Treg cells Pparg™Foxp3°™® mice compared to controls in both male and female
mice (Figure 18c). However, absolute numbers of GATA3+ cells were increased
in Pparg™Foxp3°™® mice compared to controls, which was only significant in
females. RORyt+ Treg cells were reduced in proportion but not in numbers in
both male and female Pparg™Foxp3°™ mice (Figure 18c). Additionally, we noted
that PPARy depletion led to a proportional reduction in CXCR3+ Treg cell
population in the gut while KLRG1+ Treg cells remained unchanged in both sexes
(Figure 19a). Absolute numbers of KLRG1+ and CXCR3+ Treg cells were
increased in both cases in Pparg”"Foxp3°® mice compared to their controls.
However, as the CXCR3 staining was not optimal, these results need
confirmation. Next, Ki67 expression was measured to assess whether
proliferation was affected by PPARYy depletion. Treg cells in Pparg”"Foxp3°cre
mice displayed enhanced Ki67 expression in both sexes compared to controls
(Figure 19b). Furthermore, the number of Ki67+ cells were higher in PPARYy-
deficient mice. In keeping with this observation, Ki67+ cells were elevated in
GATA3+ and RORyt+ Treg cells in the small intestine of male and female
Pparg™Foxp3°™ mice compared to controls (Figure 19b).

Overall, the data shows that PPARy functions as a regulator of Treg cell
differentiation and proliferation in spleen and Sl, suggesting that it has immune

and tissue specific functions across various organs.
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Figure 18 | PPARy-depleted mice have a reduced RORyt+ Treg cell
compartment in the gut. Small intestine from 20-28-week-old Pparg”"Foxp3°¢e
and control (wildtype and Foxp3°®) mice were analysed and compared. a, FACS
plots showing Foxp3 and CD4 expression in CD4+ T cells (left). Frequency (top)
and total cell numbers (bottom) of gut resident Treg cell population (top right). b,
Quantification of Foxp3 MFI in intestinal Treg cells. ¢, Flow cytometry plots
showing GATAS3 versus RORyt expression and frequencies (top) and numbers
(bottom) of GATA3+ and RORyt+ intestinal Treg cells in Pparg™Foxp3°™® and
control mice. Symbols represent individual mice; horizontal lines indicate means.
Data are representative (a, ¢) or pooled (a-c) from a minimum of two independent
experiments. Error bars indicate the standard deviation. Statistical analyses were
performed using two-way ANOVA.
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Figure 19 | CXCR3 and Ki67 expression is impacted by PPARy depletion in
gut resident Treg cells. a, Flow cytometry plots showing KLRG1 and CXCR3
expression and frequencies (top) and numbers (bottom) of KLRG1+ and
CXCR3+ intestinal Treg cells in Pparg”Foxp3°*® and control mice. b, Flow
cytometry plots showing GATA3 and Ki67 expression and frequencies (top) and
numbers (bottom) of Ki67+ cells among total (left), GATA3+ (centre) and RORyt+
(right) intestinal Treg cells in Pparg"Foxp3°™® and control mice. Symbols
represent individual mice; horizontal lines indicate means. Data are
representative or pooled (a) from a minimum of two independent experiments.
Error bars indicate the standard deviation. Statistical analyses were performed
using two-way ANOVA.
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4.3 GATA3 promotes the differentiation of ST2+ VAT Treg cells

Tw2 immunity has been associated with tissue Treg cell development (Michael
Delacher et al., 2017). In line with this notion, the Th2 specific transcription factor
GATAS has been implicated in the formation of skin- and gut-specific tissue Treg
cells and overall stability of Treg cell identity (Kalekar et al., 2019; Yunqi Wang et
al., 2011; Wohlfert et al., 2011).

To examine the role of GATAS in the generation and diversification of VAT Treg
cells, Gata3""Foxp3°™ mice were generated to deplete GATA3 selectively in Treg
cells. As expected, we observed Treg cell specific loss of GATA3, while it was
enhanced in Foxp3- cells (Figure 20a). Analysis of VAT from Gata3""Foxp3°ce
mice showed a significant decrease in the total VAT Treg cell population in male
mice (Figure 20b, c). In contrast, the proportion of female VAT Treg cells was
increased in Gata3""Foxp3°" mice (Figure 20c). In line with its role in regulating
Foxp3 expression, GATA3-deficient Treg cells showed substantially decreased
Foxp3 MFI compared to controls, in both sexes (Figure 20d). Analysis of Treg
cell subsets revealed a significant loss of ST2+ cells in Gata3""Foxp3°™ mice in
both males and females compared to the control group (Figure 20e, f). This
however was accompanied by a substantial increase in CXCR3+ VAT Treg cells
in males but not female Gata3""Foxp3°™ mice. The absolute number of CXCR3+
VAT Treg cells were also significantly increased in Gata3""Foxp3°® females

compared to controls while this was not observed in male mice (Figure 20e, f).
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Figure 20 | GATAS is essential for the differentiation of ST2+ VAT Treg cells.
Analysis of VAT from 22-28-week-old male and female Gata3""Foxp3°e |,
wildtype (n=6) and Foxp3°® (n=8) mice. a, Histograms displaying GATA3
expression in Foxp3+ and Foxp3- negative cells of male Gata3""Foxp3°¢® and
Foxp3°" control mice. b, ¢, Flow cytometry plots (b) and quantification (c) of total
VAT Treg cells of indicated genotypes. d, Quantification of Foxp3 MFI in VAT
Treg cells of Gata3""Foxp3°™ and Foxp3¢™ control mice. e, f, Flow cytometry
plots (e) showing ST2 and CXCR3 expression and quantification (f, frequencies
top, numbers bottom) of total, ST2+ and CXCR3+ VAT Treg cells in
Gata3""Foxp3°™ and control mice. Symbols represent individual mice; horizontal
lines indicate means. Data are representative (a, b, e) or pooled (c, d, f) from a
minimum of two independent experiments. Error bars indicate the standard
deviation. Statistical analyses were performed using two-way ANOVA.

Since Treg cell numbers were altered in female mice, proliferation of Gata3
deficient VAT Treg cells were assessed by Ki67 expression. Proportion of Ki67+

cells were increased in total VAT Treg cells in males but not female mice (Figure
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21a). Furthermore, Ki67 expression was enhanced in CXCR3+ Treg cells of both,
male and female mice. ST2+ VAT Treg cells, however, had elevated Ki67
expression only in male mice (Figure 21a). Furthermore, Treg cells in the VAT
displayed an increased activated phenotype in Gata3""Foxp3° mice marked by
high PD1 expression in VAT Treg cells of male mice (Figure 21b).

Together our results demonstrate that GATA3 is required specifically for the
maintenance of ST2+ Treg cells, Foxp3 stability, proliferation and possibly

activation of VAT Treg cells.
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Figure 21 | Loss of GATAS3 induces proliferation of CXCR3+ VAT Treg cells.
a, Flow cytometry plots showing ST2 versus Ki67 expression and quantification
(frequencies top, numbers bottom) of total, ST2+ and CXCR3+ VAT Treg cells in
Gata3""Foxp3°® , wildtype (n=6) and Foxp3°*® (n=8) mice. b, Histograms
depicting PD1 expression (left) and PD1 MFI quantification (right) in CXCR3+ and
ST2+ VAT Treg cells of male Gata3""Foxp3°® and control mice. Symbols
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represent individual mice; horizontal lines indicate means. Data are
representative (b) or pooled (a) from a minimum of two independent experiments.
Error bars indicate the standard deviation. Statistical analyses were performed
using two-way ANOVA.

4.4 Loss of GATA3 impacts Treg cells in other lymphoid and non-
lymphoid organs

To understand the broader impact of GATA3 on Treg cell differentiation, analysis
of Treg cells in other tissues of Gata3""Foxp3°™® mice was performed. Analysis
of the spleen revealed that the proportion of Treg cells was increased in
Gata3""Foxp3°™® mice compared to controls (Figure 22a). As observed in VAT
Treg cells, splenic Treg cells also had reduced Foxp3 expression (Figure 22b).
Further analysis of the Treg cell compartment showed a significant reduction of
KLRG1+ Treg cells in GATA3-deficient mice when compared of controls in both
sexes (Figure 22c). Similar to VAT Treg cells, CXCR3 expression was elevated
in GATAS3-deficient Treg cells of female mice (Figure 22c). Additionally,
Gata3""Foxp3°™ Treg cells displayed increased CD44 expression and increased
proliferation, based on Ki67 staining, which is reminiscent of the VAT Treg cell
phenotype (Figure 22d, e).

Analysis of the small intestine (SI) of Gata3""Foxp3°™ and control mice revealed
no difference between sexes and therefore data from male and female mice are
pooled for this section. Measurement of Sl length revealed that GATA3-deficient
mice have longer SI compared to controls (Figure 23a). Furthermore, S| Treg
cell population in Gata3""Foxp3°™ mice was significantly larger in proportion and
in numbers compared to control mice (Figure 23b). In line with observations from
other organs, we also observed a significant decrease in Foxp3 expression
(Figure 23c). Further investigation of the Treg cell compartment showed, as
expected, no GATA3+ Treg cells in Gata3""Foxp3°™® mice compared to controls
(Figure 23d). In contrast, RORyt+ Treg cells expanded in absence of GATA3
both in proportion and in numbers. Moreover, KLRG1+ Treg cells disappeared in
Gata3""Foxp3° mice while the proportion but not the numbers of Helios+RORyt-
Treg cells were reduced in GATA3-defiicent mice (Figure 23d). Here it is
important to note that GATA3 and Helios expression overlap in most Treg cells
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(Figure 23d). Strikingly a population of RORyt+Helios+ Treg cells emerged in

Gata3""Foxp3°™ mice, which does not exist in control mice (Figure 23d).
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Figure 22 | GATA3 depletion leads to expansion of splenic Treg cells in
males and females. Analysis of spleens from 22-28-week-old male and female
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Gata3""Foxp3°', wildtype (n=6) and Foxp3°" (n=8) mice. a, FACS plots showing
Foxp3 and CD4 expression in CD4+ T cells (left). Frequency of total splenic Treg
cell population (right). b, Quantification of Foxp3 MFI in splenic Treg cells. ¢, Flow
cytometry plots showing KLRG1 and CXCR3 expression and quantification of
KLRG1+ and CXCR3+ splenic Treg cells in Gata3""Foxp3°™® and control mice.
d, Frequencies of CD44hiCD62L- Treg cells in Gata3""Foxp3°" and control mice.
e, Flow cytometry plots showing KLRG1 and Ki67 expression and quantification
of Ki67+ splenic Treg cells in Gata3""Foxp3°® and control mice. Data are
representative (a, ¢, e) or pooled (a-e) from a minimum of two independent
experiments. Error bars indicate the standard deviation. Statistical analyses were
performed using two-way ANOVA.
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Figure 23 | Gut resident RORyt+ Treg cells expand in absence of GATAS.
Small intestine from 20-28-week-old Gata3""Foxp3°®, wildtype (n=6) and
Foxp3°™ (n=8) mice were analysed and compared. a, Quantification of Sl length
in Gata3"Foxp3°™® and control (wildtype and Foxp3°®) mice. b, FACS plots
showing Foxp3 and CD4 expression in CD4+ T cells (left). Frequency (centre)
and numbers (right) of total intestinal Treg cell population. ¢, Quantification of
Foxp3 MFI in splenic Treg cells. d, Flow cytometry plots showing RORyt versus
GATA3, KLRG1 and Helios expression and frequencies and numbers of
GATA3+, RORyt+, KLRG1+, Helios+ and Helios+RORYyt+ intestinal Treg cells in
Gata3""Foxp3°™ and control mice. Symbols represent individual mice; horizontal
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lines indicate means. Data are pooled from a minimum of two independent
experiments. FACS plots are representative. Error bars indicate the standard
deviation. Statistical analyses were performed using unpaired, two-tailed
Student’s t-test.

We then analysed the impact of GATA3 depletion on Treg cells in the lung as
several studies have demonstrated the role of Gata3 in lung resident Treg cells
(Ichikawa et al., 2019; Kleinjan et al., 2014; Morita et al., 2015). As observed in
other organs, Treg cells are increased in proportion and numbers in the lungs of
Gata3""Foxp3°™ mice compared to controls (Figure 24a). Consistent with other
organs, Foxp3 MFI is also decreased in the absence of GATAS in lung Treg cells
(Figure 24b). Detailed analysis of the Treg cell compartment showed a
proportional decrease in KLRG1+ and ST2+ Treg cells in the lung (Figure 24c).
However, the numbers of KLRG1+ cells did not change while an increased
number of ST2+ Treg cells was observed. In contrast, both, proportion and
numbers of CXCR3+ Treg cells increased in the absence of GATAS.

Together, our results demonstrate the importance of GATA3 for Treg cell
function. The data shows that GATA3 depletion has a universal impact on
development, differentiation and proliferation of CXCR3+ Treg cells and
KLRG1+/ST2+ Treg cells across multiple organs.

Notably, however, due to suboptimal CXCR3 and ST2 staining in Sl and lung, the

present results require further confirmation.
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Figure 24 | GATAS3 is required for KLRG1+ but not CXCR3+ lung resident
Treg cells. Lungs from 20-28-week-old Gata3""Foxp3°, wildtype (n=6) and
Foxp3°™ (n=8) mice were analysed and compared. a, FACS plots showing Foxp3
and CD4 expression in CD4+ T cells (left). Frequency (centre) and numbers
(right) of total lung Treg cell population. b, Quantification of Foxp3 MFI in splenic
Treg cells. ¢, Flow cytometry plots showing CXCR3 versus ST2 and KLRG1 and
frequencies (top) and numbers (bottom) of CXCR3+, KLRG1+ and ST2+ lung
Treg cells in Gata3""Foxp3°® and control mice. Symbols represent individual
mice; horizontal lines indicate means. Data are pooled from a minimum of two
independent experiments. FACS plots are representative. Error bars indicate the
standard deviation. Statistical analyses were performed using unpaired, two-
tailed Student’s t-test.

4.5 T-bet depletion results in expansion of ST2+ VAT Treg cells
in female mice

Having established the crucial role GATAS plays in VAT Treg cell development
we investigated how its counterpart, T-bet, affects VAT Treg cells. The Tn1

transcription factor T-bet, encoded by Tbx21, is a critical regulator of Cxcr3
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expression (Szabo et al., 2000). First, the expression pattern of T-bet in the VAT
and spleen was measured in both sexes using Thx27-reporter mice (?hu etal., 2012),
Analysis of the entire CD45+ compartment revealed higher T-bet expression in
female mice compared to males (Figure 25a, b). This characteristic could be
attributed to CD4+ T cells that displayed higher T-bet expression in female mice.
Analysis of the VAT Treg cell compartment revealed that females express higher
T-bet levels compared to their male counterparts (Figure 25c, d). A significant
proportion of ST2-negative VAT Treg cells expressed Tbhx21, which was
restricted to CXCR3+ Treg cells both in males and females (Figure 25c, d). In
the spleen, T-bet expression was higher in T cells from female mice compared to
male mice (Figure 25e). Furthermore, T-bet expression was higher in
conventional (Foxp3-) CD4+ T cells in females compared to males (Figure 25f,
g). However, T-bet expression was similar in Treg cells of both female and male
mice and restricted to CXCR3+ population (Figure 25g).

Considering the sexually divergent expression pattern of T-bet in both VAT and
spleen, Tbx217- mice were analysed to assess how T-bet ablation influences the
Treg cell compartment. In the VAT, the entire Treg cell compartment was
proportionally larger in Tbx21”- compared to controls, in both sexes (Figure 26a).
However, the number of Treg cells was similar in Tbx27-and WT mice (Figure
26b). Assessment of Foxp3 expression also showed no difference across all
groups (Figure 26¢). Further analysis of the Treg cell compartment showed a
significant increase of ST2+ cells. This was particularly striking in female mice
where the proportion of ST2+ VAT Treg cells increase to male-like levels (Figure
26d, e). However, ST2+ VAT Treg cell numbers were increased only in male
Tbx217 mice and not in female mice. Given CXCR3+ Treg cells are diminished
upon T-bet depletion, the entire ST2- Treg cell compartment was analysed as
surrogate for CXCR3+ Treg cells. ST2- Treg cell proportions were reduced in
both sexes, but numbers were only reduced in female Tbx2717- mice compared to
their respective controls (Figure 26d, e), indicating the sex-specific impact of T-
bet on VAT Treg cells.
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Figure 25 | T-bet is expressed predominantly in CXCR3+ Treg cells in VAT
and spleen. a-d, VAT from 30-36-week-old Thet?s¢e" female and mice were
analysed and compared. a, FACS plots showing Thet?s¢"¢®" versus TCRB and
CD4 in CD45+ and TCRB+ VAT cells, respectively. b, Frequencies of T-bet+ cells
among CD45+ (left), CD45+TCRpB+ (centre) and TCRB+CD4+ cells. ¢, FACS
plots depicting Tbet?s¢"e" against ST2 and CXCR3 expression in VAT Treg cells
of female and male mice. d, Quantification of T-bet+ cells among total (left),
CXCR3+ and ST2+ (right) Treg cells in male and female mice. e-g, Spleens from
30-36-week-old TbetzsCree" female and mice were analysed and compared. e,
FACS plots (left) showing Tbetzs¢ee" versus TCRPB expression in CD45+ splenic
cells. Frequencies of T-bet+ cells among CD45+ (centre), TCRB+ (right) cells. f,
FACS plots (left) showing Thet?s¢¢" versus Foxp3 expression in CD4+ splenic T
cells. Frequencies of T-bet+ cells among Foxp3- (top) and Foxp3+ (bottom) cells.
g, FACS plots (left) showing CXCR3 versus KLRG1 expression in T-bet+Foxp3+
splenic cells. Frequencies of KLRG1+ (green), DN (grey), DP (brown) and
CXCR3+ (yellow) cells among T-bet+Foxp3+ splenic cells. Symbols represent
individual mice; horizontal lines indicate means. Data are representative (a, c, e-
g) or pooled (b, d e-g) from a minimum of two independent experiments. Error
bars indicate the standard deviation. Statistical analyses were performed using
unpaired, two-tailed Student’s t-test (b, d-f) or two-way ANOVA (d, g).

Analysis of the spleen revealed expansion of Treg cells in both male and female
mice deficient for T-bet (Figure 27a, b). This was accompanied by enhanced
Foxp3 expression, but only in female mice (Figure 27c). More detailed analysis
of the splenic Treg cell compartment revealed that ST2+ and KLRG1+ VAT Treg
cells were enriched in male and female Tbx277- mice compared to their WT

counterparts (Figure 27d, e).
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Figure 26 | ST2+ VAT Treg cells emerge in females in response to whole
body depletion of T-bet. VAT from 30-36-week-old Tbx271” and control (WT)
female and mice were analysed and compared. a, b, FACS plots (a) depicting
CD4 versus Foxp3 expression in CD4+ T cells and quantification (b) of
frequencies and numbers of total VAT Treg cells in Thx217- and control mice. c,
Quantification of Foxp3 MFI in Thx217 and control mice. d, e, FACS plots (d)
depicting CD4 versus Foxp3 expression in CD4+ T cells and quantification (e) of
frequencies and numbers of ST2+ and ST2- VAT Treg cells in Thx21~and control
mice. Symbols represent individual mice; horizontal lines indicate means. Data
are representative (a, d) or pooled (b, c, e) from a minimum of two independent
experiments. Error bars indicate the standard deviation. Statistical analyses were
performed using two-way ANOVA.
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Figure 27 | KLRG1+ and ST2+ splenic Treg cells expand in absence of T-
bet. Spleens from 30-36-week-old Thx2717- and control (WT) female and mice
were analysed and compared. a, b, FACS plots (a) depicting CXCR3 versus
Foxp3 expression in CD4+ T cells and quantification (b) of frequencies of total
splenic Treg cells in Thx217 and control mice. ¢, Quantification of Foxp3 MFI in
Tbx217- and control mice. d, e, FACS plots (d) depicting ST2 versus KLRG1
expression in splenic Treg cells and quantification (e) of ST2+ and KLRG1+ Treg
cells in Tbx217- and control mice. Symbols represent individual mice; horizontal
lines indicate means. Data are representative (a, d) or pooled (b, c, e) from a
minimum of two independent experiments. Error bars indicate the standard
deviation. Statistical analyses were performed using two-way ANOVA.
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4.6 T-bet expression in Treg cells is required for CXCR3+ VAT
Treg cell differentiation

Analysis of Tbx271”- mice showed that T-bet expression affects the Treg cell
compartment significantly in the VAT. Considering it is a full body knockout, to
examine Treg-intrinsic effect of T-bet loss, mixed bone marrow chimeras were
generated that harbour WT and Tbx277 immune cells, which then can be
discriminated based on a congenic marker. With the help of this model, the
relative contribution of each genotype to CXCR3+, DN and ST2+ VAT Treg cell
compartment was assessed. The indicated gating strategy was employed, to
exclude radio-resistant host cells from analysis (Figure 28a). In both
experiments, Tbx217 cells did not contribute to the CXCR3+ Treg cell
compartment. The DN Treg cell compartment proportionally increased in male
and female mice, although only reaching significance in females (Figure 28c).
Furthermore, ST2+ VAT Treg cell proportions were increased in the first
experiment but not in the second experiment (Figure 28b).
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Figure 28 | Tbx21" cells accumulate as DN Treg cells in mixed bone marrow
chimeric mice. To generate bone marrow chimeras, 6-8-week-old F1
(CD45.1/CD45.2) female and male mice were irradiated and reconstituted with a
mix of WT (CD45.1) and Tbx217 (CD45.2) bone-marrow derived cells. VAT was
analysed 20-22 weeks post-reconstitution. a, Gating strategy used for analysis.
b, Frequencies of WT (CD45.1+) and Tbx217 (CD45.2+) cells among DN,
CXCR3+ and ST2+ VAT Treg cell populations in female and male mice from two
different experiments (Exp1 & Exp2). Symbols represent individual mice.
Statistical analyses were performed using two-way ANOVA.

To fully understand the Treg cell intrinsic role of T-bet, Tbx21""Foxp3¢™ mice that
lack T-bet expression specifically in Treg cells were generated. First, the
specificity of this mouse model was confirmed by showing that CXCRS3
expression was only reduced in Foxp3+ T cell, while Foxp3- T cells maintained
CXCR3 expression (Figure 29a). Analysis of the total VAT Treg cell compartment
showed no difference between control and Tbx21"Foxp3°® mice (Figure 29b).
Surprisingly, we found reduced Foxp3 expression in Treg cells devoid of T-bet in
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both sexes (Figure 29c). Additionally, Treg-specific T-bet depletion resulted in
expansion of ST2+ VAT Treg cells, which was specific to females. In contrast,
ST2- VAT Treg cell proportions were reduced in females but remained

unchanged in male mice (Figure 29d, e).
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Quantification of Foxp3 MFI in VAT Treg cells. d, e, Flow cytometry plots (d)
showing ST2 and CCR2 expression and quantification (e, frequencies left,
numbers right) of ST2+ and CXCR3+ VAT Treg cells in Thx21""Foxp3“™ and
control mice. Symbols represent individual mice; horizontal lines indicate means.
Data are representative (a, d) or pooled (b, ¢, e) from a minimum of two
independent experiments. Error bars indicate the standard deviation. Statistical
analyses were performed using two-way ANOVA.

To test whether the enrichment in ST2+ Treg cells in females was due to
recruitment or proliferation, Ki67 staining was performed, to stain for actively
dividing cells. Total Ki67+ Treg cell proportions were reduced in female
Tbx21"1Foxp3° mice compared to control mice in total Treg cells (Figure 30a)
but unaffected in males. Further analysis of the ST2+ and ST2- VAT Treg cell
compartments revealed less Ki67+ cells in Thx21"Foxp3°® mice compared to
controls in female mice, suggesting that Treg cell enrichment in female
Tbx21" Foxp3°™® mice was not due to enhanced proliferation (Figure 30b).
Furthermore, CD25 expression was measured in male mice as a measure of
activation status (Ferenczi, Burack, Pope, Krueger, & Austin, 2000). CD25
expression was reduced in T-bet deficient ST2+ VAT Treg cells while and
remained unchanged ST2- Treg cells (Figure 30c).

In the spleen, the total population of Treg cells remained unchanged in male and
female Tbx21"TFoxp3°™ mice despite displaying lower Foxp3 expression than
their respective controls (Figure 31a-c). Analysis of splenic KLRG1+ Treg cell
subsets mirrored the VAT phenotype. KLRG1+ splenic Treg cells were increased
in female but not male Tbx21""Foxp3°™® mice compared to their controls (Figure
31d, e). Additionally, no difference in Ki67 expression was observed in T-bet-
deficient mice compared to controls.

Overall, our results reveal that T-bet is required for the differentiation of CXCR3+

VAT Treg cells but simultaneously repressed ST2+ population.
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Figure 30 | ST2+ VAT Treg cells emerge from infiltrating cells in female
Tbx21""Foxp3°¢" mice. Analysis of VAT from 26-32-week-old male and female
Tbx21"1Foxp3¢ and control (WT and Foxp3°™) mice. a, b, Flow cytometry plots
(a) showing ST2 versus Ki67 expression and quantification (frequencies and
numbers) of total (a) and ST2+ and CXCR3+ (b) VAT Treg cells in
Tbx21"Foxp3°™ and control mice. ¢, Histograms displaying CD25 expression
(top) and CD25 MFI quantification (bottom) in male Thx21""Foxp3°" and control
mice. Symbols represent individual mice; horizontal lines indicate means. Data
are representative (a, ¢) or pooled (a-c) from a minimum of two independent
experiments. Error bars indicate the standard deviation. Statistical analyses were
performed using two-way ANOVA.
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Figure 31 | Splenic KLRG1+ Treg cell population is increased in female
Tbx21"1Foxp3°™ mice. Analysis of spleens from 26-32-week-old male and
female Tbx21""Foxp3°® and control (WT and Foxp3°®) mice. a, b, Flow
cytometry plots (a) showing CXCRS3 versus Foxp3 expression (a) and frequencies
(b) of total splenic Treg cells in Thx21"Foxp3°® and control mice. c,
Quantification of Foxp3 MFI in splenic Treg cells. d, e, Flow cytometry plots
showing KLRG1 versus Ki67 expression (a) and frequencies (e) of KLRG1+ and
Ki67+ splenic Treg cells in Tbx21"1Foxp3° and control mice. Symbols represent
individual mice; horizontal lines indicate means. Data are representative (a, c, d)
or pooled (b, e) from a minimum of two independent experiments. Error bars
indicate the standard deviation. Statistical analyses were performed using two-
way ANOVA.

4.7 Sirt1 contributes to ST2+ VAT Treg cell differentiation

The above experiments have shown the imperative role of PPARy, GATA3 and
T-bet transcription factors in VAT Treg cell biology. These transcription factors
also seem to influence the expression of the Treg lineage specific transcription
factor Foxp3. Sirt1 is a deacetylase which has been shown to regulate the stability
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of PPARYy (Picard et al., 2004; Qiang et al., 2012; van Loosdregt et al., 2011; van
Loosdregt et al., 2010). Given the essential role of PPARYy in VAT Treg cells, we
analysed the role of Sirt1 specifically in Treg cells using the Sirt1""Foxp3°™ mice.
Foxp3 expression was lower in male Sirt1-depleted VAT Treg cells compared to
controls, while it was unaffected in female Treg cells (Figure 32c). In keeping
with this, total VAT Treg cells in male mice were proportionally reduced compared
to their controls (Figure 32a, b). Female Treg cells however remained unaffected.
Further analysis of the Treg cell compartment revealed that ST2+ VAT Treg cells
were reduced in proportion in male Sirt1""Foxp3°® mice compared to controls
(Figure 32d, e). However, ST2+ Treg cells in female Sirt1""Foxp3° mice and
controls were comparable. CXCR3+ VAT Treg cells were increased in proportion
in both sexes. However, CXCR3+ cell numbers were enriched only in male
Sirt1"1Foxp3¢r mice compared to controls (Figure 32d, e).

Additionally, expression of CCR2, KLRG1 and CD73 was measured but no
significant difference was detected between controls and Sirt1""Foxp3°® mice.
Analysis of CD44 expression showed decreased CD44 MFI in Sirt1"Foxp3°¢e
males compared to controls. In the spleen, Sirt1 depletion did not affect the Treg
cell compartment (Figure 33a, b). Yet, a decrease in Foxp3 expression in Treg
cells of Sirt1""Foxp3°® mice compared to controls was observed (Figure 33c).
Analysis of Treg cell subsets showed no significant difference between
Sirt1"1Foxp3¢ and control mice in KLRG1+ or CXCR3+ Treg cells (Figure 33d,
e).

Overall, our data demonstrates that SIRT1 has little impact on splenic Treg cells
but supports the differentiation of ST2+ Treg cells in the VAT.
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Sirt1""Foxp3°ce, wildtype (n=10) and Foxp3°® (n=7) mice. a, b, Flow cytometry
plots showing KLRG1 versus Foxp3 expression (a) and quantification (b)
frequencies and numbers of total VAT Treg cells in Sirt1""Foxp3¢ and control
mice. ¢, Quantification of Foxp3 MFI in VAT Treg cells. d, e, Flow cytometry plots
showing ST2 versus CXCR3 expression (d) and quantification (e, frequencies
top, numbers bottom) of ST2+ and CXCR3+ VAT Treg cells in Sirt1"Foxp3°¢r®
and control mice. f, Histograms showing CCR2, KLRG1, CD73 and CD44 in
female and male Sirt1""Foxp3°™ and control mice. Symbols represent individual
mice; horizontal lines indicate means. Data are representative (a, d, f) or pooled
(b, c, e) from a minimum of two independent experiments. Error bars indicate the
standard deviation. Statistical analyses were performed using two-way ANOVA.
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Figure 33 | Splenic Treg cells are unaltered in Sirt1"Foxp3°™ mice. Analysis
of spleens from 28-32-week-old male and female Sirt1""Foxp3°, wildtype
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(n=10) and Foxp3°" (n=7) mice. a, b, Flow cytometry plots showing CD4 versus
Foxp3 expression (a) and frequencies (b) of total splenic Treg cells in
Sirt1"1Foxp3¢r and control mice. ¢, Quantification of Foxp3 MFI in splenic Treg
cells. d, e, Flow cytometry plots showing KLRG1 versus CXCR3 expression (d)
and frequencies (e) of KLRG1+ and CXCR3+ splenic Treg cells in Sirt1"Foxp3°r®
and control mice. Symbols represent individual mice; horizontal lines indicate
means. Data are representative (a, d) or pooled (b, c, e) from a minimum of two
independent experiments. Error bars indicate the standard deviation. Statistical
analyses were performed using two-way ANOVA.

4.8 Treg specific ablation of TGFBR2 significantly impairs VAT
Treg cell differentiation and function

TGFp is a cytokine with pleiotropic functions in immunity (Batlle & Massague,
2019; M. O. Li, Wan, Sanjabi, Robertson, & Flavell, 2006). Among its
immunomodulatory functions, it is required for the generation of pTreg cells, and
several reports have also shown its involvement in tissue Treg cell function and
maintenance (Konkel et al., 2017; Moreau et al., 2021; Worthington et al., 2015).
However, its influence on VAT Treg cell biology remains unknown. To dissect the
role of TGFB in VAT Treg cells, Tgfbr2""Foxp3°™® mice were generated and
analysed.

First, specific deletion of TGFBR2 in Treg cells could be indirectly shown through
expression of CD73 and CD103, both targets of TGFf signalling (S. Chen et al.,
2019; Duhen et al., 2018). CD73 was significantly downregulated in Foxp3+ but
not Foxp3- VAT T cells (Figure 34a). Similarly, CD103 which was completely
absent in Treg cells of Tgfbr2"Foxp3°® mice but not controls (Figure 34b).
Notably, the total VAT Treg cell population was substantially increased in
Tgfbr2"Foxp3c mice compared to controls in female and in male mice, both in
proportion and in numbers (Figure 34c, d). Detailed analysis of ST2+ VAT Treg
cells showed their significant drop in absence of TGFp-mediated signalling in
female and male mice (Figure 34e, f). Yet, the number of ST2+ Treg cells were
reduced only in male Tgfbor2""Foxp3°™ mice compared to controls. In contrast,
percentage and numbers of CXCR3+ VAT Treg cells were strikingly higher in
Tgfor2"Foxp3°™ mice compared to controls in both sexes (Figure 34e, f).
Measurement of Treg cell proliferation revealed that Ki67 expression did not
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change in absence of TGFf signalling. However, this has only been done in male
mice so far.

Analysis of the conventional T cell compartment showed that percentages of
Tconv cells were reduced in female Tgfbr2""Foxp3°™ mice while the percentages
of CD8+ T cells were significantly lower in Tgfbr2""Foxp3°™ mice in both sexes.
However, only males displayed lower cell CD8+ T cell numbers (Figure 35a, b).
No major differences in CXCR3+ or ST2+ conventional CD4 T cells were
observed when comparing Tgfbr2""Foxp3¢® and control mice (Figure 35c, d).
Moreover, Ki67 expression showed no significant differences in either
CD4+Foxp3- or CD8+ T cells of male TgfbR2Fox3Ce mice (Figure 35e, f).
Analysis of the TCR[3- compartment also showed no significant changes in ILC2
or Ki67 expression in absence of TGFf signalling (Figure 35g, h).

Taken together, our results reveal that TGF[3 signalling promotes ST2+ Treg cell
differentiation and limits overall Treg infiltration to the VAT. However, further
analysis is required to dissect the precise role of TGFf in a more detailed manner.
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Figure 34 | TGFB promotes ST2+ but restrains the differentiation of CXCR3+
VAT Treg cells. Analysis of VAT from 29-32-week-old male and female
Tgfor2"Foxp3°cre, wildtype (n=20) and Foxp3°® (n=4) mice. a, Histograms
displaying CD73 expression (left) and quantification of CD73 MFI (right) in Foxp3-
and Foxp3+ in Tgfbr2"Foxp3°® and control mice. b, Flow cytometry plots
depicting CD73 against CD103 expression and quantification of CD103+ cells in
VAT Treg cells of Tgfbr2"Foxp3° and control mice. ¢, d, Flow cytometry plots
showing CD4 versus Foxp3 expression in TCRB+ cells (¢) and quantification (d)
of frequencies and numbers of total VAT Treg cells in Tgfbr2"Foxp3°® and
control mice. e, f, Flow cytometry plots showing ST2 versus CXCR3 expression
(e) and quantification (f, frequencies top, numbers bottom) of ST2+ and CXCR3+
VAT Treg cells in Tgfbr2""Foxp3°™ and control mice. g, h, Flow cytometry plots
showing ST2 versus Ki67 expression (e) and quantification of frequencies and
numbers of Ki67+ cells among total (g), ST2+ and CXCR3+ (h) VAT Treg cells
in male Tgfbr2""Foxp3°™ and control mice. Symbols represent individual mice;
horizontal lines indicate means. Data are representative (a-c, e, g) or pooled (b,
d, f-h) from a minimum of two independent experiments. Error bars indicate the
standard deviation. Statistical analyses were performed using two-way ANOVA
(a, d, f) or unpaired, two-tailed Student’s t-test (b, g, h).
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Figure 35 | CD8+ T cells are significantly reduced in male Tgfbr2"Foxp3cre
mice. Analysis of VAT from 29-32-week-old male and female Tgfbr2""Foxp3°re,
wildtype (n=20) and Foxp3° (n=4) mice. a, b, Flow cytometry plots showing CD4
versus CD8 expression in TCRB+ cells (a) and quantification (b) of frequencies
and numbers of CD4+Foxp3- and CD8+ T cells in Tgfbr2"Foxp3c and control
mice. ¢, d, Flow cytometry plots showing ST2 versus CXCR3 expression in
CD4+Foxp3- cells (¢) and quantification (d) of frequencies and numbers of ST2+
and CXCR3+ cells in Tgfbr2""Foxp3°c™ and control mice. e, f, Flow cytometry
plots showing PD1 versus Ki67 expression in CD8+ cells (c) and quantification
(d) of frequencies and numbers of Ki67+ cells among CD4+Foxp3- and CD8+
cells in male Tgfbr2"Foxp3°® and control mice. g, h, Quantification of
frequencies and cell numbers of ILC2 (g) and Ki67+ cells (h) in TCRpB- cells.
Symbols represent individual mice; horizontal lines indicate means. Data are
representative (a, ¢, e) or pooled (b, d, f-h) from a minimum of two independent
experiments. Error bars indicate the standard deviation. Statistical analyses were
performed using two-way ANOVA (b, d, g) or unpaired, two-tailed Student’s t-test
(f, h).
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Chapter 5 — Interplay between VAT Treg cells and the VAT
microenvironment

5.1 Cytokines and chemokines shape sex differences in the VAT

Local VAT inflammation has been linked to a metabolic disease, especially during
obesity or conditions of nutritional excess (Hotamisligil et al., 1993; Xu et al.,
2003). Recently, we have shown that VAT inflammatory parameters are different
in male and female mice (Vasanthakumar et al., 2020). However, a deeper
understanding of the steady state cytokine landscape in both males and females
is still lacking.

To evaluate inflammation on a population level, VAT SVF from male and female
C57BL/6 mice was stimulated with PMA/lonomycin to quantify cytokine
production via antibody staining. Expression of IL-5 and IL-13 in total immune
cells (CD45+) did not show a significant difference between the sexes (Figure
36a). T cells (TCRB+) however expressed higher levels of IL-13 in female mice
compared to males (Figure 36b). IL-5 expression on the other hand was not
different between males and females. In contrast, type 1 inflammatory cytokines
such as IFN-y and TNF were increased in T cells of female mice compared to
males (Figure 36a, b). However, expression of the above cytokines in T cells
was indistinguishable between female and male mice. Due to its involvement in
fibrosis and tissue repair, we also assessed IL-17 expression in the VAT of male
and female mice by staining for its subunit IL-17A. However, IL-17A+ cell
proportion and numbers were similar between male and female mice in T cells
(Figure 36a, b). Analysis of IFN-y and TNF production in TCRf- cells showed no
major difference between both sexes, although male mice had slightly more TNF-
producing cells than female mice (Figure 36c¢). Furthermore, IFN-y MFI was
higher in TCRB+ and TCR- cells in female mice while TNF MFI was only higher
in TCRB+ cells compared to males (Figure 36d). IL5, IL13 and IL17A levels were
significantly higher in male mice compared to female mice in TCR- cells. Yet the
number of cells producing these cytokines was also similar in both sexes (Figure
36¢). IL17A production, however, was both proportionally and numerically higher

in TCRp- cells of male mice compared to female mice (Figure 36c¢). Analysis of,
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Ifng®YFP reporter mice could confirm the results stated above. Overall, female VAT
contained more cells expressing Ifng®** that also expressed a higher amount of
Ifng transcripts per cell as measured by MFI (Figure 36e-g).

Taken together, cytokine measurements showed increased expression of type 1
inflammatory cytokines in VAT TCR+ cells of female mice, while elevated levels

of IL-5, IL-13 and IL-17A were measured in TCRp- cells of male mice.
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Figure 36 | Th1 and Tu2 type cytokines are differentially expressed in male
and female mice. a-d, VAT SVF from 25-30-week-old female and male WT mice
was restimulated with PMA/lonomycin for 4 hours to measure cellular cytokine
production. a-c, Flow cytometric plots displaying TCRp versus IL-13, IL-5, IL17A,
IFN-y and TNF expression (a) in CD45+ cells and quantification of frequencies
(top) and cell numbers (bottom) of cytokine producing cells in TCRB+ (b) and
TCRB- (c) cells in male and female mice. d, Quantification of IFN-y and TNF MFI
in TCRB+ and TCRB- cells. e-g, VAT SVF from 25-30-week-old female and male
Ifng®¥fP mice was restimulated with PMA/lonomycin for 4 hours to measure
cellular cytokine production. e, f, FACS plots displaying TCRpB versus /fngeYf"
expression (e) and quantification (f) of IFN-y+ cells in CD45+ in female and male
mice. g, Quantification of /fng®¥™ MFI in TCRB+ and TCRp- cells. Symbols
represent individual mice; horizontal lines indicate means. Data are
representative (a, e) or pooled (b-d, f, g) from a minimum of two independent
experiments. Error bars indicate the standard deviation. Statistical analyses were
performed using two-way ANOVA.

Considering the increased IFN-y levels in female adult mice, it was conceivable
that the observed sexual dichotomy in CXCR3+ VAT Treg cells was at least
partially driven by IFN-y. Thus, the cytokine milieu in younger mice (7 weeks) was
measured, considering the sex-specific difference in ST2+ and CXCR3+ VAT
Treg cells is not observable at that age (see Figure 7). Results showed that
proportion and amount of IFN-y and TNF-producing T cells was higher in male
mice compared to female mice, which contrasted the phenotype in older mice
(Figure 37a, b). No significant differences in the proportions or numbers of IL-5,
IL-13 and IL-17A+ cells were observed. Further analysis showed that IFN-y, TNF,
IL5 and IL13 production was similar in TCRB- cells of male and female mice
(Figure 37c). However, as seen in older mice, the proportion and number of
IL17A-producing cells was substantially higher in male mice compared to female
mice.

Hence, the results showed that IFN-y expression aligns with CXCR3+ VAT Treg
cell proportions. However, analyses at more timepoints are required, to establish
a firm correlation between IFN-y expression levels and CXCR3+ VAT Treg cell
proportions.
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Figure 37 | Cytokine production in young adult mice is different from mature

mice. VAT SVF from 7-week-old female and male WT mice was restimulated

with PMA/lonomycin for 4 hours to measure cellular cytokine production. Flow
cytometric plots displaying TCRB versus IL-13, IL-5, IL17A, IFN-y and TNF
expression (a) in CD45+ cells and quantification of frequencies (top) and cell
numbers (bottom) of cytokine producing cells in TCRB+ (b) and TCR3- (c) cells
in male and female mice. Symbols represent individual mice; horizontal lines
indicate means. Data are representative (a) or pooled (b, ¢) from a minimum of
two independent experiments. Error bars indicate the standard deviation.
Statistical analyses were performed using two-way ANOVA.
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IFN-y could provide important signals for CXCR3+ VAT Treg cell differentiation
yet no migratory cues. Therefore, REX3 mice with Cxcl9”FF and Cxcl105FP
modifications were analysed that report for RNA expression of the CXCR3
ligands, CXCL9 and CXCL10, respectively (Groom et al., 2012). Through flow
cytometric analysis RFP+ (CXCL9+) and BFP (CXCL10+) cells were detected in
the VAT. Analysis showed that proportions and numbers of CXCL10 expressing
CDA45+ cells were higher in female mice compared to male mice (Figure 38a, b).
Levels of CXCL9+ cells were also higher in female mice compared to male
(Figure 38c, d). Interestingly, CXCL9 was co-expressed with CXCL10 in all
measured samples. To determine the source of chemokine expression in T cells
and innate immune cells we employed the gating strategy shown in Figure 38e.
FACS analysis revealed that a large proportion for CXCL10 originates from
macrophages (M®) whose contribution is higher in male mice compared to
female mice. (Figure 38f). Furthermore, CXCL10 expression was measurable in
B and NK cells at low levels, while the majority of T cell generated CXCL10 was
from CD4+ T cells (Figure 38f). The majority of RFP (CXCL9) signal was derived
from M® and DCs and could not be detected in other cell types.

Overall, our results show significant differences in IFN-y and CXCR3 ligand
production that potentially affects VAT Treg cell composition and ultimately local

inflammation, adipocyte and immune cell composition and function.
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Figure 38 | CXCR3 ligands CXCL9 and CXCL10 production is higher in
female mice compared to male mice. VAT SVF from 25-30-week-old female
and male REX3 mice was restimulated with PMA/lonomycin for 4 hours to
measure cellular cytokine production. a, b, Flow cytometry plots displaying CD45
against CXCLO expression (a) in Live cells and quantification (b) of frequencies
and numbers of CXCL10+ cells in female and male mice. ¢, d, Flow cytometry
plots displaying CXCL9 against CXCLO expression (c) in CD45+ cells and
quantification (d) of frequencies and numbers of CXCL9+ cells in female and
male mice. e, Gating strategy to identify different cell subsets producing CXCL10.
f, Frequencies of macrophages (M®), DCs, NK cells, B cells, CD4+, CD8+ T cells
among CXCL10 and CXCL9 producing cells in male and female mice. Symbols
represent individual mice; horizontal lines indicate means. Data are
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representative (a, c, e) or pooled (b, d, f) from a minimum of two independent
experiments. Error bars indicate the standard deviation. Statistical analyses were
performed using two-way ANOVA (f) or unpaired, two-tailed Student’s t-test (b,
d).

5.2 IFN-y deficiency leads to ST2+ VAT Treg cell expansion and
T cell infiltration

Considering the differences in IFN-y production between male and female mice,
experiments were conducted to investigate VAT immune cells in mice lacking
IFN-y. Therefore, the VAT of female and male Ifng”- and control mice was
analysed. Analysis of the total VAT Treg cell population showed no difference
between Ifng” and control mice of both sexes (Figure 39a, b). More detailed
analysis showed an increased proportions of ST2+ VAT Treg cells in male and
female mice. However, only female mice had more ST2+ Treg cells per g of VAT
(Figure 39c, d). In contrast, CXCR3+ VAT Treg cells were significantly reduced
in proportion and numbers in male and female mice. Furthermore, GATA3
expression, which is important for ST2+ VAT Treg cells, was altered in absence
of IFN-y. Measurements of GATA3 MFI in DN, ST2+ and CXCR3+ VAT Treg cells
showed enhanced GATA3 expression levels in ST2+ cells of male Ifng” mice
when compared to controls. All other comparisons did not reveal any differences
(Figure 39e).
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indicate the standard deviation. Statistical analyses were performed using two-
way ANOVA.

Considering IFN-y contributes to Tu1 cell fate, T cell numbers and phenotype
were assessed in IFN-y-sufficient and -deficient mice. No differences in numbers
of CD45+ or TCRB+ cells in Ifng”- mice of either sex compared to their controls
was observed (Figure 40a). More detailed analysis of the T cell compartment
showed that female IFN-y-deficient mice had increased proportion but not
numbers of Tconv cells while no difference was detected in male mice (Figure
40b, c). In contrast, the CD8+ T cell compartment was significantly reduced in
Ifng”- mice compared to their controls in either sex. However, this difference was
only discernible in percentages and not numerically (Figure 40b, c). Further
analysis of the Tconv compartment was conducted. CXCR3 expression was
reduced in male Ifng”- mice although being similar in numbers (Figure 40d, e).
Additionally, the results showed an expansion of ST2+Tconv cells in both sexes
in absence of IFN-y (Figure 40d, e). Apart from T cells, ILC2 were also analysed
in IFN-y-deficient mice but no substantial difference between Ifng”- and control
mice of both sexes were detected (Figure 40f).
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Figure 40 | ST2+Foxp3- cells expand in absence of IFN-y in both sexes. VAT
from 27-32-week-old /fng”~ and WT mice were analysed and compared. a,
Quantification of CD45+ (top) and TCRB+ (bottom) cell numbers in Ifng” and
control mice. b, ¢, Flow cytometry plots showing CD4 versus CD8 expression in
TCRB+ cells (b) and quantification (c) of frequencies and numbers of
CD4+Foxp3- and CD8+ T cells in Ifng” and control mice. d, e, Flow cytometry
plots showing ST2 versus CXCR3 expression in CD4+Foxp3- cells (d) and
quantification (e) of frequencies and numbers of ST2+ and CXCR3+ cells in Ifng
/and control mice. f, Quantification of frequencies and cell numbers of ILC2.
Symbols represent individual mice; horizontal lines indicate means. Data are
representative (b, d) or pooled (a, c, e, f) from a minimum of two independent
experiments. Error bars indicate the standard deviation. Statistical analyses were
performed using two-way ANOVA.

Next, the cytokine milieu in Ifng”- mice was compared to controls. First, global
absence of IFN-y was confirmed. In IFN-y depleted mice, IL-5 expression was
enhanced, specifically in T cells when compared to IFN-y-sufficient female and
male mice (Figure 41a-c). This was not only in proportion but also in numbers.
In contrast, IL5 expression was similar in TCRB- cells of /fng” and control mice.
IL5 expression in CD4+Foxp3- T cells was elevated in /fng”- mice compared to
controls, both in proportion and in numbers. TNF expression was not different in
Ifng”- mice compared to control in TCRB+ or TCRB- cells of either sex (Figure
41a-c). However, further analysis revealed that TNF expression was
proportionally higher in CD8+ but not CD4+ T cells in absence of IFN-y (Figure
41d, e).

Taken together, our results show that absence of IFN-y induces ST2 expression
in Foxp3+ and Foxp3- VAT T cells and is accompanied by elevated IL5

expression.
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Figure 41 | IL-5 production is significantly enhanced in Ifng” mice. VAT from
27-32-week-old Ifng”- and WT mice were analysed and compared. a-c, Flow
cytometric plots displaying TCRp versus IL-5, IFN-y and TNF expression (a) in
CD45+ cells and quantification of frequencies (top) and cell numbers (bottom) of
cytokine producing cells in TCRB+ (b) and TCR- (c) cells in male and female
mice. d, Flow cytometric plots displaying TCR versus TNF and ST2 versus IL-5
in TCRB+ and CD4+Foxp3- cells, respectively. e, f, Quantification of frequencies
and cell numbers of TNF (e) and IL-5 (f) producing cells among CD4+Foxp3- and
CD8+ T cells. Symbols represent individual mice; horizontal lines indicate means.
Data are representative (a, d) or pooled (b, ¢, e, f) from a minimum of two
independent experiments. Error bars indicate the standard deviation. Statistical
analyses were performed using two-way ANOVA.

5.3 IFNaR2 deficiency induces minor changes in VAT T cell
composition

Like IFN-y, type | interferons promote Th1 polarization while inhibiting type 2
immunity. Furthermore, recent reports have shown the involvement of type |
interferon signalling in adipose biology (C. Li, G. Wang, et al., 2021). Therefore,
mice that lack IFNaR2, a receptor subunit required for type | interferon signalling,
were analysed. Flow cytometric analysis of male Ifnar2” and control mice
showed no significant difference in VAT Treg cell proportions but increased
numbers (Figure 42a, b). Furthermore, the proportions of DN, ST2+ and
CXCR3+ VAT Treg cells were indistinguishable between Ifnar2” and control
mice. Only the amount of ST2+ VAT Treg cells was increased in IFNaR2-deficient
mice (Figure 42c, d). Phenotypic analysis of VAT Treg also showed no significant
difference in CD73 or GATA3 expression between Ifnar2”- and control mice
(Figure 42e).

Further analysis of the T cell compartment showed that CD8+ cells were
proportionally lower in VAT of Ifnar2”- male mice when compared to controls
(Figure 43a, b). While the overall Tconv cells population was not affected by a
lack of IFNaR2, CXCR3+ cells were proportionally reduced while ST2+ cells were
elevated in Ifnar2”- males compared to controls (Figure 43b-d). Analysis of
TCRB- cells further showed that ILC2 populations were similar in Ifnar2”- males
compared to controls (Figure 43e).
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Overall, our results show that ablation of IFNaR2 affects CXCRS3 expression in

Tconv cells yet has little impact on VAT Treg cell composition in male mice.
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Figure 42 | VAT Treg cell numbers are increased in Ifnar2”’- male mice. VAT
from 30-35-week-old /fnar2”- and WT mice were analysed and compared. a, b,
Flow cytometry plots showing CD4 versus Foxp3 expression (a) and
quantification (b) of frequencies and numbers of total VAT Treg cells in Ifnar2”
and control mice. ¢, d, Flow cytometry plots showing ST2 versus CXCR3
expression (c¢) and quantification (d) of frequencies and numbers of DN, ST2+
and CXCR3+ VAT Treg cells in /fnar2”- and control mice. e, Quantification of
CD73 and GATA3 MFI in DN, ST2+ and CXCR3+ VAT Treg cells of Ifnar2” and
control mice. Symbols represent individual mice; horizontal lines indicate means.
Data are representative (a, ¢) or pooled (b, d, e) from a minimum of two
independent experiments. Error bars indicate the standard deviation. Statistical
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analyses were performed using two-way ANOVA (b) or unpaired, two-tailed
Student’s t-test (d, e).
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Figure 43 | IFNaR2 ablation leads to the reduction of CD8+ and
CXCR3+Foxp3- VAT cells. VAT from 30-35-week-old I/fnar2”- and WT mice
were analysed and compared. a, b, Flow cytometry plots showing CD4 versus
CD8 expression in TCRB+ cells (a) and quantification (b) of frequencies and
numbers of CD4+Foxp3- and CD8+ T cells in Ifng”- and control mice. ¢, d, Flow
cytometry plots showing ST2 versus CXCR3 expression in CD4+Foxp3- cells (c)
and quantification (d) of frequencies and numbers of ST2+ and CXCR3+ cells in
Ifng”- and control mice. e, Quantification of frequencies and cell numbers of ILC2.
Symbols represent individual mice; horizontal lines indicate means. Data are
representative (a, ¢) or pooled (b, d, e) from a minimum of two independent
experiments. Error bars indicate the standard deviation. Statistical analyses were
performed using unpaired, two-tailed Student’s t-test.
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5.4 IL-33 shapes both, ST2+ and CXCR3+ VAT Treg cells and
regulates CD8+ T cell infiltration

Several studies have shown the importance of IL-33 in TH2 immunity and VAT
Treg cell biology (Han et al., 2015; Mathis, 2016; Vasanthakumar et al., 2020;
Ajithkumar Vasanthakumar et al., 2015). Hence, we explored how ablation of
ST2, and IL-33 affects VAT immunity in female and male mice. As shown in a
previous publication from our lab, the proportion of gp38+ stromal cells that
expressed IL-33 was higher in male mice compared to female mice (Figure 44a).
Further analysis also showed that VAT Treg cells are significantly diminished in
male mice of both //1r/17- and /I133”7 mice, which is in line with previous reports
(Figure 44b). ST2+ VAT Treg cells were reduced compared to control, in both
ST2- and IL33-deficient female and male mice (Figure 44c, d). Numerically,
however, this was only significant in male mice. In contrast, CXCR3+ VAT Treg
cells expanded in absence of IL-33 signalling in both sexes. This was especially
evident in female //33- mice where higher numbers of CXCR3+ cells were
observed compared to controls (Figure 44d). To test whether the increased
CXCR3+ Treg cell population was due to infiltration or proliferation, Ki67
expression in VAT Treg cells was assessed. The results show that Ki67+
expression was increased within the total Treg cell population of both sexes that
lacked either ST2 or IL-33 (Figure 44e, f).
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Figure 44 | IL-33 signalling promotes ST2+ and inhibits CXCR3+ VAT Treg
cell differentiation. a, Frequencies of IL-33 producing cells among gp38+ MSCs.
b-g, VAT from 27-33-week-old /337, l/1ri17- and WT mice were analysed and
compared. b, Quantification of frequencies and numbers of total VAT Treg cells
in 11337, ll1rl17- and WT mice. ¢, d, Flow cytometry plots showing ST2 versus
CXCR3 expression (¢) and quantification (d) of frequencies and numbers of ST2+
and CXCR3+ VAT Treg cells in /1337, lI1ri17- and WT mice. e-g, Flow cytometry
plots showing ST2 versus Ki67 expression in CD4+Foxp3- cells (d) and
quantification of frequencies and numbers of total, CXCR3+ (f) and ST2+ (g) cells
in /1337, II1r117- and WT mice. Symbols represent individual mice; horizontal lines
indicate means. Data are representative (c, e) or pooled (a, b, d, f, g) from a
minimum of two independent experiments. Error bars indicate the standard
deviation. Statistical analyses were performed using two-way ANOVA (b, d, f, g)
or unpaired, two-tailed Student’s t-test (a).

Next, we investigated how lack of IL-33 or ST2 impacts T cell infiltration or
phenotype. In females there was no significant difference in proportion or
numbers of CD4+Foxp3- or CD8+ T cells of IL-33- and ST2-deficient mice
compared to controls (Figure 45a, b). In contrast, increased proportions of CD8+
and CD4* T cells were detected in male mice, especially in the absence of ST2.
While numbers of CD4 T cells were also increased in the absence of IL-33
signalling, numbers of CD8+ T cells were similar across all comparisons. In
females and males, there were higher proportions of CXCR3+CD4+Foxp3- T
cells in /1337 and II1rl17- mice, respectively (Figure 45c, d). In cell numbers, this
made however no difference. Furthermore, the percentage and numbers of Ki67
expressing cells among Foxp3- cells was enhanced in /33”7 mice compared to
controls in both sexes while ablation of ST2 did not have an impact. Furthermore,
ILC2 populations were significantly reduced in absence of IL-33 or ST2 in both
sexes, although a much stronger phenotype was observed in //1r/17- mice when
compared to controls (Figure 45e). However, the proportion of KI67+ cells in the
TCRR- population was elevated in female but not in male mice in both knockout
models.

In summary, IL-33 signalling is crucial for ST2+ VAT Treg cell formation, inhibition
of CXCR3+ VAT Treg cells and affects T cell infiltration and proliferation.
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Figure 45 | CD8+ T cells expand in absence of IL-33-dependent signalling.
VAT from 27-33-week-old //337, l/1rl1”- and WT mice were analysed and
compared. a, b, Flow cytometry plots showing CD4 versus CD8 expression in
TCRB+ cells (a) and quantification (b) of frequencies and numbers of
CD4+Foxp3-and CD8+ T cells in /1337, II1rl17- and WT mice. ¢, d, Flow cytometry
plots showing CXCR3 versus Ki67 expression in CD4+Foxp3- cells (¢) and
quantification (d) of frequencies and numbers of Ki67+ and CXCR3+ cells in /133
~ I11r117- and WT mice. e, Quantification of frequencies and cell numbers of ILC2
(left) and Ki67+ cells (right) in TCRp- cells. Symbols represent individual mice;
horizontal lines indicate means. Data are representative (a, ¢) or pooled (b, d, e)
from a minimum of two independent experiments. Error bars indicate the standard
deviation. Statistical analyses were performed using two-way ANOVA.

5.8 High-fat diet induces TNF and IFN-y production in males but
not T cell infiltration

Increased infiltration of inflammatory immune cells such as CD8 T cells, Th1 cells
and pro-inflammatory macrophages is a hallmark of obesity and metabolic
disease (Grant & Dixit, 2015). Therefore, infiltration of CD4 and CD8 T cells was
assessed. Firstly, numbers of CD45+ and T cells (TCRp+) were analysed, but no
significant difference was detected between ND and HFD mice (Figure 46a).
Secondly, proportion and numbers of ST2+ and CXCR3+ conventional CD4 cells
were assessed also showing no difference between ND and HFD fed mice of
both sexes (Figure 46b, c). And finally, analysis of CD8 T cell and ILC2
proportion and cell numbers revealed no HFD-induced changes in female or male
mice.

Next, cytokine production was measured through re-stimulation of VAT SVF with
PMA/lonomycin. IFN-y and TNF levels were reduced in T cells from HFD fed
males compared to ND controls while female proportion and numbers of IFN-y-
and TNF-producing T cells remained unchanged (Figure 47a). Furthermore, no
significant difference between ND and HFD fed mice was observed in T cell
derived IL-5, IL-13, IL-17A, IFN-y and TNF (Figure 47b, c). In TCR@- cells, the
IL-5 expression levels HFD fed mice were increased in females but decreased in
males when compared to controls (Figure 47d). The proportion of IL13 and IL17A
expressing cells in HFD fed mice was similar to ND controls. However, the
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number of IL13+ and IL17A+ cells was reduced in male HFD mice when
compared to ND controls.

Overall, the results unexpectedly showed no induction of inflammatory cell
infiltration upon feeding a HFD and reduced levels of Th1 associated cytokines
IFN-y and TNF and Tn2 associated cytokines IL5 and IL13 in male HFD mice
when compared to ND controls. Any differences could have been potentially
masked by the significant variation across experiments. Data analysis from a
different angle might help explain the variation across experiments and resolve
potential differences which was unfortunately not possible in the limited time and
will be further elaborated on in the discussion.
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Figure 46 | Cellular infiltration is not substantially altered in high-fat diet fed
mice. C57BL/6 female and male mice were subjected to high-fat diet for 25
weeks and the VAT was analysed. a, Quantification of numbers of CD45+ and
TCRp+ cells. b, ¢, Quantification of frequencies and cell numbers of CXCR3+ (b)
and ST2+ (c) cells among CD4+Foxp3- populations. d, e, Quantification of
frequencies and cell numbers of CD8+ (d) and ILC2 (e) cells among TCRB+ and
TCRpB- populations, respectively. Symbols represent individual mice. Data are
pooled from a minimum of two independent experiments. Error bars indicate the
standard deviation. Statistical analyses were performed using two-way ANOVA.
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Figure 47 | TNF, IL5 and IL13 cytokine production is reduced upon high-fat
diet. C57BL/6 female and male mice were subjected to high-fat diet for 25 weeks.
VAT SVF was re-stimulated for 4hrs and cytokine measure intracellularly. a, b,
Quantification of frequencies and cell numbers of TNF and IFN-y producing cells
among TCRpB+ (a) and TCRp- (b) populations, respectively. ¢, d, Quantification
of frequencies and cell numbers of IL5, IL13 and IL17A producing cells among
TCRpB+ (c) and TCR- (d) populations, respectively. Symbols represent individual
mice. Data are pooled from a minimum of two independent experiments. Error
bars indicate the standard deviation. Statistical analyses were performed using
two-way ANOVA.
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Chapter 6 — Functions of ST2+ and CXCR3+ VAT Treg cells

6.1 Elevated T cell infiltration and IFN-y expression in the VAT
after systemic Treg depletion

Findings listed in the previous chapters have revealed the influence of VAT
microenvironment on Treg cells. We sought to understand the impact of Treg
ablation on VAT Treg cell microenvironment. First, Treg cells were depleted
systemically using Foxp3P™R mice as described previously in this study (see
Figure 6b) and analysed the impact of Treg cell loss 10 days post-depletion. The
results showed substantial T cell infiltration in proportion and numbers after Treg
cell depletion in both sexes (Figure 48a). This was unique to T cells as numbers
and proportion of TCRp- cells remained unchanged in male and female mice that
were devoid of Treg cells. Further analysis of the T cell compartment showed that
numbers of CD4+Foxp3- T cells were substantially increased in female, but not
male Treg-depleted mice compared to controls (Figure 48b). The proportion of
CD4+Foxp3- T cells, however, remained unchanged in both sexes. Moreover,
the CD8+ T cell population expanded significantly in absence of VAT Treg cells
in both sexes when compared to controls (Figure 48b). This was at least partly
due to increased proliferation as evidence by elevated numbers and proportion
of Ki67+ cells in the CD8+ T cell compartment (Figure 48c). A similar observation
was made in CD4+Foxp3- T cells that harboured increased numbers of Ki67-
expressing cells. CXCR3 expression remained largely unaltered 10 days post
Treg cell depletion (Figure 48d, e). Additionally, assessment of cytokine
production in Treg cell depleted female mice revealed strikingly increased levels
of IFN-y and TNF production in CD45+ cells compared to controls (Figure 48f,
d). In contrast, numbers of IFN-y+ and TNF+ lymphocytes were similar in male
DT- and PBS-treated mice while the proportion of IFN-y- and TNF-expressing
cells was up- and downregulated, respectively. Furthermore, IL-5 production in
females did not change in proportion but only increased numerically in DT treated
mice compared to controls. However, numbers of IL-5 expressing CD45+ cells
were significantly reduced in Treg cell depleted male mice compared to controls
(Figure 48h).



129

Overall, the results demonstrate that Treg cells are critical to limit proliferation of
the T cell in the VAT and control the production of IFN-y, TNF and IL-5.
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Figure 48 | T cell infiltration and IFN-y production is substantially increased
in the VAT after Treg cell depletion. Male and female Foxp3°'R mice were
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treated with either a single dose of diphtheria toxin (DT) or PBS and analysed 10
days post-treatment at 28-30-weeks of age. a, Quantification of frequencies and
numbers of TCRB+ and TCRp- cells among live cells in DT and PBS treated
Foxp3P™R mice. b, Quantification of frequencies and numbers of Foxp3-CD4+ and
CD8+ T cells among TCRpB+ cells in DT and PBS treated Foxp3P"R mice. c,
Quantification of frequencies and numbers of Ki67+ cells among CD8+ T cells.
d, e, Flow cytometry plots showing CXCR3 versus Ki67 expression (d) and
quantification (e) of frequencies and numbers of Ki67+ and CXCR3+ cells among
Foxp3-CD4+ T cells in DT and PBS treated Foxp3°'R mice. f-h, Flow cytometry
plots showing TCR versus IFN-y and IL-5 expression in CD45+ cells (f) and
quantification of frequencies and numbers of IFN-y+, TNF+ (g) and IL-5+ (h) cells
among CD45+ cells in male DT and PBS treated Foxp3°'™R mice. Symbols
represent individual mice; horizontal lines indicate means. Data are
representative (d, f) or pooled (a-c, e, g, h) from a minimum of two independent
experiments. Error bars indicate the standard deviation. Statistical analyses were
performed using two-way ANOVA (a-c, e, g) or unpaired, two-tailed Student’s t-
test (h).

6.2 GATA3 dependent ST2+ VAT Treg cells are required to
regulate T cell infiltration and cytokine production

Given the essential role of GATA3 in ST2+ Treg cell differentiation, we assessed
the local immune cell composition and cytokine production in Gata3"Foxp3°r®
mice. The numbers of CD4+ T cells in Gata3""Foxp3°™ mice were substantially
elevated yet displayed no difference or modest decrease in proportions in male
and female mice, respectively (Figure 49a). Analysis of the CD8+ T cell
compartment showed a striking proportional and numerical increase in
Gata3""Foxp3°™® mice compared to controls in both sexes. In contrast, the
proportion of TCRB- cells in Gata3""Foxp3°™® remained unchanged in female or
were significantly reduced in male mice compared to controls. Yet numbers of
TCRB- cells were elevated in female GATA3-deficient mice compared to controls
and unaltered in their male counterparts (Figure 49b). The ILC2 population also
remained unchanged in Gata3""Foxp3°™® mice when compared to controls. More
detailed analysis of the CD4+Foxp3- compartment revealed substantial
phenotypic changes. While the proportion of CXCR3+ cells dropped in male
Gata3""Foxp3°® mice, CXCR3+ cell numbers were elevated in their female
counterparts when compared to control mice (Figure 49c, d). Furthermore, a
substantial increase of ST2+ Treg cells was observed within the CD4+Foxp3- T
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cell compartment of Gata3"Foxp3“® male but not female mice. Cytokine
analysis of Gata3""Foxp3°" mice revealed elevated IFN-y production in male but
not female T cells and TCRB- cells. In female Gata3""Foxp3°*® mice, the
proportion of IFN-y-expressing cells was unchanged in TCRB+ population,
whereas it dropped in TCRB- cells (Figure 49e-g). While TNF expression
remained unchanged in GATA3-deficient male mice, it was substantially reduced
in T cells of female mice compared to controls. TNF production in TCR- cells
was comparable between Gata3""Foxp3°*® and control mice of both sexes
(Figure 49g). IL-5 expression in T cells was slightly enhanced in males while
displaying no significant changes in female Gata3""Foxp3“® mice. In TCRB-
cells, however, the amount of IL-5 expressing cells was substantially reduced in
female Gata3""Foxp3°™® mice, while only displaying a proportional decrease in
males when compared to controls.

In summary, Treg cell specific deletion of GATA3 and associated loss of ST2+
VAT Treg cells resulted in increased T cell infiltration in both sexes, altered
CD4+Foxp3- T cell phenotype and cytokine production, both of which are

however pronounced in male mice.
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Figure 49 | Treg cell specific ablation of GATAS3 leads to increased T cell
infiltration and inflammatory cytokine production. Analysis of VAT from 29-
32-week-old male and female Gata3""Foxp3°™, wildtype (n=20) and Foxp3°¢
(n=4) mice. a, Quantification of frequencies and numbers of CD4+ and CD8+ T
cells among TCRpB+ cells. b, Quantification of ILC2 and TCRp- cells in
Gata3""Foxp3°™® and control mice. ¢, d, Flow cytometry plots showing ST2
versus CXCR3 expression in CD4+Foxp3- cells (c¢) and quantification (d) of
frequencies and numbers of ST2+ and CXCR3+ cells in Gata3""Foxp3°¢ and
control mice. e-h, Flow cytometry plots showing TCRp versus TNF, IFN-y and IL-
5 expression in CD45+ cells (e) and quantification of frequencies and numbers
of IFN-y, TNF and IL-5 producing cells among TCRB+ (f) and TCRB- (g)
Gata3""Foxp3°™ and control mice. Symbols represent individual mice; horizontal
lines indicate means. Data are representative (c, e) or pooled (a, b, d, f, g) from
a minimum of two independent experiments. Error bars indicate the standard
deviation. Statistical analyses were performed using two-way ANOVA.

6.3 Depletion of CXCR3+ but not ST2+ VAT Treg cells
significantly impact T cell and cytokine homeostasis in the VAT.

Given the molecular differences of the VAT Treg cell subsets and their differential
enrichment in male and female mice, we hypothesized that ST2+ and CXCR3+
Treg cells contribute to the suppression of VAT inflammation and maintenance of
organismal homeostasis in a distinct and sex-specific manner.

To test this hypothesis, the immune cell composition in the VAT that lacked either
ST2+ or CXCR3+ VAT Treg cells was compared. Analysis of Pparg”"Foxp3°¢e
mice revealed a modestly increased T cell (CD4+ and CD8+) compartment in
male mice. Both, CD4+ and CD8+ T cells were increased in male mice deficient
of ST2+ VAT Treg cells in proportion and numbers compared to controls. Female
mice did not display this phenotype and were indistinguishable from control mice
(Figure 50a). Analysis of Tbx21" Foxp3°™® mice revealed a different picture. A
substantial increase of CD8+ T cells was observed in both sexes, even to a higher
magnitude that in Pparg™"Foxp3°¢™ (Figure 50a). This was both in proportion and
numbers. In contrast, only the proportion of CD4+ T cells was reduced in female
and male Tbx21" Foxp3°™ mice compared to controls. Analysis of TCRB- cells
showed, with exception of a proportional drop in Pparg™Foxp3°™ female mice,
no significant alterations when compared to controls. However, a closer look

revealed that ILC2 expanded in Pparg""Foxp3°® male mice when compared to
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controls (Figure 50b). Depletion of CXCR3+ VAT Treg cells resulted only in a
proportional reduction of the ILC2 compartment in male mice. In females,
however, no significant changes in ILC2 were observed. More detailed analysis
of the CD4+Foxp3- T cell compartment showed no substantial differences in ST2
or CXCR3 expression between PPARy or T-bet-deficient mice and their
respective controls (Figure 50c, d). Thus, loss of CXCR3+ VAT Treg cells leads
to CD8+ T cell infiltration in both sexes while ST2+ VAT Treg cell depletion results

in selective expansion of Tconv and ILC2 cells in male mice only.
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Figure 50 | CD8+ T cells expand in Tbx21"Foxp3°® but not
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Tbx21"Foxp3°™ and Foxp3°™ control mice. a, Frequencies (left) and absolute
numbers (right) of CD8 T cells (top) and Foxp3-CD4+ cells (bottom). c,
Frequencies (left) and absolute numbers (right) of TCRpB- cells (top) and ILC2
(bottom). ¢, d, Flow cytometry plots showing ST2 versus CXCR3 expression in
CD4+Foxp3- cells (¢) and quantification (d) of frequencies and numbers of ST2+
and CXCR3+ cells in Pparg"Foxp3°®, Thx21"Foxp3°® and Foxp3‘™ control
mice. Symbols represent individual mice; horizontal lines indicate means. Data
are representative (¢) or pooled (a, b, d) from a minimum of two independent
experiments. Error bars indicate the standard deviation. Statistical analyses were
performed using two-way ANOVA.

Additionally, cytokine production of VAT immune cells in these mice was
measured by intracellular cytokine staining after PMA/lonomycin re-stimulation
ex vivo. Mice devoid of ST2+ VAT Treg cells did not display significant changes
in either IL-5, TNF or IFN-y production by T cells (Figure 51a). This was the case
for both sexes. In contrast, depletion of CXCR3+ VAT Treg cells resulted in
increased IFN-y expression compared to control mice, particularly in female mice.
Furthermore, proportions of TNF+ were reduced in both sexes while cell numbers
remained unchanged (Figure 51a). Loss of CXCR3+ VAT Treg cells did not affect
the proportion of IL-5+ T cells in female and male mice compared to controls,
while elevated IL-5+ T cell numbers were found in both sexes. With exception of
reduced IFN-y production in females, reduction of ST2+ VAT Treg cells did not
affect IL-5, IFN-y or TNF expression in TCRB- cells (Figure 51b). In a similar way,
IFN-y expression was unaltered in Tbx21""Foxp3°™ mice across all comparisons
(Figure 51b). However, TNF expression was reduced in proportion and numbers
in TCRB- cells of female and male mice lacking CXCR3+ VAT Treg cells when
compared to controls (Figure 51b). However, only male but not female mice
lacking CXCR3+ Treg cells had reduced proportion and numbers of IL-5+ TCR[3-
cells.

Taken together, ablation of CXCR3+ and ST2+ VAT Treg cells affects VAT
immunity in different ways. The data showed that diminishing CXCR3+ VAT Treg
cells results in CD8+ T cell expansion, increased IFN-y and reduced TNF
production while the absence of ST2+ VAT Treg cells had little to no impact on

immune cell composition or cytokine production.
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Figure 51 | TNF production is reduced in Tbx21"fFoxp3°re mice. Analysis of
VAT of 25-30-week-old Pparg™Foxp3°¢re, Tbx21" Foxp3°® and Foxp3°c™ control
mice. a, b, Quantification of frequencies and numbers of TNF+, IL-5+ and IFN-y+
among TCRpB+ (a) and TCRB- (b) cells. Symbols represent individual mice;
horizontal lines indicate means. Data are pooled from a minimum of two
independent experiments. Error bars indicate the standard deviation. Statistical
analyses were performed using two-way ANOVA.
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6.4 CXCR3+ but not ST2+ VAT Treg cell depletion results in exacerbated
VAT inflammation

To further analyse the different impact of CXCR3+ and ST2+ VAT Treg cells on
inflammation, RNASeq of total VAT from male and female Pparg™"Foxp3°re,
Tbx21"Foxp3°cr and Foxp3°™ mice was performed.

Surprisingly, RNASeq analysis of VAT showed only 135 genes differentially
expressed (DE) in male Pparg™"Foxp3°™ mice compared to sex matched control,
whereas more >700 DE genes were detected in female Pparg™Foxp3°® mice
(Figure 52a, b). Furthermore, genes associated with metabolic dysfunction
(Gpr18, Scnn1b) were upregulated and genes involved in lipid metabolism (Cck,
Fgfbp3) and BAT differentiation (Sic22a12, Pex5l, Mettl) were downregulated in
Pparg™"Foxp3° male mice compared to controls (Matson & Ritter, 1999; W. Y.
Park et al., 2022; Y. Wang et al., 2020). Additionally, elevated Trdc transcript
levels, encoding for T cell receptor & constant subunit, were detected suggesting
increased numbers of yd T cells, which are known to promote insulin resistance.
Strikingly the number of DE genes detected (FDR 0.1) was substantially lower in
the male comparison (150 genes) related to female comparison from
Tbx21"1Foxp3° mice (>1300 genes; Figure 52c, d). In both, male and female
Tbx21"Foxp3°™® mice insulin degrading enzyme (/de) was downregulated
compared to controls. Apart from that, only a few genes involved in adipogenesis
(Cxcr4), insulin metabolism (Depp1, Thbd) and lipid metabolism (Apoc2) were
deregulated in the VAT of male T-bet-deficient mice compared to controls (Gil-
Ortega et al., 2013; Girousse et al., 2019; Lontchi-Yimagou et al., 2020) (Figure
52c). Consistent with the important role of CXCR3+ VAT Treg cells in females,
several genes involved in lipid metabolism (Abcg1, Scd1), adipogenesis (Mest,
Me1) and cellular metabolism (Tkt) were deregulated in Thx21"Foxp3°™® mice
compared to control mice (Al-Dwairi, Pabona, Simmen, & Simmen, 2012;
Karbiener et al., 2015; Takahashi, Kamei, & Ezaki, 2005) (Figure 52d). Pathway
analysis showed significant enrichment of genes involved in metabolism (KEGG)
and increased levels of interferon induced transcripts (/fit2, Stat1, Cd40, Irf1, Irf8,
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Irf5) and genes encoding proinflammatory chemokines (Ccl5, Ccl6 and Ccl9) in
female Tbx21""Foxp3°® mice compared to controls (Figure 52e).
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Figure 52 | CXCR3+ but not ST2+ VAT Treg depletion leads to increased
VAT inflammation. RNASeq of total VAT of Pparg”"Foxp3°® and
Tbx21" Foxp3°™ and control mice was performed. a-d, Volcano plots showing
genes differentially expressed between total VAT of male (a) and female (b)
Pparg"Foxp3°® and male (c) and female (d) Tbx21""Foxp3°™ vs control mice.
Each dot represents a gene; genes highlighted in red are up-regulated and genes
highlighted in blue are down-regulated. e, KEGG (left) and GO (right) pathway
enrichment analysis for differentially expressed genes in female VAT of
Tbx21"1Foxp3¢ vs control mice. Positive values refer to pathways upregulated
(red), negative values refer to pathways downregulated (blue) in the VAT of
Tbx21"1Foxp3°¢ vs control mice.

Furthermore, several genes deregulated in female VAT of Pparg™"Foxp3°" mice
(Ide, Mest, Abcg1, Cd40, Irf8) overlapped with deregulated genes observed in
the VAT of female Thx21""Foxp3°. That includes upregulation of genes in the
VAT of female Tbx21""Foxp3°® and Pparg™Foxp3°® mice that are usually
downregulated in WT females when compared to WT males. These includes
genes that have been positively linked to insulin resistance (Prelp, Npr3), obesity
(Lrg1) and adipogenesis (Kdmbd, Slc22a12) potentially blunting sex-specific
differences of the VAT transcriptome (Figure 53a). Indeed, female versus male
comparison of Tbx21"Foxp3°® and Pparg”Foxp3°® VAT RNAseq data
detected <2400 and <2500 DE genes, respectively, which is significantly lower to
the number of DE genes detected when comparing WT male and female mice
(>4800 DE genes; Figure 53b, c). Gene expression changes that occurred in the
absence of T-bet also suggested that the transcriptional profile of female
Tbx21"1Foxp3° mice shifted towards a male-like phenotype (Figure 53d).
Taken together the results show that CXCR3+ but not ST2+ VAT Treg cells are
crucial to restrain VAT inflammation. In keeping with this finding, absence of
CXCR3+ Treg cells (T-bet deficient) changed the inflammatory phenotype and
transcriptome of female VAT to resemble WT males.
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Figure 53 | Depletion of CXCR3+ Treg cells blunt the sex-specific
transcriptional differences in VAT a-e, Volcano plots shows genes differentially
expressed between total VAT of female vs male control (a), female vs male
Pparg"Foxp3°® (b), female vs male Thx21"Foxp3°® (c) mice. d, Heatmap
shows top 500 genes that are DE in the female vs male comparison of control
VAT that are also DE in either Pparg”"Foxp3°™ or Tbx21""Foxp3°¢ vs Foxp3°
control comparisons.

6.5 Loss of IFN-y impacts adiposity but not metabolism in males

Our results have shown that depletion CXCR3+ VAT Treg cells has a substantial
impact on immune cell infiltration and local cytokine production. To test the link
between immune phenotype and metabolism, /fng”- and Tbx21""Foxp3°™® mice
were weighed, subjected to metabolic testing and gene expression analysis.
Body and VAT weight were substantially reduced in male but not female Ifng”
mice compared to controls and so was adiposity (Figure 54a, b). Assessment of
glucose metabolism revealed no significant difference between Ifng”- and control
mice in both sexes (Figure 54c). Next HFD fed mice from the same groups were
analysed. Substantially lower body and VAT weight was observed in /fng”- mice
from both sexes that were fed a HFD (Figure 54d). The same trend was
observable after calculation of adiposity, yet it did only reach statistical
significance in female mice (Figure 54e). Assessment of glucose tolerance
showed no significant difference between Ifng”- and WT mice (Figure 54f).
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Figure 54 | Male Ifng”- mice have reduced VAT and body weight compared
to controls. C57BL/6 and /fng” mice on normal chow (a-c) or high-fat diet (d-f)
were subjected to metabolic testing and body and VAT weight was measured.
Body and VAT weight (a, d) was measured, adiposity calculated (b, e) and
glucose tolerance tests (c, f) performed on female and male mice. Symbols
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represent individual mice (a, b, d, e) or mean of 3-5 mice (c, f); horizontal lines
indicate means (a, b, d, e). Data are pooled (a, b, d, e) or representative (c, f)
from two separate experiments. Error bars indicate the standard deviation (a, b,
d, e) or s.e.m. (c, f). Statistical analyses were performed using two-way ANOVA
(a, b, d, e) or unpaired, two-tailed Student’s t-test (c, f).

To further expand the metabolic analysis, magnetic resonance imaging (MRI) and
metabolic cages were utilised. Body composition analysis with the MRI revealed
that ND male /fng”- mice have reduced lean mass compared to WT counterparts
while no difference was observed in female mice or in fat mass from both sexes
(Figure 55a). Furthermore, with the use of metabolic cages respiratory exchange
ratio (RER), locomotion and food intake were measured over the course of a 24h
period (Figure 55b-d). The RER value is calculated by dividing the volume of
CO2 produced by the volume of O2 consumed and indicates what fuel is used for
energy production. An RER of 1.0 means that carbon is primarily used and a
value of 0.7 indicates that fat is used as an energy source (Marvyn, 2016, Ramos-
Jimenez, 2008). Values in between mean that it's a mix of carbon and fat.
Analysis of the curves and averages showed that RER was equivalent in /fng”
and WT mice (Figure 55b). Interestingly, regardless of sex or diet, the RER was
notably lower during daytime and increased at night-time. Pedestrian locomotion
measurement showed that /fng”- mice moved less during the night compared to
WT while there was no difference during daytime (Figure 55c¢). Furthermore, no
difference in food intake was observed between female Ifng”- and WT mice.
However, male IFN-y-deficient mice ingested significantly less food compared to
their WT counterparts (Figure 55d).
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Figure 55 | Male Ifng”- mice have reduced lean mass compared to controls.
Body composition and various metabolic parameters were measured from
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C57BL/6 and Ifng”- female and male mice on normal chow. a, Body composition
analysis of lean and fat mass from WT and /fng” mice. b-d, RER (b), pedestrian
locomotion (¢) and food consumption (d) are depicted over a 24h time period or
as an average from metabolic cage analysis. Symbols represent individual mice
(@) or mean of 3-5 mice (b-d); horizontal lines indicate means (a). Data are
representative (b-d) or pooled (a) from two separate experiments. Error bars
indicate the standard deviation (a) or s.e.m. (b-d). Statistical analyses were
performed using two-way ANOVA.

Body composition analysis showed that HFD fed /fng”- mice had reduced lean
and fat mass compared to WT mice in both sexes (Figure 56a). Determination of
RER did not show any significant difference between IFN-y-deficient and -
sufficient mice in either sex (Figure 56b). However, unlike ND mice where RER
is higher during night-time, RER in HFD mice stayed on average between 0.7-
0.75 and did not increase at night-time. Finally, analysis of locomotion and food
intake did not show any striking difference between Ifng”- and WT mice of either
sex (Figure 56c¢, d).
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Figure 56 | Ifng”- mice have reduced lean and fat mass compared to controls
on a high-fat diet. Body composition and various metabolic parameters were
measured from C57BL/6 and /fng”- female and male mice which were fed a HFD.
a, Body composition analysis of lean and fat mass from WT and /fng” mice. b-d,
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RER (b), pedestrian locomotion (¢) and food consumption (d) are depicted over
a 24h time period or as an average from metabolic cage analysis. Symbols
represent individual mice (a) or mean of 3-5 mice (b-d); horizontal lines indicate
means (a). Data are representative (b-d) or pooled (a) from two separate
experiments. Error bars indicate the standard deviation (a) or s.e.m. (b-d).
Statistical analyses were performed using two-way ANOVA.

6.6 Treg cell specific PPARy and GATA-3 but not T-bet depletion
results in impaired glucose tolerance in male mice

Previous reports have shown that Treg specific PPARy expression is important
for glucose metabolism (Cipolletta et al., 2012). In line with this, body and VAT
weight were significantly reduced in male, but not female Pparg™Foxp3°™® mice
compared to controls (Figure 57a). Adiposity remained unchanged in both sexes
(Figure 57b). Assessment of glucose tolerance showed that male Ppargxr3cre
mice were strikingly glucose intolerant compared to controls (Figure 57c). In
females, PPARy-deficient mice had improved glucose tolerance yet the
difference, although statistically significant, was small. Next Tbx21""Foxp3¢" and
control mice were analysed. Determination of body, VAT weight and adiposity did
not show any significant difference between Tbx271""Foxp3°* and control mice
of either sex (Figure 57d, e). Glucose tolerance was increased in female, but not
male Tbx21""Foxp3°" mice compared to controls (Figure 57f). Yet the difference

in female mice was very small.
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Figure 57 | ST2+ and CXCR3+ VAT Treg cells regulate different aspects of
VAT physiology and metabolism. a-c, Analysis of 25-30-week-old
Pparg"Foxp3°® (a-c), Tbx21"Foxp3¢™ (d-f) and Foxp3°™ control mice. Body
and VAT weight (a, d) was measured, adiposity calculated (b, e) and glucose
tolerance tests (c, f) performed on female and male mice. Symbols represent
individual mice (a, b, d, e) or mean of 3-5 mice (c, f); horizontal lines indicate
means (a, b, d, e). Data are pooled (a, b, d, e) from at least two independent
experiments; GTT are representative. Error bars indicate the standard deviation
(a, b, d, e) or s.e.m. (c, f). Statistical analyses were performed using unpaired,
two-tailed Student’s t-test.
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To fully understand role of ST2+ VAT Treg cells in glucose metabolism, further
metabolic tests were performed with mice that have substantially reduced ST2+
Treg cell populations. In line with the male-specific immune phenotype in the
VAT, Gata3""Foxp3°™® male mice only showed reduced body, VAT weight and
adiposity compared to controls (Figure 58a, b). Surprisingly however, both,
female and male, Gata3""Foxp3°™® mice displayed improved glucose tolerance
compared to control mice (Figure 58c). In contrast analysis of Tgfbr2""Foxp3cre
mice showed no significant difference in body weight. However, VAT weight and
adiposity were significantly reduced in male mice only (Figure 58d, e).
Furthermore, no significant difference was observed in glucose tolerance in
Tgfbor2"Foxp3°¢ mice when compared to controls (Figure 58f).

Overall, the data indicated that depletion of ST2+ but not CXCR3+ VAT Treg cells
impact glucose metabolism. Depletion of PPARy, GATA-3 and TGFBR2
potentially affects different ST2+ subpopulations which might explain the different
outcomes in glucose metabolism. Further analyses with metabolic cages and
HFD will be required to further evaluate their role, which was not possible in this
study due to time-constraints.
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Figure 58 | GATA-3 but not TGFBR2 depletion affects glucose metabolism.
Gata3""Foxp3°™® (a-c), Tgfbr2"Foxp3°™® (d-f) and control mice were subjected
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to metabolic testing and body and VAT weight was measured. Body and VAT
weight (a, d) was measured, adiposity calculated (b, e) and glucose tolerance
tests (c, f) performed on female and male mice. Symbols represent individual
mice (a, b, d, e) or mean of 3-5 mice (c, f); horizontal lines indicate means (a, b,
d, e). Data are pooled (a, b, d, e) or representative (c,f) of at least two
independent experiments. Error bars indicate the standard deviation (a, b, d, e)
or s.e.m. (c, f). Statistical analyses were performed using two-way ANOVA (a, b,
d, e) or unpaired, two-tailed Student’s t-test (c, f).
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Chapter 7 — Discussion

A large body of work has uncovered the important role Treg cells play in
preserving the health and function of VAT (Cipolletta et al., 2012; M. Feuerer et
al., 2009; A. B. Molofsky et al., 2015; A. Vasanthakumar et al., 2015). Until the
last few years, ST2+ Treg cells have been described as the main population in
the VAT. However, recent publications have shown evidence for Treg cell
heterogeneity across several organs including the VAT (Michael Delacher et al.,
2017; C. Liet al., 2018; Y. Li et al., 2021; Zemmour et al., 2018). The discovery
of sex-based differences in VAT Treg cells and inflammation in our recent
publication also strongly suggested the existence of other VAT Treg cell subsets.
Yet a comprehensive understanding of mechanisms that control differentiation
and function of ST2+ VAT Treg cells and other potential subsets is still missing.
In this study, two new VAT Treg cell populations that dominated the female VAT
was identified and characterised. CXCR3+ VAT Treg cells depend on T-bet and
local IFN-y expression. ST2-CXCR3- (DN) Treg cells display a naive-like
phenotype and constitute potential precursor to both, ST2+ and CXCR3+ VAT
Treg cells. Functionally, CXCR3+ VAT Treg cells were required for inflammation
control while ST2+ VAT Treg cells are crucial to maintain glucose metabolism in
a sex-specific manner. Thus, this study expands current knowledge of VAT Treg
cell phenotype, function and regulation and underpins the importance of sex- and

tissue-specific signals that define cell fate and function as discussed below.
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Figure 59 | VAT Treg cell development, phenotype, and function. a, DN
(CD62L+) Treg cells seed the VAT at early age and quickly differentiate into
CXCR3+ Treg cells in a IFNy-dependent manner. ST2+ Treg cells seed the VAT
later in life in an IL-3e-depnednet manner. b, Differences in the VAT
microenvironment (incl. IL-33 and IFNy expression) results in dominance of
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phenotypically distinct ST2+ or CXCR3+ Treg cells in male and female VAT,
respectively. ¢, Differences in VAT microenvironment, incl. sex hormones and
cytokines, drive activation of transcriptional machinery that induces either ST2+
(PPARy, GATA3) or CXCR3+ (T-bet) VAT Treg cell fate. d, The predominant
function of ST2+ and CXCR3+ Treg cells appear to be regulation of glucose
metabolism and suppression of inflammation and cell infiltration, respectively.

7.1 VAT Treg cell heterogeneity

Our recent publication has suggested significant Treg cell heterogeneity in the
VAT which has also been reported in other studies (C. Li et al., 2018;
Vasanthakumar et al., 2020). Indeed, five different VAT Treg cell clusters were
identified using sc-RNASeq from male and female mice, of which three expressed
characteristic VAT (or tissue) Treg cell genes encoding for ST2, KLRG1 and
CCR2. Experiments in this thesis could confirm high CCR2, KLRG1 and CD44
expression in ST2+ VAT Treg cells. However, only a fraction of ST2+ VAT Treg
cells showed IL-10 expression on protein and transcriptional level. This could be
indicative of different activation states of cells based on Areg, /110 and Gzmb
expression which is in line with the findings from a recent study (C. Li et al., 2018).
Additionally, this could be functional segregation of ST2+ VAT Treg cells. Areg
expression (highest in cluster 4) is usually associated with tissue homeostasis
although it has been recently linked to macrophage-mediated insulin resistance
(S. Cao et al., 2022). Expression of Cxcl2 (highest in cluster 4) leads to
recruitment of neutrophils which have been linked to promote obesity induced
inflammation (Rouault et al., 2013; Watanabe et al., 2019), yet, their role in steady
state is unclear considering there is only a small number of neutrophils in the VAT
(Elgazar-Carmon, Rudich, Hadad, & Levy, 2008). On the other hand, previous
reports have shown that Treg cells expressing Gzmb (highest in cluster 5) are
capable to kill effector T cells and NK cells in a tumour or infection setting (X. Cao
et al., 2007; C. Li, Jiang, Wei, Xu, & Wang, 2020; Loebbermann et al., 2012).
Thus, cluster 5 Treg cells could protect from inflammation while cluster 4 Treg
cells potentially promote it which would partly explain elevated VAT inflammation
in males compared to females and the contradicting results about the role of Treg
cells in the context of obesity (Sagar P. Bapat et al., 2015; Cipolletta et al., 2015;
Han et al., 2015; Vasanthakumar et al., 2020; A. Vasanthakumar et al., 2015). In
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lean mice, however, cluster 4 and 5 likely play a minor role, as they were
underrepresented in male VAT and our results showed no significant changes in
inflammation upon loss of ST2+ Treg cells. The characterization of this subtypes
is yet very superficial in this study and requires further investigation in the context
of obesity and metabolic disease parallel with GzmB and IL-10 staining to
decipher any differences in ST2+ VAT Treg cell phenotype. Alternatively, sc-
RNASeq of CD4+ T cells in HFD fed mice could be performed to better
understand the cellular changes in the context of obesity.

Unlike, ST2+ cells, CXCR3+ VAT Treg cells were the dominant population in
female VAT. They can be further characterized by high CD39 expression and fall
in the CD73+ population. These membrane-bound enzymes can convert
extracellular ATP, an indicator for inflammation and cell death, into adenosine, a
strong immunosuppressant (Borsellino et al., 2007). Thus, CXCR3+ VAT Treg
cells potentially compensate their lack in IL-10 expression by producing the anti-
inflammatory nucleotide adenosine to keep VAT inflammation in check.
Compared to ST2+ VAT Treg cells, CXCR3+ VAT Treg cells had low CD25 and
CD69 expression which are popular markers for early and immediately activated
T cells, respectively (Ferenczi et al.,, 2000). Supporting this, it has been
documented that TCR signalling is required for ST2+ Treg cell transcriptional
program (Levine et al., 2014). Supporting this, it has been documented that TCR
signalling is required for ST2+ Treg cell transcriptional program (Levine et al.,
2014; Ajithkumar Vasanthakumar et al., 2015).Thus, CXCR3+ cells potentially
encounter antigen less frequently compared to ST2+ cells. In line with this, recent
studies have shown that CXCR3 expression negatively correlates with TCR
signalling intensity in splenic and VAT Treg cells (Zemmour et al., 2018).
Furthermore, a recent report has shown that ST2+ Treg cells had a different TCR
specificity from CXCR3 expressing cells and displayed elevated TCR activity (C.
Li et al., 2018). Hence, differences in TCR usage would add another layer of
regulation in ST2+ and CXCR3+ VAT Treg cell differentiation. Experiments such
as TCR sequencing could be performed to test this hypothesis. Alternatively, in
vitro activation of OT-II Treg cells with IL-12 and IFN-y (CXCR3+) or IL-33 (ST2)
and varying doses/strength of OT-Il specific peptide could be performed to
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determine differences in TCR signalling that determine CXCR3+ or ST2+ Treg
cell differentiation.

TCR signalling is likely less important for DN VAT Treg cells as they displayed a
more naive phenotype as measured by CD62L and CD73 expression. Moreover,
intravascular staining showed that a large fraction of DN Treg cells were from
circulatory origin, thus representing a population of cells en route or recently
arrived at the VAT. Their potential role as precursors and their role in VAT Treg

cell developmental trajectory is discussed in a later section.

7.2 Environmental factors that affect VAT Treg cell composition

Cytokines

Various factors in the VAT microenvironment such as IL-33, sex-hormones and
IL-17 have been shown to impact VAT Treg cell maintenance and survival
(Kohlgruber et al., 2018; Vasanthakumar et al., 2020; A. Vasanthakumar et al.,
2015). Increased IL-33 and IL-17A expression were found in male mice compared
to female mice in gp38+ MSCs and TCRp- cells, respectively. However, our
results did not show whether IL-17 in males is derived from yd T cells, as reported
by Kohlgruber and colleagues, which could be confirmed through further flow
cytometric analysis (Kohlgruber et al., 2018). Depletion of IL-33 or its receptor
substantially reduced ST2+ VAT Treg cells in both sexes suggesting that IL-33
acts in a sex independent manner. Sex-dependent differences in androgen and
IL17 availability more likely drive the sexual dichotomy through IL-33.
Simultaneously, our analyses showed that IL-33 signalling interferes with
CXCR3+ VAT Treg cell differentiation but not proliferation. Indeed, previous
studies have shown that IL-33 can induce the expression of BATF and ST2, to
push the ‘tissue Treg’ transcriptional program (M. Delacher et al., 2020).
Additionally, GATA-3 is inducible via IL-33 signalling and known to actively
suppress IFN-y production thus inhibiting CXCR3+ Treg cell differentiation
(Ouyang et al., 1998; Usui et al., 2006).
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Our experiments indeed have shown a correlation between IFN-y expression and
CXCR3+ VAT Treg cell numbers. Depletion of IFN-y resulted in reduction of
CXCR3+ VAT Treg cells in both sexes. Additionally, enhanced IFN-y expression
in Treg depleted mice (Foxp3P'R) correlated with increased CXCR3+ VAT Treg
cell levels in females and males. This suggests that there must be a different
environmental factor that drives the sex-specific difference. A significant body of
work has shown that estrogens can induce IFN-y expression in adipocytes, DCs
and iNKT cells (Gourdy et al., 2005; H. M. Lee et al., 2009; Panchanathan, Shen,
Zhang, Ho, & Choubey, 2010; Siracusa, Overstreet, Housseau, Scott, & Klein,
2008). The results in this study have shown that IFN-y expression predominantly
derived from NK1.1+TCRp- cells and CD4+ T cells, which could potentially be
identified as NKT cells with additional flow cytometry experiments. Estrogen
driven sex-specific differences in adipose tissue biology and autoimmune
diseases such as systemic lupus erythematosus have been described in several
studies and it is likely that Estrogen could promote the differentiation of CXCR3+
Treg cells (Bynote et al., 2008; Cohen-Solal, Jeganathan, Grimaldi, Peeva, & B,
2006; Davis et al., 2013). This could be tested using Era”" mice as well as by
performing mixed bone marrow chimera experiments to assess if the function of
ERa in this instance is intrinsic to Treg cells

TGF is a known regulator of Treg cell development. This pleiotropic cytokine
also controls multiple immunological processes including the suppression of Ty1
differentiation and CXCR3 expression (Batlle & Massague, 2019). In line with this
notion, Treg cell specific depletion of TGFf signalling resulted in expansion of
CXCR3+ VAT Treg cells while conventional T cells (CD4+Foxp3-) remained
unchanged. Mechanistically, TGFB seems to regulate the differentiation or
recruitment of Treg cells since proliferation was not affected when TGF(
signalling was perturbed in Treg cells. Furthermore, Treg cell function is disturbed
partially in absence of TGF[3 as shown by the expansion of CD8 T cells in males.
Given CXCR3+ Treg cells are enriched in females, TGFf3 signalling could also be
regulated by female sex hormones as reported in the female reproductive tract
(Sanjabi, Oh, & Li, 2017). Considering this study focuses on perigonadal VAT, a
significant impact by sex hormones, male or female is expected.
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Our previous work has shown that VAT inflammation is higher in males compared
to female mice which contributes to the sexual dichotomy (Vasanthakumar et al.,
2020). Comparison of newly generated total VAT RNASeq data revealed sex-
specific differences in gene expression of transcripts associated with tissue
specific processes such as adipocyte and BAT differentiation (Kdm5 and
Slc22a12). The combined suppression of fibrosis promoting (Prelp) and insulin
desensitizing (Npr3, Lrg1) and upregulation of angiogenesis and adipogenesis
regulating genes (Gata6, Wt1) likely affects local VAT inflammation, oxygenation
and thereby also VAT Treg cell composition.

Nutrients

There is increasing evidence that tissue-specific nutrients play a significant role
in regulating function and differentiation of cancer and immune cells (Kedia-
Mehta & Finlay, 2019; Kumar et al., 2019). Reports have shown that Treg cell
function and differentiation is impacted by e.g. vitamin, salt and oxygen levels.
VAT is abundant in lipids and numerous reports have shown CD36 expression in
Treg cells in the VAT, liver and tumours. CD36 is a scavenger receptor able to
transport lipids across the membrane, activate PPARy and thus potentially
activate tissue-specific functions in ST2+ VAT Treg cells (Y. Chen, Zhang, Cui, &
Silverstein, 2022). Furthermore, our single cell data showed increased
expression of Hilpda in ST2+ cell which is a lipolysis promoting protein induced
by hypoxia (Liu, Zhou, Zeng, Wu, & Liu, 2021). Hypoxia inducible factor (HIF) 1a
is required for ST2+ VAT Treg cells and together with abundant lipid availability
could be a mechanism by which ST2+ Treg cells adapt to the VAT
microenvironment (Y. Lietal., 2021) . Lower ST2+ VAT Treg cell levels in females
could be explained by difference in local oxygen levels as estrogen promotes
angiogenesis therefore preventing a hypoxic environment (Elias in & (Palmer &
Clegg, 2015). Furthermore, estrogen promotes HIF 1a degradation and potentially
intervenes with ST2+ Treg cell maintenance.

The involvement of ST2+ Treg cells in lipid metabolism could be assessed by
measuring CD36 expression or intracellular lipid levels. Additionally, metabolomic
profiling of total male and female VAT could provide more insight into sex-specific
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differences in nutrient availability. To test the role of oxygen in Treg cell
differentiation the proximity of ST2+ and CXCR3+ cells to blood vessels can be
assessed. A recent study used vascular perfusion dye to determine the distance
of tumour cells from the blood vessel and thereby group them into metabolic
zones based on oxygen levels (Kumar et al., 2019). If successful in VAT, this
method can be used to determine the relative location of Treg cells to the vascular
system but also make predictions about their cellular metabolism which in turn
can be expanded via detailed metabolic profiling with methods such as SCENITH
on a single cell level (Arguello et al., 2020).

Age and adiposity

The VAT microenvironment and therefore local Treg cells are influenced by
multiple extrinsic factors such as age, diet and sex (Grant & Dixit, 2015;
Vasanthakumar et al., 2020). Our results, indeed, confirmed that the enrichment
of ST2+ and CXCR3+ VAT Treg cells in both sexes change over time. CXCR3+
VAT Treg cell levels were similar in young adult mice (7 weeks) of both sexes
suggesting that sex hormone mediated differences are not in effect at this age.
IFN-y and TNF levels were higher in young male mice compared to females
supporting the notion that VAT inflammation is significantly different in early life.
In females CXCR3+ VAT Treg cell enrichment increases over time but not
significantly. Increased IFN-y expression with increasing age and the ability of
CXCR3+ VAT Treg cells to inhibit IFN-y, potentially creates a balance that is
sufficient to promote a Tw1-like transcriptional program in Treg cells without
leading to exacerbated inflammation. In contrast, the proportion of CXCR3+ VAT
Treg cells decreased in males over time as a consequence of ST2+ cell
enrichment with increasing age that has also been reported in previous studies
(Cipolletta et al., 2015). Indeed, our results showed that the number of ST2+ VAT
Treg cells increases along with body and VAT weight in male mice. In females
however, ST2+ Treg cell populations rapidly declined despite accumulation of
weight over time. This is likely due to missing IL-33 in mature female mice which
is maybe expressed in younger females that can be determined through analysis
of young /I33%" reporter mice. It is documented that IL-33 protein levels are lower
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in the VAT of younger males compared to mature male mice (Ajithkumar
Vasanthakumar et al., 2015). Hence, the combination of similar or even higher
levels of IL-33 and no estrogen signalling is likely sufficient to maintain ST2+ Treg

cells in young females.

7.3 Development of VAT Treg cells

Several studies have investigated the differentiation pathways of VAT Treg cells
(Cipolletta et al., 2012; M. Delacher et al., 2020; D Kolodin et al., 2015; C. Li et
al., 2018; Y. Li et al., 2021; A. Vasanthakumar et al., 2015). The current model
describes the  precursors of mature VAT Treg  cells as
Nfil3+KLRG1+Blimp1+PPARYy" effector Treg cells that develop in a IRF4 and
BATF dependent manner. Upon development, these precursors migrate via a
CCR2-CCL2 axis to the VAT where they adjust their transcriptional programme
and expand in an IL-33 dependent manner (Cipolletta et al., 2012; M. Delacher
et al.,, 2020; D Kolodin et al., 2015; C. Li et al., 2018; Y. Li et al., 2021; A.
Vasanthakumar et al., 2015). In line with this, our results show substantial
reduction of KLRG1+ splenic Treg cells in PPARy-depleted mice. Furthermore,
Treg-specific depletion of GATA-3 has the same effect. Therefore, GATA-3 likely
has an important role in regulating splenic precursor formation. Indeed, a recent
study reported progressive increase in GATA-3 levels in different stages of tissue
Treg cell precursors destined to colonize the VAT, colon, lung and skin (M.
Delacher et al., 2020). While this model is supported by multiple lines of evidence,
recent data suggested another mode of differentiation. Li and colleagues showed
that peripheral CD73+ Treg cells were recruited into the VAT where they
developed into ST2+CD73lo Treg cells in an insulin dependent manner (Y. Li et
al., 2021). Yet these studies only provide mechanisms by which ST2+ VAT Treg
cells migrate and poulate the VAT.

Our findings offer at least two distinct pathways by which Treg cells can populate
the VAT. In the first pathway, KLRG1+ Treg cell precursors migrate to the VAT
under homeostatic conditions where they expand proportional to increasing age

and weight in an IL-33 dependent manner. Alternatively, DN Treg cells enter the
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VAT still expressing CD73 but change their cellular and transcriptional profile in
response to tissue specific cues to become ST2+ or CXCR3+ Treg cells. Our
results showed that DN cells expressed low amounts of KLRG1 which could be
the potential precursors for ST2+ VAT Treg cells. In adoptively transferred mice
there is a very high proportion of CD62L+ and CD73+ cells suggesting that
CXCR3+ and ST2+ VAT Treg cells derive from DN VAT Treg cells and
differentiate in situ. CXCR3+ VAT Treg cell precursor are recruited via
inflammatory cues such as IFN-y and CXCR3 ligand secretion to arrive the in
VAT and counteract local inflammation. Thus, CXCR3+ and ST2+ VAT Treg cells
are recruited by an inflammatory and non-inflammatory pathway, respectively,
which is a concept that has been described in the generation of iTreg cells in
other tissues before (Curotto de Lafaille et al., 2008).

Trajectory analysis showed that ST2+ and CXCR3+ VAT Treg cells derive from
the same cluster, but it is unclear whether it is one or more progenitor populations
that fall into the same cluster. Their vast differences in phenotype, function and
molecular regulation would argue against one CXCR3+ and ST2+ Treg cell
progenitor with single TCR specificity. Supporting this notion, recent studies have
shown that resting T cells bifurcate into splenic VAT precursor populations with
different TCR usage. In the TCR Tg mice expressing ST2+ VAT Treg TCR,
CXCR3+ VAT Treg cells were significantly reduced (C. Li et al., 2018; C. Li, A. R.
Munoz-Rojas, et al., 2021). Furthermore, the transcriptional profile of these
precursors alluded to their potential fate as expression of Kirg? and Cxcr3
transcripts were detected, respectively, suggesting that they are poised in the
spleen before arriving to the VAT (C. Li, A. R. Munoz-Rojas, et al., 2021).
Importantly, however, trajectory inference analysis does not guarantee that
pseudotime and chronological time have a linear relationship and the analysis
does not specify whether the cells maintain plasticity or not, which should be
considered in the interpretation of these results (van den Berge et al, 2020).

The transcriptional profile that defines a specific set of precursor cells might be
conserved in different types of T cells. Recent studies have associated higher
CD62L, CD73 and TCF1 expression with progenitor or stem-like cells (Y. Lietal.,
2021; J. M. Sullivan, Hollbacher, & Campbell, 2019; Tsui et al., 2022). In fact, DN
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VAT Treg cells in this study expressed genes (S1pr1, ltgb1, Nt5e, Sell, Slamf6,
Tcf7) that are part of the transcriptional signature of CD62L+ effector CD8 T cell
progenitors during chronic infection (Tsui et al., 2022).

Further analyses are required to determine how these different concepts of cell
progenitors fit into our model. Most proposed models are based on male T cell
biology or a combination of both sexes, hence the knowledge about female
specific precursor development and TCR clonality is missing. Single cell TCR
sequencing combined with lineage tracing or TCR transgenic mouse models
could be used to further delineate the developmental trajectory of ST2+ and
CXCR3+ VAT Treg cells.

7.4 Molecular regulation and function of VAT (tissue) Treg cells

PPARYy

A large body of work has shown that ST2 expressing VAT Treg cells are essential
to maintain a healthy metabolism and restrict inflammation via IL10 (D Kolodin et
al., 2015; A. Vasanthakumar et al., 2015). Surprisingly, our results show that
ST2+ VAT Treg depletion not always dysregulates metabolism or inflammation.
PPARy-mediated depletion, for example, only resulted in impaired glucose
tolerance in males while no significant alteration in inflammation or T cell
infiltration was detected. This contradicts previous research that has shown the
significant impact of VAT Treg cell loss on VAT inflammation (C. Li, G. Wang, et
al., 2021; Wu et al., 2019). A potential explanation for this could be ST2+ Treg
cell heterogeneity in the VAT. Apart from DN and CXCR3+ VAT Treg cells, our
results show three separate clusters of ST2+ VAT Treg cells. PPARYy deletion
could just affect one of these subclusters as ST2+ Treg cells can still be detected
in Pparg®3ce mice. Thus, PPARy promotes a subset that specializes in
regulating VAT specific functions such as metabolism and adipogenesis. In line
with this notion, our results showed that the most prominent genes deregulated
(Thbd, Cxcrd, Fgfbp3, Gpr18, Mettl) in male Ppargro**3 mice are involved in
adipose tissue biology, carbohydrate and lipid metabolism (Kotanska et al., 2021;
Matson & Ritter, 1999; W. Y. Park et al., 2022; Tassi et al., 2018; Y. Wang et al.,
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2020). Analysis of IL-33- and ST2-deficient mice showed that ST2+ VAT Treg
cells are needed to prevent CD8 T cell infiltration. Both, mouse models affect the
entire ST2+ Treg cell population suggesting that there is a fraction of ST2+ VAT
Treg cells capable to suppress T cell influx in a PPARy-independent manner. It
is likely that PPARy expressing Treg cells play a more prominent role in the
context of disease. Several reports have shown that PPARy expression in gut
and VAT Treg cells are essential to ameliorate colitis and obesity-induced insulin
resistance, respectively (Cipolletta et al., 2015; C. Li, G. Wang, et al., 2021; H. J.
Park, Park, Lee, Bothwell, & Choi, 2016). Evidently, Treg specific PPARy deletion
was sufficient to reduce RORyt+ Treg cell population, important in regulating gut
inflammation, yet experiments with high-fat, high-fibre diets and metabolic cage
analyses are required to better understand the role of PPARy+ VAT Treg cells in
both sexes. Furthermore, splenic PPARy-depleted mice displayed sex-specific
downregulation of GATA-3 in female Treg cells which opposes the dependence
of PPARy in male VAT. Previous reports have shown that PPARy can be
regulated by female hormones and impacts T cell differentiation, which should be
considered when analysing multiple organs in this mouse model and assessing
its impact on organismal metabolism (Park et al., 2016a; Park et al. 2016b; Klotz
et al., 2009).

GATA-3

Treg specific depletion of GATA-3 significantly affected Treg cells across multiple
tissues which is in line with previous reports showing the involvement of GATA-3
in differentiation and function of intestinal, skin and lung Treg cells (Michael
Delacher et al., 2017; Miragaia et al., 2019; Ohnmacht et al., 2015; Wohlfert et
al., 2011). Indeed, decreased KLRG1 and ST2 expression was found in spleen,
lung, small intestine and VAT highlighting the role of GATA-3 in the tissue Treg
cell specific signature. It is well reported that GATA-3 can interact with T-bet and
thereby inhibit TH1 cell differentiation which explains increased proliferation and
differentiation of CXCR3+ Treg cells in lung and VAT (Tindemans, Serafini, Di
Santo, & Hendriks, 2014). Alternatively, this could also be CXCR3+ Treg cells
filling the niche that was left empty by ST2+ Treg cells. Our experiments also
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showed that GATAS specific depletion induced increased CD8+ T cell infiltration
in both sexes and elevated IFN-y expression in male VAT. This contrasted the
PPARy phenotype suggesting that, like IL-33, GATA-3 is involved in regulating
differentiation and function of all ST2+ VAT Treg cells and not a specialized
subset. The global impact of GATA-3 in Treg cell differentiation could also explain
why Gata3""Foxp3°® mice had significantly improved glucose tolerance in both
sexes, despite substantially increased inflammation in the VAT. Apart from VAT
and lung Treg cells, GATA3 depletion resulted in significant alterations in Sl Treg
cell composition including the appearance of RORyt+Helios+ cells that are not
existent during homeostatic conditions. This likely affects the ability of local Treg
cells to restrict inflammation, prevent tissue damage and thereby preventing
appropriate nutrient uptake which is evidenced by lower body and VAT weight in
Gata3For3e males. Although mice are leaner and have better glucose tolerance
it does not imply that they are healthy. To evaluate this RNASeq of total VAT,
blood insulin levels, intestine immunohistochemistry and measurement of

inflammatory cytokines in gut, lung and other organs would be required.

T-bet

Type 1 responses have been usually associated with increased VAT
inflammation and insulin resistance in obesity, thus it was surprising to detect
increased IFN-y and T-bet expression levels in female mice, considering they are
typically protected from obesity-induced metabolic dysfunction (Kautzky-Willer et
al., 2016; Tramunt et al., 2020). In previous studies Tn1-like Treg cells have been
described in pancreas, intestine, lung, and brain (Koch et al., 2009; McPherson
et al., 2015; Tan et al., 2016; Yu et al., 2015). Our study shows that CXCR3+/T-
bet+ VAT Treg cells play a significant role in regulating VAT inflammation in both
sexes by preventing expression of interferon-induced transcripts or encoding
proinflammatory chemokines suggesting their role in inhibiting inflammation is
sex-independent. Their function could not be replaced by expanding ST2+ VAT
Treg cells in Tbx21""Foxp3°™ mice supporting the idea that CXCR3+ and ST2+
VAT Treg cells have non-overlapping functions. Absence of CXCR3+ VAT Treg
cells had no impact on glucose tolerance in either sex. A previous study exploring
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the role of pancreatic CXCR3+ Treg cells showed increased insulin resistance
and development of diabetes in mice lacking CXCR3+ Treg cells (Tan et al.,
2016). The mice analysed, however, were on a NOD (non-obese diabetic)
background suggesting that CXCR3+ Treg cells might have a more prominent
role in glucose homeostasis in context of disease and not during homeostasis.
There are conflicting reports about the role of Th1-like Treg cells in immune
responses. In line with our findings intra-tumoral Tu1-like Treg cells display high
suppressive capacity and are also characterized by high CTLA-4 expression.
Depletion of these Treg cells in Tbx21""Foxp3°" mice resulted in increased T cell
activation and IFN-y expression which our study also showed (Colbeck et al.,
2015). Furthermore, CXCR3+ VAT Treg cells also express CD73 that can
produce immunosuppressive adenosine. This notion is supported by recent
reports showing that CD73+ Treg cells have a higher suppressive capacity
compared to ST2+ Treg cells (Li et al., 2021). In contrast, several studies have
shown that Tu1-like Treg cells have impaired inhibitory functions and have been
associated with autoimmune diseases such as T1D and autoimmune hepatitis
(Shi & Chi, 2019).

These differences might likely depend on the context, be sex-specific and
requires further investigation. To further assess the role of CXCR3+ VAT Treg
cells in context of disease, high-fat diet experiments are currently underway
combined with metabolic cage analysis, glucose tolerance test and measurement
of immune cell infiltration and cytokine production. Furthermore, Treg
suppression assays combined with flow cytometry of inhibitory receptors such as
GITR, CTLA-4 or PD-L1 would help determine the inhibitory capacity of CXCR3+
and ST2+ Treg cells in both sexes. Analysis of other organs such as pancreas,
lung, small intestine and colon would likely be helpful to uncover any changes in
immune cell composition or inflammation in these tissues that could impact

metabolic or physiologic parameters measured in metabolic cages.
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7.5 ST2+ and CXCR3+ VAT Treg cells in obesity

The role of VAT Treg cells in obesity has been extensively studied but their role
in obesity and its associated morbidities have remained controversial (S. P. Bapat
et al., 2015; Beppu et al., 2021; Cipolletta et al., 2012; M. Feuerer et al., 2009;
Man et al., 2022; Wu et al., 2020). Unfortunately, the results in this study are not
clear enough to evaluate the impact of VAT Treg cells on HFD and vice versa.
Unlike reported in numerous studies, ST2+ VAT Treg cells are not depleted in
male mice after HFD and, surprisingly, TNF and IFN-y expression is reduced in
HFD fed mice compared to ND controls. In females and in males, correlation
between ST2+, CXCR3+ VAT Treg cells and body weight is similar in ND and
HFD fed mice. Meaning that changes in ST2+ or CXCR3+ VAT Treg cell
composition is a function of weight gain independent of the diet. Combined with
the substantial variation in cellular and metabolic phenotype across the
experiments no reasonable conclusions could be made about the role of HFD in
CXCR3+ and ST2+ VAT Treg cell differentiation and function. However, more
extensive analysis of the data from a different angle could help resolve the
experimental variation. Correlation between glucose tolerance test outcomes
weight gain to determine the mice in which HFD consumption has led to
impairment of glucose homeostasis. In this context, the occurrence of
metabolically healthy obesity (MHO) will have to be taken into consideration
which is characterized by low adipose stress and inflammation compared to
pathogenic obesity (Bluher, 2020). One way to exclude MHO would be to
compare immune cell infiltration and cytokine levels in mice on a HFD to ND
controls and filter them accordingly. The combined correlation of cellular and
metabolic data could help separate metabolically healthy and unhealthy animals
which was not achievable any more in this study.

Although no significant changes were observed during HFD, the current results
do not fit to the Tu1/Tn2 paradigm of obesity. While a type 2 cytokine environment
is necessary to maintain a healthy metabolic phenotype in males, IFN-y, a type 1
cytokine, is prominent in the microenvironment of healthy female mice. Indeed,

women display increased production of IFN and more robust Th1 and estrogens
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are capable to induce IFN-y production (Gourdy et al., 2005; Lee et al., 2009;
Panchanathan, Shen, Zhang, Ho, & Choubey, 2010; Siracusa, Overstreet,
Housseau, Scott, & Klein, 2008). Hence this relationship — male (Type 2) vs
female (Type 1) — might be preserved yet requires further experiments in human
and mice to validate.

ST2+ and CXCR3+ VAT Treg cells are likely relevant in obesity considering the
functional data presented in this study. Furthermore, in omental adipose tissue
from human subjects both, Tbx21 and //1rl1 transcripts, encoding for T-bet and
ST2, respectively, have been detected suggesting conserved VAT Treg cell
heterogeneity in mice and human (A. Vasanthakumar et al., 2015; Wu et al.,
2019)

7.6 Conclusion

In this study a novel population of VAT Treg cell has been identified and
characterised. The newly identified CXCR3+ Treg cells are dominant in female
VAT as opposed to the canonical ST2+ Treg cells, which are enriched in male
VAT. Our experiments have shown that the two VAT Treg cell populations have
different developmental trajectory but derive from a population of naive
CD62L+CD73hi VAT Treg cells. Furthermore, the data revealed higher
expression of type 1 cytokines, especially IFN-y, in females that contribute to
CXCR3+ VAT Treg cell differentiation. ST2+ VAT Treg cells on the other hand
require IL-33 and TGFB signalling. Mechanistically, ST2+ VAT Treg cell
differentiation was regulated by PPARy and GATA-3 and competes with CXCR3+
VAT Treg cells and its transcriptional regulator T-bet. Additionally, loss-of-
function experiments show that CXCR3+ VAT Treg cells are crucial to prevent
excessive inflammation and T cell infiltration. ST2+ VAT Treg cells are more
important for regulating glucose and lipid metabolism. Overall, this study has
helped to discover and characterize a new VAT Treg cell subset and characterize
female and male inflammatory landscape that will help have a superior
understanding of adipose biology and immunity in a sex-specific manner and
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move forward development of tailored treatments for diabetes and metabolic

syndrome.
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