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1. Introduction

1.1 Obesity

Since the 1980s the prevalence of obesity has been increasing worldwide (Afshin et al.,
2017; Finucane et al., 2011; Roberto et al., 2015). Obesity is caused by an imbalance of
energy intake and energy expenditure: energy-dense foods with high amount of sugar and
fat are being consumed more often, while the overall physical activity and therefore energy
expenditure is being reduced. The “Body Mass Index” (BMI) is a measure of body fat and
can be used to classify overweight and obesity (weight-for-height index):

body weight (kg)

BMI = : )
body height (m)

Adults with a BMI greater than 25 are considered to be overweight; those who exceed a
BMI of 30 are considered to be obese (WHO, 2021c).

To date, cardiovascular diseases (CVDs) such as coronary heart disease,
cerebrovascular disease etc., are the number one cause of deaths in the world (WHO,
2021a). One major risk factor for CVDs is obesity. However, obesity does not only
increase the risk for cardiovascular events, it is also a risk factor for type 2 diabetes,
musculoskeletal disorders as well as certain forms of cancer and even psychiatric
disorders (Ni Mhurchu et al., 2004; Simon et al., 2006; WHO, 2021b, 2021c). Additionally,
it has been shown that overweight and obesity are associated with an increase in mortality

(Prospective Studies Collaboration, 2009).

Key therapeutic strategies to tackle the obesity pandemic mainly focus on individual
lifestyle changes. Patients who are trying to reduce their weight are advised to reduce
their intake of high calorie foods and engage into physical activity on a regular basis
(WHO, 2021c). Besides lifestyle changes, for some patients, bariatric surgery offers an
additional effective way to treat obesity. Yet, one has to consider that the standard bariatric
surgery procedures are irreversible and that peri- as well as postsurgical complications
may occur (Benaiges et al., 2015; Kassir et al., 2016). From a pharmacological point of
view, therapeutic options to treat obesity are fairly limited. In 2022 in Germany, orlistat (an

inhibitor of gastric and pancreatic lipases) was the only drug recommended for treatment
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of obesity (Deutsche Adipositas-Gesellschaft (DAG) e.V. et al., 2014). A Cochrane meta-
analysis showed that the use of orlistat leads to significant weight loss compared to
placebo — however, with a total of 2.9 kg lost weight compared to placebo over a year, the
effect of orlistat was relatively small and gastrointestinal side effects were observed
(Padwal et al., 2003). Therefore, the German clinical guidelines for prevention and therapy
of obesity recommend to use orlistat only complementary to a basic therapeutic strategy
which focuses on lifestyle changes and not as a therapeutic strategy on its own (Deutsche
Adipositas-Gesellschaft (DAG) e.V. et al., 2014). Besides orlistat, incretins such as
liraglutide — a glucagon-like peptide-1 receptor agonist which is mainly used in the
treatment of type 2 diabetes — are approved for the treatment of obesity (Kretschmer,
2016). However, the approval of incretins for treatment of obesity took place quite recent,
thus, these drugs are not taken into consideration in clinical guidelines for treatment of

obesity in Germany yet.

As stated above, the consequences of non-treated obesity can be severe and the
available therapeutic strategies — especially from a pharmacological point of view — are
quite limited. Intriguingly, data published in the past 15 years suggested a novel
therapeutic target to take on obesity: Brown Adipose Tissue (Cypess et al., 2009; Cypess
et al., 2015; Liu et al., 2015; Virtanen et al., 2009).

1.2 Adipose Tissue

1.2.1 Types of adipose tissue and adipocytes

In general, two types of adipose tissues can be distinguished in mammals: Brown Adipose
Tissue (BAT) and White Adipose Tissue (WAT) (Gesta et al., 2007). BAT is mainly known
for its thermogenic properties. Key characteristics of brown adipocytes (BAs) are multiple
small intracellular lipid droplets as well as a large amount of mitochondria containing

uncoupling protein-1 (UCP1, thermogenin; see 1.2.2.1) (Cannon and Nedergaard, 2004).

WAT on the other hand is widely recognized for its ability to store energy. When high
amounts of energy are available, e.g. after intake of high energy foods, white adipocytes
(WAs) are able to store energy as triacylglycerol (TAG) and provide fuel during fasting
periods (Cahill, 1976; Lafontan, 2005). With the discovery of leptin — a hormone secreted
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by adipocytes which now is known to play a major role in food intake and energy balance
(Obradovic et al., 2021) — around 30 years ago, it has also been established that WAT
functions as an endocrine organ (Kershaw and Flier, 2004; Zhang et al., 1994). As stated
in 1.1, an excessive amount of WAT — i.e. obesity — is also associated with different
pathologies. It has been observed that overweight is associated with an increase in the
expression levels of inflammatory cytokines such as tumor necrosis factor a in muscle as
well as in adipose tissue in humans (Hotamisligil et al., 1995; Saghizadeh et al., 1996).
This process of chronic inflammation promotes CVDs and such, highlighting the
importance of WAT as an endocrine organ yet again (Hotamisligil, 2006; Mau and Yung,
2018; Serhan et al., 2008).

On a cellular basis, WAs characteristically carry unilocular lipid droplets and do not
express UCPL1, as shown in Figure 1 (Lafontan, 2005). Recent research has shown that
even another type of adipocytes exists. Beige or brite (“brown in white”) adipocytes have
been described as an intermediate cell type which have features of both BAs as well as
WAs and express UCP1 (Wu et al., 2012). In this context, the process of browning has
been described: upon specific stimuli, certain cell depots within WAT can take on a BAT-
like phenotype and thereby become beige adipocytes (Himms-Hagen et al., 2000; Wu et
al., 2013). Additional types of specialized adipocytes have also been described (e.g. the
pink adipocyte in breast tissue), each playing a distinct role in mammalian physiology
(Cinti, 2018).
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White adipocyte Beige adipocyte Brown adipocyte
Fat droplet
No UCP1 UcP1 7 UCP1 T 1
Inducible/
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Figure 1: Distinct features of white, beige, and brown adipocytes.

White adipocytes characteristically carry a unilocular fat droplet and do not express UCP1. Brown
adipocytes are characterized by high expression levels of UCP1, multilocular fat droplets as well as an
extensive number of mitochondria. Beige/brite (“brown in white”) adipocytes may be seen as an intermediate
cell type between white and brown adipocytes. Beige adipocytes express lower levels of UCP1 than brown
adipocytes and also carry less mitochondria. As shown, the lipid droplets of beige adipocytes are larger than
the one in brown adipocytes, yet smaller than the ones in white adipocytes. Created with BioRender.com.
Author’s adaption from (Pfeifer and Hoffmann, 2015).

1.2.2 Brown adipose tissue

1.2.2.1 Anatomy and physiological function

During development, the central dermomyotome does not only give rise to muscle and
skin, but also to BAT (Atit et al., 2006). BAT itself is a well vascularized tissue and is highly
innervated by the sympathetic nervous system (SNS; Nnodim and Lever, 1988). It is
composed of different types of cells such as endothelial cells, fibroblasts, immune cells
and adipocytes. Its colour — and name — is due to its high amount of mitochondria
containing iron and its high degree of vascularization (Cypess, 2022). BAT’s maijor
function consists of non-shivering thermogenesis (NST), a complex mechanism which
protects the body against hypothermia in cold conditions (Foster and Frydman, 1978;
Lindberg et al.,, 1967; van Marken Lichtenbelt et al., 2002). Cold is the physiological
stimulus for BAT activation. Upon cold, the SNS releases norepinephrine (NE). NE
activates BAs via 33-adrenergic receptors. this leads to an increase in intracellular 3’-5'-
cyclic adenosine monophosphate (CAMP), a second messenger which in turn stimulates

protein kinase A (PKA). Finally, this leads to an increase in lipolysis (Cannon and
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Nedergaard, 2004). Usually, an increase in lipolysis would result in an increase in
oxidative phosphorylation and therefore elevated levels of adenosine triphosphate (ATP;
Lardy and Ferguson, 1969). However, BAs carry a unique protein on their inner
mitochondria membrane: UCP1 (Nicholls et al., 1978). UCP1 allows BAT to create energy
by uncoupling the oxidative phosphorylation from ATP synthesis and thus contribute to

maintaining normothermia (Cannon and Nedergaard, 2004).

Traditionally, it has been assumed that BAT only plays a role in rodents and human new-
borns and not in human adults. However, recent evidence gathered by using
BFluorodeoxyglucose positron-emission tomographic and computed tomographic (*8F-
FDG PET-CT) scans has shown that substantial amounts of active BAT exist in human
adults (Cypess et al., 2009; Nedergaard et al., 2007; Virtanen et al., 2009). As shown in
Figure 2, in human new-borns BAT can especially be found in the interscapular region.
During aging, this depot of BAT atrophies (Heaton, 1972). In human adults it has been
observed that metabolically active depots of BAT are mainly found in the supraclavicular
and neck region, but also in the paravertebral, mediastinal, para-aortic, and suprarenal
region. (Nedergaard et al., 2007). Similar to human new-borns, rodents mainly carry a
large BAT-depot in their interscapular region. Additional smaller depots are found in the

cervical, axillar, periaortic as well as perirenal regions (Cinti, 2000).
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Interscapular

Figure 2: Anatomic locations of BAT in human newborns, human adults and rodents

Human new-borns carry a large depot of BAT in the interscapular region. In human adults, smaller depots
of BAT can be found in the neck, supraclavicular, para-aortic mediastinal, paravertebral, and perirenal
region. Rodents possess a larger depot of interscapular BAT as well as smaller depots in the cervical,
axillary, periaortic and perirenal region. Author’s adaption from (van den Berg et al., 2017).

1.2.2.2 Development and transcriptional control of brown adipocytes

As stated above (1.2.2.1), muscle and BAT share their origin to a certain extent.
Furthermore, it was reported that the transcriptional signature of brown pre-adipocytes
shares myogenic patterns. Intriguingly, even muscle-specific genes are expressed by
brown pre-adipocytes (Timmons et al., 2007). Further supporting the evidence of a
common heritage of BAs and myocytes , it has been shown that myogenic factor 5-positive
precursor cells can differentiate into myoblasts as well as BAs, depending on the presence
or absence of the transcriptional factor PRD1-BF1-RI1Z1 domain containing 16 (PRDML16;
Seale et al., 2008).

Peroxisome proliferator-activated receptor gamma (PPARYy) is considered to be the
central transcriptional factor in adipogenesis (Rosen and MacDougald, 2006). During rat
embryonic development, high expression levels of PPARy can be detected in BAT on
E18.5 (Braissant and Wahli, 1998). Another group of well-known transcriptional factors,
which also play an important role in adipogenesis, are the CCAAT/Enhancer-binding-
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proteins (C/EBPs; Rosen and MacDougald, 2006). For example, in BAT of mice lacking
C/EBPB and C/EBPYy, a decrease in lipid accumulation can be observed (Tanaka et al.,
1997).

Prominent transcriptional factors, which especially influence the thermogenic adipose
program and therefore play a major role in BA differentiation and UCP1 expression, are
the aforementioned C/EBP and PRDM16 as well as peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a; Puigserver et al., 1998; Seale et al., 2007).
Both PRDM16 and PGC-1a have been shown to be transcriptional co-activators of PPARy
(Puigserver et al., 1998; Seale et al., 2008). Although a number of important mechanisms
in adipogenic and thermogenic differentiation have been decoded and described
thoroughly, it appears the reality is even more complex. A frequently cited and surprising
example for this was published in 2008 by Tseng et al., who showed how bone

morphogenetic protein 7 (BMP7) influences BA differentiation (Tseng et al., 2008).

1.2.2.3 Brown adipose tissue as a therapeutic target for metabolic disorders

Pharmacological activation of BAT via Ps-adrenergic-receptors has been shown to
ameliorate obesity in rodents (Collins et al., 1997; Yoshida et al., 1994). Since the
rediscovery of active BAT in adult humans approximately 15 years ago, multiple studies
were able to show an overall beneficial effect of activated BAT on body metabolism
homeostasis. This includes an increase in plasma triglyceride clearance (Bartelt et al.,
2011), improved glucose handling and insulin sensitivity (Chondronikola et al., 2014;
Hanssen et al., 2015), as well as an overall increase in energy expenditure (Yoneshiro et
al., 2013). A recent study also showed that BAT has a protective effect on cardiometabolic

health in general (Becher et al., 2021).

With all these beneficial effects of activated BAT on metabolism, as well as the urgent
need for new anti-obesity treatment (see 1.1), many clinical trials have emerged focusing
on BAT as a therapeutic target. In these studies, unspecific B-agonists as well as specific
Bs-agonists have been investigated (Buemann et al., 2000; Cypess et al.,, 2012).
Unfortunately, especially unspecific sympathomimetic drugs either failed to activate BAT
at all, or led to serious side effects (Carey et al., 2013; Cypess et al., 2012; Vosselman et

al., 2012). However, in 2015 Cypess et al. published promising data on the subject,
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showing that an oral intake of mirabegron — a specific Bz-adrenergic receptor agonist
which is approved for treatment of overactive bladder — leads to a significant increase in
energy expenditure, which was calculated to possibly yield in up to 10 kg weight loss within
3 years (Cypess et al., 2015; Hall et al., 2011). In general, mirabegron is known to cause
less severe side effects than unspecific sympathomimetic drugs such as tachycardia,
headache, nausea or diarrhoea (Herbel, 2023). This highlighted the role BAT might play

in future obesity treatment once again.
1.3 CXCL12

1.3.1 Function

CXCL12 (CXC maotif chemokine ligand 12, also known as SDF-1 [stromal-cell derived
factor 1]) is a homeostatic chemokine (or chemotactic cytokine) which belongs to the
group of CXC chemokines. Next to the group of CXC chemokines, three other groups of
chemokines have been categorized: CC, XC, and CX3C chemokines. The classification is
based on the highly conserved NH2-terminal cysteine group. Thus, in CXCL12 one
different amino acid in between two cysteins can be found in the NH2-terminus of the
polypeptide (Zlotnik and Yoshie, 2000).

At first, CXCL12 was discovered as pre-B cell growth factor (PBGF; Nagasawa et al.,
1994) and soon became known as SDF-1 (Nagasawa et al., 1996). In 1995 Shirozu et al.
reported that the human gene for SDF-1 is located on chromosome 10g11 and that SDF-
1 seems to be highly conserved in vertebrates (Shirozu et al., 1995). To date, six different
isoforms of CXCL12 have been reported, all of which are derived from alternative splicing
events (Yu et al., 2006).

Functionally, chemokines have been widely described for their role in leukocyte migration
(Moser et al., 2004). The function of CXCL12 appears to be more complex and is mediated
by two different receptors: CXCR4 (CXC motif chemokine receptor 4) and ACKR3
(atypical chemokine receptor 3; also known as CXCR7 [CXC motif chemokine receptor
7]; Balabanian et al., 2005; Oberlin et al., 1996). Global knockout of CXCL12 or of either
receptor in mice is lethal (Gerrits et al., 2008; Ma et al., 1998; Nagasawa et al., 1996).
However, the whole CXCL12-CXCR4-ACKR3 system does not only seem to play a major
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role in physiological process such as angiogenesis, neurogenesis, lymphopoiesis,
myelopoiesis, cardiogenesis etc. (Sadri et al., 2022), but also emerges to be an important
factor in different pathologies such as AIDS (acquired immunodeficiency syndrome; Feng
et al., 1996), inflammation (Yu et al., 2019) and different kinds of cancer (Barbieri et al.,
2008; Meier et al., 2007).

CXCL12’s function in cell migration, response to stimuli such as hypoxia, as well as its
role in angiogenesis has been investigated using different types of cells such as
endothelial cells, monocytes and cancer cells (Mirshahi et al., 2000; Schioppa et al.,
2003). However, especially late research mainly focused on examining the role of CXCL12
in the context of tumor microenvironment. Meanwhile, studies examining the role of
CXCL12 in adipose tissue are quite rare and mainly focus on CXCL12’s role in WAT, WAT
inflammation and obesity (Kim et al., 2014; Peng et al., 2016). It appears, the general
understanding of the physiological role of CXCL12 in WAT is quite limited. However, even

less studies have been published focusing CXCL12 in BAT.

In BAT, it was suggested that CXCR4 has a beneficial effect on thermogenic properties
(Yao et al., 2014). Furthermore, Kurita et al. reported that CXCL12-signaling leads to BA
differentiation (Kurita et al., 2019). For their studies, they also created a BAT-specific
CXCR4 knock out mouse. To do so, UCP1 Cre mice were crossed with CXCR4oX/floxmijce,
These mice showed a decrease in insulin sensitivity compared to wild type mice (Kurita
et al., 2019). Although these results seem quite promising, in general little is known about
the role of CXCL12 in BAT and especially in BAT specific endothelial cells (ECs) .

1.3.2 Receptors and signalling

As stated above, CXCL12 is known to function by binding to CXCR4 and ACKR3. CXCR4,
first discovered as leukocyte-derived seven-transmembrane domain receptor (LESTR;
Loetscher et al.,, 1994), belongs to the superfamily of G protein-coupled receptors
(GPCRs). GPCRs are seven transmembrane domain proteins, which can function in
various ways in physiological conditions as well as disease (Hilger et al., 2018).
Characteristically, GPCRs couple to a heterotrimeric G protein, which is made up of three
different subunits: Ga, GB, and Gy. In the inactive state, the G protein is bound to

guanosine diphosphate (GDP). Upon activation, GDP dissociates from the Ga subunit and
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is replaced by GTP (guanosine triphosphate), which allows the Ga subunit to dissociate
from the GBy subunit and thus become active. Four different kinds of Ga subfamilies, each
functioning in a distinct way, have been described (Wettschureck and Offermanns, 2005).
Gas and Gain regulate adenylate cyclases (ACs), Gagi1 has an impact on phospholipase
C (PLC) and Gai213) targets Rho-signalling (Hanlon and Andrew, 2015). Importantly, the

GBy-complex can also function in several ways (Clapham and Neer, 1997).

A variety of different signalling pathways for the CXCL12-CXCR4 interaction have been
described (Rubin, 2009). In 1997, Maghazachi reported that CXCR4 can couple to Gaino
as well as Gagn in interleukin-2 activated natural killer cells (Maghazachi, 1997). Tan and
colleagues showed, CXCR4 activation can also lead to Gai213 signalling (Tan et al.,
2006). However, it appears CXCR4 does not only act as a GPCR, but can also lead to
JAK/STAT (Janus kinase/signal transducer and activator of transcription) activation (Vila-
Coro et al., 1999). Furthermore, B-arrestin is also involved in CXCR4 function (Sun et al.,
2002). Figure 3 gives an overview of the complex CXCL12 signalling as proposed by
Janssens et al. (2018).
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Figure 3: CXCL12 signalling

CXCL12 can influence a variety of intracellular mechanisms via CXCR4. By activating the JAK/STAT
pathway it can have a direct impact on transcription. It can also impact integrins, calcium, phosphatidyl-
inositol-3-kinase as well as inhibit adenylate cyclase. Activation of ACKR3 as well as CXCR4 impacts (-
arrestin. B-arrestin mediates ACKR3’s scavenger function and leads to receptor internalization. Green
Arrows present primary pathways, dashed arrows present pathways without consensus in literature, red
arrows present inhibitory pathways. ERK1/2 — extracellular signal-regulated kinase 1/2; GRK — G protein-
coupled receptor kinase; IP3 — inositol-3-phosphate; JAK2/3 — Janus kinase 2/3; NFkB — nuclear factor
kappa-light-chain enhancer of activated B-cells; PLC — Phospholipase C; STAT1/2/3/5 — signal transducer
and activator of transcription. Created with BioRender.com. Author’s adaption from (Janssens et al., 2018).

CXCL12 binds to ACKR3 with a higher affinity than to CXCR4 (Balabanian et al., 2005).
Originally ACKR3 was especially known for its scavenging functions (Naumann et al.,
2010). Different researchers were able to show that ACKR3 plays an important role in
different physiological processes such as cardiogenesis and angiogenesis (Gerrits et al.,
2008; Zhang et al., 2017). It was postulated that ACKR3 does not signal via G-proteins,
but rather via B-arrestin, leading to an activation of MAP kinase (mitogen activated protein
kinase) signaling (Rajagopal et al.,, 2010). These findings also led to ACKR3 being
classified as an atypical chemokine receptor (Bachelerie et al., 2014). However, the claim
that ACKR3 does not signal as a GPCR were challenged soon after, as Odemis et al.

showed that ACKR3 activation leads to Gaio signalling in rodent astrocytes and human



23

glioma cells (Odemis et al., 2012). In summary, ACKR3'’s functional importance is well

established while its molecular mechanisms need further investigation.

1.3.3 Clinical relevance

Ever since CXCR4 was discovered as a co-factor for HIV (human immunodeficiency virus)
entry (Feng et al., 1996) and CXCL12 was found to be able to block HIV from entry into
T-cells (Oberlin et al., 1996), clinical interest in the CXCL12-CXCR4-system has been
high. Besides its relevance in HIV infection, a gain of function mutation in CXCR4 has
been described to cause WHIM- (warts, hypogammaglobulinemia, infections,
myelokathexis) syndrome (Kawai and Malech, 2009). With CXCL12’s important function
in cell-migration and angiogenesis, the CXCL12-CXCR4-axis has also been widely
investigated in cancer research. Recent research suggests that CXCL12 as well as
relative CXCL12-CXCR4 expression levels can serve as a prognostic parameter in colon

cancers (Stanisavljevic et al., 2016).

The CXCR4-antagonist plerixafor (also AMD3100), originally developed for the treatment
of HIV infection, was discovered to mobilize hematopoietic cells from the bone marrow to
the peripheral blood stream (Liles et al., 2005). In 2008, these findings finally led to the
FDA approving plerixafor (Mozobil®) for the clinical use for mobilizing hematopoietic stem
cells in order to perform autologous stem cell transplantation in patients suffering

lymphoma and multiple myeloma (FDA, 2009).
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1.4 Aim and research question

The pandemic of obesity keeps on rising and the need for new therapeutic strategies is
urgent (see 1.1). BAT has been of high interest as a novel pharmacological target in
treatment of obesity. However, our understanding of BAT biology still is limited. This thesis

contributes to a growing body of literature focusing BAT.

Preliminary unpublished data of our lab showed that cold exposure — and therefore BAT
activation — in mice upregulates CXCL12 messenger ribonucleic acid (mMRNA) in BAT as
well as in BAT-ECs significantly. Many researches have reported that CXCL12 plays an
important role in EC function and angiogenesis, yet barely anything is known about either
angiogenesis or the role of CXCL12 in BAT specifically. As proper vascularization of BAT
is crucial for adequate supply of oxygen during thermogenesis, we decided to follow up

the preliminary findings further, asking the leading question of this project:

e What is the role of CXCL12 in the crosstalk between microvascular ECs (MECs)
and BAs?

In order to examine this question, the following research aims were formulated:

e Examine which stimuli lead to increased expression and secretion of CXCL12 in
MECs and BAs.

e Investigate the function of CXCL12 in MECs and BAs.
e Investigate the function of CXCL12 in MEC-BA co-culture.
e Examine potential signalling pathways activated by CXCL12 in MECs and BAs.

To address these aims, in vitro experiments using murine BAs and murine MECs as a
model to mimic BAT microcirculation were performed. First, BAs and muMECs were
stimulated using NE. Furthermore, BAs and muMECs were exposed to hypoxic
conditions. Effects of treatments were analysed using different methods such as real time
guantitative polymerase chain reaction (RT-gPCR) and enzyme-linked immunosorbent
assay (ELISA). In the following, a variety of functional assays such as proliferation assay,

migration assay, and lipolysis assay were performed. Finally, the effect of CXCL12 in a
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direct co-culture model of BAs and muMECs was analysed and second messengers such

as cAMP were measured.
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2. Materials and Methods

All chemicals used were obtained from Calbiochem (Darmstadt), Carl Roth GmbH
(Karlsruhe), Merck (Darmstadt), Sigma-Aldrich (Minchen) and VWR (Darmstadt). In case
chemicals were purchased from other companies, it is specifically mentioned. For water

purification, Milli-Q Water Purification System (Merck EMD Millipore) was used.
2.1 Cell culture

2.1.1 Materials

e p-Slide 8 well (Ibidi GmbH, Cat. No. 80826)

e 10 cm? TC dishes, Standard (Sarstedt, Cat. No. 83.3902)

e 12-well TC plates (Sarstedt, Cat. No. 83.3921

o 24-well TC plates (Sarstedt, Cat. No. 83.3992.005)

e 3,3',5-Triiodo-L-thyronine sodium salt (Sigma-Aldrich, Cat. No. T6397)
e 30 puM and 100 uM nylon meshes (Millipore, Cat. No. NY3002500, NY1H00010)
e 3-Isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich, Cat. No. 15879)

e 6-well TC plates (Sarstedt, Cat. No. 83.3920)

e 96-well plates (Sarstedt, Cat. No. 83.3924)

e Autoclave, Varioklav 135 T (Faust)

e Bovine Serum Albumin (BSA; Sigma-Aldrich, Cat. No. A7030)

e Cannulas (Braun, Sterican 0,90 x 40 mm, Cat. No. 4657519)

e Centrifuge, Biofuge Primo (Heraeus)

e Collagenase, Type Il (Worthington, Cat. No. CLS2)

e Conical tubes, 15 ml and 50 ml volume (Sarstedt, Cat. No. 62.554.502, 62.547.254)
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Countess Automated Cell Counter (Invitrogen, Cat. No. C10227)
Cryogenic vials (Sarstedt, Cat. No. 72.379.992)
Dexamethasone (Sigma-Aldrich, Cat. No. D4902)

Dimethyl sulfoxide (DMSO; Roth, Cat. No. A994)

Dulbecco's Modified Eagle's Medium (DMEM), high glucose, GlutaMAX(TM)
(Gibco, Cat. No. 61965)

Ethanol (EtOH; Roth, Cat.No. 9065.4)

Fetal Bovine Serum (FBS; Biochrom, Cat. No. S0015)

Gelatin solution 2 % (Inscreenex GmbH, Cat. No. INS-SU-1015-50ml)
HEPES (Sigma-Aldrich, Cat. No. H7523)

ProOx C21 Oxygen and Carbon Dioxide Subchamber Controller (BioSpherix, Ltd.,
RRID: SCR_021131)

Incubator, HERAcell® 150 (Heraeus)
Insulin solution human (Insulin; Sigma-Aldrich, Cat. No, 19278)

L- (-)-Norepinephrine (+)-bitartrate salt monohydrate (Sigma-Aldrich, Cat. No.
A9512)

Laminar air flow, HerasafeTM (Heraeus)

Microscope, LEICA DMIL (Leica Microsystems GmbH)

Murine MEC (muMEC) medium (Inscreenex GmbH, Cat. No. INS-CI-1004)
Penicillin/streptomycin (P/S; Merck, Cat. No. A2213)

Pipet-Lite XLS 2ul, 10ul, 20ul, 200ul, 1000u! (Rainin)

Reaction tube 1.5 mL (Sarstedt, Cat. No. 72706)
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e Recombinant mouse CXCL12 (R&D Systems, Cat. No. 460-SD)
e Scissors, forceps (Fine science tools)

e Serological pipettes 5ml, 10ml, 25ml (Sarstedt, Cat. No. 86.1253.001,
86.1254.001, 86.1685.001)

e Syringe filter 0.22 pum (VWR, Cat. No. 514-0061)
e Syringes 5 mL (BD Discardit Il, Cat. No. 309050)
e T175 tissue culture flasks (Sarstedt, Cat. No. 83.3912.002)
e TC-Insert 12 well plate, pore size 3 um (Sarstedt, Cat. No. 83.3931.300)
e Trypan Blue Stain (Gibco, Cat. No. 15250)
e Trypsin-EDTA (0.05 %), phenol red (Trypsin; Gibco, Cat. No. 25300054)
e Water bath (Memmert GmbH)
2.1.2 Cell culture of murine BA

2.1.2.1 Isolation and immortalization of BAT-derived brown preadiopcytes

In order to isolate murine brown preadiopcytes, the interscapular BAT was dissected from
neonatal C57BI6-J mice and transferred into a 1.5ml reaction tube containing 0.5 ml
isolation buffer (see Table 1). While the samples were located in the reaction tube, the
tissue was cut into small pieces using the surgical scissors. Next, the suspension was
transferred into a 15 ml conical tube containing 3 ml of isolation buffer. Afterwards, the
samples were incubated in a water bath at 37 °C and shaken thoroughly every 5 minutes.
After 30 minutes of incubation, the suspension was filtered through a 100 pm nylon mesh
and put on ice for 30 minutes. Using a syringe and cannula, 2 ml of the middle phase was
collected and filtered through a 30 um nylon mesh. The suspension was centrifuged for
10 minutes at 700 g and the resulting pellet was re-suspended using 2 ml of BA culture
medium (Table 2). In the following, the suspension was plated into a 6-well TC plate and

incubated for 24 hours at 37 °C and 5 % CO2. After 24 hours of incubation, the media was
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aspirated and the cells were immortalized by adding 800 pl of BA growth medium (Table
3) containing a lentivirus expressing the Simian Virus 40 (SV40) large T-antigen at a dose
equivalent to 200 ng of reverse transcriptase. Isolation and immortalization of cells was

performed by Markus Raspe.

Table 1 BA isolation buffer

Substances were dissolved in H20 and sterile filtered. The pH was adjusted to 7.4 using NaOH. BSA and
collagenase were added right before use.

Substances Quantity
NaCl 123 mM
KCI 5 mM
CaCl 1.3 mM
HEPES 100 mM
BSA 1,5%
Collagenase Il 2 mg/ml

Table 2 BA culture medium

Substances were dissolved in DMEM, high glucose (Gibco, Cat. No. 61695).

Substances Quantity
FBS 10 %
HEPES 10 nM
Insulin 4 nM
P/S 1%
Sodium-Ascorbat 25ug/ml
T3 4 nM

Table 3 BA growth medium

Supplements were added to DMEM, high glucose (Gibco, Cat. No. 61695).

Substances Quantity
FBS 10 %
P/S 1%
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2.1.2.2 Expansion and freezing of immortalized brown preadipocytes

In order to expand the cells, immortalized brown preadipocytes were seeded onto 10 cm?
TC dishes in 10 ml of BA growth medium. The media was changed every other day until
the cells covered ~80-90 % of the 10 cm? TC dish. Cell growth was monitored using an
inverted light microscope. At 80-90 % confluency, the cells were washed twice with PBS
(Table 4). Next, 2 ml of Trypsin-EDTA was added per 10 cm? TC dish and the cells were
incubated for 3 minutes at 37 °C. After 3 minutes of incubation, 8 ml of BA growth medium
was added and the cell suspension was transferred into a 15 ml conical tube. The
suspension was centrifuged for 8 minutes at 1000 rpm. After, the pellet was re-suspended
in BA growth medium and the amount of cells was counted using Countess Automated
Cell Counter. In order to count the cells, 10 pl of cell suspension was mixed with 10 pl of
trypan blue stain. 10 ul of the resulting mix was pipetted into a Countess Cell Counting
Chamber Slide. Following, cells were either plated onto 10 cm? TC dishes for expansion
(in a ratio of 1:10) or frozen. For freezing, cells were suspended in BA growth medium
containing 10 % DMSO and aliquoted into cryogenic vials. Frozen cells were stored at -
80 °C for 24 hours. For long time storage, the cryogenic vials were transferred to a -150°C

freezer. Brown preadipocytes in passage 4 were used to perform experiments.

Table 4 Phosphate buffered saline (PBS)

Compounds were added to dH20 to a total volume of 1000 ml. ThepH was adjusted to 7.4 using NaOH.
After, the solution was autoclaved for 20 minutes at 121°C.

Substances Quantity
NacCl 137 mM
KCI 2.7 mM
NazHPOg4 8 mM
KH2PO4 1.4 mM

2.1.2.3 Differentiation of brown preadipocytes

In order to perform in vitro experiments, brown preadipocytes were seeded (~80.000
cells/12-Well; ~160.000 cells/6-Well) in BA growth medium and incubated at 37 °C and 5
% CO:2 until 100 % confluency. When confluent (= D-2), the media was changed to BA
differentiation medium (Table 5). After two more days of incubation (on DO), the media
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was changed again to BA induction medium (Table 6) in order to induce BA differentiation.
The cells were incubated in induction media for two days. On D2, the media was changed
back to BA differentiation media. Cells were cultured in BA differentiation media until D7,
the media was renewed on D4 and D6. When not further specified, experiments were

performed with differentiated BAs (D7 of differentiation protocol).

Table 5 BA differentiation medium

Supplements were added to DMEM, high glucose (Gibco, Cat. No. 61695).

Substances Quantity
FBS 10 %
P/S 1%
Insulin 1 nM

T3 20 nM

Table 6 BA induction medium

Supplements were added to BA differentiation medium (Table 5).

Substances Quantity
Dexamethasone 1uM
IBMX 0.5 nM

2.1.3 Culture of murine microvascular endothelial cells

Murine microvascular endothelial cells were purchased from Inscreenex GmbH. Before
plating the cells, culture dishes were coated with PBS containing 0.5 % gelatine for 30
minutes at 37 °C. For experiments, muMECs were seeded on 12 well plates (60.000
cells/well) or 6 well plates (120.000 cells/well) and grown to 100 % confluency. For
expansion, muMECs were seeded on T-175 cm? flasks at a density of 10.000 cells/cm?.
Expansion and freezing of muMECs was performed as described in 2.1.2.2. For muMECs,

MuMEC media was used (Table 7).
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Table 7 microvascular endothelial cell medium

Supplements were added to basal mMuMEC media (Inscreenex GmbH, Cat. No. INS-ME-1004).

Substances Quantity
MuMEC supplement 5%
P/S 1%

2.1.4 Co-culture of BAs and muMECs

2.1.4.1 Transwell system

BAs were seeded in 12 well plates and differentiated as described in 2.1.2.3. While BAs
were differentiated, mMuMECs were seeded in TC inserts (for 12 well plates, pore size 3
pm; 20.000 cells/insert) and grown to confluency. On D6 of the BA differentiation protocol,
the TC inserts containing muMECs were transferred to the BA and treated with NE. The
transwell system was incubated for 24 hours at 37 °C and 5 % CO.. After incubation, cells

were harvested for further read-outs.

2.1.4.2 Direct co-culture

BAs were seeded in 6 well plates and differentiated (see 2.1.2.3). Meanwhile muMECs
were also seeded in 6 well plates and grown to confluency. On D5 of the BA differentiation
protocol, mMuMECs and BAs were detached from the plate using trypsin (0.8 ml/6 well).
While trypsinizing, cells were incubated for three minutes at 37 °C. In order to deactivate
the trypsin, 2 ml of BA differentiation media (Table 5) were added per well. In order to mix
MuMECs and BAs, the cell suspension of one 6 well each was transferred to a 15 ml
conical tube. Afterwards, the cell suspension was centrifuged for 8 minutes at 1000 rpm.
The supernatant was aspirated and the pellet was re-suspended using BA differentiation
media. Cells were then re-seeded either in 8-well p-slides (Ibidi) or 12 well plates. In order
to allow the cells to attach to the culture dish, the co-culture was incubated for 6 hours.
After, cells were treated with the drug of interest and then incubated for another 48 hours
at 37 °C and 5 % COz.. After incubation, cells were either fixed and stained for Endomucin
and nuclei (see 2.2 for Endomucin stain and 2.12 for Hoechst nuclei stain) for microscopy

or harvested for mRNA-isolation.
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2.2 Endomucin stain

The following list provides an overview of materials used. Disposables, pipettes etc. used

are listed in 2.1.1.
e p-Slide 8 well (Ibidi GmbH, Cat. No. 80826)
e Axio Observer (Carl Zeiss AG, Oberkochen, Germany)
e Bovine Serum Albumin (Sigma-Aldrich, Cat. No. A7030)
e Colibri 7 (Carl Zeiss AG, Oberkochen, Germany)
e Goat Anti-Rabbit IgG H&L (Abcam, Cat. No. ab150077)
e Mouse Endomucin Antibody (R&D Systems, Cat. No. AF4666)
e Paraformaldehyde (PFA; Roth, Cat. No. 0335.3)
e PBS (Table 4)

Tween®-20 (Carl Roth GmbH & Co. KG, Cat. No. 9127.1)

In order to stain MuMECs, the cells were washed with PBS (Table 4) twice. After, cells
were fixed by adding 4 % PFA in PBS (200 pl per well of a 8 well p-slide; Table 8) and
incubated for 15 minutes at room temperature (RT). Following fixation, cells were washed
with PBS yet again. After, 200 pl of permeabilization buffer (Table 9) were added per well
and incubated at RT for 20 minutes. After incubation, permeabilization buffer was
aspirated and cells were incubated with blocking buffer (Table 11) for 60 minutes at RT.
Next, mouse endomucin antibody was diluted 1:100 in blocking buffer and added to the
wells. Another incubation step at 4 °C overnight followed. On the next day, cells were
washed three times for 5 minutes using PBS-T (Table 10). The secondary antibody was
diluted 1:500 in blocking buffer, added to the wells and yet again incubated at RT for 60
minutes. Afterwards, the washing steps described previously were repeated and cells
were imaged directly or stored at 4 °C protected from light. In case of storage, 100ul PBS

was added per well and the slides were imaged within seven days of staining. For imaging,
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Axio Observer was used and pictures were acquired at 475 nm with the following settings:

Intensity: 50 %, Exposure: 50 ms.

Table 8 4% paraformaldehyde in PBS

PFA was added to PBS and dissolved by stirring at 55°C. When completely dissolved, PFA was stored at
4°C.

Substances Quantity
PFA 40 g
PBS 960 ml

Table 9 Permebealization buffer

Tween®-20 was added to PBS and stirred at RT until homogenized. Buffer was stored at 4°C.

Substances Quantity
Tween®-20 3 mi
PBS 997 ml

Table 10 PBS-T

Tween®-20 was added to PBS and stirred at RT until homogenized. Buffer was stored at 4°C.

Substances Quantity
Tween®-20 1 mi
PBS 999 ml

Table 11 Blocking buffer

BSA was added to PBS-T and put on a roller until homogenized. Buffer was stored at 4°C.

Substances Quantity
BSA lg
PBS-T 99 ml

2.3 Oil red O staining

The following list provides an overview of materials used. Disposables, pipettes etc. used

are listed in 2.1.1.
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e 2-Propanol (Roth, Cat. No. 6752.4)

e Folded filters 240 mm (GE Healthcare Life Sciences, Cat. No. 10311651)
e Oil Red O (Sigma-Aldrich, Cat. No. O9755)

e Paraformaldehyde (Roth, Cat. No. 0335.3)

e PBS (Table 4)

Oil red O staining was performed in order to stain for lipid droplets in mature BAs. First,
cells were fixed in a 6 well plate using 4 % PFA as described in 2.2. Ready to use oil red
O solution (Table 12) was filtered twice, using a paper filter. 800 pl of the filtered solution
were added per 6 well and incubated for three hours at RT. After incubation, the red O
solution was washed of carefully using dH20. Plates were then put onto paper towel and

allowed to dry at RT. Pictures were acquired using a conventional office scanner.

Table 12 Oil Red O
Chemicals for the stock solution were mixed and stirred overnight at RT. For staining, the stock solution was

diluted with dH20 in a ratio of 3:2 and filtered twice using paper filters. Stock solution was stored at RT,
ready to use solution was prepared freshly before usage and disposed after.

Substances Quantity

Stock solution
OilRed O 500 mg
Isopropanol 100 mi

Ready to use solution
Red O stock solution 60%
dH20 40%

2.4 Quantification of intracellular cAMP

The following list provides an overview of materials used. Disposables, pipettes etc. used

are listed in 2.1.1.
e 3-Isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich, Cat. No. I5879)

e Direct cAMP ELISA Kit (Enzo Life Sciences, Inc., Cat. No. ADI-900-066)
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e Enspire® microplate reader (Perkin EImer, Cat. No. 2300-0000)

e L-(-)-Norepinephrine (+)-bitartrate salt monohydrate (Sigma-Aldrich, Cat. No.
A9512)

e Recombinant mouse CXCL12 (R&D Systems, Cat. No. 460-SD)
e PBS (Table 4)

Intracellular cAMP of either muMECSs or differentiated BAs (D7 of differentiation protocol,
see 2.1.2.3) was analysed. Prior to treating the cells with different compounds, an
incubation step for 30 minutes at 37 °C and 5 % CO:2 with media containing 0.5 nM was
performed. After, the compound of interest was added directly into the well. Cells were
incubated for another 10 minutes (37 °C, 5 % CO2) and then washed with PBS once. In
the following, cells were lysed using 0.1 M HCI and transferred into 1.5 ml reaction tubes.
Intracellular cAMP levels were determined using the direct cAMP ELISA-Kit provided by
Enzo. The manufacturer’s instructions were followed precisely. Finally, using an Enspire®
microplate reader, the optical density at 405 nm was measured and intracellular cAMP
concentrations were calculated using a four parameter-logistic equation. Lastly, the
protein content in the cell lysate was determined using Bradford assay (2.6) and cAMP

concentrations were normalized to protein content.

2.5 Analysis of CXCL12 in cell culture supernatant

The following list provides an overview of materials used. Disposables, pipettes etc. used

are listed in 2.1.1.

Enspire® microplate reader (Perkin Elmer, Cat. No. 2300-0000)

e L-(-)-Norepinephrine (+)-bitartrate salt monohydrate (Sigma-Aldrich, Cat. No.
A9512)

e PBS (Table 4)

e ProOx C21 Oxygen and Carbon Dioxide Subchamber Controller (BioSpherix, Ltd.,
RRID: SCR_021131)
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e Quantikine® ELISA mouse CXCL12/SDF-1a (R&D systems; Cat. No. MCX120)

Using a CXCL12 ELISA provided by R&D systems, the amount of CXCL12 secreted by
differentiated BAs (see 2.1.2.3) or muMECs was determined. Prior to the assay, cells were
washed with PBS once. After, the cells were incubated in starved BA differentiation (Table
13) or starved muMEC media (Table 14) respectively. Cells were then either treated with
the substance of interest or exposed to hypoxia (1% O2) and incubated at 37 °C and 5 %
COo.. After incubation, the supernatant was transferred to a 15 ml conical tube, centrifuged
at 300 g for 5 minutes and once again transferred to a 1,5 ml reaction tube. As
recommended by the manufacturer, the supernatant was then diluted in a ratio of 1:10
before performing the assay. Next, the Quantikine® ELISA mouse CXCL12 provided by
R&D systems was performed. The manufacturer’s instructions were followed precisely.
Optical density at 450 nm and 540 nm was measured using a microplate reader. The
optical density at 540 nm was subtracted from 450 nm. CXCL12 concentrations were
calculated using a four parameter-logistic equation. In order to normalize CXCL12 to
protein amount, the protein of the cells was isolated and protein concentration was

determined as described in 2.6.

Table 13 Starved BA differentiation medium

Supplements were added to DMEM, high glucose (Gibco, Cat. No. 61695).

Substances Quantity
P/S 1%
Insulin 1nM

T3 20 nM

Table 14 Starved muMEC medium

Substances Quantity
mMuMEC media 99 ml
P/S 1mi
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2.6 Isolation and quantification of protein

The following list provides an overview of materials used. Disposables, pipettes etc. used

are listed in 2.1.1.
e BioPhotometer D30 (Eppendorf)
e Cell scraper (Labomedic, Cat. No. 2015217)
e Centrifuge 5430R (Eppendorf)

e Complete protease inhibitor cocktail (Complete® EDTA free; Roche, Cat. No.
04693116001)

e Coomassie brilliant blue G-250 (Merck, Cat. No. 1.15444.0025)
e Deoxycholic acid sodium salt (Roth, Cat. No. 3484.2)

e Minispin centrifuge (Sigma-Aldrich, Cat. No. Z606235)

e Nonidet® P 40 Substitute (NP-40; Fluka BioChemika, Cat. No. 74385
e PBS (Table 4)

e Sodiumchloride (Roth, Cat. No. 3957.1)

e Sodium dodecyl sulphate (SDS; Roth, Cat. No. 2326.2)

e Sodiumflouride (NaF; Roth, Cat. No. 2618.1)

e Sodium orthovanadate (NasVOas; Roth, Cat. No. 0735.1)

e Tris HCI (Roth, Cat. N0.9090.3)

e Ultrasonic bath (Bandelin)

In order to isolate protein, cells were washed with PBS once. Cell lysis buffer (Table 15;

Table 16) was added into the well (200 ul per 6 well, 100 ul per 12 well) and cells were
scrapped off the plate using a cell scraper. After, cells were transferred into a 1.5 ml

reaction tube and put into an ultrasonic bath for 45 seconds. Next, the samples were
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centrifuged for 20 minutes at 13000 rpm and 4°C. In the following, the middle phase
(containing the protein) of the reaction tube, was transferred to a fresh reaction tube and
stored on ice. Protein concentration was either determined right away or samples were
stored at -80 °C.

For protein quantification, Bradford assay was performed. 2 pl of the isolated protein
suspension were added to 98 pl 0.15 M NaCl. 1 ml of Bradford reagent (Table 17) was
added and incubated for 1 minute at RT. Protein concentration was determined by
measuring the samples’ absorbance at 595 nm using a BioPhotometer and a BSA

standard calibration curve with known protein concentrations.

Table 15 Radioimmunoprecipitation assay buffer (RiPA)

Substances were dissolved in ddH20 and sterile filtered. Buffer was stored at 4°C.

Substances Quantity

Deoxycholic acid sodium salt 0.5 %

NaCl 150 mM
NP-40 1.0%
SDS 0.1 %
Tris HCI 50 mM

Table 16 Lysis buffer

Substances were added to RiPA buffer (Table 15) right before use.

Substances Quantity
Complete® EDTA free 40 pl/ml
NaF 10 mM

NasVOs 1mM
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Table 17 Bradford reagent

Substances were dissolved in ddH20, stirred overnight and filtered through a paper filter. The solution was
stored at 4°C.

Substances Quantity

Coomassie brilliant blue G250 0.01 %
EtOH 5%
H3POa 85%

2.7 Isolation and quantification of RNA

The following list provides an overview of materials used. Disposables, pipettes etc. used

are listed in 2.1.1.
e 2-Propanol (Roth, Cat.No. 6752.4)
e Centrifuge (Eppendorf, Cat. No. 5415R)
e Chloroform (Roth, Cat.No. 6340.1)
e Diethylpyrocarbonate (DEPC; Roth, Cat. No. K028.1)
e Ethanol (Roth, Cat.No. 9065.4)
e NanoDrop 2000 Spectrophotometer (ThermoScientific)
e PBS (Table 4)
e RNA Reagent (IST Innuscreen GmbH, Cat. No. 31-01117)
e Thermomixer comfort (Eppendorf, Cat. No. 2050-120-04)
e Vacuum centrifuge, Concentrator plus (Eppendorf, Cat. No. 5305YP609431)
e Vortex (Merck Eurolab, Cat. No. MECB1719)

In order to isolate RNA, cells were washed with PBS once. 1 ml of cold RNA reagent
(stored at 4 °C) was added per well in order to lyse the cells. Next, the cell lysate was

transferred to a 1.5 ml reaction tube. 200 pl of ice cold chloroform (stored at -20 °C) was
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added. Samples were mixed gently for 15 seconds and incubated at RT for 5 minutes. In
the following, the samples were centrifuged at 13000 rpm and 4 °C for 20 minutes. After
centrifugation, 500 pl of the upper clear phase — containing the RNA — were transferred to
a fresh 1.5 ml reaction tube using a pipette. 500 ul of 99 % 2-Propanol were added.
Samples were mixed carefully yet again. Again the samples were centrifuged: 10 minutes
at 13000 rpm and 4 °C. After centrifugation, the supernatant was discarded and the
resulting pellet was washed twice. For washing, 1 ml of 75 % EtOH was added, samples
were vortexed briefly and centrifuged for 10 minutes at 13000 rpm and 4°C. After the final
washing step, to concentrate RNA, samples were centrifuged in Eppendorf Concentrator
plus for 25 minutes at 30 °C, mode was set to V-AL. After drying, the pellet was dissolved
by adding 20-30 pl DEPC-H20 (Table 18; volume depending on the amount of cells used
for RNA isolation) per sample. Samples were then put on a thermomixer at 500 rpm and
55°C for 10 minutes. When the RNA was dissolved, Nanodrop 2000 Spectrophotometer
was used to determine the final RNA concentration. RNA was then used for further

experiments or stored at -80 °C.

Table 18 Diethylpyrocarbonate (DEPC)-H20

DEPC was added to H20. Protected from light, the mixture was stirred over-night and autoclaved twice in
the following. DEPC-H20 was stored at RT.

Substances Quantity
DEPC 0.1%
H20 99.9 %

2.8 Synthesis of complementary DNA (CDNA)

The following list provides an overview of materials used. Disposables, pipettes etc. used

are listed in 2.1.1.
e 0.5 ml reaction tube (Sarstedt, Cat. No. 7.2.699)

e Protoscript® Il First Strand cDNA Synthesis Kit (New England BioLabs, Cat. No.
E6560S)

e Thermocycler Biometra TOne (Analytik Jena)
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To synthesize cDNA, Protoscript® Il First Strand cDNA Synthesis Kit was used. First,
RNA was isolated and concentration was measured as described in 2.7. According to the
manufacturer’s instructions, reaction mixes were pipetted as shown in Table 19. Per
sample a maximum of 6 ul containing 1 pg RNA was used for cDNA synthesis (in case
RNA concentration did not allow to use 1 pug of RNA, either 500 ng or 250 ng RNA per
sample were used). Next, a Thermocycler Biometra TOne was used for incubation. The
program used is shown in Table 20. After incubation, the cDNA was either used for

downstream applications or stored at -20 °C.

Table 19 Reaction set up for cDNA Synthesis

Substances Quantity
RNA Up to 6 pl
Random Primer Mix 2 ul

Photoscript 1l Reaction Mix (2x) 10 pl
Photoscript Enzyme Mix (10x) 2 pl

Nuclease-free H20 To total volume of 20 pl

Table 20 Thermocycler program for cDNA synthesis

Step Temperature Time

1 25°C 5 minutes
2 42 °C 60 minutes
3 80 °C 5 minutes

4 4°C w0
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2.9 Real Time Quantitative Polymerase Chain Reaction (RT-gPCR)

The following list provides an overview of materials used. Disposables, pipettes etc. used

are listed in 2.1.1.
e Electronic pipettes, E4 XLS and XLS+ (Rainin)
e MicroAmp™ Optical 384-Well Reaction Plate (Thermo Fisher, Cat. No. 4343370)
¢ Real-time PCR machine, HT7900 (Applied Biosystems)
e SYBR-Green PCR master mix (Applied Biosystems, Cat. No. 4309155)

In order to examine MRNA expression levels of different genes, RNA from cells was
isolated, cDNA was synthesized (see 2.7; 2.8) and RT-qPCR was performed. Prior to RT-
gPCR, the cDNA was diluted in a ratio of 1:20 (when 1 ug RNA was used for synthesis)
or 1:10 (when less RNA was used for cDNA synthesis). Per well in an MicroAmp™ Optical
384-Well Reaction Plate, 5 pl SYBR-Green PCR master mix, 0.5 ul of primer (forward and
reverse; concentration: 100 uM) and 4 pl of diluted cDNA were added. Relative gene
expression levels were calculated using hypoxanthine-guanine
phosphoribosyltransferase (Hprt) as an internal standard. Each sample was pipetted in
duplicates and for each primer set a negative control containing ddH20 instead of cDNA
was run. A melting curve was run and analysed in order to control the quality of the RT-
gPCR product. Primer sequences are shown in Table 21. The RT-gPCR reaction program

was set up as shown in Table 22.
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Table 21 Primer sequences

Primers were designed using PubMed and ordered from Microsynth AG. Primers were diluted in nuclease
free water according to manufacturer’s instructions.

Gene Sequence forward Sequence reverse

Ackr3 GACTCAAGGAGCAGGTCACT TGGCCAGTTGATGTCAGAGT
Cxcl12 GTTCTTCGAGAGCCACATCG CTTCAGCCGTGCAACAATCT
Cxcr4 AAACCTCTGAGGCGTTTGGT GGAAGCAGGGTTCCTTGTTG

ElovI3 CTGGGTACTCTGAGGATGTGG TGGACAAAGATGAGTGGACGC

Fabp4 GCGTGGAATTCGATGAAATCA CCCGCCATCTAGGGCTAGGGTTATGA
Hifla ACAGAGCCGGCGTTTAGG CGACGTTCAGAACTCATCCTATTTT
Hif2a TACTAAGTGGCCTGTGGGTG AGTCCTTTGCAGACCTCATCT

Hprt GTCCCAGCGTCGTGATTAGC TCATGACATCTCGAGCAAGTC

Ucpl GGATGGTGAACCCGACAACT CCTTGGATCTGAAGGCGGAC

Table 22 RT-gPCR program

Steps 2 and 3 were repeated for 40 cycles.

Step Temperature Time

1 95°C 600 seconds
2 95°C 15 seconds
3 60° C 60 seconds

Melting curve

4 95°C 15 second
5 60°C 60 seconds
6 95°C 15 seconds
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2.10 Lipolysis assay

The following list provides an overview of materials used. Disposables, pipettes etc. used

are listed in 2.1.1.
e Bovine serum albumin (Sigma-Aldrich, Cat. No. A7030)
e DMEM (Gibco, Cat. No. 21063)
e Enspire® microplate reader (Perkin EImer, Cat. No. 2300-0000)
e Free glycerol reagent (Sigma-Aldrich, Cat. No. F6428)
e Glycerol standard (Sigma-Aldrich, Cat. No. G7793)

e L- (-)-Norepinephrine (+)-bitartrate salt monohydrate (Sigma-Aldrich, Cat. No.
A9512)

e Recombinant mouse CXCL12 (R&D Systems, Cat. No. 460-SD)

Lipolysis medium was made by adding 2 % BSA to DMEM. Differentiated BAs (D7 of
differentiation protocol, see 2.1.2.3) were washed with lipolysis medium twice.
Subsequently, 300 pl lipolysis medium was added per 12 well and compounds of interest
were added. Cells were then incubated for 2 hours at 37 °C and 5 % CO2. After incubation,
40 pl of every sample was pipetted into a 96 well plate in duplicates, 40 pl of fresh lipolysis
medium were used as a blank. 60 pl of free glycerol reagent were added. For the standard,
5 pl of glycerol standard was pipetted into a well and 95 pul of free glycerol reagent was
added. An incubation step for 5 minutes at 37 °C followed. An Enspire® microplate reader
was used to determine the optical density at 540 nm. Optical density at 600 nm was used
as a reference. Total glycerol content was calculated using the determined absorbance

values and the following formula:

sample — blank
p *x standard concentration

Glycerol content = standard — blank

Glycerol content was normalized to protein (protein was isolated and quantified as
described in 2.6).
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2.11 Cell migration assay

The following list provides an overview of materials used. Disposables, pipettes etc. used

are listed in 2.1.1.
e Countess Automated Cell Counter (Invitrogen, Cat. No. C10227)
e Enspire® microplate reader (Perkin Elmer, Cat. No. 2300-0000)
e PBS (Table 4)
e QCM™ 24-Well Colorimetric Cell Migration Assay (Merck, Cat. No. ECM 508)
e Trypan Blue Stain (Gibco, Cat. No. 15250)

mUMECSs were seeded in a 10 cm? TC dish and incubated at 37 °C and 5 % CO: two days
prior to performing the assay (for detailed description of muMEC cell culture method see
2.1.3). 24 hours after seeding, cells were washed with PBS once and starved medium
was added (Table 14). Cells were incubated for another 24 hours until around 70-80 %
confluency. The cells were then washed with PBS and 2 ml of trypsin was added. Cells
were then incubated at 37 °C and 5 % CO:2 for 3 minutes. When detached from the culture
dish, cells were transferred to a 15 ml conical tube and counted using Countess
automated cell counter and trypan blue stain (for details see 2.1.2). Afterwards, cells were
centrifuged at 300 g for 4 minutes and re-suspended in starvation medium. A 24 well plate
with inserts for cell migration was prepared. Each insert was filled with 300 pl cell
suspension containing a total of 150.000 cells. The compounds of interest were added in
starvation medium into the bottom well. The muMECs were then incubated for 8 hours at
37 °C and 5 % CO:2. Further, the assay was performed following the manufacturer’s
instructions. Using an Enspire® microplate reader, the optical density at 560 nm was

determined.

2.12 Proliferation assay

The following list provides an overview of materials used. Disposables, pipettes etc. used

are listed in 2.1.1.

e Axio Observer (Carl Zeiss AG, Oberkochen, Germany)
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e Bovine Serum Albumin (Sigma-Aldrich, Cat. No. A7030)
e Click-T® EdU Alexa Fluor® 488 Imaging Kit (Invitrogen, Cat. No. C10337)

e Colibri 7 (Carl Zeiss AG, Oberkochen, Germany)
e Imaged (Schneider et al., 2012)

e Paraformaldehyde (Roth, Cat. No. 0335.3)

e PBS (Table 4)

e Triton-X-100 (Prolabo, Cat. No. 28 817.295)

In order to analyse proliferation in muMECs, a Click-iT® EdU-Kit was used. 20.000
MuUuMECs were seeded per well in a p-Slide 8 well and incubated for 16 hours at 37 °C
and 5 % CO: (for a detailed description of muMEC cell culture see 2.1.3). Everything was
performed in duplicates. Following this, muMECs were washed with PBS once.
Compounds of interest and EdU were added to starvation medium (Table 14). 200 ul of
the resulting mix were added per well and cells were incubated for another 8 hours (37
°C; 5 % CO2). According to manufacturer’s instructions, the cells were then fixed using
PFA, permeabilized and stained for EQU and DNA. Zeiss Axio Observer was used to
acquire pictures at 385 nm for nuclei stain and at 475 nm for EdU stain. The following
settings were used: Intensity: 50 %, Exposure: 50 ms. The 10x objective was used and
one 3x3 snap was taken in the middle of each well. In order to analyse proliferation, the
“find maxima” tool in ImagedJ (Schneider et al., 2012) was used to count EdU positive cells
and total nuclei. The percentage of proliferating cells was calculated by dividing EdU

positive cells by the total amount of cells.

2.13 Tube formation assay

The following list provides an overview of materials used. Disposables, pipettes etc. used

are listed in 2.1.1.
e Apotome 3 (Carl Zeiss AG, Oberkochen, Germany)

e Axiocam 705 mono (Carl Zeiss AG, Oberkochen, Germany)
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e Colibri 7 (Carl Zeiss AG, Oberkochen, Germany)
e Countess Automated Cell Counter (Invitrogen, Cat. No. C10227)
e ImageJ (Schneider et al., 2012)

o Matrigel® (Corning, Cat. No. 356234)

e Mikroskop Imager.M2m (Carl Zeiss AG, Oberkochen, Germany)
e PBS (Table 4)
e Trypan Blue Stain (Gibco, Cat. No. 15250)

In order to analyse compounds for angiogenic properties, a tube formation assay was
performed using Matrigel®. 500.000 MUMECs were seeded in a 10 cm? TC dish and
incubated for 24 hours (for details on muMEC cell culture see 2.1.3). Then, muMECs were
washed with PBS and incubated for another 24 hours in starvation medium (Table 14).
After, muMECs were detached from the culture dish using trypsin and counted using
trypan blue and countess automated cell counter (for details see 2.1.2.2). Prior, in a 96

well plate 60 pl Matrigel® per well were added. The plate was then incubated for 30

minutes at 37 °C in order to let the Matrigel® solidify. Per well, 140 pl cell suspension
containing 14.000 cells were added. Compounds of interest were added and the plate was
incubated for 3 hours at 37 °C and 5 % CO.. After incubation, one bright field picture in
the middle of each well was acquired using the microscopy set up as listed above. The 5x
objective was used to analyse the results. The total tube lengths per picture was measured

using the straight line tool in ImageJ (Schneider et al., 2012).

2.14 Statistical analysis

GraphPad prism 6 software (GraphPad Software, Inc., California, USA) was used for
statistical analysis. In order to compare two groups, two-tailed t-test (depending on the
experimental design, paired or unpaired) was performed. For comparison of three or more

groups, one-way ANOVA (again paired or unpaired) with Tukey’s post hoc multiple
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comparison test was applied. Resulting p-Values < 0.05 were considered significant. All

results are shown as mean + SEM.
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3. Results

3.1 Role of NE on CXCL12-CXCR4-ACKR3-Axis in BA-muMEC crosstalk

As described in 1.4, preliminary experiments showed that cold exposure and thus
sympathetic activation in BAT in mice, led to an upregulation of CXCL12 mRNA in BAT
and BAT ECs. In order to investigate the effect of NE on murine BAs and muMECs further,
a series of in vitro experiments was performed. CXCL12-CXCR4-ACKR3-axis mRNA
expression levels were measured using RT-gPCR and the amount of CXCL12 released
was determined using CXCL12 ELISA.

3.1.1 Role of NE on Cxcl12-Cxcr4-Ackr3 expression and CXCL12 release in murine BAs

To mimic sympathetic activation in BAT, differentiated BAs were treated with 1 uM NE.
After 24 hours of incubation, cells were harvested and mMRNA expression of Cxcl12, Cxcr4,
Ackr3 as well as the amount of CXCL12 released was investigated (see 3.1). NE leads to
an increase in oxygen consumption in BAs (Cannon and Nedergaard, 2004). Further, a
regulatory role of HIF on CXCL12 during hypoxia has been shown (Vandyke et al., 2017).
Different author’s also suggested a possible correlation of HIF mRNA levels and HIF
protein (Lin et al., 2022; Uchida et al., 2004). Thus, Hifla and Hif2a mRNA expression
levels were determined in order to examine whether HIF might potentially be upregulated
and eventually interfere with regulation of CXCL12, CXCR4, and ACKR3 in BAs after NE
treatment. As shown in Figure 4 (A-E), NE treatment led to significant upregulation of
Cxcl12, Ackr3 and Hif2a mRNA expression. Furthermore, BAs released ~89.5 % more

CXCL12 into the supernatant after NE stimulus (Figure 4 F).
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Figure 4 Effect of NE on CXCL12-CXCR4-ACKR3-axis in murine BAs

(A-E) Differentiated murine BAs were treated with 1 uM NE (dissolved in PBS) and incubated for 24 hours.
Controls were treated with the corresponding volume of PBS. mRNA expression levels of (A) Cxcl12, (B)
Cxcr4, (C) Ackr3, (D) Hifla, and (E) Hif2a are shown (RT-gPCR). (F) shows the amount of CXCL12 released
into the cell culture supernatant by BAs after 24 hours of treatment with 1 uM NE (ELISA). Gene expression
levels were normalized to Hprt as an internal standard. Data are shown as mean = SEM. t-test. n=5-7.
*p<0.05; **p<0.01.

3.1.2 Role of NE on Cxcl12-Cxcr4-Ackr3 expression and CXCL12 release in muMECs

During BAT activation, not only BAs, but also every other cell type located in the tissue
are potentially exposed to NE. Here, | focused on endothelial cells. Thus, it was asked
whether sympathetic stimulation might also lead to a change in Cxcl12, Cxcr4, and Ackr3
MRNA expression levels as well as CXCL12 released in muMECs. Further, Hifla and

Hif2a mRNA expression levels were determined. Therefore, muMECs were treated with



52

1 uM NE and incubated for 24 hours. The results are shown in Figure 5. NE did not have
an effect on Hifla and Hif2a mRNA expression levels (Figure 5 D-E). Furthermore, no
significant change in mMRNA expression levels of Cxcl12, Cxcr4, and Ackr3 was observed
(Figure 5 A-C). However, the relative amount of CXCL12 released into cell culture
supernatant by muMECs showed an increase of ~36 % (means of controls and treated

cells were 0.392 and 0.532 ng CXCL12/mg protein respectively, Figure 5 F).
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Figure 5 Effect of NE on CXCL12-CXCR4-ACKR3-axis in muMECs

MuMECs were treated with 1uM NE and incubated for 24 hours. Controls were treated with vehicle solution
(PBS). mRNA expression levels of (A) Cxcl12, (B) Cxcr4, (C) Ackr3, (D) Hifla, and (E) Hif2a are shown
(RT-gPCR). (F) shows the amount of CXCL12 released by muMECs in cell culture supernatant per mg
protein after NE treatment and incubation for 24 hours (ELISA). Gene expression levels were normalized to
Hprt as an internal standard. Data are shown as mean + SEM. t-test. N=3-6. *p<0.05
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3.1.3 Role of NE on Cxcl12-Cxcr4-Ackr3 expression in murine BA-muMEC co-culture

Next, the question whether muMECs might respond to NE when co-cultured with BAs was
addressed. In order to do so, transwells containing muMECs were transferred to wells
containing differentiated BAs. Once again, sympathetic stimulus was mimicked by treating
both cell-types with 1 uM NE. After 24 hours of incubation, gene expression levels of
Cxcl12, Cxcr4, Ackr3, and Hifla as well as Hif2a were determined. Similar to the results
shown in 3.1.1, mMRNA levels of Ackr3 and Hif2a were increased significantly in BAs

(Figure 6 C, E). Cxcl12 expression was also upregulated, albeit not statistically significant
(Figure 6 A).
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Figure 6 Effect of NE on CXCL12-CXCR4-ACKR3-axis in murine BA-muMEC co-culture

Inserts containing MuMECSs were co-cultured with BAs. The ratio of the surface of the culture vessel of BAs
to muMECs was 3:1. The co-culture system was treated with 1 uM NE. (A-E) show Cxcl12, Cxcr4, Ackr3,
Hifla, and Hif2a mRNA expression levels in BAs. (F-J) show the respective mRNA expression levels in

MUMECs (RT-gPCR). Gene expression levels were normalized to Hprt as an internal standard. Data are
shown as mean + SEM. t-test. N=3-4. *p<0.05

In cocultured muMECs, the results differed from the muMECs cultured without BAs
(shown in Figure 5). A significant upregulation of Hifla was observed (Figure 6 I).

Furthermore, mMRNA expression levels of Ackr3 showed a tendency for an increase
(Figure 6 H).
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Summarizing these results, NE leads to an increase in release of CXCL12 by BAs as well
as muMECs. Furthermore, upon NE stimulus, mRNA expression levels of Cxcl12, Ackr3,
and Hif2a are increased significantly in BAs. Meanwhile it seems, NE does not have an
effect on expression patterns of the genes of interest in muMECs. However, in BA-
MUuMEC co-culture, NE resulted in an increase of Hifla mRNA expression and a strong
tendency regarding expression levels of Ackr3 in muMECSs. Taken together, these findings
suggest a potential regulatory role of HIF on CXCL12 and ACKR3 in BAs and muMECs.
This corroborates our preliminary findings which suggested a regulatory role of hypoxia
on CXCL12 in BAT. Thus, it was decided to investigate the role of hypoxia in this context

further.

3.2 Role of hypoxia in CXCL12-CXCR4-ACKR3-axis in murine BA-muMEC crosstalk

During hypoxia, a regulatory role of HIFLa/HIF2a regarding CXCL12 expression has been
reported in different types of cells (Kojima et al., 2011; Tabatabai et al., 2006; Vandyke et
al., 2017). To examine the role of hypoxia in regulation of CXCL12, CXCR4, and ACKR3
in BAs, BAs were incubated under hypoxic conditions(1 % O2) for 16, 24, or 48 hours
respectively. Using RT-gPCR, gene expression levels of hypoxic cells were then
compared to BAs incubated under normoxic conditions. Next to Cxcl12, Cxcr4 and Ackr3,
the gene expression levels for Hifla and Hif2a were examined, in order to investigate

which isoform has the leading function in BAs (Figure 7).

After 16 hours of hypoxia, an increase in mRNA expression of Hif2a, Cxcl12, Cxcr4, and
Ackr3 by 3.57-fold, 1.85-fold, 2.71-fold, and 5.88-fold respectively was observed (Figure
7 A-C, E). On the other hand, expression levels of Hif1a did not show a significant change
(Figure 7 D). After 24 hours of hypoxia, the same gene expression patterns as for 16 hours
of hypoxia were detected (Figure 7 F-J). A 4.23-fold increase in Cxcr4 and a 4.61-fold
increase in Ackr3 expression was found to be statistically significant. Albeit not statistically
significant, Hif2a and Cxcl12 were also upregulated. After 48 hours of hypoxia, expression
levels of Cxcl12, Cxcr4, Ackr3, and Hif2a were upregulated significantly (Figure 7 K-M,
0).
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Figure 7 Role of hypoxia in gene expression levels of CXCL12-CXCR4-ACKR3-axis in murine BAs

Gene expression levels of Cxcl12, Cxcrd, Ackr3, Hifla, and Hif2a in BAs after (A-E) 16 hours, (F-J) 24 hours
and (K-O) 48 hours of incubation in hypoxia (1 % Oz) were determined and compared to gene expression

levels of BAs grown in normoxia (RT-gPCR). Gene expression levels were normalized to Hprt as an internal
standard. Data are shown as mean + SEM. t-test. n=3-7. *p<0.05; **p<0.01; ***p<0.005.

In the following, a similar experiment was performed using muMECs. After incubation in
hypoxia for 24 hours, a ~2-fold increase in Cxcl12 mRNA expression was observed
(Figure 8 A). After 48 hours of hypoxia, mRNA expression of Ackr3 showed a ~4-fold
upregulation (Figure 8 H). Hifla and Cxcl12 were upregulated significantly (Figure 8 F, 1).

Expression levels of Hif2a and Cxcr4 did not change significantly (Figure 8 G, J).
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Figure 8 Role of hypoxia in gene expression levels of CXCL12-CXCR4-ACKR3-axis in muMECs

Gene expression levels of Cxcl12, Cxcr4, Ackr3, Hif1la, and Hif2a in muMECs were determined after (A-E)
24 and (F-J) 48 hours of incubation in hypoxia (1 % O3) respectively (RT-gPCR). Controls were cultured in

normoxia. Gene expression levels were normalized to Hprt as an internal standard. Data are shown as
mean + SEM. t-test. N=3-8. *p<0.05.

Next, the question of whether hypoxia also leads to an increase in CXCL12 release in BAs
and muMECs was addressed. For this, BAs and muMECs were incubated in hypoxic
conditions. The cell culture supernatant was then harvested and the CXCL12
concentration was determined using ELISA. After 16 hours of hypoxia, CXCL12 released
by BAs increased by ~40.5 % (Figure 9 A, mean value of normoxic and hypoxic cells were
0.145 ng/mg protein and 0.204 ng/mg protein respectively). In muMECs, a statistically
significant increase of CXCL12 released was observed. After 48 hours of hypoxia,

MUMECSs released 104 % more CXCL12 compared to controls incubated in normoxia.
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Figure 9 Hypoxia-mediated release of CXCL12 in murine BAs and muMECs

(A) BAs were incubated in hypoxia (1 % O2) for 16 hours, (B) muMECs for 48 hours. The supernatant was
harvested and CXCL12 concentration was determined (ELISA). CXCL12 concentrations were normalized
to protein. For controls, BAs and muMECs were cultured in normoxic conditions respectively. Data are
shown as mean + SEM. t-test. (A) n=5; (B) n=3. *p<0.05.

These data reveal a regulatory role of hypoxia on CXCL12-CXCR4-ACKR3-axis in BAs
and muMECs. Taken together, it appears that sympathetic stimulus and hypoxia might
lead to increased levels of CXCL12 in BAT. However, knowledge of functional aspects of
CXCL12 in BAT is limited. Thus, in order to tackle the hypothesis that CXCL12 might act
in a paracrine or autocrine fashion in the crosstalk of BAs and MECs, different functional

assays were performed next.
3.3 Effect of CXCL12 on murine BAs

3.3.1 Effect of CXCL12 on murine BA adipogenesis and thermogenesis

As described in 1.2.2, BAs have thermogenic and adipogenic properties. In order to
examine whether CXCL12 has an influence on either property, BAs were differentiated
and treated with 100 ng/ml CXCL12 in an acute and a chronic fashion. For acute
treatment, differentiated BAs were incubated in the presence or absence CXCL12 for 24
hours. For a chronic exposure to CXCL12, BAs were differentiated as described in
2.1.2.3.: From D-2, 100 ng/ml CXCL12 were added to the culture medium each medium
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change. BAs were exposed to CXCL12 for nine days in total. To study the effect of

CXCL12 on BAs’ adipogenic properties, gene expression levels of the adipogenic markers

Elovli3 (Westerberg et al., 2006) and Fabp4 (Smathers and Petersen, 2011) were

determined. Thermogenic properties were investigated using the classic BA defining

thermogenic marker Ucpl. Further, in order to examine potential changes in fat droplet

accumulation, chronically treated BAs were stained using Oil Red O.
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Figure 10 Effect of CXCL12 on adipogenic and thermogenic properties in murine BAsS

(A) Differentiated BAs were treated with 100 ng/ml CXCL12. 24 hours after treatment, gene expression of
adipogenic and thermogenic markers were determined (RT-gPCR). (B) Brown preadipocytes were treated
chronically with 100 ng/ml CXCL12 during differentiation, gene expression of adipogenic and thermogenic
markers were checked (RT-gPCR) and (C) Oil Red O staining was performed to demonstrate potential
changes in lipid droplet accumulation (representative stainings shown). Gene expression levels were
normalized to Hprt as an internal standard. Data are shown as mean = SEM. t-test. n=3.
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As shown in Figure 10 (A-B), no significant changes in mRNA expression levels of
thermogenic and adipogenic markers for either treatment, acute or chronic, were
observed. Additionally, Oil Red O staining did not show changes in lipid droplet

accumulation (Figure 10 C).

3.3.2 Effect of CXCL12 on intracellular cAMP and lipolysis in murine BAs

Lipolysis is one of the main functions of BAs and is mediated by Gas signalling and
therefore (among others) controlled by the second messenger cAMP (Cannon and
Nedergaard, 2004). In order to examine the role of CXCL12 in cAMP signaling in BAs, the
intracellular concentration of CAMP as well as lipolysis after CXCL12 treatment was
measured. ELISA was used to determine intracellular cAMP levels. Prior to CXCL12
treatment, BAs were incubated with IBMX (an unspecific phosphodiesterase [PDE]
inhibitor) to inhibit cCAMP degradation pathways (Sassone-Corsi, 2012). To investigate
whether CXCL12 has an inhibiting or promoting effect on intracellular cAMP
concentrations in BAs, BAs were treated with 100 ng/ml CXCL12, or 1 uM NE (as positive
control) or a combination of 1 uM NE and 100 ng/ml CXCL12.
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Figure 11 Influence of CXCL12 on intracellular cAMP and lipolysis in murine BAs

The effect of CXCL12 on (A) intracellular cAMP concentration (ELISA) and (B) lipolysis in non-activated and
NE-stimulated BAs was investigated. 100 ng/ml CXCL12 and 1 uM NE were used respectively. Control was
treated with vehicle solution (PBS), NE treatment was used as a high control. Prior to treatments, cAMP
degradation pathways were pharmacologically inhibited for analysis of cAMP. Values were normalized to
protein content. Data are shown as mean + SEM. t-test. n=3. One-way ANOVA. *p<0.05; **p<0.01.
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As shown in Figure 11 (A), CXCL12 did not have a significant effect on intracellular cAMP
levels compared to the untreated control. NE led to a significant increase in intracellular
CAMP compared to CTRL and CXCL12 (mean of control: 5.23 pmol/ug protein; mean of
CXCL12 4.52 pmol/ug protein, mean of NE treated cells: 65.49 pmol/ug protein). In BAs
treated with both, NE and CXCL12, intracellular cAMP concentrations were also increased
compared to control and CXCL12. The combination of both drugs also showed an
increase compared to NE alone (mean of NE: see above; mean of CXCL12 and NE:
104.94 pmol/ug protein). This change was not found to be statistical significant.

To stimulate lipolysis, BAs were also either treated with 100 ng/ml CXCL12, 1 uM NE, or
a combination of 100 ng/ml CXCL12 and 1 uM NE. As displayed in Figure 11 (B) NE as
well as the combination of NE and CXCL12 led to an upregulation of 339.99 % and 375.68
% in lipolysis, respectively, compared to untreated controls. An increase in lipolysis
compared to CXCL12 treated cells was observed in cells treated with NE (increase of
271.73 %) or the combination of NE and CXCL12 (increase of 245.65 %).

Taken together, these findings suggest that CXCL12 does not have a major effect on
differentiation and lipolysis and cAMP levels in BAs. However, CXCL12 might have a small

additional effect on NE-induced effects.
3.4 Effect of CXCL12 in muMECs

3.4.1 Functional effect of CXCL12 in muMECs

To examine the functional aspects of CXCL12 in muMECs, different assays were
performed. Using a Click-iT® EdU Alexa Fluor® 488 Imaging Kit, the influence of
CXCL12 on muMEC proliferation was investigated. To do so, muMECs were treated with
100 ng/ml CXCL12 and incubated for eight hours. The ratio of cells replicating DNA — and
thus preparing for mitosis — to all cells alive in the culture vessel was determined using
microscopy. As shown in Figure 12 (C), a significant increase in proliferation after CXCL12
treatment was observed. In the control group, DNA replication was observed in 55.8 % of
the cells within 8 hours of incubation. When treated with CXCL12, a mean value of 71.8

% of proliferating cells could be seen.
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Figure 12 Effect of CXCL12 on proliferation in muMECs

MuMECs were (A) untreated or (B) treated with 100 ng/ml CXCL12 and incubated for 8 hours
(representative pictures shown). Using Click-iT® EdU Alexa Fluor® 488 Imaging Kit, proliferating cells were
detected. Total amount of cells was detected using Hoechst-nuclear stain. (C) For quantification, the ratio
of proliferating cells to overall cells alive was determined. The resulting ratio was calculated to percentage
of proliferating cells. Violet: EdU-positive cells. Blue: cell nuclei (Hoechst-nuclear stain). 10x (left) and 40x
(right) objective was used respectively. Data are shown as mean + SEM. t-test. (C) N=4. ***p<0.005.

Next, the effect of CXCL12 on tube formation in muMECs was determined. To do so,
MUuMECs were seeded on Matrigel®, treated with 100 ng/ml CXCL12 and incubated for
3 hours. In the following, pictures were acquired and the total length of the tube network
was measured (Figure 13 C). The results showed a significant increase in total tube length
of CXCL12-treated cells. Compared to control, the total length of the tube network in

CXCL12-treated muMECs was increased by 33.21 %.
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Figure 13 Tube formation in muMECs after CXCL12 treatment

MuMECs were seeded on Matrigel®, treated with 100 ng/ml CXCL12 and incubated for 3 hours.
Representative pictures of (A) untreated control and (B) CXCL12-treated muMECs are shown (scale bar:
100 um). For quantification, the total length of tubes formed was measured using ImageJ. Data are shown
as mean = SEM. t-test. (C) N=4. **p<0.01.

Furthermore, the effect of CXCL12 on cell migration in muMECs was investigated using
a QCM™ 24-Well Colorimetric Cell Migration Assay: muMECs were allowed to migrate
towards a concentration of 100 ng/ml CXCL12.The migrated cells were then stained, the

stain was extracted and optical density was determined.
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Figure 14 Effect of CXCL12 on migration in muMECs

MUuMECs were seeded in transwells with an 8 um pore size polycarbonate membrane bottom. Transwells
were then placed in medium containing 100 ng/ml CXCL12. After 8 hours of incubation, migrated cells were
stained. After, the cells were washed and the staining solution was extracted from the stained cells. To
identify the amount of cells migrated, the optical density of the extracted staining solution was measured at
560 nm. Data are shown as mean + SEM. t-test. N=4. **p<0.01.

The results are shown in Figure 14. Optical density from cells migrating towards CXCL12

showed an increase of ~43 % compared to untreated controls.

3.4.2 CXCL12 signalling in muMECs

After examining the role of CXCL12 in a functional way in muMECs, the question came
up, which receptors are involved. As described in 1.3.2, CXCL12 can potentially affect
various intracellular pathways. Hence, it was decided to perform preliminary experiments
focusing on CXCL12 signalling. To examine, which receptor mediates the functional
aspects (as shownin 3.4.1), a Click-iT® EdU Alexa Fluor® 488 Imaging Kit was used to
analyze proliferation. MUMECs were treated with CXCL12, plerixafor or a combination of
both. As shown in Figure 15 (A), treatment with CXCL12 led to a relative increase of ~16.8
% on proliferation. On the other hand, when CXCR4 was inhibited, this effect of CXCL12
on proliferation did not occur (mean values for CTRL, CXCL12, plerixafor and CXCL12 +
plerixafor were 59.33 %, 69.33 %, 53.01 %, and 51.92 % respectively).
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Figure 15 CXCL12 signalling in muMECs

(A) muMECs were treated with 100 ng/ml CXCL12, 10 pM plerixafor (specific CXCR4-inhibitor) or a
combination of both. Proliferating cells were determined using Click-iT® EdU Alexa Fluor® 488 Imaging
Kit. The ratio of proliferating cells to overall cells alive in the culture vessel was determined. (B) Intracellular
cAMP concentrations after treatment with 100 ng/ml CXCL12, a combination of 1 uM NE + 100 ng/ml
CXCL12 or 1 uM NE were determined using ELISA. Before cells were treated, PDEs were pharmacologically
inhibited to block cAMP degradation using IBMX. Intracellular cAMP concentrations were normalized to
protein content. Data are shown as mean = SEM. One-way ANOVA. (A) N=3, (B) N=4. **p<0.01.

CXCL12 is signalling via cAMP (see 1.3.2). Since cAMP has been described to play a
major role in cell proliferation (Stork and Schmitt, 2002), intracellular cAMP concentrations

in muMECs were determined after treatment with 100 ng/ml CXCL12.

Figure 5 shows that mMuMECs release CXCL12 upon NE stimulus. NE is also known to
stimulate Gas-signalling and thus lead to an increase in cAMP (Hanlon and Andrew, 2015).
In order to investigate whether NE leads to a change in intracellular cAMP concentrations
in MuMECs — and whether CXCL12 might interfere with potential effects of NE — muMECs
were also treated with 1 uM NE and a combination of 1 uM NE and 100 ng/ml CXCL12
respectively (Figure 15 B).

Treatment with CXCL12 led to a 1.95-fold change in intracellular cAMP compared to
untreated control. NE increased intracellular cAMP levels by ~4.5-fold. Interestingly, the

results showed a significant upregulation of ~ 10.85-fold when muMECs were treated with
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a combination of NE + CXCL12. An increase of intracellular cAMP of cells treated with NE

and CXCL12 compared to cells treated with CXCL12 was observed as well.

Summarizing these findings, it was shown that CXCL12 can increase proliferation, tube
formation as well as migration in muMECSs. Further, the data suggests that the functional

aspects might be mediated via CXCR4 signalling.

3.5 Role of CXCL12 on murine BA-muMEC co-culture

After investigating the role of CXCL12 in BAs and muMECs in an isolated manner, the
crosstalk of CXCL12 in BAs and muMECs was further explored by using a co-culture
model. As described in 2.1.4.2, BAs and muMECSs were co-cultivated and treated with 100
ng/ml CXCL12. After 48 hours of incubation, muMECs and BAs were stained using
Hoechst-nuclear stain as well as Endomucin-stain. Total length of tubes formed by
MUMECs was then determined. In addition, RNA was isolated and mRNA expression
levels of Ucpl, Elovl3, and Fabp4 were determined in order to investigate whether
CXCL12 has an effect on adipogenic or thermogenic properties in BAs in co-culture.

As shown in Figure 16 (C), a total increase in tube length of ~0.77 mm was observed.
Gene expression levels of Ucpl, Elovil3, and Fabp4 did not show significant changes
(Figure 16 D).
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Figure 16 Effect of CXCL12 on co-culture of murine BAs and muMECs

BAs were co-cultivated with muMECs and treated with 100 ng/ml CXCL12. After 48 hours of incubation,
cells were either (A-B) fixed and stained, or (D) RNA was isolated. Representative pictures of (A) untreated
control and (B) CXCL12 treated cells are shown. Left pictures show a brightfield image. Middle and right are
stained for nuclei (Hoechst-nuclear stain) and Endomucin. Nuclei of all cells are displayed in blue, muMECs
are shown in orange. (C) Total length of tubes formed by muMECs in the co-culture system was determined
using ImageJ. (D) Gene expression levels of Ucpl, ElovI3, and Fabp4 were determined (RT-qPCR). Gene
expression levels were normalized to Hprt as an internal standard. Data are shown as mean + SEM. t-test.
(C,D) n=3. p<0.05 was considered to be significant.
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In summary, while a tendency in increasing total length of the tube network formed by
MUuMECs was observed when treated with CXCL12 in the presence of BAs. My data
suggest that BAs were not affected by the CXCL12 treatment.
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4. Discussion

4.1 Role of NE and hypoxia on CXCL12 in murine BAs and muMECs

Upon cold exposure, BAT is activated via NE released by the SNS (Cannon and
Nedergaard, 2004). Thus, next to BAs, other cells located in the tissue are possibly

exposed to NE during BAT activation as well.

As shown here, in vitro mimicry of sympathetic activation using 1 uM NE led to an increase
in mMRNA expression levels of Cxcl12, Ackr3, and Hif2a in BAs. Furthermore, upon NE
treatment CXCL12 secreted by BAs increased significantly. It is known that NE leads to
an increase in oxygen consumption in BAT (Cannon and Nedergaard, 2004). However, it
appears NE activation might not just increase oxygen consumption, but even induce
hypoxia in BAs. A regulatory role of hypoxia regarding CXCL12 expression has been
described in a variety of different cells such as haematopoietic progenitor cells and
multiple myeloma plasma cells, however not in BAs (Tabatabai et al., 2006; Vandyke et
al., 2017). It has also been reported, that HIF2a mRNA and protein can be upregulated
upon hypoxia in lung epithelial cells (Uchida et al., 2004). Taken together, these findings
suggest that NE might regulate CXCL12 and ACKR3 in BAs via an increase in oxygen

consumption and thus potentially via HIF2a.

In MuMECSs, an increase of CXCL12 in the cell culture supernatant was detected after NE
treatment. It appears, NE stimulus directly leads to muMECs secreting CXCL12.
Importantly, CXCL12 is known to be a homeostatic chemokine (Zlotnik und Yoshie, 2000).
For future aspects, a detailed study of whether muMECs might potentially synthesize
CXCL12 continuously or even obtain depots of intracellular CXCL12 which are released

upon sympathetic stimulus, might reveal interesting novel findings to this context.

Intriguingly, when cultured in hypoxia (1 % O2), an upregulation of mRNA expression
levels of Cxcl12, Cxcr4, and Ackr3 was observed in BAs. In muMECs on the other hand,
it seems that Cxcl12 and Ackr3 are also regulated by hypoxia, but not Cxcr4. Further, an
upregulation of Hif2a and Hifla in BAs and muMECs respectively was observed.
Upregulation of mRNA expression levels of the different HIF-isoforms in BAs and

MuUMECSs, hint towards the idea of HIF1a being the predominant isoform in muMECs and
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HIF2a in BAs respectively. ELISA showed that not just MRNA expression levels, but also
the amount of CXCL12 released by either cell type was increased after incubation in
hypoxic conditions. In conclusion, these data suggest a direct regulatory role of hypoxia
regarding CXCL12-CXCR4-ACKR3-axis in BAs and muMECs.

Taken together, these findings imply that upon BAT activation, CXCL12 release is
stimulated. Potentially, the effect of NE and hypoxia might even act in a synergistic
fashion, leading to a rapidly increasing concentration of CXCL12 in the tissue. Importantly,
the regulatory role of NE and hypoxia regarding CXCL12 in muMECs and BAs adds up to
the findings presented by different researchers in the literature. It has been shown that
hypoxia leads to upregulation of CXCL12 in umbilical vascular endothelial cells (Sun et
al., 2019). Further, it has been described that NE stimulus can lead to an increase in
CXCL12 secretion in vascular endothelial cells (Wu et al., 2016). However, unlike shown
in this study, it has also been shown that hypoxia can potentially lead to upregulation of
CXCR4 in endothelial progenitor cells (Tu et al., 2016). The regulatory role of NE and
hypoxia regarding CXCL12 in BAs specifically has not been addressed in literature before.

Thus, a comparison of activated BAT to the microenvironment in different cancers could
be drawn. In tumor microenvironment, cancer cells can proliferate rapidly which can lead
to hypoxia (Jing et al., 2019). To tackle hypoxia, a greater supply of oxygen is needed.
This can be accomplished by an increase in neoangiogenesis. It has been shown that
increased levels of CXCL12 support the process of neoangiogenesis in cancer (Kryczek
et al., 2005). Similar to the tumor microenvironment, high amounts of oxygen are required
for BAT function (Cannon and Nedergaard, 2004). As shown here, activation of BAT might
potentially even lead to hypoxia. Thus, the increase of CXCL12 released might also play
a role in neoangiogenesis in BAT and therefore be an important factor for maintaining

sufficient oxygen supply and — finally — function of BAT.

Importantly, the findings presented here are limited by different factors. While ELISA was
used to show an increase in CXCL12 in cell culture supernatant, data regarding
expression levels of receptors were acquired using RT-gPCR. Potentially, mRNA might
be degraded and thus the actual increase in protein synthesized might differ from the

changes seen on mMRNA level. Furthermore, HIF1a and HIF2a are subject to a special
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regulatory pathway. Both proteins are synthesized and degraded constantly. Upon
hypoxia, the degradation pathway is inhibited and functional protein can accumulate (Yee
Koh et al., 2008). However, in different HIF-isoforms, it has been shown that mRNA and
protein can show a corresponding increase upon hypoxic state (Lin et al., 2022; Uchida
et al.,, 2004). Further, it is well known that HIF protein accumulates upon absence of
sufficient Oz supply. mRNA data presented in this study shows an increase in
HIF1a/HIF2a mRNA respectively when cells were exposed to hypoxia. Taken together,
the increased gene expression levels of HIF1a/HIF2a hint towards a regulatory role
regarding CXCL12-CXCR4-ACKR3-axis in the crosstalk of BAs and MECs. Yet again, as
described above, the findings made on mRNA level need to be interpreted in a critical

fashion and further protein analysis are required to verify these data.

Moreover, a detailed analysis of intracellular pathways stimulated by either NE or hypoxia,
which leads to release of CXCL12 in BAs and muMECs, is required for detailed
understanding of CXCL12 physiology in either cell type. Additionally, besides endothelial
cells and adipocytes, other types of cells such as immune cells, fibroblasts, and neurons
are located in BAT (Rosen and Spiegelman, 2014). These types of cells potentially also
interfere with CXCL12 signalling in BAT. Recruitment of macrophages in adipose tissue
mediated by CXCL12 has been described before (Kim et al., 2014). Thus, investigation of
CXCL12 in crosstalk of adipocytes and other resident cell types might also bring new
insights into BAT biology. Furthermore, in vivo experiments need to be performed to verify
these in vitro findings and to study potential effects of CXCL12 released by BAT on whole

body metabolism.

4.2 Functional aspects of CXCL12 in murine BAs and muMECs

After establishing that CXCL12 is released and CXCL12 as well as its receptors are
upregulated upon specific stimuli in BAs and muMECs, an investigation of CXCL12

function on either cell type followed.

As shown here, neither acute, nor chronical treatment of BAs with 100 ng/ml CXCL12 led
to significant changes in thermogenic and adipogenic markers. It appears, CXCL12 does
not interfere with important transcriptional pathways and major transcriptional factors such

as PPARy and PRDM16 which are key regulators of adipogenesis and thermogenesis
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(Rosen and MacDougald, 2006; Seale et al., 2007). These findings are further supported
by the fact that Oil Red O stainings of differentiated adipocytes after chronical treatment
with CXCL12 did not show major changes in lipid droplet accumulation, suggesting once
again that exposure to CXCL12 does not have a significant effect on adipocyte biology.

For further examination, lipolysis assay was performed and concentrations of the second
messenger cCAMP — which is a key mediator of sympathetic activation in BAs (Cannon and
Nedergaard, 2004) — were investigated. Once again, CXCL12 did not have a significant
effect on either process. Intriguingly, upon stimulation with a combination of CXCL12 and
NE, the increase in intracellular cAMP was even greater than the increase seen in cells
solely treated with NE. As described in 1.3.2, CXCL12 is known to influence a variety of
intracellular pathways. For example, it can inhibit ACs (and thus inhibit cAMP production),
but also increase intracellular calcium (Janssens et al., 2018). Importantly, it has been
reported that calcium can also interfere with ACs — in an inhibitory as well as a stimulating
fashion (Cooper et al., 1995). Thus, the greater increase of CAMP levels in cells treated
with NE and CXCL12 might possibly be explained by a synergistic effect of NE and
eventually rising levels of intracellular calcium. These findings hint towards a potential

alteration of NE pathing in BAs mediated by CXCL12 in an autocrine or paracrine fashion.

CXCL12 has been described to function as a homeostatic chemokine (Zlotnik and Yoshie,
2000). Taken together, the data presented here suggest that CXCL12 does not interfere
with basal BA development or function. Meanwhile, CXCL12 and its receptors are
expressed in BAs and even upregulated upon specific stimuli (NE treatment upregulates
CXCL12 and ACKR3 mRNA expression levels, while hypoxia increases CXCL12, CXCR4,
and ACKR3 mRNA expression levels). Additionally, it has been shown that CXCR4
deficiency in BAT in mice can influence the response to insulin (Kurita et al., 2019).
Adipose tissue specific deficiency of CXCR4 has also been shown to alter adipocyte
function. As Yao and colleagues presented, deficiency of CXCR4 in adipose tissue in mice
being fed a high fat diet, led to an exacerbation of obesity (Yao et al., 2014). In contrast
to the data presented here, Kurita et al. showed an increase in UCP1 expression in BAs
as well as an increase in BA activity after BAs were treated with CXCL12 (Kurita et al.,

2019). This contradiction might be due to the fact that cell culture methods and
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concentrations of CXCL12 used differed from one another in the study presented here

and the study described above.

As presented in this thesis, an increase in proliferation, migration as well as tube formation
was observed after treatment with CXCL12 in muMECs. Proliferation, migration and tube
formation are mechanisms which promote angiogenesis (Carmeliet and Jain, 2011).
Hypoxia is a classic stimulus leading to an increase in blood vessel formation (Fong,
2008). Taken the regulative aspects of hypoxia regarding CXCL12 and the functional
aspects described above together, it seems CXCL12 enhances neoangiogenesis. The
data also suggest that the effect of CXCL12 might be mediated by CXCRA4.

Using a direct co-culture model, similar findings to the respective mono-culture models
were made. In co-culture of BAs and muMECs, CXCL12 treatment did not have an effect
on thermogenic or adipogenic markers in BAs. In muMECs on the other hand, a tendency
towards an increase in total tube length was observed. This supports the idea of CXCL12
functioning as a homeostatic chemokine in BAT, primarily influencing angiogenesis and

supply of oxygen in the tissue.

In tumor microenvironment, CXCL12 has been shown to play a role in angiogenesis
(Kryczek et al., 2005). Further, using different kinds of endothelial cells, a pro-angiogenic
effect of CXCL12 was reported by different researchers, analysing in vitro and in vivo
models (Mirshahi et al., 2000; Zhang et al., 2017; Ziegler et al., 2016).

Even though these findings propose that CXCL12 plays a role in angiogenesis in BAT, my
study is limited by the fact that mainly in vitro models using muMECs and BAs to mimic
BAT microenvironment were used. BAT specific ECs could potentially respond in a
different way than muMECs to CXCL12 stimulus. Further, CXCL12 being a homeostatic
chemokine, BAT and BA specific knock out models are needed to verify the findings
proposed here and to generate further insight into the function of CXCL12 in BAT. Since
BAs and muMECs release CXCL12 upon NE stimulus, performing a detailed investigation
of the role of CXCL12 in activated BAT would surely also add interesting findings to the
growing body of BAT literature.
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In conclusion, on the hunt for novel strategies to sustain BAT activity and function, it
appears, CXCL12 might be a promising candidate to supply sufficient oxygen to active
BAT. In this work, a novel crosstalk of BAs and muMECs communicating via CXCL12 was
identified which potentially even mediates neoangiogenesis in BAT, adding another piece

to the unsolved puzzle of BAT biology.
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5. Summary

Obesity is caused by an imbalance of energy intake and energy expenditure and is a
major risk factor for different diseases such as type Il diabetes mellitus. In the past

decades, the prevalence of obesity has been increasing rapidly.

To date, few treatment options which differ from lifestyle changes are known. On the hunt
for a new approach to treat obesity, brown adipose tissue (BAT) was re-discovered in
humans less than two decades ago. Mediated by its unique protein UCP1, BAT’s main
function consists of non-shivering thermogenesis, a process which is mediated by cold
and the sympathetic nervous system and allows BAT to burn through immense amounts
of energy. However, clinical trials focussing BAT as a pharmacological target to increase
energy expenditure have failed so far. Among others, this is due to the fact that today’s

understanding of BAT biology still is quite limited.

CXCL12 is a homeostatic chemokine which is known to function in a variety of important
physiological processes such as angiogenesis, cardiogenesis and so forth. Its function is
mediated by two different receptors: CXCR4 and ACKR3. Late published data suggested,
CXCL12 plays an important role in BAT homeostasis and might even be able to activate
BAT.

Since BAT’s function is highly dependent on sufficient Oz supply and muMECs are
required for neoangiogenesis to occur, this work focussed on investigating the role of
CXCL12 in a potential crosstalk of BAs and muMECs.

Performing in vitro experiments, this work showed that upon NE stimulus, BAs and
MUMECSs release increased amounts of CXCL12. By exposing both cell types to hypoxia,
it was shown that hypoxia also leads to an increase in CXCL12 released from both cells.
Further, the data showed an increase of expression of Cxcl12, Cxcr4, and Ackr3 mRNA

in BAs and an increase of Cxcl12 and Ackr3 mRNA in muMECs after hypoxia.

In the following, the functional effect of CXCL12 on BAs and muMECs was investigated.
The results showed that CXCL12 does not seem to have an impact on BA differentiation
or basal function. In muMECs on the other hand, an increase in proliferation, tube

formation and migration after CXCL12 treatment was seen, suggesting an important role
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of CXCL12 in neoangiogenesis in BAT. Further experiments suggested the functional

aspects might be mediated via CXCR4 signalling.

Finally, a co-culture model was used to examine potential direct interactions of BAs and
MUMECs via CXCL12. Adding up to the experiments performed in mono-culture, after
CXCL12 treatment no differences in BAs were seen, but an increase in tube formation

was observed.

In summary, in this thesis, a novel crosstalk, which potentially plays a major role in
neoangiogenesis in BAT, of BAs and muMECSs interacting via CXCL12 signalling was
identified.
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